N

N

Dynamics and sources of last glacial aeolian deposition
in southwest France derived from dune patterns,
grain-size gradients and geochemistry, and
reconstruction of efficient wind directions
Luca Sitzia, Pascal Bertran, Adriana Sima, Philippe Chery, Alain Queffelec,

Denis-Didier Rousseau

» To cite this version:

Luca Sitzia, Pascal Bertran, Adriana Sima, Philippe Chery, Alain Queffelec, et al.. Dynamics and
sources of last glacial aeolian deposition in southwest France derived from dune patterns, grain-size
gradients and geochemistry, and reconstruction of efficient wind directions. Quaternary Science Re-
views, 2017, 170, pp.250 - 268. 10.1016/j.quascirev.2017.06.029 . hal-01696080

HAL Id: hal-01696080
https://inrap.hal.science/hal-01696080
Submitted on 30 Jan 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://inrap.hal.science/hal-01696080
https://hal.archives-ouvertes.fr

© 00 N O O A~ W DN PP

W W W W W NN N DN DN DN DN DNDNMNDNDNDNDMNDNPEPEP PP P, PP PRPRP PR
A WO NP O O O N O O D W NP OO 00 NO O b W N~ O

Dynamics and sources of last glacial aeolian deposition in southwest France derived
from dune pattern, grain-size gradients and geochemistry, and reconstruction of
efficient wind directions.

Luca Sitzid, Pascal Bertrdr, Adriana Sim4 Philippe Chery;, Alain Queffeled, Denis-
Didier Roussedlf

! Universidad de Tarapaca, Instituto de Alta Inwgstion, Laboratorio de Andlisis e
Investigaciones Arqueomeétricas, Antofagasta 15000069 Arica, Chile

2 INRAP, 140 avenue Leclerc, 33130 Bégles, France

3 PACEA, Université de Bordeaux — CNRS, batiment BaBée Geoffroy-Saint-Hilaire,
33615 Pessac cedex, France

* Laboratoire de Météorologie Dynamique/IPSL, Sormmniversités, UPMC Université
Paris 06, ENS, PSL Research University, Ecole polytique, Université Paris Saclay,
CNRS, Paris, France

> Bordeaux Sciences Agro, 1 cours du Général del&a@S 40201, 33175 Gradignan,
France

® Laboratoire de Météorologie Dynamique/IPSL, Dépment de géosciences, ENS, PSL
Research University, Ecole Polytechnique, Univérstaris Saclay, Sorbonne Universités,
UPMC Université Paris 06, CNRS, Paris, France

" Lamont-Doherty Earth Observatory of Columbia Unsiyr, Palisades, NY 10964, USA

Abstract

Dune pattern, grain-size gradients and geochemiggrg used to investigate the sources and
dynamics of aeolian deposition during the last iglaim southwest France. The coversands
form widespread fields of low-amplitude ridges @), whereas Younger Dryas parabolic
dunes mainly concentrate in corridors and alongrsiv Spatial modelling of grain-size
gradients combined with geochemical analysis pototsa genetic relationship between
coversands and loess, the latter resulting prigné&oim dust produced by aeolian abrasion of
the coversands. The alluvium of the Garonne riverided also significant amounts of dust
at a more local scale. The geochemical composiifolness shows much lower scattering
than that of coversands, due to stronger homogemsduring transport in the atmosphere.
Overall, sandy loess and loess deposits decredbekmess away from the coversands. Dune

orientation and grain-size gradients suggest tieefficient winds blew respectively from the
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W to the NW during the glacial, and the W-SW durith@ Younger Dryas. A comparison
between the wind directions derived from the prosdgta and those provided by
palaeoclimatic simulations suggests a change ofhthim transport season. Ground surface
conditions and their evolution throughout the year,the length of the season with snow and
frozen or moist topsoil, and the seasonal distidoudf wind speeds able to cause deflation
are thought to have been the main factors thatrabed the transport season in the study

area.

Key words: coversand, loess, Last Glacial, dunesingsize modelling, geochemistry, wind

direction, southwest France

1. Introduction

In the Aquitaine basin (Southwest France), Ple@teccoversands spread over a surface of
approximately 12,000 kinand are bordered on their eastern and southemimaay a large
loess belt. The stratigraphy of aeolian deposisshiegen the focus of recent studies and a large
set of"“C, ESR and OSL ages is available both for covessand loess (Bertran et al., 2009,
2011; Hernandez et al., 2012; Sitzia et al., 200&8pping of aeolian deposits has also been
the subject of many attempts. The conventionatl fagdproach allowed precise delineation of
the coversands since the 60’s (Enjalbert, 1960jdaey 1979), but the loess deposits were
always omitted in the maps, and are still lackimgtioe current 1/50,000 geological map of
France infoterrebrgm.fr). Bertran et al. (2011) showed the potential otiptmg field
mapping and the use of soil databases designealgfazultural purposes, in which physico-
chemical analyses of topsoil samples are listedirsh map of loess and transitional facies
was produced using the online BDAIRtabasewww.gissol.fr) where the sand, silt and clay
content of topsoil samples are averaged at the sdaddministrative units of an area of tens
of square kilometers. Since then, the Land Use @oder Area frame Statistical survey
(LUCAS) database on topsoil properties in Europe leen made available and was used for
further mapping of aeolian deposits (Bertran etZ016). The points which satisfy the grain-
size criteria of coversands and loess were exuldctan the rasters of predicted soil texture
established by kriging of the LUCAS data by Balakioal. (2016). These rasters have a
resolution of 500 m. A comparison with previous sahowed a good fit in most of the

tested areas in Europe (Bertran et al., 2016). dngment of the French database (Donesol,
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http://acklins.orleans.inra.fr/outil/donesol) and access to raw data makes it now possible to
investigate more in detail the aeolian depositsaategional scale, since more refined

information on grain-size composition and on |lasskness is available.

Pioneer mineralogical studies have been perfornyedlingebiel (1966) and Legigan (1979).
They have suggested that the sources of the cowrsaere mostly Mio-Pliocene alluvial
and deltaic sands that crop out on the contingmigkau. However, these studies remain
crude, and the possible contribution of wind-blgvarticles derived from the alluvium fed by
the surrounding ranges (Massif Central, Pyreneas)vardly detectable using heavy mineral
analyses alone. The provenance of the particlest@ntransport paths remain, therefore, to
be documented in detail. Grain-size gradients (liédom, 1985; Ruegg, 1983; Liu, 1988),
loess thickness (Frazee et al., 1970; Mason, 20819, the mineralogical and chemical
composition of the deposits (Muhs et al., 2008yv&ts et al., 2010; Rousseau et al. 2014)
have proved to be efficient tools for reconstrugtine transport paths at a regional scale and
for identifying the main factors involved in depti@n. Together with dune orientation, these
data give insight into past atmospheric circulatiand have been widely used for
reconstructing wind directions during the Last @Gai Europe (Poser, 1950; Maarleveld,
1960; Léger, 1990; Isarin et al., 1997; Zeeber§81¥an Huissteden et al., 2001; Renssen et
al., 2007).

The aim of this paper is to combined geomorphoklgisedimentological and geochemical
approaches to better understand the origin and ndigsaof the aeolian deposition in
southwest France. Then, the reconstructed windnegyiduring the Last Glacial in the study
area are compared with previous climatic simulai@@ima et al., 2009, 2013), in an attempt
to identify the period of the year favourable tedalctivity for different climate patterns.

2. Geological setting

Since the beginning of the Middle Pleistocene, dbetre of the Aquitaine basin was quite
similar to its current configuration and correspedido a sand plain almost lacking relief and
gently sloping toward the Atlantic Ocean. Such atext, unparalleled along the French
coast, favoured the accumulation and preservatiaeolian deposits throughout the glacial
phases of the Pleistocene (Bertran et al., 2012iaS#t al., 2015).
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At the basin scale, the following geomorphologigalts have been distinguished (Fig.1B) :
(1) ventifact pavements, present mainly in the et part of the basin at the surface of the
plateau alluvium on both sides of the Garonne R{i#ateau Girondin and Blayais) ; (2) the
coversands (“Sable des Landes Formatmen&u Sitzia et al., 2015), limited by the Garonne
river to the east and the north, the Adour rivethe south, and the Atlantic Ocean to the

west; (3) a large loess belt mainly developed ¢oghst and the south of the coversands.

Recent works allowed reappraisal of the regionabmbstratigraphy of sand and loess
deposits (Bertraret al., 2009, 2011; Sitzia et al., 2015). Three main phasf coversand
accumulation were identified throughout the Lastdall (Sitzia et al. 2015): (1) Marine
Isotopic Stage (MIS) 4-3 (64-32 ka), characterizbg predominant wet sandsheet
accumulation; (2) MIS 2 and the beginning of MI$Greenland Interstadial 1e) (25-14 ka),
associated with the development of dry sandsheets adincident with the maximum
expansion of the Landes desert; (3) Younger Dry&y Greenland Stadial 1), marked by the
development of parabolic dune fields. Parabolic donhe dunes dating back to the"1"
centuries have also been documented and probaftctréocal dune reactivation due to
increased human impact on the vegetal cover ddin@dyittle Ice Age (Bertran et al., 2011).

Sitzia et al. (2015), through the analysis of theooological data of near-surface coversands,
revealed an uneven geographical distribution of aélges. They are dominantly Middle
Pleistocene in the northernmost part, MIS 4-3 enRhateau Girondin, and MIS 2 to YD in the
Plateau Landais to the south. According to theasththis pattern might have resulted from a
deficit in sand in the north during the Last Gladidaximum (LGM) since the emerged
continental plateau was much wider (and as a coles®g, the coastline was more distant)
than in the south. Available ages for loess sugtiegtthey accumulated mainly during the
two last glacial periods (Bertran et al., 2011; hterdez et al., 2012).

3. Modern wind regime.

Prevailing winds along the Atlantic coast of miditlade Western Europe are handled by two
major pressure areas, the Azores High, locatedemtlantic Ocean between latitude 25 and
40°N, and the Icelandic Low, located between ldgté0 and 75°N. Seasonally, the position
of these two pressure centres shifts and the vegoine changes. During the winter, dominant

winds come from the southeast, whereas westerlpaiwhwesterly winds are the most
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prominent during the summer (Fig. 2A). The map @amwind speeds at 10 m available at
the European Joint Research Cenhtép(//agridcast.jrc.ec.europa.eu/DataPortal) shows the
following (Fig.2B):

(1) The highest wind speeds are observed alongdhst and in the Garonne estuary

where channelling of the airflows leads to windederation;

(2) Overall, the wind speeds decrease the furtferltitude increases;

(3) The area with the lowest mean wind speed isthmt at the southern edge of the

Pleistocene coversands.

4. Data and methods

4.1. Analysis of dune patterns

The pattern of the dune ridges has been analysad () digitized black-and-white aerial
photographs from the 1950 missions (1/25,000) efRrench Institut Géographique National
(IGN) and (2) IGN aerial colour photographs avd#abn Google Earth. The main dune
morphologies were described according to McKee 91970 establish the crest direction we
followed the approach proposed by Ewing et al. @0Bor barchanoid ridges, a line parallel

to the general direction of the dune crest was.used

Most of the parabolic dunes have been mapped dtined./50,000 geological survey of the
Aquitaine basin by the French Bureau des Recher@@&dogiques et Minieres (BRGM)

(Capdeville and Dubreuilh, 1994). The dune morpbies were described according to the
terminology of Pye and Tsoar (2009), and the groditlection was measured using the

bisector of the angle between the two arms of tireed

Where available, the Digital Elevation Model (DEBI)M of the IGN (RGE Alti® 2.0, ©IGN

2014) made it possible the observation of the etainorphology of the parabolic dunes.
Since the small aeolian ridges remain difficulidentify from the DEM, a photogrammetric
survey has been performed with a drone in 3 areag®8 knf, which provided more precise

elevation data. The pixel resolution is 0.3 m.
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171 4.2. Grain size, thickness and geochemistry of the aeolian deposits

172

173 The grain size and thickness dataset consists) afgth collected in this work or previously
174 published (Bertran et al., 2009, 2011; Dubreui®7@; Thibault, 1970), and (2) data available
175 from the Donesol database (INRA, 2011) for the @i Landes, Dordogne and Lot-et-
176 Garonne districts. The datasets were cleaned éatsahly the outcrops and the stratigraphical
177 units of aeolian origin. The selected data weralffintreated for the purpose of geostatistical
178 analysis.

179

180 The samples for grain-size analysis were processdte PACEA laboratory (Université de
181 Bordeaux) using a Horiba LA-950 laser particle s@elyser. The sample pre-treatment
182 includes suspension in sodium hexametaphosphaid.J5and hydrogen peroxide (35%) for
183 12 hours, and 60 seconds of ultrasonification & dhalyser to achieve optimal dispersion.
184 The Mie solution to Maxwell's equations provide@ thasis for calculating the particle size as
185 is recommended by the ISO committee (Jones, 2@X3; 2009), using a refractive index of
186 1,333 for water and 1.55i - 0.01i for the partic{ese Supplementary Information 2). In the
187 Donesol database, the grain-size limits are thesd by the French pedologists (Duchaufour,
188 1997), i.e. 2000—200 um (coarse sand), 200-50 @ $and); 50-20 um (coarse silt); 20-2
189 um (fine silt); <2 um (clay). The analyses usethmdatabase have been done by wet sieving
190 of the particles >50 um and with the pipette methmdthe particles <50 um. The results
191 obtained with this method cannot be directly comapawith those obtained with the laser
192 patrticle size analyser (Konert and Vandenbergh@7;1Buurman et al., 2001; Antoine et al.,
193 2001). Here, after comparing 20 samples treatedguboth methods, the following limit
194 classes have been chosen: <4.6 um (clays), 46¥26fine silt), 26-50 um (coarse silt),
195 >50pm (sand). These limits are similar to those usedAbioine et al. (2003). Polymodal
196 grain size distributions expressed in phi unitsehéeen deconvoluted in populations of
197 particles characterized by a Gaussian distributisimg the software Fityk 0.9.8 (Wojdyr,
198 2010) to identify precisely the main modes andbttolv their spatial evolution.

199

200 The samples selected for the geochemical analysig7) come from outcrops studied during
201 this work or previously published (Bertran et aD09, 2011; Sitzia et al. 2015). The outcrops
202 have been selected in order to characterize the yges of aeolian deposits and their

203 potential sources: (1) Last Glacial coversands h=42) YD parabolic dunes (n=13) ; (3)
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loess from the Landes area (n=17) ; (4) loess ftoenEntre-Deux-Mers area (n=4) ; (5)
recentalluvium of the Leyre (n=4), the Ciron (n=3), thar@nne (n=3) and the Adour (n=3)
rivers; (6) Plio-Pleistocene plateau alluvial defsoén=7). The samples from aeolian sands
have been taken below the B horizon of the sunfecizol. All the loess samples come from
the argillic Bt horizon and were taken betweendh@ 0.9 m deep. After removing the grains
>2 mm, the sand fraction was separated from thepooent <63um by wet sieving and
crushed. The sand and the fine fractions have bealyzed apart by Energy Dispersive X-
Ray Fluorescence (ED-XRF) by the spectrometry gimiof Ametek (Elancourt, France).
The measurements were made with a XEPOS instruamehtdlo not allow quantification of

elements lighter than aluminum. Quantification wased on fundamental parameters.

Some representative samples of aeolian depositp@ssible sources have been studied by X-
Ray Diffraction (XRD). As for ED-XRF, the sand arit/clay fractions were studied
separately. The analysis was carried out by thituhsle Chimie de la Matiere Condensée in
Bordeaux (ICMCB) using a PANalytical X'Pert difftmeneter with a Bragg - Brentano theta
— theta configuration. The measurements were maitle av measuring time of 30 mn,
between 8 and 80° and with a minimum step angl@@°. Mineralogical identification was
performed using the EVA software coupled with a DSRCDD PDF2 database.

The grain-size and the geochemical data are exqutess percentages; therefore, they have to
be considered as compositional data (Aitchison219Bhe analysis of compositional data by
classic multivariate statistics provides inapprat@i results (Aitchison, 1982). Aitchison
(1986) proposed a robust solution to this problesmich used the logarithms of component
ratios instead of the raw percentages. In this woelcause of the nature of the data, we used
non parametric replacement of the null values atingrto the method proposed by Martin-
Fernandez et al. (2003) for below-detection vallsre, all the compositional data were

analysed using the CoDaPack software (Comas arm@dHémestrosa, 2011).

For the purpose of geostatistical data analysisrengraphic analysis (Webster and Oliver,
2007) has been carried out with the VarioWin sofev@annatier, 1996). For compositional
data, in agreement with Pawlowsky and Burger (1982¢h variable was transformed before
variographic analysis. Here, the Isometric Lograficansformation has been applied
(Egozcue et al., 2003). Finally, we used ordinaigikg (Webster and Oliver, 2007) for the

interpolation through the geostatistical toolboxAotGis 9.3.
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The models obtained have been tested by a doutds galidation. In ArcGis, the value of a
variable is estimated in each point of the spackrlgyng and this operation is repeated every
time by removing one of the points for which theetvalue was originally known. Following
this procedure, the software calculates the mear €¥IE) and the mean square deviation
ratio (MSDR). The mean error has to be close tollle the mean squared deviation ratio has
be as close as possible to 1 (Webster and Oli\@f7)2 The model validity has been also
measured through an independent data set. Thenalrigiatabase (grain size, thickness)
selected for the geostatistical analysis has beirbgfore the variographic analysis using the
random selection spatial tool of ArcGis. We chaseanhdomly select 10% of the total number
of samples. The remaining 90% have then been uzethé variographic analysis and the
calculation of the ME and MSDR statistics. Doing gowvas possible to plot the observed
values (independent data set) against the estinvaleds and to calculate a linear regression
between the two sets. Following Pawlowsky-Glahn #@ida (2004), the fitness of the
regression for grain-size data was evaluated bsulzing the standardized residual sum of
squares (STRESS). The closer the value of the SBRiBSex to zero, the less is the

difference between observed and estimated valndshas the best is the tested modeling.

4.3. High-resolution glacial climate simulations

We dispose of two numerical palaeoclimatic simoladi at high-resolution over the studied
area that we can compare to our proxy data. Teedimulation, designed for the Last Glacial
Maximum (LGM), was used by Banks et al. (2009) fiazhe modelling. In this simulation,
the orbital parameters and the atmospherig Gidcentration (Berger, 1978; Raynaud et al.,
1993) were set to their values for 21 ka. The L@®tsheet configuration (height and extent)
reconstructed by Peltier (2004, ICE-5G) was préscti and the land-sea mask was adjusted
to a sea-level drop of about 120 m. The GLAMAP2066onstruction of the LGM sea-
surface temperatures (SSTs) and sea-ice extentmyased (Paul and Schéfer-Neth, 2003;
Sarnthein et al., 2003). The second simulationnis of the numerical experiments used by
Sima et al. (2009, 2013) to study the Europeanatknfand dust) sensitivity to changes in
North-Atlantic SSTs as those associated with th& Blimillennial-timescale variability. The
orbital parameters and G@oncentration are set to 39 ka values, the icetstenfiguration,
also selected from the ICE-5G reconstructions,esponds to a sea level about 60 m lower

than today (i.e. half of the LGM value), and thaedasea mask is adapted to the sea-level
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drop. Because no reconstruction or modelling resak available at that time for MIS 3 sea-
surface conditions, the GLAMAP2000 dataset was ®apoin the base-line MIS 3
simulation. A cold and a warm perturbation wereaot®#d by applying zonal anomalies of up
to 2°C to the GLAMAP North-Atlantic SSTs in theitadinal band between 30°N and 63°N.
Considering the differences of North-Atlantic SSketween the LGM and an average MIS 3
state suggested by experiments with an earth systede! of intermediate complexity (Van
Meerbeeck et al., 2009), here we use the warm nyation (hereafter “MIS 3” simulation) to
characterize the average MIS 3 conditions in threparison with the LGM.

In both MIS 3 and LGM experiments, the modern vatieh cover was prescribed in most
regions, following the PMIP recommendations (e.gad®nnot, 2004). Thus, in the area of
interest here, trees occupy 60-80% of every gritipio the coversands (in yellow on Fig.
1B), and about 15- 40% elsewhere. The soil is Bingear long on 5-15% of the grid-points’
surface, and the rest up to 100% of each grid-pgeintcupied by grass. This is a drawback
because the LGM vegetation was much scarcer. Thefuwodern vegetation does not affect
the simulated wind direction, but only the wind egpewhich is strongly reduced due to
overestimating the roughness length. As the wirekdps a key element in determining the
season(s) when dust emissions occur, we also presesitivity tests of this variable to more
appropriate values of roughness length. Using pitessit present-day vegetation also leads to
unrealistically overestimating its effect of praiag the ground from aeolian erosion. Thus,
for the impact of the surface conditions on thetglggason, we will only be able to discuss

soil moisture and snow cover.

The simulations were performed with the LMDZ atmuesfic general circulation model

(version 3.3), coupled with the SECHIBA land suganodel (Krinner et al., 2005), on a
stretched grid with resolution down to 60 km on Yeas Europe. For each simulation there
are 21 years of run, one year of spin-up followg@0 years for analyses.

5. Results

5.1. Dunes

5.1.1. Low amplitude dunes
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Among the low amplitude dunes, four main morphatayitypes have been identified from
aerial photographs: transverse ridges, barchaiages, isolated barchanoid ridges and dome
dunes/sand patches. The ridges appear in culthaatss as bright lineaments separated by
darker interdune areas due to variations in sghoic and water content. Most of the ridge
fields were observed in the Plateau Girondin andeere the groundwater table is close to the
ground surface and the YD parabolic dunes are sc&acording to available chronological
data, these ridges date back to MIS 4-3, or poss$ibblder phases of sand deposition in the
northernmost area. The DEM provided by photogrammshows that the ridge pattern
corresponds to regular to irregular low amplitueligefs, 0.3 to 0.7 m high and 70 to 150 min
wavelength (Fig. 3). The reliefs are aligned aldhg bright lineaments visible in aerial
photographs. In contrast, no significant ridge sre@re found in aerial photographs to the
south on the Plateau Landais where the MIS 2 camndssare thicker. Field survey, however,
showed that ridges also were present there in amedls forming well-preserved linear reliefs
approximately 1 m in height (Fig. 4). In cross-gat$, all these dune-like forms are

associated to a sandsheet facies; high-anglefis@titn is almost absent (Sitzia et al., 2015).

In the Plateau Girondin, the following observatiaasm be made (Fig. 5): (1) the different
types of ridge morphologies form homogeneous fieldangated parallel to the coast; (2) the
dome dunes/sand patches are located on the manfgthe barchanoid and transverse ridge
fields; (3) the dune fields are replaced toward #ast by an area characterized by thin
sandsheet deposits almost lacking dune-like fofA)sthe distribution of the different types

of morphologies seems to be mainly controlled potpaphy.

A total of 425 measurements of crest direction hadeen made from barchanoid and
transverse ridges. The rose diagrams show thabprednt crest directions are consistently
N-S (i.e. the vector perpendicular to dune crestd/iE, Fig. 5A). Local departure from this

direction was found to be mainly controlled by tgpaphy. This is particularly obvious in

Figure 5C for the transverse ridges whose cresttion, roughly parallel to the contour lines,
vary between N-S and NE-SW within a few kilometres.

5.1.2. Parabolic dunes

The parabolic dunes are 10 to 15 m high and exaegity exceed 25 m (Dune de Cazalis,
Legigan, 1979). The total number of digitized dungs2636. Following the typology
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proposed by Pye and Tsoar (2009), simple (haitpimate), complex (hemicyclic, digitated,
nested, rake-like, en-echelon) and compound (loalled ridge with secondary transverse

arms) forms were observed.

The parabolic dunes exhibit a non-random distrdoutbver the landscape. They are mainly
clustered around the rivers, and form corridordau@0 km in length along shallow valleys

oriented W-E and over the plateau (Fig. 6). Theedamrphology changes according to
topography. Along the Leyre and the Ciron vallegs,well as near the coast, the parabolic
dunes are mostly simple; on the contrary, compiek@mpound forms are mainly observed
in the corridors (Fig. 7A, C). Complex forms seVéibometres in length have been observed

in the main dune corridor (Fig. 7B).

A total of 394 measurements of dune orientatioreHa@en made. The rose diagrams reveal a

systematic orientation towards the ENE and a l@apelision of the values (Fig. 6).

5.2. Grain-size gradients at the basin scale

In the Donesol grain-size database, 513 out oB&&3 sites, considered to be pure (i.e. non
colluviated) aeolian deposits, were retained (B)g Among the selected sites, 462 were used
in the geostatistical analysis and 51 for crosgdasibn. The results of cross-validation (see
Supplementary Information) indicate that both tleiagraphic analysis and the ordinary
kriging were satisfactory. The interpolated mapsthed content in coarse sand, fine sand,
coarse silt and fine silt are shown in Figure 8e Thllowing observations can be made: (1)
every grain-size class shows a gradient oriented 8/ (2) the coarse fractions are mainly
located in the north-western part of the basin exténd inland from Arcachon to the SE; (3)
the Garonne and Adour valleys (and their tribugrigerve as limits for the coversands; the
silty sand facies are restricted to a narrow girighe left bank of the Garonne river, whereas
they form a broader band on the right bank andhésouthern part of the basin; (4) in the
loess belt, the ratio coarsef/fine silt varies aslightly in the study area. When increasing the
number of grain-size classes, it can be obsenetd ltbth in the Entre-Deux-Mers area and in
the southern part of the basin, the coarse siltimamx is located northwest of the fine silt
maximum (Fig. 9). Comparison between these maps thatl derived from the LUCAS
database (Fig. 1) shows that loess have a morgetinetent in the latter, where the mapped

aeolian units have, therefore, to be consideradinsnal.
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The sand deposits extend up to the border of theldés plateau and show a main mode
ranging between 340 pum for the northernmost sigfj@iRs) and 270 um for the southernmost
one (Pujo-le-Plan) (Fig. 10B). In the Adour vallend its tributaries, the distribution is
polymodal. From the north to the south, the maimenis first in medium sands (270 um) and
then decreases rapidly and gives way to a moddter{Z2 um). In this area it can be noticed
(1) a rapid decrease in the size of the sand pesti(Fig. 10B); (2) a decrease in the
contribution of the coarse modes in favour of therf modes (Fig. 10C). Finally, south to the
Adour valley, a mode around 17 um becomes predarnifiag. 11A). This mode decreases
from 17 to 14um quite evenly as a function of the distance toctheersands. For all the sites
located between the Adour valley and the Pyreneathills, significant amounts of clay are
present. The mode, close tuf, remains steady regardless of the distance todersands

(Fig. 11A), whereas the total clay content slowlgreases with distance (Fig. 10D).

In the northern part of the basin, the grain-simritbutions show that (1) the sands of the
Blayais area are relatively coarse (mode betwe@naBd 600 um); (2) the silts of the Entre-
Deux-Mers area have a mode between 30 and 34 psnistlappreciably coarser than the
mode of the loess deposits in the southern pathefbasin; (3) the silt mode decreases
significantly toward the SE. The most distant saripbm the sources (Barbas) has a mode

around 12 pm.

5.3 Thickness variability at the basin scale

According to Karnay et al. (2010), the coversarfisb{e des Landes Formation) form a thin
sheet, usually less than 2-3 m thick. Neverthelbgsunderlying Castet Formation (Dubreuilh

et al., 1995), which is now considered to be phthe Sable des Landes Formation (Sitzia et
al., 2015) and reaches locally up to 40 m in thedg) was not considered by Karnay et al.
(2010). As a whole, the coversand thickness deesefism the west to the east according to

the distance to the coast and with altitude.

The loess data were partitioned in two sets, onéhi® north (n= 292), and the other for the
south (n=434). The geostatistical analysis pointistbat (1) the ordinary kriging decreases
systematically the standard deviation of the thedsharound the mean; (2) the deviation

between measured and estimated values is largahdonorthern data set. The Anderson-
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Darling test reveals that the deviation distribatitts a normal (Gaussian) distribution. For

the southern loess, the accuracy of thickness astimis 57.4 cm and the mean error is 81.8
cm. The most significant errors are due to extrealees. For the northern loess, the accuracy
of estimation and the mean error cannot be evaluag¢eause the deviation distribution does

not follow a Gaussian function.

The interpolated maps show that the loess thickrkesgeases rapidly with increasing
distance to the coversands, in a gradual way isdlhern area, more steeply in the northern
area (Fig. 12). The maximum loess thickness rea8ltem in the south and 5 m in the north.
Because of the uneven distribution of the sele€iedesol data and the loose geographical
coverage, the interpolated maps do not make itilples® identify if deposition preferentially
occurred on particular slopes according to thearaation.

5.4. Geochemistry and potential sources

The distribution maps of elemental compositionsg(FL3) and the scattergrams of the

elements versus Si (Fig. 14) (mainly as quartzitpout the following:

(1) Zr, the principal component of zircon, and @rigbably as oxides, are mainly concentrated
in the fine fraction (silt, fine sand). Therefotagse elements are mostly abundant in loess
and in the fine fraction of the coversands. In-diSliagram,the samples of aeolian deposits
are aligned along a line with a negative slope.(E#y line a), except for the fine fraction of
some coversand samples. This strongly suggestgh@anost of the aeolian samples result
from the size fractionation of a common sourcendérimediate composition between that of
sand and that of fines (Fralick and Kronberg, 199#)e samples from the Adour and
Garonne rivers also show a linear trend (line b}, gdot on a different line from that of the
aeolian deposits, which indicates different souréas the contrary, the samples from the
Leyre and the Ciron rivers, which drain both theezsands and old alluvial deposits, plot
among the aeolian samples or between the AdourfBar@nd loess samples. Zr has a
behaviour roughly similar to Ti. The loess compositappears to be homogeneous when

compared with the whole data set. Such an observatialso valid for all the elements.
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(2) Ca, as a component of carbonate or silicateerala (feldspar, amphibole), is lacking in
the aeolian sand fraction, whereas it has beendfausmall amount in the alluvial deposits.
Ca has been detected as traces in the fine fraofi@amfew coversand samples where it is
probably associated with Al in silicate minerals.

(3) K is present both in the aeolian sand fractasnpart of silicate minerals (feldspar,
muscovite) and in slightly larger amounts in theefiraction (illite, mixed-layer illitic clay).
Mean concentrations are significantly greater emaluvial deposits. In the Si-K diagram, the
K content of the aeolian sand fraction appearsetahcorrelated to Si and the samples are
aligned on a horizontal line. On average, the sfiadtion of loess is depleted in K in
comparison with the coversands. The samples offfaction do not plot on the same line as
the sands, but below it, suggesting a loss of Ktduateration and soil leaching (Fralick and
Kronberg, 1997).

(4) On the Si-Al diagram (Fig. 14), the alignmeftlte aeolian samples along the same line
suggests a partition of Al between sand and fingstd sedimentary sorting, with Al mainly
concentrated in clays. High Al contents plottingpad this line have been found only in the
fine fraction of the coversands. Such enrichmenfincan be related to organic-mineral
complexes in the B horizon of the surface podzagliRand De Coninck, 1974; Melkerud et
al., 2000).

The principal component analysis (“compositiongllat’, Aitchison and Greenacre, 2002)
for the sand fraction (Fig. 15) explains 72.3% bk ttotal variance. The first axis
discriminates the group Ca+K+Rb+Sr from the groepH+Zr. K and Rb are mainly related
to K-silicates, mostly feldspar and micas (De Vbale 2006; Wedepohl, 1978). Sr has a size
intermediate between K and Ca and can replace thaselements both in silicates and in
carbonate minerals (De Vas al., 2006). Because of the lack of carbonates insthdied
samples, the group K+Rb+Sr reflects the pole oaggitim silicates, while Ca corresponds to
calcium silicates. Fe (+ Cr as a substitute) is@ne in silicate minerals and in oxides and
hydroxides (De Vost al., 2006). The group Fe, Ti and Zr thus represdrégsble of oxides

and the minerals resistant to alteration.

The position of the samples in the biplot allowskmg the following remarks: (1) the

samples of aeolian sands (Landes, Blayais, pamalthines), the old alluvial terraces of the
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Garonne river (Plateau_alluvium), the recent alllideposits (Fz) of the Midou and Leyre
rivers (which essentially drain the Sable des Larndermation) are distributed between the
barycentre of the biplot and the pole quartz + lkcates; (2) the sand fraction of the southern
loess (Loess_Landes) is associated with the polesi$tant minerals and oxides; (3) the
recent alluvial deposits (Fz) of the Adour and Gaerivers, which drain the Pyrenees, plot
apart from the other samples, and are opposedet@pdle quartz + resistant minerals; they
include a high proportion of easily alterable Carenals; (4) the sand fraction of the loess
from the Entre-Deux-Mers area is located betweensthuthern loess and the recent alluvial

deposits.

The biplot for the fine fraction (Fig. 16), whichkies into account a larger set of elements
because of values above the detection limit, presluesults substantially different from those
for the sand fraction. It explains 63.7% of thealovariance. Several poles can be
distinguished. The first correspond to calcium-ritimerals (Ca); the second to resistant
minerals, quartz and zircon (Si+Zr+Hf); the thiml potassium silicates (K+Rb, and Ba,

strongly adsorbed by soil clays, Reimann et all420and finally, the poles of Fe-oxides

(Fe+Cr+As) and of Al-complexes (Al).

In this biplot, the loess samples appear more hemegus and plot in the proximity of the
pole oxides and K-silicates (probably dominatedctays). The loess composition partially
covers that of coversands and is located apatieofdcent alluvial deposits, which are close

to the pole of Ca-minerals.

5.5. Results of climate simulations

Figure 17 shows the results of the LGM and MISBBusations for wind direction and for the
variables that constrain the period of the year rwhest emissions can occur, i.e. daily
maximum wind speed (more informative for dust miahtion than daily average), snow-free
surface fraction, and dry soil depth. The annualecyf these variables is constructed on daily
data for winds, and on monthly data for surfaceddmms, averaged over 20 years of run for
each climate state and over the domain betweerntlmeg2°W-1°E and latitude 43°-45.5°N
(delimited by the black rectangle in Fig. 1A andm®d in Fig. 1B).
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The annual cycle of wind direction (Fig. 17A, B)ssnilar in the two simulations and not
much different from the present-day one (Fig. B)bbth cases, the winds blow from W-SW
in winter, turn from W in springtime, then from WMN in summer. A reverse evolution
occurs from the summer to the winter, through wéstevinds in autumn. The daily
maximum wind speed, averaged over the domain aed 20 years of run (black curves in
Fig. 17C, D), is highest in winter, lowest in sunmm&nd springtime values are higher than
autumn ones. The LGM daily maximum winds are gdherstronger than for MIS 3,
especially from mid-May to October. The differenegee small, and the values themselves are
relatively low, less than 7 mtsWhen looking at individual grid cells and indiuvial days of
the 7200-point time series (i.e., 20 years x 36@sfear of run on a 360-day calendar), the
highest (winter) daily maximum winds in the MISroften exceed 12 miswith peaks at
about 16 m3, while in the LGM simulation the winter values drequently above 16 ni's
with extremes above 20 rit.sThe simulated winds are thus too weak considetiegstrong
dust activity suggested by the field data. Thidue to the high values of the roughness length
(20) calculated by the model on the basis of the gmeday vegetation cover that was
prescribed in both simulations. For comparisonisz8bout 37 cm on average on the studied
domain, while values of 1 cm are associated inntloelel to bare soil. The vegetation was
considerably scarcer than today for both LGM arerage MIS 3 climates, so we recalculate
and plot the daily maximum winds for two valuesz6fmore adapted to the investigated area
and periods. The blue curves in Fig. 17C, D cowedpo z0 = 1.5 cm, and the green ones to
z0 = 4 cm. The first z0 value is the one that tleeleh would calculate for a surface covered
by about 50% of grass, and the rest of bare shi. Second one corresponds to a majority of
grass, with less than 10% bare soil and less théf tiees (that can be assimilated to shrubs,
which are not represented in the model). With theaer z0, the averages of daily maximum
wind increase considerably, they almost doublezfb= 1.5 cm. Looking at individual days
and grid cells, even for the relatively less widi& 3 and the lower test value z0 = 4cm, the

maximum daily values regularly exceed 25 frirswinter, with a few peaks around 40 th.s

Park and In(2003) have statistically determined a wind-spédshold of 7.5 mfor dust
mobilization in sandy areas from Asian desertsvdfconsider this limit to also apply to the
Landes coversands, the LGM average maximum winastipally never drop below it in the
test with z0=1.5 cm, so that only the surface ciois would determine the dusty part of the
year. For the MIS 3 run, the average daily maxinwimds drop below the threshold in July

for z0 = 1.5 cm, at mid-May for zO = 4 cm respeelyy and strengthen again in November in
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both tests. The tests with these z0 values camteepreted in two ways. When comparing

LGM to MIS 3, using the spatial averages of vaeabbver the entire domain, the blue curve
for the lower z0 (for about 50% grass and 50% Isaik is more appropriate to characterize
the LGM, and the green curve for the higher z0 ¢miyj of grass, with some shrubs and bare
soil) is more appropriate for a MIS 3 situationr leach of the LGM and MIS 3 simulations

separately, the blue curve can be seen as repragehé parts of the domain with scarce
vegetation (mainly the coversands) and the green thie more vegetated ones — mainly the
loess areas, where part of the dust was trapped.

As a general evolution, the snow-free fractionha surface and the depth of dry topsoil are
low in the cold season and high in the warm ong.(ETE, F), the important question being to
determine the interval when both variables are hegltough to allow significant dust

emissions.

In both simulations, most of the Landes surfacenisw-free all year long. From October to
February the depth of dry topsoil averaged overittraain is too small to allow a significant
dust activity (a 5 mm threshold value was usedimaSet al. 2009). The dusty season could
thus start in the beginning of March. At leastttoe LGM this is questionable, due to a warm
winter bias causing an underestimation of both smwower and soil moisture. Indeed, as
mentioned in Banks et al. (2009), the simulated LGIvhate over Western Europe is in
agreement with pollen-based reconstructions (Wal.e2007) for summer and annual mean
temperatures, and for mean annual precipitatiobwboter cooling is underestimated by a
few degrees. Thus, a comparison with the recornstludirections for dust-efficient winds is
needed to better constrain the beginning of théydsesason. Dust activity is strong until May
or June, decreases to a minimum in July-Augusta(it even stop in more vegetated parts of
the domain), and may briefly intensify again in ®epber-October before ceasing from
November to February due to unfavourable surfacaliions (here soil moisture, in reality

probably also snow).

In the MIS 3 simulation, the average dry soil deptitomes high enough to allow significant
dust emissions in the beginning of March. Dustvétgtistops in May due to wind weakening,
which actually may be accentuated by the seas@va&lopment of vegetation, not captured in
the simulation. According to the model, areas wgitarce vegetation might continue to emit
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dust in the beginning of the summer. The simulatedls start to intensify again in autumn,

but the increasing soil moisture plays againsstareof the emissions.

6. Discussion

6.1. Dunes

Low amplitude ridges

The ridges observed in the Gironde district, relgasd of their morphology (transverse,
barchanoid), are interpreted as zibars based onldve amplitude and the lack of slipface
(Holm, 1960; Warren, 1972; Tsoar, 1978; Kocurek Binelson, 1986; Nielson and Kocurek,
1986; Mountney and Russell, 2004). Zibars are oftemposed of coarse sand and the grain
size is thought to be the main factor involved meventing the development of a slipface
(Bagnold, 1941; Cooke and Warren, 1973; Nielsonkaclrek, 1986).

The interpretation of the transverse and barchandges in the study area as zibars seems to
be the most likely, even if they do not meet ab triteria mentioned above. Indeed, the
zibars of the study area do not show a mode inseosands but in medium sands, similar to
that found in parabolic dunes. With regards to dum@phology, we did not find in the
literature zibar examples with a similar range att@rn (transverse, barchanoid, isolated
ridges). Transverse and barchanoid ridges refladirectional winds and point to sand
transport perpendicular to the wind (Pye and Ts®a@9), in an environment almost devoid

of vegetation.

The interpretation of the variations in dune pattescross the coversands is not
straightforward, since the chronological data iatkcthat the ridge fields developed at
different times: the barchanoid and transverseesdg the Barp-Cestas area formed during
MIS 4-3, whereas further north the barchanoid riddate back to the Middle Pleistocene
(Sitzia et al., 2015). Therefore, it remains uncledether the morphological differences
reflect changes in aeolian dynamics (especiallyh@a availability of sand) during the same
depositional phase or whether they testify to d#ife periods of aeolian deposition.
Nonetheless, it appears that topography, and paatlg the slope gradient of the surface on

which the ridges progressed, largely controlledr ttm®rphology.
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Parabolic dunes

Parabolic dunes form in partially vegetated landesamainly under unidirectional winds, and
are observed in all latitudes (Lancaster, 1995; &k Tsoar, 2009), along sandy coasts (Pye,
1982), but also inland (Sun and Muhs, 2007). Theyetbp mainly from blowouts (Pye and
Tsoar, 2009; Hesp, 2002; Barchyn and Hugenholt43R0The morphology of parabolic
dunes is controlled by the wind strength and dioectthe sand supply and the nature of
vegetated ground (Pye, 1982; Pye and Tsoar, 20@¥eWt al., 2008). The parabolic dunes
gradually evolve into elongated forms. In some sa®e arms give rise to linear dunes when

the sand supply is low.

According to available OSL andC ages (Sitzia et al., 2015), the formation of paeabolic

dunes in the Landes area took place mainly dutiegvtD. The clusters of dunes along the
valleys may suggest that the sand was partly seghply the alluvium. However, the presence
of dune corridors expanding over the plateau anduoies located on the windward side of
the valleys oriented N-S (e.g. Leyre, Ciron andhiice), testifies unambiguously that the
local fluvial deposits were not the main sand sesiré coastal origin for the sand transported

along the corridors parallel to the wind directappears to be the most likely.

The development of dunes along the rivers resulteth the deceleration of the winds
crossing the valleys. Wiggs et €002) proposed the following conceptual model:dd)the
plateau area above the valley, erosion prevailssadiiment accumulation is patchy; (2) on
the windward side of the valley, the wind losesc#srying capacity and sediment tends to
accumulate; (3) on the opposite side of the valteg, wind accelerates and the erosive
potential increases; (4) on the plateau, the wiedebtbrates again over a short distance
promoting sand deposition. This model correctlylaixs the dune distribution in the study

area.
6.2. Loess sources and transport dynamics
The interpolated maps of sand and silt contentgestga genetic relationship between the

aeolian facies, as previously proposed by Berttaal. (2011, 2016). The distribution of the

contour lines shows a mean NW-SE gradient at tealszale.
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In the Landes and the Blayais areas, a graduasitiam between coarse and fine sand
deposits can be observed, which is not controlledhle nature of the substrate but reflects
wind sorting and/or decreasing carrying capacitguaggested by the distribution of current
mean wind speeds (Fig. 2). The sand-silt transiigomainly controlled by the topographic

change that occurs between the plateau areasg®I@ieondin, Plateau Landais, Blayais) and
the main valleys (Garonne, Adour and Dordogne) egBsvauthors have already outlined the
role played by topography in the coversand-loeassition, among others Kasse (1997),
Appelman (1956) and Mason et al. (1999). In thetlea part of the basin, the transitional
facies (silty sands and sandy silts) form a strigthee right bank of the Adour river, showing

that deposition of the suspended particles wasgriiyrtriggered by the expansion of airflows

above the valley. In the northern part of the baia transitional facies form a narrower belt
on the left (windward) side of the Garonne vallEig( 8), in a context broadly comparable to
the Adour area. In the estuary area to the ndrthptaps show an almost lack of fine-grained
accumulation on both sides of the valley. The dards transition shifts by approximately 40
km to the east. The abundant ventifacts found enatluvial terraces point to a deflation-

dominated area.

The geochemical analysis also strongly suggesénatig relationship between coversand and
loess. The sand fraction of the southern loesspdetked in K-silicates in comparison with the
coversands and correlatively enriched in quartz msistant minerals. The enrichment is
especially obvious for Zr and Ti, which concentratainly in the fine fraction and tend
broadly to increase as a function of the distaredéhe coversands. Such a preferential
accumulation of Zr and Ti in loess deposits haslmeserved worldwide (Gallet et al., 1998;
Scheib et al., 2014) and is interpreted as reguhmainly from grain-size sorting. The recent
alluvial deposits of the Adour river, which are hrign Ca-minerals, did not contribute
significantly to dust production, which derive migifrom the coversands. In the Entre-Deux-
Mers area, the alluvium of the Garonne river predidhigher amounts of dust, as suggested
by the larger content of easily alterable mineralshe sand fraction of the loess and, to a
lesser extent, in the fine fraction. Overall, loappears to be much more homogeneous than
coversand, whose composition is closer to the mllugources. We assume that this
homogeneity results from the mixing in the atmoseltd the different dust sources (Gallet et
al., 1998).
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The maps of the thickness of aeolian deposits, whignulate several sedimentary phases,
provide complementary information. In the northgraxt of the basin, the thickest loess
deposits are located close to the Garonne vallgélgarEntre-Deux-Mers area and show rapid
thinning toward the east (Fig. 12A). In the southarea (Fig. 12B), the loess deposits are
mainly located on the left bank of the Adour rivaerd decrease in thickness more gradually
toward both the south and the east. Distinct aogdBick loess accumulation are visible on
the maps but can be, at least in part, an artdfaeto kriging using a limited number of data.
The observed pattern of loess thickness can baieol by the following factors:

(1) The distance to the dust sources. Close tcstleces, the decrease in thickness of the
deposits is initially very rapid because the coapsticles, which occupy a large volume,
accumulate at short distances. Farther, the dexreasnore gradual and due to lower
concentration of suspended particles in the dustidd (Simonson and Hutton, 1954;
Waggoner and Bingham, 1961; Frazee et al., 191®.observed pattern points clearly to the
Sable des Landes Formation and the Blayais santlseamain sources of dust. The rivers
(Dordogne, Lot) flowing from the Massif Central nmains did not provide significant
amounts of dust, as suggested by the lack of vamiat loess thickness around the valleys. A
plausible explanation is that armouring developattidy in the dominantly coarse-grained

alluvial deposits during the Glacial, preventingrsficant dust entrainment by deflation.

(2) A change of surface roughness related to tigete¢ion cover (Tsoar and Pye, 1987). It is
likely that the transition between coversand ares$owas associated with a change in plant

cover, which favourable for trapping the particles.

6.3. Pattern of dust production and accumulation

The geochemical analysis shows that northern anthem loess differ substantially in origin.
For the latter, dust derived mainly from aeoliamagibn of the coversands (cf. Wright et al.,
1998; Crouvi et al., 2010). Disconnection of thentles plateau from the main drainage axes
since at least the early Middle Pleistocene (Sigtial. 2015) due to tectonics resulted in
intense redistribution of older alluvial sands bgflation and in the development of
widespread coversands during the successive glaeradds. Repeated remobilization of the
same aeolian sand stock together with fresh infudsh the continental shelf led to

progressive enrichment of the sand material in raiseresistant to alteration (Legigan,
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1979). The particle transport was predominantly IS®-and the contribution of the alluvial
plains, mainly oriented perpendicular to the winegs low. The sand-loess transition is
controlled by topography and coincides with the édwalley (or the valleys of the

tributaries).

In the northern part of the basin, dust came fr@wolian abrasion of the coversands in the
Blayais and the Plateau Girondin areas, and bitiefl of alluvial material from the Garonne
river. Channelling of the winds by the wide Garonc@ridor and higher wind speeds
favoured large dust production from the plain. Dagtumulated in the Entre-Deux-Mers area

to form thick deposits mostly restricted to a narfwand on the valley side.

The loess thickness, which reaches at best 3.5theigouth and 5 m in the Entre-Deux-Mers
area, is low in comparison with values observedtiver European regions (Lautridou, 1985;
Haase et al., 2007). Several factors have beenogpeopto explain the low rate of
accumulation (Bertragt al., 2011): (1) a limited production of dust by aeolabrasion of the
coversands; (2) a narrow and steep continentaf ¢ha&l does not allow storage of large
amounts of fine alluvial sediment in the Garonnkeyaduring sea lowstands; (3) a high soll
moisture and, therefore, a low ground susceptjiititwind erosion due to an oceanic climate.
The palaeoclimatic simulations both for LGM and MiSagree to show that the average
rainfall was significantly higher near the Atlantioast than in Eastern Europe (Lainé et al.,
2009; Kjellstrom et al., 2010; Strandbestgal., 2011; Sima et al., 2013) where much thicker
loess deposits accumulated. However, this role isnauestionable insofar as the
reconstructed maximum in rainfall occurred in thiater season, which did not necessarily

correspond to the most favourable period of aedtli@msport.

6.4. Last-glacial wind regime from data and model constraints

The grain-size gradient together with the orieotatdf low-amplitude ridges and parabolic
dunes allow reconstructing the prevailing wind dilens of aeolian transport during the Last
Glacial and the Lateglacial (Fig. 17A). The trarrseeridges of the Plateau Girondin area
dated to MIS 4-3 indicate efficient winds from W& Some variability exists but appears to
result from local topographical factors and fromamhelling of the air masses along the
Garonne corridor. Unfortunately, the almost lackMIS 2 ridge fields visible in aerial

photographs does not allow getting data for thisope The crests of the MIS 2 ridges
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illustrated in Figure 4 are oriented W-E, and imadiéclocal efficient winds blowing from the
north. At the basin scale the contour lines ofgraén size point to winds originating from the
W or the NW, and are assumed to reflect the mesectthn of efficient winds during the
glacial. Finally, the parabolic dunes attest fond& coming from the W-SW during the YD.
The following considerations must be taken intooacd with regard to the reconstruction of

wind directions:

(1) The accuracy of the geological proxies used nay. The dunes are considered as the
best marker for the reconstruction of past winccudation patterns (Lancaster, 1990),
especially when dunes formed under unidirectionaids (Marrs and Kolm, 1982). With
regard to grain-size gradients, Renssen et al.7)2€liggested that a significant uncertainty is
associated with this type of feature. The analysade here across the Aquitaine basin,
however, shows a good consistency in the regiassailalition of the contour lines.

(2) The reconstructed directions of aeolian trarisgie indicative of the wind regimes at the
regional scale during the periods of accumulatiormost of the modern sand seas, the axis
of unidirectional dunes is oriented perpendicukag( barchan, transverse ridges, parabolic
dunes) to the dominant wind direction, i.e. thediion with the highest transport rate of sand
(Fryberger and Dean, 1979). Seasonal fluctuationwind strength are assumed to be the
main factor involved in modulating the intensity @éflation. In periglacial environments,
however, wind intensity is not the only factor tlzaintrols the season of aeolian transport.
Other factors, particularly the snow cover and sadlisture, play a significant role on the
susceptibility of the ground to deflation (Kosté988; Seppélda, 2004). Depending on the
temperature and precipitation regimes (also detengithe vegetation), different situations
exist. In cold and arid environments, based on miasens in the Sgndre Strgmfjord region
(West Greenland), Dijkmans and Torngvis (1991) hetva@wvn that aeolian transport occurred
mainly during part of the winter season, whereamrsar was less favourable to deflation
because of vegetation growth and ground-ice meltB@sed on laboratory experiments,
McKenna-Neuman (1989) also showed that the relehssand material susceptible to be
transported by the wind can very active when tiheptrature drops below -20°C because of
ice sublimation. On the contrary, between -5 an8°Cl the erosion threshold increases
considerably due to the presence of a significanbumt of liquid water in the ground.
Dijkmans and Koster (1990), for Alaska, underlihattwhen the snow cover is thick, the

season of aeolian transport shifts towards theaogdnter. According to Seppala (2004), in
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arctic and subarctic regions where snow is abundaeifiation is effective only during

summer, i.e. after snowmelt.

In the following, we compare our proxy data andapaktlimatic simulations in an attempt to
specify the periods of the year when dust actieitgurred during the investigated climate
intervals. The result depends on how reliable tiheulated variables, especially the wind
directions, are. In the region studied here, theoapheric circulation is largely determined by
the surface conditions (temperatures, sea-ice gxierthe North Atlantic; in glacial times,
another key factor was the size of the Laurentwesheet (e.g., Lofverstrom et al., 2014,
Beghin et al., 2015). In our simulation for 21 Khese elements are imposed from
reconstructions for the LGM (GLAMAP, ICE-5G). Evémough these reconstructions have
their uncertainties, we tend to be confident indbaeral aspect of the modelled annual cycle
of wind directions. For the 39 ka simulation, tleadevel drop is realistic and the ice-sheet
configuration is adapted to this sea-level drog thain uncertainty being related to the
North-Atlantic surface conditions. Results of nuioar experiments with the LOVECLIM
earth system model of intermediate complexity (Mdeerbeeck et al., 2009) show a
difference of air temperature of 3°C on averager tlve North Atlantic between an average
MIS 3 stadial state and the LGM. For the MIS 3 examined here, the difference is 2.5°C,
close enough to the Van Meerbeeck et al. valuewkrp that there was no unique (or
average) MIS 3 stadial climate, but many stadiatages differing in ice-sheet size and
orbital parameters.

Since we are reasonably confident in the simulatiedl directions, constraints on the dusty
season can be derived using the comparison bettheemodelled wind directions and those
reconstructed from field proxies, together with tlesults of sensitivity experiments with
lower roughness length more typical of glacial tagen. The only other constraining
element that we can use is the simulated soil mm@stkeeping in mind that it is

underestimated in the cold part of the year.

In the LGM simulation, soil moisture conditionsall dust activity to start in the beginning
of March, while reconstructed W-NW wind directiossggest that the dusty season should
not begin before mid-March, when simulated windange from W-SW to W (Fig. 17A).
Sand transport took place during the spring/sumtmees because of scarce vegetation,

adequate wind speeds and well-drained sandy sAdsording to recent investigations
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(Andrieux et al., 2016), permafrost, which mighv@ampeded drainage (Kasse, 1997), was
lacking during most of the period of sand accunaoiat Deflation may have been more
restricted in summer in the loess area becauskeofi¢nser vegetation cover. This scenario
contrasts with that proposed by Renssen et al.7(2@fr more northern latitudes, which
suggested winter to be the most suitable perioddigftation during MIS 2. In such a
permafrost context and by comparison with the mogeriglacial environments investigated
by Dijkmans (1990) and Dijkmans and Toérngvist (19%leflation was thought to have been
impeded during the summer because the ground waflynwet (thaw of the active layer),
vegetation was growing, and the wind speeds waverlthan in the winter season. It is worth
noting that the observations in modern milieus waigde on aeolian systems supplied by
proglacial rivers. These rivers fed by glaciers arestly active after the spring melt. In
summer, the water table rises and, as a consequdecsediment availability to deflation is
low (Mountney and Russell, 2009). Such an aeoljatesn was probably characteristic of the
margins of the Scandinavian ice sheet (Koster, 1988 cannot be transposed to regions far
from an ice sheet such as the Aquitaine basirhighdceanic region, the ground was wet and
largely protected by a snow cover (largely undéreged in our simulation) during the
passage of winter storms, but dried in summer, Bi@e®ming more susceptible for deflation.

In the MIS 3 simulation, the soil becomes dry erougthe beginning of March, while the
reconstructed westerly winds suggest that the daesigon should not begin before the end of
March. Both data and model agree that the dustigcshould cease in the end of May, when
the simulated winds turn from W (which is the restoncted direction) to WNW, and the
maximum wind speeds, recalculated with a roughhesgth value more typical of steppe
vegetation (green curve in Fig. 17D), become to@kwverhe modelled wind directions
coincide again with the reconstructed (westerlygsom autumn, but the simulated increase in

soil moisture suggests that little, if any, dudivaiy should occur.

Wind strength, soil moisture and snow cover deteemihe dusty season(s) in scarcely
vegetated environments, Where vegetation has sseagonal variations, its impact is also
important. The developing vegetation contributeswiod weakening through increasing
roughness length, and protects the surface agaimstion, The later effect cannot be
estimated here due to the unrealistically high teggen cover in the study region, but Sima et
al. (2009) have found that it stopped dust actiiityhe warm season under MIS 3 conditions

in Europe at latitudes around 50°N.
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We do not have a simulation for the YD, but we nib& the annual cycle of wind direction
does not considerably change between present @zy, &and MIS 3(in our simulations, also

in those by van Huissteden and Pollard 2003), aed &om the present day. Therefonege
may speculate that winter, typified by dominantly-SW wind directions, was the main
period of sand transport during the YD. In West&uarope, winter is the season that
corresponds to the passage of the main perturlsatind associated storms, and that records
the highest wind speeds (Fig. 17C, D). These wimedctlons are in agreement with those
reconstructed for the YD by Isarin et al. (1997heTYD orientation of parabolic dunes in
Aquitaine is identical to that observed in the Nekhnds (Isarin et al., 1997) and should be
associated with increased speed of SW winds thimutgNorthwestern and Western Europe
(Isarin et al., 1997). Differences should have biegwortant in the surface conditions, which
for the YD allowed dust activity in winter: scareegetation, reduced snow cover compared
to LGM and MIS 3, and reduced soil moisture favdubog improved ground drainage due to
the lack of permafrost and to the weaker influenEaneltwater from the ice sheets (for

Northern Europe).

7. Conclusions

The multi-approach study of the aeolian deposits sotithwest France allows better
understanding of sediment sources and depositdyma&mics. The maps of interpolated grain
size and the geochemical composition converge tiwsh genetic relationship between
coversands and finer-grained depoditsthe southern part of the basin, dust derivednipai

from aeolian abrasion of the coversands and is nlamily composed of minerals resistant to
alteration. In contrast, both the coversands aedltodplain of the Garonne river, richer in

Ca-bearing minerals, contributed to loess in theéheon part of the basin.

The low-amplitude dunes lacking slipfaces, datedAt8 4-3, are interpreted as zibars and
show variable morphologies (transverse, barchansatited barchanoid) occurring as strips
subparallel to the coastline. This pattern seentsetmainly controlled by the slope gradient.
The parabolic dunes dated to the YD are simple,ptexnor compoundThese are clustered

along the rivers but are rare on the plateaus, lwbmrespond to deflation areas. In the

valleys oriented W-E, i.e. parallel to the prevailiwinds, corridors of elongated parabolic
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dunes developed, whereas more simple shapes odatuboth sides of the valleys
perpendicular to the winds. These formed as a cpmsee of relief-induced deceleration of
the airflows. Overall, the dune distribution indes that the sand supply came mainly from
the coast.

The spatial analysis of dune shapes and grainggiadients, as well as the study of dust
sources, made it possible reconstructing the L3asti& wind regimes in the study region.

The efficient winds changed significantly througime. They came from the W to the NW

during the glacial, and the W-SW during the YD. Tdmmparison between proxy data and
both the current and simulated Last Glacial windimes strongly suggests that aeolian
transport of sand and dust occurred mostly dutirgsipring/summer season for the glacial,
and the winter for the YD. We assume that thesgtrans were not related to changes in the
pattern of atmospheric circulation, but rather hargges in the deflation season. This was
mainly controlled by the length of the season vaitenow cover and frozen or moist ground,
and by the seasonal evolution of the wind speetts tabcause deflation. Vegetation could

impose additional constraints in areas or periodenits seasonal variations were significant.
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Figures

Fig. 1: European aeolian deposits. A — General fraap Bertran et al. (2016) and location of
the study area; B — Close-up view of southwest ¢gamhe distribution of ventifacts is from
Bertran et al. (2011).

Fig. 2: Modern meteorological parameters in thelis area. A - Roses of seasonal winds in
Aquitaine (period 1999-2007) according to MétéoErarflle d’Yeu weather station); B -
Mean wind speeds (m's at a height of 80 m, from Agridcast (2016); thaskled line
indicates the coversand limit.

Fig. 3: A, B - Detailed topography of barchanoidiges (photogrammetry); location shown in
Figure 4A. pr — Pleistocene ridge field; hs: Holeeesand cover at the front of a parabolic

dune. North to the top. A’, B’ — Aerial views ofdlsame areas ( photos IGN / Google Earth).

Fig. 4: View of transverse ridges dated to MIS @t@nx-sur-I'’Adour.

Fig. 5: Ridges of the Plateau Girondin. A — Digtitibn of low-amplitude ridges (zibars) and
orientation of the vector perpendicular to dunesiseB — Topographic transect between the
Atlantic coast and the Garonne river, and assatidtmes morphologies. C — Photo-mosaic
of fields showing low-amplitude ridges (photos IGKoogle Earth) with superimposed 5 m

contour lines, and close-up view of ridge fields.

Fig. 6: Distribution of parabolic dunes (in red)cadding to the 1:50,000 geologic map
(Bureau des Recherches Géologiques et Minierespaentation of the bisector of the angle
between the two arms for simple and complex dufks.rectangles indicate the location of
figures 6A-D.

Fig. 7: Parabolic dunes, 5 m DEM (RGE Alti® 2.0,N&014). The areas represented are
shown in Figure 5. A — Dunes (indicated by whiteoess) on both left and right banks of a
river; B — Compound elongated parabolic dune; GraBolic dunes on the right (i.e. wind-

facing) bank of a river; D - Dunes on the left bafla river.
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Fig. 8: Grain-size maps of the aeolian depositerptlated by ordinary kriging. The white

dots correspond to the sites used for kriging. ddiged line indicates the coversand limit.

Fig. 9: Detailed maps of the coarse (upper pared) fane (bottom panel) silt content in the
northern (A) and the southern (B) part of the Agjuié basin.

Fig. 10: Evolution of the grain-size mode of sorepresentative samples from the southern
part of the basin. The modes were established d&eonvolution of the grain-size curves
using the software Fityk 0.9.8 (Wojdyr, 2010). Tleation of the samples is shown in
Figure 8.

Fig. 11: Grain size distribution of some represeévgasamples of sandy silts and loess from

the Landes district. The location of the sampleshswn in Figure 8.

Fig. 12: Map of the thickness of the loess locaiadhe right bank of the Garonne river (A)
and on the left bank of the Adour river (B). Theversand limit is indicated by a dashed line.

Fig. 13: Maps of the content in some elements efatbolian and alluvial deposits. Fines = silt

+ clay.

Fig. 14: Ti, Zr, K and Al — Si scattergrams of aanland alluvial samples of the Aquitaine
basin. UCC: upper continental crust compositioroatiog to Taylor and McLennan (1995).
a — adjustment line for loess and the alluvial @¢#poof the Leyre and Ciron rivers; b —
adjustment line for other alluvial deposits.

Fig. 15: Principal component analysis adapted topmsitional data (“compositional biplot”)

of major and minor elements (fraction > @®) of aeolian and potential source deposits.

Fig. 16: Compositional biplot of major and minoemlents (fraction < 6@m) of aeolian and

potential sources deposits.

Fig.17: Annual cycle of surface winds and groundhdittons for the LGM and MIS 3

simulations (averaged over the domain between fodgi2°W-1°E and latitude 43°-45.5°N,
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and over 20 years for each run). From top to battwmnd direction, daily maximum wind

speed for different values of roughness length, @ ground conditions (dry soil depth and
percent of snow-free surface). Red dashed line& thardifferent thresholds discussed in the
text. Red rectangles indicate the most probablegef deflation according to the available

constraints.






0 20 40 km )
Autumn Winter

N

Mean windspeed
2000-2010 (m.s~1)
® 2025
@ 2530
@ 3.035
O 3.5-40 F a

40-4.5 R
4550 d . o ©

Summer

[ 5.1-10.3 m.s!
B 10.3-15.4m.s"!
M >154ms-!




























6 14.5 um
] 15.2 um
5 _ ‘ 15.6 um
\ 16.5 um
4 <\ 208 m
S
8
o 3-
o
o
o
2
3.2 um
= 267 um
La Lane
0 - . 22.1um Auriac-Duclos
Tuyaas
f Bruques
IA ‘ Romenteres
Pujo-le-Plan
0 2 4 6 8 10 phi
1000 250 62.5 15.6 3.9 1 um
N particle size S
500 = :
'gsand: : silt Luy-de-France riv. —
%}T 400_5 :sanlct:fyl Auriac-Duclos 5
' E St Tuyaas E
© : | | y
300 =M i i
% —fMldd:u rlviomentére:\d’our riv. Bru<|1ues ‘ La Lane _E
T 200: ! I :
% PUjo-le-Plan | Barcelonne —§
100 | ‘ ’ :

20

40 60
distance (km)




| SO 0 5 T A L S i

Thickness (cm) A
40-80 U
80-130

]
B
B 130-180
i
[

180-230 i B
230-350

St
Mdn'g-de;Mar;an 1







60

50 1 100% SiO2

40

30 -

Si%

20 -

10 -

0 01 02 03 04 05 06 07 08 009

Ti%

60

501 Salnd

401

< Leyre_Ciron_fines
O Loess_fines
A Coversand_fines

% Leyre_Ciron_sand
O Loess_sand

X Coversand_sand

9 Adour_Garonne_fines

% Adour_Garonne_sand

0 0.05

15 0.2

0.25

25









MIS3 run (39 ka BP)

330.

LGM run (21 ka BP)

(Bap) uonoauip puim

120. <

wo G| =0z
(jepow woJ)) wo/e= 0z
110} (S/w) paads puim “xew

I
=)
@

120. -

(%) @oeLINS 88l}-MouUs
(ww) ydep J1os Aip



	Figures5_3.pdf
	Fig01 Map_eolien_Landes(3).jpg
	Fig02 Winds(2).jpg
	Fig03 ridge photogrammetry(2).jpg
	Fig04 MIS2 Ridges.jpg
	Fig05 Dune map_profile(2).jpg
	Fig06 Map_parabolic_dunes(2).jpg
	Fig07 Parabolic dunes(2).jpg
	Fig08 Grain size map.jpg
	Fig09 Detailled grain size maps.jpg
	Fig10 Grain size coversands.jpg
	Fig11 Grain size loess(2).jpg
	Fig12 Thickness maps.jpg
	Fig13 Map_Elements.jpg
	Fig14 Diagram_elements.jpg
	Fig15 Biplot_sup63.jpg
	Fig16 Biplot_inf63.jpg
	Fig17 Simulations(2).jpg


