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Abstract

Large-scale aeolian erosion features such as pans usual'y Jevelop upon a relatively homogeneous
erodible sedimentary rock substratum and show simp'e cancave morphologies. However, some
erosional depressions in semi-arid to arid settings fevalop in more complex geological contexts,
associating sedimentary basins and outcrops t ~on-erodible basement. In semi-arid basins, the
geomorphic evolution is controlled by imc~ay between the processes of fluvial erosion and
deposition (especially of the finer sedin.2nt fraction in ephemeral lakes) and the processes of
aeolian erosion and deflation. The occurrerive of non-erodible basement outcrops within a region of
overall deflation complicates drain- qe systems and wind-flow patterns. Both are liable to evolve
rapidly through time and their in.~ractions remain poorly understood. In this study, we use a
detailed geomorphological anai,<ic, including mapping of the aeolian sand-motion direction within
the 16,300 km? Tsagar L's nepression (Gobi Desert, Mongolia) as well as in situ-produced
cosmogenic *°Be and 2°Al Fased quantitative constraints, to propose a conceptual model for the
morphologic evolution of geologically complex semi-arid basins. Based on theoretical studies of
wind-flow patterns around obstacles, we demonstrate that the occurrence of erosion-resistant
basement highs inside the basin induces the localization of preferential deflation zones and aeolian
and fluvial carving of large-scale relief. The enhanced deflation zones form sub-depocenters
controlling local drainage systems that mobilize clastic material and transport it to the deflation
zone. These river systems are frequently captured by neighboring streams, which creates unstable
conditions of erosion and deposition. Such rapid modifications of the topography through time
affect the hydrogeologic structure of the basin and may impact potential sediment-hosted mineral

deposits.



Keywords

Aeolian erosion; Fluvial-aeolian interaction; Aeolian geomorphology; Cosmogenic radionuclides;
Gobi desert

1. Introduction

Aeolian erosion generates a number of geomorphic structures whose sizes span from centimeter
scale ventifacts to meter- to tens of kilometers-scale yardangs, anc. *o blowouts and pans that can be
hundreds of kilometers in diameter (Blackwelder, 1934; Goud’e, 969; Goudie and Wells, 1995;
Hesp, 2002; Laity, 2011). Pans form relatively flat, closed deyressions that may cover thousands of
square kilometers, such as the Etosha pan in Namibia (Hipondoka, 2005; Miller et al., 2010). Those
that do not have a Karstic origin (Albritton et al., 1922 usually form upon sedimentary rocks in
wide flat areas mostly through a combination of wind ueflauon, salt weathering and, during wetter
periods, lacustrine processes (waves) (Goudie, 521 Wormald et al., 2003). In the absence of
erosion-resistant obstacles, pans have a rou'ide | to oval shape due to the relatively homogeneous
mechanical resistance to erosion of the substrawwm (Goudie, 1991; Goudie and Wells, 1995). Indeed,
wind erosion associates deflation (rem~va: of loose particles by the wind) and wind abrasion
(removal of attached particles throi'ah ‘mpacts of transported grains). Unless the substratum is
poorly consolidated, the initial mb.:ization of particles is generally caused by fluvial erosion or
weathering. Wind abrasion (herc~fier referred as abrasion) is generally only bringing a minor
contribution to the material av~nable to wind-transport (Aref et al., 2002; Laity, 2011). Deflation
and abrasion are mainly conuulled by the wind velocity (Bagnold, 1941; Iversen et al., 1990). In
flat, obstacle-free regions, wie wind velocity and direction can be considered as constant over the
whole surface, leading to the rounded form of large blowouts or pans that can develop from an
initial surface disturbance such as fault scarps, river channels or dry lakes (Goudie, 1991; Wormald
et al., 2003; Barchyn and Hugenholtz, 2013). When obstacles are present, the wind flow becomes
more complex as eddies, reversed flow regions, wind-acceleration zones and wind channels start to
develop (Hunt et al., 1978; Laity, 1987; Ruszkiczay-Rdiger et al., 2007, 2009, 2011; Sebe et al.,
2011). This in turns leads to the localization of preferential erosion and sand deposition zones,

increasing the complexity of the topography.



Using analog (Castro and Robins, 1977; Hunt et al., 1978; Iversen et al., 1990; Tominaga et al.,
2018) and numerical modeling (Badr and Harion, 2005, 2007; Wakes et al., 2010; Jackson et al.,
2013; Tominaga et al., 2018; Liu et al., 2019), numerous studies have addressed the effects of
obstacles or topography on the wind flow pattern. These studies mainly addressed the localization
of preferential deflation zones or wind shadows. However, although in many natural dryland
settings, fluvial processes interact with the aeolian sediment-transport and erosion processes, these
studies only deal with wind dynamics and never take into account the role of fluvial erosion in
creating loose particles, transporting them outside or inside the system or segregating them by size.
Furthermore, when applied to natural cases, many of these studies deal with simple, small-scale
topographies such as dune fields or small hills. Another series of studies based on satellite images
and completely disconnected from the fluid dynamics approach. describe the interactions between
aeolian dunes and large rivers (Krapf et al., 2003; Liu and Corth.:~ry, 2015, 2017; Al-Masrahy and
Mountney, 2015), investigate the role of fine-grained river u>nrsits in providing material to dune
fields (Maroulis et al., 2007) or, on the contrary the rewcr.g of fine-grained aeolian loess deposits
by rivers (Williams, 2015). However, these studies do no. consider the erosion mechanism at the
source of the detrital material and little qua tiiative information is provided (erosion or
sedimentation rates). Finally, several field-baz~qa _tudies have addressed the exchange of sediment
particles between fluvial and aeolian syster..~ depending on the sediment availability in rivers or
dunes and the vegetation cover (Mush e. al., 1996; Bullard and Livingstone, 2002; Draut, 2012;
Sankey et al., 2018a) or river flow (Sar.x.y =t al., 2018b; Santos et al., 2019).

A key question that therefore reman. is how to most effectively quantify how fluvial and aeolian
processes interact in driving the 1ong-term topographic expression of large-scale obstacles. We will
address this question throuri » yeomorphological study of a series of small basins separated by
basement highs in the Gow: aesert of Mongolia. The endoreic setting of this region prevents changes
in boundary conditions to ue studied system, especially the capture and generally associated rapid
modification of the fluvial system by an adjacent drainage area. Furthermore, the Gobi Desert has
an arid climate with intense aeolian activity and vegetation is limited to grass and small saxaul
bushes (Haloxylon sp.). Such a setting, including a complex drainage system, active aeolian
processes, the near absence of vegetation and a marked lithological substratum pattern, is ideal to
study the interaction between aeolian and fluvial processes. The aim of the work described below is
to propose a conceptual model of landscape evolution resulting from aeolian and fluvial interactions

around a large natural obstacle within a sedimentary basin.



2. Description of the study area and methodology

A first estimate of the wind pattern over the study area was obtained using the European Centre for
Medium-Range Weather Forecast Re-Analysis (ERA-Interim) model that provides 10 m above
ground wind velocity and direction data. In order to investigate the interplay between fluvial
erosion and deflation, we mapped the drainage network with special focus on positioning local base
levels. We then mapped the sand-transport directions as reflecting the wind-flow pattern at ground
level and correlated this pattern with the surface morphology (including the drainage system) to
detect potential preferential deflation zones. We also measured in situ-produced concentrations of
the °Be and 2°Al cosmogenic nuclides to quantify the erosion rates over the basin and to better
understand the effect of the basement highs on the large-scale erosion nattern.

2.1. Geomorphology and hydrology of the Tsagaan Els def re.1on

The Tsagaan Els depression in SE Mongolia is a ~16,2"'0 k.1“ endorheic depression subdivided by
the North Zuunbayan fault zone into the Unegt sub-has.n to .he north and the Zuunbayan sub-basin
to the south (Figure 1) (Graham et al., 2001; C i72rd et al., 2019). The entire depression is
undergoing active erosion and surface lower.ng. The lowest point of the depression is 700 m above
sea level (a.s.l.) and is situated within the eas.~rn part of the Zuunbayan sub-basin with a second
low zone (750 m a.s.l.) in the SW part of the 'Jnegt sub-basin (Figure 1). The basin floor consists of
sedimentary bedrock covered by a thin [~vzr of gravel pavement and aeolian dunes in some places
(see description below). The com:le,- drainage system of the depression is composed of a fractal-
like series of sub-systems associa.~d with local base levels filled by ephemeral lakes in which water
is only present for very sho’ .=nuds of time, generally following heavy rain events. This includes
the effective base level oi the depression situated in the NE part of the Zuunbayan sub-basin that
forms a large playa (Figurc 1). Some of those sub-systems are associated with large rivers, all of
which are ephemeral or seasonal (no baseflow), due to the arid climate but many are formed by a
series of small, poorly organized drains showing sharp knickpoints implying rapid incision due to
base-level drop (Whipple and Tucker, 1999; Crosby and Whipple, 2006). The present-day Tsagaan
Els depression is superimposed on a complex pattern of Upper Jurassic — Lower Cretaceous grabens
and half-grabens sealed by Late Cretaceous to Cenozoic post-rift alluvial, lacustrine and aeolian
deposits including carbonate paleosols (Johnson et al., 2001; Graham et al., 2001; Johnson, 2004;
Webb and Johnson, 2006; Daoudene et al., 2017). Thin Paleogene to Neogene strata contain

numerous aeolian dune deposits and calcisols, both indicating a long-lasting arid to semi-arid



climate (Currie and Eberth, 1993; Caves et al., 2014; Naugolnykh, 2016). The Mesozoic basins are
separated by or contain fault-limited basement highs composed of Proterozoic to Paleozoic
crystalline rocks (Webb and Johnson, 2006; Daoudene et al., 2017).

In the center of the Tsagaan Els depression, the c.a. 55 km long, 20 km wide Tavan Har basement
high culminates around 975 m a.s.l. and 250 m above the lowest point of the depression (Figures 2
and 3a). Similarly, to all the exposed basement highs in the Tsagaan Els region, the Tavan Har hill is
characterized by a flat summit corresponding to a regional erosional planation paleosurface (Figure
3a and d) (Jolivet et al., 2007; Vassallo et al., 2007). Large areas of the plateau are devoid of
sediments, except for some Quaternary sand sheets, some of them filling small canyons (Figure 3d).
On the slopes that are not covered by Mesozoic sediments, col.'rvsial forms a few centimeter- to
decimeter-thick layer of sharp edged, unsorted, in-situ produced Jascment blocks and gravels mixed

with aeolian sand.

The northern edge of the Tavan Har horst is limited by the , 'E-SW striking North Zuunbayan fault
zone (Figure 3b). Cretaceous strata are exposed along "2 northern margin of the Tavan Har hill,
with bedding largely sequent to the surface morphciu,y (Figure 3b), itself characterized by a north-
facing conical structure linking the summit of te basement high to the lowest part of the Unegt
sub-basin (Figures 2 and 3b). This struct «re :roded into the Cretaceous series corresponds to a
bedrock pediment supporting active m~ter-hign aeolian dunes, decimeter-thick sand sheets and
centimeter-thick layers of strongly w .d-polished gravels originating from the underlying
Cretaceous deposits (Figure 3e and Schuiementary Figure 1). The present-day depocenter of the
Unegt sub-basin is occupied by a -eries of ephemeral lakes (Belnap and Ludwig, 2001) distributed
along an arcuate line parallel t> the front of the Tavan Har conical structure (Figure 2). To the north,
the topography rises again L o to the summit of the Mandakh-Saykhanduklaan basement ridge which

limits the northern part of th. Tsagaan Els depression (Figure 1).

To the south, the Tavan Har basement high is limited by a series of NE-SW striking Early
Cretaceous normal faults (Figures 2 and 3c). The relief between the metamorphic basement and the
Zuunbayan sub-basin is generally steep, corresponding to differential erosion of the fault planes.
Although the depocenter of the Zuunbayan sub-basin is situated some 35 km NE of the eastern
reach of the Tavan Har hill, two secondary depressions form local depocenters immediately NE and
SW of the basement high (Figures 1 and 2). The NE depression is largely elliptical, with a lowest
point at 760 m, about 150 m below the mean altitude of the eastern part of the Tavan Har plateau.
The bottom of the depression corresponds to an ephemeral lake. The drainage system associated

with the depression is mainly composed of two rivers, one flowing from the SW along the edge of



the Tavan Har basement high, the other coming from the south with a source in the Totoshan
basement ridge (Figure 2). This closed depression contains the only exposure of lower Cretaceous
strata in the western part of the Zuunbayan sub-basin. The SW depression is elliptical, with a long
axis parallel to the edge of the basement high. The lowest part of the depression is again formed by
an ephemeral lake at an altitude of 760 m. However, unlike in the NE depression, only Late
Cretaceous strata are exposed, suggesting a lower amount of denudation. The drainage system
associated with the depression is formed by a single river flowing from the southern part of the
Tavan Har basement high (Figure 2).

The Tsagaan Els depression contains several active dune fields (Figures 4 and 5). They range in size
from 100 to 1000 km?, contain meter- to decameter-thick accui »ilations of sand and show well
developed parabolic and transverse dunes (Figure 5a). Others «e only sand sheets of a few
centimeters to decimeters thick with few parabolic duies. some of the dune fields are
geographically closely associated with water saturated arexs such as ephemeral lakes, major rivers
or springs (Mountney and Russell, 2009). For both pariboi ¢ and transverse dunes, the crest lines
are sub-perpendicular to the sand-transport direction .Mountney, 2006; Courrech du Pont et al.,
2014; Gao et al., 2015). In some specific places cu.'t 2, downwind of ephemeral lakes that provide
fine-grained unconsolidated material, raked ‘inear udnes are present with their long axis parallel to
the sand transport direction (Figure 5b) (Moun. ey, 2006; Courrech du Pont et al., 2014). However,
most of the depression is characterized hy  lag deposit forming a reg-type ground (the term reg
refers to a rocky desert with a limited arr.~.nt of sand) usually represented by a thin, one-grain thick
layer of pebbles or cobbles of var‘an.~ lithology including metamorphic basement, pure quartz and
sediment (Figure 3a). On the reg, ~and accumulation only occurs as sand shadows or coppice dunes
behind plants (Figure 5c). Tie anection of sand transport then corresponds to the direction of the
long axis of the sand shaa.'n. 7 he size of these small structures varies, depending on the height and
width of the associated busiles and, although the smallest ones generally indicate the direction of
sand transport during the last strong-wind episode, we consider the largest ones, sometimes up to a
meter in height, to be more perennial features representative of the mean direction of wind-blown

sediment transport.

Finally, the Tsagaan Els depression hosts shallow aquifers mainly in the Upper Cretaceous
formations and Quaternary deposits (Grizard et al., 2019). Grizard et al. (2019) demonstrated that
the aquifers in the Upper Cretaceous series of the Zuunbayan sub-basin are controlled by the main
central depression, with the water flowing from the edges of the sub-basin and discharging via

subsurface evaporation in the central playa (Figure 4). In the Unegt sub-basin, the water in the



aquifer flows eastward toward a series of springs situated east of the Tavan Har basement high,

along the North Zuunbayan fault (Figures 2 and 4).

2.2. Climate of the Tsagaan Els depression

Climate data were obtained using the Climate Data Online catalog of the U.S. National Oceanic and
Atmospheric Administration for two weather stations: Sainshand (N44.900° / E110.117°, with data
collected every 3 hours from August 1956 to May 2017) and Bayan Dobo Suma (N44.567° /
E107.183°, with data collected every 3 hours from December 1973 to May 2017) in the NE and
NW of the depression respectively (Figures 1 and 6). At both st tions, the main wind direction is
from the NW, with a limited spread between WNW and N, 7..d' a wind speed value generally
between 10 and 35 m.s™ (Figure 6). The wind direction during =t0...1 events is similar to the overall
wind direction, although a more westward component is ob.2:ved. The temperature distribution
shows a wide amplitude between about -20°C in winter anu about +20°C in summer with extremes
below -40°C and above 40°C. Precipitation data are c.ily cvailable for the Sainshand station and
show that most precipitation occurs between June \» Ar.gust with a mean annual amount of only 59

mm over the considered period and some out’ic.s Ly to 70 mm per month generally due to storms.

2.3. Methods for data acquisition
2.3.1. Description of the wind patterns

The wind pattern (speed and di\ ~cucn) in the Tsagaan Els depression was first investigated using
the ERA-Interim project me*~0,2logical model which provides estimates of the wind speed and
direction at altitudes of . m = 100 m above ground level (Simmons et al., 2007; Dee et al., 2011).
However, this model has a 7 km grid resolution and does not account for wind perturbations due to
local, small-scale topographic structures. To get a more accurate evaluation of the wind mean
directions at ground level, we used field and satellite (see example study in Yao et al., 2007)
measurements of the direction of propagation of the dunes and sand shadow features described
above. This approach does not provide information about the wind speed. Direction values
(measured clockwise from north) were gridded and interpolated using the “surface” calculation
routine of the GMT Software (Smith and Wessel, 1990) to derive sand transport maps at ground
level that we interpret as a proxy for wind direction. Note that the density of data is largely
controlled by the occurrence of sand in the various regions of the basin which has a direct influence

on the confidence level of the interpolation.



2.3.2. Cosmogenic nuclide dating methods

2.3.2.1. Sampling strategy

Cosmogenic nuclide analysis was used to derive the exposure age and erosion rates of the various
surfaces in the depression. Pure quartz to quartz-rich samples were collected from surface lag
deposits, sedimentary rocks or crystalline basement throughout the basin and especially around the
eastern termination of the Tavan Har structure (Figures 2 and 4, Supplementary Figure 1 and
Supplementary Table 1). Sampling sites were selected on flat surfaces, away from fluvial courses to
prevent river-related slope diffusion that could locally increase the erosion rates. All sampled
morphologies are erosion surfaces as lag deposit samples were collected from the reg-type soil
described above, away from material that could have been brought 1, sheet-flood deposits. Except
for sample M-61 in the main depression, no sample was collected from ephemeral lakes surfaces to
prevent shading by water of fine-grained deposits linked to Mording. The local topography being
largely low-relief sample shading by obstacles is limited (st~ Supplementary Table 1).

The samples were either single quartz cobbles about 0 cm in diameter, sets of about 50 quartz
pebbles about 1 cm in diameter (quartz cobbles or e'sb’es found loose on the surface or as particles
in sedimentary rocks are generally derived f-~m ~roded basement metamorphic veins) or granite
and quartz vein chunks. This sampling w.= complemented by sampling of quartz-rich coarse-
grained sedimentary rocks in three drilh..2 sites (see below for detailed sedimentary logs of the
three sections). Two of the sites werc sitiated on the Bayanshire plateau, a preserved, isolated
morphological surface in the Unegt Subuasin (Figure 2) possibly representing a remnant of the pre-
incision topography of the basi» e third profile was excavated into the main depression being
possibly representative of the 1,.1<. actively eroding part of the basin. Details on samples location
and cosmogenic nuclide’. ~o.*ter (s are available in Supplementary Table 1.

2.3.2.2. Dating methods

Sample preparation and measurement procedure follow the usual approach and are fully described

in the supplementary file “Cosmogenic nuclides analysis” . Erosion rates and exposure ages were

calculated using the classical equation of the nuclides production:
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A SLHL spallation production of 4.02 + 0.33 atoms g~ a* (Borchers et al., 2016) was used and
scaled using Stone polynomial (Stone 2000) and Cosmocalc Excel add-in (Vermeesch, 2007). Muon
contributions of Braucher et al. (2011) were applied. The ®Al/*°Be production ratio induced by the
standardization used at ASTER (SM-AI-11/07KNSTD) is 6.61+0.50 (Rixhon et al., 2011).

From the measurement of the concentration of two cosmogenic nuclides (**Be and #°Al) in a single
sample, the three unknowns (paleo-erosion rate: paleos, erosion rate: € and exposure age: t) from
Equation 1 (see Supplementary file “Cosmogenic nuclides analysis ” for details) cannot be
determined simultaneously since the equations used for each of the cosmogenic nuclides contain the
same unknowns. Therefore, two options are possible (Supplemer. ary Table 2). First, considering
no inheritance (simple exposure history), where using Equat'on ' to allow modeling both the
exposure age (t) and the erosion rate (g). Following this apprcach, concentrations increase with time
until they reach a constant value when the gains by production equal losses by radioactive decay
and erosion. The time needed to reach this plateau valu. th2 integration time, directly depends on
the erosion rate and marks the theoretical limit of thZ Jating method: it is impossible to date beyond
this integration time. Secondly, considering a «on.z:ex exposure history where “burial”, paleo-
erosion (paleog) and exposure age (t) can be det.rmined assuming no production after deposition. In
that case, the resulting age will be minimum. As discussed in section 4.2, this “burial” can in fact
only be virtual and result from a chz,» w1 the erosion rate which induces a variation in the

6 A\1/*%Be ratio similar to that resultir.y o a burial.

These two options will allow krac.:eting of the denudation rates and exposure ages. All outputs
presented in this study consider “~th °Be and 2°Al measurements together. However, to provide a
full analysis of the de’.. = classical maximum erosion rates (considering infinite time) and
minimum exposure ages (no erosion) considering one nuclide have been presented in
Supplementary Table 2 as well as the same approach of maximum erosion rate considering both
nuclides. The latter option, considering maximum erosion rates, results in more difficulties in

reproducing the data.

Finally, because both °Be and “°Al nuclides are produced in the same mineral and thus have
undergone the same exposure history since they were emplaced in the sedimentary rock, it is
possible to analyze multiple samples from a vertical profile to determine more than two unknowns.
In that case the paleo-erosion (paleog) that affected each profile sample before its burial, and both

the erosion rate () and the exposure time since the deposition event (t) can be determined with a



minimum of two samples. For all samples from a given depth profile, these two latter unknowns are

identical.

3. Results
3.1. Wind pattern from ERA-Interim data (10 m)

Mean wind pattern (direction and speed at an altitude of 10 m above the ground) have been
calculated for 3 different months based on the ERA-Interim model (Figure 7). In general, the
calculated wind speed is maximum in the central part of the Unegt Basin, immediately in front of
the Tavan Har structure and decreases on the lee side of the basement high in the Zuunbayan Basin
before increasing again on reaching the Totoshan Ridge to the cc'ith.  As expected, streamlines
show a marked deflection produced by the Tavan Har topograph * Tt 2 wind blowing from the north
in the Unegt Basin (a direction mainly consistent with the metedrological observations presented
above) is either simply deflected toward the SE (see the .~ 2016 example on Figure 7) or, more
generally, forms vortices on the lee side of the NE ana G\A. terminations of the Tavan Har massif

and flow reversal develop in the Zuunbayan Basin r.c iting a complex wind pattern.

As dust and sandstorms associated with stro~2 winds are known to be a major factor influencing
soil erosion and sand movement in the souu.~.n Gobi region (Middleton, 1991; Natsagdorj, 2003;
Kapp et al., 2015), we also calculated winc -nattern maps (wind at an altitude of 10 m above ground)
for three days corresponding to la;ce storms (storm days have been selected using the
meteorological data available for the Sainshand Station as described above). Although the
compilation of strong wind dat2 icqistered at Sainshand weather station indicate NW to WNW
winds (Figure 6), the three ERA 'r.erim derived maps show mostly a W to WNW wind direction on
the western side of the ™~ag>an Els depression, rotating NE in the eastern part of the basin. Except
for that rotation, the storri-wind pattern appears homogeneous without the relief-dependent
disturbances observed in the monthly averages. Finally, the modeled storm wind direction is poorly
to not compatible with the direction of propagation of the major dune fields in the depression (see

below).

3.2. Aeolian sand transport around the Tavan Har structure

Measurements of the sand transport direction have been interpolated to produce a large scale map of
sand motion within the Tsagaan Els depression (Figure 8). It should be noted that this map largely

relies on the density of data and most of them were obtained in the close vicinity of the Tavan Har



structure. In most of the Unegt sub-basin, the transport direction is NW to SE, corresponding to the
measured mean wind direction at Sainshand and Bayan Dobo Suma stations (Figure 6) and oblique
compared to that predicted by the ERA-Interim model (Figure 7). In the Zuunbayan sub-basin, the
wind direction changes towards close to westerly before switching again towards a more WNW
direction on the Totoshan ridge to the south. This last direction corresponds to that of a major dune
field separating the Zuunbayan sub-basin from the Erdene valley to the East (Figures 1 and 4). West
of the Zuunbayan sub-basin, the transport direction is largely W-E, marked again by a large dune
field. Again, in these two locations, the measured sand transport directions are oblique to the wind
direction predicted by the ERA-Interim model although not entirely incoherent. Figure 8b is a
closer view of the interpolated sand transport directions around the Tavan Har structure. As
indicated above, the transport direction is largely constant towards the SE in the Unegt sub-basin as
well as on the conical structure north of the basement high. Towe: e the NE, where the slope of the
cone decreases, the transport direction changes towards a re.-!'v W-E direction before establishing
back to the SE away from the termination of the basemr.i. Yiyh. On the southern side of the Tavan
Har hill, the transport direction varies from NW-SE to ‘V-. indicating a strong topographic control
on wind direction. The topographic depression sou b of the NE termination of the basement high is
characterized by sand moving towards the E !n u e depression to the SW, less documented due to
the near absence of sand (the ground is 1. v.ely covered by a gravel to pebble pavement), the
transport direction is WNW-ESE.

Based on those observations, it appe=rs thit the large Mandakh-Saykhandulaan ridge north of the
Tsagaan-Els depression has no or an.. a minor effect on the wind direction in the Unegt sub-basin
(this one remains consistent wih we regional wind direction). These winds probably have a
katabatic component and in."ease in speed as flowing down into the basin. However, the
measurements confirm wna! the Tavan Har basement high exerts a major control on the wind pattern

inside the Zuunbayan sub-Lasin.

3.3. Erosion rates and chronology inferred from in situ-produced concentrations of the

cosmogenic °Be and Al nuclides

3.3.1. Surface samples

The modeled erosion rates calculated from cosmogenic nuclides data as well as their Kernel density

plot (Vermeesch 2012) are presented in Figure 9 while associated ages are reported in



Supplementary Table 2. Note that the value implemented for a given sample in the Kernel density
calculation (Figure 9b) has been selected considering the best fitting result from option 1 or option 2.
This best fit was determined using the highest probability of W= ((Nmeasured — Nmodeled) / Omeasured)),
omeasured PEING the uncertainty associated to the measured concentration (Nmeasured), determined for
each calculation result (Supplementary Table 2). In most cases, the two-options yield similar long-
term erosion rates ranging from 0 to 49.3 m/Ma. Ignoring this latter extreme value, the Kernel curve
exhibits two maxima, one at ~7 m/Ma, the second at ~20 m/Ma. The two types of samples (multiple
pebbles versus single cobble) lead to consistent results. However, the erosion rates of 7 surface
samples are significantly different (the names of these samples are indicated on Figure 10). This
may be due either to heterogeneity in the amalgamated samples or to a different exposure history
that may involve partial burial of single cobbles. The heteroge=n, refers here to the potential
presence in the amalgamated sample of one or several pebh!as *+4th anomalously high (or low)

concentrations that shift the mean concentration calculated 7ro. *.1e whole pebble population.

Samples from the Totoshan ridge, as well as from a sma’l bcsement high above the southern edge of
the Zuunbayan sub-basin, yield erosion rates betwe >r. 0 and 10 m/Ma (Figure 4). Samples MN17-50
and MN17-53 yield erosion rates slightly i qnor than 10 m/Ma, but they are situated on a
sedimentary surface at the base of a 50 m hiy*~ cliff. The top of the cliff is affected by erosion rates
lower than 5 m/Ma (samples MN17-51 ai.1 MN17-52), indicating large variations at a small local
scale. To the north of the study area, cn th= large fan-terraces system that separates the Mandakh-
Saykhandulaan ridge from the low:st part of the depression in the Zuunbayan sub-basin, erosion
rates vary from less than 5 m/Mc up *o nearly 20 m/Ma.

However, the most scattered resc!'t’, were obtained around the Tavan Har structure. Samples MN17-
1 and MN17-2 with ero.on rat¢s of 26.13 + 3.38 m/Ma and 31.53 + 3.05 m/Ma, respectively, were
collected from the top of a conglomerate ridge immediately north of the North Zuunbayan fault.
This ridge forms the northern boundary of a depression (several hundred meters across and tens of
meters deep) developing between the basement and the Cretaceous strata. Immediately to the north,
samples MN17-3 to MN17-5 were collected along the slope of the conical structure. They yield
higher erosion rates, increasing towards the top of the structure. Samples MN17-7 and MN17-8
were collected in the ephemeral lakes that form the local base level at the foot of the conical surface.
They provided some of the highest erosion rates at around 20 to 25 m/Ma. South of the eastern
termination of the Tavan Har basement, samples MN17-31 and MN17-32 were collected on the
plateau forming the summit of the basement high. Sample MN17-31 is a quartz vein in the gneiss

while sample MN17-32 is a surface quartz cobble. They lead to erosion rates of 6.24 + 3.24 and



4.22 + 0.63 m/Ma, respectively, similar to those obtained on the Totoshan ridge. Sample MN17-34
was also collected on the southern edge of the plateau but on the edge of a small, 30 m large and 10
m deep canyon which might explain its higher erosion rate of 14.39 + 5.22. Finally, on the south-
western edge of the main depression zone in the Zuunbayan sub-basin, sample MN17-61 records an

intermediate erosion rate of 10.38 £ 0.79 m/Ma.

Regarding the ages obtained through the two approaches (Supplementary Table 2), they
significantly vary depending on the selected modeling option, unlike the erosion rates. In addition,
considering the simple exposure model (one nuclide), the calculated ages may be considered as too
old to be compatible with the calculated erosion rates. Indeed, the integration times (considering all
particles involved i.e. neutrons and muons) range from 2 Ma for &~ erosion rate of 0 m/Ma down to
~30 ka for a ~50 m/Ma erosion rate (the erosion range obtained n (his study), making them higher
than those which theoretically cannot be exceeded.

Considering the paired °Be and °Al, these offer the possit:lity 10 have a perfect match between the
modeled and measured concentrations because the tim~ coi sidered is not only the time needed to
accumulate the nuclides but also the time needed for thc proudced nuclide to decay.

When both modeled options yield to the same rrc 1o rate, an agreement is also observed when
looking at maximum erosion rates deduced .roi1 individual nuclides (see Supplementary Table 2).
In that case a simple exposure history is to be 1.:/ored.

3.3.2. Depth profiles

The °Be and %Al concentrations were measured along three depth profiles dug into the basin for
this purpose (Figure 11 and S:'nplenentary Table 1). Profiles P1 (samples MN17-10 to MN17-19)
and P2 (samples MN17-33 to MN17-45) are situated on the Bayanshire plateau, an isolated,
perched morphological surta-e located immediately NE of the eastern termination of the Tavan Har
structure. This erosion surface is cutting through the Upper Cretaceous Bayanshire deposits and
displays two sub-surfaces: a low sub-surface to the S in which profile P1 was sampled and a high
sub-surface to the N in which profile P2 was sampled. Although no evidence of active deformation
could be obtained from field investigation, the scarp separating the two sub-surfaces coincides with

the mapped trace of the North Zuunbayan fault (Figure 11).

The low sub-surface (profile P1) is flat with only a few small dunes along its eastern edge and no
evidence of river incision. It is paved by centimeter-size, moderately wind-polished pebbles of
quartz and metamorphic rocks. The section exposed along the cliff at the southern edge of the

subsurface suggests that the post-Cretaceous deposits are less than a meter thick. Indeed, the upper



first 30 cm of the logged section, hereafter referred as the active layer, are discordant on the
underlying series and mainly composed of poorly consolidated fine-grained sand with 3D mega-
ripples corresponding to dune deposits. The second unit, from 30 to 165 cm depth, is made of
coarse-grained sandstones including centimeter-thick lenses of rounded pebbles, alternating with
decimeter-thick carbonate-cemented gravel beds, including some loose pebbles and showing
erosive bases. The unit is markedly impregnated by a carbonate cement with lenses of strongly
cemented sand. 3D mega-ripples and horizontal laminations are observed. This unit is interpreted as

fluvial deposits belonging to the Upper Cretaceous Bayanshire Formation.

The high sub-surface (profile P2) is more dissected, affected by several shallow fluvial incisions. It
is paved by centimeter to decimeter-size pebbles and blocks of gt =tz and metamorphic rocks. The
logged section is composed of 2 units. The first 25 cm of the 1 pp.* unit 1 is composed of poorly
sorted medium-grained sandstones with a few lenses of crai.>-grained sandstones and gravels.
Faint 3D mega-ripples are visible. The next 30 cm beneat' are massive coarse-grained sandstones
with few gravelly layers and loose pebbles, strongly cct'soh jated by a carbonate cement. The base
of that layer is eroding into a centimeter-thick and stror.gly uxidized layer interpreted as a paleosol.
The bottom 15 centimeters of unit 1 is compu e of horizontally laminated coarse-grained
sandstones. Unit 1 is interpreted as low-ene’gy alluvial plain deposits. A second unit characterized
by 10 to about 30 cm-thick layers of gravels a1 coarse-grained sandstones with loose pebbles and
cobbles extends from 70 to 190 cm. The hase of each layer displays a sharp contact with the
underlying deposits indicating syn-sedin ertary erosion. The unit is interpreted as channel deposits

in an alluvial plain, again belongir g o the Upper Cretaceous Bayanshire Formation.

Profile P3 (samples MN17-61 to NiN17-71) was sampled on the edge of the large ephemeral lake
system forming the main de nres sion of the Zuunbayan sub-basin (Figure 11). The aim was to obtain
erosion rates and/or surface . ges in the lowest part of the basin. The surface in which profile P3 was
excavated is characterized by meters-high aeolian dunes alternating with sand-free patches of red
siltstone. The latter are covered by a near continuous one-grain thick layer of highly rounded
gravels, 3 to 5 millimeters in diameter. The first 50 cm of the logged section are composed of
massive red clay-rich siltstone including thin layers of coarse-grained sandstones. Mud cracks
indicate drying periods between flooding events and these sedimentary facies are characteristic of
the ephemeral lake. Below that first unit, the strata are composed of massive fine-grained
sandstones showing fluvial 3D trough cross-bedding (Williams, 1968). Carbonate nodules are
present within the uppermost 5 cm of that second unit. One to 5 cm-thick layers of coarse-grained

sandstones and gravels, some showing erosive bases, are regularly intercalated. This unit is



interpreted as an arid alluvial plain deposit associating water-reworked sand dunes and small
channels. The connection of the lower part of the profile to the Cretaceous series is more difficult to

asSess.

Profile 1 concentrations (Supplementary Table 1) are significantly higher at a given depth than
those measured along Profiles 2 and 3 which both exhibit roughly similar cosmogenic nuclides
concentrations. As shown in Figure 12, the evolution as a function of depth of the °Be and *°Al
concentrations of all the samples, except for the lower concentrations of the second sample of each
profile (MN17-11 and MN17-37 at 5 cm) as well as of sample MN17-62 at 20 cm in the Profile P3,
exhibits the same pattern which corresponds to the expected exponential decrease. Highlighted for
both °Be and %Al and for the three depth profiles, these lower co, ‘entrations cannot be considered
as outliers but most likely have a geomorphic explanation.

The sedimentary sections corresponding to each profile (Figrire 21d) display a surficial centimeter-
thick layer of small gravels to pebbles. This layer cover. a 10 to 30 cm sandy layer that itself
overlays the highly lithified Cretaceous strata in profii»s 1 and 2. It seems that the sandy layers
(active layer) in which MN17-11 (Profile 1), MN17 3/ (Profile 2) and MN17-62 (Profile 3) have
been sampled are affected by higher erosior 1.*2s that decrease the cosmogenic nuclides
concentrations. Surprisingly, although b~.ionyjing to the active layer, the surface sample
concentrations are part of the expected exponen.’al decrease, implying that the top pebble layers can
be modeled with the same parameters {.-0s,on, exposure time) than the samples originating from
the indurated sediment unit. To beiter ~iodel the depth profiles we propose a new approach

presented hereafter in Equation 2:
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where the term N(O, paleos,0) of Equation 1 has been replaced by N(x, paleoe,»), x being the

sample depth.



This is justified because these deposits are Cretaceous and therefore the '°Be and %Al
concentrations accumulated in the samples before their deposition in the studied profile (first
inheritance) have decayed radioactively. Thus, the paleo-erosion rates determined in that case are
not those prevailing before deposition but those prevailing after the deposition event, leading to
exhumation of those Mesozoic series. Changing Equation 1 to Equation 2 only affects the paleo-
erosion rates and not the exposure ages and erosion rates. The best-fit solutions are presented in
Supplementary Table 3 and in Figure 13. Uncertainties on paleo-erosion rates range from 0.5 to 1
m/Ma. Including or excluding the top surface sample from the calculation has an impact on the
model outputs, especially regarding Profile 1. Therefore two groups of solution are proposed, with

or without the top sample (Supplementary Table 3).

When considering the top samples into the calculation, the best its .2r the three depth profiles lead
to the similar exposure ages within uncertainties, the age deduc>d from Profile 3, nevertheless, is
seemingly younger. However, major discrepancies are higi.'ighted while analyzing the erosion and
paleo-erosion rates. Regarding Profile 1, the erosion ra = is 18.1+1.2 m/Ma and the paleo-erosion
rates range from 1.2 to 6 m/Ma for the indurated C-etaceous unit and top samples with a median
value of 3.3 m/Ma. The paleo-erosion and erosic.n 12*2s deduced from the active layer samples are
similar (~25 m/Ma). Profiles 2 and 3 exb:oit similar erosion rates (~10m/Ma) but significantly
different paleo-erosion rates. Erosion rates fro.n Profile 2 range from 14.5 to 39.8 m/Ma with a
median value of 22.8 m/Ma, whereas *..7se from Profile 3 range from 1.1 to 51.1 m/Ma with a
median value of 3.7 m/Ma. Regardi~.; F.zrile 3, the top sample and the sample in the active layer
has no evidence for inheritance. R 2ga. ling Profiles 2 and 3, the active layer samples reveal erosion
rates of 102.2 and 18.0 m/Ma, re.nectively, higher than the erosion rate derived from the deeper
samples.

Alternatively, considering . 2 top samples as outliers and excluding them from the calculation, has
no effect on Profile 2, a limited effect on Profile 3, but has a considerable effect on Profile 1 for
which the erosion rate decreases to 5.6+0.2 m/Ma and the exposure age markedly increases to
1.64+0.45 Ma.

4. Discussion

4.1. Fluvial and aeolian interactions in geologically complex depressions: a conceptual model



The erosion pattern in a natural depression developing upon a substratum with contrasted erodibility
implies strong interactions between fluvial mobilization and transport of detrital material and
aeolian deflation and transport of the finer particles. Unlike in large pans such as the Etosha pan in
Namibia (Hipodonka, 2005; Miller et al., 2010) or in wide sedimentary basins such as the Qaidam
Basin in Tibet and China or the Lut Basin in Iran (Ehsani and Quiel, 2008; Heermance et al., 2013;
Rohrmann et al., 2013), the occurrence of lithological contrasts generates erosion-resistant relief
that form wind obstacles (Ruszkiczay-Rudiger et al., 2011, Sebe et al., 2011).

The kinematics of airflow around topographic obstacles has been largely studied both theoretically
and experimentally (Castro and Robins, 1977; Hunt et al., 1978; Smyth, 2016; Liu et al., 2019). The
Tavan Har basement high, excluding the conical structure on its northern face is a flat-topped
elongated structure with high aspect ratios of 2.75 and 80 for lenoths .2rsus width and height versus
width respectively. The models addressing the surface flow strictir: over oblong artificial piles of
granular material and natural ridges (Badr and Harion, 2005, 20J7; Furieri et al., 2012; Liu et al.,
2019) or transverse dunes (Jackson et al., 2013; Courreci du Pont et al., 2014; Smyth, 2016) are
thus of particular interest to explain the erosion pattern 1. the Tsagaan Els depression. On a flat,
smooth terrain, the wind flow interacting with a I te/a’ly limited oblong obstacle perpendicular to
flow direction displays some characteristic f2~tu,~s (Badr and Harion, 2005, 2007; Furieri et al.,
2012):

1- As for all obstacles, the increas™ in pressure on approaching the obstacle induces a
deceleration of the flow. Since the wing transport capacity of sand particles is related to the wind
speed (Bagnold, 1941), such decelzration should lead to deposition. When the change in slope at the
toe of the obstacle is sharp, u.'s phenomenon is partially compensated by the formation of
turbulence that can produce i.>uyn shear stress to allow some transport (Hunt et al., 1978; Wiggs et
al., 1996). The wind flow *heir accelerates upslope as pressure drops, inducing a maximum shear
stress along the windward viest of the obstacle (Badr and Harion, 2005) thus increasing the erosion

potential.

2- On the lee side of the obstacle, two counter-rotative and symmetrical vortices develop,
leading to the formation of a low-shear stress region. Vortices form when the flow accelerated
upslope of the upwind side of the obstacle detaches from the surface and interact with the slow-
motion wind behind the obstacle. The strength of the vortices depends upon the difference in
velocity and pressure between the two fluids (Hunt et al., 1978; Badr and Harion, 2005). The
resulting triangular-like region of low shear stress is marked by deposition, a good example being

the sand shadows and coppice dunes accumulated behind bushes (Figure 5C).



3- The major perturbation in wind flow is a strong increase in shear stress on both ends of
the obstacle, reaching a maximum value immediately downstream the extremities. In that region,
the flow is accelerated on the upwind region and this acceleration adds to the downward motion of
the flow in the vortices that form behind the obstacle (Badr and Harion, 2007; Furieri et al., 2012).
Those regions, immediately behind each side of the obstacle are thus the locus of the maximum
erosion. The shape and size of the acceleration zone is highly sensitive to the angle between the
direction of the upcoming wind and the obstacle (Turpin and Harion, 2010; Furieri et al., 2012).

We suggest that these three main perturbations in the wind flow account for the morphology of the
Tsagaan Els Basin (Figure 14). The conical structure configured within the Cretaceous strata on the
northern side of the Tavan Har high is indeed covered by a thi~ active layer of aeolian sand —
including small dunes — that disappears progressively upslope :xu>ot in the extreme northeastern
part of the massif where the sand sheet continues on the sumr.u Nlateau (Figure 2). Similarly, to the
southwest, sand also reaches the summit of the massif hov.>ver in a much smaller amount. Erosion
rates calculated from the cosmogenic nuclide analysis “1so ‘ncrease from the bottom to the top of
the slope, reaching a regional maximum of 30 to 25 .n/Ma on the crest (samples M-2 and M-8)
(Figures 2 and 4). Sample M-7 was also collected .*»ar the crest line of a small basement high that
crops into the low part of the basin, probabl* exlaniing its relatively high erosion rate compared to
samples M-5 and M-6 in the same position. Trio<e sand and erosion rate distribution patterns appear
to match the theoretical model except tha. the location of the arcuate depression containing the
ephemeral lakes at the toe of the conici! structure north of the massif does not fit a decelerating
flow. We suggest that the norther: port of the Unegt Basin is situated within the pressure shadow
developing on the lee side of the Mandakh-Saykhandulaan ridge. The maximum wind velocity is
thus reached in the central pa. m the basin where the small depressions filled with ephemeral lakes
develop, away from the 1:79¢ shadow and before reaching the Tavan Har massif. Relative to the
other erosion rates obtaineu n the basin, that area is marked by high erosion rates of 20 to 25 m/Ma
(Figure 4). Nonetheless, these rates remain low compared to values obtained in similar deflation
studies such as 40 — 60 m/Ma in the Pannonian Basin (Ruszkiczay-Rudiger et al., 2011) or 120 —
1100 m/Ma in the Qaidam Basin (Kapp et al., 2011; Rohrmann et al., 2013). The ERA-Interim
model (Figure 7) also suggests a maximum wind speed in the center of the Unegt Basin and a
decrease on approaching the Tavan Har massif. Nonetheless, the model resolution does not allow
imaging the upslope acceleration. Aeolian processes possibly initiated the formation of the
depression in front of the Tavan Har massif, creating local base levels that triggered the formation

of a new set of fluvial drainage systems eroding the southern slope of the Mandakh-Saykhandulaan



ridge. Arid to semi-arid floodplains are major providers of fine-grained material to aeolian dune
fields (Bullard and Livingstone, 2002; Bullard and McTainsh, 2003; Belnap et al., 2011). The
ephemeral nature of all the rivers forming the drainage system in the Tsagaan Els depression leads
to the deposition of thin planar sheets (flood sheets) or lobes of mud-supported sand, pebble and /or
cobble conglomerates depending on the material available in the drainage system and on the water
discharge (Dill et al., 2005). Due to the high rates of sediment supply during these discharges, and
to their rapid flood recession characteristics, the surface of the deposits is poorly armored by the
largest grains facilitating deflation of the silt and fine to medium sand fractions during dry intervals
(Lisle and Hilton, 1992; Yao et al., 2007; Powell, 2009). Removing of the finest granulometric
fraction through deflation typically produces the reg-type surfaces observed throughout the
depression. The relatively fine-grained lithology of the Mesozoir seiies forming the substratum of
the Tsagaan Els depression further enhances the production nt >ardy and silty material which is
finally removed from the endoreic sub-systems by deflatior.. “in<lly, the ephemeral lakes that form
the most distal part of the drainage sub-systems may al.u lay a major role in facilitating material
export through winnowing. Playas can be major dust rro.ders for several reasons. For example,
wet playas are generally characterized by a salt lay 'r o the surface, which, mixed with silt and clay
represent material easily mobilizable by win~ du.*ng dry periods (Reheis and Kihl, 1995; Reheis,
1997; Reynolds et al., 2007; Reheis and Uru.+, 2011). Fine grained material generally deposited in
the playa is not only easily transportea ~v wind but is also easily mobilized by abrasion from
saltating sand grains. This last phenom2r.o1 may be increased by the occurrence of bushes creating
wind disturbances that increase the 'oca: shear stress (Pelletier, 2006). The present-day low annual
precipitation favors deflation acan.~t fluvial sedimentation preventing the local depressions from
being filled by fluvial sedimen.. Following these mechanisms, the increased deflation in the main
depression of the Zuunb.‘/ai. su'sbasin may partly explain the occurrence of the large dune field that
has developed immediately ¢ E of the major playa (Figures 1 and 4). Along the slope connecting the
Mandakh-Saykhandulaan ridge with the central depression, sampling has been undertaken to avoid
river channels so that the measured erosion rates reflect the surface erosion and not the activity of
the intermittent channels. Nonetheless, some of the samples may still be affected by increased slope
diffusion in the vicinity of large channels that was impossible to prevent during sampling. The
heterogeneity observed in the erosion rates along that general slope reflects the strong increase of
erosion capacity between the wind erosion characterized by low rates of 0 to 10 m/Ma (dark and
light blue points on Figure 4) and erosion rates up to 20 m/Ma combining river-associated slope-

erosion processes and wind deflation (light green points on Figure 4).



The NE and SW depressions mapped immediately behind the Tavan Har massif correspond to the
expected zone of combination between the flow acceleration around the extremities of the obstacle
(Figure 2) and the down-flow region of the vortex that forms on the lee side. The mean wind
direction in the Unegt Basin (blowing from N315°) is slightly oblique through to perpendicular to
the front of the Tavan Har massif (N330°), which, based on numerical models, should favor the
northeastern high wind shear stress zone (Furieri et al., 2012). The direction of sand motion in the
large sand sheet reaching the plateau to the NE clearly indicates a rotation in the wind direction
from SE to E in accordance with the flow pattern observed on models (example.g., Furieri et al.,
2012). To the NE, this region is also marked by highly variable sand-transport directions suggesting
the formation of turbulence (Figure 8). The flow velocity and ~ssociated shear stress increasing
from the axis of the massif towards the extremities, the deflation and abrasion capacities also
increase ultimately carving the conical structure on the upwina -ice of the Tavan Har massif. A
fluvial system developed on the conical structure (Figure ?), hriaging loose material to the toe of
the slope where wind shear stress and thus deflation  mMaximum. It should be noted that the
increase in flow velocity associated to the extremities or the massif is not defined on the ERA-
Interim model (Figure 7) and the vortices observed n the model are not superposed with the NE
and SW secondary depressions. This discrepzncy is probably related to the low resolution of the
model compared to the high frequency — lo.v* amplitude roughness of the topography (canyons or
local highs in the basement for example).

The two vortices as well as the lower flo v velocity on the lee side of the massif are well defined on
the ERA-Interim model (Figure 7, ~nril 2019 and October 2016 panels). No major sand deposits
are exposed behind the central port of the Tavan Har massif where such a wake zone should be
expected, although small du’ . aiid sand shadows are present and sand motion directions are clearly
turning before coming wL>ck to the initial NW direction away from the massif (Figure 8).
Topographically, the axial 1egion of the lee side is slightly higher than the surrounding Zunnbayan
Basin, corresponding to a drainage divide between rivers flowing towards the main depression to
the NE and a low point to the SW. Along the southern limit of the crystalline basement, present-day
rivers are also flowing NE and SW from the axial zone, transporting loose material to the secondary
depressions on each end of the massif. This material is then deflated by wind, maintaining the

depressions as low points.

Based on the results derived from in situ-produced cosmogenic nuclide concentrations in both
surface and profile samples, we infer that the dynamics of the erosion system in the Tsagaan Els

depression may be also linked to climate changes. The area may have experienced a marked change



in erosion rate from a value probably lower than 5 m/Ma (many surface samples erosion rates as
well as paleo-erosion rates derived from Profile 1 and 2 favor this value) to a rate higher than 10
m/Ma.

The erosion mechanism described above in the Tsagaan Els depression should apply to other
depressions developing under semi-arid to arid climates but could also be complemented by
processes evidenced in those regions. As already mentioned above, many studies have addressed the
dynamics of aeolian transport in the western United States (California, Colorado and Utha,
especially focusing on the source of the material, the production of dust and the effects of climate or
anthropogenic changes (Muhs et al., 1996, 2003; Reheis, 1997, 2006; Reynolds et al., 2007; Reheis
and Urban, 2011). This region is topographically complex, inclui'ng numerous basement massifs
surrounded by valleys hosting large dune fields. Based on the resui.~ presented above and although
it might not be easy to determine, the detailed wind pattr. snould be considered to evaluate
maximum deflation zones. In Africa, Wormald et al. (200Z! eswanlished that the spatial distribution
of pans in the Kalahari Desert of Botswana is correlatci to the occurrence of basement faults, the
pans developing upon unconsolidated sands. Similarly, the still poorly understood Qattara
depression in Egypt was developed within Cero. ic strata displaying lithological contrasts and
tectonic fractures. To the north, upwind, th: a pression is limited by a cliff separating the basin
from a plateau capped by carbonate rocks wi.'e the strata exposed in the depression are mainly
clastic (Albritton et al., 1990). Rivers ner.~ndicular and parallel to the cliff (Bassler, 1968) are
mobilizing clastic material inside the (eyression that feed dune fields to the south. Recently,
McMillan and Schoenbohm (202C) 1 'ated the formation of a large depression in the Puna Plateau
(Argentina) to wind abrasion a~d deflation. However, they suggest that fluvial incision and
transport played a minor rcic ue to the hyper-arid climate. Finally, Pullen et al. (2018) describe
large-scale wind erosiun ‘inciuding abrasion and deflation) in the Hami Basin (NW China)
suggesting that the wind in«ensity may be controlled by the low albedo of the dark-gravel armored
basin floor. Although the Hami Basin is again a hyper-arid region, ephemeral drains remain active
and could participate in the erosion by disturbing the gravel pavement.

4.2. Climate change and the onset age of the present-day erosion mechanism in the Tsagaan
Els depression

Based on the results deduced from in situ-produced cosmogenic nuclide concentrations in both

surface and profile samples, we infer that the kinematics of the erosion system in the Tsagaan Els



depression is also linked to climate changes. Supplementary Table 2 shows that, for surface samples,
when the measured age does not fit the modeled age (x> 0) considering option 1, it does fit the
modeled age using option 2 (or vice versa, except for a few samples). However, for option 2, the
complex exposure approach is designed to determine burial ages (Granger and Muzikar, 2001;
Granger 2006) and burial should not apply to those samples that clearly represent a newly formed

active layer above the underlying substratum.

One possible explanation is a change in erosion rate. The landscape may have been first exposed for
a long time at a certain erosion rate. Then, due to climatic or topographic disturbances, the long-
term erosion rate may have changed towards a higher one. Theoretically, if the erosion rate
decreases, the cosmogenic nuclide concentrations (*°Be and 2°A" should increase to reach new,
higher equilibrium concentrations. The “°Al/ *°Be ratio would (u. evolve along the steady state
limit of the erosion island defined by Lal (1991, Figure ?o). It the erosion rate increases, the
cosmogenic nuclide concentrations (:°Be and 2°Al) accumu:~tea during the previous step with lower
denudation should decrease to reach new, lower equi' hrit m concentrations. The °Al/*°Be ratio
would then evolve in the burial area (below the steadv state erosion island defined by Lal, (1991)).
This is illustrated in Figure 15 with an erosion ra.» ~nange from 3 m/Ma (many surface sample
erosion rates and Profile 1 and 2 paleo-erosizn r ites indicate values lower than 5 m/Ma) to 10 m/Ma
(the lower value observed in surface samples ticm the most actively eroding areas). This increase in
erosion rate results in an apparent bur‘2! a2 long as the new equilibrium concentrations are not
reached. As this concentration decrer-= i.»olves radioactive decay, the time needed to “travel” from
the starting point to the final one cin 2= on the order of several million years (Figure 15). Following
that model, the 1.64+0.45 Ma exposure age calculated on Profile 1 using the solution excluding the
top sample (see section 2.5.2) can be explained as the time needed to decrease (mainly by
radioactive decay) the inhe."teu component acquired in the Profile 1 samples before the erosion rate
changes.

The actively eroding regions of the studied area thus probably experienced a change in erosion rate
from an initial, regional low range of 1-8 m/Ma to a locally higher range of 18-22 m/Ma. This may
explain the bimodal Kernel distribution of the erosion rates (Figure 9). Based on the exposure ages
determined from the depth profiles, this shift in erosion rate may have occurred 0.7 Ma ago,
corresponding to the end of the middle Pleistocene transition (Clark et al., 2006; Sun et al., 2019).
This age is also within the 0.4 to 1.1 Ma range of exposure ages calculated following option 1 for
the high erosion rates samples on the northern front of the Tavan Har massif (MN17-01 to MN17-

08, except MN17-05 for which the erosion rate is very low). This period corresponds to a major



change in the frequency of glacial cycles during the Quaternary that resulted in an increase in Asian
aridity and winter monsoonal intensity, enhancing soil degradation (less vegetation coverage (see
for example Belnap et al., 2009 or Laity, 2013) and aeolian deflation (Clark et al., 2006; Han et al.,
2012; Cai et al., 2014; Wang et al., 2020). Similar enhanced aeolian deflation has been reported
from the Qaidam Basin (N Tibet, China) during glacial and stadial periods following the Middle —
Late Pliocene drying of the large lake system formerly filling the basin (Kapp et al., 2011). After 1.2
Ma, due to the generally drier climate and to tectonic activity, lakes in the Qaidam Basin were
restricted to small fold-controlled depressions and frequently dried forming playas and locally

increasing the deflation rates (Heermance et al., 2013).

4.3 Possible effects on the aquifer pattern of semi-arid depressio.°s

The shallowest aquifers of the Tsagaan Els depression are tihtly controlled by the position of the
topographic low points (Figures 1 and 2) (Grizard et al 2219). The strong deflation in the main
central depression of the Zuunbayan sub-basin thus c!?a:{y influences the flow pattern in the
corresponding aquifers. In response, the position c1 »he water table may also control the deflation
rate in the playas: surface deflation is lower in d=' playas (water table at least 5 m below the surface)
than in wet playas because the lack of i ter.ction between the ground water and the surface
prevents the formation of a surficial sa:*-rich easily erodible layer (Rosen, 1994; Reynolds et al.,
2007). However, continuous deflation «n the secondary depression developing around the eastern
corner of the Tavan Har basement bg:. may lead to the formation of a new evaporation-controlled
discharge area, modifying the flc. in .he aquifers. The location of the preferential deflation zones
probably changed through t‘me, controlled by the modifications in the wind-flow pattern
themselves linked to the evlutidn of the general topography. In correlation, it can then be assumed
that the location of the aquii>r discharge zones have changed through time, modifying the shape of
the underground flows. Furthermore, during wetter periods, the various depressions may be filled
by lakes, again modifying the hydrological framework of the basin but also the erosion — deflation
pattern. Indeed, the occurrence of lakes will suppress the role of the playas as dust sources and
preferential deflation zones. This general increase in moisture and the probable stronger vegetation
cover should favor fluvial processes and decrease aeolian deflation (Wolfe and Nickling, 1993;
Bullard and Livingstone, 2002; Reynolds et al., 2007).

These processes require further exploration. Basins developed under semi-arid to arid climate
regimes, and especially those evolving in an endoreic setting, are highly sensitive to climate

changes and anthropogenic activities (Laity, 2003; Pelletier, 2006; Yapiyev et al., 2017; Wang et al.,



2018; Sankey et al., 2018b), one well-known example being the drying Aral sea in Central Asia.
The data presented in this study suggest that not only the surficial water bodies but also the aquifers
may be affected by changes in deflation patterns leading to complex issues in water management.

5. Conclusions

The erosion and sedimentation pattern in topographically and geologically complex arid to semi-
arid depressions is controlled by the close interplay between aeolian and fluvial processes. Unlike
most large pans that develop upon a relatively homogeneous sedimentary substratum, the erosion
pattern in such depressions is complex with preferential de'ation zones controlled by the
occurrence of erosion-resistant relief in mechanically less resistan. sedimentary series. The use of
ERA-Interim reanalysis wind model complemented by fielu \~apping of the sand displacement
vectors around the Tavan Har basement high allows for a “'irec. analogy between the wind pattern
around that natural, large scale obstacle and the wind pattei 1 predicted by theoretical analysis and
numerical or analog modeling around a laterally limites obiung obstacle perpendicular to the wind
flow. The acceleration of the wind flow around the ~x*remities of the obstacles increases the shear
stress allowing enhanced deflation and win. e osiun. This mechanism is further enhanced by the
downflow of the two vortices developing oi. the lee side of the obstacle and account for the
preferential deflation zones observed in the ' Inegt and Zuunbayan sub-basins. These high deflation
and wind erosion zones form bas= |w:ls for local drainage systems. The constant fluvial
mobilization and transport of clastic material towards these high deflation zones locally increases
the erosion rates. Cosmogenic nu.'iae derived surface exposure ages of rapidly eroding zones in the
basin suggest that this erouiu pattern was probably initiated as a consequence of the Middle
Pleistocene regional increwe ui aridity. This conceptual model of constant interplay between fluvial
mobilization of clastic mate.1al and its removal from the sink area by deflation should be considered
when evaluating erosion patterns in desert areas or assessing sediment production rates at the source
of large dune fields. The modifications of the wind flow pattern through time, due to erosion-
related topographic changes inside the basin can also induce changes in the groundwater flows that
should be taken into consideration in water management policies or when studying the various

mineral deposits occurring in this type of complex basins.
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Figure captions

Figure 1: A: Large scale satellite image (Google Earth®, Landsat Images, Copernicus) showing the
Tsagaan Els depression and surrounding basement ridges with indication of the major faults
(Graham et al., 2001). The dotted lines represent the 750 m altitude contour line that highlights the
lowest parts of the depression. B: 1 arc second resolution Shuttle Radar Topography Mission
(SRTM1) Digital Elevation Model (DEM) documenting the topography of the Tsagaan Els
depression. The red and blue lines correspond to the track of the topographic profiles shown at the
bottom of the figure. The DEM and profiles were drawn using the GMT Software (Smith and
Wessel, 1990). On profiles 1 and 2, the thick colored line represent the mean altitude of a staked
series of individual profiles sampled every km over 5 km on each cides of the indicated profile track.
The grey envelope indicates the altitude dispersal. Note that vert’cai ~xaggeration is x 20. Data were
acquired every 20 m from the SRTM1 DEM.

Figure 2: Geological map of the Tavan Har structure and n. surroundings (modified from Grizard,
2017). Piezometric lines represent the aquifer in the La.~» Cretaceous Upper Sainshand Formation
(K2Ss2) and have been simplified from Grizard et -u. (2019). BB: Baruun Bayan spring; DB: Dund
Bayan spring. BP: Bayanshire Plateau (the lim'fts o the plateau are indicated by a dotted line).

Arrows on faults indicate sense of moveme .

Figure 3: Field photographs of the Tavar: Far structure (see Figure 2 for location): a) view from the
NE of the Tavan Har basement hin. ana the conical structure (labelled morphological cone) to the
north. Note the flat summit of ti>= Lesement high. The distance scale applies to the background. b)
the Cretaceous series croppin ' in the conical structure are tilted and clearly not parallel to the
morphological surface. "™e 'k,te dashed lines indicate bedding. c) views of the southern edge of
the basement high, showin? .he morphological scarp corresponding to the differential erosion along
the Cretaceous normal faults. Only the Lower Cretaceous series are exposed. d) view of the summit
plateau on the basement high. The surface covered with sand (background) is separated from the
sand-free foreground by a small canyon incised in the basement. e) aeolian deposits and thin gravel
layer on the conical structure. These are the only sediments deposited on that surface and do not
correspond to an alluvial fan. f) Colluvium on the metamorphic basement. These deposits are
formed by largely in-situ produced unsorted and sharp-edged basement-rock fragments. The camera

lens cover is 5 cm in diameter.



Figure 4: Simplified geological and tectonic map of the Tsagaan Els depression. Only the largest
dune fields and sand sheets are shown; the rest of the surface is largely free of sand and covered by
desert pavements of gravel. Similar to Figure 1, the 750 m contour line highlights the lowest
depressions in the basin. Erosion rates calculated from cosmogenic 19Be and 26AI concentrations
measured in surface samples are indicated as color-coded rectangles. See Supplementary Tables 1

and 2 for details on results from cosmogenic nuclides analysis.

Figure 5: Satellite and field photographs of aeolian features in the Tsagaan Els depression. a)
Satellite images (Google Earth® CNES/Airbus 2021 and Maxar Technologies 2021) of the large
dune fields east of the Zuunbayan sub-basin (Figures 1 and 4) showing parabolic and transverse
dunes. b) Satellite images (Google Earth® Maxar Technologie. 2021) and field photograph of
longitudinal dunes developing immediately south of an epheriera' lake north of the Tavan Har
conical structure. c) Field view of a reg-type landscape on »vhich only the vegetation allows sand
accumulation. To the right, small-scale sand shadow behir..' a bush. Such accumulations can be up
to several meters in length and about 1 meter in height (v oppice dunes). The dotted line white

arrows indicate the sand motion direction for each image.

Figure 6: Meteorological data from the Sain.~ana (left) and Bayandobosuma (right) weather
stations (Figure 1) as recorded in the Clima.» Data Online catalog of the U.S. National Oceanic and
Atmospheric Administration. The bottoi.> right diagram shows the compilation of storm conditions
(wind speed over 30 m.s™) for the Siinsi=nd station. N represents the number of data for each
diagram. The small “+” characters on e temperature diagrams and the starts on the precipitation

diagrams indicate the outliers.

Figure 7: Examples of wid pattern obtained using the ERA-Interim reanalysis data. The three
models to the left correspon.! to monthly averages. Note the formation of the large vortices on the
lee side of the Tavan Har massif as well as the contrast in wind velocity between the Unegt and
Zunnbayan basins. The three models to the right correspond to stormy days (wind speed over 30

m.s™).

Figure 8: Interpolated sand motion map for the whole Tsagaan Els depression (a) and specifically
for the Tavan Har structure (b). The black arrows indicate the direction of sand displacement (no
velocity or rate indicated; color scale in degrees from north). The vectors associated with yellow
dots were obtained from dunes and those associated with red dots from the mean direction measure
on at least 20 sand shadow structures localized within a 100 m radius. The interpolation was

performed using the “surface” calculation routine of the GMT Software (Smith and Wessel, 1990).



Note that the density of data is largely controlled by the occurrence of sand in the various regions of

the basin which has a direct influence on the confidence level of the interpolation.

Figure 9: a: erosion rates calculated for each surface sample following calculation options 1 or 2.
See text for details on the calculation hypothesis. b: kernel density plot of best fit erosion rates for
the surface samples (n is the number of erosion values considered for the calculation. See top figure
for the references of the corresponding samples).

Figure 10: Comparison between erosion rates obtained from cobbles and from amalgams for the
double samples. Note the 7 samples individualized by their name and having a significant
difference between the erosion rate calculated on amalgam and the one calculated on cobble. See

text for explanation.

Figure 11: a) Geology and topography of the Bayanshire platea. =».d the western part of the main
depression zone. The plateau presents two surfaces, the upgar ~n< to the north being separated from
the lower one by the North Zuunbayan fault trace. The r e uepression is mostly filled with playas
supporting ephemeral lakes. b) View from the south of the _nuthern scarp of the Bayanshire plateau.
The Cretaceous strata are exposed up to the last n etzr before the top suggesting that the Cenozoic
strata are very thin. The scarp is about 20 m *.inh. ~) View from the SW of the lower surface of the
Bayanshire plateau. The cars in the circle giv= the scale. d) Sediment log of the three profiles (see

text for a complete description).

Figure 12: °Be and #°Al concentratinns ~rd 2°Al/*°Be ratios versus depth in the three sampled pits.
Black dots are samples from the I'th.Sied lower sedimentary unit, triangles are surface samples and
dots are samples coming from a 1. ore sandy layer (so called “active” layer) on top of the indurated
unit and below the surface 1. ‘er composed of small pebbles. Dashed line is the best fit model

obtained for the lithifieu u. .t \wiack dots).

Figure 13: Following Siame et al (2004) and Wolkowinsky and Granger (2004), these contour plots
aim at determining the uncertainties associated to the erosion and exposure ages. Black dots are the
minimum y? corresponding to the best erosion and exposure age estimates. Black arrows point to
either maximum or minimum erosion rates (vertical) or exposure ages (horizontal) associated to
those best estimates. These uncertainties are determined using the minimum y? value plus one
(Wolkowinsky and Granger, 2004).

Figure 14: Model of wind flow and wind erosion patterns around the Tavan Har massif. The frontal
depression corresponds to an area combining a maximum velocity of the wind flow arriving into the

Unegt Basin and retrograding erosion from the two ends of the Tavan Har massif. The strong



acceleration of the wind flow around the extremities of the massif associated to the down-flow of
the vortices developing in the lee zone increases the shear stress and generates strong erosion in the
secondary depressions. The grey areas mark the position of the low velocity zones behind the
Mandakh-Saykhandulaan ridge and the Tavan Har massif. Cross sections are showing the lithology

of the substratum as well as the wind flow pattern.

Figure 15: Evolution of the ?°Al/*°Be at a given depth after a shift of erosion from 3 to 10 m/Ma.
Values near the dots are the time span (exposure time at surface) since the shift. In that peculiar case,
it takes more than 10 Ma to reach the new equilibrium state. An “apparent” burial age up to 1 Ma

can be determined.
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Figure 10

Erosion rate (m/Ma)
(Amalgamated samples)

60.00.
50.00.
40.00-
30.00.-
[MNI7-3
20.00. MN1722 | {*‘m 726 I
MN17-53 . -
MN17-74 Ty -
10.00.- - — 33— MN17-5 .
} MNIT :} § ’7‘ Mnualgamated pebbles versus cobbles
- E MN17-20 | —line
0.00 . v y 7 7
0.00 10.00 20.00 30.10 40.00 50.00

Erosion rate (m/Ma’ (. "1artz cobbles)

60.00



Journal Pre-proof

Figure 11




Journal Pre-proof

Figure 12
Profile 1
"B (katig) " (earig) Al Be
200 400 L] B0 100 130 0 1000 2000 3000 4000 gopp } 3 4 5 & T @

0 5] (] .—m—-n -—hﬂm——n
- > J- N TY R,
tg 00 - < 5 mo zmg
g, 00 - h - L el L a0 o - 300 g
871 8 ns e [T8
400 — ‘ . - = = -4 - —a—v - 400
500 : - 3 . . i : i . 880 500

Profile 2
"Be (katig) A atig) & ge
o0 100 200 30 400 500 PO OO O 1000 2000 3000 4000 SO0 2 4 6 W 121406
i - i i - L » M
fid o i | - 100
_ Il’ |—IJ—| s o
E 200 L 1 7 - -2 . —m:E
2 - = | - E
§' oo 1 7 e K . Fa §
. o [ “
w g 4 |-+| - 409 —— - 400
¢ o  —
800 T T T T R m| T T T T T s00
Prc e 7
“Be (katig) TAl (e, Ta"Be
100 200 300 400 SO0 600 500 1000 180u 030 2509 %000, 3300 4000, 2 4 6.8 10012108
'_H /H‘F‘f == ‘_ﬁq.r l_._|
100 -} HH Ifl - 109 [ e - 100
_ i’* > ™ _
00 E 2 - 200 [~ - -IIIIE
g " | — o
£ s00- F r "‘) e FHE-
S » | 1 .
ana - L ~| e Lo - ™ L 400
.-"" I}H ¢
500 r. T —I k l-..-' - . S0Q T I-.lil T T T 500

=== Bost fit based on g

108 or 264l
Sufface sample
Active layer in depth profile




Figure 13

P4 with top

1500000

1800000 -

1700000 —

1500000 -

P1 without top

1500000 -

T T T T T 1 1£00000 T T T
16 17 18 18 20 21 22 50 55 &0 ES i ]
~ P2 with top
200000 4 200000
B0000D 4 E00000
5
@ 700000 7000004
600000 = £00000-]
500000 500000
400000 . — ! . . : . . . ; . .
BA a0 a2 04 4.8 BA li] a8 a0 a2 04 a8 98 100
700000 = P3 with top T=000. P3 without top
00000
850000 4
=
& 600000
oL
SE0000
12 75 a0 a5 a0 a5

Denudation (miMa)

Denudsation (m/Ma)



Figure 14
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Highlights
e Non-erodible obstacles in semi-arid sedimentary basins focus deflation

e Enhanced deflation zones form sub-depocenters controlling local drainage systems
e Fluvial — aeolian interactions are described in a conceptual erosion model
e Cosmogenic 10Be and 26Al analysis indicate generally low erosion rates in Gobi desert

e Erosion rates increased in the Gobi region after the Middle-Pleistocene transition



