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Abstract

In the age of globa climate change and the ensuing growing concern about future
implications for the planet, scientists are working in a joint effort to better understand Earth
systems. Coastal dunes present numerous benefits for the 40% of the global population living
in coastal areas and for their ecosystems but also represent a potential desertification threat if
reactivated. The understanding of the triggering factors for dune instability is thus capital to
better predict their future behaviour and adapt coastal management programs. The project of
this thesis originates in the controversy around some coastal “chevrons” described in the
Bahamas. These U-shape landforms date from the Last Interglacial, stage of the Quaternary that
was characterised by a higher than present global average temperature (+ 1-2 °C) and a higher
sealevel (+ 6-9 m.as.l.). The discussion on their genesis opposes a dramatic interpretation of
these “chevrons”, linked with superstorms related to warmer and unstable climate conditions,
to a more classic one suggesting drier and windier conditions in the Caribbean alowing the
dunes formation.

Considering the lack of clarity around the definition and the use of the term “chevron”, I
first reviewed theliterature mentioning them. The term “chevrons™ has been used independently
to describe coastal parabolic dunes in the Bahamas, Madagascar, and Western Australia where
they have been correlated to wind, giant storms, and tsunamis caused by asteroid impacts. In
each of these countries, a debate arose among geoscientists on the depositional processes and
the vaidity of the terminology. This review provides with a complete and comprehensive
summary of the problematic and demonstrates than “chevrons” are coastal parabolic dunes of
aeolian origin.

| then further investigated the connection between the coastal parabolic dunes in the
Bahamas and the particular climate conditions prevailing in the region during the Last
Interglacia. First, the study of the morphology and sedimentary structures coupled with the
grain size analysis of the dunes confirmed the conclusions reached in the review. The
stratigraphic study then correl ated the deposition of the dunes with the southward displacements
of the Intertropica Convergence Zone, which lead to a deterioration of the vegetation cover

under a drier and windier climate. Dunes formed during a short sea level drop during the



highstand of the Last Interglacial and the ensuing regression when these conditions prevailed,
following periods of significant carbonate production on the platforms.

The link between coastal aeolianites, climate conditions, and sea level variations was
again investigated in Western Australia where the carbonate platform geometry is different.
The formation of transverse aeolianites along the western coast of the Shark Bay region was
correlated to adrier and windier climate caused by northward displacement of the Intertropical
Convergence Zone, and more generaly by a northward shift of the atmospheric cells. These
changes in atmospheric circulation and the associated variations in ocean circulation were
correlated to glacial periods whilst aeolianite-capping paleosols were correlated to interglacials
stages.

Following the conclusions reached on coastal aeolianites and the climate under which
they form relative to the geometry of the platform, | extended the investigation to continental
parabolic dunes. Their activity during the pre-industrial and the mid. Holocene wasinvestigated
because climate conditions are well constrained for these periods. The Intertropical
Convergence Zone moved north during the mid. Holocene, which resulted in the aridification
of the presently-humid areas and the reactivation of continental parabolic dunes in these
regions. Inversely the presently-dry regions were wetter, and dunes stabilised by vegetation.
The link between dune activity, atmospheric circulation, and the related climate provides
valuable information to constrain potential future climate change and define the regions the
most at risk for desertification through parabolic dunes migration.

All together, these results highlight the causal relationship between parabolic dunes or
coastal aeolianites and global atmospheric circulation. Further efforts should be directed
towards a better understanding of the general trends of aeolian dunes activity related to climate.
This would serve both future climate predictions and paaeoclimate interpretations, two

important areas that are intricately intertwined.



Résumé

A T’heure du changement climatique et de l'inquiétude croissante qui entourent ses
implications futures pour la planéte, les scientifiques s’associent dans un effort commun pour
une meilleure compréhension du systéme Terre. Les dunes cotiéres présentent de nombreux
avantages pour les 40 % de la population mondiale qui vivent dans les zones cotiéres et pour
leurs écosystemes, mais représentent également une menace potentielle de désertification si
elles viennent a étre réactivées. La compréhension des facteurs déclencheurs de I'instabilité des
dunes est donc capitale pour mieux prévoir leur comportement futur et adapter les programmes
de gestion du littoral. Le projet de cette these trouve son origine dans la polémique autour de
certains « chevrons » cotiers décrits aux Bahamas. Cesreliefs en forme de U datent du dernier
interglaciaire, période du Quaternaire caractérisée par une température moyenne mondiae
supérieure acelle actuelle (+ 1-2 °C) et par un niveau marin plus élevé (+ 6-9m.). Ladiscussion
sur leur genese oppose une interprétation dramatique de ces « chevrons », associés a des super-
tempétes générées par des conditions climatiques plus chaudes et plus instables, a une
interprétation plus classique suggérant des conditions plus arides et venteuses dans les Caraibes
qui permettent la formation des dunes.

Considérant le manque de clarté quant ala définition et |'utilisation du terme « chevron
», j'al d'abord passé en revue lalittérature qui les mentionne. Le terme « chevrons » a été utilisé
indépendamment pour décrire les dunes paraboliques cotieres des Bahamas, de Madagascar, et
d'Australie-Occidentale, ou elles ont éé corrélées au vent, a des tempétes géantes, et a des
tsunamis causes par les impacts d'astéroides. Dans chacun de ces pays, un débat a surgi au sein
de la communauté des géosciences quant aux processus de dépdt et a la vaidité de la
terminologie. Cette revue fournit un résumé complet et exhaustif de la problématique et
démontre que les « chevrons » sont des dunes paraboliques cotiéres d'origine €olienne.

Jai ensuite étudié plus en détail le lien entre les dunes paraboliques cotiéres aux Bahamas
et les conditions climatiques particulieres qui prévalaient dans la région pendant le dernier
interglaciaire. Dans un premier temps, |'étude de lamorphologie et des structures sédimentaires
couplée al'analyse granul ométrique des dunes ont confirmé les conclusions de larevue. L'éude
stratigraphique aensuite corrél é le dépot des dunes avec les déplacementsversle sud delaZone
de Convergence Intertropicale, qui conduisent a une détérioration du couvert végétal causé par

un climat plus sec et venteux. Les dunes se sont formées lors d'une bréve régression survenant



dans |a phase de haut niveau marin (highstand) du dernier interglaciaire, et durant larégression
qui asuivi lorsque ces conditions ont prévalu, ala suite de périodes importantes de production
de carbonate sur les plates-formes

Lelien entre les éolianites cotieres, les conditions climatiques, et les variations du niveau
marin a de nouveau été éudié en Australie occidentale, ou la géométrie de la plate-forme
carbonatée est différente. La formation d'éolianites transversales le long de la cote ouest de la
région de Shark Bay a été corrélée a un climat plus sec et venteux causé par le déplacement
verslenord delaZone de Convergence Intertropicale, et plus généralement par un déplacement
vers le nord des cellules atmosphériques. Ces changements dans la circulation atmosphérique
et les variations associées de la circulation océanique ont été corrélés aux périodes glaciaires,
tandis que les pal éosols recouvrant |es éolianites ont été corrélés aux stades interglaciaires.

Faisant suites aux conclusions tirées sur les éolianites cotieres et le climat dans lequel
elles se forment dépendamment de la géométrie de la plate-forme, j'ai élargi |'investigation aux
dunes paraboliques continentales. Leur activité pendant les périodes préindustrielle et de
I'Holocene moyen a été étudiée car les conditions climatiques sont bien contraintes pour ces
périodes. La Zone de Convergence Intertropicale sest déplacée vers le nord durant I'Holocene
moyen et aentraine |'aridification des zones actuellement humides ainsi que la réactivation des
dunes paraboliques continentales dans ces régions. A l'inverse, les régions actuellement séches
étaient plus humides, et les dunes stabilisées par |a végétation. Le lien entre |'activité des dunes,
la circulation atmosphérique, et le climat associé fournit des informations précieuses pour
contraindre de potentiels futurs changements climatiques et définir les régions les plus arisgque
de désertification au travers la migration paraboligque des dunes.

Tous ensemble, ces résultats mettent en évidence la relation de causdité entre dunes
paraboliques ou éolianites cotiéres et la circulation atmosphérique globale. Des efforts
supplémentaires devraient étre dirigés vers une meilleure compréhension global e des tendances
globales de I'activité des dunes éoliennes liées au climat. Cela servirait alafois aux prévisions
climatiques futures et aux interprétations pal éoclimatiques, deux domaines importants qui sont

étroitement liés.
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Chapter 1 - Introduction

1 Aeolian sediments

1.1 Importance

The last decades have seen amajor growth of interest in aeolian sediments and processes
with ajoint effort to understand the mechanisms|eading to transport and deposition of sediment
by wind (e.g., Anderson and Walker, 2006; Frank and Kocurek, 1996; Hansen et al., 2009;
Smyth et al., 2014; Sweet and Kocurek, 1990; Tsoar, 1983; Walker, 1999; Walker and Nickling,
2002). Aeolian deposits are important components of the sedimentary record because they form
large deposits that can be found in most climates of the world. These deposits fall into three
main categories (Figure 1): sand sheets, loess blankets, and sand dunes, which are the focus of

thisthesis.

[ Dunes

[ Aeolian

B Locss
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Figure 1: Global distribution of aeolian sediments (modified after Bérker et al., 2018).

Severd factors have contributed to theincreased level of interest such asthe use of present
aeolian deposits and environments as potential analogues for ancient aeolian reservoirs or as a
proxy for regional climate and global atmospheric changes during the Quaternary and
sometimes earlier times (see Pye, 1993 and references herein). The dominance of aeolian
deposits on other planets such as Mars has al so favoured the development of the understanding
of aeolian processes (e.g., Banham et a., 2018; Day and Catling, 2020; Vaz and Silvestro, 2014;
Williamset a., 2020). Morerecently, the growing need for improved methods of desertification
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and sand control, especially in view with the forecasted consequences of global climate change,
has led geoscientists to further investigate the relationship between sand transport/dune
migration with climate conditions, ecosystems and anthropogenic disturbances (Vimpereet a.,
2021 and references herein). Indeed, whilst sand dunes, mobile and immobile, are found at all
latitudes and climates ranging from boreal to humid to arid and semiarid, most of them liein
deserts (Tsoar, 2001). Finally, coastal dune systems have been recognised as an important
conservation resource offering a natural protection against sea level rise and other hazards,
generating income through recreationa activities, and offering a natural shelter to many

endemic species.

Aeolian Processes

’ Erosion ‘ ’ Transport Sedimentation
| Deflation ‘ ‘ Abrasion ‘ movement of Bedform Individual Bedform
individual migration grains stabilisation
grains

Figure 2: The nature of aeolian processes (Pye and Tsoar, 2008).

1.2 Aeolian transport

The wind effect on loose sediment is declined into three main aeolian processes which
areresponsiblefor erosion, transport, and sedimentation (Figure 2). Erosion requires morewind
power than transport, which is initiated when wind blows above a certain threshold velocity.
Early models for sand transport were developed during the 19" century but have been highly
improved during the 20" century (e.g., Bagnold, 1941, 1936). These models estimated this
impact threshold shear velocity of wind to be at 12 knots under dry conditions. Developed by
Fryberger and Dean (1979), the presently accepted method of quantifying wind power is based
on thisthreshold value and refersto the drift potential of thewind, that isits capacity to transport
sand (Kilibardaand Kilibarda, 2016; M esbahzadeh and Ahmadi, 2012; Saggaand Saqga, 2007,
see Chapter 2). By using wind vectors (i.e., direction and speed), the Fryberger method allows
to characterise wind regime properties such as the variability of the wind direction and its
capacity to transport sand in the main blowing direction.

The common diameter of grains composing sand dunes ranges from 0.062 to 2.0 mm
because they are not cohesive (Tsoar, 2001), contrary to finer grains such as silt and clay (<

0.050 mm) for which more energy is required to initiate transport. Different types of dunes
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show distinct grain size composition (Pye and Tsoar, 2008) as different mechanisms are
responsible for their formation. Grain size and wind velocity define the two main different
modes of particle transport referred to as suspension load and bed load. Suspension load occurs
when particles are lifted from the surface and are transported over long distances by the flow
without regaining contact with the bed, which usually ensues sediment being exposed to a
turbulent airflow. Finer grains are transported through suspension load and ultimately deposit
as loess deposits whereas most of the grains forming dunes are transported through bed load.
The latter consists of surface traction, in which grains roll along the surface of the sediment,
and saltation, in which grains proceed forward through a series of jJump and rebound. Thismode
of transport lead to particles being transported along the stoss slope and over the brink of the
dune to finally deposit on its dlipface (Figure 3) in a process called grainfall, which forms
grainfall lamination (i.e., foresets). Grainfal lamination aternates with sandflow cross-
stratification, which forms when the angle of repose (~ 30°) is reached and sand avalanches on
the dune dlipface. This process of grain transport is often referred to as grain flow.

Windward slope Crest Leeward slope

Grainfall

Y

Interdune

Figure 3: Typical elements of aeolian systems (modified after Ringrose and Bentley, 2015).

2 Coastal aeolianites

Fossilised aeolianites have long been observed such asthe ones on theisland of St Helena
examined in 1836 by Charles Darwin whom aready interpreted them as products of coastal
dune formation during a period of lower sea level (Brooke, 2001; Darwin, 1851). The term
“eolianite” was first introduced by Sayles (1931) to describe any lithified deposit of aeolian
origin in Bermuda. This term does not refer to the composition of these deposits whereas
another twenty denominationswere used in different locations to described fossilised carbonate
dunes deposited by the wind (see Table 1 in Le Guern, 2004). The commonly accepted
definition for aeolianites is the one from Brooke (2001) that designates wind-driven subaerial

accumulations on coasts of carbonate-dominated sediment consolidated by a carbonate cement.
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Although most of aeolianites are located on coastlines (Figure 4), some have been observed
hundreds of kilometres inland in the Thar Desert (Glennie, 1970; Goudie and Sperling, 1977)
so that this definition might be at times slightly restrictive.

2.1 Importance

Coastal aeolianites are omnipresent between 20° and 40° in both hemispheres (Figure 4),
where warm climatic conditionsfavour carbonate production whilst trade winds mobilise beach
sediment and transport it into dunes. They constitute valuable latitudinal and climatic markers
for palaeogeographic reconstitutions for periods preceding the Quaternary. They form large
deposits that can reach dozens of metres in height and dozens of kilometres in length (e.g.,
Bahamas and Shark Bay in Western Australia). Generally, they develop as elongated transverse
ridges that are parallel to the shore, with oblique, parabolic, and barchanoid being the most
common morphologies (Brooke, 2001). Due to their composition, they tend to be rapidly
immobilised by early cementation and pedogenic calcrete development. Aeolianites may
constitute significant hydrodynamic barriers, thus limiting coastal erosion and potentially
protecting littorals from sea level rise. From an economic point of view, aeolianites are
extensive reservoirs showing a high primary and secondary porosity with no clay
discontinuities within. Recognising these deposits in periods older than the Quaternary (Le
Guern, 2004) would greatly improve the subsurface modelling and prediction for aquifers or

oil and gas exploitation.

2.2 Timing of deposition

The majority of the coastal aeolianite record was constrained to icehouse periods with a
significant occurrence during the Late Tertiary and the Quaternary (Abegg et a., 2001; Brooke,
2001; Dodd et a., 2001; Johnson, 1968; McKee and Ward, 1983; Smith et a., 2001) until
contradictory studies mentioned and described aeolianites from greenhouse periods (Kilibarda
and L oope, 1997; Kindler and Davaud, 2001). Contrary to greenhouse periods, icehouse periods
present large glacio-eustatic fluctuations so that aeolianites formation and deposition were
correlated to high amplitude sea level variations. Dating techniques (e.g., AAR, U-Th, TL,
OSL) have been applied either directly to aeolian sediment, or on spelecthems, or on pal aeosol
capping aeolianites to constrain the timing of dune formation relative to sea level fluctuations
occurring during interglacial and glacial periods. In many places (e.g., Bahamas, Bermuda,
South Australia), aeolianite formation has been linked with highstand periods (see references

in Brooke, 2001). There are severa reports of carbonate dunes deposited during both
4
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interglacial/glacial cycles, or glacia only (Engelmann et a., 2001; Frechen et a., 2001;
Fumanal, 1995; Playford et a., 2013; Porat and Wintle, 1995; Price et a., 2001; Zhou €t al.,
1994), notably in Southern Victoria and Western Australia. A comprehensive review of these
studies concluded that carbonate platform geometries have an influence on therelative sealevel

variation, and thus carbonate production and mobilisation (e.g., Le Guern, 2004).

FEquator A . D e

Tropic of Capricorn

Figure 4: Global distribution of Quaternary (black dots) and pre-Quaternary (red dots) aeolianites (modified after
Brooke, 2001 and Le Guern, 2004).

In a context of a ramp (e.g., Arabian Gulf, Western Australia), the whole carbonate
production system is shifted towards a lower position during a lowstand phase, subaerially
exposing a large surface of the ramp for the wind to remobilise sand into coastal aeolianites.
Thisis particularly true in regions where glacial periods are dry and windy (see Chapter 4 on
Western Austraia). Highstands during interglacials correspond to phases of significant
carbonate production when the system shifts inland but sediment availability for transport can
be restricted by awet climate associated with a development of the vegetation cover.

The depositional model for steep-rimmed platforms, such as the one developed in the
Bermuda and the Bahamas (e.g., Carew and Mylroie, 2001, 1995; Hearty and Kindler, 1993),
considers that aeolianites can form during all phases of the eustatic cycle expect for the
lowstand. When sealevel drops, the shallow waters where carbonate precipitate cover a much-
reduced surface of the platform slopes. This trandates into a platform top being exposed to

meteoric waters inducing karst and palaeosol formation. It isthen considered that coastal dunes
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form during the late stage of marine transgression, highstand, and early stage of regression
when carbonate production takes place and the platform top is somewhat exposed to winds

reworking sediment into aeolianites.

3 Parabolic dunes

Aeolian sediments constitute a substantial part of the sedimentary accumulation on Earth,
especially in continental and coastal environments. Parabolic dunes constitute an important sub-
class of these aeolian deposits and develop over a wide range of climatic gradients. They are
defined by two trailing arms that point upwind and that enclose a deflation basin, which is
terminated by a nose being the depositiona lobe that points downwind (Error! Reference
sour ce not found.). The airflow is channelled within the arms, resulting in an increase in shear
stress and thus in sediment transport above the deflation basin. Then, the airflow reaches the
stoss slope of the depositional lobe where it gets compressed and accelerated. When it passes
over the crest of the nose, the flow expands and slow down, thus losing its transport capacity.
The deceleration causes grainfall deposition on the lee slope of the nose, forming grainfall
lamination. When the angle of reposeisreached, grainflow and sandflow occur, cutting through
older stratification. Contrary to other types of highly mobile dunes (e.g., barkhans), parabolic
ones often form localised dune fields arranged in belts along coastlines, inland rivers and lakes
shores.

They show a great diversity of morphologies that depend on wind regime, sediment
supply and availability, and local vegetation characteristics. Severa attempts have been made
to establish a classification that would be applicable everywhere in the world. Mckee (1979)
recognised three main classes of dunes: the simple, the compound, and the complex ones.
Simple dunes are defined as single and isolated forms, later subclassified in lunates, hemicyclic,
lobate and elongated by Pye (1993) based on their length/width ratio. The elongated parabolic
dunes are the largest and can reach lengths of severa kilometres. They are usually referred as
hairpin or U- to V-shaped dunes, characterised by long-walled arms and a prominent high nose,
and form under strong, unidirectional winds. Compound dunes consist of merged and/or
superimposed smaller dunes that may occur in clusters. Their planform geometries go from
simple superimposed forms to rarer and more complex en-echelon or digitate ones. They
usually develop under wind regimes that present a greater directional variability, or where a
dense and resistant vegetation cover like woodlands has developed. The trees force the airflow

to separate in divergent directions, resulting in digitate parabolic dunes for instance. Finally,
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complex dunes are composed by two or more different types of dunes. As a rule of thumb,
reduced sediment supply will likely lead to the formation of rather low-lying, unfilled parabolic
dunes with narrow heads. On the contrary, elevated, long-walled parabolic dunes with large
noses and partially-infilled deflation basins develop in areas of great sediment supply. Therate
at which the depositional lobe is colonised by vegetation also seems to influence the shape of
the dunes. Large, U-shaped noses are rapidly revegetated whereas narrow, V-shaped ones tend
to be gradually fixated (Hesp, 2011). Long-term variationsin wind directions may lead to aleft-
or right-handed asymmetry in dune morphology through time. Short-term changes such as
seasonal directionality generally result in smaller and broader shapes with short trailing arms
(e.g., hemicyclic). Some of these smaller dunes may be closed upwind by a back ridge, such as
the ones in the Canadian prairies of Saskatchewan.

Parabolic dunes build up in both coastal and inland environments as soon as there is a
sufficient wind power, sand supply, and sand availability defined by a moderate vegetation
cover. The currently known distribution of parabolic dunesis highly influenced by the number
of studies focusing on them. Therefore, it seems that these landforms preferentially formin the
northern hemisphere. This bias may be induced by the higher proportion of continental mass
being located in the northern hemisphere, or because most of the studies on parabolic dunes
have been conducted in these regions. Based on the literature, parabolic dunes preferably
develop along coastlines of sub-humid to humid zones, where they are usually found adjacent
to river mouths or estuaries, and in conjunction with foredunes. It isbelieved agreat proportion
evolve from blowouts initiating in such foredunes, as ssimulated by the Extended Discrete Eco-
geomorphic Aeolian Landscape (DECAL) model. Blowout formation usualy starts when
unidirectional onshore winds breach the vegetation cover. Because of the high transport
potential and the relative abondance of sediments, most of the largest (i.e., elongated) parabolic
dunes are located in such costal environments. Some perennial or ephemeral lakes can
sometimes flood the deflation basins within these elongated dunes, like it is the case on the
coast of Queensdland in Australia.

Most of theinland parabolic dunes are distributed in semi-arid to arid regions of the Great
Plains of North America, the Thar desert in India, and the northern part of mainland China. The
dunes are found in river valleys and along lake margins, where they develop out of the fluvial
and lacustrine sandy material. Contrary to their coastal counterparts, these regions present a
sparse, low-ling vegetation cover enabling dunes to migrate farther from their source of
sediment. Thus, inland parabolic dunes often result from the transformation of barkhan or

transverse dunes when they start to migrate into a more densely vegetated area. In the case of a
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barkhan dune, vegetation starts by col onising and anchoring the horns whilst the remaining bare
lobe keeps on migrating, as simulated by a continuous model and the Extended Discrete Eco-
geomorphic Aeolian Landscape (Extended-DECAL) model. In genera, the sediment supply
and the wind energy are lower in continental interiors with respect to coastal aress.
Consequently, inland parabolic dunes tend to be smaller with low-relief arms compared with
coastal parabolic dunes. Some following migrating dunes usually override the arms of the dune
ahead, thus preventing the formation of elongated dunes and favouring the development of
compound forms.

Given their vegetated nature, parabolic dunes are strongly controlled by eco-geomorphic
interactions. A low mobility and stabilisation of the dunes isto expect when climate conditions
are favourable for the expansion of vegetation, whereas a high mobility occurs under
deteriorating vegetation conditions. This remains valid if sediment supply and wind energy are
high enough to alow the transport of sand. A complex framework of environmental factors
controls the formation and development of parabolic dunes such as. lake or river watertable
level fluctuations (Arbogast et al., 2002a, 2010; Forman and Pierson, 2003; Hansen et al., 2010;
Lepczyk and Arbogast, 2005; Lichter, 1995), groundwater level (Porat and Botha, 2008),
variations of wind regime or sediment supply (Hesp, 2002, p. 2002; Rawling et al., 2008; Tsoar
et a., 2009; Zular et a., 2013), precipitation (e.g., Hoover et a., 2018; Lancaster, 1988;
Landsberg, 1956; Stetler and Gaylord, 1996), temperature (e.g., Wolfe and Hugenholtz, 2009),
wildfires (e.g., Filion and Morisset, 1983), droughts (Forman et al., 2005, 2001; Tripaldi et al.,
2013), and more recently anthropogenic factors (e.g., Alexanderson and Fabel, 2015; Bertran
et al., 2011; Bogle et a., 2015; Guo et al., 2018; Hesp, 2002, 2001, p. 2001; Hesp et al., 2010;
Mason et al., 2009; Tsoar and Blumberg, 2002; Wolfe et al., 2008, 2007). In coastal settings,
more factors intervene in the evolution of parabolic dunes and particularly on the associated
stabilising vegetation. For example, atransgressive sealevel cuts through the vegetation cover
and induces coastal erosion, which eventually supplies sediment for parabolic dunes to form
(Armitage et a., 2006; De Ceunynck, 1985; Pye and Rhodes, 1985; Pye and Switsur, 1981,
Shulmeister and Lees, 1992; Tgan-Kella et a., 1990; Wolfe et a., 2008). An increased
storminess comes with stronger winds, higher wind gust speeds, and a greater wave energy.
These are al factors reducing the vegetation cover and therefore, triggering the formation and
migration of parabolic dunes (Clemmensen et al., 2007, 2001; Hansen et al., 2010).

The projected increase in drought severity and loss of vegetation associated with climate
change rai ses some concerns about the potential reactivation of dunes, especialy the ones being

stabilised by said vegetation like parabolic dunes. A resumed migration of these dunes may
8
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exacerbate the desertification caused by less precipitation and a joint rise of the global
temperature (Mirzabaev et al., 2019). Aridification is now known to cause systemic and abrupt
changesin ecosystems (Berdugo et al., 2020), which makes the now-stabilised state of parabolic
dunes even more precarious. Like other types of dunes, they are known to be useful to humans
in many ways. They perform their function of sand storage, sometimes contain large reserves
of groundwater and act as a shelter for wildlife, favouring the sustainability of ecosystemsin
general (Pye and Tsoar, 2008). Coastal dunes also provide a natural and aesthetic protection
against sealevel rise, tsunamis, storm surges and flooding (Gares et al., 1979; Psuty and Rohr,
2000). These hazards are likely to grow stronger and more frequent in the current global
warming context, hence the necessity to understand and preserve coastal dunes (IPCC, 2013).

4  Research questions

Theidea of this PhD project was born during afield campaign in the Bahamas with Prof.
Pascal Kindler, when | was doing my master under his supervision back in 2015. He introduced
meto the controversy over some “chevron” dunes in the Bahamas, a term that has been applied
to large, U- to V-shaped coastal dunes from the late Pleistocene. Their genesis was being
debated and both aeolian processes and giant storm waves, along with their variousimplications
for palaeoclimate, have been invoked to explain their presence in the region. The same
denomination was applied later to describe similar landforms deposited during the Holocenein
South Madagascar and Western Australia. In parallel to the Bahamian case, a discussion on
their depositional process ensued opposing aeolian processes to giant tsunamis generated by a

meteorite impact.

Question 1: What is a “chevron” dune and how does it form? The first objective of
the thesis is to review the literature on “chevrons” with the aim to lay out a consistent and
coherent global database, which would serve any future study focusing on theseridges. Thisis
in order to discuss the vaidity and the use of the confusing term “chevron” in the scientific

literature to describe large, U-shaped coastal |andforms.

Question 2: Are “chevrons” in the Bahamas parabolic aeolianites or giant storm-
wave deposits, and how are they linked to climate? Our study on carbonate “chevrons” in
the Bahamas aims to bring some clarity on their genesis by proposing a thorough and final
explanation for these landforms origin. To this end, a multi-proxy approach was adopted to
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characterise the “chevrons” morphology (GIS analysis), sedimentary structure (outcrop study),
microfacies and granulometric inquiries (image analysis), and period of deposition (amino-acid
racemization dating; AAR). These data were then compared to the ones collected for parabolic
dunes and storm deposits in order to proceed by elimination and provide with some more

accurate interpretations of palaeoclimate during the Last Interglacial.

Question 3. Coastal aeolianites in Western Australia: highstand or lowstand
deposits? We address the timing of deposition relativeto interglacial/glacial cycles, along with
the palaeoclimatic conditions under which the coastal aeolianites in Shark Bay, Western
Australiaformed. At first, it was planned to conduct a comparative study on the large parabolic
duneslying in this region by investigating their structure and age. The loss by the USPS of the
samples intended for the OSL dating and the lack of visible sedimentary structure within the
dunes hindered any further investigation. However, the depositional timing of “chevrons”, and
more generally coastal aeolianites, with respect to sea level fluctuations is still a matter of
debate. The same question is being addressed since the 70’s for the Tamala Limestone coastal
dunes in Western Australia. We investigated the stratigraphy and sedimentology
(photogrammetric 3D models) of the Tamala Limestone dunes exposed in Shark Bay, the
relative dating of the units (AAR), and the palaeoclimatic conditions prevailing at the time of
their deposition.

Question 4: Under which climatic conditions do inland parabolic dunes form or
migrate, and what is their potential as proxy for past climate of the Quaternary?
Following the conclusions reached for coastal dunes in the Bahamas and Australia, the link
between global climate and inland parabolic dunes activity was explored. Using the INQUA
Digital Atlas of Quaternary Dune Fields and Sand Seas ages database, we report the activity of
inland parabolic dunes during the last millennium and the mid-Holocene. The climate variables
under which the recent dune activity occurred was then compared with the well-constrained

climate of the mid-Holocene to define the potential of inland parabolic dunes as palaeoclimate

proxy.

Question 5: Isthere a possibility to characterise parabolic dunes at a global scale
with regards to their morphology, the wind conditions under which they develop, the
global atmospheric circulation, and the climatic conditionstriggering their formation? An

effort of building a consistent global database was made so that to extract some potential trend
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in parabolic dunes morphology. Then, factorsinfluencing their shape wereinvestigated starting
with local wind conditions and later with global atmospheric circulation. Following the study
on the relationship of parabolic dunes activity with climate conditions of the mid-Holocene and
last millennium, the investigated period was further extended to the last 20’000 years so that

glacial/interglacial cycles could be integrated in the research question.

5 Thesisstructure

This thesis is compiled as a set of seven chapters, of which one (Chapter 2) is areview
paper, and three (Chapter 3 to 5) are research papers. Given the structure of this manuscript,

some repetition of text is likely to occur.

Chapter 2 comprises the review paper “Chevrons. Origin and relevance for the

reconstruction of past wind regimes” and address the research Question 1.

Chapter 3 consists of the research paper “Upper Pleistocene parabolic ridges (i.e.,
‘chevrons’) from the Bahamas: Storm-wave sediments or aeolian deposits? A quantitative

approach” that discusses the research Question 2.
Chapter 4 encompasses the research paper “Depositional timing and palaeoclimate
interpretation of the Tamala Limestone aeolianites in Shark Bay, Western Australia”, which

focuses on the research Question 3.

Chapter 5 contains the research paper “Continental interior parabolic dunes as a

potential proxy for past climates” that covers the research Question 4.

Chapter 6 presents and discusses unpublished datawith the aim to extract potential trends
and characterise parabolic dunes at a global scale, as defined by the research Question 5.

Chapter 7 summaries the key findings, discusses the thesis limitations for each chapter,

and synthesises the outcomes of the overall project.
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Chapter 2 — Chevrons. Origin and relevance for the
reconstruction of past wind regimes

This chapter review the literature to address the nature, definition, and formation process of

“chevron” dunes.

Published as:

Vimpere, L., Kindler, P., & Castelltort, S. (2019). Chevrons: Origin and relevance for the
reconstruction of past wind regimes. Earth-Science Reviews, 193, 317-332. DOI:
10.1016/j.earscirev.2019.04.005

Abstract

Since its first use in the late 80’s, the term chevron has been employed in numerous
studies to describe large U- and V-shaped ridges found in or near shorelines worldwide. Most
studies have so far focused on Bahamian chevrons that are exclusively of Late Pleistocene age,
and on the supposed Holocene chevrons found in S-Madagascar and Australia. In the Bahamas,
these deposits have been interpreted as the product of extreme storms at the end of the last
interglacial (L1G) warm period. In contrast, the extensive chevrons complex exposed in S-
Madagascar and on the western coast of Australia have been associated with atsunami induced
by a meteorite impact. Finally, several authors have also proposed a non-catastrophic (i.e.,
eolian) origin based on the recognized importance of wind-related processes in these coastal
areas, and term such deposits parabolic dunes. In this paper, we collect and synthesize existing
data on the morphology, sedimentology and age of these chevrons, and review the different
interpretations proposed in the literature with the aim to lay out a consistent database to assist
further investigations on these important coastal morphologies. In addition, we generated a
synthesis of wind data at the three study areas, which highlights the relationship between
present wind regimes and chevrons morphologies. The ubiquity of chevrons (likely actually
parabolic dunes) in coastal areas around the globe and their relationship with coastal processes

makes them crucia archives for reconstructing past wind regimes.
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Figure5: World map of chevron distribution along coasts and their approximate seaward axes, pointing to a potential
source area (modified after Schefferset al., 2008). The stars show theimpact craters defined by those authors. Squares
and triangles point the approximate locations of chevrons and/or parabolic dunes observed by (Bourgeois and Weiss,
2009). The authors defined three categories of bedforms according to their relationship to a coastline: “'interior' cases
have no relationship to a coastline (black squares); 'small water body' cases require improbable impact scenarios
(triangles); for 'oceanic coast' cases, impact hypothesis requires further evaluation (red squares)”. Depending on the
authorsand the proposed inter pretation, the number of chevronsand the associated localities change.

1 Introduction

The term "chevron" is widely used to describe U- and V-shapes and has taken severa
descriptive usages in structura geology (eg., chevron folds, Ramsay, 1974), and
sedimentology (e.g., small-scale laminae arrangement in oscillatory ripples, Allen, 1982).
Later, using Landsat MSS images at 80 m spatial resolution, Maxwell and Haynes (1989)
mapped the 10°000 km? of the Selima Sand Sheet, SW Egypt (Figure 5), where light-colored
chevron-shaped patterns are observable migrating downwind over darker coarse sand. They
described these features as active “extremely long-wavelength (130 to 1200 m) and low-
amplitude (10 to 30 cm), [...] irregularly spaced, light-toned, 0.5 to 2.0 km wide streaks oriented
generally transverse to the dominant northerly wind direction [...]” bedforms. By comparing
Landsat images from 1972, 1986 and 1988, they defined a migration rate between 100 and 500
m.y ! corresponding to a net movement of 83°000 m®.y* of sand for a 10 km wide chevron. In
the present review, we focus on the term "chevron” as it has been originally applied by these
latter. Although the authors renamed them zibars thereafter (Maxwell and Haynes, 2001), the
term was independently used for modern and Holocene coastal landforms of similar
morphology in Australia (Bryant et al., 1997), and for Pleistocene onesin the Bahamas (Hearty
et al., 1998).
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Since their discovery, the origin of chevrons and their environmental significance have
captured the attention of sedimentologists and geologists. Scheffers et a. (2008) characterized
their morphology by using Google Earth© to identify 221 chevron sites aong the world
coastlines (Figure 5). To qualify as a chevron, the distinctive U to V-shape was used as the
diagnostic criterion. They found that the common extension of a chevron field is between 10
and 50 km (49 % of their data), making such bedforms very significant sediment transport
systems. Furthermore, 61 % of the identified chevrons have a kilometric lateral extension
(length: 1 to 5 km, width: 10 to 1000s m), and 59 % of them display an elevation between 10
and 100 m a.s.l. The main characteristic of these bedformsis the linearity of their axes despite
the different morphologies they exhibit (Figure 6). Five different chevron morphologies have
been categorized, lying the foundations for a more complete classification, subsequently

defined by the same authors.
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Figure 6: The three types of dunes defined by McKee (1979) and the subclassification of sample dunes according to
their length:width ratio (Pye, 1993). Comparison with the eight types of chevron morphology observable around the
world (modified after Schefferset al., 2008).

Both of these systematizations are similar to the one proposed by Pye (1993) in his study
of parabolic dunes in Queensand, NE-Australia, which is based on the architecture and the
length/width ratio (Figure 6). Using the classification presented by McKee (1979), the
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morphology of dunesis subdivided in three categories : simple, compound and complex. Simple
dunes are characterized by single forms subclassified by Pye (1993) aslunate when they exhibit
length:width (L/W) ratio < 0.4; hemicyclic for 0.4<L/W<1.0; lobate when 1.0<L/W<3.0 and
elongate for those with a L/W>3.0. Compound forms consist of two or more dunes of the same
typethat have coalesced or are superimposed, and complex dunes are composed by two or more
different types of smple dunes.
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Figure 7: 1—Changing mor phology of fenestrae-rich bedswithin chevron dunes, going from abundant tabular to slight
discontinuous packages with increasing distance and elevation from shore (modified after (Hearty and Tormey, 2017).
Red sguare indicates the position of 2 and 3. A— Subcritically trandatent strata (SCTS) forming when the angle of
rippleclimb islower than theinclination of ripple stoss slope (modified after Hunter, 1977). B—Formation mechanism
of pine stripe laminations showing inverse grain size gradient by concentration of finer particlesin the existing trough
between two ripples (modified after (Fryberger and Schenk, 1988). 2 and 3—Photographs of fenestrae-rich beds of a
dozen cm thick within an eolianite subparallel to the coast. Note the mor e pronounced pinstripe laminations within the
bed rich in fenestraein 2.

Some authors suggested a tsunamigenic origin for the chevrons from S-Madagascar and
W-Australia (Abbott et a., 2005; Abbott, 2006; Abbott et al., 2006, 2007, 2010a, 2010b; Bryant
and Nott, 2001; Gusiakov et a., 2009; Kelletat and Scheffers, 2003; Masse et al., 2006; Masse,
2007). Others proposed that Bahamian chevronsresult from the action of large waves generated
during “superstorms” (Hansen et a., 2015; Hearty et a., 2002, 1998; Hearty and Tormey,
2018a, 2018b, 2017; Tormey and Donovan, 2015). Finally, severa authors proposed a non-
catastrophic, wind-induced origin for the chevrons in the three mentioned regions (Bourgeois
and Weiss, 2009; Engel et a., 2015a; Kindler and Strasser, 2000, 2002; Mylroie, 20183, 2018b;
Pinter and Ishman, 2008; Rovere et a., 2017, 2018). These Aeolian deposits are regarded by
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these authors as parabolic dunes, not chevrons.

Determining whether chevrons result from giant-storm waves, asteroid- or landslide-
related tsunamis or eolian processes has important implications for the assessment of coastal
hazards, landscape and infrastructure management in these regions and for the correct
interpretation of genesis of coastal and near-coastal |landforms, especially in the current context
of climate change and sea-level rise. It is beyond the scope of this paper to present scenarios of
possible coastal evolution associated with the ongoing global warming. However, research on
the origin of chevrons from the Bahamas, in relation with the LIG climatic optimum, may
provide "facts from the past" and a perspective of the possible consequences of the current
temperature trend. In addition, athough the LIG may not be a perfect analogue for present
climate change, it represent an important case of a natural increase of greenhouse gas
concentration in the atmosphere (Hansen et a., 2013, 2015; V. Masson-Delmotte et al., 2013;
O’Leary et al., 2013), thereby providing a benchmark against which the impact of the
anthropogenic addition of such gases to the atmosphere may be gauged.
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Figure 8: Geomor phological features and stratigraphic relationships of the different units composing the Fenambosy
chevron (modified after Battistini, 1964). The “Grande Dune” is the oldest sandy unit in S-Madagascar coastline
environment, correlated to the ancient “Aepyornien” (from 2.2 Myrs to 160°000 yrs BP). The “Petite Dune” unit
correspondsto the “karimbolien” deposits (120°000-45°000 yrs BP). The “flandrienne” dunes are Holocene (6’000 yrs
BP) transgression-related sandy deposits that form the chevronsin theregion. The active recent dunes are depositing
asforedunes on which few nebkhas can be observed. The numbersrepresent the different phases of deposition from the
oldest (generation 1) to the youngest (generation 5).

In addition, because coastal chevrons are recognized in recent settings due to their plan-
view shape, they may have been overlooked in ancient sedimentary successions. Understanding
how chevrons originated could thus improve our ability to quantify past environmental
conditions and extreme events that have affected coastal regions. The objectives of this paper
are thus to synthesize existing knowledge on the morphology, sedimentology, age and

depositional processes of these landforms.
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2 TheBahamas

2.1 Morphology

In the Bahamas, chevrons are found across the archipelago but are concentrated in its
northern and central part. They are exclusively located on the coast facing the Atlantic Ocean.
They can be composed of multiple smaller ridges in nested sets that extend several kilometers
across severa islands, with asymmetrical SW-pointing seaward-dipping crests (Hearty et al.,
1998; Hearty and Tormey, 2017).

2.2  Sedimentology

As most deposits from the last interglacia (i.e., MIS 5e), apart from reefal complexes,
chevron ridges display an oolitic composition with a subordinate skeletal content (Hearty et a.,
1998; Kindler and Hearty, 1996). Hearty et al. (1998) described the chevron’s sedimentary
features as: “[...] subparallel, aggrading beds with few interruptions or truncations”. It was|ater
emphasized that steep foresets are absent in Bahamian chevrons, and that pedogenic features as
well as eolian strata are rare (Hearty and Tormey, 2017). Thin (5 to 20 cm thick) fenestrae-rich
beds have also been observed within chevrons and coastal ridges oriented parallel to the
coastline (Bain and Kindler, 1994; Hearty et al., 2002; Hearty and Tormey, 2017; Kindler,
1991; Kindler and Strasser, 2002, 2000). Detailed descriptions of exposures from several
localities on different Bahamian islands have resulted in the definition of threetypes of fenestral
beds changing with elevation and distance from the shore (Hearty and Tormey, 2017; Tormey
and Donovan, 2015). From the lowest and most proximal to the highest and most distal
locations, fenestral beds are respectively unlaminated, abundant and tabular, and end up
forming dlight, discontinuous packages. Intermediate morphologies can be observed at
moderately elevated and inland positions (Figure 7). Last but not least, mm-thin, inversely
graded laminae, identified as SCTS (Hunter, 1977) and outcropping as “pin-stripe laminations”
Fryberger and Schenk (1988) have been observed in the chevrons (Kindler and Strasser, 2002,
2000).

2.3  Geochronology

In the Bahamas, the most widely used dating method is amino-acid racemization (AAR)
geochronology, which consists in measuring the ratio between alloisoleucine and isoleucine
(A/l) in shells or whole-rock samples. U/Th-calibrated A/l measurements on whole-rock
samplesyield aratio of 0.48 + 0.04 for the first part of the last interglacial (MIS 5€), and 0.40
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+ 0.03 for the later portion of this substage (Hearty and Kaufman, 2009, 2000). Only one
chevron located in Miller’s Settlement on Long Island has been directly dated by AAR. The
authors obtained two A/l ratios averaging at 0.46 (Appendix 1), and correlated the chevron to
the late Pleistocene (Aminozone E; MIS 5e II; Hearty and Kaufman, 2000). The other ridges
are correlated to the latter based on their petrography, stratigraphic position and dating of
associated deposits such as mega boulders or runup deposits (Hearty et al., 2002, 1998; Hearty
and Tormey, 2017; Kindler, 1991; Kindler and Strasser, 2000).

Table 1: Comparison of some bedform characteristics measured for chevrons around the globe and other common
bedforms (Bour geois and Weiss, 2009).

Grain diameter, Bedform length, Bedform height, L/H (m/m) L/D

D (m) L (km) H (m) (m/m).10*
Subagueous sand ripples, typical 0.00015 0.00015 0.01 15 0.1
Subaqueous sand dunes, typica 0.00015 0.015 1 20 10
Washington State giant ripples 0.02-0.3 0.04-0.1 1-5 20 ~0.03-0.2
Washington State parabolic dunes  ~0.001 ~0.3 = =100 =25
Oolite chevrons, Bahamas* 0.002 3-10* 8-25 =400 150-500
Australia"chevrons' 0.002 0.5-3 ~3-307 ~100-200 25-150
Madagascar "chevrons' 0.002 0.5-3 ~3-30f ~100-200 25-150

* Not regularly repeating.
T Estimates based on general characteristicsin literature.

3 Australia

3.1 Morphology

Based on aeria photographs investigation in Australia, and particularly in W-Australia,
chevrons show a very extended distribution around the country and different morphological
appearances (Kelletat and Scheffers, 2003). These authors observed similar ranges of sizes,
field extensions and nesting as in the Bahamas. The ridges are one to severa kilometers in
length, heights of 10 m to more than 120 m. They usually have straight axis that may be
perpendicular, parallel or obligque to the coast, but can sometimes bend in two directions with a
90° shift. They described landward-narrowing, sharply marked outer contours, often covered
by vegetation and soil even in the dry bush. At least two generations were defined according to
their degree of erosion and vegetation cover. Active beaches act as sources of sediment, but
chevrons also devel oped at locations where there is no apparent source of sand. However, each
of the studied |ocation has been the subject of aprevious publication in the literature, describing
climbing and clifftop dunes al along the Australian coast, including parabolic ones (Hesp and
Chape, 1984; Short, 2014, 2006, 2005, 1988; Woodroffe, 2002). Jennings (1967) postulated
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that cliff-top dunes imply cliff recession or erosion of a sand ramp after the deposition. Since
sand can be blown up slopes up to 60° (Pye and Tsoar, 2008), and deposited in the zone of
reduced wind velocity near the crest of escarpments (Bowen and Lindley, 1977; Jackson, 1975;
Marsh and Marsh, 1987), cliff-top dunes do not require a nearby source, nor a change in sea-
level or tectonic regime. (Kelletat and Scheffers, 2003) also studied Cape Melville area, located
on the coast of Queensland, NE-Australia, where they observed two different generations of
inactive ridges, interpreted as chevrons. Again, previous work (Jennings, 1957; Lees et al.,
1990; Pye, 1993b, 1983, 1982a, 1982b; Pye and Mazzullo, 1994; Pye and Rhodes, 1985; Short,
2014, 1988; Shulmeister and Lees, 1992; Tgan-Kella et a., 1990; Ward, 2006) interpreted
variations in parabolic dune morphology all along the Queensland coast as the result of

changes in wind regime, local topography, sand availability and vegetation.

3.2 Sedimentology

All studies performed on the chevron ridges from Australiamostly consist of geomorphic
descriptions based on aerial photographs and/or field observations, but no thorough
sedimentological or petrographic study has been conducted yet. However, the sedimentology
of parabolic coastal dunes in Queensland (later named chevrons by (Kelletat and Scheffers,
2003; Scheffers et al., 2008) has been studied before the use of the term “chevron” became
widespread (Pye, 1993b). Drilling data demonstrate a long history of coastal dune building in
this region with several generations of deposits, separated by soil horizons with different
degrees of pedogenesis, that extend more than 40 m below the surface. Eolian deposits
supposedly accumulated during both highstand and lowstand periods. The Holocene marine
transgression, and probably earlier ones, have trimmed sandy coastlines and provided the
material for dunes to migrate landward from these eroding shorelines. The migration coupled
with apartial stabilization yielded to the formation of parabolic dunes or chevrons of large size.
Chevrons have nonethel ess been described on the southern headland of Jervis Bay where they
form two lines of deposits, respectively lying at +30 and +130 m a.s.l., and consisting of sand
mixed with cobbles and fine shell hash (Bryant et al., 1997; Bryant and Nott, 2001).

3.3 Geochronology

Using #C dating on various deposits attributed to tsunamis, including chevron dunes,
Bryant and Nott (2001) obtained Holocene ages from O to aimost 7 ka BP. Kelletat and
Scheffers (2003) briefly mentioned that chevrons have been dated (1) at around 123’000 £ 5000
BP without specifying thelocation, and (2) at 1080 AD in at least one place in W-Australia, but
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again without referencing their source. They mostly interpreted chevrons as Holocene deposits
because of their relation to active coastline, with an older Holocene age shown by their basal
erosion by beach ridges. Later, relative age indicators such as the density of the vegetation
cover, the sharpness of contours, the co-existence of several generations of ridges and their
relationships to the modern coast have been used based on satellite images (Scheffers et a.,
2008). The coast of Queensland isfar better known as stratigraphic studies have been conducted
along several zones (Lees et al., 1990; Pye, 1993b; Pye and Switsur, 1981). The petrographic
and diagenetic analyses coupled with C and TL ages, when reassembl ed, define astratigraphic
column composed of seven units named from A to G (from top to bottom). The oldest observed
record of eolian activity in this region was dated from middle Pleistocene (Appendix 1).

4 Madagascar

4.1 Morphology

A complete study has been conducted in the southern part of Madagascar to investigate
its geomorphological components and define a stratigraphic column (Battistini, 1964). The
Ampalaza “chevron” has been defined by the author as linguiform complexes of parabolic
dunes whereas the Fenambosy “chevron” combines fixed parabolic and active transverse dunes.

Battistini (1964) recognized three sub-complexes within the Ampalaza dunefield (Figure 8):

1.  Thefirst linguiform field is the oldest and innermost one. The ridges composing it are
altered by the erosion and entirely covered by the vegetation.

2. The second and most extended one corresponds to an intermediate progradation phase.
With a length of about 30 km and a width of 2.5 to 4 km, it composes 30% of the
chevron. Fixed by the vegetation for the most part, it overlies older sandstones to reach
an atitude of 77 m.a.s.l. Only the NW extremity is still active and migrates according
to the genera orientation.

3.  Between the second sub-complex and the sea, the third phase of progradation consists
of active bare sand that overlies the dunes of the second phase in some places. It is2 to
4 km wide and 18 km long.

Regarding the Fenambosy dunefield, five phases have been defined (Figure 8):
Theyoungest oneis an active foredune coming from the beach with numerous deflation
zones and nebkhas.

6. A second one on the eastern part of the field, composed of active bare sand migrating
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as transverse dunes that overlie older fixed parabolic dunesin the innermost part.

7. A middle part very extended and covered by the vegetation. It strictly consists of
parabolic dunes that can be more or less elongated.

8. A migrating inner part 12 km long and 2 to 2.5 km wide that reaches the altitude
maxima. Some large parabolic dunes (about 15) show active bare sand migrating NW
and the associated deflation zones where nebkhas may develop. A transition to
transverse dunes can be observed landward where the absence of vegetation alows a
rapid migration of the ridges.

9.  NE of the fresh active linguiform complex, an older phase of sand migration displays
smoothed reliefs. The ridges, now partially eroded, climbed up the fault escarpment to

reach an atitude of 211 m.as.l.
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Figure9: 1— Satellite photograph of the southern part of Madagascar. The arrows show the chevronsorientations, and
specifically the Ampalaza chevron (red arrow). The timelines of wave crests modeled by Bourgeois and Weiss (2009)
are represented by the uniform white lines, and angles of wave approach by arrowed ones. 2— Enhancement of the
Ampalaza chevron with the main ridges outlined in white (Bourgeois and Weiss, 2009), showing the general orientation
subparallel to the coast. 3— Plots of Rouse number (p) versuswater depth to show thetype of sediment transport under
varying ks (A), D (B) and Fr (C) represented by the lines (Bourgeois and Weiss, 2009). Grain sizeis kept constant (D =
1mm)in A for all cases; asFr =1.0and ks=1minB; plusD=1mmand ks=1min C.
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Chevrons from S-Madagascar have been morphologically compared to those described
in the Bahamas and Australia, and to subagueous dunes and ripples in the Palouse region, E-
Washington State, using a sedimentological approach (Bourgeois and Weiss, 2009). These
authors concluded that chevron grain diameter (D), length (L), height (H), L/H and L/D ratios
are highly similar in all the studied regions (Table 1: Comparison of some bedform
characteristics measured for chevrons around the globe and other common bedforms
(Bourgeois and Weiss, 2009).; Bahamian chevrons dlightly differ from the others but have the
same order of magnitude). Unlike the rather isolated chevronsin the Bahamas than can be found
nested, and the large complex extending along the Australian coastlines, the chevrons in
Madagascar form massive linguiform complexes of dunes (Figure 9). Later, other authors used
and described the mentioned ridge complexes as parabolic dune fields (Hesp, 2011, p. 2011;
Hesp and Walker, 2013).

Interior
lowlands

Interior depression / Scour
(salt pond) /- Dircction ol
WAave surge

Built up
coastal rige

Coastline

Giant waves Platform shell

Atlantic Ocean

Figure 10: Schematic map of a chevron, associated giant boulderslandward of highlands and runup deposits on older
built-up ridges, following the impact of a giant wave coming from the Northern Atlantic Ocean (modified after Hearty
et al., 1998).

4.2 Sedimentology

The source of sediment for the Fenambosy chevron isthe eastern part of the active beach.
This 10 km long zone is located between Malaimpioka Cape and the locality Bongolava.
Battistini (1964) suggested that |ongshore drift towards the West accumul ates sediments on this

beach because the presence of a steep rocky cliff in the West. Being more resistant to the
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erosion, it induces alocal low sediment supply. The active front part (generation 4; Figure 8) is
still migrating fast but is already disconnected from the littoral source by the fixation of the
parabolic dunes. As aresult, a new generation of dunes (generation 5; Figure 8) is migrating
from the beach on the vegetated parabolic dunes. The Menrandra mouth is located to the West
of the Ampalaza chevron and acts as the main source of sediment. The associated lagoon is

reformed each year during the dry season.

4.3 Geochronology

According to the stratigraphy defined by Battistini (1964), al chevronsin S-Madagascar
are correlated to the “flandrienne” transgression that occurred around 6’000 yrs BP. They now
partially cover the older “Petite Dune” unit correlated to the “karimbolien” high sea-level
(120°000 to 80’000 yrs BP), which roughly corresponds to the Eemian or LIG. During the
Holocene transgression, a dense psammophile vegetation that partly fixed the migrating bare
sand, inducing the formation of parabolic dunes (Lebigre et al., 2001). The stratigraphic
relationships between the different units are summarized in Figure 8 for the Fenambosy
chevron, and in Appendix 2 for the Ampalaza chevron.

Radiocarbon-dated archeol ogical discoveries (Blench, 2010; Burney, 2004), coupled with
the presence or absence of oral history in S-Madagascar, made it possible to approximately
constrain the chevron maximum age at ca. 500 AD (Gusiakov et al., 2009). Based on the general
appearance and vegetation cover, a mid-Holocene age (7°000-4’000 years) was proposed. The
authors suggest that because there are fragile, unconsolidated features, chevronswould not have
been preserved after the Y ounger Dryas climatic change. Older detailed studies conducted in
the region correlate the chevrons to the “post-karimbolien” period that occurred between
120°000 and 45°000 (Battistini, 1964; Lebigre et al., 2001).

5 Emplacement mechanisms

5.1 Giant storm wave hypothesis

Building up on an hypothesis formulated by Hearty et a. (1998), and integrating recent
assessments on the LIG climate (DeConto and Pollard, 2016; Engdl et al., 2015a; Hansen et al.,
2013, 2015; P. Hearty et al., 2007; Kopp et al., 2009; O’Leary et al., 2013), Hearty and Tormey
(2017) reiterated the giant-wave theory for the formation of chevrons in the Bahamas. There,
chevrons are associated with large boulders and runup sediments, thereby seemingly
constituting a “trilogy” of long-period wave deposits (Hearty et a., 2002, 1998; Hearty and
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Tormey, 2017). Chevrons were accumulated in lowlands delineated by older ridges, the lower
portions of which were potentially the source of the large boulders, whereas sand sheets were
deposited over the ridges by wave runup (Figure 10).

This trilogy can be observed in North Eleuthera, near the Glass Window bridge, where
chevrons occur close to megaboulders and run-up deposits. Seven boulders with a volume
ranging from 500 to 1000 m?, and weighting from about 300 to 2000 tons lie in the vicinity of
the bridge (Hearty, 1997). Evidences for their erratic origin consist of high-angle bedding (30°
to 75°; Hearty and Tormey, 2017) and their stratigraphic position above younger units. Because
no major tsunami struck the Bahamian coastlinesin historical times, the storm-wave hypothesis
appeared as the most plausible one. The authors referred to a “diminutive analogue”, called
“Perfect Storm” that generated a wave responsible for the horizontal displacement of the GW
bridge weighting 510 tons. The natural rock bridge painted by Winsow Homer in 1895 was
also washed away by storm waves (https.//www.eleuthera-map.comvrage-glass-window-

bridge-1.htm).

Exuma Sound

Staniel Cay

Harvey Cays

Back Barrier with dune grasses £

Figure11: 1— Aerial photograph of a partially eroded chevron near Staniel Cay in the Exumas, Bahamas (photo from
P. Kindler). 2— Comparison with a typical washover fan morphology on a barrier isand (modified after (Donnélly et
al., 2006).
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Runup deposits observed near chevron dunes are composed of stacked sequences of
tabular, seaward-dipping beds showing fenestrae-rich levels. The composition is the same as
chevrons and consist of a well-sorted oolitic grainstone. They can be associated with scour
structures and rip-up breccia in some places, advocating for the erosive power of storm waves
runup (Hearty et al., 1998; Hearty and Tormey, 2017; Tormey and Donovan, 2015).
Furthermore, the changing character (scarcity and continuity) of fenestral beds within chevrons
and runup deposits appears to reflect an attenuation of large waves on coastlines (Hearty and
Tormey, 2017; Tormey and Donovan, 2015).

The LIG sea level history remains moderately well understood despite the numerous
studies conducted (see Hansen et al., 2015 for a review of past studies). Climatic transitions
between glacial and interglacial periods are strongly affected by insolation change (Hays et al.,
1976), asit drives the growth and decay of Northern Hemisphere ice sheets. The warm-season
insol ation anomalies were negative during the M1 S 5Se, which was supposed to trigger the decay
of ice sheets. To answer this paradox, severa studies proposed that East and West Antarctic ice
sheets and basins collapsed during this period, resulting in an abrupt sea level rise (DeConto
and Pollard, 2016; Hansen et a., 2015; Hollin, 1965; Mercer, 1978; Neumann and Hearty, 1996;
Wilson, 1964). For Hansen et al. (2015), the injection of fresh melt water in the Atlantic has
dramatically increased the pressure gradient at the surface, strengthening northeasterly winds
that would have contributed to the generation of long-period waves, amplified thereafter by
local coastal bathymetry, reflection and refraction (Hearty and Tormey, 2017).

5.2 Cosmogenic tsunami hypothesis

In Australia, most of the chevrons have been correlated to the Holocene (cf. Chap. 3.3),
enabling some authors to cross-check the geological imprint of tsunamis with oral traditions
and mythologies (Bryant et a., 2007; Masse, 2007; Masse and Masse, 2007). Severa studies
mention the impact of past intense tsunamis on Australian coastlines, especially on the west
coast (Bryant, 2014; Gusiakov et a., 2009). Imbricated boulder fields located onshore, in
particular along the East coast (Bryant, 2014; Gusiakov et al., 2009), evoke the concrete block
that was moved 150 m from the coastline during the Japan tsunami of 1983 (Gusiakov et al.,
2009). Because chevrons orientation does not necessarily coincide with the dominant wind
direction, and their limits occur far above any deposits of recorded storms or seismogenic and
volcanic tsunamis, a cosmogenic impact was suggested as a probable formation process
(Abbott, 2006; Abbott et al., 2007; Bryant, 2014; Gusiakov et a., 2009; Kelletat and Scheffers,
2003; Masse, 2007; Scheffers et a., 2008). Another argument was the presence of chevron
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fieldsaong cliffed coasts where a source of available sediment is absent (Schefferset al., 2008),
and the extent of these complexes, especially on the South-Madagascar coast where they
climbed the major fault escarpment reaching heights of more than 200 m.a.s.| with inland
penetration about 45 km (Gusiakov et al., 2009).

By extending chevrons orientations, Kelletat and Scheffers (2003) predicted an impact
zone in the Indian Ocean at the same latitude as Perth. The large Burckle crater (29 km in
diameter) was then discovered and related to the Madagascar and W-Australia chevrons (see
Gusiakov et al., 2009 for areview of past studies). Because of its subtle morphol ogy, the authors
are certain that the crater cannot be interpreted as a submarine volcano, which usually have a
more pronounced relief, or as afault-block basin, that do not adopt a circular shape even within
the Southwest Indian Ridge. Deep corestaken in the crater areareveal ed impact g ecta, of which
the most diagnostic ones are: 1) melted droplets of NiO at the base of pure Ni grains, 2) nearly
pure carbon spherules, and 3) calcite rhombohedrons at a depth where ocean waters are
undersaturated with respect to calcite (Abbott et a., 2005; Gusiakov et a., 2009). The ages
obtained for chevrons (cf. Chap. 4.3) were correlated to the estimated Holocene age (4’500 to
5’000 y BP) of the Burckle impact crater located in the S-Indian Ocean (Abbott, 2006; Abbott
et a., 2007, 2006; Gusiakov et a., 2009; Kelletat and Scheffers, 2003; Masse, 2007; Masse et
al., 2006; Schefferset al., 2008; Scheffers and Kelletat, 2003).

Figure 12: Distribution of L, H and L/H ratios for each location of the three studied regions where stripped zones
indicate the range of subaqueous dunes, after Bourgeois and Weiss (2009), for each parameter. It does not appear on
the L graph because of a much smaller order of magnitude.

5.3 Eolian hypothesis

In the Bahamas, a few studies argued that fenestral porosity does not only occur in
intertidal environments (Bain and Kindler, 1994; Kindler, 1991; Kindler and Strasser, 2002,

2000), implying their occurrence in chevrons may not be necessarily related to large waves.
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High-elevation fenestrae have been observed in eolianites of early MIS 5e, middle Pleistocene,
and Holocene agein the Bahamas (Engel et a., 2015), which disagreeswith Hearty et al. (1998)
who restricted these featuresto the late M1S 5e chevrons and runup deposits. Stieglitz and Inden
(1969) had aready interpreted fenestrae within a spillway as the results of heavy rains.
Moreover, Kindler and Strasser (2002, 2000) observed pin-stripe laminations in the run-up
deposits and chevron ridges, and argued that such extensive, mm-thin lamina with an erosive
base, that show an inverse grain-size grading in well-sorted sands devoid of gravel-size debris
of marine origin, aretypical eolian features. They further agreed that backwash-generated, |ow-
angle cross-strata can also display inverse grain-size grading, but at alarger scale (1-2 cm thick)
and are not as extensive. In addition, they reasoned that chevron morphology does not
correspond to that of washover fans (Figure 11), which exhibit landward dipping plane beds
(Schwartz, 1982), and point in a downwind direction paralleling the axes of the northeasterlies
that constantly blow the Atlantic coast of the Bahamas (Kindler and Strasser, 2000).

The more compl ete sedimentol ogical assessment of Malagasy chevrons by Bourgeois and
Weiss (2009) and their comparison with the Palouse parabolic dunes suggest a similar
formation process for both bedforms (Table 1). Their measurements of bedform characteristics
show two distinct ranges for subagqueous and eolian deposits. They added that features similar
to chevrons are common in continental interiors, sometimes related to bodies of water. They
also modelled the wave approach pattern and compared it to the orientations of chevrons along
the Malagasy coast (Figure 9). Considering a small impact in deep water and the regiona
bathymetry, the resultant refraction and reflection involved when potential tsunamis approach
the S-Madagascar coastline are not aligned with chevron orientations. The wave crests would
have been pardlel to the shore and with a perpendicular approach to it. Finally, they modelled
the transport conditions occurring in aflow able to deposit a chevron. They have listed several
factorsinfluencing basic bedforms characteristics (L and H): settling velocity, shear stress, flow
depth, bed erodibility (e.g., vegetation) and roughness (ks), sediment supply, flow structure and
grain size (D). They defined dunes as features scaled by excursion length of grains, where
sediment availability and flow depth (h) are the limiting factors of growth with a ratio of H
<0.5h. Given that the mgjority of chevrons have an elevation between 10 and 100 m.asl
(Schefferset al., 2008); the minimum flow required would have reached more than 200 m.a.s.l..
Moreover, the Rouse number (p) is an indicator of the type of transport adopted by particles
under specific flow conditions. When it exceeds 2.5, bedload transport prevails, whereas when
it isinferior to 0.8, only suspension load conditions occur and so the wash out of the bedform

(Shen and Julien, 1993). This dimensionless number is a relationship between grain settling
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velocity (ws), shear velocity (u-) and the von Kérmén constant (Vanoni, 1975; Yalin, 1977). By
examining p and h under varying ks D and Froude number (Fr), none of the modelled
configuration generates pure bedload transport resulting in an instability of the bedform (Figure
9). Therefore, they concluded by rejecting the tsunami hypothesis and by defining the chevrons
in Madagascar as parabolic dunes.

54 Associated deposits

Concerning the megaboulders described in Eleuthera, Rovere et a. (2017) used
geological field surveys to model wave propagation and define boulder transport equations.
They concluded that a storm of a “normal amplitude”, meaning of historical intensity, combined
with the high sea-level during MIS 5e could have transported the megaboul ders from the cliff-
edge, thus nuancing the “super storms” and “giant waves” assumption. Following this
publication, Hearty and Tormey (2018a) and Rovere et al. (2018) exchanged comments by
mutually criticizing each other’s methodology.

The impact-generated tsunami explanation, mostly carried by the Holocene Impact
Working Group, sparked controversy given its potential significance for past climate
reconstructions and future previsions. In fact, the Burckle crater represents one case among
hundreds others listed in the Expert Database on Earth Impact Structures
(http: //tsun.ssce.ru/nh/impact.php), defined as “more liberal” than the Earth Impact Database
(http: //mww.unb.ca/fredericton/science/research/passc/). Pinter and Ishman (2008), in a
concise dissertation and later cited by Bourgeois and Weiss (2009), quoted Carl Sagan

(undated), “extraordinary claims require extraordinary evidence” while challenging the mega-
tsunami interpretation. They qualified the Burckle crater as “dimple” and stipulated the absence
of the associated “impact ejecta” for the K-T impact. According to them, thelatter ismorelikely
to be the result of the accumulation of micrometeorites that fall constantly on the surface of the
Earth.

6 Methods

6.1 GlSanalysis

Digital elevation models (DEM) were GIS analysed to quantify the geomorphol ogical
parameters of chevrons in the Bahamas, Madagascar and Queensland. The Fundamental
Horizontal Accuracy (FHA) is about 5 m for Queensland, approximatively 12 m for south
Madagascar and the Bahamas, whereas the Fundamental Vertical Accuracy (FVA) is
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Figure 13: Columns 1-3 and 6-8: Wind regimes analyses with average and maximum speed plus the prevailing direction of wind. Proportions of each Beaufort class expressed in
percentages of the time wind blew, next to windroses. Column 4 and 9: Rose diagrams showing the measured orientations of chevron ridges with the average direction, standard
deviation and number of measurements. Column 5 and 10: Sand roses obtained by DP analysiswith total DP, RDP, RDD and RDP/DP.
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respectively of 0.8 m and of 0.0 to 2.0 m (ICSM, 2010; Wessdl et a., 2018). Three bedform
characteristics were precisely quantified (Figure 12) to generate a database comparable to that
proposed by Bourgeois and Weiss (2009), which was partially based on estimations from the
literature: L (km), W (km) and H (m). L isthe mean of the lengths of both arms, W is the mean
of at least three values measured between the shortest arm and the lobe (defined as where the
topography significantly increases beyond the trend of the arm crest), and H is the maximum
height measured between the crest and the average altitude of the surrounding floor. For each
location, chevrons directions were measured and plotted asrose diagrams (Figure 13) with their

mean (X), standard deviation (o) and number of measurements (n).

Table 2: Fryberger’s classification of wind regimes (Fryberger and Dean, 1979) using DP analysis and the
corresponding studied locations (this study).

DP (vu) DP (m3 m-1year-1) Energy of wind direction L ocations
<200 <17 Low Brooms Head, Moreton island, Curtis island
200-400 17-33 Intermediate Itampolo, Fraser island, Great Exuma
> 400 >33 High Corio Bay, Long Island, Fenambosy, Ampaaza
RDP/DP Variability Probable category L ocations
<03 Low Complex / Obtuse bimodal
0.3-08 Intermediate Obtuse / Acute bimodal Brooms Head, Moreton istand, Great Exuma,

Long Island, Fraser island
Itampolo, Curtisisland, Corio Bay, Fenambosy,

>0.8 High Wide / Narrow unimodal Ampalaza

6.2 Wind analysis

The wind speed-direction data measured by satellite were collected from the POWER
Release-8 database of NASA (Stackhouse et a., 2018), and wind parameters were estimated at
the 10-m height according to the meteorological convention. They range from January 1% 1990
to January 1% 2017, at the rate of one measurement per day, and were collected for Great Exuma
and Long Island in the Bahamas; Ampalaza, Itampolo and Fenambosy in S-Madagascar; and
five costal locations (Brooms Head, Corio Bay, Curtislsland, Fraser Island and Moreton Island)
in Queensland (Appendix 3). Analyses of wind regimes were performed with WindRose PRO©
and plotted as wind roses (Figure 13). The latter express the distribution of wind speed and
direction, using the Beaufort scale where the label “Moderate breeze” corresponds to the impact
threshold shear velocity of wind. The amount of data used, the average and maximum speed (in
m.s ), and the prevailing wind direction are cal cul ated for each place. To avoid any bias pointed
out by several studies (Bullard, 1997; Miot da Silvaand Hesp, 2010; Pearce and Walker, 2005;
Silva et al., 2008), the collected wind speed data, expressed in m.s, were converted in knots
(kts) when applying the Fryberger method.
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6.3 Sand drift potential analysis: the Fryberger method

The Fryberger method (Fryberger and Dean, 1979) uses wind direction and speed to
calculate the sand drift potential for the 16 compass points (N, NNE, NE, ENE, E, ESE, SE,
SSE, S, SSW, SW, WSW, W, WNW, NW and NNW). Taking up the equation of Lettau (1978),
Fryberger and Dean (1979) added the weighting factor for vel ocity classes (stronger winds have
greater weightings) and simplified the equations into:

Q o V2(V-Vi)t

where Q is the rate of sand drift expressed in vector units (vu), VZ(V-V) is the weighting factor
expressed as a function of the wind velocity V a 10 m height, and the impact threshold shear
velocity of wind V; a 10 m, and t the time wind blew expressed as a percentage. The impact
threshold shear vel ocity (estimated at 12 knots under dry conditions; Fryberger and Dean, 1979)
is the minimum velocity of afluid required to initiate saltation of quartz sand grains (Bagnold,
1936). When carbonate grains are of similar size, shape and density (e.g., ooids), the transport
threshold is very similar to that of quartz (Prager et al., 1996).

Once the drift potential values are calculated for al wind speed-direction data, it is
possible to retrieve the resultant drift potential (RDP), also expressed in vector units, and the
corresponding resultant drift direction (RDD). Because values vary over several order of
magnitude, a scale factor (SF) representing a reduction factor was allocated to sand roses for
comparison and ease of presentation. A fourth variable, the ratio RDP/DP, was calculated to
understand the variability of the wind direction. Ranging from 0 to 1, a high RDP/DP stands
for aunidirectional wind regimewhereas alow ratio suggests multidirectional winds cancelling
each other’s DP (Fryberger and Dean, 1979). By combining these variables, the type of wind
regime can be categorized (Table 2).

7 Results

Chevrons exhibit lateral extensions ranging from 0.45 to 5.7 km, heights between 7 and
75 m, and L/H ratios going from 18 to 282 (Figure 12). During the past thirty years, winds have
blown with an average speed above the impact threshold shear velocity (~5.5 m.s?) in most
studied places, except at Brooms Head and Moreton Island (Figure 13). In Great Exuma and
Long Island, wind conditions with the capacity to trigger saltation represent respectively 56%
and 59% of the time. In South Madagascar, it is 58% in Ampal aza, 54% in Fenambosy and 42%
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in Itampolo. Finaly, wind blows above the threshold 21%, 52%, 38%, 51% and 30% of the
time respectively in Brooms Head, Corio Bay, CurtisIsland, Fraser Island and Moreton Island.

Chevrons (aka parabolic dunes according to many authors in many of the mentioned
locations) azimuths show a narrow distributivity with a maximum standard deviation of 19.8
for the Fenambosy site, and a strong correlation with RDD (Figure 14). DPs indicate a wide
variety of environments in terms of wind energy, but every time under a system that tends to
be unimodal with RDP/DP ratios within obtuse/acute bimodal to wide/narrow unimodal ranges

(Table 2).
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Figure 14: Linear regression model for chevrons azimuths on RDD showing a strong correlation between the two
variables.

8 Discussion

The morphological parameters of chevrons need to be interpreted by region for obvious
reasons such as difference in composition, ground, vegetation, precipitation rate, climatic zone
and sediment supply. Since the most extended and highest dunes are not necessarily the ones
associated with the greatest DP, RDP or the most unimodal wind regimes, L and H should be
controlled by other factors (Hack, 1941; Hugenholtz, 2010; Rubin and Hunter, 1982; Wasson
and Hyde, 1983). However, distribution of L, H and L/H of chevronsis undoubtedly above the
range of subagueous bedforms and correspond to values given for parabolic dunes (Bourgeois
and Weiss, 2009; N. Lancaster, 1994).

The wind regimes and drift potential analyses reveal that wind blows above the impact
threshold shear velocity with an acute bimodal or unimodal configuration most of the time, and
for the great majority of the studied locations. Despite wind regimes being low, intermediate
and high energy environment, the dominant Beaufort class to blow and actively induce grain

mobilization in every region is the “moderate breeze” (5.5 to 7.9 m.s™%). In this environment,
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chevrons azimuths are strongly correlated to RDD (Figure 14), which suggests an eolian origin
for these deposits. The studied chevrons lie in different regions corresponding to different
climate zones, vegetation type, sediment availability and composition. The Bahamas and South-
Madagascar are classified as tropical savanna climates (Aw) according to the Koppen climate
classification (Peel et a., 2007d), which have a pronounced dry season (less than 60 mm of
precipitations for the driest month) and a wet season that receives less precipitation than the
similar tropical monsoon season. Usually, this category is characterized by tall grass and short
deciduous trees or rampant-type vegetation. The studied areas in Queensland lie in a humid
subtropical climate zone (Cfa), defined by hot and humid summers, and mild to chilly winters.
The vegetation comprises evergreen trees, shrubs and bushes. The annual precipitation ranges
from 1000 to 2000 mm, moistening sand and increasing the impact threshold minimum. The
different types of vegetation, which plays a key role in stabilizing the arms of the dune and
driving the parabolic shape, act differently on sand migration in the considered regions.
Nonetheless, the recurrence of the “U” and “V” shape, the correlation between chevrons
azimuthsand RDD, and the similar type of wind regimes agrees with Wolman and Miller (1960)
and Bagnold (1941), who showed that net transport, dune form and orientation are parameters
controlled by recurring winds above the impact threshold rather than by brief sporadic episodes
of wind gusts.

As it has been a mgjor argument to seek for alternative explanations concerning their
formation, the Fryberger method provesthat chevrons are effectively aligned with the dominant
drift potential direction, which agrees with the principle of Occam’s Razor cited by Bourgeois
and Weiss (2009): the simpler explanation is usually the better. Regarding the numerous
arguments given in the literature and the new data provided in this study, it is reasonable to
argue that chevrons are mostly, if not al parabolic dunes and that scientists should get rid of
the term “chevron”, which has proven to be confusing, and provides little to no indication of
the true genesis of most deposits claimed to be such.

So not only does wind regime control the orientation of landforms, but it is also a major
component of processes shaping parabolic dune complexes or dune-field systems. One of the
most interesting aspect of the data is the correlation between present wind regimes and some
morphological parameters of Holocene or Pleistocene-dated chevrons. Thus, the latter seem to
act as paleo-wind proxies arguing for unchanged wind regimes, at least of drift potential
directions, since the LIG. Wind regimes during Holocene are more easily studied because it is
a recent period, but as stated by Opdyke (1961), the wind belts during the Pleistocene were

similar to the present ones, despite a significant difference in global temperature (Mackenzie,
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1964). Given the wide distribution of “chevrons” on the world’s coasts (Figure 5), they could
be useful to reconstruct global paleo-wind circulation at different periods of the recent past.

9 Conclusions

We have reviewed the distribution, morphology, sedimentological characteristics,
geochronology, and the different interpretations pertaining to the mode of formation of chevron
ridges. We further proposed a general wind-related analysis in three coastal locations along
three oceansin two different climate zones. The main conclusions of thisreview and of our new

analysis are as follows:

e chevronridgesare commonly found lying on or near coastlines but can also be observed
in continental interiors.

e there are eight different types of so-called chevron, actually parabolic dune,
morphologies, six of which exhibit a central depression framed by elevated crests.
Alleged chevrons have a km-scale length, tens to thousands m-size width and a
plurimetric thickness. The measured values for these morphological parameters are well
above the range of subaqueous bedforms and correspond to values given for parabolic
dunes.

e sedimentological features commonly present within chevrons are subparallel, low-
angle, aggrading, seaward dipping beds with few interruptions and truncations. An
aternation with cm-scale, fenestrae-rich beds can be observed in the Bahamas
occurrences. Some authors have also observed subcritically climbing trandatent strata
(SCTS) which are typical of eolian transport.

e theage of the studied chevrons extends from the LIG and the L ate Holocene.

e Chevrons azimuths show a narrow distributivity and a strong correlation with the
resultant drift direction (RDD) of the wind, whereas in many cases, they are not aligned
with the dominant swell or estimated wave directions associated with possible tsunamis,

or similar.

The presence of characteristic eolian sedimentary features (SCTS) within chevrons and
the correlation of their morphol ogy with wind regimes rather suggest that strong unidirectional,
constantly blowing winds reworking exposed subtidal to intertidal and backshore sediments are

a more plausible explanation for their origin than a rapid dramatic hydrodynamic process.
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Consequently, the term “chevron” should be banned from the literature if it is to be used as
defined in this paper, in order to avoid any possible confusion. Finally, these deposits appear to
be a useful tool to reconstruct wind environments of the past and constrain paleoclimatic

models.
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This chapter addresses the formation process of “chevron” dunes in the Bahamas and how they

are correlated to past climate conditions in the region.
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Abstract

The Upper Pleistocene (Marine Isotope Stage 5e; ~120 ka) stratigraphic record from the
Bahamas comprises|arge, km-long parabolic ridges of oolitic composition, that point landward,
and have been up to now called “chevrons”. A debate about their genesis has led previous
researchers to consider two processes of deposition: 1) a catastrophic event involving giant
storm-generated waves produced by specific climatic conditions at the end of M1S 5¢; 2) amore
uniformitarian process which characterises “chevrons” as aeolian parabolic dunes because of
their similar morphology. Since there are few unequivocal sedimentological criteria to
discriminate aeolian from water-deposited sediments, only a quantitative, multi-method
approach could provide enough arguments to produce a viable diagnosis on the genetic
processes involved. Following this reasoning, the quantification of the morphological
parameters of “chevrons”, a precise study of their sedimentary structures on previously and
newly discovered sections, and severa statistical grain-size analyses, all advocatefor an aeolian
origin. Moreover, when the aforementioned characteristics of “chevrons” are compared with
those of storm deposits (e.g., washovers) and parabolic dunes occuring el sewhere on Earth, the
dissemblance with the former and the resemblance with the latter is evident. Amino-acid
racemization (AAR) dating, together with stratigraphic and petrographic investigations,
constrain the “chevrons” age to the late part of MIS Se. Their occurrence during this specific

timeinterval can be explained by both strengthened easterly winds and drier climatic conditions
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associated with a changing vegetation cover. Fixation of the arms by a sparse vegetation,
coupled with the loose “chevron” nose sediment migrating farther inland, form the peculiar U-

shaped morphology of these ridges.

1 Introduction

The Bahamas

Atlantic
Ocean

Eleuthera

Great Exuma

Figure 15: Google Earth satellite image of the Bahamaswith the location of the four studied islands.

Up to now called “chevrons”, the peculiar V- and U-shaped oolitic ridges of Late
Pleistocene age exposed on severa Bahamian islands have drawn the attention of numerous
researchers for almost two decades (Bourgeois and Weiss, 2009; Donovan and Tormey, 2015;
Engel et al., 2015b; Hansen et al., 2020, 2016, 2013; Hearty et a., 2015, 2002, 1998; Hearty
and Tormey, 2018b, 2018a, 2017; Kindler and Strasser, 2002, 2000; Mylroie, 2018a, 2018b;
Rovere et al., 2018, 2017; Tormey, 1999; Tormey et a., 2018, 2016; Tormey and Donovan,
2015; Vimpere et al., 2019). However, despite the numerous studies pertaining to these
landforms, both their formation mechanism and their climatic significance remain uncertain
and controversial. Two conflicting hypotheses have so far been proposed: (1) Hearty et al.
(1998) first suggested that large, long-period waves generated by distant “superstorms” dumped
sediments in a hairpin form onto the islands at the end of the substantially warmer Last
Interglacia period (LIG; Marine Isotope Stage 5e; 126-113 ka BP; Thompson et a., 2011); (2)
by contrast, Kindler and Strasser (2002, 2000) inferred a wind-driven formation process for
these deposits because of the number of similarities between “chevrons” and aeolian parabolic

dunes.
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Figure 16: Stratigraphy of the Bahamas islands and its relationship to sea level during the LIG. Description of the
eustatic phases and ages correspond to the sea-level curve proposed by Godefroid (2012). Note that the boundaries
between members cannot be attributed precisely to a specific sea-level stand.

The first assumption concurs with the so-called “ice-surge hypothesis” (DeConto and
Pollard, 2016; Hansen et a., 2016; Hollin, 1965; Mercer, 1978; Neumann and Hearty, 1996;
Wilson, 1964), which portrays a rapid transgression and catastrophic climatic changes at the
end the LIG linked to a collapse of Antarctic ice sheets. These events would have facilitated the
formation of giant waves by chain-reaction, notably by strengthening pressure, temperature and
moi sture gradients adjacent to warm tropical waters (Hearty and Neumann, 2001). Hearty et al.
(2002, 1998) and Hearty and Tormey (2017) further identified a “trilogy” of field evidence for
long-period wave deposits in the Bahamas: (1) the “chevrons”, which accumulated in lowland
areas under this morphology because of the rapid loss of wave kinetic energy; (2) seven
“megaboulders”, up to 2’000 tons in weight, some of which stand on top of a 20 m-high cliff at
one location in Eleuthera; and (3) stacked, seaward-dipping “run-up” deposits including scour
structures and “rip-up” breccias. The occurrence of fenestral porosity in both “chevrons” and
“run-up” deposits is presented as an additional evidence of a wave-induced origin for these
landforms because fenestrae (i.e. keystone vugs) are commonly associated with wave-swash
action (e.g. Dunham, 1970).

The second hypothesis relies on the morphological resemblance between aeolian
parabolic dunes and “chevrons” (Engel et a., 2015b; Kindler and Strasser, 2002, 2000) and on
the alignment of the latter with the present resultant drift direction of carbonate sand generated
by north-easterly winds (Vimpere et a., 2019). The occurrence of rhizoliths, land snails, and
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the omnipresence of climbing translatent stratification (CTS) within “chevrons” and “run-up”
deposits further argues for an aeolian origin, as these fine structures are by and large considered
as diagnostic of wind processes (Caputo, 1993; Frébourg et a., 2008; Fryberger and Schenk,
1988; Hunter, 1977; L oope and Abegg, 2001; L oucks and Ward, 2001; McK ee and Ward, 1983;
White and Curran, 1989). In this hypothesis, fenestral pores are interpreted as resulting from
the effect of rainfall. This formation process has been observed in modern coastal dunes
(Emery, 1945; Frébourg et al., 2008) and in a subaerial dam spillway (Stieglitz and Inden,
1969), and also reproduced experimentally (Bain and Kindler, 1994). Fenestrae have also been
described from aeolianites of Holocene (Engel et al., 2015; Loucks and Ward, 2001) and
Pleistocene age (Bain and Kindler, 1994; Frébourg, 2010). Finaly, the morphologica and
sedimentological disparities between well-identified storm deposits (e.g. washover lobes,
conglomeratic berms) and “chevrons” (Engel et al., 2015b; Kindler and Strasser, 2002, 2000;
Mylroie, 2018a, 2018b; Vimpere et al., 2019) does not agree with awave origin for the latter.
Regarding the “megaboulders”, Rovere et a. (2018, 2017) used a wave model to demonstrate
the needlessness of evoking “superstorms” as an emplacement mechanism when hurricanes of
historical intensity can transport boulders of such sizes. Because of their geographically limited
distribution, Mylroie (2008) proposed a cliff-rollback model (boulders rolling down from the
cliff edgeto overlie ayounger unit), which was discussed as the best option by peers (Hasler et
al., 2010; Kindler et a., 2010; Viret, 2008).

This study provides new quantitative data on the morphology, sedimentology,
granulometry and timing of deposition of “chevrons” from the islands of Eleuthera, Long and
Great Exuma. “Chevrons” from Acklins Island were only considered for remote measurements
as no field data have been collected there. We aim at resolving the controversy regarding the
formation and the significance of these landforms. Figuring out whether these Upper
Pleistocene V- and U-shaped ridges from the Bahamas result from large-storm action or from
aeolian processes is certainly of importance in the present-day context of anthropologically

induced global climatic changes and sea-level rise.

2  Settings

2.1 Geographical settings

Located to the East of Florida and to the North of Cuba, the Bahamian archipelago is
composed of aseries of isolated, flat-topped carbonate platforms extending for more than 1’000
km along a NW-SE axis. This study concerns three islands situated on the Great Bahama Bank
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(GBB; Eleuthera, Great Exuma and Long) and Acklins, which is located on the Crooked-
Acklins Bank to the South of GBB (Figure 15). The area was long considered as slowly
subsiding in atectonically stable context (J. Carew and Mylroie, 1995; Lynts, 1970; Mullins
and Lynts, 1977), but this tectonic stability has recently been questioned (Kindler et al., 2011;
Mulder et a., 2012). Most of the islands are elongated and narrow in shape (Figure 15), and
essentially composed of a complex 3D arrangement of wind-blown carbonate sediments of
Quaternary age. High-energy conditions along the Atlantic coastlines and quiet lagoonal
environments on the bank side lead to sediments being mostly transported from East to West,
paralel to the constantly blowing easterlies.

Figure 17: Illustrative sketch of an ideal parabolic dune showing the different morphological parameters measured.

2.2 Present-day and L1G climatein the Bahamas

The Bahamas are located in the tropical monsoon climate zone as defined in the Koppen
classification and experience two main seasons largely determined by the movements of the
Intertropical Convergence Zone (ITCZ). In the winter, the southward motion of the ITCZ
induces temperate-warm, dry, and windy conditions over the archipelago, whereas in the
summer its northward shift results in a hot and humid climate with weaker trade winds (K ottek
et a., 2006; Ped et a., 2007b). The Bahamian climate is mostly influenced by the latitudinal
extension of the archipelago, which leads to a climatic heterogeneity between the northern and
southern part. Indeed, whilst temperature is rather constant throughout the archipelago in the
summer, it is clearly warmer in its southern part in the winter (Sealey, 2006). Moreover, the
average yearly rainfall is 850 mm, but regional variations range from 700 mm to 1500 mm/y
(Wolcott et a., 2018), the southern part of the archipelago being much drier than the northern

one.
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been identified (e.g., Hearty et al., 1998). No characteristic U- or V-shaped morphologies are visible. See text for more
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The LIG is commonly known as one of the warmest interglacial periods of the last 800
kyr (Past Interglacials Working Group of PAGES, 2016) with a global average temperature
estimated at 1.5-2°C warmer than the pre-industrial one (Hansen et a., 2016), and a sea level
rise of 6 to 9m above the present one associated to significantly reduced ice sheets (Dutton et
al., 2015). As such, it has been used as a potential analogue for future climate models (Hansen
et a., 2020; Valérie Masson-Delmotte et al., 2013). Prolonged anomalies of the ITCZ position
have long-term effects on the climatic conditions in the tropics, which have been linked with
changes in sea surface temperature (SST) and salinity (SSS), Atlantic Meridional Overturning
Circulation (AMOC), and ice sheets extent (Gibson and Peterson, 2014; Hoffman et a., 2017,
Peterson and Haug, 2006; Zhuravleva and Bauch, 2018). In the Bahamas, a southward shift of
the mean annual position of the ITCZ is usualy related to cooler and drier stadials with
intensified trade winds, whereas a northward shift is linked to higher temperatures, increased
precipitation, and weakened trade winds. By studying faunal assemblages, the isotopic signal
and XRF data, Zhuravlevaand Bauch (2018) advocate awarm/humid and cooler/drier early/late
MIS 5e, respectively, which correlates with a SST being higher during the early MIS 5e than
during the late MIS 5e (Hoffman et a., 2017). They also determined that a sudden southward
displacement of the ITCZ at around 127 ka BP interrupted a warm phase in the early part of
MIS 5e and induced an abrupt “Younger Dryas-like event”.

2.3 LIG stratigraphy and sea-level history of the Bahamas

The studied V- or U-shaped ridges belong to the Grotto Beach Formation (GBF), which
has been correlated to the LIG. The GBF generally overlies the Owl’s Hole Formation (Carew
and Mylroie, 1985; Figure 16), which comprises both bioclastic and oolitic-peloidal
calcarenites of Middle Pleistocene age (Hearty and Kaufman, 2000; Kindler and Hearty, 1996).
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Figure 19: DEMs showing “chevron” morphologies: (A) on the northern part of Great Exuma (EFH = Farmer’s Hill
section; ERP = Rokers Point Settlement section); (B) at the Michelson section (EM1) on the southern portion of Great
Exuma; (C) near Miller’s Settlement on Long Island (LMI; e.g. Hearty et al., 1998); (D) near Old Gray’s Settlement in
the central part of Long Island (LOG; eg. Hearty et al., 1998); and (F) on Acklins Isand where no field data were
collected. Refer to text for more details.

It is capped either by bioclastic aeolianites generally correlated to MI1S 5a (Almgreen Cay Fm.;
Hearty and Kindler, 1993; Whale Point Fm., Kindler et a., 2010) or by the Holocene Rice Bay
Formation (Carew and Mylroie, 1985), which includes (1) oolitic-peloidal aeolianites (North
Point Mb.; Carew and Mylroie, 1985), and (2) a shallowing-upward succession of mostly
bioclastic sediments deposited in beach to dune environments (Hanna Bay Mb.; Carew and
Mylroie, 1985). The GBF comprises three members (from base to top):

The French Bay Member (FBM; Carew and Mylroie, 1985) consists of a well-preserved
oolite showing sedimentary structures typical of the subtidal, intertidal, and mostly the aeolian
depositional environments (e.g. Caputo, 1995). It can be correlated with the early part of the
L1G based on its position relative to the well-dated overlying unit (see below) and amino-acid
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racemization (AAR) data (Hearty and Kaufman, 2000). The FBM has been interpreted as
transgressive-phase aeolianites of the GBF (Carew and Mylroie, 1985, 2001; J. L. Carew and
Mylroie, 1995), or as deposits corresponding to a distinct highstand at the beginning of MIS
5e (Hearty and Kaufman, 2000; Hearty and Kindler, 1993; Kindler and Hearty, 1996).

The Cockburn Town Member (CTM; Carew and Mylroie, 1985) comprises cord
boundstone/rudstone and shell-rich floatstone corresponding to ancient reefal and lagoonal
settings, respectively. The reefa facies is particularly well-represented in Mayaguana
(Godefroid, 2012) and Great Inagua (Skrivanek et a., 2018; Thompson et al., 2011). U-Th ages
from well-preserved coral samples range between 130 and 116 ka BP (Chen et al., 1991;
Kindler et al., 2011; Thompson et al., 2011), allowing correlation with MIS 5e.

The Fernandez Bay Member (Hearty and Kindler, 1993), or Boat Cove Member
(Godefroid, 2012), corresponds to a shallowing-upward succession of oolitic to bioclastic
sediments deposited in subtidal, intertidal and aeolian environments, and itconformably
overliesthe CTM. It can be correlated with the late part of the L1G because of its position above
the CTM, and because of AAR data (Hearty and Kaufman, 2000). This succession possibly
records a distinct sea-level highstand at the end of MIS 5e (Hearty and Kaufman, 2000; Hearty
and Kindler, 1993; Kindler and Hearty, 1996), but can aternatively be interpreted as the
regressive-phase deposits of the GBF (Carew and Mylroie, 1985; J. Carew and Mylroie, 1995;
J. L. Carew and Mylroie, 1995). Considering the uncertainties pertaining to the sea-level history
during the L1G (e.g. Barlow et a., 2018), this specific point remains an open question.

3 Methods

3.1 Morphology

To quantify the specific morphological parameters of “chevrons”, we used a Digital
Elevation Model (DEM) of the Bahamas generated by the satellite TanDEM-X and provided
by the German Aerospace Centre (DLR). The product isagrid given at 0.4 arcsec at the equator
(~12 m) with absolute horizontal (AHA) and vertical (AV A) accuracies (respectively expressed
asacircular and linear error at 90% confidence level) higher than 10 m. The relative vertical
accuracy (RVA) is about 2 m for a slope < 20% and about 4 m for a slope > 20% (Wessel et
al., 2018). Thelength (L), width (W), height (H), stoss-slope angle (), dip-face angle (o)), L/'W
and L/H ratios were measured (Figure 17; Appendix 4) on 10 “chevrons” located on three of
the studied islands: Great Exuma, Long and Acklins. The collected data were then compared to
the ones measured on 95 aeolian parabolic dunes, located in nine countries (Australia, Brazil,
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Denmark, Libya, Netherlands, Scotland, Spain, USA and Wales) and covering the tropical,
subtropical, and temperate zones worldwide (Appendix 5). The same global DEM was used for
parabolic dunes measurements. Following the methodology used by Yan and Baas (2017), L
expresses the average longitudinal distance between the front of the apex and the tips of the

arms:

L= 1/2(L1+L2)

W is the average dune width between the tips of the arms and the lobe, obtained from at least

five measurements:

n
W= Z Wi/
i=1

The estimations of sand volumes were made by calculating the pile volume defined by
computing sample elevations along the perimeter of the ridge. By assembling these elevations,
we generated a terrain surface that represents the “chevron” base and allowed us to calculate its
volume. Since “chevrons” lie on lowlands, the possibility of having an older substrate forming

reliefs below their base is negligible as well as the uncertainty on the sand volume.

3.2 Fied method

After recognition of the “chevrons” on the DEM, satellite and drone images were
scrutinized to find potential roadcuts or sections exposing their nose part. Sedimentary
structures were examined in detail at every exposure. Each dip value of large-scale cross-beds
isacalculated average of 20 valuestaken in the field. Small-scale sedimentary structures were
described following the classification developed by Hunter (1977) in siliciclastic deposits and
adapted to carbonate rocks by L oucksand Ward (2001). Following their classification, we apply
the term bounding surfaces to describe truncation surfaces of different orders of magnitude.
First-order bounding surfaces are the most extended, cut across cross-bedding and other dune
structures, and are often associated to the devel opment of aprotosol. Thus, they represent long-
term exposure surfaces and are labelled as such. Second-order bounding surfaces are less
extended, bound sets of cross-strata and are truncated by the first order bounding surfaces.
Therefore, they illustrate short-term reactivation surfaces that may correspond to short stopsin
the sedimentation or to a change in the wind direction. We paid particular attention to the
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occurrence of three stratification types: (1) climbing translatent stratification (CTS), which
consists of mm-thin, inversely graded laminae generated by the migration of wind ripples across
the dune; (2) grainfall lamination, which corresponds to mm- to cm-thick laminae produced on
the lee side of dunes where flow separation occurs; and (3) sandflow cross-stratification that

forms cm-thick, lens-shaped laminae resulting from sand avalanching on the dune dlip face.

Cape Cod, MA, USA

Atlantic Ocean

Cape Cod Bay Atlantic Ocean

———
0km 2km 0 km 1km
Fortaleza, CE, Brazil Curtis Island, QLD, Australia

==
SIS

Atlantic Ocean

Figure 20: Four examples of the studied 95 parabolic dunes around the world. Note the exceptional dimensions of the
coastal dunesin Brazil and along the east coast of Australia (C and D) compared to the ones developing on the eastern
coast of the USA (A and B). The formers are more elongated with a narrower deflation basin at their centres whereas
thelatter areflat-lying, splayed landforms.

3.3 Comparative microfacies analyses

Oriented samples collected in the field (n = 147) were cut, impregnated with blue epoxy,
thin-sectioned and then analysed under a Zeiss axi oscope petrographical microscope connected
to a Leica dfc 450c camera to ascertain their composition, diagenetic alteration, and micro-
sedimentary structures such as CTS.

To further clarify the depositional process at the origin of “chevrons”, we compared by
image analysis the granulometry of these landforms to that of well-identified, coeval aeolian
and beach deposits. Samples were taken from foresets, topsets and backsets, as well as from
planar, wedge-planar and trough cross-beds to avoid representativity bias. Image analysis
requires high-resolution scans of thin sections (4000 dpi), which were acquired using a Nikon
Super Coolscan 4000. Grain-size investigation was performed by manually measuring in 2D
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the long-axis diameter of 250 grains per section, using a random grid automatically generated
in the image-analysis software JMicroVision (Roduit, 2007). This type of grid prevents
potential uncertainties generated by arecursive (i.e. regular) one not suited to the mean grain
size (Neilson and Brockman, 1977), although the homogeneous character of the studied oolitic
deposits avoids any over-representation of large or small particles. The nature of ooids and
peloids, being spherical or ovoidal well-rounded carbonate grains, makes the underestimation
of aparticle diameter generated by the random nature of the section negligible (Higgins, 2000).

The computation of grain-size statistics was done with GRADISTAT v.8 (Blott and Pye,
2001), which is an Excel macro that provides a rapid calculation based on the mathematical
“method of moments” (Friedman and Johnson, 1982; Krumbein and Pettijohn, 1938) and the
method of Folk and Ward (1957). It uses both metric and logarithmically transformed scales (¢
= —log,(d); where d is the grain diameter), with the same number of classes as the ones
proposed by Friedman and Sanders (1978), but with a dlightly modified nomenclature
(Appendix 6). Calculated parameters include the mean grain size, sorting, skewness, kurtosis
and seven different cumulative percentile values (D10; Dso; Dgo; Doo/D10; Dgo —D10; D75/D2s and
D75 —Dzs).

3.4 Amino-acid racemization (AAR) dating

In the Bahamas, amino-acid racemization (AAR) chronology has successfully been used
to date whole-rock samples and shells of terrestrial gastropods (e.g. Hearty, 2010; Hearty and
Kaufman, 2009, 2000; Hearty and Kindler, 1993; Hearty and Schellenberg, 2008). This rapid
and inexpensive method commonly provides a reasonable time frame of targeted periods of
deposition. Avoidance of possible biases in AAR data was ensured by carefully sampling
“chevrons” away from any alteration source and soil (>1 m from the surface). Samples for AAR
analysis were collected from grainfal and grainflow laminae in nose sections and from CTS
beds in the arm sections.

Four whole-rock “chevron” samples were cleaned until there was no more crust or
bacterial mats left to limit the contamination of the supposedly closed amino-acid system by
oxidised or externally derived material (Walker, 2005). This operation was made with a small
stainless-steel chisel. Then, the samples were powdered to a size comprised between 250 um
and 1 mm. This powdering was performed in a mortar with a pestle, both made of agate, to
avoid any type of contamination. It was done softly to prevent any possible warming up of the
samplein order to keep arealistic ratio of amino acids (Hollin et a., 1993; Miller and Brigham-
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Grette, 1989). Once the samples were powdered, particle sorting was done by dry sieving to
constrain the desired range of sizes. Finally, knowing that further procedures would use dilute
HCI to remove 30% of the sample mass to reduce the possibility of contamination by cements
and organic residues on grain surfaces, we chose aminimum weight of powder of 50 g. Samples
were sent to the Amino Acid Geochronology Lab of the Northern Arizona University where
the amino-acid content was measured by reverse phase high-performance liquid
chromatography (Kaufman and Manley, 1998; Whitacre et al., 2017). D/L-glutamic-acid (Glu)
ratios were found to be the most appropriate ratios (Hearty and Kaufman, 2009; Rutter, 1985;
Rutter et a., 1979) to date oolitic sediments, and are the only ones used in this study. The
conversion method of Whitacre et al. (2017) was applied to our data to caculate the
Alloisoleucine/lsoleucine (A/l) values in order to compare them with the database generated in
the Bahamas (Hearty and Kaufman, 2009, 2000).

4 Resaults

4.1 Morphology
411  “Chevrons” description

The series of ridges located in the vicinity of North Eleuthera Airport do not meet the
essential V- or U-shaped morphology to qualify as “chevrons”. Indeed, the two sections
supposedly exposing “chevron” arms (ELI and EAJ; Hearty et al., 1998; Hearty and Tormey,
2017; Tormey, 1999) cut across distinct linear ridges that are paralel and, respectively,
perpendicul ar to the NW-SE trending Atlantic shoreline (Figure 18A). These straight-lined hills
form the western and southern limits of a subdued area where an array of smaller, WNW-ESE
oriented ridges occurs. Similarly, the “chevron” located to the North of Rock Sound Airport in
South Eleuthera consists of two rectilinear, parallel, WSW-ENE trending ridges that stretch
from the Atlantic coast to the lagoon shoreline (Figure 18B). Consequently, the alleged
Eleuthera “chevrons” will not be further described as such in the following chapters. On Great
Exuma, the “chevrons” are mostly concentrated in the Steventon - Farmer’s Hill area (northern
part of the island; Figure 19A), where they form severa nested sets. A smaller, immature but
well-defined one occurs near Michelson (southern part of theisland; Figure 19B). Itsarms are
connected to a breached ridge, which is parallel to the shore. On Long Island, well-identified,
elongated, and narrow “chevrons” essentially occur along the Atlantic coast in the central and

northern part of the island (Figure 19C and D, Appendix 7). Finally, the U-shaped landform
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observed on Acklins Island is strongly asymmetric with the NW arm being much shorter than
the SE one (Figure 19E).

A Miller’s Settlement

B Old Gray’s Settlement
Sw NE

g //
N
non-visible structure
M 20m |1
I 7erra rossa paleosol [[] Protosol with Cerion land snails
—— Bounding surfaces —— Strata

Figure 21: Sketches showing two examples of the internal architecture of “chevron” arms; both exposures are located
on Long Island: A) Miller’s Settlement (LMI, Figure 18C); B) Old Grays’ Settlement (LOG, Figure 19D). Note marked
difference in slope angle between the outer and the inner flanks. Sections are retrieved from the DEM and r epresent
the actual morphology of “chevrons” arms.

412  Morphological parameters of “chevrons” (Appendix 4)

The Bahamian “chevrons” are mostly km-scale landforms, ranging from 0.4 to 3.0 kmin
length (average = 1.6 £ 0.78 km) and from 0.3 to 1.2 km in width (average = 0.6 + 0.28 km).
They arelow-lying deposits between 7 and 33 m high. The mean ratios of these parametersgive
L/W=268+1.43;L/H=112.31+ 76.03 and W/H = 43.12 + 19.97. They represent consequent
volumes of transported sand with a pile volume (see section. 3.1) averaging at 4.97 + 3.10° m?,
M easurements show the typical difference between a steep lee face (11 + 2°) and agentle stoss

face (2 + 1°), which characterizes sediment bodies deposited under a unidirectional flow.

4.1.3 Morphological parameters of aeolian parabolic dunes (Appendix 5)

Parabolic dunes (Figure 20), like “chevrons”, are mostly km-scale bedforms, ranging
from 0.1 to 5.6 km in length (average = 1.07 £ 1.03 km) and from 0.04 to 3.2 km in width
(average = 0.38 £ 0.42 km). They show a high variability of height, going from 4 to 90 m and
averaging at 29 £ 19 m. The different ratios of these parameters display a high variability: L/W
3.03+1.52; L/H=47.18+38.11 and W/H = 17.59 + 15.64. Thetypical parabolic dune displays
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aconsequent volume of 6.94 + 22.10° m®. Once again, the difference between the lee (18 + 9°)

and the stoss face (6 £ 5°) is evident with these measurements.

4.2 Sedimentology
4.2.1  Sedimentary structures

The “chevron” arms are asymmetrical in cross-section with the outer flank slightly steeper
than the inner one (Figure 21), and mostly composed of low-angle, tabular-planar cross-beds
that show a concave-downward aspect towards the edges of the ridge, perpendicularly to its
main axis (Figure 22A and B). When the ridge is elongated, the arms present steep foresets
(Figure 22C) that are dipping towards the outside, perpendicular to the main ridge axis. It is
common to find shallow trough cross-beds cross-cutting other cross-bed sets, mostly near the
top of the ridge where they meet topsets or backsets. The sets are composed of either
symmetrical or asymmetrical laminae. Front-lobe exposures (Figure 22D and E) reveal dm- to
m-thick, tabular to wedge-shape sets of landward-dipping, high-angle cross-strata (dip value up
to 30°) that can undeniably be identified as foresets. Indicators of pedogenesis such as
rhizoliths, land-snail shells (Cerion sp.), and protosols are common within the studied
“chevrons”. Whatever the nature of the section and the part of the ridge observed, extensive
mm- to cm-scale laminae were encountered at every outcrop and can be classified in three

groups:

1) Inthe arm sections, most of the observed laminae do not show an erosiona base and
follow the pre-existing topography as tabular sets of strata, qualifying as grainfall
laminae (Figure 23A). They locally separate sandlfow cross-stratification (Figure 23B),
occurring on the outer flanks of the arms, but are barely visible due to the small
differencein grain size. By contrast, the grainfall-sandflow aternationiswell preserved
and often displayed in the nose sections, especially at the front |obe toe (Figure 23C).

2) Due to the steepness of the exposures (i.e., roadcut walls), the lenticular shape of
sandflow cross-strata is generally not visible. However, these structures occur in afew
sections that cut across the “chevron” slip faces. They are enhanced by grainfall laminae,
which are more competent (i.e., cemented) and show sharp, straight basal contacts
dipping at high angles (20 to 30°). Grainflow and grainfall stratification are usually
observed in their tabular shape but can be found wedging out into bottomsets when the

base of the foresets is exposed. In aeolianite foresets, slump sandflows sometimes form
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high-angle asymmetric folds in their lower part (Figure 23D; McKee, 1966, p. 66;
Mckee and Bigarella, 1972; Pye and Tsoar, 2008).

3) By contrast, CTS are ubiquitous in the studied arm sections (Figure 23A) and locally
present in front-lobe sections where they interfinger with grainfall lamination and
sandflow cross-strata. Their relief is enhanced due to the preferential cementation of the
finer part of the inversely graded lamina, which tends to retain pore water more easily
because of its high surface tension (Fryberger and Schenk, 1988). CTS are commonly
associated with dm-thick fenestrae-rich beds, which may be capped by highly cemented
laminae (Figure 23A). Fenestrae are particularly abundant in the “chevron” arms and

have been observed at elevations up to 30 m above sealevel.

4.2.2  Petrography

The bulk of the investigated deposits consists of pure oolitic to peloidal grainstones
(Figure 24). Ooids show different stages of vadose diagenesis that are primarily controlled by
their original mineralogy and the packing of the tangential needlesforming the cortices (Loucks
and Patty, 2017). The major process affecting these grains is the recrystallisation of aragonite
and high-Mg calcite into low-Mg calcite with a partial leaching initially affecting the cortices.
The rare bioclasts mostly include Homotrema sp., red algae and Halimeda sp. (Figure 24). All
carbonate grains originated in the ocean and were washed onto the beach, from where they were
transported to form the observed subaeria bedforms.

Grainfal laminae form thin levels of fine-grained, well-sorted sand, usually well-
cemented. Sandflow laminae are thicker, coarse-grained, poorly sorted, and poorly cemented
layers aternating with the thinner grainfall laminations (Figure 24A). Both are delimited by an
abrupt changein grain size. CTS are also delimited by abrupt changes of grain size but usually
form laminae of equal thickness that show an internal inverse grain-size gradient (Figure 24B).
A differential cementation within alamina, between a highly cemented basal unit and a poorly
cemented upper unit, may resemble grainfall and sandflow, respectively. In both cases, low-
Mg isopachous and pore-filling blocky cements devel op in the fine-grained layerswhereas [ ow-
Mg calcite, with meniscus and pendant geometries, cement the coarser-grained layers (Figure
24A and B). This vadose cementation is by far the dominant type observable in “chevrons”
(Figure 24F) and aeolianites. In contrast to “chevrons” and aeolianites, beach to subtidal
deposits do not show such aclear lamination and are generally more cemented (Figure 24C, D
and E). In these deposits, typical marine phreatic fabric such as high-Mg and aragonite, fibrous
to bladed isopachous cements can be found (Figure 24D and E). Fenestrae are common within
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“chevrons”, aeolianites, and beach/intertidal deposits.

4.2.3 Granulometry

Grain-size analysis was carried out on 11 beach, 9 aeolianite and 6 “chevron” samples
from three Bahamian islands. Eleuthera, Great Exuma and Long (Supp. Data). Among the
beach samples, 27% are qualified as fine sand, 27% as medium sand, 9% as coarse sand, and
36% are classified in the gravelly sand textural group. For aeolian samples, 55.5% are
composed of fine sand, 33% of medium sand, and 11% of coarse sand. Finally, “chevrons”
consist of finer material with half of the corresponding samples being respectively fine-grained,
and the other half qualifying as medium sand.

4.3 Amino-acid racemization dating

A/l ratios calculated from D/L Glu ratios measured on the four samples collected from
the studied “chevrons” range from 0.39 to 0.48 (Table 3). These values can be assigned to the
aminozone E, which has been correlated to MIS 5e by comparison with U-Th ages of
stratigraphically equivalent reef terraces (Hearty and Kaufman, 2009, 2000). In particular, the
age of the samples gathered from the Farmer’s Hill (Great Exuma; EFH in Figure 19A and
Figure 22E) and Miller’s Settlement (Long Island; LMI in Figure 19C and Figure 22A) sections
could correspond to thefirst depositional phaseidentifiedintheLIG (5el; Hearty and Kaufman,
2009, 2000), whereas that of samples from the Rokers Point Settlement section (Great Exuma;
ERPin Figure 19A and Figure 22B) and from the Old Gray’s Settlement (Long Island; LOG in
Figure 19D and Figure 22E) sections could coincide with the second phase of deposition (5ell).

5 Discussion

5.1 Depositional nature of “chevrons”
51.1 Morphological criteria

Based on qualitative morphological observations, other authors (e.g., Engel et al., 2015;
Kindler and Strasser, 2002, 2000) previously interpreted Bahamian “chevrons” as aeolian
parabolic dunes. In this paper, we provide quantitative data that support thisinterpretation. The
comparative 95 dunes (Appendix 5), despite being of different age and composition, were
selected because they liein similar coastal environments (Figure 20) and were all characterised
and defined as acolian parabolic dunes by previous studies. If “chevrons” were deposited by

coastal aeolian processes, they are expected to share some morphological criteria, or at least to
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be of the same order of magnitude as the studied parabolic dunes.

lon| < 254/29 7

Figure 22: “Chevron” arm sections (A and B) usually display low-angle to sub-horizontal aggrading beds (red dashed
lines) and bounding surfaces (black dashed lines). A) Arm section LM (Figure 19C) wherea long-term exposur e surface
crosscuts the general bedding and show early signs of pedogenesis (white dashed line). B) Arm section ERP (Figure
19A) showing short-term reactivation surfaces delimitating sets of cross-strata. Outcrop is approximatively 4m-high.
C) Arm section LOG (Figure 19D) showing steep (22°) foresetsdipping S. Their orientation indicates a development of
the arm perpendicular to the main axis of the ridge. All AAR ratios obtained in these sections correlate with M1S 5e
(red: thisstudy; blue: Hearty et al., 1998). Outcrop isapproximatively 4m-high. D) View of an arm section (EMI, Figure
19B) closeto the apex of theridge, showing steep foresets (27°); thedip direction indicatesa migration towardsthe SW.
Qutcrop is approximatively 3m-high. E) View of a nose section from Great Exuma (EFH, Figure 19A); steep (29°)
foresets, dipping towardsthe SW and aligned with theridge axis, arevisible all along the exposure.

55



Chapter 3 — Upper Pleistocene parabolic ridges (i.e., “chevrons”) from the Bahamas. storm-wave
sediments or aeolian deposits? A quantitative approach.

L/W ratios, “chevrons” and parabolic dunes are both described as lobate or elongated with 1.04
<L/W <5.29 (Figure 25A). A linear regression modelled from the whole cluster shows amean
L/W ratio = 2.44 with a relatively high coefficient of determination (R? = 0.71). L/H ratios
(Figure 25B) display alarger spread, but once again, “chevrons” plot within the parabolic-dune
cluster. Further, the ratio between the stoss-slope and the lee-face angles (¢/a) of “chevrons”
and parabolic dunes follows an exponential law with agood level of confidence (R? = 0.61). In
other words, the stoss-slope angle exponentially increases with the lee-side angle (Figure 25C).
Further, similarly to aeolian bedforms, the concave lee face of “chevrons” is steeper than the
convex stoss slope, indicating a migration by grainfall and avalanching of the material
transported from or through the deflation basin. Finally, although the W/H plot (Figure 25D)
shows that “chevrons” tend to be slightly wider than high compared to the majority of aeolian

dunes, their ranges overlap.

R

Figure 23: A) a thin bed showing the association of fenestrae (white triangles) crosscutting CTS, bounded by highly
cemented laminae. Below and above, grainfall lamination of sub-horizontal aggrading beds are visible. B) Grainfall-
sandflow laminae alter nation composing the low-angle bedding of the arm section, with somereactivation surfaces. C)
Alternation of grainfall and sandflow laminae within foresets. D) Topsets truncating underlying foresets (EX15; N
23°27'47.12" ; W 75°43'55.98" ) wher e high-angleasymmetric folds correspond to the basal layer of a slumping sandflow
lobe (McK ee, 1966; M ckee and Bigarella, 1972; Pye and Tsoar, 2008).
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As discussed in previous reports (Engdl et al., 2015b; Kindler and Strasser, 2002, 2000;
Mylroie, 2018a), interpreting “chevrons” as storm-wave deposits does not agree with our
present-day knowledge of the latter. Indeed, recent hurricane sediments consist of localised
sand sheets, conglomeratic berms, and washover fans or lobes (Figure 26; Donnelly et al., 2006;
Donnelly and Sallenger, 2007; Mattheus and Fowler, 2015; Morton et al., 2007; Williams,
2011) that are several orders of magnitude smaller than “chevrons” (Table 4 in Morton et al.,
2007; Jamison-Todd et al., 2020) and never display such aV-shaped morphology (Engel et al.,
2015). Finally, sandy storm deposits are systematically thinning landward with slopes ranging
from 1° to 5° whereas “chevrons”, like parabolic dunes, are thickening as they progress inland
(Figure 19 and Figure 20) with the highest elevation lying near the ridge apex (Hearty et al.,
1998; Hearty and Tormey, 2017; Vimpere et a., 2019).

51.2  Sedimentological criteria

Hearty et a. (1998, 2002), Hansen et al. (2020, 2016), Hearty and Tormey (2017), and
Tormey (1999) excluded an aeolian origin for the “chevrons” because of the scarcity of steeply
dipping foresets in these landforms. However, as emphasized by Goudie (2011), high-angle
strata are relatively rare among the foreset beds of aeolian parabolic dunes. Moreover, most
“chevron” exposures are roadcuts that obliquely transect their arms and nose, thus exposing
apparent dip angles of strata that are less than the true dip values. Lastly, recently discovered
(Figure 22E) and previously described outcrops of “chevrons” (e.g., Fig. 2 in Hearty et a.,
1998) undeniably display large-scale, steeply dipping foresets. These sedimentary structures
are thus more common than formerly assessed, and this occurrence reinforces the resemblance
of “chevrons” with aeolian parabolic dunes. This similarity isfurther supported by the presence
of CTS throughout these deposits (Engel et al., 2015; Kindler and Strasser, 2002, 2000; this
paper), i.e. not only in “a few small (1-2 m?) patches” (Hearty et al., 2015).
Furthermore, the internal architecture of the “chevron” arms (Figure 21) is practically identical
in cross-section to that of the arms of parabolic dunes (Figure 27). Stratification
steepens from the inside part (the deflation basin) towards the outer flank where grainfall and
grainflow are the main processes controlling sand movement. Low-angle, planar cross-beds
prevail in the internal side of the arms (Figure 22A and B), whereas steep foresets constitute
the external side of the arm (Figure 22C). These structures indicate a migration from the
deflation basin towards the outside, perpendicularly to the main orientation of the parabolic
dune (McKee, 1966; McKee and Bigarella, 1979).

Finally, comparing theinternal structures of washover deposits (e.g. Schwartz, 1982) with
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those of “chevrons” (Figure 26 and Figure 28) underlines the dissimilarities between the two.
Washover sediments pile up during one single and sudden event (i.e, a storm) and
consequently, do not include pedogenic features. In contrast, “chevrons” accumulate under
discontinuous aeolian processes, which leads to the formation of protosols during the
sedimentation breaks. Moreover, in strike section, washover deposits display subhorizontal
stratification (Figure 28A) but lack cross-bed sets and highly inclined sets (except for
washovers where the flow carried sediments into a standing body of water; Schwartz, 1982). In
contrast, a complete strike section across a “chevron” (Figure 28B) shows the classic aeolian
succession of backsets, topsets and foresets. Backsets dip seaward at medium angle whilst steep
topsets dip landward, thus indicating a landward migration of the ridges (Rowe and Bristow,
2015b). To sum up, al sedimentological observations indicate an aeolian rather than a storm-

wave origin for the Bahamian “chevrons”.

5.1.3 Granulometric criteria

Applying the Folk and Ward method to the collected granulometric data (Appendix 8)
indicates a pure (100% of sand) sandy composition for both “chevron” and aeolian sediments,
whereas coarser beach material is made up of dightly gravelly sand (98.2% of sand and 1.8%
of very finegravel; Figure 29A). The sametrend is al so observable when comparing mean grain
sizes which amount to 272.4 pm (1.876 ¢) and 271.3 pm (1.882 ¢) for “chevrons” and
aeolianites, respectively, and to 377.2 um (1.407 ¢) for beaches.

The sorting is somewhat better within “chevrons” (1.593 um; 0.671 ¢; moderately well
sorted) and aeolianites (1.542 um; 0.625 ¢; moderately well sorted) than in beach deposits
(1.954 um; 0.966 ¢; moderately sorted). These values are to be considered carefully because
the three types of deposits do not show a normal or gaussian distribution (Figure 29B), but
rather a bimodal one for “chevrons” (M1lch = 196.0 um; M2c, = 327.5 um) and aeolianites (M 14
=231.0 um; M2a=655.0 um), and apolymodal one for beaches (M1, =231.0 um; M2, = 327.5
um; M3, = 655.0 um).

The Lilliefors test, a derivative of the Kolmogorov-Smirnov test for cases where
parameters of the normal law, mean, and variance are unknown, was applied as a normality
test. It systematically rejects the hypothesis that beach, aeolian and “chevron” grain-size
distribution are normally distributed with p-values <0.0001. Taken by sample, 36% of beach
sediments are unimodal, 9% bimodal, 36% trimodal and 18% polymoda (Supp. Data).
Aeolianites are considerably more unimodal deposits (78%) but contain 11% of bi- and
polymodal samples. “Chevrons” show 50% of bimodal, 33% trimodal and 17% polymodal
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Figure 24: (A) Thin-section view of fenestrae (white arrows) and the alternating grainfall-sandflow laminae in
‘chevron’arms (EX11; ERP section). (B) Thin-section view of climbing trandatent stratification (CTS) in an aeolianite
on Long Island (LV18; N 23° 5°57.24"; W 74°59°19.20"). Unlike grainfall-sandflow sets, thereis an inverse grainsize
gradient within each lamina, the basal section of which (finer part) isusually highly cemented compared to thetop one
(coarser part). Fenestrae are also frequent in these aeolian deposits (white arrow). (C), (D) and (E)M oderately sorted
beach-to-intertidal deposits of MIS 5e age from: (C) the Boiling Hole (EL1; N 25°25°41.46"; W76°35°18.60") and (D)
Gregory Town (EL21; N 25°24°33.00"; W 76°33°17.22") on Eleuthera; (E) intertidal depositson Long Island (LI146; N
23°32°5.54; W 75°15°13.33"). (C) Shows a well-preserved fenestral porosity with a complete cementation by sparite,
illustrating a freshwater phreatic environment. (D) Presents a higher skeletal contentand a coarser grain size than
aeolian and ‘chevron’ deposits. The first generation of bladed isopachous cement (Bl) and the following pore-filling
equigranular sparite (EC) areindicators of first a marine phreatic, and then a freshwater environment. (E) Displays
grainsthat arefirst bound by atypical marine phreatic cement (i.e., fibrousisopachous; FI), herefollowed by a sparitic
one (EC). Fenestraearetypical of thiskind of environment (whitearrows). (F) Close-up showing thetypical petrography
of a ‘chevron’ arm outer flank (LI107; LOG section). Note the predominance of ooids and peloids ver sus bioclasts; the
latter are mostly represented by Halimeda sp. (blank triangles) and Archaias sp. (black triangle). Grains are connected
by meniscus cement (M C), indicating a vadose environment.
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distribution. To sum up, beach sedimentstend to have auni- to polymodal distribution, whereas
acolian sands are unimodal and “chevrons” are mostly bimodal. The cumulative percentile
values D1o, Dso (the median) and Dgo are respectively of 157.0 um, 261.4 um and 500.9 pum for
“chevrons”; 166.3 um, 258.4 um and 527.3 um for aeolianites; and 181.2 um, 340.4 um and
983.6 um for beaches. Because of the non-normal character of distributions, skewness and
kurtosisvalues may just serve asindicatorsat best. However, it isworth mentioning that, despite
being all coarsely skewed, the distribution is mesokurtic for “chevrons”, leptokurtic for
aeolianites, and platykurtic for beaches. These graphica observations were then confirmed by
applying the Wilcoxon-Mann-Whitney statistical test to compare the different grain-size
populations. Some approximation was used to compute the p-values, and the continuity
correction has been applied. The null hypothesis HO, which considers no difference between
the compared grain-size populations, was rejected when comparing beach samples with aeolian
and “chevron” sediments with p-values <0.0001. Conversely, it cannot be rejected when
comparing aeolian and “chevron” grain-size populations because of a p-value computed at
0.868.

To sum up, these quantitative analyses and statistical tests demonstrate that the
granulometry of “chevrons” is akin to that of aeolianites, and that both differ from that of
beaches, suggesting further a deposition by wind and not by water. The studied aeolianites are
mostly foredunes, which are constantly fed by a close profusive source of well-sorted sediment
from the beach. Thus, they commonly display a unimodal grain-size distribution. By contrast,
parabolic dunes (i.e., “chevrons”) are migrating further inland, thus moving away from coastal
sources of sediment. In this case, a bimodal grain-size distribution indicates that dunes have
incorporated sand from the deflation basin (Brookfield and Ahlbrandt, 2000; Pye and Tsoar,
2008).

5.2 Origin of high-elevation fenestral porosity

The “chevrons” mostly consist of an alternation of dm-thick, finely laminated (CTS) beds
and of non- or poorly laminated intervals of equal thickness comprising numerous fenestrae
(Figure 23A), which can be observed at €l evations exceeding 30 m. As stated above, one school
of thought (e.g. Hearty et al., 2002, 1998; Hearty and Tormey, 2017; Wanless et al., 1989)
suggests that fenestral porosity formed by large-wave action, concurrently with the deposition
of “chevrons”, and that aeolian structures were produced on the surface of these deposits during

periods of relative quiescence between “superstorms”. The other group (e.g. Kindler and
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Strasser, 2002, 2000; Mylroie, 2018a, 2018b) proposed that fenestrae were generated by heavy
rainfall on the previously wind-deposited “chevrons”. We believe that both hypotheses are
improbable. To begin with, the formation of fenestral porosity by swash action up to 30 m
should have been accompanied by an erosion of the dune topography and/or by an input of
coarse-grained (possibly shelly) material, which is never the case. Secondly, athough the
creation of rain-induced fenestrae has been observed in modern dunes (Emery, 1945), itis a
rare phenomenon that cannot account for such extensive features. Further, the presence of such
fenestrae in fossil aeolianites (e.g., Bain and Kindler, 1994) is speculative because they have

never been observed in association with more typical features such as raindrop imprints.
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Figure 25: Comparative plots of “chevron” (green squares; this study) versus parabolic-dune (white circles, data from
Appendix 5) morphological parameters A) L/W plot: parabolic aeolian dunes and “chevrons” are either |lobate or
elongated according to Pye’s (1993) classification of simple parabolic dunes. The elongation (L/W) of all measured
ridgesfollowsalinear law with a good level of confidence. B) L/H plot: it representstheflatness of the studied landforms
and shows a scattered population with rather flat “chevrons”. C) ¢/a plot: the stoss-slope angle (@) increases
exponentially with the lee-face angle (o) for all V-shaped ridges. D) W/H plot: it shows a scattered population where
“chevrons” are among the widest landforms compared to their heights.

It has long been known that fenestrae are polygenetic features that are not necessarily
generated by swash action in the intertidal zone (Kindler, 1991; Shinn, 1983, 1968). They can
be related to the decay of organic matter such as plant roots and/or microbial mats, which are
common in aeolian sediments. Relying on the observation of fungal endoliths and

sparmicritized zones associated with elevated fenestrae in a Pleistocene aeolianite from
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Associated

MIS

A/l calculated
from DL-Glu

Table 3: AAR ratios measured on “chevron” samples from Great Exuma and Long Island and obtained by RP chromatography. A/l values were calculated following a log2
transfor mation of the DL-Glu ratios, following to the method developed by Whitacre et al. (2017). The AAR database developed for the Bahamas (Hearty and Kaufman, 2009)

was used to corelate the A/l ratiosto the corresponding phases of the M IS 5e.

Sample
No.
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Providenciales (Caicos Platform), Kindler et al. (2009)
further proposed that fenestral zones represented immature

Early 5e
Latest 5e
Latest 5e
Early 5e

pedogenic horizons where the cemented grainstone was
patchily altered by plant and funga activity. We tend to

support this hypothesis because of the unequivocal

0.453 £+ 0.003
0.414 £+ 0.005
0.394 £+ 0.009
0.483 £+ 0.001

association of parabolic dunes with a stabilising vegetation
(e.g. Duran and Herrmann, 2006; Duran and Moore, 2013;
Tsoar and Blumberg, 2002; Yan and Baas, 2015).
Furthermore, the higher density of fenestral beds in

0.661 £ 0.003
0.667 £ 0.032
0.587 £ 0.045
0.704 £+ 0.017

DL Leu

“chevron” arms, with respect to the apices, can be explained

by the formation process of parabolic dunes implying a

0.345 £ 0.004
0.353 £+ 0.037
0.295 £+ 0.011
0.390 £ 0.035

DL Ile

fixation of the trailing arms by vegetation while bare sand
composes the migrating nose (e.g., Goudie, 2011).

With one exception (Blackwatch Pass, Bermuda,
Kindler and Strasser, 2000; Rowe and Bristow, 2015a,
2015b), elevated fenestrae have always been observed in

0.509 £+ 0.004
0.520 £+ 0.032
0.439 £+ 0.005
0.521 £+ 0.019

DL Phe

well-sorted oolitic-peloidal grainstone and in association with
CTS (Figure 24B; Fig. 6 and 7 in Hearty et a., 1998; Fig. 3

in Kindler and Strasser, 2002). Thus, the occurrence of such

0.388 £ 0.006
0.370 £ 0.012
0.340 £ 0.006
0.419 £ 0.002

DL Val

pores could aso result from the interaction of vadose water

(but not necessarily heavy rainfal) with the peculiar grain

0.728 £+ 0.008
0.691 £+ 0.006
0.665 £+ 0.012
0.775 £+ 0.015

DL Ala

shape and size of the oolites, and with the tight packing and
low permeability of the CTS.

0.388 £+ 0.008
0.349 £+ 0.025
0.254 £+ 0.097
0.364 £+ 0.025

DL Ser

5.3Megaboulders of Eleuthera

As previously stated, Hearty et a. (1998, 2002) and
Hearty and Tormey (2018a, 2017) repeatedly argued that a

0.445 £ 0.003
0.424 £+ 0.005
0.413 £ 0.009
0.461 £ 0.001

DL Glu

“trilogy” of sedimentary features, including the “chevrons”,
“runup” deposits and the megaboulders from North

Eleuthera, offered an unequivocal testimony of superstorms

0.478 £+ 0.010
0.455 £+ 0.016
0.492 £+ 0.004
0.520 £+ 0.006

DL Asp

producing giant, long-period waves in the northeast Atlantic
Ocean at the end of the L1G. Based on new quantitative data,

EX10
EX11
LI107
LI133

we substantiate here earlier reports (e.g., Kindler and Strasser,
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2000) according to which the “chevrons” must be interpreted as aeolian parabolic dunes.
Because they display also numerous aeolian structures (e.g. CTS), we further support the
interpretation of “run-up” deposits as climbing (Kindler and Strasser, 2000) or advancing
(Rowe and Bristow, 2015b) dunes. It is beyond the scope of this paper to discuss the age of
emplacement of the megaboulders, and whether they represent the remnants of a tower karst
(Mylroie, 2018a, 2008), were rolled down from a higher elevation, or deposited by large waves
related to bank-margin collapse (Hearty, 1997), atsunami (Hearty, 1997; Kelletat et al., 2004),
asuperstorm (Hearty et al., 1998; Hearty and Tormey, 2018a, 2017), or ahurricane of historical
intensity during a period of higher than present sealevel (Rovereet al., 2018, 2017). However,
we assert that the aforementioned deposits must not be regrouped in a “trilogy” as we consider
“chevrons” and “run up” deposits to be the result of long-term aeolian transport on severa
islands, whereas the megaboulders from North Eleuthera have likely been emplaced by a

violent, short-term event at one location.

5.4 Age of “chevrons”

Based on AAR data from this and Hearty et al.’s (1998) studies, the Bahamian “chevrons”
can be assigned to M1S 5e, but the AAR-dating method is not precise enough to unequivocally
correlate these deposits with a specific interval of this substage. Considering their
morphological position (Hearty et a., 1998) and the occurrence of cross-beds dipping below
modern sea level (Kindler and Strasser, 2002), previous authors suggested that “chevron”
deposition occurred during the rapid regression that ensued MIS 5e, when large amounts of
mostly oolitic shelf sediments became available for reworking by wind or waves (Hearty et al.,
2015; Kindler and Strasser, 2000; Neumann and Hearty, 1996). This timing and scenario are
likely correct for the low-elevation “chevrons” located near platform margins (e.g., Harvey
Cays, Exumeas; Fig. 2in Hearty et al., 1998), but questionable when applied to the higher ridges
positioned in amore bankward position (e.g., the landforms on Great Exumas, Figure 19A and
B). The latter were probably emplaced during or before the previous L1G highstand (interval 5
of Hearty and Tormey, 2017; Hearty et a., 2007) ca. 118 kaBP (Keranset al., 2019; Skrivanek
et al., 2018).

5.5 Paleoclimatic and paleoceanographic settings during the formation of
“chevrons”

Kindler and Strasser (2000) aready addressed the question of the climatic and
oceanographic conditions on GBB during the formation of “chevrons”. To sum up, the
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Pleistocene
aeolianite

Pleistocene
aeolianite

’;@Quide‘rs--

‘beach

Figure 26: Examples of storm deposits of Recent, Holocene, and Late Pleistocene age. A) Satellite view of partly
quarried, recent, sandy to conglomeratic washover deposits capping a sea cliff ca. 1 km to the SE of Boiling Hole
(Eleuthera). Coordinates: N 25°25'36.48"; W 76°35'21.89". Note lobe shape of deposits. Image Google Earth. B)
Conglomeratic storm berm along the southern coast of Great Inagua. Coordinates: N 20°55'28.99"; W 73°30'3.89".
Clasts mostly consist of dm-sized coral debris derived from an adjacent reef. Top of the berm isabout 2.5 m above sea
level. C) Coastal exposure along the coastline of Flamingo Bay (Mayaguana). Coordinates: N 22°24'31.85"; W
72°59'15.00" . Outcrop shows a shallowing-upward succession of beach and dune deposits of Holocene age (Hanna Bay
Formation). A boulder layer representing afossil storm berm isinterstratified between the beach and thedune deposits.
Whiterectangle showstheposition of D. Hammer is35 cm long. Top of the exposureisca. 2 m above sea level. D) Close-
up view of theboulder layer mentioned in C. Hammer is 35 cm long. E) Roadcut leading to Rainbow Beach (Eleuther a).
Coordinates: N 25°20'2.33"; W 76°25'53.01" . Exposur e consists of coarse to very coar se, sandy oolitic deposits of MIS
5e age. Coarse grain size, predominant subhorizontal stratifications. and small antidunes identify these beds as fossil
washover deposits. Interestingly, sediments came from the open sea located to the left and wer e transported bankward
(i.e. to theright) into a lagoon. These deposits overlie bioturbated lagoonal sediments (not visible on the photograph).
Bag for scale is 50 cm high. Black rectangle shows the position of F. F) Close-up view of small antidunein MIS 5e
washover deposits. Flow moved from left to right. Structure behind the coin (for scale) isarhizolith.

environment was potentially windier and certainly drier than today to prevent the rapid
cementation of carbonate sands (e.g. Kindler and Mazzolini, 2001) that would hinder dune
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migration. That climatic conditionsweredrier during the formation of “chevrons” and of coeval
linear dunes is attested by the occurrence of nebkhas within these deposits (Kindler and
Strasser, 2000; Tormey, 1999). Indeed, nebkhas, or “coppice dunes”, characterise areas of low
precipitation ranging from 200 to 300 mm/y (Garcia-Romero et a., 2019). In comparison,
today’s annual rainfall across the Bahamas varies between 600 and 1500 mm (Wolcott et al.,
2018). Lower precipitation rates likely induced a change in both vegetation type and cover,
which directly impacts the roughness of the terrain (e.g. Jerolmack et al., 2012; Levin et al.,
2008), and thus on how the wind is slowed down during its progression inland. Drier climatic
conditions generaly result in a shrubbier vegetation at these latitudes, representing a lower
surface roughness (De Chiffre, 2001), which increases the wind capacity to transport sediment
(drift potential; Fryberger and Dean, 1979) without necessarily blowing harder. Such a setting
could have resulted from a dlight northward migration of climatic belts (Perlmutter and
Matthews, 1992) placing GBB in the same conditions as those presently affecting the southern
Bahamas. These speculations are supported by recent climate models advocating for a higher
surface temperature, diminished precipitation, and a grassier type of vegetation during a great
part of the MIS 5e (Nikolovaet al., 2013; Scussolini et a., 2019).

A Bowie dune, Saskatchewan, Canada

10m |1 Hugenholtz et al., 2007

Lagoa dune field, Santa Catarina Island, Brazil

[ | ]
2m Bigarella, 2006

Figure 27: Arm sections described in aeolian parabolic dunes from Canada and Brazil. Similarities with “chevron”
arms(Figure?21) includean outer flank generally steeper than theflank facing the deflation basin, cross-bed setsdipping
towardsthe outside, and an analogous size.

Furthermore, considering the reconstruction of the Bahamian climate during MIS 5e
proposed by Zhuravleva and Bauch (2018), the following scenario can be envisaged. An
important phase of carbonate (i.e., ooid) production occurred early in MIS 5e, when warm and

humid conditions associated with weak trade winds prevailed. The elevated “chevrons”, that
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have migrated further inland, could correspond to a sedimentation phase taking place during
the “Younger Dryas-like event” (ca. 127 ka BP) when climate was drier and windier due to a
sudden southward motion of the ITCZ. Deposition of the low-elevation “chevrons” followed a
second phase of carbonate production, and likely occurred during the stepwise regression that
ensued the second (or the main) MIS 5e highstand (Figure 16), when the ITCZ shifted again to

the South.
A Typical structure of washover deposits (modified from Schwartz, 1982)

Beach |  Scourzone Washover

Sub-horizontal stratification (1 to 5°)

5m

I 1‘0(-)m |'
[ ] Beachdeposits I Washover deposits [ ] Aeolian deposits
B Typical structure of parabolic dunes in the Bahamas (i.e. “chevrons”)
Topsets (0 to 5°)
Trough cross-stratification ) / — Scalloped cross-bedding
= —_— N Bounding surfaces
Backsets (5 to 10°) //‘; — §\ s g
S = 3 —— —
/ ——— 24\\\‘4@{‘?“}/’7’{(’/{%\ \\\\
e~ il —— W
%7 T = ST =
- x/ ST == SAANESTD Foresets (20 to 30°)
T Wedge-planar cross-bed sets
Sub-horizontal cross-stratification I 250m
Il 7erro rossa paleosol [] Protosol [ ] Aeolian deposits

Figure 28: A) Typical morphology and internal structure of washover fans deposited on a hard substrate. They present
a thinning-landward lobe shape, with a sub-horizontal stratification. Several lobes can be superimposed or found
interfingering with aeolian sediments. B) Reconstruction of the internal structure of “chevrons”, based on the different
sections observed in thefield, and shown asa strike view through an arm and the nose. Note the greater complexity of
these deposits when compared with typical aeolian features.

Thus, a protracted influence of trade winds, a lowering of the moisture content in the
sediment, and both a vegetation cover and type subsequently dropping within the ideal range
for parabolic dune formation (Goudie, 2011 for a summary; Hanoch et a., 2018) would have
favoured the deposition of these ridges by increasing the erosional power of wind on loose
foredunes, forming blowout features of different stages(e.g. Hesp, 2011). Thewind would have
reworked these foredunes and the fine part of the beach material (explaining the matching of
some grain-size populations within the ridges; Figure 29), sorting out the latter during the

migration processes. These conditions would have lasted until after the onset of the regression
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(as shown by the foresets dipping below modern datum), when the shelf sediments became

exposed, spanning the whole highstand in agreement with the recent models proposed for
carbonate aeolianites (Frébourg, 2010; Rowe and Bristow, 20153).
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Figure29: A) Cumulativefrequency curves of grain-size populations measured for “chevrons” (green lines), aeolianites
(black lines) and beach deposits (orange lines). The latter are composed of coarser sediments, whereas “chevrons” and
aeolian dunes show a similar distribution. B) Thedistribution typeis moreeasily read on a frequency plot. “Chevrons”
and aeolianites have a bimodal distribution, whereas beaches show a polymodal distribution. Values at dashed lines

show the common modes between types of deposits, indicating areworking of material of oneby theother, or acommon
sour ce.

6 Conclusions

The new morphological, granulometric, sedimentological, and age data on Bahamian
“chevrons” presented in this study, as well as a detailed review of previous papers pertaining to

these peculiar landforms bring out the following conclusions:

e The morphological parameters measured on the “chevrons” from Great Exuma, Long,

and Acklins islands perfectly correlate with those of more than 95 aeolian parabolic
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dunes worldwide.

e The occurrence of numerous aeolian structures in these deposits, along with strong
dissimilarities with storm-related deposits, confirm that “chevrons” are wind-deposited
bedforms.

e Quantitative granulometric analyses and severa dtatistical tests show that the
granulometry of “chevrons” is akin to that of aeolianites, but differs from that of
beaches, further suggesting that they have been deposited by wind and not by water.

e Considering the polygenetic nature of fenestral porosity and the unequivocal
relationship between vegetation and parabolic dunes, it is reasonable to assume that
high-elevation fenestrae are related to plant or fungal activity, and/or to the particular
fabric of the well-sorted oolitic-peloidal aeolianites.

e AAR data constrain the “chevron” age to MIS Se, and geomorphological criteria further
indicate they have probably been formed during two distinct late phases of this time
interval.

e The notorious “chevrons” from Eleuthera Island are linear ridges.

To sum up, the peculiar and controversial Bahamian “chevrons” are aeolian parabolic
dunes that have been deposited during the MIS 5e highstand and the ensuing regression, when
climatic conditions in the northern Bahamas were drier and windier than today due to a
southward displacement of the average annual position of the ITCZ. These conditions were
coupled to a shrubbier/grassier vegetation, inducing the formation of afenestral porosity, and

fixing the trailing arms while a migrating nose was advancing downwind farther inland.
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Chapter 4 - Depositional timing and palaeoclimate
inter pretation of the Tamala L imestone aeolianitesin Shark
Bay, Western Australia.

This chapter addresses the sedimentology and stratigraphy of the Tamala Limestone in the
Shark Bay region, in Western Australia. Based on the collected data, correlations are made

between episodes of aeolian deposition and pal eoclimate conditions in the region.
Submitted as:
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Australia. Aeolian Research

Abstract

The carbonate units grouped under the name “Tamala Limestone” outcrop for a thousand
kilometres along the coast of Western Australia. The extensive Zuytdorp Cliffs shaping the
northern half of the coastline up to Shark Bay expose and offer an exceptional access to the
stratigraphy of this formation.

The regional survey of the Shark Bay region, which combines both stratigraphic and
sedimentological analyses, reveals that the Tamala Limestone is a dry accumulating aeolian
system composed of large transverse dunes migrating parallel to the prevailing winds.
Accordingly, the amino acid-data show an aging of the units towards the east. Episodes of
carbonate aeolian sedimentation correlate with the successive glacia intervals of the
Pleistocene whilst palaeosols are correlated with breaksin the sedimentation during interglacial
intervals.

Palaeoclimate reconstructions reveal that sea level and sea surface temperature of the
Indo-Pacific Warm Pool were lower during glacial intervals. The weakened Leeuwin Current,
which flows along the western coast of Australiaand isthe main source of precipitation, contributed
to the aridification of the region. Consequently, and associated with a northward migration of the
Hadley and Ferrel cells, periods of glaciation were drier. By contrast, paleosols devel oped through
dissolution of the carbonate units during more humid interglacial intervals.
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1 Introduction

The Tamaa Limestone is a Mid- to Upper-Pleistocene calcareous formation
predominantly comprising a complex of stacked aeolian units that is exposed along much of
the Western coast of Australia. Extending from Shark Bay in the north to Esperance in the
south, it isconsidered asto be the widest deposit of aeolianites of thisageintheworld (Wakelin-
King and Webb, 2020). Initially known as the "Coastal Limestone" within the Perth Basin
(Saint-Smith, 1912), it was then known asthe "Tamala Eolianite" in the Shark Bay area (Logan,
1968), to finaly be renamed as "Tamala Limestone" by Playford et al. (1976) so that a
lithological rather than a generic term would be used. The type section was defined at
Womerangee Hill where the unit is exposed up to 250 m above the present sea level (Playford
et al., 2013).
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Figure 30: A: Shark Bay texture map generated by the draping of image satellites (Sentinel-2) over the Tandem-X
digital elevation model (+ 12 m; Wessdl et al., 2018). The white and red dots represent the studied sites for AAR from
Hearty and al. (2008) and this study, respectively. B: Wind frequency roseand Fryberger analysis(sand rose) generated
from the Carnarvon Airport station data. DP = Drift Potential; RDP = Resultant Drift Potential; RDD = Resultant Drift
Direction.

With alength of 210 km, the Zuytdorp Cliffs are likely the longest on Earth (Wakelin-
King and Webb, 2020) and offer an exceptional insight of the Tamala Limestone's stratigraphy,
which has been correlated with climate and sea-level fluctuations (Hearty and O’Leary, 2008;
Jorgensen, 2012; Lipar and Webb, 2014; Playford et a., 2013). However, the exact timing of
deposition has been hindered by the lack of precise dating techniques available for thisinterval
of the Quaternary. Consequently, connections with glacioeustatic sea levels and palaeoclimate
have not been clearly established.
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New sections of the Tamala Limestone in the Shark Bay area are presented in this paper
with a particular focus on the Zuytdrop Cliffs. The aim of this study is to: (i) investigate the
mechanism of transport of dune sands (e.g., migration vs. aggradation), (ii) define the
palaeowind direction under which they accumulated, (iii) constrain their timing of deposition

and the associated palaeoclimate conditions taking place during their emplacement.

2 Settings

2.1 Geomorphology

Shark Bay is a subtropical region of Western Australia (26 °S) located in the Southern
Carnarvon Basin, from which the uniform Carnarvon carbonate ramp extends seaward. Shark
Bay shallow seais separated from the Indian Ocean to the west by the Edel Land Peninsula, the
Dirk Hartog Island, and the three Dorre, Bernier and Koks islands (Figure 30). The Nanga and
the Peron Peninsulas form a complex that divides the sea into two major zones of shallow,
metahaline-to-hypersaline waters. Hamelin Pool and Henri Freycinet Harbour Basin. The west
coast of Edel Land consists of an escarpment that extends for 210 km from Steep Point in the
north to Kalbarri in the south (27.7 °S; 114.2 °E). The Zuytdorp Cliffs reach 250 m in height
and sharply truncate the Tamala Limestone, thus offering an exceptional insight into the aeolian
stratigraphy. The formation of the Zuytdorp Cliffs has been suggested to be a result of a
displacement along the normal Zuytdorp Fault, which was likely active during the Pleistocene
and possibly during the early Holocene (Playford, 2003; Playford et al., 2013).

2.2 Quaternary sedimentation

The Quaternary geology of the region predominantly consists of the Pleistocene
aeolianites of the Peron Sandstone and the Tamala Limestone, both of which overlie the
underlying Tertiary and Cretaceous formations. The red Peron Sandstone is exposed on the
Nanga and Peron Peninsulas where it is irregularly onlapped or interfingered by the Tamala
Limestone, notably on the west coast of the Peron Peninsula a Eagle Bluff. The Tamala
Limestone itself is mostly found on the Edel Land Peninsula and Dirk Hartog Island, where it
revedls large pristine aeolian structures such as cross-beds. It is still debated if the Peron
Sandstoneisolder or isthelateral stratigraphic equivalent of the Tamala Limestone and formed
from the concentration of the siliciclastic materia through the leaching of carbonate aeolianites.
The interdune areas such as Useless Inlet, Useless Loop, or Boat Haven Loop form some bays

that have been flooded during past marine transgressions, such as the ones from the Middle and
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Late Pleistocene (Le Guern, 2004). The high sea levels associated with these intervals led to
the deposition of the marine carbonates of the Dampier and the Bibra Formations, respectively,
which are sporadically outcropping aong the shoreline re-entrants. The surface of theregionis
mostly covered by the Carrarang Sand and the Denham Sand. The Carrarang Sand isacarbonate
sand that composes the seif, parabolic, barchan, massive and undulating dunes on Edel Land
Peninsula whilst the Denham Sand is the red sand forming the large parabolic and transverse
dunes on the Peron Peninsula (Playford et al., 2013). Most of the dunes are currently stabilised
by vegetation. The C ages retrieved along a transect from the bare sand dune field feeding
from the Dulverton Bay beach indicate a deposition during the late Pleistocene to early
Holocene (Le Guern, 2004).
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Limestone defined in the Swan Coastal Plain (Lipar and Webb, 2014). Black and red dots are OSL ages measured in
aeolianites and paleosols, respectively, at the Womerangee Hill type section of the Tamala Limestone (Playford et al.,

2013). The coloursof the OSL and U-Th ages measured by Lipar and Webb (2014) refer to the corresponding members
of the Tamala Limestone from which the samples were taken.

The sands that are feeding the Carrarang Sand and that fed the Tamala Limestone have a
similar composition, which likely indicates a unique source of sediment throughout the Late
Quaternary. Out of the eleven compositionally different depositional zones defined by James et
al. (1999), the Quartzose Skeletal Sand, the Planktic Intraclast Sand and the Skeletal Sand are
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the ones currently feeding the active dune fields of the Carrarang Sand, and were probably the
ones feeding the Tamala Limestone dunes. These sands are predominantly cal careous with the
terrigenous part representing 0 - 30% of the sediment. Consequently, the aeolianites of the
Tamala Limestone consist of fine-to-coarse, carbonate sand that is moderately cemented by
gparite in most cases. The main component is largely skeletal and represented by rounded
fragments of molluscs, foraminifera, red algae (Corallinaceae) and echinoderms. The
siliciclastic part mostly consists of quartz and feldspathic sand, and rarely exceed 10% in the
aeolian units (Le Guern, 2004, Hearty and O’leary, 2008). The latter are capped by pal eosol
horizons of variable thickness and stiffness, with a texture going from sandy to calcretised
(Lipar and Webb, 2014; Smith et a., 2011).

2.3 Depositional timing of the Tamala Limestone

So far, two dating methods have been used on samples that were directly retrieved from
the Zuytdorp Cliffs (Figure 31). Pietsch and Olley (2005a, 2005b) have reported five Optically
Stimulated Luminescence (OSL) ages from the type section of the Tamala Limestone located
at Womerangee Hill (Playford et a., 2013). Measured from the top of the section, the calcul ated
ages are ~260 ka at 33m, 360 £30 ka at 85 m, 270 £30 kaat 120 m, 205 +18 ka at 132 m, and
230 £30 ka at 215 m. Since they show age inversions, these data were assumed problematic by
the authors who then concluded that the whole section was likely deposited circa 250 ka ago,
which corresponds to the glacial MIS 8.

Subsequently, Hearty and O’Leary (2008) attempted to date samples retrieved from the
Monkey Tarra and the Womerangee Hill sections on the Zuytdorp Cliffs by amino acid
racemization (AAR). They haveinterpreted the upper and middle beds of both sections as early
Pleistocene in age, based on the measured A/l ratios. The lower beds, however, show low to
non-detectable levels of amino acids and may have been deposited during the earliest
Pleistocene and/or the Pliocene. By comparison with the Bahamas, the authors interpreted
aeolian units as highstand deposits whereas paleosols and calcretes were correlated to glacial
periods. Problematic A/l valuesin both sections decrease in stratigraphically lower units, which
trandates into an age inversion.

Further south onto the Swan Coastal Plain, five members of the Tamala Limestone have
been recognised and dated by both OSL and U-Th over thelast 500 ka (Lipar and Webb, 2014).
The Tamala Limestone Formation is subdivided into five members that are stratigraphically
separated from each other by paleosols. The whole formation is believed to date from MIS 13
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at least to MIS 5, and is capped by the Cooloongup Sand dated to the Last Glacial Period (LGP,
MIS 4 to 2), which could correlate with the Denham Sand defined in Shark Bay (Playford et
al., 2013). Most of the U-Th ages were retrieved from microbialites capping the aeolian
carbonate units and underlying paleosol levels, except for the one obtained in avein intersecting
the White Desert Member. These ages were interpreted by the authors as the end of the periods
of aeolian accumulation. Therefore, and in agreement with Hearty and O’Leary (2008), Lipar
and Webb (2014) correlated aeolian sedimentation and paleosol formation to interglacial and
glacia periods, respectively. By contrast, two OSL ages measured within aeolianites of the
Pinnacles Desert Member indicate a deposition during the glacial MIS 6 (Figure 31).

To summarise, the age and depositional timing of the Tamala Limestone in the Shark Bay
region remains poorly constrained. Theremoteness and difficulty of access|ead to data scarcity,
adding to the lack of proper dating technique for such material of Pleistocene age. However,
the different dating methods applied to the Zuytdorp Cliffs sediment converge towards a
depositional period ranging from the Middle to the L ate Pleistocene.

Intermediate

Figure 32: Map of Australia and Southeast Asia showing the multi-decadal rainfall map of Australia along with the
prevailing atmospheric and oceanic circulation features. Therainfall map isbased on 30-year averages calculated over
the 1986-2015 period (Australian Bureau of Meteorology: www.bom.gov.au). The limits between the different rainfall
zones of Western Australia are represented by the black dashed lines (van der Kaars and De Deckker, 2002). White
dashed linesindicate the modern mean annual SST estimates (World Ocean Atlas, 1998; Barrows and Juggins, 2005)
with the 28°C line delimitating the IPWP. Prevailing summer (blue) and winter (red) winds, including summer ITCZ
and winter Subtropical Ridge positions, are indicated (modified from Courtillat et al., 2020). Major oceanographic
currentsinclude: ITF = Indonesian Throughflow; SEC = Indian and Pacific Ocean South Equatorial Current; EGC =
East Gyral Current; WAC = Western Australian Current; LC = Leeuwin Current (modified from Petrick et al., 2019).
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2.4 Climate

Shark Bay has asemi-arid climate with hot and dry summers (from November to March)
that contrast with mild winters (from April to October). The average annual temperatureis 26.5
°C, with apeak in February and a plungein July. Although the mean annual rainfall is230 mm,
the mean annua evaporation rate reaches up to 2000-3000 mm (Australian Bureau of

Meteorology: www.bom.gov.au). Most of the precipitation is concentrated during austral

winters and coincide with aweakening of the southerly winds that blow during the whole year
(Appendix 9). By contrast, austral summer in the region is hot, dry, and windy. Data from the
Carnarvon Airport station (24.89 °S; 113.67 °E) show that winds are predominantly blowing
from the south in the region (Figure 30). The slightly modified Fryberger analysis (Fryberger
and Dean, 1979) developed by Kilibarda and Kilibarda (2016) is used in this study to
quantitatively characterise the present wind regime in the region. Under this method, four

indicators are calcul ated:

e Thedrift potential (DP), which is expressed in vector units (VU) and measures the
total capacity of the surface wind to drag sand.

e Theresultant drift potential (RDP) that represents the net DP, which corresponds to
the vectorial sum of the DP values in each compass direction.

e Theresultant drift direction (RDD) that defines the direction of the RDP.

e Theratio RDP/DP that characterises the directional variability of wind regimes.

According to the values defined by Fryberger and Dean (1979), results indicate a high-energy
(i.e., DP > 400 VU), unidirectional (i.e., RDP/DP > 0.8) wind regime with a preferential
direction of sand transport towards the north (RDD = 9°).

The climate in Western Australiais greatly influenced by larger climate systems with a
planetary scale influence and can be divided into three major zones. The climate in North West
Australiais indirectly affected by the Indo-Pacific Warm Pool (IPWP), an extended zone of
warm (> 28 °C; Yan et a., 1992) surface waters characterised by low salinity and nutrient
content. This “heat engine” is also sometimes referred to as the “steam engine” of the world
because of the high convective clouds that are generated above it (De Deckker, 2016), which
ultimately are the source of the moisture that causes the high rainfall during the Australian
summer monsoon (ASM). The latter relies on the seasonal movement of the Intertropical

Convergence Zone (ITCZ), which brings rain and northwesterly winds in the northern part of
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the country when it migrates southward (Figure 32) during the austral summer (Courtillat et al.,
2020; Reeveset a., 2013).

P

" Crayfish Bay S

s

Figure 33: A: Typical sedimentary structures of the Tamala Limestone exposed along the Zuytdorp Cliffsinclude the
planar-tabular cross-beds, which are constituted by an alternation of sandflow (sf) and finer grainfall (gf) strata. B:
Rosediagram of the 1832 cross-beds dip directionsmeasured on 3D modelsgener ated for four locationsof the Zuytdorp
Cliffs: Steep Point, Cliff 1, Cliff 2, and False Entrance Blowholes (Figure 30). Thevon Mises probability density function
indicates that dunes of the Tamala Limestone were migrating ENE.

Conversely, Southwest Australia experiences dry and hot summers whilst most of the
precipitation occurs in winter (McBride, 1987; Suppiah, 1992). During this season, both the
ITCZ and the limit of the subtropical ridge move northward. The strong westerlies and the cold,
humid fronts associated with a zone of high pressure are then displaced towards the centre of
the country (Figure 32). The strength and westward position of westerlies, and thus the amount
of moisture brought onto the continent, is also influenced by the Indian Ocean Dipole (I0D).
During a positive phase, the sea surface temperatures (SST) are lower in the eastern Indian
Ocean region than in the western part, which causes droughts in Austraia through the
suppression of the local convection and the reduction of precipitation (Cai et al., 2014).

The region of Shark Bay is located at the centre of a coastal belt (25 to 27 °S) that is not
dominated by a single climatic system. Whilst the influence of the westerlies diminishesto the
north of thisbelt, that of the ASM decreasesto the south (Courtillat et al., 2020). The Indonesian
Throughflow (ITF) transports a part of the IPWP waters along the coast of Western Austraia
(Current et al., 1996; Gordon and Fine, 1996; Spooner et al., 2005; Wijffelset a., 2002), where
it eventually mixeswith water from the central Indian Ocean to form the Leeuwin Current (LC).
The latter is a surface current of dightly salted, warm waters that flows southward following
the coastline and preventing upwelling (Godfrey and Ridgway, 1985; Tomczak and Godfrey,
2003). It is weakest during the hot and dry summer, when the opposite southeasterlies are the
strongest and the ITCZ isin its southern position. Since the contraction/expansion of the IPWP
and the intensity of the ITF are strongly linked to the IOD phases and the El Nifio-Southern
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Oscillation (ESO), so is the Leeuwin Current (Saji et al., 1999; Webster et al., 1999) being
strengthened during la Nifia and weakened during € Nifio events (Spooner et al., 2011).
Particularly strong events dominated by La Nifia makes the LC strong enough to extend up to
the southern coast of Australiaand the Tasman Sea (De Deckker et al., 2012). The evaporation

of the warm LC waters is a key contributor to the winter precipitation in the region of Shark

Bay.

Figure 34: The 3D model (A) of Steep Point and the (B) stratigraphic inter pretation showing the distribution of the
measured cross-strata dip directionsfor each unit, along with the mean direction vectors (red arrows).

3 Methods

3.1 3D modeds

High-resolution virtual outcrop models were generated using UAV imagery. The UAV

used is a DJI™ Mavic Pro Platinum equipped with an onboard camera with a 12.71M pixels,
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1/2.3” (CMOS) sensor and a 78.8° FOV, 26mm {/2.2 lens with limited distortion. Still pictures
are acquired in a portion of acircle facing the outcrop faces, at 10 to 30m away from the rock
face. In total, 361 photographs were taken of the False Entrance Blowholes, 65 of the CIliff 1,
112 for the Cliff 2, and 414 of the Steep Point outcrops. Those photographs are then processed
using Agisoft Metashape™, in which they are aligned, georeferenced and orientated. Then, a
dense point cloud is generated for each outcrop, at this stage algorithmic artefacts, commonly
water and/or sky-related, aswell asisolated points are cleaned. Finally, amesh is created using
the clean point cloud, and adraping texture is generated. The final model is georeferenced then
exported to be processed in VRGS™ (Virtual Reality Geoscience Studio) to measure the dip

and dip direction of cross-beds. Mean direction vectors for each unit were calculated by

applying avon Mises probability density function to the data.

Figure 35: Photogrammetry-generated 3D model (A) of Cliff 1 next tothe stratigraphicinterpretation and dip direction
measur ements (B).

3.2 Whole-rock amino acid racemization (AAR) dating

Altogether, 48 samples were retrieved from aeolianites of the Tamala Limestone, using a
hammer and achisel. A total of 34 samples were collected when rappelling down the Zuytdorp
Cliffs. Considering their exposure to the elements (wind, spray, varying temperature, and
humidity), the sampling was done away from paleosol levels (>1 m below) and a 20 cm-deep
square was first carved in the cliffs each time to limit a potential bias. The samples were then
sent to the Amino Acid Geochronology Laboratory of the Northern Arizona University where
the amino acid content was measured by reverse phase high-performance liquid
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chromatography (Kaufman and Manley, 1998). After a bleaching of 30% of their total mass
with 2M HCL, two sub-samples analyses were conducted for each sample through a 22h-long

hydrolysis.

R

Figure36: A: 3D model of Cliff 2 showing thesampled unitsand theassociated A/l valuesand amino acid concentrations
decreasing downwar ds. B: Stratigraphic interpretation of Cliff 2 showing the distribution of the measured cross-strata
dip directionsfor each unit, along with the mean direction vectors (red arrows).

The conversion method of Whitacre et al. (2017) was applied to the present data to calculate
the Alloisoleucine/lsoleucine (A/l) valuesin order to compare them with the database provided
by Hearty and O’Leary (2008). The whole-rock (WR) approach seems preferable considering

the skeletal nature of the dominant material. Organisms have control over the symmetry of
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amino acids contained in their shells, which influences the initial DL ratios (Hearty and
Kaufman, 2009). The WR-AAR method averages the DL ratios of all the organisms, matrix
and cement constituting the samples, resulting in an estimation of the average age of deposition
of the sediment.
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Figure 37: Modél of the southernmost studied section at False Entrance Blowholes.

4 Reaults

4.1 Stratigraphy and sedimentology of the Zuytdorp Cliffs sections

The height and the number of units composing the cliffs become greater southward where
they reach their maximum at Womerangee Hill, the TamalaLimestonetypelocality. Generaly,
the stratigraphy is defined by a stack of aternating carbonate units that are overlain by
subsequent red paleosol horizons. Paleosols range from a light-yellow to deep red colour and
can be sandy, nodular or calcretic. They may berich in rhizoliths or gastropods and reach up to
2 m in thickness. Some less-developed soil horizons are present within the carbonate units
where they appear as loose, sandy layers usually light-yellow or light orange in colour. The
carbonate units are characterised by high-angle, tabular- to wedge-planar cross-bed setsthat are
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A . metric to decametric in size. They mostly
1000 - ¢ consist of an aternation of fine-grained

” grainfall and thicker coarse-grained sandflow
2 strata (Figure 33A). A total of 1832 dip and
dip directions were measured on four
photogrammetric 3D models (Figure 33B).
Edel Land Peninsula Peron Peninsula | These measurements indicate that the
B'Wh‘omm e - thme’mk majority (55 %) of the cross-beds dip at angles
higher than 20°, and 40% at more than 30°.
Most of these beds (80 %) are dipping ENE

o whereas the second cluster (14.6 %) of

o A/l

orientation indicates a NW direction. The
o . resultant mean vector has an orientation of

¢ - 54.2 £1.4°, which correspondsto ageneral NE

o1 aZn oM 040 080 DA A DR 088 100 L0 orientation of the cross-strata.
A/l

Figure 38: A: A decrease in amino acid concentration Four different units were defined at

correlateswith a decreasein themeasure DL-Asp ratio and
therefore, in the subsequently calculated A/l ratio. The

oyster shellswere sampled at Baba Head in a shelly storm- ; _thi
surge layer (sb36 and sb39 in Table 4). Samples from the carbonate intervals are about 10 m-thick and

Peron Peninsula show lower amino acid concentrationsand ; ; - _ ;
A/l ratios compared with the ones from Edel Land underlie thin ( 1 m)’ well-cemented ol

Peninsula. B: Theuncertainty increases with the A/l value. horizons (Figure 34) The mean dip

orientation of the cross-beds from the units 0 and 3 is NE whereas units 1 and 2 show an ESE

Steep Point, the northernmost location, where

and W orientations, respectively.

South of Steep Point, seven couplets carbonate-paleosol were identified at Cliff 1 with a
thickness ranging from 5 to 15 m (Figure 35). A bounding surface and a protosoil divide the
units 2 and 3, respectively, into four subunits from which orientation measurements were made
separately. Overdl, the genera sedimentary structure of the cliff is pointing ENE, whichisalso
the casefor theunits2>and 4. The units 1 and 3; indicate aNE orientation of cross-bedswhereas
the ones forming the unit 3, are dipping north. Contrary to the others, unit 5 does not present a
unimodal distribution of the measured orientations but rather a bimodal one with cross-beds
dipping towards the N-NE and SE. Only the unit U2; indicates a sedimentary structure dipping
towards the SE.

Cliff 2 only lies 300 m to the SE from Cliff 1 but displays a more complex stratigraphy.
Ten units compose Cliff 2, of which four are subdivided into two or more subunits by bounding
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surfaces, sometimes represented by protosoils (Figure 36). Most of the cross-beds are dipping

E to NE except for the ones from unit O that are dipping N, and from units 61, and 9 that are

inclined towards the NW.

The southernmost studied cliff, located at False Entrance Blowholes, is composed by 15

units separated by 14 visible paleosol horizons (Figure 37). All carbonate units show aunimodal

distribution of cross-beds orientations uniformly indicating an ENE dip direction.
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Figure39: A: Histogramsof whole-rock A/l valuesfrom this
study along with the ratios and aminozones defined by
Hearty and O’Leary (2008). The eastward (i.e., inland)
decrease in both A/l values (B) and amino acid
concentrations (C) representing the increasing diagenetic
state (i.e., aging) of sediments.

4.2Whole-rock AAR

The samples collected in the Shark Bay
area have A/l ratios ranging from 0.179 to
1.006, and amino acid concentrations varying
from 9 to 633 nM/mg (Table 4). Out of the 48
24 showed
concentrations of amino acids, defined as< 80
nM/mg (Hearty and O’Leary, 2008), and 4 of
them could only be analysed once. Nine

anaysed samples, low

samples had amino acid concentrations bel ow
the detection limit. In genera, uncertainty
becomes greater with ahigher A/l ratio, which
increases with the amino acid concentration
(Figure 39). Both A/l

corresponding amino acid concentration

ratios and the

values exponentially decrease towards the
east (Figure 40).

In total, 12 samples were collected from
six different sites (Figure 30) aong the cliffs
of the west coast of the Peron Peninsula. The
Tamala Limestone can be seen overlying the
Peron Sandstone at three locations, going
from North to South: Eagle Bluff (Figure 40),

an unnamed headland south of the Whalebone Campsite (Figure 41A), and another one north
of Goulet Bluff that will be referred to as Campers Viewpoint in this study (Figure 41B). At
Eagle Bluff, the two samples from the same unit of the ESE-facing cliff yielded A/l ratios of
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Figure 40: Three samples from the top carbonate unit at Eagle Bluff were samples within the ESE- and WNW-facing
cliffs (A and B). C: Cliff exposing the Tamala Limestone overlying the Peron Sandstone, from which an OSL age has
been retrieved by Pietsch and Olley in 2005 (Playford et al., 2013), at Eagle Bluff.

0.464 £0.005 and 0.339 +0.051, and low concentrations in amino acid (37 and 49 nM/mg). The
concentrations in the sample collected within the WNW-facing cliff were below the detection
limit therefore no A/l ratio could beretrieved from it. At the Whal ebone Campsite, two samples
from the limestone that were taken within the fine and the coarse lamina of cross-beds gave
ratios of 0.518 +0.035 (45 nM/mg) and 0.857 £0.132 (24 nM/mg), respectively. South of the
Whalebone Campsite, the loose sediment being blown off on top of the red sandstone and the
carbonate bluff displayed a ratio of 0.179 £0.034 and a low concentration in amino acid (10
nM/mg). Another ratio of 0.538 £0.023 (177 nM/mg) was measured from the limestone bluff
lying north of the Campers Viewpoint. At the Campers Viewpoint, the limestone and the
underlying red calcareous sandstone yielded an A/l value of 0.669 (measured only once, 22
nM/mg) and 0.651 +0.027 (20 nM/mg), respectively. Finally, the limestone at Goulet Bluff
produced an A/l ratio of 0.408 +0.023 and a concentration value of 29 nM/mg.

Along the west coast of the Edel Land Peninsula, six locations were investigated for
aminostratigraphy (Figure 30). The top and the middle units at Steep Point yielded A/l ratios of
1.006 £0.019 and 0.881 +0.019, respectively (Figure 42A). The upper unit showed a mean
concentration (606 nM/mg) that is nearly twice higher than the one measured in the underlying
unit (285 nM/mg). A total of ten samples were collected within the cliffs forming the
southernmost studied section at False Entrance Blowholes (Figure 42B). The decrease of A/l
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values from stratigraphically lower units correlates with the decreasing trend in the
concentration of amino acids. The carbonate units from Cliff 2 yielded ratios in a descending
order of 0.977 £0.010, 0.930 +0.008, 0.925 +0.008, 0.988 +0.012, 0.703 +0.012, 0.681 +0.030,
0.473 +£0.106 (Figure 36).

trace amino

of Whalebone Campsite > ; ampers Viewpoint

Figure4l: TheTamalaLimestone can be seen overlapping the Peron Sandstonein different locationsalong the Western
Coast of the Peron Peninsula. South of the Whalebone Campsite (A), a modern dune feeding from the adjacent beach
is presently migrating on top of both the Tamala Limestone and Peron Sandstone.

The top and intermediate units of a cliff at Thunder Bay Blowholes gave A/l values of
0.812 +0.008 and 0.804 +0.016, respectively, with a concentration in amino acids slightly
higher in the uppermost unit (Figure 44A). The cliffs terminating the beach of Crayfish Bay,
also named Epineux Bay, on its northern shore were also investigated (Figure 44B). From the
top to the base of the Crayfish Bay section, theretrieved A/l values decrease from 0.655 +0.016,
to 0.497 (measured once), and to 0.461 (measured once), which correlates with the decreasing
concentrationsin amino acids (30.5, 17, and 9 nM/mg). One samplefrom an immature protosoil
within the uppermost unit, and another one from the unit below had concentrations of amino
acids below the detection limit. Finally, the uppermost unit of the cliffs at Dulverton Bay (also
named False Entrance) was sampled twice (Figure 44C). Samples showed similar
concentrations of amino acids (12 and 10 nM/mg) and yielded A/l ratios of 0.545 +0.012 and
0.342 (measured once).

Whilst the concentration values in amino acids are evidently decreasing towards the base
of the section, the calculated A/l ratios display a greater variability with no clear trend. In
descending order, A/l values were calculated at 0.937 £0.009, 0.794 +0.035, 0.877 +0.005,
0.483 +0.005, 0.566 +0.023, 0.825 +0.028, two samples below the detection limit, 0.776
+0.011, and 0.822 +0.006. Of the corresponding amino acid concentration values, only thefirst
three were above the significative limit of 80 nM/mg.
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Figure42: A: Stratigraphy and A/l values from Steep Point, the northernmost investigated section in this study. Each
aeolianiteis capped by ared, bioturbated paleosol horizon. B: At False Entrance Blowholes, the southernmost studied
section, the AAR analysis show the characteristic decrease in amino acid concentrationsin the stratigraphically lower
units. Whole-rock A/l ratios from the bottom aeolianites are considered unreliable because associated with very low
level of amino acids.

5 Discussion

51 Wholerock AAR

Only one third of the processed samples showed levels of amino acid concentration that

were high enough to ensure trustworthy subsequent A/l ratios (Figure 39). Most of these are
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2~ close to the equilibrium value settled at 1.3
B (Hearty and Kaufman, 2009, 2000), which
makes them less reliable. This is emphasised

| by an uncertainty increasing with A/l values,
and ratios being significantly different
between samples coming from the same unit
(Figure 40 and Figure 44). The distribution of

| the measured A/l ratios is similar to the one
| published by Hearty and O’Leary (2008), with

values concentrating within the aminozones
they have defined for the region (Figure 40A).

A However, our data show inconsistencies such

0.497

AR as the bottom unit at Cliff 2 and the top one at

4 > sBa7
o sB43
0,361 -

S el Dulverton Bay, both correlating with the
" &| aminozone E. The latter was assigned to MIS
S5e by Hearty and O’Leary (2008), which

would indicate that the entire Tamaa

O sB44
below llmg

Limestone complex in Shark Bay was

el deposited during this unique highstand. This

observation does not corroborate the age
interpretations made for the Zuytdorp Cliffs
succession by previous authors (Playford,
2013; Hearty and O’Leary, 2008).

Generally, the concentrations in amino

L - : P ~ Dulverton Bay
Figure 43: Stratigraphy and A/l ratios at three locations of
the Zuytdor p Cliffs, from north to south: A: Thunder Bay;
B: Crayfish Bay; and C: Dulverton Bay.

lower than the ones measured on samples from the Edel Land Peninsula (Figure 40B and C).

acids and the A/l values retrieved from the

Tamala Limestone on the Peron Peninsula are

Lower A/l ratios indicate younger units but the reliability of the measurements is highly
dependent of the amino-acid concentration within the carbonate. It is already known that amino
acid concentration decreases with the age of the sample and the state of diagenesis (Hearty and
Kaufman, 2000; Hearty and O’Leary, 2008; Roof, 1997), so this observation either indicates
that carbonate unitstend to be older or that the degree of carbonate diagenesisincreasestowards
the East. Previous studies that have been conducted in the Perth Basin have demonstrated that
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Depositional Model of Dry Aeolian System the yellow sand overlying the Tamda
Limestone formed by residual accumulation of
the siliciclastic material after the dissolution of
the carbonate units (Bastian, 2010, 1996, 1994;
Newsome, 2000; Playford et al., 2013). The
authors pointed out the progressive leach-out of
heavy minerals most susceptible to weathering
towards the east, so from the youngest to the
oldest units. The inland ageing of the units was
later confirmed by U-Th dating of successive
coastal ridges of the Swan Coastal Plain and the
Geradton Sandplains (Lipar and Webb, 2014).
~ The progressive loss in amino acid observed
towards the east in Shark Bay therefore
indicates an increase in the diagenetic state of
the limestone, which correlates with the inland
ageing of the deposits. Thisisalso supported by
the systematically observed decrease in both

A/l vadue and amino acid concentration in

Composite Log Legend Models Legend scale  Strati graphl ca |y lower units al ong the studied
F.A. - Facies Association [#5i] Deformation sets ~ [S5] Aeolian dunes 10m . .
[0 Interdune 5 Cross-bedding 27 Dry interdune transects (F| gure 36 and Fi gure 42) Asal re&jy
[SAD] Simple Aeolian Dune [ Interdunes [ pamp interdune 80 m

_f_ Flame structure [ wet interdune

suggested by Hearty and O’Leary (2008), the

Figure 44: Architectural models for dry and wet aeolian ) ) ) o

systems (Jones et al., 2016). lowering trend of amino acid valuesis time-
dependent and can be used for arelative dating of the TamalaLimestone units. However, further
accurate dating will require arobust calibration with absolute dating techniques (e.g., U-Th, or
OSL) to compensate for the lack of accuracy of the AAR method. Nevertheless, these data
refute the interpretation that the carbonate units of the Tamala Limestone at the Zuytdorp Cliffs
formed during one single glacial episode (MIS 8, Playford et al., 2013), but rather suggest that

deposition took place during various intervals of the Quaternary.

5.2 Type of aeolian dunes

The Tamala Limestone exposed along the Zuytdorp Cliffs present the characteristic

aeolian aternation of grainfall and sandflow cross-strata (Figure 33A; Hunter, 1977; Kocurek,
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1996, 1991, 1981; Uli¢ny, 2004). Some sets of cross-strata from the investigated sections are
morethan 10 m-thick (Figure 35), which impliesamuch greater height of the dune. A minimum
dune height of 10 m can be inferred from the average thickness of sandflow strata reaching up
to 5-8 cm (Kocurek and Dott, 1981; Romain and Mountney, 2014). These estimations fall into
the range (10-20 m) of the seif and parabolic dunes marking the current topography of the Edel
Land Peninsula (Figure 30).

There is a predominance of the sandflow strata, most of which reaching the base of the
slope, over the grainfall strata. Such extended sandflow strata are typical of aeolian dunes that
had well-developed dipfaces during most of their periods of deposition, when sandflow
processes were the main contributors to dune migration (Kocurek, 1991). It also characterises
dune crestlines that were oriented transverse to prevailing effective palaeowinds (Jorgensen,
2012; Kocurek, 1991).

5.3 Aeolian system geometry

Dry aeolian sedimentary systems are characterised by a water table lying beneath the
surface of accumulation, thus having a very minor influence on sedimentation (Mountney,
2011). The associated interdunes are either thin deposits (<1 m) or constitute first-order
bounding surfaces (Figure 45) separating cross-bedded sets of aeolian strata when reduced to
isolated interdune depressions (Kocurek and Havholm, 1993; Lancaster and Teller, 1988). By
contrast, aeolian accumulation in wet aeolian systems occurs when the water table rises, which
resultsin aeolian strata being separated by thick, extensive interdune horizons (Figure 45) over
which they climb during periods of downwind migration (Kocurek et a., 1993; Loope and
Simpson, 1992). The interdune units in these systems are often characterised by a reddish
colour, horizontal wind ripple lamination, adhesion structures, current ripple cross-lamination
and planar lamination (e.g., Jones et a., 2016), which are indicative of wet sediment surfaces
(Ahlbrandt and Fryberger, 1981; Fryberger et a., 1983; Hunter, 1980; Kocurek, 1996, 1991,
1981; Kocurek and Fielder, 1982).

The stack of landward-advancing dunes of the Tamala Limestone observable aong the
Zuytdorp Cliffs represents a dry aeolian system with regiona-scale interruptions of
sedimentation. Because the red horizons separating aeolian sets of strata are heavily bioturbated
(e.g., high density of rhizoliths) and do not present the typical features of wet interdunes, they
constitute paleosols (Kocurek, 1988; Mountney, 2006a, 2006b) marking regional breaksin the

aeolian accumulation. The thicknesses of the carbonate units and the size of the cross-strata
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Table 4: Amino acid concentrations and A/l ratios measured by reverse phase (RP) chromatography on whole-rock
samples from Shark Bay, the Geraldton Sandplains, and the Swan Coastal Plain (based on the Interim Biogeographic
Regionalisation for Australia, IBRA7). Alloisoleucine/lsoleucine (A/l) values were calculated following a log2
transfor mation of the DL-Asp ratios, following to the method developed by Whitacreet al. (2017).

Area L ocation # Lat. Long. DL + [Asp] Al
Asp
Peron Cape Peron sb3 -2554 11349 ND ND ND ND
Eagle Bluff sh7 -26.09 11358 ND ND ND ND
sh8 -26.09 11358 0.586 0.005 37 0.464
sbll -26.09 11358 0520 0.051 49 0.339
sbl3 -26.09 11358 ND ND ND ND
Whalebone Campsite shl4 -26.13 11364 0611 0035 45 0.518
shl5 -26.13 11364 0740 0132 24 0.857
S of Whalebone Campsite sh31 -26.16 113.66 0408 0.034 10 0.179
N of Campers Viewpoint sb30 -26.18 113.68 0.620 0.023 177 0.538
Campers ViewPoint sh20 -26.20 11368 0.673 ND 22 0.669
sbl8 -26.20 113.68 0.666 0.027 20 0.651
Goulet Bluff sh28 -26.22 11369 0558 0.023 29 0.408
Edel Land Baba Head sh39 -26.61 113.69 0554 0.064 633 0.401
sh36 -26.61 113.69 0500 0.013 593 0.305
Steep Point 53 -26.14 11316 0.786  0.019 606 1.006
sh52 -26.14 11316 0.748 0.019 285 0.881
Cliff 2 sh65 -26.20 11320 0.778 0.010 317 0.977
sh67 -26.20 11320 0.763 0.008 245 0.930
sh68 -26.20 11320 0.762 0.008 61 0.925
sh69 -26.20 11320 0.781 0.012 292 0.988
sb71 -26.20 11320 0686 0012 26 0.703
sh73 -26.20 11320 0678 0030 50 0.681
sb76 -26.20 11320 0591 0106 22 0.473
Thunder Bay Blowholes sh51  -26.29 11327 0725 0.008 202 0.812
sb50 -26.29 11327 0.722 0.016 186 0.804
Crayfish Bay sh47 -26.33 11329 0668 0.010 305 0.655
sh46 -26.33 11329 ND ND ND ND
sh4l -26.32 11329 0602 ND 17 0.497
sh43  -26.32 11329 0584 ND 9 0.461
sh44 -26.33 11329 ND ND ND ND
Dulverton Bay sh48 -26.36 11329 0522 ND 10 0.342
sh49 -26.37 11330 0623 0012 12 0.545
False Entrance Blowholes sh62 -26.19 11319 0.765 0.009 235 0.937
sh64 -26.19 11319 0719 0.035 219 0.794
sh63 -26.19 11319 0.746  0.005 243 0.877
sh54 -26.19 11319 0595 0005 20 0.483
sh55 -26.19 11319 0632 0023 65 0.566
sh56 -26.19 11319 0729 0028 32 0.825
sh58 -26.19 11319 ND ND ND ND
sh59 -26.19 11319 ND ND ND ND
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sh60 -26.19 11319 0.712 0.011 26 0.776

sh6l -26.19 11319 0.728 0.006 39 0.822
Southern Beekeeper's Aiyennu Cave sb77 -2993 11509 0595 0.000 38 0.482
Nature Reserve &78 2993 11509 ND ND ND  ND
Nambung National Park  Pinnacles Desert sb79 -3061 11516 ND ND ND ND

sh80 -30.61 11517 0499 0.017 152 0.304
sh82 -30.61 11517 0208 0023 14 0.030
sh83 -30.60 11516 0.367 0.142 167 0.135

indicate a high ratio of accumulation over downwind migration rates, which defines a field of
great aggregation compared with a field of deflation (Figure 45; Mountney, 2011). In these
settings, there is a significant sediment supply and availability along with an accumulation
process occurring via bedforms climbing over one another (Rubin and Hunter, 1982). The
reactivation surfaces between two sub-units can form from the erosion of the dune dlipface
following a change of dune height, local wind direction and speed (e.g., reverse winds), or dune
asymmetry (Kocurek, 1991; Mountney, 2006b; Rubin and Hunter, 1983).

54 Prevailing palacowinds

The dominant planar geometry of the cross-strata, the prevailing sandflow strata, and the
unimodal distribution of the cross-beds dip directions (Figure 33B) indicate landward-
advancing (i.e., transgressive; Rowe and Bristow, 2015a, 2015b) dunes migrating sub-
perpendicularly to the coast towards the NE. When looked at individually, the units defined for
the four studied sections also show unimodal distributions of cross-strata orientations, which
are interpreted as foresets. The evident dominant directions of effective palacowinds are
towards the NE and the E, with data being more or less widely distributed around these values.
Only three units out of the 31 analysed indicate a NW palaesowind direction, with cross-strata
dipping at high angles (~30 °). They could either be correlated with reversing winds such as the

ones blowing in winter at present, or interpreted as backslope dune deposits (i.e., backset sets).

5.5 Palaeoclimateinterpretations

The depositional timing of the Tamala Limestone remains an unsettled issue as of today
(Hearty and O’Leary, 2008; Jorgensen, 2012; Lipar and Webb, 2014; Playford et al., 2013).
The answer to the question of whether sediment accumulation occurred during interglacial or
glacial periods is complicated by the lack of accuracy of the various dating methods and the
alteration level of sediments. At present, the surface dunes from Carrarang Sand and the
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Denham Sand are mostly stabilised by vegetation despite the aridity of the region. The
deposition of such considerable extensive dunes should have occurred during periods when
sand transport was substantially facilitated. Thisimplies a close productive source of sediment
(Pye and Tsoar, 2008), winds blowing above the saltation threshold (e.g., Fryberger and Dean,
1979; Kocurek and Lancaster, 1999), and likely an increase in aridity which usually correlates
with a degradation of the vegetation cover.
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Figure 45: Modelled preserved architectures for static aeolian systems (from Mountney, 2011). A field of deflation,
contrary to afield of accumulation, isdefined by an angle of bedform climb of zero. The higher the angle of climb, the
greater istheaccumulation ratewith respect to the downwind migration rate. Different architectures are generated by
wet and dry aeolian systems, theformer including wet interdunedeposits. The Tamala Limestone at the Zuytdorp Cliffs
corresponds to a dry aeolian system with a high accumulation rate (red rectangle), suggesting great sediment supply
and availability from a sourcelocated close by.

During glacial periods, the decrease in sea surface temperature (SST) results in less
evaporation above the Indo-Pacific Warm Pool (IPWP), which weakens the convection
movement of the Hadley cell and induces the shrinking of the IPWP (Figure 46), causing the
northward retreat of its southern bound (Spooner et al., 2011). This would drastically reduce
the southward transport of low salinity, warm IPWP waters by the Indonesian Throughflow
(ITF, Barrows and Juggins, 2005; Martinez et al., 1999). This phenomenon is amplified by the
cutting off and the substantial shallowing of the ITF channels caused by a lowered sea level
resulting from an increase in continental ice volume (Petrick et a., 2019). An attenuation of the
feeding ITF leads to a weakening of the Leeuwin Current (LC; Reeves et a., 2013), which
trandlatesinto more arid conditions along Western Australia. Modelsfor the Pliocene and LGM
indicate a reduction in rainfal up to 30% when the ITF is considerably reduced (Di Nezio et
al., 2016; DiNezio et a., 2018; Krebs et al., 2011).
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Westerlies

Figure 46: Maximum extent of the exposed Sahul and Sunda shelves during the LGM (-120 m) and the associated
prevailing atmospheric and oceanic circulation features. White dashed lines indicate the LGM mean annual SST
estimated by Barrows and Juggins (2005). Note the shrinking of the IPWP to the north compared to its modern extent
and position (Figure 32). The shallowing of the Indonesian channels and straits led to a diminished transport of the
IPWP watersby thel TF, which in turn led to a weakened L C (Petrick et al., 2019). Thistranslatesinto lessrainfall and
ageneral aridification of Western Australia. The northward contraction and expansion of the Hadely and Ferrel cdlls,
respectively, isillustrated by the migration north of both the STF and SAF/PF mean positions (Courtillat et al., 2020).
Consequently, prevailing westerlieswer e blowing in the Shark Bay region.

In summary, the LC is strong during interglacials and weak during glacias, which leads
to humid and arid climate conditions, respectively. This glacial-interglacial pattern in Western
Australia has been demonstrated for the past 500 ka, with enhanced aeolian transport during
dry glaciasandincreased fluvia runoff during humid interglacials (Courtillat et al ., 2020; Lipar
et al., 2017; Petrick et a., 2019; Spooner et a., 2011; Stuut et a., 2014). Therefore, it isunlikely
that the Tamala Limestone dunes were deposited during interglacials and paleosols formed
during glacials as previously suggested by some authors (Hearty and O’Leary, 2008; Lipar and
Webb, 2014). It iseven lesslikely for the MIS 5, MIS 7, and MIS 11, during which the LC was
stronger than today so that climate was more humid, which would have increased the vegetation
cover and limited dune mobility (Hope, 1994; Markgraf et a., 1992; Spooner et a., 2011; van
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der Kaars and De Deckker, 2003, 2002). The in-situ nature of the siliciclastic components of
paleosol horizons (Bastian, 2010, 1996, 1994; Newsome, 2000; Playford et a., 2013; Tapsell
et al., 2003) indicates a greater dissolution of the carbonate caused by intensified rainfall,
correlating with interglacial periods. Moreover, the Tamala Limestone as exposed at the
Zuytdorp Cliffsrepresents adry aeolian system, correlating periods of deposition with glacials.
A high rate of accumulation is represented by the thicknesses of the cross-strata sets, which
implies a close, profusive source of sediment. During low sea levels of glacia periods, a
consequent surface of the low-angle dipping Carnarvon carbonate ramp would be exposed,
making sediment available to wind transport.

During the transition from a warm-humid interglacial to a cold-dry glacial, the Hadley
and the Ferrel cellsretreats/expands northward, respectively (Courtillat et al., 2020; De Deckker
et a., 2012; Jiang et a., 2008, 2001; Jorgensen, 2012; Peterson, 1988; Scherer and Goldberg,
2007; Spooner et al., 2011; Uli¢ny, 2004). This migration translates into a more northern
position of the ITCZ, the Subtropical Front (STF), and both the Subantarctic Front (SAF)/Polar
Front (PF) that are pushed closer to Australia by expanding Antarctic ice sheets (Figure 46).

It has already been shown for intervals of the Quaternary that this change in atmospheric
circulation corresponds to an intensified aeolian transport (De Deckker et al., 2012; Courtillat
et a., 2020). The enhanced influence of the westerlies in the Shark Bay region is shown by the
pal aeowind directions measured from the cross-strata and foresets orientations. This influence
decreases towards the north with main wind vectors pointing more north at the Steep Point
section (Figure 34) than at the False Entrance Blowing Holes section (Figure 37). Most of the
studied unitsindicate dune migration from the west/south-west to east/north-east, which differs
from the north-south orientation of the younger dunes presently lying at the surface and forming
the Carrarang and Denham Sands (Le Guern, 2004). The few units indicating palaeowinds
blowing from the south, if not dueto secondary airflow (Frank and Kocurek, 1996; Livingstone,
1986; Sweet and Kocurek, 1990; Tsoar, 1983; |. J. Walker, 1999; Walker and Nickling, 2002),
would have been deposited to conditions closer to the present ones. This reasoning applies to
units showing mean wind vectors oriented towards the west and north-west which, if deposited
under primary airflow or not representing backsets, would reflect the greater influence of the
southeasterly trade winds of the Hadley cell in the region (Jorgensen, 2012). Overdl, it seems
that most the Tamala Limestone has been deposited under westerly winds prevailing in the
region after anorthward migration of the subtropical highs (Denton et al., 2010; Kohfeld et al.,
2013). Whilst these highs seasonaly bring rainfall in austral winter during their northern
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displacement, the long-term trend during dry glacials suggests moisture levels were not high

enough to prevent dune mobilisation.

6 Conclusion

The Tamala Limestone currently exposed along the Zuytdorp Cliffs, in the Shark Bay
region, shows cyclic deposition of coastal aeolianites alternating with breaks in sedimentation
represented by palaeosols. The regional amino acid racemization survey coupled with a
stratigraphic and sedimentological anaysis, based on 3D models of the cliffs, provide new
insight into the depositional timing of the Tamala Limestone aeolianites relative to
glacial/interglacial cyclesand the climate conditions at thetime. The decreasein both A/l values
and amino acid concentrations from inland units and stratigraphicaly lower units at the
Zuytdorp Cliffs indicates a more advanced diagenetic state correlating with an aging of the
units.

The Tamaa Limestone is primarily constituted by landward-advancing dunes (i.e.,
transverse) migrating parallel to the prevailing winds. The stratigraphic layout displayed aong
the western coast of Edel Land Peninsulais typical of adry accumulating aeolian system (i.e.,
no interdune deposits) with an important accumulation rate with respect to the downwind
migration rate.

All these observations strongly suggest that the aeolian accumulation in the Shark Bay
region occurred during dry/cold glacials. Lower sea levels would have exposed a consequent
surface of the Carnarvon carbonate ramp where significant quantities of sediment would have
been prone to transport by wind. Expanding ice sheets induced sealevel drops which, coupled
with lowered SST of the IPWP, would have cut off the I TF resulting in asubstantially weakened
L C. Consequently, diminished rainfall and moisture would have contributed to the arid climate
during glacial periods. The influence of westerlies during the dunes deposition compared to
today’s wind regimes correlates with northward migration of both the Hadley and Ferrel cells.
Further studies to accurately date the successive units aong the Zuytdorp Cliffs are warranted
in order to properly constrain palaeoclimate and atmospheric circulation associated with the
deposition of aeolianitesin this peculiar region.
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This chapter reviews the literature on continental parabolic dunes and used an OSL ages
database to link periods of dune activity with globa climate conditions and large-scale
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Abstract

The global occurrence of parabolic dunes and their reactivation potential make them
significant features in the present global landscape. Several studies have assessed the
distribution and structure of parabolic dunes and their relationship to local climate factors with
the aim to constrain the processes influencing their activation and potential reactivation.
However, none of them have addressed the connection between recently active inland parabolic
dunes and climatic conditions at a global scale, nor their potential as proxy for past climates.
Here we report that the activity of 106 continental interior parabolic dunes from the last
millennium is largely controlled by few quantifiable climate variables that are mutually
influenced: aridity, type of vegetation, and wind speed. We then compare the mid-Holocene
activity of 67 continental dunes with the palaeolevel of 394 lakes to confirm their relationship
to past aridification, itself triggered by a northward displacement of the Intertropical Converge
Zone. This study provides a quantitative tool to constrain past climates in regions where inland
parabolic dunes have shown to be active, especially where other proxies are not available; along
with linking continental parabolic dune activity with atmospheric circulation.

1 Introduction

Future climate change will likely result in an increase in average global temperature as
well as drought frequency and severity (Coumou and Rahmstorf, 2012; IPCC, 2013). The

induced vegetation loss and its impact on aeolian activity are expected to cause an
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intensification of desertification and land degradation (Asadi Zarch et a., 2017; Ashkenazy et
al., 2012; Collins et al., 2013; Greve et d., 2019; Lancaster, 1997; Mirzabaev et al., 2019;
Thomas et a., 2005; Thomas and Leason, 2005). Possible consequences of these changes
include forced human migration (IPCC, 2014), decreased atmospheric carbon absorption (Lal,
2001), reduced food production (Sherr and Y adav, 1996), increased water scarcity (IPCC, 2013;
Maestre et a., 2012), and ultimately conflicts (Raleigh and Urdal, 2007). It is, therefore, vita
to constrain the past and present climatic factors controlling aeolian dunes activity in order to
model their future mobilisation in a changing climate. One such possible method is to study
parabolic dunes (Figure 47) which can be found over awide range of | atitudes and environments
(Figure 48; e.g., lake shorelines, coastlines, riverbanks and continental interiors), making them
an important, globally-occurring features in the present landscape (Goudie, 2011; Yan and

Baas, 2015). Constraining the present eco-geomorphic systems in which parabolic dunes are

currently active may therefore yield detailed insights into how the climate varied in the past.

Figure 47: Examples of continental parabolic dunes around the world: (A) Great Sand Dunes, Colorado, USA; (B)
Otindag desert, Inner Mongolia, China; (C) Thar desert, Rajasthan, India; and (D) Big Stick sand dunes, Saskatchewan,
Canada.

Parabolic dunestypicaly have a U-shape or V-shape planform geometry, and are defined
as asymmetric aeolian bedforms with a steep downwind “lee” slope and a much gentler upwind
“stoss” slope (Hack, 1941). They result from a depositional nose migrating downwind leaving
stable to semi-stable trailing arms that have been fixed by vegetation (Figure 47). Parabolic
dunes located in humid regions are usually developed along large lake coastlines (e.g., Lake
Michigan), or rivers, or seashores where agreat majority of them evolve from blowouts within
foredunes (i.e., proximal transverse dunes parallel to the shore; Hesp, 2013, 2011, 2002). In
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such environments, a complex framework of environmental factors governs the formation and
development of parabolic dunes such as: sea level changes (Armitage et al., 2006; De
Ceunynck, 1985; Pye and Rhodes, 1985; Pye and Switsur, 1981; Shulmeister and Lees, 1992,
Tgan-Kellaet al., 1990; Wolfe et a., 2008), lake or watertable level fluctuations (Arbogast et
al., 2002a, 2010; Forman and Pierson, 2003; Hansen et a., 2010; Lepczyk and Arbogast, 2005;
Lichter, 1995), variations of wind regime or sediment supply (Rawling et al., 2008; Zular et al.,
2013), storminess (Clemmensen et al., 2007, 2001; Hansen et a., 2010), groundwater level
(Porat and Botha, 2008), or human activity (Alexanderson and Fabel, 2015; Bertran et al., 2011,
Bogle et a., 2015; Guo et a., 2018; Hesp, 2002; Hesp et al., 2010; Mason et al., 2009; Wolfe
et a., 2007a, 2008). For this reason, we did not assess their potential as a pal aeoclimate proxy.

On the other hand, in continental settings, parabolic dunes mostly form from the
transformation of barchan aeolian dunes or transgressive dune fields (Hesp, 2011; Tsoar and
Blumberg, 2002), and from the reactivation of previously stabilised sand sheets and vegetated
dunes (Barchyn and Hugenholtz, 2015, 2013, 2013). This study focuses on continental interior
parabolic dunes since their activity is known to be strongly controlled by sediment supply and
fewer climatic factorsin regardsto their coastal counterparts (Y an and Baas, 2015 for areview
of past work). The presence, development, activity, and transformation of inland parabolic
dunes have indeed been linked with precipitation (e.g., Hoover et al., 2018; Lancaster, 1988;
Landsberg, 1956; Stetler and Gaylord, 1996), temperature (e.g., Wolfe and Hugenholtz, 2009),
wind regimes (e.g., Hesp, 2002; Tsoar et a., 2009), and in amore recent context, anthropogenic
factors (e.g., Alexanderson and Fabel, 2015; Hesp, 2001; Hesp et al., 2010; Tsoar and
Blumberg, 2002). The unequivocal relationship of parabolic dune activity with a stabilising
vegetation (e.g., Duran and Herrmann, 2006; Duran and Moore, 2013; Tsoar and Blumberg,
2002; Yan and Baas, 2017), whichislinked to environmental factors (Tian et a., 2018), makes
them a potentially useful indicator for past Quaternary climate in regions where the availability
of other proxiesislimited (e.g., pollen and spores, plant macrofossils, charcoal, stable isotopes
and |ake sediment record).

This study aims to lay the foundations for the use of continental parabolic dunes as
potential proxy for the reconstruction of past climatic conditions by quantifying the
environmental factors of areas where they have been recently active, and by comparing their
activity during the Holocene Thermal Maximum (e.g., Daviset a., 2003; Kaufman et al., 2020;
Masson et al., 2000). Globally speaking, this period is associated with a northward shift of the
Intertropical Converge Zone (ITCZ), and therefore the monsoon systems, resulting in a higher-

and lower-than-present mean temperature at high and low latitudes, respectively. These changes
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correlate with increased precipitation in the tropics whilst temperate regions of the northern
hemi sphere underwent strengthened arid conditions (e.g., Braconnot et al., 2007b, 2007a, 2004;
Gladstone, 2005; Kaufman et a., 2004; Kohfeld and Harrison, 2000; Mikolajewicz et al., 2003;
Wanner et a., 2008). The mid-Holocene is a period of rapid and important climatic changes
that is now well-constrained, making it a key period for a comparison between the continental
interior parabolic dunes activity and aridity. With extreme drought and rainfall becoming more
recurrent recently (Dunn et a., 2020), these aeolian landforms offer agreat indicator of climate-
induced land degradation.

O st came 1 kit

Figure 48: A) Global distribution of 798 recognised parabolic dunes based on the INQUA Digital Atlas of Quaternary
Dune Fields and Sand Seas and on an extensive review of the literature (circles), aswell as on thereview work carried
out by Yan and Baas (2015; squares). B) The majority (87%) of the parabolic dunes that have shown activity during
the last thousand years are located in continental (40%) and arid (47%) climate zones, according to the Kdppen
classification (Kottek et al., 2006). The few that have recently migrated within temperate and tropical zones are
predominantly costal parabolic dunes.
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2 Methods

2.1 Duneactivity database

In order to compare parabolic dunes activity to climate, a considerable global
chronological database and an extensive review of the literature is required. The former is
provided by the INQUA Digita Atlas of Quaternary Dune Fields and Sand Seas (Lancaster et
al., 2016; https://www.dri.edu/inquadunesatias/), and the latter is based on 244 papers
mentioning parabolic dunes. Overall, 109 publications (Appendix 10) provide 1146

luminescence and radiocarbon ages for 798 different dunes (Figure 48). A tota of 241
luminescence ages younger than 1 ka BP, with 75% of the age uncertainties being less than
50yrs, was obtained to constrain the activity of 115 dunes located in 12 different countries
(Figure 48 and Figure 49). We excluded coastal parabolic dunes so that our database provides
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218 luminescence ages for 104 recent dunes located in 8 different countries (Appendix 11).
Another 97 luminescence ages and 8 1“C ages constrain the activity during the mid-Holocene
period (7.5 to 4.5 ka BP) of 66 continental parabolic dunes, located in 8 different countries
(Appendix 12). Of these ages, 75% show uncertainties between 28 and 800 yrs. The gathered
OSL ages represent the moment of burial of quartz grains, which translates into a period of
dunes accumulation. In this paper, as in many others, this accumulation is interpreted as dune

activity and therefore, evidence of dune remobilisation and/or migration.

2.2 Climatevariables

The 104 inland parabolic dunes that have accumulated during the last 1 ka BP were
compared to 6 different climate variables modelled for the modern: temperature, precipitation,
aridity index, wind speed, surface roughness and mega biomes (Figure 49). Both annual surface
temperature at 2 meters above sealevel (m.a.s.l) and annual precipitation were derived from
WorldClim v2.1 with a 5-minute resolution, which averages historical data between 1970 and
2000 AD (Fick and Hijmans, 2017). From this dataset, the Global Aridity Index (Al) database
at 30 arc-second was generated by Trabucco and Zomer (2018) by computing the ratio between
the mean annual precipitation and the calculated mean annual reference evapo-transpiration.
For roughness length, mean surface wind speed and directionality (at 10 m.a.s.l), we used the
Global Wind Atlas (GWAZ3) database with a resolution of 250 m at the equator, which covers
a 10-years period between 2008 and 2017 AD (https://globalwindatlas.info/).

The roughness length (“z0”) characterises the displacement of the wind velocity profile
caused by the density and the height of the obstacles lying on a surface over which the wind is
blowing. In a natural environment, the vegetation constitutes the main obstacle to the wind
whereas human-made structures are the “roughness elements” in densely populated areas. The
roughnesslength isaparameter of the equations (e.g., Levin et a., 2008) used to model changes
of the horizontal mean wind speed near the ground along a vertical wind profile. It isacritica
parameter since the size and density of potential obstacles strongly affects the shear stresswind
produces on the Earth’s surface and consequently, its ability to transport sediment (Greeley et
al., 1997; Levin et a., 2008; Wolfe and Nickling, 1993). The values of zoin GWA3 have been
derived from the European Space Agency’s Climate Change Initiative Land Cover (CCI-LC)
dataset v2.0.7 (maps.elie.ucl.ac.be/CCl/viewer/download/ESACCI-LC-Ph2-PUGV2 2.0.pdf),
which provides datafor the period between 1992 and 2015. The satellite data are validated with

ground measurements and then processed into a landcover map where a zo value is attributed
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to each class of landcover, which includes both the type of vegetation and the type of human-
modified lands (e.g., farmland, cropland, urban areas). The mega-biomes dataset is based on
the same principle but differs from the CCI-L C classification in that human-modified lands are
not included. In this dataset, biomes, which represent distinct plant communities that have
formed in response to a shared physical climate, were grouped into broader mega-biome
classes. It wasmodelled with agrid cell size of 3.75° width and 2.5° height for the pre-industrial
period based on the HadCM 3 Global Circulation Model and long pollen records (Hoogakker et
al., 2016; Verheul et a., 2016).

For a more detailed analysis of wind regime, the NASA POWER Release-8 model
(https://power.larc.nasa.gov/) was used, which is based upon a single assimilation model
merging the MERRA-2 and the GEOS 5.12.4 products (Stackhouse et a., 2018). It provides
the daily average of wind speed at 10 m.a.s.l. over the same period as the GWA3, with a grid
cell sizeof 0.5° latitude by 0.5° longitude. These data enable statistical cal culations to establish
how often and by how much, wind is blowing above the impact threshold shear velocity, set at

11 knots (Fryberger and Dean, 1979). This value represents the lower limit, under dry
conditions, from which wind initiates saltation of quartz grains (Bagnold, 1941, 1936). In other
words, sand transport by wind starts at 11 knots (~5.5 m/s), which corresponds to the “moderate
breeze” class of the Beaufort scale. The bigger the wind speed averaging time, the more
underestimated is the blowing time of effective (< 11 knots) winds (Yizhag et a., 2020).
Usualy, a10-min or 1-h mean wind speed is recommended for further cal culations, so that our
data represent the lower spectrum of wind speeds in the studied regions.

Finaly, the activity of the 66 dunes that have been active during the mid-Holocene (7.5
to 4.5 ka BP) was compared to the Global Lake Status Data Base of mid-Holocene lake levels
(GLSDB; Harrison et al., 2003; Kohfeld and Harrison, 2000; Yu et a., 2001), which includes
394 sites with a strong dating control. This database is based on the relative mid-Holocene
pal eo-levels of lakes around the world and indicatesif agiven region was under wetter or drier

conditions.

3 Resaults

The OSL ages from the last millennium are clustered into three distinct periods (Figure
50), 17 % of them are within the 1000-650 BP range (900-1300 AD), 77 % fall into the 450-50
BP range (1500-1900 AD), and only 3 % cluster after 1900 AD. Within the second group, a
further distinction can be made between the 1500-1700 AD group (19 % of the ages) and the
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more recent 1700-1900 AD group (58% of the ages).
: D

Figure 49: Global distribution of the studied 108 continental parabolic dunes that have been active during the last
thousand years, overlain on the global maps of the 6 studied climate parameters: (A) averagetemperature, (B) average
precipitation, (C) aridity index, (D) average wind speed, (E) land surfaceirregularity and (F) type of vegetation.

Parabolic dunes are found over awide range of latitudes (35°S to 62°N) but the recently
active ones are predominantly found (87%) in continental and arid climates (Figure 48B) as
defined by the K&ppen classification. We find that the regions where recent continental dunes
are active have mean annual temperatures and precipitation rates ranging from -5 to 30 °C, and
from 100 to 1500 mml/yr, respectively (Figure 51A and B). Of the 104 considered parabolic
dunes, 90% of them reside in cold and temperate regions. In addition, approximatively 95% of
the dunes prevail in areas with precipitation rates less than 800 mm/yr. About 65% are in areas
receiving less than 500 mm/yr of precipitation, with a significant occurrence within the 200-
500 mm/yr range. The aridity index links 89% of the active inland dunes to arid (22%) and
semi-arid (67%) regions (Figure 51C). Most of the investigated regions (84%) are exposed to a
gentle breeze blowing between 7 and 11 knots (3.5 to 5.5 m/s) on average throughout the 10

102



Chapter 5 — Continental interior parabolic dunes as a potential proxy for past climates

years of record (Figure 51D). Statistics performed on wind speed (Table 5) show that 26 regions
out of the 35 studied (~74%), are exposed to daily-averaged winds blowing above the saltation
threshold at least one month per year (> 8% of the time over the period of record). Of the 9
regions left, four can be considered as calm regions with winds reaching the threshold less than
1% of thetime. The others face strong-enough winds between 2.31 and 7.91% of the time. Most
of the averaged speeds range within the moderate (11 to 17 knots) and fresh (17 to 21 knots)
breeze categories, with amuch larger proportion falling into theformer class. Generally, regions
exposed more often to a moderate breeze are also proportionally more exposed to fresh breeze.
Wind speed roses show the contributions, in percent, from the 12 direction sectors to the mean
wind speed at the sites, and typically characterise unimodal and bimodal wind regimes (Supp.
Data). The seasonal analysis show that winds are, to a greater or lesser degree, stronger during
spring and autumn seasons, both in the northern and southern hemisphere (Supp. Data). Nearly
all active parabolic dunes (94%) liein areas with relatively low zo (0 to 0.1) indicating surfaces
presenting few obstacles (Figure 51E). Up to 89% of the studied dunes occur in sparsely
vegetated areas covered with a scattered low-lying vegetation (Figure 51F). These regions
classify as savannah, dry woodlands, dry shrublands and grasslands mega biomes. The
continental parabolic dunes activity during the mid-Holocene period correl ate with drier-than-
present zones whereas the stabilised dunes are observed in regions that were under wetter
conditions (Figure 52).

Figure 50: Frequency distribution of the OSL ages from the last thousand years relative to the MCA, LIA and the
Present Warm Period.
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4 Discussion

4.1 Natural factorscontrolling recent continental interior dunes activity

Our data show no evident direct correlation between the recent (< 1 kaBP) parabolic dune
activity and the mean annual surface temperature. However, most continental parabolic dunes
in this study cluster in regions receiving between 200 and 500 mm/yr, and within the 600-800
mm/yr range (Figure 51B). The aridity index represents the level of humidity of a given region
and is estimated as the ratio between precipitation and potential evapotranspiration. The latter
is influenced by factors such as the vegetation cover and type, solar irradiance, wind,
atmospheric pressure, and the soil composition. Therefore, aregion receiving afair amount of
precipitation throughout the year is not necessarily characterised as sub-humid or humid.
Consequently, the peak of dune occurrence observed within the 600-800 mm/yr range of
precipitation plots within the semi-arid spectrum of the aridity index (Figure 51C).

Previous studies stated that most of the inland parabolic dunes were found in arid to semi-arid
areas (e.g., Yan and Baas, 2015) but did not distinguish between recently active and stabilised
dunes, nor give any quantified index for these regions. In these dry continental interiors, the
main sources of sediment are often small lakes and rivers (de M. Luna et al., 2011; Goudie,
2011; Hansen et al., 2009; McKenna, 2007; Y an and Baas, 2015). In such environments, dune
activity relies on sediment supply, which is highly dependent on rainfal in the regional
catchment basin, and sediment availability that tends to be governed by vegetation cover. In
that respect sediment supply strongly controls dune construction, and thus conspicuous dune
activity, whereas sediment availability influences dune reactivation and reworking asisthe case
for the North American dune fields (Hafen et a., 2016). The stabilising vegetation type
associated with recently active parabolic dunes (i.e., savannah, dry woodlands or shrublands,
and grasslands) is composed of plant functional types that are highly responsive to drought
cycles (Anderegg et d., 2019; da Silvaet a., 2013; Ivory et a., 2012; Liu et a., 2019; Tian et
a., 2018; Trabucco and Zomer, 2014; Vicente-Serrano et al., 2006). Drought alters plants
growth, height, reproduction, and causes species range shifts so that vegetation becomes scarcer
and lower (da Silvaet a., 2013). As aresult, roughness length is diminished, which trandates
into a higher sediment availability and thus less energy is required for sediment transport (i.e.,
remobilisation) by wind (Durdn et a., 2008; Duran and Herrmann, 2006).Consequently,
sediment availability and thus episodes of dune reactivation are partially governed by the
frequency and the intensity of drought episodes (Appendix 11). The Medieva Climatic
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Anomaly (MCA) is believed to have been an arid period of the Holocene with a high frequency
of severe droughts in the North Atlantic region, especially in North America (Bradley, 2003;
Bradley et al., 2003; Jansen et al., 2007; Mann et al., 2009). Despite the heterogeneity of local
climate conditions and the timing occurrence of dune remobilisation between different dune
fields in the Great Plains, severa authors recognised the MCA as a period of dune
remobilisation induced by droughts (Baldauf et al., 2019; Cook, 2004; Halfen et a ., 2012, 2010,
2016; Mayer and Mahan, 2004; Miao et a., 2007; Schmeisser McKean et a., 2015). In China,
India, Canada and South America, dune remobilisation during the MCA interval has been
attributed to climate and atmospheric-driven droughts, sometimes amplified by human
activities (De Oliveira et a., 1999; Guo et al., 2018; Mason et a., 2009; Pefla-Monné et a.,
2015; Singhvi and Kar, 2004; Srivastavaet a., 2019; Wolfe et al., 2001; Yang et a., 2013).
The majority of the ages from the last millennium correlates with the colder Little Ice
Age(LIA), which followsthe MCA and is marked by asynchronous mountain glacier advances
(Mann, 2002; Miller et al., 2012). In the Americas, the LIA isaperiod of widespread droughts
that were sufficient to trigger dune remobilisation (Baldauf et al., 2019; Forman et al., 2005;
Halfen et a., 2012; Hall and Goble, 2016; Pefia-Monné et al., 2015; Schmeisser McKean et al .,
2015; Tripaldi et a., 2013; Wolfe et al., 2001, 2002b). However, droughts were less extended
than during the MCA and were localised in the southern and western Great Plains (Halfen et
al., 2012). The OSL ages from India correlate with a period of diminished rainfall (Roy and
Singhvi, 2016; Singhvi and Kar, 2004; Srivastava et al., 2020, 2019), which coincides with an
increase in droughts in northeast China (Guo et a., 2018). However, authors stress the human
pressure on vegetation during this period, which resulted in a greater sediment availability in
regions where climate conditions were propitious to dune reactivation. This topic will be
discussed more thoroughly in the next section.
Dune construction, migration, and reworking al rely on a sufficient (i.e., above threshold)
transport capacity, which sometimes must be partially erosional in order to remobilise sand
(Kocurek and Lancaster, 1999). Our data show a strong correlation between recent parabolic
dune activity and light wind regimes when wind speed data are averaged over 10 years. More
than 80% of the dunes are located in areas exposed to gentle breeze on average, which means
they are near the equilibrium just below the saltation threshold (Fryberger and Dean, 1979).
Considering the range of wind speed, which is not expressed by a mean value, there is little
doubt that these regions are exposed to winds powerful enough to mobilise sand for at |east part
of the year. Because wind data were averaged over a long period of time, they do not truly

represent the full seasonal variability in wind regimes but rather characterise the average
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Table5: Analysis of wind speed data in locations wher e recent parabolic dune activity has been recorded.

Moderate Fresh Strong Moderate
breeze breeze breeze gale
Country Region L ocation % above 11-17 kts 17-21 kts 21-27 kts 27-34 kts
threshold 5.5-7.9m/s 7.9-10.7 10.7-13.9 13.9-17.1
(%) m/s m/s m/s
(%) (%) (%)
Argentina  Salta Province Cafayate 0.10 0.10 0.00 0.00 0.00
San Luis Pampean sand 4,01 3.98 0.03 0.00 0.00
sea
Australia  South Australia  Mallee 23.08 19.49 344 0.15 0.00
New South Rhyola 18.00 16.14 1.85 0.00 0.00
Wales
Brazil Bahia rio Sdo 17.73 17.54 0.18 0.00 0.00
Francisco dunes
Canada Saskatchewan Bigstick 33.87 26.60 6.72 0.55 0.00
Burstall 27.61 22.59 4.65 0.36 0.00
Elbow 33.32 26.27 6.26 0.70 0.09
Great Sand 28.73 2350 4.86 0.36 0.00
Hills
Seward 36.58 28.25 7.78 0.55 0.00
Tunstall 36.58 28.25 7.78 0.55 0.00
Westerham 27.61 2259 4.65 0.36 0.00
China Horgin 28.70 2353 4.86 0.30 0.00
Hulun Buir 26.88 22.07 4.47 0.33 0.00
Desert
Otindag 41.68 32.05 8.82 0.79 0.03
Tiekui Desert 7.91 7.15 0.76 0.00 0.00
India Rajastan Thar 11.99 10.36 1.63 0.00 0.00
Sweden Dalarna Haftaheden 0.00 0.00 0.00 0.00 0.00
Jamtland Svegss 6n 0.00 0.00 0.00 0.00 0.00
Varmland Brattforsheden 0.12 0.12 0.00 0.00 0.00
USA Colorado Great Sand 11.55 9.88 164 0.03 0.00
Dunes
Wray Dune 11.55 9.88 164 0.03 0.00
Field
Georgia Canoochee 5.53 5.14 0.40 0.00 0.00
River
Ohoopee River 231 2.25 0.06 0.00 0.00
Idaho Snake River 7.75 7.36 0.40 0.00 0.00
Plain
Illinois Green River 29.04 23.09 5.64 0.30 0.00
Lowlands
Indiana Fair Oaks 29.55 22.35 6.63 0.58 0.00
Kansas Hutchinson 37.09 27.15 9.03 0.91 0.00
Dunes
Nebraska Nebraska Sand 31.80 24.45 6.35 0.91 0.09
Hills
South of Sand 27.42 21.15 5.53 0.69 0.06
Hills
Wray Dune 27.42 21.15 5.53 0.69 0.06
Field
New Mexico Mescalero Sand 20.16 18.18 1.98 0.00 0.00
Sheet
South Dakota White River 21.56 17.63 3.25 0.61 0.06
Badlands
Wyoming Casper 41.50 26.97 12.37 213 0.03
Killpecker 21.53 18.06 3.37 0.06 0.03
Dunes
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conditions of the studied regions. By nature, they strongly underestimate the potential of sand
transport by wind in these regions but, on the contrary, give agood indication of the directiona
variability of winds (Yizhaqg et al., 2020). In accordance with Goudie (2011), the wind regimes
associated to the recently-active parabolic dunes show a unimodal or bimodal distribution
(Supp. Data). We then used daily averages of wind speed to investigate with a higher precision
the amount of time a defined region is exposed to wind blowing above the saltation threshold.
Most of the regions where dunes have been active during the last millennium are associated
with winds that can mobilise sand at |east one month per year on average (Table 5). Of the four
areaswherewinds are never, or almost never strong enough, three arein humid Central Sweden
and one is in the Cafayate depression in Northwest Argentina. In these regions, it would be
preferableto use raw hourly measurements of wind speed to get thefull variability of it (Grange,
2014). Unfortunately, the NASA POWER Release-8 model does not provide hourly data
anymore, nor wind direction. Asaresult, we did not assess the capacity of the wind to transport
sand as defined by Fryberger and Dean (1979). It is highly probable that winds are blowing
above the saltation threshold some hours a day, particularly during the windy season that is
spring in Cafayate, and both spring and autumn in Central Sweden. Wind gust frequency isalso
to take into consideration, especially in the Cafayate region where the rugged topography of the
Pre-Andean region can greatly accentuate the phenomenon (Ngo and Letchford, 2009). An
increased storminess in Sweden has aready been proposed as one potential reason to explain
recent dune activity (Bernhardson and Alexanderson, 2018). In general, transport capacity by

wind is not the limiting factor for dune remobilisation in the studied regions at present.

4.2 Human influence on recent continental interior dunes activity

The human influence on climate change has raised some concerns about the impacts in
drylands (Donat et a., 2016; Fu and Feng, 2014; Huang et a., 2016; Jianping Huang et al.,
2017; Ji et a., 2015), especialy land use and urbanisation (J. Huang et al., 2017). For example,
poor land use has contributed to land degradation by intensifying droughts in the Sahel
(Charney, 1975; Taylor et a., 2002; Xue and Shukla, 1993) and East Africa(Olson et al., 2008).
It has also been suggested that land surface change might lead to megadroughts in North
America (Cook et a., 2016). Although human influences on drought and regional climate
remain uncertain and hard to quantify (Huang et al., 2017), scientists began to investigate the
Quaternary climate over drylands to better constrain this relationship. In the context of this

study, it is fundamental to understand the human contribution to the reactivation of dunes that
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would not have been reactivated if it were only for natural factors.

The land cover classification of the 2015 ESA CCI provides more details than the Mega
Biome model to analyse anthropogenic disturbance of very recent dune activity because it
includes urban areas and lands modified by humansfor agricultural purposes. Roughness length
map is derived from the CCI database and shows that aeolian dunes are active in areas within a
certain threshold of roughness length (from 0 to 0.1 m), which corresponds to a surface with
scarce obstacles that could prevent sand transport by wind. Such values correlate with lands
covered by the type of vegetation defined by the Mega Biome model (i.e., savannah, dry
woodlands or shrublands, and grasslands) but also indicate lands principally occupied by
agricultural or pastoral activities. Most of the dunes are located in semi-arid regions where
conditions are close to the threshold of activity so that a small disturbance of the vegetation
cover (e.g., removal by grazing) makes dunes being remobilised.

The large increase of OSL ages density during the second half of the LIA (Figure 50),
during the 19" and 18™ century, is indicative of a dune reactivation peak induced by a
significantly greater human activity. The reactivation of the few parabolic dunes located in
humid areas, as defined by their aridity indices (Figure 49C), is linked to anthropogenic
modifications. In Sweden, increased storminess, charcoa production, and slash-and-burn
agriculture have been correlated to parabolic dune activity around 1750 AD (Alexanderson and
Fabel, 2015; Bernhardson and Alexanderson, 2018). Moreover, a combination of droughts,
wildfires, bison grazing, aboriginal and then European settlers land use is believed to have
caused dunes remobilisation in Illinois and Indiana during the last 600 years (Kilibarda and
Blockland, 2011; Miao et a., 2010).

The human influence on dune remobilisation is indisputable when it comes to dunes in
arid and semi-arid environments athough the relationship appears less linear than with humid
areas. A thorough review of the literature shows that dune remobilisation through degradation
of the vegetation cover can be triggered by human land use solely (i.e., agriculture or grazing)
or by amplification of drought impacts due to human activity (Appendix 11). During the last
thousand years, land-degrading human activities in such regions have significantly contributed
to the lowering of the roughness length. In Argentina for example, the combination of drought
periods and impacts of European settlers activities on vegetation (i.e., wheat cultivation and
overgrazing) reactivated some parabolic dunes (Pefia-Monné et a., 2015; Rodriguez, 2008;
Tripaldi et a., 2013). The same reasons were evoked for different deserts of eastern Inner
Mongolia in China, where climatic deterioration supplanted the increased vegetation cover
induced by irrigation agriculture of millet (Guo et a., 2018). The recent remobilisation of the
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Figure 51: Frequency distribution of the recently active continental parabolic dunes as a function of the 6 studied
climate variables: (A) mean temperature, (B) mean precipitation, (C) aridity index, (D) mean wind speed, (E) land
surfaceirregularity and (F) type of vegetation.

Thar desert dunes during the last century (~1900 AD) is attributed to an increasing human
pressure through grazing, cultivation, and groundwater pumping (Srivastava et al., 2019). In
the northern Great Plains, dune activity has been induced by aboriginal disturbance of the
landscape, which includes tree cutting, fire, and trampling from herding bison (Wolfe et a.,
20074). Forman et a. (2005) succinctly nuanced their interpretations on dune activity in the
Dust Bow! areaduring the 1930s by linking it to severe drought coupled with farming practices.
Dune activity in northern Europe has drastically increased following deforestation and
intensification of agriculture during the MCA (Lungershausen et a., 2018). Reactivation of
dunes caused the degradation of agricultural soils and thus triggered settlement abandonment,
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which led to the restabilisation of the dunes. Overall, anthropogenic modification of the
environment is indissociable of dune activity for the recent period (18" century — present) and
has definitely contributed to dunes reactivation in some places during earlier periods (e.g., Li
and Y ang, 2016; Tolksdorf and Kaiser, 2012).

4.3 Potential for new climate proxy

Theresults of thisstudy suggest that the global distribution of continental parabolic dunes
and their activity during the last thousand years are broadly constrained by simple climate
parameters and anthropogenic activities, especialy during the last 200 years. Consequently, it
is important to compare with past aeolian activity to investigate the dune activity-climate
relationship when human impacts were non-existent or negligible.

Precipitation and vegetation are complex to model for the Quaternary period (see the
comparison model of PMIP 2). In addition, the record of proxies quantifying changes in time
of these variables remains scarce and sometimes difficult to interpret (e.g., Rea et a., 2020).
However, many proxies do enable aqualitative assessment of aridity in the past, which can then
be compared to modelling results (e.g., Fuhrmann et al., 2019; Scheff et a., 2017). Thisalows
a semi-quantification at least of this parameter, which has proven to be a determining factor in
triggering continental parabolic dunes migration in several regions of the globe (Arbogast et
al., 2010; Arbogast and Packman, 2004; Baldauf et al., 2019; Halfen et al., 2010; L atrubesse et
al., 2012; Miao et al., 2007; Wolfe et al., 2006; Zielinski et al., 2011). For these reasons, aridity
is often the factor studied to link dunes activity to climate.

One possible way to explore the potential of these dunes as a proxy for climate at aglobal
scaleisto study their activity during the well-constrained mid-Holocene (~8 to 5 kaBP). During
this period, recent studies advocate for aglobal atmospheric temperature about 0.7 to 1°C higher
than for pre-industrial conditions (Marcott et a., 2013), consistent with minimum extents of
northern-hemisphere glaciers (Valérie Masson-Delmotte et al., 2013) and terrestrial responses
to orbital forcing (Braconnot et al., 2007a, 2007b). Despite regional differences (e.g., Davis et
al., 2003; Kitoh and Murakami, 2002), a global trend of warmer/colder temperatures in the
northern/southern hemispheresis observed when a multi-proxy approach is adopted (Braconnot
et a., 2007a; Wanner et al., 2008). An important proxy supporting this interpretation of the
mid-Holocene aridity conditions in the northern hemisphere is the compilation of lakes pal eo-
levels provided by the GLSDB (Harrison et al., 2003; Kohfeld and Harrison, 2000). Lake level

variations occur from changesin aridity (Figure 52A), expressed as the balance between
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Figure 52: A) Continental parabolic dunes activity and difference in lake levels (i.e, status) at 6 ka BP compared to
present (modified after Wanner et al., 2008). An increase in aridity correspondsto an aeolian activity whilst a wetter
climate correlates with a cessation in both dunes migration and sedimentation. B) Global climate change during the
Holocene Thermal Maximum (~6 ka BP) with respect to present day. Change in aridity in continental regions is
correlated to a northern displacement of the Intertropical Converge Zone (ITCZ). Thisobservation indirectly linksthe
continental parabolic dunes activity to the ITCZ position.

precipitation and evaporation. In semi-arid regions, the level of closed lakes reflects changes of
the equilibrium between run-off from the catchment basin and the water deficit over the lake
(Kohfeld and Harrison, 2000; Kutzbach and Street-Perrott, 1985; Street-Perrott and Harrison,
1985). Therefore, aregiona prolonged lowered lake level can be interpreted as a deterioration
of climatic factors leading to increased aridity. The globa aridification trend that occurred
during the mid-Holocene is attested also by global palaeovegetation (BIOME 6000; Prentice
and Webb, 1998) and atmospheric dust accumulation rate data (DIRTMAP, Kohfeld and
Harrison, 2001). More specifically, the impacts of the Holocene Thermal Maximum on land
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surfaces differ with continental regions. In response to solar irradiance changes, induced by
varying orbital parameters, the ITCZ moved north with respect to its present position (Figure
52B). This displacement caused more arid conditions to prevail at mid- to high latitudes of the
northern hemisphere whilst strengthened African and Asian monsoon regimes (i.e., higher
rainfall) induced wetter conditions in Central America, Africa, and Central Asia (Braconnot et
al., 2007b; Wanner et a., 2008).

During this period, continental parabolic dunes in wetter-than-present regions were
stabilised whereas they became activated (i.e., migrating) or partially remobilised in areas
where the climate conditions were drier than the pre-industrial ones (Figure 52A). Migrating
dunes seem to be almost exclusively concentrated in central South America, North America,
and Scandinavia. The Chaco region in South America has indeed been reported to have been
arid during the mid-Holocene, with an expansion of savanna type vegetation and an increased
frequency of forest fires (Barboza et al., 2000; de Freitas et al., 2001; Mayle et a., 2000;
Mourguiart and Ledru, 2003; Pessenda et al., 1998). The Great Plains of North America have
experienced arid conditions during the same period, associated with a transition from boreal
forest to prairie-grassland vegetation and frequent wildfires (Baldauf et a., 2019; Forman et al.,
2001; Miao et a., 2007; Vance et a., 2007; Webb et a., 1993; Wolfe et al., 2006). However
periods of reactivation during the mid-Holocene show alimited spatial and temporal correlation
so that no conspicuously higher dune activity or construction is observable with the OSL ages
(Hafen et a., 2016). Reasons have been evoked to explain this “gap” such as changesin dating
methods, sampling biases, and the tendency of dune fields located at or near thresholds for
aeolian activity to only record the last episodes of sand movement (Halfen and Johnson, 2013).
Theremobilisation of parabolic dunesin Central Sweden agreeswith ascattered aeolian activity
elsawhere in the country, reflecting a dry phase during the mid-Holocene (Alexanderson and
Bernhardson, 2016; Bernhardson and Alexanderson, 2018; Kylander et a., 2013).

The stabilisation of continental parabolic dunes was attributed to a recovery of fixing
vegetation during the African Humid Period in Sudan (Bubenzer et a., 2007). In India, the
extended duration of higher monsoon and winter rainfall was evoked to explain the stabilisation
of the Thar desert dunes, which show aweakly devel oped palaeosoil, whilst all the mgjor saline
lakes turned into perennial lakes (Singhvi and Kar, 2004). However, recent studies (Roy and
Singhvi, 2016; Srivastavaet al., 2020) challenge thisinterpretation by pointing out the nonlinear
and complex relationship of dune ages with rainfall, aridity and lake levels. Nonetheless,
geochemical records show a gradual weakening of the Indian Summer Monsoon (ISM) from

the early to late Holocene, which trandlates into weaker winds and thus areducing dune activity

112



Chapter 5 — Continental interior parabolic dunes as a potential proxy for past climates

through the mid-Holocene (Srivastava et a., 2020). Some perennial lakes in the region
maintained a high water level probably related to intensified winter rainfall, thus offsetting the
reduced summer precipitation (Roy and Singhvi, 2016). In eastern China, the stabilisation
process is attributed to an expansion of C4 over Cs vegetation, although there was a genera
increase of the vegetation cover (Guo et a., 2018). This expansion of vegetation and the
widespread soil development that follows are concordant with a wet mid-Holocene in China
(Mason et a., 2009; Yu and Lai, 2014). The “abnormal” dune activity recorded in south-east
Australia, when climate was more humid, is believed to be a particularity of the Murray Basin
(Lomax et al., 2011). Indeed, it acted as one of the major dust sources during the mid-Holocene
whilst dust transport was limited in other basins. During the late Holocene , dust transport
ceased in the Murray Basin whereas other basins became dust sources (Marx et a., 2009).
During this period, the ITCZ waslocated further south (Shulmeister and Lees, 1995), which led
to the precipitation associated with both the sub-Antarctic cyclones and the cold fronts
embedded in the westerlies to remain south of the continent, being blocked by the sub-tropical
high pressure belt. Asaresult, northern Australiawas wet and southern Australiaremained dry.
Therefore, the Murray Basin seemsto reflect the more arid conditions in the mid-Holocene and
stable conditions towards the late Holocene (Marx et a., 2009).

4.4 OSL agesdatabase uncertainties

The environmenta conditions under which parabolic dunes build or are reactivated are
not fully constrained due to the numerous spatial and temporal gaps of the INQUA Dune Atlas
database (Lancaster et al., 2016), as it has been shown for the Great Plains of North America
(Halfen et a., 2016). Uncertainties can be reduced to some extent by adopting aglobal approach
so asto extract ageneral trend, but local disturbances can greatly influence dune fields and their
behaviour within the same region (Halfen et a., 2016; Halfen and Johnson, 2013). The nature
of the OSL dating technique tends to concentrate young ages because luminescence signals are
reset when dunes are reactivated, so when the sand is exposed again. The signals from past
activities are thus overwritten, which generates a gap in the dune movement history to which
sampling biases contribute (Halfen et a., 2016). The constant resetting of luminescence signals
within very recent dunes (< 1900 AD) may account for the small number of ages compiled in
the INQUA database (Figure 50). However, the depth bias resulting from the avoidance of
sampling within the upper 1-2 m of dune profiles (Hesse, 2016) and the irrelevance of dating

dunes that are visibly active are more likely to explain the under-representation of very recent

113



Chapter 5 — Continental interior parabolic dunes as a potential proxy for past climates

ages in the database. Another less plausible explanation is the currently relative stable state of
dunes worldwide due to changes in land-use practice, expanding urbanisation, dune
stabilisation projects, and decrease in windiness together with increase in rainfal (Gao et al.,
2020; Jackson et al., 2019).

The scattered geographical and stratigraphic contexts from which come the OSL ages
prevent the use of the accumulation intensity method (Thomas and Bailey, 2017), kernel, or
probability density estimates so that periods of “activity” are only defined by isolated OSL ages.
The decreasing precision with increasing OSL ages makes dune mobility indices (e.g., Knight
et a., 2004; Lancaster, 1988; Talbot, 1984) unapplicable when studying past periods of aeolian
activity because of the scale difference, as acknowledged by Knight et al. (2004). These issues
impose some precauti ons when pal aeoclimatic interpretations are made from the geographically

and temporally scattered ages of the database.

5 Summary and conclusion

This study correlates the activity of recent continental parabolic dunes with quantified
climate variables influencing each other, with the aim to define the dunes potential as a proxy

for past climate. Inland parabolic dunes have recently been active in regions presenting:

e Anaridity index ranging from 0.05 to 0.5, which characterises arid and semi-arid areas.

e A vegetation type corresponding to savannas, dry woodlands, dry shrublands and
grasslands.

e A corresponding roughnesslength ranging from 0 to 0.1 m, indicating natural or human-
degraded surfaces presenting a low resistance to wind.

e A unimoda or bimoda wind regime presenting seasonal wind speeds above the
saltation threshold.

In summary, the continental parabolic dunes that have been active at one point during the
last millennium are concentrated in semi-arid regions where the vegetation is rather scattered
and low-lying, thus presenting a low resistance to wind. It has been shown that transport
capacity of wind is not the limiting factor in these regions. The general wind energy is at the
equilibrium, as shown by the long-term average of wind speed, thus making these zones
susceptible to rapid destabilisation. This susceptibility makes the dunes prone to remobilisation
when the roughness length, which correlates with the vegetation type and cover, reaches the
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threshold of dune activity. For the last thousand years, this phenomenon has been caused by
anthropogenic disturbance and successive droughts, sometimesthe former amplifying thelatter.

The sensitivity of dune activity to aridity in such environments has been confirmed for
the mid-Holocene period, thanks to the extended lakes palaeolevel database. Nevertheless,
numerous studies have demonstrated the complexity of the relationship between climate,
vegetation, and dune activity (e.g., Barchyn and Hugenholtz, 2015; Durén and Herrmann, 2006;
Hesse et a., 2017; Knight et al., 2004; Lancaster and Helm, 2000; Reitz et a., 2010; Telfer and
Thomas, 2007; Thomas and Bailey, 2017; Tsoar, 2005; Tsoar and Blumberg, 2002). It is thus
important to state that contrary to previous studies, this one focuses only on continental
parabolic dunes long-term activity at aglobal scale. The main reason was to avoid dealing with
an overly heterogeneous database that would include several different types of dunes, lyingin
distinct environments, each responding to diverse climatic factors. The strong correlation
between the aeolian activity and aridity conditions during the mid-Holocene period show the
significance of continental parabolic dunesasapotential proxy for Quaternary climate. A global
activity of dunes correlates with dry or achange towardsdrier conditions whereas a stabilisation
period corresponds to wetter environments. This observation links the continental parabolic
dunes activity with the displacements of the Intertropical Convergence Zone (ITCZ). Inaglobal
warming world, which is undergoing rapid climate change and where drought episodes tend to
be longer and more severe, it is critical to assess the long-term risk represented by a potential
reactivation of such widely distributed landforms, especially when it is exacerbated by
anthropogenic factors.
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1 Methods

In the attempt to investigate parabolic dunes at a globa level, a database was first
constituted of the geomorphological characteristics that can be measured using a GI S software.
Digital Elevation Models (DEMs) were collected either from national mapping agencies (e.g.,
AHN in the Netherlands) or from the Tandem-X WorldDEM (cf. Chapters 2 and 3), and their
absolute (i.e., fundamental) accuracy are compiled in the Appendix 13. Nine morphological
parameters of 326 dunes located in 11 countries were measured (Appendix 14) with the
standardised method described by Yan and Baas (2015; cf. Chapter 3). The classifications of
Pye (1993) and Scheffers et al. (2008) were used to categorise the different types of dunes
observed (Figure 6).

The sand drift potential analysis was performed according to the method described by
Kilibarda and Kilibarda (2016), which is a slightly modified version of the Fryberger method
(Fryberger and Dean, 1979). This method was applied to the wind speed and direction data
provided by the POWER Release-8 database of the NASA before they stopped supplying wind
direction data. The data cover a period of 28 years from the 1" of January 1990 to the 1™ of
January 2017. The drift potential (DP), resultant drift potential (RDP), and the ratio between
the two (RDP/DP) were calculated according to the methodology described in the Chapter 2 of

thisthesis so that to characterise the wind regimes.

Table 6: Statistical distribution of the morphological parameters measured on parabolic dunes

L (km) W (km) H (m) L/wW L/H WI/H Perim. (km) Area (km2)
Min. 0.10 0.04 1 0.6 35 1.29 0.360 0.007
Max. 25.32 6.73 183 9.2 779.6 279.54 59.354 149.940
Q1 0.40 0.18 11 1.7 24.9 11.57 1.176 0.081
Median 0.90 0.40 25 23 39.1 1157 2.699 0.388
Q3 194 0.76 43 31 66.1 11.57 5.123 1.213
Mean 1.63 0.62 31 2.6 62.0 24.98 4.427 2171
SD 2.43 0.72 26 1.3 82.4 28.17 5.855 9.636

2 Morphology

Out of the 326 studied parabolic dunes, 246 (75%) show a distinct parabolic central
depression bounded by two well-defined trailing arms and an advancing nose. Sharp noses with
straight arms and larger noses with convex arms constitute the most common forms observed
(Figure 6; Scheffers et a., 2008). Size of parabolic dunes varies greatly from one location to

the other, but also within the same area (Figure 53). On average, they are few hundred meters
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to few kilometres long, few hundred meters wide, and a dozen meters high (Table 6).

Based on the L/W ratio, most of them are lobate or elongated (Figure 55) according to
the classification of Pye (1993). The ratio between wavelength and height was first used by
(Bucher, 19193, 1919b), which he called the “vertical form index”, to define the flatness of
submarine ripples and dunes. A dightly modified flathessindex (L/H) was used in this study to
characterise the sharpness of the relief of the dunes, which corresponds to the inversed ratio of
the “aspect ratio” described by some authors (e.g., Lancaster, 1994). The probability density
distribution (Figure 55) indicates that most of them characterise as steep (short and high) and
skewed (intermediate) parabolic dunes according to the new classification defined for this
project. More recently, the term “aspect ratio” has been applied to the ratio between the height
and the width of the dune (e.g., Itzkin et a., 2020). Considering the dimensions of the studied
parabolic dunes and for ease of use, this ratio was again inverted (W/H) and will henceforth be
referred to as the aspect ratio. Once again, anew classification was defined to suit the particular
extension of parabolic dunes (Figure 55), which predominantly characterise as convex
(intermediately large and high) and round (rather broad and low-lying).

Figure 53: Distribution of the measured mor phoparametres for each location studied. For the explanation regarding
the bluelines, thereader isreferred to thetext and to Figure 55.
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Figure 54: Frequency histograms and modelled probability
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aspect ratio. Elongation limits classification are from Pye
(1993). For B and C, they were defined for this study.

The observed morphological trends
seem to reflect the broad global boundary
conditions for parabolic dunes to be at
equilibrium. Lunate/hemicyclic dunes,
especiadly if they are flat, are too easily
erodible whereas very steep and hogsback
dunes are too close to disequilibrium with
regards to physical properties of the
This
argument is supported by the power laws
controlling the distribution of the
morphological ratios (Figure 55). The

sediment (e.g., angle of repose).

caculated coefficients of determination
indicate that 79, 46, and 42 % of the
variability in L/W, L/H, and WI/H,
respectively, can be explained by power
laws, which is considerable considering
the diversity of age, environment, and
climate conditions under which parabolic
dunes devel oped. Some authors suggested
a potential relationship between grain size
and dune shape/size, with coarse and

poorly
congtituting the broad and low forms

sorted sand tendentialy

(Anton and Vincent, 1986; Pye and Tsoar, 2008). That is if sediment supply (i.e.,, sand-
producing sources such as beaches) and availability (i.e., limited by groundwater table,
vegetation, or alessened funnelling effect by widening of the openings) provide the dune with

enough material to keep on building up rather than remobilising and down-wearing a limited

amount of sand constituting the dune (Arens et a., 2004; Y an and Baas, 2015).

3 Wind regimes

According to the Fryberger’s classification of wind regimes based on the sand drift

potential analysis (Fryberger and Dean, 1979), most of the studied dunes (48 %) liein an area
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of low wind energy (i.e., <200 VU). Theother 27 and 25 % are located in regions being exposed
tointermediate- (i.e., 200-400 VU) and high-energy (i.e., > 400 VU) wind regimes, respectively
(Appendix 14). A low directional variability of wind regimes (RDP/DP) is a prerequisite for
parabolic dunes formation and development as 43, 54, and only 4 % of them are presently
exposed to unidirectiona (RDP/DP > 0.8), intermediate (0.3 < RDP/DP < 0.8), and
polydirectional (RDP/DP < 0.3) winds. However, and contrary to some interpretations made
over the last decades (Pye and Tsoar, 2008 and references therein), wind regime directionality
does not influence morphological parameters of parabolic dunes. Indeed, only 18, 14, and 6 %
of the variability in length, width, and height, respectively, can be explained by logarithmic
laws (Figure 55). It does however control the main direction of the dunes (Figure 56), with a
linear relationship computed between the orientation and the RDD explaining 91 % of the
variability in data. A cluster of bedform orientations measured for dunes lying on the West
Coast of the USA does not fit within the 95 % confidence zone. This could be due to either the

proximity of mountains with the shoreline and the subsequent topographic influence on wind,
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or a data bias due to greater uncertainties within the models or the algorithms used to process
wind speed and direction. Some inconsistencies have indeed led to the withdrawal of wind
direction data that were before provided by the POWER Release-8 database. The alignment of
dunes with present winds could support two interpretations: that winds have not significantly
changed since the formation of the oldest dunes, or that dunes constantly realign with dominant
wind direction during episodes of sand transport. In the second case, dunes that remained
fossilised can be used to reconstruct palacowind conditions and the associate climate at one

particular time, given a good and consistent dating of the periods of activity.
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4  Global atmospheric circulation

Atmospheric circulation is defined as the large-scale movement of air within the
atmosphere redistributing thermal energy on the surface of the planet. Insolation (i.e., solar
irradiance) is unequally distributed at the Earth’s surface with the tropics receiving twice the
amount of energy than the poles (Zou et al., 2019). Coupled with the Coriolis effect caused by
the rotation of the Earth, some atmospheric cells form at different latitudes (Figure 57). These
cells constrain the general wind circulation at the surface of the globe with westerlies blowing
towards the east-northeast at mid-latitudes within the Ferrel cells, and easterlies blowing
towards the west-southwest at low latitudes within the Hadley cells. The observation of
parabolic dunes being aligned with the local prevailing winds orientation (Figure 56) regardless
of their age, composition, or environment (i.e., coast or continental interior), questions whether
their orientation is defined by the globa atmospheric circulation or not.
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Figure 58: Parabolic dunes orientation and latitudein relation to global atmospheric circulation.

The orientation data collected by GIS analysis (Appendix 14) were combined with the
ones provided by the INQUA Digital Atlas of Quaternary Dune Fields and Sand Seas database
(Lancaster et al., 2016) so that the orientations of 475 dunes from 25 countries were collected.
When classified according to their latitudes, a clear correlation between dune orientations and
atmospheric circulation in the different cellsis observed (Figure 58). Nonethel ess, some dunes
located in regions such as W-Australia and India (Thar Desert in Ragjasthan) do not align with
thetradewinds. In Australia, this biasis caused by the presence of the Mascarene High, a semi-
permanent subtropical high-pressure zone in the South Indian Ocean that deflects the windsin
a counter-clockwise direction (Figure 59). In W-Australia, this results in a northern prevailing

direction of winds hence the dunes orientation (cf. Chapter 4). The Thar Desert in Indialiesin
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a transitional south-west monsoon regime with rainfall brought by the seasona northward
displacement of the ITCZ. Parabolic dunes formation and migration occurs during the pre-
monsoon period, and before the onset of rainfall, when the Indian Summer Monsoon winds
blow above the threshold for sand movement (Kar, 1993; Srivastavaet al., 2020; Wasson et al.,
1983).

J uly [ 5 B —S—— | )
T 1200 (0 0° A ‘h m

Figure59: Seasonal changesin global atmospheric circulation with displacement of the | TCZ and the associated winds.

Overdl, it seems that parabolic dunes orientation records the global atmospheric
circulation within a set period. The different cells are known to contract or expand and shift
position in response to interglacial/glacial cycles. During warmer periods for instance, the
Hadley cell is believed to broaden whilst shifting polewards (Gastineau et al., 2009; Lu et d.,
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n=117
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n=122
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Figure 60: Probability density functions of OSL ages measured
within parabolic dunes from five continents. The palaeoclimatic
inter pretations linked with dune activity were compiled through a

review of theliterature.

2007, Vadlis et d. 2015). This
phenomenon presents a double interest
for scientists as it can be used as an
indicator to predict mediumto long term
future shifts in direction of migration of
dunes, but also as a paleoclimate proxy
to determine during which cycle (i.e,
glacial fossilised
parabolic dunesformed (cf., Chapter 4).

or interglacial)

5 Parabolic dunes activity
from the last 20°000 years

Despite the issues that arise when
considering a global climate rather than
complex interrelated local conditions, |
attempted to extract a potential global
trend in dune activity with respect to
global/regional climatic conditions. The
luminescence ages were retrieved from
the INQUA Digita Atlas database
(Lancaster et al., 2016;

https://www.dri.edu/inquadunesatlas/)
and from 244 papers mentioning

parabolic dunes that were reviewed so
that 1145 [uminescence and radiocarbon
ages from 798 dunes distributed around
the globe were compiled (Figure 48).
Based on the interpretations made by
the various authors, 906 ages from 367
dunes that were correlated with a period
dune

of sand accumulation (i.e.,

building or remobilisation) were
extracted. Data were grouped into five
different regions of the globe: North and

124


https://www.dri.edu/inquadunesatlas/

Chapter 6 — Global characterisation of parabolic dunes

South America, Europe, Central Asia, and Australia. The interpretations of natural climatic
conditions significance for aeolian transport were compiled from severa publications

addressing dune activity in these five regions (Figure 61).

o

o

15 ka BP

5

Figure 61: The modelled retreat chronology of the Laurentide | ce Sheet (Peltier, 2004) and the associated main wind
circulation patterns. Yellow dotsindicate the location and the time of an OSL ages measured within a parabolic dune.

Most of the periods of sand transport were correlated to arid climatic episodes occurring
both during warm and cold periods. The oldest episodes of aeolian activity recorded by OSL
ages occurred during the cold LGM, Younger Dryas (in the northern hemisphere), and the
associated deglaciation stages. In Canada and Northern USA, phases of parabolic dunes
construction took place at the northward-moving southern limit of the Laurentide ice sheet

(Figure 61), following its progressive melting, and under katabatic winds blowing towards the
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south-east (Wolfe et a., 2007b). The subsequent episodes of dune activity correlate with the
warm Mid. And Late Holocene during which the relationship with climate appears more
ambiguous than for the preceding glacial interval (see Chapter 5). For example, the activity of
the few parabolic dunes lying in Central Asia that show signs of activity during the Mid.
Holocene was interpreted as the result of a degrading vegetation cover under alower effective
moisture (Guo et al., 2018). In Europe, the increased storminess linked with the wet and warm
Late Neolithic and Bronze Age is believed to have triggered coastal parabolic dune activity
(Clemmensen et al., 2007, 2001). In Austraia, only in some coastal areas were the dunes
reactivated following the Holocene marine transgression (Dutkiewicz and Prescott, 1997,
Ellerton et a., 2020; Pye and Rhodes, 1985). Asdiscussed in Chapter 5, parabolic dunes activity
during the recent period arises from a complex interaction between anthropogenic disturbances
(e.g., grazing, cropping, deforestation) and natural climatic conditions (e.g., droughts, bushfire,
LIA).

Despitelocal climate complexitiesand singularities, regional and even global correlations
seem possible. As stated by Halfen et al. (2016) in their review of dunefields activity in the
Great Plains of North America, more dune ages are required along with a standardisation of the
luminescence dating methods so that the said ages can be compared. The density and quality of
palaeoclimate data decrease with age so that a good understanding of the present climate
conditions under which parabolic dunes are formed and/or reactivated would be significantly
helpful to constrain past climate models. Similarly, an improved knowledge of parabolic dunes
behaviour during past climatic episodes would provide some valuable long-term data to better
predict their future activity.
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1 Summary of key findings

The thesis first reviews the literature that discusses "chevron™ dunes in the Bahamas,
South Madagascar, and Western Australia, and offers a comprehensive summary of the
observations and interpretations published in past studies. Based on this database and the
correlation of regional wind regime characteristicswith "chevrons' features, it isthen suggested
that these landforms are of aeolian origin and should be referred as parabolic dunes, not as
"chevrons'. Furthermore, the use of the term "chevron™ has proven to be confusing as it was
already referring to structural folds.

A more detailed study with a multi-proxy approach was then conducted to address the
coastal carbonate landforms in the Bahamas. It confirms the conclusions reached with the
review and made evident that "chevron" dunes are indeed parabolic dunes. Their formation is
linked to the peculiar atmospheric circulation, sea level variations, and type of vegetation that
occurred during the LI1G in the Caribbean. In short, parabolic dunes in the Bahamas formed
following an aridification of the region caused by the L1G climate.

The survey carried in Western Australia brings new insights into the timing of deposition
of coastal carbonate dunes in the region and the climatic conditions associated to their
formation. It has been shown that the aeolianites of the Tamala Limestone formation have been
advancing landward (i.e., transverse) during different successive dry glacia intervals of the
Pleistocene. Theincreased aridity during these periodsislinked to changesin ocean circul ation
whilst the measured palaeowind directions reflect changes in atmospheric circulation.

After case studies focusing on coastal carbonate dunes, the relationship between
continental parabolic dune activity and climate was further investigated at a broader global
scale. Despite the prominent influence of anthropogenic activities on the recent dune activity,
arid to semi-arid areas with low and scarce vegetation cover are identified as the boundary
conditions favouring remobilisation, and thus activity. Using the mid-Holocene period as an
analogue for potential future changes, we then demonstrate that inland parabolic dune activity
is linked with large-scale atmospheric circulation, especialy with the ITCZ displacements.
Dune were active in regions undergoing a process of aridification, which were identified as the
temperate zones whereas today's dry zones became more humid, leading to dune stabilisation.

The effort to characterise parabolic dunes at a global level and to link their activity to
large-scale climate conditions was pursued further. Parabolic dunes morphoparameters were

127



Chapter 7 — Conclusions and outlooks

quantified and two new classifications were proposed to characterise these landforms
“flatness” and “aspect ratio”. Some morphological ranges were defined that represent the
boundary conditions of dunes to be at equilibrium., and power laws were computed to predict
the evolution of their morphology. An assessment of the present wind regimes and sand drift
potential revealed that wind energy has no influence on parabolic dunes occurrence. On the
contrary, they develop aimost exclusively under unidirectional wind regime although the
directional variability of the winds does not influence the dunes morphology. However, dunes
are aligned with the prevailing direction of present winds blowing above the threshold for sand
movement. As such, parabolic dunes record the global atmospheric circulation and can
potentially entomb cyclic changes in atmospheric cells if not reactivated afterwards. Based on
a luminescence ages database spanning the last 20°000 years, global parabolic dune activity
correlates with periods of marked aridity or changes towards more arid conditions that may

occur during warm (i.e., interglacial) aswell as cold (i.e., glacial) periods.

2 Discussion and potential futuredirections

The palaeoclimatic interpretations made for the Bahamian region are mostly based on
climate models and on the study of Zhuravleva and Bauch (2018) who combined planktic
foraminiferal assemblage data with 880 values in surface and thermocline-dwelling
foraminiferafrom a core taken on the slope of the Little Bahama Bank. Unfortunately, most of
the pal aeoclimate reconstructions made for the subtropical western Atlantic only span the last

65'000 years (NCEI and NOAA data viewer). In this region, there is a growing need for

constraining past climate conditions using multi-proxy methodologies. Speleothems are
promising retainers of these environmental conditions (e.g., Comas-Bru et al., 2020, 2019;
Comas-Bru and Harrison, 2019; Deininger et a., 2019; Kaushal et a., 2018; Lechleitner et al.,
2018; Oster et d., 2019); constitute a suitable material for high-precision absolute dating (e.g.,
U-Th); and are numerous in karstic carbonate landscapes such as the Bahamian platforms (e.g.,
Arienzo, 2014; Arienzo et a., 2017, 2015). A regional comparative study would make possible
a correlation of climate archives like speleothems with the carbonate units composing the
superficial geology of the islands. The precise dating of these speleothems can both make up
for the lack of precision of the AAR dating method and inform us on the sea-level history of
the area. Indeed, speleothems grow when caves where they form are not flooded so that
presently-underwater caves (e.g., blue holes) have dried up during past sea level fals,

corresponding to glacial periods (Mylroie et a., 1995; Palmer et a., 1999). In such features,
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Figure 62: Modelled evolution of drought frequency (left) and drought events with stronger severity (right) than the
onesrecorded for the period between 1981 and 2000. First row represent data measur ed over the sametime frame with
aglobal temperaturethat is 1.5 °C higher than the pre-industrial period. From UNDRR report (2021).

stalactites forming at different depths represent markers of past sea level variations with the
potential of quantifying rising/falling sea level rates whilst simultaneously recording
atmospheric conditions (Bradley, 2015; Gascoyne et al., 1979; Lundberg and Ford, 1994,
Richardset al., 1994; Smart et al., 1998). In this sense, they provide away of settling the debate
around a possible short sea level drop during the MIS 5e, referred as the "Y ounger Dryas-like
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event" in the chapter 3 of this thesis (Zhuravleva and Bauch, 2018). In summary, a
comprehensive survey of the Bahamian speleothems by using geochemical and absolute dating
analyses represents a further step in our comprehension of the interaction between past climate,

sea level oscillations, and carbonate sedimentation on the islands.

Figure 63: Global drought vulnerability map showing that presently-humid regions arethe most at risk.

The Tamala aeolianites of Western Australia, and more specifically the least studied units
in the Shark Bay region, constitute exceptional coastal features that definitely warrant further
studies. The remoteness and difficult access of the region make its study demanding, which is
probably one of the reasons why it remains understudied. The counterpart is the wilderness and
the many possibilities the area still represents for scientists to make unique and authentic
discoveries. Presently, the greatest issue faced by geoscientists is the timing of these aeolian
deposits (Playford et a ., 2013). While the composition, sedimentary structures, and stratigraphy
are starting to be better understood, a consequent uncertainty on the relationship of dunes with
climate and both atmospheric and ocean circulation remains. In line with our study in the
Bahamas, AAR dating has proven to be inefficient to provide with a coherent and reliable
aminodatabase to date the successive units. A consistent regional sampling for OSL dating
offers away to constrain the timing of deposition of the dunes more accurately. This approach
has been adopted for this project until the loss of the samples and the impossibility to go back
in the field due to the COVID-19 pandemic hindered any further inquiry. Accurate dating will
bring highly valuable insights into the timing of carbonate aeolian deposition relative to
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interglacial/glacial cyclicity. It is worth to note that the interconnection between eustasy and
coastal aeolian sedimentation remains a chalenging question to answer, even more when
different carbonate systems are considered (Abegg et al., 2001; Frébourg, 2010; Hearty and
O’Leary, 2008; Le Guern, 2004; Playford et al., 2013). Our study, summarised in chapter 4,
advocates for an aeolian migration and accumulation (i.e., building of the dunes) occurring
during glacial intervals rather than interglacial ones as it is commonly acknowledged for the
Bahamas. The contrast between Western Australia and the Bahamas can be explained by the
different platform geometries, thefirst being aramp whereas the second is composed by several
isolated flat-topped platforms. In the case of a ramp, alowering of sealevel causes the whole
production and transport systems to shift towards a lower position on the platform without
reducing the area of carbonate production (Schlager, 2005). The productive area of an isolated
flat-topped platform is brought lower as well by afalling sealevel but is considerably reduced
in the process. Sediment production is diminished then whilst transport of sediments onto the
platform top is hampered by steep slopes (J. L. Carew and Mylroie, 1995). This observation is
worth the investigation when looking at coastal aeolianites developing on other carbonate
platforms around the world. To finish, the scarcity of both offshore and onshore palaeoclimatic
data represents an opportunity for future studies. Whether the collection of new datais done by
deep-sea coring or spelecthems analysis, it will definitely bring new valuable elements to our
general comprehension of this particular region as well as for the risk assessment related to
future climate change in the most arid country on the planet.

Our attempt to put the inland parabolic dune activity within a global climate model has
revealed to be a promising approach in several aspects. First, the characterisation of the present
conditions causing areactivation of stabilised dunes showsaclear link between aeolian activity
and aridification. However, the definition of dune "activity" is an often-debated issue among
the aeolian community, especially when it is defined by luminescence dating (Telfer and
Thomas, 2007; Thomas and Bailey, 2017). Thomas and Bailey (2017) developed the
Accumulation Intensity calculation method as a way to identify dune activity in an
environmentally meaningful manner, athough it cannot be applied on ages coming from a
geographical and stratigraphic scattered context. Another factors to take into consideration is
the impact of human activity on vegetation and climate, both influencing recent dune
mobilisation, and the nonlinear relationship between climate, vegetation, and dune activity
(e.g., Barchyn and Hugenholtz, 2012; Hesse et a., 2017). Second, the relationship between
aeolian activity and aridification is verified for the warmer mid-Holocene period but

surprisingly not in the regions that are presently the most sensitive to such increase in aridity.
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The dunes lying in presently arid regions were stabilised during the mid-Holocene because
these zones became wetter whereas the now-humid regions became more arid and subject to
increased aeolian activity. This observation brings to light the importance to establish proper
coastal and inland management programmes also in temperate and humid territories. Indeed,
recent studies indicate that drought frequency and severity are strongly correlated to
temperature, which will become an even more pivota for drought projections with increasing
global warming level (UNDRR, 2021). The central parts of the Americas, the Mediterranean,
Africa, central Asia, and South Australia are the regions currently affected by an increase in
drought frequency and severity and are much likely to be the most strongly affected onesin the
future whilst increased precipitation in high latitude regions will reduce the occurrence and the
impact of droughts (Figure 62). The modelled risk associated to droughts, and defined as a
combination of hazard, exposure, and vulnerability, indicates that the current humid to sub-

humid regions are the most vulnerable (Figure 63).
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Appendices

Appendix 1. Compilation of all dating data availablein literature for chevrons. (1) sample taken at -0.6m; (2) sample
taken at -2m; (3) sample taken at -10m; (4) sampletaken at -20m; (5) sample taken at -25m; (6) sample taken at -8m,
minimum age; (7) sample taken at -6 to -8m; (8) sample taken just below (7); (9) reliable age; (10) minimum age; (11)
maximum age; (12) High U and Th content; (13) High U and Th content.

Country Region L ocation Stratigraphy Method Age Reference
Miller's French Bay Late Pleistocene, Hearty et
Bahamas  Long Island Settlement Member WRA/ MIS5e al., 1998
. . Maxwell
Selima sand Sattelite images
Egypt S-Egypt cheet Actua and field study Actua igggl)ﬁayna
Madagasc S Ampalaza ﬁz?géfsh; d Mid Holocene to Gusiakov et
ar Madagascar  Bay archeologic dating 500 AD a., 2009
Geomorphic . .
Fenambosy indicators and g/lolg X{ 8' oceneto gus;%kozv o
archeologic dating ”
Geomorphic . .
. - Mid Holocene to Gusiakov et
Cap St. Marie mdlcators_and _ 500 AD al.. 2009
archeologic dating
Faux C ﬁz?géfsh; d Mid Holocene to Gusiakov et
P ad 500AD al., 2009
archeologic dating
Ambazoa Geomorphic 3000-2000 BP or Clark et al.,
indicators 18000 BP 1998
W- Quobba Geomorphic Y ounger Scheffers et
Austrdia indicators Pleistocene al., 2008
South Cora Geomorphic Plaistocene Scheffers et
Bay indicators al., 2008
Geomorphic . Scheffers et
West Albany indicators Pastocene al., 2008
N- Groote Geomorphic Holocene Scheffers et
Australia Eylandt indicators al., 2008
Cape
E- Bedord- NW of Cape  Firgt unit 1 . Pyeand
Austrdia S Flattery (ol dest) C >48000 Switsur,
Flattery 1981
dunefield
Near Cape Pye and
Flattery Second unit 1c 7°480 + 75 BP Switsur,
Mining Camp 1981
Pye and
4C 7°560 + 90 BP Switsur,
1981
Pye and
“c 8’200 + 85 BP Switsur,
1981
Third unit
(youngest); A Aerid )
for Leeetd., photographs 300 - 500 Pye, 1993
1990
i 14 Leeetal.,
Near Red Hill A C 220+ 70 BP (1) 1990
2°000 + 1000 BP Leeetal.,
B i @) 1990
19°200 + 3400 BP Leecetal.,
C i 3) 1990
22’700 + 2800 BP Leeeta.,
D i 4 1990
19’800 + 2300 BP Leeeta.,
E i ©) 1990
1717000 + 13000 Leecetal.,
F i BP 1990
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G TL >66°000 BP 'igggt a.,
Shelburne )
Bay Red Cliffs c L (lg) 600 + 1400 BP kggg‘ d.
dunefield
28°400+ 1300 BP  Leeetal.,
D i @) 1990
29°900 +2400 BP  Leeetal.,
D i ®) 1990
5 . 29°740 3030 BP  Leeetal.,
) 1990
DoublePoint  C TL 23°800 + 2400 BP Iiggc? a.,
Conical Hill  C L (1150;")“ 1110 BP 'igggta'"
2 A 14C 930 + 135 BP (11) '1335‘ a.,
Arnhem
Land gg:’i?]ﬁa B TL 1°900 + 400 BP 'igggt d.
dunefields
C TL 2°600 = 300 BP 'igggta'"
C TL 2°800 = 500 BP 'igggt d.
s Leeetal.,
TL 8°600 + 1400 BP 1990
9’300 + 1100 BP Leeetal.,
E i (12) 1990
81°400 £ 8500 BP  Leeetd.,
E L (13) 1990
Hinchinbroo 14 ,
il Ramsay Bay C 9°000 BP Pye, 1993
14C 900 BP Pye, 1993
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Appendix 2: Geomor phology and stratigraphy of the extreme S-Madagascar (from Lebigre et al., 2001)

ANDROKA (Extréme-Sud de MADAGASCAR) -

Carte d'évolution des milieux géomorphologiques

Programme Sud-Ouest de Madagascar, pays Mahafaly - DYMSET, UMR 5064 (Bordeaux 3-CNRS) - Institut Halieutique et des Sciences Marines, Université de Tuléar
Carte hors-texte, Collection "ILES ET ARCHIPELS" no30

dressée par Guilene REAUD-THOMAS et Jean-Michel LEBIGRE
réalisée par Guilene REAUD-THOMAS - DYMSET, 1999

Sources :

- levés de terrain, 1995, 1996 et 1998, Jean Michel LEBIGRE et Guilene REAUD-THOMAS,

avec la collaboration de Michel REJELA et Thwtvy o170

Itampolo - R. BATTISTINI, géomorphologique de fextréme sud de Madagascar, 1964 :
- R. BATTISTINI, Géographie humaine de la plaine cétiére Mahaaly,1964 ;
- J. AUROUZE, Carte géologique au 1/200 000, Efoetsy-ltampolo-Androka, 1959,
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Appendix 3: Map of Madagascar, the Bahamas and Australia showing the studied locations.
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Appendix 4: Morphological parameters measured on Bahamian “chevrons”.

Country L ocation # Lat. Long. Length Width Height L/W L/H W/H  Perimeter  PileVolume Enclosed a® 60
(km) (km) (m) (km) (m3) Area (km2)
Bahamas  Acklinslsand BA-AK-1  -73921 22454 17 0.7 21 25 79.8 325 5.192 5.67E+06 1.351 12 1
Great Exuma  BA-EX-1  23.601  -75.909 20 0.9 33 21 59.1 279 5.589 8.56E+06 1.530 14 3
BA-EX-2 23613 -75.934 23 12 21 1.8  109.9 60.0 6.993 9.08E+06 2.360 14 5
Long Island BA-LI-1 23394  -75.160 17 05 10 32 1787 564 4.267 1.66E+06 1.015 11 2
BA-LI-2 23390 -75.149 0.4 04 7 10 62.3 60.0 1.647 8.08E+05 0.180 12 3
BA-LI-3 23385  -75.148 0.8 05 7 17 1275 74.8 2.689 1.90E+06 0.413 11 1
BA-LI-4 23209  -75.105 3.0 0.6 11 53 2818 53.3 6.732 7.38E+06 1.754 1
BA-LI-5 23492  -75.215 20 0.4 13 51 1474 28.9 4,959 4.50E+06 0.967 3
BA-LI-6 23500 -75.212 0.7 0.3 19 19 33.7 174 2.202 2.55E+06 0.315 12 2
BA-LI-7 23556  -75.239 14 0.6 32 2.1 428 20.1 4.281 7.59E+06 0.903 10 2
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Appendix 5: Morphological parameters measured on 95 parabolic dunes around the world.

Country L ocation # Orien. Lat. Long. L W H L/W L/H W/H Perimeter Pile Enclosed o ¢
°) (km) (km) (m) (km) Volume Area e ©
(m3) (km2)
Austrdia Brooms A-NSW- 354 -29.699  153.304 15 0.2 36 82 406 5.0 3.799 3.01E+06 0.39%4 13 2
Head BH1
CorioBay A-QL- 315 -22.903 150.761 19 0.4 47 48 400 8.3 4722 6.27E+06 0.960 8 2
CB1
A-QL- 306 -22.900  150.773 0.8 0.3 14 26 184 7.2 2.265 3.49E+06 0.293 13 4
CB2
A-QL- 309 -22.892  150.766 18 04 58 48 311 6.5 4.83 1.81E+07 0.978 17 6
CB3
A-QL- 314 -22.869  150.744 21 05 35 46 611 133 6.334 N/A 1.118 18 5
CB4
A-QL- 312 -22.872  150.748 24 05 20 47 1198 252 6.171 N/A 1.192 18 1
CB4Bis
A-QL- 311 -22.879  150.756 11 04 31 28 341 123 3.522 4.90E+06 0.450 16 5
CB4 Ter
A-QL- 308 -22.864  150.760 29 0.9 34 33 866 264 7.55 2.40E+07 2.782 8 1
CB5
A-QL- 309 -22.819  150.747 4.2 1.0 31 41 1347 326 11.118 N/A 4.596 15 3
CB6
A-QL- 308 -22.837  150.772 2.0 0.8 43 26 460 1738 6.935 1.39E+07 1.268 18 4
CB6 Bis
A-QL- 312 -22.817  150.782 14 0.2 24 83 59.0 7.1 4.159 1.89E+06 0.277 26 11
CB7
Curtis A-QL-ClI1 312 -23585 151.219 0.7 0.2 19 46 393 8.6 2.03 1.11E+06 0.177 18 5
Island
A-QL-CI2 309 -23572  151.218 0.7 0.1 19 50 385 7.7 2.23 6.15E+05 0.151 14 6
A-QL-CI3 307 -23566 151.214 14 04 25 34 564 16.6 4.038 3.72E+06 0.691 18 6
A-QL-Cl4 310 -23554  151.213 1.9 04 27 48 703 147 5.414 5.40E+06 0.994 21 6
A-QL-CI5 310 -23532  151.210 27 0.6 49 47 563 120 6.832 2.10E+07 1.921 19 2
Fraser A-QL-FI4 316 -25.626  153.002 5.6 32 57 18 995 56.6 20.439 1.52E+08 17510 13 3
Island
A-QL-FI4 313 -25.663  153.035 34 11 50 30 671 226 12.025 4.09E+07 3.737 25 3
Bis
A-QL-FI5 314 -25.319  153.196 14 0.8 50 18 289 162 4.48 1.23E+07 1.272 28 5
A-QL-FI6 321 -25.219  153.187 4.1 12 58 34 704 204 11.649 8.95E+07 4.926 20 2
A-QL-FI7 320 -24.811  153.202 3.8 17 75 22 503 229 18.615 1.07E+08 10754 15 4
A-QL-FI8 314 -24824 153248 1.7 0.7 32 25 518 208 4528 1.10E+07 1.217 14 3
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Nigaloo A-WA- 7 -22.704  113.676 14 0.4 8 34 1694 498 3.907 1.40E+06 0.638 5

EI\1NA 5 -22.697 113.684 0.7 0.3 22 26 330 128 2.037 1.42E+06 0.237 12

El\ZNA 6 -22.703  113.683 1.0 04 27 24 38.0 15.7 3.164 3.30E+06 0.522 19

El\?VA 6 -22.725 113.732 0.7 04 18 19 384 20.0 2127 9.16E+05 0.255 20

E%VA 15 -22.761  113.766 15 0.5 24 32 626 196 4.027 5.00E+06 0.828 14

El\EI)VA 13 -22.778  113.775 15 0.3 25 45 60.4 136 3.313 2.49E+06 0.495 13

SWide El-gL-FI 1 315 -26.120  153.093 1.9 0.4 33 4.8 56.4 11.8 4.786 7.77TE+06 0.928 22

o A-QL-FI2 321 -26.088  153.102 15 0.2 26 6.8 58.9 8.7 4.602 3.64E+06 0.421 26

A-QL-FI3 326 -25999  153.133 20 0.9 33 23 599 266 6.709 8.09E+06 1.741 22

Brazil Fortaleza  BR-NE- 282 -3.975 -38.276 18 04 64 4.7 280 6.0 5.055 8.18E+06 1.139 23

gglN E- 284 -3.955  -38.282 13 0.4 90 38 147 39 3.899 1.15E+07 0.671 22

ggzN E- 284 -3.925 -38.344 0.5 0.3 28 18 174 94 1419 1.12E+06 0.139 16

EgaN E- 290 -3.842 -38.410 0.7 0.4 43 1.8 150 8.1 2.624 4.43E+06 0.370 13

Denmark Blavand EOKL}VA- 91 55.563 8.180 1.0 0.6 17 18 56.6 321 2.806 3.35E+05 0.440 11

gll_(]-VA- 94 55.563 8.180 0.3 0.3 7 12 435 370 1.153 5.75E+04 0.092 13

gll_(%VA- 112 55.563 8.180 1.0 0.6 16 17 63.6 36.5 2.979 1.05E+06 0.574 15

gll_(?VA- 103 55.563 8.180 1.6 0.3 15 51 1075 210 4.02 6.56E+05 0.553 10

Lybia Marsael E\IfCY- 137 30.549 19.827 18 0.8 33 22 535 239 6.018 7.54E+06 1.597 10
Brega MB1

LY-CY- 118 30.561 19.849 10 0.6 25 16 39.1 24.8 31 2.02E+06 0.574 13

EAYBZCY 115 30.588 19.877 13 0.7 38 1.9 34.2 18.3 0.778 4.81E+06 4.224 10

,I\_/IYB?C)ZY 120 30.577 19.936 2.3 0.9 19 25 1202 487 6.527 4.97E+06 2.318 6

,I\_/IYB?ZY 113 30.613 19.932 23 0.7 19 34 1196 352 5.747 3.21E+06 1.622 6
MB5
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LY-CY- 127 30.654 19.961 1.2 0.7 35 19 359 190 3.739 3.95E+06 0.840 21 3
MB6
LY-CY- 137 30.768 20.035 1.1 0.5 24 21 456 214 3.214 2.04E+06 0.639 13 3
MB7
LY-CY- 123 30.782 20.030 1.6 0.5 22 3.0 73.8 24.9 4,732 1.87E+06 0.933 16 3
MB8
LY-CY- 109 30.851 20.119 1.0 0.7 27 1.3 35.6 27.3 3.529 2.17E+06 0.757 19 4
MB9
Netherlands  Ijmuiden N-NH-1J1 60 52.431 4,583 0.4 0.2 18 20 233 115 1.646 2.61E+05 0.126 28 8
Scotland Newburg SAS 66 57.329 -1.981 0.2 0.2 12 0.9 133 148 0.765 3.57E+04 0.033 25 10
h NB1
SAS 330 57.329 -1.981 0.2 0.1 15 14 129 9.1 0.73 7.19E+04 0.029 16 6
NB2
Spain Suances SP-CT- 96 43.447 -3.967 0.2 0.1 8 16 273 166 0.734 6.47E+04 0.033 9 3
SuU1l
SP-CT- 88 43.445 -3.972 0.2 0.1 19 1.4 8.1 5.8 0.611 4.95E+04 0.022 22 10
SuU2
SP-CT- 107 43.445 -3.969 0.2 0.2 14 1.1 139 125 0.846 6.82E+04 0.047 1 7
SU3
USA CapeCod USMA- 112 42.073 -70.184 0.4 0.2 4 1.6 90.0 54.6 1.387 1.16E+05 0.107 5 2
cc1
US-MA- 109 42.073 -70.184 0.3 0.1 5 2.3 65.7 28.3 0.922 3.82E+04 0.048 4 2
cCc2
US-MA- 123 42.073 -70.184 0.7 0.4 6 1.5 1211 784 2.15 1.83E+05 0.286 4 1
CC3
US-MA- 116 42.073 -70.184 0.4 0.4 5 1.1 89.7 78.0 1.663 1.64E+05 0.170 5 2
cc4
Eureka US-CA- 156 40.834 - 0.5 0.3 8 17 690 406 1.634 2.69E+05 0.131 6 1
EU1 124.178
US-CA- 162 40.834 - 0.3 0.1 4 30 806 269 0.993 4.17E+04 0.043 5 1
EU2 124.178
US-CA- 167 40.834 - 0.4 0.1 4 3.2 96.7 30.4 1.068 4.24E+04 0.054 6 2
EU3 124.178
Grand US-MI- 135 46.686 -85.895 0.3 0.1 N/A 2.0 N/A N/A 0.893 1.75E+05 0.041 23 6
Marais GM1
Holland US-MI- 73 42.759 -86.204 0.4 0.2 54 2.2 8.2 3.7 1.538 7.27E+05 0.099 31 13
HO1
US-MI- 79 42.759 -86.204 0.2 0.1 47 2.3 35 1.5 0.602 1.18E+05 0.020 32 17
HO2
US-MI- 81 42.759 -86.204 0.3 0.1 44 2.6 6.2 2.4 0.815 4.69E+05 0.041 31 11
HO3
US-MI- 80 42.759 -86.204 0.3 0.1 49 2.8 6.3 2.2 0.852 5.30E+05 0.040 31 11
HO4
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US-MI- 81 41913  -86.588 04 0.1 69 3.0 5.8 19 1.309 1.18E+06 0.087 32 12

\L/JVS-DI%/I I- 88 41913  -86.588 0.5 0.1 50 34 100 29 1.559 1.31E+06 0.116 31 9

\l/JVS-DI?/I I- 82 41913  -86.588 0.4 0.2 54 2.6 75 2.8 1.216 1.09E+06 0.083 29 11

Wales Newboro wsz- 23 53.142 -4.366 01 01 8 18 170 9.5 0.46 1.21E+04 0.011 2 9
o \TVI?A]:IA- 22 53.142 -4.366 0.1 0.0 8 33 183 55 0.405 1.18E+04 0.008 21 12

\TVI?AZ-IA- 24 53.142 -4.366 0.1 0.0 9 33 159 4.8 041 1.00E+04 0.008 22 5

u/ig-lA- 22 53.142 -4.366 0.1 0.1 14 2.1 8.8 4.3 0.467 1.28E+04 0.008 32 18

w?:IA- 25 53.142 -4.366 0.1 0.1 5 22 244 113 0.382 3.98E+03 0.008 2 9

\ZVZAZIA- 53 53.142 -4.366 0.1 0.1 13 13 7.6 59 0.378 8.25E+03 0.008 34 24

185



Appendices

Appendix 6: Grain-size classification implanted in GRADISTAT v.8 and used in this study.

Size Sediment size class terminology
mm pm ® (after Friedman & Sanders, 1978)
2048 11 very large boulders
1024 -10 large boulders
512 9 medium boulders
boulders
256 -8 small boulders
128 7 large cobbles
64 6 small cobbles
32 5 very coarse pebbles
16 4 coarse pebbles
8 3 medium pebbles gravels
4 2 fine pebbles
2 2000 1 very fine pebbles
1 1000 0 very coarse sand
05 500 1 coarse sand
0.25 250 2 medium sand
. fine sand sand
0.125 125 3
0.063 63 4 very fine sand
0.031 31 5 very coarse silt
0.016 16 6 coarsesilt
0.008 7 medium silt
' P silt
0.004 4 8 finesilt
0.002 9 very finesilt
clay clay
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Appendix 7: DEM of Long Island showing the locations of all the “chevrons” for which morphological parameters have

been measured (see Appendix 4).
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Appendix 8: Statistics obtained with the Excel macro GRADISTAT v.8 (Blott and Pye, 2001) on the grain-size distributions of “chevrons”, aeolianites and beaches by applying the Folk

and Ward (1957) method.

Geometric Logarithmic Description
SAMPLE IDENTITY: Chevrons MEAN: 2724 1.876 Medium Sand
SAMPLE TYPE: Bimodal, Moderately Well Sorted SORTING (9): 1.593 0.671 Moderately Well Sorted
SEDIMENT NAME: Moderately Well Sorted Fine Sand SKEWNESS (SK): 0.131 -0.131 Coarse Skewed
TEXTURAL GROUP:  Sand KURTOSIS (K): 0.927 0.927 Mesokurtic
Stats mm 0 GRAIN SIZE DISTRIBUTION
MODE 1: 196.0 2.356 GRAVEL: 0.0% COARSE SAND: 9.9%
MODE 2: 3275 1.616 SAND: 100.0% MEDIUM SAND: 42.7%
MODE 3: MUD: 0.0% FINE SAND: 44.2%
Da1o: 157.0 0.997 V FINE SAND: 3.1%
MEDIAN or Dso: 261.4 1.936 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.0%
Doo: 500.9 2.672 COARSE GRAVEL: 0.0% COARSE SILT: 0.0%
(Dgo / D1o): 3.192 2.679 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 0.0%
(Dso - D1o): 344.0 1.674 FINE GRAVEL: 0.0% FINE SILT: 0.0%
(D75 / D2s): 1.946 1.683 V FINE GRAVEL: 0.0% V FINE SILT: 0.0%
(D75 - D2s): 1835 0.961 V COARSE SAND: 0.1% CLAY: 0.0%
|
Geometric Logarithmic Description
SAMPLE IDENTITY: Aeolianites MEAN: 2713 1.882 Medium Sand
SAMPLE TYPE: Bimodal, Moderately Well Sorted SORTING (9): 1542 0.625 Moderately Well Sorted
SEDIMENT NAME: Moderately Well Sorted Fine Sand SKEWNESS (Sk): 0.228 -0.228 Coarse Skewed
TEXTURAL GROUP:  Sand KURTOSIS (K): 1.159 1.159 Leptokurtic
Stats mm 0 GRAIN SIZE DISTRIBUTION
MODE 1: 231.0 21 GRAVEL: 0.0% COARSE SAND: 10.3%
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MODE 2: 655.0 0.6 SAND: 100.0% MEDIUM SAND: 42.1%
MODE 3: MUD: 0.0% FINE SAND: 45.3%
Do 166.3 0.9 V FINE SAND: 1.5%
MEDIAN or Dso: 258.4 20 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.0%
Doo: 527.3 2.6 COARSE GRAVEL: 0.0% COARSE SILT: 0.0%
(Dgo / Dao): 32 28 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 0.0%
(Dgo - D10): 361.0 17 FINE GRAVEL: 0.0% FINE SILT: 0.0%
(D75 / D2s): 17 15 V FINE GRAVEL: 0.0% V FINE SILT: 0.0%
(D75 - D2s): 1404 0.8 V COARSE SAND: 0.7% CLAY: 0.0%
.
Geometric Logarithmic Description
SAMPLE IDENTITY: Beaches MEAN: 377.2 1.407 Medium Sand
SAMPLE TYPE: Polymodal, Moderately Sorted SORTING (s): 1.954 0.966 Moderately Sorted
SEDIMENT NAME: Slightly Very Fine Gravelly Medium Sand SKEWNESS (Sk): 0.254 -0.254 Coarse Skewed
TEXTURAL GROUP:  Slightly Gravelly Sand KURTOSIS (K): 0.870 0.870 Platykurtic
Stats mm 0 GRAIN SIZE DISTRIBUTION
MODE 1: 231.0 21 GRAVEL: 1.8% COARSE SAND: 24.3%
MODE 2: 327.5 16 SAND: 98.2% MEDIUM SAND: 34.3%
MODE 3: 655.0 0.6 MUD: 0.0% FINE SAND: 30.7%
Dio: 181.2 0.0 V FINE SAND: 1.1%
MEDIAN or Dso: 340.4 16 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.0%
Doo: 983.6 25 COARSE GRAVEL: 0.0% COARSE SILT: 0.0%
(Do / D1o): 54 103.3 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 0.0%
(Dgo - D10): 802.4 24 FINE GRAVEL: 0.0% FINE SILT: 0.0%
(D75 / D2s): 2.8 3.2 V FINE GRAVEL.: 1.8% V FINE SILT: 0.0%
(D75 - D2s): 404.6 15 V COARSE SAND: 7.8% CLAY: 0.0%
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Appendix 9: Annual wind frequency rose (A); wind speed annual (B) and monthly distribution (C) andat False
Entrance. The greyed zonesrepresent the threshold velocity of wind from which sand transport isinitiated (Fryberger
and Dean, 1979). D to O show themonthly wind freguency roses. All thegraphswer e gener ated based on daily-aver aged
(from 1990to 2017) wind speed and dir ection data collected from the Power -8 NOAA database (Stackhouse et al., 2018).
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Appendix 10: List of the 109 publicationsreviewed for this study that mention parabolic dunesand provide a luminescence age, along with their area of focus.

Country Region Ref.
Argentina Buenos Aires Latrubesse, E., Ramonell, C., 2010. Landforms and chronology in the Pampean Sand Sea, Argentina. Abstracts Volumen, 18
International Sedimentological Congress, p.529. Mendoza, Argentina.
Salta Province Pefia=Monné, JL., Sancho-Marcén, C., Sampietro-Vattuone, M.M., Rivdli, F., Rhodes, E.J., Oséacar-Soriano, M.C., Rubio-
Fernandez, V., Garcia-Giménez, R., 2015. Geomorphological study of the Cafayate dune field (Northwest Argentina) during the
last millennium. Palaeogeography, Palaeoclimatology, Palaeoecol ogy 438, 352-363.
San Luis Tripaldi, A., Zarate, M.A., Forman, S.L., Badger, T., Doyle, M., Ciccioli, P.L., 2013. Geological evidence for adrought episodein
the western Pampas (Argentina, South America) during the early-mid 20th century. The Holocene 23(12): 1729-1744.
Austrdia New South Wales Hesse, P.P., Williams, R., Ralph, T.J,, Fryirs, K.A., Larkin, Z.T., Westaway, K.E., Farebrother, W., accepted September 2018.

Palaeohydrology of lowland riversin the Murray-Darling Basin, Australia. Quaternary Science Reviews.

Thom, B., Hesp, P.,Bryant, E., 1994. Last glacial 'coastal’ dunesin Eastern Australia and implications for landscape stability during
the Last Glacial Maximum. Palagogeography, Palaeoclimatology, Palacoecology 111, 229-248.

Mueller, D., Jacobs, Z., Cohen, T.J,, Price, D.M., Reinfelds, 1.V., Shulmeister, J., 2018. Revisiting an arid LGM using fluvia
archives: aluminescence chronology for palaeochannels of the Murrumbidgee River, south-eastern Australia. Journal of Quaternary
Science 0

Northern Australia

Shulmeister, J., Lees, B., 1992. Morphology and chronostratigraphy of a coastal dunefield; Groote Eylandt, northern Australia.
Geomorphology 5, 521-534. https://doi.org/10.1016/0169-555X (92)90023-H

Queensland

Lees, B., Yanchou, L., Head, J., 1990. Reconnaissance Thermoluminescence Dating of Northern Australian Coastal Dune Systems.
Quat. Res. 34, 169-185. https://doi.org/10.1016/0033-5894(90)90029-K

Pye, K., Switsur, V., 1981. Radiocarbon dates from the Cape Bedford and Cape Flattery dunefields, North Queensland. Search 12,
225-226.

Tegjan-Kella, M., Chittleborough, D., Fitzpatrick, R., Thompson, C., Prescott, J., Hutton, J., 1990. Thermoluminescence dating of
coastal sand dunes at Cooloola and North Stradbroke Island, Australia. Soil Res. 28, 465. https://doi.org/10.1071/SR9900465

Pye, K., Rhodes, E., 1985. Holocene development of an episodic transgressive dune barrier, Ramsay Bay, North Queensland,
Australia. Mar. Geol. 64, 189-202. https://doi.org/10.1016/0025-3227(85)90104-5

South Australia

Dutkiewicz, A., Prescott, J., 1997. Thermoluminescence ages and palaeoclimate from the lake Ma ata-L ake Greenly Complex, Eyre
Peninsula, South Australia. Quat. Sci. Rev. 16, 367-385. https://doi.org/10.1016/S0277-3791(97)89532-7

Murray-Wallace, C., Bourman, R., Prescott, J, Williams, F., Price, D., Belperio, A., 2010. Aminostratigraphy and

thermoluminescence dating of coastal aeolianites and the later Quaternary history of afailed delta: The River Murray mouth region,
South Australia. Quat. Geochronol. 5, 28-49. https://doi.org/10.1016/j.quageo.2009.09.011

Lomax, J., Hilgers, A. and Radtke, U., 2011. Palacoenvironmental change recorded in the palacodunefields of the western Murray
Basin, South Australia- New data from single grain OSL -dating. Quaternary Science Reviews, 30: 723-736.

Belgium West Flanders

De Ceunynck, R., 1985. The evolution of the coastal dunesin the western Belgian coastal plain. Eiszeitalt. Ggw. 35, 33-41.
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Depuydt, F., 1967. Bijdrage tot de geomorfologische en fytogeografische studie van het domaniaal natuurreservaat De Westhoek.
Ministere de I’agriculture, Administration des eaux et forets, Service des reserves naturelles domaniales et de la conservation de la

nature.
Bolivia Bolivian Chaco May, J.-H., Zech, R., Veit, H., 2008. Late Quaternary pal eosol-sediment-sequences and landscape evolution aong the Andean
piedmont, Bolivian Chaco. Geomorphology 98, 34-54. https://doi.org/10.1016/j.geomorph.2007.02.025
Santa Cruz delaSierra Latrubesse, E.M., Stevaux, J.C., Cremon, E.H., May, J.-H., Tatumi, S.H., Hurtado, M.A., Bezada, M., Argollo, J.B., 2012. Late

Quaternary megafans, fans and fluvio-aeolian interactions in the Bolivian Chaco, Tropica South America. Palaeogeography,
Palaeoclimatology, Palacoecology 356-357, 75-88.

Brazil Bahia De Olivera, P.E., Barreto, A.M.F., Suguio K., 1999. Late Pleistocene/Holocene climatic and vegetationa history of the Brazilian
cagtinga: the fossil dunes of the middle S&o Francisco River. Palaeogeography, Palaeoclimatology, Palaeoecology 152(3-4): 319-

337
Santa Catarina Zular, A., Sawakuchi, A., Guedes, C., Mendes, V., Nascimento, D., Giannini, P., Aguiar, V., DeWitt, R., 2013. Late Holocene

intensification of colds frontsin southern Brazil asindicated by dune development and provenance changes in the S&o Francisco do
Sul coastd barrier. Mar. Geol. 335, 64-77. https://doi.org/10.1016/j.margeo.2012.10.006

Canada Alberta Wolfe, S. A., J. Ollerhead, R. Smith, and M. Lamothe. 2002. Age and paeoenvironmental significance of Late Wisconsinan dune
fields in the Mount Watt (84-K) and Fontas River (94-1) map sheets, northern Alberta and British Columbia. Geologica Survey of
Canada, Current Research 2007-B4: 12 p..

British Columbia Wolfe, SA. . J. Waker and D.J. Huntley. 2008. Holocene coastal reconstruction, Naikoon Peninsula, northern Graham Island,
Queen Charlotte Islands, British Columbia. Geological Survey of Canada, Current Research, 2008-12, 16 p.
Manitoba Wolfe, S.A., Muhs, D.R., David, P.P., McGeehin, J.P., 2000. Chronology and geochemistry of late Holocence eolian depositsin the

Brandon Sand Hills, Manitoba, Canada. Quaternary International 67, 61-74.

Wolfe, S. A., D. J. Huntley, and J. Ollerhead. 2002. Optical dating of modern and |ate Holocene dune sands in the Brandon Sand
Hills, southwestern Manitoba. Geographie physique et Quaternaire 56(2-3): 203-214.

Northwest Territories McNeely, R, 2005. Geological Survey of Canada Radiocarbon Dates X XXIV. GSC Current Research 2005.

Michaud, Y. and C. Begin 2000. Past environmental change recorded in dune fields. Geological Survey of Canada; The Physical
Environment of the Mackenzie Valley, Northwest Territories: a Base Line for the Assessment of Environmental Change Bulletin
547(79-87).

Rampton, V. N., 1988. Quaternary Geology of the Tuktoyaktuk coastlines, Northwest Territories. Geological Survey of Canada
Memoir 423.

Wolfe, S. A., D. J. Huntley, and J. Ollerhead. 2004. Relict late Wisconsinan dune fields of the Northern Great Plains, Canada’
Geographie physique et Quaternaire 58(2-3): 323-336.

Ontario Loope, H.M., Loope, W.L., Goble, R.J., Fisher, T.G., Jol, H.M., Seong, J.C., 2010. Early Holocene dune activity linked with final
destruction of Glacial Lake Minong, eastern Upper Michigan, USA. Quaternary Research, 74(1), 73-81.

Quebec Lowdon, J. A., Robertson, |. M., 1971. Geologica Survey of Canada Radiocarbon Dates X1. Geologica Survey of Canada Paper(71-
7), 269-270.
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Filion, L., 1987. Holocene development of parabolic dunesin the central St. Lawrence lowland, Quebec. Quaternary Research 28,
196-209.

Carcaillet, C., Richard, P.J.H., Asnong, H., Capece, L., Bergeron, Y., 2006. Fire and soil erosion history in East Canadian borea
and temperate forests. Quaternary Science Reviews 25, 1489-1500.

Fillion, L., 1987. Holocene development of parabolic dunesin the Central St. Lawrence Lowland, Québec. Quat. Res. 28, 196-2009.

Saskatchewan

Wolfe, S.A. Huntley, D.J,, Ollerhead, J., 1994. Recent and late Holocene sand dune activity in southwestern Saskatchewan.
Geological Survey of Canada, Current Research 1995-B, 131-140

Wolfe, S. A., J. Ollerhead, and O. Lian. 2002. Holocene eolian activity in south-central Saskatchewan and the southern Canadian
prairies. Geographie physique et Quaternaire 56(2-3): 215-227.

Wolfe, SA.. C. Hugenholtz, C. Evans, D. Huntley and J. Ollerhead. 2007. Potential aboriginal occupation-induced dune activity,
Elbow Sand Hills, northern Great Plains, Canada. Great Plains Research. v. 17, 173-192.

Wolfe, SA., J. Ollerhead, D.J. Huntley and O.B. Lian. 2006. Holocene dune activity and environmental change in the prairie
parkland and boreal forest, centra Saskatchewan, Canada. The Holocene, v. 16, p. 17- 29

Morlan, R.E., McNedy, R., Nielsen, E., Wolfe, S. A., Schreiner, B.T., 2002. Quaternary dates and vertebrate faunas in
Saskatchewan. Geological Survey of Canada, Open File 3888, 139p.

Wolfe, SA., J Bond and M. Lamothe. 2011. Dune stabilization in central and southern Yukon in relation to early Holocene
environmental change, northwestern North America. Quaternary Science Review, 30, 324-334.

Wolfe, S. A, D. J. Huntley, et a. 2001. Late 18th century drought-induced sand dune activity, Great Sand Hills, Saskatchewan.
Canadian Journal of Earth Sciences 38(1): 105-117.

China Gonghe Basin

Qiang, M., Chen, F., Song, L., Liu, X., Li, M., Wang, Q., 2013. Late Quaternary aeolian activity in Gonghe Basin, northeastern
Qinghai-Tibetan Plateau, China. Quaternary Research, 79(3), 403-412.

Hulun Buir

Guo, L., Xiong, S, Dong, X., Ding, Z., Yang, P., Zhao, H., Wu, J, Ye, W., Jin, G., Wu, W., Zheng, L., 2018. Linkage between C4
vegetation expansion and dune stabilization in the deserts of NE China during the late Quaternary. Quat. Int.
https://doi.org/10.1016/j.quaint.2018.10.026

Inner Mongolia

Li, S, Sun, J, Zhao, H., 2002. Opticd dating of dune sands in the northeastern deserts of China. Palaeogeography,
Palaeoclimatology, Palaeoecology 181, 419-429.

Mason, J. A., Lu, H., Zhou, Y., Miao, X., Swinehart, J. B., Liu, Z., Goble, R. J,, Yi, S., 2009. Dune mobility and aridity at the desert
margin of northern China at atime of peak monsoon strength. Geology 37, 947 - 950.

Yang, X., Wang, X., Liu, Z., Li, H., Ren, X., Zhang, D., Mg, Z., Rioual, P., Jin, X., Scuderi, L., 2013. Initiation and variation of the
dune fields in semi-arid China - with a special reference to the Hunshandake Sandy Land, Inner Mongolia. Quaternary Science
Reviews

Yang, X., Zhu, B., Wang, X., Li, C., Zhou, Z., Chen, J,, Wang, X., Yin, J, Lu, Y., 2008. Late Quaternary environmental changes
and organic carbon density in the Hunshandake Sandy Land, eastern Inner Mongolia, China. Globa and Planetary Change 61, 70-
78.

Qaidam Basin

Yu, L., Lai, Z., 2014. Holocene climate change inferred from stratigraphy and OSL chronology of aeolian sedimentsin the Qaidam
Basin, northeastern Qinghai, Tibetan Plateau. Quaternary Research, 81(3), 488-499.
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Lu, H., Zhao, C., Mason, J,, Yi, S., Zhao, H., Zhou, Y ., unfeng, J., Swinehart, J., Wang, C., 2011. Holocene climatic changes reveal ed
by aeolian deposits from the Qinghai L ake area (northeastern Qinghai-Tibetan Plateau) and possible forcing mechanisms. Holocene,
21, 297-304

Denmark

Anholt Island

Clemmensen, L., Bjgrnsen, M., Murray, A., Pedersen, K., 2007. Formation of aeolian dunes on Anholt, Denmark since AD 1560:
A record of deforestation and increased storminess. Sediment. Geol. 199, 171-187. https://doi.org/10.1016/j.sedge0.2007.01.042

Jutland

Clemmensen, L., Andreasen, F., Nielsen, S., Sten, E., 1996. The late Holocene coastal dunefield at V g ers, Denmark: characteristics,
sand budget and depositional dynamics. Geomorphology 17, 79-98. https://doi.org/10.1016/0169-555X (95)00096-N

Jonassen, H., 1957. Bidrag til Filsgegnens naturhistorie 14.

Clemmensen, L., Pye, K., Urray, R., 2001. Sedimentology, stratigraphy and landscape evolution of aHolocene coastal dune system,
Lodbjerg, NW Jutland, Denmark 25.

Finland

Saarijarvi-Viitsasaari

Makeld, J., llimer, K., 1990. The parabolic blowout dune of Kangasjérvi in Saarijérvi, central Finland. Bull. Geol. Soc. Finl. 62,
135-147. https://doi.org/10.17741/bgsf/62.2.004

France

Aquitaine

Bertran, P., Bateman, M., Hernandez, M., Mercier, N., Millet, D., Sitzia, L., Tastet, J.-P., 2011. Inland aeolian deposits of south-
west France: facies, stratigraphy and chronology. J. Quat. Sci. 26, 374-388. https://doi.org/10.1002/jgs.1461

India

Rajasthan

Srivastava, A., Thomas, D.S.G., Durcan, JA., 2019. Holocene dune activity in the Thar Desert, India. Earth Surface Processes and
Landforms

Singhvi, A K., Kar, A., 2004. The aeolian sedimentation record of the Thar Desert. Proceedings of the Indian Academy of Sciences
(Earth Sciences) 113, 371-401.

Mozambique

Maputo

Armitage, S. J.,, Botha, G. A., Duller, G. A. T., Wintle, A. G., Rebélo, L. P., & Momade, F. J. (2006). The formation and evol ution
of the barrier islands of Inhaca and Bazaruto, Mozambique. Geomor phology, 82(3-4), 295-308.

Poland

Glogéw-Baruth Urstromtal

Hilgers, A., 2007. The chronology of Late Glacia and Holocene dune development in the northern Central European lowland
reconstructed by optically stimulated luminescence (OSL) dating, Geographisches Institut. Universitat zu Kéln, Koln, Germany, p.
353.

Sandomierz Basin

Wojtanowicz, J., 1999. Problem of occurrence and age (TL) of inland Plenivistulian dunesin Poland (on the example of Sandiomierz
Basin. In: W. Schirmer (Ed.), Dunes and Fossil Soils. Geo Archaeo Rhein. Lit Verlag, Minster, Germany, pp. 43-54.

Warta Pradolina

Zielir’lski.P., Sokotowski, R., Fedorowicz, S., Jankowski, M., 2011. Stratigraphic position of fluvial and acolian deposits in the
Zabinko site (W Poland) based on TL dating. Geochronometria 38, 64-71.

South Africa

Kwazulu-Natal

Northern Cape

Porat, N., Botha, G., 2008. The luminescence chronology of dune development on the Maputaland coastal plain, southeast Africa.
Quat. Sci. Rev. 27, 1024-1046. https://doi.org/10.1016/j.quascirev.2008.01.017

Stokes, S., Thomas D.S.G., Washington R., 1997. Multiple episodes of aridity in southern Africa since the last interglacial period.
Nature 388: 154-158.

Sudan

Wadi Howar

Bubenzer, O., Bedler, H., Hilgers, A., 2007. Filling the gap: OSL data expanding 14C chronologies of late Quaternary environmental
changein the Lybian Desert. Quaternary International 175, 41-52
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Sweden Jamtland

Varmland

Bernhardson, M., Alexanderson, H., 2018. Early Holocene NW-W winds reconstructed from small dune fields, central Sweden.
Boreas 47, 869-883. https://doi.org/10.1111/bor.12307

Alexanderson, H., Fabel, D., 2015. Holocene Chronology of the Brattforsheden Delta and Inland Dune Field, Sw Sweden.
Geochronometria 42. https://doi.org/10.1515/geochr-2015-0001

United States Alaska

Reuther, J.D., Potter, B.A., Holmes, C.E., Feathers, JK., Lanog, F.B., Kiehofer, J., 2016. The Rosa-Keystone Dunes Field: The
geoarchaeology and paleoecology of alate Quaternary stabilized dune field in Eastern Beringia. The Holocene.

Wiles, G., McAllister, R., Davi, N., Jacoby, G., 2003. Eolian Response to Little Ice Age Climate Change, Tana Dunes, Chugach
Mountains, Alaska, U.SA. Arct. Antarct. Alp. Res. 35, 67-73. https://doi.org/10.1657/1523-
0430(2003)035[0067:ERTLIA]2.0.CO;2

Cdifornia

Stokes, S., Kocurek, G., Pye, K., Winspear, N.R., 1997. New evidence for the timing of aeolian sand supply to the Algodones
dunefield and East Mesa area, southeastern California, USA. Palacogeography, Palaeoeclimatol ogy, Palacocology 128, 63-75.

Colorado

Forman, S.L., Ogleshy, R., Markgraf, V., Stafford, T., 1995. Paleoclimatic significance of Late Quaternary eolian deposition on the
Piedmont and High Plains, Central United States. Global and Planetary Change 11, 35-55.

Madole, R.F., 1995. Spatial and temporal patterns of late Quaternary eolian deposition, eastern Colorado, USA. Quaternary Science
Reviews 14, 155-177.

Forman, S.L., Spaeth, M., Marin, L., Pierson, J., Gomez, J., Bunch, F., Valdez, A., 2006. Episodic L ate Holocene dune movements
on the sand sheet area, Great Sand Dunes National Park and Preserve, San Luis Valley, Colorado, USA. Quaternary Research 66,
119-132.

Forman, S., Goetz, A., Yuhas, R., 1992. Large-scal e stabilized dunes on the High Plains of Colorado: Understanding the landscape
response to Holocene climates with the aid of images from space. Geology 20, 145. https://doi.org/10.1130/0091-
7613(1992)020<0145:L SSDOT>2.3.CO;2

Forman, S.L., Maat, P., 1990. Stratigrahic evidence for late Quaternary dune activity near Hudson on the the Piedmont of northern
Colorado. Geology 18, 745-748.

Georgia

Leigh, D.S,, Srivastava, P., Brook, G.A., 2004. Late Pleistocene braided rivers of the Atlantic Coastal Plain, USA. Quaternary
Science Reviews 23, 65-84.

Ivester, A.H., Leigh, D.S., Godfrey-Smith, D.l., 2001. Chronology of Inland Eolian Dunes on the Coastal Plain of Georgia, USA.
Quaternary Research 55, 293-302.

Leigh, D.S., 2008. Late Quaternary climates and river channels of the Atlantic Coastal Plain, Southeastern USA. Geomorphol ogy
101, 90-108.

Idaho

Forman, S.L., Pierson, J., 2003. Formation of linear and parabolic dunes on the eastern Snake River Plain, Idaho in the nineteenth
century. Geomorphology 56, 189-200.

Rich, J,, Rittenour, T.M., Nelson, M.S., Owen, J., 2015. OSL chronology of middle to late Holocene aeolian activity in the St.
Anthony dune field, southeastern Idaho, USA. Quaternary International 362, 77-86.
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Miao, X., Hanson, P.R., Wang, H., Young, A.R., 2010. Timing and origin for sand dunes in the Green River Lowland of Illinois,
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Kilibarda, Z., Blockland, J., 2011. Morphology and origin of the Fair Oaks Dunesin NW Indiana, USA. Geomorphology 125, 305
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Fisher, T.G., Horton, J., Lepper, K., Loope, H.M., 2019. Aeolian activity during Late Glacial time, with an example from Mongo,
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U.S.A. J. Arid Environ. 34, 403-414. https://doi.org/10.1006/jare.1996.0120
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Appendix 11: List of ages obtained for dunes active during the last 1 ka BP, their location, the corresponding luminescence method, and protocol applied. The main associated
publicationsare also listed, along with theinterpretations of the factor (s) triggering dune activity.

Country Region L ocation Lab. Id Depth  Age + Lat. Long. Dating Protocol Cause
(m) Type
Argentina  SaltaProvince Cafayate K0159 12 220 60 -26.050 -65.885 osL SAR Drought. Potentially amplified by spanish occupation
with overgrazing in the lowlands of the region because
the valley was used to breed mules for the Alto Pert
(PefiaMonné et al., 2015; Rodriguez, 2008).
K0160 15 230 50 -26.050 -65.885 OosL SAR
K0161 25 350 50 -26.051 -65.887 osL SAR
K0162 3.0 410 40 -26.051 -65.887 OosL SAR
K0160 12 990 80 -26.050 -65.885  OSL SAR
San Luis Pampean sand  UIC2372 1.0 60 5 -33.967 -65.576 osL SAR Drought. Amplified with european settlers replacing
sea native grasses and woodland trees by wheat for
agriculture (Tripaldi et al., 2013).
UlC2376 3.0 70 10 -33854 -65.405 osL SAR
uUlC2805 0.6 70 10 -33534 -65.331 osL SAR
uUlC3281 0.4 70 10 -33.142 -65.363 osL SAR
UIC3286 2.8 75 10 -33.142 -65.363 osL SAR
ulCc2377 2.8 200 20 -33854 -65.405 OosL SAR
Australia  South Mallee BM1 1.0 0 0 -34.227 139.656 OSL SGR Drought period inducing more frequent bushfires,
Audtrdia which removed vegetation (Lomax et al., 2011).
New  South Rhyola Uuow1s550 0.9 140 30 -35116 144518 OSL SGR N/A (Mueller et al., 2018).
Wales
Brazil Bahia ro Séo P-5 0.3- 900 -10.400 -43.220 TL N/A Arid Late Holocene linked with a northward
Francisco 05 displacement of the ITCZ (De Oliveiraet al., 1999).
dunes
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Canada Saskatchewan  Bigstick SFU-O- 0.8 85 5 50.181 - IRSL MAAD Drought (Wolfeet a., 2001).
130 109.157
SFU-O- 4.0 91 5 50.185 - IRSL MAAD
125 109.211
SFU-O- 0.6 117 6 50.182 - IRSL MAAD
154 109.160
SFU-O- 0.7 151 5 50.182 - IRSL MAAD
155 109.160
Burstall SFU-O- 0.5 92 7 50.707 - IRSL MAAD
146 109.907
SFU-O- 32 163 7 50.703 - IRSL MAAD
149 109.911
SFU-O- 3.0 168 9 50.703 - IRSL MAAD
129 109.911
Elbow SFU-O- 25 145 20 51.025 - IRSL MAAD  Drought (Wolfeet a., 2002b).
223 106.528
SFU-O- 20 215 17  51.022 - IRSL MAAD
229 106.526
SFU-O- 0.8 140 20 51.050 - IRSL MAAD Drought amplified by bison grazing (Wolfe et a.,
254 106.445 2007a).
SFU-O- 0.8 235 15 51051 - IRSL MAAD
255 106.455
SFU-O- 0.8 320 20 51.0%4 - IRSL MAAD
256 106.460
Great Sand  SFU-O- 0.8 115 5 50.703 - IRSL MAAD  Drought (Wolfeet a., 2001).
Hills 150 109.303
SFU-O- 1.0 116 5 50.703 - IRSL MAAD
153 109.303
SFU-O- 0.8 129 6 50.703 - IRSL MAAD
152 109.303
SFU-O- 0.9 143 9 50.703 - IRSL MAAD
151 109.303
SFU-O- 4.0 216 11  50.693 - IRSL MAAD
128 109.283
SFU-O- 3.0 640 60 50518 - IRSL MAAD
126 109.144
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50.230
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50.233

50.233

50.233

50.233

50.233

50.154
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50.918
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108.253

108.253
108.253

108.253

108.253
108.253

108.253

108.253
108.253

108.253

108.253
108.253

108.253

108.253

108.256
109.653

109.653

IRSL

IRSL

IRSL

IRSL

IRSL

IRSL

IRSL

IRSL

IRSL

IRSL

IRSL

IRSL

IRSL

IRSL

IRSL

IRSL

IRSL

IRSL

MAAD

MAAD

MAAD

MAAD

MAAD

MAAD

MAAD

MAAD

MAAD

MAAD

MAAD

MAAD

MAAD

MAAD

MAAD

MAAD

MAAD

MAAD
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China

Horgin NM-02 20 80 10 43320 121.377 OSL SAR Climatic deterioration (historical droughts) and/or poor
land use (overcultivation or overgrazing). (Guo et a.,
2018).
NM-01 0.4 110 30 43320 121377 OSL SAR
NM-03 5.9 320 30 43320 121377 OSL SAR
Hulun  Buir  XBH-02 0.7 130 10 47732 119317 OSL SAR
Desert
XBH-03 11 150 30 47732 119317 OSL SAR
HHNR-02 1.0 2000 50 49131 118849 OSL SAR
XBH-05 21 270 40  47.732 119317 OSL SAR
Otindag SGDA-01 0.2 130 20 42670 115987 OSL SAR
WRTB-01 0.8 130 10 43.046 116.007 OSL SAR
WRTD-01 25 180 10 43176 116131  OSL SAR
NRTL-01 0.2 710 40 42913 116634  OSL SAR
XLHT-01 04 900 200 43504 115715 OSL SAR
PKU- 0.4 140 10 43251 116133 OSL SAR Increased occurrence of strong dry cold frontsin spring
L219 and growing human impact (Mason et a., 2009).
UNL-1227 6.0 630 40 42974 115954 OSL SAR
UNL-1228 8.0 630 40 42974 115954 OSL SAR
B-1 0.5 1000 60 43123 114482  OSL SAR Increasing of aridity due to the decrease in the intensity
of East Asian summer monsoon in response to the
decrease in solar radiation (Yang et a., 2013).
Tiekui Desert SYK1-0 0.3 23 2 36.361 97.900 IRSL N/A Increase of aridity (Yu and Lai, 2014).
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India

Rajastan

Thar

Thar 1.0 50 10 26.579 72.814 OSL post-IR Human activity (Srivastava et al., 2019).
18/1/2 blue SAR
Thar 25 60 10  26.669 72.570 OsL post-IR
16/9/2 blue SAR
Thar 1.0 70 10 26.819 72.303 OsL post-IR
16/10/1 blue SAR
Thar 3.7 70 10  26.819 72.303 OsL post-IR
16/10/4 blue SAR
Thar 0.5 70 10  26.602 72.289 OsL post-IR
16/6/1 blue SAR
Thar 5.0 70 10  26.602 72.289 OsL post-IR
16/6/5 blue SAR
Thar 15 70 10  26.669 72.570 OsL post-IR
16/9/1 blue SAR
Thar 55 130 10 26.669 72.570 OSsL post-IR Low precipitation and human activity (Srivastavaet d.,
16/9/5 blue SAR  2019)
Thar 45 140 20  26.669 72.570 OsL post-IR
16/9/4 blue SAR
Thar 20 150 30 26579 72.814 OsL post-IR
18/1/4 blue SAR
Thar 1.0 160 30 26.331 72.288 OsL post-IR
16/4/2 blue SAR
Thar 0.3 200 30 26331 72.288 OsL post-IR
16/4/1 blue SAR
Thar 0.7 390 30 26584 72816 OsL post-IR
16/1/2 blue SAR
Thar 0.5 450 60 26584 72816 OsL post-IR
16/1/1 blue SAR
Thar 6.0 550 50 26,584 72816 OsL post-IR
16/1/4 blue SAR
Thar 82 670 10  26.819 72.303 OosL post-IR
16/10/8 blue SAR
Thar 20 840 80 26331 72.288 OosL post-IR
16/4/4 blue SAR
TR-80 0.0 63 11 28.810 74.676 OoSsL MAAD Less rainfall during Little Ice Age and human activiy

(cultivation and grazing, fuelwood collection). (Singhvi
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and Kar, 2004).
TR-69 0.0 100 10 283895  74.609 OosL MAAD
TR-81 0.0 108 65 28810  74.676 OosL MAAD
TR-82 0.0 133 27 28810 74.676 OosL MAAD
TR-83 0.0 150 21 28.810 74.676 OSL MAAD
TR-84 0.0 189 21 28.810 74.676 OSL MAAD
TR-63 0.6 200 40 28.895 74.609 TL MAAD
TR-77 0.0 300 100 28895  74.609 OosL MAAD
TR89 0.8 300 30 28244 73401 OosL MAAD
TR-78 12 350 590 28.895 74.609 TL MAAD
TR-70 0.0 400 250 28895  74.609 OosL MAAD
TR-68 0.8 400 180 28895  74.609 TL MAAD
TR-69 10 450 510 28.895 74.609 TL MAAD
TR-77 1.0 470 170 28.895 74.609 TL MAAD
TR-78 0.0 500 100 28.895 74.609 OSsL MAAD
TR-64 0.9 500 50 28895  74.609 TL MAAD
TR-70 19 830 330 28.89% 74.609 TL MAAD
Sweden Dalarna Haftaheden L15120 0.5 150 10 60.456 13.887 osL SAR Increased storminess and/or land-use changes

(Bernhardson and Alexanderson, 2018).
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Jamtland Svegssgion R061356 0.1 160 160 62.094 14.129 OsL SAR
Varmland Brattforsheden Risg 14 270 40 59.718 13.878 osL SAR Human activity (charcoa production and slash-and-
061328 burn agriculture). (Alexanderson and Fabel, 2015).
Risg 12 180 10 59.718 13.878 OsL SAR
061329
Risg 0.7 180 10 59.718 13.878 OsL SAR
061330
United Colorado Great Sand UIC1077 20 16 2 37.691 - OSsL SAR Drought (Forman et a., 2006).
States Dunes 105.586
UIC1259 0.8 120 20 37.694 - OsL SAR
105.570
UIC1235 0.5 170 30 37.694 - OsL SAR
105.571
UIC1238 1.0 210 30 37.6%4 - OsL SAR
105.571
UIC1138 0.8 230 30 37.6%4 - OsL SAR
105.571
UIC1137 12 700 75 @ 37.6%4 - OsL SAR
105.571
UIC1260 17 710 70 37.6%4 - OsL SAR
105.570
UIC1258 15 735 90  37.6%4 - OsL SAR
105.570
UIC1086 20 940 80  37.694 - OsL SAR
105.571
Wray Dune UNL-1103 2.3 700 60 40510 - OsL SAR N/A (Mason et al., 2011).
Field 102.359
Idaho Snake River UIC681B 15 130 20 43.898 - OSsL SAR Drought (Forman and Pierson, 2003).
Plain 112.372
ulC681 15 150 30  43.898 - OsL SAR
112.372
Illinois Green River UNL-2135 0.5 430 110 41486  -90.349 OSsL SAR Droughts, wild fire, bison grazing, and aborigina land
Lowlands use (Miao et a., 2010).
UNL-2024 05 430 110 41486 -90.349 OSL SAR
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UNL-2026 0.3 840 210 41465 -89.906 OSL SAR
Indiana Fair Oaks UNL-2474 0.9 60 20 41.021 -87.134 osL SAR Changes in land use following European settlement
(Kilibarda and Blockland, 2011).
UNL-2474 0.9 220 40 41021 -87134 OSL SAR
Kansas Hutchinson UNL-2555 16 10 20 38.133 -97.883 osL SAR Arid Littlelce Age (Hdfen et al., 2012).
Dunes
UNL-2556 1.7 80 80 38130 -97.887 OSL SAR
UNL-2560 1.6 80 10 38.081 -97.665 OSL SAR
UNL-2698 1.8 80 10 38176 -97.950 OSL SAR
UNL-2981 1.9 80 10 38142 -97.928 OSL SAR
UNL-2983 21 90 10 38143 -97.928 OSL SAR
UNL-2562 1.6 100 10 38104 -97.844 OSL SAR
UNL-2696 1.8 100 10 38.085 -97.796 OSL SAR
UNL-2987 21 100 10 38256 -97.968 OSL SAR
UNL-2558 1.8 110 10 38.084 -97.667 OSL SAR
UNL-2969 19 110 10 38.157 -97.945 OSsL SAR
UNL-2091 18 120 10 38.098 -97.847 OSL SAR
UNL-2561 5.9 140 30 38.08L -97.665 OSL SAR
UNL-2985 6.4 140 20 38230 -97971 OSL SAR
UNL-2984 21 140 10 38230 -97.971 OSL SAR
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UNL-2554
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6.6
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1.9

20
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160
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200
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20
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20
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20
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38.077
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38.256

38.211

38.230

38.084
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OsL
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OoSsL

OoSsL
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OoSsL

OoSsL
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OoSsL

OoSsL
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OSL

OSL
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UNL-2687 7.4 240 20 38124 -97885  OSL SAR
UNL-2700 18 240 20 38061 -97.812 OsL SAR
UNL-2688 6.7 260 30 38124 -97.886 OsL SAR
UNL-2977 51 270 50 38211 -97995  OSL SAR
UNL-1874 3.2 270 30 38173 -97.944  OSL SAR
UNL-1881 15 290 20 38118 -97.958 OoSsL SAR
UNL-1883 24 300 30 38119 -97.848 OoSsL SAR
UNL-1875 2.7 320 50 38173 -97.944  OSL SAR
UNL-1878 4.0 320 30 38088 -97.855  OSL SAR
UNL-1879 6.7 320 30 38088 -97.855  OSL SAR
UNL-1876 9.8 330 40 38173 -97.944  OSL SAR
UNL-2090 74 350 30 38119 -97.848 OoSsL SAR
UNL-2092 7.0 390 50 38098 -97.847 OoSsL SAR
UNL-2703 6.5 420 50 38070 -97.802 OosL SAR
UNL-1877 13 450 50 38088 -97.855  OSL SAR
UNL-2563 6.3 520 50 38104 -97.844  OSL SAR
UNL-2697 7.0 600 50 38.085 -97.796 OsL SAR
UNL-2701 6.9 920 90 38061 -97.812 OosL SAR Arid Medieval Climatic Anomaly (Halfen et a., 2012).
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UNL-1882 7.7 920 80 38118 -97.958  OSL SAR
UNL-2694 1.7 960 80 38082 -97.813 OSL SAR
UNL-2695 7.0 960 80 38082 -97.813 OSL SAR
Nebraska NebraskaSand  UNL-896 0.5 500 40 41.831 - osL SAR Arid Medieva Climatic Anomaly (Miao et al., 2007)
Hills 102.576
UNL-929 14 830 50 41.531 - OSsL SAR
100.503
UNL-896 0.5 354 39 41831 - OSsL SAR Arid Medieval Climatic Anomaly (Schmeisser McKean
102.576 et a., 2015).
UNL-929 12 597 31 41.531 - OSL SAR
100.503
UNL-1217 51 724 42 41.531 - OSL SAR
100.503
UNL-1216 2.7 741 43 41.531 - OSL SAR
100.503
UNL-930 8.2 748 44 41531 - OSL SAR
100.503
UNL-901 7.0 915 52 41.831 - OSL SAR
102.576
UNL-900 5.3 917 56  41.831 - OSL SAR
102.576
South of Sand UNL-1097 1.0 540 50  40.749 - OSL SAR N/A (Mason et al., 2011).
Hills 101.626
Wray Dune  UIC993 1.0 70 10 40.040 - osL SAR Dust Bow! drought (Forman et a., 2005)
Field 101.510
uU1C986 2.0 80 10  40.040 - OSL SAR
101.510
ulC992 25 420 30 40.040 - osL SAR Megadrought in North America (16th cent.). (Forman et
101510 al., 2005)
u1C991 3.9 540 40  40.040 - OSL SAR
101.510
New Mexico Mescaero UNL-4110 0.1 110 120 32121 - osL SAR Arid Little Ice Age caused the expansion of mesquite,
Sand Sheet 103.360 which changed the areainto a semi-arid shrubland (Hall
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UNL-4123 0.1 120 10 32180 - OsL SAR
103.360

UNL-3972 04 160 40 32313 - OsL SAR
103.812

UNL-3969 0.8 170 40 32313 - OsL SAR
103.812

UNL-3930 0.3 220 40 32169 - OosL SAR
103.833

UNL-4108 0.8 230 80 32121 - OSL SAR
103.360

UNL-3929 0.8 280 20 32169 - OosL SAR
103.833

UNL-4109 05 440 70 32121 - OSL SAR
103.360

South Dakota ~ White River UNL-4306 15 0 20 43536 - OosL SAR Arid mid-Holocene period (Medevial Climate Anomaly
Badlands 102.633 + Little Ice Age). (Baldauf et al., 2019).

UNL-4380 1.0 210 20  43.660 - osL SAR
102.271

UNL-4381 14 210 20  43.660 - OosL SAR
102.271

UNL-4304 21 250 20 43536 - osL SAR
102.633

UNL-4305 2.7 260 40 43536 - osL SAR
102.633

UNL-4291 0.8 300 40  43.660 - OosL SAR
102.271

UNL-4058 1.2 350 50 43.694 - OosL SAR
102.438

UNL-4293 1.0 400 40  43.660 - OosL SAR
102.271

UNL-4060 1.2 420 50  43.694 - OosL SAR
102.438

UNL-4056 1.1 420 50  43.694 - OosL SAR
102.438
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UNL-4292 1.9 600 60 43.660 - oSsL SAR
102.271
UNL-4288 1.0 600 50 43.660 - oSsL SAR
102.271
UNL-4379 1.3 720 70 43.660 - oSsL SAR
102.271
Wyoming Casper 6055 15 410 190 42.926 - osL SAR Drought (Halfen et al., 2010).
106.004
6061 0.4 410 50 43.037 - OoSsL SAR
106.810
6062 0.9 420 40 43.037 - OoSsL SAR
106.810
6056 3.6 1000 220 42.926 - osL SAR
106.004
Killpecker KRM-1B 0.5 615 225 42.016 - TL MAAD Arid Medieval Climatic Anomaly (Mayer and Mahan,
Dunes 109.362 2004).
KRM-1A 0.5 670 45 42.016 - IRSL MAAD
109.362
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Appendix 12: List of ages obtained for dunesactive during the mid-Holocene period (7.5to 4.5 ka BP), their location, the corresponding luminescence method and protocol applied, and
the main associated publication.

Country Region L ocation Lab. Id Depth  Age + Lat. Long. Dating Type Protocol Ref.
(m)
Austrdia New South Wales  Dry Lake Yanco-1 3.6 5000 1000 -34.716 146.323 OSL SGR (Hesse et al., 2018)
South Australia Big Desert CD4 0.75 7200 600 -35.548 140.789 OSL SGR (Lomax et al., 2011)
Bolivia Bolivian Chaco Andean Piedmont PCN3-K 3.0 5614 28 -18.599 -63.095 14C N/A (May et a., 2008)
Santa Cruz dela Rio Grande BOL TL-3 6500 1100 -19.620 -62.627 OSL MAR (Latrubesse et al., 2012)
Sierra
Rio Parapeti BOL TL-1 6600 1400 -19.620 -62.627 OSL MAR (Latrubesse et a., 2012)
BOL TL-11 5600 1200 -19.620 -62.627 OSL MAR (Latrubesse et a., 2012)
Canada Alberta Stony Plain SFU-O-269 1.2 6200 600 53.447 -113.806 IRSL MAAD (Wolfeet a., 2004)
Manitoba Brandon Sand Hills SFU-O-173 2.6 5600 270 49.925 -99.590 IRSL MAAD (Wolfeet a., 2002a)
Québec Lac St. Jean GSC-1213 39 7160 70 48.850 -72.683 14C N/A (Lowdon et d., 1971)
St. Lawrence Lowlands  1-13217 17 7440 270 46552 -71.600 14C N/A (Filion, 1987)
Villemontel UQ-2113 2.2 5525 72 48.700 -78.361 14C N/A (Carcaillet et al., 2006)
Saskatchewan Elbow SFU-O-224 56 5690 240 51.022 -106.526 IRSL MAAD (Wolfeet d., 2002b)
Fort alaCorne SFU-O-240 3.3 6620 310 53292 -104.724 IRSL MAAD (Wolfeet a., 2006)
SFU-0-212 2.0 6810 300 53293 -104.724 IRSL MAAD (Wolfe et a., 2006)
Manito Lake SFU-0-221 145 6940 310 52703 -109.902 IRSL MAAD (Wolfe et a., 2006)
SFU-0-220 100 6070 310 52703 -109.902 IRSL MAAD (Wolfe et a., 2006)
SFU-0-219 7.0 4960 190 52.703 -109.902 IRSL MAAD (Wolfe et a., 2006)
Nisbet SFU-0O-214 1.3 5230 250 53285 -105.616 IRSL MAAD (Wolfeet a., 2006)
North Battleford SFU-O-216 5.9 6510 280 52715 -108.374 IRSL MAAD (Wolfeet a., 2006)
SFU-O-217 1.3 5580 270 52.715 -108.374 IRSL MAAD (Wolfeet a., 2006)
China Gonghe Basin Mugetan MGT-A-02 1.9 5700 200 35678 100.622 OSL SAR (Qiang et al., 2013)
MGT-A-01 0.9 4500 500 35678 100.622 OSL SAR (Qiang et al., 2013)
MGT-B-01 2.0 5500 300 35.778 100.796 OSL SAR (Qiang et ., 2013)
Inner Mongolia Hulun Buir HHNR-05 22 7240 600 49131 118849 OSL SAR (Guo et d., 2018)
Hunshandake Sandy PKU-L221 18 5020 380 43251 116.133 OSL SAR (Guo et d., 2018)
Land
Otindag NRTA-05 17 5800 400 42.899 115636 OSL SAR (Guo et d., 2018)
JPB-04 6.5 7420 340 43.075 117.123 OSL SAR (Guo et d., 2018)
WRTC-04 1.9 6100 400 43119 116.092 OSL SAR (Guo et d., 2018)
JP-03 12 5800 300 43.183 117283 OSL SAR (Guo et d., 2018)
CGNR-05 11 6750 350 43251 114468 OSL SAR (Guo et d., 2018)
CGNR-04 05 6430 320 43251 114468 OSL SAR (Guo et d., 2018)
CGNR-03 0.2 6000 350 43251 114468 OSL SAR (Guo et d., 2018)
XLHT-03 14 6000 300 43504 115715 OSL SAR (Guo et d., 2018)
XLHT-02 0.7 5600 300 43504 115715 OSL SAR (Guo et d., 2018)
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BY XL-03 7.4 6770 380 43.687 116.638 OSL SAR (Guo et d., 2018)
Qaidam Basin Tiekui Desert SYK1-5 2.6 6900 500 36.361 97.900 osL SAR + (Yuand Lai, 2014)
SGC
India Rajastan Thar Thar 16/1/6  20.0 6860 490 26584 72816 osL post-IR (Srivastava et d., 2019)
blue
SAR
Thar 10.2 5430 400 26.819 72.303 osL post-IR (Srivastava et d., 2019)
16/10/10 blue
SAR
Thar 9.2 5190 510 26.819 72.303 osL post-IR (Srivastavaet a., 2019)
16/10/9 blue
SAR
KD 1550 7000 700 25372 71810 IRSL MAAD (Singhvi and Kar, 2004)
TR140 14 5400 1300 28244 73.401 osL MAAD (Singhvi and Kar, 2004)
TR99 39 5300 700 28244 73.401 osL MAAD (Singhvi and Kar, 2004)
TR93 2.2 5200 1800 28244 73.401 osL MAAD (Singhvi and Kar, 2004)
TR98 3.7 5100 1400 28244 73.401 osL MAAD (Singhvi and Kar, 2004)
TR92 2.0 4700 900 28244 73.401 osL MAAD (Singhvi and Kar, 2004)
TR-71 25 5350 690 28.895 74.609 TL MAAD (Singhvi and Kar, 2004)
TR-79 14 5300 700 28.895 74.609 TL MAAD (Singhvi and Kar, 2004)
TR-67 20 5080 680 28.895 74.609 TL MAAD (Singhvi and Kar, 2004)
TR-66 15 4500 480 28.895 74.609 TL MAAD (Singhvi and Kar, 2004)
TR-72 0.0 7500 80 28.895  74.609 osL MAAD (Singhvi and Kar, 2004)
TR-76 0.0 7200 3000 28.895 74.609 osL MAAD (Singhvi and Kar, 2004)
TR-67 0.0 6600 2400 28.895 74.609 osL MAAD (Singhvi and Kar, 2004)
TR-79 0.0 5100 1000 28.895 74.609 osL MAAD (Singhvi and Kar, 2004)
TR-66 0.0 4600 1900 28.895 74.609 OSL MAAD (Singhvi and Kar, 2004)
Sudan Wadi Howar Wadi Howar C-L3357 20 7330 1210 17.283 26.750 osL MAR (Bubenzer et al., 2007)
C-L3355 21 7370 1140 17.600 27.500 osL MAAD (Bubenzer et al., 2007)
C-L1199 0.3 6780 480 17.600 28.117 osL SAR (Bubenzer et al., 2007)
C-L3353 3.0 6570 870 17.600 27.500 osL MAAD (Bubenzer et al., 2007)
C-L3354 2.1 6280 860 17.600 27.500 OSL MAAD (Bubenzer et al., 2007)
Sweden Dalarna Haftaheden L 15105 13 7500 500 60473 13.924 osL SAR (Bernhardson and
Alexanderson, 2018)
Jamtland Svegsson R061354 1.9 6500 1200 62.094 14.129 OsL SAR (Bernhardson and
Alexanderson, 2018)
R061353 0.7 6200 700 62.094 14.129 osL SAR (Bernhardson and
Alexanderson, 2018)
United States  Colorado Fort Morgan Dune OTL-369 6.7 6700 700 40.101 -103.977 TL PM (Forman et al., 1995)
Field
OTL-311 24 6600 600 40101 -103.977 TL PM (Forman et al., 1995)
OTL-379 9.7 6600 600 40.101 -103977 TL PM (Forman et a., 1995)
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OTL-378 11.0 6400 800 40.101 -103977 TL PM (Forman et a., 1995)
OTL-371 10.0 5600 700 40.101 -103977 TL PM (Forman et a., 1995)
OTL-267 5.6 6100 500 40.122 -104.617 TL PM (Forman et a., 1995)
OTL-273 5.7 5300 500 40.122 -104.617 TL PM (Forman et al., 1995)
6940 1300 40230 -104.658 OSL N/A (Madole, 1995)
Hudson Dune Field GX-15840 2.0 4765 305 40.122 -104.617 14C N/A (Forman et al., 1992)
GX-15785 5.5 5515 410 40122 -104.617 14C N/A (Forman et al., 1992)
Ilinois Green River Lowlands UNL-1869 0.6 5490 410 41454 -89.908 OSL SAR (Miao et al., 2010)
UNL-1863 14 7060 550 41465 -89.906 OSL SAR (Miao et d., 2010)
UNL-1864 15 6790 500 41465 -89.906 OSL SAR (Miao et a., 2010)
Michigan Eraga Dunefield ABER-38/4 6.5 7000 700 46.606 -88578 OSL SAR (Arbogast and
Packman, 2004)
ABER-38/3 15 6800 700 46.606 -88578 OSL SAR (Arbogast and
Packman, 2004)
ABER-38/6 2.5 7300 800 46.612 -88611 OSL SAR (Arbogast and
Packman, 2004)
ABER-38/5 1.5 6200 600 46.612 -88.611 OSL SAR (Arbogast and
Packman, 2004)
ABER-38/8 7.0 7200 800 46.632 -88588 OSL SAR (Arbogast and
Packman, 2004)
ABER-38/7 15 7100 600 46.632 -88588 OSL SAR (Arbogast and
Packman, 2004)
ABER-38/9 15 6500 1000 46.634 -88.614 OSL SAR (Arbogast and
Packman, 2004)
ABER-38/2 35 7100 800 46.646 -88557 OSL SAR (Arbogast and
Packman, 2004)
ABER-38/1 15 6600 800 46.646 -88557 OSL SAR (Arbogast and
Packman, 2004)
Holland Dune Field NSRL- 4840 65 42739 -86.206 14C SAR (Timmons et al., 2007)
10345
Manitou Beach Dunes UNL-2294 20 6000 500 45490 -83978 OSL SAR (Arbogast et a., 2010)
Newberry Dune Field 30/Mic6 4.0 5700 900 46.211 -84920 OSL SAR (Arbogast et a., 2002b)
30/Micl 5.0 6800 1200 46.314 -85911 OSL SAR (Arbogast et a., 2002b)
30/Mic2 15 6800 800 46.314 -85911 OSL SAR (Arbogast et a., 2002b)
30/Mic3 1.0 6200 700 46.454 -85461 OSL SAR (Arbogast et a., 2002b)
30/Mic4 7.0 5100 130 46.454 -85.461 OSL SAR (Arbogast et a., 2002b)
30/Micl8 15 6700 1200 46.457 -86.176 OSL SAR (Arbogast et a., 2002b)
30/Micl9 5.0 6600 1000 46.457 -86.176 OSL SAR (Arbogast et a., 2002b)
30/Mic5 4.0 5700 1200 46.625 -85201 OSL SAR (Arbogast et a., 2002b)
Petoskey State Park Beta 4620 195 45396 -84.906 14C SAR (Lepczyk and Arbogast,
132995 2005)
Nebraska Nebraska Sand Hills UNL-899 10.3 5650 370 41.831 -102.576 OSL SAR (Miao et al., 2007)
South of Sand Hills UNL-1366 0.8 7500 500 40525 -101.215 OSL SAR (Mason et a., 2011)
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South Dakota White River Badlands UNL-4307 19 7200 500 43536 -102.633 OSL SAR (Baldauf et al., 2019)
UNL-4290 1.6 6300 500 43.660 -102.271 OSL SAR (Baldauf et al., 2019)
UNL-4062 13 7400 600 43.694 -102438 OSL SAR (Baldauf et al., 2019)
UNL-4064 1.7 6100 500 43.694 -102.438 OSL SAR (Baldauf et al., 2019)
Wisconsin Central Sand Plain UNL-1566 0.5 5800 400 44.184 -89.856 OSL SAR (Rawling et a., 2008)
Casper 6059 9.3 7020 220 42926 -106.004 OSL SAR (Hafen et a., 2010)
6060 31 6100 230 43120 -107.029 OSL SAR (Hafen et a., 2010)
6065 1.5 6670 450 43.125 -107.367 OSL SAR (Hafen et a., 2010)
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Appendix 13: Accuracies of the collected DEMs.

Country State L ocation Fundamental = Fundamental
Horizontal Vertical
Accuracy Accuracy
(FHA,m) (FVA,m)
Australia 5 0.8
Bahamas >10 2
Brazil >10 2
Denmark 0.4 0.05
Lybia >10 2
M adagascar >10 2
Netherlands 0.5 0.1
Scotland 1
Spain 1
USA Cdlifornia Eureka 5
USA Cdlifornia Lompoc 5
USA Cdlifornia Mackerricher State Park 5
USA Cdlifornia Point Reyes Seashore 5
USA Colorado Great Sand Dunes National Park 3
USA Idaho St Anthony 10
USA Massachusetts ~ Cape Code 5
USA Michigan Grand Marais 1
USA Michigan Holland 1
USA Michigan P JHoffmaster State Park 1
USA Michigan Petoskey State Park 1
USA Michigan Van Buren State Park 1
USA Michigan Warren Dunes State Park 1
USA Michigan Wilderness State Park 1
USA New Mexico White Sands National Park 1
USA New York Long Island 5
USA Oregon Cape Lookout 5
USA Oregon Florence 5
USA Oregon North Spit 5
USA South Carolina  Garnett 5
USA Texas Baffin Bay 5
USA Washington Hanford 10
Wales 0.5

215



Appendices

Appendix 14: Morphological measurements and sand drift potential analysis results. For DP: white, yellow, and orange correspond to low, intermediate, and high wind energy,
respectively (Fryberger and Dean, 1979). For RDP/DP: white, yellow, and orange correspond to a low, intermediate, and high directional variability of winds, respectively (Fryberger
and Dean, 1979).

Country L ocation Lat. Long. Class Class Orient. L W H L/W L/H W/H Perim. Area DP RDP RDP/DP RDD
(Pye, (Schefferset © (km) (km) (m) (km) (km2)
1993) al., 2008)
Austraia BroomsHead -29.6909  153.304  Elongated 3 354 145 018 36 82 406 5.0 3.799 0.394 41 21 0.5 344
Austrdia CapeFlattery  -15058 145203  Elongated 3t05 316 225 043 71 52 317 61 5.159 1.060 330 309 09 290
Austrdia CapeFlattery  -15058 145203  Elongated 3t05 312 193 036 55 53 31 66 4.591 0.999 330 309 09 290
Austrdia CapeFlatery  -15058 145203  Lobate 3to5 318 149 051 44 29 341 117 3776 0.734 330 309 09 290
Austrdia CapeFlattery  -15058 145203  Elongated 3t05 316 584 084 68 70 8.8 123 13615 3721 330 309 09 290
Austrdia CapeFlattery  -15058 145203  Elongated 3t05 313 776 08 67 92 1157 126 21735 7.599 330 309 09 290
Austrdia CapeFlattery  -15058 145203  Elongated 3t05 316 636 117 9 54 705 130 14719 7.306 330 309 09 290
Austrdia CapeFlattery  -15058 145203  Elongated 3t05 313 546 116 76 47 718 152 15536 6.491 330 309 09 290
Austrdia CapeFlatery  -15058 145203  Lobate 3to5 313 309 146 72 21 430 203 8431 3.382 330 309 09 290
Austrdia CapeFlattery  -15058 145203  Elongated 3t05 319 498 158 76 32 655 208 14251 7.848 330 309 09 290
Austraia CapeManifold -22.782 150.781 Elongated 3to5 316 5.98 123 155 4.9 38.6 7.9 15.174 5.795 162 141 0.9 296
Austraia Cape Manifold -22.782 150.781 Elongated 3to5 306 1.73 052 49 33 35.2 10.6 4.343 0.964 162 141 0.9 296
Austraia Cape Manifold -22.587 150.770 Elongated 3to5 310 1.63 051 41 3.2 39.8 12.3 4.155 0.758 162 141 0.9 296
Austraia Cape Manifold -22.782 150.781 Elongated 3to5 310 2.83 093 75 3.0 37.7 125 6.903 2.137 162 141 0.9 296
Austraia Cape Manifold -22.782 150.781 Elongated 3to5 312 3.95 1.18 85 33 46.4 139 9.238 3.974 162 141 0.9 296
Austraia Cape Manifold -22.782 150.781 L obate 3to5 307 3.63 1.3 95 2.7 38.3 141 9.050 3.843 162 141 0.9 296
Austraia Cape Manifold -22.782 150.781 L obate 3to5 311 7.95 266 148 3.0 53.7 18.0 20.278 18.580 162 141 0.9 296
Austraia Cape Manifold -22.391 150.674 L obate 3to5 311 2.62 0.88 43 3.0 60.8 20.5 6.319 1.747 162 141 0.9 296
Austraia Cape Manifold -22.782 150.781 Elongated 3to5 307 5.76 1.30 63 4.4 915 20.6 13.430 7.138 162 141 0.9 296
Austraia Cape Manifold -22.587 150.770 L obate 3to5 312 1.65 090 32 1.8 51.6 28.1 4.661 1.104 162 141 0.9 296
Austraia Cape Manifold -22.782 150.781 Elongated 3to5 312 8.02 238 59 34 1359 404 19.079 16.223 162 141 0.9 296
Austraia Cape Manifold -22.782 150.781 L obate 3to5 302 3.69 236 56 1.6 65.9 42.1 10.945 7.362 162 141 0.9 296
Austraia Cape Manifold -22.587 150.770 L obate 3to5 316 1.73 154 32 1.1 53.9 48.1 5.806 2.068 162 141 0.9 296
Austraia Corio Bay -22.892 150.766 Elongated 3 309 1.80 0.38 58 4.8 31.1 6.5 4.830 0.978 412 360 0.9 296
Austraia Corio Bay -22.817 150.782 Elongated 3 312 1.40 017 24 8.3 59.0 7.1 4.159 0.277 412 360 0.9 296
Austraia Corio Bay -22.900 150.773 L obate 5 306 0.81 032 44 2.6 18.4 7.2 2.265 0.293 412 360 0.9 296
Austraia Corio Bay -22.903 150.761 Elongated 5 315 1.87 039 47 4.8 40.0 8.3 4,722 0.960 412 360 0.9 296
Austraia Corio Bay -22.879 150.756 L obate 5 311 1.05 038 31 2.8 34.1 12.3 3.522 0.450 412 360 0.9 296
Austraia Corio Bay -22.869 150.744 Elongated 5 314 2.14 046 35 4.6 61.1 133 6.334 1.118 412 360 0.9 296
Australia Corio Bay -22.837 150.772 L obate 2 308 1.96 0.76 43 2.6 46.0 17.8 6.935 1.268 412 360 0.9 296
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Austraia Corio Bay -22.872 150.748 Elongated 5 312 2.39 050 20 47 1198 252 6.171 1.192 412 360 0.9 296
Austraia Corio Bay -22.864 150.760 Elongated 5 308 2.92 08 34 33 86.6 264  7.550 2.782 412 360 0.9 296
Austraia Corio Bay -22.819 150.747 Elongated 2 309 4.22 102 31 41 1347 32.6 11.118  4.596 412 360 0.9 296
Austraia CurtisIsland -23.543 151.222 Elongated 3to5 308 1.28 042 55 31 23.3 7.6 2.986 0.469 162 141 0.9 296
Austraia CurtisIsland -23.572 151.218 Elongated 3 309 0.72 015 19 50 385 7.7 2.230 0.151 162 141 0.9 296
Austraia CurtisIsland -23.585 151.219 Elongated 3 312 0.73 016 19 46 39.3 8.6 2.030 0.177 162 141 0.9 296
Austraia CurtisIsland -23.532 151.210 Elongated 5 310 2.74 059 49 47 56.3 120 6.832 1921 162 141 0.9 296
Austraia CurtisIsland -23.543 151.222 Lobate 3to5 311 3.00 112 77 27 38.9 145 7.228 2.530 162 141 0.9 296
Austraia CurtisIsland -23.554 151.213 Elongated 5 310 191 040 27 48 70.3 147 5414 0.994 162 141 0.9 296
Austraia CurtisIsland -23.543 151.222 Lobate 3to5 312 212 075 50 28 424 151 5428 1.395 162 141 0.9 296
Austraia CurtisIsland -23.566 151.214 Elongated 5 307 1.40 041 25 34 56.4 16.6  4.038 0.691 162 141 0.9 296
Austraia CurtisIsland -23.543 151.222 Lobate 3to5 305 159 066 35 24 454 188 4.024 0.891 162 141 0.9 296
Francois Peron
Australia National Park  -25.961 113.629 Elongated 5 2 2007 424 53 47 380.3 804 43251 62.863 < 586 @ 493 0.8 9
Francois Peron

Australia National Park  -25.961 113.629 Elongated 5 6 2532 673 46 38 551.1 1464 59.354 149.940 586 @ 493 0.8 9

Australia Fraser Island -24.804 153.228 Elongated 3to5 313 245 066 59 37 41.6 11.2 5.657 1.249 366 277 0.8 311
Australia Fraser Island -24.804 153.228 Lobate 3to5 313 3.78 13 92 28 411 147  9.948 4.077 366 277 0.8 311
Australia Fraser Island -24.804 153.228 Lobate 3to5 313 3.58 132 84 27 42.6 157 8.509 3.749 366 277 0.8 311
Australia Fraser Island -25.319 153.196 Lobate 5 314 145 081 50 1.8 289 16.2 4.480 1.272 366 277 0.8 311
Australia Fraser Island -24.804 153.228 Lobate 3to5 313 3.13 147 87 21 36.0 169 8.566 3.757 366 277 0.8 311
Australia Fraser Island -25.376 153.130 Lobate 3to5 317 6.40 249 131 26 48.8 19.0 16.465 12730 366 277 0.8 311
Australia Fraser Island -25.376 153.130 Elongated 3to5 324 6.20 184 95 34 65.2 194 14765 9.311 366 277 0.8 311
Australia Fraser Island -25.219 153.187 Elongated 3 321 4.08 118 58 34 704 204 11649 4.926 366 277 0.8 311
Australia Fraser Island -24.824 153.248 Lobate 5 314 1.66 067 32 25 518 208 4.528 1.217 366 277 0.8 311
Australia Fraser Island -24.804 153.228 Lobate 3to5 322 5.84 210 97 28 60.2 21.6 14.406 10488 366 277 0.8 311
Australia Fraser Island -25.376 153.130 Lobate 3to5 313 3.58 160 73 22 490 219 9.772 5.131 366 277 0.8 311
Australia Fraser Island -25.663 153.035 Lobate 313 3.39 114 50 30 67.1 22.6 12.025  3.737 366 277 0.8 311
Australia Fraser Island -24.811 153.202 Lobate 320 3.78 172 75 22 50.3 229 18.615 10.754 366 277 0.8 311
Australia Fraser Island -24.804 153.228 Lobate 3to5 309 1.45 143 62 10 23.3 231 6.549 2.052 366 277 0.8 311
Australia Fraser Island -25.376 153.130 Lobate 3to5 322 4.22 183 74 23 57.1 24.8 10.387 5.651 366 277 0.8 311
Australia Fraser Island -25.376 153.130 Lobate 3to5 321 6.01 261 105 23 57.3 24.9 16.657 13.655 366 277 0.8 311
Australia Fraser Island -24.804 153.228 Lobate 3to5 318 2.62 126 49 21 535 256 6.807 2.497 366 277 0.8 311
Australia Fraser Island -25.376 153.130 Lobate 3to5 318 7.88 361 120 22 65.7 301 20.567 19947 366 277 0.8 311
Australia Fraser Island -25.376 153.130 Lobate 3to5 321 5.25 184 60 29 874 306 13436  7.720 366 277 0.8 311
Australia Fraser Island -25.376 153.130 Lobate 3to5 324 4.84 264 85 18 570 310 12846  8.668 366 277 0.8 311
Australia Fraser Island -24.804 153.228 Lobate 3to5 313 5.24 401 93 13 56.3 431 17.226 15783 366 277 0.8 311
Australia Fraser Island -25.626 153.002 Lobate 316 5.62 320 57 18 995 56.6 20.439 17510 366 277 0.8 311
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M adagascar Ampalaza -25.085  44.275 Lobate 3 329 107 051 34 21 315 151 2755 0.484 662 580 0.9 293
M adagascar Ampalaza -25.034  44.187 Elongated 3 318 244 073 46 33 529 158 5.982 1.798 662 580 0.9 293
M adagascar Ampalaza -25.034  44.187 Lobate 5 336 129 056 32 23 403 173 3.649 0.746 662 580 0.9 293
M adagascar Ampalaza -25.085  44.275 Lobate 2 326 086 041 21 21 407 192 2510 0.367 662 580 0.9 293
M adagascar Ampalaza -25.034  44.187 Elongated 5 318 167 049 25 34 668 195 4143 0.787 662 580 0.9 293
M adagascar Ampalaza -25.034  44.187 Lobate 5 337 151 057 29 27 519 196 3751 0.554 662 580 0.9 293
M adagascar Ampalaza -25.034  44.187 Lobate 2 340 110 09% 47 11 233 205 6.712 1.325 662 580 0.9 293
M adagascar Ampalaza -25.034  44.187 Elongated 5 339 220 056 27 39 816 207 4.018 0.632 662 580 0.9 293
M adagascar Ampalaza -25.085  44.275 Lobate 3 307 065 043 19 15 338 225 2674 0.401 662 580 0.9 293
M adagascar Ampalaza -25.034  44.187 Lobate 3 317 064 055 24 12 268 229 2.020 0.235 662 580 0.9 293
M adagascar Ampalaza -25.034  44.187 Elongated 5 325 511 127 54 40 946 235 12114 2341 662 580 0.9 293
M adagascar Ampalaza -25.085  44.275 Lobate 2 317 108 048 20 23 536 237 3.839 0.659 662 580 0.9 293
Hemicycli
M adagascar Ampalaza -25.034  44.187 c ¥ 3 336 064 076 30 08 212 254 2430 0.382 662 580 0.9 293
M adagascar Ampalaza -25.034  44.187 Lobate 5 331 166 074 29 22 572 254 4.090 0.756 662 580 0.9 293
Hemicycli
M adagascar Ampalaza -25.034  44.187 c ¥ 3 324 091 097 38 09 240 255 3242 0.677 662 580 09 293
M adagascar Ampalaza -25.034  44.187 Lobate 3 329 097 08 34 11 286 260 2954 0.529 662 580 09 293
M adagascar Ampalaza -25.034  44.187 Lobate 3 334 143 110 41 13 349 269 4724 0.952 662 580 09 293
M adagascar Ampalaza -25.085  44.275 Lobate 2 324 093 077 23 12 396 328 3506 0.730 662 580 09 293
M adagascar Ampalaza -25.034  44.187 Lobate 3 329 430 159 48 27 895 331 10695 3.747 662 580 09 293
M adagascar Ampalaza -25.034  44.187 Lobate 2 324 153 115 33 13 464 348 4901 1.365 662 580 09 293
M adagascar Ampalaza -25.034  44.187 Lobate 3 325 352 192 48 18 733 400 10365 5221 662 580 09 293
M adagascar Ampalaza -25.034 44.187 Lobate 3 328 141 132 31 11 45.6 42.6 4.859 1.470 662 580 0.9 293
M adagascar Fenambosy -25.246 44.638 Lobate 3 322 0.76 041 52 1.9 14.7 7.9 2.241 0.255 469 410 0.9 287
M adagascar Fenambosy -25.246  44.638 Lobate 3 318 107 047 59 23 181 79 3.985 0.530 469 410 0.9 287
M adagascar Fenambosy -25240 44622 Lobate 3 319 092 037 30 25 309 123 2709 0.337 469 410 09 287
M adagascar Fenambosy -25240  44.622 Lobate 5 307 072 033 25 22 295 136 2374 0.278 469 410 09 287
M adagascar Fenambosy -25.246  44.638 Lobate 3 319 067 063 46 1.1 146 138 2364 0.331 469 410 09 287
M adagascar Fenambosy -25.246  44.638 Lobate 3 312 101 051 33 20 305 153 2773 0.439 469 410 09 287
M adagascar Fenambosy -25240  44.622 Lobate 3 317 086 029 19 30 464 155 2422 0.303 469 410 09 287
M adagascar Fenambosy -25.246  44.638 Lobate 3 317 068 070 45 1.0 151 155 2507 0.410 469 410 09 287
M adagascar Fenambosy -25240  44.622 Lobate 3 304 108 039 25 28 434 155 3.075 0.455 469 410 09 287
M adagascar Fenambosy -25.246  44.638 Lobate 3 317 090 068 43 13 208 157 3.019 0.551 469 410 09 287
M adagascar Fenambosy -25.246  44.638 Elongated 3 298 1720 310 183 56 940 169 38871 45371 | 469 410 |09 287
Madagascar  Fenambosy 25246 44638 Elongated 3 315 224 071 41 32 545 172 5416 1.200 469 410 09 287
M adagascar Fenambosy -25.246  44.638 Lobate 3 311 063 059 32 11 19.7 186 2.187 0.342 469 410 0.9 287
M adagascar Fenambosy -25.246  44.638 Lobate 3 316 114 080 43 14 266 186 3.347 0.619 469 410 | 0.9 287
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M adagascar Fenambosy -25.246  44.638 Lobate 3 312 067 036 18 19 374 202 2577 0.265 469 410 0.9 287
M adagascar Fenambosy -25.246  44.638 Lobate 3 316 121 078 38 16 319 204 3395 0.629 469 410 0.9 287
M adagascar Fenambosy -25240  44.622 Lobate 5 309 080 057 28 14 286 204 3.150 0.528 469 410 0.9 287
M adagascar Fenambosy -25.246  44.638 Lobate 3 315 145 083 40 17 363 208 5.886 1.274 469 410 @ 0.9 287
Netherlands ljmuiden 52.431 4583 Lobate 60 041 020 18 20 233 115 1.646 0.126 1024 609 0.6 63
Scotland Newburgh 57.329 -1.981 Lobate 3 30 019 014 15 14 129 91 0.730 0.029 1312 547 04 57
Hemicycli
Scotland Newburgh 57.329 -1.981 c ¥ 1 66 016 018 12 09 133 148 0.765 0.033 1312 547 04 57
Spain Mallorca 39.715 3.211 Lobate 187 028 012 14 24 209 89 0.856 0.040 357 155 04 161
Spain Mallorca 39.704 3.206 Lobate 180 0.49 021 17 2.3 29.1 125 1.458 0.125 357 155 0.4 161
Spain Mallorca 39.700 3.214 Lobate 193 0.31 020 15 1.6 204 13.0 1.001 0.063 357 155 0.4 161
Spain Mallorca 39.720 3.226 Lobate 187 0.20 012 8 1.7 24.6 145 0.654 0.025 357 155 0.4 161
Spain Mallorca 39.720 3.210 Lobate 195 0.33 025 9 1.3 34.8 27.0 1.177 0.082 357 155 0.4 161
Spain Suances 43.445 -3.972 Lobate 3 88 015 011 19 14 81 5.8 0.611 0.022 235 149 06 161
Spain Suances 43.445 -3.969 Lobate 107 020 018 14 11 139 125 0.846 0.047 235 149 06 161
Spain Suances 43.447 -3.967 Lobate 5 96 022 013 8 16 273 166 0734 0.033 235 149 06 161
USA Bromela 35.039 -120.614 Lobate 5 122 057 030 33 19 174 91 1.502 0.134 24 8 0.3 42
USA Bromela 35.014 -120614 Elongated 5 121 194 033 32 60 599 100 4.302 0.564 24 8 0.3 42
USA Bromela 35.014 -120.614  Lobate 5 120 0.85 050 44 1.7 19.3 11.3 2.318 0.315 24 8 0.3 42
USA Bromela 35.033 -120.623  Lobate 3 123 0.54 026 22 2.1 24.3 115 1.449 0.108 24 8 0.3 42
USA Bromela 35.014 -120.614  Lobate 5 112 0.98 038 30 2.6 32.7 125 2.637 0.300 24 8 0.3 42
USA Bromela 35.014 -120.614  Lobate 3 116 1.03 044 31 2.3 33.7 145 2.519 0.328 24 8 0.3 42
USA Bromela 35.014 -120.614  Lobate 3 121 0.80 060 33 1.3 24.1 18.1 3.586 0.418 24 8 0.3 42
USA Bromela 35.014 -120.614 Elongated 5 119 2.49 064 34 39 74.2 19.1 6.934 1.496 24 8 0.3 42
USA Bromela 35.062 -120.609 Elongated 5 106 2.24 060 30 3.7 73.9 199 5134 0.993 24 8 0.3 42
USA Bromela 35.014 -120.614  Lobate 2 128 1.10 053 23 2.1 47.0 22.6 2.917 0.469 24 8 0.3 42
USA Bromela 35.014 -120.614 Elongated 5 119 2.28 069 30 33 75.4 22.9 5.479 0.960 24 8 0.3 42
USA Bromela 35.081 -120.610  Lobate 3 106 1.63 061 25 2.7 66.2 24.9 4.413 0.868 24 8 0.3 42
USA Bromela 35.014 -120.614  Lobate 2 129 1.01 078 31 1.3 324 25.0 3.569 0.723 24 8 0.3 42
USA Cape Cod 42,073 -70.184 L obate 3 109 0.30 013 5 2.3 65.7 28.3 0.922 0.048 1304 468 04 111
USA Cape Cod 42,073 -70.184 L obate 5 112 0.40 024 4 1.6 90.0 54.6 1.387 0.107 1304 468 04 111
USA Cape Cod 42,073 -70.184 L obate 5 116 0.44 039 5 1.1 89.7 78.0 1.663 0.170 1304 468 04 111
USA Cape Cod 42,073 -70.184 L obate 5 123 0.67 043 6 1.5 121.1 784 2.150 0.286 1304 468 04 111
USA Coos Bay 43.444 -124.252  Lobate 174 0.33 012 8 2.7 41.8 15.6 0.984 0.054 22 20 0.9 12
USA Coos Bay 43.482 -124.238  Elongated 172 0.53 017 5 31 96.5 30.8 1.599 0.108 22 20 0.9 12
USA Coos Bay 43.496 -124.236  Lobate 173 0.73 034 8 2.1 91.2 429 2.257 0.258 22 20 0.9 12
USA Eureka 40.834 -124.178  Lobate 3 162 0.32 011 4 3.0 80.6 26.9 0.993 0.043 148 18 0.1 189
USA Eureka 40.834 -124.178 Elongated 3 167 0.40 012 4 3.2 96.7 304 1.068 0.054 148 18 0.1 189
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