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Abstract

Craters are the most prevalent basins and potential depo-centers of sediment on Mars. Within these craters and extending from
them, terminal dune fields and wind streaks are abundant, indicating active sediment transport and providing a way to study
how wind and sediment interact with crater topography. Here, we explore the role of craters as both sources and sinks in the
modern martian sedimentary cycle. Our results show that craters with low albedo wind streaks (indicative of active transport
out of a crater) have lower crater wall slopes (9.4° £5.5°) compared to craters without wind streaks (17° £5.8°). We interpret
that crater wall slopes play a dominant role in sediment transport out of a crater basin, and infer, from measurements of craters
on Mars, that a crater transitions from being a net sediment sink to a net sediment source when crater wall slopes reach ~15°.

This threshold value is consistent with limits of bedform climb observed on Earth and elsewhere on Mars.
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Key Points:
e The slope of a crater wall plays a dominant role in sediment trapping by a crater

e Craters associated with low albedo wind streaks have lower crater wall slopes compared
to craters without wind streaks

e A crater transitions from being a sink to a source of sediment when the crater wall slope
is between 10° and 20°, most commonly at ~15°
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Abstract

Craters are the most prevalent basins and potential depo-centers of sediment on Mars. Within
these craters and extending from them, terminal dune fields and wind streaks are abundant,
indicating active sediment transport and providing a way to study how wind and sediment
interact with crater topography. Here, we explore the role of craters as both sources and sinks in
the modern martian sedimentary cycle. Our results show that craters with low albedo wind
streaks (indicative of active transport out of a crater) have lower crater wall slopes (9.4° £5.5°)
compared to craters without wind streaks (17° £5.8°). We interpret that crater wall slopes play a
dominant role in sediment transport out of a crater basin, and infer, from measurements of craters
on Mars, that a crater transitions from being a net sediment sink to a net sediment source when
crater wall slopes reach ~15°. This threshold value is consistent with limits of bedform climb
observed on Earth and elsewhere on Mars.

Plain Language Summary

Craters can collect sediment and are prevalent on Mars. Dune fields, within craters, and wind
streaks, outside of craters, show that sediment is actively being transported and provide a way to
study how wind and sediment interact with craters. Here, we focus on craters that have interior
dune fields to understand sediment being transported out of a crater. Our measurements of crater
wall slopes show that the slope of the wall primarily determines whether sediment can escape
from a crater. We conclude that craters transition from trapping sediment to losing sediment
when crater wall slopes reach ~15°.

1 Introduction

The transport of sediments on the modern martian surface is dominantly driven by
aeolian processes. Modern sand-transporting winds form fields of aeolian bedforms and erode
exposed bedrock into yardangs, ventifacts, or periodic bedrock ridges (Ward, 1979; Montgomery
et al., 2012; Bridges, 2014). Discoveries of ancient aeolian sandstones on Mars (Grotzinger et al.,
2005; Banham et al., 2018; Day et al., 2019) show that aeolian transport on Mars has been
prevalent throughout the planet’s history. Modern erosion of these and other sedimentary
formations by wind has remobilized ancient sediments, adding to the global sediment budget and
forming a martian sedimentary rock cycle (Malin and Edgett, 2000; Grotzinger and Milliken,
2012; McLennan et al., 2019). However, the conditions on Mars have changed significantly over
the past several billion years (see review in Wordsworth, 2016), and mechanisms of sedimentary
rock accumulation preservation that were available in the Noachian (e.g., trapping or
cementation by water) are no longer available today.

Geomorphic evidence of surface-wind interactions is abundant on Mars and includes
aeolian bedforms (Balme et al., 2008; Ewing and Kocurek, 2010; Hayward et al., 2014),
yardangs (Ward, 1979; Zimbelman and Griffin, 2010; Urso et al., 2018), wind streaks (Veverka
etal., 1981; Lee, 1984; Edgett, 2002), and dust devil tracks (Greeley et al., 2006). In particular,
dunes and wind streaks commonly interact with crater topography and provide a mechanism to
study how wind and sediment transport interact with these local depo-centers. Wind streaks,
linear features that align in the direction of wind transport, taper downwind from a topographic
obstacle or sediment source (Thomas et al., 1981; Lee, 1984). Wind streaks are primarily
classified by their albedo contrast with the surrounding terrain, where high albedo wind streaks
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reflect dust deposition on the surface and low albedo wind streaks reflect the removal of surface
dust (Thomas et al., 1981; Veverka et al., 1981).

Dunes form when sufficient volumes of sand accumulate in an active wind regime. These
bedforms exhibit a crestline, which, along with the bedform morphology, reflect the direction
and complexity of the local wind (McKee, 1979; Rubin and Hunter, 1987; Ewing and Kocurek,
2010; Courrech du Pont, et al., 2014). Actively migrating dunes have been identified on Mars
(Fenton, 2006; Silvestro et al., 2010; Chojnacki et al., 2017) and commonly form large fields
covering many tens of square kilometers. These active bedforms are typically dust-free and
basaltic in composition (Edgett and Lancaster, 1993; Achilles et al., 2017), causing them to
appear very dark in imaging with respect to their dusty surroundings.

Dune fields require significant volumes of sand to develop, and local topography can aid
in sand accumulation. Steep topography (e.g., a mountain or crater wall) impedes sediment
transport and dune migration, creating a depo-center for sand that may develop into a trapped or
“terminal” dune field (Hesse, 2009). On Earth, examples of terminal dune fields include the
Great Sand Dunes, CO (Fryberger et al, 1979) and Kelso Dunes, CA (Sharp, 1966), each
topographically bound by local mountain ranges. On Mars, craters provide both local basins in
which sediment can be deposited, and topographic obstacles (i.e., the walls of the crater) behind
which dune fields can become trapped.

In order to understand martian sediment cycling in modern conditions, we must
understand where accumulation takes place. Are aeolian sands continually transported around the
planet, or are there local depo-centers that serve as permanent traps for wind-blown material?
The most prevalent basins and potential depo-centers on Mars are craters. In this work, we
explore the role of craters as both sources and sinks of aeolian sediment in the modern martian
sedimentary cycle using evidence of aeolian transport from wind streaks and intra-crater dune
fields. Although polar processes also play an important role in the modern and ancient sediment
budget, this work focuses on the equatorial and mid-latitude region of Arabia Terra and,
therefore, does not consider the role of ice. Intra-crater dune fields and intercrater plain wind
streaks are abundant in Arabia Terra, making the region ideal for studying aeolian-crater
dynamics. Our findings indicate that the slope of a crater’s wall plays a significant role in
determining whether a crater is a sink or a source of sediment.

2 Methods

To understand the dynamics of sand transport into and out of craters, we identified 116
craters with diameters >10 km in Arabia Terra where terminal dune fields were observed within
the crater’s interior (Fig. 1; Robbins and Hynek, 2012). Dune fields were considered terminal if
the nearest crater wall to the dune field was located in the downwind direction. All dune fields
were large enough to include multiple bedforms. Wind directions were interpreted from the dune
morphology and crestline orientation (McKee, 1979; Rubin and Hunter, 1987; Kocurek and
Ewing, 2005). Crater diameters, dune fields, and interpreted wind directions were mapped using
ArcMap 10.6 on a mosaic of images from the Mars Reconnaissance Orbiter (MRO) Context
Camera (CTX) (Malin et al., 2007) with a resolution of ~6 m/px provided by the Murray Lab
(Dickson et al., 2018).

Craters were categorized based on the presence or absence of evidence suggesting that
sediment was being transported out of the crater. In many cases, craters with interior dune fields
were associated with wind streaks (Fig. 2a), indicating that there is recent sediment transport out
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of the crater. In other cases, no wind streak or other crater-scale evidence of extra-crater
transport was observed (Fig. 2b). Prevailing wind directions were interpreted and mapped using
dune morphologies, their position within the craters, and wind streak orientation (Fig. 1).

Crater wall slopes were measured downwind of each terminal dune field using elevation
data from the Mars Orbiter Laser Altimeter (MOLA) 128 ppd interpolated elevation map (Smith
et al., 2001). The slope of each crater wall was measured at the closest location downwind of
each terminal dune field from a wind-parallel elevation transect originating at the rim of the
crater down to the dune field. The maximum slope was most often near the crater rim as the
slope decreased along the transect to the dunes on the crater floor. Because this work focuses on
how crater wall slopes affect sediment transport, the maximum measured slope is discussed and
the reported crater wall slopes are the most steeply dipping slope that sediment from a given
crater encounters during transport up each crater wall.

3 Results

We identified 116 craters in Arabia Terra with interior terminal dune fields. From this
dataset, 55 craters have wind streaks emanating from their crater rim onto the surrounding terrain
while 61 craters have no wind streaks present. Among the 55 craters that are associated with a
wind streak, 39 craters have low albedo wind streaks emanating from the rim while the
remaining 16 craters have high albedo wind streaks extending into the surrounding plains. The
crater wall slope was measured in each of the 116 craters studied (Table 1), downwind of each
terminal dune field. Craters displaying a low albedo wind streak have a lower average slope (9.4°
+ 5.5°;, n=39) compared to craters without an associated wind streak (17.0° + 5.8°, n=61) (Fig. 3;
Table 1). Craters displaying high albedo wind streaks have higher average slopes compared to
the previous two crater populations (24.4° + 9.6°, n=16).

Crater diameters were also measured in each of the 116 craters selected for this study
(Table 2) and showed that the presence or absence of wind streaks was not associated with a
particular crater diameter. The dune fields are dominantly in the south to southwest region within
each crater; with dune slipfaces predominantly oriented towards the southwest. Individual wind
streaks maintain the same relative albedo contrast and orientation across multiple CTX images
covering the streaks at different times. The orientation of the wind streaks in the area was
consistently towards the south (Fig. 4), consistent with wind directions interpreted from the dune
fields and indicating largely southward sediment transport across Arabia Terra. Some evidence
of active transport was observed in small bedforms or sand sheets that changed between time-
separated images in both CTX and High Resolution Imaging Science Experiment (HiRISE;
McEwen et al., 2007) images (e.g., Fig 5).

4 Discussion

Craters studied within this work demonstrate a range of interactions between aeolian
sediment transport and crater basin topography. Each crater, by requirement, is occupied by a
low albedo dune field interpreted as evidence of active sediment transport within the crater basin
(Edgett, 2002; Silvestro et al., 2010; Chojnacki et al., 2011, 2015; Bridges et al., 2017). Around
half of the studied craters are associated with either a low or high albedo wind streak, indicating
that, in these instances, sediment is transported out of the crater. The remaining craters, not
associated with a wind streak, represent basins with active transport in their interior, but no
sediment transfer to the surrounding plains. These two end members, craters where sediment is
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transported out of the crater and craters that trap sediment, represent basins acting as sources and
sinks of sediment, respectively. The results of this study indicate that transport out of the basin is
primarily influenced by the slope of the crater walls.

4.1 Craters transitioning from a sink to a source of sediment

The results of this work show that craters with different sediment trapping properties
exhibit statistically distinct crater wall slopes. Focusing only on the downwind crater wall where
wind-blown sand would encounter topography, craters with low albedo wind streaks, indicative
of active saltation outside of the crater rim, have wall slopes averaging 9.4° £ 5.5°, ranging
between ~ 0° and ~18° (Fig. 3; Table 1). Craters with low albedo wind streaks also exhibited an
average diameter of 49 £ 23 km and a d/D of 0.03 + 0.01 (Table 2). Craters without wind streaks,
considered to be sinks, have much steeper crater wall slopes and are smaller in diameter, when
compared to craters with low albedo wind streaks, averaging a slope of 17.0° £ 5.8° and an
average diameter of 32 £ 22 km (Fig. 3; Table 1). A two-sample t-test conducted for the crater
wall slopes, crater diameters, and d/D found that these two crater populations were statistically
distinct with >95% confidence. Intuitively, these results demonstrate that younger craters with
steeper wall slopes serve as sediment traps, prohibiting aeolian material from escaping, whereas
older craters with shallower slopes are better suited for sediment transport out of the basin,
serving as an input or source to the surrounding plains and the global sediment budget.

Observations of craters in this work suggest that the transition from sink to source that
occurs when crater wall slopes reach between 10° - 18° (Fig. 3). At ~10° we simultaneously see
a decrease in the number of craters with low albedo wind streaks and an increase in the number
of craters without wind streaks. There are no craters with low albedo wind streaks that have
crater wall slopes above 18°, and we speculate that the transition from terminal sink to a
sediment source occurs when crater wall slopes approach this value.

To better understand when sediment transport out of a crater becomes possible, we
looked at the downwind-most bedforms in craters with wall slopes in this transitional range of
10° - 18°. In eight of the 45 craters in this transitional range, dunes were found migrating up
crater walls (Fig. 6). These eight craters have an average wall slope of ~14° and do not have low
albedo wind streaks emanating from the crater rim. We interpret this crater population to
represent the transition from a crater sink to a source; a stage when significant transport is
occurring on the crater wall, but sediment is still largely unable to escape the crater. Dunes
shown in Figure 6¢ are migrating on a crater wall slope measured locally at ~5.7° (the steepest
slope measured on this crater wall is ~16°, ~2 km downslope of the crater rim. The morphology
of these and nearby dunes suggests local scale reversal in transport direction, such that the dunes
are sometimes migrating up the wall and sometimes falling back down. Climbing dunes have
also been identified elsewhere on Mars. In Valles Marineris, dunes were found migrating up the
north wall of Melas Chasma on slopes of up to 15°, similar to the limit suggested here in the
observed transitional craters (Chojnacki et al., 2010).

Dust and fine sediment are abundant on Mars (Malin and Edgett, 2000), and dust
transport out of craters may occur even when sand removal does not. For example, the 16 craters
in this work associated with high albedo wind streaks could be examples of basins from which
dust is removed but sand sized grains are not. The mean slope measured in this population,
24.4°, falls well above the mean of craters with dark wind streaks (9.4°), suggesting that high
wall slopes are not an impediment to all sediment removal. We speculate that the distinction
between these bright wind streaks and the craters with no streaks at all reflects the local
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availability of dust in the crater, or the dynamics of turbulent eddies formed as wind interacts
with crater topography.

Within the low albedo wind streaks, evidence of recent sediment transport can be
observed at meter- and deca-meter scales (Fig. 7). In cases where a wind streak is interrupted by
another kilometer-scale basin, dark dunes were found within low albedo wind streak (Fig. 7a).
Elsewhere, dark sand sheets accumulate in rugged topography and smaller dunes are found in
craters in the wind streaks (Figs. 5, 7b). Changes in these sand sheets between successive CTX
images demonstrate that aeolian sediment transport is actively occurring in these plains.

4.2 Crater degradation on Mars

Fresh craters have sharply defined rims and steep slopes that degrade over time. Crater
wall slopes have been measured on the Moon (Stopar et al., 2017), Mars (Craddock et al., 1997),
and Earth (Grant and Schultz, 1993), and occur with initial wall slopes at or above the angle of
repose (~30°). The material forming crater rims includes competent rock, enabling crater walls to
hold initially steep slopes that can even locally be vertical (e.g., Grant and Schultz, 1993). The
majority of slope-reducing crater degradation on Mars occurred in the Noachian when fluvial
processes drove topographic diffusion (Grant and Schultz, 1993; Kreslavsky and Head, 2006).
Since the Noachian, degradation of craters of the size studied in this work (>10 km in diameter)
has been relatively minimal (Robbins et al., 2013). Recent work studying crater wall slopes on
Mars found that craters in Hesperian and Amazonian terrains dominantly exhibited wall slopes
of >20° with the steepest at ~30° (Kreslavsky and Head, 2018). Crater wall slopes of ~15°,
representing the transition from sink to source based on this work, were characteristic of late
Noachian crater formation and associated degradation (Mangold et al., 2012). This suggests that
craters formed since the Noachian-Hesperian transition, a time of significant climatic shift on
Mars (Wordsworth, 2016), are net sinks of sediment that trap aeolian material and reduce the
overall mobile sediment budget.

Changes in atmospheric density and variability in the wind regime would also have
influenced the trapping role of sedimentary basins over time. The presence of water, in addition
to causing significant crater degradation, would have made craters more effective sediment traps
if lakes or wet surfaces were present in their interior (Newsom et al., 1996; Cabrol and Grin,
1999; Catling, 1999; McLennan et al., 2005). Changes in wind regime would alter the path of
aeolian sediments across a crater, but the direction of sand transporting winds appears to have
changed very little in the course of human observation. In the past decade of observation with
CTX, the observed high and low albedo wind streaks are consistently present across multiple
CTX images taken years apart. The continuity between CTX images indicates that either these
wind streaks have been constant, experiencing a dominance of northerly sand-transporting winds
in their formation of at least 15+ years of CTX imaging, and that there have not been wind
events from other directions strong enough to erase the observed wind streaks.

4.3 Comparison to Earth

Early in its history, Mars likely had a much more Earth-like atmosphere (Pollack et al.,
1987; Squyres and Kasting, 1994; Carr, 1999). The much higher prevalence of craters on Mars
with respect to Earth makes direct comparison between Earth and Mars difficult. However,
topographically confined dune fields do exist on Earth. Climbing dunes on Earth have been
studied in a range of locations (e.g., Hack, 1941; Howard, 1985; Lancaster and Tchakerian,
1996), and are generally reported to form on underlying topographic slopes of <20° (White and
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Tsoar, 1998). A wide range of factors control the dynamics of climbing dunes, including grain
size, wind speed, and the incidence angle with respect to topography (Tsoar, 1983; Liu et al.,
1999). Figure 8 illustrates a slope-limited climbing dune on Earth. Here, climbing dunes are
observed along the Yarlung River migrating up a slope of ~16°. About half way up the
mountainside the slope significantly increases to ~33°, where no dunes are observed on these
steeper slopes. This example demonstrates the interactions between topography and transport
interpreted to also be limiting the escape of aeolian material from craters on Mars. A terrestrial
slope limit of ~16° observed in figure 8 along with previous work done on climbing dunes on
Earth (Hack, 1941; Howard, 1985; Lancaster and Tchakerian, 1996, White and Tsoar, 1998) is
largely consistent with the slope limits observed on Mars in this work and elsewhere that
bedforms have difficulty migrating up slopes greater than ~15° (Chojnacki et al., 2010; Evans,
2012). Differences in this slope limit between Earth and Mars are small with respect to the
precision with which large scale topography can be measured, but any differences must be
attributed to the differing boundary conditions between the two planets (atmospheric density,
gravitational acceleration, presence of water). In both cases, sand-transport is clearly confined by
topography, but the bright wind streaks in this work suggest dust may not be held to the same
constraints on Mars.

5 Conclusion

The most prevalent basins and potential depo-centers of aeolian transported sediment on
Mars are craters. As a result of sediment being transported into these basins, craters can act as
both sources and sinks of aeolian sediment in the modern martian sedimentary cycle. Intra-crater
terminal dune fields and wind streaks are abundant in Arabia Terra, each indicating active
sediment transport and providing a way to study how wind and sediment interact with craters.
From the 116 craters we studied in Arabia Terra with terminal dune fields, our results show that
craters with low albedo wind streaks (indicative of active transport out of a crater) have lower
crater wall slopes (9.4° + 5.5°) compared to craters without wind streaks (17° £ 5.8°). These two
end members represent basins acting as sources and sinks of sediment, respectively.

To better understand when sediment transport out of a crater becomes possible, we
focused on eight craters in the region of slope overlap between 10° - 18° that had dunes
migrating up slope and did not have an associated wind streak. These craters exhibited an
average wall slope of 14°. Previous work has identified climbing dunes on Mars migrating on
slopes up to 15°. The results here show that the slope of a crater wall plays a dominant role in
sediment transport out of a crater basin. We interpret that a crater transitions from being a net
sediment sink to a net sediment source when wall slopes are ~15°. This level of degradation
implies formation in the Noachian, suggesting post-Noachian craters on Mars trap sediment and
remove it from the global sediment budget.
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Figure 1. Craters with terminal dune fields and their interpreted wind directions in Arabia
Terra, Mars. Black circles show studied crater basins exhibiting wind streaks. White circles
show studied craters without wind streaks. The black and white arrows associated with the
craters show the interpreted prevailing wind directions based on dune morphology, position of
terminal dune field within the craters, and wind streak orientation. Colorized MOLA elevation
over CTX mosaic basemap.
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450  Figure 2. Crater basins with terminal dune fields. (a) A terminal dune field (dark region in crater
451  interior) abutted against a crater wall, with a slope of ~15°, served as a sediment source for the
452  downwind wind streak. Centered on 2.83° E, 9.75° N. (b) A crater with a trapped terminal dune
453  field (dark region in crater interior) against a crater wall with a slope of ~21°. Unlike (a), no

454  discernible material is being transported out of this crater. Crater rims are outlined in black and
455  red arrows indicate the downwind direction of sand-transporting winds. Centered on 356.74° E,

456  0.78° N. (C) and (D) show the elevation profiles of each crater. Red dot indicates the crater rim
457  location. CTX mosaic basemap.
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Figure 3. Histogram of crater wall slopes measured in craters with and without wind streaks.
Craters with low albedo wind streaks, and therefore interpreted to exhibit transport of sediment
out of the crater, display lower slopes when compared to craters without wind streaks which
exhibit more steeply inclined crater walls. The slope range where a crater transistions from being
a sink to a source is between 10° and 20°.

90°

Figure 4. Rose diagram of interpreted wind directions of all 116 craters identified in this study.
Wind direction is dominantly towards the south
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Figure 5. Dune fields observed in two craters within a low albedo wind streak over a 3 martian
year timespan. Black and white arrows indicate the location of each dune field in their respective
craters. Images a — ¢ show a decrease in the volume of sediment comprising the dunes over time
in each crater indicating that active sediment transport is occurring within the low albedo wind
streak. Craters are within a wind streak emanating from crater #15 (see supplement) North is up
in all images. CTX image IDs: (a) F12_040287_1896_XI_09N357W, (b)
B17_016103_1889 XN_08N357W, (c) P16_007440_1867_XI_06N357W.
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Figure 6. Dune fields migrating up a crater wall (crater #60 in supplement). a) There is no wind

streak out of the crater. Dune field is migrating towards the south shown by the red arrow. White

boxes show locations of (b) and (c). b) Dunes migrating across the crater floor towards the crater

wall. ¢) Image showing slope measurement of first slope encountered by dunes moving across
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the crater floor. There are no dunes seen past ~6 km up the crater’s wall. d) elevation profile of
slope measurement in (c). North is up in all images. CTX image
P19 008614_1892_XI_09N016W

Figure 7. Aeolian features observed within low albedo wind streaks. a) Dune fields are present
within several low albedo wind streaks, however, only when low albedo wind streaks extend into
another crater. Dunes in ‘a’ are located within crater #113 (see supplement). b) Low albedo
features without a well-defined crestline are common throughout each low albedo wind streak.
These features are primarily seen abutted against a topographic feature that impedes their
migration and promotes accumulation of sediment. ¢) TAR like bedforms are the most common
feature found within a low albedo wind streak. Wavelengths between their crests measure
between 50 — 70 m. A direction of transport is difficult to discern in each instance due to the
symmetry of the feature. North is up in all images. CTX image ID: (a)

P11 005462_1836_XI_03N351W; HiRISE images (b) ESP_019439_1975; (c)
ESP_047157_1850
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Figure 8. Climbing dunes on Earth. Foreground bedforms migrate up a mountain slope found
along the Yarlung River, China, but dunes do not reach the peak of the mountain. Dashed line
indicates a change in slope, above which dunes are not observed. Perspective view centered on
29.28°N, 91.79°E with white arrow indicating north. Image courtesy of Google Earth. Measured
slope value indicated on the image obtained from the Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER) dataset.
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Number of
Wind streak type Crater wall slope craters
Low albedo 9.4° +5.5° 39
High albedo 24.4° £9.6° 16
No wind streak 17.0° £5.8° 61
Total: 116

Table 1. Summary of crater wall slopes measured in observed crater basins.

Diameter  Average

range diameter depth/diameter
Wind streak type (km) + 10 (km) ratio (L+10)
Low albedo 16 — 111 49 + 23 0.03 +0.01
High albedo 13-111 46 + 31 0.04 +0.01
No wind streak 10-95 3222 0.05 + 0.02

Table 2. Summary of crater diameters and d/D within each wind streak type.



