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ABSTRACT

The enigmatic transverse aeolian ridges (TARs), with distinct morphology and albedo, are among the
key geological features investigated by China’s Tianwen-1 Zhurong rover on southern Utopia Planitia,
Mars. Their morphologies and morphometrics are investigated through high-resolution imaging science
experiment (HiRISE) orthoimage and Digital Terrain Model (DTM) products. A total of 5089 TARs are
identified, with barchan TARs being predominant (97.6%). Morphometric analysis shows these TARs to be
small and symmetrical aeolian landforms, with an average crest-ridge lengths of 33.9 + 20.5 m, profile
widths of 9.4 + 3.8 m, profile heights of 0.4 + 0.4 m, profile-height-width ratios of 0.04 + 0.02, and
profile symmetry ratios of —0.01 £ 0.13. In-situ observations from the Navigation and Terrain Camera
(NaTeCam) show the crests of the TARs to be dark and sharp, while the flanks are interlaced by dark
and bright materials. Close-up Multispectral Camera (MSCam) images reveal the TARs to be coated by
granules of ~1.5 mm in diameter. Given the morphometric characteristics and the presence of coating
granules, the TARs in the landing area could be categorized as megaripples. Buffered crater counting
(BCC) technique-derived absolute model age (AMA) reveals the formation time, or the last active period
of the TARs, could be as recent as 1 Ma in the Late Amazonian. The morphometrics and direction of
the horns of the barchan TARs suggest the winds for the formation of TARs blew mostly from the north.
During the spring-summer transition period (Ls: 50°-93°), the Mars Climate Station (MCS) had recorded
local bimodal winds in the landing area, with the speed of the northerly wind in the afternoon being a
little stronger than the speed of the southerly wind in the morning. These observations are consistent
with the wind fields described in the Mars Climate Database (MCD), which imply the northerly winds
during the northern winter season to be responsible for the net sediment transport to the south. Two
TARs observed in-situ with secondary NW-SE trending crest-ridges indicate that forked TARs might form
given sufficient time (i.e., in the order of millions of years) under modern wind conditions, i.e., the TARs
may be currently reworked, if only extremely weakly.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Tianwen-1, composed of an orbiter, a lander, and a rover named
Zhurong, is China’s first independent interplanetary mission (Li
et al,, 2021). On May 15, 2021, the landing platform successfully
touched down on Utopia Planitia (Fig. 1a), the largest recognized
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Martian impact basin with a diameter of 3560 km. The solar pow-
ered, six-wheeled Zhurong rover drove off the landing platform
on May 21 and is still operating well on the Martian surface at
time of writing. The rover has been journeying southwards while
investigating rocks, regolith, and other features with its scientific
payloads (Fig. 1b).

Aeolian activity is the dominant active geological process at
non-polar latitudes on Mars today (Diniega et al., 2021). As wind
blows across the Martian surface, it erodes (e.g., through deflation
and abrasion) and transport (e.g., through suspension, saltation,
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Fig. 1. Context of the landing area of the Tianwen-1 Zhurong rover. (a) Location of the landing point of the Zhurong rover (marked by the red star) within Utopia Planitia.
The basemap is a color-coded Mars Orbiter Laser Altimeter (MOLA) topographic map (Smith et al., 2001), with red, green and blue representing high, medium, and low
elevations, respectively. The approximate boundary of the Utopia Planitia is outlined by the black dashed circle; (b) Traverse map of the Zhurong rover as of May 15, 2022;
(c-f) Examples of TARs observed by the Zhurong rover. Panoramas acquired by the rover for (c) and (d) are shown in Fig. 7 and for (e) and (f) in Fig. 9. (For interpretation of

the colors in the figure(s), the reader is referred to the web version of this article.)

and surface creep) regolith particles, and re-organize them into di-
verse bedforms. Transverse aeolian ridges (TARs) display distinct
morphology and albedo, and are the most prominent landforms in
the Zhurong landing area. They occur within craters and troughs,
around pitted cones, as well as in between these features (Zhao
et al.,, 2021). The term TARs was proposed by Bourke et al. (2003)
to describe aeolian landforms that are widely scattered on Mars,
but whose age, composition, and origin (e.g., impact ripples, drag
ripples, megaripples, reversing dunes, traverse dunes, and dust de-
posits that were subsequently indurated and eroded) (e.g., Geissler,
2014; Lapotre et al., 2016; Silvestro et al., 2016; Vaz et al., 2017;
Lapotre et al., 2018) remain unclear. Previous landed missions (e.g.,
Opportunity, Spirit, and Curiosity) have investigated the composi-
tion, morphology, and dynamics of impact ripples, dark-toned large
ripples (DTRs), megaripples, and dunes, few TARs have been stud-
ied in detail from the ground (e.g., Sullivan et al., 2005, 2014;
Lapotre et al., 2016; Zimbelman and Foroutan, 2020).

Global-scale investigations showed that some TARs might be
sourced from locally derived deposits and mostly distributed at
low to mid-latitudes in the northern and southern hemispheres
within all types of geological settings, irrespective of the regional
thermal inertia, elevation, and km-scale roughness (Berman et al.,
2011; Geissler, 2014; Berman et al., 2018). With the arrival of high-

resolution images, such as those from the high-resolution imaging
science experiment (HiRISE) (McEwen et al., 2007), morphomet-
ric parameters of the TARs, e.g., width, height, and slope of the
profile, crest-ridge length, and wavelength (ridge-to-ridge spacing)
were measured and compared with terrestrial analogues (Zimbel-
man, 2010; Hugenholtz and Barchyn, 2017; Berman et al., 2018;
Foroutan and Zimbelman, 2020). TARs have intermediate morpho-
metric characteristics between those of large ripples and dunes,
such as meter-scale heights, and decameter-scale wavelengths
(Geissler and Wilgus, 2017). Their downwind profiles are normally
symmetrical, with the overall average surface slopes <28° and
height to wavelength ratios of 0.13-0.15 (Zimbelman, 2010; Balme
et al, 2018).

Megaripples (armored with coarse particles) (Wilson and Zim-
belman, 2004; Balme et al., 2008; Zimbelman, 2010) and reversing
dunes (Zimbelman et al., 2012; Zimbelman and Scheidt, 2014) are
proposed as terrestrial analogues for MartianTARs. After detailed
morphological and contextual studies on the megaripples in the
Puna of Argentina (de Silva et al., 2013), in the Lut Desert of Iran
(Hugenholtz and Barchyn, 2017), and in the Sahara Desert of Libya
(Foroutan et al., 2019), megaripples are generally considered as the
closest terrestrial analogues. TARs are largely thought to be cur-
rently inactive, e.g., those investigated by Berman et al. (2018) are
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thought to have been inactive for 2 million years. However, Sil-
vestro et al. (2020) found evidence of the migration of relatively
bright-toned megaripples with 5 m average crest to crest spac-
ing trailing dark sand dunes from repeat HiRISE imagery in high
sand flux areas on Mars. Day (2021) further supports the idea
that TARs are forward migrating, most similar to the migration
of megaripples and dunes. Because TARs are either inactive/im-
mobile or migrating slowly today (Berman et al., 2018; Silvestro
et al,, 2020; Day, 2021), studying the formation processes of TARs
from orbital imagery has not been possible to date. However, if
they were inactive/immobile today, TARs could be the key to deci-
pher the recent aeolian activities/landforms on Mars. The Zhurong
rover just landed near a sparse field of TARs in the southern Utopia
Planitia (Fig. 1b) and carried out in-situ investigations on them,
providing a unique opportunity to study these enigmatic features.

2. Data
2.1. HiRISE products

To aid interpretation and morphometric analyses of TARs, we
utilized HiRISE (McEwen et al., 2007) stereo image-derived high-
resolution Digital Terrain Model (DTM) (grid spacing: 1 m/pixel,
vertical accuracy: ~0.2 m), and the accompanied orthorectified
image (spatial resolution: 0.25 m/pixel) (Supplementary Fig. 1).
The HIiRISE DTM and orthoimage products were downloaded from
https://www.uahirise.org/dtm/dtm.php?ID=ESP_069665_2055.

2.2. In-situ measured datasets

As of May 15, 2022, the Zhurong rover had traveled across the
Martian surface for one Earth year (Fig. 1b). The datasets from
the onboard Navigation and Terrain Camera (NaTeCam), Multispec-
tral Camera (MSCam), and Mars Climate Station (MCS) are used to
study the context, gecomorphology, and formation of the TARs. The
installation positions of the rover’s scientific payloads are shown
in Supplementary Fig. 2.

The NaTeCam is a color imaging system that is composed of
two cameras with identical functions and performance (Li et al.,
2021). Each camera has a field of view (FOV) of 46.5° x 46.5°,
and acquires images (2,048 x 2,048 pixels) in the visible spectral
range of around 400-700 nm (Li et al., 2021). The stereo images
are employed to support surface feature analysis, science target
designation, topographic mapping, rover localization, rover path
planning and navigation, etc. (Li et al.,, 2021).

The MSCam is a high-resolution multispectral imaging camera
with a pixel size of 5.5 pm in the visible and near-infrared bands
(Li et al., 2021). Aiming to investigate the morphological char-
acteristics and mineralogic properties of the Martian surface, the
MSCam image has a FOV of 24° and a dimension of 2,048 x 2,048
pixels (Li et al., 2021) in panchromatic and multispectral bands
(481.3, 526.4, 650.6, 699.2, 800.0, 902.0, 954.0, 1003.0 nm).

The MCS features a temperature sensor, a wind sensor, a pres-
sure sensor, and a microphone (Li et al., 2021) to record a range
of meteorological variables, such as temperature, pressure, wind
speed and direction. Along with the NaTeCam, the wind sensor and
the microphone are mounted on the rover mast (1.8 m above the
ground). The sampling rate of the wind sensor is 1 Hz (Li et al.,
2021). The measurement range of wind speed is 0-70 m/s, with a
resolution of better than 0.5 m/s, and the range of wind direction
is 0-360°, with a resolution of 5° (Li et al., 2021).

3. Methods
3.1. Morphometric analyses

Based on the HiRISE orthoimage and DTM products, each TAR
is first digitized manually on the ArcGIS® platform, with the crest-
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Fig. 2. (a) Attributes and morphometrics of each TAR; (b) Illustration of morphome-
tric analysis on a TAR's downwind profile, which is extracted from Fig. 1c.

ridge being digitized as a polyline and the bedform outline as a
polygon. The downwind direction is then inferred based on the
curvature of each bedform and the downwind profile is drawn
perpendicular to the crest-ridge of the TAR at the midpoint for
further analysis. The attributes and morphometrics of each TAR
are shown in Fig. 2, and their definitions or calculations (accom-
plished using python) are described in the text. Note that the
ridge-to-ridge spacing (also known as wavelength) is not measured
in this study due to the sparse spatial distribution of the TARs
(Fig. 1b).

Following the first-order classification scheme from Balme et
al. (2008), each mapped TAR was assigned one of the following
qualitative morphological attribute based on its crest-ridge plan
view morphology: ‘simple’, ‘barchan’, ‘sinuous’, ‘forked’, and ‘net-
worked’. The orientation of each TAR was calculated by the “Linear
Directional Mean” tool in the ArcGIS®, which outputs the compass
angle. The crest-ridge length is defined as the linear extent of the
crest-ridge (Fig. 1c).

To calculate parameters related to the downwind profile (Fig.
2b), the highest point of the downwind profile was labeled as
Pmax, the lowest points on either side of the profile were labeled
as Pmin1 and Ppin, and a line (i.e., Ypqse in Fig. 2b) that connected
the two lowest points was defined using the point-slope formula to
represent the basal slope (Berman et al., 2018). The profile width
(or downwind length) was defined as the difference in the X values
of Ppin1 and Ppinz. The profile height was defined as the differ-
ence in the Y values of Ppgy and Ypgse at the X value of the Ppyy.
The profile symmetry distance is the difference in the X values of
Pmax and the midpoint of Ppip and Ppiny (ie., Ppig in Fig. 2b).
A positive value indicates the highest point of the downwind pro-
file is biased to the windward side (i.e., north in this study), where
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Fig. 3. Examples of craters superposed the TARs. Top panel shows the uninterpreted images (a-d), and the bottom panel images (a’-d’) show the outline of TAR, the buffer
zone, and the superposed craters in violet, green, and red polygons, respectively. The centers of the sub-figures are (109.897°E, 25.002°N), (109.94°E, 25.008°N), (109.957°E,

25.093°N), and (109.947°E, 25.09°N), respectively.

a negative value suggests the highest point is biased to the lee-
ward side (i.e., south in this study). The profile symmetry ratio
represents the ratio between the symmetry distance and the pro-
file width (Berman et al., 2018), and the |[symmetry ratio|,ps is the
absolute value of the symmetry ratio. The profile slope is calcu-
lated by taking the arctangent of twice the height divided by the
profile width (Berman et al., 2018).

The landing area of the Zhurong rover is low sloping (aver-
age slope is 0.4° at a baseline of 200 m), the basal slope is thus
not considered in this study. The bedform height of each TAR is
defined as the difference between the highest elevation (Hpax)
within the outline and the mean elevation of the outline (Hmegn).
The base area (or flat surface area) refers to the ground extent of
the TAR. The bedform height measured from the outline of a TAR
may differ from the profile height when the tallest point on the
bedform is located away from measured downwind profile.

3.2. Formation age estimation

During the digitization of the TARs, it was noted that a few
small craters in the diameter range of 3-20 m partially superpose
the TARs (Fig. 3), indicating that the TARs have probably been inac-
tive under the current climate conditions (or active but extremely
slowly). Assuming the TARs in the landing area share a common
formation history and considering them as near-linear features, the
buffered crater counting (BCC) technique (Kneissl et al., 2015) was
employed in this study to determine the absolute model age (AMA)
of the TARs, aiming to constrain the formation ages or last active
phases of the TARs in the Zhurong landing area.

No ejecta was observed around craters that superposed the
TARs, which might be attributed to reworking by active aeolian
processes. Therefore, during the implementation of the BCC ap-
proach, the applied buffer zone around each TAR was restricted
to a width of one crater radius. The creation of the buffer polygons
around the TARs and the counting of the craters were carried out
using the ‘CraterTools’ add-on in ArcGIS®, which minimizes distor-
tions raising from map projection (Kneissl et al., 2011). Following

a random analysis of the craters, the AMA of the TARs was deter-
mined using the Poisson timing analysis with the ‘Hartmann and
Daubar, 2017’ chronology system (Hartmann and Daubar, 2017)
available within the ‘CraterStats’ software (Michael and Neukum,
2010).

The challenge when using the BCC approach to estimate when
the TARs formed or were active is that they are geologically very
young, and thus the spatially limited counting areas contain only
a few craters of any size, let alone hosting craters large enough
(e.g., 10 pixels across) to be resolved (Berman et al., 2011). Indeed,
only craters >2.5 m in diameter can be reliably mapped based on
the HiRISE image. Therefore, only 74 craters were counted within
a total surface area of just 1.9 km?2. In addition, due to the uncon-
solidated nature of the aeolian sediments making up the TARs, the
crater diffusion rate might be accelerated, such that the inferred
crater-retention ages can only provide a lower limit on the actual
age of the TARs.

4. Results and discussions
4.1. Morphometry of TARs

A total of 5089 TARs were identified (Supplementary Fig. 3),
covering an area of 1.9 km?, or 2% of the entire HiRISE image
(95.2 km?). Barchan TARs (97.6%) are predominant in this region,
although forked (1.9%) and sinuous (0.5%) are also observed.

Based on observations using HiRISE DTM, it was found that
~40% (2040 out of 5089) of the downwind profiles are not con-
cave down, which is geologically unlikely; consequently, they were
excluded from the calculation of profile-related morphometric pa-
rameters. Morphometric analyses (Table 1) shows the TARs are
small and symmetrical landforms, with crest-ridge lengths of 33.9
+ 20.5 m (expressed in the form of ‘mean + standard deviation’),
profile widths of 9.4 + 3.8 m, profile heights of 0.4 £+ 0.4 m, pro-
file symmetry distances of —0.1 £ 1.1 m (i.e., south-facing TAR
slopes are slightly steeper than north-facing slopes on average),
profile symmetry ratios of —0.01 £ 0.13, profile slopes of 4.5 +
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Table 1
Morphometry of TARs in Zhurong rover landing area.
Attribute Value
Max Min Median Mode Mean Standard
[25th, 75th percentile] deviation
Crest-ridge® Orientation (°) 148.9 18.2 99.1 N/A 98.2 12.0
[90.9, 105.9]
Length (m) 384.7 5.1 29.8 214 339 20.5
[21.2, 41.4]
Downwind profile Width (m) 379 1.8 8.8 104 9.4 3.8
[6.9, 10.9]
Height (m) 31 0.1 0.3 0.3 0.4 0.4
[0.2, 0.5]
Height/Width 0.18 0.00 0.04 0.03 0.04 0.02
[0.02, 0.05]
Symmetry distance (m) 45 —6 0 0 -0.1 11
[—0.94, 0.5]
Symmetry ratio 0.40 —0.39 0 —-0.17 —0.01 0.13
[-0.1, 0.07]
|Symmetry ratio|ps 0.40 0.00 0.08 0.17 0.10 0.08
[0.05, 0.17]
Slope (°) 20.7 0.3 4.1 24 45 2.5
[2.6, 5.9]
Bedform outline Bedform height (m) 15.8 0.1 0.6 0.5 0.7 0.7
[0.4, 0.9]
Base area (m?) 6387.4 33.7 266.5 130.7 369.6 +580.4/—369.6
[164.2, 427.3]

4 The morphometric parameter values reported for crest-ridge and bedform are from all 5089 TARs, and the values for downwind profile

are from the valid 3049 profiles.

2.5°, bedform heights of 0.7 + 0.7 m, and base areas of 369.6
(4+580.4/-369.6) m? (the large standard deviation is caused by a
few very large areas that skew the values). The box plots and his-
tograms of these parameters are shown in Supplementary Fig. 4.
It is noted that many of the parameters measured (e.g., crest-
ridge length, downwind profile width, and slope, bedform height
and base area) appear to follow log-normal distributions (Supple-
mentary Fig. 4). Accordingly, their modes (i.e., crest-ridge length,
downwind profile height/width, bedform base area) shown in Ta-
ble 1 are calculated from the mean and standard deviation values
(Supplementary Text 1).

The mean absolute symmetry ratio and slope of the TARs in
the Zhurong landing area (0.1 and 4.5°, respectively) are very sim-
ilar to the TARs investigated by Berman et al. (2018), who found
them with an average symmetry ratio of 0.07, and a profile slope
of 6.5°. However, the bedforms of the TARs in other locations on
the Martian surface are much larger than those investigated in this
work. For example, the average profile width and height of the
TARs in Berman et al. (2018) are 24.5 m and 1.5 m, respectively,
approximately three times those observed in this study (9.4 m and
0.4 m, respectively). In addition, Hugenholtz et al. (2017) found in
their study that a typical TAR has a crest-ridge length of 88.5 m, a
profile width and height of 17.3 m and 1.3 m, respectively. When
the profile heights are scaled by the profile widths, the ratio val-
ues (0.04 + 0.02) deviate from those measured for reversing dunes
and traverse dunes, and appear much closer to the values of terres-
trial granule megaripples and pebble-coated megaripples (Zimbel-
man et al,, 2012) (Fig. 4). Day and Zimbelman (2021) suggest the
term “megaripple” to be reserved for the morphology when coarse
grain content is known or explicitly interpreted from the geologic
context. Therefore, the profile height-width ratio values cannot be
used as a diagnostic indicator of bedform type, whereas ground
observations could.

4.2. Orientations of TARs

The orientations of the crest-ridges TARs in the landing area
are regionally consistent. They trend broadly in the east-west di-
rection (98.2 £ 12.0°) (Table 1 and Fig. 5), suggesting they share
a common formation history. The numbers of TARs with a positive
and negative symmetry distance are 1191 (39%) and 1390 (46%),
respectively. The remaining 468 (15%) have zero values, betraying
their highly symmetrical morphology. The south-pointing of the
horns of the barchan TARs (Fig. 1b) and slightly more negative val-
ues (i.e., the highest points are biased to the south) suggest that
past regional sediment-transporting winds that formed TARs blew
mostly from the north towards the south, and slightly more sedi-
ments were transported by the northerly winds, i.e., net sediment
flux to the south.

4.3. Absolute model age of TARs

The absolute model age (AMA) derived from the BCC technique
for the TARs in the Zhurong landing area is 1.0‘:83 Ma (Fig. 6),
suggesting that the formation epoch or the last active period of
the TARs was in the Late Amazonian. Given the sample size (74
craters), the very small surface area (1.9 km?), and the very small
scale of craters (3-20 m in diameter) considered here, it is worth
stressing that determining the model age of these TARs stretches
the boundaries of reliability for the crater counting methodology.
Even for areas up to 10,000 km? and much larger sample popu-
lations, Palucis et al. (2020) demonstrated that age uncertainties
can overwhelm the signal. When measured over a small range of
diameters, crater ages become very sensitive to statistical outliers
(Rubanenko et al., 2021). Furthermore, such small impacts tend to
occur in clusters (Daubar et al., 2013), yielding a significant chal-
lenge to using crater-density statistics over such small counting
areas and discriminating between primary and secondary impacts



S. Gou, Z. Yue, K. Di et al.

Earth and Planetary Science Letters 595 (2022) 117764

0.25

K ] E LR R |
Impact

x v 4 A |

0.2
TARs in Berman et al. (2018)

TARs in Hugenholtz et al. (2017)
TARs in Zimbelman et al. (2020)

0.15

ripples in Zimbelman et al. (2012)
Granule megaripples in Zimbelman et al. (2012)
Pebble-coated megaripples in Zimbelman et al. (2012)
Reversing dunes in Zimbelman et al. (2012)
Transverse dunes in Zimbelman et al. (2012)

TARs in Zhurong rover landing area (this study)

X

X

X

X

=
£
<
=
=
:a‘ X X
- - X
% Sl
N X
= <
on X
'-q:"j xx o
@ 0.1 - . > X 2
= XX
E > x X X
& v || ¥ % 2
v v o, X %
v v v v vv' > X>< >><< X ><><
0.05 - v v S 4 i
Y o V'V
v y x
X
v > X s
v
0 i ; i i il g il
102 107! 10° 10! 10 10° 104

Profile width (m)

Fig. 4. Scatter plot of downwind profile width versus profile height-width ratio for terrestrial aeolian landforms (i.e., impact ripples, granule megaripples, pebble-coated
megaripples, reversing dunes, and transverse dunes) (Zimbelman et al., 2012), previously investigated Martian TARs (Hugenholtz et al., 2017; Berman et al., 2018; Zimbelman
and Foroutan, 2020), and TARs in the Zhurong landing area. This figure is modified after Zimbelman et al. (2012) and Berman et al. (2018).

N

NNW NNE

WNW ENE

% 50% 40% 30% 20% 10% 0%

WSW ESE

SSW S SSE
Average: 98.2° Standard Deviation: 12.0°

Fig. 5. Orientations of the crest-ridges of the TARs in the Zhurong landing area.

(the latter being clearly redundant). Therefore, the reported model
age of 1 Ma should be taken as an indicative estimation and the
actual uncertainty probably much larger than that provided by the
‘CraterStats’ calculation.

The reported 1 Ma model age in this study is very close to
that of the TARs or dunes in other Martian regions; for instance,
Berman et al. (2011) reported TARs in the equatorial Meridiani
region have crater retention ages of ~1-3 Ma, while those in

the southern intra-crater dunefields appear to be no older than
~100 Ka. Reiss et al. (2004) estimated that the transverse dunes in
the valley floor of Nirgal Vallis ceased to be active approximately
1.4-0.3 Ma ago.

4.4. Observations from Zhurong rover and implications

4.4.1. Ground observations of TARs

The Zhurong rover has carried out close-up observations on the
TARs (Fig. 7). The panoramas produced from the NaTeCam images
show most of their surfaces to be very smooth at a decimeter
scale, whereas the surrounding terrain is rough and rocky. It is
observed from the panoramas that a small number of rocks are
perched on the rugged bedrock surface (Fig. 7a, c), while most are
partially buried below the surface. Zhao et al. (2021) derived an
AMA of 757 £ 66 Ma for bedrock substrate that dominates the
central and eastern parts of the Zhurong landing area. Further, a
local resurfacing process in the Amazonian period was proposed
due to the large discrepancy between their estimate and the es-
timated model age of the Vastitas Borealis Formation (VBF) unit
(Zhao et al., 2021). These exposed rocks might represent the prod-
uct of the resurfacing process that occurred 757 £+ 66 Ma ago. The
superposition relationship between the rocks and the TARs reveals
the last activity of the TARs postdates the formation of the under-
lying bedrock, and thus that the TARs should be younger than 757
+ 66 Ma.

TARs are bright-toned in HiRISE images (Fig. 1c and d); how-
ever, ground observations from the NaTeCam (Fig. 7a and g) shows
there are visible variations in tone on the surface of the TARs. The
sharp crests are usually dark-toned, while the flanks are generally
bright with interlaced black materials. MSCam images reveal the
ground to be covered with pebbles and cobbles (~4-50 cm) (Fig. 7¢
and d) and the dark-toned surfaces are armored by granules (~1.5
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Fig. 6. Averaged AMA of the TARs in the Zhurong rover landing area.

mm in diameter) (Fig. 7e and h). The particle sizes of the light-
toned surfaces cannot be resolved at a millimeter scale (Fig. 7f and
i). MSCam spectra of these bright-toned materials, dark-toned ma-
terials, and granules have similar features (Supplementary Figs. 5),
indicating they probably derive from the same source.

Based on the morphometric characteristics and the mantling
of granules on the surface, the TARs in the landing area of
the Zhurong rover should be categorized as megaripples when
the recommendations for Mars’ aeolian bedform terminology are
adopted (Day and Zimbelman, 2021). In-situ observations from
other rovers also suggest that TARs are probably megaripples. For
instance, a relatively small TAR traversed by the Curiosity rover
at Dingo Gap is thought to be a megaripple due to a mantling
of large grains (1-2 mm in diameter, well-rounded particles) that
are too massive to be activated by saltation (Zimbelman and
Foroutan, 2020; Bretzfelder and Day, 2021). The gravel- or granule-
mantled megaripples in the Gusev crater and Meridiani Planum
observed by the Mars Exploration Rovers (Spirit and Opportunity)
resemble larger nearby TARs, and it was suggested that the TARs
might also be granule-mantled megaripples (Sullivan et al., 2005;
Jerolmack et al., 2006; Balme et al., 2008; Sullivan et al., 2008,
2014).

4.4.2. Measurements of local winds

Bimodal winds that could have contributed to the symmetri-
cal profile of the bedform of a TAR (Zimbelman and Foroutan,
2020) have been recorded by the MCS onboard Zhurong rover. A
southerly prevailing wind in the morning (Fig. 8a) switching to
a northerly prevailing wind in the afternoon (Fig. 8b) were ob-
served during the northern spring-summer transition period (Ls:

50°-95°). The average speed of the northerly wind is a little
stronger than that of the southerly one (Fig. 8a-b). During the
northern summer-autumn transition period (Lg: 119°-149° and
152°-181°), the MCS carried out measurements only in the morn-
ing and recorded the wind mostly blowing from the south (Fig. 8c)
and southwest (Fig. 8d). A more detailed illustration of wind speed
and direction shown at different time intervals can be found in
Supplementary Figs. 6-9 and Supplementary Tables 1-3.

According to the Mars Climate Database (MCD) (Lewis et al.,
1999), a database of meteorological fields derived from General
Circulation Model (GCM) numerical simulations of the Martian
atmosphere and validated using available observational data, the
local surface wind fields in the Zhurong landing area experience
significant seasonal and diurnal fluctuations (Fig. 8e). The strongest
wind blows from south in the morning but switches to the north
in the afternoon (Fig. 8e) during the northern spring-summer and
summer-autumn transitions.

The rover’s in-situ MCS measurements are consistent with the
wind fields in the MCD, indicating the MCD has been better val-
idated and are more trustworthy. The MCS/MCD agreement in-
creases confidence that the MCD output is a realistic wind field.
Thus, the output of the wind fields from the MCD during the
Zhurong-unmeasured seasons (e.g., norther winter) is extremely
helpful in the context of inferring the formation and evolution of
TARs.

Analysis of the orientations of the crest-ridges of TARs shows a
predominantly west-east trend (Fig. 5), which suggests that their
formation in this region is driven primarily by regional winds.
The morphologies of the TARs imply the winds blew mostly from
the north (see Section 4.2). The Zhurong rover only measured the
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Fig. 7. NaTeCam (a, b, g) panoramas and MSCam color images (red: 650.6 nm, green: 526.4 nm, blue: 481.3 nm) (c, d, e, f, h, i) of two barchan TARs observed by the Zhurong
rover. The TAR shown in (a) is ~200 m southwest of the landing point, with a bedform height of ~1.1 m, a downwind profile width of ~8.2 m, and a crest-ridge length of
~43.3 m. The TAR shown in (g) is ~732 m south of the landing point, with a bedform height of ~1.2 m, a downwind profile width of ~12.2 m, and a crest-ridge length of
~67.7 m. HiRISE images of the two TARs are shown in Fig. 1c and d. The MSCam image is ~25 cm across.

wind fields for the northern spring-summer and summer-autumn
transitions (Fig. 8a-d), which are Mars’ low wind seasons. Pre-
vious studies (orbital and ground-based) have demonstrated that
little sediment transport occurs outside of the northern winter
(dust storm season) (e.g., Ayoub et al., 2014; Bridges et al., 2017;
Baker et al., 2018). Consequently, it seems unlikely that the rover
measured winds reported here could be responsible for a signif-
icant net sediment transport to the south, whereas the Zhurong-
unmeasured strong and dominant northern winter northerly winds
might (Fig. 8e).

4.4.3. Implications for TARs evolution

The TARs-forming northerly winds as inferred from TARs mor-
phology/morphometry (see Section 4.2) and the modern strong
winter northerly winds are similar, indicating the prevailing winds
in the landing area have not changed notably since TARs formed
and the TARs might be still evolving. It is understood from the
morphology that barchan TARs are predominant and forked TARs
are rarely observed in this region. According to a study on the mul-
tistage evolution of TARs (Nagle-McNaughton and Scuderi, 2021),
it is inferred that the TARs in the landing area should survive for
a significant time (i.e., in the order of millions of years) before
evolving into other morphologies. It means that the TARs might

be subjected to erosion under current Martian climate conditions
when a secondary crest-ridge morphology that differs from the
present barchan TARs develop gradually. NaTeCam panoramas from
the rover indeed observed TARs with secondary NW-SE trending
crest-ridges are developing as bifurcations (Fig. 9a and d). This im-
plies that forked TARs might form after a long enough time (i.e.,
in the order of millions of years) under modern climate conditions
(especially the strong northerly winds during the winter, Fig. 8e).
MSCam images (Fig. 9b and c) also confirm the presence of gran-
ules on the surfaces of these secondary TARs.

The sparse spatial distribution and relatively stable bedforms of
the TARs in the landing area indicate that the modern winds seem
unable to mobilize the TARs. There are three possible scenarios to
explain the immobility of the TARs: (i) the modern aeolian activity
might have weakened; (ii) the surfaces of the TARs might have
been indurated/cemented by salt; (iii) the surfaces of TARs might
have been stabilized by dust.

In the first scenario, the developing of secondary NW-SE trend-
ing crest-ridges as bifurcations indicates there might be still active
saltation of sands on these secondary TAR crests under modern
climate conditions, and these aeolian activities cannot mobilize
the primary TARs due to the mantling of granules, i.e., the mod-
ern winds might have weakened such that particles once mobile
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wind speeds +/— one standard deviation. The red mark between 10:00 and 11:00 on the abscissa indicates the main observation time of the rover during the spring-summer
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on the primary TARs have become immobile. During the Zhurong
rover’s traverse to the south, it has observed there are craters that
were/are infilled by aeolian sediments (Supplementary Fig. 10), in-
dicating that much of today’s Martian surface is still actively being
modified by aeolian activities.

In the second scenario, various geological features in the land-
ing area, including ghost craters, troughs, pitted cones, and lay-
ered ejecta craters, indicate the possible presence of volatiles (e.g.,
water/ice) in the shallow subsurface. The analysis of the in-situ
measured spectra reveals there are hydrated sulfate/silica materials
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Fig. 9. NaTeCam panoramas (a, d) and MSCam color images (b, c) (red: 650.6 nm, green: 526.4 nm, blue: 481.3 nm) of two TARs with secondary NW-SE trending crest-ridges.
The TAR shown in (a) is ~732 m south of the landing point, with a bedform height of ~0.7 m, a downwind profile width of ~8.5 m, and a crest-ridge length of ~58.5 m.
The TAR shown in (d) is ~1223 m southeast of the landing point, with a bedform height of ~0.7 m, a downwind profile width of ~8.2 m, and a crest-ridge length of ~54.2
m. HiRISE images of the two TARs are shown in Fig. 1e and f. The MSCam image is ~25 cm across.

on the Amazonian terrain at the Zhurong landing area, indicat-
ing a more active Amazonian hydrosphere than previously thought
(Liu et al., 2022). In addition, cracks, which occur due to thermal
contraction or loss of materials (particularly volatiles), are also ob-
served on the flanks of the TARs (Fig. 9b). Therefore, the surface
of the TARs might have been indurated/cemented by those inter-
granular water-bearing minerals.

In the third scenario, the threshold wind speed required to mo-
bilize dust is much higher than that necessary to transport sand
(and in fact, vigorous saltation of sand is thought to be a pre-
requisite to splash dust into suspension) (Kok et al., 2012). Since
landing on Mars, Zhurong rover has been constantly exposed to
Martian winds and dust. A thin layer of dust has accumulated on
the Zhurong rover, e.g., calibration plate (Supplementary Fig. 11a-
b). Dust deposition is a common phenomenon on Mars surface, it
was also observed on NASA rovers’ calibration plates, e.g., Oppor-
tunity and Spirit (Supplementary Fig. 11c-f). Although the MSCam
does not directly observe a thin or thick veneer of dust on the
surfaces of TARs, the close-up images of the rocks show the top
of one rock is covered by a moderately thick dust (Fig. 7c) and
the windward face of another rock is full of grooves (Fig. 7d) that
probably were shaped by abrasion. These observations reveal that
the past aeolian activities were strong and the dust deposition is
common in present climate conditions. It’s inferred from the dust
cover index (DCI) value (<0.94) (Ruff and Christensen, 2002) that
the TARs in the landing area might be in a ‘heavily dust covered’
state. Considering the implication of DCI value and the observed
dust deposition on both the calibration plate and rocks, it's pro-
posed that a moderately thick veneer of dust on the surfaces of
TARs alone might result in the demise of a previously active bed-
form.

Since the formation and migration of TARs is not completely
understood, the immobility of the primary TARs is probably ex-
plained a combination of the above mentioned three scenarios. To
validate the immobility of the TARs, a series of high-resolution im-
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ages, such as multi-temporal HiRISE images, are needed to estab-
lish whether the morphology and position of TARs have changed
with time.

5. Conclusion

A total of 5089 TARs were identified from a HiRISE orthoimage
that covers the landing area of the Zhurong rover, with barchan
TARs (97.6%) representing the predominant type. These small and
symmetrical TARs are the dominant aeolian landforms in this re-
gion, with crest-ridge lengths of 33.9 + 20.5 m, profile widths of
9.4 + 3.8 m, profile heights of 0.4 + 0.4 m, profile symmetry dis-
tances of —0.1 &+ 1.1, profile symmetry ratios of —0.01 £ 0.13 m,
profile slopes of 4.5 &+ 2.5°, bedform heights of 0.7 + 0.7 m, and
base areas of 369.6 (+580.4/-369.6) m2. The profile height-width-
ratio values (0.04 £+ 0.02) are much closer to those of terrestrial
megaripples than to reversing dunes and traverse dunes.

NaTeCam panoramas reveal the sharp crests of TARs to be dark,
and the flanks are interlaced bright and dark. MSCam images re-
veal that the crests are covered by granules of ~1.5 mm in diam-
eter. These in-situ observations and morphometric characteristics
suggest that the TARs in the landing area should be categorized as
megaripples.

The orientations of the crest-ridges of the TARs show predomi-
nantly west-east trends, suggesting they had a common formation
history, and their formation was controlled primarily by regional
large-scale northerly winds. An approximate model age estimate
by the buffered crater counting (BCC) technique reveals the forma-
tion epoch, or the last active period of the TARs was during the
Late Amazonian, i.e., 1.0*_’8:% Ma. Given the sample size, the very
small surface area, and the very small scale of craters considered
here, there is large uncertainty of the reported model age.

Meteorological data measured in-situ reveal bimodal winds in
the landing area during the spring-summer transition period (Ls:
50°-95°). The average speed of the northerly wind in the after-
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noon is a little stronger than that of the southerly wind in the
morning. In the morning of the northern summer-autumn tran-
sition period (Ls: 119°-149° and 152°-181°), the Zhurong rover
observed the wind mostly blowing from the south and the south-
west. These observations are consistent with the wind fields from
the Mars Climate Database (MCD), suggesting that the winds have
not changed notably since TARs formed and that the TARs should
be stable for quite a long time before evolving into other mor-
phologies. NaTeCam panoramas of two TARs with secondary NW-
SE trending crest-ridges imply that forked TARs might form given
enough time (i.e,, in the order of millions of years) under modern
wind conditions (i.e., the TARs may currently be reworked, if only
extremely slowly).
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