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Key Points:


We conduct a comprehensive study of geomorphology and evolution processes of
yardangs in the Qaidam Basin and their analogues on Mars.



These yardangs have similar morphologic and geometric characteristics, and
experienced a multi-stage evolution.



The evolution processes may have been interrupted at some stages due to differences
in rocks properties and/or the changes of environment.
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Abstract
Wind-eroded ridges known as yardangs are common in most arid desert regions on Earth, as
well as on other planets, notably in the Medusae Fossae Formation (MFF) and Gale Crater on
Mars. However, the formation and evolution of these various yardangs are not well
understood, which, therefore, requires further studies by more terrestrial analogues. Here we
report a detailed investigation of the terrestrial yardang fields in the Qaidam Basin,
northeastern Tibetan Plateau, China. Most of them are distributed in the northwestern and
central eastern parts, with dominant orientations northwest to north-northeast and
approximately west to east, respectively. Based on their morphologies and distributions,
yardangs within the Qaidam Basin have been classified into 11 different types out of four
main groups.Wind is the dominant driver of yardangs erosion, but water, salt, and mass
wasting may also have played important roles in their formation and modification. A fourstep evolution model, including embryonic, adolescent, mature, and receding stages, is
proposed to reveal their formation and evolution in the basin. Meanwhile, yardangs in the
Medusae Fossae Formation and Gale Crater on Mars have morphologic and geometric
characteristics which show striking similarities to those in the Qaidam Basin. The facts that
some yardang fields in MFF on Mars also show overlapping relationships suggest that they
possibly have experienced a multi-stage evolution, during which the evolution processes may
have been interrupted at some stages due to differences in the competence of rocks and/or the
changes of environment.
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Plain Language Summary
The Qaidam Basin is the largest yardang field in China. In this study, we investigate the
distributions, morphological types, and sizes of these yardangs. We attempt to explore their
origins and explain their evolution processes. Based on their morphologies and distributions,
we have identified 11 different types of yardang and sort them into four main groups. We
find both their spatial distribution and orientation are controlled by local topography and
prevailing wind direction. Their main orientations are northwest to north-northeast in the
northwestern basin, while approximately West to East in the central eastern basin. Yardangs
in the Qaidam Basin are mainly eroded by wind. We propose a four-step evolution model to
explain their formation processes. Similar yardangs on Mars are also observed, such as those
within the Medusae Fossae Formation and Gale Crater. We find that yardangs on Mars show
morphologic and geometric characteristics similar to those in the Qaidam Basin, indicating
they may have experienced similar evolution processes.
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1 Introduction
“Yardang” is a geological term that was introduced by Hedin (1903) when he
travelled the Lop Nur, northwestern China to define the streamlined, wind-carved ridges that
had been developed within lacustrine deposits. This term has now been extended to define
wind-carved ridge-like features in general, whether highly streamlined or not (Halimov &
Fezer, 1989; Laity, 2011). Typical yardangs occur mostly in large fields, and they are
observed in arid to hyper-arid regions where havesparse vegetation and annual precipitation
less than 50 mm (Niu et al., 2011). The majority of deserts on Earth, including Central Asia,
Southern Iran, Northern Saudi Arabia, Bahrain, Namibia, Egypt, southern California, Central
Sahara, the high Andes of South America, and the coastal Peru and Chile (cf. Goudie, 2007;
McCauley et al., 1977a), all host yardangs. They have also been identified on other planets,
i.e. Venus (Greeley et al., 1992), Titan (Paillou & Radebaugh, 2013), and especially on Mars
(Carr, 2007), where yardangs typically occur in equatorial regions, including the Medusae
Fossae Formation (MFF), Ares Vallis, Sacra Sulci, Candor Chasma, Iapygia and some
paleolake basins within impact craters (Day & Kocurek, 2016; Desai & Murty, 2016; Greeley
& Iversen, 1987; Kite et al., 2013; Tanaka et al., 2014; Ward, 1979).
Most of yardang fields in China occur in the Qaidam Basin, along the middle and
lower Shule River, and in the Xinjiang Province (Yang, 2009). The Qaidam Basin hosts the
largest yardang field in China, covering an area of about 3.88 × 104 km2 (Kapp et al., 2011;
Li et al., 2016), nearly one-third of the basin. Only a few studies on these yardangs have been
carried out due to their remote location and a challenging environment. Based on fieldwork,
Fan (1962) described the morphology of yardangs in Lenghu area, northwest of the basin, and
classified them into three different types: “pyramid”, “earth hummock”, and “long-ridge”.
With the aid of stereo images acquired by the space shuttle Columbia and field inspections,
Halimov and Fezer (1989) further divided the yardangs between Daqaidam and Lenghu into
eight types, comprising “mesa”, “saw-toothed crest”, “cone”, “pyramid”, “hogback”,
“whaleback”, and “low, streamlined whaleback” yardangs. Later, a few research groups have
investigated the yardangs in other restricted areas within the Qaidam Basin. Hu (1990)
divided the yardangs in Qarhan, center of the Qaidam Basin, roughly into young, mature and
decline stages without specific descriptions, and Li et al. (2011; 2013) studied their
morphologies, sediments, and wind regimes. Wei (2013) focused on the hogback yardangs in
Kaitemilike, southwest of the basin, and described their possible formation processes. Based
on the classification from Halimov & Fezer (1989), Li et al. (2016) mapped the “mesa”,
“long-ridge”, “saw-toothed crest”, and “whaleback” yardangs in the western Qaidam Basin.
Hu et al. (2017) classified the yardangs into four types with multi-source remote sensing data
based on their length/width ratios. However, previous researches covered only some parts of
the basin, and the insufficient data have constrained our understanding about the
comprehensive characteristics, formation and evolution of the yardangs in the Qaidam Basin.
Many formation and evolution models of the yardangs on Earth have been proposed.
Halimov and Fezer (1989) suggested that the troughs in-between yardangs were carved by
occasional fluvial activities during their early stage, and then, enlarged by wind. The
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yardangs are shortened and lowered due to continual erosions and collapses. Embabi (1999)
proposed a four-stage (juvenile, mature, advanced, end stages) evolution model for the longridge yardangs developed in the Holocene playa sediments overlying bedrock in the western
desert of Egypt, and Brookes (2001) applied this model to yardangs in the Libyan Desert
which are developed exclusively in bedrock. Both of their models described the evolution
progresses from long-ridge yardangs with narrow troughs (juvenile stage) to broad troughs
(mature stage), then shorten in length (advanced stage), enlarging in spacing (end stage), and
finally ending with planation. Dong et al. (2012) proposed a similar four-stage (embryonic,
adolescent, mature, and receding) development for the long-ridge yardangs in the Kumtagh
Desert, NW China. The difference is that the receding form of yardangs in the Kumtagh
Desert are still with long-ridge shapes with narrow tops and broad troughs, which are equal to
the mature stage in Embabi’s model. However, the development of yardangs in the Qaidam
Basin seems to be much more complex than those above mentioned judging criteria (types,
size, and morphologies). Therefore, further studies are necessary to account for their
formation and evolution.
In order to fully understand the formation and evolution of martian yardangs, distinct
yardangs in the Qaidam Basin can also shed light on the geological history of Mars (Xiao et
al., 2017; Anglés & Li, 2017; Li et al., 2018). Preliminary observations show that the yardang
fields in the MFF on Mars are abundant, highly complex, and similar to those occurring
within the Qaidam Basin. Previous investigations have reported some yardangs in the MFF
(e.g. Kerber & Head, 2010; Mandt et al., 2008, 2009; Zimbelman & Griffin, 2010), and
provided “v-shaped depressions origin” (Mandt et al., 2009; Mandt et al., 2008) and “lava
casts” (Kerber and Head, 2010) models to describe their formation and evolution. However,
the limited coverage of high-resolution images has constrained the size of research areas, and
more small-sized yardangs of different types have been reported recently (Day & Kocurek,
2016; Desai & Murty, 2016; Li et al., 2018; Zaki, 2016) thanks to the increasing coverage of
high-resolution images obtained by the Mars Reconnaissance Orbiter (MRO). Previous
models account for only a few yardangs formation, and the evolution among different
yardang types remain uncertain and demand further studies, which means that more analogue
studies are required to better understanding of their formation history and relevant climate
environment of this region. The Curiosity rover (Mars Science Laboratory, MSL) is
continuously studying yardangs within Gale Crater (centered at 5.4°S, 137.7°E). Their
morphologies and distributions have been described (Fairén et al., 2014; Le Deit et al., 2011,
2013), but studies about the detailed evolution processes are still lacking. Correlations and
comparative studies of yardangs in the MFF and Gale Crater would be helpful for our better
understanding of yardangs formation and evolution on Mars (Dapremont et al., 2014; Mandt
et al., 2008; Milliken et al., 2010; Thomson et al., 2008, 2011; Zimbelman & Scheidt, 2012).
In this paper, we provide a completed survey of all the yardangs within the Qaidam
Basin, integrating high-resolution images taken by a drone (Unmanned Aerial Vehicle, UAV)
and satellites, and fieldwork during the past four years.The detailed geological features,
geometric parameters, possible evolution history, and controlling factors in the development
of the yardangs are described and discussed. Similar-shaped yardangs in the MFF and Gale
© 2018 American Geophysical Union. All rights reserved.

Crater on Mars are compared, with their counterparts in the Qaidam Basin, yielding a new
model to describe the formation and evolution of yardangs in the MFF and Gale Crater.
2 Geological setting and climate
2.1 Geological setting of the Qaidam Basin
The Qaidam Basin is located between 90°16’ E – 99°16’ E and 35°00’ N – 39°20’ N
in northwestern China (Figure 1). As the largest intermontane sedimentary basin along the
northeastern Tibetan Plateau, it covers about 120, 000 km2 (~700 km long and up to ~300 km
wide) in area, with an average elevation of ~2800 m, making it one of the highest deserts in
the world (Rohrmann et al., 2013). Topographically, it is bounded by the Altyn Tagh Range
to the northwest, the East Kunlun-Qiman Tagh orogenic belt to the south-southwest, and the
Qilian orogenic belt to the north-northeast (Yin et al., 2008), showing as a triangular shape in
plane view (Figure 1a).
The Qaidam is a tectonically controlled sedimentary basin (Yin et al., 2002). Since
the middle to late Miocene, it has been compressed and actively shortened in the NE – SW
direction due to the ongoing convergence between India and Eurasia plates (Tapponnier et
al., 2001; Wu et al., 2014; Zhang et al., 2004), and also NW – SE and NNW – SSE trending
folds are developed in the sediments of western basin (Wang et al., 2012a; Zhang et al.,
2013). These folds separated the basin into several sub-basins sometimes hosting lakes (Fang
et al., 2007; Han et al., 2014; Wang et al., 2006; Wang et al., 2012b).
The basement outcrops emerge along the edge of the Qaidam Basin, consisting of
Precambrian – Silurian metamorphic rocks (e.g. Huang et al., 1996). The overlain stratum
within the basin are Devonian – Cenozoic sediments that were originated from weathering
and denudation of the surrounding mountains (e.g. Yang et al., 2001; Yin et al., 2007, 2008).
The total thickness of Cenozoic sediments within the basin can reach up to about12,000 m
(Fang et al., 2007; Xia et al., 2001). In the northwestern part, the surface layer of the subbasins is Pleistocene strata, consisting of cyclic clays, mudstones, evaporites (e.g. halite,
gypsum) (Li et al., 2010; Zhang et al., 2012), while most of the outcropped folded structures
are Tertiary strata that is mainly made by mudstones, siltstones, and sandstones, with
interbedded sulfate (e.g. gypsum) layers. Holocene deposits, including aeolian (e.g. sand
dunes), seasonal fluvial, and modern saline lake sediments, are distributed on the north
alluvial-diluvial clinoplains of the East Kunlun-Qiman Tagh Mountains (Li et al., 2016) or
interspersed in the low-lying areas within the basin (Figure 1).
2.2 Climate in the Qaidam Basin
The Qaidam Basin is mainly influenced by the westerlies (Figure 1a). Due to the
shielding effect of the Tibetan Plateau and surrounding high mountain ranges, little moisture
can reach in this Eurasian hinterland basin after a long trip. The main moisture source is
carried by the East Asian Monsoons, which can extend to the southeastern basin after
crossing the Hengduan Mountains. Most of rainfalls come from the convergence zone of
these two flows, but both of them are very little (Wu et al., 1985; Wu, 2009). Thus, their
© 2018 American Geophysical Union. All rights reserved.

influences decline from east to west throughout the basin. The annual precipitations are ~150
mm – ~200 mm, ~40 mm – ~50 mm and <50 mm – <20 mm in the southeastern, central and
northwestern basin, respectively. While their annual evaporations can be as high as ~2000 –
3600 mm (Wu, 2009; Zhang & Liu, 1985), enabling it to be one of the driest regions on Earth
(Rohrmann et al., 2013; Xiao et al., 2017).
The prevailing wind direction in the western basin is NW – SE, and becomes nearly
W – E in the eastern part. Except for some closed terrains (e.g. Daqaidam, Delingha), the
average monthly wind velocity is > 3 m/s, in the western Laomang’ai area is ~5 m/s, while
the maximum historical wind velocity is 40 m/s (Ren, 1996; Rohrmann et al., 2013; Wei,
2013). Annual fresh gale conditions (wind velocity ≥ 17 m/s) last from 57 to 105 days,
with an average of 84.2 days per year. Most of the gale days (about 50% – 70%) occur from
March to June (Wu et al., 1985; Wu, 2009).
During the past 32 years (1980 ~ 2011), climate data collected from the
meteorological station (Mangya, Dalangtan playa) show that the temperature ranges from < 25 °C (January) to > 30 °C (July), with an annual mean temperature of 3.5 °C (Kong et al.,
2018). The annual average air pressure recorded was 709 mbar (Kong, 2013; Kong et al.,
2018), about two third of the standard atmospheric pressure.
2.3 Geological settings of the Medusae Fossae Formation and Gale Crater
The MFF is a discontinuous geological unit of soft, easily eroded deposit that extends
along the dichotomy boundary in the equator region of Mars from approximately 130° E to
240° E and 15° S to15° N, between the Tharsis and Elysium volcanic provinces (Scott &
Tanaka, 1986, Figure 2), covering an area about 2.1×106 km2 with a total volume of ~1.4×106
km3 at present (Bradley, 2002). The main parts include Aeolis Planum, Zephyria Planum,
Lucus Planum, Medusae Fossae, Eumenides Dorsum, Amazonis Mensae, Gordii Dorsum,
and Gigas Fossae (Kerber et al., 2011; Kerber & Head, 2012, Figure 2). Their surfaces have
been extensively reworked by aeolian processes.
Gale Crater is adjacent to the western MFF region, with ~155 km in diameter. It is
dominated by a 5.5 km high central mound, named Aeolis Mons, interpreted to a sedimentary
sequence (Grotzinger et al., 2014; Milliken et al., 2010; Stack et al., 2016), whose maximum
elevation is similar to that of the southern crater rim but is higher than the northern degraded
crater rim. Gale is proposed to have hosted a paleolake around 3.5 Gyr ago and formed thick
lacustrine sediments (Hurowitz et al., 2017). Thomson et al. (2011) has divided this
sedimentary sequence into two parts: a lower member (LM) and an upper member (UM). The
lower member is characterized by horizontal to sub-horizontal stratum, while layers in the
upper member are much thinner with higher-angle bounding surfaces.
2.4 Current climate of Mars
The current surface average temperature of Mars is about -123 °C to -33 °C (Kieffer
et al., 1977), and the daily highest temperature can be reach to 27 °C at some local areas of
the mid southern latitude in summer season (Carr, 2007). Compared with the terrestrial
© 2018 American Geophysical Union. All rights reserved.

atmosphere, the current martian atmosphere is extremely tenuous, with an average surface
atmosphere pressure about 0.5 – 1%, comprising mostly of carbon dioxide (about 95%) with
a small amount of nitrogen and argon (Read & Lewis, 2004). The surface wind velocities are
variable among separate areas. For example, the wind velocities are usually about 20 m/s to
30 m/s at the Viking lading site, and the highest wind velocity can reach 150 m/s
(Chamberlain et al., 1976). While wind velocities obtained from the Rover Environmental
Monitoring Station (REMS) onboard MSL range from 0 to 20 m/s, and most of them are 2
m/s to 6 m/s (Viúdez-Moreiras et al., 2017).
3 Data and methods
Our study of the Qaidam Basin yardangs is based on recent multi-year ﬁeld
investigations combined with an analysis of satellite images from Google Earth
(https://earth.google.com/). In addition, we used high-resolution (centimeters scale,
Reshetyuk & Mårtensson, 2016) air images obtained with a drone (DJI Phantom 4). Digital
terrain models (DTMs) were processed from these airborne images using the Agisoft
photoscan software (http://www.agisoft.com/). The geometric parameters of the yardangs
were measured with ArcGIS using Google Earth images and the profiles were derived from
DTMs. We carried out detailed field investigations for ground-truth and field measurements.
During the past four-years fieldwork, we examined on-site properties of the yardangs that we
measured in the images previously. Taking the regional morphological differences of yardang
fields into consideration, the method of classification suggested by Halimov and Fezer (1989)
and Li et al. (2016) has been adopted in our study. All of the recognizable yardangs were
mapped and shown in Figure 1a.
For the study of yardangs on Mars, we primarily used Context Camera (CTX, Malin
et al., 2007) data (6 m/pixel) since they are provided with a wide coverage (over 99%) of the
Mars. Detailed observations were conducted with the High Resolution Imaging Science
Experiment (HiRISE, McEwen et al., 2007) data (up to 25 cm/pixel). We also produced and
analyzed CTX DTMs and HRSC (High Resolution Stereo Camera) DTMs in addition to the
MOLA (Mars Orbiter Laser Altimeter) DTMs for high-resolution topographic analysis. CTX
DTMs were processed by the MarsSI (emars.univ-lyon1.fr) application with the Ames Stereo
Pipeline (ASP, Moratto et al., 2010). The HRSC DTMs are downloaded from the Mars
Orbital Data Explorer (MODE, http://ode.rsl.wustl.edu/mars/).
4 Yardangs in the Qaidam Basin
4.1 Classification
In this study, we classify the yardangs in the Qaidam Basin into 11 different types and
sort them into 4 groups (Table 1) mostly on the basis of their morphologies and distributions.
Taking into account of their morphological complexities and distributions in field, our
priority researches are the morphologic (Table 1) and geometric (Table 2) characteristics of
representative yardangs in the Qaidam Basin.
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4.1.1 Mesa group yardangs
The mesa group (M group) yardangs include two different types, irregular (M-I type)
and elongated mesa (M-E type) yardangs, both of them are elevated steep-sided and flattopped hills (Figure 3 and 4). The M-I type yardangs develop in piedmont layered alluvialdiluvial clinoplains (Figure 3a, 3b, and 3c). They are large in size (up to ~60 km long and 1
km wide), and exhibit various shapes, ranging from irregular (Figure 3b and 3c) to dendritic
(Figure 3a). Aeolian sediments and slope debris accumulate at the foot of these mesas (Figure
3d). Some gravel-enriched polygons (~1 m in diameter) are observed on their surface, and
gullies occur at their rim (Figure 3d). Some M-I type yardangs are developed at the western
margin of the playa with obvious light wind streaks (salt) (Figure 13c).
The elongated mesa (M-E type) yardangs are usually in rhombus shape with a flat top
on the head, surrounding cliffs, and a relative gentle slope at the leeward end. They are more
streamlined than the M-I type yardangs. Generally, the leeward surfaces are covered by salt
crusts exhibiting polygons, while the windward surfaces expose the original horizontal
lacustrine sediments (Figure 4d), sometimes with moats surrounding them (Figure 4b).
Overall, these M-E type yardangs are usually arranged in lines with one direction or two
directions (Figure 4a and 13e).
4.1.2 Long-ridge group yardangs
Morphologically, the long-ridge group (L group) yardangs contain three different
types, i.e., broad-top long-ridge (L-B type, Figure 5a), narrow-top long-ridge (L-N type,
Figure 6a) and rough-top long-ridge (L-R type, Figure 6c) yardangs.
The L-B type yardangs are usually parallel to each other and extend continuously for
nearly 4 km at maximum. They have a broad top, two gentle convex flanks and narrow
troughs in-between them (Figure 5a). On the upwind side, the broad tops are eroded into
small ridges with tapered heads (Figure 5b), while their downwind areas are still unaltered.
The flanks of the new heads become much steeper. In some places, remnant cap layers occur
on the top surface (Figure 5b). Large polygons developed both on the surface of the yardangs
and in the troughs (Figure 5c).
The L-N type yardangs are also orientated parallel to each other but are less
continuous. They have narrow tops, steep flanks and wide troughs in-between them (Figure
6a). They are much shorter and narrower than the L-B type yardangs and even consist of only
a wall (~1 m thick) with nearly vertical flanks. Mass wasting derived slope debris covers the
lower parts of the yardangs. Colorful multilayered lacustrine sediments have been observed
in the field, with remnant cap layers on their top surfaces, but no obvious salt crusts are found
on the L-N type yardangs (Figure 6b).
The L-R type yardangs are ambiguous in morphology, but still can be recognized
from the parallel troughs and extensively broken tops (Figure 6c). Original broad tops are
eroded into fragments or small ridges with faceted surfaces, which seem to be rather rough in
satellite images.
© 2018 American Geophysical Union. All rights reserved.

4.1.3 Saw-toothed group yardangs
The saw-toothed (S-T type), pyramid (S-P type), remnant cone (S-R type) yardangs
are usually coexisting in the Qaidam Basin, so we consider them as one group, and here we
describe each representative type individually. The S-T type yardangs show zigzag-like
morphologies (Figure 7a and 7b). Layers exposed at their windward sides are eroded into
small ridges (Figure 7c). Most of their downwind sides are still unaltered, while some of
them with saw-teeth separated from their downwind sides exhibit as W-B or W-H type
yardangs (Figure 7a). In the yardang fields, salt crusts with small polygons on the top
surfaces and gypsum-enriched floors are observed (Figure 7c). The S-P type yardangs look
much more angular, exhibiting as large pedestals and spire tops (Figure 7d) with no distinct
coverings. The S-R type yardangs appears to be truncated cones. They usually have rounded
shapes (Figure 7e) or with small flat tops.
4.1.4 Whaleback group yardangs
The whaleback (W-B type), hogback (W-H type), and low, streamlined whaleback
(W-L type) yardangs often occur in groups mixed together in the fields, thus makes it
difficult to separate individual types from each other. Considering their similar morphologies,
we treat them as one group.
The W-B type yardangs are archetypical yardang forms with blunt heads, convex
flanks, and tapered tails. Viewed from the side, they show whaleback morphologies (Figure
8a). They commonly have a thick (~50 cm), hard, salt crust covering horizontally bedded
lacustrine sediments (Figure 8b). Some small gullies carved by rainfalls on their flanks are
obvious in these yardang fields.
The W-H type yardangs have steep windward slopes (mostly >60°) and tapered tails
(Figure 8c, 8d, and 8e), and some have undercut windward heads (Figure 19a). They are
similar in morphology to the W-B type yardangs but are much larger in size and relatively
less streamlined. They usually have sharp crestlines on their backs (Figure 8c). Some of their
windward faces show evidence of collapses (Figure 8c). In addition, their flanks are distinct
from the W-B type yardangs. Some small W-H type yardangs exhibit slightly convex flanks,
while some larger W-H type yardangs are characterized by convex flanks at the lower parts
and concave flanks on their upper parts (Figure 8c and 8d). Their lower parts are usually
covered by salt crusts but their upper parts consist of exposed bedrocks (Figure 8d). In
contrast, the W-L type yardangs are relatively aerodynamically shaped and display perfect
“teardrop”-like morphologies in plane view (Figure 8f and 8g). They are smaller in size than
the W-B type and W-H type yardangs, and usually have much larger spacing (Figure 8f).
Their surfaces are covered by polygonal fractured salt crusts (Figure 8g).
4.2 Distribution
As previously reported and found in this study, yardangs in the Qaidam Basin are
mainly distributed in the northwestern and central eastern parts (Figure1). Generally, in the
northwestern basin, their periphery is surrounded by modern piedmont alluvial-diluvial fans
© 2018 American Geophysical Union. All rights reserved.

in the northern and northeastern parts, and sand fields in the southwestern part. While in the
southern of the northwestern part, they are bounded by playas, active saline lakes and rivers
(Halimov & Fezer, 1989; Li et al., 2016). In the central eastern part, yardangs are mainly
bounded by active rivers and alluvial-diluvial fans (Figure 1).
The M-I type yardangs are mainly distributed in areas with piedmont alluvial-diluvial
paleo-clinoplains, and occur sporadically inside the western basin. The typical area is
between Mahai and the Xiaoqaidam Lake, and the southern margin of the Altyn Tagh
Mountains. The M-E type yardangs occur mainly in the bidirectional winds region,
downwind of the L group yardangs. The typical area is between Dafengshan and Tulinbao.
The L group yardangs are mainly distributed in the areas surrounding the Qahansilatu
playa, Kunteyi playa, and the north area of Nuomuhong. The L-B and L-N type yardangs in
the western basin occur mostly in early-middle Pleistocene strata consisting of cyclic clays,
mudstone, and evaporites (e.g. gypsum) (Li et al., 2010; Zhang et al., 2012). The L-N type
yardangs in the north of Nuomuhong formed on the Holocene flood plain of the Qaidam
River. The L-R type yardangs mainly occur between E’boliang and Nanbaxian in Neogene
strata comprising mudstone, sandstone, calcareous mudstone, interbedded with siltstone,
gypsum, nodular limestone, and bedded rock salt (Zhong et al., 2004).
The S group yardangs are mapped according to the locally most abundant type. They
usually develop in folded stratum (Fan, 1962), which have similar dip directions with
prevailing winds (Figure 7b). Most of them are located in the southeastern limbs of anticlinal
folded structures. They usually occur in Miocene - middle Pleistocene mudstones. The best
developed S-P type yardangs are found in the Daxiongshan uplift (E’boliang Yardang
Geopark) (Figure 7d).
The W group yardangs are widely spread throughout the basin. They were mapped
according to the locally most abundant type. The W-B type yardangs typically occur in the
Dalangtan area consisting of Pliocene and early - middle Pleistocene mudstones. The W-H
type yardangs mainly develop in early - middle Pleistocene mudstones which are distributed
in the large area of the northwestern basin. The W-L type yardangs appear only in small areas
in the basin. One representative area is in the north of the East Taijinaier Lake. They occur in
Upper Pleistocene strata, which are characterized by evaporites.
4.3 Morphometry
We measured geometric parameters (length, width, spacing, and orientation) and used
these parameters to describe different yardang groups (Table 2). The S group and the L-R
type yardangs are not included here because of their ambiguity in length and width, but we
measured their orientations (Figure 10). Due to the irregular shapes of the M-I type yardangs,
we only describe their sizes for reference but have not included them in Table 2.
The M-I type yardangs are present in sinuous shape with length up to ~60 km, and
widths up to 1 km, and heights of 10-80 m. The M-E type yardangs are smaller in size. Their
lengths range from 18 to 317 m (Figure 11a), with an average value of 167 m. They are 15© 2018 American Geophysical Union. All rights reserved.

242 m wide (Figure 11b), with an average value of 66 m. The lengths of the L group
yardangs vary from 43 to 3903 m (Figure 11a), with an average value of 634 m. Their widths
range from 6 m to 219 m (Figure 11b), with an average value of 39 m. The heights of these
yardangs can reach to 30 m. The lengths of the W group yardangs range from 5 to 654 m
(Figure 11a), and their widths range from 3 to 182 m (Figure 11b). The W-L type yardangs
usually have heights of 0.5-4 m, whereas the heights of W-H yardangs can be up to 30 m
(Table 2).
These geometric characters resulted from the yardangs’ forming mechanisms. Grolier
et al. (1980) found that wind streamlined yardang appears to have an aspect ratio value
(length/width) of 3:1 or greater, which has been suggested to be can a critical parameter to
distinguish yardangs from other hills. In fact, their aspect ratios are associated with the
duration for erosion, the strength of wind, and the competence of rock into which they are
carved (Laity, 2011). On the basis of fluid mechanics and aerodynamical theoretical
calculations, Fox and McDonald (1973) found that the long-ridge yardangs with large aspect
ratio values are formed by strong skin-friction drags, whereas yardangs with small aspect
ratio values are formed by pressure drags. When the aspect ratio value is about 4:1, the total
drag reaches the minimum. Under these conditions, the yardangs have morphologies that are
much more streamlined. Wind tunnel experiments also suggest an ideal aspect ratio of 4:1,
independent of scale (Ward & Greeley, 1984). However, in the yardang fields, the formation
of these ideal-shape yardangs will experience much longer time than their simulants and the
actual aspect ratio values vary substantially. For yardangs in the Qaidam Basin, their aspect
ratio values vary from 1:1 to 75.4:1. For M-I type yardangs they range from 1:1 to 8.8:1, with
an average value of 2.7:1, and most of them have aspect ratio values less than 5:1 (Figure 9a).
The L group yardangs have much larger aspect ratio values that range from 2.6:1 to 75.4:1,
with an average value of 15.5:1, most of them being greater than 5:1 (Figure 9b). The W
group yardangs include aspect ratio values between 1.1:1 and 13:1, with an average value
around 3:1 (Figure 9c). The yardangs with aspect ratios between 3:1 and 5:1 show much
more streamlined morphology, whereas the long-ridge yardangs are mostly with aspect ratio
values greater than 5:1.
The orientation of yardangs is usually controlled by the local dynamical conditions.
The long axes of yardangs sculpted by wind are largely subparallel to the direction of the
prevailing wind or, the maximum wind velocity, whereas the orientation of yardangs formed
or modified by ephemeral water, may be consistent with the flow direction of the water
(Hörner, 1932; Krinsley, 1970; Laity, 2011; Xia, 1987). If the yardangs were eroded by both
processes, wind and water, then their orientations might exhibit an angle between them (Xia,
1987). The orientations of yardangs and dunes in deserts recored the local prevailing wind
directions during their evolutions (Figure 1a). In the Qaidam Basin, northwest winds pass
through the topographic lower areas (pathway a, b, and c in Figure 1a) of the Altyn Tagh
Ranges into the basin(Halimov & Fezer, 1989), which become more westerly when pass
through west to east. This variation is consistent with the trends of the southern East Kunlun
mountains (Kapp et al., 2011). The M-E type yardangs developed in the downwind direction
of the L group yardangs. Their dominant long axis orientations range from NNW to N
© 2018 American Geophysical Union. All rights reserved.

(Figure 13e and 10a), which coincides with the L group yardangs developed in the upwind
direction (Figure 13e). The L group yardangs in the northwestern basin are orientated from
NNW to N in fan-shaped scattered from the wind pathway in the Altyn Tagh Mountains,
whereas the L group yardangs in the north of Nuomuhong are orientated nearly W to E
(Figure 1a and 10b). The S-T type yardangs are orientated from NW to N, and the dominant
orientation is NNW (Figure 10c). The dominant orientations of the W-B type yardangs near
Daxiongshan are NNW – SSE, which are clockwise rotated compared with those in the
Dalangtan area, which are elongated in a NW – SE orientation (Figure 1 and 10d). Therefore,
the dominant orientation of yardangs is NW to NNE in the northwestern basin, while nearly
W – E in the central eastern basin, which is consistent with previous studies, that means wind
is the dominant force of yardangs formation in the Qaidam Basin.
Yardangs are separated by long, shallow troughs, where most of erosion takes place
(Laity, 2011). Within the given region, the spacings, widths of these troughs, of yardangs are
associated with their evolution stages. In general, yardangs with larger spacings indicate more
advanced evolution stages. In the Qaidam Basin, the spacings between the W group yardangs
range from 2 to 339 m, with an average value of 31 m, while those in the L group yardangs
range from 4 to 76 m, with an average value of 20 m (Table 2). The narrower spacing of the
L group yardangs indicates an earlier stage of evolution, relative to the W group yardangs.
The troughs between yardangs may be partly or totally covered by sand ripples, mega ripples
or active dunes, with axes from gentle slopes to steep slopes paralleling the long axe of
yardangs and prevailing winds (Figure 3d).
4.4 Evolution processes of yardangs
Based on former studies (Brookes, 2001; Embabi, 1999; Dong et al., 2012; Halimov
& Fezer, 1989) and our works, we propose a four-step (embryonic, adolescent, mature, and
receding) evolution model to describe the yardangs formation and degradation in the Qaidam
Basin (Figure 12).
4.4.1 Embryonic stage
During the embryonic stage, local topography low areas, e.g. tectonic fractures,
depressions, or surface runoff channels, provide initial passages for wind, where wind speed
is strengthened, forming the turbulence when the speed > 1 m/s (Bagnold, 1941), causing
these passages to deepen, widen, and elongate along the dominate wind direction. The L
group yardangs mainly form in horizontal lacustrine strata inside the basin surrounding the
playas, they are characterized with relative narrow troughs and broad tops (the L-B type) in
the embryonic stage. While in piedmont areas, alluvial-diluvial sediments are segmented into
pieces by wind and fluvial processes forming large M-I type yardangs. Some M-I type
yardangs inside the basin are controlled by pre-existing tectonic fractures. The dendritic
shape M-I type yardangs are remnant steam channels, showing as positive terrains. They are
protected by gravel-enriched layers, which are more resistant to wind erosion. The S-T type
yardangs are developed in downwind of the folded strata (Figure 7b and 7c). Oblique
topography and stratum accelerate the erosion. They form in relatively coherent sediments,
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suggesting that rock property plays an important role in their formation (Halimov & Fezer,
1989; Xiao et al., 2017). Their distributions are consistent with folded stratigraphy with blunt
heads orientating to upwind direction. The length of sawtooth become shortened to the
upwind side. In this period, the erosion rate of the troughs is greater than the yardang bodies.
Thus, during this stage most of the erosion occurs in the troughs, the height of yardangs
continuously increase.
4.4.2 Adolescent stage
During the early adolescent stage, the broad heads of the L-B type yardangs are
eroded into small ridges with large spacings forming the L-N type yardangs. While some of
the L-B type yardangs developed in the anticline uplifts consisting of sandstone interbedded
with calcareous mudstones, and marls, their broad-top are eroded into broken tops. The M-E
type yardangs usually transformed from the L-B type yardangs (Figure 13e) or the M-I type
yardangs (Figure 4a) under the bidirectional winds inside the basin. It is obvious that the
north-south orientated L-B type yardangs were segmented by northwest wind from wind gap
areas (Figure 1a and 13e). In this period, the sawtooth length continues to shorten. When the
downwind areas of the S-T type yardangs are segmented by fractures (Figure 7a), rainfalls, or
wind, the windward remnant parts form S-P type, W-H type, or S-R type yardangs. In the
early adolescent stage, the height of the yardangs was still increasing. Meanwhile, fluvial
erosion and mass wasting carve gullies surround the edge of yardangs, which provide
passages for further erosion. As wind erosion continues, the height of yardangs begin to
reduce, and the spacing between yardangs become larger. With leeward upper surface erosion
accelerating, the L group yardangs change into many isolated W-H type yardangs that are
less streamlined in shape and exhibit rough tops. In the field, the W-H type yardangs
surrounding the M group yardangs (Figure 3a, 3b, and 3c), which are believed to be derived
from the M-I type yardangs.
4.4.3 Mature stage
Mature stage yardangs are characterized with streamlined shape and large spacing.
During this stage, troughs usually appear with flat floors and large spacings because of more
resistant underlayers, and yardangs are isolated occurring, which has minimized the effects of
the interference among yardang bodies in the incoming wind profile (Kerber, 2016). With
erosion accelerating on the leeward upper surface and leeward corners, the W-H type
yardangs are shortened in length, lowered in height, and become more streamlined, forming
the W-B type yardangs. Statistics show that most of their aspect ratio values are between 2:1
and 5:1, with an average value about 3:1 (Figure 9c).
4.4.4 Receding stage
When coming to the receding stage, the W-B type yardangs continually reducing in
size, forming the W-L type yardangs. They are similar in morphology, but the latter ones are
much smaller than the W-H and W-B type yardangs. As wind erosion continues, their heights
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are decreasing, the spacings are increasing, and finally a new erosion plain is formed before
the next cycle of landscape evolution initiation.
Brookes (2001) proposed a theoretical possibility that more advanced stages occur in
upwind areas. The evolution of yardangs in the Qaidam Basin appears to be cyclic. Thus, this
sequence should be cyclic and varied spatially. According to previous studies (Halimov &
Fezer, 1989; Li et al., 2016) and our observations, the W group yardangs were evolved from
the L group yardangs. Thus, the W group yardangs should occur at the upwind of the L group
yardangs. However, the L group yardangs are distributed in the upwind area in contrast to the
W group yardangs in the Qaidam Basin. This situation may indicate that the L group yardang
represents the beginning of the next cycle. Thus, the yardang types show us a suite of cyclic
yardang evolution stages.
In addition, we must note that the evolution processes probably have been interrupted
at some stages due to differences in the competence of rocks and/or the changes of
environment, e.g. abrupt climate changes, tectonic movements or infilling sediments. In the
Qaidam Basin, competent layers in sediments play an important role in yardangs evolution.
These layers are more resistant to wind erosion, usually exhibit as “cap layers” (Figure 6b),
erosion floors (troughs) (Figure 6a) or erosion plains (Figure 8f), showing flat occurrence in
morphology. The next cycle may begin after the breaking of the erosion floor (e.g. planation
surface). The multi-stage evolution of yardangs in the Qaidam Basin is also evident by the
occurrence of overlapped yardangs (Figure 13e). As shown in figure 13e, the approximately
N – S oriented early stage yardangs are segmented by subsequent NW – SE winds on their
top layers, and the new forming troughs are shallower than the formers.
5 Yardangs on Mars: a comparative study
5.1 Yardangs in MFF and Gale Crater
According to the characteristics of Qaidam yardangs (Table 1), yardangs of the MFF
region and Gale Crater on Mars are inspected and sorted into different types, for the purpose
of comparative study.
In the MFF exposed region, we have found a large amount of dendritic-shape mesa
yardangs with flat broad tops in Aeolis Dorsa (Figure 13a and 13b). They are classified into
the M-I type by comparing with those in the Qaidam basin. Streamlined yardangs are
developed both on their broad tops and surrounding depressions (Figure 13a). Some irregular
mesa yardangs are formed in the ejecta blanket, where wind streaks are remarkable (Figure
13d). We have also identified a group of M-E type yardangs coexisting with long-ridge
yardangs in the MFF area at Lucus Planum. These yardangs exhibit in NE – SW and NW –
SE directions (Figure 13g), with some of them are eroded into streamlined shapes (e.g. W-B
type).
Long ridge yardangs are widely spread in the MFF region. The representative L-B
type yardangs analogue is in Lucus Planum (Figure 14a). They have broad tops, steep flanks,
and are parallel to each other in NW – SE direction over 30 km long. Their width ranges from
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10s m to ~ 1 km with height from10s m to ~290 m (Figure 14b). Some of them are eroded
into narrow-top yardangs (L-N type) with double tapered ends. The northwestern part of L-B
type yardangs are eroded and change into M-E or W-H type yardangs. Some L-B type paleoyardangs are observed in northern Zephyria Planum (Figure 20e). They extended in W – E
direction over 80 km and overlaid by NE – SW directional yardangs with an angle about 45 .
Their widths are similar to those in Lucus Planum, while their heights are much lower (Figure
20g).
We find L-N type yardangs in Aeolis Serpens, presenting streamlined shapes with
blunt heads and tapered tails. Faceted surfaces and curvilinear crestlines can be observed.
Some of them are coexisting with W-H type yardangs (Figure 15a). The L-R type yardangs
are extended in N – S directions in Aeolis Dorsa (Figure 15b). Their tops are quite tattered
with faceted surfaces and curvilinear crestlines, and separated by broad troughs, where sand
sheets are deposited in dark areas.
The S group yardangs are relatively common at the edge of layered deposits. The
yardangs developed in the eastern part of Gale Crater are good analogues for the S-T type.
Their stratified structures are noticeable (Figure 16b). These yardangs are developed in the
thin layers and orientated to the downslope directions. Most of them have been segmented
from the zigzags forming W-B or W-H type yardangs. The S-R type yardangs found at Aeolis
Planum are characterized by rounded shapes (Figure 16e), which are similar in morphology
with those in the Qaidam Basin (Figure 7e).
The W-B type yardangs are perfect streamlined with blunt heads and tapered tails
extending in NW-SE direction in the Aeolis Planum. Their surface looks very rough (Figure
17a). Some of them show crestlines. The W-H type yardangs are widely distributed in AeolisZephyria Planum (AZP). They extend in the SE-NW direction with streamlined shape and
sharp crestlines. The W-H type yardangs in northern Zephyria Planum can be divided into
two groups in size (Figure 17b). Their surfaces are characterized by cracks, blocks, and dark
streaks (Figure 17c and 17d). Sand ripples are obvious around the yardangs, indicating that
the current wind direction is consistent with the elongation of yardangs. There is no report yet
about the W-L type yardangs in the MFF region due to their small sizes and data resolutions.
5.2 Comparison
Both yardangs in the Qaidam Basin on Earth and their analogues in the MFF and Gale
Crater on Mars are similar in morphology according to the essential features shown in Table
1 and described above. Their characteristics are further summarized in Table 3. Here we
focus on their similarities and differences in morphologies, except for those essential features
listed in Table 1. The major difference between them is that most of the yardangs in the
Qaidam Basin are characterized with streamlined and straight shapes except for the M group,
while their analogues on Mars are evident with curvilinear crestline or faceted surfaces.
The aspect ratio values for L-B type yardangs on Mars are similar to the L group in
the Qaidam Basin of which most of them are greater than 5:1 (Figure 18a), while the aspect
ratio values of L-N type yardangs are between 2:1 and 20:1. The lower aspect ratios are due
© 2018 American Geophysical Union. All rights reserved.

to the coexisting of the L-N and W-H type yardangs in the same area (Figure 13a). The aspect
ratios for the W group yardangs are concentrated between 2:1 and 4:1, with an average value
of 2.5:1 (Figure 18b). The log-log plots of length versus width for yardangs both in the
Qaidam Basin on Earth and their analogues on Mars show their similarity in aspect ratio
values (Figure 18c), with some of yardangs in the MFF and Gale Crater on Mars much
greater than their terrestrial analogues in the Qaidam Basin.
5.3 Discussion
Our morphological study shows that yardangs of the Qaidam Basin and those on Mars
have large variations in shapes indicating distinct forming and evolution processes. And the
observations suggest that the lithology, wind and water are the dominant controlling factors.
5.3.1 Lithology
Yardangs can be carved both in hard and soft materials under strong, unidirectional
winds and their forms, scales, and rate of formation are strongly influenced by the
competence of rock (Laity, 2011; McCauley et al., 1977a), which is basically controlled by
the compositions and textures as those factors can affect their anti-erosion ability to wind
(Dong et al., 2012). The most common and widespread formation of yardangs on Earth
occurs in softer materials, notably lacustrine sediments.
In the Qaidam Basin, most of the yardangs are developed in mudstones that are easy
to be eroded. Some of them (e.g. the L-N type) have “cap layers” on their surface. These “cap
layers” are usually rich in gypsum crystals and showing green in color (Figure 6b). The size
of these gypsum crystals can be as large as ~20 cm. These “green layers” exhibit as flat tops
or surface layer (Figure 7c), indicating more resistance to wind erosion that protects the
underlayers from further erosion. In addition, the gravel-enriched polygon layers (Figure 3d)
and salt crusts (Figure 4d, 5, and 8) act as protectors as well. Furthermore, yardangs covered
by salt crusts (e.g. the W group, Figure 8) usually display much more streamlined forms than
others. Some yardangs carved in harder rocks usually exhibit irregular weathered tops (Laity,
2011), which are found in the L-R type yardangs of the Qaidam Basin that developed in
sandstone interbedded with calcareous mudstones (Figure 6c).
The MFF is a light-toned friable layered deposit (e.g. Morgan et al., 2015; Tanaka,
2000; Weitz et al., 2010). Radar data suggest that the material of the MFF could be dry, low
density deposits (e.g. volcanic ash) or ice-rich deposits in terms of their dielectric properties
(Carter et al., 2009; Harrison et al., 2010; Head & Kreslavsky, 2001; Kerber et al., 2008;
Kerber & Head, 2010, 2012; Keszthelyi & Jaeger, 2008; Watters et al., 2007). The W-H type
yardangs distributed in the AZP area are evident with cracks, blocks (Figure 17c and 17d) or
infrequent craters with ejected rubbles (Figure 17e), suggesting an indurated homogeneity
material. These cracks and blocks maybe caused by the difference in temperature, varying
greatly from day to night. However, the surface of floors seems to be rougher than the W-B
type yardangs in MFF area (Figure 17a), which is similar to fluted ventifacts, implying an
indurated floor layer with lateral heterogeneity. Fine layered deposits are visible on the
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yardangs (Figure 17a’), indicating that the MFF materials have a multilayered structure with
different competent layers, and yardangs are developed in the soft layers, which are
consistent with the observations of terraced craters in MFF. Previous studies suggest that
these terraced craters may be related to a subsurface ice-rich layer (e.g. Bramson et al., 2015;
Kadish et al., 2009; Ormö et al., 2013).
Except for the MFF exposure area, yardangs are also found developing in the upper
unit with layered sediments in Gale Crater (Le Deit et al., 2011). Thomson et al. (2011)
suggests that the upper mount material may be related to the MFF material, and then
supported by Zimbelman and Scheidt (2012) and Dapremont et al. (2014). The S-T type
yardangs are developed in the fine layered deposits, while their surface layers look much
rougher, indicating a more resistant layer (Figure 16b), which has also been found in the
Qaidam Basin (Figure 16a).
5.3.2 Wind erosion
As reported in previous studies (Halimov & Fezer, 1989; Li et al., 2016; Rohrmann et
al., 2013; Wei, 2013), wind is the dominant driver of yardangs erosion in the Qaidam Basin.
Both the abrasion and deflation are suggested (Breed et al., 1989; Whitney, 1983), where the
former plays a crucial role. Wind abrasion aids in the deepening and widening of topographic
lows into troughs (Ward, 1979). It is most active within the lower 1~3 m above ground,
resulting in the development of a steep, often undercut, upwind faces (Figure 19a’)
(Bosworth et al., 1922; Dong et al., 2004; Donner & Embabi, 2000; Grolier et al., 1980;
Hobbs, 1917; Laity, 2011).
In the Qaidam Basin, moats and flank striations are observed on many steep upwind
faces (Figure 4b, 17a, and 17b), indicating the dominant wind direction and turbulent erosion
(McCauley et al., 1977a; Whitney, 1983). Unlike abrasion, the deflation functions across the
entire surface of the yardangs all the time. In fact, these two processes always co-operate in
yardang fields. However, many yardangs in the Qaidam Basin, such as the W-B type (Figure
8a), the W-L type (Figure 8f), and the L-B type yardangs (Figure 5), usually show a thick
(around 50 cm), hard, salt crust, which appears to have protected the underlying horizontally
layered lacustrine sediments from further wind erosion, both abrasion and deflation (Figure
8b). Dark streaks are visible in the W-H type yardangs of AZP area on Mars indicating a
thick dust covering on the surface, which reveals that both the abrasion and deflation perhaps
are not active in this area at present.
Most studies support that yardangs are formed by unidirectional strong wind (Hobbs,
1917; McCauley et al., 1977a; McCauley et al., 1977b; Niu et al., 2011). While opposite
bidirectional winds, with one stronger, can also account for their formation (Laity, 2011;
Ritley & Oontuya, 2004). Usually, the upwind side broad tops are eroded into small ridges,
while their downwind areas are still unaltered, this can be used as an indicator of the
prevailing wind (Figure 5b, 7b and 14c). We found the L-B type yardangs in Lucus Planum
on Mars have been eroded to small ridges on both sides (Figure 14a and 14d), indicating that
they have been eroded by two opposite winds. The amount of small ridges in the NW part
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outnumber those in the SE part, implying that the NW wind may be stronger than the SE
wind, or the NW wind worked a longer time. However, the reason why the wind changed
directions during the yardangs’ forming is still not clear.
In the Qaidam Basin, the M-E type yardangs develop in the downwind direction of
the L group yardangs that are eroded by bidirectional winds. Their dominant long axis
orientations range from NNW to N (Figure 10a), which coincides with the upwind direction
of the L group yardangs (Figure 10b), and they were segmented by NW winds (Figure 13e).
The angles between these two directions vary from 40° to nearly vertical. The M-E type
yardangs developed in Lucus Planum on Mars also formed under bidirectional winds with
angle about 80° (Figure 11g). When the angle between these two winds ranging from 30° to
45°, then usually faceted yardangs with curvilinear crestlines formed (Figure 15), which are
widely distributed on the martian surface (Bradley, 2002).
In northern Zephyria Planum, yardangs developed in different layers with multiple
directions are observed (Figure 20). Some L-B type paleo-yardangs are excavated to the
surface with over layered L-N type yardangs (Figure 20e). Their orientation angle differences
range from ~40° to ~60°, indicating the dominant wind direction changing dramatically of
different periods. The variation of yardang orientations also has been found in the same layer
in the east of this area (Figure 20b, 20c, and 20d). Their orientation angle differences vary
from ~40° to ~60°, and the present wind directions revealed from the sand ripples are NWW
– SEE. The variation of yardang orientations suggests that the dominant wind directions have
changed and last for enough time to form yardangs.
5.3.3 Water erosion
Although yardangs are deemed to the result of wind erosion, water erosion
occasionally exert an important influence during their evolution on Earth (Dong et al., 2012;
Laity, 2011; Li et al., 2016; Wang & Ha, 2009; Wang et al., 2016; Xia, 1985; Xiao et al.,
2017). For example, temporary runoff from surrounding mountains may cut the surface into
pieces that provide passages to the wind. While rainfalls modify the surface of the yardangs
by gullying (Figure 3b and 3d), both of which may accelerate the evolution of yardangs
during the embryonic stage (Halimov & Fezer, 1989; Li et al., 2016). Water table is also an
important factor. Their fluctuations can determine the depth of troughs (Laity, 2011).
The climate of Mars has become cold and dry since the Hesperian epoch (Brain &
Jakosky; Carr,1999; Clifford, 1993; Ehlmann et al., 2011; Fassett & Head, 2008; Head, 2002;
Golombek et al., 2006; Treiman et al., 1995; Xiao, 2013). We found some yardangs
coexisting with fluvial landforms. The M-I type yardangs that developed in Aeolis Dorsa
show dendritic shape (Figure 13a). In Gunjur Crater, eastern Aeolis Planum, paleo-MFF
yardangs are excavated from delta deposits (Figure 21b and 21d), and remnant yardangs have
also been found on the delta surface (Figure 21c), suggesting that the fluvial activity was still
active during the formation or reformation of the MFF. But there is no evidence showing
whether the fluvial activity has influenced the formation of yardangs.
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5.3.4 Other factors
In addition to lithology, wind, and water erosion, several other factors may have also
proposed to affect the formation and evolution of yardangs in the Qaidam Basin. The
presence of salts in the Qaidam Basin (e.g., Dang et al., 2018) implies that salt solution and
weathering may have played a significant role during yardang formation and modification.
Solution features common on yardangs that are developed within playas (Figure 4d). They
usually occur on the surface of leeward sides, and away from the windward abrasion areas,
indicative a wetter past existed when the solution features were formed and the present drier
climate has ablated the salt solution products from the windward sides (Vincent & Kattan,
2006). Mass wasting processes, very common both in the Qaidam Basin on Earth and in the
MFF and Gale Crater on Mars, contribute significantly to the modification and erosion of the
yardangs, which are manifested as detached boulders around the yardangs (Figure 3d and
17d).
Impact activities, in most cases, accelerate the erosion of yardangs (Figure 17e) on
Mars, but the overlapping relationship between yardangs and impact structures are not
common. The formation of some S-R type yardangs on Mars might also be related to the
impact (Figure 16c, 16d, and 16e). It has been well demonstrated that impact cratering on
competent rocks normally cause fracturing and excavation, thus decreasing the porosity of
target materials (Melsoh, 1989). However, it has been recently noticed that when a target
material features a high porosity, impact cratering actually causes substantial collapse of
pores and melting, which decrease the porosity and enhance the strength (Scott and Wilson,
2005; Wünnemann et al., 2006). Such impact hardening occurs beneath the final crater floor,
which has been used to interpret the observed larger-than-predicted gravity anomaly beneath
some lunar highland impact craters (e.g., Milbury et al., 2015). For the S-R yardangs on
Mars, it might be possible that preexisting impact craters that have formed within the MFF,
which might have featured a high porosity (e.g. Carter et al., 2009; Ojha & Lewis, 2018;
Watters et al., 2007), have caused a decrease of porosity beneath the crater floors. In this
scenario, materials beneath the crater floors will be slightly stronger than the surrounding
materials, thus continual weathering could cause such cone-like yardangs. When their upper
layers are eroded, a streamlined yardang with blunt head and tapered tail could be formed.
5.4 Evolution processes of yardangs in the MFF and Gale Crater
Based on the evolution model of yardangs in the Qaidam Basin, several separate
partial evolution processes are observed in the MFF and Gale Crater (Figure 13, 14, 15 and
16). Evidence from the crater count dating (Zimbelman, 2010; Zimbelman & Scheidt, 2012)
and stratigraphy relations analysis (Kerber & Head, 2010) show that the age of the MFF
material is probablyHesperian-Amazonian. During this period, the martian environment were
characterized with cold, dry, extensive volcanic eruptions and ephemeral surface water
(Ehlmann et al., 2011). In the early stage, the formation of the MFF interchanged with the
formation the yardangs, which means that the formation of the MFF are not continuous, and
wind erosion were dominant during these breaks. Then the erosions were interrupted by the
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later accumulation of the MFF materials. Thus, some yardangs were probably buried by the
lateral MFF materials.
The long-ridge yardangs formations were interrupted in the embryonic-adolescent
stages, forming the L-B or L-N type yardangs (Figure 20). Moreover, the dominant winds
were changing dramatically (Figure 20). Locally ephemeral surface water also was active,
notably in the Aeolis Dorsa area (Burr et al., 2017). Then the surface water evaporated
because of the dry environment, leaving numerous fluvial and alluvial sediments. With the
termination of the MFF material accumulation, wind erosion dominated the MFF area and
Gale Crater. Easily erodible materials were removed, leaving the dendritic mesa yardangs.
With the erosion intensified, even more layers of the MFF material were removed, the paleoyardangs were excavated to the surface (Figure 20). Then the broad tops were eroded to form
small ridges, the troughs were widened, forming the L-N type yardangs (adolescent stage).
With the downwind upper surface erosion accelerating, the long-ridge yardangs developed
into many isolated W-H type yardangs (Figure 15a) (adolescent-mature stage). Later on, they
are shortened, lowered (Figure 17b), and some of them become more streamlined W-B type
yardangs (mature stage), e.g. some small streamlined yardangs were observed on the surface
of M-I type yardangs (Figure 13a) and their surrounding depressions. Eventually, yardangs
were removed by wind forming the plains.
In summary, yardangs in the MFF and Gale Crater have experienced similar evolution
processes as those in the Qaidam Basin and they possibly have experienced a multi-stage
evolution, during which the evolution processes may have been interrupted at some stages
due to differences in the competence of rocks and/or changes of environment, both in the
Qaidam Basin on Earth and in the MFF and Gale Crater on Mars. We need to note that a full
continuous evolution sequence has not been found in our study area on Mars, indicating the
regional differences of yardang evolution, which may have relation to the local wind regime,
the competence of rock , and the beginning time and duration of wind erosion.
6. Conclusions
On the basis of field investigations, and high-resolution satellite and drone images, we
studied the morphology, classification, and distribution of yardangs in the Qaidam Basin,
analyzed their controlling factors, and discussed their evolution. We also reported potential
Mars analogues, and discussed their similarities and differences in morphology and evolution
mechanism. The following conclusions are drawn:
(1) The yardangs in the Qaidam Basin are mainly distributed in the central eastern and
northwestern of the basin. They are classified into 11 types out of 4 main groups based on
their morphologies and distributions.
(2) The average aspect ratios for the Mesa group and the whaleback group yardangs
are nearly 3:1, while those for most of the long-ridge group yardangs are greater than 5:1,
both in the Qaidam Basin on Earth and in the MFF and Gale Crater on Mars.

© 2018 American Geophysical Union. All rights reserved.

(3) Wind is probably the dominant driver of yardangs erosion in these two study areas
on Earth and Mars, but water, salt, and mass wasting may also have played important roles in
their formation and modification. Independent of topographic effects, the observed variation
of yardangs’ dominant orientations in different layers of these study areas, probably indicate
a polytropic and complex wind regime when they were formed.
(4) The evolution processes of yardangs in the Qaidam Basin are divided into four
stages (embryonic, adolescent, mature, and receding), which indicates a full suite of cyclic
yardang evolution, although there is no full continuous four stage evolution sequence
occurring in one area. The yardangs in the MFF and Gale Crater appear to have experienced a
similar multi-stage evolution, during which the evolution processes may have been
interrupted at some stages due to differences in the competence of rocks and/or changes of
environment, e.g. the abrupt climate changes or infilling sediments.
(5) Yardangs are common landform on both Earth and Mars. Wind erosion and
carving on lacustrine sediments not only indicate arid climate and wind directions, but also
shed light on paleo-environments during which they formed, particularly on Mars. More indepth studies on types, distribution, geomorphology, lithology and textures of yardangs on
Mars and terrestrial analogue study are required to deepen our understanding of the paleoenvironments prevailing on the planet.
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Figure 1. (a) The Qaidam Basin and distributions of different yardang fields. Black solid
arrows mark the dominant wind direction shown in Kapp et al. (2011). (b) Simplified
geological map of the Qaidam Basin (after Li et al., 2016).
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Figure 2. Location of the MFF exposure area (black outlines) and Gale Crater (black box),
using MOLA topography overlaid onto a hillshade (4X exaggerate in height, modified after
Kerber et al., 2011). The Upper member (UM) and Lower member are marked in the inset
figure.
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Figure 3. The irregular mesa (M-I type) yardangs in the Qaidam Basin. (a) The M-I type
yardangs between Mahai and Xiaoqaidam (black arrows mark the position of some M-I type
yardangs, image center: 37.70° N, 94.69° E). (b) The M-I type yardangs in the north of
Dabuxun Lake (37.25° N, 95.10° E). Some M-I type yardangs have transformed into W-H
type yardangs. (c) The M-I type yardangs in the southeast of Lenghu (38.46° N, 93.45° E).
(d) The M-I type yardangs in the southeast of Lenghu (38.46° N, 93.43° E). Sand ripples
indicate the wind direction. Gullies and polygonal features are found on the M-I type
yardangs.
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Figure 4. The elongated mesa (M-E type) yardangs in the Qaidam Basin. (a) The M-E type
yardangs in the bidirectional area (white dashed arrows indicate two wind directions, image
center: 38.07° N, 92.14° E). (b) DTM superposed on drone images of the M-E type yardangs
shown in (a). Clearly visible are moats surrounding the upwind heads of the yardangs. (c)
The profiles of yardang 1 and yardang 2 in (b). Black lines mark the location of the profiles.
The moat in site 2 is deeper than that in site 1. (d) The M-E type yardangs with an eroded
windward face (white dashed line marks the boundary) shown in (a).
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Figure 5. The broad-top long-ridge (L-B type) yardangs in the Qaidam Basin. (a) L-B type
yardangs in the western Qarhansilatu playa (38.49° N, 92.26° E). (b) The heads of the L-B
type yardangs are eroded into small ridges, some remnant cap rocks are on the surface. (c)
Large polygons developed on the surface of yardangs.
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Figure 6. The narrow-top long-ridge (L-N type) and rough-top long-ridge (L-R type)
yardangs in the Qaidam Basin. (a) The L-N type yardangs in southwest of Lenghu (38.52° N,
92.97° E). (b) Multilayered L-N type yardangs (38.66° N, 93.27° E). The greenish layer is
enriched in gypsum. (c) L-R type yardangs in Lenghu (38.65° N, 92.78° E).
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Figure 7. Saw-toothed group (S group) yardangs in the Qaidam Basin. (a) Group of the S-T
type, S-P type and S-R type (remnant cone) yardangs (yellow arrows mark the fractures,
image center: 37.62° N, 92.23° E). Inset a’ shows that the yardangs are cut by fractures. (b)
Google Terrain (SRTM-DEM) superposed on google images of the saw-toothed (S-T type)
yardangs in the folded stratum (38.14° N, 91.87° E). (c) Perspective view using drone
looking from north of the S-T type yardangs in (b), inset figure is the surface of the floor with
gypsums. (d) The pyramid (S-P type) yardangs in the Daxiongshan uplift (E’boliang Yardang
Geopark, image center: 38.35° N, 92.88° E). (e) The S-R type yardangs with rounded top and
multiple layers (37.52° N, 92.30° E).
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Figure 8. The whaleback group (W group) yardangs in the Qaidam Basin. (a) The whaleback
(W-B type) yardangs in Nanyishan (38.41° N, 91.32° E). Their surfaces are covered by salt
crusts. (b) A well-exposed profile of the W-B type yardang (38.24° N, 92.10° E). The salt
crust on its top is 40-50cm thick. Bird’s-eye view (c) and side-view (d) of large W-H type
yardangs with sharp crestlines (38.38° N, 93.54° E). Their flanks are convex at the lower
slopes but concave at their upper parts (black dashed line indicates the boundary in (d). (e) A
typical small hogback (W-H type) yardang with windward slope of ~60° (38.51° N, 92.91°
E). (f) & (g) The low, streamlined whaleback (W-L type) yardangs in the north of East
Taijinaier Lake (37.61° N, 94.18° E). The upwind area is an erosion plain. Salt crusts cover
both of the surface of and the troughs of the yardangs.
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Figure 9. Aspect ratios of representative yardangs in the Qaidam Basin (data see Table S1 in
Supplemental Material).
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Figure 10. Orientations of typical yardang groups in the Qaidam Basin (data see Table S4 in
Supplemental Material).
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Figure 11. Relative frequency of length, width, and spacing of different yardang groups in
the Qaidam Basin (data see Table S1 and S3 in Supplemental Material).
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Figure 12. The evolution model for yardangs in the Qaidam Basin.
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Figure 13. (a) The M-I type yardangs in Aeolis Dorsa of the Mars, CTX image with CTX
DTM (f23_044686_1762_xi_03s209w/f19_043143_1761_xi_03s209w) overlay. Blue areas:
lower elevations, red areas: higher elevations. (b) Elevation profile along 1-1’ in figure a. (c)
The M-I type yardangs at the western margin of playa (black arrows mark the wind
directions, image center: 38.61° N, 91.30° E). (d) The M-I type yardangs in the continuous
ejecta blanket of Mars (black arrows mark the wind directions, CTX image,
p22_009821_1848_xi_04n211w). (e) The M-E type yardangs in the downwind direction of
long-ridge group yardangs (black dashed arrows indicate two wind directions, image center:
38.00° N, 92.40° E), inset is the overlapped yardangs (white dashed line marks the outlines of
the early stage yardangs, black dashed arrows mark the later stage yardangs). (f) The M-E
type yardangs at Lucus Planum on Mars (black dashed line arrows indicate two wind
directions. CTX image, p21_009200_1742_xi_05s176w).
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Figure 14. (a) The L-B type yardangs in the MFF area at Lucus Planum of Mars, CTX
images (p21_009200_1742_xi_05s176w / p16_007262_1747_xn_05s176w) with a MOLA
DTM overlay. (b) Elevation profile (CTX DTMs, p14_006550_1726_xn_07s175w /
b17_016215_1728_xi_07s175w) along 1-1’ in figure a. (c) & (d) The schematic diagrams of
the long axis of the L-B type yardangs in Figure 4a and Figure 12a.
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Figure 15. (a) The L-N type yardangs in Aeolis Serpens (CTX image,
f03_036800_1762_xn_03s210w), inset figure of the upper right corner is part of HiRISE
image (esp_036800_1750_red). (b) The L-R type yardangs in Aeolis Dorsa (CTX image,
b16_016058_1739_xn_06s208w), inset figure of the bottom right corner is partial of HiRISE
image (esp_016058_1740_red). The dark areas are sand sheets.
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Figure 16. (a) The S-T and S-P type yardangs shown in Figure 7a in the Qaidam Basin. (b)
The S-T type yardangs in Gale Crater (white dashed arrow indicates the wind directions, and
white solid arrows mark the boundary between thin layer and anti-resistant layers. CTX
image, f20_043750_1747_xn_05s221w). (c), (d) & (e) The S-R type yardangs formation
processes that from degenerated crater floor to flat-top cone, then remnant cone yardangs,
respectively (CTX images, (c) & (d) f07_038607_1821_xn_02n215w, (e)
f02_036497_1830_xn_03n216w).
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Figure 17. (a) The W-B type yardangs in Aeolis Planum on Mars (CTX image,
d20_035231_1813_xn_01n215w). Inset a’ shows the layered deposits. (b) The W-H type
yardangs in Zephyria Planum (HiRISE image, psp_066828_1820_red). (c) & (d) Large and
small size W-H type yardangs shown in (b). (e) The W-H type yardang was partially
destroyed by impact crater.
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Figure 18. Aspect ratios of representative yardangs in MFF and Gale Crater on Mars and
their comparison with the Qaidam Basin on Earth. (a) The L-B and L-N type yardangs. (b)
The W-B and W-H type yardangs. (c) Log-log plot of lengths versus widths of these seven
different yardangs both in the Qaidam Basin on Earth and in MFF and Gale Crater on Mars.
Red, green, and blue areas are the M, L, and W group yardangs in the Qaidam Basin,
respectively.
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Figure 19. (a) Moat on the upwind face and flanks (38.49° N, 91.16° E). Collapsed material
occurs in the upwind direction. (b) Striations on the flank (38.50° N, 91.16° E).
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Figure 20. (a) Yardangs and paleo-yardangs in the North Zephyria Planum, THEMIS Day IR
image (Edwards et al., 2011) superposed on HRSC DTMs (h2110_0000_dt4,
h2121_0000_dt4, h2143_0000_dt4, h2154_0000_dt4, h2165_0001_dt4, h2176_0000_dt4),
black dashed lines mark the orientation of yardangs. (b), (c), & (d) The variation of yardang
orientations at the eastern area in (a) (white dashed lines mark the orientations of yardangs,
CTX images, b09_013302_1844_xn_04n208w, b06_011957_1865_xn_05n207w,
f23_044844_1818_xn_01n205w). (e) & (f) L-B type paleo-yardangs shown in (a). (g)
Elevation profile along 1-1’ in figure f.
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Figure 21. (a) Delta and yardangs in the Gunjur crater (CTX image,
d15_033108_1798_xn_00s213w). (b) The excavated paleo MFF yardangs (white dashed line
marks the orientation of yardang, HiRISE image, psp_007883_1800_red). (c) The remnant
yardang on the surface of delta deposits (white dashed line marks the orientation of yardang,
HiRISE image, psp_007883_1800_red). (d) The excavated yardangs (white dashed line
marks the orientation of yardang, HiRISE image, psp_007883_1800_red). Polygonal features
are obvious on the floor layer.
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Table 1. Classification of the yardangs in the Qaidam Basin. Modified after Halimov & Fezer
(1989) and Li et al. (2016).
Type
Irregular mesa (M-I type)
Elongated mesa (M-E type)
Broad-top long-ridge (L-B type)

Characteristic
Flat top, irregular in shape, cliffs,
ambiguous orientations
Flat top at the head, arranged to lines in

flanks, salt crust

Rough-top long-ridge (L-R type)

Broken top, ambiguous morphology

Remnant cone (S-R type)
Whaleback (W-B type)

Long-ridge
（L group）

Upwind zigzag-like shape, downwind
areas are mostly unaltered
Large base with spire top
Large base with rounded shape or small

Saw-toothed
(S group)

flat area on its top
Classic form with blunt head and tapered
tail, salt crust on the surface
Steep windward heads (＞60 °) with

Hogback (W-H type)

（M group）

Broad top, narrow troughs, gentle slope
Narrow top, broad troughs, steep flanks

Pyramid (S-P type)

Mesa

one direction or two directions

Narrow-top long-ridge (L-N type)

Saw-toothed (S-T type)

Group

sharp crests on their backs, and some
have undercut windward heads

Low, streamlined whaleback (W-

Low height, streamlined morphology,

L type)

large spacing

Whaleback
(W group)
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Table 2. Statistical summary of measured morphological parameters for different yardang
groups (see Figure S1, Table S1, S2, and S3 in Supplemental Material).

Length (m)

Width (m)

Aspect ratio

Spacing (m)

Height (m)

M group

L group

W group

Range

18–374

43–3903

5–654

Mean

167

634

71

Median

162

389

48

S.D.

92

687

69

C.V.

0.55

1.08

0.98

Range

15–242

6–219

3–182

Mean

66

39

24

Median

59

30

19

S.D.

34

29

17

C.V.

0.51

0.74

0.69

Range

1:1–8.8:1

2.6–75.4:1

1.1:1–13:1

Mean

2.7:1

15.5:1

2.8:1

Median

2.3:1

12.5:1

2.5:1

S.D.

1.51:1

10.03:1

1.18:1

C.V.

0.56

0.65

0.42

Range

–

4–76

2–339

Mean

–

20

31

Median

–

17.8

18

S.D.

–

9.08

36

C.V.

–

0.45

1.17

Range

Up to ~20

Up to ~30

0.5–30

–: not measured. S.D. - Standard Deviation; C.V. - Coefficient of Variation. The M-I type

yardangs are not included in the M group. The heights of yardangs are estimated from a few
measurements in the field.
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Table 3. Comparison of yardangs in the Qaidam Basin and their analogues in MFF and Gale
Crater on Mars.
Qaidam Basin,
Group

Type

MFF and Gale Crater

Qaidam Basin

Similarity
M-I

MFF and Gale Crater
Difference

Dendritic shape;

The W group yardangs

The W group yardangs

Coexisting with the W group

developed only in the

developed both on the

yardangs

erosion floors.

surface and the erosion
depressions.

M group
M-E

Coexisting with L-B type or W

Gravel-enriched.

An indurated (some

group yardangs;

polygonal surface layer

degree) surface layer.

Large scale in fields;

Straight crestline; Salt

Curvilinear crestline;

Coexisting with L-N type

crust surface layer;

Double tined heads;

yardangs.

“Cap layer” on top.

Faceted surface with

Protecting layers on the surface.
L-B

L group

interwoven wind streaks.
L-N

Coexisting with W group

“Cap layer” on top.

Curvilinear crestlines.

Unidirectional features

Bidirectional features on

yardangs.
L-R

Faceted surface.

the surface.
S group

S-T

Developed in fine layers.

W-B

Streamlined shape.

–
Covered by salt crust.

–
Rare on mars; Developed
in fined-layers; Large in

W group

size.
W-H

Sand ripples surrounded.

Lower parts are usually

Some of them with double

covered by salt crusts.

tapered heads; Blocky
surface with dusts covered.

–: none.
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