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Abstract Eolian sediment transport is active on modern Mars and has been for billions of years. Dune
fields dot the surface of the planet, and examples of preserved eolian strata confirm that dunes were
active on ancient Mars. As is also true on Earth, most Martian eolian sandstones preserve only a small fraction
of the strata that constituted ancient dunes, and whole dunes fields are rarely preserved. In this study, we
focus on two fields of >300 pits each and compare the pit morphologies, scales, and orientations to
modern Martian dunes. It is hypothesized that the pit fields studied in Noctis Labyrinthus and Hellas basin
represent casts of dunes from two ancient dune fields that were partially buried in the Hesperian. The flood
material concentrated in the interdune area then became indurated, while the loose eolian dune sands
eroded away, leaving behind the ~102-m-scale dune-shaped pits or ghost dune pits. Modern barchan dunes
in Oyama and Herschel craters are used for comparison to the pit fields, and the topography of these modern
dunes is used to model pit morphologies after partial burial. Basalt flows and low-energy fluviolacustrine
deposition are possible mechanisms for partial burial. The potential for eolian strata to be preserved within
the pits at a once warm or water-rich interface makes the pits of interest for astrobiology. The inferred
ancient dune fields record in their morphology a wind regime that differs from the modern and provide rare
evidence of whole dune field preservation.

Plain Language Summary Ancient dunes in two places on Mars were partially buried and then
eroded away, leaving behind dune-shaped pits that preserve information about the ancient environment.
These pits may contain ancient dune sandstones around the edges of the pits and could be a good place to
look for evidence of ancient life. The shapes of the pits also tell us how the winds behaved in the past.

1. Introduction

Eolian processes actively shape the surface of Mars through the interactions of wind, mobile sand, and
exposed bedrock. Eolian erosion can carve centimeter-scale ventifacts (Bridges et al., 2014; Laity, 1994),
meter-scale yardangs (Ward, 1979), and even kilometer-scale mounds (Day et al., 2016; Steele et al., 2018).
Depositional processes create ripple and dune fields at all latitudes across the planet (Hayward et al., 2014;
Lapotre et al., 2016). Dunes in particular are well studied on both Earth and Mars and record in their morphol-
ogy information about the local winds and sediment state (Courrech du Pont et al., 2014; Kocurek &
Lancaster, 1999; Rubin & Hunter, 1987). Eolian processes have been a significant contributor to Martian land-
scape evolution since the Noachian-Hesperian transition (Carr, 1982; Greeley et al., 2001), and by studying
ancient dunes, we can make inferences about the similarities and differences between the modern and
ancient Martian climates.

On Earth, evidence of ancient eolian dunes can be found in terrestrial sandstones as sets of cross strata from
the bases of ancient lee faces (e.g., Bristow & Hill, 1998; Brookfield, 1977; Hunter, 1976). Eolian strata typically
capture only the basal lee portion of the ancient dunes and are most commonly exposed in vertical section,
making the plan view morphology of the dunes difficult to interpret. Even where outcrops are exposed in
plan view (e.g., Brothers et al., 2016; Day & Kocurek, 2017), topographic variation on an outcrop surface
can cut through eolian bed sets, obscuring the morphologies of any single bedform with the superimposed
signatures of later dunes. Measuring the variability in stratal dip directions can help constrain the morphol-
ogy of ancient dunes (e.g., Banham et al., 2018; Kocurek & Day, 2017), but such hand-sample-scale measure-
ments are impracticable for large-scale application to Mars.

In one instance of exotic preservation on Earth, dune morphologies were preserved by the partial burial and
later removal of dune sands. Ancient barchan and barchanoid dunes on the eastern Snake River Plain were
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flooded by the Split Butte basalt flow (Gaylord et al., 2015; Kuntz et al., 1992), and later erosion of the dune
sands left behind barchan-shaped pits in the basalt, termed ghost dune pits for their preservation of the
dune morphology in negative topographic relief (Gaylord et al., 2016).

On Mars, the situation is much the same as on Earth. Preserved eolian strata have been identified by rovers
(Banham et al., 2018; Grotzinger et al., 2005) and also by orbiters in both equatorial (Milliken et al., 2014) and
polar latitudes (Brothers et al., 2018; Kocurek & Ewing, 2012). As with Earth, these deposits are dominantly
cross sectional and preserve only basal dune strata in stacks of climbing sets. Rare instances of plan view out-
crops preserve straight-crested (Bourke & Viles, 2016) and barchan dune morphologies (Schatz et al., 2006)
but represent isolated instances preserving relatively recent dune forms. One extreme example of ancient
preservation was identified in the Apollinaris Sulci region where an entire dune field appears to have been
cemented and exhumed from under the retreating Medusa Fossae formation (Edgett & Blumberg, 1994;
Edgett & Malin, 2000; Peterfreund, 1985). This exotic case represents the only documentation of ancient

Figure 1. Dune cast pits in Hellas basin. (a) Location of the study area (black star) within Hellas basin to the southwest of
several major fluvial channels. Mars Orbiter Laser Altimeter 128-ppd topography andMars Viking global mosaic. Cool colors
are low elevation and warm colors high. Total relief in this image is ~7 km. Two large fluvial channels dissect the eastern
rim of the basin. Harmakhis Vallis to the south (arrow) and Dao Vallis to the north. (b) CTX mosaic showing the approximate
extent of the pits interpreted to represent an ancient dune field (dotted line). The extent of (c) and (d) are shown in boxes.
Mosaic of three CTX images: P16_007266_1392_XN_40S280W (right), P19_008558_1398_XI_40S281W (middle), and
P19_008268_1392_XI_40S281W (left). (c) Barchanoid pits typical of the Hellas basin pit field. Note the concave-south
shape of the majority of the pits, suggesting that these were south migrating dunes. (d) Barchan-shaped pits near the
margin of the pit field showing clear classical barchan shape and consistently oriented to reflect southward migration. Sun
is from the upper left. North is up in all figures. No High Resolution Imaging Science Experiment coverage was available for
areas within the dotted line.

10.1029/2018JE005613Journal of Geophysical Research: Planets

DAY AND CATLING 2



dunes where the morphology of many dunes in the same field can be plainly observed. Although the mor-
phology of any one dune captures some information, measuring many dunes in the same field increases
the fidelity of interpretations made from the dune morphologies (Allen, 1976; Kocurek & Ewing, 2005).

In this work, we explore two locations on Mars where many dune morphologies are potentially preserved.
Noctis Labyrinthus and Hellas basin both exhibit a series of pits in a local topographic low. Pitted terrains
are common onMars and have been attributed to a number of origins. However, to date no pits on Mars have
been attributed to genesis by eolian dunes. We explore the possibility that pits in these two study sites on
Mars are casts of ancient dunes, analogous to the ghost dunes of the eastern Snake River Plain, and discuss
the implications of such an interpretation.

2. Study Areas and Geologic Context
2.1. Pit Field in Hellas Basin

We discuss two putative paleodune fields, the first of which lies near the easternmargin of Hellas basin. At the
regional scale, eastern Hellas basin is highly fluvially dissected with major channel systems flowing from ENE
to WSW (Crown et al., 2005, 1992). This work focuses on pits in a topographically smooth medium-toned
deposit in a local basin distal to the Harmakhis Vallis system. The smooth deposit covers an area of
~10,000 km2 and is bounded to the north, east, and south by raised ridges of possible tectonic origin
(Tanaka & Leonard, 1995) and to the west and southeast by fractured chaos terrain (Glamoclija et al., 2011;
Sharp, 1973). The area has been mapped as an early- or late-Hesperian basin unit noted for layering
(Tanaka et al., 2014), as can be seen in the troughs west of the study area and at the base of the bounding
ridge to the north. Centered on 41°S, 079°E, the pits of this study cluster to the east of troughs that crosscut
the smooth terrain, and the pits decrease in number to the east, where eventually only a few crescent-shaped
pits disrupt the smooth terrain. The field of pits covers an area of roughly 1,350 km2 within the smooth
deposit and includes >300 individual potential dune cast pits (Figure 1).

2.2. Pit Field in Noctis Labyrinthus

The second study area lies within Noctis Labyrinthus in a topographic low just northwest of Oudemans crater
(Figure 2; Masson, 1977). This region of Noctis Labyrinthus has been mapped as a late-Hesperian transition
unit characterized by smooth plains found between Noachian highland terrains (Scott & Tanaka, 1986;
Tanaka et al., 2014). Beyond these highlands are Hesperian volcanic deposits, which have flowed into topo-
graphic lows. Centered on 07.8°S, 092.3°W, the series of pits at this study site interrupt a smooth deposit simi-
lar to pits in Hellas basin. This deposit extends across an area of ~10,000 km2, onlapping topographic highs
including crater walls and small mounds. Unlike the smooth deposit observed in Hellas basin, the pit-defining
unit in Noctis Labyrinthus exhibits a regularly spaced erosional pattern in the southeast and meter-scale
ridges of positive relief in the northwest. An exposed trough at the western margin of the deposit truncates
the deposit, revealing a layered light toned material, possibly hydrated minerals (Mangold et al., 2010; Weitz
et al., 2011), beneath the smooth plains-forming unit. The pits within the smooth deposit occur in a region
around a 2-km-diameter crater and cover an area of ~250 km2. The area includes >480 potential dune casts,
and modern eolian material forms abundant small bedforms across the region.

3. Methods

The lengths, widths, and orientations of putative dune casts were measured at each study site using
images from the Mars Orbiter Context Camera (CTX; ~5 m/px; Malin et al., 2007) and High Resolution
Imaging Science Experiment (HiRISE; 25 cm/px; McEwen et al., 2007). In modern dunes, length is measured
from the point of maximum curvature on the lee face to the furthest position on the stoss in the direction
normal to the dune crest trend (Figure 3e). Lee faces of modern barchan dunes form normal to the trans-
port direction in unidirectional winds (Hersen, 2004; Parteli et al., 2014) or normal to the resultant direction
of multiple wind vectors in a more complex wind regime (Rubin & Hunter, 1987). When sand supply is lim-
ited, dunes can also form by asymmetric elongation, developing in the fingering mode of Courrech du Pont
et al. (2014). Most pits exhibited some relict curvature on the interpreted lee face and general north-south
elongation in the interpreted transport direction. The lengths of pits were measured using the modern
dune convention, and the azimuth of the length measurement was used to represent orientation and

10.1029/2018JE005613Journal of Geophysical Research: Planets

DAY AND CATLING 3



the inferred transport direction. Width on modern dunes is measured from horn to horn (the pointed
terminations extending downwind on a barchan; Figure 3e). For the Martian pits, width was measured
as the longest distance normal to the measurement of length.

The depth of the pits could only be measured in the Noctis Labyrinthus field, because no HiRISE image cover-
age or stereo CTX coverage of the Hellas basin pits was available at the time of this study. At the Noctis

Figure 2. Dune cast pits in Noctis Labyrinthus. (a) Location of study area (black star). The field sits just northwest of Oudemans crater. (b) The extent of pits preserving
the putative dune field and the locations of other panels are shown by dotted line and boxes, respectively. A High Resolution Imaging Science Experiment (HiRISE)
digital elevation model was created from the only available HiRISE coverage in this region, the extent of which is shown in the lower left (dashed line). (c) Pits
exhibiting characteristic barchan morphologies. Note the chains of calving dunes (1), elongating arms (2), and interacting pits (3). Most pits are approximately
symmetrical and of a scale similar to modern dunes on Mars. Note the linear features concentrated in the dune pit interiors that are interpreted as modern eolian
bedforms. (d) Pits exhibiting dune interaction morphologies (3) and elongating arms (2). (e) Colorized elevation over HiRISE image across pits in the southwest
margin of the field. Pits are barchanoid and elongated in this region. The digital elevation model also picks up transverse eolian ridges occupying the bottom of the
pits. HiRISE images ESP_048967_1720 and ESP_047965_1720. North is up in all figures.
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Labyrinthus study site, overlapping HiRISE images (EPS_048967_1720 and ESP_047965_1720) were used to
construct a digital elevation model (DEM) using the Integrated Software for Imagers and Spectrometers
developed by the U.S. Geological Survey in tandem with the Ames Stereo Pipeline (Figure 2e; Shean et al.,
2016; Sides et al., 2017). The resulting DEM has a spatial resolution of 1 m/px, and elevation profiles
were generated by linear interpolation between these points. Pit depths were taken as the difference in
elevation from the lowest and highest points along the profile.

Two modern dune fields on Mars with existing HiRISE DEMs were also measured to compare the geometries
of modern Martian dunes and the putative dune-formed pits. The length, width, orientation, and height of

Figure 3. Modern Martian dunes and modeled pit morphologies. (a) Isolated barchan dunes in Oyama crater. High
Resolution Imaging Science Experiment image stereo pair: ESP_042424_2035/ESP_042714_2035. (b) Model pit morphol-
ogies generated by artificially flooding topography in (a) to an equipotential surface averaging 6 m in depth (the mean
depth of measured Noctis Labyrinthus pits). Lines indicate where topography in (a) intersected the horizontal surface.
Dunes are interpreted as erodible material, which would be removed, leaving pits with the outlines shown. Gray shaded
regions in (b) and (d) indicate nondune topography above the equipotential surface. (c) Barchan and barchanoid dunes in
Herschel crater. Note the abundant interactions (collisions) between dunes and the many asymmetrically elongating arms.
Small black arrows show interactions that are not preserved in the modeled pit morphologies in (d). High Resolution
Imaging Science Experiment image stereo pair: PSP_002860_1650/PSP_003572_1650. (d) Model pit morphologies con-
structed as in (b) but using topography from (c). Note the interactions seen in (c) are not all preserved in (d). (e) Example
barchan dune with the width and length measuring conventions used in this work. Note the dune terminations that form
points of the barchan crescent. Large black arrow indicates the inferred migration direction. Digital elevation models
courtesy of National Aeronautics and Space Administration/Jet Propulsion Laboratory.
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isolated barchan dunes in Oyama crater and crescentic and barchanoid dunes in Herschel crater were
measured as per the methods above. The two sites host dunes of sizes and morphologies common to
modern eolian dunes on Mars (e.g., Day & Kocurek, 2016; Fenton & Hayward, 2010; Hayward et al., 2014),
and the modern dunes are similar in scale to the size of the pits studied in Noctis Labyrinthus and Hellas
basin. All measurements of modern dunes were made using HiRISE images and existing DEMs in the
National Aeronautics and Space Administration Planetary Data System.

Dunes in Oyama and Herschel craters were also used to model what morphologies would form from partial
burial and erosion of a dune field. Modeled pits were generated by extracting intersections between the DEM
of dune topography and a horizontal plane representing an equipotential surface of interdune-filling mate-
rial. The height of the surface was set such that the average depth to the underlying topography equaled the
average pit depth measured in the Noctis Labyrinthus. The intersections between plane and dune topogra-
phy are shown in Figure 3 and represent the modeled outlines of pits formed from partial dune burial. These
synthetic pits were measured for length, width, and orientation, as per the actual Martian pits in Noctis
Labyrinthus and Hellas basin.

To constrain the lithology of the smooth deposits that surround and define the pits, the thermal inertia of
both study areas was mapped using overlapping daytime and nighttime Thermal Emission Imaging
System (THEMIS) images. Following the methods of Catling et al. (2006), radiance values over the study areas
were used in conjunction with Mars Orbiter Laser Altimeter topographic data to estimate the apparent ther-
mal inertia. The procedure requires aerosol optical depths of <0.30 as measured for ice and dust clouds in
THEMIS Bands 9 and 5, respectively. This condition was met for both study locations using daytime image
I08142023 and nighttime image I08024017 in Noctis Labyrinthus and daytime image I07313002 and night-
time image I18077017 in Hellas basin.

4. Results
4.1. Pit Scale, Variability, and Comparison to Synthetic Dune Casts

As summarized in Table 1, the length, width, orientation, and vertical relief of pits in the two study areas
and modern dunes in the two modern analog locations were measured to assess whether pit morpholo-
gies could reflect an eolian dune origin. All uncertainties are given as plus or minus one standard devia-
tion. In the Hellas basin, 316 pits were measured with a mean width of 402 ± 125 m and a mean length of
327 ± 113 m. Depths could not be measured at this locale, because of the lack of high-resolution stereo
image coverage, as noted in section 3. Assuming the pits reflect dune morphologies, the inferred migra-
tion direction averaged 186° ± 11° (Figure 4b). In Noctis Labyrinthus, the 475 measured pits had mean
widths of 136 ± 52 m, mean lengths of 177 ± 67 m, and a mean southward migration direction of
191° ± 10° (Figure 4a). Of the studied pits, 31 pits fell within the HiRISE DEM coverage and were found
to have a mean depth of 5.9 ± 1.2 m (Figure 5). Modern eolian features, including transverse eolian ridges
and ripple fields, occupied many of the pits in Noctis Labyrinthus, sometimes covering a substantial
percentage of the bottom of the pits (Figure 5). The presence of these loose sands suggests that the mea-
sured depths represent a lower bound on the actual pit depths. However, given the scale of the features

Table 1
Measured Geometric Parameters for Pits and Modern Dunes With Uncertainty of ±1σ

Measurement
Noctis

Labyrinthus
Hellas
basin

Herschel crater
(modern)

Oyama crater
(modern)

Length
Mean (m) 177 ± 67 327 ± 113 231 ± 72 176 ± 31
Number of measurements 475 316 110 59

Width
Mean (m) 136 ± 52 402 ± 125 211 ± 63 157 ± 29
Number of measurements 475 316 110 59

Height
Mean (m) 5.9 ± 1.2 — 18.5 ± 6.0 13.5 ± 4.0
Number of measurements 31 — 108 59
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seen in the pits and the incomplete coverage of the pit floors, it is unlikely that any pits are much deeper
than the maximum measured depth of 8 m.

Dunes in Oyama and Herschel crater were measured for comparison with the Martian pits. In Oyama crater,
the 59 barchan dunes were measured and inferred to have an average migration direction of 174° ± 3°
(Figure 4c). These dunes had an average width of 157 ± 29 m and average length of 176 ± 31 m. The height
of the dunes was measured along the length of the dune, taking the elevation difference between the crest
and base of the lee face. The Oyama crater dunes had a mean height of 13.4 ± 4.0 m, approximately twice as
high as the Noctis Labyrinthus pits are deep. Using topographic data from the Oyama crater study area,
synthetic pit outlines were modeled by filling the interdune areas to an equipotential surface with an
average depth of 6 m (see section 3). The points of intersection between this surface and the dune topogra-
phy represent the outlines of pits that would form if the loose dune sands were to erode away and the
interdune deposit remain (Figure 3b). A subset of the total study area was used to generate synthetic pits.
After artificial flooding (or burial) (Figure 3), 40 of the 50 included dunes protruded above the equipotential
surface (i.e., 80% were modeled to leave a dune cast pit). The synthetic Oyama pits measured an average of
115 ± 34 m in length and 139 ± 40 m in width or roughly ~65% and ~89% of the original dimensions, respec-
tively. The measured orientation changed only slightly, becoming 173° ± 5° (Figure 4e).

The same exercise was performed with the modern dunes in Herschel crater (Figure 3c). Dominantly barchan
and barchanoid dunes, the 110 dunes in this study area were found to have a mean width of 211 ± 63 m and
mean length of 231 ± 72 m. These dunes are also interpreted to be migrating toward the south with a mean
migration direction of 178° ± 3° (Figure 4d). Standing at an average height of 18.5 ± 4.0, a subset of the dunes
in Herschel crater were again used to model synthetic dune casts by flooding (or burying) the field with an
arbitrary material to an equipotential surface with a mean depth of 6 m. The resulting 61 pits (constituting
95% of the 64 synthetically flooded dunes) had a mean width of 146 ± 62 m and length of 175 ± 70 m,
roughly 69% and 76% of the uncovered values, respectively. As with the Oyama synthetic example, the orien-
tation remained similar to the modern measurement, averaging 177° ± 4° (Figure 4f). In summary, synthetic
pits made from barchan dune topography and 6 m of interdune burial (1) preserve the original dune migra-
tion direction with only slightly higher variance than when measured from the original dunes, (2) capture

Figure 4. Inferred migration directions measured from pit and modern dune morphologies. (a and b) Migration directions
interpreted from the studied Martian pits are shown in blue. (c and d) Modern dunes are shown in red. (e and f)
Measurements of the synthetic pits generated frommodern dune topographies are shown in yellow. The specific locations
are noted before the letter in the upper left of each subpanel. The number of measurements for each is noted in the
lower right.
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between 80% and 95% of the original dunes, and (3) exhibit mean length and width values ~70% of the
original dune measurements.

4.2. Smooth Deposits Surrounding the Pits

Pits in both Noctis Labyrinthus and Hellas basin are surrounded by smooth deposits that extend beyond the
limits of the pit field. In both locations, the smooth deposits are bounded by local topographic highs and the
areal extent of each deposit was measured to where it met these barriers. Deposition of related material out-
side the local basin in which the pits are found is outside the scope of this work. Within the studied local
basins, each deposit covers an area of ~10,000 km2, and assuming an average depth of 6 m as measured
in Noctis Labyrinthus, each deposit has a similar volume of ~60 km3.

The thermal inertia of the smooth deposits was estimated using THEMIS day and night infrared imaging
(Figure 6 and see section 3). At each location, the thermal inertia of areas of the smooth deposit away from
pits and other obstructions was recorded (white arrows in Figure 6), as well as the thermal inertia inside pits
(black arrows in Figure 6a). In Hellas basin, the smooth deposit as a whole decreases in thermal inertia from
west to east, with a maximum of 450 J ·m�2 · K�1 · s�1/2 in the west, decreasing to 340 J ·m�2 · K�1 · s�1/2 in
the east with isolated pixels capturing a minimum in the area of 300 J ·m�2 · K�1 · s�1/2

. The pits in
Hellas basin are large with respect to the 100-m/px THEMIS map resolution, and the pit interiors clearly

Figure 5. Topographic profiles across dune cast pits in Noctis Labyrinthus. (a) Topographic profile of transect A–A0 in (c).
The rise in elevation within the pit is attributed to a dark sand ripple field that can be seen in (c) (black arrows). (b)
Topographic profile of transect B–B0 in (c). This transect is in the interpreted transport direction of the dune and crosses
transverse eolian ridges occupying the dune pit (red arrows). (c) High Resolution Imaging Science Experiment digital
elevation model of an individual dune pit with transects for profiles in (a) and (b). Arrows correspond to features high-
lighted in (a) and (b). (d) High Resolution Imaging Science Experiment digital elevation model of a dune interaction (white
arrow) between larger barchan (upper left) and small barchan (lower right). Transects correspond to profiles in (e) and (f).
(e) Topographic profile of transect C–C0 . (f) Topographic profile of D–D0. All units are in meters.
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correlate with mapped areas of low thermal inertia. This presumably indicates the presence of loose eolian
material concentrated in the pits, as is also seen in images in Noctis Labyrinthus. The decreasing thermal
inertia eastward across the smooth deposit could also be attributed to eolian cover. Eolian deposits even
only a few centimeters thick can mask the thermal signature of underlying more competent material and
may not be resolvable in CTX images.

Similar results were found in Noctis Labyrinthus where the maximal thermal inertia recorded on the smooth
deposit was 420 J ·m�2 · K�1 · s�1/2 (white arrow in Figure 6b). Pits at this study site are notably smaller than
those in Hellas (< 2 THEMIS pixels wide), and the strong correlation between pit location and low thermal
inertia observed in Hellas was not as evident at the Noctis Labyrinthus site. Locations of lower thermal inertia
(<350 J ·m�2 · K�1 · s�1/2) were found more frequently in regions of dense pits. The lowest thermal inertia
measured in the study site was in the interior of the 2-km-diameter crater south of the pit field. This crater
is filled with modern eolian bedforms densely covering an area many hundreds of square meters, and the

Figure 6. Colorized Thermal Emission Imaging System thermal inertia overlain on CTX images of pit fields. (a) Pits in
Hellas basin. The smooth deposit between pits shows a general decrease in thermal inertia from west to east; how-
ever, across the study area the thermal inertia of the smooth deposit (white arrows) is relatively high compared to the
measured thermal inertia in the pits (black arrows). This difference may be a function of loose eolian material trapped
in the pit interiors. (b) Pits in Noctis Labyrinthus. The thermal map pixel size (~100 m) in this image is much larger
with respect to the size of the pits. Nevertheless, as in (a) the areas sampling the smooth deposit exhibit relatively high
thermal inertia (white arrows), and the areas sampling part of the pit interiors exhibit relatively low thermal inertias
(black arrows). This image also shows the smooth deposit apparently onlapping onto the uplifted crater rim (blue
arrows), and lineations trending ENE-WSW that could be compression ridges from lava-flow deposition (red arrow).
Thermal inertia was derived from daytime and nighttime Thermal Emission Imaging System images (see section 3). CTX
images are the same as in Figures 1 and 2.
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thermal inertia recorded over this eolian material was 340 J ·m�2 · K�1 · s�1/2. Given the abundance of mod-
ern eolian bedforms seen in images both on the surface of the smooth deposit and concentrated in the pit
interiors, we interpret that most of the THEMIS pixels are capturing at least some component of modern
eolian material in this area. For both study sites, assuming the smooth deposit represents a homogenous unit
beneath some uneven eolian cover, the highest measured thermal inertia values would represent a lower
bound on the thermal inertia of the unit. The measured values are too low to suggest the smooth deposit
represents exposed Martian bedrock (Edwards et al., 2009), but the values are consistent with elsewhere
interpreted sedimentary rocks (Catling et al., 2006; Christensen et al., 2003) or partial obscuration of bedrock
by eolian cover (Fergason et al., 2006).

5. Discussion
5.1. The Case for an Eolian Origin

Several separate lines of evidence suggest that the pits in Noctis Labyrinthus and Hellas basin formed origin-
ally from eolian barchan dunes. The distribution of the pits, their particular morphologies, and the geologic
context all point to an eolian origin. In general, Martian dunes cover a range of spatial scales similar to dunes
on Earth. Dune heights range from ~ 4m on the lower end (Ewing et al., 2017), to a maximummeasured dune
height of>450 m (Lorenz et al., 2015), with typical values in the few tens of meters range (Bourke et al., 2006).
Lengths and widths vary widely depending on dune morphology. In all of the measured parameters, the pits
in this study are of a scale consistent with observed dunes on modern Mars (Day & Kocurek, 2016; Fenton &
Hayward, 2010; Hayward et al., 2014).

The orientations of the studied pits also cover a limited range, consistent with an origin in eolian dunes
(Figure 4). Orientations from the pits span a slightly wider range of orientations than the modern analogs,
but this increased variance was also observed in the modeled pits relative to their modern counterparts.
Several reasons could account for the variation: (1) the studied pit fields cover a large areal extent allowing
for more interaction between wind and local topography that might cause variations in wind regime within
the field, (2) the pits preferentially preserve the largest dunes which take longer than small dunes to reorient
to changes in wind regime andmay reflect older winds or winds integrated over long enough time to capture
some variability, and (3) orientations inferred from pits are necessarily more uncertain than those inferred
from active dunes because the pits express only a degraded outline of the dune morphology, rather than
complete lee and stoss slopes. Regardless, both modern dunes and pits have a tight range of orientations
typical of eolian dunes on Mars.

The morphologies of the pits observed in this study provide the most compelling evidence for their origin as
eolian dunes. In general, the pits exhibit crescentic shapes characteristic of barchan and barchanoid dunes.
The existence of any single crescent-shaped pit would not be sufficient to justify the interpretation of forma-
tion from a dune field. However, the number, spacing, and orientation of the observed pits are consistent
with a partially buried dune field. Furthermore, although the majority of the pits have a muted crescentic
morphology compared to modern barchans, some pits express morphologies so similar to modern dunes
that they are easily mistaken for actual dunes if the viewer is not paying attention to the direction of the sun
(e.g., Figure 1d). Although somemight argue that the absence of barchan crescent points (also called horns or
terminations) in some pit morphologies discredits the interpretation of an eolian origin, here we argue the
reverse. Dune terminations are topographically lower than the dune crest and would be among the first parts
of a dune covered during partial burial. Those pits where crescent points are absent reflect only the upper-
most portion of the paleodune. Synthetic dune pit morphologies generated from Herschel crater demon-
strate how oblong and blunted triangle-shaped pits can result from modern barchanoid dunes.

In both study areas, individual pits and groups of pits exhibit morphologies characteristic of eolian dune
migration. Among the larger pits, several instances exhibit an asymmetric shape, with one crescent arm elon-
gating in the interpreted downwind direction (Figures 2c and 2d). This morphology is common among dunes
on Mars, in particular (Bourke, 2010; Parteli et al., 2014), where barchan dunes migrate in a sediment limited
fingering mode often associated with bimodal winds and limited sand supply (Courrech du Pont et al., 2014).
Among the smaller pits, some form chains of oblong to crescent-shaped pits offset laterally in one direction
(Figure 2d). This morphology is recognized in modern dunes as resulting from calving of smaller dunes from a
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larger parent body, or as the reworking of an existing dune in limited
sediment conditions (Gao et al., 2015; Kocurek et al., 2010; Worman
et al., 2013).

Additionally, the outlines of apparent dune interactions are found in
Noctis Labyrinthus pits (Figures 2c and 2d). Dune interactions are
abundant in modern dune fields and occur in a variety of well-studied
morphologies (Brothers et al., 2016; Ewing & Kocurek, 2010; Kocurek
et al., 2010). The number of interpreted interactions in the pit fields
is low compared to modern fields. Dune interactions occur at dune
terminations, however (Ewing et al., 2006; Werner & Kocurek, 1999),
and would be among the first attributes covered by flood material,
thus obscuring recent or incipient interactions between large dunes.
This is evident in the synthetic pits made from dunes in Herschel cra-
ter (Figure 3c) where interactions are abundantly occurring between
the modern dunes but are not all preserved in the morphologies of
the pits (Figure 3d).

The pit morphologies observed in Noctis Labyrinthus and Hellas basin
so closely match the plan view shapes of modern dunes and capture
the diverse behaviors of modern bedforms, that the number and diver-
sity of these examples suggest an origin in eolian dunes rather than
coincidental resemblance. The preponderance of evidence suggests
that the studied pits formed from the partial burial of a dune field, from
which dune sands were later removed, leaving the observed ghost dune
pits as a field of muted-barchan-shaped hollows (Figure 7).

5.2. What Flooded the Dune Field?

The morphologies of the observed pits point strongly to an origin in
eolian dunes, partially buried by an interdune flood of material.
However, this begs the question: what flooded the dune field? The
apparent minimal disruption of the dune morphologies requires a
low-energy emplacement mechanism. Terrestrial instances of flooded
and preserved dunes have been dominantly caused by basalt flows
(Gaylord et al., 2016; Jerram et al., 2000; Waichel et al., 2008), making
basalt a natural candidate for the smooth deposits on Mars. Flooding
by water has also occurred on Earth, preserving the dunes in at least
one case with postflooding marine limestone deposition (Benan &
Kocurek, 2000). Examples of modern dunes partially submerged in
lacustrine settings can be observed in Moses Lake, Washington
(Bandfield et al., 2002; Petrone, 1970), and Lake Chad (Durand, 1982).

In Noctis Labyrinthus, the geologic setting of the study area, in a
topographic low downslope of known volcanic deposits, makes a basalt
flow interpretation of the smooth deposit particularly plausible. The

extensive tectonic activity and volcanism associated with the formation of the region (Carr, 1974) could
account for the origin of the potential basalt flows. Unfractured basalt has a thermal inertia of
>2,000 J ·m�2 · K�1 · s�1/2 (Robertson, 1988), but the much lower value measured on the smooth deposit
at the Noctis Labyrinthus study site could be attributed to eolian cover and integration of the large pixel foot-
print. The higher thermal inertia of the smooth deposit as opposed to the regions where eolian bedforms are
concentrated suggests that at the very least the underlying material is some competent rock. This is sup-
ported by the craters observed on the smooth deposit and the presence of the sharp-sided pits themselves.
The linear features on the smooth interdune deposit (Figure 6b) could be interpreted as small wrinkle ridges
in a basalt flow formed from compression at the top of the flow. These lineations form nearly orthogonal to
the modern eolian bedforms and are thus easy to distinguish even when the two are superimposed.

Figure 7. Cartoon of proposed dune pit formation. (a) Barchan dunes are
active at the Martian surface. Black arrow indicates wind direction; thin
black lines represent dune strata frommigrating lee face. (b) Interdune areas
are flooded to roughly half the dune height by an unknown material, possi-
bly basalt or subaqueously deposited sediments. (c) Uncemented dune
sands erode away. (d) When dune sands erode below the depth of the
interdune deposit, a separation cell of recirculating flow (curled arrow) forms
allowing for further scour. (e) Pits from eroded dunematerial are topographic
lows in which modern eolian sediments are trapped, forming small bed-
forms. An overhang potentially forms in cemented interdunematerial. (f) The
potentially undercut margin of the interdune deposit erodes, widening the
pit. White arrows indicate where ancient strata are predicted to be preserved
and shielded by overlying interdune deposit.
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An alternative origin for the smooth deposit is suggested by a previous interpretation of fluvial activity in
Noctis Labyrinthus. Rodriguez et al. (2016) attribute the low-lying deposits in this region to deposition by
water when an elevated aquifer in the Tharsis region drained into topographic lows in Noctis and later
Valles Marineris. Such drainage could occur slowly, fulfilling the requirement that interdune deposition be
low energy, and only partial burial could be accounted for by the many different paths such drainage could
take. Even in the case where the dune field were completely submerged beneath water, deposition in the
interdune might still take place. Pelagic sedimentation of fines settling out of the water column would be
expected to drape the dunes, similar to the carbonate-draped dunes in the abovementioned example on
Earth (Benan & Kocurek, 2000). Sediments draped on the dunes might be thicker in interdune areas from
gravitational slumping, but overall, the deposit thickness would be of similar order and the observed pits
would not form without substantial erosion of both the interdune and draping deposit. Alternatively, suba-
queous deposition could occur preferentially in the submerged interdune areas if hyperpycnal flows from
the local basin walls carried sediment to the area (Lamb & Mohrig, 2009; Mulder et al., 2003). These high-
density, sediment-laden, turbidity currents hug the base of the water column and could be deflected around
dunes which would act as local obstacles to flow.

In Hellas basin, nearby fluvial and volcanic features suggest similar mechanisms might have affected both
Hellas and Noctis Labyrinthus. The studied pit field in Hellas basin lies in a topographic low distal to the flu-
vially cut channel system of Harmakhis Vallis (Price, 1998) and distal to volcanic channels originating at
Hadriaca Patera (Crown & Greeley, 1993; Williams et al., 2007). Although the mapped extent of volcanic
deposits related to Hadriaca Patera does not extend to our study area (Crown & Greeley, 2007), the proximity
of a source of lava flows and the downslope location of the pit field suggest a basalt flow origin merits con-
sideration. As seen in Noctis Labyrinthus, the smooth deposit in Hellas basin has a higher thermal inertia com-
pared to the sand-trapping pits. However, in Hellas themeasured thermal inertia across the smooth deposit is
variable and decreases to the east. Again, this could represent eolian cover not resolvable in the CTX image,
or this could suggest an alternative origin for the deposit. Troughs to the west of the study area cross cut the
smooth deposit, and the ridging seen in Noctis Labyrinthus is not present here.

The position relative to Harmakhis Vallis suggests that deposition may account for the smooth deposit. High-
energy fluvial activity more proximal to and associated with the Harmakhis system would likely erode the
dune morphologies and transport the loose sands away. However, positioned at the distal end of the
Vallis, it is possible that low-energy fluvial events carried fines into the local topographic basin, flooding
the paleointerdune areas and depositing fine grained sediment from suspension (Ahlbrandt & Fryberger,
1981; Loope & Rowe, 2003). Such deposition could have been continuous or intermittent. As with
the Noctis field, the depth to which the dunes were submerged in such a case remains unknown.
Identification of the smooth deposit as a turbidite would suggest deep water at the time of deposition,
and identification of evaporites would suggest shallow water. Differentiating such interpretations would
require future surface-scale observations or high-resolution spectral imaging.

Additional mechanisms for depositing large amounts of interdune material on Mars include ash fall and
eolian sedimentation. Ash deposits could have buried dune material, but in such a case the deposits would
be expected to drape the dunes rather than concentrate in the interdune region. After the 1980 eruption of
Mount St. Helens, dunes in the Moses Lake region of central Washington were covered by a several-centi-
meter-thick layer of ash that continued to drape inactive bedforms for the subsequent decade (Edgett &
Lancaster, 1993). We assume that the 6 m of deposition in the interdune area would halt the activity of the
dunes, in which case the Moses Lake example suggests ash fall would preserve the dunes in positive relief
rather than negative. Additionally, the smooth deposits exhibit no signs of erosion and significant erosion
would be necessary to remove a ~6-m draping ashfall deposit.

An eolian interpretation of the interdune material is rejected, because unrealistic mechanisms must be
invoked to preserve the interdune but not the dune material. Eolian fill of the interdune is possible if a dune
field becomes indurated or sediment supply rapidly increases. However, if the dunes were indurated, they
would not be removed preferentially over the interdune material. If they were not indurated, then it is unli-
kely that the interdune and dune material would differentially cement and homogenous erosion would be
expected. A mechanism to temporarily indurate the active dunes and then permanently indurate the inter-
dune deposit, without interacting with the dune material, is unlikely, leaving basalt flows and subaqueous
deposition the most likely candidates for the flood deposit origin.
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5.3. Other Pit Formation Mechanisms

Other types of pits and pitted terrains are common on Mars and have variously interpreted origins ranging
from impact cratering (Wyrick et al., 2004), to sublimation (Carr, 2001), to karstic dissolution (Spencer &
Fanale, 1990). For the most part, these origins can be easily ruled out for the pits in this study by the scale
or morphology of features associated with these alternative interpretations (e.g., impact craters are circular
whereas the studied pits are not). Although sublimation could form pits of the scale in this study and with
variable morphologies (Kadish et al., 2008), both locations in this study are equatorial of 45° and ice-related
processes are unlikely to dominate the surface geomorphology.

The studied pits bear morphological similarity to flute scours on Earth. Flute scours form from the interaction
of turbulent fluvial systems and an erodible bed (Allen, 1968) and have been identified at scales similar to the
studied Martian pits in marine settings on Earth (Normark et al., 2009). Flute scours also exhibit the crescentic
shape typical of modern barchan dunes, but flutes are distinctly negative topographic features, as are the pits
in this study. The morphological similarities between the two are intriguing; however, flute scours are dee-
pest at the apex and shallow toward the terminations, which was not observed in the studied Martian pits.
Furthermore, no other evidence of erosion was found to suggest that the smooth deposits on Mars have
been highly scoured.

Large-scale fluvial processes, including catastrophic flooding, can cause the formation of pits from scour and
abrasion by turbulent vortices (kolks). Although catastrophic flooding has been hypothesized to have
occurred on Mars (Baker & Milton, 1974), the locations studied in this work are not near the topographic
boundaries where such flooding may have been. In addition, a kolk-scour origin would imply that the mea-
sured migration directions correspond with hydrodynamic alignment in the water flow direction, which in
the case of Noctis Labyrinthus would be normal to the expected west-to-east flow direction. Finally, although
some variability exists in pit morphologies, pits formed from high-energy fluvial scour tend to be circular or
oblate, rather than crescentic, as evidenced by terrestrial potholes formed during megafloods in the
Pleistocene (Baker, 2009).

5.4. Implications of Preserved Ancient Dune Fields

Assuming the two studied pit fields formed from partially buried ancient dunes, information about the
ancient environment can be inferred from the pit morphologies. The ancient dune morphologies indicate
that ancient northerly winds dominated transport in both study sites at the time of interdune deposition (see
section 4.1). Symmetric barchan dunes are morphologically indicative of a single dominant wind direction
(Hersen, 2004). The majority of the interpreted paleodunes appear symmetrical, but some asymmetrically
elongating arms of paleodunes are seen in Noctis Labyrinthus (Figures 2c and 2d). These suggest a subordi-
nate component of westerly or northwesterly wind is present, but transport is still dominantly from the north
(Bourke, 2010; Parteli et al., 2014). If multiple wind directions of similar magnitude did exist, such a case would
be reflected in the dune morphologies which would form transverse or longitudinal dunes in accordance
with the divergence angle between the winds (Gao et al., 2015; Rubin & Hunter, 1987), rather than forming
barchan dunes as observed.

We can compare these inferred ancient winds with modern wind vectors from the Mars Climate Database
(Forget et al., 1999; Millour et al., 2015). Modern winds across Noctis Labyrinthus originate from the northeast
for all seasons except northern summer (Ls 90°) when the winds originate from the east. In Hellas basin, winds
come from the east in southern summer and fall and from the southeast and northeast in winter and
spring, respectively.

Several explanations could account for the differences between inferred ancient and modeled modern wind
regimes, including the following: (1) the modern wind regime is very different from the ancient when sand-
transporting winds came dominantly from the north, (2) only winter winds were of sufficient strength to
move sand, and the direction of the winds has changed only slightly over time, (3) the scales of circulation
patterns and grid spacing in the global circulation model are large compared to the local topography in
the study areas, and the directions of dune-forming winds are dominantly controlled by deflection and fun-
neling at these local scales.

Assuming the ancient dunes migrated at rates similar to modern barchans (e.g., between 0.7 m/Mars year;
Silvestro et al., 2013; and ~10 m/Mars year; Silvestro et al., 2010), it would take more than one Martian
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season to align the dunes to a new wind direction. We therefore reject the interpretation that strong winds
persisted from multiple directions over seasonal time scales. Instead, the paleodune orientation is represen-
tative of the long-term winds.

The size of the ancient dunes can also be inferred from the differences between modern dune and modeled
pit measurements at Oyama and Herschel craters. In the modeled pits, the mean length and width decreased
from themodernmeasurements by ~30%. Themodeled pits are of similar size to the pits studied in this work,
and the stoss and lee slopes on modern and ancient dunes are presumed to be the same to within a degree
or two (Silvestro et al., 2013). Thus, we interpret that the above scaling relationship can be backward applied
to the studied Martian pits to infer mean dune sizes in the partially buried ancient field. In the Hellas basin, a
mean width of 402m andmean length of 327m translate to ancient dunes averaging 574 and 467m in width
and length, respectively. In Noctis Labyrinthus, a mean width of 136 m andmean length of 177 m translate to
ancient dunes with mean widths and lengths of 194 and 253 m, respectively.

The above 30% scaling relationship applies because the modeled pits and those studied on Mars are similar
in size. More generally, we can estimate the amount of apparent size reduction from dune to pit in the length
direction by assuming a stoss slope of θ = 12° and a lee slope of ϕ = 30°. In this case, the size reduction, dx, in
the length direction is given simply by the sum of the portions of lee and stoss slopes that are covered, which
is a function of the burial depth z. In other words, we can estimate the size reduction as

dx ¼ z
tan θð Þ þ

z
tan ϕð Þ :

By plugging in the 6-m depth used in modeling the pits, we can estimate a theoretical size reduction of
~38 m in the length direction for both the Oyama and Herschel crater modeled pits. This theoretical value
matches well with the decrease in mean length seen in Oyama model pits (~37 m) but less well with the
reduction seen in Herschel modeling (85 m). This difference could be attributed to an overestimate of the
stoss and lee slopes in Herschel crater.

Preserved strata seen in ghost dune pits on Earth (Gaylord et al., 2016) suggest that strata may also be present
in the Martian ghost dune pits. However, the extent to which some of the paleodune strata may be preserved
in the pit interiors cannot be determined from orbit. Recent identification of an eolian sandstone in Gale cra-
ter by the rover Curiosity demonstrated how an eolian sandstone clearly exposed at the surface could not be
identified as such from even HiRISE orbital images (Banham et al., 2018). At the locations studied in this work,
identification of eolian strata is further complicated by the expected location of any strata to be on the pit
floors, where modern eolian sands obscure the surface, or near the pit walls, where surfaces are shadowed
and have unfavorable viewing geometries. Nevertheless, the dune cast formation mechanism proposed in
this work suggests that some preservation of the ancient dune strata is likely (Figure 7). As discussed above
(section 5.2), we favor a basalt flow or fluviolacustrine mechanism for the partial burial of the dunes. In either
of these cases, cementation of the dune strata could occur at the interface between dune and burying mate-
rial by interaction with melt or liquid water.

Preserved eolian strata in pits may be targets of interest for potential astrobiological preservation. Dunes
have been proposed as potential refugia for Martian life (Fisk et al., 2013; Kereszturi et al., 2012) and are
known to harbor life on Earth (Li et al., 2015). Modern eolian sediments on Mars have been shown to have
adsorbed water on grain surfaces (Ehlmann et al., 2017; Leshin et al., 2013), and the frequent mixing of active
sands would provide microbial life with a replenishing nutrient source (Fisk et al., 2013). Dune sands would
further have protected early life from surface radiation. Preserved deposits from the paleodunes interpreted
in this study (white arrows in Figure 7f) would be of particular interest to astrobiology, because (1) the strata
have been protected from ionizing radiation by the overlying or surrounding smooth deposit, (2) the strata
formed at an interface with a differing geologic material, creating a chemical gradient across the two, (3) a
fluviolacustrine deposition would imply the strata were cemented in the presence of liquid water, and (4) a
basalt deposition interpretation would imply the strata reflect an environment that was, at one time,
locally warm.

6. Conclusions

The fields of pits studied in Noctis Labyrinthus and Hellas basin formed from partial burial of an eolian dune
field, subsequent induration of the floodmaterial, and later erosion of the uncemented dune sands, as shown
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schematically in Figure 7. Basalt flows or subaqueous sedimentation are the most likely mechanisms for par-
tial burial of the paleodunes. Comparisons of pit morphology and scale with modern Martian dunes and
modeled pits support the above interpretation and provide a preponderance of evidence that the studied
pits preserve eolian dune forms and are analogous to ghost dune pits seen on Earth. Synthetic pits modeled
after modern dunes show a ~30% decrease in size from dune to pit, reflecting the tapering vertical profile of
dunes in general. From this relationship, we infer that the paleodunes in Noctis Labyrinthus had mean
lengths of ~250 m and in Hellas basin had mean lengths of ~470 m. The paleodunes in the two pit fields both
record northerly paleowinds that differ from the current local Martian wind regime and reflect either a
change in the climate or local dominance of topographic funneling of winds. The studied pits are also pro-
posed as potential targets of astrobiological interest, because paleodune strata may be preserved along
the pit margins. Although they are not visible from orbit, preserved strata in the pits would have become
cemented at the interface with the burying material, which, depending on the mechanism, may have pro-
vided liquid water, warm temperatures, and a geochemical gradient. Preserved strata from the margins of
the paleodunes would be protected from damaging radiation by the overlying burying deposit and therefore
provide the potential for ancient biosignature preservation.
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