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S. Silvestro™? (), M. Chojnacki** (), D. A. Vaz® (2, M. Cardinale® (2, H. Yizhaq” (2,

and F. Esposito”

INAF Osservatorio Astronomico di Capodimonte, Napoli, Italy, 2SETI Institute, Mountain View, CA, USA, 3Lunar and
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Earth and Space Research of the University of Coimbra, Observatério Geofisico e Astronémico da Universidade de
Coimbra, Coimbra, Portugal, ®DiSPUTer, D'Annunzio University, Chieti, Italy, 7Department of Solar Energy and
Environmental Physics, BIDR, Ben-Gurion University of the Negev, Beersheba, Israel

Abstract Aeolian megaripples, with 5- to 50-m spacing, are abundant on the surface of Mars. These
features were repeatedly targeted by high-resolution orbital images, but they have never been observed to
move. Thus, aeolian megaripples (especially the bright-toned ones often referred as Transverse Aeolian
Ridges—TARs) have been interpreted as relict features of a past climate. In this report, we show evidence for
the migration of bright-toned megaripples spaced 1 to 35 m (5 m on average) in two equatorial areas on Mars
indicating that megaripples and small TARs can be active today. The moving megaripples display sand
fluxes that are 2 orders of magnitudes lower than the surrounding dunes on average and, unlike similar
bedforms on Earth, can migrate obliquely and longitudinally. In addition, the active megaripples in the two
study areas of Syrtis Major and Mawrth Vallis show very similar flux distributions, echoing the similarities
between dune crest fluxes in the two study areas and suggesting the existence of a relationship between
dune and megaripple fluxes that can be explored elsewhere. Active megaripples, together with high-sand
flux dunes, represent a key indicator of strong winds at the surface of Mars. A past climate with a denser
atmosphere is not necessary to explain their accumulation and migration.

Plain Language Summary Similar to what is found in deserts on Earth, the wind has
accumulated sandy landforms (bedforms) on the Martian surface, such as dunes and ripples. Ripples on
Earth are mostly spaced at ~10 cm, but a particular kind of ripples called “megaripples” can be 30 cm to tens
of meters spaced. Megaripples have coarse sand grains (>1 mm) accumulated at their crests, so only strong
winds can move them. Mars has a faint atmosphere, and according to computer models, winds able to
mobilize coarse sand grains are not predicted to blow at the surface. Thus, Martian megaripples are often
considered to be static relics of a past climate where the atmosphere was denser. Here we show the first
evidence for the movement of bright megaripples on Mars showing that some of these bedforms can be
active today and do not require past climatic states for their origin as has been assumed.

1. Introduction and Study Areas

Aeolian sand ripples are widely studied to constrain the wind environment at the surface of Mars and to
interpret its stratigraphic record (Banks et al., 2018; Diniega et al., 2017; Lapotre et al., 2016a; Vaz &
Silvestro, 2014). Due to the peculiar physical characteristics of the Martian atmosphere (Kok et al., 2012;
Lapotre et al., 2018; Siminovich et al., 2019; Sullivan et al., 2018), ripples on Mars are 1 order of magnitude
larger than their terrestrial counterparts and are thus visible on high-resolution submeter orbiter images
(Bridges et al., 2007). Thus, the aeolian environment in many areas of Mars can be characterized remotely
and key geological parameters such as sand flux and erosion rates can be computed (Banks et al., 2018;
Bridges et al., 2012a, 2017; Chojnacki et al.,, 2019; Diniega et al, 2017; Runyon, Bridges, &
Newman, 2017). On the other hand, with sparse in situ sedimentological data, the characterization and clas-
sification of the bedforms covering the surface of Mars is much more challenging. For instance, a proper
granulometrical analysis is key to distinguish two classes of ripples on Earth: normal ripples and megarip-
ples (Figure 1) (Greeley & Iversen, 1985; Lancaster, 1995; Yizhaq, Katra, Isenberg, & Tsoar, 2012; Yizhaq
et al., 2019). Normal terrestrial ripples, up to 30 cm spaced, form in unimodal sand (0.1-0.3 mm), while
megaripples, 30 cm to 43 m spaced, form in in bimodal sand and are located where the coarser sand fraction
tends to accumulate between dunes (Figure 1) (Bagnold, 1954; Milana, 2009; Sharp, 1963; Yizhaq, Katra,
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Figure 1. Aeolian bedforms on Earth and Mars. (a) Normal ripples and megaripples over a dune in Morocco (Merzouga).
Normal ripples are ~20-25 cm spaced, while megaripples are ~60-70 cm spaced. Photo by H. Yizhaq. (b) Aeolian bed-
forms in Proctor crater on Mars where large ripples (LRs) sculpt the slope of a dune. Bright TARs are visible in the
interdune. HiRISE PSP_003800_1325, NASA/ JPL/University of Arizona.

Kok & Isenberg, 2012; Yizhagq et al., 2019). Coarse grains (>1 mm) accumulating on the crest of megaripples
form a stable wind-resistant armoring layer so, despite their smaller size compared to larger bedforms such
as sand dunes, megaripples are less mobile (Hugenholtz & Barchyn, 2017; Isenberg et al., 2011; Yizhaq &
Katra, 2015). Megaripple dynamics have only been monitored at a few sites on Earth and their migration
can be associated with very strong wind events (Hugenholtz & Barchyn, 2017; Isenberg et al., 2011;
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Figure 2. Study area. (a) Nili Fossae regional context. (b) Nili Fossae HiRISE image footprints location. (¢) McLaughlin
regional context. (d) McLaughlin HiRISE image footprints location. (a, c) MOLA elevation gridded map and (b, d) CTX
image mosaic.
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Figure 3. Study bedforms. (a, b) Nili Fossae. (c) McLaughlin crater. (a, b) HiRISE ESP_047094_2015 and (c)
PSP_009814_2020.

Lorenz & Valdez, 2011; Milana, 2009; Sakamoto-Arnold, 1981; Yizhagq et al., 2019; Zimbelman et al., 2009).
On Mars, aeolian bedforms of large ripples (LRs) and Transverse Aeolian Ridges (TARs) are typically
classified based on measurements of wavelength and albedo through remote sensing, as sedimentological
data from the surface are limited (Bourke et al., 2010; Lapotre et al., 2016a; Malin & Edgett, 2001;
Silvestro et al., 2016a; Zimbelman et al., 2013).

Martian LRs are 1-5 m spaced and 0.1-0.4 m tall (Lapotre et al., 2018; Silvestro et al., 2016a; Sullivan
et al., 2008). LRs normally sculpt the slopes of sand dunes or accumulate as isolated patches in topographic
lows (Bridges et al., 2007; Sullivan et al., 2008). LRs, active in the present-day Martian climatic setting
(Bridges et al., 2013; Geissler et al., 2012; Silvestro et al., 2010), have been interpreted as normal impact rip-
ples (Sullivan et al., 2008; Sullivan & Kok, 2017) or fluid-drag ripples (Lapotre et al., 2016a, 2018).
Bright-toned bedforms with wavelength ranging from ~6 to ~140 m and height ~0.3 to ~6.4 m were initially
named TARs as the exact process behind their formation has been debated (Bourke et al., 2003;
Geissler, 2014; Geissler & Wilgus, 2017; Hugenholtz et al., 2017; Shockey & Zimbelman, 2012; Zimbelman
et al., 2013). When found together, dark dunes overlay and often migrate over TARs and, despite inspection
for activity within image pairs spaced up to 2 or 3 MYs by numerous researchers, they have never been
reported to migrate (Balme et al., 2008; Banks et al., 2018; Berman et al., 2018; Bridges, Bourke, et al., 2012;
Bridges et al., 2013; Chojnacki et al., 2014). Thus, TARs have been widely considered to be remnant land-
forms from a prior climate and obliquity, a scenario confirmed in several areas of Mars by the local super-
position of craters and fractures (Berman et al., 2018; Edgett & Malin, 2000; Kerber & Head, 2012; Malin
& Edgett, 2001; Reiss et al., 2004; Sullivan et al., 2008; Zimbelman et al., 2013). Certain smaller bedforms
with wavelengths of 5-15 m overlap with small TARs and have been commonly interpreted as megaripples.
These bedforms have lower albedo than TARs and are often found together and in continuity with dark
dunes (Fenton, 2005; Silvestro et al., 2011; Zimbelman, 2010, 2019). Thus, megaripples are considered
younger than larger TARs, where saltating sand is suspected to keep them active in the long term (Balme
et al., 2008; Berman et al., 2011; Silvestro et al., 2011; Zimbelman, 2019). It may be the presence of moving
dunes, providing a source of saltators capable of displacing larger grains by impact-driven creep (Kok
et al.,, 2012), seems a necessary condition to keep the coarser grained megaripples active (Berman
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Figure 4. Megaripple wavelength in the study areas. (a) Example of wavelength manual computation over a field of
megaripples in McLaughlin crater. (b) Wavelength distributions for Nili Fossae and McLaughlin megaripples. HiRISE
ESP_045312_2020.

et al., 2011). However, at the time of this writing, only limited orbital evidence for Martian megaripple
activity has been reported (Chojnacki et al., 2019); thus the degree, mode, and context of Martian
megaripple dynamics are unknown at present (Berman et al., 2011, 2018; Chojnacki et al., 2019). It
should be emphasized that a clear distinction between megaripples and TARs is frequently absent as
these features can be found in continuity often with a wide range of albedo (Silvestro et al., 2011;
Zimbelman, 2010, 2019).

Here we report on dune-associated sand ripples located in Nili Fossae and McLaughlin crater, which show
bedform spacings of up to 35 m (5 m on average) and a range of albedos (moderate to bright toned)
(Figures 2-4). Based on the study bedforms' greater spacing and perceived greater albedo relative to
decameter-scale dark ripples, along with comparisons with terrestrial megaripples that are also found in
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Table 1

Image Acquisition Parameters for the HiRISE Images Used to Track Dune and Megaripple Migrations

Nili fossae (AT = 9.38 Earth years)

Orbit ID

PSP_003086_2015_RED_A_01_ORTHO (T1) ESP_047049_2015_RED_A_01_ORTHO (T2)

Source image ID
Acquisition Date
Local Mars Time
Resolution

Emission angle
Phase angle

Solar incidence angle
Solar longitude
Subsolar azimuth

PSP_003086_2015 ESP_047049_2015

24 March 2007 9 August 2016

15:38 15:21

25 cm/pixel 25 cm/pixel

7.4° 0.3°

55.5° 57.6°

62° 58°

206.4°, northern autumn 200.8°, northern autumn

339.6° 339.7°

McLaughlin Crater (AT = 7.57 Earth years)

Orbit ID

Source image ID
Acquisition date
Local Mars Time
Resolution

Emission angle
Phase angle

Solar incidence angle
Solar longitude
Subsolar azimuth

PSP_009814_2020_RED_A_01_ORTHO (T1)
PSP_009814_2020

ESP_045312_2020_RED_A_01_ORTHO (T2)
ESP_045312_2020

30 August 2008 27 March 2016

15:26 15:07

25 cm/pixel 25 cm/pixel

1.6° 0.9°

49.2° 42.8°

48° 44°

119.9°, northern summer 128.4°, northern summer

16.3° 11.0°

stoss or interdune areas (Sharp, 1963), we will refer to these as megaripples hereafter (Hugenholtz
et al., 2017; Zimbelman, 2010). The study megaripples are located close to high-flux dunes in Nili Fossae
(~200 km NW from the National Aeronautics and Space Administration (NASA) 2020 Rover landing site,
Figures 1a and 1b) and McLaughlin crater (~200 SW from the ESA-ROSCOSMOS ExoMars Rover landing
site, Figures 2c and 2d) (Bhardwaj et al., 2019; Chojnacki et al., 2018, 2019; Pajola et al., 2017). Dunes in
Nili Fossae are migrating toward the NW wall of an ~600-m-deep graben and are interpreted to be driven
by anabatic northeasterly winds blowing from the Isidis Basin (Figures 2a and 2b) (Chojnacki et al., 2018,
2019). McLaughlin crater is an ~2-km-deep Noachian impact basin situated at the dichotomy boundary
SE of Chryse Planitia (Figure 2c). Dunes and megaripples are accumulated in the southern portion of the
crater floor by dominant winds from the N in an area of increased surface roughness due to the ejecta
deposit of an ~25-km crater nearby (Figure 2d) (Davis et al., 2019). By analyzing a series of multitemporal
High Resolution Imaging Science Experiment (HiRISE) images (McEwen et al., 2007) (Table 1), we test
the hypothesis that megaripples associated with active dunes could be active in the present-day
atmospheric setting.

2. Materials and Methods

Dune and megaripple morphologies were studied on HiRISE images (0.25-0.5 m/pixel) (McEwen et al., 2007)
(Table 1). Background images were Context Camera (CTX) image mosaics (Malin et al., 2007) downloaded at
http://murray-lab.caltech.edu/CTX/tiles/beta01/ (Dickinson et al., 2018). Ripple wavelengths (w,) were
computed by manually tracing the perpendicular line connecting subsequent ripple crestlines in ArcMap®
(Figure 4). Ripple half-height (h,) was then derived using the relationship h,. = w,/20 (Bridges et al., 2012b;
Runyon, Bridges, & Newman, 2017). Dune lee faces were mapped as lines at the base of the dunes and mega-
ripple crestlines were mapped in ArcMap® on the Time 1 (T1) images (Table 1) in both study areas and the
directional trend (0-179°) derived for each of the mapped lines (Figure 5). Megaripple and dune trends were
plotted at the edge of a circular diagram using the programming language R. In the center of the diagram, we
plotted statistical parameters for megaripple morphology, such as circular directional mean and standard
deviation (Figures 5a and 5b insets).
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Figure 5. Bedform morphology in Nili Fossae. (a) Dunes show two slip faces with different trends (inset on the bottom
left) showing a complex arrangement (see circular plot on inset at the top right). (b) Megaripple areas mapped on
HiRISE and distribution of the crestline trends (inset). (c) Mapped megaripples with the crests colorized by their trend
values. (a—c) HiRISE ESP_047094_2015.

Dune migration was computed semiautomatically in a Geographic Information System (GIS) environment
using overlapping HiRISE images of the study areas. The HiRISE image pairs were acquired with similar sea-
son and lighting parameters making them suitable for change detection (Table 1).

In Nili Fossae images were used from Earth year (EY) 2007 (T1, Martian year—MY 28) and 2016 (T2, MY 33)
(AT = 3,425 days = 9.38 EY) while in McLaughlin crater from 2008 (T1, MY 29) and 2016 (T2, MY 33)
(AT = 2,765 days = 7.57 EYs) (Table 1). The bases of dune lee sides over the T1 and T2 HiRISEs were mapped
and the displacement vectors connecting the mapped lines derived assuming a perpendicular migration
(Figure 6a) (Cardinale et al., 2016; Vaz et al., 2015; Vaz & Silvestro, 2014). Migration vectors were then con-
verted to flux vectors by multiplying the migration rates to the dune heights derived from HiRISE digital terrain
models (DTMs) at the slip face brink heights following the method of Urso et al. (2018) leading to the dune crest
fluxes in m* m™ yr* as defined by Vermeesch and Drake (2008). Note that this method of computing total
sand fluxes, avoiding to track small slipfaceless dunes (Davis et al., 2019), is different than other authors and
is not directly comparable (Bridges et al., 2012a; Chojnacki et al., 2018, 2019; Runyon, Bridges, &
Newman, 2017). The process of orthorectification of the monitoring images was performed in SOCET SET®
BAE Systems photogrammetry software (Kirk et al., 2008) following well established methods and procedures
(Chojnacki et al., 2018). HiRISE DTMs and image are summarized in Table S1 in the supporting information.

Dune, megaripple, and ripple changes were manually inspected using overlapping HiRISE long-baseline (5
MYs) orthoimages. Ripple migration was quantified by using the “Co-registration of Optically Sensed
Images and Correlation” (COSI-Corr) tool suite (Leprince et al., 2007), which produces a dense vectorial
map of ripple migration (Ayoub et al., 2014; Bridges et al., 2012a; Cardinale et al., 2016). Ripple displacement
maps at the resolution of 4 m/pixel were produced by using the T1-T2 image pairs (Table 1) using a window
size of 70 pixels, a step of 16 pixels, and a search range of 15 pixels, ideal values for detecting ripple displace-
ments on HiRISE data (Figure 6b) (Bridges et al., 2012a; Cardinale et al., 2016; Silvestro et al., 2016a). The
COSI-Corr maps were further improved by removing long-wavelength jitter artifacts by computing jitter
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Figure 6. Bedform migration in Nili Fossae (see also Animation S2). (a) Example of dune displacement computation. (b) Example of COSI Corr megaripple
displacement measurement (uncleaned data in inset). (c) Circular plot showing the directional and magnitude distribution of the dune migration vectors (rates
and fluxes) shown in panel (a). (d) Circular plot showing the directional and magnitude distribution of the megaripple rate and flux vectors. (a, b) HiRISE
ESP_047094_2015.

residuals on bedrock areas and by subtracting these values to the masked dune area (Figure S1) (Silvestro
et al., 2016a, 2016b). However, due to the long time span covered by the HiRISE data, and the high fluxes
of the selected sites (Chojnacki et al., 2018, 2019), the smaller LRs migrated too fast to be tracked by
COSI-Corr. Thus, LR displacement measurements over the dune slopes are noisy (or absent) (Figure 6b
inset). We filtered out most of these bad data using the signal-to-noise ratio (SNR) map, which is an
output of the COSI-Corr correlation process and by manually selecting suitable measurements, which, in
our case, are associated to the relatively slow migrating megaripples (Figure 6b). Using this method, we
were able to measure megaripple migrations at the subpixel scale (<0.25 m) (Ayoub et al., 2014; Bridges
et al., 2012a). COSI-Corr displacement data were then used to derive megaripple migration rates (m yr™ "),
whereas fluxes (m® m™ yr™!) were obtained by multiplying the migration rates to the previously
mentioned average heights (Table 2). Megaripple patches were mapped in discrete polygons within
ArcMap (Figure S2a) and displacement magnitudes derived with COSI-Corr. These results in turn were
further compared with manual measurements computed by tracing the T1-T2 megaripple crestlines on
20% of the megaripple patches for a total of 1,413 polygons (344 in Nili Fossae and 1,069 in McLaughlin)
(Table 2 and Figure S2). Dune and megaripple displacement vectors were then plotted on rose diagrams
using the prebuilt package Openair in R (Figures 6c and 6d).

3. Results

3.1. Nili Fossae Bedforms

Dunes in Nili Fossae have a barchanoid form with two slip faces, which yield a triangular shape to the dunes
(Figures 3a, 3b, and 5a inset). Dunes are 5.5 m tall on average (measured on HiRISE DTM) and up to 260 m
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Figure 7. Bedform morphology in McLaughlin crater. (a) Study area and directional distribution of the mapped lee sides
(inset). (b) Bright-toned active megaripples partially covered by the dune sand. (c) Active megaripples lagging behind the
stoss side of a dune, unlike the panel b examples, these megaripples are part of the main dune body. (a—c) HiRISE
ESP_045312_2020.

in length. The main dune slip faces dip toward the NW and together with the orientation of the wind streaks
indicate the primary formative winds are blowing from the SE (Figures 2b, 3a, and 3b). However, the
presence of additional slip faces trending NE-SW (inset in Figure 5a) indicates a more complex wind
regime. On average, dune trends at 22 + 42° (all reported uncertainties correspond to 1o). The high
dispersion of the data is caused by the secondary slip face trends. Megaripples in Nili Fossae are located
along the flanks and stoss slopes of the dark dunes and are 1-117 m in cross-crest length (12.6 + 10.4 m)
(Figures 5b and 5c). In general, megaripple crests are slightly brighter in albedo than nearby dunes and
their crests continuously merge with LR crests (Figures 3a and 3b). Megaripple trends are multimodal
(5 £ 43.5°) as they appear to be strongly influenced by the dune topography (Figures 5b, 5b inset, and 5c).
In term of albedo and topographic setting, megaripples in Nili Fossae can be considered analogs to the
megaripples described in Meridiani Planum, Gamboa and Matara craters (Silvestro et al., 2011;
Zimbelman, 2019).

In the T1-T2 HiRISE image pair (Table 1), the migration of dunes, megaripples, and LRs are evident (Figure
S3 and Animations S1-S4). During the ~9.4 EYs spanned by the T1 and T2 HiRISE, dunes displaced on aver-
age 5.6 m toward the NW (0.2 to 16 m) (Figure 6a), while megaripples 1.2 m on average (6.7 m maximum)
(Figure 6b). These values translate to average migration rates of 0.6 and 0.13 m yr™* for dunes and megarip-
ples, respectively (Figures 6¢ and 6d and Table 2). On average megaripples in Nili Fossae are moving more
than 4 times slower than dunes, despite the former's significantly smaller height and volume. The megarip-
ple fluxes (0.04 m® m™" yr™') are on average 2 orders of magnitude lower than the dune crest flux
(34 m®> m~" yr™Y). This is the first time that megaripple movement is documented on Mars and that dune
and megaripple migration rates and fluxes are compared in the same area. Nili Fossae dune and megaripple
displacement vectors are compatible where both are migrating toward the WNW (Animations S1 and S2).
Some megaripples do not display a pure transverse migration as they are migrating obliquely or
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Figure 8. Bedform migration in McLaughlin crater. (a) Dune displacement computation. (b) COSI Corr megaripple displacement. (c) Circular plot showing the
distribution of the dune migration vectors (rates and fluxes) shown in panel (a). (d) Circular plot showing the distribution of the megaripple rate and flux vectors.

(a, b) HIiRISE ESP_045312_2020.

longitudinally (Animations S3 and S4). Other bedforms, lying below the dune sand, are completely static
(Animations S1, S2, and S4).

3.2. McLaughlin Crater Bedforms

Dunes in McLaughlin crater are asymmetric barchan and barchanoid in morphology with slip faces' trend-
ing EW at 91.2 + 31.8° (Figures 7a, 7a inset, and S4 and Animation S5). Such a crestline arrangement indi-
cates dune-shaping winds are mainly blowing from the north. Dunes are 11 m tall on average and up to
300 m in length (Davis et al., 2019). Colocated with the dunes, megaripples with variable albedo are visible
upwind and in between dunes (Figures 3c, 7b, and 7c¢). Megaripples are 0.5-100 m in length (8 + 6.5 m) and
can be much brighter than dune sand (Figure 3c). Many active bright-toned megaripples are located strati-
graphically below the dunes and their crests do not merge with the neighboring LRs (Figures 3c and 7b).
Similar bedforms have been classified in other works as TARs (Zimbelman, 2010, 2019). Other megaripples
in McLaughlin are darker and are part of the main dune body, with their crestlines continuously merging
with nearby LRs (Figure 7c). These latter examples are similar to the ones described in Nili Fossae and in
other areas of Mars (Silvestro et al., 2011; Zimbelman, 2010, 2019). However, the scenario described here
is an oversimplification. A clear distinction between bright- and dark-toned megaripples is not always pos-
sible due to the infilling of the dark sand in between megaripple crests, which also complicates the interpre-
tation of the stratigraphic relationships between dunes and megaripples. In addition, more complicated
bedform arrangements occur that deviate from what appears to be typical (e.g., bright-toned megaripples
in continuity with dune sand, Animation S6).

Despite rare exceptions (Animation S6), the megaripple crests and dune lee sides’ share similar orientations
and displacement directions, which suggest similar wind patterns (Figures 7a inset and 7d). TARs and
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Figure 9. Bright-toned megaripple (small TARs) migration in McLaughlin crater. White arrows indicate the same ripple
in the two subimages at T1 and T2 (Table 1). Note how the megaripple position changes compared to the reference
grid. Context on bottom-left insets. (a and b) Migration of megaripple defects surrounded by active dark sand inside an
~130-km-wide impact crater (same areas in Animations S10 and S11). Grid spacing is 5 m. (c and d) Megaripple

defect migration in between two dunes. Also the smaller (shorter-wavelength) megaripples are moving (Animation S13).
Grid spacing is 8 m. (e and f) Only the smaller (less spaced) elements of the megaripple fields are moving

(Animation S14). Grid spacing is 10 m.

megaripples migrated toward the south during the T1-T2 time span in agreement with their main EW crest
orientations (Figures 8 and 9 and Animations S5 and S7-S14). Locally, longitudinal megaripple migration
can be seen (Animation S6). Dunes moved on average 2.6 m toward the S (0.34 m yr~ ') while megaripples
moved 0.9 m (0.12 m yr') (Figure 8 and Table 2). On average, megaripples in McLaughlin crater
migrated ~3 time slower than dunes. Megaripple fluxes are, like in Nili Fossae, 2 orders of magnitude
lower than dune fluxes (3.4 and 0.04 m® m™* yr™* for dunes and megaripple, respectively) (Figures 8c and
8d and Table 2). In McLaughlin crater, even isolated bright-toned megaripple patches located in impact
craters are active (Figure 9a and Animations S10 and S11). This is a surprising result as these areas are
lower in the boundary layer and would be subject to less wind. In some cases, only the ripple defects
(terminations) that are proximal or directly in contact with active dark sand are moving (Figures 9a-9d
and Animations S10-S12). In other areas, part of the megaripple train is static, but the migration of the
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Figure 10. Dune and megaripple flux distributions. (a) Logarithmic plot of the dune median heights and respective median migration rate values for the two study
areas and for other dune fields on Mars. Isoflux lines are also plotted. Note the similarity between Nili and Mclaughlin dune median fluxes and how these
dunes have higher fluxes than other dunes on Mars. Bequerel values are computed from Urso et al. (2018), Gale values are computed using the same image
analyzed in Silvestro et al. (2016a, 2016b), and Herschel values are computed from Cardinale et al. (2016) (see also Figure S5). (b) Megaripple flux distributions for

the two study areas.

smaller (shorter-wavelength) elements suggest that even the larger features should be active in the long term
(Figures 9c-9f and Animations S13 and S14). Note the high albedo of the megaripples shown in Figure 9—
these bedforms have a clear resemblance to TARs (Fenton et al., 2003; Zimbelman, 2010).

4. Discussion
4.1. Megaripple Migration and Fluxes

In this paper, we present the first quantification of megaripple movement on Mars and show unambiguous
evidence for bright-toned megaripple (or TAR) migration. Zimbelman (2019) differentiate megaripples and
small TARs on the base of their albedo and wavelength, where the latter are brighter and have larger spa-
cing. Although, only a proper and widespread analysis of bedforms wavelength on Mars can help to high-
light differences (if present) between megaripples and TARs, our results show that not all the bright-toned
bedforms on Mars are relict of a past climate. As already suggested to explain the higher albedo of similar
bedforms elsewhere on Mars, the bright-toned appearance of active megaripples in McLaughlin crater could
be due to the accumulation of dust over slowly moving features such as the study megaripples (Silvestro
et al., 2011; Zimbelman, 2019). Alternatively, a coarse-grained component and/or a different grain composi-
tion compared to the nearby LRs could explain the higher albedo of megaripples.

The origin and nature of certain aeolian bedforms on Mars, and even on Earth, is an open and debated ques-
tion (Lammel et al., 2018; Lapotre et al., 2016a; Sullivan & Kok, 2017; Vaz et al., 2017). For instance,
dark-toned LRs have been interpreted as fluid drag ripples with wavelength scaling with atmospheric kine-
matic viscosity (and in turn with atmospheric pressure) (Lapotre et al., 2016a, 2016b, 2018). However,
despite being locally found in continuity with LRs (Ewing et al., 2017; Yizhaq et al, 2019;
Zimbelman, 2019), Nili Fossae and McLaughlin TARs and megaripples at greater spacings and heights do
not fit the fluid drag hypothesis (Lapotre et al., 2016a, 2018). Based on terrestrial studies, the coarse grains
(>0.5 mm) accumulating on megaripples associated with dunes (not lying on bare rock surfaces) move by
rolling and creep, and thus need smaller sand-sized saltators to be displaced (Bagnold, 1954; Bridges
et al., 2015; Kok et al., 2012; Yizhaq, Katra, Isenberg, & Tsoar, 2012). An ample supply of saltating sand
within the interdune areas are suggested by the presence of dunes that maintain their shape while moving
downwind. Looking at the plot in Figures 10a, we can see how dune fluxes in Nili Fossae and McLaughlin
are between 5 and 7 times higher than the ones measured with the same method in Gale and Becquerel
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Figure 11. Dune and megaripple migration rate comparison for COSI-Corr (a) and manual (b) measurements in the two
study areas. The megaripple fluxes are 2 orders of magnitude lower than dune fluxes (red isoflux lines). Note the
similarity between the COSI-Corr and manual measurements (see also Figure S6).

craters and ~3 times higher than the western Herschel dune fluxes (Figure S5) (Cardinale et al., 2016; Urso
et al., 2018).

Such a relatively high volume of mobile sand is providing enough energy to the coarse particles to be dis-
placed causing the megaripples to move at a rate detectable in the ~5 MY period of the study images. In
the heavily imaged Curiosity landing site in Gale crater, where only limited evidence of coarse sediment
(1-3 mm) was reported, megaripple migrations have not been detected so far (Bridges et al., 2017). We sug-
gest the dune fluxes in Gale, with megaripples of similar wavelengths than Nili Fossae and McLaughlin cra-
ter, are not high enough (Figure 10a) to produce detectable megaripple displacements on subsequent
HiRISE images. Conversely, the two study sites described here display relatively high dune fluxes compared
with Gale and other areas on Mars (e.g., Herschel and Bequerel) (Bridges et al., 2017; Cardinale et al., 2016;
Chojnacki et al., 2018, 2019; Silvestro et al., 2016a; Urso et al., 2018) (Figure 10a), suggesting that megaripple
migration reported herein was driven by impact-driven creep as the dominant process. In addition, the dune
crest fluxes in the study areas have similar distributions and medians as highlighted in Figure 10a and in
Table 2. Thus, with similar dune fluxes and in turn a similar amount of saltators available in Nili Fossae
and McLaughlin, we would expect comparable megaripple fluxes in the two study areas, which have mega-
ripples with comparable sizes (5-35 m) (Figure 4). Such a similarity is evident in Figure 10b reinforcing the
existence of a relationship between dune migration/fluxes and megaripple migration/fluxes at the dune field
scale. Thus, our results support previous interpretations of megaripples/TARs as analogs to terrestrial mega-
ripples where coarse grains are displaced by rolling/creep caused by saltating sand impactors (Foroutan
et al., 2018; Hugenholtz et al., 2017; Hugenholtz & Barchyn, 2017; Lapotre et al., 2016a). This coupling
between active sand and megaripple migration seems to be valid even locally, where only the megaripple
portions that are directly in contact with the dune sand are moving (Figure 9 and Animations S10 and
S11). In addition, our findings suggest that winds strong enough to saltate fine to medium sand-sized grains,
abundant on Martian dunes (Charles et al., 2016; Weitz et al., 2018), would be sufficient to displace the
coarse grains accumulating on the megaripple crests, given an abundance of saltating sand. However, the
wind conditions necessary to move and maintain the megaripples are not constrained at the two study sites.
Even at Gale crater only localized motion of coarse grains was detected by Curiosity, while megaripples
appeared static (Baker et al., 2018; Bridges et al., 2017). Terrestrial studies indicate that in general megarip-
ples are formed and shaped by strong winds (Lorenz & Valdez, 2011; Sharp, 1963) and that gusts of sufficient
strength to move these bedforms are highly energetic but intermittent, often associated with rare storm
events (Isenberg et al., 2011; Milana, 2009; Sakamoto-Arnold, 1981; Yizhaq & Katra, 2015). Being the most
resilient to movement among all aeolian bedforms (Hugenholtz & Barchyn, 2017; Sharp, 1963), finding
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megaripples migrating on Mars is surprising due to the low density of the present-day atmosphere and the
intermittency of sand-moving winds (Day & Rebolledo, 2019), especially in locations shielded by strong
winds such as craters (Figures 7b, 9a, and 9b) or downwind of tall dune lee faces (Animations S6 and S7).
A better understanding of the Martian atmosphere through modeling (even at high spatial scale, Jackson
et al., 2015) and more in situ wind measurements are still needed to explain the findings of this work.

Our results also show that the moving megaripples have fluxes that are 2 orders of magnitude lower than
dune fluxes on average as highlighted in Figure 11. The similarity between COSI-Corr (Figure 11a) and man-
ual megaripple flux measurements (Figures 11b and S6) highlights the robustness of our analysis (see also
Table 2). A low megaripple flux is expected due to the presumed different nature of the transport for dunes
and megaripples, namely, saltation/reptation for dunes (Bridges et al., 2012a) and impact creep for the mega-
ripples and LRs. LRs located on the dune slopes likely have higher fluxes than megaripples based on their
swifter migration rates. Unfortunately, LR fluxes cannot be computed in the study areas using the Table 1
images as these features moved too fast to be confidently tracked with COSI-Corr. When compared to LR
fluxes measured in other areas of Mars, we notice that the megaripple fluxes measured in this work are 2
orders of magnitude lower than LR fluxes measured in Nili Patera (Bridges et al., 2012a).

4.2. Megaripple Dynamic

In general, the megaripples we have analyzed in the two study areas show crestline orientations and vector-
ial migration azimuths consistent with dunes. Exceptions may occur with more complex megaripple
morphologies, such as star-shaped megaripple morphologies radially arranged around dunes (Animation
S3) and megaripples displaying oblique and longitudinal migrations visible in the COSI-Corr displacement
maps (Animations S3, S4, and S6). Thus, from a dynamic point of view, Martian megaripples in the study
areas are similar to LRs observed elsewhere on Mars and their flux might be slightly underestimated as
we are missing the oblique/longitudinal flux component (Runyon, Bridges, Ayoub, et al., 2017; Silvestro
et al., 2016a; Vaz et al., 2017). The intermittency of wind gusts above the threshold (Camola et al., 2019;
Day & Rebolledo, 2019), together with the large dimension of the Martian ripples, is proposed reasons to
explain oblique and longitudinal migration of Martian LRs (Silvestro et al., 2016a). This explanation should
be even more valid for megaripples, which we have demonstrated to move much slower than LRs and can
thus integrate a more complex wind signal (Ewing et al., 2014; Silvestro et al., 2016a).

Nontransverse megaripple orientations were observed on Earth in the Kumtag Desert of China close to topo-
graphic obstacles such as yardangs (Qian et al., 2012). However, megaripple dynamics and orientations com-
pared to primary winds were not documented (Qian et al., 2012). Even long-term (months) time-lapse
observations of megaripples in Egypt do not shown any oblique or longitudinal migration for ~30-cm-spaced
megaripples located over a saddle between two seif dunes (Lorenz, 2011). However, time-lapse monitoring of
aeolian bedforms is still at its infancy. The results of this paper can boost the research on the dynamical
behavior of megaripples on Earth and help to interpret analogous Martian features in terms of formative
winds. This is key for a better understanding of the present climate on Mars and an improved interpretation
of sandstone stratification in terms of paleo—flow directions.

5. Conclusions

In this work, we report and quantify the migration and sand fluxes of bright-toned megaripples on Mars. To
our knowledge, this is the first report of activity for this common class of aeolian bedforms including small
TAR-like landforms, which have previously been interpreted as dormant based on the lack of detectable
motion and other evidence (e.g., super position of craters and fractures) (Banks et al., 2018; Berman
et al., 2018; Bridges, Bourke, et al., 2012; Chojnacki et al., 2018; Silvestro et al., 2010; Sullivan et al., 2008).
The evidence for megaripple migration reported here indicates that not all the bright-toned megaripples
on Mars are relict of a past climate.

This study also found active megaripples are most readily identified in association with high-flux dunes,
implying a relationship between dune and megaripple fluxes. This offers a prediction that can be tested
for other known high flux dune sites (Chojnacki et al., 2019), which may host other active megaripples.
The close spatial correlation between the two bedform classes also suggests that, similarly to terrestrial
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megaripples, impact creep is the main transport process for megaripple formation and movement, although
confirmation of an exact grain transport mode must await in situ observations.

The computed average and median fluxes for megaripples are 2 orders of magnitude lower than dune fluxes,
likely reflecting the different mode of aeolian transport for megaripples and dunes. It is also prudent to
acknowledge that this type of detection was facilitated in part by the existence of long-temporal baseline
(~9 EYs and 5 MYs) repeat data sets such as NASA's MRO/HiRISE mission.

Locally, megaripples show oblique and longitudinal migration like the LRs over the dune slopes elsewhere
on Mars. This might reflect the capability for this type of bedform to incorporate a complex wind signal and
may be the result of the low gravity/density Martian atmospheric environment where sand transporting
events are rare compared to Earth. Future studies, potentially inspired by this work, might shed light on
the reasons that oblique and longitudinal megaripple migration is not found on Earth.

Finally, by extending the known size range of migrating aeolian bedforms in the contemporary Martian cli-
mate regime, the results reported here provide additional constraints for atmospheric and sand transport
modeling efforts, whose improvement represent key steps toward a better comprehension of the climate
of Mars.
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Supporting information is available in the online version of the paper, including supplemental figures and
animated GIFs. The data used for this investigation can be found at the HiRISE website (http://hirise.lpl.ari-
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