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Abstract Change detection analyses of aeolian bedforms (dunes and ripples), using multitemporal images
acquired by the Mars Reconnaissance Orbiter High Resolution Imaging Science Experiment (HiRISE), can
reveal migration of bedforms on Mars. Here we investigated bedform mobility (evidence of wind-driven
migration or activity), from analysis of HiRISE temporal image pairs, and dune field modification (i.e., apparent
presence/lack of changes or degradation due to nonaeolian processes) through use of a dune stability index
or SI (1-6; higher numbers indicating increasing evidence of stability/modification). Combining mobility data
and Sl for 70 dune fields south of 40°S latitude, we observed a clear trend of decreasing bedform mobility with
increasing Sl and latitude. Both dunes and ripples were more commonly active at lower latitudes, although
some high-latitude ripples are migrating. Most dune fields with lower Sls (<3) were found to be active while
those with higher Sls were primarily found to be inactive. A shift in prevalence of active to apparently inactive
bedforms and to dune fields with SI > 2 occurs at ~60°S latitude, coincident with the edge of high
concentrations of H,0O-equivalent hydrogen observed by the Mars Odyssey Neutron Spectrometer. This result is
consistent with previous studies suggesting that stabilizing agents, such as ground ice, likely stabilize bedforms
and limit sediment availability. Observations of active dune fields with morphologies indicative of stability
(i.e., migrating ripples in SI = 3 dune fields) may have implications for episodic phases of reworking or dune
building, and possibly geologically recent activation or stabilization corresponding to shifts in climate.

Plain Language Summary Dune fields and sand sheets, very similar to those we see on Earth, are
observed on the surface of Mars. Their presence attests to the importance of wind-driven activity in shaping
the Martian surface. Using repeated high-resolution imaging with the HiRISE (High Resolution Imaging Science
Experiment) camera in orbit around Mars on the Mars Reconnaissance Orbiter spacecraft, we can now look closely
at dunes and ripples (collectively referred to as bedforms) on Mars to find evidence of changes over time. Changes
in or movement of the bedforms indicate where they are currently active and migrating across the surface.
Actively migrating bedforms provide valuable information about present-day conditions on the surface such as
sediment supply, wind speed, and wind direction. In this study, we investigated the activity of dunes and ripples in
the middle and high latitudes of the southern hemisphere of Mars. We combined our results with those from
investigations that looked at how the bedforms are degrading and being modified from nonwind-driven
processes, indicative of dune inactivity. Our results show that dunes and ripples are progressively less active and
show increasing evidence of degradation and erosion with proximity to the south pole. In the northern part of our
study area (~40-55°S latitude), dune fields are mobile and are not degrading. Generally speaking, conditions
where these dune fields formed, such as sediment supply and wind speeds, remain favorable for wind-driven
activity today. In the high southern latitudes (> ~60°S), it appears that conditions favorable to dune field and sand
sheet formation have shifted to less favorable conditions in most locations, perhaps episodically, since they
originally formed. This shift in prevalence of active to apparently inactive bedforms and to dune fields that are
more degraded occurs at roughly 60°S latitude and coincides with the edge of high concentrations of H,O-
equivalent hydrogen observed by the Mars Odyssey Neutron Spectrometer and interpreted to indicate ice
beneath the surface. Our observations of decreasing bedform mobility with increasing latitude support the
accumulation of ground ice between dune sand grains, which may be stabilizing the grains and reducing sand
availability in present climate conditions. Some dunes may be stabilized by ground ice at their core, while surface/

BANKS ET AL.

3205


https://orcid.org/0000-0002-8236-7396
https://orcid.org/0000-0001-8116-4901
https://orcid.org/0000-0003-0289-3749
https://orcid.org/0000-0001-8497-8994
https://orcid.org/0000-0001-6361-6548
https://orcid.org/0000-0002-3196-6620
https://orcid.org/0000-0002-0420-8453
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9100
http://dx.doi.org/10.1029/2018JE005747
http://dx.doi.org/10.1029/2018JE005747
https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9100.DUNEWKSHP1
https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9100.DUNEWKSHP1
http://dx.doi.org/10.1029/2018JE005747
http://dx.doi.org/10.1029/2018JE005747
http://dx.doi.org/10.1029/2018JE005747
http://dx.doi.org/10.1029/2018JE005747
http://dx.doi.org/10.1029/2018JE005747
mailto:maria.e.banks@nasa.gov
https://doi.org/10.1029/2018JE005747
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2018JE005747&domain=pdf&date_stamp=2018-12-26

10.1029/2018JE005747

= - Dune field
- Active bedform

- No activity detected
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Figure 1. (a) Locations of dune fields and sand sheets (yellow; dune fields poleward of 50°S latitude are from Hayward et al. (2007a, 2012) and those
equatorward of 50°S latitude are from Hayward et al. (2007a, 2007b) or provided by coauthor Fenton), and locations where HiRISE image pairs were used

to assess bedform mobility (red and green squares). Transverse aeolian ridges (TARs) are not included. (b) Migration rates of dunes (magenta) and ripples (cyan).
The maps were constructed using Java Mission-planning and Analysis for Remote Sensing (JMARS; Christensen et al., 2009) using Mars Orbiter Laser Altimeter
(MOLA) shaded relief as a base map (Smith et al., 2001).

near-surface sediments, not cemented in the ground ice, continue to migrate as superposing ripples.
Understanding the characteristics of the activity and morphology of dune fields can provide valuable insight into
local and regional sedimentary and climatic histories on Mars and Earth. Our results may reflect more than one
generation of dune building and possibly a current phase of episodic activity and may have implications for shifts
in the climate to activate or stabilize dune fields and sand sheets over time.

1. Introduction

The multiple dune fields and sand sheets observed on Mars attest to the importance of wind-driven (aeolian)
activity in shaping the Martian surface, at least in its more recent geologic history. Multiple studies have now
revealed present-day movement of sand by the wind and migration of bedforms (dunes and ripples collec-
tively) in some environments in the current Martian climate and ~6-mbar atmosphere (e.g., Banks et al., 2015;
Banks et al., 2017; Bourke et al., 2008; Bridges et al., 2010, 2012, 2013; Chojnacki et al., 2011, 2014, 2015, 2017,
2018a, 2018b; Fenton, 2006; Silvestro et al., 2010, 2011, 2013, 2016; Sullivan et al., 2008). Dune field and sand
sheet formation, activity, and stabilization, on both Earth and Mars, are driven by factors such as sediment
availability and wind transport capacity, potentially initiated by changes in climatic conditions (e.g., Ayoub
et al, 2014; Ewing et al., 2010; Fenton et al., 2015, 2018; Fenton & Hayward, 2010; Kocurek, 1998; Kocurek
et al, 2007; Kocurek & Lancaster, 1999; Runyon, Bridges, Ayoub, et al., 2017; Silvestro et al., 2015).
Bedforms that have become stabilized may be reactivated by an increase in the inflow of available sand; their
morphology may evolve as a result of shifting wind regimes, or degrade (e.g., rounded dune brinks; dune
morphologies that are difficult to discern) after extended periods of inactivity. Therefore, understanding
the characteristics of the activity and morphology of dune fields can provide valuable insight into the local
and regional sedimentary and climatic histories. Additionally, such analyses can add to our understanding
of the interplay of aeolian and nonaeolian (e.g., periglacial, polar, volatile-driven) processes, the conditions
associated with these processes, and potentially how they have changed over time.

Change detection analyses using repeat images (with scales as fine as 0.25 m/pixel) acquired by the High
Resolution Imaging Science Experiment (HiRISE) onboard the Mars Reconnaissance Orbiter (McEwen et al.,
2007) can now be used to assess aeolian bedforms for changes and migration over multiple Mars years
(Figure 1). Prior work by Fenton and Hayward (2010) mapped and categorized dune fields into six
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Figure 2. Type location dune fields exhibiting six morphological categories interpreted to correspond with a progression
toward stabilization with stabilization indices (SI) ranging from 1 through 6 (see Table 1). (a) SI = 1: these dune fields are

typical of most found at low latitudes on Mars. (b) SI = 2: a crisp-edged sand apron surrounds dunes and partially spans

interdunes (arrows point to windows in apron). (c) SI = 3: the sand apron (black arrow) spans all interdunes and dune crests
may be rounded. (d) SI = 4: dunes are harder to identify, and their surfaces are somewhat dissected. (e) SI = 5: dunes are
increasingly dissected and difficult to identify. (f) SI = 6: dunes are not present, merely a sand sheet on a layered deposit. In
all images, north is up. The scale bar is the same for all images.

morphological classes based on an inferred level of stability derived from the apparent presence/lack of
superposed nonaeolian features and apparent degree of degradation by nonaeolian processes (see further
description in section 2 and Figures 2 and 3); however, they were not able to corroborate their results with a
change detection survey at that time. Fenton and Hayward (2010) identified a progressive southward trend
toward nonaeolian modification, proposing that near-surface ground ice at high latitudes inhibits aeolian
processes. Modeling work by Mellon et al. (2008) also demonstrated that ice tables can occur at ~2-6-cm
depth in polar regoliths, likely including dune sand. Accordingly, we hypothesize that if ground ice is indeed
a factor stabilizing the southern hemisphere dunes, then dune and ripple mobility, especially dune mobility,
should decrease with an increasing prevalence of nonaeolian modification features at high-southern latitudes.

Using results from aeolian change detection and morphological analyses, we investigated aeolian bedform
mobility (i.e., evidence of wind-driven migration or activity of bedforms and sediments and characteristics
of that activity, such as migration rate) and modification (i.e., apparent presence/lack of superposed nonaeo-
lian features and/or evidence of changes or degradation by nonaeolian processes) for 70 Martian dune fields
and sand sheets located south of 40°S latitude (Table S1 and Figure 1). For this study we chose dune fields

607

# dune fields
8

N
o

-85° -80° .75° -70° -65° -60° -550 -50° -45° -40°
Latitude

Figure 3. Latitudinal distribution of southern hemisphere dune fields by SI (Fenton & Hayward, 2010; Gullikson et al., 2018;
see Tables 1 and S1).
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Table 1
Morphological Dune Field Classes From Fenton and Hayward (2010) and Their Respective Stability Index (SI) Used in This Study

S| Dune Field Class Latitude Characteristic Morphological Features®

Russell crater <60°S Identifiable dunes, crisp slip face brinks

Terra Cimmeria 57-66°S Partial apron, slip face brinks may be rounded

Smith crater 58-79°S Aprons span interdunes, slip face brinks often rounded

S. Terra Cimmeria 64-74°S Aprons often span interdunes, slip face brinks often rounded,
somewhat dissected surface

5 Richardson crater 65-79°S Slip faces difficult to identify, dissected appearance

6 Burroughs crater 65-82°S No dunes present

A wWN =

3See Figure 2.

with repeat HiRISE image coverage. For each location we (1) conducted change detection analysis with the
HiRISE temporal image pairs, seeking evidence of wind-driven movement of sediments and migration of
dunes and/or ripples superposing dunes or superposing sand aprons or sand sheets, and (2) applied a mor-
phological stability index (SI) from the work of Fenton and Hayward (2010) and Gullikson et al. (2018) (see
section 2 and Tables 1 and S1). A main objective of this study was to assess the relationship between the mor-
phology and activity of dune fields and the relationship of these characteristics to their proximity to the south
pole. A shift toward reduced bedform activity along with an increase in widespread dune degradation could
be a likely result of cemented sediments, potentially by ground ice, consistent with the findings of Fenton
and Hayward (2010). We also explored other possible factors (i.e., elevation and sand drift potentials derived
from the NASA Ames Mars Global Climate Model (MGCM)) that may play a role in influencing the character-
istics of the bedforms, and discuss implications for episodic phases of bedform reworking and potential cor-
relations with climate-related activation or stabilization.

2. Background

The Mars Global Digital Dune database (MGD?; Hayward et al., 2007a, 2007b, 2010, 2012, 2014) shows that
large dark dunes are common both at northern-high latitudes (75% of mapped dune field coverage occurred
from 70 to 90°N) and southern-high latitudes (15% of mapped dune field coverage occurred from 60 to 80°S;
Figure 1). These circumpolar locations were noted in Viking-era global surveys (e.g., Thomas, 1982; Ward et al.,
1985); in particular, Thomas (1982) speculated that high-latitude dunes in both hemispheres were sourced
from nearby polar-layered terrain. However, the similarity between northern and southern dunes ends upon
closer inspection. Whereas most bedforms in the northern hemisphere show aeolian-driven movement, par-
ticularly in the high-northern latitudes (>70°N), the same is not always the case in the southern-middle to
southern-high latitudes (e.g., Bridges et al., 2013; Banks et al., 2015; Chojnacki et al., 2018a). Further, the dune
fields of the southern-middle to southern-high latitudes exhibit a wide range of latitudinally varying morpho-
logical features that have no known counterpart in the northern hemisphere (e.g., the sand aprons and
dissected surfaces mapped by Fenton and Hayward (2010) have not been reported in northern latitudes).

Looking at the latitude range from 50 to 90°S, previous work by Fenton and Hayward (2010) mapped and
categorized dune fields into six morphological classes based on an inferred level of stability visible in
Thermal Emission Imaging System (THEMIS) visible (VIS) (Christensen et al., 2004), Context Camera (CTX)
(Malin et al., 2007), and Mars Orbiter Camera (MOC) (Malin et al,, 1991) images (see Figure 2); this selection
of images collectively offered suitable coverage of dune fields for feature identification and classification.
As part of an update to the MGD?, all other dune fields in the south polar and equatorial MGD? (spanning
90°S to 65°N) were later categorized into these six morphological classes (Gullikson et al., 2018) using the
same methods as Fenton and Hayward (2010). This more recent work assigned each dune field a stability
index (SI) integer (number 1 through 6) corresponding to each type location; higher Sl values correspond
to increasing prevalence of features and morphological characteristics interpreted to indicate increased
stability and nonaeolian modification (see text below; Table 1 and Figure 2).

Morphological characteristics considered in the determination of Sl in the studies of Fenton and Hayward
(2010) and Gullikson et al. (2018) include (1) the presence or absence of sharply edged sand aprons surround-
ing dune margins and/or a diffuse-edged sand sheet adjacent to the dune field, (2) the crispness of dune
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brinks, (3) the readiness of identification of dune types (e.g., barchan, star), (4) the presence or absence of
layers underlying the dune field, (5) the presence or absence of relatively bright material apparently
superimposed on the dunes, (6) a smooth or dissected appearance at scales >30 m, and (7) the presence or
lack of discernible dunes (Table 1). Dune fields with Sl = 1 are typical of most large dark dunes on Mars, with
identifiable dune forms and, where present, crisp slip face brinks (Figure 2a); all dune fields between 40 and
55°S latitude fit into this category (Figure 3). Between ~55 and 65°S latitude, different features emerge, with
dunes exhibiting rounded brinks and dune fields being surrounded either partially (SI = 2; Figure 2b) or com-
pletely (SI = 3; Figure 2c) by an abruptly edged sand apron. Fenton and Hayward (2010) interpreted the
rounded brinks and aprons as indicators of nonaeolian (perhaps ice-related) erosional processes competing
with aeolian dune construction (which is characterized by features such as crisp dune brinks), limiting the abil-
ity of the wind to rework bedforms. Poleward of ~65°S latitude, many dune fields take on an even further
degraded appearance in which individual dunes are progressively more difficult to identify (SI = 4, 5;
Figures 2d and 2e). Fenton and Hayward (2010) interpreted these morphological characteristics as evidence
of progressive erosion by nonaeolian processes and progressive stabilization of the dune fields. The most pole-
ward dune fields, found mainly between 70 and 82°S latitude, are simply dark sand sheets (S| = 6; Figure 2f);
these were proposed to be either fully eroded dune fields or locations where dunes were unable to form.

Fenton and Hayward (2010) observed that the shift in dune morphology poleward of ~60°S latitude (where
Sl = 2 dune fields first appear) corresponded with concentrations > ~20% of near-surface water equivalent
hydrogen in Mars Odyssey Neutron Spectrometer maps; these concentrations are interpreted to be ground
ice (Feldman et al., 2004; Wilson et al., 2018). In addition, two-layer thermal modeling of the near-surface
properties of southern hemisphere dune fields using Thermal Emission Spectrometer (TES) and THEMIS data
also suggested that that dune fields with SI = 1 and 2 are distinct from those with SI >3 (Hoover et al., 2018).
Fenton and Hayward (2010) proposed that ground ice acts as a dune-stabilizing agent, inhibiting aeolian
sand transport that would otherwise rework dunes and ripples (see further discussion in section 4.5).
Similar processes seem to operate in terrestrial polar dune fields; Bourke et al. (2009) demonstrated that dune
migration in Antarctica may be slowed by the presence of niveo-aeolian deposits.

3. Methods
3.1. Dune Fields

We chose 70 dune fields in our study area (40°-90°S latitude) that are covered by HiRISE temporal image pairs
(Figure 1). For dune fields not already included in the MGD?, dune morphological types were classified follow-
ing a similar approach (Hayward et al., 2007a, 2007b) and include sand sheets, barchan, barchanoid, trans-
verse, linear, and star dunes as defined by McKee (1979). Bedform classes in our analysis include large
dunes, and meter-scale ripples superposing dunes or superposing surrounding sand patches, aprons, and
sand sheets (Table S1). We did not include transverse aeolian ridges (TARSs) in our analysis as these are com-
monly found to be inactive regardless of latitude (e.g., Bridges et al., 2012; Zimbelman, 2000).

3.2. BedForm Mobility

For each of the 70 dune fields, change detection analyses were conducted with HiRISE temporal image pairs
for evidence of activity, and compared to each dune field’s SI (Figure 1 and Table S1). Images selected for the
change detection analyses were separated in time by one or more Martian years (typically two to four Mars
years) and were filtered to include only those acquired under similar conditions including: camera roll angles
(within ~10°), illumination geometries such as solar elevation angle (acquired at the same time of the year
and near the summer solstices), and solar azimuth (constrained to within ~10° Bridges et al., 2012, 2013).
Map-projected images were overlaid and coregistered to immobile tie points (i.e., permanent surface fea-
tures, fractures, large rocks) and analyzed in ArcGIS for detection of changes in the bedforms over time.
Bedforms were investigated for movement in multiple locations throughout each HiRISE image. Movement
or migration was quantified by measuring bedform displacement; for example, in the case of ripples, the dis-
tance between the margins of ripple crests and the nearest tie points was measured in each image in the pair
and then differenced. Where possible, displacement was measured for at least 10 bedforms and averaged.
We completed displacement measurements on relatively flat surfaces, at roughly the same elevation as
the surrounding surface and tie points, to minimize error from topography (e.g., dune displacements mea-
sured at the base of dune slip faces, ripple displacements measured on the flatter surfaces along the
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edges of dunes or on the extended horn of a barchan). We estimate an error of ~1-2 pixels (+25-50 cm) for
displacement measurements. Where substantially differing displacements were observed within the same
HiRISE image or dune field, they were recorded as separate data points at the same location. Migration rates
were determined using the time interval between acquisition of each image and were reported in units of
meters per Earth year (m/yr). For sand sheets or aprons lacking dunes or ripples, changes in margins were also
reported if detected. We evaluated dunes and ripples separately for evidence of changes and migration; data
for dunes and ripples are differentiated in Table S1, as are data for ripples superposing dunes and ripples
superposing sand sheets, sand aprons, or sand patches.

3.3. Atmospheric Modeling

Atmospheric models have long been used to provide context for sand-transporting winds on Mars (e.g.,
Armstrong & Leovy, 2005; Fenton & Richardson, 2001; Greeley et al., 1993). Global climate models calculate
the state of the atmosphere as a set of points that forms a three-dimensional grid around the surface of
Mars, outputting atmospheric and surface parameters at each grid cell (e.g., wind velocity, air temperature,
air pressure). Global-scale circulations simulated by global climate models broadly agree with the observed
alignment of aeolian features, such as wind streak orientations (e.g., Fenton & Richardson, 2001; Greeley
et al., 1993). However, spatial patterns of wind stress are strongly influenced by small-scale topographic fea-
tures that global climate models often do not resolve (e.g., Toigo et al., 2012). Despite such known inaccura-
cies, it is plausible that large-scale flows, such as that driven by Hadley circulation and thermal tides, could
enhance sand-transporting winds at some latitudes more than at others. If this is the case, then the general
circulation could explain the observed poleward trend toward dune stability, rather than stabilization by
ground ice. In this work we test whether such a latitudinal trend in wind stress exists. The NASA Ames
Mars Global Climate Model (MGCM) has been used extensively to investigate Mars’ climate (e.g., Haberle
etal, 1999; Kahre et al., 2006). The model numerically calculates the state of the atmosphere as a set of points
that forms a three-dimensional grid around the surface of Mars, outputting atmospheric and surface para-
meters at each grid cell (e.g., wind velocity, air temperature, air pressure).

For work involving the MGCM (section 3.3), we simulated one Mars year with a grid spacing of 5° of latitude by
6° of longitude and a temporal resolution of 1.5 hr (in which an hour is 3698.7 s long or 1/24th of a Martian
sol). Winds produced by features at scales smaller than the resolution of the MGCM grid (e.g., local
topographic relief) cannot be represented by the MGCM. Rather, the modeled atmospheric conditions are
dictated by regional- and global-scale weather patterns (e.g., baroclinic waves) and surface features (e.g.,
> ~200-km baseline topographic relief). We estimated a sand drift potential at each time step and (surface)
grid cell, assuming that all dune sand consists of 100-um basalt grains, by determining local time-dependent
threshold friction velocities to estimate potential sand fluxes using the relation from Kok (2010) (note that
Kok (2010) assumes that the grain density is 3,000 kg/m>, which is appropriate for basalt grains). Summed
over a Mars year, these values provide an estimate of the net windiness at each grid cell.

4, Results and Discussion
4.1. Spatial Distribution of BedForm Mobility

Out of the 70 locations examined in our study area, 49 of these locations, or roughly 70% of the dune fields,
showed evidence of wind-driven movement or bedform migration. The other 21 locations did not reveal evi-
dence of migration or activity (Figure 1 and Table S1). A lack of visible evidence of migration or activity indi-
cates that either (1) there has been a temporal bedform-stabilizing change in the environmental conditions
that previously enabled formation of the bedforms (such as a change in the available sediment supply; Ewing
& Kocurek, 2010) or (2) the bedforms are moving at a rate below the HiRISE detection limit for the time inter-
val between repeat image acquisition combined with the resolution of the images (i.e., the bedforms have
migrated a distance that is less than ~3 pixels, which in most cases is less than ~75 cm, over the baseline; see
Table S1; Bridges et al.,, 2013). In all dune fields where dunes are observed to migrate, ripples were also
observed to migrate. However, not all dunes were observed to migrate in dune fields with migrating ripples.

Migration rates in our study area range from ~0.1 to 1.2 m/yr with an average of 0.4 m/yr for dunes and
~0.3-0.4 m/yr for ripples. These results are below the average migration rate of ~0.7 m/yr estimated from glo-
bal studies of dunes on Mars (Banks et al., 2014; Bridges et al.,, 2013). For 10 dune fields, bedforms (either
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Figure 4. Percentage of (a) dunes and (b) ripples showing activity (green) or no evidence of activity (red) by latitude. Note
the shift in prevalence of active ripples, and the lack of active dunes south of ~60°S latitude. In (a), dunes with ambiguous
changes or difficult to measure movement are classified as active, unquantified (purple). These dunes are observed

more frequently closer to 60°S latitude; they potentially show an increasing stabilization of the dunes, especially relative to
the ripples, with increasing latitude.

dunes or ripples, but typically dunes) showed evidence of activity or migration, but the changes were ambig-
uous and difficult to reliably measure. Examples belonging to this category include small ripples at the limit of
detection that were moving but could not be sufficiently resolved for measurements, dunes undergoing
deflation, or shifting of sediments at the edges of dune fields and surrounding sand patches. In these
instances, the bedforms were cataloged as mobile or active, but do not have a migration rate (classified as
active, unquantified in Table S1).

There is a general decrease in evidence of activity with increasing latitude (Figures 1, 4, and 5). Only ~22% of
the sites between 40 and 60°S latitude appear to be inactive, but that percentage increases to ~55% of the
sites south of 60°S, and >60% of the sites south of 70°S (Figures 1 and 4). The most poleward measurement
of dune activity was observed at ~57°S latitude; no dunes at latitudes south of this latitude exhibit migration.
Ripples are also increasingly inactive with increasing latitude, although some active ripples were observed
well into the high-southern latitudes and as far south as ~74°S (Figures 1, 4, and 5). At six locations, ripples
superposed on dunes were observed to migrate, while the dunes themselves either did not show evidence
of movement, or the movement was so subtle and ambiguous that it could not be quantified (Table S1 and
Figure 4). These observations were more common at latitudes within ~10° of 60°S and may reflect the increas-
ing stabilization of bedforms with increasing latitude.

1.4
Results show a broad distribution of ripple migration rates (~0.1-1.2 m/yr)
12 © Dunes 8 with ripples migrating at or below the average rate for the study area
_ ~<0.4 m/yr) at a wide range of latitudes (Figures 1b and 5). Ripples ma
 Ripples o (~<0.4 m/yr) at a wide range of latitudes (Figures 1b and 5). Rippl y
g 1 o exhibit a slight decrease in average migration rate poleward, although this
> g may be more indicative of regional variation in activity. The highest migra-
+~ 08 . . .
& . tion rates for both dunes and ripples in our study area (>0.8 m/yr) were
S o6 o 8 observed in Noachis Terra, particularly in Hellespontus Montes (up to
g = g m 8 % ~1.1 m/yr) and within Kaiser crater (up to ~1.2 m/yr). Migration rates at
& ° . . .
S o4 . u g B . ogened similar latitudes but other longitudes are closer to the global average
& % . ‘s D'E% (e.g., in Icaria Planum and northwest Aonia Terra; ~0.6-0.7 m/yr). The loca-
02 e T e w® eyl lized occurrence of our fastest migrating bedforms within such close geo-
0 . DDE . - o amo ; cemay o graphical proximity, particularly within Noachis Terra, may be related more
80 75 70 65 -60 -55 50 45 -40 to regional trends in wind strength than to a larger-scale latitudinal shift in

Latitude (°)

Figure 5. Average migration rates for dunes (magenta) and ripples (cyan)
plotted by latitude. Bedforms that show no evidence of activity (inactive)
and active bedforms with ambiguous or unquantified movement plot with a
migration rate of 0.

stabilization factors. For example, Chojnacki et al. (2018a) also found some
of the highest Martian sand flux rates for bedforms in the Hellespontus
Montes region. They attributed the high rates to the proximity of the
dunes to Hellas Basin, serving as a strong topographic gradient, and likely
associated anabatic slope winds.
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no evidence of activity (inactive) and active bedforms with ambiguous or unquantified movement plot with a migration rate of 0. Note the decrease in migration
rates with higher SI.

4.2, BedForm Mobility and Apparent Stability Index

Figure 6 shows dune and ripple mobility in relation to latitude and SI. As discussed in section 2, all dune fields
north of ~55°S latitude have an Sl of 1 (see Figure 3). With only a few exceptions, all measured bedforms in
SI=1 dune fields are active (Table S1 and Figure 6a). All measured dunes south of 60°S are both inactive and
have Sl values >1. Nearly all active ripples found south of 60°S are located in dune fields with no to moderate
morphological signs of stability, or SI = 1-3 (see Table 1). With only one exception, bedforms in dune fields
(dunes and ripples) and sand sheets (ripples) with SI> 4 (a total of 10 unique locations in this study) are inac-
tive and show no evidence of movement (see Table 1 and Table S1 and Figure 6a). Figure 6b shows how dune
and ripple migration rates vary with latitude and SI. As was already discussed, the fastest ripples and dunes
are all located equatorward of 60°S and here we see that these faster migration rates are also all observed in
SI=1 dune fields. The lack of higher migration rates (>0.4 m/yr) at high latitudes (>~60°S) and in dune fields
with SI > 1 is consistent with the interpretation that dune fields with greater Sl are more stabilized.

It should be noted that dunes and ripples that appear to be inactive based on change detection analyses are
not necessarily being degraded, such as the Sl = 1 dune fields shown in Figure 6a that exhibit no evidence of
activity. A reduced level or apparent lack of present-day aeolian activity may simply indicate a change in the
conditions that originally made formation and migration of the bedforms possible, such as favorable wind
strength and ample sediment supply and availability. For the dune fields located north of ~55°S latitude, con-
ditions appear to have remained favorable for aeolian activity at present, or until relatively recently. On the
other hand, the SI > 1 dune fields located south of ~55-60°S latitude provide evidence of a process degrad-
ing the bedforms that is dominant over or acting at a faster rate than aeolian processes at these higher lati-
tudes. A greater prevalence of degradation, or higher Sl values, also likely corresponds with an increased
duration of bedform inactivity (Fenton & Hayward, 2010).
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decrease toward the pole, suggesting that bedform migration rates may be
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factors. The drift potentials span the entire Martian year, without removing
periods of CO, frost cover that could retard ripple and dune migration;
including this effect would further suppress high-latitude drift potentials.
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between ripple migration rate and MGCM-derived drift potential.
However, Figure 7b shows that this relationship is not so straightforward
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between mesoscale drift potentials and migration rates could potentially be
attributed to stabilization processes (e.g., ground ice).
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4.4. BedForm Mobility, Apparent Stability, and Elevation

All but three locations analyzed in this study occur at elevations between ~ —3,000 m below and 2,000 m
above the datum for a total elevation range of only ~5 km for the vast majority of the bedforms in our data
set. One of the outliers is located at an elevation of ~ —4,000 km and exhibited no evidence of activity; the
other two outliers are located at ~ —7,000-km elevation and were classified as active but movement could
not be quantified (see Table S1). Figure 8a shows that there is no clear trend in the mobility of the bedforms
in relation to elevation; we generally see both active and inactive bedforms throughout the range of eleva-
tions. We also considered the variation in S| combined with mobility in relation to elevation (Figure 8b). All
dune fields with SI > 1 occur within the top 1.5 km of the elevation range of the dune fields in our study area.
However, these dune fields with SI > 1 are also located at higher latitudes (>60°S; see Figure 8a), suggesting
that the corresponding increase in Sl is likely to be a function of latitude, rather than elevation.

Globally, Mars has an elevation range of nearly 30 km. Nearly all bedforms in the low-lying north polar sand
seas that have been analyzed for activity have been found to be mobile (e.g., Banks et al., 2015; Bridges et al.,
2013; Middlebrook, 2015). In contrast, bedforms at the very highest elevations, on a global scale, appear to be
immobile (e.g., Banks et al., 2015; Bridges et al., 2013), leading to the question of whether or not bedforms are
more active at lower elevations. Given that the friction velocity for sand saltation u* is related to the air

density p,ir and shear stress 7 such that u* = \/g (e.g., Shao & Lu, 2000), it is reasonable to infer that winds

are more likely to exceed the saltation threshold at lower elevations with higher atmospheric density (e.g.,
Armstrong & Leovy, 2005), and that therefore bedforms in these locations would more likely be mobile. If
Mars experienced the same wind speeds at all locations at the same time, then this would certainly be the case.
For example, at —3,000- and 2,000-m elevations, we estimate that the surface air pressure would seasonally
range between 6.4-8.4 and 4.5-5.3 mbar, respectively (Withers, 2012). These differences in pressure have an
appreciable effect on threshold friction speed. For example, the fluid threshold friction speed for ~120-um sand
at5 mbaris u” = ~1.9 m/s, whereas at 10 mbar the threshold is 45% lower at u” = ~1.3 m/s (Greeley and Iverson,
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Figure 8. (a) Mobility of (left) dunes and (right) ripples with elevation. (b) Mobility and Sl at different elevations for (left) dunes and (right) ripples. Elevation is in
meters above and below the datum. Note that three outliers at very low elevations have been omitted from these plots to focus on the majority of the bedforms
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inactive bedforms throughout this entire elevation range. Dune fields with higher Sls consistently occur only within the upper half of the elevation range

(at elevations ~500 m and higher). However, the higher elevations in our study area also correspond with higher latitudes (a), such that polar processes may
potentially play a larger role in influencing dune modification processes than elevation.

1985). However, winds on Mars are not uniform in space and time. Considering bedform mobility globally, a
potential influence of elevation and associated atmospheric pressure on observed bedform activity is so far
only apparent at the extreme highest and lowest elevations of Mars (Banks et al., 2015), neither of which are
represented in the elevation range of the dune fields included in this study (primarily between —3,000 and
2,000 m). Thus, while variations in elevation, and associated atmospheric pressures, may potentially play a
small influential role in enhancing or inhibiting the mobility of bedforms or the prevalence of nonaeolian
processes, our results do not indicate that this is a significant contributing factor in our studied dune fields.

4.5. Polar Processes

Results indicate a significant shift in both dune field activity and morphologic characteristics at ~60°S latitude.
At roughly this latitude, the first dune fields with SI > 1 appear; south of this latitude, ripples show decreasing
mobility and dunes cease to be active at all (Figures 4-6 and Table S1). Most dune fields south of 60°S also
exhibit morphologic characteristics that transition from familiar and identifiable dune types with sharp dune
brinks to degraded features and increasingly unrecognizable dune types (Fenton & Hayward, 2010).
Additionally, as previously discussed, neutron data from the Neutron Spectrometer show a shift at ~60°S lati-
tude in the water-equivalent hydrogen content of the Martian regolith (Feldman et al., 2004; Wilson et al.,
2018), which is interpreted to indicate an increase in ground ice. In accordance with Fenton and Hayward
(2010), we propose that our observations of decreasing bedform mobility support the accumulation of
ground ice between dune sand grains which may be stabilizing the grains and reducing sand availability
in present climate conditions. As such, this accumulating ground ice would inhibit aeolian sand transport that
would otherwise rework dunes and ripples eliminating or preventing development of erosional features (e.g.,
rounded dune brinks; e.g., Bourke et al., 2009). Additionally, dust infiltration between ice-cemented sand
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grains could further immobilize bedforms (Bridges et al., 2010), and possibly enable cementation and recrys-
tallization processes to operate and lithify dunes and sand sheets (Runyon, Bridges, Newman, et al., 2017).

Ground ice properties at Mars Phoenix Lander’s landing site (68.22°N) are likely representative of ice-rich perma-
frosts elsewhere on Mars (Mellon et al., 2009). This is evidenced by crater-exposed ice in other locations on Mars,
estimated to be of similar concentrations to those observed at the Phoenix landing site (Byrne et al.,, 2009). At
the Phoenix landing site, ice table depths were observed at an average depth of 4.6 cm with variations up to 10
times this depth (Mellon et al., 2009). Importantly, the Phoenix lander explored its region during the northern
summer when ice would be most scarce, thereby placing minimum constraints on the amount of cementing ice
present. Mellon et al. (2009) demonstrated that ground ice on Mars can form from atmospheric water vapor
diffusing into and freezing within existing pore spaces. Given the porous nature of dune sand and common
dune heights of meters to tens of meters, most of a dune’s interior could be immobilized by ice through this
process. Thus, even in the Martian summer (Mellon et al., 2009), dunes at similar latitudes as that of the
Phoenix landing site (both north and south) could have an icy core just beneath the surface. Observations at
Phoenix’s landing site also showed that exposed ice sublimed away within a few sols; as such, recently sublimed
ice from a dune could then release sand grains to seasonally or episodically participate in aeolian motion.

Dunes in the large northern-high-latitude sand sea, Olympia Undae, are also interpreted to contain ice-rich
cores (Feldman et al., 2008). However, in contrast, present-day aeolian-driven movement has been observed
(e.g., Banks et al., 2015; Bridges et al.,, 2012, 2013; Hansen et al,, 2011) and high sand fluxes have been
estimated for these north polar dunes (Chojnacki et al., 2018a; Diniega et al., 2017). Their activity has been
attributed to strong katabatic and anabatic winds associated with the nearby high-elevation polar cap
(Ewing et al, 2010; Hayward et al, 2014; Horgan & Bell, 2012; Howard, 2000; Tanaka et al., 2008)
compounded by the presence of seasonal volatiles (Bridges et al, 2013; Ewing et al., 2010; Hansen
et al,, 2011). There may be no analogous driver of strong winds near most high-southern-latitude dune
fields, so that near-surface volatiles can more effectively lock dunes in place. Elevation may also play a
small contributing role as the northern polar regions (outside of the north polar layered deposits) are
generally much lower in elevation than the southern polar regions (see section 4.4). In addition, due to
Mars’ elliptical orbit and axial obliquity, the southern latitudes experience longer and colder winters than
in the northern hemisphere, and stabilizing agents such as ground ice, dust, and salts (Bridges et al., 2010;
Runyon, Bridges, & Newman, 2017) have longer periods over which to accumulate than they do in
Olympia Undae in the north (Fenton & Hayward, 2010).

The longer and colder winters in the middle- to high-southern latitudes also result in significant water and
CO, annual surface frost (e.g., Bridges et al., 2010; Dundas et al., 2012; Runyon, Bridges, & Newman, 2017)
that covers the surface to seasonally stabilize bedforms for longer durations than elsewhere on Mars. Thus,
over the course of a Mars year, even active bedforms in the middle- to high-southern latitudes have
shorter frost-free periods of time during which migration is possible compared to other Martian bedforms.
Our estimates of migration rates are averaged over durations of years. Thus, some bedforms in our study area
may be migrating at similar rates to those in other locations on Mars, but are only able to migrate over a
shorter period of time resulting in lower average migration rates over a yearly time span (~0.3-04 m/yr aver-
aged over our study area) compared to the global average (~0.7 m/yr; Banks et al., 2014; Bridges et al., 2013).
There is also a significant exchange of volatiles seasonally when CO,, followed by trapped H,0, sublimates as
spring temperatures increase (e.g., Piqueux et al., 2008). Initial sand mobilization may not be a purely aeolian
process: eruption of geysers (producing spiders) may create localized pockets of higher pressure and may loft
sand grains allowing otherwise below-threshold winds to mobilize the sand downwind (Hansen et al., 2010;
Portyankina et al., 2017). Similar processes are invoked for grain initiation on Pluto in which sublimation by
nitrogen and other ices may initially loft grains, allowing Pluto’s extremely sparse atmosphere to then saltate
grains as part of proposed dunes (Telfer et al., 2018). Dunes and ripples located near the ~60°S latitude transi-
tional zone may be particularly susceptible to intermittent activity due to seasonal ices.

For six dune fields in our southern hemisphere study area, ripples superposed on dunes are observed to
migrate while the dunes themselves either are not moving, or are moving at a rate below the threshold
of detection (i.e, less than ~3 HiRISE pixels during the observed baseline; Table S1 and Figure 4). All six of
these dune fields are located between ~47 and 67°S latitude and all have an Sl value of either 1 (those
further north) or 3 (those further south). In some cases this observation could indicate a recent shift in
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wind patterns, or the dunes may simply be moving at a much slower rate relative to the ripples; as smal-
ler bedforms often migrate at faster rates compared to larger bedforms, the later might be expected in
the absence of any additional stabilizing (i.e., ice-related) processes. However, we propose that these
observations may reflect the spatial transition from the dominance of aeolian to nonaeolian processes
(e.g., polar/periglacial processes), and a poleward latitudinal transition to further stabilization of the dunes
from increasing amounts of ground ice, or from ground ice becoming increasingly stable closer to the
surface. For example, some of these dune fields, presumably still located where sediment availability
and wind conditions favor bedform migration, may have dunes stabilized by ground ice at their core
while surface/near-surface sediments not cemented in the ground ice continue to move (i.e., saltation,
reptation, creep) as superposing migrating ripples (Feldman et al., 2008; Fenton & Hayward, 2010).

Fenton and Hayward (2010) identified a juxtaposition within some high-latitude dune fields of relatively
fresh-appearing dunes (i.e., with crisp slip-face brinks) occurring near those that are more degraded-
appearing, and suggested that these dune fields may have experienced episodic reworking over time.
Likewise, we find dune fields with co-located stabilized dunes and migrating ripples, and numerous dune
fields with Sl values as high as 3 that exhibit migrating ripples. Potentially, we are observing the coexistence
of two depositional environments with competing dynamics of aeolian and ice processes strongly governed
by local and regional boundary conditions. These boundary conditions can change over time and create
shifting cryospheric and aeolian environments (e.g., Brothers & Kocurek, 2018). Additionally, we are poten-
tially observing more than one generation of bedform construction and/or possibly we are in a current
phase of reworking (Fenton & Hayward, 2010; Runyon, Bridges, & Newman, 2017). Since we can assume that
these dune fields originally accumulated in an environment in which sand availability and wind transport
capacity allowed sand saltation and dune accumulation, we can also interpret, in accordance with Fenton
and Hayward (2010), the morphological shift to Sl values >1 as a potential indicator of climate change post-
dating the formation of the dune fields. As near-surface ground ice is thought to stabilize dunes and reduce
sediment availability (e.g., Bourke et al., 2009), we would expect climatic changes that overprint local bound-
ary conditions and influence the amount of near-surface ground ice to likely alter levels of dune activity.
Thus, our combined observations of high-latitude dune mobility and modification may reflect a recent shift
in the climate to activate or stabilize these dune fields. For example, studies have turned to variations in
orbital parameters of Mars to explain climate change; Martian obliquity, which varies with a periodicity of
10%-10° years and which can strongly influence insolation and change atmospheric density and wind
strengths (Brothers & Kocurek, 2018; Haberle et al,, 2003; Head et al., 2003; Laskar et al., 2004), likely serves
as a cyclical climate forcing agent influencing the formation and stabilization of dune fields and sand sheets
(e.g., Ayoub et al,, 2014; Brothers & Kocurek, 2018; Fenton et al., 2018; Laskar et al., 2004; Runyon, Bridges, &
Newman, 2017).

5. Conclusions

We investigated aeolian dune and ripple mobility and modification (stability index, or SI, of 1-6) for 70 dune
fields and sand sheets poleward of 40°S latitude on Mars. For each dune field (dunes and ripples superposing
dunes) and sand sheet (superposing ripples), we conducted change detection analyses with HiRISE temporal
image pairs for evidence of activity, and compared results with each dune field's Sl (Figure 1 and Table S1).

+ Results show a decrease in sand mobility with increasing latitude and SI.

+ Both dunes and ripples are more likely to be mobile at lower latitudes, although some high-latitude ripples
are actively migrating.

«+ Dune fields with SI < 3 are dominantly active while those with higher Sls are dominantly inactive (Figure 6).

« Migration rates range from ~0.1 to 1.2 m/yr with averages for both dunes and ripples of ~0.3-0.4 m/yr. This
result is below the estimated average migration rate from global studies (~0.7 m/yr; Banks et al., 2014;
Bridges et al., 2013). Ripples migrating at or below the average rate for our study area (~ <0.4 m/yr) are
observed at a wide range of latitudes. Results suggest a slight overall slowing of bedform migration rates
with increasing latitude and SI, although this might be a result of regional variation in activity. Additionally,
annual average migration rates may be lower than global averages due to long and cold winters and thus
shorter frost-free time spans during which migration of active bedforms is possible in the middle- to
high-southern latitudes.
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+ In the northern part of our study area (~40°-55°S latitude), dune fields are mobile and are not degrading
(SI = 1). Generally speaking, conditions where these dune fields formed, such as ample sediment supply
and winds at or above saltation strength, remain favorable for aeolian activity today.

+ In the high-southern latitudes (> ~60°S), it appears that conditions favorable to dune field and sand sheet
activity have shifted to less favorable conditions in most locations, perhaps episodically, since the time of
sand accumulation and dune formation.

« There is an apparent correlation between ripple migration rates and MGCM-derived drift potential,
although in several locations, ripple activity appears to be controlled by locally enhanced winds not
resolved by the MGCM (i.e., Noachis Terra and Hellespontus Montes regions).

« While the slightly higher elevations and associated lower air pressures at high-southern latitudes may play
a small influential role, they do not appear to be a significant factor inhibiting the mobility of dune fields.

« The change in prevalence of active bedforms to those that are inactive as well as the shift in dune morphol-
ogy toward characteristics consistent with stability and increasing nonaeolian modification (SI > 2) both
occur at ~60°S and coincide with the edge of high concentrations of H,O-equivalent hydrogen content
observed by the Neutron Spectrometer (Feldman et al., 2004; Wilson et al., 2018).

« Observations of decreasing bedform mobility with increasing latitude support the accumulation of ground
ice between dune sand grains which may be stabilizing the grains and reducing sand availability in present
climate conditions. Some dunes may be stabilized by ground ice at their core while surface/near-surface
sediments not cemented in the ground ice continue to migrate as superposing ripples (Feldman et al.,
2008; Fenton & Hayward, 2010).

+ Dune fields with co-located inactive dunes and migrating ripples, and dune fields with SI > 3 that exhibit
migrating ripples, may reflect more than one generation of dune building and/or a current phase of episo-
dic reworking, and may have implications for shifts in the climate to activate or stabilize dune fields and
sand sheets.

«+ Results indicate a link between mobility and SI, suggesting that in some cases we can potentially infer
whether dunes are active, and some characteristics of that activity, based on their morphologic appearance.

As more high-southern-latitude temporal image pairs become available with repeat coverage of dune fields
at time spans of less than a year (within a spring or summer season), further change detection analyses can
answer questions about migration rates of dunes and ripples over shorter time scales in a polar environment.
Further, such additional data will help reveal the influence of seasonal ice coverage and seasonal thawing on
aeolian-driven movement and rates of movement. MGCM results combined with mesoscale models for oro-
graphic effects could take into account local topography and other factors that could increase or decrease
potential sand drift. Further insight regarding the results presented here can also be provided through future
polar volatile modeling and sand-ice wind tunnel studies.
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