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Abstract The early Martian environment is interpreted as warmer and wetter, before a significant change
in its global climatic conditions irreversibly led to the current hyperarid environments. This transition is one of
the most intriguing processes of Martian history. The extreme climatic change is preserved in the salt
deposits, desiccated landscapes, and geomorphological structures that were shaped by the evaporation of
water. However, until a manned journey to Mars is feasible, many Martian materials, morphological
structures, and much of its evolutionary history will continue to be poorly understood. In this regard,
searching and investigating Martian analogues are still meaningful. To find an Earth environment with a
whole set of Martian structures distributed at a scale comparable to Mars is even more important to test
landing crafts and provide optimized working parameters for rovers. The western Qaidam Basin in North
Tibetan Plateau is such a Martian analogue. The area harbors one of the most extreme hyperarid
environments on Earth and contains a series of ancient lakes that evaporated at different evolutionary stages
during the rise of the Tibetan Plateau. Large quantities of salts and geomorphological features formed during
the transition of warmer-and-wet to colder-and-dry conditions provide unique references to study the
modern Martian surface and interpret the orbital data. We present numerous similarities and results of
investigations that suggest the Qaidam Basin as a potential analogue to study modern geomorphic processes
on Mars, and suggest that this is an essential site to test future Mars sample return missions.

Plain Language Summary Martian evolutionary history is reflected in its landscape and
geomorphological features, indicating that despite the extreme current hyperarid conditions, liquid water
flowed on its surface well over 3.9 billion years ago. Despite the great amount of data available today, unless
the geomorphological features can be studied in situ, we still need analogues here on Earth to better
understand the dramatic climatic change on Mars and if the current conditions are suitable for microbial life
to exist. We propose that the Qaidam Basin, in northwestern Tibetan Plateau, is a potential Martian analogue
that can give us insight to unfold clues to study the Martian modern environments. The Qaidam Basin is the
highest desert on Earth and harbors very similar extreme conditions that those on Mars today. We present
our results from expeditions to the Qaidam Basin and compare them with Martian equivalents. The
similarities between the Qaidam Basin and Mars are described in a context that suggest that this area is an
essential site to test future Mars exploration missions.

1. Introduction

The most remarkable differences between the modern Earth and Mars is the various water-involved geologi-
cal and climatic cycles on Earth that are absent on Mars due to the extremely arid and dry environment
[Blondel and Mason, 2006]. The Martian climate, however, was once governed by similar hydrodynamic pro-
cesses as that on Earth, despite the difference in atmospheric composition and mean surface pressure [Read
and Lewis, 2004]. Since their discovery by the Mariner 9 and Viking missions, a number of morphological
structures, such as river channels or valley networks, raised speculations that the early Martian climate, most
likely until the Noachian or even early in the Hesperian epoch, was wet and warm [Blondel and Mason, 2006;
Kargel, 2004]. Minerals, such as sulfates, carbonates, chlorides, and clays closely related to aqueous environ-
ments, have been detected on different locations [Arvidson et al., 2005; Bishop et al., 2008; Ehimann et al.,
2008; Murchie et al., 2009], confirming that water was stable at certain surface conditions. But the strong solar
winds from the young Sun 4 billion years ago resulted in the escape of atmospheric gases to space [Cabrol
and Grin, 2010; Carr, 1996; Connerney et al., 1999], that consequently changed the climate irreversibly to
the present cold, windy, and dry conditions [Jakosky et al., 2015]. The solar wind bombardment and resulted
loss of atmospheric gases were the main processes for the Martian climate change [Jakosky et al., 2015],
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which resulted in a catastrophic drought with the disappearance of the ancient water bodies on Mars [Di and
Hynek, 2010], leaving behind the large quantities of saline deposits.

Recent space and in situ Martian explorations suggest a dynamic climate that varies on timescales of tens of
millions of years [Blondel and Mason, 2006; Head et al., 2003]. Spacecraft missions provide strong evidence
that Mars has not always been the cold and dry planet as it is today but rather has undergone dramatic shifts
of wide timescales since 3.9 billion years [Blondel and Mason, 2006; Masursky et al., 1977]. Those lines of evi-
dence include morphological features observed from space and more detailed geological formations identi-
fied by several landed rovers, such as polygons, gullies, mass debris flows, and landforms that have been
developed by recent episodic hydrodynamic processes. This evolution is widely recorded by the erosional
discontinuities, fluvial networks, and sedimentary layering, with some of these structures well-preserved
nowadays [De Silva et al., 2010; Irwin et al., 2005; Levy et al., 2009a]. However, understanding the hydrologic
history and climate of Mars continues to be a challenge. Although rovers have covered several kilometers of
Mars over many years, their surveys are limited to the narrow belt within their visual range. The rovers are
engineered to travel in distances of tens of kilometers and collect information along their pathways of a
few meters wide on Martian terrain. Relatively large-scale geological structures (meters to kilometers), which
are important in understanding Martian geological processes, are out of the rovers’ reach. Currently, these
large-scale structures can only be studied based on images from orbiting spacecrafts, which, however,
cannot provide high enough resolutions for detailed mineralogical compositions or related geochemical
processes. Unless these structures can be studied directly, the solution may still rest on comparisons of
suitable terrestrial analogues with similar recent features created by hyperarid conditions.

To interpret the wide diversity of geomorphological features on Mars, there is a need for terrestrial analo-
gues that are shaped by processes that modify the surface in arid regions or polar regions and are charac-
terized by tectonic, volcanic, and impact processes, all of them simulating specific conditions of Mars. The
potential habitable niches on Mars [Dohm et al., 2011] also encourage investigations into terrestrial analo-
gues for biological studies [Komatsu and Ori, 2000]. A number of terrestrial analogues for modern geo-
morphic processes on Mars have been proposed in recent literatures. For instance, deserts sites, where
geomorphologies are comparable to those identified on Mars, could provide valuable information about
the ancient climate and potential habitability on Mars. North Africa [Paillou and Rosenqvist, 2003; Essefi
et al, 2014b, 2014a], the western U.S. region [Baldridge et al., 2004; Chan et al., 2016], Atacama desert
[Houston, 2006], or Western and Central Australia [Bourke and Zimbelman, 2001; Brown et al., 2005] are good
analogues to compare geomorphic processes and landforms, such as aeolian deposits, yardangs, or polygo-
nal terrains. Other terrestrial analogues in polar regions are examined to assess physical and biological pro-
cesses related to hyperarid and cold environments on Mars [Osinski, 2007; Marchant and Head, 2007; Pollard
et al, 2009; Levy et al, 2009a; Head and Marchant, 2014]. Additionally, other terrestrial analogues have
focused on specific aspects of Mars, such as valley networks [Howard et al., 1987], impact crater lakes
[Komatsu et al., 2014], catastrophic flooding [Baker and Nummedal, 1978], or mineralogy [Benison and
LaClair, 2003; Ferndndez-Remolar et al., 2005; Squyres et al., 2004; Benison, 2006]. However, taking into
consideration the modern environmental conditions of Mars (hyperarid, low temperatures, strong aeolian
processes, and high UV radiation), the current terrestrial analogues do not include all conditions of Mars.
Supplementary analogue sites are required to comprehend the expansive and dynamic environmental
conditions on Mars.

The western Qaidam Basin, a remote area in the north of Tibetan Plateau, is a promising Martian analogue
site. The basin contains many geomorphological structures at a variety of scales and mineral materials com-
parable to features that started to form at the critical, rapid evolutionary stage that built the modern Martian
environments. A few previous studies already proposed the Qaidam Basin as a terrestrial analogue [Mayer
et al, 2009; Wang and Zheng, 2009, Zheng et al., 2009, 2013; W. G. Kong et al., 2013, 2014; Xiao et al.,
2016]. However, the Qaidam Basin offers a more extensive range of characteristics for comparative studies
of Mars than previously stated. Although there are environmental differences between the Qaidam Basin
and the modern Mars (and even ancient Mars), the Qaidam Basin can serve as a good potential analogue
site to compare modern geomorphic processes. We present a wide diversity of Martian sites, and although
they might be distant from each other and even separated in time, we believe that those comparisons
provide rich evidence that the Qaidam Basin is a suitable analogue to study modern Mars-
like geomorphologies.

ANGLES AND LI

MARTIAN ENVIRONMENTAL ANALOGUE 857



@AG U Journal of Geophysical Research: Planets

10.1002/2017JE005293

Table 1. Summary of Locations of Geomorphological Structures From the Qaidam Basin and on Mars for Comparisons

The Qaidam Basin Mars
Geomorphological Structures Figure No. Location Location Figure No.
Catastrophic debris flows Figure 6a 38.08°N, 91.88°E 6.6°S, 70.9°W Figure 6d
Figure 6b 38.08°N, 91.88°E
Figure 6¢ 38.08°N, 91.88°E
Polygonal terrains Figure 7a 38.75°N,91.75°E 125.74°W, 68.21°N Figure 7d
Figure 7b 38.73°N, 91.64°E 46.7°N, 117.5°E Figure 7e
Figure 7c 38.75°N, 91.75°E 62.61°S, 78.77°E Figure 7f
Hollows and pits Figure 9a 38.67°N, 91.17°E 5.4°S, 137.8°E Figure 9d
Figure 9b 38.32°N, 91.2°E 46.9°N, 117.36°E Figure 9e
Figure 9c 37.64°N, 94.99°E 50°S, 358.5°W Figure 9f
Cyclic vertical accretion Figure 10a 38.75°N, 91.74°E 21.1°S, 8.5°E Figure 10b
Recurring Slope Lineae Figure 11a 38.16°N, 91.34°E 32.04°S, 140.80°E Figure 11b
Gullies Figure 12a 38.32°N, 91.27°E 40.8°S, 201.9°E Figure 12c
Figure 12b 38.32°N, 91.27°E 1.5°S, 202.9°W Figure 12d
4.7°S, 298.6°E Figure 12e
Light-toned gullies Figure 13a 38.58°N, 95.14°E 47.2°S, 355.8°W Figure 13b
Gullies and polygons Figure 15a 38.57°N, 91.95°E 58.74°N, 82.38°E Figure 15b
Fluvial valleys and alluvial fans Figure 16a 39.16°N, 92°E 7.5°N, 33°W Figure 16¢
Figure 16b 39.16°N, 92°E 4.6°S, 137.43°E Figure 16d
Yardangs Figure 17a 37.61°N, 92.23°E 2.83°N, 147.64°E Figure 17d
Figure 17b 37.71°N, 92.58°E 5.08°S, 137.85°E Figure 17e
Figure 17c¢ 38.31°N, 90.81°E
Wind streaks Figure 19a 38.89°N, 92.29°E 8.17°N, 297.39°W Figure 19f
Figure 19b 38.79°N, 92.33°E
Figure 19¢ 38.49°N, 92.40°E
Figure 19d 38.48°N, 92.28°E
Figure 19e 38.76°N, 92.42°E
Gravel deposition Figure 20a 38.33°N, 90.79°E 5.24°S, 137.18°E Figure 20d
Figure 20b 38.33°N, 90.79°E
Figure 20c 38.33°N, 90.79°E
Dune fields Figure 21a 38.37°N, 91.63°E 83°50'S, 118°70'W Figure 21c
Figure 21b 38.15°N, 91.19°E 13.9°S, 59.2°W Figure 21d
Swirling textures Figure 22a 37.72°N, 92.88°E 40°S, 52°E Figure 22b
Ring structures Figure 23a 38.49°N, 91.74°E 85.70°N, 21.00°W Figure 23b

Due to the ease of access for expeditions and the higher density of geomorphological features similar to
Mars, we focused our study on the western area of the basin. Here we generally refer to the “Qaidam
Basin” as more specifically the western region studied. In order to describe the comparable structures in
the Qaidam Basin and on Mars from the same point of view, we have endeavored to compare data from
similar sources, such as Google Earth images of the Qaidam Basin compared with images from Martian orbital
crafts (Table 1). The main aim of this study is to present the geomorphologies of the Qaidam Basin as analo-
gues of modern geomorphic features on Mars. We also present general similarities in mineralogy, climatic
conditions, and evolutionary history between the Qaidam Basin and Mars. In order to raise more comparative
planetary studies in this area, we complement the comparisons with the results of mineralogical investiga-
tions of the evaporate deposits of the Qaidam Basin. In this pilot study, comparisons are made with observed
Martian structures, the similarities are presented broadly, and the geology of structures and processes that
mimic contemporary epochs of Mars are described in a context that suggest the Qaidam Basin as a potential
Martian analogue.

2. Regional Geological Setting

The Qaidam Basin lies in the north of Tibetan Plateau (Figure 1) [Anglés and Li, 2016], measuring roughly
850 km from east to west and 150-300 km from north to south [Fang et al., 2007], covering a total area of
120,000 km? and a catchment area of 250,000 km? [Kezao and Bowler, 1986]. The basin is comprised by the
monumental Altyn-Tagh strike-slip fault in the northwest, the Qilian-South Mountain Zongwulong
strike-slip fault in the northeast, the Ela Mountain to the east, and the Qiman-Tagh-Kunlun Mountain
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Figure 1. Tectonic configuration of northwest Tibetan Plateau and its surrounding mountains and faults. The directions of
compression of Qiman-Tagh-Kunlun Mountain Fault, Altyn-Tagh Fault, and Qilian-Nan Mountain-Zhongwulong Fault are
indicated with red arrows [Anglés and Li, 2016].

strike-slip fault to the south [Fang et al., 2007]. The compressional forces between the Qilian-South and the
Qiman-Tagh-Kunlun Mountain faults are in the NE-SW direction where the force between the Altyn-Tagh
fault and Ela Mountain is in the NW-SE direction.

The formation of the Qaidam Basin can be traced back to the Jurassic, when the vast majority of the Tibetan
Plateau was an enormous giant lake [Zheng, 1997]. Due to the ongoing Indo-Asian collision, two main thrust
systems were initiated: an older system in the north of the plateau initiated in the Paleocene and a younger
one in the southern side initiated in the Oligocene [Yin et al., 2008]. The Qaidam Basin has been since at least
the Oligocene an internally drained basin [Yin et al., 2008]. From the Miocene to the Pleistocene, the area
expanded and migrated northwest-southeast due to highly irregular periods of uplift and deformation in
the northwestern part [Yin et al, 2008]. The continuous and intense collisional-compressional tectonic
activities eventually resulted in an uneven floor that broke the giant lake into smaller ones [Zheng et al.,
1993; Zheng, 1997].

As a result of the rise of the Tibetan Plateau, atmospheric circulation underwent differential changes that
caused drastic climatic variations and a gradual transformation of these lakes to completely dry and saline
basins [Zheng, 1997]. The basin today preserves a full record of Cenozoic sedimentation [Yin et al., 2008], with
only a few small lakes in the center of the basin that still contain standing water. During the late Pliocene, the
surface of the Qaidam Basin reached an average altitude of 3000 m with neighboring mountains up to
5000 m above sea level [Zheng, 1997] (Figure 2). The Qaidam Basin is the highest desert on Earth and the
largest sedimentary basin in the Tibetan Plateau [Zheng et al., 1993].

The high elevation eventually resulted in a hyperarid climate that consists of low-mean annual temperatures
(average low ~1.9°C, average high ~12.6°C [Wei et al., 1993]), 50-60°C of annual temperature difference [Wei
et al., 1993], tremendous diurnal temperature fluctuations (~27°C as the maximum temperature recorded at
daytime [F. J. Kong et al., 2013] and ~ —37°C at nighttime [Wei et al., 1993]), 50% of sea level atmospheric
pressure [F. J. Kong et al., 2013], 67% of solar radiation exposure [Wei et al., 1993], annual relative humidity
of 30% [F. J. Kong et al., 2013], very low annual average precipitation [<14 mm, F. J. Kong et al., 2013], and
extremely high average annual evaporation (3000-3200 mm [Kezao and Bowler, 1986]). The duration of the
warm-cold transition in the water bodies, changes in the salinity from fresh to saline, and the transformation
from large water bodies to dry playas in the Qaidam Basin is so long that the basin is unique among lake
basins in the world [Zheng, 1997]. It is also the largest basin on the Tibetan Plateau [Métivier et al., 1998;
Meyer et al., 1998; Tapponnier et al., 2001], with possibly the world’s thickest fluvio-lacustrine sedimentary
deposits extending up to 12,000 m [Fang et al., 2007].
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Figure 2. Western Qaidam Basin. Age and distribution of dry lakes and mountains in western Qaidam Basin. The different
colors indicate the age [modified from Qi and Fengging, 20071.

Qaidam, in Mongolian, means “salt flat,” a description in agreement with the large amounts of salt deposits in
the basin [Kezao and Bowler, 1986]. The entire basin floor is covered by hundreds of meter-thick evaporative
salty crusts, where sulfate deposits dominate. Sulfate rich-minerals such as gypsum together with halite are
the main minerals. The much higher abundance of sulfates in the area compared to the abundance of carbo-
nates indicates that at least some of the water involved in their formation was sulfate-rich. The hyperarid
environment makes the region uninhabitable by vegetation, where only evaporate crusts cover the surface
(Figure 3).

The dried lakes are evidence of the different evolutionary stages of an area that once contained a body of
water changed to an extremely dry environment; the high altitude is similar to the low atmospheric pressure
on Mars and approximates the amount of solar radiation in the Martian surface; the hyperarid conditions pro-
vide means to study biosignatures in extreme environments; the large aeolian geologic features indicate that
wind, instead of water, is the dominant sediment transport and erosion factor; and the wide variety of eva-
porate salts all provide clues that collectively point to the western Qaidam Basin as a suitable analogue site
to provide promising study cases for investigating present Mars-like environments. In this contribution, the
Qaidam Basin may shed light on studying the present hyperarid Martian environments.

3. Sample Collection and Analysis
3.1. Field Work

Field investigations of nine sites were conducted in the western Qaidam Basin during a 10 day expedition in
August 2016, when the temperatures were at their highest. A total of 78 samples were collected from the nine
different locations (Figure 4). Due to the enormous size of the Qaidam Basin, different routes were planned to
visit the most significant geomorphic features. For instance locations A-D, although close to each other, were
chosen as locations due to their high amount of yardangs, dunes, and ring structures. In location E habitable
niches were found, and locations F-I were chosen because of the high density of gullies and recurring slope
lineae in the high-altitude areas and polygonal terrains in the alluvial fans. The city of Huatugou was used as a
baseline for the expedition. The samples were sealed in sterilized bags and stored at low temperature to
avoid dehydration/rehydration changes. At the end of the expedition they were transported to the
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Figure 3. Typical morphologies of the Qaidam Basin. (a) Picture taken near the playa area of Xiaoliang Mountain, where the very weak hydrodynamic processes have
eroded the surface. Note the track traces in the back of the picture for scale. (b) Mountain area in western Qaidam Basin near 38.10°N, 91.05°E. Note the road for
scale. (c) Yardangs near Nanyi Mountain in the distance and salt and clay mixed playa. The yardangs are approximately 10 m high. (d) Image taken in the south part
of Nanyi Mountain at 38.10°N, 91.75°E, at 2796 m of altitude.

Guangzhou Institute of Geochemistry for analysis. Global Positioning System information was annotated for
each location, including full sample identification, date of collection, and a complete record of pictures in
combination with geomorphic observations. Samples with potential biomass underneath were also
collected for further analysis.

3.2. Analysis of Samples

Analyses of samples were carried out at the University of Hong Kong and Guangzhou Institute of
Geochemistry, China. The majority of the samples were dry and formed by loose sediment; however, several
samples showed noticeable water contents. They were therefore dried in an oven at ~50°C. The samples were
then studied by means of scanning electron microscope and X-ray diffraction. Thermogravimetric analysis of
three pure gypsum samples was performed in order to determine the magnitude of water content in
the samples.

3.2.1. Scanning Electron Microscope

The original samples were initially analyzed with scanning electron microscope (SEM)-EDX (electron disper-
sive X-ray spectroscopy) using a Hitachi S-4800 scanning electron microscope to estimate the rough miner-
alogical assemblages in each sample. The samples were mounted on a stub of metal. After an Au-coating
treatment, the samples were observed under secondary electron model at 5 kV. The typical collection time
for the EDX analysis of each sample was ~1 min. No SEM results are presented here; however, we refer to
them in the mineralogical identification of samples in Table 2.

3.2.2. X-ray Diffraction

Clay mineral separation from bulk rock samples and preparation of oriented sample mounts was carried out
for analysis by X-ray diffraction (XRD) in order to characterize the clay minerals present in the samples. The
method used was based on the Stokes' law settling of particles in a solution. For mineral characterization,
the samples were ground by hand using a pestle and an agate mortar. The powdered samples were
sieve-filtered to obtain a minimum grain size between 50 and 53 um. Twenty grams for each powdered
sample was suspended in approximately 600 mL of deionized water. The samples were then disaggregated
for about 15 min at approximately 200 W with an ultrasonic probe. The samples were later placed on a
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G H I
latitude| 38.05°N | 38.06°N | 38.07°N | 38.08°N | 38 11°N | 38.33°N | 38.45°N | 3847°N | 38.59°N
longitude| 91.83°E | 91.82°E | 91.73°E | 91.75°E | 91.05°E | 90.80°E | 91.25°E | 91.21°E | 91.01°E
altitude| 2823 m | 2821m | 2781m | 2769 m | 31M5m | 2993m | 2721 m | 2772m | 3168 m
anhydrite 5% 10%
blodite 20%
calcite 5% 2% 10% 5% 23%
clinochlore 14% 20% 15% 4% 3% 3%
dolomite 36%
epsomite 19%
glauberite 7% 13%
gordonite 3%
gypsum| 6% 25% 22% 12%
halite| 29% 58% 56% 23% 13% 10%
illite 8%
kainite 42%
muscovite 7% 4% 5% 2% 2% 2% 2%
pentahydrite 15% 10%
polyhalite 12% 12%
polyhalite
quartz| B5% 5% 51% 18% 41% aT% 16% 16% 36%
thenardite 15% 8%

Figure 4. Location and abundance of mineral samples from the Qaidam Basin. The table below the image shows the loca-
tions and abundance of minerals found in each visited location of the Qaidam Basin.

stable surface to allow them to settle gravitationally overnight. This allowed sedimentation of all particles
<2 pm. The supernatant was later poured off into centrifuge tubes to separate the fine clays by
centrifugation at a centrifugal force of 1957 g. The fine clay sediment fractions were later placed on a
hotplate to evaporate the remaining liquid completely. For the preparation of oriented mounts, the clay
mineral fractions were suspended into small amounts of deionized water in glass slides and placed on a
leveled and stable hot surface until the samples were completely dried and ready for X-ray
diffraction analysis.

XRD analysis was carried out on an automated X-ray diffractometer Y500 (CDRIG Ltd.) with a nine-
position sample charger and monocromated CuK, radiation at the wavelength of 1.54 A. The XRD
patterns were scanned in the range of 3-80° 26 values. The peaks were refined by the Rietveld
Refinement method by the software Materials Data JADE. The Rietveld Method was used as the differ-
ences between the calculated and the observed patterns of the samples can be minimized by a refine-
ment procedure that uses a least squares algorithm. The observed diffraction patterns were then fit with
calculated patterns. The background was removed manually for each sample to obtain a clearer pattern.
The refinement strategy was followed by the chi-square goodness of fit. Once the crystallographic phase
parameters were refined for all specimens, the weight fractions were calculated. The software JADE then
defined the quantitative phase analysis of minerals, using its database of >400 phase entries. The XRD
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Table 2. Minerals Identified in Materials of This Study patterns were dominated by sharp gyp-
Mineral Chemical Formula sum and halite peaks, with broad clay
Gypsum CaS0, - 2H,0 peaks. Some of the samples displayed
Quartz Sio, intense clay peaks.

Aragonite CaCOs3 .

. Although we found that this method
Calcite CaCO3 L .
Dolomite CaMg(CO3), worked well for the majority of speci-
Halite NaCl mens, we understand that our results
Clinochlore (MgsAl)(AlSi3)O10(OH)g are only a rough estimate of reality.
'F\”":SEO‘If'tte KK/2|2(AMIS'(3$%(;)(F'(2):2% Although the major mineral phases

e A identified by XRD were consistent with
Anhydrite CaS04 .
Pentahydrite MgSO4 - 5H,0 SEM data, some minor features could
Sanderite MgSOy, - 2H,0 not be identified with these methods
Thenardite NapS04 and will require a more detailed analy-
(Eapszm't.te VoAl “{‘5324('()7:;2()% o sis. More samples and different quantifi-
ordonite gAl! 4)2 5 © 2 . . .
lite (KH30)(ALMg,Fe)(Si,All4010[(OH)2,(H20)] cation approaches lell be used in .the
Glkulsarie Na,Ca(S04), future for the clay mineral characteriza-
Kainite KMg(S04)Cl - 3H,0 tion of the Qaidam Basin samples.
Blodite NazMg(SO4); - 4H20 Table 2 displays the chemical formulae

of the minerals identified by SEM and
XRD in this study.

Figure 4 shows the minerals identified in the sampling locations in western Qaidam Basin. Halite dominates
in almost all analyzed samples, indicating that the sulfate brines were saturated in Na and Cl. Quartz, calcite
(or dolomite), muscovite, clinochlore, and gypsum were identified in almost all samples as secondary miner-
als. Magnesium sulfate minerals are common in our samples, identified as epsomite, polyhalite, pentahy-
drate, sanderite, kainite, and blodite by XRD profiles. Gypsum dominates within the calcium sulfates,
together with low abundance of anhydrite and glauberite. Gordonite, identified in sample F, is also asso-
ciated to aqueous environments and can be derived during weathering from illite, which was also detected
in sample D.

3.2.3. Thermogravimetric Analysis

Thermogravimetric (TG) analysis of three pure gypsum samples was performed on a Thermogravimetric
Analyzer Netzsch Sta 409 Pc. in order to determine the molecular weight of water in the crystals before
and after dehydration. The purpose of the TG study was to compare the release profiles of three pure gypsum
samples from different locations. The samples were hand-picked; sample 1 from the lower part of a yardang
(38.09°N, 91.75°E, elevation of 2769 m), sample 2 from the mountain area (38.11°N, 91.05°E, elevation of
3075 m), and sample 3 from the dry playa of Nanyi Mountain (38.06°N, 91.83°E, elevation of 2823 m). Air
and nitrogen were used as dynamic atmospheres, with flow rates of 20 cm® min~" for air and 50 cm® min™"
for nitrogen.

Figure 5 shows the TG analysis profile for the dehydration of gypsum using a heating rate of 10°C/min. The
mass loss observed (solid lines) for the three samples between 80°C and 200°C is due to the loss of the
hydrated water of the calcium sulfate [Van der et al, 1999]. The differential scanning calorimetry (DSC)
curves (dotted lines) indicate where water was lost. The measured magnitude of water loss was found to
be 20% of the original weight, which is in good agreement with the theoretical value of water loss of gyp-
sum [Van der et al., 1999]. The water content (20%) is assigned to water trapped in the gypsum crystals,
which is of great importance to the gypsum deposits found on Mars. More facts would need to be collected
in further studies in order to see whether it would be feasible to reuse the water contained in the gypsum
crystals on Mars.

4, Geomorphologies

A wide diversity of geomorphologic features formed by occasional water, strong winds, and tectonism are
well preserved in the Qaidam Basin. The following section is divided in fluvial/aeolian features and tectonic
features. An overall description of each of them and our suggested counterparts on Mars are discussed for
each of the features.
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Figure 5. Thermogravimetric analysis. TG and DSC curves for three pure gypsum samples using a heating rate of 10°C/min.
The ruler in the picture for sample 1 is 30 cm long. Sample 2 shows a booklet structure of gypsum crystals.

4.1. Fluvial/Aeolian Features

4.1.1. Catastrophic Debris Flows

Structures that appear to be related to catastrophic flow-related processes are retained in the Qaidam Basin.
Figure 6a displays what seem to be two different stages in a catastrophic debris flow event that originate
from two sources at a very steep area, where the direction of a massive flow is abruptly cut by another flow
advancing downslope (the remained part is about 3 km long and 2 km wide). This event might indicate the
possible thawing of ice from the upper parts of the mountains in a short time due probably to a sudden
warming. An explanation for the 90° change of direction of one of the flows can be understood in terms of
the dynamics of compressional flows affected by steep slopes, which causes high velocity of debris and
therefore is much more dominant than the adjacent flow that travels westward. Muddy deposits together
with water probably weakened and altered the adjacent flow, changing its direction drastically. Figure 6b
displays how part of the original debris flow is severely redirected. Figure 6¢ shows how the redirection only
occurs to part of the original debris flow, suggesting that the debris flows occurred as one single event but at
two different stages. The redirected terrain forms a massive slope pointing downward to south-southeast
(15.5 km long and 2.2 km wide, over a slope with 65 m height difference from the highest to lowest point).
The gradual stop of the flow was probably related with the decrease of the slope or/and even by the loss
of water by evaporation. The transverse ridges that appear in the lower part of the debris flow (see
Figure 6a) suggest that these features transported large amount of sediments that were deposited in the less
steep areas. The debris bands result from the extensional flow when the deposits cannot reach the bottom of
the slope. Mass flow events of such magnitude are rare on Earth. This process would have a different effect on
Mars due to the lower atmospheric pressure and the amount of water required to form such flows; however,
Mars exhibits multiple indications of catastrophic mass flows [Malin and Edgett, 2000a; Costard et al., 2002;
Mangold et al., 2003], especially at high altitudes [Kargel, 2004], although there is still some debate on how
they formed and continue to form. A discharge of saline groundwater [Hoffman et al., 2000], warmer climatic
conditions [Costard et al., 2002], or the melting of water-rich snowpacks [Christensen, 2003; Hartmann et al.,
2003] are some hypotheses to explain the formation of Martian flows. The majority of flow directions indicate
large-scale flows that move downward longitudinally through valleys [Cabrol and Grin, 2010]. For example,
flow lines in Candor Chasma (Figure 6d) indicate that the accumulation occurs at the valley walls and
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Figure 6. Catastrophic debris flows. (a) Catastrophic debris flow at 38.08°N, 91.88°E in the Qaidam Basin. The altitude is
3077 m. (b) Subframe of Figure 7a showing the change of direction of the debris flow. Note the yardangs that appeared
after the debris flow. (c) Subframe of Figure 7a displaying that the original debris flow was only redirected partially,

confirming that the flow was one single event but at two different episodes. (d) MOC image showing catastrophic aqueous
and sediment flooding in southwestern Candor Chasma, Mars, near 6.6°S, 70.9°W [NASA/JPL/Malin Space Science System].

further flows commonly truncate them [Kargel, 2004]. In the Qaidam Basin and on Mars, although there is not
a continuous water cycle, the ephemeral water episodes compel the newer flows to adjust to the current
conditions; young features display clear signs of ductile flows over former brittle material deformations.
This gigantic debris flow in the Qaidam Basin offers a great opportunity to dissect catastrophic debris
flows on Mars. Since most hypotheses on the debris flows on Mars assume water-related flows, the study
of flow rate and water volume are critical to model and test the previously proposed hypothesis. Further
studies of the enormous debris flows in the Qaidam Basin could provide a quantitative estimation of these
values based on the slope, mineralogy, and geomorphic appearance of the Martian debris flows.

4.1.2. Polygonal Terrains

Polygonal desiccation terrains are common in the dry playas of the Qaidam Basin. The formation and devel-
oping of polygonal terrains are interpreted to be related to freeze-thaw-driven processes of soils containing
ephemeral brines [Lowestein and Hardie, 1985]. This process is unique of hyperarid environments when a lim-
ited input of water enters the system and consequently generates surface or groundwater inflow. The water
tends to approach the surface as soon as the surface is leveled and as a result evaporation increases due to
the higher concentration of water [Houston, 2006]. With an increase of the water evaporation, concentration
of salts occurs; hence, the growth of salt crystals in the Qaidam Basin polygonal terrains is only sustained by
very scarce quantities of brine (>3000 mm of annual evaporation and <14 mm of annual precipitation).
Rehydration and enlargement occur annually and after hundreds of years the cracks, or inlet channels that
delimit the polygons, are well defined [Thomas, 2011], as we observed in the remote sensing images and
during the field investigations of the Qaidam Basin.

According to their sizes, we observed three distinct types of polygons. The small-sized polygons are com-
monly a few centimeter in diameter, which probably represent small channels of ephemeral water flows
(Figure 7a). Middle-sized polygons are arranged in triangular, rectangular, or pentagonal shapes ranging from
1 to 20 m across, although their size and distribution vary according to local topography (Figure 7b). These
middle-sized polygons are all comprised in larger-sized polygon networks, ranging between 100 and
200 m across that contain the smaller polygons within (Figure 7c). The large-sized polygons tend to appear
only in the outer edges of the playas. Previous studies suggest that the formation of such large polygons
(ranging a few hundred meters in diameter) is created by periods of intense evaporation [E/ et al., 2012].
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Figure 7. Polygonal terrains. (a) Terrain covered by small-sized polygonal patterns composed of clays with sizes ranging
from few milimeters to a few centimeters in the Qaidam Basin. Note the distribution of small rounded pebbles in the
polygons, indicating that this area was likely eroded by thaw of ice. (b) Soil polygonally cracked at 38.73°N, 91.64°E. The
middle-sized polygonal-patterned saline ground appears with distinctive concentric patterns of a few meters in diameter.
The altitude is 2711 m. The red arrow which indicates the thick black line and dashed line in the top left part are a highway
and an oil pipe, respectively. (c) Large-sized polygonal saline soils forming networks that were created by centuries of
freeze-thaw cycles at 38.75°N,91.75°E. The altitude is 2746 m. The red arrow points a square network made by truck tyre
tracks. (d) Image taken by Phoenix’s Surface Stereo Imager at the Phoenix Mars lander near 125.74°W, 68.21°N. The
small-sized polygonal terrain is composed of fine-grained clays [NASA/JPL-Caltech/University of Arizonal. (e) Middle-sized
polygons in Utopia Planitia near 46.7°N, 117.5°E [NASA/JPL/University of Arizonal]. (f) Large-scale polygons in Degraded
Crater near 62.61°S, 78.77°E [NASA/JPL/University of Arizona].

The middle-sized polygons differ from the other ones in their elevated and fractured center, where vents and
pores suggest the presence of subsurface depressions or voids (see the polygon center in Figure 9). Inside
these voids we could observe stalactite-like halite crystals of a few centimeter in size.

Similar-sized polygons on Mars are shown in Figure 7d (small-sized), Figure 7e (middle-sized), and Figure 7f
(large-sized). The formation of polygonal patterns on Mars has been recently proposed to be related to
ephemeral lakes that probably underwent repeated cycles of desiccation and recharging by ephemeral
surface or near-surface water [El et al., 2010, 2013]; thus, the salt-rich playas of the Qaidam Basin are good
potential analogues for such features. The polygonal terrains of the Qaidam Basin could be further investi-
gated and used as stratigraphical and paleoenvironmental indicators to investigate the thickness and com-
position of the Martian polygonal terrains.

To confirm the presence of brines in the polygon cracks, we analyzed two samples from a polygonal structure
in the Qaidam Basin: one sample from the polygonal crack and another sample from the polygon center
(Figure 8). Our XRD peak positions display sharp peaks and little background absorption. The mineralogy
of the sample in the center of the polygon can be attributed to an assemblage of gypsum, quartz, and halite;
while the mineral assemblage in the polygonal crack is assigned mainly to halite, clinochlore, epsomite, and
pentahydrate, all related to the hydration and evaporation of water. The spectra display characteristic sulfate
minerals and indicate the presence of evaporites. The minor shifts in some XRD peaks (not shown) may be
due to the presence of natural impurities on the crystal structures. The analysis confirms the presence of salt
crystals in the polygonal cracks despite the limited water activity in the Qaidam Basin. Ephemeral water
episodes and minimal melting indicate that there are particular processes in developing these polygons in
extreme conditions and bears critical information on the similar processes observed on the Martian surface.
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Figure 8. The mineralogy of Polygonal materials. X-ray diffraction of the bulk materials from a polygon crack (A) and
polygon center (B) samples in the western Qaidam Basin at approximately 38.46°N, 91.21°E. The peaks imply the
presence of brines.

4.1.3. Hollows and Pits

Mountain crests in the Qaidam Basin record a variety of unique geomorphic structures characterized by relic
pit-like forms and hollows ranging in size from a few meters to a few kilometer across (Figure 9a). Such pat-
terns appear only in flat and high-altitude areas, in contrast to lower areas that do not display such modifica-
tion of the surface of the underlying sedimentary material. Most of the pits look empty, and they are not filled
with any material. Some of them are interconnected and form larger depressions, whereas others may have
smaller pits within (Figure 9b). The edges look generally irregular and sharp, with an outward extending wall
where the rocks seem to be rough. Some of the pits are tear-like, showing a preferred direction from the top
left to the bottom right of the figure. We suggest that these geomorphic structures seem to be formed by a
range of processes and environmental conditions suggesting sandblasting and eolian erosion, together with
a possible accumulation of ice that lead to the formation of irregular depressions. For this to occur, the only
probable source of water had to be originated in the upper mountain areas, where ephemeral accumulated
ice appears at an altitude of ~3300 m. Figure 9¢ shows the upper mountain areas with accumulated ice. We
suggest that accumulated ice stores fill the depressions and are later removed by sublimation or by intercon-
nected flows of mixed thawed ice and clay materials, which may vary according to flow density, temperature,
and downslope motion processes (see Figure 9a).

Consistent with this interpretation are a series of hollows observed in the upper mountain crests (about
5000 m high) in the center of Gale crater (Figure 9d). Some of the pits display steep walls and sharp divides
between them [Fairén et al., 2014]. Anderson and Bell [2010] describe these features as “alcoves.” This topo-
graphy has been attributed to glacial foregrounds, where buried ice melts out to create the hollows or
depressions [Evans and Twigg, 2002]. The pits look like empty spheres or ellipsoids, although some are much
more irregular in shape. The pits are filled with relatively bright soil material. Fairén et al. [2014] suggest that
all the morphologies of Gale crater correspond to late-stage water and/or ice activity. The last occurrence of
ice near the equatorial region was suggested to happen as recent as the Late Amazonian epoch [Dickson
et al, 2008], but these migrations of ice toward the equator would not have involved the presence of
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Figure 9. Morphologies produced by possible episodic accumulation of ice on high-altitude areas. (a) Rounded pits located
in the plateau area in the Qaidam Basin at a location near 38.67°N, 91.17°E. The altitude is 2924 m. (b) Hollows appear
distributed on the mountain area at 38.32°N, 91.2°E. The altitude is 2873 m. (c) Ephemeral snow captured by satellite image
of the mountain crests in the Qaidam Basin near 37.64°N, 94.99°E at 3323 m. (d) Irregular pits in the mountain crest in the
center of Gale crater on Mars near 5.4°S, 137.8°E [NASA/JPL-Caltech/ESA/US]. (e) MOC image M0203335. Scalloped
topography is characteristic in the Utopia basin at approximately 46.9°N, 117.36°E, where hollows seem to have formed by
the sublimation of the ice-rich permafrost [NASA/JPL/Malin Space Science System]. (f) Rounded mounds on top of Maunder
crater on Mars near 50°S, 358.5°W, in the center of Noachis Terra [ESA/DLR/FU Berlin].

liquid water [Head et al., 2003] and so could not have formed the features of Gale crater [Fairén et al., 2014].
The morphologies provide information of the last time when ice was present and was enough to modify the
lithology [Fairén et al., 2014]. Figure 9e displays scalloped topography in Utopia Basin, where uneven
depressions may be indicators of the presence of ice-rich sediments and ground ice, where pits are
combined with polygonal fracturing [Carr, 2006]. Some of the pits are shallow and others seem deep,
planimetrically irregular and show no preferred orientation. These hollows and polygons were suggested
[Carr, 2006] to be outcomes of the removal or redistribution of surface ice and groundwater during
warmer periods. Figure 9f displays another example of an upper alcove with disrupted topography and
irregular mounds in Maunder crater, located in the southern midlatitudes of Mars. The upper altitude
surface looks like a combination of pits that are separated by small knobs or ridges of different
prominence. The numerous knobs combined with the depressions complicate the surface. There is no
preferable orientation of these pits; some are very deep and less defined. This is obvious not only from the
satellite image but also from the fact that there are shadows inside them. According to Head et al. [2005],
the deposits on Maunder crater are lines of evidence for recent glacial activity during epochs of increased
obliquity that promote the accumulation of ice and snow in tropical and midlatitude regions. Bed sliding
structures appear also in the walls of the crater that can be explained by hydrodynamic processes [Malin
and Edgett, 2000a], verifying the scale of water redistribution and volumes of buried ice in the Martian
midlatitudes [Head et al., 2005].

The observed pitting in the Figures 9a and 9b, in their most developed form, produces delicate surface
textures. It is unlikely that they formed by a catrastrophic mass flows. So these features are either predeposi-
tional or postdepositional of mass/ice flows. Based on analogy with the Qaidam Basin, the pits in Gale crater,
Utopia Basin, and Maunder crater might be the result of the accumulation of ice during high obliquities,
although wind activity may play a role too. An analysis of the pit morphology, size, and distribution is
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Figure 10. Cyclic vertical accretion. (a) Depositional features mark the lake layers, showing evidence for vertical accretion at 38.75°N, 91.74°E. The flow features
display dark patches, occurring on outer layers of the playa and associated with lighter material. The altitude is 2750 m. (b) MOC image R1800383 of cyclic vertical
accretion on Becquerel crater near 21.1°S, 8.5°E [NASA/JPL/Malin Space Science System].

necessary in future studies of the Qaidam Basin. If the pits are the product of accumulation of water/ice and
eolian processes, the different density of pits means that the times of rock exposure to accumulate water/ice
were different or the susceptibility of lithologies to be pitted by the action of winds varies significantly,
according to differences in lithology or composition, or both. Further study is needed to support or refute
a water/ice accumulation hypothesis to explain these features. According to Fairén et al. [2014], there is no
known nonvegetation terrestrial analog that can be compared with the Gale; thus, the Qaidam Basin can
be a good potential analog to recreate the pits and hollows in the equatorial regions of Mars.
Understanding the details of processes that carved hollows and pits demands further study.

4.1.4. Cyclic Vertical Accretion

The playas of Xiaoliang, Nanyi, and Jianding Mountains are tectonic anticlines [Anglés and Li, 2016] that
display alternate layers of salts and clays that can reach several hundred of meters wide in steeper areas
(Figure 10a). The layered features in Figure 10a belong to the dry playa of Dalangtan, in the most northern
part of the Qaidam Basin. The Quaternary evaporite sediments display features such as vertical accretion
or lamination plastered on a preexisting slope. These sedimentary deposits have been associated to the lake
shorelines or receding floods of the ancient lake, when the precipitation of salts occurred [Zheng et al., 1993;
Zheng, 1997]. The complexity of some facies patterns suggests that their formation was influenced by multi-
ple factors, for example, brine concentration and evaporation over long periods of time, aeolian effects, local
steepness, and deposition under different climatic conditions over long time scales.

The presence of dry lakes on Mars has been confirmed by a number of missions, both from surface and by
orbital means [e.g., Cabrol and Grin, 2010; De Hon, 1992; Forsythe and Blackwelder, 1998; Irwin et al., 2005].
One example is the layers of evaporites and clays in the deposits of Becquerel crater (Figure 10b), where
the low-albedo layers have been associated with high levels of hydrated minerals such as sulfates and halides
[Grotzinger and Milliken, 2012]. The presence of layers is consistent with successions related to climate change
and brine cycling [Grotzinger and Milliken, 2012]. High Resolution Imaging Science Experiment (HiRISE)
determined layers up to 36 m in thickness, most of them parallel to each other indicating that they formed
by vertical setting produced by the effects of water [Carr, 2006]. The different layers appear to be easily
eroded by aeolian effects, even in their current conditions [Grotzinger and Milliken, 2012]. While mineralogi-
cal and morphological evidence of layering in dry playas on Mars is clear, the stratigraphic successions are
still under debate and lack a precise link of these features to ancient lakes [Cabrol and Grin, 2010]. Cyclic
vertical accretion structures in the Qaidam Basin might be able to give some hints to this question in
further studies.

4.1.5. Recurring Slope Lineae

The HiRISE instrument identified in the midlatitudes of Mars unique structures that are characterized by their
low contrast albedo, their preference in equatorial slopes, and their appearance mainly during spring and
summer, termed Recurring Slope Lineae (RSL) [McEwen et al., 2011]. Recent literature suggest that the RSL
on Mars might be due to the intermittent flow of briny water [Chevrier and Rivera-Valentin, 2012; McEwen
et al., 2014; Ojha et al., 2015]. An alternative hypothesis suggests that they could form from deliquescence
and is later trapped by hygroscopic salts [Levy, 2012; Dickson et al., 2013], however it is still not clear if the
Martian atmosphere could supply enough water vapor to create those features [McEwen et al., 2014]. RSL
are active features on Mars today, but their origin still remains an open question.
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Figure 11. Recurring Slope Lineae. (a) Dark streaks appear in a 80 m high slope at a location near 41.68°N, 91.87°E. The
altitude is 1224 m. (b) Subframe of a HiRISE image PSP_005787_1475 located near 32.04°S, 140.80°E. The image shows
RSL in an uplift of an unnamed crater on Mars [NASA/JPL/University of Arizona].

Streams of small scale flow features of low reflectance in comparison to the surrounding terrain appear in
some slopes in the Qaidam Basin. They are similar in planform morphology to those low albedo streaks
identified on Mars. Figure 11a displays a good example of groundwater sapping features that resemble
the RSL on Mars (Figure 11b). It is known that the RSL on Mars advance and recede each year, starting again
when the surface temperatures are close to the melting point of water [McEwen et al., 2011]. The McMurdo
dry valleys in Antarctica have been previously proposed to be the closest analog for RSL on Earth, where
deliquescences together with small amounts of meltwater are able to produce brines that mimic the RSL
formation on Mars [Dickson et al., 2013]. We have evidence of seasonal brines in the Qaidam Basin [Kong
et al., 2013]; thus, the identification of such features warrants a further characterization and analysis, as they
may provide new clues to their origin on Mars.

4.1.6. Gullies

Occasional gullies appear in the mountain areas in the Qaidam Basin. They can be hundreds of meters long
and follow the local topography as they descend (Figure 12a). They normally form on hillsides after

Figure 12. Gullies. (a) The valley shows evidence of fluvial erosion in the Qaidam Basin at 38.32°N, 91.27°E. The altitude is
3374 m. (b) The color of the gullies stream is white, indicating high salt concentration. Image at 38.32°N, 91.27°E. The
altitude is 2876 m. (c) High-resolution image of gullies on Newton Basin near 40.8°S, 201.9°E, taken by Mars Global Surveyor
robot spacecraft [NASA/JPL/Malin Space Science Systems]. (d) MOC image MOC21621-d of dark slope streaks around
obstacles in the Aeolis region of Mars at 1.5°S, 202.9°W [NASA/JPL/Malin Space Science Systems]. (e) Activity is highly
concentrated in the southern walls of the heavily eroded hill in the southern part of Juventae Chasma at 4.7°S, 298.6°E
[NASA/JPL/University of Arizona].
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Figure 13. Light-toned gullies. (a) white gullies in the Qaidam Basin near 38.58°N, 95.14°E at about 3398 m altitude. (b) The
arrows point white materials in the gullies of Noachis Terra near 47.2°S, 355.8°W on Mars. The image is a mosaic of MOC
images M11-00286, S13-01274, and R09-01804 [NASA/JPL/Malin Space Science Systems].

ephemeral rain episodes; however, water flow could also emanate from the melting of accumulated ground
ice on top of the plateau. The ridges, however, are not able to sustain high amounts of groundwater due to
their limited area and the strong evaporation that characterizes the Qaidam Basin. A suggestion is that an ice
cap was stable for a period of time and episodically melted, providing the limited amount of water that was
episodically flowed under a very strong evaporite condition. The strong evaporation levels and limited pre-
cipitation imply that the occurrence of salts interacting with thawing ice or water is limited, as new gullies
are rarely seen following the line of former gullies (Figure 12c).

On Mars, the main difference between gullies and RSL is that gullies have been found to take place mainly
during winter and do not have an albedo contrast [Dundas et al., 2010; Diniega et al., 2010; Dundas et al.,
2012]. Despite the main period of outflow channel formation ended by the late Hesperian [Cabrol and
Grin, 2010] and the current low temperatures, gullies have been detected in many locations [Malin and
Edgett, 2000a, 2001; Balme et al., 2006]. A plausible interpretation is that those Martian gullies result from
the temporary melting of former ice caps and snow at the higher latitudes during high obliquities
[Christensen, 2003; Costard et al., 2002; Lee et al., 2001]. In the presence of salts, small amounts of liquid water
might be stable under current Martian conditions causing gullies to form on the slopes of hills [Malin and
Edgett, 2000b]. The findings reported in the last decades request to narrow the theories about the mechan-
isms behind the gullies’ formation on Mars. Gullies of a few meters across appear for instance on the slopes of
Newton crater (Figure 12c), Aeolis region (Figure 12c¢), or in Juventae Chasma (Figure 12c).

We observed in the gullies of the Qaidam Basin that water transports fine clay particles creating smooth
surfaces that are reflected in the satellite images as high albedo zones (Figure 13a), contrary to those areas
away from the gullies where the relatively dark color is made by the cover of coarse grains on the surface.
Similar high-albedo gullies on Mars are shown in Figure 13b. Figure 14 displays the XRD patterns obtained
from the high-albedo material of a gully sample. The peaks are sharp with little background absorption.
The crystal structure of the minerals confirms the presence of halite, quartz, and calcite as major minerals.
The extra reflections are due to the presence of anhydrite, clinochlore, pentahydrate, and polyhalite.

Gullies are widely distributed in the Qaidam Basin in association with polygon-patterned soils (Figure 15a),
strongly indicating that some temporal relationships within the polygons and gullies might occur.
Polygonal grounds appear on the fans annexed to the slopes containing gullies; hence, the gullies may play
a role in the transport and accumulation of snow and melted water. The ephemeral water from the gullies is
probably accumulated in the fans near the slopes, and after years of freeze-thaw-driven processes due to the
strong evaporation of the area, the hydration and rehydration of the existing salts form the observed
polygonal patterns. Similar relationships (Figure 15b) have been identified between gullies and patterned ter-
rains on Mars [Levy et al., 2009a]. The HiRISE instrument provides a unique view of the detailed relationships
of gullies and thermal contraction cracked polygons over a wide range of zonal climatic conditions [Levy et al.,
2009a], and as it happens in the Qaidam Basin, they normally form in the sediments layer on terrains adjacent
to gully structures [Christensen, 2003; Costard et al., 2002]. A few studies already considered the interactions
between gullies and thermal contraction crack polygons on Mars (termed “gulligons’) [Levy et al., 2009a,
2009b, 2009¢, 2011]; however, the similarities that the Qaidam Basin offers with the Martian gullies and their
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Figure 14. The XRD measurements of gully materials. The occurrence of the main peaks of each mineral is represented in
the XRD spectra of a gully sample.

related well-developed crack polygons could provide key information to interpret the permafrost develop-
ment of Martian soils.

4.1.7. Fluvial Valleys and Alluvial Fans

The development and distribution of fluvial valleys, alluvial fans, and playas depend largely on the local
hydrologic conditions. Fluvial valleys in the Qaidam Basin are broadly distributed. Most of them are found
in the surrounding mountains of the basin and are formed by occasional rainfall and ice thaw [Kong et al.,
2014]. Runoff from the large mountainous catchment transports large amounts of clastic material and
dissolved ions to the basin [Yu et al., 2013]. For example, the Dalangtan playa was formed in the syncline
depression surrounded by rock hills of Neogene strata [Yu et al., 2013]. The playa received surface runoff
from alluvial fans that were formed along the piedmont of the Altun-Tagh Mountain [Yu et al., 2013]. The
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Figure 15. Gullies in association with polygons. (a) Polygonal soils appear on the slopes containing gullies at 38.57°N,
91.95°E in the Qaidam Basin. The altitude is 2731 m. (b) HiRISE image PSP_001846_2390 located at 58.74°N, 82.38°E of
polygons present on gully fans [NASA/JPL/University of Arizonal.

ANGLES AND LI MARTIAN ENVIRONMENTAL ANALOGUE 872



@AG U Journal of Geophysical Research: Planets 10.1002/2017JE005293

=7 A

Qaidam Basin | a |

[Qaidam Basin | b hemen e

Figure 16. Fluvial valleys and alluvial fans. (a) The alluvial fans in the Qaidam Basin are compelling evidence of continued water erosion and subsequent
deposition at 39.16°N, 92°E. The altitude is 2826 m. (b) Large alluvial fan in western Qaidam Basin near 39.16°N, 92°E. (c) Fans in the Mojave Crater in the
Xanthe Terra region of Mars at 7.5°N, 33°W [NASA/JPL/University of Arizona]. (d) The panorama of a large alluvial fan is a mosaic of images taken on the Rocknest
location at approximately 4.6°S, 137.43°E by the NASA Mars rover Curiosity [NASA/JPL-Caltech/Malin Space Science Systems]. The scale bars for Figures 16b and
16d are for the nearest place in the bottom of the picture.

fluvial fans in the Qaidam Basin appear with different sinuosities and depths, depending on where they
originate. The mountains in the Qaidam Basin have a granitic origin, although small mountains in the
southeast of the basin consist of clastic sedimentary rocks, making the fluvial fans deeper and more
dispersed. They normally display V-shaped morphologies and can measure hundreds of kilometres long
(Figure 16a).

The terminal fans display wide unchanneled flows and are composed of sediments that distinctly end at the
dry lake where aeolian erosion assists in leveling the surface. The alluvial fans tend to be large and fan-like,
extending for several kilometers with an elevation difference of less than 100 m (Figure 16b), although
elongated and lobate distal morphologies were observed too.

On Mars, most fluvial fans are witnessed in the southern highlands, and the majority of them are considered
to be formed by liquid water [Gulick, 2001; Howard et al., 2005; Fasset and Head, 2008]. For instance, the
Mojave crater in the Xanthe Terra (Figure 16c) and the Rocknest location (Figure 16d) are examples of
extended terminal fans. In the Mojave crater, the lower unit of the crater displays an initial deposition which
most probably evolved into an alluvial setting, presupposing limited water activity [Cabrol and Grin, 2010].
Polygonal terrains at the terminal fan are also consistent with a considerable decline of water over time
[Cabrol and Grin, 2010]. The area represents the end of an extended history of aqueous activity and deposi-
tion [Cabrol and Grin, 2010]. The Mojave crater morphology is similar to many other craters on Mars [Cabrol
and Grin, 2010], suggesting that similar processes occur all over the planet. However, many factors have to be
considered in valleys and alluvial fans formation; hydrologic, climatic, lithologic, and tectonic factors control
fan development [Moore and Howard, 2005]. The link between alluvial fans and climatic conditions can be
much more complicated than previously indicated for the alluvial fans on Mars [Cabrol and Grin, 2001].
They stated that elongated fans are formed on Mars during high-discharge periods, whereas fan-like and
lobate deltas are indicators of arid periods and tend to occur in small basins. The alluvial fans in the
Qaidam Basin are elongated, fan-like, lobated fans formed by mudflows or by fluvial deposition, but they
were all formed within the same enormous basin that underwent varied climatic conditions. The different
shapes in the fans might be related to other factors that affect the morphology. The complex interaction
of deposition and erosion, which is diagnostic of fan evolution on Mars, cannot be studied exclusively from
orbital data. It is understood that particle sizes, surface gravity, fan geometries, or flow properties are different
on Mars; however, a deeper investigation of the scaling relationships among the valley networks and alluvial
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Figure 17. Yardangs. (a) Features of erosional progression of the serrated facies of yardangs in the valleys of Nanyi
Mountain at 37.61°N, 92.23°E. The altitude is 2983 m. (b) Progression of remnant V-shaped yardangs at 37.71°N, 92.58°E.
Note the eroded facies and the teardrop-shape. The altitude is 2873 m. (c) Scoured ground and teardrop-shaped islands are
very common on the Qaidam Basin. Picture taken approximately at 38.31°N, 90.81°E. (d) Yardangs in Aeolis Planum at 2.83°
N, 147.64°E [NASA/JPL/University of Arizonal. (e) This mosaic of images were taken by the Mastcam on NASA'’s Curiosity
Mars rover, where yardangs appear distributed on the lower part of Mount Sharp at 5.08°S, 137.85°E [NASA/JPL-Caltech/
MSSS]. The scale bars for Figures 17c and 17e are for the nearest place in the bottom of the picture.

fans on the Qadaim Basin could provide an opportunity to assess the fluvial and eolian processes on the
Martian surface.

4.1.8. Yardangs and Wind Streaks

The north-western part of the Qaidam Basin contains one of the highest- and largest-elevation yardang fields
on Earth [Kapp et al., 2011; Li et al., 2016; Rohrmann et al., 2013]. In addition, the high altitude and atmospheric
pressure of ~709 bar, about one third lower than normal pressure [F. J. Kong et al., 2013], make the wind
imprint even more remarkable. Although yardangs are mostly present in desert areas on Earth, they are nor-
mally limited in extent and tend to be small [Laity and Bridges, 2013]. Eolian erosion and seasonal/ephemeral
runoff from the surrounding mountains were the dominant exogenous factors to sculpt the yardangs during
the Pleistocene in the Qaidam Basin [Li et al., 2016]. The Holocene was a much drier period in the Qaidam
Basin, and as a result, only wind was responsible for carving the yardangs in the basin, except those yardangs
near piedmonts that were affected by the limited fluvial erosion from surrounding mountains [Li et al., 2016].
Today, given the current hyperarid conditions in the Qaidam Basin, strong and consistent unidirectional
winds are the primary factor contributing to yardang formation and orientation as well as exposing the
stratigraphic relationships in the different facies [Kapp et al., 2011].

Although wind plays the main role, many other factors surely influence their formation, including climatic
conditions, chemical weathering, mass wasting, sediment characteristics, or intensity of runoff. All these fac-
tors have created a wide variety of morphologies in the yardangs. Some of them are explained below.

Li et al. [2016] classify the yardangs in the Qaidam Basin into eight categories. Here we only present cone-
shaped yardangs (Figure 17a) and long-ridge yardangs (Figure 17b). The role of strong aeolian erosion in
the long-ridge structures is clear on remote sensing images where the geomorphic expression of the yard-
angs can be clearly recognized by their alignment and linear nature. The long-ridge yardangs are normally
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Figure 18. Yardangs analysis. Mineralogical differences detected by XRD analysis between the upper part of a yardang,
middle part and lower part.

about 20-50 m high, and they are more common. They are surrounded by small aprons with well-developed
flat fronts and steep walls, due to the removal of material and sediment collapse. The cone-shaped yardangs
are normally about 10 m high, they form small residual pyramids with a flat or smooth tops (Figures 17a and
17¢). These yardargs have been more affected by fluvial erosion and so they have less streamlined
morphology and more ambiguous orientations [Li et al., 2016].

Mars contains many examples of yardangs, especially in equatorial regions [Ward, 1979; Greeley and Iversen,
1987; Mandt et al., 2008; De et al., 2010], although they are relatively less studied compared to other morphol-
ogies on Mars. Among the most abundant yardang fields on Mars, the Medusae Fossae Formation, located
along the equatorial region, has been termed enigmatic because its origin has been debated for the last
decades [De Silva et al., 2010]. Other than Australian desert yardangs, very few examples are known on
Earth; however, the Australian yardangs are not characterized by extremely low annual precipitation
[Goudie, 2007]. Despite the fact that Martian yardangs are bigger (approximately 50 km long, 1 km wide,
and 200 m high), they were formed relatively recently in the Martian geological history [Ward, 1979]. The
formation of yardang systems in the Qaidam Basin is recent, and it is characterized by extremely low annual
precipitation. In this contribution, the well-observed yardangs in the Qadaim Basin could provide new
analogues to a better understanding of the yardang formation on Mars.

To note the similarities, an example of cone-shaped and rounded yardangs appears, for instance in Aeolis
Planum (Figure 17d) and in Mount Sharp, where the Curiosity took a close view of rounded yardangs
(Figure 17e). The rounded yardangs in Mount Sharp contain sulfate minerals that suggests a possible change
in the water availability at the time of their formation [Wray, 2013]. Besides water and wind, weathering,
desiccation, and mass movements should be used as well as a comparative study to provide insights into
yardang formation on Mars.

Our XRD measurements show that the yardang materials are mainly composed of detrital quartz, gypsum,
calcite, and clinochlore. Small mineralogical differences exist between the lower parts of the yardangs, the
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Figure 19. Wind streaks. (a) Source of wind in between mountain ranges in the Qaidam Basin at approximately 38.89°N,
92.29°E. (b) The wind streaks appear at 38.79°N, 92.33°E at 2718 m. (c) Bright wind streaks appear on the surface due to
the extremely strong winds at 38.49°N, 92.40°E at 2707 m. (d) The image displays the abundance of thin and elongated
yardangs at 38.48°N, 92.28°E at 2727 m. (e) The yardangs can be up to 10 km long at 38.76°N, 92.42°E at 2729 m.

(f) Viking Orbiter frame 375511 of bright wind streaks located at 8.17°N, 297.39°W on Mars [NASA/JPL-Caltech/Malin
Space Science Systems].

middle, and the upper parts (Figure 18). Sanderite was detected in the upper part of a yardang, a magnesium
sulfate also detected on Mars in the silica-rich deposits and hydrated minerals of Gusev Crater [Rice et al., 2010].
Muscovite was detected in the middle of the yardang, a common detrital mineral associated with quartz. The
lower parts display thenardite, an anhydrous sodium sulfate mineral typical of evaporate environments.
Thenardite can gradually absorb water and transform to mirabilite (Na,SO,410H,0); however, mirabilite
was not detected in the yardang samples, confirming the extreme dry environment of the area.

In the northern part of the study site, at approximately 38.54°N, 92.46°E and ~2700 m altitude, the wind
imprint is much more remarkable than in other areas of the Qaidam Basin. This is probably due to the width
of the valley (~70 km wide) and the shielded area from the three surrounding mountains that probably con-
strains the strength of the wind (Figure 19a). Here we present an examination of wind streaks that provide
evidence of unidirectional and strong winds and localized erosion. Figure 19b displays the area that might
be the source of wind, as the surrounding mountain ranges and slopes do not display any aeolian modifica-
tion. The wind streaks display no topographic relief on their own; the streaks cross the surface without any
interruption. The features appear brushed away (Figure 19¢) extending for up to ~2 km. The albedo contrast
of the wind streaks relative to their surroundings is interpreted to be formed by fine size (bright) and coarser
(dark) particles. The formation of the bright wind streaks might be due to the preferential removal of the fine
and small particles. The wind streaks also encompass yardangs, which appear extremely long and thin
(Figures 19d and 19e), measuring up to ~10 km long and no more than 20 m wide.
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Albedo structures associated with aeolian origin were first observed on Mars in the 1970s [Sagan et al., 1972].
Thomas et al. [1984] identified, using Viking images, more than 9000 wind streaks on Mars, which are distrib-
uted asymmetrically almost entirely in low and middle latitudes [Thomas and Veverka, 1979; Veverka et al.,
1981; Thomas et al., 1984; Greeley et al., 1993], although they were detected as well outside equatorial regions,
at 71°N and 62°S [Thomas et al., 1981]. Wind streaks are common on Mars and comprise a variety of sizes,
shapes, and topographic locations, but all of them are largely stable features formed by localized strong
winds [Thomas et al., 1981]. Bright streaks on Mars are generally found in bowl-shaped craters [Arvidson,
1974] and have elongated forms [Sagan et al., 1972]. These wind morphologies on Mars were reported to
be extremely stable, as they are located in areas subject to strong topographic winds [Thomas and
Veverka, 1979]. The material deposited in the bright streaks on Mars probably consists of fine particles of only
afew um in size [Pollack et al., 1979]. An example of wind streaks on Mars can be seen in Figure 19f, where the
bright streaks of ~60 km long indicate the relative constant, unidirectional, and near-surface strong winds.

As opposed to the ongoing studies in planetary aeolian morphologies [Zimbelman, 1986; Bourke et al., 2010,
Craddock, 2012; Zimbelman et al., 2013], wind streaks on Earth are relatively unexplored and understudied
[Cohen-Zada et al., 2016]. Because of the presence of liquid water and vegetation on Earth, many aspects
of aeolian erosion are much harder to assess when compared to Mars [Cohen-Zada et al., 2016]. In addition,
differences in atmospheric properties between Earth and Mars lead to differences in the observed wind
streaks, and thus their interpretation. But still, the aeolian morphologies on Earth are potential paleoclimate
proxy indicators [Li et al., 2016] and a comprehensive research of wind streaks on Earth is crucial for our
understanding of wind streaks on other planets [Cohen-Zada et al., 2016]. Very few studies about wind streaks
on Earth have been conducted. Radar-visible wind streaks were identified by Landheim et al. [1992] in Saudi
Arabia, Afghanistan, Libya, Chad, China, Russia, and Syria. Wind streaks in the Western Desert of Egypt were
compared to those in Cerberus and Elysium Mons on Mars [El-Baz et al., 1979; EI-Baz and Maxwell, 1979]. In the
1980s, wind streaks were identified | the Altiplano, Bolivia [Greeley et al., 1989]. In 1990s, two wind streaks in
the Mojave Desert were reported [Zimbelman and Williams, 1996] with the purpose of understanding their
formation and evolution. In more recent work, wind streaks from volcanic craters in Patagonia, Argentina,
were described [Rodriguez et al., 2010] to improve the understanding on wind streaks in Arabia Terra on
Mars. However, the poorly studied wind streaks on Earth raise doubts about their formation; consequently,
there is no, to date, geomorphological definition of them, and those already stated in the literature rely
almost entirely in orbital observations [Cohen-Zada et al., 2016].

The extremely long and thin yardangs in the Qaidam Basin, together with wind streaks formed by extremely
strong unidirectional winds, are unique. No report has been published to date on the strength of winds to
form such long structures in the Qaidam Basin. The wind streaks present an unexploited chance to expand
our knowledge of their formation and evolution. Wind streaks are important features to provide information
of the interaction between the surface and the atmosphere, on past climates, and on evolution of climates.
The Qaidam Basin is a natural laboratory for testing the physics of wind processes in an environment rare
to Earth and very unique and common to Mars. Our future work will include field investigations of such fea-
tures and a comparison to their Martian counterparts.

4.1.9. Gravel Deposition

Gravels ranging from millimeters to centimeters in sizes were observed in valleys and on top of small hills in
the mountain area of the Qaidam Basin (Figure 20a). These gravels, with chert as the most common mineral,
are positioned on top of clay soils, have a rounded nature, suggesting that the area was once a fluvial sedi-
mentary environment, although wind probably plays a role too in the preferential removal of fine particles.
The presence of the gravels on higher areas is evidence of granular convection processes as a result of
freeze-thaw processes (Figure 20b). When the frozen water in the upper mountain crests thaws, smaller
gravel and silicate particles settle in the voids below (Figure 20c) while the larger gravels remain on top.
The variably rounded nature of the gravels is an indicator that the abrasion happened over longer periods
of time and by fluvial processes. The recent discovery of rounded pebbles by the Curiosity rover in Gale crater
presents some of the most significant evidence of sustained fluvial activity on Mars [Williams et al., 2013;
Szabo et al., 2015]. Deposits of rounded pebbles were detected in several sites ranging from millimeters to
centimeters in diameter [Yingst et al., 2013; Williams et al., 2013]. Based on terrestrial studies, Williams et al.
[2013] suggest that those Martian rounded pebbles traveled several kilometers to produce the observed
rounding, confirming that the climatic conditions on Mars had to be wetter than today.
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Figure 20. Gravel deposition. (a and b) Extensive gravel plains in the Qaidam Basin. The red arrow indicates the granular convection processes that the area
experienced, where larger gravels remain on higher areas. The pictures were taken approximately at 38.33°N, 90.79°E. (c) The small gravels are stored in the small
cracks when the water from the upper parts of the mountains thaws. (d) NASA’s Curiosity Mars rover on top of a hill 22 meter high near 5.4°S, 137.8°E [NASA/
JPL-Caltech]. The scale bars for the pictures are for the nearest place in the bottom of the picture.

On Mars, granular convection processes are also observed where sediments have undergone similar
processes [Szabo et al., 2015] (Figure 20d). One considerable difference is that Martian gravels are basaltic
in composition [Szabo et al, 2015] rather than the quartz gravels that characterize the Qaidam Basin;
however, both cases manifest strong evidence of past fluvial activity where granular convection processes
have occurred. Important differences have to be taken into consideration, such as the reduced gravity on
Mars in the formation of rounded pebbles [Komar, 1980], or flow conditions, horizontal velocity and
settling velocity initial particle shapes or the type of fluid [Szabo et al, 2015]; however, despite these
differences we can suggest that the pebbles in the Qaidam Basin are another indicator of an ancient
wetter environments. The pebbles are also an indicator of aeolian settings, as their shapes give clues on
the dust production that results from sand abrasion [Jerolmack and Brzinski, 2012; Bullard et al., 2004].
Determining how far these pebbles have traveled and how much abrasion they had experienced could
significantly improve our knowledge of paleoenvironments that were wetter and warmer than the current
hyperarid conditions.

4.1.10. Dune Fields

In the southeastern part of the western Qaidam Basin where the winds are strong enough to modify the
original landscape, the intense effectiveness of aeolian erosion forms abundant dunes and drifts. The
morphology of the dunes in the Qaidam Basin is entirely controlled by the availability of sand and wind
patterns due to the lack of a vegetation cover. Previous studies already included investigations of the
formation, evolution, sedimentology, and geometric shapes of dunes in the Qaidam Basin [Hesp et al.,
1989; Zhou et al., 2012; Yu et al., 2015]. In the western Qaidam Basin, barchan dunes (Figure 21a) are the most
widespread. Wind-facing slopes are eroded by unidirectional winds and are indicated by the single slip face.
Their widths range from 50 to 400 m and are found in areas rich in sand sources. The barchan dune fields are
several kilometers long, overlaying in some areas well-bedded saline sediments. Barchan dunes in the
Qaidam Basin are majorly composed of sand together with clayish materials, gypsum and halite. While on
Mars, in the vicinity of the Viking landing site, the deposits were interpreted to be iron-rich clay, in between
other possibilities [Arvidson et al., 1989]. Now they are known to be basaltic minerals; however, sulfate-rich
particles may also be present, as they have been detected at Meridiani and interpreted to be dunes of
sulfate-cemented muds from ancient playas [Grotzinger et al., 2005; McLennan et al., 2005].

ANGLES AND LI

MARTIAN ENVIRONMENTAL ANALOGUE 878



@AG U Journal of Geophysical Research: Planets 10.1002/2017JE005293

(Gadam Basin s 8

Qaidam Basin b

(3
.r'f V244 j.."}""’-'.-

iy

Figure 21. Dune fields. (a) The rhythmic layering is due to effects on the wind on former layered features, forming
subsequent sediment mounds, or ripples at 38.37°N, 91.63°E in the Qaidam Basin. The dunes display a single slip face
from the top left. The red arrow indicates the direction of the wind. The altitude is 2878 m. (b) Dunes at a location 38.15°N,
91.19°E in the Qaidam Basin. The altitude is 2879 m. (c) Dunes displaying wind directions on a location near 83°50'S, 118°
70'W on Mars [NASA/JPL/University of Arizonal. (d) HiRISE image of dunes in Valles Marineris near 13.9°S, 59.2°W [NASA/
JPL/University of Arizona].

Linear dunes (Figure 21b) are less common in the western Qaidam Basin, and they tend to occur in close
proximity to barchan dunes. Linear dunes in the western Qaidam Basin are northwest trending and range
from a few hundred meters to several kilometers long. Their widths vary from 20-200 m and 10-50 m of
separation in between them. Linear dunes are considered to be of depositional origin and formed by stabi-
lized sand under unidirectional winds or by loose sand under bidirectional winds [Tsoar, 1989; Lancaster,
2009; Rubin and Hesp, 2009], although the relationship between their shapes and wind regimes on Earth is
still under debate [Cooke et al., 1993; Lancaster, 2009; Parteli et al., 2009; Tokano, 2010].The linear dunes are
thought to be composed of high contents of total silt, clay, and salt, which can stabilize loose sands to form
shelters and produce subsequent deposition [Rubin and Hesp, 2009]. However, Zhou et al. [2012] proposed
that the linear dunes in the Qaidam Basin were of erosional origin, instead of depositional origin, based on
their analysis of dune internal structures, sediments, and optically stimulated luminescence dating. Hesp
et al. [1989] reported that linear dunes in the Qaidam Basin undergo southward lateral migration at rates
of 3 m/yr, which is the largest reported value to date for linear dune migration on Earth and thus has been
cited widely to exemplify the lateral migration of linear dunes [Rubin, 1990, Tsoar et al., 2004; Munyikwa,
2005; Livingstone et al., 20071].

The Martian equivalents of barchan dunes and linear dunes are displayed in Figures 21c and 21d, respec-
tively. Dunes and megaripples are very common on Mars [Greeley et al., 1981; Malin et al., 1998, Hayward
et al., 2007; Carr, 2006; Bourke et al., 2010; Cardinale et al., 2012]. They are suggested to be active landforms
in the present day [Bridges et al., 2012; Cardinale et al., 2016]. Prior to Mars Reconnaissance Orbiter (MRO)
data, Martian imagery showed no evidence of dune motion, which was consistent with climate models indi-
cating that winds capable of moving sand were infrequent in the ~6 mbar atmosphere [Arvidson et al., 1983;
Almeida et al., 2008]. However, with increasing imagery resolution of MRO and HiRISE, Bridges et al. [2012]
were able to show that many dunes and sand ripples on Mars move as much as a few meters per year, prov-
ing that the sand on Mars is migrating under current climatic conditions. Their results show that winds in the
current low-density Martian atmosphere are strong enough to move ripples and dunes in many locations of
the planet. In this contribution, the dunes in the Qaidam Basin could serve as proxies to study the interaction
between the wind and the atmosphere. Their movements, orientations, shapes, sand properties, and wind
force may be used to infer aspects of the active dunes on Mars.
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Figure 22. Swirling structures. (a) The swirling textures suggest that the distributary channels are possibly the result of
interaction between water and waterlogged sediments. The layers appear folded or deformed as they possibly had to
adjust to the additional weight of subsequent deposition. Image at 37.72°N, 92.88°E. The altitude is 3070 m. (b) HiRISE
image of wavy layers in Hellas Planitia at 40°S, 52°E [NASA/JPL/University of Arizona].

4.1.11. Swirling Textures

Small swirling patterns appear in some locations in the Qaidam Basin. The interpretation of these features
indicates something of the nature of surficial conditions and processes. We speculate that the honeycomb
patterns are impressions made by mountain runoff water-ice blocks grounding into initially soft mud,
composed mainly of silt, clay, and salts. The area where these honeycomb patterns appear is in the piedmont
of the mountain area in the southwestern part of the Qaidam Basin, where dune fields are present. The
location is therefore a collector of runoff water-ice, tectonic movements, and eolian sediment, although an
issue is the relative importance of each eolian, tectonic, and aqueous processes. The patterns suggest that
at least pressure, occasional precipitation, surface runoff, and temperature conditions at the surface were
in equilibrium and allowed water to be stabilized. Figure 22a displays furrowed or swirling textures in the
western Qaidam Basin.

Noachian terrains on Mars display similar features, although much larger and deeper in size, where large
floods were rare [Cabrol and Grin, 2010]. For instance, on the floor of the impact crater Hellas, the sediments
were suggested to be deposited in ice-covered water, degraded later when ice decayed and finally eroded by
wind [Moore and Wilhelms, 2001]. The swirling textures on Hellas suggest a deformation created by the inter-
action of ephemeral runoff together with waterlogged sediments and ice [Cabrol and Grin, 2010] (Figure 22b).
Additional supportive evidence of materials consistent with lacustrine origin in Hellas comes from the ther-
mal and midinfrared spectroscopic mapping [Moore and Wilhelms, 2001]. Thermal inertia of Hellas Planitia
indicated that the coarsest material was not larger than dust or sand [Moore and Edgett, 1993].

We speculate that the patterns created in the Qaidam Basin have some similarity to those found on Hellas,
despite the differences in size and the numerous differences in climatic conditions. We believe that the
observed topographic patterns imply at least one relatively well-defined water body and surficial runoff.
We certainly accept that our speculation of the patterns, as an explanation, is not conclusive. Both scenarios
on Hellas and the Qaidam Basin are consistent with the plausible failure to transport large amounts of
saturated sediments. The extensive occurrence of phyllosilicates in Noachian landscapes, together with the
evidence of surface water transport, suggests at least occasional warmer conditions during the Noachian
[Grotzinger et al., 2005]. Although it seems that liquid water was stabilized at the end of the Noachian (as it
can be proved by the geomorphic and mineralogical evidence), such conditions still remain unclear
[Cabrol and Grin, 2010]. This discrepancy is one of the most mysterious aspects of Mars’ evolution. This is a
brief and preliminary comment about these patterns, which will undoubtedly be a subject of more
detailed study.

4.2. Tectonic Features
4.2.1. Ring Structures
Ring structures are identified in the saline lake facies of Xiaoliang, Nanyi, Jianding, and Honggouzi Mountains
(see Figure 2). The ring structures are tectonic anticlines that form a mound with a fine symmetrical stratifica-
tion which is interpreted to contain alternating layered deposits of darker clay-rich (mainly gypsum) and
brighter salt-rich (mainly halite) material embedded in clay, which were deposited from the drying of the
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Figure 23. Ring structures. (a) Pairs of ring structures in the Qaidam Basin at 38.49°N, 91.74°E with an altitude of 2742 m.
(b) MOC image MOC2-1512 of a pair of Ring Structures on the Martian northern polar region at 85.70°N, 21.00°W [Anglés
and Li, 2016]. Original image from NASA/JPL-Caltech/Malin Space Science Systems.

brines [Anglés and Li, 2016]. The enclosed nature of these structures is due to the surrounding thrust belts that
cause the salts to rise and create new layers [Anglés and Li, 2016]. These structures offer a unique analogy to
Martian ring structures observed in the northern polar region. Martian ring structures exhibit small layered
hills that resulted from the surface manifestation of surrounding folds that accommodate the salt rocks
similar to those in the Qaidam Basin [Anglés and Li, 2016].

Pairs of ring structures in the Qaidam Basin (Figure 23a) bear a strong resemblance to pairs of ring structures
observed in the Martian northern polar region (Figure 23b). They are the result of fault compression forces
that created the structure and eventually fractured it into two in a direction perpendicular to the compression
[Anglés and Li, 2016]. Both the Martian northern polar region and the Qaidam Basin show thrusts that cut the
layers in the edge of the ring structures, indicating a recent tectonic pressurization of the salts.

5. Habitability

In practically all deserts of Earth, photosynthetic microorganisms occupy hypolithic or endolithic habitats
[Wynn-Williams, 2000]. Hypolithic cyanobacteria grow underneath translucent rocks, whereas endolithic
cyanobacteria grow inside the pore spaces of rocks [Wierzchos et al., 2006].

Many terrestrial analogues are characterized by challenging conditions for terrestrial life, such as low
temperatures, extremes of salinity, and pH [Fairén et al., 2010]. Through the study of terrestrial analogues,
we gain crucial information with respect to the ability of organisms to survive extreme conditions, as well
as to the limits of life on Earth [Fairén et al., 2010]. Previous studies already analyzed microbial populations
on Mars analogue environments [e.g., Ferndndez-Remolar et al., 2005; Clarke, 2006; Edwards et al., 2007;
Ferndndez-Remolar et al., 2008; Foing et al., 2011; Ferndndez-Remolar et al., 2013]. The Atacama desert,
considered one of the most similar places on Earth to Mars [Navarro-Gonzdlez et al., 2003], contains endolithic
microorganisms within halite rocks [Wierzchos et al., 2006]. Wierzchos et al. [2006], analyzed endolithic photo-
synthetic life within halite rocks as an analogue for the evaporite rocks on Mars.

However, the many Mars analogue sites previously studied only represent some aspects of the present Mars
conditions, and thus, further analysis in new Mars analogues is still meaningful.

The Qaidam Basin is one of the driest deserts on Earth and provides an assessment of life forms that have the
ability to survive the extreme climatic conditions that characterize the basin. There are no visible life forms on
rock surfaces or on soil; however, previous microbial studies detected halophiles as the most abundant
archaea in the Qaidam Basin by analyzing sediment cores [Wang et al., 2013]. We also identified hypolithic
microbial communities living under translucent stones (Figures 24b and 24c). The specimens were located
at ~3028 m in elevation on the southwest of the Qaidam Basin at approximately 38.29°N, 90.85°E, along
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Figure 24. Hypolithic photosynthesis. (a) Hypolithic niches of photosynthesis were not found below rocks in the clay
compacted mountain area. Note the lack of cyanobacteria (green color) beneath the rock. (b) Microbial mats were only
found under transparent chert rocks in the Qaidam Basin. (c) Microbial mat on the lower part of a chert rock. (d) Absence of
microbial mat on an opaque rock in the Qaidam Basin.

~150 m within the confines of the mountain area and an extended fluvial fan (Figure 25, “b” area). Their
distribution appears most strongly to be regulated by small amounts of retained water from underneath
that can be sustained thanks to the chert rocks. Nearly all transparent chert rocks in the area harbor
microbial colonization, although it was confined to rocks pieces of ~10-15 cm wide. These rocks are
sufficiently translucent to filter the strong UV radiation but allow photosynthetic visible lights to penetrate
and allow them to retain enough moisture to support photosynthesis [Cockell and Stokes, 2006]. The
thermal inertia of the rock allows the environment underneath to be protected from the outer dry and
cold temperature that characterizes the Qaidam Basin, moderating the temperature of the hypolithic
community at all seasons [Schlesinger et al., 2003]. Once sheltered from the environmental extremes of the
basin, these hyperarid adapted microorganisms are sufficient in terms of the level of radiation and organic

Figure 25. Hypolithic photosynthesis. The image displays the narrow area where the photosynthetic communities were
found. Approximate location of b is at 38.29°N, 90.85°E at an altitude of 3013 m.
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material required to survive in such habitat. On the contrary, photosynthesis did not take place beneath
opaque rocks (Figures 24a and 24d) as no radiation could penetrate the rock to sustain microbial niche
beneath it.

Hypolithic niches of photosynthesis were only found in the area between the fluvial fan and mountain area
(Figure 25) in the most southwestern part of the Qaidam Basin. The fluvial fan (Figure 25, “a” area) is charac-
terized by millimeter sized particles of quartz (less than 0.5 cm), hardly possible to retain any water or sustain
any microbial life. The upper mountain area (Figure 25, “c” area) is characterized by majorly clays and salts
with little pore structure that prevent the transportation of water to the near surface due to the strong
evaporation after precipitation. The mountain area does not sustain any hypolithic niche because of the high
compaction of clay deposition that does not allow the transportation of water to the surface (Figure 24a). The
combined result of Figures 24 and 25 indicates that water is not collected from the atmosphere but

from underground.

Laboratory investigations of the hypolithic communities found embedded in ground are currently being
carried out, and they will be reported in a future publication. The results will have meaningful biological
insight into the possibility of hypolithic photosynthetic microbial communities on Mars, despite the environ-
mental differences, physical and chemical regimes between the Martian surface and those observed in the
Qaidam Basin.

6. Conclusions

The unique resemblance of current hyperarid conditions, high UV radiation, low atmospheric pressure, saline
environments, and overall geomorphological features in the Qaidam Basin and on Mars is exceptional. In
both Mars and the Qaidam Basin, considerable amounts of groundwater and consistent aeolian processes
acted on the upper layers of the lithology carving elaborate patterns into the surface. Today, landscapes
are dominated by strong weathering and hyperarid conditions, where minerals and weathering processes
coexist in adjacent proximity. Much may be gained from this interaction, such as a better understanding of
the Martian surface from analyzing the sedimentary and weathering environments in the hyperarid systems
of north Tibetan Plateau.

Mineralogical compositional analyses from SEM and XRD of the Qaidam Basin confirm that the depositional
materials are rich in sulfate, followed by halite and clay minerals. There are a variety of clays together with
chlorides, attesting to an important role of past water. The results suggest saturated sulfate solutions and pre-
cipitation resulting from evaporation of brines, which is of great interest for Mars mineralogy as magnesium
sulfates, calcium sulfates, and polyhydrate sulfates have been detected at many Martian locations. Large
deposits of gypsum and halite that form the saline lake deposits in the Qaidam Basin are comparable to those
sulfate deposits detected on the Martian surface. The TG analysis gives us important information on the
amount of water molecules in pure gypsum samples; 20% of water is contained in the crystals, and this has
a direct implication to the gypsum deposits on Mars. Our future work will provide a better understanding
of how the heating of gypsum could be of great importance to obtain water for future missions to Mars.
The adaptive mechanisms of hypolithic organisms to survive the environmental extremes in the Qaidam
Basin can also contribute to an understanding of extremophiles, and it is directly relevant to any possible life
on Mars. The immense size of the Qaidam Basin is also of extreme importance for future Mars exploration pro-
grams. Rovers can explore their capabilities and drive in real time with extreme hyperarid conditions. The
practice of sample acquisition, detection of obstacles, and movement though abrupt surfaces will provide
valuable information for the exploration of future targets on Mars. The Qaidam Basin is a realistic environment
that replicates the distribution of features and materials that the vehicles will find on the Martian surface.

We suggest that many geomorphological structures on Mars may have been formed by similar processes, as
they are analogous to those displayed in the Qaidam Basin. While the processes and resulting geomorpho-
logical landforms on the Qaidam Basin provide a feasible analogue to the Martian topography and its
structures, it is recognized that the exact Martian conditions are not characterized. Nevertheless, given the
similarities that the Qaidam Basin contains, especially around the climate, aridity, and hydrology, this area
may be a valuable potential terrestrial analogue to study modern Martian processes, landforms, and
microorganism preservation potential and can be treated as an important site for confirming future Mars
sample return missions.
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