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Key Points:

e Sedimentary deposits were identified in Valles Marineris and interpreted as
ancient aeolian dune fields with a range of preservation states

e Their preservation indicates a complex history with periods of migration, burial,
stabilization, cementation, exhumation, and erosion

e Paleo-dune morphologies compared with modern indicators suggest no major
shifts in wind regime have occurred since their stabilization
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Descriptive headings for each section:

1. Introduction and motivation — introduction and motivation for the study, including a
broad overview of aeolian bedforms in the terrestrial and Martian geologic record.

2. Study region — a brief description of the Valles Marineris environment and geologic
record.

3. Overview of approach datasets and methods — details for our approach that include our
paleo-bedform identification criteria and various datasets used to constrain their properties
and geologic history.

4. Results — a description of paleo-bedforms in the study area including their geologic
context, thermophysical & compositional properties, comparison to modern dune fields,
and relation to the modern wind regime(s).

5. Discussion: synthesis of results and implications — the interpretations of our results with
a discussion related to constraints on paleo-wind regime(s), paleo-dune ages, and a
proposed sequence of events that led to their presevation and exposure.

6. Conclusions: a summary of results and their possible implications.
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ABSTRACT

Aeolian sediment transport, deposition, and erosion have been ongoing throughout Mars’ history.
This record of widespread aeolian processes is preserved in landforms and geologic units that
retain important clues about past environmental conditions including wind patterns. In this study
we describe landforms within Melas Chasma, Valles Marineris, that occur in distinct groups with
linear to crescentic shapes, arranged with a characteristic wavelength; some possess slope profiles
analogous to modern sand dunes, yet show evidence for lithification. Based on the features’
dimensions, asymmetry, and spatial patterns relative to modern equivalents, we interpret these
landforms to be two classes of aeolian bedforms: decameter-scale mega-ripples and sand dunes.
The presence of superposed erosional features and depositional units indicates these landforms
were cemented and likely ancient. Melas paleo-dunes are found atop Hesperian-aged layered
deposits, but we estimate them to be younger, likely lithified in the Amazonian period. Although
arange of degradation was observed, some paleo-dunes are >10 m tall and maintain steep lee sides
(>25°), an uncommon scenario for terrestrial examples as other geologic processes lead to dune
obliteration. The preserved paleo-bedform geometries are largely consistent with those of modern
aeolian indicators, suggesting no major shifts in wind regime or contributing boundary conditions.
Finally, we propose their appearance and context require sequential periods of dune migration,
stabilization following catastrophic burial, cementation, differential erosion, exposure, and burial.
The presence of wholly preserved duneforms appears to be more common on Mars compared to

the Earth and may signal something important about Martian landscape evolution.
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Plain Language Summary

Wind-driven sand dunes are common on modern Mars and the presence of certain sedimentary
rock layers indicates these landforms occurred there in the past. Here, we explore features in the
canyons of Valles Marineris which show characteristics frequently attributed to dunes, yet
evidence for their lithification and burial is clear. Their horizontal extent, height, shape, slopes,
and collective spatial patterns led to our interpretation of them as lithified dune fields. The heavily
eroded appearance along with superposed elements such as craters and boulders led to the
conclusion that these are relatively ancient landforms. Despite this erosion This level of
preservation is rare for terrestrial sand dunes due to erosion and tectonics, thus providing an
opportunity to reconstruct the various factors contributing to their history. Understanding the
circumstances that led to the preservation of these ancient duneforms will yield crucial information

regarding planetary sedimentary processes and the geologic history of the region.
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1.0 Introduction and motivation

Sedimentary rocks on Mars attest to a variety of aqueous and atmospheric processes
throughout its history. For example, rover investigations at Meridiani Planum and Gale crater have
firmly established that some of the ~3.7 Ga rock record is composed of sediment that was
transported by flowing wind and water, as evidenced by abundant cross-bedding and fine layering
(Squyres et al., 2009; Edgar et al., 2012, 2018; Grotzinger et al., 2012; Banham et al., 2018).
Across the surface other isolated occurrences that meet the morphologic criteria for dunes and
ripples are evident in orbital data, yet appear degraded and eroded (e.g., Edgett & Malin, 2000;
Burr et al., 2004; Durrant et al., 2017). Although full preservation of bedforms on Earth is
uncommon, the presence of impact craters and blocks on the surface of these bedforms suggests
they are well lithified (Greeley & Iversen, 1985; Kocurek & Ewing, 2012). Understanding the
physical properties and conditions that contributed to the formation and preservation of these
anomalous landforms will yield crucial information regarding sedimentary processes on Mars and
their contributions to the rock record.

Partially preserved ancient bedforms on Mars were reported earlier by Edgett and Malin
(2000) based on orbital image analysis of Apollinaris Sulci. That study described a field of
moderate albedo, crescent-shaped features with superposed craters that were interpreted as
exhumed paleo-dune field deposits (Edgett & Malin, 2000; their Fig. 23b). Similar, yet rare,
scenarios have occurred on Earth in which dune fields were rapidly flooded by lava or water, which
led to the preservation of dune morphologies (e.g., Mountney et al., 1999; Ahmed Benan &
Kocurek, 2000; Jerram et al., 2000; Waichel et al., 2008). Some of these remarkable examples
include largely intact stoss-to-lee morphologies of barchan and transverse dunes (Jerram et al.,

2000; Waichel et al., 2008). Without such events complete stoss and lee slopes of terrestrial
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bedforms are rarely preserved to such a high degree. Limited dune preservation occurs largely as
a result of bedform climbing as successive dunes first scour the surfaces of dune deposits on which
they encroach, often leaving behind only the basal 10-20% of dunes (Rubin & Hunter, 1982;
Kocurek, 1991). Other processes common on Earth but rare or absent for most of Mars’ history,
such as aqueous erosion, tectonics, and vegetation, also contribute to dune obliteration. Evidence
for a large-scale, non-destructive preservation process for Martian dunes provides an opportunity
to study the various geologic events which may have contributed to their preservation. Moreover,
well-preserved, cemented bedforms that retain their gross morphology allow ancient wind regimes
to be reconstructed and compared with modern aeolian indicators.

In this study we explore hypothesized landforms on Mars, termed “paleo- bedforms.”
These newly documented linear to crescentic, positive-relief features of a characteristic
wavelength, which are inferred to have formed by aeolian processes, are found in Valles Marineris
(see Section 2). To examine their geomorphology, we utilized High Resolution Imaging Science
Experiment (HiRISE; McEwen et al., 2007) images and derived topography (see Section 3). Here,
we seek to address key questions related to the nature of ancient bedform formation and their
subsequent modification history. The objectives of this paper are to (i) document the bedform
properties and spectral characteristics of paleo-bedforms in Melas Chasma, (ii) identify the
processes by which these bedforms were preserved, (ii1) constrain the geologic periods in which
paleo-bedforms formed, and (iv) infer paleo-flow regimes based on local and regional paleo-
bedform morphology.

2.0 Study Region
A prior global survey using HiRISE data revealed a wide distribution of areas hosting

candidate paleo-bedforms in various geographic contexts (e.g. craters, basins) (Chojnacki et al.,
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2018b). One of the most promising regions with well-preserved paleo-bedforms is within Valles
Marineris. Specifically, this study focuses on several deposits in Melas Chasma (10°S—14°S,
284°E-290°E; Fig. 1). Melas Chasma offers a range of paleo-bedform preservation states with
relatively dust-free surfaces that allow for spectral investigations.

Melas Chasma is located in central Valles Marineris, bounded by Noachian-aged wall rock

units consisting of massive spur and gully formations, and undivided floor units from the

, 40 50 100
' 4 ;;W""

Southwest Melas Reenftrant

75° W 71°W
Figure 1. Context maps for Melas Chasma paleo-dune fields. Base maps are CTX mosaics
colorized with MOLA elevation from +2 to -4 km. Secondary lat/long tick marks are 1/10°.
(a) Regional distribution of paleo- (blue polygons outlined in white) and modern (red
polygons) dune fields. (b) Southwest Melas Chasma reentrant canyon and the (d) central
basin of Melas Chasma. HiRISE examples of select dunes with (c) ESP_025666 1685 and
(e) ESP_025666 1685. Images are ~750 m wide and locations marked with white arrows.

All images are oriented north up unless indicated. CTX mosaic data courtesy Murray
Lab/Caltech/MSSS/JPL.
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Noachian-Hesperian transition period (Tanaka et al., 2014). Basin floor units largely consist of
prominent light-toned sedimentary layered deposit mounds and lower-lying basin fill. The canyon
interiors comprise numerous geologic units of various terrain ages and origins (e.g., alluvial fans,
structural massifs, lava flows) (Okubo, 2010; Fortezzo et al., 2016; Davis et al., 2018). Surficial
units of dark-toned capping mantle materials and low albedo sand dunes are common to the study
area (Weitz et al.,, 2012; Chojnacki et al., 2014a). Meter-scale dark-toned sand ripples and
decameter-scale bright-toned bedforms known as Transverse Aeolian Ridges (TARs) (Bourke et
al., 2003) are also common to these areas, often filling topographic lows (Williams & Weitz, 2014;
Chojnacki et al., 2018a).

3.0 OVERVIEW OF APPROACH DATASETS AND METHODS

Candidate paleo-bedform sites were surveyed to document their key characteristics, with
the ultimate goal of constraining the processes responsible for their preservation. This survey
employed a variety of remote sensing data and techniques.

3.1 Paleo-bedform identification criteria

For the purposes of this study, candidate remnant aeolian bedforms were defined by
meeting the following criteria:

1) possess the morphology of a whole or part a bedform, and

2) show characteristics indicative of long-term induration.

Bedforms are identified (criterion 1) as distinct groups of repeating, linear to crescentic
landforms of a characteristic wavelength and consistent orientation (for unidirectional flow), and
possess low sinuosity, while displaying branching and merging patterns (Bagnold, 1941;
Lancaster, 2009; Kocurek et al., 2010). The bifurcation of crestlines is key to the interpretation of

linear duneforms; these defects are universally recognized in bedforms formed in a variety of
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subaqueous and subaerial environments (Anderson & McDonald, 1990; Milliken et al., 2014).
Crescent-shaped dunes (e.g., barchan, barchanoid, or dome) are particularly common on Mars and
may be identified based on their elongated horns and asymmetric profiles (Bourke, 2010).

Other Martian landforms can resemble the gross morphology of bedforms leading to
incorrect attribution. Glacial terrain (Banks et al., 2008), volcanic lava textures (e.g., festoon
ridges) (Keszthelyi et al., 2008), and aeolian erosional yardangs (Kerber & Head, 2010), may
resemble paleo-dunes. These landforms and terrain all come with distinguishing characteristics
and contexts that often deviate from subaqueous and subaerial depositional bedforms. Regardless,
issues relating to equifinality were considered by utilizing multiple criteria and exploring other
possible formation mechanisms.

To identify bedforms as inactive and possibly ancient (criterion 2), the following
morphologic criteria may be apparent in HiRISE data: 1) features or landforms that superpose the
bedform (e.g., craters, boulders, boulder tracks, lava flows, or landslides); 2) morphologic
evidence for erosion in the form of fracturing of bedform slopes and associated colluvium (e.g.,
scree or talus); and 3) the nighttime thermal inertia of candidate locations may be higher than is
possible for unconsolidated sand (>350-400 Jm2K's""?) (Christensen, 1983; Fergason et al.,
2006; Edwards et al., 2018). The last condition is not a mandatory criterion as even a relatively
thin layer of surficial dust or lateral mixing of loose particulate (e.g., regolith) can lower the overall
thermal inertia (Edwards et al., 2018).

3.2 Surface morphology: Visible-wavelength images

To identify photogeologic evidence of paleo-bedforms and characterize their morphology,

we utilized images from the Context Camera (CTX) (Malin et al., 2007) at 5-6 m/pixel and the

HiRISE camera at 25-50 cm/pixel both onboard the Mars Reconnaissance Orbiter (MRO).
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HiRISE-enhanced color images were also used to assess meter-scale variations in color and
inferred composition as these products can reveal subtle variations in ferrous vs. ferric iron
concentrations (Delamere et al., 2010). See Table S1 for image information.
33 Topography: digital elevation models and slope maps
To measure topographic relationships between paleo-bedforms and neighboring geologic
units (e.g., maximum gradient, relative elevations), we employed two types of digital terrain
models (DTMs). To investigate fine-scale surface topography and slopes, HIRISE DTMs (1
m/post) and orthoimages of paleo-dune fields were constructed using SOCET SET® BAE system
photogrammetry software (see supporting information section 1 for more details and Table S1 for
DTMs) (Kirk et al., 2008). HiRISE slope maps at ~3-5 m baselines were derived from DTMs using
in-house code that runs a 3x3 low-pass filter on the terrain 3 times (Fig. S1).Gridded regional
topographic elevation data from the Mars Orbiter Laser Altimeter (MOLA) were used for regional
context (Smith et al., 2001).
34 Stratigraphy and geologic relationships: geologic mapping
Geologic maps of select areas were constructed through digital mapping at ~1:2,000 scale
using HiRISE and CTX basemaps, to produce maps at 1:10,000 scale. This scale was selected
based on the small size of the landforms (~100s of meters) and available datasets. Mapping was
performed using Esri’s ArcGIS® 10 software. Geologic units were identified based on tone,
texture, and morphology, whereas stratigraphic associations were determined through crosscutting
relationships.
3.5 Thermophysical and compositional properties: thermal inertia and spectra
Thermal inertia (TT) was used to understand the physical properties of candidate paleo-

bedforms. Materials with high porosity, such as sand, have inefficient heat flow and low thermal
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conductivity leading to low TI. For more consolidated materials, where heat can flow through
larger grain-to-grain boundaries more efficiently, thermal conductivity and TI are higher.

The KRC thermal model (Kieffer, 2013) was used to derive TI values of candidate paleo-
bedform fields from band 9 (12.57 um) pre-sunrise data from the Thermal Imaging System

(THEMIS) on board the Mars Odyssey spacecraft (Christensen et al., 2004; Fergason, Christensen,

- ESP 036859 2020

Figure 2. Geomorphic and spatial comparisons of paleo- (cyan polygons) and (magenta
polygons) modern dune fields with dashed arrows for interpreted wind directions at the same
scale in HiRISE images. (a) Southwest Melas reentrant canyon (field 2849-111; 284.9°E,
11.1°S) in comparison with (b) modern dunes in Capen crater (14.3°E, 6.4°N). (c) Central
Melas basin (field 2891-122; 289.1°E, 12.2°S) in comparison with (d) modern dunes in
McLaughlin crater (337.6°E, 21.9°N). Insets show HiRISE examples of select dunes at the

same scale (widths are ~240 m).

e, e el RN o [ = e W

11



162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

& Kieffer, 2006). Using THEMIS brightness temperature images (100 m/pixel) and additional
parameters (e.g., slope, elevation, albedo, dust opacity), a thermal inertia lookup table (in units of
JmZK!s"Y2 or thermal inertia units, TIUs) was generated corresponding to known temperatures
(Edwards et al., 2018) and interpolated to the best fit TI. This methodology allows for pixel-by-
pixel TI derivation and was devised by Edwards et al. (2018) through ground-truthing of THEMIS-
derived TI to the Curiosity rover-derived TI. See supporting information section 2.

Spectral data from MRO’s Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM; Murchie et al., 2007, 2009) were used to characterize paleo-bedform field mineralogy.
Full-Resolution Targeted (FRT) data (18 m/pixel and 545 spectral bands) were used for this study,
allowing for near-complete spectral characterization over the visible/near-infrared and shortwave
infrared region. Spectra from regions of interest (ROI) were divided by spectrally bland regions,
within the same pixel columns from un-projected images, to highlight differences between the
paleo-bedforms and their adjacent units. Spectral processing for photometric and atmospheric
corrections followed established standards by the CRISM team (Murchie et al., 2007; McGuire et
al., 2009). See supporting information section 2.

4.0  Results

This section describes the morphology, stratigraphy, geologic context, and interpretation
of candidate paleo-bedforms found within Melas Chasma. Subsequent sections report results
related to paleo-bedform thermophysical properties, composition, and relation to modern wind
indicators.

4.1 Southwest Melas Chasma reentrant paleo-bedform morphology and geology
Description: Two large concentrations (covering a total area of ~6.5 km?) of broadly crescentic,

positive-relief features are located between several prominent wall spurs that extend downslope at

12
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Table 1. Geomorphology and thermophysical properties of paleo-dune and modern dunes
with uncertainty of +10. Measurements are in units of meters unless otherwise noted.
Name and Site SW Melas CMelas SMelas CMelas S Melas Capen McLaughlin

ID? reentrant basin Mensa basin Mensa crater crater
2849-111 2891-122 2892-131 2895-119 2886-129 0141+063 3373+216
Measurements 25 8 10 5 5 13 15
Degradation 1-2 1-3 1-3 Modern  Modern Modern Modern
State®
Wavelength 380+113  400+79 363+177 4401200 - 272+56 322+178
Height 7.61£3.2 11.344.1 12.943.2 23.8+12.3 - 10.0+2.7 17.947.7
Length 171431 238+55 208+83 221+103 - 166131 151453
Dune field area 6.5 5.9 35.9 131 419.5 96.8 142.0
(km?)
Thermal 296+18 166+18 226+17 249+15 271+18 382+37 370+36
Inertia (TIV)

“Dune field site IDs, where the first four digits are the monitoring site’s centroid east longitude,
the last three digits are the site’s latitude (each coordinate given to the first decimal place
without the decimal), and the separating + or — sign indicating which hemisphere. See Table
S1 for relevant HiRISE data information.

®Degradation state is a qualitative metric (1-3) where endmembers are (1) largely preserved,
weakly lithified, sparsely cratered bedforms, compared with (3) poorly preserved, heavily
pitted, possibly partially buried, landforms with characteristic consistent with bedforms.

5-10° into the central canyon area, hereafter termed Southwest Melas reentrant (Fig. 1b). These
landforms resemble barchan dunes, some with elongated arcuate facets pointing upslope towards
the southwest, whereas others show less symmetric crescentic shapes. These 171+31 m-long,
7.6+3.2 m tall landforms are spaced with crest-to-crest wavelengths ranging from ~250-500 m—
similar to many modern Martian barchan dunes (Table 1; Fig. 2; see section 4.3). These features

exhibit a consistent northeast-southwest asymmetry in which their southwest slopes (15-25°) are
notably steeper than their northeast-facing slopes (5-15°; Fig. S1a). Their surfaces are variably
eroded and superposed by pits, boulders, fractures, and minor accumulations of talus at the base
of steeper slopes (Fig. 3). Only a few small (decameter-sized) craters were identified directly on

candidate paleo-bedforms, indicating a relatively young surface exposure age (Fig. 3, S2).

13



196 Interpretation: Based on the spatial patterns, wavelength, height, asymmetry, and presence

197  of superimposed boulders and craters, we infer that these landforms record ancient barchan and
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Figure 3. Geomorphology of the Southwest Melas reentrant area paleo-dunes (field 2849-111).
See Fig. 6a for image locations. (a) Oblique view of site from the south-southeast where the
field of view is ~800 m across and vertical exaggeration is ~2X. (b) Central areas with a (inset)
closer view of paleo-dune and mantle units, including a small superposed crater (black arrow)
and interpreted wind direction (dashed arrow). (c) A detailed view of one paleo-dune and signs
of its degradation. (d) Partially buried paleo-dunes by thicker mantle units to the southeast. (e)
Comparison with modern dunes in the adjacent canyon to the south (HiRISE
ESP 047015 1685). (inset) THEMIS image showing locations of paleo- (black box) and
modern (white box) dunes. (f) Parallel rows of dark resistant ridges at 15—50 meter spacings,
which are candidate ancient mega-ripples or TARs. These features are oriented perpendicular
to the dune field axis (dashed white arrow) and bifurcate in some areas (dashed white lines).
Note the superposed impact craters (black arrows). See Fig. S2 for location and topographic
profiles.

barchanoid dunes. Gently dipping northeast-facing slopes are inferred to represent stoss slopes,
while the steeper southwest-facing slopes are inferred to represent lee slopes. These latter areas
are not likely preserved crests, rather they are remnants of dune summit sections. In some cases,
slopes above the angle of repose for fine granular material (~30-35° or steeper; Atwood-Stone and
McEwen, 2013; Ewing et al., 2017) are observed on flanks or lee sides (Fig. S1). This indicates a
strong cementing agent has lithified the sand as these steep slopes would be most susceptible to
mass wasting. The scale, shape, and the upslope paleo-transport direction indicate these landforms
formed in an aeolian, rather than a subaqueous environment.

The geologic map of this area reveals these paleo-dunes are not directly onlapping
Noachian-aged wall units/rocks, rather they onlap younger sedimentary strata of Melas Mensa
(Fig. 4b). Noachian wall rock is overlain by Hesperian layered deposits, some bearing hydrated
sulfates (Liu et al., 2018). The layered deposits are in turn overlain by paleo-dunes, which argue
for a younger age. A distinct, moderately eroded dark-toned unit of variable thickness (~1-10 m)
onlaps many paleo-dunes and other units. Another group of crescentic features to the southeast has
anearly identical orientation but is partially buried by mantle material (Fig. 3d, 3f, 4a). This mantle

unit has been described across many areas in Valles Marineris including Melas, often identified as

15



Basin fill

=i Layered terrain

-125

Mantle

£

1°8

e
\Landslide :

YA

Al

-13°§

Geologic Units

I Basin Fill - varfable sediment and small bedforms | AR = 0 S

[ Mantle Unit - dark consolidated unit of variable thickness

I Modem Dunes - farge dark dunes and sand sheets
Crater Unit - arge crater and associated ejecta

[l Faleo Dune Unit - Lafe Amazonian aeolian bedform units

[ Knobby Terrain - erosional remnants of variable lithologies

[ Layered Temain - Hesparian sedimentary unit

[ Bedrock - smooth consolidated basement unit

[0 Landslides - mass wasting unit of wall materials

I wail Unit - Late Noachian spur and gullies

-12

Paleo-dunes__,-

-186

20

241"

Elevation (km)

28

-32

Figure 4. Geologic maps of the (a) Southwest Melas reentrant canyon and the (b) central
basin of Melas Chasma. Geologic unit colors and descriptions are provided in the legend.
Secondary lat/long tick marks are 1/10°. The central area includes a (¢) MOLA cross section
(black dashed line) displaying topographic context for these units. Unit thicknesses and layer
orientations are approximate, and vertical exaggeration is ~20X.

214  partially mafic-bearing (e.g., high calcium pyroxene) (Malin & Edgett, 2000; Chojnacki et al.,

215  2014a; Liu et al., 2018).
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Interestingly, certain zones of the mantle unit on the paleo-downwin18d (southwest) side
of the dune field in Fig. 4a show parallel rows of dark resistant ridges spaced 12—40 m (avg. and
lo: 2247 m), 0.5-2 m tall (0.5+0.2 m), and oriented perpendicular to the dune field axis (Fig. 3f,
S2). This wavelength range is consistent with that of many TAR populations, often cited to be
aeolian mega-ripples (Hugenholtz et al., 2017). Many of these transverse features bifurcate then
remerge (Fig. S2). In some areas, these landforms appear to onlap paleo-dune surfaces. Based on
their spacing, orientation, stratigraphy, and association with the paleo-dunes, these may be
remnants of another ancient bedform type, younger than the dunes investigated in this work.

4.2 Coprates Mensa paleo-bedform morphology and geology

Description: Within the central Melas Chasma basin area are several clusters of candidate
paleo-dunes (Fig. 4b). These sites flank the central lobe of the massive sedimentary deposit of
Coprates Mensa (Fig. 1d). The northern group shows dispersed crescentic to oval-shaped
landforms, adjacent to a modern dune field with lee faces oriented to the south (Fig. 5a-5b, 6). The
deposits show evidence of erosion and removal of dune strata, where south faces have been
fractured and eroded back, notably with the eastern sides more degraded. Evidence for this
erosional trend is most apparent in slope maps of central Melas sites (Fig. S1b). The smoother
north sides have relatively gentle slopes (5-15°; Fig. S1b), although the bases appear to be partially
buried (Fig. S1). South and west sides tend to be steeper (15-25°).

At least five areas along the southern arc of Coprates Mensa host additional groups of these

landforms (Fig. 1d, 4b). These features are variable in terms of morphology, density, degree of
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preservation, and extent of exposure (Fig. 7). While generally aligned north to south (Fig. 5¢-51),
candidates on the southernmost margins show more variability in orientations (Fig. 8). Similar to
the northern groups, steepest slopes were consistently observed on the south and west sides of a

given candidate (Fig. S1c-S1d). The largest mapped deposit (~20-km wide) also has the highest
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Figure 5. Geomorphology of paleo-dunes in the central basin of Melas Chasma with (b, d, )
interpreted wind directions (dashed arrows). See Fig. 6a for image locations. (a) Oblique color view
of one site to the north of Coprates Mensa (field 2891-122) from the southwest (field of view is ~900
m across). (b) Same area as in (a) but showing a wider view of paleo-dune and modern dune units
where lee sides or slipfaces show similar orientations. (¢) An image to the west where heavily eroded
and buried paleo-dunes occur often with prominent pits along crest areas. (d-f) Paleo-dune examples
in several fields on the south side of Coprates Mensa (fields 2892-131 and 2886-129). Note the
variable basin fill at some locations while others (e) show paleo-barchans sitting directly on
sedimentary layered terrain of lower Coprates Mensa.

240  density of exposures with near-continuous interlocking deposits (Fig. 8). In contrast, in the extreme
241  east of Fig. 1d just ~10 isolated ~150-200-m-long crescentic features are partially buried (also see
242 ESP 027380 1670).

243 Interpretation: These landforms surrounding Coprates Mensa are interpreted to be ancient
244  duneforms based on the criteria (Section 3.1). Most of these candidates were migrating uphill (Fig.
245  4c), which further suggests that these are aeolian in origin. The north-south oriented features
246  nearest the mensae are inferred to have been barchan and barchanoid dunes migrating southward.
247  In contrast the southernmost paleo-dunes, oriented northwest to southeast (Fig. 8, S3-S4), are more
248  complex and may indicate spatial differences in the past wind regime(s) (Section 5.1). The notable
249  east-west asymmetry in slopes and paleo-dune shape is partially attributed to differential erosion
250  from eastern winds.

251 Notable differences are related to the perceived degradation state for some of these
252  landforms compared to the Southwest reentrant paleo-dunes (e.g., Fig. 2, 7). The presence of
253  crescent-shaped deposits of boulders and sediment adjacent to moderately preserved paleo-dunes
254  of similar color and erosional style, suggests that these may have been part of a laterally continuous
255  contemporaneous deposit (Fig. 5, 7, S3). In one area, an elongated paleo-dune limb appears

256  completely eroded back to detrital material (e.g., rocks, sand), whereas summit or remnant crest
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257  areas show preservation (Fig.S3a). Small bedforms of dark sand surround or partially bury many

Figure 6. Examples of paleo- and modern wind regimes examples in Melas Chasma. (a) Map
of modern and paleo-dune fields and interpreted wind directions (arrows). Base map is
THEMIS day-infrared colorized with MOLA elevation. Wind rose diagrams for (b) modern
and (c) paleo-dune fields from mapping, indicating downwind transport directions. (d)
Examples of adjacent, co-aligned modern (right) and paleo (left) dunes (288.54°E, 12.77°S).
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Figure 7. Sequence of dune degradation in HiRISE images at the same scale. All image
subsets are 200-meters wide. The top left modern dune example is from Capen crater, whereas
the rest are Melas Chasma paleo-dunes. White arrow begins with the modern example and
progresses left-to-right and into the lower row to more degraded examples. See Table S3 for
image IDs and locations.

paleo-dune areas (Fig. Se-5f, 8-9). The relatively small (2-4 m spacing) wind ripples, appearing
dark-blue to purple in HiRISE color images, appear to be dust-free, potentially mobile bedforms
(Fig. 3c, 51, S3). The occurrence of modern ripples adjacent to paleo-dune talus may indicate that
the latter serves as a sand source, providing evidence for sediment recycling. These leeward (south)
areas could also be stabilized sand traps. Paleo-dunes and the underlying stratigraphy farthest from
the mensa are less exposed due to greater sediment coverage. The basin-fill unit appears to bury

up to ~80% of some paleo-dunes, some only identifiable by their protruding summits aligned in a
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similar manner as eastward examples (Fig. 5a, 5c¢). In contrast, certain interdune areas nearest

Coprates Mensa are
largely  sediment
starved, exposing
lower units of the
deposit (Fig. Se,
S4).

The central
and lee sides of
these paleo-dunes
are largely eroded
away, leaving
behind only the
lower portions of
the stoss slopes and
partial remnants of
flank and lee bases
(Fig. 5S¢, 5e-5f, 9).
Cross sections show
that in some cases,
the eroded central

portions are up to

2 m deeper than the

ESP_036176_2640
Modern-Wind

—— km
075 15 d

Wy o AN W o T
Figure 8. (a) Melas Chasma paleo (289.14°E, 13.09°S) and (b) north polar
erg modern dunes (233.8°E, 83.9°N). The cyan dashed lines show the
extent of the paleo-dune field. Note the similar symmetry of lateral,
parallel rows of barchans that develop at the leading upwind side of these
fields that formed under largely unidirectional wind regimes (dashed
arrows). In both cases, more complicated dune morphologies occur in
downwind areas as topographic complexity and sediment supply both
increase. (c) Melas Chasma paleo (289.18°E, 13.08°S;
ESP 060729 1670) and (d) Meroe Patera modern dunes (67.7°E, 7.2°N;
ESP 042513 1875). Both fields show a leading-edge line of
barchans/barchanoid dunes.
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surrounding terrain (Fig.
10). These broad pits
suggest that the dunes
(and  the surrounding
interdune areas) may have
been buried by as much as
2m of material that
became more resistant to
erosion than the dune
sand, leaving behind a
partial cast of the dune as
it later became exposed to
erosion (Fig. 10)(Day &
Catling, 2018).

The geologic map
of the central basin area
shows the close spatial
relationships  of  paleo-
dunes and modern aeolian
dunes (Fig. 4b), including
one of the larger dune fields

in Melas Chasma (Fig. 6a).

Geologic cross sections of

Elongated lee-side topographic bifs

Dune and capping

‘a/ material eroded away

‘@Iodern mega-ripples

| | . 7 / TR
- Y - |
Blocky capping material ¥ M

Figure 9. Examples of the paleo-dune geologic units and pits in the
south-central areas of Coprates Mensa (289.17°E, 13.07°S). HiRISE
(IRB) image ESP_060729 1670. See Fig. 6a for image locations.
(a) The leading edge of the largest deposits (see Fig. S3) shows
distinct exposures of a blocky capping unit present on stoss, crest,
and interdune areas which appears to have been eroded back in some
locations. Blueish to violet colors of these units and local bedforms
indicate an enhanced ferrous content from mafic minerals, while
(tan to brown) smooth areas are likely more ferric enhanced. (b)
Interdune areas to the south that show more extensive blocky
capping units. Both areas also show lee side topographic pits which
are elongated paleo-downwind and maybe dune cast elements.
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these areas show
most of these
deposits are
located on the
sloping walls of
small basins local
to the mensa (Fig.
4c). Most of these
paleo-dunes

appear to have
been climbing
uphill (migration
from north to
south up the flank
of Coprates
Mensa). The
modern dune fields

(Fig. 4b, S4a)

Profile across dune
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Figure 10. Morphology and topography of paleo-dune pit and casts. (a-b)
Oblique view of paleo-dunes south of Coprates Mensa where the field of
views are ~1 km and 200 m across. HIRISE ESP 060729 1670 (IRB) with
DTM DTEEC 060729 1670 060795 1670 AO01 for topography.
Location 289.17°E, 13.07°S. (¢) Topographic profile showing dunes were
on an uphill slope and lee side central pits are several meters deep. (d)
HiRISE colorized with elevation showing context for the profile. Note the
black line is a data gap.

adjacent to (and apparently overlying yet more remains of) the paleo-dune fields here mainly

reflect along-slope winds from the east. The mantle unit appears here as a thinner, blocky, gray

unit which often caps upper portions of dunes, somewhat distinct from the Southwest reentrant

area (compare Fig. 3 t0 9).

4.3 North Melas basin paleo-bedform distribution and morphology
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Description: Scattered across the north-central basin of Melas Chasma are ~15 sites of
candidate paleo-bedforms (Fig. la, 6) observed within CTX images, which fulfill some of the
proposed criteria. Most of these landforms are heavily eroded, largely buried, and/or lack HiRISE
coverage for further investigation. Those that do have high-resolution data coverage show oval to
crescentic mounds of consistent orientation that are occasionally fractured and found in groups
with similar spacings as other Melas sites (~200-300 m; Table S1). Like the south basin features,
these candidates appear eroded with pits on their eastern flanks (Fig. S4b). From their plan-view
shapes, apparently the shallower, unfractured slopes are toward the southeast, whereas the steepest
slopes are oriented toward the northwest. Some of these northwest-facing slopes are arcuate,
seemingly even sloped, and resemble intact slip faces (e.g., inset in Fig. S4b).

Interpretation: These north basin features are inferred to be paleo-dunes like those
elsewhere in the chasma (Fig. 7). The abundance of pits and fractures on the southeast (inferred
stoss) sides suggests post-lithification abrasion by winds with a strong easterly component. The
northwest-facing putative slip faces may have been preserved because they are sheltered from the
erosive easterly wind. The inferred northwesterly migration direction contrasts with the south to
south-southwestward migration of the south basin paleo-bedforms, but the bedforms are consistent
with modern dune fields in the north basin that indicate along-chasma transport to the northwest
and southeast (Fig. 6a) (Chojnacki et al., 2014a). Then, as now, bedform morphology and
migration appear to have been strongly influenced by local topography.

4.4 Constraints from thermophysical and compositional properties

4.4.1 Thermophysical Properties
Description: Thermal inertia values were derived from the entire fields of seven Melas

Chasma paleo- dune sites (Tables 1, S2) and from individual paleo-dunes (averaged) for six of the

seven sites (Fig. S5). The similar results from the two methods indicate thermal inertia of the entire
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field is representative of individual paleo-dunes. To help determine if the paleo-dune fields transect
a thermally distinct unit, Table S2 values include adjacent terrain (i.e., the most proximal region
of the geologic units directly touching the fields). Paleo-dune thermal inertias are between 166 and
300 TIU, while the adjacent terrain flanking the fields are between 174 and 317 TIU (e.g., Table
S2; Fig. 8b), but are typically within 1o-2c of one another. Paleo-dunes superposed on layered
deposits (Fig. 8b, S5e) are typically more thermally distinct than those located in central basins
(Fig. S5c¢).

Interpretation: These results imply that the paleo-dunes themselves are not strongly
cemented nor have a thick amount of sediment coverage. Compositional differences extracted from
CRISM (see below), and the moderate albedo of these features (e.g., 0.18 from TES), indicate a
uniform dust cover is not likely. Scattered, discrete patches of modern acolian material (e.g., Figs.
3, 5, S3) probably depress the overall apparent thermal inertia at the 100 m/pix THEMIS
resolution. For example, the central Melas (north) site, noted to have widespread sediment
coverage (Fig. S8c), has the lowest average TI (166 TIU; Table S2), whereas the Southwest
reentrant (north) with less apparent fines has a higher average TI (296 TIU). Given the steep slopes
which appear with fractures and meter-scale boulders, we infer many of these paleo-dune surfaces
are more consolidated than can be determined from THEMIS analysis. For reference, thermal
inertia values of modern dunes in Melas and other locations (Table 1), most likely dominated by
unconsolidated very fine to medium sand sizes (62-500 um), frequently produce comparable
THEMIS values (200-400 TIU) (Chojnacki et al., 2014a; Edwards et al., 2018).

4.4.2 Compositional Properties
Description: Compositional analysis was conducted on the one targeted CRISM

observation of paleo-dune fields available in the study area (Fig. 11a). CRISM results of the

Southwest Melas reentrant paleo-dunes showed a distinct 2 pm absorption with a roll-off toward

26



382

383

384

1118

1118

11.158

Scaled/Offset Ratio - CRISM I/F

Scaled/Offset Reflectance - Library

11pF

1.05F

Q.95

09F

0.85

bty
¥
“"L‘,“,‘hh‘ﬂ- «T %

‘ut Layered Terrain Depoait - East s i
Layered Terrain Deposit - West == =
Palecbedform Deposit =
Intra-Palecbedform Deposit e
Mantling Unit = = =
N W IR NN S M

03

0.25p

02

0.1

Rozenite Sulfate
LCP-Bearing Basalt s
Bacalt s

12 1.4 186 1.8 2
Wavelength (um)

Figure 11. Compositional and thermophysical trends in the Southwest Melas reentrant canyon
area (field 2849-111). (a) A parameter map where colors are: R: SINDEX2 to identify strong
2.4 um band depths associated with hydrated sulfates, B: BD1900 2 to identify 1.9 um band
depths associated with bound H20, G: LCPINDEX?2 identifies low calcium pyroxene. (inset) A
color wheel key where magenta indicates polyhydrated sulfates and green indicates low-calcium
pyroxene. CRISM observation FRTOO00A3E9. (b) A CTX image colorized with thermal inertia
values in units of TIU. Also see Fig. S5. (¢) CRISM spectra (top) and corresponding library
spectra (bottom) of layered terrain deposits (magenta), paleo-dunes (green), and the mantle
(black). Lab spectra are from PDS Geosciences Spectral Library: http://speclib.rsl.wustl.edu/.

I um (Fig. 11c¢). The spectral character of the paleo-dunes does not vary significantly, such that

the paleo-dune spectrum is representative of all in the scene. Adjacent mantle unit and interdune

area spectra are similar but lack the 2 um feature and have a more pronounced red slope. In
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contrast, spectra of the flanking sedimentary terrain are distinct with 1.9-1.95 um absorption
features, and a drop-off at ~2.35 um.

Interpretation: The spectra of the paleo-dunes best match a low-calcium, pyroxene-
enriched basaltic composition, with a very broad absorption feature centered at 2 um (Mustard &
Pieters, 1989). This is a common spectral character for many modern Martian dunes and aeolian
deposits, including some in Valles Marineris (Chojnacki et al., 2014a; Liu et al., 2018), indicating
these deposits may have a similar provenance. The mantling unit and interdune spectra are more
representative of a typical basalt (Mustard & Pieters, 1989). Spectra of the adjacent layered
deposits have absorption features that most closely match that of a polyhydrated sulfate (e.g.,
rozenite; Bishop et al., 2004), as supported by CRISM parameter maps (Fig. 8a). Collectively,
both spectroscopic (e.g., no obvious alteration phases observed) and thermophysical (typically low
TI consistent with a weakly consolidated rock) results indicate low degrees of cementation.

4.5 Comparisons with modern aeolian bedforms

The Melas Chasma deposits are remarkably similar to contemporary Martian dunes (Fig.
2, 8). One modern example in Capen crater shows spatial patterns analogous to those in the
Southwest reentrant area—both have isolated upwind or flanking barchan dunes that coalesce or
link downwind (Fig. 2a vs. 2b, 7). At a broad scale modern examples show similar trends in
morphology and overall field shape. For example, relatively symmetric parallel rows of barchans
at the upwind edge of fields may develop from a linear sand source under a largely unidirectional
wind regime (Fig. 8) (Ewing et al., 2010; Davis et al., 2020). In these cases, more complicated
dune morphologies occur in downwind areas likely due to a combination of factors (e.g., dune-

dune interactions, variable wind directions or topography). Noticeable differences in dune shapes
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or areal coverage are also evident
with some Melas paleo-dune fields
compared to McLaughlin crater
modern dunes, although their spacing
is comparable (Fig. 2c-2d). The
former may be the result of the
differential erosion and partial burial
of the paleo-dunes.

Bedforms increase in scale
with crest-to-crest spacing in a
predictable manner that is most
apparent for simple crescentic dunes
(Fig. 2, 9)(Lancaster, 2009). This
well-established relationship reflects
both dune dynamics (vertical
accretion vs. migration or extension)
and sand availability (Lancaster,
1988; Hugenholtz et al., 2012).
Figure 12a shows trendlines of height
vs. wavelength are generally steepest
for modern dunes where relief is

maintained. Roughly half of individual

Melas paleo-dunes plot atop modern
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Figure 12. Morphologic comparison for modern and
paleo-bedforms. (a) Log-log plot of dune height vs.
wavelength for various martian and terrestrial (Lancaster,
2009) dune fields. Compare with Fig. 2. (b) Log-log plot
of dune height vs. length for various martian dune fields.
(c¢) Linear plot of height vs. wavelength for paleo-TARs
shown in Fig. 3f compared with modern TARs (Geissler
and Wilgus, 2017). Note the generally steeper trends for
modern bedforms, whereas Melas examples show more
modest heights, presumably due to dune crest erosion.
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dunes, but many paleo-dune heights are depressed at a given wavelength. Similar trends can be
observed between dune length and height (Fig. 12b). Modern TARs also show this relation
compared with putative paleo-TARs (Fig. 12c). These depressed heights are attributed to the
erosion of crests (e.g., aeolian abrasion, mass wasting) and the burial of dune bases by basin fill,
making our height measurements less constrained than well-defined modern examples. Compared
with the modern-dune slope-intercept relationships we estimate Melas paleo-dunes lost ~20-50%
of their height (or 50-80% was preserved). For instance, the Southwest reentrant average observed
height was 7.6 m, but modern dunes with this spacing would yield heights 16.2-m tall, thus
implying a height loss of ~50% due to burial of bases or erosion of crests.
5.0 DISCUSSION

5.1 Constraints on paleo-wind regimes and past climates

The preservation of past aeolian indicators, such as the lithified dune fields found in Melas
Chasma, provide a useful metric to compare the orientations of nearby contemporary indicators
(e.g., wind streaks, dunes) and older (e.g., yardangs) aeolian landforms (Fenton et al., 2015).
Significant differences in transport direction might indicate changes in local topography or
regional climate, either of which could influence local wind patterns. In contrast, a time-invariant
wind regime suggests topographic and/or climatic stability.

Modern dunes in Melas Chasma reflect transport to the south to south-southwest, west to
west-northwest, and east to east-southeast depending on the location (Fig. 6). Near the southern
chasma walls (Fig. 3e) or flanking Coprates Mensa (Fig. 5b, 6d), the transport is mainly south to
south-southwest, likely driven by daytime slope winds constructively interfering with Hadley
circulation return flow during southern summer. Mesoscale models of Southwest Melas canyons

indicate strong anabatic northeasterly winds (Rafkin & Michaels, 2003), which are consistent these
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modern dune orientations. Most of the paleo-dunes also indicate transport in this direction (Fig.
6¢), suggesting that both local-scale steep topography and the global-scale north-south topographic
dichotomy (Richardson & Wilson, 2002) have long controlled circulation patterns in Melas
Chasma.

Many modern dunes some distance from the Melas Chasma walls or major mensae reflect
along-chasma flows, most often indicating west to west-northwest transport. Paleo-dunes in the
north central Melas Chasma floor also suggest transport toward the northwest, with features
reminiscent of barchans with slip faces oriented northwest (Fig. S4b). These paleo-dunes, like
those identified elsewhere in Melas (e.g., Fig. 3c, 5), are more eroded on their eastern sides,
suggesting longstanding enhanced abrasion by easterly winds. It appears that easterly to
southeasterly winds of saltation strength have long been common on the Melas Chasma floor, both
in constructing dunes and, later, eroding lithified dunes. Similar flows dominate sand transport
pathways elsewhere in Valles Marineris (e.g., Fenton et al., 2014). These winds are likely driven,
or enhanced, by equatorial easterly flows common on both Mars and Earth (i.e., “trade winds”).

Estimated paleo-dune transport directions largely align with those of nearby modern dunes
(Fig. 3d-3e, 5b, 6), albeit there are clear differences in the populations. For example, the difference
in wind rose diagrams for modern (Fig. 6b) vs. paleo- (Fig. 6¢) dunes is partially due to the greater
sampling of the former in other areas of Melas. One possible exception is just south of Coprates
Mensa, where paleo-dune morphology suggests transport to the south-southwest, contrasting with
adjacent modern dunes to the south that appear to be migrating orthogonally toward the west-
northwest (Fig. 6a, S4a). However, a few small modern barchans near the Coprates Mensa
southern scarp are migrating southward, parallel to the direction inferred from nearby paleo-dunes

(Fig. 6d). It is possible the mensa scarp topography produces nighttime downslope flows (perhaps
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enhanced by Hadley circulation return flow during southern hemisphere summer) that push sand
southward until it encounters dominant along-chasma flows that push sand toward the west-
northwest (Richardson & Wilson, 2002; Raftkin & Michaels, 2003), similar to a wind pattern found
in a Ganges Chasma dune field (Fenton et al., 2014). The same configuration may have occurred
when the paleo-dunes were active.

Although the Melas Chasma paleo-bedform record is incomplete as some aeolian strata
have been removed or buried, those paleo-bedforms that were identified do not paint a dramatically
different picture than what can be gained from their modern counterparts. The consistency of major
sand transport directions over time suggests both local-scale and global-scale topographically
enhanced flows have remained directionally invariant over the time period represented by both
modern and paleo-bedforms. Dramatic departures from this circulation pattern, such as those that
might be produced by equatorial ice accumulation (e.g., Jakosky & Carr, 1985) or major
topographic modifications (e.g., glacial erosion, structural changes (Yin, 2012; Gourronc et al.,
2014)), are not apparent from the estimated paleo-transport records in Melas Chasma.

5.2 Constraints on paleo-dune deposits age

Dating of modern bedform surfaces has been problematic due to the paucity of
unambiguous craters (Bourke et al., 2010). However, based on this absence, Butcher and Fenton
(2011) estimated an upper limit crater retention age of 100 Earth years for degraded, high south
latitude dune fields. This exposure age still indicates a young surface where ripples and other
processes are reworking dune slopes and erasing small craters, albeit at slow rates compared to
many Martian dune fields (Banks et al., 2018). Crater statistical analysis of Meridiani Planum
coarse-grained plains ripples suggested they were last active between 200-50 ka (Golombek et al.,

2010). South Polar and Meridiani examples may be stabilized or at low activity, but bedform
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surfaces are largely unconsolidated and major lithification of sediments has yet to occur. Melas
Chasma paleo-dunes are sparsely cratered (Fig. 3, S2), but such a small crater range (D ~10-20 m)
is insufficient for crater counting analyses, as these are likely secondary impacts.

Based on qualitative comparisons between these and global examples of aeolian bedforms
(e.g., TARs, degraded South Polar dunes), we estimate these Melas Chasma paleo-bedform sites
are much older. Melas paleo-dunes often directly onlap sedimentary layered deposits (Tanaka et
al., 2014), providing an upper limit on age. Reconstructed stratigraphy based on mineralogical
arguments and crater counts suggest the layered deposits formed throughout the Hesperian into the
Early Amazonian period (Flahaut et al., 2010; Fueten et al., 2010; Weitz et al., 2014). However,
these ancient deposit surfaces are friable with poor crater retention, suggesting surface exposure
ages much younger, perhaps ~100 Ma (Malin & Edgett, 2000). Lateral and vertical erosion by
wind abrasion may lead to the ongoing removal and exposure of sedimentary units (Farley et al.,
2014).

The presence of modern Melas Chasma dunes and ripples, some of which have been
detected to be active today (Chojnacki et al., 2014a; Chojnacki et al., 2018a), indicates floor
landforms including paleo-dunes are subject to periods of aeolian erosion (e.g., Fig. 3c, 5b, 6d,
S3). Using sediment fluxes of Valles Marineris modern dunes we can estimate abrasion rates of
local basaltic bedrock to be 1-26 um/yr (or m/Myr) (Chojnacki et al., 2018a)—rates would be
higher for more friable sedimentary surfaces, such as lithified dunes. Under these average rates of
aeolian abrasion, paleo-dunes would not persist very long on the surface unless buried and/or

armored from erosion. For example, partially eroded 10-m tall paleo-dunes would likely only
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Figure 13. Hypothesized sequence of paleo-dune evolution. (a)
Early Hesperian or later unconsolidated dunes migrate mainly
southward on Hesperian-aged layered deposits. (b) Subaerially
deposited volcaniclastic ash buries dunes then becomes lithified
(mantle unit). Dunes are stabilized with morphology preserved.
(c) Groundwater upwelling infiltrates dune strata and sediments.
Dunes are strongly cemented and lithified. (d) Progressive
erosion of exterior mantle unit. (¢) Exposure and differential
erosion of fully lithified dunes, with degradation of the slip face.
(f) Present day: Further erosion and partial burial by Amazonian

) basin fill of sand, dust, ash, or other materials.
542 are scaled by the height of the

537  paleoclimate for these deposits
538  may be informed from planetary
539  bedform-scaling relationships.
540 Duran Vinent et al. (2019)

541  argued that martian bedforms
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atmospheric viscous sublayer, which is related to both air temperature and density. If correct, their
modeling implies significant changes in air pressure would impact the size and spacing of dunes
as they form. For instance, dunes may be unable to form at all during periods of low obliquity,
when the air pressure is thought to drop considerably (e.g., Toon et al., 1980). Whenever these
paleo-bedforms in Melas Chasma formed, they did so under atmospheric conditions not
significantly different from those occurring today. If these paleo-dunes formed as long ago as the
Early Amazonian or Late Hesperian period, then their size would constrain the corresponding
atmospheric pressure to be similar to that of contemporary Mars.
5.3 Proposed sequence of events and implications

The presence and state of these paleo-dunes suggests sequential periods of normal activity,
stabilization, cementation, differential erosion and deflation, exposure, and burial. Based on the
geomorphic, stratigraphic, and compositional/thermophysical observations, we suggest the
following sequence of events to explain the formation and preservation of Melas Chasma paleo-
dune deposits:

1.  Sometime during the Late Hesperian to Early Amazonian period sand dunes were
migrating across Melas Chasma light-toned sedimentary units (Fig. 13a). Decameter mega-
ripples or TARs may have been present within the dune fields (Fig. 3f), whether their
eventual lithification occurred at the same time is unclear. Bedform sand may have come
from a range of possible sources (e.g., wall, sedimentary, or landslide units), but were likely
local (Chojnacki et al., 2014b). The driving wind regimes and atmospheric pressure which
formed these aeolian systems may not have been drastically different than today.

ii. A substantial amount of material (single to tens of meters) buried the dune fields (Fig. 13b),

now recognized as the mantle (Fig. 3) or blocky gray (Fig. 9) units depending on the
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locations. Based on the spatial variability, thickness, and composition, we suggest these
units were subaerially deposited volcaniclastic materials (Kremer et al., 2019) leading to
catastrophic burial. Pyroclastic ash and tephra have been proposed for certain Valles
Marineris deposits based on their morphology and proximity to the Tharsis volcanic centers
(Hynek et al., 2003; Davis et al., 2018). The lithification of ash and glass led to dune
stabilization, which were largely preserved as whole stoss-to-lee landforms.

Subsequently a volatile came in contact with the buried sand dunes leading to sediment
lithification (Fig. 13c). Groundwater infiltration is the favored process here as it has
frequently been invoked for forming numerous Melas floor units some thought to occur in
the Amazonian (e.g., Carr, 1995; Weitz et al., 2015). The lack of a CRISM-detected
alteration phase does not preclude a cementing agent (e.g., sulfate) or role for groundwater.
This lithification event effectively created sandstone, which would later be resistant to
slope failure.

Extended periods of persistent erosion led to the partial to complete removal of the
volcaniclastic protective shell (Fig. 13d). Mass wasting of steeper faces and aeolian
abrasion by sand blasting led to the exposure of the lithified dune surfaces (Fig. 13e),
whereas some areas retained mantle materials (Fig. 3d, 9). Throughout these protracted
stages, paleo-dune talus and other basin materials buried lower lying dune surfaces (Fig. 7,
131).

Analogous scenarios have led to the preservation of relict ancient duneforms on Earth as

well. For example, a passive eruption of flood basalts infiltrated and partially buried similar, but
much larger barchanoid dune fields in Namibia sometime during the lower Cretaceous (133 Ma,

Jerram et al., 2000). Similar examples have been documented in Brazil, but include the
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solidification of dune strata (Waichel et al., 2008). However, these excellent but rare terrestrial
analogs are relatively limited in their aerial exposure due to ongoing sedimentary processes or
vegetation. In contrast, Melas Chasma possesses extensive paleo-dune fields scattered across the
basin floor, where many duneforms and their morphology appear largely intact. The existence and
degree of preservation for these examples indicate a difference in landscape evolution over deep
time for the two planets.
6.0 CONCLUSIONS

This study involved mapping and characterization of distinct landforms in central Valles
Marineris. Based on their morphology (e.g., shape, size, height, and slope distribution), consistent
orientation and spacing, relationship to local slopes, and collective properties relative to modern
equivalents, we propose these features are lithified acolian sand dunes. The presence of paleo-dune
fractures, pits, and detrital material, along with superposed elements (e.g., craters, small modern
bedforms) led to the interpretation that these landforms are relatively ancient. Other key findings
include the following:

e Melas paleo-dunes occur stratigraphically above sedimentary layered deposits formed
in the Hesperian into the Early Amazonian periods, providing a cap for their age. Other
lines of evidence suggest that these features have been exposed on the surface since the
Late Amazonian (several Myr — 1 Gyr).

e The paleo-wind regimes inferred from these landforms are largely consistent with local
modern wind regime indicators, with some minor exceptions. If there were major shifts
in climate, topography, or other contributing factors to regional wind regimes, it was

not readily apparent between the two populations of Melas dunes.
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e Melas may have experienced multiple episodes of bedform preservation. Decameter
parallel rows of dark resistant ridges which have the morphological characteristics of
TARs were identified co-located, and superposed on paleo-dunes at one site.
Conditions conducive for these bedforms were not drastically different from what can
be found today on Mars.

e The geologic processes responsible for the stabilization, preservation, and exposure of
paleo-bedforms likely involved: 1) an initial period of fully formed active dunes, 2) a
period of rapid bedform stabilization, 3) cementation possibly involving groundwater,
4) progressive erosion via mass wasting and wind, which led to the exposure of the
fully lithified duneforms, and 5) partial burial by basin fill.

e Paleo-dunes were found with a range of degradation, where some were heavily eroded
or buried while others retained their bulk morphology. The latter end-members of
wholly preserved duneforms appear to be more common on Mars compared to the Earth
and may signal something important about landscape evolution on that planet.

Valles Marineris paleo-dune fields, with their complex variety of morphologies,

degradation states, and variable geologic context, reveal the richness of regional geology. These
results provide insight into sediment transport, deposition, and lithification through deep time and

are compelling examples of aeolian-driven landscape evolution on Mars.
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