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ABSTRACT
Liquid water and ice are the dominant agents of erosion and
sediment transport in most actively growing mountain belts. An
exception is in the western Qaidam basin along the northeastern margin of the Tibetan Plateau, where wind and windblown sand have sculpted enormous yardang fields in actively
folding sedimentary strata. Here, we present observations suggesting that since the late Pliocene, wind episodically (during
glacial and stadial periods) removed strata from the western
Qaidam basin at high rates (>0.12–1.1 mm/yr) and may have
accelerated rates of tectonic folding. Severe wind erosion likely
occurred during glacial and stadial periods when central Asia
was drier and the main axis of the polar jet stream was located
~10° closer to the equator (over the Qaidam basin), as predicted by global climate models. Reconstructed wind patterns,
the estimated volume of Qaidam basin material removed by
wind, and numerical models of dust transport all support the
hypothesis that the Qaidam basin was a major source of dust
to the Loess Plateau.

INTRODUCTION
The 700-km-long, up to 300-km-wide Qaidam basin (Figs. 1
and 2A) encompasses one of the highest (~2800 m elevation)
and driest (<50 mm/yr precipitation in its western part) deserts
on Earth, and it is actively shortening NE-SW in response to the
ongoing collision between India and Asia (Tapponnier et al.,
2001). A common inference, likely because of its low relief
(<300 m), intermontane and internally drained setting, and
thick accumulations of late Cenozoic sediment, is that the Qaidam basin is actively filling with sediment. However, roughly
one-third of the modern Qaidam basin floor (~3.88 × 104 km2)
actually exposes folded sedimentary strata (Fig. 2A) exhumed
since the Pliocene due to uplift and wind erosion. Severe wind
erosion is demonstrated in the western Qaidam basin by the
presence of extensive fields of mega-yardangs (Figs. 2A–2C
and 3A) (Goudie, 2007), which are ridges (and parallel troughs/

pans) carved in cohesive material by strong, unidirectional
winds and saltating particles carried by the wind, with spacing
and relief on the order of hundreds of meters and tens of meters (locally up to ~50 m), respectively. In most places, windcarved substrata consist of relatively friable, Plio-Quaternary
lacustrine deposits.
Yardang ridges form parallel to and taper in the direction of
prevailing winds. The geometries of yardangs, and dune forms
in ergs where present, reveal the prevailing wind pattern during their development (Fig. 2A). Northwesterly winds entered
the Qaidam basin through topographic lows in the Altyn Tagh
Range along its northwestern margin (Fig. 2A; Halimov and
Fezer, 1989). Moving from west to east in the basin, the wind
directions become more westerly, paralleling the trends of the
>5000-m-high basin-bounding mountain ranges (Fig. 2A). Located downwind of the Qaidam basin is one of the most voluminous and best-exposed accumulations of Neogene-Quaternary
loess on Earth—the Loess Plateau (e.g., Kukla, 1987; Porter,
2007) (Fig. 1). The alternating loess/paleosol stratigraphy of the
Loess Plateau provides one of the richest terrestrial records of
climate change since the Pliocene. Loess accumulation occurred primarily during glacial and stadial periods, when climatic conditions were drier in central Asia because of a
weakened East Asian summer monsoon (e.g., An, 2000; Porter,
2007). Knowledge of the source regions for the loess, and how
they have varied through time, is critical for assessing numerical models of atmospheric circulation during the Pliocene and
Quaternary and the provenance of the nutrient-rich dust transported by high-level westerly winds into the Pacific Ocean,
which may have increased marine productivity and contributed
to the drawdown of atmospheric carbon dioxide during glacial
periods (Rea, 1994; Bopp et al., 2003; Mahowald et al., 2006).
In addition, Chinese loess input into the ocean has strongly
altered seawater chemistry (e.g., Jacobson, 2004). Although it is
widely argued that the bulk of Loess Plateau deposits was
sourced from the Gobi and adjacent sand deserts (e.g., Sun,
2002; Sun et al., 2008), observations of spatially extensive fields
of yardangs and the prevailing northwesterly to westerly wind
pattern in the Qaidam basin suggest that its importance as a
Loess Plateau source may presently be underappreciated.

HISTORY OF QAIDAM WIND EROSION
The wind erosion that produced the modern Qaidam yardangs must be younger than late Pleistocene because lacustrine
strata of this age are widely exposed in the wind-eroded part
of the basin (Pan et al., 2004). However, it does not appear that
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the Qaidam basin is presently undergoing severe wind erosion.
No major dust-producing wind storms have been documented
in the Qaidam during the past ~50 years (Sun et al., 2001).
Also, the modern Qaidam yardangs are in many places armored with a decimeter-scale thick crust/paleosol of strongly
indurated salt (Fig. 3B). This salt crust is not restricted to lower
elevation areas of the basin where the salt could have been

rapidly leached from the water table, but it is also in topographically higher areas, consistent with landform stability.
Based on the alternating wet and dry conditions characteristic of interglacial/interstadial and glacial/stadial periods, respectively, in central Asia during the Plio-Quaternary, it seems
reasonable to speculate that the Qaidam basin experienced alternating episodes of sediment accumulation and wind erosion

Figure 1. Shaded relief map of central
Asia. Light-blue arrows indicate prevailing low-level wind directions.
Dark-blue, dashed lines indicate main
axis of polar jet stream in modern
winter climate (over Gobi Desert;
position from An, 2000) and that
predicted by global climate models
during glacial/stadial episodes (over
Qaidam basin ~10° closer to the equator; Toggweiler and Russell, 2008).

Figure 2. (A) Landsat 7 image of Qaidam basin region. Red lines indicate locations of cross sections for which values of erosion, averaged across length of
line, were determined (values in white boxes; units in meters). (B) and (C) Google Earth images showing yardang fields that have developed in folded
Pliocene-Quaternary sedimentary strata. Spacing between major yardangs is ~100 m. Width of view in 2B is ~50 km.
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in phase with Loess Plateau paleosol development and loess
accumulation. A supporting, preliminary investigation of PlioPleistocene basin fill in the west-central Qaidam basin shows
that lacustrine sedimentation was punctuated by periodic episodes of subaerial exposure and wind erosion. The latter is evidenced by the presence of salt paleosols/crusts (Fig. 3C),
deflation lag deposits (Fig. 3D), wind-storm deposits, paleopans filled with lacustrine and/or eolian deposits, and even
paleoyardangs separating meter-scale parasequences of lacustrine strata (Heermance et al., 2009). Except for perhaps along
the crests of large anticlines, which parallel topographic highs
in the basin, sediment accumulation during periods of lacustrine deposition must have exceeded the thickness of material
removed when wind erosion was active in order to lead to
positive net sediment accumulation, the preservation of paleoyardangs, and the significant thicknesses of Plio-Quaternary fill
exposed in the region. The ongoing folding in the Qaidam
basin coupled with the most recent episode of severe wind
erosion led to the preservation and exposure of this stratigraphic (and likely very rich paleoclimatic) record.

RATES OF WIND EROSION

Figure 3. (A) Mega-yardangs sculpted in mainly lacustrine Pleistocene strata
within the west-central Qaidam basin. (B) Roadcut exposure looking parallel to long axis of yardang. In many places, yardangs are armored in a resistant salt crust that is here ~35 cm thick. (C) Salt crust and (D) deflation lag
deposits interbedded with lower Pleistocene lacustrine strata in the westcentral Qaidam basin.

Quaternary wind-erosion rates have not been quantified in
the Qaidam basin but must be significant. The modern Qaidam
yardangs post-date occupation of large parts of the basin by
lakes at sometime between 120 ka and 400 ka (Mischke et al.,
2010). The development of yardangs with 50 m of relief requires minimum time-averaged erosion rates in the 0.12–0.42
mm/yr range in the troughs between yardangs, assuming an
initial flat surface into which the yardangs were sculpted.
Time-averaged erosion rates can also be estimated over a
longer time scale. Industry seismic-reflection profiles show
that sediment accumulation was continuous across the entire
Qaidam basin until ca. 2.8 Ma, when the appearances of growth
strata indicate accelerated growth of folds within the western
Qaidam basin (Zhou et al., 2006; Yin et al., 2008). The absence
of angular unconformities imaged in ca. 2.8 Ma and older Neogene strata indicate that the erosion of Qaidam basin folds has
occurred since 2.8 Ma. We use geological cross sections (Figs.
4 and DR11) to estimate how much strata have been removed
from above Qaidam folds since 2.8 Ma (providing estimates of
time-averaged erosion rates). Sedimentary deposits younger
than 2.8 Ma in the western Qaidam basin are overwhelmingly
evaporative lacustrine/playa, indicative of closed-basin conditions (Pan et al., 2004; Fang et al., 2008; Heermance et al.,
2009). Hence, removal of sediment from the western Qaidam
basin must have occurred by wind.
Hundreds to thousands of meters of strata have been removed
from above Qaidam basin folds since ca. 2.8 Ma based on geometric constraints provided by published regional cross sections
(Zhou et al., 2006) (Fig. DR1 [see footnote 1]) and our own, more
local cross sections constructed from unpublished 1:200,000-scale
Chinese geological maps (Fig. 4). The numbers shown for individual cross-section lines (Fig. 2) indicate the line-averaged value
of material eroded. These estimates are rough given uncertainties
about how stratal thicknesses may vary across anticlines and
the fold-growth histories. Encouraging, however, are the similar

1
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Figure 4. Geological cross sections constructed from unpublished 1:200,000-scale Chinese geological maps, showing minimum estimates of the amount
of material removed from above Qaidam basin folds. Locations of lines are indicated on Figure 2. An effort was made to minimize the amount of material
eroded, for instance, by thinning or pinching out units above the folds and not including material eroded from above some of the wind-eroded synclines
where no bedding orientation data are available. In addition, we are unable to account for the possibly significant episodic wind erosion that could have
contributed to thinning of the upper Pliocene and younger units.

values obtained from the local and regional cross sections, and
that the basin-wide average erosion value (average of all values
weighted by length of cross section = 820 m) is identical to the
value determined for the longest line across the central part of the
wind-eroded basin (820 m; Fig. 2). This value, in turn, yields a
basin-wide average erosion rate of 0.29 mm/yr over the past
2.8 Ma, within the range of the erosion-rate estimates determined
using previous lake occupation as a reference datum (0.12–
0.42 mm/yr). There are localized erosion hotspots above
anticline crests where up to 3 km of strata have been removed
(Figs. 4 and DR1 [see footnote 1]), corresponding to a time-averaged erosion rate of 1.1 mm/yr. These are minimum erosion rate
estimates for when wind erosion was active because they are
averaged over a time interval when erosion was not continuously active (excluding perhaps along the crests of the largest
anticlines) but instead alternated with episodes of sediment
accumulation.

IMPLICATIONS FOR TECTONIC-CLIMATE INTERACTIONS
Our estimates of wind-erosion rates in the sandblasted portion of the Qaidam basin are comparable to rates of fluvial and
glacial erosion in tectonically active mountain ranges. The efficacy of wind in removing sediment from the Qaidam basin
may be attributed to a combination of strong unidirectional
winds, the nature of the material being eroded (mainly young,
friable lacustrine deposits), and ongoing folding that brings a
continuous supply of this material toward the surface. At least
locally above crests of actively growing anticlines, the erosion
rates are comparable to those in the Himalaya (~1 mm/yr in
the Miocene and accelerating to 2–3 mm/yr during the past few
million years; Vance et al., 2003; Rahl et al., 2007) and other
orogens where it has been proposed that erosion has had a
positive feedback relationship with rock deformation and rock
uplift (e.g., Beaumont et al., 2001; Simpson, 2004; Whipple,
2009). The possibility of an analogous positive feedback relationship between focused erosion and rock deformation in the
Qaidam basin, except in response to wind rather than fluvial or
glacial processes, is intriguing.
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An outstanding issue is the extent to which tectonics led to
enhanced wind erosion in the Qaidam basin and vice versa.
Tectonically driven acceleration of the northeastward growth
of the Tibetan Plateau since the late Miocene (e.g., Molnar,
2005), with a possible pulse of mountain building along the
northern and eastern margins of the Qaidam basin at 3.6–2.6
Ma (e.g., An et al., 2001), may have helped establish the hyperarid conditions conducive to wind erosion in the Qaidam basin. In the case of the Qaidam basin, however, the onset of
severe wind erosion may have enhanced fold growth. A supporting observation is the unlikely coincidental, coeval (at 2.8–
2.5 Ma) acceleration of loess accumulation on the Loess Plateau
(An, 2000; Porter, 2007), suggesting enhanced wind erosion in
its source region(s) at this time and initiation of rapid fold
growth in the western Qaidam basin, as indicated by growth
strata (Zhou et al., 2006). The onset of severe wind erosion
corresponds in time with an increase in global ice volume and
the onset of the glacial/interglacial cycles. While debate persists, a recent and popular explanation attributes this change in
global climate to the establishment of the Indonesian Gateway
rather than to mountain building or other climate drivers (e.g.,
Fedorov et al., 2006; Karas et al., 2009). Higher resolution data
on the history of wind erosion and folding in the western Qaidam basin are needed to test the idea that climate change
(wind erosion) may have locally accelerated tectonics.
An analysis of Qaidam fold geometries and their relationship
to the prevailing wind directions reconstructed from modern
yardang orientations (Fig. 5) raises the additional possibility
that wind erosion may have influenced fold geometry and kinematics. The regional shortening direction along the northeastern margin of the Tibetan plateau is NE-SW (Tapponnier et
al., 2001; Zhang et al., 2004). Hence, we would expect the axial
traces of Qaidam folds to trend NW-SE. However, in many
places, axial traces trend more E-W than expected and many
folds are crescent-shaped in map view, with axial trace trends
that vary from NW-SE to more E-W orientations. Many Qaidam
anticlines are fault-propagation folds with steeper dipping forelimbs (indicated as dotted yellow lines on Fig. 5) and shallower
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Figure 5. Landsat 7 image of the northwestern Qaidam basin (location shown on Fig. 2A). White arrows—prevailing wind direction during yardang development; yellow lines—axial traces of fault-propagation anticlines; yellow dotted lines—steeper forelimbs of anticlines (perpendicular to propagation direction).

dipping backlimbs. For every anticline shown on Figure 5, the
forelimbs are located on the northern sides of the axial traces,
indicating that the anticlines are propagating northward to
northeastward, roughly in the up-wind direction. The latter observation may be fortuitous; the fold geometries may be controlled by reactivation or inversion of preexisting south- to
southwest-dipping faults in the underlying basement. However, we raise another possibility that northerly to northwesterly
winds caused more erosion on the northern forelimbs, where
winds were forced to move up and over the anticlines, relative
to the backlimbs. This enhancement of erosion along the
northern forelimbs might have facilitated northward fault propagation, which in turn would create a topographically more
abrupt forelimb that would further enhance and localize wind
erosion. In essence, we suggest that the crescent-shaped
geometries in map view and northward propagation direction
of Qaidam folds may be a consequence of the superposition of
the regional tectonic compressive stress in the NE-SW direction
and stresses related to spatially non-uniform erosional unloading by wind.

IMPLICATIONS FOR PALEOCLIMATE AND SOURCE OF
LOESS PLATEAU
The estimated volume of material removed from the Qaidam
basin by wind is 3.2 × 104 km3 (basin average erosion estimate
of 820 m × modern yardang area of 3.88 × 104 km2), equivalent
to more than half of the total volume of Loess Plateau deposits
(Porter, 2007; average thickness of 150 m × area = 6.0 × 104 km3).
The dominantly lacustrine strata removed from the Qaidam
basin includes abundant silt and sand, and thus could be a
source for the relatively coarse loess deposits of the Loess
Plateau. The proportion of wind-eroded material that may
have been redistributed to and stored within the eastern
Qaidam basin is unknown. Nevertheless, this volume comparison combined with the northwesterly to westerly wind pattern in the Qaidam basin (Fig. 2) and the downwind position
of the Loess Plateau warrant reconsideration of a source-sink
relationship between the two (e.g., Bowler et al., 1987).
There are two major arguments challenging this proposition
and that have strongly influenced current thinking. First, the
bulk of central Asian dust entrained into the atmosphere by
8

low-level wind storms during the past ~50 years of monitoring
was sourced from the Gobi and adjacent sand deserts, as well
as the Tarim basin (Taklimakan Desert) (Zhang et al., 2003a,
2003b; Sun et al., 2008) (Fig. 1). In the modern winter to spring
climate, the main axis of the polar jet stream is located over the
Gobi region (Fig. 1; An, 2000)—the locus of modern dust
storms. During glacial and stadial periods, global climate models suggest that the main axes of the high-level westerlies in
both the northern and southern hemispheres shift ≥10° in latitude toward the equator as a consequence of a decreased thermal contrast in the middle of the atmosphere (Yin, 2005;
Williams and Bryan, 2006; Toggweiler and Russell, 2008). This
places the main axis of the jet stream directly over the Qaidam
basin (Fig. 1) during glacial and stadial periods, when we propose that wind erosion was most severe.
Second, the spatial variations in thickness (and grain size,
which scales positively with thickness) of Loess Plateau deposits (Fig. 6A) (Zhang et al., 1999; Han et al., 2007) have been
widely interpreted to support the hypothesis that modern conditions of loess transport by low-level northerly and northwesterly winds are applicable throughout the Pliocene-Quaternary.
However, we show here using numerical models of dust transport that the spatial variations in thickness are consistent with
westerly winds and a Qaidam basin source.
Atmospheric transport of particulate matter can be modeled
as a combination of turbulent diffusion, downwind advection,
and gravitational settling. Figures 6B and 6C illustrate deposition maps corresponding to steady-state advection-diffusionsettling models for dust emanating from an elevated (1500 m)
point source located above the westernmost edge of the Loess
Plateau. The source is elevated because the dust emanating out
of the wind pass of the Qaidam basin is located 1500 m higher
than the Loess Plateau. Additional model parameters include
the mean wind velocity u (~10 m/s), the Rouse number ν
(~0.3), and the turbulent diffusivity (which varies with elevation in the model, but at the source elevation of 1500 m above
the substrate it has a value of ~100 m2/s; see supplemental data
text [footnote 1] for model details).
Model results are shown in Figure 6B for the reference case
of u = 10 m/s, ν = 0.3, and Kz(h) = Kx = 100 m2/s. The value of
the source emission rate was scaled to match the observed
APRIL/MAY 2011, GSA TODAY

maximum thickness of deposits in the Loess Plateau. The basis
for this scaling is the similar order of the estimated volume of
material eroded from the Qaidam basin and the volume of
deposits in the Loess Plateau. For dust particles fine enough to
be suspended in the atmosphere (i.e., ν significantly <1), the
model results scale with the parameter h 2u/Kz(h) (where h is
the source elevation above the substrate), which has units of
length. For the reference case (Fig. 6B), h 2u/Kz(h) = 225 km.
This value represents the distance between the point source
location and the distance downwind from the source where
the highest dust deposition rates are predicted. The observed
pattern of loess thickness (Fig. 6A) corresponds quite closely
with the predicted pattern. The sensitivity of dust deposition
patterns corresponding to different values of u and Kz(h) can
be determined by calculating h 2u/Kz(h) and stretching or contracting the downwind deposition patterns linearly relative to
the reference case value of 225 km. For a range of reasonable
u and Kz(h) values (i.e., u = 5–15 m/s, Kz(h) = 50–150 m2/s),
the downwind distance of the deposition “hotspot” varies within a range of 75 to 675 km.
Additional model details (including the justification and effects of the N-S wind velocity gradient included in Fig. 6C) are
given in the supplemental data text (see footnote 1). Additional, second-order differences between model results and
observed thickness may be explained by our hypothesis that
dust is largely sourced from the Gobi region during interglacial and interstadial periods. However, since dust fluxes were
2–3 times greater during glacial episodes compared to interglacial episodes (Rea, 1994), in terms of volume percent, the
Qaidam basin is likely the dominant source of loess to the
Loess Plateau. Furthermore, our modeling work suggests that
the turbulent dispersion of dust in the atmosphere promotes
loess depozones that are larger in spatial extent than their
source regions. As such, it is difficult to envision a scenario in
which dust from the Gobi, Taklimakan, and other deserts of
northern China and southern Mongolia (an area thousands of
kilometers in extent) could have been concentrated into the
much smaller area defined by the thickest (>100 m) deposits
of the Loess Plateau.

CONCLUSIONS
The western Qaidam basin exposes enormous fields of yardangs sculpted by northwesterly to westerly winds in actively
folding sedimentary strata. Emerging stratigraphic evidence
suggests that the western Qaidam basin underwent alternating
episodes of lacustrine deposition and wind erosion since the
late Pliocene, which we hypothesize were in phase with episodes of paleosol formation and loess accumulation, respectively, in Loess Plateau deposits. Cross sections show that
hundreds to thousands of meters of vertical strata have been
removed from above Qaidam basin folds since 2.8 Ma, when
the rate of fold growth accelerated. Given the prevalence of
closed-basin conditions since at least the Pliocene, this material
must have been transported out of the western Qaidam basin
by wind. When active, wind erosion occurred at substantial
rates (>0.12 mm/yr), particularly above anticline crests (>1 mm/
yr). The coeval acceleration at 2.8–2.5 Ma of Qaidam basin fold
growth and wind erosion in central Asia, and the crescentshaped map patterns and consistently up-wind propagation
GSA TODAY, APRIL/MAY 2011

Figure 6. (A) Shaded relief topography of Loess Plateau with loess thickness
contours superimposed (Nugteren and Vandenberghe, 2004). (B) Color map
of predicted loess thickness for reference case solution. (C) Color map of
predicted loess thickness with north-south wind velocity gradient included;
otherwise, this model result corresponds to same parameters as in (B).

directions of Qaidam basin anticlines, raise the intriguing possibility that wind erosion enhanced and altered the kinematics
of fold growth. We hypothesize that severe wind erosion in the
Qaidam basin was mostly active during glacial and stadial periods when central Asia was drier and the main axes of the
polar jet streams shifted toward the equator. The latter, in turn,
shifted the source of Loess Plateau deposits from the Gobi and
adjacent sand deserts (during interglacial conditions like those
of the modern) to the Qaidam region.
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