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a b s t r a c t

Deserts are a major source of loess and may undergo substantial wind-erosion as evidenced by yardang
fields, deflation pans, and wind-scoured bedrock landscapes. However, there are few quantitative
estimates of bedrock removal by wind abrasion and deflation. Here, we report wind-erosion rates in
the western Qaidam Basin in central China based on measurements of cosmogenic 10Be in exhumed
Miocene sedimentary bedrock. Sedimentary bedrock erosion rates range from 0.05 to 0.4 mm/yr,
although the majority of measurements cluster at 0.12570.05 mm/yr. These results, combined with
previous work, indicate that strong winds, hyper-aridity, exposure of friable Neogene strata, and ongoing
rock deformation and uplift in the western Qaidam Basin have created an environment where wind,
instead of water, is the dominant agent of erosion and sediment transport. Its geographic location
(upwind) combined with volumetric estimates suggest that the Qaidam Basin is a major source (up to
50%) of dust to the Chinese Loess Plateau to the east. The cosmogenically derived wind erosion rates are
within the range of erosion rates determined from glacial and fluvial dominated landscapes worldwide,
exemplifying the effectiveness of wind to erode and transport significant quantities of bedrock.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Knowledge of bedrock erosion rates on Earth's surface over
timescales of 102–106 yr is limited, yet fundamental in assessing
the dynamics of landscape evolution and sediment production as a
function of tectonic processes, climate, and lithology and their
superposed forcing factors (Molnar, 2004; Whipple, 2004).
Significant advances have been made in recent decades in quanti-
fying bedrock and drainage-basin erosion rates in regions where
fluvial and glacial processes dominate. Short-term landscape
sedimentary flux and erosion rates (100–102 yr) have been
recorded by sedimentary traps and gauging stations on rivers
(Meade, 1988; Kirchner et al., 2001; Lavé and Burbank, 2004),
whereas on longer timescales (103–106 yr) concentrations of
in situ cosmogenic radionuclides (i.e. 10Be) in fluvial sediments
have been used (e.g., Granger et al., 1996; Gosse and Phillips, 2001;
Von Blanckenburg, 2005, Owen et al., 2001; Portenga and
Bierman, 2011). In contrast, few studies have quantified eolian
erosion processes in deserts (e.g., McCauley et al., 1977; Ward and
Greeley, 1984; Bristow et al., 2009; Fig. 1), particularly on time-
scales 45000 yr (Inbar and Risso, 2001; de Silva et al., 2010;
Ruszkiczay-Rüdiger et al., 2011). This is despite the recognition of

wind as an important transport agent (Pye, 1995; Uno et al., 2009),
that loess is one of the most important fertilizers for plankton
growth in the open ocean (Pye, 1995; Hanebuth and Henrich,
2009), and the ubiquity of wind-deflated and abraded landforms
in many desert regions on Earth (Goudie, 2007) and extraterres-
trial bodies such as Mars and Jupiter's moon Titan (e.g. Bridges
et al., 2004; Sullivan et al., 2005; Thomson et al., 2008; Rubin and
Hesp, 2009).

The in-situ produced cosmogenic nuclide 10Be can be used to
quantify in-situ bedrock erosion because of its long half-life
(!1.3"106 yr), short attenuation length (o2 m), and known
production rate in quartz at the Earth's surface (Lal, 1991), making
it useful for studying bedrock erosion processes and assessing
rates of landscape evolution in general (e.g., Bierman and Caffee,
2002; Bookhagen and Strecker, 2012). In this study, we quantify
eolian erosion rates by measuring cosmogenic 10Be in quartz from
wind-scoured and deflated sedimentary bedrock surfaces in the
Qaidam Basin (Fig. 2). We then compare our results with world-
wide bedrock erosion studies in an effort to document the
significance of wind as a global erosion agent.

1.1. Deflation vs. abrasion and evidence for wind erosion

In general, wind erosion is effective in arid, windy regions
characterized by sparse to no vegetation cover. Wind erosion is
viewed as being the result of both deflation and abrasion processes
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(Laity, 2011). Disagreements exist about the correct use of these
terms, since both processes can spatially and temporally overlap
and contribute to the overall wind-erosion signal. Deflation is
defined here as the passive entrainment of loose material at the
Earth's surface into the air-flow. In contrast, abrasion is the
physical process of actively eroding material by the impact of
wind-blown grains onto a bedrock surface (Goudie, 2009; Laity
and Bridges, 2009). Deflation dominates wind erosion in areas
where unconsolidated sediments or poorly lithified rocks are
exposed at the surface. In bedrock-dominated areas floored by
either consolidated sedimentary or crystalline rocks, only abrasion
is able to remove material from bedrock surfaces (Laity and
Bridges, 2009; Laity, 2011). However, other factors such as water
(e.g. gullying, mudflow, sheet wash), temperature (freeze–thaw),
and chemical weathering (salt corrosion and expansion) also
impact bedrock surfaces and are able to produce loose material
covering bedrock (Aref et al., 2002). Loose sediment is prone to
deflation, resulting in bedrock lowering without physical abrasion.
In many places it is impossible to distinguish between deflation or
abrasion because of the complex relationships among weathering,
climate, and bedrock lithology. Thus, information on rates and
time scales of either deflation or abrasion alone are scarce.

The primary evidence for wind erosion, and specifically abrasion,
in the Qaidam Basin and elsewhere are yardangs (Fig. 3A, B and E),
ventifacts (Fig. 3B, foreground), and scoured, low-relief bedrock
landscapes devoid of a fluvial network (Fig. 3C and D). Yardangs are
wind eroded narrow ridges up to 100 m high and up to hundreds of
meters in length (Hedin, 1903; Goudie, 2007). They are sculpted
into poor-to-well consolidated bedrock by saltating particles that
are transported by strong, uni-directional winds (McCauley et al.,
1977; Dong et al., 2012). The few estimates available for the time
scales of yardang formation range from thousands of years for small
yardangs (1–10 m) (Halimov and Fezer, 1989) to millions of years for
large yardangs (450 m) (Goudie, 2007).

Ventifacts provide evidence for the strong abrasive power of
wind at much smaller scales (Laity, 1994; Knight, 2008). Ventifacts

are rocks that exhibit grooves, facets, or polishing as a result of
abrasion by wind-entrained sand and typically consist of crystal-
line and well consolidated sedimentary rocks; they are found in
most deserts and periglacial environments (Spate et al., 1995;
Knight, 2002; Laity and Bridges, 2009). Reported abrasion
rates associated with ventifacts are generally between 0.015 and
6.8 mm/yr (Knight 2008), although one study reported a
maximum abrasion rate of 36 mm/yr over a time period of 15 yr
(Sharp, 1980).

Most wind erosion occurs in the large, windy, semi-arid to arid
region stretching from North Africa to central China and parts of
North and South America (Fig. 1). Here, bedrock removal by wind
is ubiquitous and reported wind deflation rates from semi- to
unconsolidated sediment range from 1 to 20 mm/yr over short
(o5000 yr) time periods (Fig. 1; Krinsley, 1970; McCauley et al.,
1977; Haynes, 1980; Ward and Greeley, 1984; Clarke et al., 1996;
Goudie et al., 1999; Inbar and Risso, 2001; Brookes, 2003; Ritley
and Odontuya, 2004; Washington et al., 2006; Beresford-Jones
et al., 2009; Bristow et al., 2009; Al-Dousari et al., 2009; Kehl,
2009; de Silva et al., 2010; Ruszkiczay-Rüdiger et al., 2011; Dong
et al., 2012). Most of the presented compilation in Fig. 1 is based on
studies of wind eroded features (yardangs, tree roots, channels,
lake beds, lava flows) with ages quantified by 14C-dating, optical
luminescence-dating (OSL), and 40Ar–39Ar dating. There are, how-
ever, very few studies from well-lithified bedrock in areas affected
by wind erosion, where abrasion should be dominant (Inbar and
Risso, 2001; de Silva et al., 2010; Ruszkiczay-Rüdiger et al., 2011).
Recently, Ruszkiczay-Rüdiger et al. (2011) reported cosmogenically
derived eolian erosion rates between 0.003 and 0.056 mm/yr from
consolidated sedimentary bedrock in the Pannonian Basin of
Hungary (Fig. 1). Although this technique is promising, there have
been few studies of long-term (45000 yr) erosion rates from
Central Asia (e.g. Lal et al., 2003). Here, the hyper-arid and windy
conditions prevalent in northern Tibet may have enhanced eolian
erosion and transport, as testified by the widespread and locally
thick (hundreds of meters) accumulations of loess in eastern Asia,
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Fig. 1. Global compilation of wind erosion estimates reporting erosion by deflation (semi- to unconsolidated) and abrasion (consolidated) or both. Erosion rate estimates are
based on 14C-dating, optical luminescence-dating (OSL), cosmogenic 10Be-dating or U–Pb dating of eroded rocks. Where no rates were reported, a conservative erosion rate
was estimated using the age of the deposit and wind removed material by geometric considerations, e.g. yardang troughs; inverted channels; elevated lake beds or paleo-
soils above the general basin floor. Note the order of magnitude difference between wind erosion by deflation and abrasion, suggesting bedrock strength controlling the
effectiveness of wind erosion. References: 1. Clarke et al. (1996), 2. Ward and Greeley (1984), 3. Beresford-Jones et al. (2009), 4. de Silva et al. (2010), 5. Inbar and Risso (2001),
6. Washington et al. (2006), 7. Bristow et al. (2009), 8. Haynes (1980), 9. Goudie et al. (1999), 10. Brookes (2003), 11. Ruszkiczay-Rüdiger et al. (2011), 12. Al-Dousari et al.
(2009), 13. Krinsley (1970), 14. Kehl (2009); 15. McCauley et al. (1977), 16. Dong et al. (2012), 17. Ritley and Odontuya (2004). (For interpretation of the references to color in
this figure, the reader is referred to the web version of this article.)
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including the Chinese Loess Plateau (CLP) (Fig. 2B) and beginning
as early as 22 Myr ago (Porter, 2001; Guo et al., 2002).

1.2. Study area

The Qaidam Basin (QB) is situated at the northern edge of the
Tibetan plateau and covers an area of approximately 120,000 km2

(Fig. 2). Today, the western QB receives less than 70 mm/yr of
precipitation and is one of the highest (mean elevation of
!2700 m) and driest deserts on Earth, being shielded by efficient
orographic barriers (Sobel et al., 2003). In response to the ongoing
Indo-Asian collision, the basin is being shortened in a NE–SW
direction (Tapponnier et al., 2001) and its floor exposes folded,
friable sedimentary rock of the Miocene Shang Youshashan,
Shizigou and Qigequan formations (e.g. Kapp et al., 2011, Wang
et al., 2012). The Miocene Formations (Shang Youshashan and
Shizigou) are characterized by sandstone and conglomerate lenses
(i.e. deltaic facies) that pinch out laterally into deeper-water
siltstone and shale (i.e. lacustrine facies; Heermance et al., 2013).
Based on its low internal relief (o300 m), internal drainage,
intermontane basin setting, and thick accumulations of Cenozoic
basin fill, it generally has been inferred that the QB has been
dominated by sediment accumulation rather than erosion until
recently (Zhou et al., 2006), even though roughly one-third of the
modern basin floor (!3.88"104 km2) exposes yardangs carved in
folded sedimentary strata (Fig. 2; Kapp et al., 2011). The predomi-
nant wind direction in the basin is from the northwest to south-
east, while in the eastern part of the basin the predominant wind

direction is more easterly, parallel to the orientation of the
45000-m-high basin-bounding mountain ranges to the north
and south (Fig. 2). The wind eroded and quartz-rich strata
throughout the basin make it ideal to quantify wind erosion and
bedrock removal rates with cosmogenic 10Be. In this study, we
define wind erosion as being the sum of deflationary and abrasive
processes acting on a surface, resulting in lowering and removal of
bedrock in a hyperarid landscape marginally affected by rainfall
events and fluvial processes. These conditions are met by the QB,
where hundreds to thousands of vertical meters of consolidated
basin fill may have been removed by wind over the last 2.8 million
years (Kapp et al., 2011).

2. Methods

2.1. Cosmogenic nuclide dating

Terrestrial cosmogenic nuclides are isotopes that form from the
interaction of cosmic particles with elements in Earth's atmo-
sphere and surface. In particular, the cosmogenic nuclide 10Be
forms from the interaction of cosmogenic particles with quartz
(Lal, 1991). Production of 10Be decays exponentially with depth as
the penetration of cosmic rays attenuates to zero a few meters
below the ground surface. Furthermore, 10Be is radiogenic with a
half-life of !1.3"106 yr (Nishiizumi et al., 2007) and thus is not
present in buried rocks more than a few million years old.
The concentration of 10Be in rocks at the Earth's surface is

Westerlies
East Asian
Monsoon

Monsoon
Indian

Fig. 2. (A) Landsat image of the Qaidam Basin showing the distribution of yardangs and dune fields, wind directions, and sample locations for 10Be-dating. (B) Location of the
Qaidam Basin and the Loess Plateau. (C) Regional overview of the major circulation systems: The Westerlies and dashed lines indicate the maximum modern extent of the
Indian and East Asian Monsoon systems (after Gao, 1962).
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therefore a function of the production rate, the radioactive decay,
and the local erosion rate. Erosion rate can be determined because
the production rate (itself a function of altitude and latitude)
and the decay rate of the target isotope is known (Lal, 1991). This
technique has been applied to bedrock within many landscapes
(e.g., Bierman and Turner, 1995; Brown et al., 1995, Nishiizumi
et al., 1991; Small et al., 1997), including on bedrock exposed
across the Tibetan Plateau (Lal et al., 2003). The calculated erosion
rates are essentially a measure of the time required to remove
!2 m of bedrock, which corresponds to the absorption depth for
most cosmic rays in typical rocks. Our calculations are based on
the assumption of steady-state erosion, although as discussed later
(Section 4.1) it is likely that erosion rates have varied significantly
over time.

The 250–500 μm sand fraction of quartz was separated from
twelve samples distributed across the western QB and processed
following the methodology of Kohl and Nishiizumi (1992). Sam-
ples were spiked with an in-house, low 10Be-concentration carrier
(10Be/9Be 4"10−15 made from Ural Mts. phenacite) at the
University of Arizona. 10Be/9Be ratios were measured at the
Acceleration Mass Spectrometer at Lawrence Livermore National
Laboratories, Berkeley, CA. Erosion rates were calculated using the
CRONUS calculator (Balco and Rovey, 2008) and account for 10Be
production at the latitude and elevation of the sample location and
any potential shielding of the sample site from cosmic radiation by
nearby topography.

2.2. Sampling method and sites

Twelve bedrock samples were collected for 10Be analysis from
the western QB (Fig. 2). Here, the basin floor exposes actively
growing anticlines, where strata form wind scoured bedrock
surfaces or are sculpted into yardangs (Fig. 3A–F). Eleven samples
were collected frommedium- to coarse-grained sandstones within
Miocene fluvio-lacustrine strata. The age of the strata for all our
samples is greater than 5.3 Ma based on regional mapping and

stratigraphic correlation with magnetostratigraphy (Heermance
et al., 2013; Wang et al., 2012). Miocene bedrock was targeted
because these rocks would have been buried to sufficient depths
(more than hundreds of meters) for at least the last 5 Myr, such
that the 10Be inheritance produced during prior exposure should
have decayed to near zero concentration. Most of the targeted
samples were located along sharp crested ridges. The ridges in
turn are elevated above the mean basin floor, show evidence of
wind scouring, and lack any fluvial network (see supplementary
data for photos of individual sample sites). By sampling sharp
crested ridges that stand above the landscape, we avoided the
effects of surface-water runoff that would be focused into low
spots within the landscape. Moreover, sharp crested ridges repre-
sent points in the landscape that have been lowered to a lesser
degree, and thus lower rate, than their surroundings, and there-
fore should yield erosion rate minima assuming an initially flat
landscape. It is possible that infrequent rain events (Fig. 3F) impact
the local erosion signal, although the lack of any continuous
catchment area implies that erosion due to runoff, particularly
on the tops of the ridges, was very low. Moreover, rain events are
not capable of removing sediment from the basin because of the
basin's internal drainage; any eroded material must ultimately
have been removed from the basin by wind. The basin floor is
almost scoured clean of sediment, implying the removal of locally
produced sediment by deflation was more efficient than the
amount of loose sediment generated by wind abrasion and other
erosional/weathering processes.

Three of the twelve samples were taken from inclined hillslope
surfaces. These samples have a higher probability to having been
affected by hill-slope and mass-wasting processes in contrast to
the remaining samples, and we take these into account during our
interpretation of the erosion rates. Sample 4-28-09-1 was taken
from a 601 dipping side-slope of a yardang. Samples 4-17-09-1 and
4-26-09-1 were collected from well consolidated bedrock exposed
on steep (4701) cliff faces. In order to assess variations in wind
erodibility as a function of bedrock cohesiveness/strength, we also

salt crust

ventifacts

yardangs

yardangswind-eroded
 bedrock-surface

yardang

mass wasting

typical sharp crested ridge
sampling site~8 m

~50 m

~1 m ~60 cm

~ 2 m

~5 m
~10 m

~10 m~ 5 m

~2 m

Fig. 3. Photos from the study area showing: (A) Yardang field with 5–8 m high yardangs. (B) Foreground: desert pavement/ventifacts, with 10–30 cm clasts. Background:
!25–50 m high yardangs and inter-yardang trough. (C) Typical sharp-crested ridge sampling side with no visible fluvial network. (D) Vast wind scoured-bedrock landscape
exposing sampled Miocene bedrock. (E) Road-cut through a yardang, exposing a !20-cm-thick layer of salt crust, armoring the landscape fromwind erosion. (F) Picture was
taken after a strong but very rare rain-event. The yardangs are !10 m high. Mass-wasting is seen on the side of the front yardang in form of debris-flows and rock fall.
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analyzed one granite sample (4-24-09-1) exposed along the
northwestern margin of the QB adjacent to the Altyn Tagh Range
(Fig. 2).

3. Results

10Be concentrations for the twelve samples ranged between
6.291"104 and 1.054"107 atoms/g of quartz (Table 1). These
concentrations, when corrected for topographic shielding, provide
cosmogenically derived bedrock erosion rates of 0.003–0.4 mm/yr
(Fig. 4 and Table 1). Under the assumption of steady-state erosion,
the rates would integrate erosion over a time period of up to
15,000 yr for the Miocene bedrock samples and 500,000 yr for the
Altyn-Tagh granite—the time required to remove the upper 2 m of
material (zone of 10Be accumulation). Nine of the twelve samples
have bedrock removal rates that cluster between 0.09 and
0.17 mm/yr within average of 0.125 mm/yr (Fig. 4). Among these
nine samples, three (4-17-09-1, 4-26-09-1 and 4-28-09-1) were
collected from 50–701 dipping surfaces, and thus the results are
more ambiguous to interpret due to their prominent position with
respect to mass-wasting activity. Furthermore, applying shielding
correction to these samples is difficult because the surface may
have catastrophically failed over the time span of 10Be accumula-
tion. The effect of mass wasting processes for these three samples
(samples 4-17-09-1, 4-26-09-1 and 4-28-09-1) is not detectible on
the basis of anomalously high erosion rates compared to samples
collected from ridges on regionally flat landscapes, however, and
implies that hillslope processes may be negligible compared to
wind erosion in most places within the western QB. Overall,
sampling on sharp crested ridges within overall flat landscapes
is advised for future studies to rule out potential mass wasting
events during the exposure of the sampled surface.

Whereas most of our samples clustered tightly around
0.125 mm/yr, samples 4-23-09-2 (hard sandstone) and 4-24-09-1
(granite sample) yielded lower rates (0.057 and 0.003 mm/yr,
respectively) and 4-26-09-3 yielded a higher rate (0.4 mm/yr;
Fig. 4). These discrepancies can be accounted for by variations in
rock strength. Sample 4-23-09-2 is a very coarse grained, well-
consolidated sandstone and provides a lower bedrock erosion rate
of 0.057 mm/yr, lower than the average (0.09–0.17 mm/yr). This
reflects greater resistance to bedrock erosion, which is further
supported by its prominent high-elevation position relative to
most of the basin floor. The Altyn-Tagh granite 4-24-09-1 exhibits
the greatest rock strength of all samples and correspondingly
shows the strongest resistance to erosion with an erosion rate of
0.003 mm/yr. This very low erosion rate is consistent with other

10Be-erosion rates determined for granitic bedrock exposed else-
where adjacent to the Qaidam Basin and on the Tibetan Plateau
(Lal et al., 2003, Fig. 4). The highest erosion rate of 0.4 mm/yr was
obtained from sample 4-26-09-3, collected from a yardang located
on a limb of an actively growing anticline in the northwestern part
of the basin near Leng Hu (Fig. 2).

4. Discussion

4.1. Temporal variability of Qaidam wind erosion rates

The erosion rates presented here, with the average being
!0.125 mm/yr, are based on the assumption of steady-state
erosion over the past !15,000 yr, resulting in !2 m of bedrock
removal. Based on a number of paleoclimatic and geologic argu-
ments, however, it is likely that erosion in the QB was higher than
our determined erosion rates in other parts of the wind-eroded
basin and during the last glacial episode.

First, all samples were exclusively collected from indurated and
erosion-resistant Miocene bedrock exposed along the axes of
anticlines, in contrast to the less consolidated and younger strata
exposed along syncline axes. Wind erosion rates would be
expected to be greater in troughs that have been lowered to a
greater extent than the intra-basin ridges. We did not sample and
analyze the more friable Plio-Quaternary strata exposed in the
syncline axes because rocks younger than Miocene presumably
contain inherited 10Be acquired prior to and during deposition,
and would further underestimate overall basin-wide erosion rates.

Second, considering the regional paleoclimatic evidence (e.g.
Thompson et al., 1989; Liu et al., 1994; Shao et al., 2005;
Herzschuh, 2006; Zhao et al., 2007, 2010; Wang et al., 2008), the
greatest factor influencing wind erosion rates and their temporal
variability is climate change controlling changes in wind patterns
and vegetation cover. Wind patterns and moisture supply in the
QB are strongly influenced by the westerlies and in part by the
East-Asian summer and winter monsoon system (Fig. 2C; Bryson,
1986). Changes in these systems have resulted in complex impacts
on the erosional system. The available climatic records indicate
drier conditions during the last glacial in northern Tibet compared
to a much wetter Holocene (Herzschuh, 2006). This pattern is
attributed to a weakening and southward shift of the monsoonal
systems during glacial periods, which suppressed moisture supply
to NE-Tibet, and a Holocene northward migration of the monsoon
with progressively wetter conditions during warming (Thompson
et al., 2005; Wang et al., 2008). The southward shift of the
monsoonal system in glacial times may have been associated with

Table 1
Cosmogenic nuclide results.

Sample ♯ Rock Type Location Latitude (N) Longitude (E) Altitude 10Be concentration 10Be concentration error Erosion rate a Erosion rate
uncertainty a

(m) (atoms/g) (atoms/g) (mm/yr) (mm/yr)

4-16-09-2 Sandstone Crested ridge 37.516 92.296 3050 228,195 7771 0.138 0.012
4-17-09-1 Sandstone 701-Cliff 37.967 92.796 2972 107,720 4022 0.144 0.011
4-18-09-1 Sandstone Crested ridge 38.243 92.441 2778 191,675 6902 0.145 0.012
4-21-09-3 Sandstone Crested ridge 38.375 92.897 2786 292,823 9714 0.093 0.008
4-23-09-2 Sandstone Crested ridge 38.400 92.185 2792 485,639 15,921 0.057 0.005
4-24-09-1 Granite Crested ridge 38.815 92.655 3306 10,544,507 331,768 0.003 0.001
4-24-09-2 Sandstone Crested ridge 38.758 92.784 2975 234,360 8438 0.133 0.012
4-26-09-1 Sandstone 701-Cliff 38.434 92.416 2878 86,380 3272 0.171 0.014
4-26-09-2 Sandstone Crested ridge 38.436 92.422 2997 358,772 15,145 0.087 0.008
4-26-09-3 Sandstone Yardang top 38.445 92.419 2851 62,905 2700 0.401 0.035
4-27-09-1 Sandstone Crested ridge 38.358 92.510 2988 242,840 8721 0.128 0.011
4-28-09-1 Sandstone 601 slope-mount 38.232 92.669 2838 214,256 7704 0.092 0.008

a The erosion rate is calculated based on steady-state erosion (see text).
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a 4101 southward shift of the polar jet stream compared to its
modern position (Shin et al., 2003; Toggweiler and Russell, 2008;
Kapp et al., 2011; Pullen et al., 2011). The more southerly position
of the jet stream during glacial periods would have favored the
passage of large, low-pressure systems over the QB, which likely
resulted in high wind speeds that, together with less vegetation
cover during dry glacial periods, were able to efficiently erode
large quantities of sediment. The increase in wind erosion and
removal of material from the western QB during glacials is
recorded in the Dunde ice cap located in the Qilian Shan
!100 km east of the study area (Fig. 2b; Thompson et al., 1989).
The ice core shows large quantities of dust input throughout the
last glacial, followed by a dramatic reduction at the onset of the
Holocene. Lake, pollen, and tree-ring records from the QB itself
indicate aridity in the basin throughout the glacial until today, not
capturing the Holocene northward shift and increased monsoonal
precipitation (Phillips et al., 1993; Zhao et al., 2007, 2010). The
prolonged aridity may be explained by the high present-day
evapo-transpiration potential of 2000–3000 mm/yr, which also

existed during the glacial periods (Phillips et al., 1993). The overall
high evapo-transpiration must have suppressed any incoming
high moisture fluxes during the Holocene. It is surprising, how-
ever, that even as the Holocene climate in the QB stayed dry and
favorable to produce dust, dust fluxes and thus wind erosion were
dramatically reduced as evidenced by the Dunde ice core record
(Thompson et al., 1989). Simultaneously, dust emission and loess
accumulation in the CLP also decreased substantially as evidenced
by the start of paleosol formation at 9.370.5 ka (Porter, 2001;
Yaofeng et al., 2008). The greatest factor for the Holocene reduc-
tion in the dust flux and in turn wind erosion may have been the
changing wind pattern and reduction of wind speeds in response
to a northward shift in the polar jet stream.

Another factor that may have decreased Holocene wind erosion
in the QB is the local formation of salt crust. Today, parts of the
Qaidam, including yardangs and depressions, are covered with a
10–35 cm thick salt crust (Fig. 3E), especially where the salt-rich
Qigequan Formation (Pleistocene) is exposed at the surface. Here,
the salt-crust potentially armored the landscape and protected the
underlying material from erosion. Formation of the salt crust
in the QB may have coincide with the massive increase of chloride
in the Dunde ice-core record at the Pleistocene–Holocene transi-
tion !10,000 years ago and in turn a significant reduction of dust
input (Thompson et al., 1989), resulting in lower erosion rates in
areas affected by salt-crust formation throughout the Holocene.

On the basis of the above mentioned climatic and geologic
considerations it is reasonable that wind-erosion rates were
significantly higher during the last glacial period compared to
our determined 10Be-erosion rates covering the past !15,000 yr.
This is in line with the dust deposition history in the Dunde ice
core and the CLP, both of which show major changes with the start
of the Holocene around !104 yr. In general, such a history would
translate into higher wind erosion rates during previous glacial
conditions compared to determined mean 10Be bedrock erosion
rate of 0.125 mm/yr. This interpretation is in line with basin-wide
averaged erosion rates from the QB, based on geological cross-
sections (0.29 mm/yr, Kapp et al., 2011) (Fig. 4). Likewise, 50 m
high yardangs carved into 120–400 ka flat laying lake deposits,
imply similarly high minimum averaged erosion rates (0.12–
0.42 mm/yr, Kapp et al., 2011, Fig. 4).

In summary, variable climate conditions (a drier climate, less
vegetation, and stronger wind speeds during the LGM compared to
the Holocene) within the QB should directly translate to variable
wind erosion rates over time. Similar variability in wind erosion
also occurred in southern Argentina, where yardangs are carved
into an early Pleistocene lava flow that is overlain by a 1000 yr old
lava flow that does not show signs of wind erosion (Inbar and
Risso, 2001) or in the Western Pannonian Basin in Hungary, where
times of strong wind erosion activity (during glacial periods)
varied with times of enhanced vegetation, landform stability,
and subdued erosion (during interglacial periods) (Ruszkiczay-
Rüdiger et al., 2011). These correlations imply a global climate
impact during the last glacial maximum on wind erosion rates
worldwide.

4.2. The link to the Chinese Loess Plateau

Despite Quaternary wind erosion in the Qaidam Basin and the
presence of the Chinese Loess Plateau located downwind from and
east of the QB (Fig. 2B, Porter, 2001), few studies have argued for a
source–sink relationship between the two areas (Liu et al., 1994;
Wu et al., 2010; Kapp et al., 2011). A recent study of wind-blown
zircons from the CLP has identified the QB and the northern
Tibetan plateau as the principal source areas (Pullen et al., 2011).
Kapp et al. (2011) suggested that wind erosion in the QB has been
active since 2.6 Ma and estimated from geological cross-sections
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that roughly two-thirds of the loess plateau volume can be
explained by the volume of eroded sedimentary basin fill. Today,
roughly one-third (!3.88"104 km2) of the modern basin floor
exposes yardangs. If we consider our mean basin-wide averaged
wind-erosion rate of 0.125 mm/yr, we estimate a wind eroded
volume of !1"104 km3 (erosion rate (0.125 mm/yr)" start of
erosion (2.6 Ma)"modern yardang area (!3.88"104 km2)).
The result is equivalent to a volume of one-sixth of the CLP (Loess
plateau volume !6"104 km3). However, if the atmospheric
circulation pattern was different than today (Shin et al., 2003;
Toggweiler and Russell, 2008; Kapp et al., 2011; Pullen et al., 2011)
and wind erosion rates were higher during glacial periods in line
with QB basin-wide averaged erosion rates from geological cross-
sections and yardangs cut in original flat lying lake sediments
(Kapp et al., 2011), erosion rates may have been higher over the
long-term. This would result in higher volumes of eroded basin
material and would account for a higher amount of the Loess
Plateau volume, whereas the remaining material could have
been derived from northern Tibet and the Gobi and adjacent sand
deserts during interglacial periods (Pullen et al., 2011). Overall,
the cosmogenically derived volumetric estimates of eroded
QB material support the hypothesis that the QB is a major
source of loess for the CLP (Bowler et al., 1987; Kapp et al., 2011;
Pullen et al., 2011).

4.3. Global comparison and control on wind erosion rates

The wind erosion rates determined for the western QB con-
stitute some of the highest erosion rates measured using in-situ
cosmogenic nuclide dating in an arid environment (Fig. 1 and
Table 1). This contrasts with 10Be bedrock erosion rates in the

hyper-arid Atacama Desert of Chile which vary between 0.0003
and 0.006 mm/yr (Nishiizumi et al., 2005), cosmogenic nuclide
erosion rates from the Tibetan Plateau of o0.03 mm/yr (Lal et al.,
2003), and typical erosion rates for bedrock surfaces not affected
by fluvial or glacial processes (!0.01–0.05 mm/yr; see Small et al.,
1997 for a review of other studies). The range of Qaidam bedrock
erosion rates (0.05–0.4 mm/yr) agrees well with rates of calculated
wind abrasion and yardang development in well-consolidated
bedrock from Argentina, Chile, Hungary, Saudi-Arabia and other
parts of China (0.01–0.18 mm/yr) (Fig. 1: red circles; Inbar and
Risso, 2001; de Silva et al., 2010; Al-Dousari et al., 2009;
Ruszkiczay-Rüdiger et al., 2011; Dong et al., 2012), but are much
lower than global wind deflation rates (1–20 mm/yr) (Fig. 1: green
circles; e.g. McCauley et al., 1977; Goudie et al., 1999; Brookes,
2003; Washington et al., 2006; Al-Dousari et al., 2009; Bristow
et al., 2009). The stark difference in reported wind erosion rates
may be attributed to the different bedrock strengths of the eroding
material (unconsolidated vs. weakly consolidated and well con-
solidated). Overall, in comparison with other global studies on
yardang development in bedrock-floored deserts, the QB is by far
the most erosive, perhaps with the exception of the Lut desert of
Iran, where yardangs, having relief of 4100 m, have formed in
consolidated late Pleistocene strata (Krinsley, 1970; Kehl, 2009).

To further investigate the differences between abrasion and
deflation and their individual control on wind-erosion efficiency,
we plotted the global estimates of wind erosion rates against rock
strength of wind eroded material (Fig. 5). We used the range of
rock tensile strengths determined by Marin and Sauer (1954),
Kulhawy (1975), and Larma and Vutukuri (1978), as a measure of
bedrock strength and resistance to erosion. There exists a clear
break in the efficiency of wind erosion as bedrock tensile strength
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increases (Fig. 5A and B). Consolidated bedrock, with greater
tensile strength, has much lower wind-erosion rates of !0.003–
0.667 mm/yr compared to semi- to unconsolidated material,
which range between 1 and 20 mm/yr. The result is not surprising
since deflation should be dominant in semi- to unconsolidated
material, whereas deflation is limited in strong material where the
generation of loose material available for deflation is supply
limited. In contrast, consolidated rocks, having high bedrock
strengths, should only erode by the mode of wind abrasion, but
in turn at much lower rates. On the basis of Fig. 5b, we define
domains of predominantly deflation (sto2 MPa) or abrasion
(st42 MPa) as a function of rock tensile strength (Fig. 5b).
The exact rock tensile strength at which this transition occurs
needs to be systematically investigated in future studies. The
relationships depicted in Fig. 5b, however, provide a first-order
assessment. In summary, deflation processes should be supply-
limited, since high rates of up to 20 mm/yr are not sustainable
over long periods. This short-term process contrasts with wind
abrasion, which is detachment-limited. In general, wind deflation
and abrasion should be viewed as two modes of wind-erosion that
are not fully distinct from each other, but are controlled by
bedrock strength.

4.4. Significance of wind erosion and global sediment flux

The role of wind as an erosive agent in significantly contribut-
ing to global sedimentary flux has not been analyzed in depth
(Goudie, 2008). Nonetheless, wind erosion as shown may be very
effective in eroding material in some deserts, and possibly as
equally effective as fluvial erosion in many other environments.
Our cosmogenically derived wind erosion rates (average
0.125 mm/yr) are within the range of those reported worldwide
from glacial (!0.08–1000 mm/yr) and fluvial (!0.001–100 mm/
yr) dominated regions (Koppes and Montgomery, 2009). Wind
erosion rates are on the same order as glacial erosion rates
obtained from the mountains of the Pacific Northwest of North
America, for example (!0.1 mm/yr). Compared to fluvial erosion
rates, wind erosion rates are on the same order as fluvial erosion
measured in rivers from the Apennines (!0.1 mm/yr), they are
higher than fluvial erosion rates in cratons (o0.1 mm/yr), and
they are comparable to the lower end of the spectrum of fluvial
erosion of rivers in tectonically active regions.

The effectiveness of wind as an erosional agent is further high-
lighted by the thick loess deposits of the CLP as well as large
accumulations of dust offshore in the Pacific, Atlantic, and Indian
oceans (Porter, 2001; Rea et al., 1998; Hanebuth and Henrich, 2009).
Loess production itself is today viewed as a direct product of sand
grain abrasion and subsequent grain-size reduction, because during
the impact of saltating grains the grain size is reduced (Anderson,
1986; Crouvi et al., 2008). Under modern conditions, only sand seas
and deflating lake basins have been recognized to be major sources
and production areas of loess in mid-latitude deserts where loess is
not sourced from glacial environments (Crouvi et al., 2010, Enzel
et al., 2010). Our study shows that areas with yardangs are also a
major source for loess. It is in this type of environment that material
is actively being eroded and subsequently experiencing a grain size
reduction from sand to fine silt due to the impact of saltating grains
during wind storm events.

5. Conclusions

New 10Be cosmogenic erosion rates obtained from well con-
solidated Miocene sedimentary rocks on the Qaidam Basin floor
yield eolian bedrock erosion rates between 0.05 and 0.4 mm/yr,
with a mean rate of !0.125 mm/yr. Rates are highest along an

actively growing anticlines in Miocene sedimentary strata, and
lowest in resistant, granitic bedrock, with a rate of 0.003 mm/yr.
Our results provide the first quantification of eolian bedrock
erosion rates associated with yardang fields in central Asia. The
virtual absence of fluvial erosion on the sharp crested ridges and
yardang tops sampled suggest that the erosion is dominated by
wind processes. Paleoclimate and geologic evidence, together with
the enhanced formation of salt crust at the start of the Holocene,
suggest that wind erosion rates may have been highly variable and
were likely significantly higher during past, especially during cold,
glacial conditions. Our study identifies the Qaidam Basin as an
environment of severe wind erosion and implies that wind erosion
can occur at rates comparable to fluvial and glacial processes in
specific climatic and tectonic settings. Based on existing global
long-term (45000 yr) datasets, the Qaidam Basin is one of the
most erosive deserts on Earth. Calculated volumes of eroded
material from the Qaidam Basin during the Quaternary suggest
that at least 16% and potentially more of the Chinese Loess Plateau
deposits may have been derived from the Qaidam Basin.
In addition, a relationship between wind deflation and abrasion
rates was established in relation to the bedrock strength of the
eroding material. Our new data will help to calibrate numerical
models of wind erosion and yardang development and contribute
to a better understanding of abrasion vs. deflation processes in
general.
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