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Abstract

In the Rhone Valley, a north-south oriented Cenozoic rift in southeast France, thick Pleistocene
loess deposits have been recognized since the beginning of the last century. These loess records, which
are disconnected from the North European Loess Belt (NELB), are of significant interest to document
the evolution of perimediterranean landscapes and environments during the Last Glacial. To overcome
the poor precision of available aeolian distribution maps, aeolian deposits were mapped using the
topsoil textural database provided by the Land Use and Cover Area frame Statistical Survey project
(LUCAS). The grain-size distribution of aeolian sand and loess was first determined using 116 samples
taken from surveyed outcrops. Then, the areas showing a similar grain-size composition were
extracted from the LUCAS rasters. The resulting map reproduces the conventional maps correctly but
suggests a more significant extension of loess, in better agreement with the known distribution of
outcrops. The map shows that the distinctive morphology of the valley dominantly controls the
distribution of aeolian deposits. The deflation-related landforms, i.e., yardangs, closed depressions
(pans), and desert pavements, are widespread south of narrowings of the Rhone Valley between
latitudes 44°N and 45°N. They indicate palaeowinds blowing from the north/northwest. Aeolian sand,
loessic sand, sandy loess, and loess deposits successively spread on both sides of the Rhone River. The
loess is characterized by a coarse texture (main mode around 60 um), strong local thickness (N5 m),
limited extension, and abundant bioturbation. This preservation results from the persistence of a shrub
vegetal cover during the coldest and driest phases of the Last Glacial that allowed for trapping the
saltating and suspended particles close to the alluvial sources.

Keywords: Aeolian deposits ; Cartography ; Grain-size distribution ; Last Glacial ; LUCAS topsoil database ;
Yardangs



1. Introduction

During the last glacial period, glacier advance, sea-level drop, climate aridification, and
decrease in vegetal cover favoured aeolian dynamics and led to the deposition of widespread
coversand and loess in Europe. Over the last few decades, much attention was paid to the aeolian
deposits of northern Europe and the Atlantic coast to reconstruct the millennial environmental
variability of the Last Glacial (e.g., Kasse, 1997; Vandenberghe et al., 1998; Antoine et al., 2009, 2013,
2016; Meszner et al., 2013; Ujvéri et al., 2014; Sitzia et al., 2015; Costas et al., 2016; Haesaerts et al.,
2016; Lehmkuhl et al., 2016; Sauer et al., 2016; Zens et al., in press).

At the same time, mapping aeolian deposits at regional to European scales was the subject of
significant improvements based on either conventional geological approaches or the use of soil
databases (Zeeberg, 1998; Haase et al., 2007; Bertran et al., 2016; Lindner et al., 2017). This allowed
for better understanding of the relationships between the mapped units as part of aeolian systems
and of their potential sources. Palaeowind reconstruction from field evidence also provided valuable
data to compare with the simulations of Last Glacial Maximum (LGM) atmospheric circulation in
Europe provided by global climate models (GCMs) (Renssen et al., 2007; Sima et al., 2013; Hopcroft et
al., 2015). Mapping of aeolian deposits also allowed the identification of previously underestimated
factors that influenced prehistoric settlement in Europe. For example, sandy deserts were
unfavourable areas for Palaeolithic settlement because of the low plant and animal biomass and
reduced water availability. They thus acted as palaeogeographic barriers and contributed to the
isolation of European peopling areas during the phases of maximum coversand extension (Bertran et
al., 2013). Similarly, during the Holocene, soil productivity on loess favoured the spreading of
agriculture in Europe, and the loessic lands served as a corridor for Neolithic colonisation (Schlummer
et al., 2014).

Overall, aeolian deposits cover relatively restricted (although probably largely
underestimated) areas in Mediterranean regions in comparison with the North European Loess Belt
(NELB). Most of our knowledge of perimediterranean loess come from recent studies in Spain
(Boixadera et al., 2015; Calvo et al., 2016) and Israel (Crouvi et al.,, 2008). In France, thick loess
sequences were also described in the Rhone Valley since the 1930s (Suen, 1934; Bonifay, 1962, 1965)
but were the focus of only limited investigations so far. Because of its key location between north
European periglacial areas and more temperate Mediterranean regions during the LGM, the Rhéne
Valley provides a unique opportunity to investigate the glacial palaeoenvironments at the transition
between these two domains.

The aim of this article is to better document the aeolian system of the Rhéne Valley through
(i) mapping the deposits and associated landforms by coupling a field approach, the use of high-
resolution (5 m) digital elevation model (DEM) and soil databases, and (ii) analysing the grain-size
distribution and its spatial evolution to identify the factors involved in particle transport and
accumulation. We will then discuss the similarities and distinctiveness of the Rhdéne Valley in
comparison with other aeolian systems in Europe.

2. Regional setting

2.1. Geological and geomorphological setting

The Rhéne Valley is a N-S oriented continental rift belonging to the European Cenozoic Rift
System (Dézes et al., 2004; Ziegler and Dezes, 2007). The graben is bounded to the west by the Massif



Central that comprises mainly Palaeozoic metamorphicand plutonic rocks and to the east by pre-alpine
ranges composed of Mesozoic and Cenozoic sedimentary rocks (Fig. 1). The northern part of the study
area is the Bresse Graben drained by the Sadne River. The graben infilling is Oligocene to Miocene.
Miocene molasses supplied by erosion of the ranges form conglomerates, and sandstone plateaus are
mainly located on the eastern side of the graben. These deposits may have acted as an important
particle source for deflation during the Pleistocene. During the Messinian salinity crisis (5.9-5.32 Ma)
(Hsi et al., 1973; Clauzon et al., 1996), the sea level drop of ~1500 m caused a major incision of the
Rhéne canyon (Clauzon, 1982; Mocochain et al., 2006). Then, Pliocene transgression deposited thick
marine cIay series in the rias (Mocochaln et al., 2009).
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Fig. 1. Simplified 1:1,000,000 lithological map of southeast France (from BRGM, infoterre.brgm.fr). The white line indicates the
extension of the alpine and Massif Central ice caps during the LGM (adapted from Ehlers and Gibbard, 2004). The main
sedimentary basins are indicated by the following abbreviations: AG: Alés Graben, BD: Bas Dauphiné, BG: Bresse Graben, DO:
Plateau des Dombes, MB: Molasse Basin, MG: Manosque Graben, RD: Rhdne Delta, VA: Plateau de Valensole, URG: Upper
Rhine Graben.
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The reconstruction of the alpine ice cap (Ehlers and Gibbard, 2004; Buoncristiani and Campy,

2011) indicates that the ice lobe supplied by the Isére River basin covered the Dombes plateau and

crossed the Rhéne River near Lyon during the middle Pleistocene. This lobe led to the formation of an

ice-damned lake in the Bresse Graben (Mandier, 1984). During the Last Glacial, the extent of the alpine
ice cap was more limited and did not exceed the eastern edge of the Rhone Valley (Fig. 1). The age of
the Local Last Glacial Maximum (LLGM) is still under debate and may have been older than Marine

Isotope Stage 2 (MIS 2) (Schoeneich, 1998; Jorda et al., 2000; Ivy-Ochs et al., 2008; Coutterand, 2010).

Widespread outwash deposits derived from the alpine ice cap have also been potentially a major

particle source of deflation.

The recognition of loess in southeastern France began with the work of Marcelin (1926) in the

Nimes area. Suen (1934) then proposed a first map of the loess in the Rhéne Valley. He noted a

significant change in colour and texture downstream from Valence where the loess becomes coarser

and reddish. In the following decades, many studies revealed thick loess deposits (Tricart, 1952;

Mazenot, 1956, 1957, 1965; Bourdier, 1961; Bonifay, 1962, 1965; Alimen, 1965; Dubar, 1972, 1979,

1983) as well as sand dunes, ventifacts, and (niveo-)aeolian pans (Gabert, 1965; Gabert-Delay, 1967;

Ambert, 1973, 1974, 2013; Chardon, 1975; Clauzon et al., 1990; Ambert and Clauzon, 1992). Polygonal

wedge networks caused by ground thermal contraction and filled with windblown sand (sand wedges)

were also described (Bouteyre and Allemann, 1964; Gabert-Delay, 1967; Cailleux and Rousset, 1968;

Nury and Roux, 1969; Arnal, 1971a, 1971b). Windblown sand also contributed to the infilling of karst

cavities (Brochier and Livache, 1978; Debard, 1987, 1988; Lopez Saez and Texier, 1998; Texier et al.,

2003; Saos et al., 2014; Puaud et al., 2015). The main conclusions that can be drawn from these works

are as follows:

« The loess thickness reaches locally N10 m (Bonifay, 1962, 1965).

« Loess is coarse and has a high carbonate content (Alimen, 1965; Dubar, 1979).

« A gradient occurs in the composition of the loess malacofauna along the Rhéne corridor, suggesting
a transition between periglacial milieus to the north and xerothermic environments near the
Mediterranean Sea (Mazenot, 1956, 1957, 1965).

- Two main generations of loess separated by a thick red palaeosol assumed to be interglacial can be
identified (old Rissian loess and recent Wiirmian loess) (Bonifay, 1962, 1965).

« Numerical dates are scarce; the few available radiocarbon and OSL ages suggest that loess
accumulated during the Pleniglacial (~40-15 ka).

2.2. Climate setting

The Rhone Valley is characterized by a mosaic of climate (Joly et al., 2010) ranging from a
typical southern Mediterranean climate with warm summers (Tmax> 22 °C) and predominantly winter
precipitation (mean annual precipitation (MAP) = 500 mm) to an altered oceanic climate in the
northern part (mean annual temperature (MAT) = 12.5 °C, MAP = 800-900 mm) (Fig. A.1).

The wind regime is dominated by the Mistral, which blows from the north and exceeds 16 m
s for N100 d/y (Jacq et al., 2005). The air-mass movements triggered by the pressure difference
between the Azores High over the North Atlantic and the Genoa depression in the Mediterranean area
are channelled and accelerated by the Rhéne corridor (Jiang et al., 2003). The mean wind intensity
measured over the period 2000-2010 shows a gradual increase from the north to the south (Fig. 2).
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Fig. 2. (A) Rose diagrams of seasonal winds in the Rhéne Valley (period 2000-2017) according to
https://www.windfinder.com (Lyon-Bron and Marseille-Marignane meteorological stations); (B) digital elevation model
(DEM) of the IGN and mean wind speeds (m s™1) at a height of 80 m from http://agri4dcast.jrc.ec.europa.eu (accessed 2017).
The hatched and dashed areas indicate the geographical influence of the Mediterranean climate (after Joly et al., 2010,
https://doi.org/10.4000/cybergeo.23155).

3. Methodology

3.1 Field study

The outcrops of aeolian deposits described in the literature (Table A.1) with a precise location
have been georeferenced. Cross sections without description, drawings, or photographs were not
taken into account. New field data were also collected in 2016 and 2017 as part of this study. The
sections were manually cleaned and measured.

One or more representative samples were taken directly from the sections below the B horizon
of the surface soil or with a hand auger at a depth of 0.8 to 1.2 m for grain-size analysis.

All the data were stored in a geographic information system on ArcGIS 10.5 (ESRI).

3.2 Grain-size analysis

The samples for grain-size analysis were processed at PACEA laboratory (Université de
Bordeaux) using a Horiba LA-950 laser particle size analyser. After sieving with a 2 mm mesh to remove
secondary carbonate concretions and roots, the sample pretreatment included suspension in sodium
hexametaphosphate (5 g/l) and hydrogen peroxide (35%) at room temperature for 12 h. As
recommended by Schulte et al. (2016), the carbonates were not removed. Then, the suspension was
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subjected to 60 s ultrasonification to achieve optimal dispersion. The Mie solution to Maxwell's
equation provided the basis for calculating the particle size (Jones, 2003; ISO, 2009), using a refractive
index of 1.333 for water and 1.55i — 0.01i for the particles. The grain-size distributions expressed in ¢
units were deconvoluted in different populations (parametric curve fitting method) using the R (R Core
Team, 2018) package mixdist (Macdonald and Du, 2012) to identify the main modes. A log-normal
distribution was used to fit the grain-size probability distribution of the samples as recommended by
Qin et al. (2005). Several modes in loess deposits reflect either multiple sedimentary sources or
different transport processes (Tsoar and Pye, 1987; Pye and Zhou, 1989; Pye, 1995; Weltje, 1997; Sun
et al.,, 2002; Weltje and Prins, 2007; Stuut et al.,, 2009; Vandenberghe, 2013; Lin et al., 2016;
Vandenberghe et al., 2018; Varga et al., in press). To compare the new laser diffraction grain-size data
with those obtained by wet sieving of the particles N50 um and by the pipette method for the particles
b50 um, a calibration was performed on 20 loess samples using both methods. The sieve-pipette
analysis was made at GEOPHEN laboratory (University of Caen-Normandie). As proposed by Maké et
al. (2017), Lin's Concordance Correlation Coefficient (CCC) (Lin, 1989; Lin et al., 2002; Fisher et al.,
2017) was calculated to compare the two data sets. The limits of grain-size classes for laser diffraction
providing the highest CCC are as follows: b8 um (clays), 8-56 um (silts), N56 um (sands) (Fig. A.2).
These results are consistent with findings by other authors (e.g., Konert and Vandenberghe, 1997;
Ramaswamy and Rao, 2006; Antoine et al., 2009, 2013) who showed that the amount of clay particles
measured by laser diffraction is usually underestimated.

3.3. Aeolian deposit mapping

Various maps of the distribution of aeolian deposits in the Rhéne Valley have been published.
They were built (i) from conventional field mapping (Suen, 1934; 1:50,000 geological map from the
Bureau de Recherches Géologiques et Minieres (BRGM); European loess map: Haase et al., 2007) or
(ii) using the topsoil (0—20 cm) textural database established by the European project Land Use and
Cover Area from Statistical survey (LUCAS: Tdéth et al., 2013; Bertran et al., 2016). Multiparameter
interpolation of grain-size data from samples collected throughout Europe made it possible to
generate maps in raster format for the topsoil content in clay, silt, sand, and coarse fragments
expressed as percentages with a resolution of 500 m (Ballabio et al., 2016) (eusoils. jrc.ec.europa.eu).
The distribution of aeolian deposits was then extracted by selecting each pixel corresponding to a
composition of aeolian sand or loess (Bertran et al., 2016).

Both approaches have their own biases: (i) for conventional field mapping, the main difficulty
lies in the identification of small loess areas and thin loess covers — bedrock rather than superficial
formations is also predominantly shown in geological maps; (ii) for the maps derived from the LUCAS
database, confusion is possible between loess and other deposits of similar texture; conversely, loess
is not taken into account when its texture differs from the samples from northern France that were
used as a reference to define the texture range of typical loess. Bertran et al. (2016) showed a good fit
between the conventional loess map and that derived from the LUCAS database for northern Europe.
By contrast, the loess extension in the Rhone Valley is greatly underestimated when compared to the
data shown by the 1:50,000 geological map. According to Bertran et al. (2016), this problem could be
mainly related to their coarse texture.

As part of this study, the approach proposed by Bertran et al. (2016) was followed.
Nevertheless, to remedy the issues identified for the Rhone Valley, modifications were made. Table 1
illustrates the threshold values used to classify the aeolian deposits into four broad categories (loess,
sandy loess, loessic sand, aeolian sand) based on 74 grain-size samples. The pixels corresponding to
these categories were extracted from the LUCAS rasters (sand, silt, clay) using the (Raster Calculator)
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tool in ArcGIS. Then, the selected pixels were filtered by taking into account the proportion of coarse
fragments (CF N 2 mm). The upper CF limit was arbitrarily set at 22% between the mean (M = 19.4%)
and the mean plus one standard deviation (M + 0 = 19.4% + 6.7%). This high value compared to that
used by Bertran et al. (2016) is justified by the large number of anthropogenic elements (ceramic and
bricks fragments) in the topsoil caused by the high population densities typical of the region since the
Neolithic period. Also, field studies showed that typical loess contains abundant carbonate concretions
with a size N2 mm. However, the disadvantage of adopting such a high CF value as a limit is that it does
not allow distinguishing primary and colluviated loess. The latter incorporate CF resulting from upslope
bedrock erosion.

Nature Coarse fragments (%) Sand (%) Silt (%) Clay (%)
Loess x<22 x>16 x>52 x<26
Sandy loess Xx<22 162x<36 342x<52 Xx<26
Loessic sand x<22 x236 x234 X<26
Aeolian sand x<22 x 250 x<34 x<22

Table 1. Grain-size limits used to map the sedimentary units.

Following this step, the created rasters were processed to eliminate isolated pixels and obtain
more continuous map units. The ArcGlIS tool (Block Statistics) was used for this treatment. It enables
calculation of the average value for each pixel from the eight neighbouring pixels. Values below a 40%
threshold were eliminated. The rasters for each category were then converted into polygons.

Several areas were removed from the resulting map: (i) mountainous lands above 550 m asl
where the modelled texture is associated with significant uncertainty (Ballabio et al., 2016); (ii) the
metamorphic and plutonic rocks of the Massif Central as delineated in the regolith map (Lacquement
et al., 2010; Prognon et al., 2011), which are covered with sandy weathering deposits whose grain-size
composition is sometimes close to that of sandy loess; (iii) the areas of Miocene molasse whose
weathering materials may be confused locally with aeolian deposits; (iv) the Holocene sedimentary
accumulations (mainly in valley) extracted from the 1:50,000 geological map (http://infoterre.
brgm.fr/); and (v) the 30- to 40-cm-thick anthropogenic irrigation silts mentioned in the geological map
in the Eyguiéres and Istres areas (L'Homer et al., 1975; Colomb et al., 1977).

3.4. Spatial analysis

ArcGlIS was used to combine information on the distribution of aeolian deposits and on various
parameters (altitude, slope orientation, slope gradient) derived from the digital elevation model (DEM)
RGE ALTI® 5 m from the Institut Géographique National (IGN) (http:// professionnels.ign.fr/),
supplemented by the ALTI® 25 m (IGN) DEM in the areas where the first was not available. The distance
of aeolian deposits from the main rivers (CARTHAGE® database, http:// professionnels.ign.fr/) was
measured using ArcGIS tools. The deflation basins (pans) were delimited using the contour lines
derived from the DEM 5 m, and then the orientation of their elongation axis was measured on ArcGlIS.

3.5. Luminescence dating

To provide a first chronological marker for the high-angle planar cross-bedded sands, two
samples (BDX19710 and BDX19711) were taken for luminescence dating analysis at the Les Sableyes
quarry (see location in Figs. 3B and 6A). Onsite daylight sampling was carried out using opaque steel
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cylinders to extract ca. 450 g of sediment. The luminescence dating (luminescence measurements,
dosimetry, data analysis) was carried out at the IRAMAT-CRP2A (Université Bordeaux Montaigne). The
sample preparation followed conventional procedures (e.g., Preusser et al., 2008) for extracting the
coarse grain (here: 125-160 um) quartz fraction. The equivalent dose (D.) was determined by applying
optically stimulated luminescence (OSL; Huntley et al., 1985) in conjunction with the single aliquot
regenerative (SAR) dose protocol after Murray and Wintle (2000). Blue-OSL measurements were
performed on a Freiberg Instruments lexsyg research reader (Richter et al., 2013) measuring multigrain
aliquots. For the luminescence data analysis, we used the R package ‘Luminescence’ (Kreutzer et al.,
2012; Kreutzer et al., 2018) and for the age calculation the software DRAC (Durcan et al., 2015). The
dose-rate was calculated from U, Th, and K concentrations measured by high-resolution gamma-ray
spectrometry at the IRAMAT-CRP2A. Full details on the luminescence dating are provided in Appendix
B.

4. Results

4.1 Aeolian landforms

Field observations combined with DEM analysis revealed several aeolian landforms, located
mainly south of the study area, in particular yardangs, endorheic depressions, and ventifact pavements
(Fig. 3).
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Fig. 3. (A) Spatial distribution of aeolian landforms and deposits in the middle and lower Rhéne Valley (DEM 25 m from BD
ALTI®, http://professionnels.ign.fr). All geomorphological data plotted on the map are from the literature and new field
survey: aeolian sand (Marcelin, 1926; Gabert-Delay, 1967; Damiani et al., 1980; Monjuvent et al., 1991; Ballais and Riser,
1996; Beeching et al., 2006; Ambert, 2013; this study), loess (Mazenot, 1956; Bonifay, 1962; Dubar, 1979; Beeching et al.,
2006; Franc et al., 2017, rescue archaeology reports from http://dolia. inrap.fr), sand wedges and polygons (Bouteyre and
Allemann, 1964; Cailleux and Rousset, 1968; Arnal, 1971a, 1971b; Andrieux et al., 2016a), and ventifacts (Mandier, 1984;
Ambert, 2013; this study). The rectangles indicate the location of Fig. 4B and C. The black ellipse in the Montélimar area
shows the narrowing of the valley. Blue arrows indicate the approximate flow direction of the palaeo-Durance River in the
Crau Plain trough two gaps during the Pliocene (1) and Pleistocene (2) respectively. The abandonment of the Crau Plain by
the river occurred between 75 and 35 ka (Molliex et al., 2013); (B), (C) detailed topography of aeolian landforms (DEM 5 m
from RGE ALTI®, http://professionnels.ign.fr). The geological formations have been redrawn from the 1:50,000 geological
map (infoterre.brgm.fr). Black arrows indicate palaeowind direction inferred from erosional landforms (yardangs) (see Fig.
5).
4.1.1. Yardangs
Yardangs (Hedin, 1903) are elongated ridges created by aeolian abrasion in various lithologies
(Laity and Bridges, 2013). In the lower Rhone Valley, their length exhibits strong variability and ranges
between 61 to 1640 m (mean = 144 m), and their width ranges between 28 and 638 m (mean = 118
m). The average length to width (L:W) ratio is 4:1 (Fig. 4C) in agreement with the wind tunnel
experiments of Ward and Greeley (1984) and the measured values for Pleistocene yardangs in Spain

(Gutiérrez-Elorza et al., 2002).
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The ridges are separated by narrow corridors with a U-shaped profile or a flat bottom. The
corridors form a bypass sedimentary area where aeolian sands and loess did not accumulate. They are
locally filled by lake, river, or slope deposits. The mean ridge direction shows values ranging from N160
to N140 and from N170 to N10 in the Istres and Avignon areas respectively (Fig. 4A, B). These preferred
directions coincide with those of modern dominant winds (Fig. 2) and do not match the direction of
the drainage system or the known faults.

The bedrock lithology largely influenced the formation and size of the corridors: sandy marls
and calcarenites located to the west of the Etang de Berre lake (Istres) are characterized by significantly
larger corridors than those formed in hard limestone (Fig. 3).
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Fig. 4. (A), (B) Rose diagrams showing the orientation of yardangs in the study area; (C) length vs width ratios for 155 typical
yardangs. The values were measured using the 5 m DEM.

4.1.2. Endorheic depressions (pans)

The spatial association between yardangs and pans indicates a genetic relationship between
the landforms. Such an association is commonly observed in arid or semiarid environments (e.g.,
Gutiérrez-Elorza et al.,, 2002; Goudie, 2013). In the study area, wind erosion is assumed to be
predominant in the formation of pans by most authors (Ambert, 1973, 2013; Ambert and Clauzon,
1992; Carozza et al., 2016).

A total of 80 pans with ovoid to circular shape were identified along the Rhone River, from
Donzére Pass to Istres (Fig. 3). The pans only developed in unconsolidated material such as clay, sand,
marl, or fine-grained sandstone. Miocene sediments characterized by good sorting (mode between 90



and 200 um; Ambert and Clauzon, 1992) and Cretaceous marls were highly sensitive to deflation. In
contrast, the Cretaceous limestones were poorly affected.

4.1.3. Ventifact pavements

Ventifacts are wind-eroded rocks and pebbles characterized by a wide range of morphologies
and lithologies but usually showing abrasion facets and pits or flutes (Laity, 1994; Laity and Bridges,
2013). For many decades, ventifacts have been documented on the alluvial terraces of the lower Rhéne
Valley (Cazalis De Fondouce, 1879; Arnal, 1971b, 1971a; Ambert, 1973, 2013; Chardon, 1975; Ambert
and Clauzon, 1992). Additional sites were also identified during this study (Figs. 3, 5B). In several areas
(e.g., Tavel, Pujaut), the ventifacts form a stone pavement on the surface of alluvial terraces (Fig. 5A).
Such pavements that reach one or two pebbles thick are commonly described in cold (Mountney and
Russell, 2004; Mackay and Burn, 2005) and warm (Adelsberger and Smith, 2009) deserts.

, TEatiC Rt R ST .
Fig. 5. (A) View of a desert pavement developed on a Pleistocene alluvial terrace near Tavel (44.0307°N, 4.7096°E); (B)
typical wind morphologies (facets, grooves, pits, wind flutes) on ventifacts. The black arrows show wind flutes on the wind-
polished surface.

4.1.4. Inverted relief

The Crau Plain comprises a succession of Plio-Pleistocene alluvial surfaces deposited by the
palaeo-Durance River (Fig. 3) (Clauzon et al., 1990; Molliex et al., 2013). These surfaces are covered by
abundant ventifacts (sometimes scattered in the ploughed layer), which are locally cemented by
carbonates. They form an armoured surface lag protecting the underlying alluvial material from
aeolian winnowing. The Plio-Pleistocene Crau Plain is located higher (up to N30 m along the banks of
the Etang de Berre lake according to Ambert, 2013) than the strongly eroded surrounding Miocene
lands and is probably an inverted relief of aeolian origin (Hérner, 1932; Goudie, 2013).

4.2. Aeolian accumulation: sedimentary facies and architectural elements

4.2.1. Dunes

To the east and south of the Etang de Berre lake, high-angle crossbedded (Sp) yellow fine sands
have accumulated in dry valleys and at the northern footslope of limestone hills (Gabert, 1965; Gabert-
Delay, 1967; Ambert, 1973, 2013). These deposits interpreted as slipface dunes reach 20 m in
thickness. According to the composition of heavy mineral assemblages, Ambert (1973) suggested that
sand was provided by the deflation of Miocene outcrops located north and west of the Etang de Berre
lake (Fig. 3). These deposits were not observed during this study because of quarry abandonment.
4.2.2. Sand ramps

Metre-thick sand layers interbedded with diamictic layers cover the footslope of topographic
obstacles (Fig. 6). The sand units account for N50% in volume. These units include the following
lithofacies: ¢ High-angle (~30°) cross-bedded sands (Sp) composed of medium to coarse sand lenses



(400 to 800 um) 1-2 cm thick, with sometimes inverse grading, attributed to grainflow (Gf) (Hunter,

1977; Kocurek and Dott, 1981; Turner and Makhlouf, 2002) and more continuous laminated fine to

medium sand beds (200 um) attributed to grainfall or climbing wind ripples (Wr) (Hunter, 1977;

Kocurek and Dott, 1981). We interpret these facies as small aeolian dunes with welldeveloped slipface

prograding toward the relief (Fig. 6A, B).

« Massive fine sands or silty sands (Sm) with a thickness sometimes N4 m. This facies is interpreted
as sandsheet deposited in a dry environment (Kocurek and Nielson, 1986).

« Massive, clast (Dcm) or matrix (Dmm) supported diamictic beds made up of poorly sorted limestone
blocks and pebbles in a sandy matrix (Fig. 6A). The rock fragments are mainly angular and suggest
limited transport. The basal limit is sharp and wavy. These facies are interpreted as debris flows.
One- to two-metre-thick matrix to clast-supported diamictic beds, consisting of poorly sorted small
pebbles (Dmm, Dcm), interlayered with fine to coarse sand beds (Sh) (Fig. 6D). The pebbles have a
wide range of (mostly allochthonous) lithologies and a rounded shape. This suggests remobilisation
of old alluvial deposits by slope processes. Locally, thin pebble layers or aligned granules are
interpreted as lag deposits (Mountney and Russell, 2004; Ventra et al., 2017). This facies
association probably has a polygenic origin (aeolian, debris flow, and overland flow) and reflects
the interstratification of slope deposits supplied by the limestone relief and aeolian deposits
spreading on the slope. It corresponds to sand ramps as described in modern deserts throughout
the world (e.g., Lancaster and Tchakerian, 1996; Turner and Makhlouf, 2002; Bertram, 2003;
Bateman et al., 2012; Telfer et al., 2012; Ventra et al., 2013, 2017; Kumar et al., 2017). Climbing

sand ramps (dunes on the windward sides) and falling sand ramps (dunes on the leeward sides) are
represented in the lower Rhone Valley (Fig. 6C).
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Fig. 6. Sand ramps lithofacies. (A), (B) High-angle cross-bedded sands (N20°) viewed in a section subparallel (A) and
perpendicular (B) to the transport direction. These lithofacies are interpreted as reflecting progradation of a climbing
dune on the windward side of a topographic obstacle (Pujaut-Les Sabléyes quarry, 43.9704°N, 4.7494°E). (C), (D)

Cretaceous limestone relief (c8b on the geological map) with associated falling sand ramp on the leeward side. Closeup

view of mixed sediment deposits (Pas des Lanciers quarry, 43.7339°N, 5.1289°E). Dmm: matrix-supported layer, Dcm:
clast-supported layer, Gf: grainflow, Sh: horizontally bedded sand, Sp: planar-cross bedded sand, Sm: massive sand, Wr:

wind ripple (or grainfall deposit).
4.2.3. Aeolian infilling of thermal contraction cracks

Relict sand wedges forming polygon networks (visible in aerial photographs) develop in the
Pleistocene alluvial terraces of the lower Rhone Valley (Fig. 3) (Bouteyre and Allemann, 1964; Cailleux
and Rousset, 1968; Nury and Roux, 1969; Arnal, 1971a, 1971b; Andrieux et al., 2016a). These features
are indicative of repetitive ground thermal contraction cracking in the context of deep seasonal
freezing or permafrost (Murton, 2013; Andrieux et al., 2016b) near sand sources. The reconstruction
of permafrost extension during the Last Glacial by Andrieux et al. (2016b) suggests, however, that
perennial ice bodies were not able to develop in the ground in the study region. Therefore, the

polygons are interpreted as being formed in a deep seasonal frost context caused by strong winter
ground cooling events.

4.2.4. Loessic sand

This facies shows alternating massive calcareous brown-yellow fine silty sand beds (main mode
87 to 97 um) and fine sands (114 to 136 um) with abundant bioturbation (roots, burrows) and
secondary carbonate concretions. The limits between the layers are diffuse and irregular probably
because of bioturbation. These deposits correspond to transitional facies between aeolian sands and




loess. Similar deposits have been observed along the margin of the North European Sand Belt (NESB)
(Paepe and Vanhoorne, 1967; Lautridou, 1984) and in southwest France (Sitzia et al., 2017).

4.2.5. Primary loess

Primary loess is characterized by massive calcareous yellow-brown (10YR 5/4 to 10YR 6/4) to
brown (7.5YR 5/4) coarse silts. The thickness ranges from b1 to 10 m (Fig. 7A, B). Bioturbation and
secondary carbonate concretions are abundant. Poorly developed palaeosols are sometimes visible
within the deposit (Fig. 7C).
AR
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Fig. 7. Loess lithofacies. (A) View of thick primary loess deposits (N6 m) near Saint-Paul-les-Durance (Provence). The person
(1.80 m) makes the scale. (B), (C) Yellow-brown calcareous sandy loess with abundant bioturbation and a weakly developed
palaeosol stretched along the slope. Secondary carbonates correspond to centimetric loess dolls (Lautagne, 44.9039°N,

4.8964°E). (D) Secondary loess deposits showing decimetric gravel lenses (Garons, 43.7564°N, 4.4377°E).

4.2.6. Secondary (reworked) loess

Massive coarse silts showing poor sorting and scattered gravel or gravelly lenses (Fig. 7D) are
interpreted as colluviated loess. The deposits are less calcareous and contain brick, pottery, and
charcoal fragments. This facies is thought to be related mainly to the erosion of primary loess caused
by overland flow and agricultural practices during the Holocene (Catt, 2001).

4.3. Spatial distribution of aeolian landforms and deposits

The map of aeolian deposits in southeast France derived from the LUCAS database is illustrated
in Fig. 8. Validation tests were conducted to compare the map with (i) the location of 256 cross sections
of aeolian deposits described in the literature (Marcelin, 1926; Mazenot, 1956; Bonifay, 1962; Gabert-



Delay, 1967; Dubar, 1979; Damiani et al., 1980; Monjuvent et al., 1991; Ballais and Riser, 1996;

Beeching et al., 2006; Ambert, 2013; http://dolia.inrap.fr) or identified during this work (Table A.1);

and (ii) the already available conventional maps (Fig. A.3). To overcome the poor precision of the

location of cross sections, a buffer area of 1000 m radius was fixed around each mentioned site. The
analysis shows that 84.4% of the observation points (n = 216) fall within the aeolian units mapped by
our study. This significantly improves the results obtained with conventional maps. Three maps were
used for the test. The oldest was published by Suen (1934); the second is the European loess map by

Haase et al. (2007), and the last is the 1:50,000 geological map of France of BRGM

(http://infoterre.brgm.fr/). The aeolian units mapped incorporate respectively 32.8% (n = 84), 30.1%

(n=77) and 48.0% (n = 123) of the described cross sections.

Comparison between the LUCAS-derived map and the BRGM map also shows that 85.0% of
the areas of aeolian units reported by the latter are well identified by the new approach. The new map
suggests, however, that aeolian deposits are more widespread south of Valence than indicated by the
BRGM map (Fig. A.3). Some limited areas are classified differently. The differences are mainly caused
by the low resolution of LUCAS data and the issue arising from the difficulty to identify small deposits
in areas with contrasted relief or to incomplete mapping in the conventional approach.

The aeolian deposits overlay a wide variety of material (alluvial terraces, limestones, molasses)
and cover an area of ca. 12,000 km?. Their thickness ranges between several metres (locally N 10 m)
to b1 m. The following observations can be made from the map (Fig. 8):

« A transition between an area with dominantly coarse loess and an area of typical loess (i.e., finer-
grained loess similar to the NELB loess) occurs around latitude 45°N.

« Loess and sandy loess deposits form an almost continuous cover on the plateaus in the northern
area (e.g., Dombes plateau) and have a patchier distribution to the south, especially along the
Durance and Ardéche rivers. In mountainous areas, such a distribution may be partly caused by
poor mapping accuracy as a result of uneven relief.

« In the periphery of the lower Rhéne Valley, the grain size of aeolian deposits decreases gradually
to the west and to the east. The alluvium is thus assumed to be the main source of dust.

» The sandy deposits are mainly located in a narrow band along the Rhéne River between Avignon
and Montélimar (near latitude 44°N), in the Costieres de Nimes area and in the periphery of the
Etang de Berre lake.

« The distribution of ventifacts, yardangs, and pans is not random. They are concentrated south of
latitude 44°N along the valley axis (Fig. 3). Ventifacts are located mainly on old alluvial plateaus
(Fv).
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Fig. 8. Distribution of aeolian deposits derived from the LUCAS topsoil database. All the loess and sand cross sections from
the literature and new field survey are indicated (see Table A.1). Profile 1 (P1) is shown in Fig. 11.



4.4 Grain-size distribution and gradients

The grain-size curves of 63 samples of primary loess show a polymodal distribution with five
subpopulations (Fig. 9A), which are (in decreasing order of contribution): (i) fine sands to coarse silts
between 50 and 75 pm (mean 62 um); (ii) medium silts between 12 and 18 um (mean 14.3 um); (iii)
clays (mean 3.1 um); (iv) medium sands (220 um); and (v) ultrafine particles (0.4 um). Secondary loess
has similar grain-size distribution and modes but with poor sorting (Fig. 9B). Loessic sands also have a
polymodal distribution with a coarse mode ranging from 87 to 136 um (Fig. 9C). Sandy deposits have
a predominantly unimodal grain-size distribution (Fig. 9D) with a mode between 235 and 834 um.

The grain-size data extracted from the LUCAS database along a NWSE profile in the east of
Valence show a gradual decrease in sand content and an increase in silt content away from the river
(Fig. 10A). The coefficient of determination (r?) ranges from 0.36 to 0.38, and the relationship between
these patterns and the distance to the river is significantly correlated (p-value b0.05, nonparametric
test of Kendall's rank correlation) (Fig. 10). The profile indicates that the transition between sandy

loess and loess occurs over a much shorter distance than in northern France (18 km vs. 65 km) (Fig.
10B).
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Fig. 9. (A), (B) Mean grain-size distribution of primary and secondary loess deposits with their standard deviation.
(B), (C) Grain-size distribution of some representative samples of sandy loess and aeolian sands. The mean modes were
determined using parametric curve-fitting using R package mixdist (Macdonald and Du, 2012).
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4.5 Chronology

Overall, the number of available numerical ages is limited. The radiocarbon ages recently
obtained on calcitic granules secreted by earthworms in the loess of Lautagne near Valence (Ronco et
al., in press) indicate that dust accumulation mostly occurred between 27 and 16 ka cal. BP. The OSL
dating on quartz grains (45—63 um) of the Garons loess yielded an age of 27 + 1.5 ka (M. Rué, personal
communication). These results are compatible with older data from the Provence and Ardéche areas,
which include (i) four radiocarbon ages on charcoal ranging between 38 and 10 ka cal. BP (2c0) (Magnin,
1992; Onoratini et al., 1999; Bazile, 2007), and (ii) 11 radiocarbon and OSL ages on palaeosols ranging
from 41 to 20 ka (Magnin, 1992, 2014; Ambert, 2013; Franc et al., 2017).

The available ages for the sandy deposits remain scarce so far. Only two radiocarbon datings
from red colluvium interstratified within dune sand gave an MIS 3 age (41 and 29 ka cal. BP; Ambert,
1974, 2013). The OSL measurements on the coarse grain (125-160 um) quartz fraction in this study at
the Les Sableyes quarry indicate a phase of dune emplacement during MIS 2 (BDX19711: 17.29 + 0.83
ka; depth: 4.5 m; and BDX19710: 16.35 + 0.84 ka; depth: 1.5 m). Both ages are indistinguishable within
20 error margins, however, with a slightly younger age for the uppermost sample (BDX19710) (cf.
Appendix B for more details).

5. Discussion

5.1. The aeolian system of the Rhéne Valley

At the regional level, the spatial distribution of aeolian landform and deposits is not random.
Two zones can be distinguished: (i) an area located north of a succession of narrowings of the Rhéne
Valley (e.g., the Donzére Pass) between latitudes 45°N and 44°N; (ii) a more southern area typified by
valley widening, which forms a triangle open to the Mediterranean Sea.

In the northern area, no aeolian landforms were identified. The aeolian deposits are mainly
loess covering the plateaus and slopes of the main valleys. The boreholes listed in the BRGM database
(http://infoterre.brgm.fr/) show that the loess reaches locally a thickness N15 m on the windward side
of the Dombes plateau. The conceptual models proposed by several authors (Mason et al., 1999; Wiggs
et al.,, 2002; Sweeney et al., 2005; Lehmkuhl et al., 2016) suggest that wind deceleration on the
plateaus bordering large rivers allows significant accumulation of dust. Sandy deposits (dunes,
coversands) are scarce along the middle reach of the Rhéne River supposedly because of river
entrenchment and the limited space available for accumulation.

In the southern area, the aeolian landforms (yardangs, pans, desert pavements) and the sandy
deposits (dunes, sand ramps, sand wedges) are abundant and indicate that sand transport by saltation
was substantial over vast areas. According to McCauley et al. (1977), Laity (2009), and Sebe et al.
(2011), the formation of yardangs also implies strong unidirectional and constant winds. Such winds
are explained by the narrowings of the Rhéne Valley, which channel and accelerate the air masses
coming from northern Europe. The measurements of yardang orientation indicate winds coming from
the north as for the modern Mistral. Compared to the present, mean wind speeds were probably
higher during the glacial caused by increased cyclonic activity in Europe linked to the ice sheets on the
British Islands and Scandinavia (Isarin et al., 1997; Christiansen and Svensson, 1998; Christiansen,
2004).

The distribution of aeolian deposits strongly suggests that the floodplain of the Rhéne River,
which is parallel to the direction of prevailing winds (N-S to NW-SE), was the main source of particles.
Widening of the valley to the south led to increasing in the surface of the alluvial material exposed to
deflation and in the available space for sand deposition. Other potential sources of particles are the
unconsolidated Miocene molasses (sandstones, calcarenites, sandy marls) where wind carved
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depressions and yardangs. The contribution of these sources remains difficult to estimate but was
probably minor in comparison with the inputs from the Rhéne floodplain.

Despite the widespread occurrence of yardangs and ventifacts, which testifies that sand
transport was very efficient (Knight, 2008; Laity, 2009), the deposition of windblown sand was limited
in the study area. This suggests a negative sediment budget (Kocurek and Havholm, 1993), and the
lower Rhone Valley likely served as a bypass surface between the sedimentary sources and sinks
(Knight, 2008). The rare sand accumulations preserved correspond either to small dunes on the banks
of the Rhone River or sand ramps trapped at the foot of topographic obstacles. In the periphery of the
Rhone corridor, the grain size decreases rapidly eastward and westward and is discontinuous, but
locally thick sandy loess deposits were formed. Loess becomes finer and thinner laterally to give way
to soils enriched with aeolian particles (soil contamination; Yaalon and Ganor, 1973).

The Carpathian Basin (Hungary) is an example of a Pleistocene aeolian system sharing some
features with the Rhéne system and probably associated with similar semiarid climate conditions
(RuszkiczayRudiger et al., 2011; Sebe et al., 2011, 2015). This basin is swept by a unidirectional
northerly wind channelled by the mountains and includes ventifact pavements, pans, and yardangs
upstream while parabolic dunes form extensive fields downstream (Sebe et al., 2011; Gyorgyovics and
Kiss, 2013; Buré et al., 2016). In the periphery of sandy deposits, loess is also present over large areas
(Lindner et al., 2017). By comparison, the Rhone Valley appears to be an incomplete aeolian system.
Two hypotheses may explain the lack of significant sand accumulation: (i) a poor preservation of the
deposits caused by subsequent erosion during the Holocene, particularly caused by strong
anthropogenic landscape modification since the Neolithic (however, this phenomenon is assumed to
have had only a limited impact); and (ii) sea level rise during the Late Glacial and the Holocene leading
to the submersion of the continental shelf and associated dune fields. As shown by Bassetti et al. (2006)
and Jouet et al. (2006), the continental shelf of the Gulf of Lion is covered by sand layers dated to 45
to 20 ka cal. BP, which in large part could be part of aeolian origin.

In summary, the Rhéne Valley is an aeolian system characterized by (i) strong unidirectional
winds channelled by the relief; (ii) abundant deflation landforms; (iii) a major fluvial axis (the Rhone
River) with the capacity to provide to the wind significant amounts of sedimentary material.

5.2. Loess depositional context

Many authors (Alimen, 1965; Dubar, 1979; Coudé-Gaussen, 1990) have pointed out that
perimediterranean loess displays distinctive sedimentological characteristics when compared to loess
from the NELB, mainly a coarser texture and higher carbonate content. The aeolian deposits of the
Rhone Valley also show that the spatial distribution and facies differ significantly.

5.2.1. The origin of polymodality

The loess samples from the study area all have a trimodal grain-size distribution (Fig. 9A) with
a coarse mode (mode 1, 50-75 um, 63 + 9%), a medium mode (mode 2, 12-18 pum, 25 £+ 8%) and a fine
mode (mode 3, ~3 um, 6 £ 2%). In addition, ultrafine (b1 pum) and very coarse (~200 um) particles are
present in small proportion. These last two populations were probably not transported as dust.
According to Paton (1978) and Bronger and Heinkele (1990), the particles bl um are related to
weathering and pedogenesis, while the coarse particles may correspond to ferruginous nodules,
secondary carbonate concretions, or earthworm calcitic granules. However, inputs by saltation from
local sand sources (molasses) cannot be excluded.

The main grain-size modes suggest different transport and deposition mechanisms
(Middleton, 1976; Ashley, 1978; Bagnold and Barndorff-Nielsen, 1980). Coarse particles (N20 um) are



transported at low altitudes by saltation or short-term suspension. In contrast, fine particles (b20 um)
experience long-term suspension in the atmosphere at high altitudes (Tsoar and Pye, 1987; Pye, 1995;
Kok et al., 2012; Ujvari et al., 2016). Many loess in the world have a bimodal distribution, which is
generally assumed to come from the mixing of two populations provided by different sources (e.g.,
Pye and Zhou, 1989; Sun et al., 2002, 2004; Lim and Matsumoto, 2006; Muhs and Benedict, 2006;
O'Hara et al., 2006; Vandenberghe, 2013; Ben-Israel et al., 2015). By analogy, the coarse mode (50-75
pum) of the loess of the Rhone Valley would correspond to proximal sources, whereas the modes in fine
silt (12—18 um) and clay (~3 um) would come from more distant sources. The measurements made
during dust storms by McTainsh et al. (1997) seem to confirm these hypotheses. These authors
observed the simultaneous transport of coarse particles (50-70 um) from a local source, of medium-
sized particles (20-40 um) in dust plumes from a regional source and of fine particles that travelled
over long distances in the atmosphere (continuous background dust rain). However, there is no full
consensus on the origin of loess bimodality. The observations by Lin et al. (2016) in the Celé oasis
(China) suggest that the fine and coarse dust components trapped in the oasis during storm episodes
come from a single source, the Taklamakan Desert. The coexistence of two modes is explained by the
authors as resulting mainly from grain-size sorting during accumulation as a consequence of
fluctuations in wind speed. Similarly, Bullard and Austin (2011) showed that the windblown material
from outwash deposits in Greenland had a multimodal distribution.

A multimodal grain-size distribution of loess is not the most common in Europe. Loess from
northern Europe, central Europe, and the perimediterranean area exhibits mostly a unimodal or a
bimodal distribution (e.g., Crouvi et al., 2008; Enzel et al., 2010; Novothny et al., 2011; Varga et al.,
2012; Vandenberghe, 2013; Vandenberghe et al., 2014; KrauR et al., 2016). Loess from the Rhéne
Valley also have a distinctively coarser mode (5075 vs. 35—-40 um; Vandenberghe, 2013). Coarse loess
has been described by authors in central Europe; in the immediate vicinity of the Danube River
(Novothny et al.,, 2011) and one of its tributaries, the Tisza River (Bokhorst et al., 2011); in
perimediterranean regions in the periphery of dune fields (Crouvi et al., 2008; Amit et al., 2011); and
in transitional facies in a narrow stripe between coversands and typical loess in the NELB
(Vandenberghe et al., 1985).

The mode between 12 and 18 um is typical of Hungarian aeolian red clays dated to the lower
Pleistocene (Kovdcs, 2008; Kovacs et al., 2011; Varga, 2011). According to Varga et al. (2016), this dust
may have a Saharan origin, with a contribution ranging from 20% to 30% in the Carpathian Basin.
Saharan dust inputs have also been identified in loess from Israel but as finer-grained particles (3—8
pum) (Crouvi et al., 2008; Ben-Israel et al., 2015). For the loess of the Rhone Valley, attributing a grain-
size population to a well-defined source is difficult in the absence of geochemical or mineralogical
analysis. The different modes may derive from a single local source according to the model proposed
by Lin et al. (2016) or may correspond to distinct regional sources (even possibly remote sources such
as Saharian).

The 3 um mode has been reported in almost all European loess and indicates transport by long-
term suspension in the atmosphere from either regional or very distant (supracontinental) sources
(continuous background dust rain).

5.2.2. The central role played by vegetation in loess deposition

Several arguments are in favour of the crucial effect of vegetation on loess accumulation in the
Rhone Valley. Rapid trapping of coarse particles near sources by plants may explain some of the loess
characteristics. These arguments include (i) the efficiency of vegetation to trap aeolian particles; (ii)
the persistence of a dense local vegetation cover in an area considered as a refuge during the LGM;
and (iii) the geometry and grain size of the deposits.

5.2.2.1. Efficiency of dust entrapment by vegetation.



As early as in the 1980s, Danin and Yaalon (1981) highlighted the crucial role played by mosses
in dust trapping in a peridesertic environment without topographic obstacles. The role of vegetation
in preventing particle remobilization by wind or overland flow was also emphasized (Danin and Ganor,
1991; Wolfe and Nickling, 1993). Several field and wind tunnel experiments showed that the
vegetation cover contributes to the increase in the surface roughness length (z,) and in the wind shear
velocity threshold (u=) (Wolfe and Nickling, 1996; Lancaster and Baas, 1998; Hoffmann et al., 2008;
Field et al., 2012). For example, Hoffmann et al. (2008) measured an exponential increase of zyin
relation to vegetation height (h) with zoranging from 0.06 to 0.14 cm for nearly bare soil (h = 2.5 cm)
and from 0.90 to 3.98 cm for high grass (h = 27.5 cm). The height and also the density of plant cover
are determinant factors in the sedimentation rate (Leenders et al., 2007; Field et al., 2012; Youssef et
al., 2012). Raupach et al. (2001) highlighted the role played by the optical porosity (1) of windbreaks
(i.e., vegetation) on dust entrapment. Optimal values (t= 0.2) were obtained with a windbreak dense
enough to efficiently retain the particles but sparse enough to allow the air to flow through (Raupach
et al., 2001). When the dust-loaded flux passes through the obstacle, the particles are filtered and
deposited on the vegetation. The same authors noticed the efficiency of the low-hanging branches of
shrub on trapping sediment drifting close to the ground by saltation or modified suspension. In
conclusion, a mix of shrub and tree patches is a much more effective dust trap than steppe or tundra
because of greater roughness (Thom, 1975; Tsoar and Pye, 1987).

5.2.2.2. The persistence of dense vegetation cover in the Mediterranean area during the LGM.

According to some authors (e.g., Tzedakis et al., 2013), the study area acted as a refugium for
vegetation during the coldest periods of the glacial. Despite the low number of available data (Beaulieu
et al, 2005), the pollen records suggest that forest (Picea, Abies, deciduous Quercus,
mesothermophilous taxa) persisted in the Mediterranean regions during the LGM (Gonzalez-Sampériz
et al., 2005, 2008; Beaudouin et al., 2007). This hypothesis is consistent with the simulated vegetation
cover using global climate models (GCMs) (Cheddadi et al., 2006; Arpe et al., 2011; Strandberg et al.,
2011), which indicate the persistence of a climate more favourable to tree growth than in northern
France (Fig. 12). The studies by Médail and Diadema (2009) also suggested that the Mediterranean
region provided locally good conditions for plant biodiversity at medium altitude, particularly along
deeply incised valleys. The persistence of tree stands along rivers had necessarily a significant impact
on aeolian dynamics. In arid and semiarid environments, the water table level decreases with distance
from the river, resulting in a gradual decrease in plant cover and subsequent increase in the exposure
of soils to deflation (Aishan et al., 2013; Kuba et al., 2013).

5.2.2.3. Geometry and loess grain-size.

The loess from the Rhéne Valley has distinctive characteristics compared to NELB. These are
(i) strong local thickness but discontinuous distribution, (ii) coarse grain size rapidly decreasing with
increasing distance to the river, and (iii) significant bioturbation. The thick (often N5 m) and
discontinuous loess forms wedge-shaped deposits in small areas close to major rivers. According to
Tsoar and Pye (1987), Pye (1995), and Hugenholtz and Wolfe (2010), such a pattern is typical of loess
accumulation in a densely vegetated environment. Vertical accretion means that vegetation is capable
to grow as loess accumulates (Pye, 1995). The heterogeneous spatial distribution reflects preferred
particle entrapment in the densest patches of vegetation (Fig. 11A). Bioturbation (rhizoliths, burrows)
also argues in favour of abundant vegetation contemporaneous to loess accumulation.

In this context, dominantly coarse loess is assumed to reflect the simultaneous entrapment by
vegetation of sand and coarse silt migrating in saltation and modified suspension from the floodplain
(Fig. 11A). Xu et al. (2016) also showed that the dust trapped during storms in the Célé oasis had a
coarse mode, which ranged between 53 and 81 um depending on the season. In contrast, the northern



European plains are typified by more continuous loess deposition over the landscape, well-developed
grain-size gradients, and finer-grained loess (Fig. 10B). Such a pattern results from the lack of forced
deposition by vegetation close to the sources, allowing better sorting of the particles by the wind (Fig.
11B).

(A) Rhone Valley: dust trapping by vegetation near the source

Shrubby steppe vegetation

Dust addition to soils

Dust source (1) Sand and very coarse dust (saltation, modified saltation)
(2) Coarse and medium dust (short-term suspension)

(3) Fine dust (long-term suspension)

(4) Very fine dust (background dust)

Polar desert Steppe vegetation
3)

B — 1 N ‘
S AT T 11(% TRy [f\tmmm%mﬁ%\

Sand-sheet Sandy loess Loess

Dust source
Fig. 11. Schematic models of loess deposition (modified from Pye, 1995). (A) Deposition of proximal sandy loess

on a densely vegetated (shrubs, trees) surface adjacent to a dust source; (B) separate deposition of sand and loess in a
poorly vegetated landscape
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Fig. 12. (A) Proportion of forest cover (needle-leaved trees + broadleaved trees) in Europe during the LGM (after Strandberg
et al., 2011). The LGM extent of British-Irish Ice Sheet (BIIS) and Scandinavian Ice Sheet (SIS) is from Hughes et al. (2016),
the coversands from Bertran et al. (2016), supplemented by data from Lindner et al. (2017); (B) comparison of the main

loess modes from Atlantic/north and Mediterranean/central Europe. The data are from this study and from PANGAEA
database (Obreht et al., 2015; Bosken et al., 2016; KrauB et al., 2017; Zeeden et al., 2017a, 2017b) and the literature
(Kovacs, 2008; Bokhorst et al., 2011; Novothny et al., 2011; Schatz et al., 2011; Varga, 2011; Varga et al., 2012;
Vandenberghe et al., 2014; Boixadera et al., 2015; Calvo et al., 2016; Ujvéri et al., 2016).

5.3. Age of the aeolian system

Few chronological data are available to estimate the age of the aeolian system of the Rhone
Valley. Radiocarbon and OSL datings indicate that the sand dunes belong to MIS 3-2. The development
of slipface dunes in the Rhéne Valley during the Last Glacial contrasts with what has been described in
the other European aeolian systems during the same period (e.g., NESB, Sable des Landes in southwest
France), which were typified by coversand deposition. In those systems, parabolic dunes developed
later during the Younger Dryas and the early Holocene (Rendell et al., 1994; Radtke et al., 2001; Kasse,
2002; Koster, 2005; Molodkov and Bitinas, 2006; Tolksdorf and Kaiser, 2012; Sitzia et al., 2015; Zielinski
etal., 2015; Kalinska-Nartisa et al., 2016) in connection with landscape colonisation by vegetation (Pye,
1982; Hugenholtz et al., 2008; Pye and Tsoar, 2009). The only known dune examples older than the
Younger Dryas come from the Manchega Plain (Spain) with ages between 29 and 19 ka (Bernat Rebollal
and Pérez-Gonzalez, 2008), the Portuguese coast around 20 ka (Costas et al., 2016), and Hungary
around 17-15 ka (Borsy et al., 1981; Burd et al., 2016). Early dune formation in southern Europe during
the Last Glacial may, therefore, indicate denser vegetation cover in this area than in northern regions.
Although scarce, the numerical data indicate that the main period of loess sedimentation in the Rhone
Valley occurred during MIS 3—2. This compares well with the data from the other European aeolian



systems (e.g., Frechen, 2003; Sitzia et al., 2015; Antoine et al., 2016; Lehmkuhl et al., 2016; Zens et al.,
in press).

However, field evidence (e.g., Bonifay, 1962, 1965) and the development of mature erosional
landforms (yardangs, pans) strongly suggest that deflation and aeolian deposition occurred during
older periods, probably during most of the middle Pleistocene glacial phases. Many studies have
indicated that the formation of yardangs and pans is a slow process that takes several thousand to
hundreds of thousands years (e.g., McCauley et al., 1977; Halimov and Fezer, 1989; Washington et al.,
2006; Goudie, 2007; Al-Dousari et al., 2009; Sebe et al., 2011; Laity and Bridges, 2013). This suggests
that the aeolian system in the study region developed within a long period of time, presumably during
several glacial phases of the Pleistocene like other European systems, such as in southwestern France
(Sitzia et al., 2015; Bosq et al., in press) and the Danube valley (Markovi¢ et al., 2015).

5.4. Comparison with other upper Pleistocene European aeolian systems

At the European scale, three types of aeolian systems are distinguished as follows.

5.4.1. The ice-sheet-controlled north European aeolian system

The system comprises coversands and loess spreading south of the Scandinavian Ice Sheet (SIS)
from northern France to western Russia and referred to as the North European Coversand Belt and
Loess Belt (Zeeberg, 1998; Haase et al., 2007; Bertran et al., 2016). The particles derived mainly from
the outwash sediments supplied by the ice sheet (Singhvi et al., 2001; Antoine et al., 2009; Smalley et
al., 2009; Rousseau et al., 2014). The grain-size distribution shows a gradual transition between
coversands, sandy loess, and loess (Koster, 2005; Bertran et al., 2016; Lehmkuhl et al., 2016), similar
to the transitional model published by Pye (1995). This grain-size continuum is controlled by the
distance to the fluvioglacial sources, the flat topography, and the low and sparse vegetation (tundra-
steppe) that did not allow for efficient trapping of the particles (Fig. 12B).

Based on geomorphological data (dunes orientation, ventifacts, grain-size gradients), the
efficient winds came mainly from the west and the northwest during MIS 2 (Isarin et al., 1997; Zeeberg,
1998; Renssen et al., 2007). A comparison with modern periglacial environments in west Greenland
(Dijkmans and Tornqvist, 1991) led Renssen et al. (2007) to suggest that the efficient winds
corresponded mainly to winter winds. In this environment, groundwater table rise during the summer
promotes enhanced melting of the glaciers and acts as a limiting factor for deflation. However, Sima
et al. (2009) challenged this assumption, as simulations of LGM atmospheric circulation showed that
winds from the west mostly occurred during the late winter to the early summer. Winds from the east
were also inferred from ventifacts and heavy minerals in Denmark, southern Sweden, and the Eifel
region, Germany, and were attributed to katabatic air masses flowing from the SIS (Christiansen and
Svensson, 1998; Romer et al., 2016).

5.4.2. The coastal aeolian systems along the Atlantic Ocean

Coastal deserts developed along the Atlantic Ocean in Spain, Portugal, and southwest France.
They correspond to transgressive dune fields (cf. Hesp, 2013) supplied by the continental shelf exposed
to deflation during sea-level lowstands (e.g., Granja et al., 2008; Thomas et al., 2008; Bertran et al.,
2011; Costas et al., 2012, 2016; Sitzia et al., 2015, 2017). In southwest France, geochemical analysis
indicates that the loess originated mainly from coversand abrasion (Sitzia et al., 2017) and that a
gradual transition between sand and loess is observed. The loess belt is poorly developed (southwest



France) or almost absent (Portugal, Spain). Various factors have been cited to explain the poor
development of loess. They include (i) limited dust generation because of sand abrasion (e.g., Smith et
al., 1991, 2002; Wright, 2001), (ii) more extensive tree cover than in northern Europe favouring particle
entrapment near the sources, and (iii) a moist oceanic climate limiting dust entrainment by the wind.

In southwest France, field proxies suggest that the effective winds came from the west-
northwest during the LGM, implying that deflation was mainly active in spring and summer according
to simulations (Sitzia et al., 2017). The deflation season is thought to have been mainly controlled by
ground surface conditions, particularly by increased topsoil dryness during the summer in a context of
vegetationless coversands.

5.4.3. The topography-controlled continental aeolian systems

Pleistocene aeolian systems also developed in inland Europe where the winds were channelled
and accelerated by the relief. The aeolian deposits are located along major rivers that were capable of
delivering a considerable amount of sand and silt-sized particles (Smalley, 1972). These systems share
the following characteristics: (i) an upwind bypass area at the outlet of a corridor, dominated by
deflation-related landforms (yardangs, pans, ventifacts); (ii) an accumulation area located downwind,
characterized by coversands or dune fields and loess. Such aeolian systems have been described in the
Ebro Valley in Spain (Gutiérrez-Elorza et al., 2002; Gutiérrez et al., 2013; Boixadera et al., 2015), the
Orb Valley in southern France (Gottis, 1968; Ambert, 1974, 1981, 2013; Ambert and Clauzon, 1992;
Carozza et al., 2016), and the Carpathian Basin in Hungary (Ruszkiczay-Riidiger et al., 2011; Sebe et al.,
2011, 2015). The lower Rhone Valley belonged to this type of aeolian system. Because of the southern
location, shrub vegetation is thought to have been present in wet grounds along rivers during the LGM.
Dust deposition was strongly controlled by vegetation and loess preferentially accumulated in patches
near the rivers. Accordingly, the analysis of lipid biomarkers (n-alkanes) in loess sequences from the
Balkans by Schatz et al. (2011) and Zech et al. (2013) suggests a significant contribution of deciduous
trees and shrubs.

6. Conclusion

The Rhéne Valley is an aeolian system characterized by strong unidirectional winds channelled
by the relief, intense deflation, and a major river draining the alpine ice cap and parallel to the
prevailing winds, able to deliver large amounts of easily remobilisable sedimentary material. This
aeolian system differs in many ways from the North European Coversand Belt and Loess Belt and from
the coastal systems but closely resembles the continental systems such as the Carpathian.

The map of aeolian deposits derived from the LUCAS topsoil database gives a more
comprehensive picture of their distribution in southeast France than the previously available maps
based on a conventional geological approach. Comparison between the new map and the distribution
of known cross sections shows a good fit at the scale of the study area. The new map also highlights
the control played by the Rhone River on the distribution of sand and loess and strongly suggests that
alluvial bars and the floodplain were the main sources of particles during the glacial. Overall, the
aeolian system comprised two main components as follows:

« A bypass area downstream from valley narrowings near latitude 45°N, which promoted wind
channelling and acceleration. Deflation-related landforms prevailed in this area. Wind deceleration
near topographic obstacles allowed for sand deposition on the windward and leeward slopes, thus
forming sand ramps.

« Areas of net accumulation developed in the periphery, and probably on the now submerged
continental plateau. The persistence of shrub vegetation in moist grounds along the valleys during
the LGM is assumed to have played a major role in loess deposition. Vegetation enabled trapping of



sand and coarse silt particles transported by saltation and short-term suspension close to the sources,
thus accumulating dominantly coarse loess.

As mentioned above, the depositional history of the aeolian deposits in southeast France
remains poorly documented and should prompt new investigations using OSL and radiocarbon dating.
Because the accumulation rate is controlled by global climate forcings and local factors such as the
availability of easily remobilisable particles and ground surface conditions. Therefore, we expect that
the chronology of this aeolian system will not perfectly fit that of more northern European systems
like the NELB. Geochemical and mineralogical analyses will also provide more insight into the origin of
the particles.
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