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Inverted relief landforms in the Kumtagh Desert of northwestern China: a
mechanism to estimate wind erosion rates
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Although commonly found in deserts, our knowledge about inverted relief landforms is very limited. The so-called ‘Gravel Body’ in the
northern Kumtagh Desert is an example of an inverted relief landform created by the exhumation of a former fluvial gravel channel. The
common occurrence of these landforms indicates that fluvial processes played an important role in shaping the Kumtagh Desert in the past
151 ka. A physical model is presented to reconstruct the palaeohydrology of these fluvial channels in terms of several measurable parameters
including terrain slope, boulder size, and channel width. Combining the calculated palacoflood depth, the maximal depth of channel bed
eroded by wind, and the current height of inverted channels with the age of the aeolian sediments covered by gravels, the local wind erosion
rate is estimated to be 0.21-0.28 mm/year. It is shown that wind erosion occurring in the Kumtagh Desert is no more severe than in adjacent
regions. Since the modern Martian environment is very similar to that of hyperarid deserts on Earth, and Mars was once subjected to fluvial
processes, this study will be helpful for understanding the origin of analogous Martian surface landforms and their causative processes.
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1. INTRODUCTION

Inverted relief, also known as inverted topography, inver-
sion of relief, or topographic inversion, refers to an episode
in landscape evolution when a former valley bottom be-
comes a topographic high ridge, bounded by areas of lower
relief on each side (Pain and Ollier, 1995). This type of land-
form is generally constituted of, or covered by, materials
resistant to wind erosion such as gravel, lava, or silcrete.
Although commonly found in deserts, especially within
yardang fields, the process generating inverted relief (for
example, of former riverbeds and lacustrine deposits) is not
well understood (Laity, 2009, 2011; Goudie, 2013). The
wind erosion rate (deflation and abrasion) is of primary
interest in aeolian research, and published global statistics
shows that its magnitude varies from 10~ to 10* mm/year
(Rohrmann et al., 2013). The study of inverted relief can
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be used to determine wind erosion rate in windy and arid
regions.

Many examples in the review of Pain and Ollier (1995)
indicate that inverted relief is widespread globally. The
inverted palacochannels in arid and semi-arid regions occur
in the Western Desert of Egypt (Brookes, 2003), the
Atacama Desert of South America (Morgan et al., 2014),
the Sharqgiya or Wahiba Sands of Oman (Maizels, 1987,
1990), and the Great Salt Lake Desert of North America
(Oviatt et al., 2003). The current Martian surface is similar
to that of deserts on Earth. Inverted relief is a universal fea-
ture on Mars, and some analogical studies have been con-
ducted (Malin and Edgett, 2003; Pain et al., 2007,
Williams, 2007; Morgan et al., 2014). In China, there are
widespread areas of desert, Gobi (gravel desert), and
yardangs (and other wind-eroded lands), comprising
6.84x 10°%km?, 5.70x 10°km?, and 2.90 x 10*km?, respec-
tively (Wang, 2011). To date, only limited examples of
inverted relief from such a large dryland area have been sys-
tematically reported. The earliest work is from the Lop Nor
depression, where silty beds were raised into a topography
of ridges and hillocks after the surrounding softer sediments
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were eroded by wind (Horner, 1932). The second is the well-
studied ‘Shell Bar’ in the Qaidam Basin. This feature is com-
posed of millions of shells and is protected from erosion by a
solidified salt-shell crust layer, several decimetres thick. The
Shell Bar was originally interpreted as a shoreline or lacus-
trine deposit and was previously dated to approximately
30—40ka BP (Chen and Bowler, 1986; Zhang et al., 2008).
Recently, it was re-interpreted as a remnant river channel
that crossed an exposed lake bed during a regressive lake
phase. The inverted channel has been dated by optically
stimulated luminescence (OSL) to have formed at 100ka
(Lai et al., 2014). This landform indicates that the Qaidam
Basin has been erosive since that time.

The methods of determining wind erosion rate are varied
and operate over different timescales. A number of sand
traps and saltation impact sensors (Goossens et al., 2000;
Pelt et al., 2009) can be employed to collect the moving sed-
iment in a wind erosion event lasting several hours or days.
The WEQ (Woodruff and Siddoway, 1965), WEPS (Hagen,
1991), and WEAM models (Shao ef al., 1994) are appropri-
ate to use when the gauged data of wind speed and direction
exist over seasonal or annual timescales. For the short-term
(<100years) erosion of yardangs, both field monitoring
(Al-Dousari et al., 2009) and physical modelling (Wang
et al., 2011) are best used. For longer timescales, the tech-
niques of geochronology have to be utilized. Cosmic ray
dating can give the exposure time of sediments if the radio-
active half-life of an isotope is lengthy compared to the
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erosional timescale. The concentration of '°Be in rocks is
commonly used to reflect the long-term erosion rate (Lal,
1991; Ruszkiczay-Rudiger et al., 2011; Rohrmann et al.,
2013). This method is mostly suitable for stable landforms.
The age of the deposit and information detailing the re-
moved sediment cover may also be used to estimate the
wind erosion rate (Clarke et al., 1996; Bristow et al., 2009;
de Silva et al., 2010). The latter method often generates a
conservative estimate of erosion rate (Rohrmann et al.,
2013), but it benefits from a number of well-established,
accurate dating techniques, enabling Quaternary scientists
to date events on timescales ranging from single to millions
of years (Walker, 2005). One challenge with this method is
how to reconstruct the elevation of the former terrestrial
surface, as most surficial materials have been removed by
wind erosion.

In this study, we firstly describe an example of inverted
relief landform from the Kumtagh Desert and then develop
a physical model for estimating the local wind erosion rate.

2. REGIONAL SETTING

The main body of the Kumtagh Desert has a broom-like plan
view and occurs on the north bajada of the Altyn Mountains
(Fig. 1). The Desert is restricted to the north by the Beishan
Mountains and the Achike Valley and is adjacent to the Lop
Nor depression to the northwest and the Dunhuang Oasis to
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Figure 1. Map of the study area. This figure is available in colour online at wileyonlinelibrary.com/journal/gj
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the east in NW China. As the seventh largest dune field in
China, it comprises a total area of approximately
2.0x 10*km? (Wang, 2011). The relief varies between 800
to 2600 m above sea-level. The annual precipitation in this
extremely arid desert is approximately 10mm (Wang,
2011; Lu, 2012). The area is prone to increased precipitation
events, and the annual precipitation during 2008-2013 was
83.3 mm, with the maximum average monthly precipitation
of 17.2mm occurring in July (Kang et al., 2015). Using
the classification of Fryberger (1979), the modern wind
regime in the northern part of the desert comprises an obtuse
bimodal intermediate-energy wind environment (Qu et al.,
2007). The resultant drift direction is southwestward. The
annual average wind speed at a height of 10m above the
ground is 3.42 m/s (Zhang et al., 2010). Studies of grain-size
distribution, median diameter, standard deviation, skewness,
and kurtosis imply that sediment types and depositional en-
vironments are diverse (He et al., 2009). Both aeolian and
alluvial/lacustrine sediments are commonly observed in the
desert. There are two major source provenance zones
revealed by mineral and geochemical composition of
sediments (Xu et al., 2011). Sediments derived from the
highlands of the Altyn Mountains are often transported by
torrential floods to the depositional basin comprising the
desert at lower elevations. The second source comprises
alluvial/lacustrine deposits in the Achike Valley and those
of the Xihu playa lake which are eroded and transported
by the strong northeasterly wind into the desert basin.
Comprehensive scientific expeditions into the Desert were
not conducted until 2004 because of its harsh natural
environment (E et al., 2006; Wang et al., 2009). There is
currently ongoing debate amongst Chinese desert geomor-
phologists as to the definition and classification of the
Desert’s feather-like dune fields (Dong et al., 2008; Dong,
2009; Wang et al., 2009; Qu et al., 2011; Qian et al., 2015).
Previous geomorphological studies in the Kumtagh Desert
by Chinese scientists during the last decade have been selec-
tively translated and reviewed by Dong and Lv (2014).

3. MATERIALS AND METHODS

3.1. Inverted relief

3.1.1. Description

‘Gravel bodies’ are a unique landform of the Kumtagh
Desert distinguished from other deserts in China (E et al.,
2008; Lu, 2012). Five morphological types, i.e. platform,
girder, replat, sheet and strip, and ring are reported (Dong
and Qu, 2009; Dong ef al., 2010; Dong et al., 2011). These
terms provide a vivid description of this feature although the
classification criterion is vague. The rarely occurring ‘gravel
ring’ is actually identical to the ‘gravel sheet and strip’ type
because its gravelled inner part has been buried by aeolian
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sand grains. Here we describe them simply as elongated
and subround ‘gravel bodies’ in terms of their plan-view
shapes. The typical morphologies are provided in Figure 2.
Elongated ‘gravel bodies’ are 10-200 m long, 1-10 m wide,
and 2—-15m high. Most of them are relatively straight, less
than 30m in length, with a widespread distribution. Some
longer ones extend into the neighbouring linear dunes.
Subround ‘gravel bodies’ are 2-30 m high, 5-50 m in diam-
eter, with flat or sharp top surfaces. They often stand alone in
inter-dune corridors where zibars composed of coarse
sediments are developing. A few subround ‘gravel bodies’
have collapsed, scattering their gravel irregularly.

3.1.2.  Interpretation

The feature in Figure 2 should not be confused with
yardangs which refer to erosional ridges formed in slightly
compacted, fine-grained, cohesive sediments. Mature
yardangs are generally streamlined and parallel to the pre-
vailing wind; (see Wang et al., 2011, fig. 1). The morphol-
ogy, sedimentology, classification, and distribution of
yardangs in this area have been studied elsewhere (Dong
et al., 2012; Qu et al., 2014). The Gravel Bodies described
here differ from the nearby yardangs in the Achike Valley,
as they are covered by gravel (Fig. 3a). Our field surveys
undertaken between July 2007 to June 2014, together with
the works of E ef al. (2008) and Tang et al. (2011), clearly

Figure 2. The so-called ‘gravel bodies’ in the Kumtagh Desert can be clas-

sified into two types according to their plan-view shapes. (a) Elongated

‘gravel body’; (b) Subround ‘gravel body’. This figure is available in colour
online at wileyonlinelibrary.com/journal/gj
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Figure 3. Close-up of the ‘gravel body’. (a) All gravel bodies are covered
by sediments sizing from coarse sand to boulders. The biggest boulder ex-
ceeds 1.0 m in diameter. (b) There are layers of sand, calcrete, gypsum, ha-
lite, and/or solidified mud beneath the surficial gravel layer. This figure is
available in colour online at wileyonlinelibrary.com/journal/gj

show that (1) the so-called ‘gravel body’ is not composed of
gravel entirely. The thickness of the surface gravel layer
varies between 0.20m to 1.20 m. The biggest in situ gravel
or boulder observed exceeds 1.0m in diameter. There are
layers of sand, calcrete, gypsum, halite, and/or solidified
mud beneath the gravel layer. The sand layers in a subround
‘gravel body’ are shown in Figure 3b. (2) Imbrication has
been frequently observed in the gravel layer. Although the
directions of long axes of gravels are generally identical
for an individual gravel body, the orientation of gravel
bodies is irregular. In the 114 measured gravel bodies,
the imbrication trends of NbE, NbW, and E-W are
52.6%, 43.9%, and 3.5% in percentage terms, respectively
(E et al., 2008). Although weathering process could gener-
ate local gravel deposits in deserts (Rajaguru et al., 1996),
the characteristics depicted above support an extraneous
origin. There are four major kinds of continental deposi-
tional systems (Boggs, 2005). The sediment size excludes
gravels and boulders from lacustrine and aeolian deposits.
The Kumtagh Desert at relatively low elevations was not
an accumulation area of glacial sediments. By this simple
process of elimination, a fluvial origin is most likely. Both
debris-flow and stream-flow deposits may contain gravels
and boulders. The debris-flow deposits occasionally found
on the northern slope of the Altyn Mountains are characterized
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by the chaotic mosaic of various sized sediments, and com-
monly associated with landslide deposits. A debris-flow origin
to the gravel bodies once was suspected, until likely
palacochannels were interpreted (Dong et al., 2010). The elon-
gated gravel bodies share some morphologic similarity with
straight river channels. The large gravels and boulders with
preferred orientations indicate that the gravel bodies were
most likely deposited from stream-flow.

Following Oviatt et al. (2003), here we use the term
‘gravel channel’ rather than gravel body to describe this type
of landform in the Kumtagh Desert. The largest drainage
area on the northern slope of the Altyn Mountains is that
of the Suosuogou River (Lu, 2012). At present, it is a dry
valley and only receives fluvial discharge during flash flood
events. Figure 4 gives the spatial distribution of gravel chan-
nels in the lower reaches of the Suosuogou River. In the
northeastern and central parts of the area, gravel channels
are sparse and absent, and only the subround type occurs.
In the southwestern part of the study area, both types are
found and widely distributed. We interpret the distribution
of gravel channels as comprising distributaries of an alluvial
fan delta. A drilling core revealed that the Altyn-Beishan
intermontane basin was occupied by a large body of water
in the late Middle Pleistocene (Wang and Zhao, 2001). At
that time, the present day Achike Valley and the Xihu playa
lake area resided in the Lop Nor palaeolake with a lake level
exceeding 840 m in elevation (Lu, 2012). The in situ remain-
ing lacustrine deposits protected by gravels or boulders
imply that the lake level reached a maximum elevation of
at least 900 m. This indicates that some gravel channels with
a present-day elevation range of between 830-965 m (shown
in Fig. 4) were subaqueous, or that the lake levels fluctuated
extensively. It is currently difficult to accurately model the
palaeoshoreline distribution as subsequent to its desiccation
the area has been severely eroded and deeply weathered.
Additional field work is required to detail the geometry
and extent of the alluvial fan.

3.2. Physical modelling

To estimate wind erosion rate, the age 7 and the position H of
the former terrestrial ground surface must be determined. As
for T, the aeolian sands at the base of the gravel layer were
used for OSL dating of the inverted relief landforms. The
chronological samples were measured in the OSL laboratory
of Nanjing University (Lu, 2012). H comprises two compo-
nents: the present height / of the inverted relief feature and
the eroded height H above the remnant gravel channel top.
The latter component is difficult to ascertain due to subse-
quent wind erosion. Fortunately, some methods of recon-
structing channel geometry and palaeohydrology associated
with past flood events for arid river systems have been devel-
oped (Baker, 2008; Goudie, 2013). Palaeohydrological
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Figure 4. The spatial distribution of gravel channels in the lower reaches of the Suosuogou Valley. The valley course is indicated by the white curve. The sym-
bol ‘®’ denotes an individual gravel channel, and their distribution area is restricted by the green lines. The symbol ‘# marks the OSL sampling site. This figure
is available in colour online at wileyonlinelibrary.com/journal/gj

parameters can be estimated by using the empirical or theo-
retical relations between boulder size and flow velocity
(Kehew et al., 2010). A valuable tool for understanding past
floods is the high-resolution computational fluid dynamics
simulation underpinned by classical mechanics theory
(Denlinger and O’Connell, 2010). Some assumptions must
be made for reconstructing the palaecohydrology of the gravel
channels. The Suosuogou Valley (Fig. 4) has meandering
channel components, but overall it comprises a linear geom-
etry except at one inflection point. Hereinafter, we assume a
straight channel with a constant width and slope. The coarse
sediments including gravels and boulders begin to deposit
when a flood exits from mountain valleys, and when the
transportation capability of the stream is reduced by increas-
ing flow width. The alluvial depositions in the gravel chan-
nels would represent the cumulative result of a number of
different flood events. Noting that extreme floods are very
rare and an alluvial river often changes its course in the sed-
iment deposition zone, we assume that the surface gravel
layer of the inverted relief features was deposited by a single
flood event, and subsequent discharge events in the former
channels were incapable of moving large boulders. We also
assume that the present-day surficial depositions comprise
the basal gravel layer of the pre-existing fluvial channel. Un-
der these assumptions, a conservative, minimum approxi-
mation of H, may be calculated, being based upon the
maximal flow depth reconstructed from boulder size data.
In the case where almost all the alluvial sediments deposited
in the former channel have been removed by wind, the maxi-
mum thickness of the palacochannel may be roughly estimated,
by making assumptions of the sediment transportation capacity

Copyright © 2015 John Wiley & Sons, Ltd.

of the reconstructed flood. The sum of this palacochannel
thickness and the maximal flow depth can be regarded as the
upper limit of H,.

3.2.1.  Palaeoflood reconstruction

The mean flow velocity of the flood U can be expressed by
the Manning (or Gauckler—Manning—Strickler) formula
(Gioia and Bombardelli, 2002),

k
U = - Ritan20 (1
n

where k, n, R, and 6 are the conversion factor, Manning co-
efficient, hydraulic radius, and the slope angle of channel
bed, respectively.
When the width w of a rectangular channel is much larger
than the flow depth D, the hydraulic radius R is reduced to,
wD
k= w+2D ~D @

The particle size of sediments often reflects hydrodynamic
conditions. Boulders in the gravel channels are interpreted to
have been mainly transported by flash floods from the Altyn
Mountains. Flow velocity is a function of boulder size
(Costa, 1983; Benner et al., 2010; Stokes et al., 2012). For
a cuboid boulder with dimensions of a, b, and c¢ at the
motion instant, the resulting moment about the point of ‘O’
must be zero, as shown in Figure 5. Comparing with drag
F, and gravity mg, the lift force F; is negligible. The action
point of supporting force N is ‘O’. Thus, the moment
balance equation is
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Figure 5. Forces on a boulder. The resulting moment about the point of ‘O’
must be zero at the motion instant.

F b+ mgb sinf = mga cosf 3)

in which g is the gravity acceleration.
The drag force F,; and mass m can be written as,

1
F;= E,DWCdch2 “4)

and

m = pyabc 5)

where p,, and p, are the density of water and the boulder.
The drag coefficient C; depends on the boulder shape and
flow regime (Benner ef al., 2010). For simplicity, it is treated
here as a constant because the Reynolds number is large
enough in a flash flood.

Combining equations (1) to (5), we have

D~ (g)%/’j— 2a cos@(gcotﬁ - 1)}Z ©6)

3.2.2.  Maximum thickness of the palaeochannel bed
Assuming the suspended materials being transported by the
flood were uniformly deposited in the flow direction, the
mass conservation equation becomes

p,CDUt = p, Dol )

where C is the mean sediment concentration by volume, ¢ is
the flood duration, p, is the bulk density of the channel bed,
Dy is the channel bed thickness, and L is the channel length
in the deposition zone.

There are numerous formulae for estimating the transport
rate of bed and suspended load (Qian and Wan, 2003;
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Chanson, 2004). For desert flash-floods, some empirical
relations fitted for the field data of certain rivers have been
established, (see Billi, 2011 and references therein). Sediment
concentration (or transport rate) often changes with flow
velocity, discharge, shear stress, and grain-size. When the
maximum sediment concentration C=C,,,, is kept during
the flood, we get the maximum thickness of the palacochannel
from equation 7,

ChaxUt
po = Ps=max”t 8)
prL
3.2.3.  Wind erosion rate
Given the age T and the present height 4 of the gravel chan-
nel, the wind erosion rate # can be estimated by,

_H_h+H0
T T

(€))

The energy conditions of water and wind deposition vary
greatly. Two extreme scenarios are considered. We assume
the minimum eroded height H, is equal to the maximum
flow depth D, when the channel bed can effectively resist
the subsequent wind erosion. In this case, the minimum
wind erosion rate can be expressed by,

h+D

Mmin = T (10)

The dried channel bed composed of loose sediments
sizing from clay to sand may be easily eroded by wind. In
this case, the main body of the former channel bed has been
eroded, with the thin veneer of preserved gravels and boul-
ders representing the basal layer of the former alluvial chan-
nel. If this interpretation is correct, the inferred maximum
wind erosion rate can be written as,

h+ D+ Dy
= 11
’7de T ( )
4. RESULTS

The parameters in the estimation of wind erosion rate are
listed in Table 1. The geometrical parameters a and b of
larger boulders, the mean slope angle & of the Suosuogou
Valley, and the length L of the palacochannel bed were
obtained either from our field surveys or from topographic
data. The drag coefficient C,, the conversion factor &, and
Manning coefficient n were sourced from Kehew et al.
(2010) and Benner et al. (2010). Noting the floods in this
super-arid region of China are reported to last for on aver-
age 0.5-6.0h (Ge, 1983; Chen, 1990), an appropriate
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Table 1. Parameters in the estimation of wind erosion rate

Parameter Value Parameter Value
C, 1.2 a 0.9m

k 1.0m'"%/s b 0.8 m

n 0.05 ] 0.006 m
g 9.81 m/s> h 25m

Ds 2.7% 10 kg/m® L 40km
P 1.0x 10’ kg/m’ t 3.0h

Do 1.5x10° kg/m® Ca 50%

C, is the drag coefficient. k and n are the conversion factor and Manning co-
efficient; g is the gravity acceleration. py, p,, and p, are the densities of
boulder, water, and channel bed. @ and b are the length and width of the boul-
der. 6, h, and L are the slope, height, and length of the palacochannel. 7 is the
duration of the flood. C,,,, is the maximal volume concentration of sediment.

duration ¢ of three hours for the palaeoflood is assumed.
The upper limit of volume concentration of sediment
transported by flood is 60%, beyond which debris flows
occur (Qian and Wan, 2003). In our calculation,
Crar=50% is assumed.

4.1. Palaeohydrological parameters and ages

The maximum flow depth D obtained from equation 6 is
6.8 m. The threshold flow velocity driving the motion of sed-
iments is regarded as the depth-averaged flow velocity of the
flood. The value of this parameter calculated by equations 3
and 4 is 5.9 m/s. The width of the Suosuogou Valley changes
from 10 m to 50 m. Discharge, defined as the product of the
flow velocity U, depth D, and width w, is calculated at
1337 m?/s if a medium width w=30m is assumed. The em-
pirical Manning formula, widely used in palaeoflood hydrol-
ogy, is widely accepted to be robust in its assumptions (Gioia
and Bombardelli, 2002). Some palacohydrological recon-
structions of floods were listed by Kehew et al. (2010). The
flood generating the gravel channels in the Kumtagh Desert
is comparable with the Elm Greek River flood that occurred
in 1972, in Texas, USA. From a physical stand point, the
motion of continuous discharge and discrete solid gravel
particles can be described by the Navier—Stokes equations
and the Euler’s laws. Two aspects need to be further consid-
ered in modelling arid river discharge using equations 1-6.
Firstly, for simplicity the hydraulic radius is replaced with
the flow depth. This simplification is suitable for wider
channels but might overestimate the flow velocity because
the part of w/(w+2D) in equation 2 is increased to 1. Secondly,
the model can’t provide any information about the flood
evolution processes varying with time, because the Manning
formula is only suitable to steady flow.

A typical subround-type gravel channel 25m high at
(40°12'51.27 "N, 92°33'24.74 " E) was excavated for deter-
mining the age of this unique landform. The aeolian
deposits beneath the surface gravel layer with a thickness

Copyright © 2015 John Wiley & Sons, Ltd.

of 30cm were an ideal material of the OSL dating method
(Aitken, 1998). The age obtained from the quartz grains in
the samples is 7=150.8+7.5ka. The age of the aeolian
sands at a depth of 2.9m from the bank top of the
Suosuogou Valley has been calculated at 158.6ka (Lu,
2012). Although the sediment profile description and chro-
nological approach were not supplied in the latter study,
the close agreement between the two values suggests gives
confidence in the dating method outcomes. The age of
gravel channels 120km to the west of the Suosuogou
Valley to the west has been calculated as 53.1+1.9ka
(Lu, 2012). This data indicate that the inverted relief land-
forms in the desert were not formed simultaneously, and
our study confirms the conclusion of Tang ef al. (2011) that
the gravel channels in the region were developed between
285.9+42.9ka BP based on the electron spin resonance
dating data of three long profiles (two located in the drainage
area of the Suosuogou Valley, the other one in the western
Desert) with very low temporal resolution.

4.2. Rates of wind erosion

The channel bed thickness forming in three hours is
Dy=9.75m. This value, much larger than the residual thick-
ness of the channel bed in the inverted relief feature, can be
used to determine the maximum wind erosion rate. Two
extreme values of wind erosion rate calculated by equations
10 and 11 are 0.21 and 0.28 mm/year, respectively. There is
no gauged data detailing wind erosion in the study location.
Archaeological studies have provided some analogue data
on wind erosion. Historiographers were important govern-
ment officers in historical dynasties in China. The local
information about environment, population, products, cities,
and wars etc. have been officially recorded by numerous
historical sources since the Han dynasty (202-9 BC). By
determining the ages of buildings and man-made structures
identified in historical records (or the modern dating
methods), and assuming that the pre-deflation surface was
flat, the wind erosion rate can be estimated. This is a
conventional method in aeolian research. The ancient ‘Silk
Road’ from Dunhuang to Loulan (Kroran also) at (4029’
55"N, 89755'22" E) traverses the northern margin of the
Kumtagh Desert. The time-averaged wind erosion rate in
the now ruined Loulan City since the sixth century has been
calculated at 2.44 mm/year (Xia, 2007). There are common
remains of human activity in the ancient Gua-Sha oasis, a
blowland separated from the Kumtagh Desert by the Xihu
playa lake. The current erosive land surface along the Great
Wall implies that the wind erosion rate over the past two
thousand years is in the range of 0.5—1.5 mm/year. A ruined
city at (40727'12.48 "N, 95°13/33.29"E) was discovered in
2013. The C-14 age of the cultural layer is 1226-1277 AD,
and the mean eroded height is 1.10m. The local wind
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erosion rate is consequently calculated to be approximately
1.44 mm/year. Comparing the data obtained in the west
(Loulan) and east (the ancient Gua-Sha oasis) regions, the
wind erosion rate of 0.21-0.28 mm/year in the northern
Kumtagh Desert is smaller in magnitude. Surprisingly, the
present-day annual wind speeds do not differ significantly
between the three areas (Zhang et al., 2010; Qu et al.,
2011). We interpret two dominant reasons for this. Firstly,
the widely distributed water-formed deposits can effectively
withstand deflation and abrasion. For loose gravelly
sediments, the wind speeds capable of entraining them are
high. Sand and dust also are difficult to be emitted from
the surficial carbonate cement or salt crust of the ground.
Secondly, the sediments in this lowland might be supple-
mented by abrupt floods or persistent rivers after the
palaeochannels formed.

5. DISCUSSION

Inverted relief in deserts is a common but not well under-
stood landform. The study of raised channels needs a multi-
disciplinary approach including geomorphology, geology,
hydrology, sedimentology, and geochronology. The present
work could provide some useful implications with respect to
geomorphology and palaecohydrology.

5.1. Geomorphology

Identification of geomorphic types is the starting point of
desert geomorphology studies. The inverted gravel channels
we describe here are a unique landform in the Kumtagh
Desert. Their formation involved fluvial and aeolian pro-
cesses in which the fluvial deposits of gravels and boulders
effectively withstood subsequent wind erosion, and became
the surficial layer of the inverted features. There have been
many debates about the relative importance of aeolian and
fluvial processes in moulding desert landscapes (Goudie,
2013). Recently, fluvial-aeolian interaction in dryland envi-
ronments has stimulated much research, e.g. (Al-Masrahy
and Pountney, 2015; Yan et al., 2015). Our work will be
helpful for the quantitative description of the fluvial-aeolian
processes responsible for desert landscape development. For
the Kumtagh Desert, the dynamic effects of the remnant
fluvial deposits on the dune forms, orientations, and spatial
distribution remain to be revealed.

The current Martian surface is very similar to that of hy-
perarid desert on Earth. Our knowledge based on terrestrial
analogue studies is potentially significant to explain data
returned by probes and to understand the origin of surface
features on Mars when a manned mission is lacking
(Chapman, 2007). Mars once was subjected to fluvial pro-
cesses. The outflow channels in the Valles Marineris region

Copyright © 2015 John Wiley & Sons, Ltd.

were carved by outburst floods probably (Coleman and
Baker, 2009). Wind is one of the few known geological pro-
cesses in action at the Martian surface (Greeley and Iversen,
1985). So the channels in a blowland are more easily to
evolve into inverted reliefs naturally. A detailed description
and interpretation of Martian inverted channels on a fan
are referred to a very recent work of Morgan et al. (2014).
The arid region in north-western China could offer some
ideal sites, e.g. the Qaidam Basin, to perform terrestrial
analogue studies. The presented model for the inverted
gravel channels in this study is an optional method for esti-
mating the discharge of palaeoflood and the long-term wind
erosion rate on Mars.

5.2. Palaeohydrology

Determining accurate thickness of the former channel bed is
crucial to wind erosion rate estimation. Palacochannel mor-
phologic characteristics can be reconstructed empirically
(Leeder, 1973; Smith, 1987) or theoretically (Bridge and
Diemer, 1983; Zaleha, 2013). A database representing more
than 1500 bedrock and Quaternary alluvial channel bodies
has been established (Gibling, 2006). Although the dimen-
sions of desert river channels are poorly documented, a
likely positive correlation between the width and thickness
of fluvial depositions is w/D=10; (see Gibling, 2006, fig. 8
for details). Comparing the value of D or D+ D, that we
estimated, the palacochannel thickness of 3.0m obtained
from this empirical formula is much smaller. For a straight,
non-migrating, and incised channel, the relationship
w=0.01D*° has been fitted (Fielding and Crane, 1987).
Inserting w=30m into this relation, D=15.81 m is obtained.
This value is slightly less than the maximum eroded thick-
ness of D+ Dy=16.55m obtained in our preliminary work.
The more specialized physical models, e.g. (Bridge, 1992)
and (Tayfur and Singh, 2006), should be introduced to re-
construct the palacochannel thickness and palaeohydrology.
As pointed out by Reid and Frostick (2010), there still is a
great need for more detailed information on channel form,
flood hydrology, and sediment transport in deserts. Model
validation by using data from modern floods represents a
challenge as this database is not currently extensive. More-
over, the determination of model parameters will be
restricted if the desert surface is being severely reworked
by wind. Palaeoflood frequency and extent in this region
remain to be investigated in the future.

6. CONCLUSIONS

The study of landforms generated by inverted relief associ-
ated with former fluvial palacochannels in deserts provides
a means of assessing the magnitude of subsequent wind
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erosion. A type of inverted relief called the ‘Gravel Chan-
nel’ is identified in the northern Kumtagh Desert. A simple
physical model of palacoflood has been introduced in an
attempt to reconstruct the former topography based on me-
chanical principles and the characteristics of the deposits of
the gravel palacochannel. Pre-channel deposits have been
dated using the OSL technique, and subsequently a wind
erosion rate has been estimated by using the height of
gravel channel, the flow depth, and the eroded thickness
of channel bed estimated from palacoflood modelling. It
is shown that the long-term wind erosion rate in the north-
ern Kumtagh Desert is 0.21-0.28 mm/year. Wind erosion
occurring in this desert is no more severe than that experi-
enced in adjacent regions.
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