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Abstract
In this contribution we report measurements and interpretations of aeolian abrasion 
features observed along the Mars Science Laboratory rover traverse at Gale Crater on 
Mars. Aeolian abrasion of surface rocks has been documented by most missions that 
have landed on Mars, but attention has largely focused on relatively resistant rocks 
that display ventifact morphologies well-known from Earth. The current study in-
stead emphasizes abrasion features developed on mudstone surfaces, because aeolian 
abrasion textures are very common in the mudstone-dominated Murray Formation at 
Gale Crater. These abrasion textures have been observed over a wide area, and they 
allow deductions about dominant past wind regimes that differ from those observed 
at present. On Earth, aeolian abrasion features in mudstone outcrops have minimal 
preservation potential because of the susceptibility of mudstones to moisture and 
aqueous erosion, even in dominantly arid surface environments. Because of this 
there is no literature on potential terrestrial analogs. In order to better understand 
aeolian abrasion morphologies in mudstones on Mars, laboratory experiments were 
conducted that exposed a range of mudstone samples and rock simulant samples 
to wind-driven sand for periods of up to four months. These experiments produced 
a range of aeolian abrasion textures (‘wind tails’, fluting, differential ‘etching’ of 
laminae, stalks and pedestals) that can serve as analogs for features in the Murray 
Formation, increasing our confidence regarding aeolian origins for these and the de-
ductions of formative, sand-driving wind azimuths. Orientations of aeolian abrasion 
textures along the Mars Science Laboratory traverse were compared with active rip-
ple orientations in rover images, and with previous analyses of orbital images of the 
study area, in order to evaluate whether the current, complex wind environment can 
explain the abrasion orientations observed in rover images, or if the abrasion record 
might also contain signatures of past wind regimes that differed from those of the 
present. Results show relatively coherent patterns of airflow and sand movement 
that vary in accordance with factors like local topography and upwind availability 
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1 |  INTRODUCTION

Orbital imaging surveys of Mars have revealed geomor-
phic and geochemical evidence for water early in the 
planet's history, including ancient valley networks and phyl-
losilicate-bearing rock (Carr, 1996; Malin and Edgett, 2000; 
Bibring et al., 2006; Carr and Head, 2010). The last half 
of the planet's history has been characterized by increased 
aridity (Carr and Head, 2010), when aeolian processes have 
played significant roles in sediment transport and shaping the 
planet's surface (Yen et al., 2005; Urso et al., 2018; and many 
others). The Mars Science Laboratory (MSL) Curiosity rover 
landed in the 154 km diameter Gale Crater in August 2012 
to survey a suite of ancient sedimentary rocks that were con-
sidered to have high potential for providing crucial insights 
about a planet-wide transition to more consistently arid con-
ditions (Grotzinger et al., 2012). The rover traverse, along 
which the data for this study were collected, is approximately 
20  km long (to date) and has explored an approximately 
350 m thick stack of sedimentary rocks (Figure 1).

Since landing, the MSL rover has been used to observe 
numerous examples of rock surfaces that have been abraded 
by wind-driven particles (Bridges et al., 2014; Schieber et al., 
2017), adding to the record of aeolian abrasion observed at 
other lander and rover sites on Mars (Sharp and Malin, 1984; 
Bridges et al., 1999; Greeley et al., 2002; 2004; 2006; 2008; 
Sullivan et al., 2005; Herkenhoff et al., 2008; Thomson et al., 
2008). For example, Figure 1 shows MSL rover views of aeo-
lian abrasion textures on the Sheepbed mudstone (Grotzinger, 
2014; Day and Kocurek, 2016; Schieber et al., 2017), and 
on the mudstone-dominated Murray Formation (Grotzinger 
et al., 2015; Rampe et al., 2017) at Gale Crater. Abrasion 
textures such as these ‘wind tails’ (Figure  1) require two 
conditions: (a) rock bodies having inclusions (of sedimen-
tary, volcanic or diagenetic origin) with greater resistance 

to aeolian abrasion than their host materials; and (b) wind-
driven sand impacting the target rock along a single, consis-
tent azimuth. In this sense, aeolian abrasion textures do not 
necessarily record the strongest or most common wind direc-
tion, because the amount of sand available upwind along any 
particular wind azimuth is an important factor. Wind abrasion 
orientations can also record influences from nearby obstacles 
blocking or re-directing low-angle saltating sand trajectories 
as sand nears the target rock surface. Consequently, import-
ant regional wind azimuths that lack an upwind sand supply 
(including wind azimuths that might even be strongest, or 
most common), or that correspond to sand delivery azimuths 
blocked by local obstacles, will not be recorded by abrasion 
textures on the target rock surface. In cases where local ob-
stacles block sand saltating from the most effective regional 
sand-abrading azimuth, the target rock might instead record 
abrasion from a secondary or minor sand migration direc-
tion that would be undetectable in more exposed areas where 
primary sand pathways establish aeolian abrasion textures 
on rock surfaces. Notwithstanding these potential complica-
tions, abrasion textures such as those in Figure 1 still have the 
potential to document regional sand transport azimuths along 
the MSL rover traverse at Gale Crater, but two questions must 
be addressed: (a) Do abrasion orientations measured along 
the rover traverse represent a coherent, regional picture of 
wind-driven sand motions, despite possible local effects from 
topography and nearby obstacles influencing sand pathways 
to individual target rocks? (b) If so, are abrasion directions 
consistent with present-day regional wind conditions and 
azimuths upwind to current sand sources, or might the rock 
abrasion record be more complex, indicating contributions 
also from different wind conditions and/or sand sources from 
an earlier epoch?

Wind abrasion features such as those in Figure 1 are com-
mon in MSL images of the Murray Formation obtained with 

of sand for abrasion. Wind events blowing southwest that are primarily responsible 
for southwest migration of the Bagnold Dunes have also caused bedrock abrasion of 
similar orientation between these dunes. Less effective wind events (from an abra-
sion standpoint) blowing south-southeast have broadly affected bedrock exposures 
elsewhere across the Mars Science Laboratory landing site away from the Bagnold 
Dunes. A notable exception are northeast abrasion textures on the more erosion-re-
sistant sandstones of the Naukluft Plateau. The latter are consistent with one of two 
abrasion directions measured in previous studies, prior to the rover's arrival at the 
Murray Formation mudstones, and probably reflect the preservation of an ancient 
sand-driving wind regime that differs from that of the present.

K E Y W O R D S

Aeolian abrasion, experiment, Mars, mudstone, wind patterns
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the mast-mounted Mastcam (Malin et al., 2017), and the arm-
mounted Mars Hand Lens Imager (MAHLI) camera (Edgett 
et al., 2012). However, evaluating orientations of ground 
features from these images is complicated by distortions of 
perspective from oblique camera viewing angles and out-
crop topography. A simpler, more efficient approach involves 
using the MARDI (Mars Descent Imager) camera (Malin 
et al., 2017), because of this camera's fixed nadir pointing 

position (attached to the rover body) and constant ground 
area field of view. As long as the rover heading is known 
at the time of MARDI image acquisition, the orientation of 
surface features within the MARDI field of view is readily 
determined (Figure 2). Although MARDI’s original purpose 
was to acquire images only during the rover's descent to the 
surface (see Moores et al., 2016), it has since been operated 
routinely as a ground survey camera (Yingst et al., 2013; 

F I G U R E  1  (A) Context map (https://photo journ al.jpl.nasa.gov/jpeg/PIA23 412.jpg) and rover traverse with landmarks noted in text. (B) 
Simplified column presentation of the rocks encountered by the rover as it ascended Mount Sharp (formally known as Aeolis Mons). The lower 
interval is the Bradbury Group (interstratified sandstone, conglomerates and mudstones), and the upper interval is the Mount Sharp Group which 
at this stage of exploration consists entirely of the Murray Formation (dominated by mudstones). The Murray Formation has been subdivided into 
members (Fedo et al., 2017), but for the purposes of this study the fact that it consists largely of mudstones is sufficient. (C and D) Wind erosion 
features observed with (C) the arm-mounted MAHLI (Mars Hand Lens Imager) camera (image 0291MH0001970010103292C00), and (D) the 
34 mm Mastcam (image 0780ML0034060040400309E01). Yellow arrows point to “wind tails” (Schieber et al., 2017) produced by abrasive action 
of sand grains, white arrows indicate the probably direction of the wind. The locations for (C, Yellowknife Bay) and (D, Pahrump) are marked with 
red arrows on (A)
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Minitti et al., 2017; 2019). For the purposes of this paper, use 
of MARDI images simplifies and standardizes procedures for 
sampling the orientations of aeolian features at rover loca-
tions along the traverse and mapping them over larger areas.

Aeolian abrasion is caused by the impact of saltating sand 
grains, which will have different erosive effects depending on 
rock type, impact angle and many other factors, resulting in a 
wide variety of erosionally carved rock shapes (ventifacts) and 
surface features such as flutes, grooves and pits (Maxson, 1940; 
Laity, 1994; Laity and Bridges, 2009). Abrasion features de-
scribed as ‘wind tails’ have been reported from rocks examined 
at Meridiani Planum on Mars (Herkenhoff et al., 2008), and are 
morphologically very similar to those described from mudrocks 
in Gale Crater (Schieber et al., 2017). Analogous features have 
also been reported from ignimbrites in Argentina (Favaro et al., 
2017). The authors, however, are unaware of reports of erosional 

wind tails in terrestrial mudstones. A probably explanation is 
that terrestrial mudstones are susceptible to degradation involv-
ing water, even in areas that receive very little rainfall. Aeolian 
abrasion textures may form on terrestrial mudstone surfaces in-
termittently, but even small amounts of precipitation will cause 
wetting, swelling and disintegration, and subsequent surface 
runoff will leave a fluvial imprint (Figure 3). Because it is there-
fore difficult to study the effects of aeolian abrasion in terrestrial 
mudstone exposures, a series of aeolian abrasion experiments 
were conducted on mudstone samples and experimental ana-
logs (Howald and Schieber, 2008; Wilson et al., 2011; Rossman 
et al., 2012). The results of these experiments are used here to 
aid interpretation of features observed on Mars. Although this 
work does not have the benefit of petrographic information from 
thin sections of these Martian rocks, experimentally produced 
textural analogs can inform deductions regarding the degree 

F I G U R E  2  Examples of ‘wind tails’ at multiple locations, as seen via MARDI. The original images have been rotated so that they are 
oriented with North pointing up. The white arrows show interpreted wind directions, and the yellow arrows show ‘wind tails’ with stubby ends 
pointing upwind and sharper ends trailing downwind. The exact orientation of ‘wind tails’ can vary somewhat across the field of view, and the 
white arrow is an attempt to indicate the overall direction of interpreted airflow. The MARDI images are (A) 1183MD0004530000200391E01, (B) 
1449MD0005480000200598E01, (C) 1173MD0004440000103756E01 and (D) 1813MD0007370000200783E01
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of cementation, compositional heterogeneity and relative rock 
hardness on Mars. Observations presented in this paper show 
that directional features related to aeolian abrasion correspond to 
long-term sand delivery azimuths and display considerable co-
herence over large areas. They reflect an interaction of near-sur-
face airflow and sand transport pathways with topography, and 
preserve palaeowind patterns that probably have affected the 
lower slopes of Mount Sharp (Figure 1) for many millennia.

2 |  METHODS

2.1 | Mudstone abrasion experiments

Laboratory experiments on wind erosion of mudstone speci-
mens and experimental analogs (gypsum) employed a circular 

chamber with a motor-driven rotor that enabled sustained wind 
speeds of up to 60 km/hr (Figure 4). Erosion experiments were 
initially conducted with a variety of abrasives, such as pow-
dered hematite (0.1  mm or smaller), crushed and sieved ba-
salt (medium sand), and fine to medium quartz sand. Because 
all three abrasives produced comparable results, quartz sand 
was used in the majority of experiments (Wilson et al., 2011; 
Rossman et al., 2012). Abrasion experiments with a sustained 
wind speed of 30 km/hr lasted from several weeks to as long as 
four months, with occasional interruptions to examine speci-
mens and record abrasion progress.

Samples were placed along the outer wall of the chamber 
(secured with Velcro pads, and oriented parallel to chamber 
bottom), and 1 kg of medium quartz sand was added as an abra-
sive. Because the sand simply moves in circles and interacts 
with a soft substrate, there is negligible loss and no further sand 

F I G U R E  3  Mudstone weathering on Earth via examples from the Tununk Shale near Hanskville, Utah. (A) Relatively ‘fresh’ outcrop. 
Layering is visible, but moisture related shrinking and expansion has caused the rock to break into chips (white arrows) and accumulate below in a 
veneer of broken up debris (yellow arrows). (B) Further wetting and drying of this smectite-rich debris leads to ‘popcorn’ surface texture (coin for 
scale) that covers the underlying bedrock. (C) On steeper slopes occasional rain generates a muddy ‘soup’ that drips and flows across the surface 
(white arrows) and mantles the rock surface (yellow arrows). (D) Downslope gullies (white arrows) then cut into this soft substrate. Even though 
this is a desert, and there is wind and sand and potential for aeolian abrasion, moisture and infrequent rainfalls dominate degradation of the rock and 
surface morphology. Wind tails and related aeolian abrasion features, should they form, have minimal preservation potential
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needs to be added over the course of an experiment run. Wind 
speed was controlled by varying motor speed. Airflow velocity 
in the sample space was measured with a vane anemometer and 
calibrated to motor rpm. The lid plus propeller was removed for 
intermittent examination of abrasion progress. To prevent dust 
buildup on samples and in the chamber, the chamber air was 
passed through a vacuum cleaner twice daily.

Measurements of sand flux would be desirable for com-
paring these experiments to Mars conditions to assess the 
length of time that might be required to produce these features 
on present-day Mars. However, the experiment apparatus was 
not well-suited for this. In a linear abrasion setup where sand 
is fed at a constant rate through a known cross-section, esti-
mates of sand flux are straightforward to derive. In the device 
used here, however, the sand is recirculated internally and 
may also become trapped intermittently in front of and on 
the lee sides of samples, making accurate flux determinations 
impracticable.

2.2 | Images from the Curiosity rover

The MARDI images used for this study were acquired gen-
erally under twilight conditions at each end-of-drive rover 
position. These late-day images provide better views of 
surface details than daylight images, because light scatter-
ing effects from dust on the front of the camera lens are 
greatly reduced (Malin et al., 2017; Minitti et al., 2019). 
Even though MARDI is slightly out of focus at ground 
level (its prime function was to serve as a landing descent 
camera), it still achieves ca 1  mm/pixel resolution over a 
92 × 64 cm field of view aimed directly downward behind 
the left front wheel of the rover (e.g. Figure 2). The MARDI 
images used for this study were radiometrically corrected, 
geometrically linearized to compensate for lens distortion, 
colour balanced, and sharpened in Adobe Photoshop per the 
methods described in Minitti et al. (2019). Images examined 
for this study range from Sol 754 (i.e. the 754th Martian day 
of the MSL mission), when the rover entered the Murray 
Formation, to Sol 2,257, when the rover had largely com-
pleted exploration of Vera Rubin Ridge (VRR; Fraeman 
et al., 2018). All images (a total of 2,025) were examined 
for abrasion features, regardless of lithology. Most of the 
directionally interpretable abrasion features were observed 
on mudstone surfaces, but a subset of the data was collected 
when the rover was driven across sandstone outcrops. The 
latter are identified in the maps that show the spatial dis-
tribution of wind directions as derived from abrasion fea-
tures. The derived wind directions were plotted on base 
map images from the Mars Reconnaissance Orbiter High 
Resolution Imaging Science Experiment (HiRISE, McEwen 
et al., 2007) that include an overlay of the rover traverse 
(Parker et al., 2012; Calef and Parker, 2016).

2.3 | Data availability statement

Data presented in this paper are archived in the Planetary 
Data System (pds.nasa.gov).

2.4 | Nomenclature at the Gale Crater 
field site

Because there is no ‘International Stratigraphic Code’ for 
Mars, all the stratigraphic names (Figure 1) used in descrip-
tions and figures are unofficial. With regard to geographic 
locations, the International Astronomical Union has only ap-
proved the names ‘Gale’, ‘Aeolis Mons’ and ‘Aeolis Palus’ 
(Figure 1), whereas other terms commonly used informally 
by the MSL team during flight operations are not (yet) of-
ficially approved.

F I G U R E  4  (A) The cylindrical chamber used for mudstone 
abrasion experiments. Chamber dimensions are 120 cm diameter, and 
25 cm height. The chamber is covered with a fitted Lexan lid to which 
a speed controlled motor and a propeller shaft (central axle) has been 
attached. Steel bolts secure the lid to the underlying wooden platform 
and tighten it to the chamber top. (B) Inside view of the chamber 
lid that shows the central axle with propeller blades attached. The 
groove with foam seal fits the lid to the chamber. (C) Side view of the 
propeller shows propeller blades and a brush attached to the bottom 
of the blades. The brush prevents buildup of sand in the center of the 
chamber
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2.5 | Laboratory experiments of Aeolian 
abrasion relevant to rover observations

On Earth, mudstones exposed to the surface environment are 
vulnerable to chemical and physical weathering by water, ad-
verse influences with regard to the stable, long-duration sur-
face exposure required for the development of well-formed 
aeolian abrasion features. Thus, on Earth aeolian abrasion 
features in mudstone outcrops are probably ephemeral phe-
nomena and do not appear to have been discussed in the sci-
entific literature. Due to this lack of known Earth analogs 
abrasion experiments have been conducted in the laboratory 
(Figure 4) in order to better understand the presumed aeo-
lian abrasion features observed along the Curiosity traverse 
in Gale Crater (Figure  1). Abrasion experiments utilized: 
(a) a variety of mudstones, siltstones and evaporite (gyp-
sum, anhydrite) rocks from geological formations in Indiana 
and Kentucky and (b) artificial samples where layers and 
features of contrasting hardness were produced with con-
struction cement and plaster of Paris (gypsum). In several 
experiments the abrasion-induced mass loss of samples was 
monitored through the course of the experiment (Rossman 
et al., 2012). Generally, the highest mass loss rates occurred 
in the initial weeks of a given experiment, followed by expo-
nential decline as the exposed surfaces became increasingly 
‘streamlined’.

‘Wind tails’ and comparable features (Figures  1 and 2) 
are elongate, raised features, typically a few millimetres to 
centimetres wide and several centimetres to 10 cm or more 
in length. In many examples a more resistant element (e.g. an 
inclusion of sedimentary, volcanic or diagenetic origin) pro-
trudes from the rock surface at the upwind end of the feature, 
and a ‘tail’ of less resistant rock material tapers downwind 
from this. Geometrically they resemble so called ‘flutes’ as 
described from sedimentary rocks on Earth (Reineck and 
Singh, 1980) and from ventifact studies (Bridges et al., 2004; 
Laity and Bridges, 2009), but they are positive features on the 
surface, rather than scoop/spoon-like negative relief features. 
Whereas in many examples (Figure 1C) the erosion-resistant 
portion of the rock is a distinct feature (diagenetic nodule, 
sand grain or rock fragment; Schieber et al., 2017), there are 
also examples where there is no readily apparent cause for 
tail formation (Figure 1D).

These features were reproduced in the laboratory by em-
bedding small pebbles into blocks of gypsum (gypsum slurry 
poured into a rectangular mould) and exposing these samples 
to abrasion for periods of several weeks to as long as three 
months (Figure 5A). In addition, wind tails with more subtle 
relief formed on blocks of plain gypsum that were exposed to 
abrasion in the same experiments (Figure 5B). This indicates 
that minor, localized variations in cementation can yield sites 
of erosion resistance that are capable of developing wind 
tails.

In these experiments, flute-like (negative relief) features 
formed at receding block edges (Figure 6B), and along dis-
continuities of erosion resistance such as the contact between 
erosion-resistant silt layers and intervening softer mudstone 
layers (Figures  6D and 7). Analogous features can be ob-
served in outcrops of the Murray Formation at the edges of 
fractured blocks of mudstone (Figure 8), or along fractures 
within large blocks (Figure 9).

In other experiments, siltstone layers, even those that were 
very thin, displayed more erosion resistance than intervening 
mudstone layers due to preferential cementation of silt layers. 
Wind erosion therefore drastically enhanced the relief and vis-
ibility of even very thin silt laminae (Figure 10). In addition 
to differential erosion, the resistant silt laminae developed 
short, remnant protuberances extending upwind, along with 
crenulated margins (Figure 9). Crenulated-serrated edges and 
remnant protuberances are also observed in MARDI images 
of the Murray Formation (Figure 11).

Another feature that was commonly observed in abra-
sion experiments is the formation of ‘stalks’ and ‘pedestals’. 
These features develop due to differential erosion between 
diagenetic concretions with higher abrasion resistance than 

F I G U R E  5  (A) Abrasion of gypsum block with embedded 
pebbles (dark, rounded features). Wind tails (yellow arrows) form in 
the erosion-protected region immediately downwind of the pebbles. 
Wind direction indicated by blue arrow. (B) Wind tail formation 
(yellow arrows) on block of pure gypsum. Wind direction indicated by 
blue arrow
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the enclosing mudstone matrix. This phenomenon leads to 
clusters of ‘pustules’ projecting from the abraded surface 
(Figure 12), or to ‘stalks’ and ‘pedestals’ of matrix material 
that are protected from abrasion by resistant concretions at 
their tips. This phenomenon can result in remnant features 
projecting from sediment layers during erosional retreat 
(Figure 13) (cf. fig. 19.4 of Laity, 1994, and figs 19.12-19.13 
of Laity, 2009). Morphologically similar features, termed 

F I G U R E  6  (A and B) experimental 
abrasion progress on a block of gypsum. 
Twenty days of abrasion have partially 
removed the upwind portion of the 
block (blue arrow = airflow direction) 
and generated a fluted edge. (C and D) 
experimental abrasion progress on a block 
of shale (layering is vertical; New Albany 
Shale, Indiana). Seventy-seven days of 
abrasion generated a stepped erosion profile 
that reflects alternating resistant silt layers 
and intervening softer mudstone layers 
(blue arrows = airflow direction). The silt-
mudstone contacts show flute development 
(white arrows) in the mudstone layers. The 
red arrow points to a developing stalk

F I G U R E  7  Another sample of shale (New Albany Shale, 
Indiana) with alternating silt (harder) and mudstone layers (softer). 
Layering is vertical. White arrows point to flute development in 
mudstone layers, downwind (blue arrows = airflow direction) of 
resistant siltstone layers

F I G U R E  8  MARDI image of Murray mudstone shows 
formation of flutes at the edge of a block of bedrock (small white 
arrows). The prevailing wind direction that is deduced from this 
feature is indicated by the large white arrow. MARDI image 
0792MD0003360000102998E01
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‘knobs and bosses’, were described by Lancaster (1984) from 
the Namib desert, and are also known as ‘dedos’ (fingers in 
Spanish), as illustrated in Laity, 2011 (fig. 21.15). Comparable 
examples have also been illustrated from Meridiani Planum 
on Mars by Thomas et al. (2005).

More unusual and elaborate protruding features produced 
by aeolian abrasion have been imaged by the MSL rover cam-
eras in multiple locations, with the most publicized example 
probably being that of the ‘spoon’ observed on Sol 1,090 of 
the MSL mission (Figure 14). The great majority of stalk and 
pedestal features are smaller and less spectacular, but none-
theless are widespread and are apparent in many MSL out-
crop images (Figure 15).

On Earth, differential erosion of sedimentary strata en-
hances surface relief of more resistant layers, helping draw 
attention to what otherwise might be relatively subtle dif-
ferences caused by ancient environmental or depositional 
changes. In the experiments described here, aeolian abrasion 
of mudstones and gypsum analogs resulted in enhanced re-
lief according to layer-by-layer differences in erosional re-
sistance (Figures  16 and 17; preferential removal of softer 
mudstone layers is also visible in Figures  10 and 13). On 
Mars, the downward view from MARDI typically is more at 
right angles to sedimentary bedding planes exposed at the 
surface, rather than parallel to them, so differential erosion is 
not as apparent in MARDI images as in Figures 10 and 13. 
However, other rover cameras have recorded many examples 
of Martian sedimentary rocks expressing this style of differ-
ential erosion (e.g. Figure 18).

2.6 | Surface variability of airflow—
past and present

Although in most instances the airflow direction indicated 
by aeolian abrasion features is reasonably uniform across the 
MARDI field of view (Figures  2, 9 and 15), some images 
show more complex patterns that reflect local interactions 
between surface topography and airflow that have affected 
abrading sand trajectory azimuths (Figure  19). Other ex-
amples of short range surface flow variability are shown in 
Figures 20 and 21. The latter two images also show how wind 
directions derived from abrasion features compare with mod-
ern wind directions deduced from wind ripples and sand ac-
cumulations behind obstacles.

2.7 | Mapping wind patterns

Systematic inspection of MARDI images acquired from Sol 
754 to 2,257 of the MSL mission yielded 229 sand abrasion 
directions, derived from aeolian abrasion features similar 
to examples in Figures  1, 2, 5 through 13, 15, 19, 20 and 
21. In addition, 30 modern wind directions were determined 
from sand accumulation behind obstacles (e.g. Figure  19) 
and wind ripples in sand (e.g. Figures 20 and 21). Arrows 
indicating wind directions were plotted on a composite of or-
bital HiRISE images (Figures 22 through 28) that serve as 

F I G U R E  9  MARDI image of Murray mudstone. Yellow arrows 
point to low, fracture-related scarps where fluting has developed. The 
prevailing wind direction that is deduced from this feature is indicated 
by the large white arrow. Wind tails are apparent at upper right. 
MARDI image 1435MD0005430000200593E01

F I G U R E  1 0  Experimentally abraded (30 days) interlaminated 
siltstone and mudstone (New Albany Shale, Indiana). In the lower 
half of the sample, mudstone intervals between siltstone form 
shadowed recesses. In the upper half (mudstone dominated), very 
thin silt laminae (sub-mm) resist erosion and stand out prominently. 
These resistant laminae (white and yellow arrows) show upwind 
promontories (white arrows) and edges that are crenulated. Blue arrow 
indicates airflow direction
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a basemap for the MSL mission (Parker et al., 2012; Calef 
and Parker, 2016). The data density is not uniform because 
(a) drive distances between MARDI image locations varied 
along the traverse and (b) some traverse segments ended with 
the rover paused over ground with abundant sand and rubble, 
instead of outcrop.

The first of these maps (area A, shown in Figure 23) shows 
the rover traverse southwest from the Pahrump Hills out-
crops. In general, rock abrasion directions in Figure 23 record 
sand mobilized to the south-southeast. A southeast direction 
(135°) dominates at Pahrump Hills. In the vicinity of the sol 
971 rover position, rock abrasion directions are consistent 
with topographic modification of wind-driven sand pathways 
around a hill. Modern sand deposits (commonly in depres-
sions) exhibit large ripples with a range of orientations, sug-
gesting multiple sand transport directions across area A that 
probably reflect topographic control of near-surface airflow 
and sand pathways in this highly dissected terrain.

Figures  23 and 24 show that rock abrasion directed 
south-southeast characterizes many mudstone surfaces 
in areas A and B. Confusing exceptions exist in area B 
(Figure 23) near the sol 1,100 rover position where intricate 
surface relief provides opportunities for many diversions and 
blockings of sand migration pathways. Within area B, which 
includes a portion of the Bagnold dune field (see Bridges and 
Ehlmann, 2017), there is an abrasion subset directed west to 
southwest that spans the ca 100 m corridor between Namib 
dune and High dune, as if caused by sand blowing from one 
dune across to the other. In this hypothesis sand supply az-
imuth would be a decisive factor (in addition to wind azi-
muth), as discussed earlier. In an analysis of HiRISE images 
of nearby dunes, Silvestro et al. (2013) proposed two forma-
tive regional wind directions, blowing west-southwest and 
southeast, in order to explain ripple orientations of 330° and 

45° on nearby dunes (with the caveat that Martian ripples 
large enough to be resolved from orbit do not always reflect 
transverse wind directions across their crests; Silvestro et al., 
2016). Accordingly, net south-southwest sand transport di-
rections for High dune and Namib dune, estimated from their 
slipface orientations (larger green arrows in Figure 24) could 
reflect contributions from both of these proposed regional 
formative winds. In the corridor between Namib dune and 
High dune, sand saltating west-southwest dominates the abra-
sion textures (over the southeast or south-southeast textures 
found elsewhere) because of the abundant local sand supply 
adjacent to the corridor and immediately upwind of it (i.e. to 
the east-northeast of it) represented by Namib dune. In this 
interpretation, sand blowing from Namib dune when winds 
blow to the west-southwest dominates abrasion textures in 
the rock corridor immediately downwind, overwhelming any 
signatures there of sand-limited abrasion from regional winds 
blowing south-southeast that prevails elsewhere in area B.

In Figure 25, a striking feature in area C is the northeast 
abrasion directions dominating one area of the Naukluft 
Plateau (blue arrows). These directions were measured in 
sandstone outcrops of the Stimson Formation, a unit that 
unconformably overlies the Murray Formation (Banham 
et al., 2018). Although this study is focused on the Murray 
Formation, observations from the Stimson are included here 
because they form part of the rover traverse and allow for 
added perspective on ancient wind patterns. Due to the gen-
erally higher erosion resistance of the sandstones, oriented 
aeolian abrasion features are less common and not as well de-
veloped as in mudstones along the MSL traverse. In addition, 
aeolian abrasion in sandstones may not be directly compa-
rable to that seen in mudstone outcrops. Whereas in mud-
stones an included hard grain or a concretion tends to lead 
to well-developed ‘wind tails’, in a sandstone the contrast in 

F I G U R E  1 1  MARDI images that show features comparable to Figure 10 in the Murray Formation. (A) Resistant laminae with promontories 
(yellow arrows), interpreted as aeolian abrasion remnants that project upwind. The white arrow marks the interpreted direction of airflow. MARDI 
image 0754MD0003260000102475E01. (B) Crenulated-serrated edges of resistant laminae (yellow arrows) that are interpreted to record the effects 
of abrading sand that was blowing from the upper left to the lower right (large white arrows). MARDI image 1837MD0007470000200793E01
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resistance between a pebble or a concretion and the surround-
ing sand grains (also hard) is probably less pronounced and as 
such wind tails are less well-developed. In a poorly cemented 
sandstone, however, differential abrasion should be better de-
veloped and ‘wind tails’ should develop more readily. On this 
basis, abrasion directions derived from sandstones can be ex-
pected to be more irregularly distributed and to carry a higher 
uncertainty than those measured on mudstone surfaces. On 
the other hand, the overall coherence of northeast abrasion 
directions measured on the Naukluft Plateau just east of the 
Sol 1,357 rover site (Figure 25) suggests that this orientation 
is significant. Possibly the greater erosional resistance of this 
sandstone surface (probably partly responsible for its expres-
sion as a plateau, standing higher than surrounding terrain) 
represents a more ancient exposed surface than less resistant 
mudstones elsewhere along the rover traverse, and might 
record abrasion textures from a previous epoch where sand 
pathways were different from the present day. In support of 
this hypothesis, abrasion directions derived from mudstone 
outcrops in area C are generally similar to overall southerly 
transport pathways observed earlier in the traverse (areas A 
and B, Figures 23 and 24). Also, within area C present-day 
sand migration is westward, as indicated by the large ripples 
in modern sand deposits (assuming that sand pathways are 
transverse to these large ripple crests), further suggesting a 
different, older origin of the northeast abrasion orientations.

The clustering of northeast abrasion directions in sand-
stones from the Naukluft Plateau (Figure 25) may thus repre-
sent a combination of (a) an abrasion signature of older wind 

directions that has since been obliterated from the softer and 
more readily abraded Murray mudstones, (b) a higher den-
sity of rover stops (closely spaced MARDI images), and (c) 
locally softer Stimson sandstone that allowed for better devel-
opment of ‘wind tails’ more recently.

In area D (Figure 26), the rover travelled over a gently 
sloping mudstone surface through the Murray Buttes and 
beyond. Abrasion directions measured in this area show 
limited scatter and indicate rock abrasion from saltating 
sand migrating to the south-southeast. The southerly course 
of the rover through area D avoided close approaches to the 
buttes and areas that might have been screened by individ-
ual buttes from sand migrating southward. However, the 
sol 1,455 rover position was an exception. There, the rover 
ventured westward a short distance ‘behind’ one of the 
buttes (i.e. southward surface pathways would be blocked 
by the butte itself). Abrasion textures at this location are 
west-southwest, either reflecting wind and sand pathways 
that were deflected around the butte, or perhaps reflecting 
the abrasion signature of a secondary sand-driving wind 
azimuth common in the region but revealed only in this 
location where a more dominant, regional south-south-
east abrasion signature cannot reach and obliterate it. 
Unfortunately, comparisons of rock abrasion measure-
ments with modern sand migration directions in area D are 
complicated by the general lack of extensive modern sand 
deposits: Many of the most prominent ripple crests in or-
bital views are light-toned, consistent with a dust compo-
nent indicating inactivity and probably induration. Darker 
sand deposits in the region occur mostly only as mantles 
covering steep debris aprons surrounding individual buttes, 
and thus are unsuitable for assessing current regional sand 
migration pathways.

Southerly sand abrasion textures continue as the rover 
traverse extends into area E (Figure 27), until encounter-
ing the Bagnold dune field for the second time around Sol 
1,600. While traversing the corridor between Mount Desert 
Island dune and Nathan Bridges dune, abrasion directions 
are more irregular but include sand pathways to the south-
west, the current migration direction of linear ripples and 
dunes encountered by the rover and observed nearby from 
orbit (Silvestro et al., 2016; Lapotre and Rampe, 2018). 
These southwest-pointing abrasion textures become more 
consistent as the rover traverse continues among numer-
ous outlying ripple fields of mafic sand while emerging 
from the dune field. In this region (southern portion of area 
E) abrasion textures are similar to modern sand migration 
directions suggested by crest orientations of large ripples 
resolved from orbit (with the caveat mentioned earlier that 
actual sand motion might not be orthogonal to these ripple 
crests; Silvestro et al., 2016). The rover traverse contin-
ued across mudstones as it approached the higher standing 
VRR (Figure  22), which barely extends into area E as a 

F I G U R E  1 2  Abraded shale specimen (New Albany Shale, 
Indiana) with ‘pustules’ (yellow arrows). In this sample bedding 
was perpendicular to the particle/airflow. Abrasion was retarded by 
numerous sub-millimetre pyrite concretions that consequently became 
elevated on a pedestal of matrix mudstone
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light-toned mass at the extreme lower right of Figure 27. 
Just as the strata below it, the VRR consists largely of mud-
stones. It appears to be more erosion resistant and forms an 
escarpment (Figure  28), a circumstance that is attributed 
to better cementation of these rocks (Fraeman et al., 

2013; Fraeman et al., 2018; Bennett et al., 2018; Rivera-
Hernandez et al., 2019). In this area, abrasion orientations 
on mudstones appear to deflect around the steeper slopes 
of the VRR.

Abrasion directions on the VRR (area F, Figure 28) are 
southerly overall, but northern portions of the ridge exhibit 
abrasion from sand moving southeast, whereas southern por-
tions of the ridge display mostly southwest abrasion. Large 
modern sand deposits on the ridge are rare, providing little 
access to present-day sand migration directions for compar-
ison with rock abrasion orientations. However, within an  
irregular sand patch near the Sol 2,163 position, narrow sand 
‘tails’ extending from individual rocks (essentially small di-
rected drifts similar to ‘sand shadows’ discussed by Bagnold 
(1941), indicate sand currently moving west-southwest at 
that location.

The rover explored the VRR for 500 sols, but Figure 28 
shows that in many rover locations no directional data could 
be recovered. The reason for this is not so much an absence 
of aeolian abrasion features, but rather an abundance of am-
biguity (Figure 29). As already indicated above, the mud-
stones of the VRR form an escarpment, owing to an erosion 
resistance (Fraeman et al., 2013, 2018; Bennett et al., 2018; 
Rivera-Hernandez et al., 2019) that is substantially greater 
than that of typical Murray Formation mudstones encoun-
tered between Sols 754 (base of Murray) and 1,800 (base 
of VRR). The more resistant rocks of the VRR commonly 
record aeolian abrasion from different wind directions on 
separate facets (Figure 29), not unlike what is observed in 
ventifacts.

F I G U R E  1 3  Sample of interlaminated siltstone/mudstone (lower 2/3 of sample) and recessive mudstone (upper 1/3 of sample). Sample 
(New Albany Shale, Indiana) shown from two perspectives, airflow direction shown by blue arrows. Red arrows point to mudstone stalks/pedestals 
that are protected from erosion by resistant pyrite concretions. This sample is the same as pictured in Figure 10, but 84 days later in the same 
abrasion experiment (114 days total experiment time). In Figure 10, the stalks/pedestals had just started to develop. In the laminated siltstone 
portion (lower 2/3 of the specimen), erosional striations have developed (white arrows), that over time may develop into serrated lamina edges like 
those seen in Figure 11B

F I G U R E  1 4  The ‘spoon’ (yellow arrow), a handle shaped 
feature that juts out from an outcrop and ends in a rounded tip. 
The rock is a sandstone in this case, but the ‘spoon’ does look 
very delicate and attests to the very gentle yet persistent action 
of aeolian abrasion on the surface of Mars. Mastcam image 
1090MR0047860270600575E01

 20554877, 2020, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dep2.110 by Indiana U

niversity L
ibraries, W

iley O
nline L

ibrary on [31/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



   | 637SCHIEBER Et al.

3 |  DISCUSSION

Laboratory experiments described in previous sections illus-
trate how aeolian abrasion against windward rock surfaces 
can develop features such as flutes, grooves, wind tails, 
pedestals and stalks, and enhance the surface expression of 
more resistant laminae through differential erosion. The ex-
periments clearly show that these features are consistent with 
unidirectional particle trajectories impacting target surfaces, 
and confirm many prior studies that the direction of sand mo-
tion can be deduced from their morphology. Features of this 
kind were produced in previous experiments (Bridges et al., 
2004; Laity and Bridges, 2009) utilizing a range of rock types 
and rock simulants, but prior studies where mudstones were 
subjected to aeolian abrasion experiments are lacking. Laity 
and Bridges (2009) concluded that sand was the most prob-
ably abradant to form such features (on Earth and Mars), 
that sand abrasion and ventifact formation occur only on the 

windward side of a target, and that characteristic abrasion 
features such as flutes, grooves and pits develop best where 
target surfaces are exposed to sand saltation from a consist-
ent direction, reinforcing conclusions of earlier studies that 
ventifacts and abraded terrain can allow derivation of sand-
driving palaeowind patterns (Sharp, 1949).

In these experiments, stalk and pedestal formation 
(Figures  11 and 12) occurred only when sand trajectories 
were unidirectional for a significant experiment duration 
(2–3  months’ continuous saltation exposure, in the case of 
mudstone samples). Because these features develop where 
a resistant object, such as a concretion, protects the softer 
mudstone matrix downwind from erosion, the ‘softer’ pedes-
tal is eroded away and stalks disappear if samples are inter-
mittently rotated. Therefore, instances of stalks and pedestals 
developed in Murray Formation mudstones signify where 
sand saltation from a consistent direction has occurred over 
long time periods. In Gale Crater, saltation directions derived 

F I G U R E  1 5  Examples of MARDI images that show protruding stalks and pedestals similar to those formed in abrasion experiments 
(Figures 12 and 13). These features can be somewhat bulbous and thickened upwind, suggesting that rounded concretions or inclusions of 
greater abrasion resistance are the underlying cause (images A, B and D). Planar or flat projections suggest erosional enhancement of layers with 
somewhat greater erosional resistance (image C). In each image, white arrows suggest the overall sand saltation direction indicated by orientations 
of stalks and pedestals (yellow arrows). MARDI images (A) 1255MD0004690000200407E04, (B) 2012MD0007940000201049E01, (C) 
1452MD0005490000200599E01 and (D) 1174MD0004450000200001E01
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from multiple locations reveal relatively coherent wind pat-
terns within a given area (Figures 22 through 27), and this 
supports the motivating premise of this study, intending to 
document regional, and in places local, sand-driving wind 
patterns.

Overall wind directions indicated by wind tails and as-
sociated abrasion features within the Murray Formation are 
towards the south and south-southeast along the Sol 754 
to 2,257 rover traverse (Figure  22), although for smaller 
sampling areas the influence of topography becomes more 
readily apparent. For example, in Figure  23, abrasion di-
rections for the smoothly sloping area of the Pahrump 
Hills outcrop are similar, but as the rover advanced to the 

southwest into more dissected terrain, more directional 
scatter is apparent, as well as deflection of wind flow and 
sand pathways around elevated topographic features (near 
the Sol 971 marker).

The Curiosity rover carries the Rover Environmental 
Monitoring Station (REMS) wind sensor (Gómez-Elvira 
et al., 2012) which operated until ca Sol 1,500. Although 
the measurements show complex wind patterns and great 
variability related to time of day and season, local scale cir-
culation appears to dominate observed surface winds in Gale 
Crater (Viúdez-Moreiras et al., 2019a; 2019b). Although 
one might wonder whether this complexity might lend itself 
to wind sculpted rocks that show multiple transport direc-
tions, because in experiments directional abrasion features 
became apparent within a few weeks it is highly probably 
that surfaces that might carry multidirectional wind tails are 
a transient phenomenon at best. Wind measurements with 
the REMS sensor suggest peak wind speeds for upslope 
winds (towards the south) during the southern hemisphere 
summer (Viúdez-Moreiras et al., 2019a, 2019b). Thus wind 
directions derived from abrasion features are broadly con-
sistent with observed wind directions from REMS. The 
south-facing slip faces of Namib and High dune (Figure 24, 
heavy blue arrows) are also consistent with winds from the 
north that push sand in an upslope (to the south) direction, 
and suggest that a slope wind regime appears to impact 
modern sand movement and may well be an underlying 
cause for the regionally observed southward orientation of 
wind tails and associated abrasion features that formed over 
longer time scales.

In Figure  24, the terrain flattens and the dominant 
south-southeast direction is again well-developed. In the 
Bagnold 1 area, however, in the gap between Namib and High 

F I G U R E  1 6  Experimental abrasion of a mudstone sample (New 
Albany Shale, Indiana) that consists of cemented siltstone layers and 
mudstone layers. At left (A) the sample prior to abrasion, and at right 
(B) the same sample after 77 days of continued abrasion. Whereas in 
(A) the initial saw-cut surface was continuous across both siltstone and 
mudstone portions, after prolonged abrasion (B) the mudstone portion 
has retreated and has a smoother appearance than the siltstone portion. 
Erosion has brought out faint laminae in the mudstone (white arrows). 
The most resistant siltstone layers (light coloured in (A) developed 
in positive relief during the experiment (B). Darker and more muddy 
interlayers were gouged out (red arrows) by abrasion

F I G U R E  1 7  Experimental analogue sample that shows 
differential erosion between gypsum and cement layers. Sharp 
undercutting of soft gypsum (yellow arrows) contrasts with more 
resistant cement layer that starts to project out in positive relief. Sand 
abrasion direction (airflow direction) shown by blue arrow

F I G U R E  1 8  Preferential removal of softer mudstone intervals 
in a block of wind eroded Murray Formation mudstone, as seen 
during the rover's ascent of Mount Sharp. Here the Murray contains 
abundant, approximately bedding-parallel fractures, filled with calcium 
sulphates, that are more abrasion resistant than the mudstone that 
encloses them. Consequently, the mudstone portions of this rock are 
deeply recessed, and most of what is seen in this image are the calcium 
sulphate vein fills. Image mosaic composed of Mastcam images 
1586MR0080800010800381E01 and 1586MR0080800020800382E01
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dune, abrasion from sand saltating west and southwest indi-
cates that azimuth of sand availability is an essential factor 
when evaluating the development history of aeolian abrasion 
features. The barchan dunes in Figure 24 have slip faces that 
indicate migration to the south-southwest (green arrows) and 
superimposed smaller ripples that are migrating west-south-
west (yellow arrows). The Bagnold Dunes, and the sand that 
forms them, broadly migrate to the southwest (Figure  22), 
and thus the sand flux in bedrock areas between dunes should 
be higher than in bedrock areas that are not in the path of 
dune migration. Given that migration of the modern dunes 
reflects the modern wind regime, the west and southwest 
abrasion directions recorded locally between dunes prob-
ably reflect the influence of nearby dune sand sources and 
relatively frequent saltation events from these sources. The 
south-southeast abrasion directions recorded on bedrock sur-
faces outside the dune migration path probably record long-
term sand saltation at much lower rates (e.g. from rare strong 
wind events, but consistently from the north-northwest) that 
mobilize more diffuse sand sources somewhere upwind to 
the north-northwest, perhaps even ultimately from outside 
Gale Crater. In this concept, south-southeast sand migra-
tion potentially has affected and continues to affect bedrock 

surface textures across much of this part of the Gale Crater 
floor, but is overwhelmed in local areas between dunes by 
more active saltation abrasion along the dune migration path. 
Some support for this idea is provided by the orbital analy-
sis of Silvestro et al. (2013), which discussed how secondary 
wind currently blowing from northwest to southeast would 
be consistent with a distinct subset of ripple orientations they 
measured on the Bagnold Dunes.

F I G U R E  1 9  Three different sand abrasion directions (airflow 
directions) in a single MARDI image are shown by white arrows 
(azimuths indicated with yellow lettering). Abrading sand generally 
moved southward, but locally flow seems to have been affected and 
modified by more resistant obstacles and debris-filled fractures. In 
part, modern sand transport (and thus abrasion) directions coincide 
with southward directions indicated by abrasion features, for 
example as indicated by sand tails behind surface obstacles (yellow 
arrows). Yet, in other places they show considerable divergence. 
For example, the blue arrow shows wind-ripple crests that suggest 
roughly east-west ripple migration (airflow) in a sand-filled fracture, 
an indication that modern transport orientations can be substantially 
more complex than those we see recorded by abrasion features that 
are biased towards long-term prevailing winds. MARDI image 
1827MD0007410000200787E01

F I G U R E  2 0  Comparison of wind directions as recorded by 
abrasion features in mudstone (white arrows) with modern wind 
directions as recorded by rippled sand (blue arrow). Whereas abrasion 
features indicate a dominant southerly airflow, the modern sand ripples 
show how surface airflow and low-angle saltation grain trajectories 
tend to follow sand-filled depressions around obstacles. MARDI image 
1473MD0005600000200610E01

F I G U R E  2 1  Comparison between airflow derived from 
abrasion features (SSE pointing narrow white arrow), and airflow 
indicated by modern ripples in loose sand (wide white arrows). 
Modern sand transport directions are similar to the long-term SSE 
abrasion direction (arrow 1). Yet, low-angle saltating grain trajectories 
of modern sand deposits in local low areas are influenced by higher 
standing rocky obstacles, resulting in some variation in azimuths of 
access (e.g. arrow 2). MARDI image 1597MD0006120000200662E01
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640 |   SCHIEBER Et al.

F I G U R E  2 2  HiRISE image composite of the northern foothills region of Mount Sharp with the rover path indicated by the white trace. The 
wind direction arrows are difficult to plot legibly at this level of magnification, and are instead displayed on six (labelled A through F) enlarged 
detail maps (Figures 23 through 28). The location and coverage of each detail map is indicated by six blue rectangles. The large rose diagram at 
right (all directions) shows the distribution of wind directions from the entire traverse (229 directions). The smaller rose diagrams next to each 
detail region show the distribution of derived wind directions for detail regions. They are shown in more detail in Figures 23 through 28. As the 
rover progressed from area (A–F) it generally moved uphill to successively higher elevations
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   | 641SCHIEBER Et al.

F I G U R E  2 3  Region ‘A’ from 
Figure 22. Red arrows show wind directions 
derived from aeolian abrasion features in 
MARDI images of mudstone exposures. 
Blue arrows show wind directions collected 
from sandstone exposures. In areas where 
arrows are crowded together, some arrows 
were given a different shade of red to 
aid visibility. The rose diagram shows 
the distribution of wind directions (dark 
blue from mudstones, light blue from 
sandstones), and the numbers in yellow 
provide guidance on the time (Sol) the rover 
traversed these locations

F I G U R E  2 4  Region ‘B’ from 
Figure 22. Red arrows show wind directions 
derived from aeolian abrasion features in 
MARDI images of mudstone exposures. 
Small blue arrows show wind directions 
collected from sandstone exposures. In 
areas where arrows are crowded together, 
some arrows were given different shades 
of red to aid visibility. Dark areas are 
covered with actively moving sand dunes 
(Bagnold Dunes, investigation area 1). The 
identifiers “High dune” and “Namib dune” 
are from Bridges and Ehlmann (2017). The 
arrows on the dunes indicate the slip face 
propagation direction (SSW, 195°, large 
green arrows), and the migration direction 
of superimposed metre-scale ripples (SW, 
235°, yellow arrows). The rose diagram 
shows the distribution of wind directions 
(dark blue from mudstones, light blue from 
sandstones), and the numbers in yellow 
provide guidance on the time (Sol) the rover 
traversed these locations
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Abrasion directions indicating west to southwest sand sal-
tation are also dominant along the MSL traverse at Bagnold 
2 and in areas immediately to the south, where the traverse is 
adjacent to numerous sizeable, probably active, sand deposits 
(Figure 27). This observation supports the premise that mod-
ern sand movement is responsible for aeolian abrasion fea-
tures in these areas. Further south and more distant from the 
Bagnold Dunes, southeast abrasion directions dominate the 
long stretch of Murray bedrock exposure (largely mudstone) 
along the MSL traverse from Sol 1,417 to 1,553. Along that 
part of the traverse only minor sand patches occur, mainly in 
depressions (Figure 26). These southeast abrasion measure-
ments could indicate effects from less common sand-driving 
wind events towards the southeast (consistent with the sug-
gestion of Silvestro et al. (2013) that secondary winds from 
the northwest currently influence ripple orientations on the 
Bagnold Dunes) which would mobilize sand from sources to 
the northwest of this area, including from the Bagnold Dunes.

The wind directions recorded from the Stimson sandstone 
outcrops of the Naukluft Plateau (Figure 25) constitute the 
most outstanding deviation from the otherwise dominant 
southerly abrasion directions (Figure  22). Given that sand-
stones and siltstones tend to be much more erosion-resis-
tant in abrasion experiments than mudstones (Howald and 

Schieber, 2008; Rossman et al., 2012), it is probably that 
‘re-orienting’ aeolian abrasion features in sandstones also re-
quires substantially longer time intervals than for comparable 
features in mudstones. As such, abrasion directions recorded 
on the Naukluft Plateau may represent an older wind regime. 
That this is a distinct possibility is suggested by Bridges et al. 

F I G U R E  2 5  Region ‘C’ from Figure 22. Shows wind directions 
derived from aeolian abrasion features in MARDI images. Red arrows 
indicate abrasion features in mudstones. Blue arrows indicate abrasion 
features in Stimson sandstone of the Naukluft Plateau area. The rose 
diagram shows the distribution of wind directions (dark blue from 
mudstones, light blue from sandstones), and the numbers in yellow 
provide guidance on the time (Sol) the rover traversed these locations

F I G U R E  2 6  Region ‘D’ from Figure 22. Red arrows show 
wind directions derived from aeolian abrasion features in MARDI 
images of mudstones. The rose diagram shows the distribution of wind 
directions, and the numbers in yellow provide guidance on the time 
(Sol) the rover traversed these locations
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(2014) in a study of ventifacts observed during the first year 
of rover operations. The rocks carrying ventifacts studied by 
Bridges et al. (2014) were sandstones, conglomerates and 
clasts liberated from conglomerates—rocks probably to be 
more abrasion resistant than mudstones, based on laboratory 
experiments described above. Bridges et al. (2014) suggested 
two formative wind regimes: one blowing to the southeast, 
and the other blowing to the northeast. The southeast direc-
tion is consistent with one of the two modern wind directions 
identified in the Bagnold Dunes from orbit (Silvestro et al., 
2013), whereas the northeast direction seen on the Naukluft 
Plateau (Figure 24) seems to have no modern equivalents and 
may record an older wind regime (Bridges et al., 2014). Wind 
directions deduced from aeolian abrasion features collected 
on the VRR suggest that the concave (southward) indentation 
of the ridge served to focus airflow up and over the ridge, 
consistent with winds that generally blew towards the south 
as recorded by the majority of abrasion features (Figure 22).

4 |  CONCLUSIONS

Laboratory abrasion experiments help identify analogous 
aeolian abrasion features in MSL MARDI images of Martian 

mudstone surfaces, and help interpret sand-driving wind azi-
muths along the rover traverse at Gale Crater. Orbital analy-
ses of active ripple orientations, ripple movements and dune 
morphologies indicate the dominant direction of sand move-
ment at the Bagnold Dunes is southwest (Silvestro et al., 
2013, 2016). However, this saltation direction coincides 
with ground abrasion measurements only within the gener-
ally southwest migration pathway of the Bagnold Dunes and 
closely associated active sand deposits. Outside of this area 
(i.e. in regions visited by MSL to the north and well to the 
south of the Bagnold Dunes), sand abrasion features in mud-
stone bedrock most commonly reflect saltation towards the 
south-southeast, with relatively wide variation around this 
azimuth. These south-southeast abrasion textures need not 
represent a different, past wind regime, however, because 
they are approximately aligned with winds toward the south-
east that have been invoked to explain a secondary, 45° ripple 
crest orientation within the active Bagnold Dunes (Silvestro 
et al., 2013). A simple interpretation combining this infor-
mation involves: (a) wind events blowing southwest that are 
primarily responsible for southwest migration of the Bagnold 
Dunes have also caused bedrock abrasion of similar orienta-
tion between these dunes; and (b) less effective wind events 
(from an abrasion standpoint) blowing south-southeast have 

F I G U R E  2 7  Region ‘E’ from 
Figure 22. Red arrows show wind directions 
derived from aeolian abrasion features 
imaged in MARDI images of mudstones. 
Dark areas are covered with actively moving 
sand dunes (Bagnold Dunes, investigation 
area 2). The identifiers “Mount Desert 
Island” and “Nathan Bridges dune” are from 
Lapotre and Rampe, 2018. The rose diagram 
shows the distribution of wind directions, 
and the numbers in yellow provide guidance 
on the time (Sol) the rover traversed these 
locations
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broadly affected bedrock exposures elsewhere across the 
MSL landing site away from the Bagnold Dunes. The domi-
nance of approximately S-SSE-SE abrasion textures in mud-
stone exposures away from the Bagnold Dunes migration 
pathway ultimately reflects a lack of competition from the 
effects of other wind directions and sand supply azimuths 
over these broad areas. In this regard, the southwest abrasion 
textures that are mostly restricted to mudstone exposures be-
tween dunes within the Bagnold dune field are an exception 
because of the availability of strong wind events blowing to 
the southwest combined with abundant nearby sand (dune) 
supplies immediately upwind. The short corridors between 
dunes should be subjected also to sand blowing S-SSE-SE 
as elsewhere along the MSL traverse, but at a much lesser 
rate than abrasive grain impacts from abundant sand blowing 
southwest between adjacent dunes. The higher rate of south-
west abrasion of rock surfaces in these corridors obliterates 
the potential to preserve signatures there from lower-rate 
abrasion along other azimuths. Outside the corridors between 
individual Bagnold Dunes, the lack of southwest sand path-
ways indicated by abrasion orientations is consistent with 
a greater diffuse supply of sand somewhere upwind to the 
N-NNW-NW, rather than to the northeast.

The best case for preservation of an ancient sand-driving 
wind regime different from current wind and sediment supply 
conditions is represented by the northeast abrasion textures 
found on the Naukluft Plateau. These northeast abrasion tex-
tures, in more resistant sandstone materials, correspond to 
one of two abrasion directions measured in non-mudstone 
sedimentary rocks explored early in the MSL traverse that 
probably have similar, relatively high erosional resistance 
(Bridges et al., 2014).

Besides natural variability in wind azimuth, factors con-
tributing to abrasion direction variability include: (a) outcrop 

configurations can locally shield some outcrop faces from 
abrasion by sand from a dominant wind direction, and so re-
strict abrasion textures on such faces to form only from other, 
less pervasive wind directions where azimuths of access exist 
and (b) the upwind azimuths of available sand supply can 
vary over the exposure age of any given rock surface, espe-
cially in the nearby presence of an evolving, mobile dune 
field whose position and extent on the floor of Gale Crater 
relative to Mount Sharp might change over time. The record 
of aeolian abrasion preserved on the lower slopes of Mount 
Sharp indicates that sand supply and strong winds have coin-
cided most consistently from northwest, north and northeast 
azimuths.

F I G U R E  2 8  Region ‘F’ from 
Figure 22. Red arrows show sand abrasion 
directions measured in MARDI images of 
mudstones. The rose diagram shows the 
distribution of wind directions, and the 
numbers in yellow provide guidance on 
the time (Sol) the rover traversed these 
locations. Thin yellow line and yellow dots 
mark the rover traverse and rover stops 
respectively

F I G U R E  2 9  Aeolian abrasion on well-cemented VRR 
outcrop surface from Sol 1,834. There appear to be at least two 
well-represented directions at 150 and 237° (arrows). In situations 
like these no dominant wind direction was recorded. MARDI image 
1834MD0007460000200792E01
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Although surface geological features as well as inter-
preted past conditions show many parallels between Earth 
and Mars, the two planets nonetheless operate under differ-
ent sets of boundary conditions. Therefore, and even though 
the same laws of physics and chemistry apply to both plan-
ets, exploring Mars allows us to ‘see’ aspects of geology that 
may be of miniscule importance on Earth (such as wind tails 
on mudstone surfaces) developed in great abundance and va-
riety, as well as realizing that processes and features that we 
take for granted on Earth require special (and rare) sets of 
circumstances to occur on our planetary neighbour.
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