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Abstract We analyze major landforms of the Lut Desert in Iran to provide a comprehensive source-to-sink
picture of aeolian systems on time scales from decades to millions of years. We map the modern sandflows,
along which we evaluate the volume and chronology associated with the excavation of mega-yardangs

upwind and the formation of giant dunes downwind. Sediment discharges deduced from long-term erosion

and deposition are of the same order of magnitude (103-10° m? yr~!) as short-term and medium-term sand
discharges derived from wind data and dune morphodynamics. At the scale of the internal aeolian sediment-
routing system of the Lut, we establish an overall sediment budget constrained by the joint development of the
erosional and depositional landforms. Our findings thus quantify the geomorphic controls of acolian processes
on arid landscapes at multiple length and time scales, while providing information on mass exchanges between
continents and atmosphere.

Plain Language Summary Wind-blown sand and dust emissions shape singular landscapes in

arid environments and globally impact climate, life, and human activities. Nevertheless, the contributions of
aeolian processes to the evolution of continental surfaces and to their mass exchanges with oceans and the
atmosphere are still subject to considerable uncertainties. Compared to sediment transport in rivers, this is
because wind transport is not associated with a well-identified channel network that directly links sand and
dust production (source) to accumulation (sink) areas. The Lut Desert in Iran is nested in a closed topographic
depression which provides an appropriate context to investigate the work of the wind. Spectacular landforms
called mega-yardangs and giant dunes are used together with modern wind data to map and quantify sandflows
at different time scales. These sandflows are consistent with each other from decades to millions of years and
allow to estimate the amount of sediments transported across the Lut Desert or emitted into the atmosphere.
These estimates are not only important for the management of terrestrial drylands, but they can also provide
information about the past evolution of planetary bodies dominated by aeolian processes such as Mars or Titan.

1. Introduction

An accurate quantification of aeolian sediment fluxes is crucial to improve our current understanding of the
Earth system dynamics and manage the societal impact of sand transport and dust emissions (Alizadeh-Choo-
bari et al., 2014a; Goudie, 2020; Jickells et al., 2005; Opp et al., 2021; Shao et al., 2011). Since extensive
measurements are difficult to implement in the field, estimates of aeolian fluxes rely essentially on remote sens-
ing data and transport laws that integrate a large number of parameters for the airflow and granular bed (Kok
et al., 2012; Livingstone & Warren, 2019; Thomas, 2011). However, confronted with all the sources of natural
variability (wind regime, air recirculation, grain-size distribution, soil composition, etc.), performing a complete
mass balance of aeolian transport remains challenging. Here, we consider long time scales to smooth out such
variability and integrate arid landscape dynamics into the assessment of aeolian mass transfers, from sediment
sources to sediment sinks. Fluxes resulting from such temporal integration can then yield a sediment budget for
wind-blown sediments, including the amount of dust deflated into the atmosphere at the scale of an entire desert.

Over the last two decades, source-to-sink studies have provided a wealth of information on fluvial-domi-
nated landscapes and their response to tectonic, climatic, and biologic forcings (Allen, 2008, 2017; Bentley Sr
et al., 2016; Sadler & Jerolmack, 2015; Sgmme et al., 2009). All these studies document sediment pathways from
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the upstream catchments to the downstream basins to estimate the impact of transport processes on landscape
dynamics and the stratigraphic evolution of depositional areas. This approach is now expanding for a variety of
morpho-sedimentary systems in glacial (Jaeger & Koppes, 2016), lacustrine (Bouton et al., 2020), submarine
(Liuet al., 2016; Salles et al., 2018), and aeolian environments (Fitzsimmons et al., 2020; Nicoll et al., 2020; Shao
et al., 2011), not only on Earth but also on other planetary bodies (Boazman et al., 2021; Day & Kocurek, 2016).
However, works dedicated to aeolian-dominated landscapes often remain qualitative or limited to a single compo-
nent of the sediment budget such as erosion or accumulation, dust or sand (East et al., 2015; McMillan & Schoen-
bohm, 2020; Pastore et al., 2021; Sun, 2002; Zender et al., 2004). Hence, the potential of source-to-sink methods
is still to be exploited to bring new quantitative information on aeolian sediment-routing systems and associated
landforms.

By describing sandflows throughout the Sahara, Wilson (1971) has established the basis for source-to-sink
considerations and the analysis of landscape dynamics in aeolian environments. This pioneering work revealed
that deflation can be on the same order of magnitude as river erosion. Nevertheless, since most sandflows even-
tually end up in a river or in the sea, it was impossible to balance the sediment budget on such a continental
scale. In principle, smaller aeolian systems, as closed as possible, seem more appropriate to investigate sediment
transport and morphogenic processes according to the local wind regimes. Taking advantage of new remote sens-
ing imagery and dating techniques, together with more accurate wind data and a deeper understanding of dune
dynamics, we focus here on the aeolian landforms of the Lut Desert (southeastern Iran) to provide additional
observational and theoretical evidences on the impact of sandflows on landscape dynamics.

2. Aeolian Landscapes in the Lut Desert

The Lut Desert is located in an NNW-SSE-oriented endorheic watershed, about 300-km wide and 600-km long,
surrounded by active tectonic and volcanic mountain ranges formed during the Cenozoic collision between
Arabia and Eurasia (Figure 1a and Figure S1, Text S1 in Supporting Information S1; Allen et al., 2004; Walker
et al., 2009). In its center, a sedimentary basin collects all the sediments transported by an internal river network
since the Miocene (Dresch, 1968; Reyre & Mohafez, 1972). This area has a hyper-arid continental climate with
mean annual rainfall of less than 20 mm yr~! and temperatures of up to 50°C. From late winter to early spring,
northerly or southerly storm winds prevail, driven by meridional pressure gradients (Figures S3—S5 in Supporting
Information S1). In summer, diurnal variations in the thermal structure of the basin and the surrounding moun-
tains generate strong north-northwesterly winds during the day and easterly katabatic winds at night. These strong
seasonal winds and a sparse vegetation cover promote aeolian entrainment, sand transport, and dust emission,
which are the main agents in shaping outstanding landscapes (Dresch, 1968; Gabriel, 1938; Hamidi et al., 2013;
Maghsoudi, 2021; Rashki et al., 2021).

We first recognize these aeolian landscapes as an organized mosaic of erosional and depositional features
(Figure 1a and Figure S1b in Supporting Information S1). West of the Lut Desert, different landforms are carved
with an NNW-SSE orientation in the continental fined-grained deposits of the sedimentary basin. Among them,
the most striking scenery is a 70-km-wide and 130-km-long field of mega-yardangs reaching heights of more
than 80 m (Figure 1b). Another one, less obvious but larger, is a 90-km-wide and 250-km-long closed depression
surrounded by a set of smaller hollows (Figure 1a). This major topographic depression has a maximum depth of
more than 200 m and corresponds to an imbricated endorheic area surrounding the field of mega-yardangs. All
these closed erosional features must be of aeolian origin because no other transport agent than the wind (e.g.,
gravity-driven mass wasting and water flow) could have evacuated the abraded material or the sediments accu-
mulated by other surface processes during their excavation.

Within and downwind of the main depression, different dune systems develop (Figure 1a). Trains of barchan
dunes composed of bright grains can locally emerge in the corridors between yardangs, where coarser and darker
grains form an armor layer (Figure 1b). To the southeast, at the mouth of the yardang field, longitudinal dunes
and transverse bedforms coexist with a direction of elongation and migration that regularly bend from southeast
to east (Figure 1c¢). They eventually reach the southern edge of a sand sea of more than 13,000 km? that covers
the eastern part of the Lut Desert. The centre of this sand sea is dominated by giant transverse dunes (>100 m
in height and >2 km in wavelength) migrating toward north-northeast with superimposed bedforms of different
sizes and orientations (Figure 1d). On the side of this field of giant dunes, a rare diversity of smaller bedforms
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Figure 1. Aeolian landscapes of the Lut Desert. (a) Spatial organization of erosional (yardangs, depressions) and depositional (dune fields) landforms. (b) Mega-
yardangs of 60-m high with trains of barchan dunes migrating on the armor layer of the inter-yardang corridors. (c) Coexistence of longitudinal and transverse bedforms
downwind of the mega-yardang field. (d) Giant linear dunes within the sand sea. The sand flux roses and dune orientations are predicted from the ERA5-Land wind
data. The double red and single black arrows correspond to the bed instability and elongating modes of dune growth, respectively. Images, roses, and arrows are rotated
according to the main orientation of the local landforms. (e) 3D view of the northern edge of the main aeolian depression showing the dated Gandom Beryan lava flow
(L) lying on top of the regional Mio-Pliocene sedimentary fill, and the dated terrace (7) at the edge of the main depression.

can be observed, including star, network, and barchanoid dunes. Further south, different dune fields of a few km?
are scattered and grow from localized sediment sources associated with ephemeral rivers and playas. They are
composed of migrating barchanoid and elongating linear dunes that all converge toward the sand sea.

3. Short-Term Transport Properties

We analyze the ERA5-Land surface wind data (Mufioz-Sabater et al., 2021) to describe the different wind regimes
throughout the Lut Desert and map the corresponding aeolian transport routes over the last decades (Figure 2 and
Figures S3-S13, Text S2 in Supporting Information S1). Mean potential sandflows are the streamlines derived
from the resultant transport vector field (Fryberger & Dean, 1979; Pearce & Walker, 2005; Tsoar, 2005; Ungar &
Haff, 1987). Considering a flat sand bed of similar grain size, each vector is computed as the sum of the saturated
sand flux vectors derived from local wind data from 1979 to 2019. Thus, the mean potential sandflows display
the resultant drift potential (RDP) and resultant drift direction (RDD) across the whole area (Figure 2a). Over
the endorheic watershed, sandflows are mainly south-southeastwards. Then, they roll up counter-clockwise into
a vortex spiral located above the center of the desert. These converging sandflows form an internal aeolian sedi-
ment-routing system, turning the Lut region into a major sand trap. In this routing system, the resultant transport
is maximum at the upwind edge of the main aeolian depression. It remains high above the field of mega-yardangs
and decreases significantly above the field of giant dunes to eventually fall to zero toward the center of the desert
(Figure 2a). All areas are exposed to sand-transporting winds of similar strength blowing at different times of the
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Figure 2. Modern aeolian transport routes in the Lut Desert. (a) Sandflows predicted from the ERAS5-Land wind data. (b) A zoom in on the aeolian sediment-routing
system from erosional to depositional landforms (red and blue outlines, respectively). Colors in (a) and (b) show the magnitude of the resultant drift potential (RDP)
and drift potential (DP), respectively. While RDP varies along the sandflow paths, DP, which does not account for flux orientation, keeps a rather constant value.
This illustrates a continuous transition from unidirectional to multidirectional wind regimes (see also sand flux roses). (c) Example of elongating and migrating dunes
converging to the sand sea in a zone of low sand availability.

years, so that the convergent cyclonic transport pattern reflects a continuous transition from unimodal to more
complex wind regimes along the sandflow paths (Figure 2b). This transition is evidenced by the different types
of active bedforms (Gao, Narteau, Rozier & Courrech du Pont, 2015; Wasson & Hyde, 1983), from trains of
barchan dunes between yardangs to longitudinal, reversing, and finally star dunes where the resultant sand flux
drops (Figures 2b and 2c). Locally, the divergence of sandflows gives short-term erosion and deposition rates of
the order of 0.1 mm yr~' (Figure S10 in Supporting Information S1). Integrating sandflows perpendicularly to
the transport direction downwind of the mega-yardang field and upwind of the sand sea, we estimate output and
input discharges of 0.8 x 10° and 0.4 x 10° m3 yr~! over the last 40 years (Figure S14, Text S3 in Supporting
Information S1).

4. Long-Term Transport Properties

Based on morpho-sedimentary mapping (Figure 1, Figures S1b and S15a in Supporting Information S1), we
characterize the spatial and chronological organization of the aeolian landforms of the Lut Desert to quantify
their combined dynamics over the last million years (Figure 3 and Figures S15-S20, Text S4 in Supporting Infor-
mation S1). For erosional landforms, we assess the volume of sediments excavated from the aeolian depressions
using the top surface of the sedimentary fill of the basin. Lying on this surface and cross-cut by the north-east
border of the main depression, the Gandom Beryan lava flow was emplaced at the transition between the end of
the basin filling and the onset of aeolian erosion (Figures la, le and Figure S20 in Supporting Information S1).
This basaltic flow is dated to 2.35 + 0.22 Ma by radiometric analyses (Walker et al., 2009), which sets a maxi-
mum incision age for the aeolian depressions and yardangs throughout the region. At the edge of the main depres-
sion, a lower terrace is also dated by cosmogenic isotope analyses giving a minimum exposure age of 109 + 17
ka for its gravel pavement (Figures la, le and Figures S17, S19 in Supporting Information S1). Considering
the relics of the two dated surfaces, a range of paleotopographies can be reconstructed across the entire area
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Figure 3. Long-term erosion and deposition from the aeolian landscapes of the Lut Desert. (a) Cross-section of the present-day topography and paleosurface
reconstructions. In contrast with fluvial-dominated landscapes, aeolian deposition can occur up the slope, at higher elevation than aeolian erosion. (b) Map view of the
sediment thicknesses excavated from erosional landforms (yardangs and depressions) and accumulated in depositional landforms (dune fields).

(Figure 3a, Figures S15c, and S15d in Supporting Information S1). Subtracting the current topography from the
reconstructed ones, we obtain excavated sediment volumes of 1,500 and 130 km? since the early Quaternary and
late Pleistocene, respectively (Figure 3b). For depositional landforms, we measure the volume of sand accumu-
lated within the different dune systems. Since they drape the top surface of the basin fill and the bottom of the
main depression, their formation must be synchronous or posterior to the onset of aeolian erosion. The basal
surface on which dunes have grown can be reconstructed from the topography of the bedrock outcrops around and
within the sand sea (Figure 3a and Figure S15d in Supporting Information S1). The difference in altitude between
the current topography and this basal surface shows that a volume of 890 km? of aeolian deposits have accumu-
lated in the form of dunes during the Quaternary (Figure 3b). All these volumetric reconstructions and their time
constraints give long-term erosion and deposition rates of the order of 0.1 mm yr~!. From the material excavated
from the depressions, we estimate erosion discharges of 0.6 X 10° and 1.2 x 10° m3 yr~! over the past 2.35 Myr
and 109 kyr, respectively. From the sand captured in the dune fields, a deposition discharge of 0.4 x 10° m? yr~!
is also assessed over the past 2.35 Myr.

5. Discussion and Conclusions

Our results offer a comprehensive quantitative picture of the aeolian sediment-routing system that has shaped
the landscapes of the Lut Desert. These Quaternary features cover areas that geographically coincide perfectly
with the geometry of the present-day transport pathways (Figure S13 in Supporting Information S1). Sandflows
derived from modern wind data are sufficient to explain the exchange of mass from aeolian depressions to dune
fields (Figure 2), providing a coherent scenario for the long-term spatial organization and temporal evolution of
these landforms (Figure 3). In addition, the sand discharges integrated downwind of the depressions and upwind
of the sand sea over climatic time scales are not only of the same order of magnitude, but also consistent with
the erosion and deposition discharges deduced over geological time scales from the volumetric reconstructions
(Figure 4). Eventually, bedform alignments predicted from the wind data are in agreement with the observed dune
orientations (Figures 1, 2 and Figures S12-S13, Text S3 in Supporting Information S1), which suggests a stability
of wind regimes and transport properties over the intermediate time scales from centuries to millennia associated
with dune growth and migration (Figure 4).

According to its definition, the mean potential sandflows are an upper limit of aeolian transport considering a
flat bed of loose sand of homogeneous grain size (Ungar & Haff, 1987). Such a condition is rarely met in the
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Figure 4. Persistent contribution of aeolian processes to the landscapes
dynamics of the Lut Desert. (a) Schematic representation of the mass
exchange processes in the endorheic watershed of the Lut Desert. (b) Sediment
discharges averaged over different time scales, from short-term transport
properties (decades) to long-term landscape dynamics (tens of thousands to
millions of years). Giant dune patterns provide information over intermediate
time scales (centuries to millennia) thanks to their characteristic growth time
and the sand fluxes associated with their migration or elongation (Text S3

in Supporting Information S1). Discharges in m? yr~! can be converted into
loads in t yr~!' by multiplying them by the mean density of the sediment grains,
which is typically 2.6.

Lut Desert, especially in the area connecting the erosional and depositional
landforms. Instead, these buffer zones are characterized by an alternation
of elongating dunes, evaporitic deposits, and gravelly surfaces of alluvial
fans (Figures 1 and 3). While the saturated flux cannot be reached on the
cohesive upper layer of these sedimentary soils, what could appear to be
a deficit of sand flux in our predictions may be compensated by the wind
speed-up on the stoss slopes of elongating dunes (Gao et al., 2021; Lucas
et al., 2015). Indeed, as these dunes form under winds that alternatively blow
from both sides of their crests, they enhance transport on their flanks in the
direction along which they elongate (Courrech du Pont et al., 2014). Thus,
fields of elongating dunes can efficiently accommodate high and low result-
ant transport by adapting their width and spacing (Wasson & Hyde, 1983).
Hence, they can have evolved over time to transfer sediments from the main
depression to the sand sea depending on climatic conditions and sediment
availability. Another fundamental property of elongating dunes is that they
do not behave like sediment traps. They develop by losing sand in the direc-
tion of the prevailing winds (Rozier et al., 2019), so that the interdune areas
are continuously exposed to sand fluxes originating from the lee slopes. On
the sedimentary soils of the Lut watershed, these free fluxes can cause dust
emission over distances of up to 100 km from the field of mega-yardangs to
the sand sea.

Our estimates show that dune fields represent only a fraction of the volume
excavated by the wind from erosional depressions (Figure 4). This fraction
is even lower if we consider the material brought in these endorheic features
by the surrounding dryland river system during their incision. Based on
denudation rates measured in arid climates, this contribution could corre-
spond to a median discharge of 2 X 10° m3 yr~! (Figure 4 and Table S10
in Supporting Information S1). Consequently, only a fraction of the wind-
blown particles have accumulated in dune fields since the onset of aeolian
erosion. As there is no evidence of sand evacuation through the mountain

ranges surrounding the Lut watershed, the difference corresponds to the emission of dust into the atmosphere,

which could represent a discharge of 2.2 X 10° m? yr~!. Accordingly, the Lut Desert is not only an internal

aeolian routing system for sand (Wilson, 1971), it is also a major source of atmospheric dust leading to an over-

all loss of mass at the scale of this endorheic region.

Performed in a hyper-arid environment, this sediment budget underpins our knowledge on the morphodynamics

of aeolian systems at multiple space and time scales. It shows that a source-to-sink approach can be used to

assess mass exchanges on continental surfaces, but also with the atmosphere. A significant contribution of dust

emission to the overall budget can indeed be achieved when considering the fine grain sizes of the eroded mate-

rial, as well as the numbers of seasonal cycles and transport events required for mass transfer in multidirectional

wind regimes. Besides this contribution, we demonstrate that wind-blown sand plays a prominent and persistent

role in shaping arid landscapes, whether by erosion or deposition. These morphogenic processes now need to be

analyzed according to climate cycles and the variability of aeolian transport, both in aeolian sand-routing systems

and in dust deposition areas. At this stage, our evaluations cannot distinguish significant changes in aeolian trans-

port during interglacial and glacial periods. Additional works are thus required to account for any fluctuations

around the mean discharges that we are now able to provide. They should help to determine soil properties and

sand availability as a function of aridity conditions, as well as wind strength in mid-latitude continental regions

during the Quaternary.

Given the extent of terrestrial drylands, hot or cold, our quantitative results reveal the full potential of source-

to-sink methods to document how aeolian processes drive landscape dynamics and closely link the evolution

of continental surfaces to atmospheric circulations. Except for dating, similar studies can also be implemented

on other aeolian-dominated planetary surfaces of the solar system. They will translate into new research oppor-
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are generated with Python 3.9, Global Mapper 21.1, and Adobe Illustrator 2020.
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