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ABSTRACT

Pliocene — Quaternary wind erosion profoundly modified the physiography of northern China at
a large range of spatial (10 m to >100 km) and temporal (10 ka to Myr) scales. In the western
Qaidam Basin along the northeastern margin of the Tibetan Plateau, northwesterly winds
sculpted yardangs in actively folding Miocene — Pleistocene strata. Wind erosion was most
dominant during glacial periods, whereas lacustrine deposition was more extensive during
warmer and wetter interglacial periods. Cyclical wind erosion and sedimentation is recorded by
paleoyardangs in Pliocene — Pleistocene strata. A thickness of hundreds to thousands of meters
of strata has been blown off the crests of Qaidam anticlines. Wind erosion initiated at ~3 Ma and
increased in spatial extent and magnitude from early to late Pleistocene time as aridity intensified
and strata were tectonically uplifted. Qaidam anticlines are propagating in the windward
direction and accelerated in growth concomitant with wind erosion, raising the possibility that
spatially variable removal of mass by wind influenced the rates and kinematics of deformation.
To the east of Qaidam Basin is the Chinese Loess Plateau. The northern, windward margin of the

central Loess Plateau is an up to 400-m-high erosional escarpment made of loess that slopes



northward into the wind-eroded and endorheic Mu Us Desert. During Pleistocene aridification
and expansion of the Mu Us Desert, the Loess Plateau escarpment margin retreated as it was
wind eroded while loess continued to accumulate downwind and further build the plateau. The
Hami Basin within the eastern Tian Shan of northwestern China is one of the windiest regions on
Earth today and part of the broader Gobi Desert that extends eastward into Mongolia. In the
north-central Hami Basin, northerly winds sculpted yardangs in Cretaceous strata and have
blown a thickness of >200 m of Cretaceous — Pleistocene strata out of the closed basin. Wind
erosion of northern Hami Pleistocene alluvial deposits led to the widespread development of
unconsolidated gravel deposits and pavements. These gravels armor underlying alluvial strata
from further wind erosion and thereby suppress dust emissions, despite extreme winds. The
Hami and other Gobi Desert basins may have experienced an overall decrease in dust emissions
from Pliocene to late Pleistocene time as the volume of silt-bearing strata decreased in the basins
while the area of the basins armored by gravel increased. Structural unloading joints in some
Hami yardang fields accelerate rates of wind erosion and yardang demise, and their wind-parallel
orientation provides another potential example of an interplay between wind erosion and rock
deformation. This review suggests that the sources and fluxes of Asian dust were not spatially
uniform through the Neogene and Quaternary. The geological and topographic history, landscape
evolution, and short and long-term climate variations in Asia all need to be simultaneously
evaluated when interpreting terrestrial and marine archives of dust in the context of past and

future climate changes.
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1. Introduction

Every human is intimate with the wind. This anthropogenic connection with wind
processes and their role in eroding bedrock, generating bedforms and landforms, and transporting
and depositing sediment may date back to our earliest ancestors. Some of the oldest (1.26 —2.12
Ma) hominins outside of Africa lived, breathed, and were buried in dust comprising the Chinese
Loess Plateau (Zhu et al., 2018b) (Figs. 1 and 2)—the largest terrestrial accumulation of
Quaternary loess on Earth (Kukla and An, 1989; Porter, 2007). Wind plays several important

roles in the climate system. Atmospheric circulation is a major mechanism for redistributing



thermal energy and moisture around the globe (Toggweiler and Samuels, 1995; Kuhlbrodt et al.,
2007). Near-surface winds loft dust into the atmosphere, whereas upper-level winds transport it
long distances before it settles on land or into the oceans (Fig. 1). Mineral dust itself influences
climate in a variety of ways. As an aerosol, dust can alter Earth’s radiative forcing by directly
scattering and/or absorbing incoming solar radiation, impacting cloud formation and
characteristics, altering atmospheric chemistry, and changing the albedo of both land and sea ice
(Kok et al., 2023). Additionally, dust, in its capacity as a carrier of elements and compounds
essential for life, can stimulate biological productivity in the ocean and on land, solidifying its
importance in the marine and terrestrial carbon cycles (Bopp et al., 2003; Jickells et al., 2005;
Boy and Wilcke, 2008; Bristow et al., 2010; Moore et al., 2013; Aciego et al., 2017).

Wind is an important agent of sediment transport and erosion (by deflation and abrasion
by wind-blown sediment) in all of Earth’s major deserts. During the early twentieth century, a
subset of geomorphologists argued that wind erosion was more important than fluvial erosion in
beveling desert landscapes, and even more important than normal faults in producing the Basin
and Range topography of southwestern North America (Keyes, 1912). Historical perspectives
about these extreme “eoliation” views and why they were dismissed have been provided (Goudie,
2012; Orme, 2013). The pendulum may have swung too far away from “wind power,” however,
such that many fundamental questions and likely discoveries remain encumbered by conviction
rather than scientific inquiry. However, the pendulum is starting to swing back because of a
combination of increased cross-disciplinary research, the growing understanding of how
important wind processes are on other planetary bodies, increasing availability of high-resolution
imagery of Earth and other planetary bodies, the need to accurately forecast anthropogenic
climate change, and an increasing desire to understand dust as a growing societal hazard (e.g.,
visibility and aviation, human health, military operations), among other factors. Below we
introduce specific outstanding questions that we touch upon in this review of wind-themed

research in northern China.
1.1. Yardangs and paleoyardangs

Yardangs are wind-sculpted and wind-parallel bedrock ridges that were first described
scientifically in China near Lop Nur (Fig. 2) (Hedin, 1903). Yardangs sensu stricto are sculpted

by unidirectional winds and streamlined, exhibiting a wind-parallel topographic profile that is



steep and highest in elevation in the upwind direction and tapers downwind, and a map-view
geometry that is tear-drop-shaped. This morphology minimizes pressure and skin friction drag
(McCauley et al., 1977; Ward and Greeley, 1984; Goudie, 2007). However, many wind-sculpted
bedrock ridges deviate from this classical geometry and exhibit diverse forms (Halimov and
Fezer, 1989) because of rheologic heterogeneities in bedrock lithologies (e.g., interbedded strong
and weak sedimentary rocks), variable strike and dip directions of tilted sedimentary rocks and
how they vary as a function of the wind direction, and the influence of sculpting by more than
one geomorphically-effective wind direction (Li et al., 2016; Hu et al., 2017; Pelletier, 2018;
Pelletier et al., 2018; Xiao et al., 2021). The term yardang is widely extended to include any
linear bedrock ridge sculpted by wind (Laity, 2011).

@ vyardang fields
—p dust transport
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Figure 1. Major modern dust sources (shaded in yellow), dust-transporting wind directions
(black arrows) modified from Muhs et al. (2014) and Middleton (2020), and locations of yardang
fields (in red circles and shading). Fields of megayardangs in the Pannonian Basin (Sebe et al.,
2011) and Russian/Siberian Altai (Potter et al., 2023) are covered in vegetation. Atmospheric
dust transport directions vary in detail among studies and are generalized.

While yardangs are present in almost all of Earth’s deserts, and on other planetary bodies,
unambiguous documentation of paleoyardangs in the stratigraphic record is scant. Purported
paleoyardang ridges in Permian eolian sandstone and buried by Triassic strata in Utah, U.S.A.,

exhibit asymmetric ridge-perpendicular topographic profiles (Tewes and Loope, 1992), which



does not disprove but queries the interpretation. Paleoyardangs were raised as one of two
interpretations of enigmatic ridges along the eolian-marine boundary within Jurassic strata, also
in Utah (Jones and Blakey, 1993). Interpreted paleoyardang ridges were mapped in ~2.4 Ma
lacustrine strata of the Qaidam Basin (Figs. 1 and 2), but their long-axis orientations are different
than those of yardangs in the modern landscape, suggesting that either the near-surface wind
pattern changed through time in the basin (Heermance et al., 2013) or that they are
misinterpreted. We present new remote observations which suggest that paleoyardangs are
ubiquitous in Pliocene through upper Pleistocene strata of the western Qaidam Basin—and that a
subset exhibits orientations that differ substantially from the trends of prominent yardangs fields
in the basin today. It is ironic that convincing images of paleoyardangs were documented on

Mars (Wang et al., 2018; Dromart et al., 2021) before Earth.
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Figure 2. Shaded relief map (www.geomapapp.org) showing major deflationary bedrock-floored
and sandy deserts in China, the Chinese Loess Plateau, and location of the Yellow River. Arrows
show geomorphologically-effective wind directions based on previous (Kapp et al., 2011; Kapp
et al., 2015) and our new geomorphologic mapping in Google Earth. Red arrows indicate
dominant orientations of wind-sculpted linear bedrock topography (yardangs and linear loess
topography). Black arrows are based on sand dune geometries and wind streaks. Lop Nur (LN);
Yardang National Geopark (YNG).



1.2. Potential linkages between wind processes and tectonics

Climatically-driven changes in the spatial distribution and rates of erosion within
mountain belts may exert a strong influence on the rates and kinematics of rock deformation
(Dahlen et al., 1984; Willett, 1999; Beaumont et al., 2001; Montgomery et al., 2001; Whipple,
2009). There are a growing number of case examples, albeit some more controversial than others,
that emphasize the importance of fluvial or glacial erosion and the extent to which erosion and
deformation are spatially focused (Zeitler et al., 2001; Reiners et al., 2003; Simpson, 2004;
Berger et al., 2008; Egholm et al., 2009). In contrast, there is one case example in which spatially
variable unloading of mass by wind might have influenced the rates and kinematics of folding in
the Qaidam Basin (Kapp et al., 2011) (Fig. 2). In this review, we expand on the observations
motivating this wind-erosion-enhanced tectonics hypothesis, along with its predictions. We also
explore the potential role of wind erosion in influencing the orientations of structural joints in

Cretaceous strata within the Hami Basin (Fig. 2).
1.3. Chinese Loess Plateau

The up to ~350-m-thick alternating loess-paleosol stratigraphy of the Chinese Loess
Plateau (Fig. 2) provides one of the richest and most extensively studied terrestrial records of
Pliocene — Quaternary climate change (Tungsheng and Zhongli, 1993; An, 2000; Kohfeld and
Harrison, 2003; Sun and An, 2005; Porter, 2007; Maher, 2016). Massive layers of loess
accumulated during glacial periods when central Asia was colder and drier. The intervening
accretionary paleosols developed during warmer and wetter interglacial periods when the East
Asian summer monsoon penetrated farther inland. Rarely addressed is why the stratigraphy of
the Chinese Loess Plateau defines a relatively high-elevation (~1600 m), albeit fluvially incised,
plateau and how the plateau was built. Implicit in much of the literature is that the Loess Plateau
is a geographically static feature that was incised as its surface was tectonically uplifted. There
are no active fault systems that could have uniformly uplifted the Loess Plateau, however, and it
has been shown that high topographic relief and river systems characterized the Loess Plateau
region prior to and during the accumulation of Neogene — Quaternary loess (Porter and An, 2005;
Xiong et al., 2014; Zhu et al., 2018a). Wind erosion has also been suggested to explain the
northern, windward margin of the Loess Plateau, which is defined by a steep and up to 400-m-

high erosional escarpment composed of loess, in addition to widely developed wind-parallel



linear loess topography (Kapp et al., 2015). This review expands on the hypothesis that the Loess
Plateau grew upward through eolian sediment accumulation while its windward margin retreated
downwind as a result of wind erosion and net expansion of the Mu Us Desert during the Pliocene

— Pleistocene (Kapp et al., 2015).
1.4. Evolving landscapes, winds, and sources and fluxes of dust

The bulk of global atmospheric mineral dust is sourced from geographically localized
“hot spots,” many of which are endorheic playa basins that hosted large lakes during wetter
climates (Prospero et al., 2002; Washington et al., 2003; Todd et al., 2007). In China, modern
dust point sources are most abundant along the eastern and northern margins of the Taklamakan
Desert (paleolake Lop Nur and alluvial fans and playas along the southern flank of the Tian
Shan), along the Hexi Corridor, and within the Qaidam and composite Turpan-Hami basins
(Nobakht et al., 2021). The central Gobi Desert is also the locus of major dust storm outbreaks
(Xuan and Sokolik, 2002; Wang et al., 2008), emitting clouds of dust that track to the southeast
across the Loess Plateau or to the east across the Pacific Ocean (Husar et al., 2001; Sun, 2002).
Dust from the Taklamakan Desert is lofted higher into—and may travel even farther in the
atmosphere—than that of Gobi-sourced dust (Uno et al., 2009).

While studies of the modern Asian dust engine provide valuable insights, numerous
factors must be considered in evaluating dust source regions and emissions in the past. In this
review, we generally consider changes over two timescales: that of Quaternary glacial-
interglacial cyclicity (40-100 kyr), and the overall cooling and drying of Asian climate from
Pliocene to early Pleistocene to late Pleistocene time (Ding et al., 2005; Sun and An, 2005; Fang
et al., 2020). Loess layers of the Loess Plateau were dominantly deposited during colder and
drier glacial periods whereas intervening accretionary paleosols accumulated during interglacial
periods (Tungsheng and Zhongli, 1993; An, 2000; Kohfeld and Harrison, 2003; Sun and An,
2005; Porter, 2007; Maher, 2016). Enhanced surface wind gustiness and windstorm outbreaks
are expected during glacial periods with larger meridional temperature gradients over Asia and a
stronger Siberian high-pressure system (Roe, 2009; McGee et al., 2010; Sun et al., 2011).

Landscape properties, including the availability of silt to be deflated, exert a primary
control on wind erosion and dust production (Gillette et al., 1980; Sweeney et al., 2011).

Landscape properties likely changed dramatically between glacial-interglacial periods as well as



throughout Pliocene — Quaternary time. For example, the Gobi Desert is named after its stony
nature, with extensive areas being covered by dark-colored gravel deposits and pavements. The
Gobi Desert is a significant source of dust today, but it would be an even larger emitter of dust if
its surface was less armored by tightly-packed gravel and more fertile with silt. This review
summarizes studies of the Hami Basin located to the northeast of the Taklamakan Desert within
the eastern Tian Shan (Fig. 2) as a case example of how a stony desert landscape might evolve
and impact dust emissions as well as how near-surface winds may be impacted by changes in
surface roughness and albedo.

Climate-driven changes in the position of the mid-latitude westerly jet is another factor
that needs to be considered when assessing the Pliocene — Quaternary history of wind erosion
and dust dynamics. The mid-latitude westerly jets are likely shifting poleward as anthropogenic
global warming progresses (Chen and Held, 2007; Yang et al., 2020a; Gulev et al., 2021). This
poleward shift is consistent with global atmospheric circulation models and empirical studies
suggesting that the position of the westerly jets shift equatorward during colder climates
(Toggweiler et al., 2006; Toggweiler and Russell, 2008; Kapp et al., 2011; Pullen et al., 2011;
Quade and Kaplan, 2017; Abell et al., 2021; Pullen et al., 2022; Stubbins et al., 2023). If correct,
this implies that the more southerly central Asian dust sources (e.g., Qaidam Basin and Tibetan
Plateau) may have been more significant dust sources during past glacial maxima and during the
overall colder late Pleistocene relative to the early Pleistocene.

A review of the plethora of Chinese Loess Plateau provenance studies is beyond the
scope of this review and only a subset of recent studies are cited here (Stevens et al., 2013; Licht
et al., 2016; Maher, 2016; Zhang et al., 2021; Zhang et al., 2022b; Zhou et al., 2022; Bohm et al.,
2023; Peng et al., 2023). A paradigm is that the Gobi and adjacent sand deserts were dominant
sediment sources, in large part because loess grain size decreases from northwest to southeast
across the central Loess Plateau and that dust generated during some modern Gobi Desert
windstorms is transported by low-level northwesterly winds and falls out over the Loess Plateau
(Sun, 2002; Ding et al., 2005; Sun et al., 2008). The appreciation of the Yellow River as an
important sediment source is growing (Stevens et al., 2013; Nie et al., 2015; Licht et al., 2016;
Zhang et al., 2021; Peng et al., 2023). The Yellow River has its headwaters on the northeastern
Tibetan Plateau, flows northward through the western Loess Plateau and along the western

margin of the Mu Us Desert, then makes its ~90° bends eastward and then southward through the



eastern Loess Plateau (Fig. 2). The Yellow River has taken this course for at least the past ~2
Myr (Craddock et al., 2010) and its reaches to the west and north of the Mu Us Desert were
intermittently filled with lakes throughout the Pliocene and Quaternary (Jia et al., 2016; Li et al.,
2017; Li et al., 2020; Li et al., 2023). The Yellow River has thus provided a long-term and large
supply of sand and silt to the margins of the Mu Us Desert that could be reworked by wind and
transported to the Loess Plateau. Additionally, the river includes sediment sourced from
northeastern Tibet such that a northeastern Tibet provenance signal in Loess Plateau strata,
which is increasingly being recognized, does not necessarily implicate a direct dust source-sink
relationship between the two regions. Nonetheless, we maintain that the Qaidam Basin, located
directly west of the Loess Plateau (Figs. 1 and 2), must have been a major dust source hotspot
during, at minimum, Pleistocene glacial periods (Bowler et al., 1987; Kapp et al., 2011), and it is

here where we begin our more in-depth review.
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northern Tibetan Plateau

Figure 3. Astronaut photograph looking northward across the northern Tibetan Plateau and
Qaidam Basin. Credit: Earth Science and Remote Sensing Unit, NASA Johnson Space Center.
NASA Photo ID: ISS036-E-6937. Date: 2013.06.09. Time: 12:17:27 GMT. Spacecraft nadir
point: 30.4°N, 91.5°E. Altitude: 404 km.
https://eol.jsc.nasa.gov/SearchPhotos/photo.pl?mission=ISS036 &roll=E &frame=6937
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Figure 4. Satellite image of the western Qaidam Basin. Superimposed are traces of major
anticlines (blue lines), the steeper forelimbs and locally thrust faults associated with the
anticlines (dotted yellow lines), geomorphically-effective wind directions (red arrows), and

localities where erosion rates have been estimated (circles).

2. Qaidam Basin

The Qaidam Basin abuts the northeastern margin of the Tibetan Plateau (Figs. 1-3), spans
an area of ~120,000 km?, and exhibits surface elevations ranging from ~2.7 to 3.0 km across
most of its floor. The basin is endorheic, being bounded by the Qiman — Eastern Kunlun, Altyn,
Qilian, and Ela mountains to the south, northwest, northeast, and east, respectively (Fig. 2). The
majority of the basin is unvegetated (Jin et al., 2013) and hyper-arid, with a mean annual
precipitation of <50 mm/yr (chinamaps.org).

Some refer to the Qaidam as the largest basin within the northeastern Tibetan Plateau, but
we distinguish the Tibetan Plateau proper as a contiguous high-elevation (~5 km mean elevation)

and low-relief physiographic province, with its northern margin being the Eastern Kunlun



Mountains (Kapp and DeCelles, 2019) (Fig. 2). The physiographic Tibetan Plateau is also
actively extending ~E-W by normal and strike-slip faulting, whereas the Qaidam Basin and
adjacent mountain ranges are actively shortening ~NE-SW by folding and thrust faulting (Taylor
and Yin, 2009) (Figs. 4-6).

The Qaidam Basin contains up to 10-12 km of Cenozoic basin fill within a regional
~NW-SE-trending synclinorium that developed during uplift of adjacent mountain ranges (Xia et
al., 2001; Yin et al., 2008; Cheng et al., 2021; Xiao et al., 2021). Endorheic drainage was
established in the Qaidam Basin by at least Oligocene time (Yin et al., 2008; Zhuang et al., 2011).
Cenozoic sediment accumulation was most voluminous in the western Qaidam Basin until late
Miocene — Quaternary time, when it became partitioned by crustal deformation and large
sedimentary depocenters migrated toward the eastern Qaidam Basin (Yin et al., 2008; Bao et al.,
2017).

Y
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Figure 5. Shaded relief map (www.geomapapp.org) of the wind-eroded western Qaidam fold
belt. Blue lines indicate axial traces of major anticlines. Cross-sections along lines A-G are

provided in Figure 7.

2.1. Wind-eroded Qaidam fold belt



Despite being surrounded by mountain ranges and encompassing a multitude of closed
sub-depressions, most of the western two-thirds of the Qaidam Basin is not filling with sediment.
Instead, the western Qaidam Basin exposes an actively growing NW-SE-trending fold belt (Figs.
4-7) of mostly Pliocene — Pleistocene lacustrine sedimentary rocks (Kapp et al., 2011). The
crests of most of the larger structural-amplitude (km-scale) anticlines are composed of relatively
older and more indurated strata (Rohrmann et al., 2013) and form topographic highs with ~100 —
250 m of relief (Figs. 5 and 6). Intervening, lower-elevation and closed topographic depressions

expose synclinally folded bedding in younger sedimentary rocks and are occupied by ephemeral

playas and saline lakes at their lowest elevations (Chen and Bowler, 1986; Zhao and Huang,
2021) (Fig. 4).
93°0°E
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Figure 6. (4) Satellite image of a part of the northeastern Qaidam fold belt, with axial traces of
anticlines and synclines indicated. The faint linear streaks (parallel to the white lines) are

expressions of yardang trends. Folded sedimentary rocks have been eroded and blown away,



even from above syncline axes. (B) View to northeast of the crest of Lenghu 6 anticline. The
yardangs in the foreground are sculpted in mid-Pleistocene lacustrine strata, whereas the
anticline ridge crest in the distance is composed of more indurated upper Miocene fluvial strata.
The anticline has >2 km of structural relief, but exhibits <250 m of topographic relief; the
difference is the thickness of sedimentary rock that has been eroded from the crest of the
anticline. Intriguingly, the axis- and wind-parallel topographic profile of the ~11-km-long
anticline ridge crest in the background is streamlined like a yardang.

Erosion is required to exhume folded sedimentary rocks to the surface. The magnitude of
erosion can be estimated by constructing geological cross-sections and projecting sedimentary
bedding dip angles measured at the surface and depicted on geological maps, and imaged in
seismic-reflection profiles, above the erosion surface (Fig. 7). This exercise is straightforward for
sedimentary units exposed in the cores of anticlines that pre-date folding, as demonstrated by
their uniformity in bed thickness across a particular fold. More subjective in interpretation is
upward extrapolation of growth strata—sedimentary rocks that were deposited coeval with
deformation (Suppe et al., 1992). Anticlinal growth strata are distinguished by decreases in bed
thickness and dip angle towards anticline crests where there is less accommodation for sediment,
or which have become erosive due to topographic relief. For eroded growth strata, the magnitude
of thinning is uncertain, but the gentle to open tightness of Qaidam anticlines precludes drastic
thinning at the kilometer scale. We maintain that even the most conservative cross-sections in
terms of minimizing the area of strata above the erosion surface will not change the conclusion
that a thickness of hundreds to thousands of meters of strata has been eroded from the crests of
major Qaidam anticlines (Fig. 7).

Erosion and sediment transport may be attributable to liquid water, ice, and wind.
Alluvial fans rim the margins of the Qaidam Basin, but they deliver sediment into proximal
down-slope lake and playa basins (Fig. 4). There are no fluvial drainage networks in the interior
of the Qaidam fold belt (Figs. 4-6). Glaciers, along with evidence for glacial erosion such as U-
shaped valleys and moraines, are localized to the highest-elevation parts of adjacent mountain
ranges (L1 et al., 2019). In contrast, there is ubiquitous evidence for erosion by wind and wind-
blown sediment, and the Qaidam Basin has become an increasingly popular laboratory to

investigate wind-dominated landscapes and processes on Earth and as an analog for those on



other planetary bodies (Rubin and Hesp, 2009; Anglés and Li, 2017; Xiao et al., 2017; Wang et

al., 2018; Xiao, 2021).
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Figure 7. Cross-sectional interpretations of Qaidam folds. Locations of section lines are
indicated in Figure 5. (4)-(C): Geological cross-sections constructed using age and bedding
orientation constraints provided from unpublished 1:200,000-scale geological maps (Kapp et al.,
2011). Their aim was to estimate how much sedimentary rock was eroded from above the folds
(shaded area above topographic profiles). Many synclinal areas are also wind eroded, but where
bedding is sub-horizontal or bedding dip data are absent, it is not possible to estimate the
magnitude of wind erosion in these regions. (D)-(G): Interpreted seismic reflection profiles
across Qaidam anticlines (Jiang et al., 2022; Luo et al., 2022), along with dashed lines
projecting bedding measurements above the topographic profiles. For estimates of depth, two-
way travel times of 1 s and 2 s corresponds to ~1.3 km depth and ~3 km depth, respectively (Liu



etal., 2019). To is ~2.8 Ma; Tl is ~8 Ma; T2’ is ~15 Ma; interpreted ages of older units are not
listed here because they are not relevant for estimating magnitudes of erosion. Growth strata,
which are sedimentary rocks that are deposited coeval with deformation and recognized based
on lateral bed thickness and dip orientations, have been recognized in T2 through T1 units, but
are most prevalent and pronounced in strata above To. A key takeaway is that a thickness of

hundreds to thousands of meters of sedimentary rocks has been eroded from above Qaidam

anticlines (and all since ~3 Ma;, see text for discussion).

T 4 =

Figure 8. Field photographs. (4) View standing on the narrow crest of a yardang and looking in
the upwind direction. The sedimentary rocks are actively folding but the regional topography has
been beveled flat. (B) A wind-scoured trough exposing sedimentary bedding. (C) An inter-
vardang corridor floored by rippled sand. Inter-yardang corridors exhibit undulatory
topography; they are not relicts of fluvial drainages. Erosion by windblown sand is greatest near
the base of the corridors, leading to undercutting and mass wasting. (D) Modern sand dune
burying a yardang.

There are two primary observations that underscore wind as the dominant mechanism of
sediment removal from above the Qaidam fold belt. The first is that the folded sedimentary rock
has been sculpted into extensive fields of yardangs (Figs. 4 and 6) (Halimov and Fezer, 1989).
The second observation is the multitude of closed topographic depressions in the Qaidam fold

belt that must have experienced erosion via deflation and up-slope sediment transport to expose



tilted bedding. The closed depressions range from 10- to 100-m-scale inter-yardang scoured
corridors in bedrock (Figs. 8A-B), which may include overlying sand ripples (Fig. 8C) and dunes
(Fig. 8D), to >10-km-scale deflation depressions (Figs. 5 and 9). An outstanding example of the
efficacy of wind erosion is the presence of topographically-inverted anticlines in the southern
part of the Qaidam fold belt (Fig. 9). Here, sedimentary bedding defines an en-échelon array of
three doubly-plunging NW-SE-trending anticlines. The crests of the anticlines are not
characterized by topographic highs, like in most other parts of the Qaidam fold belt, but instead
topographic troughs that are ~100 m deep and floored by yardangs. Wind processes have
undeniably not only beveled off but have also scoured down into the crests of the anticlines,
presumably because younger strata along the anticline limbs are more resistant to wind erosion

than the underlying older strata (Fig. 9).
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Figure 9. Shaded relief map (www.geomapapp.org) showing anticlines in the southern Qaidam
Basin fold belt that exhibit topographic troughs along their crests and which are floored mostly
by wind-eroded bedrock. The only viable transport mechanism to remove sediment from the
troughs is wind. Spatially variable magnitudes of wind erosion are attributable to relative
erodibility of the folded sedimentary beds. Also note the multitude of closed topographic
depressions and their large range of scales.

Multiple mechanisms contribute to eroding bedrock into sediment in arid regions,
including mass wasting, salt weathering, rainsplash and fluvial erosion during rainstorm events
(the largest yardangs and bedrock ridges in relatively older and more indurated strata are locally
gullied/rilled), expansion-contraction related to changes in temperature and moisture, and

chemical weathering, in addition to deflation and abrasion by wind-blown sand (Goudie, 2008;



Laity, 2011). However, wind is the only process that could have ultimately removed sediment
from the closed depressions within the exhumed western Qaidam fold belt.

Wind erosion rates over the past ~10-20 ka were estimated for 11 samples collected from
Qaidam fold belt sedimentary rocks by measuring the concentrations of cosmogenic-produced
beryllium in quartz (Fig. 4) (Rohrmann et al., 2013). Ten of the calculated rates range from 0.06
to 0.17 mm/yr with an average and standard deviation of 0.12 £+ 0.03 mm/yr, excluding one
outlier with a rate of 0.4 mm/yr. These rates should be considered minima for two reasons. First,
the samples were collected from older (Miocene — Pliocene) strata near the crests of anticlines to
avoid complications of beryllium inheritance in younger strata. These Miocene — Pliocene strata
are more indurated and thus less susceptible to wind erosion than spatially more widespread
Pleistocene strata in the fold belt. Second, the samples are from or near the tops of yardangs or
strike-parallel bedrock ridges (Rohrmann et al., 2013). Higher erosion rates would be expected in
inter-yardang troughs where abrasion by wind-blown sediment is maximized (at heights <~1 m
from the surface) (Pelletier et al., 2018). A sample of Paleozoic granite collected along the
northernmost margin of the basin yielded an erosion rate of 0.003 mm/yr, demonstrating that
friable sedimentary rocks are approximately two orders of magnitude more erodible by wind

than crystalline bedrock (Rohrmann et al., 2013).
2.2. Geomorphically-effective wind regime

We have continued to expand on initial geomorphologic and geologic mapping of the
Qaidam fold belt (Kapp et al., 2011) as high-resolution satellite imagery has become increasingly
available. Our goals were to illuminate the geomorphically-effective surface wind pattern across
the Qaidam fold belt, the extent to which surface winds are deflected around topographically-
higher anticline crests, and potential relationships between local wind directions and anticline
axial trace orientations. Initial mapping focused on the orientations of the most geomorphically-
prominent yardang trends. Tens of thousands of yardang trends were mapped in Google Earth
and then transferred to the shaded relief map (Fig. 10) where red lines were drawn to depict
visually averaged orientations. This is a qualitative exercise as yardang orientations are in many

places curvilinear and/or vary over distances of <100 m (Fig. 11).



Figure 10. Shaded relief map (www.geomapapp.org) showing axial traces of anticlines (blue

lines) and geomorphically-effective wind directions (red lines) based on the average orientations
of the most prominent yardangs in the modern landscape. Yardangs are absent or scarce in the
regions where no red lines are depicted, primarily within modern playa depressions. The
mapping reveals three topographic gaps in the Altyn Mountains where strong surface winds
appear to enter the northeastern (NE), central (C), and southwestern (SW) parts of the
northwestern Qaidam Basin.

The mapping supports the presence of three distinct near-surface wind regimes,
apparently controlled by where winds enter the northwestern Qaidam Basin through topographic
gaps in the Altyn Mountains (Halimov and Fezer, 1989; Kapp et al., 2011; Rohrmann et al.,
2013): dominantly northwesterly winds in the northeast (NE); more northerly winds in the
central (C) northwestern margin of the basin that diverge southward; and northwesterly winds in
the southwest (SW) (Fig. 10). In the central and eastern Qaidam Basin, geomorphically-effective
wind directions generally parallel the long axis of the basin (Fig. 2). Wind patterns show
moderate deflections around and between the topographically higher relief anticlines,
demonstrating that topography influences local wind patterns. We address the local differences
in wind direction and anticline axial trace orientation, and their potential significance, in a

subsequent section.



The wind pattern determined from the most prominent yardang trends (Fig. 10) is
consistent with the modern surface wind regime as indicated by measurements at sparse
meteorological stations (Hu et al., 2017) and orientations of modern sand dunes, sand ripples,
and wind streaks (Kapp et al., 2011 and this study). However, the strength of modern interglacial
(Holocene) winds and/or the frequency of strong windstorms, and magnitude of Holocene wind
erosion in the Qaidam, are likely much less than during past glacial periods (McGee et al., 2010;
Kapp et al., 2011; Wu et al., 2019). Windstorms occur in the Qaidam Basin today (Qiang et al.,
2010) but are less frequent and severe than in other parts of China such as in the Gobi and
Taklamakan deserts (Sun et al., 2001). This observation has been used to suggest that the
Qaidam Basin was not a major source of Chinese Loess Plateau strata. Holocene loess deposits
have locally accumulated in the Qaidam Basin, but pre-Holocene loess is rare, further suggesting
(1) a weaker Holocene wind regime favorable for loess accumulation, and (2) that any pre-
Holocene loess was effectively eroded from the basin during more arid and stronger-wind-
regime glacial periods (Bowler et al., 1987). These findings for the Qaidam Basin are consistent
with the framework that the preservation of loess in the geological record is the exception rather

than the rule in most settings (Meijer and van der Meulen, 2023).
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Figure 11. GoogleEarth image showing spatial variations in yardang orientations. Our mapping
in Figure 10 attempted to capture the average trends of the most prominent yardangs, which are
better defined upon zooming out in Google Earth. White-filled circle indicates location of
latitude and longitude: 38.27922 °N; 93.41159 °E.

2.3. Qaidam megalake during the Last Interglacial Period?



Critical for understanding the history of Qaidam Basin wind erosion is knowledge of
when it was most recently wetter and undergoing widespread sediment accumulation. Chen and
Bowler (1986) argued for a former Qaidam megalake based on remnants of shorelines and
marginal lake deposits at an elevation of ~2800 m (Fig. 12). This lake highstand was initially
thought to be at ~40 ka (Chen and Bowler, 1986), but subsequent dating of sedimentary records
suggest that it occurred during Marine Isotope Stage 5 (MIS 5; ~130 — 80 ka). For example, the
“Shell Bar” deposit in the eastern Qaidam Basin, appreciated for its fresh-water clam shells, was
revised from <40 ka (Bowler et al., 1986; Zhang et al., 2008) to ~115 — 100 ka (Lai et al., 2014).
Playa salt crust in synclinal parts of the northwestern Qaidam fold belt is dated to ~100 ka (Han
et al., 2014b), whereas fluvial strata in the southwestern-most Qaidam fold belt were deposited at
~105 ka (Wu et al., 2019). Relatively high lake levels may have persisted, at least in the eastern
Qaidam Basin, until ~80 ka (Fan et al., 2012). The MIS 5 timing is also in accord with better
established dates of lake highstands across the Tibetan Plateau (Yu et al., 2019).
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Figure 12. Digital elevation model showing the approximate extent of a megalake in the Qaidam
Basin with a lake surface elevation at 2800 m. Available data suggest that this highstand may
have occurred during Marine Isotope Stage 5 (~130 — 80 ka)

It seems extraordinary that a lake as large as the third largest lake on Earth today (Lake
Huron, one of the North American Great Lakes) occupied the Qaidam Basin during MIS 5,
especially given the hyperaridity in today’s Holocene interglacial climate. This motivated us to
map lake shorelines and remnant lake and marginal lake alluvial-fluvial strata in Google Earth
satellite imagery. The shorelines and strata are widely scattered and only locally preserved as

isolated remnants that have fortuitously not been sculpted into yardangs or entirely blown away



(Fig. 13). The difference between the highest elevation shorelines and sedimentary strata (blue
circles; Fig. 13) and modern base level of adjacent sub-basins (white circles; Fig. 13) range from
~85 m to ~140 m and provide approximate water paleodepths during this lake highstand (Fig.
13). While we confirm that a lake of large spatial extent occupied the Qaidam Basin, likely
during MIS 5, the paleolake depth estimates should probably be considered maxima. This is
because the lowest-elevation depressions may have undergone base-level drop by wind scour
since the highstand whereas the basin margins and anticline crests likely experienced surface
uplift due to rock deformation. Some marginal lake deposits are preserved at elevations up to
~2900 m (Fig. 13). These strata could potentially be remnant from older interglacial periods
(~200-400 ka) for which some Qaidam Basin strata has been dated (Mischke et al., 2010; Ding et

al., 2021) and are at higher elevations because of tectonic surface uplift since their deposition.
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Figure 13. Modern elevations of local base level (white circles) and remnants of shorelines and
sub-horizontal lake and lake-marginal alluvial-fluvial deposits sitting above angular
unconformities (blue circles). The yellow numbers are the approximate difference between the
two, providing estimates for paleolake depths.

Remnant lake and lake-marginal alluvial-fluvial deposits provide an opportunity to
quantify wind erosion rates since their deposition. For example, ~105 ka fluvial strata along the
northwestern margin of the Qaidam fold belt are locally preserved at elevations ~26 m higher
than adjacent wind-scoured valleys in Miocene bedrock, yielding a time-averaged erosion rate of
~0.25 mm/yr (Wu et al., 2019). There are many other areas in the Qaidam Basin where this

approach could be employed (near the blue circles indicated in Fig. 13, among other places). Our

preliminary analysis suggests that remnant lake and marginal lake strata generally sit at



elevations of 20-40 m higher than intervening wind-eroded topographic depressions. Under the
major assumption that these strata are ~100 ka, erosion rates of 0.2 — 0.4 mm/yr are implicated,
in line with the estimate of Wu et al. (2019). Additional geochronology and 3-D topographic
analysis of these remnant, non-eroded sedimentary rocks in the Qaidam fold belt have potential
to provide estimates of the volume of strata that has been wind eroded since their deposition.
While we maintain that the presence of a megalake in the Qaidam Basin during MIS 5 is
plausible, additional robust geochronology on upper Pleistocene strata is warranted to confirm
this as well as to provide more confident estimates of wind erosion rates. Additionally, future
research is warranted to address how large and deep late Pleistocene lakes might have developed
within the Qaidam Basin when strongly evaporative saline lakes and playas generally prevailed

as in the modern climate (Cai et al., 2012; Han et al., 2014a).
2.4. Glacial-interglacial cyclicity and paleoyardangs

If all wind erosion of the Qaidam fold belt occurred since the beginning of the Last
Glacial Period, this would require unrealistically high erosion rates from above Qaidam anticline
crests. For example, removal of ~1 km of strata from the crests during the past ~100 ka would
suggest an erosion rate of ~10 mm/yr, higher than those in the highest-relief, tectonically active
mountain belts on Earth (Montgomery and Brandon, 2002). Conversely, if glacial wind erosion
was as significant as it was during the Last Glacial Period throughout the Pleistocene, this raises
the question of how parts of the exhumed Qaidam fold belt include thick (locally >1 km)
accumulations of Pleistocene strata (Fig. 7). To reconcile these issues, it was proposed that the
Qaidam Basin experienced alternating episodes of wind erosion and sediment accumulation in
phase with the alternating loess — paleosol stratigraphy of the Loess Plateau, with wind erosion
being dominant during past glacial periods (Kapp et al., 2011). Where there is net accumulation
of Pleistocene strata, the thickness of sediment accumulated during interglacial periods exceeded
the thickness of strata eroded during intervening glacial periods (Fig. 14). An implication of this
hypothesis is that estimates of the amount of sediment eroded from the top of the Qaidam fold
belt from geological cross-sections are underestimates as they do not account for strata that were
deposited and then subsequently eroded during interglacial — glacial cycles.

A prediction of alternating interglacial sediment accumulation and glacial wind erosion is

that there should be wind-eroded intraformational unconformities, including paleoyardangs,



within Qaidam Basin stratigraphy that has been exhumed to the surface by folding and erosion
(Fig. 14). Previous evidence of intraformational unconformities include the periodic presence of
salt crusts, deflation lag and windstorm deposits, and paleopans within otherwise dominantly
lacustrine Pliocene — Pleistocene strata (Kapp et al., 2011; Heermance et al., 2013). Recent
feldspar luminescence studies have confirmed the presence of glacial period depositional
hiatuses of up to ~100 ka, interpreted to be wind-eroded unconformities, within lacustrine-playa
strata within the eastern Qaidam Basin (Ding et al., 2024). Buttress unconformities in ~2.4 Ma
Qaidam fold belt strata have been interpreted as paleoyardangs, although the long-axis
orientations of the buried ridges are different from those of the yardangs in the modern landscape
(Heermance et al., 2013). We provide less ambiguous examples of paleoyardangs later in this
section that also have long-axis orientations that are significantly different than those of yardangs

that dominate the modern landscape.
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Figure 14. Cross-sectional cartoon illustrating how strata can accumulate despite periods of
significant wind erosion. The thickness of sediment accumulated during interglacial periods
exceeded the thickness of sediment eroded during glacial periods. This history predicts that
Qaidam fold belt strata should exhibit evidence of intraformational wind-eroded unconformities,
including paleoyardangs.

Inspection of the modern Qaidam fold belt provides insight into how yardangs might be
preserved in the stratigraphic record. Partially submerged yardangs are common in Qaidam
Basin saline lakes (Fig. 15A) (Zhao and Huang, 2021) where presumably Holocene lake
sediment is buttressing up against the bases of the yardangs. If lake-level rise and lacustrine

sedimentation were to continue, the yardang ridges would get buried and be bound by buttress



unconformities (Heermance et al., 2013). We documented an example along the southwestern
crest of the Lenghu 6 anticline (Fig. 5) where remnants of undated but much younger (given their
shallower bedding dip) lacustrine strata have buttressed against more steeply dipping and wind-
eroded Miocene strata (Fig. 15B). The preservation potential of the younger lacustrine strata is
low given their susceptibility to future wind erosion. It is likely that many modern yardangs have
been at least partially buried one or more times and subsequently re-exhumed, and thus sensu-
stricto are paleoyardangs.

Yardangs could be partially buried or completely buried, resulting in horizontal lacustrine
flooding sequences above fields of paleoyardangs. In fact, this is predicted if there is to be net
accumulation of Pleistocene strata: generally thick and continuous lacustrine sequences during
interglacials, followed by lake desiccation (resulting in sedimentary structures like mud cracks
and evaporative lacustrine facies), and then wind erosion during glacial periods, scouring the
underlying lacustrine and marginal lacustrine strata. If yardangs are formed, those more proximal
to subsequent interglacial lakes would get flooded and preserved beneath more thick and
continuous lacustrine sequences. Potentially good examples of this are exposed on the
southwestern flank of the northwesternmost Hulu anticline (Fig. 5) and adjacent to a synclinal
playa, which we would expect to fill with a lake during interglacial periods and flood yardangs
sculpted during prior glacial periods. In the example Google Earth image (Fig. 15C), strata that
have been sculpted into ~northwest-trending yardangs are dipping very gently to the southwest.
We interpret a paleoyardang field (#1) in the northeast of the image (Fig. 15C). The
southwesternmost yardangs show overlying strata buttressing onto them (white dotted line on Fig.
15C), and stratigraphically above this are laterally continuous layers of lacustrine strata. Then
there is a younger interpreted paleoyardang field to the southwest (#2) (Fig. 15C). Again, there is
evidence of overlying lacustrine strata buttressing against the yardang ridges (white dotted lines)
and then the yardangs are completely buried by non-wind-eroded lacustrine strata (yellow dashed
line) (Fig. 15C). We emphasize potentially good examples because key relationships like the
buttress unconformities need to be confirmed in the field. One could argue that paleoyardang
field #1 terminates on its southwestern margin because the sedimentary facies of the overlying
strata may not be favorable to being sculpted into yardangs and/or that paleoyardang field #2

terminates to the southwest because wind scouring has not yet progressed through the overlying



non-eroded lake strata (Fig. 15C). Regardless of the ambiguity and need for field documentation,
we hope our lines of reasoning help guide future investigations.

buttress
younger strata

above buttress
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Figure 15. (A) Partially-submerged yardangs in a western Qaidam Basin saline lake. (B) Photo
taken near the crest of Lenghu 6 anticline (Fig. 6) of a buttress unconformity between
moderately-dipping and reddish-colored Miocene strata below and more shallow-dipping and
lighter-colored lacustrine strata above. The age of the younger lacustrine strata is unknown, but
their presence demonstrates that the yardang landform in the background was at least partially
buried in the past. (C) Google Earth image of potential paleoyardang fields bounded by
unconformities (white dotted lines). The yellow dashed line is interpreted to be a surface above

which paleoyardang fields were buried beneath by younger sediment to the southwest. Zoomed-



in images of the interpreted buttress unconformities are shown to the right and below. (D)
Google Earth image of exhumed paleoyardangs that were likely partially buried in a lake setting
similar to that shown in Fig. 15A. White circles indicate longitude and latitude localities.

A more convincing, and in our view unambiguous example of exhumed paleoyardang
fields in the Qaidam fold belt is where sedimentary bedding is not regionally continuous (Fig.
15D). Instead, the bedding shows elongate elliptical patterns where strata have filled inter-
paleoyardang troughs (and bound paleoyardang ridges). These types of paleoyardang fields
would be expected to develop when the amount of alternating sediment accumulation and wind
erosion are nearly equal in a region, with slight net sediment accumulation required for
preservation. A modern analog setting for this paleoyardang field is where yardangs are partially
submerged in lakes (Fig. 15A).

We identified another class of paleoyardangs in the Qaidam fold belt. They are distinct
and readily identifiable in imagery because their orientations differ from those of the yardangs
that dominate the modern landscape and henceforth referred to as oddly-oriented paleoyardangs.
A good example of oddly-oriented paleoyardangs is found along the eastern flank of the Heiliang
anticline (Fig. 5) where strata dip very gently to the northeast (Fig. 16A). Oddly-oriented
paleoyardangs are oriented northeast-southwest in the southwestern part of the image (Fig. 16A).
They are overlain by strata to the northeast that are sculpted into NW-SE-trending yardangs,
similar in orientation to those that dominate the modern landscape in this region.

The oddly-oriented paleoyardangs share similar characteristics in all places where they
were identified. They exhibit long aspect ratios (>10:1), narrow spacing (<40 m and typically 5 —
15 m), and low amplitudes (below digital elevation model resolution). The oddly-oriented
paleoyardangs are confined to stratigraphic intervals that are generally light-colored (Fig. 16)
and inferred to consist of erosionally-resistant salt playa facies. The relative strength of the
oddly-oriented paleoyardangs explains why they have not been completely overprinted by the
more geomorphically-dominant wind regime, although there are many examples of partial
overprinting (Fig. 16B). Confinement of the paleoyardangs to individual stratigraphic intervals
suggests that they formed shortly after deposition when they were more friable. A modern setting
analog of these paleoyardangs may be near the central topographic gap in the Altyn Mountains
(Fig. 10) where north-northwesterly winds have sculpted long-aspect-ratio yardangs into ~100 ka
salt playa strata (Fig. 16C) (Han et al., 2014b).



Paleoyardangs were identified in strata as old as late Pliocene in age in the core of the
Heiliang anticline (Fig. 5) and which are offset by faults with hundreds of meters of stratigraphic
separation, consistent with their antiquity (Fig. 16D). The crest of the Heiliang anticline has been
topographically inverted by wind scour, with lower elevations along its crest than along its limbs.
Remnants of non-wind-eroded lake shoreline deposits are present along its northeastern limb at
an elevation of ~2790 m (Fig. 16D; corresponding to the Qaidam megalake highstand). We infer
that lacustrine strata were deposited unconformably on top of the Pliocene strata during a late
Pleistocene interglacial period and subsequently wind eroded, such that the remnants of the
upper Pleistocene strata are sculpted into normally-oriented northwest-southeast trending
yardangs along the crest of the Heiliang anticline (Fig. 16D).

During our initial mapping of the oddly-oriented paleoyardangs, we hypothesized that
they would be restricted to upper Pliocene to lower Pleistocene strata such that a change in the
wind regime could be attributed to tectonically-driven changes in topography. After extensive
remote mapping, however, we identified oddly-oriented paleoyardangs throughout the late
Pliocene to late Pleistocene stratigraphy, including within lacustrine strata remnant from a recent
interglacial period (Fig. 16E; MIS5?).

The orientations of the oddly-oriented paleoyardangs vary locally, but generally by less
than ~20° in azimuth and in a nonsystematic manner (Fig. 16D). Overall, the orientations of the
oddly-oriented paleoyardangs are sufficiently similar throughout time in the stratigraphic record
and space across the basin to make a map of visually-averaged orientations (Fig. 17, solid yellow
and green lines). Regional extrapolation of these, in turn, yields a reasonable near-surface wind
regime during which more westerly winds entered through the southwestern topographic gap in
the Altyn Mountains, and more easterly winds entered through the central topographic gap (Fig.
17; dashed yellow and green lines). It remains to be determined when during the glacial-

interglacial cycles this wind regime may have dominated.



Figure 16. Google Earth images of paleoyardangs (indicated by the yellow lines and labeled as

odd) that are oriented differently than the long-axis trends of the more prominent yardang fields
(indicated by the red lines and labeled as normal) in the western Qaidam Basin. (A) Pleistocene
strata along the northeastern limb of the Heiliang anticline (Fig. 5). (B) Typical expression of
oddly-oriented paleoyardangs exposed between the southern tip of the Ebo 3 anticline and the
northern tip of the Yahu anticline (Fig. 5). (C) Modern setting analog for the formation of the
oddly-oriented paleoyardangs where long-axis and closely-spaced yardangs have developed
within ~100 ka playa salt crust (Han et al., 2014b) in the northwestern-most Qaidam Basin. (D)

Faulted paleoyardangs in upper Pliocene strata along the topographically inverted crest of the



Heiliang anticline. In the northeastern-most part of the image are flat-laying and non-wind-
eroded strata at relatively higher elevations (~2790 m) and which exhibit shorelines. These
strata remnants may have been deposited during the MIS 5(?) megalake highstand and likely
buried the crest of the Heiliang anticline but have since been blown away. (E) Oddly-oriented
paleoyardangs within flat-lying strata. The orientations of the wind streaks (white lines) are

reliable indicators for the modern geomorphically-effective wind direction.
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Figure 17. Solid yellow and green lines indicate visually-averaged orientations of oddly-
oriented paleoyardangs where they are readily identifiable and mapped in imagery (at thousands
of individual localities where solid lines are indicated). Dashed yellow and green lines are the
interpreted surface wind regimes in which the oddly-oriented paleoyardangs formed. The
paleoyardangs (of similar orientation in a given region) are present in upper Pliocene to upper
Pleistocene strata, demonstrating that these “odd” wind regimes were intermittently active
during the past few million years, although precisely when remains to be determined. They do
not match the modern wind regime and unlikely represent glacial maxima wind regimes when
the larger and more prominent yardang fields likely formed. SW, southwestern, C, central; and

NE, northeastern topographic gaps.
2.5. Pliocene — Quaternary history of aridification, fold growth, and wind erosion

The Qaidam fold belt offers a unique laboratory for investigating potential linkages
among rock deformation, surface processes, and climate. Here we review the Pliocene —

Quaternary history of climate change and fold belt development in the Qaidam Basin and discuss



its implications for the history of wind erosion and its potential positive feedback with rock

deformation.

The Neogene stratigraphy of the Qaidam Basin holds clues to its surficial evolution from
a relatively warm and wet environment during the early Miocene to an arid setting by the late
Pliocene (Dettman et al., 2003; Miao et al., 2011; Heermance et al., 2013; Zhuang et al., 2014).
The western Qaidam Basin was arid by ~3.9 Ma (Su et al., 2024), but aridification began to
intensify at ~3 Ma as evidenced by an abrupt shift in lacustrine carbonate stable isotope values
(Heermance et al., 2013; Su et al., 2024), initiation of evaporite deposition (Wang et al., 2013),
the disappearance of fish fossils (Wang et al., 2007), an estimated order of magnitude decline in
precipitation based on palynology and carbonate-silicate geochemistry (Schwarz et al., 2022),
and the presence of paleoyardangs in upper Pliocene strata (this study). Aridification generally
intensified throughout the Pleistocene (Rieser et al., 2009; Heermance et al., 2013; Yang et al.,
2020b) with a punctuated phase of less arid conditions between ~1.9 and 1.2 Ma (Cai et al., 2012;
Herb et al., 2015) and accelerated aridification since ~0.6 Ma (Cai et al., 2012; Han et al., 2014a).
Superimposed on this long-term Pliocene — Pleistocene drying trend are the wetter and drier
interglacial and glacial periods, respectively (Heermance et al., 2013; Yang et al., 2017). The
climate evolution of the Qaidam Basin thus broadly mimics that archived in stratigraphic records
of the Chinese Loess Plateau (An, 2000; Porter, 2007) and globally (Lisiecki and Raymo, 2005;
Westerhold et al., 2020).

Seismic-reflection profiling of the petroliferous Qaidam Basin has significantly
illuminated its Cenozoic deformation history. Shortening initiated locally in the Qaidam fold belt
during the early Cenozoic (Yin et al., 2008; Cheng et al., 2019; Cheng et al., 2021) and became
more widespread at ~15 Ma (Mao et al., 2016; Liu et al., 2019; Huang et al., 2021; Luo et al.,
2022). However, the rate and spatial distribution of shortening increased markedly during late
Pliocene — Quaternary time (Zhou et al., 2006; Wei et al., 2016; Bao et al., 2017; Jiang et al.,
2022). Deposition of growth strata associated with the Lenghu 6 anticline began at ~3 Ma
(Heermance et al., 2013). The crests of the Dafengshan and Jianshan anticlines (Fig. 5) were
uplifted above lake level, as determined by offlapping growth strata, beginning at ~3 Ma and
~1.6 Ma, respectively (Lu et al., 2015; Zhang et al., 2020d). As the Qaidam fold belt grew during

Miocene — Quaternary time, the larger depocenters migrated to the southeast toward the central



part of the Qaidam Basin (Meng and Fang, 2008; Yin et al., 2008; Bao et al., 2017; Cheng et al.,
2021).

The continuity of lower Pliocene lacustrine strata across most of the Qaidam Basin
suggests that erosional exhumation of the fold belt occurred after ~3 Ma (Liu et al., 1998; Meng
and Fang, 2008; Yin et al., 2008; Kapp et al., 2011; Bao et al., 2017). Removal of hundreds of
meters of strata, and locally up to ~3 km above the largest-amplitude folds since ~3 Ma (Fig. 7)
suggests long-term erosion rates on the order of ~0.1 to 1 mm/yr, with erosion being inactive in
places of sediment accumulation during interglacial periods and maximum in places that were
subaerial during glacial wind erosion. The spatial distribution and magnitude of glacial wind
erosion throughout late Pliocene — Pleistocene time are unknown, but it seems reasonable to
speculate that they generally increased as aridification, lake desiccation, fold growth (uplifting
rocks above lake levels / groundwater tables), and the intensity of glacial climate intervals
amplified. This is consistent with the widespread preservation of lower Pleistocene strata in the
Qaidam fold belt compared to the modern setting where only localized remnants of Last
Interglacial Period strata were fortuitously shielded from wind erosion.

The concomitant ~3 Ma onset of aridification and marked increase in the rate and spatial
extent of shortening in the Qaidam fold belt is intriguing in the context of potential linkages
between tectonics and climate. Asian interior stepwise aridification has been attributed to phases
of rapid tectonically-driven orographic growth (Li and Fang, 1999; Qiang et al., 2001; Zhisheng
et al., 2001). While tectonically-driven surface uplift might explain changes in climate over a
million-year time scale, we deem it unlikely to cause the abrupt (within ~0.5 Ma; Heermance et
al., 2013; Su et al., 2024) and drastic climate shift that the Qaidam Basin experienced at ~3 Ma.
Rather, ~3 Ma marks the end of the global mid-Pliocene warm period (Haywood et al., 2016;
Schwarz et al., 2022), leading us and most other investigators in the present community to favor
a global climatic rather than a local tectonic driver for abrupt aridification.

An alternative hypothesis linking tectonics and climate concerns basin hydrology.
Aridification would have resulted in an abrupt removal of mass from the endorheic Qaidam
Basin by decreasing the amount of surface water, groundwater, and soil moisture. Seasonal
changes in water mass loading of the Himalayan foreland basin have been shown to modulate
rock deformation, with a higher frequency of seismicity and higher shortening rates during dry

winters compared to wet summers (Bollinger et al., 2007; Bettinelli et al., 2008). Whether



changes in hydrology can cause secular changes in deformation rates, however, has yet to be
demonstrated.

Kapp et al. (2011) speculated that the onset of wind erosion might have accelerated
shortening within the Qaidam fold belt by removing mass from above it. The spatial extent of
significant net wind erosion at ~3 Ma was likely limited, occurring only above the crests of the
largest-amplitude anticlines in the fold belt. If erosional unloading by wind did modulate rock
deformation, we would expect shortening rates to have generally increased from late Pliocene to
late Pleistocene time along with the magnitude and spatial extent of net wind erosion. This
prediction remains to be tested as shortening rate estimates are only available for binned time
intervals of insufficient temporal resolution (e.g., from 8 — 2.5 Ma and 2.5 — 0 Ma, with marked
increases in rate at ~2.5 Ma; Bao et al., 2017). Further detailed analysis of 3-D seismic-reflection
profiles, coupled with constraints from borehole data, have potential to test whether Qaidam fold
belt shortening may have accelerated from late Pliocene to late Pleistocene time.

At least locally above anticline crests, wind-erosion rates have been on the order of ~1
mm/yr, comparable to those in the Himalaya and other mountain belts (Montgomery and
Brandon, 2002) where it has been proposed that erosion has had a positive feedback with rock
deformation (Beaumont et al., 2001; Zeitler et al., 2001; Simpson, 2004; Montgomery and Stolar,
2006; Whipple, 2009). Spatially variable wind erosion of Qaidam anticlines might have
influenced fold geometry and kinematics (Kapp et al., 2011). Global Positioning System studies
show that the Qaidam fold belt is regionally accommodating shortening in the ~NE-SW direction
at a rate of ~5—7 mm/yr (Gan et al., 2007; Wang and Shen, 2020). However, the axial traces of
many anticlines trend more E-W than expected from this shortening direction and exhibit axial
traces that are sigmoidal in map view (Figs. 4-6). The majority of Qaidam anticlines also exhibit
steeper-dipping strata (and reverse fault scarps in places) along their windward, northeastern
limbs (Fig. 4, yellow dotted lines), indicating that they are asymmetric and propagating
approximately toward the northeast.

Many Qaidam anticlines have been argued to be associated with transpression, although
whether locally dominantly dextral (right-lateral) (Song and Wang, 1993; Huang et al., 2021;
Luo et al., 2022), sinisitral (left-lateral) (Liu et al., 2017; Liu et al., 2019), or variable through
time and space across the basin remains to the resolved. As the Qaidam fold belt is bound to the

northwest by the NE-striking left-lateral Altyn fault, areas of more regional and distributed shear



oriented more oblique to the trends of the anticlines is another possibility to consider when
assessing fold kinematics (Liu et al., 2019). Highly spatially-variable wind erosion across the

fold belt may have also influenced fold geometry and kinematics (Kapp et al., 2011).
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Figure 18. Cartoon illustrating how spatially-focused wind erosion may have influenced fold
geometry and kinematics. The top panel is in map view. Anticline axial traces are in blue and
dash-dot lines are topographic contour lines, increasing in elevation toward the crest of the fold.
Red shading indicates where erosion is focused, the deeper the red, the higher the rate of
erosion. (A) Growth of a NW-SE trending symmetrical anticline in response to regional NE-SW
tectonic stress prior to the onset of wind erosion. (B) Erosion begins in a northerly wind regime,
oblique to the anticline axis. Erosion is focused on the windward side of the anticline and where
topographic relief is the highest. (C) The central part of the anticline preferentially propagates
in the up-wind direction where the most mass is being removed by wind erosion, resulting in a
sigmoidal geometry. (D) Cross-section view illustrating why wind erosion may be enhanced
along the windward sides of anticlines and why this in turn may favor upwind fault-fold
propagation. Growth strata are also shown, which in the case of Qaidam basin anticlines are
mostly late Pliocene to Quaternary in age (Fig. 7).

We expand on the conceptual model of Kapp et al. (2011) for how at least some Qaidam
anticlines might have evolved during Pliocene — Quaternary time (Fig. 18). Anticlines that began
to grow prior to wind erosion along their crests (e.g, subaqueously) may have been more

symmetrical and oriented more NW-SE, perpendicular to active regional shortening direction



(Fig. 18A). Winds accelerate as they move up and over topography and through constrictions
(Jackson and Hunt, 1975; Laity, 1987). Focused unloading of mass by enhanced wind erosion
would thus be expected along the central parts of the windward limbs of the anticlines where fold
crest topographic heights reach their maxima (Fig. 18B, red shading). This focused erosional
unloading may have facilitated more northerly fault-propagation folding and counterclockwise
rotation (in map view) of axial traces along the central parts of the anticlines (Figs. 18C-D). This
hypothesis predicts that (1) wind-erosion rates on the central windward limbs are greater than
those along the leeward/southwestern limbs, (2) the anticline axial traces became progressively
more sigmoidal in map view throughout Pleistocene time, and (3) axial traces of anticlines
located in more northerly wind regimes are preferentially oriented more E-W. The first two
predictions remain untested but the third can be explored given the detailed mapping of the wind

regime, as proxied by the dominant yardang trends, along with the axial traces of the anticlines

(Fig. 10).
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Figure 19. Trends of yardangs and anticline axial traces as a function of longitude. Where the
trends of the yardang are more northerly (generally 335° to 15° between 92°F and 93°E), the
anticline axial traces trend more E-W (293 + 13°) than those to the east or west.

To conduct an objective and systematic analysis, we divided Figure 10 into five-minute
(5°) longitudinal slices. Where each 5’ longitude intersected an anticline fold axis across the
Qaidam fold belt, we measured the local trend of the axial trace and the trend of the most
proximal yardangs (blue axial traces and red lines on Fig. 10, respectively). The data (n = 102

pairs of measurements) reveal the three visually dominant wind regimes in the Qaidam fold belt



as well as systematic correlations with anticline fold axis trends (Fig. 19). West of 92°E, the
average anticline and yardang azimuth trends are indistinguishable, being 303 + 9° and 303 + 10°,
respectively. East of 93°E, average anticline trends (300 + 10°) are ~20° more westerly than the
yardang trends (320 + 8°). Between 92°E and 93°E, yardang trends are more northerly (generally
335° to 15°) and anticline trends are on average more E-W and scattered (293 + 13°) than those

to the east or west. The observation that fold axes are on average oriented more E-W in the more
northerly wind regime motivates further consideration of a linkage between wind erosion and

fold kinematics. If asymmetric fold growth is enhanced by wind erosion, we would expect its
impact to be more substantial east of 93°E where there is a wind — fold direction obliquity of ~20°

than to the west of 92°E where anticline axial traces and wind directions are subparallel.
2.6. Where did the wind-eroded sediment go?

A large volume of sediment has been blown out of the Qaidam Basin since ~3 Ma,
estimated to be on the order of approximately half that of the volume of the Loess Plateau (Kapp
et al., 2011). The extent to which dust lofted from the Qaidam Basin was transported by westerly
winds over the Loess Plateau and/or by northwesterly winds over the eastern Tibetan Plateau (as
seen in Fig. 3) and more southern parts of China where Quaternary loess is also present (Muhs,
2013) remains to be determined. Certainly, finer-grained Qaidam dust entrained by higher-level
westerly winds would have been transported into or across the Pacific Ocean. During times of
lake desiccation, Qaidam Basin sand could have saltated across the entire basin, up and over the
Ela Mountains in the form of climbing and falling dunes and sand sheets (Evans, 1962), and into
the Yellow River catchment and western Loess Plateau strata. We do not review here the
enormous body of research that has focused on provenance of Neogene — Quaternary Loess
Plateau strata beyond what we stated in the introduction. Rather, we turn our attention now to the

question of how the Loess Plateau developed as a regional physiographic feature.

3. Chinese Loess Plateau

The >230,000 km? Chinese Loess Plateau is bounded by the Tengger and Mu Us deserts
to the north and abuts the Luliang, Qinling, and Qilian mountains to the east, south, and west,
respectively (Fig. 2). Precipitation is dominated by the East Asian summer monsoon and
increases southeastward from ~200 mm/yr in the northwestern Mu Us Desert to >500 mm/yr

over the central Loess Plateau (Porter et al., 2001). The Loess Plateau is incised by the Yellow



River and its tributaries and exhibits an archetype fluvial dendritic drainage pattern because of
the homogeneous erodibility of loess. In more deeply incised valleys, the mostly Quaternary

loess is locally underlain by the Neogene Red Clay deposits of eolian origin (Ding et al., 1999;

Guo et al., 2002) and elsewhere sits unconformably above Mesozoic strata (Li, 2006).
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Figure 20. Shaded relief perspective image with vertical exaggeration (www.geomapapp.org)
showing the central Loess Plateau as viewed from the northwest. Note the prominent northern
escarpment of the Loess Plateau. It is composed of loess and separates the fluvially incised Loess
Plateau to the south from the dominantly endorheic Mu Us Desert to the north.

The Loess Plateau is most prominent as a physiographic feature in its central part
between the actively E-W shortening Liupan Mountains (Peizhen et al., 1991; Zheng et al., 2006)
in the west and the southern Luliang Mountains in the east which comprise the western shoulder
to the active NNE-trending Shanxi rift (Xu and Ma, 1992; Zhang et al., 1998; Clinkscales et al.,
2021) (Figs. 2 and 20). In this central part, the northern and southern margins of the Loess
Plateau are defined by prominent escarpments. The southern escarpment margin with kilometer-
scale relief is controlled by extensional down-dropping of the Weihe graben (Figs. 2, 20, and 21)
(Zhang et al., 1998). The crest of the northern escarpment margin locally stands at elevations
of >1900 m, hundreds of meters higher than the adjacent Mu Us Desert to the north. There is no
indication that this escarpment is controlled by Quaternary faulting (Zhang et al., 1998) and thus
interpreted to be erosional (Kapp et al., 2015). The significance of this escarpment is best
appreciated when approached from the perspective of the Mu Us Desert to the north (Fig. 20).
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Figure 21. N-S topographic profile across the Mu Us Desert and central Loess Plateau. Line of
profile is shown on Figure 2. Modified from Kapp et al. (2015). Topography shaded in yellow is
composed of Neogene — Quaternary Loess Plateau strata, dashed basal unconformity shown is

schematic and oversimplified as there may be substantial topographic relief on it (Xiong et al.,

2014; Zhu et al., 2018a).
3.1. Mu Us Desert and Loess Plateau windward escarpment margin

Geomorphically-effective surface wind directions in the Mu Us Desert are westerly to
northwesterly as indicated by eolian landforms and wind streaks (Fig. 2; Kapp et al., 2015) as
well as surface wind measurements during modern windstorm events (Liu et al., 2005; Mason et
al., 2008). Relatively friable Cretaceous sandstone floors most of the higher-elevation and -relief
northwestern Mu Us Desert and is locally sculpted into yardangs and larger (kilometers- to tens-
of-kilometers-long) wind-parallel bedrock ridges with relief of up to ~100 m (Fig. 22) (Kapp et
al., 2015). Like in the western Qaidam Basin, one- to ten-km-scale wind-scoured depressions are
ubiquitous (Fig. 22). Variably active and stabilized sand sheets and sand dunes and lesser
Quaternary loess and paleosols locally cover bedrock in the northwestern Mu Us Desert but
dominate in the lower-elevation and -relief landscape to the southeast (Lu et al., 2005; He et al.,
2010; Wen et al., 2019). Quaternary eolian strata within the interior of the Mu Us Desert are
mostly <25 ka, with only rare occurrences of older strata (oldest is ~150 ka) (He et al., 2010; Xu
et al., 2015). Given that the desert interior is characterized by internal drainage, if older Neogene
— Quaternary strata were deposited there, they have since been eroded and blown away.

The Mu Us Desert shows a subtle decrease in elevation as it approaches the northern
escarpment margin of the Loess Plateau (Fig. 21). The transition from wind-eroded bedrock to
eolian sand to loess (and from sandy to silty to clayey loess on the Loess Plateau) in the

downwind and increased precipitation gradient direction is intuitive and common in desert-



marginal areas globally. More thought-provoking is the question of why the northern escarpment
margin of the Loess Plateau, which is composed entirely of loess, rises hundreds of meters (up to
~400 m) like a “Great Wall of Dust” bounding the southern margin of the Mu Us Desert (Figs.
20-23). The metaphor with the Great Wall of China is additionally fitting because sections of it
were constructed along the escarpment, which provides excellent 360° vantages at high elevation
ideal for watchtowers.

Neogene Red Clay strata are locally exposed near the northern base of the escarpment (Li,
2006; our own observations). Hence, the magnitude of relief on the escarpment—up to ~400
m—provides an approximation for the thickness of loess strata along it. This suggests that the
escarpment is composed of some of the thickest loess strata of the Loess Plateau, comparable to,
if not thicker, than the thickest loess depocenters in the western and southwestern central Loess
Plateau (Xiong et al., 2014; Zhu et al., 2018a). For comparison, mean loess strata thickness
across the Loess Plateau is ~100 m, with thinner accumulations being present in the eastern and

southeastern parts of the Loess Plateau (Xiong et al., 2014; Zhu et al., 2018a).

Figure 22. Shaded relief map (www.geomapapp.org) of the Mu Us Desert and eastern and
north-central Loess Plateau. Wind-scoured troughs and wind-parallel bedrock ridges are
prevalent in the western Mu Us Desert. The northern margin of the central Loess Plateau is an

erosional escarpment composed of loess.



Figure 23. Field photos. (4) Looking to the southeast up the windward face of the northern
escarpment margin of the central Loess Plateau. Relief on the escarpment here is ~370 m. The
crest of the escarpment, along which there are wind turbines, is a drainage divide between the
endorheic Mu Us Desert to the northwest and the fluvially incised Loess Plateau to the southeast.
Location: 37.396°N; 106.969°E. (B) Wind-parallel linear ridge and valley in loess, looking
southward obliquely up the northern escarpment margin of the central Loess Plateau. Location:
37.129°N; 106.843°E. (C) Wind-parallel ridge of loess along the northwestern margin of the
central Loess Plateau. Location: 37.133°N; 106.610°E. (D) Dirt road parallels a linear loess
ridge near the drainage divide along the northwestern central Loess Plateau escarpment. Taken
during a windy and dusty day (March 12, 2013), with a piece of plastic in the person’s hand
blowing downwind to the southeast. Location: 37.103°N; 106.859°F.

3.2. Linear loess topography and wind erosion of the Loess Plateau

The presence of the windward escarpment of the central Loess Plateau (Figs. 20-22)
requires that the loess strata of which it is composed previously extended farther northward into
the Mu Us Desert and were subsequently eroded. There is ample evidence supporting downwind
retreat of the escarpment by wind erosion. On the windward face of the escarpment, loess has
been sculpted into wind-parallel ridges with lengths of ~7 km, a spacing of ~1 km, and relief of
up to ~100 m (Figs. 23A-C). These ridges may appropriately be called megayardangs, but we

refer to wind-parallel ridges (and intervening valleys) in loess as linear loess topography because



the mechanisms of its formation may differ from those of more classical yardangs in other types
of bedrock. Smaller-scale linear loess topography is also superimposed on the dendritic drainage
pattern in large parts of the central and eastern Loess Plateau (Kapp et al., 2015; Figs. 2 and 24).
It has been shown that linear loess topography forms parallel to the geomorphically-effective
wind direction and that wind erosion plays a significant role in its formation, although perhaps
dominated by deflation of silt rather than abrasion by wind-blown sand as in the case of classical
yardangs (Sweeney and Mason, 2013). While in the field during a windy and dusty spring day,
we noted that surface winds were parallel to the linear loess topography (Fig. 23D) and that the
dust was sourced locally from the Loess Plateau. Winds calmed and the sky cleared abruptly as
we drove northwestward across the loess escarpment margin approximately one hour after taking
the Figure 23D photo.

Orientations of linear loess topography vary systematically in space and suggest that
geomorphically-effective surface winds become more northerly adjacent to the Luliang
Mountains and over the central and western Loess Plateau (Fig. 2; Kapp et al., 2015). The
length-scale and prominence of the linear loess topography generally decrease in the downwind
direction before becoming absent; this may reflect a decrease in wind velocity downwind to the
south. Kapp et al. (2015) showed that the surface wind pattern reconstructed from the eolian
geomorphology of the Mu Us Desert and Loess Plateau is similar to near-surface wind vectors
during some historical spring dust storm events, and which also show a southward decrease in
wind velocity as speculated from the nature of the linear loess topography. Wind-speed reduction
and associated enhanced dust fallout occur where there are relatively spatially abrupt clockwise
(from more westerly to more northerly) changes in wind direction (Nugteren and Vandenberghe,
2004) (Fig. 2).

The highest elevation, western part of the northern loess escarpment is a drainage divide
separating the fluvially incised and exorheic Loess Plateau to the south from the endorheic Mu
Us Desert to the north (Figs. 24 and 25). The presence of wind gaps along the divide (Fig. 25)
suggests that the upper reaches of formerly southward-flowing rivers were beheaded and
reversed flow direction as the escarpment retreated in the windward direction (Kapp et al., 2015).
The eastern part of the northern escarpment has been breached by headward fluvial incision

within the upper reaches of the northward flowing Salawusu tributary of the Yellow River, such



that the modern drainage divide and wind gaps along it are offset to the south from the

escarpment (Fig. 25).

Figure 24. Google Earth image of the westernmost part of the prominent escarpment margin of
the northern central Loess Plateau. The crest of this portion of the escarpment is a drainage
divide (dotted white line) between the endorheic Mu Us Desert to the northwest and the fluvially-
incised Loess Plateau to the southeast. Light blue lines with arrow tips highlight a selection of

drainages and their down-slope directions.

central Loess Pl

Figure 25. Shaded relief map (www.geomapapp.org) of the northern escarpment margin of the
central Loess Plateau. Blue dots are a selection of wind gaps mapped in Google Earth imagery.
The western part of the escarpment forms a drainage divide between the Mu Us Desert and
fluvially incised Loess Plateau. Here, the escarpment is retreating in the windward direction

faster than the rivers are incising northward into it. To the east, wind gaps are offset to the south



of the escarpment margin because of southward headward incision of the Salawusu tributary of
the Yellow River. Light blue lines with arrow tips highlight a selection of drainages and their

down-slope directions.
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Figure 26. (A) Percentage of sand in Last Glacial Maximum and MIS 4 glacial loess as a
function of distance south of the northern escarpment margin of the central Loess Plateau. (B)
Percentage of sand in the Jingbian section (Fig. 25) as a function of age. The up-section
increase in sand content suggests that the Mu Us Desert expanded southwards by hundreds of
kilometers during the Quaternary, using the empirical results shown in (A). The colored lines
show loess sand content for various time intervals (in B) and their implications for the history
and magnitude of escarpment retreat (in A). Data are from Ding et al. (2005).

The presence of wind gaps along the western part of the northern loess escarpment
margin demonstrates that it is a dynamic physiographic feature that is retreating in the windward
direction, as previously inferred (Nugteren and Vandenberghe, 2004) and implied (Ding et al.,
2005) based on grain-size studies. The percentage of sand in Last Glacial Maximum and MIS 4
(~70 ka) glacial loess decreases systematically southward downwind from >80% near the Mu Us
margin to nearly zero over a lateral distance of ~350 km (Ding et al., 2005) (Fig. 26A). Grain
size analysis of the ~280-m-thick Jingbian Pliocene Red Clay strata and overlying loess-paleosol
section along the northern escarpment (Fig. 25) reveals up-section increases in sand percentage
in glacial loess: 0-10% prior to 2.6 Ma, up to ~20% between 2.6 and 1.2 Ma, ~40-45% between
1.2 and 0.6 Ma, and >50% since 0.6 Ma (Fig. 26B) (Ding et al., 2005). Using the Last Glacial



Period loess grain-size spatial correlation as a proxy suggests that a sandy desert source was
located >200 km upwind of the Jingbian section during the Pliocene and expanded toward the
section throughout the Quaternary. These grain size data provide additional evidence that loess
strata previously extended farther north of the Loess Plateau windward escarpment and were
eroded as the Mu Us Desert expanded.

Factors beyond spatial distance may control the percentage of sand in loess, such as
vegetation cover and the strength, duration, and frequency of windstorms. There may have been
less effective down-wind transport of sand-sized particles during lower-amplitude glacial periods
and generally warmer climates of the early Pleistocene compared to the late Pleistocene (Herbert,
2023), and thus using grain size records of Last Glacial Period loess for calibration likely
provides an overestimate in the magnitude of net Mu Us desert migration. However, Last
Interglacial Period paleosols also show a systematic southward decrease in sand content, albeit of
lower gradient (Ding et al., 2005); using these for calibration would decrease the distance of

desert migration but not by more than a factor of two.
3.3. Erosion and Growth of the Loess Plateau

We expand on the hypothesis of Kapp et al. (2015) for how the Loess Plateau evolved.
Neogene Red Clay strata and lower Pleistocene loess-paleosol sequences extended farther to the
north and west of the modern Loess Plateau, perhaps covering most of the region that now
comprises the Mu Us Desert (Figs. 21 and 27A). As aridity and glacial periods intensified during
the Pleistocene, Asian deserts expanded and regions of former eolian deposition transitioned into
regions dominated by wind erosion (Ding et al., 2005). Wind erosion scoured closed depressions
and sculpted wind-parallel bedrock ridges in the Mu Us Desert (Fig. 27B). The Loess Plateau
windward escarpment margin retreated as it was sandblasted while loess continued to accumulate
downwind and further build the Loess Plateau. At any given time, loess transitioned downwind
from proximal sandy loess to silty loess to clay-dominated loess. Mu Us Desert expansion and
escarpment retreat thus explains the vertical up-section stacking from clayey to silty and then
sandy loess in Pliocene — Quaternary strata along the windward margin of the Loess Plateau
(Ding et al., 2005). Where the escarpment defines the boundary between internal drainage and
fluvial incision, the rate of windward escarpment retreat has been greater than the rate of

northward headward river incision (Fig. 27C). A profound implication is that eolian processes



are locally more effective than fluvial processes at eroding loess. Approximately 200 km of
escarpment retreat since ~3 Ma suggested from grain-size analysis yields a retreat rate of ~7
cm/yr, which is roughly two orders of magnitude faster than that of escarpments composed of

more indurated sedimentary bedrock (Duszynski et al., 2019).
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Figure 27. Cross-sectional cartoon illustrating a million-year-scale history for how the Loess
Plateau and its windward escarpment margin developed during the Neogene — Quaternary. (A)
During the early Pleistocene, loess accumulated in the area that is presently occupied by the Mu
Us Desert to the north and west of the modern Loess Plateau. (B) Pleistocene aridification and
desert expansion transitioned the modern Mu Us Desert region from one of loess accumulation
to net wind erosion. Wind erosion scoured closed depressions in the Mu Us Desert and led to
downwind retreat of the Loess Plateau escarpment margin. (C) Continued Mu Us Desert
expansion, downwind retreat of the Loess Plateau escarpment margin, and loess deposition
downwind to further build the height of the Loess Plateau. While the cartoon underscores the
importance of erosion and reworking of loess by wind in building the Loess Plateau, it is not
intended to preclude contributions of silt and sand to the Loess Plateau from other source
regions not shown (e.g., more inland sand deserts, Hexi Corridor alluvial-fluvial strata, Qaidam
Basin, etc.,; Fig. 2).

The process of Loess Plateau development at the million-year timescale is analogous to

using a leaf blower to generate an expanding region of bedrock erosion (the Mu Us Desert), a



windward-retreating escarpment made of leaves/dust, and a growing pile of leaves/dust
downwind (Fig. 28). The history was more complex at shorter timescales as the Mu Us Desert —
Loess Plateau marginal region transitioned between erosion and sediment accumulation in
response to glacial-interglacial and millennial-scale climate fluctuations. A prediction of this
hypothesis is that the windward margin of the Loess Plateau experienced erosion during peak
glacial periods. This has been confirmed in the Jingbian section along the windward escarpment
(Fig. 25) where there are ~60 kyr hiatuses corresponding to the last two glacial periods; instead,
loess accumulation occurred primarily during stadials within interglacial periods (Stevens et al.,
2018). This implicates the windward parts of the Loess Plateau as major contributors to
atmospheric dust loading during glacial periods (Kapp et al., 2015; Licht et al., 2016; Stevens et
al., 2018). Wind erosion of the Loess Plateau may have been nontrivial in places where linear
loess topography is present (Fig. 2). Downwind of the linear loess topography, glacial period
loess accumulation was continuous as demonstrated by high-sample-density luminescence dating

of southern Loess Plateau strata (Zhang et al., 2022c).
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Figure 28. A leaf-blower analogy shows how wind can simultaneously erode and grow a plateau
of leaves/dust.

The development of the Loess Plateau hinges on the history and relative roles of wind
erosion, fluvial erosion, and sediment accumulation at any given geographic locality. The
common perception that Loess Plateau strata were deposited and then fluvially incised as the
Loess Plateau was tectonically uplifted is misleading in two aspects. First, fluvial incision of the
Loess Plateau is more likely enhanced by a decrease in base level elevation associated with

down-dropping of the Weihe graben in the south (Figs. 2 and 21), rather than tectonically-driven



uplift of the Loess Plateau itself. The surface elevation of the Loess Plateau did likely increase
by up to several hundreds of meters, but because of sediment accumulation rather than tectonics.
Second, reconstructions of the Mesozoic bedrock topography beneath the Loess Plateau show
that it was characterized by a southward decrease in elevation and hundreds-of-meters- to
kilometer-scale topographic relief prior to the Quaternary (Xiong et al., 2014; Zhu et al., 2018a).
This indicates that fluvial drainage was established in the Loess Plateau region prior to the onset
of loess deposition. Supporting the antiquity of the Loess Plateau fluvial drainage network is
documentation of buried paleogullies (Fig. 29) dating back to at least 600 ka (Porter and An,
2005; Huang et al., 2012); it 1s logical to speculate given the paleobedrock topography that early

Pleistocene paleogullies are also present but have yet to be documented or dated.
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Figure 29. Cross-sectional cartoon illustrating the stratigraphy and topography of the Loess
Plateau. Eolian sediment accumulation during glacial periods exceeded the amount of sediment
eroded by rivers during interglacial periods such that there is net growth and rise of the Loess
Plateau. Illustration of interglacial paleogullies is adapted after Porter and An (2005). The
larger rivers entrenched in Mesozoic bedrock might have been established prior to Loess
Plateau development.

Away from the most deeply incised, Mesozoic bedrock-floored valleys, there was net
Pleistocene sediment accumulation in most places because former paleovalleys, incised mostly
during interglacial periods, were completely buried by loess during subsequent glacial periods
(Fig. 29; Porter and An, 2005). River incision rates in highly erodible loess are likely orders of
magnitude faster than in the Mesozoic bedrock upon which the Loess Plateau strata were
deposited. Fluvial erosion rates in highly erodible loess (Fu, 1989; Bryan, 2000) are likely orders
of magnitude faster than in the Mesozoic bedrock upon which the Loess Plateau strata were

deposited. This can explain why the floors of the deepest incised valleys of the Loess Plateau are



located within Mesozoic bedrock, but generally at depths of only meters to several tens of meters
below the unconformity beneath the Neogene — Quaternary loess strata (Li, 2006). Low-gradient
rivers occupying these deeply incised valleys might have been present prior to the Quaternary
and already entrenched in erosionally-resistant Mesozoic bedrock, which would have impeded
their efficacy to erode laterally. The high-elevation and low-relief loess tablelands which
exemplify the physiography of weakly incised parts of the Loess Plateau (Fig. 30) developed
where blankets of loess accumulated during glacial periods at a rate faster than rivers could
incise into them during interglacial periods. Whether the spatial extent of loess tablelands
increases or decreases in area is a delicate balance between rates of loess accumulation (and
valley burial) and headward river incision. The basic observation that an enormous plateau of
loess has been built, albeit deeply incised, demonstrates that the volume of loess accumulation
has exceeded the volume of loess removed by fluvial erosion during the Quaternary, despite the
highly erodible nature of loess. Hence, the future fate of the Loess Plateau is one of continued

growth, at least downwind of the retreating erosional escarpment margin of the Loess Plateau.

~1940 m

Figure 30. Views to the (4) southeast and (B) southwest from the same locality (36.60°N;
106.71°E) showing the high-elevation plateau physiography of lesser-incised parts of the central

Loess Plateau.

4. Hami Basin

We now shift attention to our final case example of extreme wind erosion and gravel-
dominated desert development. Located within the eastern Tian Shan, the composite Turpan-
Hami Basin is ~600 km long east-west and up to ~200 km wide north-south (Figs. 2 and 31). The
composite basin is recognized for its extremes—it is one of the lowest-elevation (-154 m in
Turpan), hottest (up to ~67 °C land surface temperatures), and windiest hyper-arid deserts on

Earth (Mildrexler et al., 2011; Yao et al., 2012). In contrast, towering to the north are >4000 m



elevation glaciated peaks of the Bogda, Barkol, and Karlik mountains of the eastern Tian Shan
(Fig. 31). Here we focus on the Hami Basin (Figs. 31 and 32) as an extreme natural laboratory
for studying feedbacks among geology, wind erosion and wind-eroded landforms, landscape

evolution, atmospheric circulation, and dust emissions.

hl_sanjiahfang
P

Dabancheng
ap

~,

Turpan = 7k . :
Depression : erg : %

Tuwu blowout
(>300 m relief)

surface winds
Hami yardan i
fields : ;i

4000 m
3500 m
3000 m
2500 m
2000 m
1500 m
1000 m
500 m
om

I
0 km 25 km 50 km 75 km 100 km 125 km 150 km 175 km 200 km 225km 250 km 275 km 300 km

Figure 31. Digital elevation map and topographic profiles (www.geomapapp.org) of the
composite Turpan-Hami Basin, Xinjiang, China. Geomorphically-effective surface winds are

based on orientations of yardangs, wind streaks, and gravel megaripples.

4.1. Modern wind regime

The geomorphically-effective wind pattern in the Turpan-Hami Basin is illuminated by
orientations of yardangs, crests of gravel megaripples, and wind streaks (Figs. 31 and 32).
Surface winds where they enter the northern Hami Basin through the Shisanjianfang wind gap
are northerly, move down-surface-slope, and generally fan out southwards. The Turpan Basin is
dominated by northwesterly winds which enter the basin through the Dabancheng wind gap (Fig.

31). The two wind regimes converge over the Ledong uplift and trap the mountain of sand that is



the ~2000 km? Kumtag erg (Figs. 31 and 32). In the present climate, the Hami Basin
experiences >100 days/yr with wind gusts of >17.2 m/s (Yao et al., 2012). An annual maximum
daily extreme wind event of 44 m/s is predicted every two years at the Shisanjianfang wind gap,
whereas an event of 60 m/s is predicted once every 100 years (Yao et al., 2012). While winds
roar through the Hami Basin today, it is not a major emitter of dust because of the nature of its

landscape and surface geology.
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Figure 32. Astronaut photograph of the northern Hami Basin and eastern Tian Shan. Credit:
Earth Science and Remote Sensing Unit, NASA Johnson Space Center. NASA Photo ID: I1SS063-
E-64853. Date: 2020.08.01. Time: 08:58:01 GMT. Photo center point: 43.5°N, 92.5°E. Altitude:
413 km. https://eol jsc.nasa.gov/SearchPhotos/photo.pl?mission=ISS063 &roll=E &frame=64853.

4.2. Stratigraphic architecture, surficial geology, and wind erosion

The endorheic Hami Basin has been interpreted as an underfilled flexural foreland basin
loaded by the actively shortening and growing mountain belts of the eastern Tian Shan to the
north (Allen et al., 1993). However, if basin subsidence was solely driven by flexure in response
to the mass load of the eastern Tian Shan, we would expect basin topographic profiles to be
asymmetric, with lower elevations being located more proximal to the actively growing

mountain load to the north. Instead, basin N-S topographic profiles are markedly symmetrical



and concave up (Fig. 31). We raise two potential explanations for this and they are not mutually
exclusive. The first is that the symmetrical concave-up profile is a result, or at least amplified, by
extreme wind scouring of the basin floor. The second is that the symmetrical concave-up profiles
and anomalously low elevations of the basin are surface dynamic expressions of active sinking of
relatively dense and tectonically-thickened mantle lithosphere beneath it. Sinking of lithosphere
has been inferred beneath parts of the western Tian Shan (Molnar and Houseman, 2004). Basins
hypothesized, and numerically simulated to form above sinking drips of lithosphere are
characteristically elliptical in map view, bowl-shaped and symmetrical in profile view, internally
drained, and flanked by topographic bulges (Gogiis and Pysklywec, 2008; DeCelles et al., 2015;
Wang et al., 2015b), much like the composite Turpan-Hami Basin (Fig. 31).

The southern Hami Basin exposes strongly deformed Paleozoic through Jurassic rocks.
Unconformably overlying and exposed to the north of these deformed rocks in the central to
northern Hami Basin are nearly flat-lying (dipping <1° to the south) Upper Cretaceous
nonmarine clastic strata that have been eroded into >5 km-long and >50-m-high megayardangs
in places (Fig. 33) (Pullen et al., 2018; Zhang et al., 2020a). The highest-elevation wind-eroded
surface on Cretaceous bedrock sits at ~619 m elevation in the northern Hami Basin. Projection of
this surface southward across the basin at a southward dip of 0.5—1.0° suggests that a minimum
thickness of ~200 m of Cretaceous strata has been eroded from the lower-elevation parts of the
Hami Basin (Pullen et al., 2018). In the southeastern part of the Hami Basin is the Tuwu blowout,
forming a >500 km? irregularly-shaped endorheic depression with >300 m of local relief (Fig.
31).

In the northern Hami Basin, Cretaceous strata are in places unconformably overlain by
Pleistocene alluvial strata (Fig. 33). At least six temporally distinct generations of upper
Pleistocene alluvial fans with mappable terraces have been recognized (Zhang et al., 2020a). The
alluvial-fan terraces decrease in age and elevation southwards, from 766 + 78 ka at 247 m
elevation to 86 + 4 ka at an elevation of 62 m (Zhang et al., 2020a). This distribution of terrace
deposits through space and time is interpreted to evidence the creation of new accommodation
space through late Pleistocene wind scour such that younger alluvial fans were deposited at
lower elevations and generally more southward in the Hami Basin. Although the depositional
ages of the terraces span MIS 19 to MIS 4, no clear pattern for the timing of deposition is

discernable because of the large uncertainties and limited number of ages that have been



Journal Pre-proof

determined thus far (Zhang et al., 2020a). However, the presence of these alluvial deposits and
their eroded nature implies that the Hami Basin has undergone several phases of alluvial-fluvial
deposition followed by eolian and fluvial erosion during at least the late Pleistocene and
probably before. Additionally, elevated erosion rates of ~0.23 mm/yr during the last ~200 kyr
(Zhang et al., 2020a) compared to ~0.12 mm/yr during the last ~20 kyr as quantified by
cosmogenic '’Be measurements may support enhanced wind erosion during colder and gustier
glacial periods (Zhang et al., 2022a).
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Figure 33. Geological map of the north-central Hami Basin superimposed on a Google Earth
perspective satellite image. The linear outcrops of Cretaceous strata are yardangs.

The modern surface of the Hami Basin sheds light on the history of Pleistocene landscape
evolution. The surface of the central and northern Hami Basin consists mostly of dark-colored
unconsolidated gravels (~70%) and lesser unvegetated exposed bedrock (~25%) and active
ephemeral channels and playa surfaces (~5%; Figs. 32 and 33) (Pullen et al., 2018). The
unconsolidated gravels are organized into planar desert pavement surfaces and gravel-mantled
eolian ripples. Little unconsolidated sand and finer clastic particles are present on the surface. It

is likely that a significant volume of sand-sized sediment has been removed from the basin by



saltation up and over mountain ranges to the south and ultimately into the Taklamakan sand sea
(Fig. 2).

The Hami Basin desert pavements are interpreted to have formed from the in-situ
winnowing of finer-grained clasts from underlying conglomerate beds (Pullen et al., 2018; Zhang
et al., 2020a). Although some inflation of the regolith has occurred (McFadden et al., 1987;
Zhang et al., 2020a), deviations to finer grain-size distributions below the gravel lags (e.g.,
formation of an A horizon) are limited, suggesting that deflation dominated over inflation during
the development of Hami desert pavements (Pullen et al., 2018). Once developed, the tightly-
spaced gravel clasts and increased surface roughness of the desert pavements armors the land
surface against further wind erosion. Thus, the position of the conglomerate beds within the
stratigraphy exerted a first-order control on where the desert pavement surfaces developed and
why they are topographically tiered. Because erosion through the pavement surfaces is
comparatively very slow (Zhang et al., 2022a), eolian and nominal fluvial undercutting of the
desert pavement surfaces, especially where finer-grained strata are present, are invoked to
explain the denudation of desert-pavement-capped landforms and, in part, the differential erosion

across the basin.
4.3. Feedbacks between landscape properties and atmospheric circulation

There are arguably two end-member states in the climate and landscape evolution of the
Hami Basin: (1) drier, sediment-starved times when wind erosion effectively removes most loose
sand and finer-grained sediment and dark-colored gravel deposits dominate the basin floor, as in
the modern Hami Basin; and (2) wetter times when alluvial-fluvial deposits aggrade into the
Hami Basin, as evidenced by the erosional remnants of upper Pleistocene alluvial fan deposits.
Here we summarize how these two end-member climate-landscape states might have influenced
near-surface atmospheric boundary conditions, and vice versa, based on a modeling approach
(Abell et al., 2020a; Abell et al., 2020b).

There are several variables of an arid, unvegetated landscape that can impact local winds.
One of these is albedo. Specifically, as land surface albedo changes, so too do the land surface
temperatures and their spatial gradients. In the case of the Hami Basin, as the landscape evolved
from being dominated by relatively light-colored alluvial-fluvial deposits to dark-colored gravel-

dominated surfaces/deposits, the albedo would have shifted as well. A decline in albedo would



be expected to increase the surface temperature of the Hami Basin, holding all else constant, as
well as the temperature gradient between the mountains bounding the basin to the north and the
basin floor itself. Because altered temperature gradients influence pressure gradients, near-
surface wind speeds would also be impacted. Considering changes in albedo only, Abell et al.
(2020a) found that under a plausible decline in albedo (assuming the Hami Basin had the albedo
of the modern Qaidam Basin or Taklamakan Desert prior to significant wind erosion and desert
pavement development) springtime 10-meter wind speeds within the basin would be up to 25%
higher today compared to when it was filling with alluvial-fluvial sediment. The lower albedo
model scenario also showed decreased wind speeds exiting the Hami Basin and moving towards
the Hexi Corridor and Taklamakan Desert.

Another variable that could have impacted atmospheric circulation in the Hami Basin as
its landscape evolved is surface roughness. A follow-up study assessed the impacts of changes in
surface roughness (greater with the presence of gravel pavement) and erodibility (lower with the
presence of gravel pavement), in addition to albedo, on not only the characteristics of the
atmospheric boundary layer, but also dust emissions and transport (Abell et al., 2020b). The
effects of albedo on near-surface temperature, surface pressure, and wind speed in this suite of
simulations are similar to the work of Abell et al. (2020a), ultimately leading to slower 10-meter
wind speeds when albedo was higher. However, the impacts of surface roughness and sediment
erodibility overwhelm the effects of albedo, leading to a net increase in wind speeds for
conditions representative of the Hami Basin when finer-grained alluvial-fluvial deposits were
more prevalent. The enhanced winds and higher erodibility of the landscape also resulted in
increased dust emissions for the Hami Basin, most of which is transported proximally to the Hexi
Corridor and Taklamakan Desert.

Overall, the modeling simulations illustrate the importance of landscape properties on
influencing atmospheric circulation. However, they were performed using modern spring-time
climate conditions (specifically, 00:00 UTC 1 February 2011 to 00:00 1 June 2011) (Abell et al.,
2020a; Abell et al., 2020b). Further investigations are needed to assess the relative importance of
landscape properties during past colder and drier glacial periods and warmer and likely wetter

(e.g., Pliocene) climates.

4.4. Landscape evolution hypothesis



We expand on a hypothesis for how the landscape of the Hami Basin evolved during
Pliocene — Quaternary time (Pullen et al., 2018; Abell et al., 2020b; Zhang et al., 2020a), with
implications for the history of dust emission (Fig. 34). During the warmer and wetter Pliocene,
the Hami Basin likely filled with dust-fertile alluvial-fluvial-lacustrine sediment sourced from
mountain ranges of the eastern Tian Shan to the north (Fig. 34A). At the onset of colder, drier,
and windier glacials of the latest Pliocene or early Pleistocene, sand and finer-grained sediment
were removed from the basin by wind (Fig. 34B). The lower surface roughness and finer grain
size of the surface sediment during these intervals might have acted to increase wind speeds,
wind erosion, and dust emissions. Alluvial fans are notoriously high dust emitters (Sweeney et
al., 2011; Wu et al., 2018; Bakker et al., 2019). We envision that without significant surface
“refreshing” through the deposition of additional alluvial-fluvial and playa deposits, dust
emissions would have diminished as eolian winnowing resulted in more gravels coalescing at the
surface (Fig. 34C). Thus, we infer that reduced dust fertility may have occurred during the later
stages of glacial intervals because precipitation, generally lower during glacials, would have
been the primary cause of surface refreshing. As such, we posit that sediment refreshing
primarily occurred during wetter interglacial periods (Fig. 34D). In the proceeding glacial, dust
emissions would initially spike early when the exposure of finer-grained sediment was still
extensive (Fig. 34E) and then decrease as gravelly surfaces develop and act to armor the land
surface from further wind erosion (Fig. 34F). We infer that dust emissions would be slightly
higher at the beginning of the next dry glacial period (Fig. 34E) than at the end of the proceeding
dry interval (Fig. 34C). We speculate that these cycles of surface refreshing, higher dust
emission at the start of a dry interval, and diminishing dust emission until the end of the dry
interval, repeated throughout the Pleistocene (Fig. 34G-I), and likely followed glacial-
interglacial variability.

In summary, the general long-term trend in the Hami Basin was towards higher
concentrations of unconsolidated gravel desert pavements on the surface and lower dust fertility,
regardless of wind speeds (Fig. 34J). However, this long-term trend was punctuated by intervals
of alluvial-fluvial-playa deposition and sediment refreshing, likely during wetter interglacial
periods. If the inferred landscape and dust-emission evolution for the Hami Basin is
representative of the broader stony Gobi Desert, then despite net aridification and desert

expansion throughout the Pliocene — Pleistocene, the establishment of widespread gravel



surfaces may have served to decrease dust emissions from this enormous dust-source region.
This dust emission history contrasts to that inferred for the Qaidam Basin, which due to
progressive aridification and rock deformation and uplift, exposed a larger area of fine-grained

and friable (mostly lacustrine) strata to wind erosion from early to late Pleistocene time.
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Figure 34. Pliocene — Pleistocene landscape evolution model for the Hami Basin considering

climate states, alluvial-fluvial-lacustrine deposition, and wind erosion. Long-term dust fertility



trend ignores glacial-interglacial cyclicity whereas the short-term trend considers 40-100 kyr
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Figure 35. Region of jointed yardang landforms in the Hami Basin.
4.5. Role of structural joints in landform development

Along the eastern margin of the Hami Basin, approximately halfway between the
longitude of the Shisanjianfang wind gap and the city of Hami (Fig. 31), wind-eroded Cretaceous
bedrock is pervasively deformed by joints. Joints are the most ubiquitous form of brittle
deformation in rock on Earth and develop predominately by tensile failure as rock expands
vertically and contracts horizontally during removal of overburden (van der Pluijm and Marshak,
1997; Davis et al., 2012). Joints form spaced to penetrative planes of weakness within rocks and
typically form as orthogonal and/or conjugate joint systems. Joints may exert first-order controls
on gravitational wasting of rock, landform morphology, and erosion rates (Brookes, 2001;
Gutiérrez-Elorza et al., 2002; de Silva et al., 2010). Here, we provide a case example from the
Hami Basin of how joints influence yardang morphology and erosion rates, and conversely, how

spatially variable wind erosion may have influenced joint orientations.
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Figure 36. Google Earth images showing distributions and orientations of eroding bedrock,

eolian gravel ripples, and joints. Rose diagrams show the strike azimuth orientations of joints.
In the jointed rocks study area (Figs. 35 and 36), the orientations of yardangs and ridge

crests of eolian gravel-mantled ripples indicate that the geomorphologically-effective wind

direction is toward ~155° (Fig. 35 inset). The nearly flat-lying Cretaceous strata consist of well-



indurated mudstone and sandstone, and are exposed as blocky, linear landforms (Figs. 37 and
37A-D). Orientation measurements of n = 134 joint surfaces exposed at N = 5 yardang localities
yield a mean dip of 83° with a standard deviation of 8° and two dominant strike directions
clustering at ~164° and ~340° (Fig. 36).
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Figure 37. Photos of yardangs and peripheral mass wasted blocks. Joint traces are denoted with
pink dashed lines, joint surfaces are mapped with opaque pink polygons.

Joint orientations may be controlled by the regional tectonic stress field (Davis et al.,
2012) or more local stress perturbations generated by topography (Chapman, 1958; Savage and
Swolfs, 1986; Molnar, 2004; Martel, 2017). The eastern Tian Shan is actively shortening ~NNE-
SSW within an overall left-lateral transpressional setting based on Global Positioning System
(Wang and Shen, 2020) and field-based neotectonic studies (Cunningham et al., 2003). If joints
were to form within this regional stress field, their dominant orientation should be parallel to the
regional shortening direction. Instead, the dominant joint orientations are subparallel to the

geomorphically-effective wind direction (Fig. 36). Cretaceous bedrock is thus preferentially



dilating perpendicular to the wind direction (Fig. 38) and towards the inter-yardang troughs,
likely due to preferential removal of mass by wind erosion along them and the resultant
topography-driven stress perturbations. Conversely, the presence of weak joint planes in bedrock
influences the rates and style of erosion.

Wind abrasion by saltating and suspended particles is greatest <1 m above the surface for
nearly all wind regimes on Earth (Anderson and Hallet, 1986) and along the windward faces of
yardangs. Preferential eolian undercutting and erosion around the windward faces of yardangs
contributes to the formation of windward-side steep faces, aprons of mass-wasted blocks, and
crescent-shaped (in map view) wind-echo-generated moats (Blackwelder, 1934; Halimov and
Fezer, 1989; Xiao et al., 2018). These erosional products are exemplified by the jointed Hami
yardangs. The presence of weak subvertical joint surfaces together with the lithologic and
strength heterogeneity of the subhorizontal Cretaceous strata facilitate the generation and mass
wasting of cuboidal blocks. Debris fields of wasted blocks are abundant within windward
troughs across wind-parallel horizontal distances of 5—40 m (Figs. 36-38). The windward faces
of wasted blocks show textures consistent with eolian abrasion, such as rounded edges and pitted
surfaces. In contrast, the leeward surfaces of the wasted blocks are typically planar and have
sharp edges consistent with joint-controlled detachment surfaces (Fig. 37D). The jointed yardang
study region could arguably be in the last stage of yardang evolution—demise—in which
yardang lengths are decreasing and inter-yardang corridors have transitioned from eolian
downcutting to surface armoring from eolian gravel ripple deposits (Barchyn and Hugenholtz,
2015) (Fig. 38).

Mass wasting of jointed cuboidal blocks leads to a greater total surface area of indurated
bedrock within the near-surface eolian high-kinetic energy flux zone and thus may serve to
increase rates of wind erosion. The Hami Basin provides a natural laboratory to test this
inference because yardangs are not uniformly jointed, and wind speeds are not uniformly high
across the Hami Basin. For example, joints are present but much less pervasive in the wind-
eroded Cretaceous bedrock along the N-S axis of the Shisanjianfang wind gap where near-
surface wind speeds are the fastest in the Hami Basin (Yao et al., 2012; Abell et al., 2020a; Abell
et al., 2020b). However, Zhang et al. (2022) showed that cosmogenic °Be derived erosion rates

are indistinguishable in both areas (~0.12 mm/yr), presumably because the higher erodibility of



the jointed yardangs and mass wasted blocks balances out the effects of relatively slower wind

speeds.
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Figure 38. Schematic geomorphic model of yardang demise, showing the distribution of wasted

blocks, jointed yardangs, and eolian gravel ripples.

5. Discussion and conclusions

The extent to which wind processes has modified northern China’s local and regional
landforms and landscapes over the past few million years is profound. A thickness of hundreds
of meters of strata has been removed from parts of the Qaidam fold belt, the Mu Us Desert, and
the Hami Basin by wind, and locally kilometers of strata from above Qaidam anticline crests.
Wind processes scoured and expanded the Mu Us Desert and simultaneously built, eroded, and
moved the Loess Plateau (Fig. 27). The Loess Plateau exists because here the wind is mightier
than the rivers. Landscape modification by wind was most extensive during glacial periods and is
thus unable to be directly observed or measured in the modern interglacial climate. However,
stratigraphic and geomorphic records of wind processes abound, and their future investigation

offers endless potential for discovery. In this final section we discuss some broader implications



of wind-themed research findings in China along with outstanding questions and future

directions.
5.1. Yardangs and paleoyardangs

There is a growing appreciation of the large diversity of yardang landforms and how they
might evolve (Dong et al., 2012a; Barchyn and Hugenholtz, 2015; Li et al., 2016; Hu et al., 2017;
Pelletier, 2018; Pelletier et al., 2018). Yardangs are in many places not streamlined and may
form in areas where there is more than one geomorphically-effective wind direction (Fig. 10).
Not all yardangs are destined to reach a stage of erosional demise (Dong et al., 2012a; Barchyn
and Hugenholtz, 2015). For example, yardangs within many Qaidam fold belt rocks developed
preferentially within more resistant sedimentary beds. Given the tilted nature of the sedimentary
bedding, the length scales of the yardangs are controlled by the strike of the bedding, relative to
the wind direction, and the dip angles and thicknesses of the more resistant beds. Moving
forward in time, bedding-controlled yardangs will propagate spatially downwind (or upwind)
depending on whether bedding is dipping downwind (or upwind), but not reach demise as the
more resistant beds are continuously being exhumed to the surface.

Yardangs may be buried during wetter climatic conditions to become paleoyardangs, as
proposed for the Qaidam Basin during interglacial periods of sediment accumulation.
Paleoyardangs are challenging to identify in the stratigraphic record, directly in the field or
remotely in satellite imagery, especially if they are oriented subparallel to “modern” yardangs.
One may even question how many burial-exhumation cycles a “modern” yardang has
experienced. Paleoyardangs are larger in scale than sedimentary structures typically documented
in detailed measured stratigraphic sections and smaller in scale than regionally mappable
unconformities. The most readily identifiable paleoyardangs in the Qaidam Basin are the oddly-
oriented ones, which in turn reveal a reasonable but yet-to-be-explained near surface paleowind
pattern (Fig. 17). A concerted search will certainly reveal paleoyardang fields in other
stratigraphic records globally, and particularly through subsurface imaging techniques like
ground penetrating radar and high-resolution seismic-reflection profiling. Candidate
environments for paleoyardang preservation include coastal deserts and their offshore basins, in
which sediment deposition versus erosion is modulated by sea level, in addition to lake/playa

environments like those in the Qaidam Basin. The preservation of paleoyardangs in sandy desert



settings is less certain. Sand seas and sand dunes are prevalent downwind of yardang fields, and
thus if surface wind directions remain uniform, it is unlikely that yardangs would get buried and
preserved beneath eolian sand. However, changes in surface wind directions and speeds, and
sources and supplies of sand, might be conducive to yardang burial and preservation.
Wind-parallel linear loess topography is not restricted to the Chinese Loess Plateau (Fig.
2). It is also present in European loess (know there as greda) and the Peoria Loess and Palouse
Loess of the American Midwest and Pacific Northwest, respectively (known there as paha). The
linear nature of the topography has been interpreted to be of dominantly erosional origin
(Sweeney and Mason, 2013) or depositional origin, either as linear dunes of loess (Flemal et al.,
1972; Leger, 1990) or preferential loess accumulation in the lee of topographic/vegetation
obstacles (Lewis, 1960; Mason et al., 1999). Additional studies are needed to better understand
the mechanisms by which linear loess topography develops and the extent to which its
orientation reflects modern and/or last glacial period geomorphically-effective winds. We
speculate that wind-parallel linear topography is a characteristic of relatively sandy loess, and

like yardangs, has potential to be preserved in the stratigraphic record if specific criteria are met.
5.2. Potential linkages between wind processes and tectonics

Potential linkages between wind processes and rock deformation are largely unexplored.
We pose that wind erosion may have influenced the rates and kinematics of folding in the
Qaidam fold belt (Fig. 18) and the orientations of joints in Hami Basin yardangs (Fig. 38).
Looking more broadly, many of Earth’s most extreme regions of bedrock wind erosion, as
exemplified by the presence of yardang fields (Fig. 1), are undergoing tectonically-driven surface
uplift. Tectonics enhances wind erosion by uplifting rocks above the erosion surface and
generating topographic obstacles and corridors which can accelerate near-surface wind velocities
(Jackson and Hunt, 1975; Laity, 1987). The most significant yardang field in the American
Southwest (Ocotillo Wells, southernmost California; not shown on Fig. 1) is in Pleistocene (~1.1
— 0.5 Ma) strata that are being folded and wind eroded at rates of several mm/yr (Pelletier et al.,
2018) within a dextral wrench tectonic setting associated with the San Andreas fault system
(Kirby et al., 2007; Janecke et al., 2010). Coastal yardangs in western South America are
spatially localized to the Peruvian forearc where the inactive Nazca Ridge is subducting at low

angle beneath the South American Plate because of its relatively thick and buoyant oceanic crust



(Bishop et al., 2017) (Fig. 1). The remainder of South America’s yardang fields are associated
with the active Andean orogenic belt (Fig. 1). Wind erosion in southern Africa, the Sahara, and
in Arabia could be enhanced by dynamic surface uplift associated with buoyant upwelling
mantle (Lithgow-Bertelloni and Silver, 1998) and surface uplift along the flanks of the active
Red Sea rift. The field of eolian geology is mature, but that of integrative solid Earth tectonics —

bedrock geology — topography — eolian — atmospheric system science is still emerging.
5.3. Chinese Loess Plateau

Wind processes not only built the Chinese Loess Plateau, but also moved its windward
margin up to ~200 km downwind as the endorheic Mu Us Desert expanded southward and
eastward (Fig. 27). The idea that Loess Plateau strata were deposited and then uplifted and
incised by rivers is a misconception. The Loess Plateau was built because the net volume of
eolian sedimentation exceeded the net volume of sediment removed by rivers (Fig. 27). Where
the Loess Plateau is least fluvially incised, its highest points are at similar elevations over lateral
distances of hundreds of kilometers (Fig. 21), justifying its nomenclature as a physiographic
plateau. How this regional flatness was achieved and maintained, however, remains an open
question for future research. The Loess Plateau needs further consideration as an enormous and
dynamic eolian landform,; it offers a unique laboratory for simulation in, and tuning of numerical
landscape evolution models that couple fluvial and eolian processes.

While the leaf-blower analogy provides a simple mechanism for how to simultaneously
build and erode a plateau of dust (Fig. 28), the role of tectonics can once again not be neglected.
Tectonics exerts the dominant control on changing topography; topography in turn influences
surface wind directions and velocities as well as spatial variations in precipitation, which in turn
influences where and how much dust will accumulate (or erode). The potential interplays among
orography (e.g., the northeastern margin of the Tibetan Plateau, Luliang and Qinling mountains,
and the relatively high-elevation Loess Plateau itself), pre-existing bedrock topography, surface
wind directions and velocities, and spatial gradients in precipitation and loess mass accumulation
rates offer exciting avenues of future research on the Loess Plateau and other loess

accumulations globally.

5.4. Deflationary basins



The western Qaidam and Hami basins and Mu Us Desert are not the only significantly
wind-scoured endorheic regions in central Asia. Approximately 400-500 km to the northeast of
the Mu Us Desert is the >8000 km? Sunite deflationary basin (Yin et al., 2023) (Fig. 2). Down-
wind to the east of the Sunite basin is the Otindag sand sea. In between the Hami and western
Qaidam basins are impressive yardang fields of Yardang National Geopark (Dong et al., 2012a;
Wang et al., 2016) and the ~18,000 km? Lop Nur Depression (Dong et al., 2012b; Lin et al.,
2018), both of which lie upwind of sand seas (Fig. 2). North of the eastern Tian Shan is the
Junggar Basin, the northern part of which is strongly deflationary and/or wind scoured upwind
(to the north) of the Gurbantiinggiit sand sea. These and other vast areas in Asia, including
regions that are wetter and more vegetated now than during past glacial periods, remain frontiers
for future Earth system science research.

Wind has scoured 100-km-scale depressions with hundreds of meters (or more) of relief
in other arid, or formerly arid regions on Earth (Knight, 2019). Examples include the ~19,000
km? Qattara Depression of the Western Desert of Egypt (Albritton Jr. et al., 1990) and probably
other large endorheic regions in Africa like the Bodélé Depression (Washington et al., 2006) (Fig.
1). Wind removed a thickness of up to two kilometers of strata from the 300 km? Salina del
Fraile Basin in the southern Puna Plateau of northwestern Argentina (Fig. 1) (Goudie and Wells,
1995; McMillan and Schoenbohm, 2020). An outstanding question is the extent to which wind
erosion generated or amplified preexisting closed topographic depressions. The net expansion of
the Mu Us Desert shows that wind erosion is capable of outpacing fluvial incision and
transitioning regions of prior external drainage into endorheic basins. Future integrated digital
elevation model analysis and geologic and geomorphic mapping have strong potential to quantify
volumes of sediment removed from wind-scoured basins globally. Challenging in places where
informative sedimentary records are absent will be unraveling how wind erosion rates varied

through time.
5.5. Evolving landscapes, winds, and sources and fluxes of dust

Dramatic changes in the landscape and climate of central Asia at million-year and
glacial-interglacial (40-100 kyr) timescales likely impacted the sources and fluxes of Asian dust
through time. Wind erosion initiated in the western Qaidam Basin at ~3 Ma and likely increased

dramatically in spatial extent and magnitude during the Pleistocene as the climate became more



arid and sedimentary rocks were tectonically uplifted to subaerial conditions. The Qaidam Basin
is a modest source of dust in the modern climate but was likely a dust hotspot—perhaps akin to
the modern Bodélé Depression (Todd et al., 2007)—during glacial periods of the mid-to-late
Pleistocene.

The Mu Us Desert was a major sink of dust during the Neogene — early Pleistocene when
Loess Plateau strata extended farther to the north of its modern extent (Fig. 27). During
Pleistocene aridification and expansion of Asian deserts, the Mu Us Desert transitioned from a
dust sink to a dust source as the windward escarpment margin of the Loess Plateau was eroded
by wind processes and retreated downwind. Reworking of loess by wind processes was likely a
major process contributing to dust emissions in Asia during late Pleistocene time.

In contrast to the Qaidam Basin and Mu Us Desert, the Gobi Desert might have been a
much higher emitter of dust during the early Pleistocene when its landscape was likely more
fertile with silt and less extensively armored by gravel-dominated surfaces. Dust flux records
from the Sea of Japan and North Pacific suggest that from early to late Pleistocene time, dust
flux either increased (Anderson et al., 2020; Zhang et al., 2020b; Zhang et al., 2020c), remained
relatively stable (Rea et al., 1998; Lee et al., 2022; Tang et al., 2022), decreased (Zhang et al.,
2016; Abell et al., 2023), and/or reflects a complex evolution in Asian dust dynamics (Abell et
al., 2023; Zhong et al., 2023). An increase in dust flux through the Quaternary might be expected
given the general trend toward increased Asian aridity, whereas a decrease in dust flux might
implicate changes in landscape evolution (e.g., development of Gobi Desert landscape) and
decreased dust fertility in response to a combination of gravel armoring and a decrease in silt
production under more arid climates (Abell et al., 2023).

Based on the case studies of the Qaidam Basin, Mu Us Desert, Loess Plateau, and Hami
Basin reviewed herein, Asian dust dynamics were likely extremely dynamic as the climate,
landscape, topography, and geology evolved throughout Pliocene — Quaternary time. A
potentially major factor that we have neglected is the expansion of mountain glaciers in central
Asia since mid-Pleistocene time, which would have provided an additional glaciogenic dust flux
component to consider and one that is richer in biologically reactive reduced iron and other
metals than Asian desert dust (Koffman et al., 2021; Zan et al., 2023). Future major advances in
understanding will likely require holistic investigations that simultaneously assess all these

changing factors. Conceptual models for how central Asia’s sandy deserts evolved (e.g.,



Taklamakan, Badain Jaran, and Tengger; Fig. 2) remain to be further developed (Dong et al.,
2012b; Li et al., 2014; Wang et al., 2015a). High spatial resolution numerical weather and
climate models should aim to simulate the modern near surface geomorphically-effective wind
pattern (Fig. 2) and dust storm events—a requisite for being able to confidently simulate winds

and dust emissions under past landscape and climate conditions.
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