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In Scandia Cavi on Mars, barchans migrating over a field of transverse aeolian ridges
(TARs) leave behind distinctive trails (“wakes”) comprising both TARs undergoing
exhumation and coarse-grained ripples being shed from the barchans. With distance
upwind from the barchans, the combined pattern of these bedforms coarsens and defect
density decreases, thus appearing to mature with exposure time. We present results of
morphological analyses of the wake bedform crestlines using HiRISE images, seeking to
determine how the wake pattern reflects TAR growth and pattern development. TARs
interact with each other, exhibiting defect repulsions and possible lobe extensions,
indicating that these bedforms have migrated in the past, despite the lack of
identifiable change in overlapping images spanning 9.5 years. Mapping one wake in
detail, we found that the TAR pattern is not affected by superposing ripples. However, the
ripples undergo many interactions, first with one another, and later (with distance upwind)
with the underlying TARs. Near the dune, many ripples laterally link, growing in length, and
they preferentially form along TAR crests, resulting in small bedform repulsions and longer
superposing ripples. Most of these ripples will be consumed by the TARs, an as-yet
unreported growth dynamic for TARs that is consistent with the work of others, who have
found a continuum between TARs and the meter-scale ripples that form on dunes.
Constructing a DTM, orthorectifying HiRISE images, and measuring dune migration rates
places the timescale of ripple absorption by TARs in a wake at several thousand years, with
the first ∼1,000 years dominated by lateral linking of ripples. Assuming that TAR growth is
accomplished entirely through dune burial and subsequent ripple consumption, we
estimate a lower limit age of the TARs, and by extension, the dune field, to be ∼270 kyr.
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INTRODUCTION

Bedforms such as dunes and ripples abound on Mars, attesting to the wind’s relentless sculpting of
the landscape and its ability to contribute significantly to the planet’s geologic record. Owing to
differing boundary conditions and corresponding bedform dynamics, however, direct comparisons
of bedforms on Mars (as well as on other planetary bodies) to those on Earth is not straightforward.
In particular, one recent hypothesizing of meter-scale ripples on Mars, occupying the phase space
between small impact ripples and dunes (Lapotre et al., 2016; Hugenholtz et al., 2017; Lapotre et al.,
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2018; Duran Vincent et al., 2019), is that they represent a bedform
class rarely occurring on Earth. In the phase diagrams of Duran
Vincent et al. (2019), such meter-scale ripples consist of both 1)
dark “large ripples” largely composed of fine, well sorted sand,
best exemplified by bedforms superimposed upon dunes at
Bagnold Dune Field (Lapotre et al., 2016), and 2) relatively
bright-toned, transverse aeolian ridges (TARs) formed in
coarser, poorly sorted sediment. In contrast, Sullivan et al.
(2020) have argued that meter-scale ripples on Mars form by
the same dynamic process as impact ripples, and that a size
continuum from impact ripples to meter-scale ripples is a result
of a lower wind dynamic pressure cap imposed by the low-density
martian atmosphere.

Historically, TARs have long been regarded as enigmatic bedforms
with morphological characteristics similar to both dunes and ripples
(e.g., Bourke et al., 2003; Zimbelman, 2010; Zimbelman and Scheidt,
2014; Lämmel et al., 2018). Common onMars, occupying ∼7% of the
martian surface (Berman et al., 2011), TARs are typically straight-
crested and bright relative to much larger, dark sand dunes (Ward,
1979; Edgett, 1997; Thomas et al., 1999; Malin and Edgett, 2001).
TARs occur most commonly in the low- and mid-latitudes (Wilson
and Zimbelman, 2004; Balme et al., 2008; Berman et al., 2011; Geissler
and Wilgus, 2017), and exhibit a wide range of wavelengths (6 to
140m) andheights (0.3 to 6.4m) (Hugenholtz et al., 2017).Only a few
possible terrestrial analogs to TARs have been proposed (Milana,
2009; de Silva et al., 2013; Foroutan and Zimbelman, 2016; Foroutan
et al., 2019; Foroutan and Zimbelman, 2020), limiting the prospect of
comparative planetology studies. Long thought to be immobile (e.g.,
Bridges et al., 2013), Silvestro et al. (2020) demonstrated that some
TARs in high sand flux areas migrate, with sand fluxes two orders of
magnitude lower than nearby dune crest sand fluxes. Their proximity
to likely source regions suggests that TARs have notmigrated far from
their source regions (e.g., Thomas et al., 1999; Fenton et al., 2003;
Balme et al., 2008; Berman et al., 2011; Kerber andHead, 2012; Fenton
et al., 2015).

TARs, like other bedforms, often occur in fields that exhibit a
regular pattern, as defined by characteristic bedform spacing,
orientation, and crest length. The emergence of bedform-field
patterns is thought to arise by interactions between the bedforms
themselves within the field (i.e., self-organization), primarily as
bedforms or bedform segments of different sizes migrate at
different speeds (Werner, 1995; Coleman and Melville, 1996;
Elbelrhiti et al., 2008; Narteau et al., 2009; Kocurek et al., 2010;
Gao et al., 2015a). Bedform interactions typically result in pattern
coarsening and dominate field dynamics after an early phase of
bedform emergence and growth (Narteau et al., 2009). Moreover,
specific types of interactions, with identifiable morphologies, are
associated with stages of pattern maturation or disruptions
(Kocurek et al., 2010; Zgheib et al., 2018). Because bedform
patterns occur as a result of interactions caused by bedform
migration, the presence of a pattern implies a history of bedform
migration. For TARs, the presence of well-formed patterns and
characteristic interaction morphologies, therefore, implies that
although TAR migration sufficient to allow for interactions has
not been observed, it has in fact occurred.

In this paper we present analysis of a site in Scandia Cavi on
Mars, located near the north polar sand sea Olympia Undae, in

which TAR patterns in different apparent states of maturation are
arrayed in a sequence of exposures. Large dark barchans migrate
over the TARs, leaving behind trails or “wakes” of bedforms that are
distinct in wavelength from surrounding undisturbed TARs
(Figure 1). These bedforms are thought to represent TARs and
coarser-grained ripples that lag behind the migrating barchans. Just
upwind of each dune, the bedform pattern in the wake is poorly
organized, with closely spaced crestlines and many bedform
terminations (i.e., defects). With distance upwind from the
dunes, the bedform pattern appears to mature, approaching that
found in adjacent areas that have not recently been buried by a
dune. Ideally, the coarsening or maturation of a TAR pattern would
be illustrated in a time-series, but this is not possible given the
apparent slow migration of TARs. However, at this site, distance
upwind from the dunes effectively provides a timeline of TAR and
ripple pattern development.

There are two possible endmember hypotheses that describe
how the bedform pattern in the wakes has developed:

1. The passing dune and its wake bury the underlying TAR
pattern, and a new TAR pattern emerges upwind of the
dune, produced entirely from ripples shed from the dune as
they evolve into TARs. In this case, the spatially varying change
in wavelength observed along the wakes would be indicative of
TAR pattern evolution from a uniform bed.

2. The passing dune and its wake bury the TAR pattern, but the
TARs are simply progressively exhumed as the ripples migrate
out of the area or are deflated. In this case, the spatially varying
pattern change observed along the wakes represents the
timeline required for ripples to migrate out of the area or
be deflated away, leaving only the exhumed TAR pattern.

A third possibility is a process intermediate between the above
two cases:

3. The passing dune and wake bury the TAR pattern, but the
ripples shed from the dune interact with TARs being exhumed
from burial, transferring some of their sediment to the TARs.
In this case, the spatially varying change observed along the
wakes represents the time that the ripples take to interact with
already established TARs, but not the development time of the
TARs themselves.

In the first and third hypotheses, ripples left by the passing dune
evolve into (in the first hypothesis) or become incorporated into
(in the third hypothesis) TARs. In the second hypothesis, ripples
are a relatively more mobile set of bedforms distinct from TARs.
We present analysis of the wake pattern and bedformmorphology
that supports the third hypothesis, thus identifying a new potential
mechanism for TAR growth. This mechanism can only occur
where dunes and ripples superpose (or once superposed) TARs,
and thus it would not apply to all TARs on Mars.

Study Area
The study area is located in the Scandia Cavi, which comprises
depressions tens to hundreds of kilometers wide in the Scandia
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sub-basin of the north polar plains of Mars. Tanaka et al. (2014)
mapped the Cavi as part of their “Hesperian polar edifice” (Hpe)
unit. The ice-rich deposits forming the rugged terrain of Scandia
Tholi, Colles, and Cavi may have been formed by mud volcanism
and diapirism (Tanaka et al., 2003; Skinner and Mazzini, 2009;

Tanaka et al., 2011). Our study area is in a ∼300 m deep, 40 ×
100 km cavus that is interior to a larger cavus complex that is as
much as 1 km deep and spans 120 × 200 km (Figure 2).

The dunes with wakes are found on the upwind margin of a
706 km2 dune field located on the eastern floor of the interior

FIGURE 1 | TAR-filled wakes made by migrating barchans (HiRISE ESP_017426_2570). (A) The western margin of the dune field, with barchans and barchanoid
dunes trailing wakes. Studied dunes are labeled as A and B; the white box shows the location of (B) the wake stretching upwind of Dune A. The barchan’s passage
leaves behind a relatively disorganized bedform pattern, contrasting with the surrounding TAR pattern (black arrows indicate locations along the wake margins), and
appearing to mature with distance upwind of the dune (i.e., over time). (C) Perspective view of the study dunes made from the constructed DTM (black areas
indicate pixels that did not co-register because of dune activity; the view is vertically exaggerated by 2x).
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cavus, centered at 227.4°E, 76.7°N and at a mean elevation of
−5,200 m. One of several similar dune fields in the cavus complex,
these are outliers of the vast Olympia Undae, the margin of which
lies 85 km to the north. In constructing the northern region of the
Mars Global Digital Dune Database (MGD3), Hayward (2011)
mapped this dune field as two distinct regions, with the western
portion (dune field identifier “Dune ID” � 2270+766) having

sparser sand coverage (<80%) than the larger eastern portion
(Dune ID � 2277+766). A topographic profile across the northern
part of the dune field shows that the dunes have formed on a low
plateau 120–200 m high.

The dunes forming wakes are located in the northwestern
portion of the dune field (see Figure 3), where a number of
overlapping HiRISE images have been acquired. The western

FIGURE 2 | The study area shown on (A)MOLA 512 pixel per degree hillshade (Smith et al., 2003) and (B)CTX global mosaic (Dickson et al., 2018). Insets show the
elevation profile for the line from A to A′ and the regional context of the dune field. Red outlines correspond with MGD3 dune field outlines (Hayward, 2011), and the white
boxes indicate the location of Figure 1A. The figure was made using Java Mission-planning and Analysis for Remote Sensing (JMARS; Christensen et al., 2009).

FIGURE 3 | The northern end of the dune field (CTX image J22_053517_2571), context shown in the inset. The box indicates the location of Figure 1, and Dunes A
and B are indicated. The figure was made using JMARS (Christensen et al., 2009).
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margin of the dune field comprises barchans with east-facing lee
slopes, coalescing eastward to barchanoid dunes in the dune
field’s center. The barchanmorphology indicates formative winds
mainly from the west, but the dunes are not situated in a purely
unidirectional environment. Elongated northern horns and some
linear dunes are suggestive of a secondary wind from the
southwest (Tsoar, 1983; Tsoar, 1984; Parteli et al., 2014; Gao
et al., 2015b; Lü et al., 2018). In addition, on the northeast margin
of the dune field there are southwest-facing barchans that indicate
the occurrence of a northeasterly wind. These dunes meet the
eastward-marching dunes to form a long linear ridge that extends
south along the eastern border of the dune field.

Two dunes were selected for wake pattern analysis, based on
several factors, including the length of their wakes, consistent
sediment coverage, relative lack of interference from nearby
dunes, and relative uniformity of the TAR pattern downwind
of the dune to serve as comparison to the wake pattern (Figure 4).
Although many other wakes are visible in the HiRISE images,
very few were sufficiently isolated, uniform, or undisturbed by
lateral dunes to permit robust pattern analysis.

Dune A is a stubby, slightly asymmetric barchan with nearly
non-existent horns (width � 180 m, length � 120 m, height �
9.8 m). Its lee face is east-facing and crescentic, with the southern
end curving around a convex nose to face southeast. It is ∼400 m

upwind of the nearest dune downwind (Dune C), which has
permitted the initial (“Downwind A” in Figure 4A) TAR pattern
to relax into a relatively uniform, apparently mature state before
being overridden by Dune A to form the Dune A wake. The Dune
A wake extends ∼500 m upwind of Dune A before it is partially
buried by two smaller dunes. At a distance of ∼300 m upwind of
Dune A, the northern edge of the wake is overridden by a dune
that overprints this part of the wake with its own wake (Dune F),
which was excluded from our analysis. The width of the Dune A
wake varies by 7% (ranging from 178–191 m), suggesting that
Dune A did not significantly grow or shrink as it migrated over
the 500 m distance the wake extends. Assuming that the wind
regime has remained relatively invariant over that time, the nearly
constant wake width suggests that the migration rate of Dune A
has also remained fairly stable.

Dune B is a stubby barchan with no horns (width � 235 m,
length � 160 m, height � 17.5 m). Its lee face is straight and faces
southeast. Its southern half is ∼350 m upwind of the nearest dune
downwind (Dune D), but its northern half is only ∼120 m upwind
of the nearest dune downwind (a barchan between Dunes B and
D, see Figure 4). The northern half of the Dune B wake is further
complicated by a small barchan that overrides the wake ∼150 m
upwind of Dune B, but this barchan does not encroach on the
southern portion of the Dune B wake. Downwind of the southern

FIGURE 4 | (A)Orthorectified HiRISE image ESP_044722_2570 draped on the HiRISE DTM, showing the location of the study area and mapped crest outlines for
Dunes A (red) and B (green), as well as a relatively undisturbed adjacent section of the TAR field that has developed into a mature pattern (blue). The wakes were
segmented into 50-m-long polygons, and two 100-m-long downwind regions represent the initial pattern before being buried by Dunes A and B. Dune C is downwind of
Dune A, Dune D is downwind of the southern portion of Dune B, Dune E is downwind of the mature pattern, and Dune F is directly upwind of Dune B and buries the
northern part of the Dune A wake. (B) Orthorectified HiRISE image ESP_044722_2570 of the Dune A and B wakes without mapped crestlines.
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half of Dune B is an apparently mature and uniform TAR pattern
that indicates the likely conditions of the local TAR pattern that
has not yet been buried by Dune B (“Downwind B” in Figure 4A).
For these reasons, we mapped and analyzed only the southern
half of the Dune B wake along a length of 400 m. As with Dune A,
the width of the Dune B wake does not vary significantly,
suggesting that Dune B has migrated at a constant rate,
provided that the wind regime has remained unchanged
during the period of wake formation.

Also included in the analysis is a 500 m long, 50–80 m wide
area adjacent and just south of the Dune A wake (labeled “Mature
TAR pattern” in Figure 4A). This portion of the TAR field is at
least ∼650 m upwind of the nearest disrupting dune (Dune E),
and thus has had more time than the Dune A and B wakes to
develop into a long-crested, widely spaced pattern with few
defects. The contrast between the mature region and the dune
wakes is readily apparent in Figure 4B, particularly when it is
compared to the portions of the wakes closest to the dunes.

METHODS

HiRISE Image Orthorectification and DTM
Construction
To compute dune migration rates, any overlapping HiRISE
images must be aligned and orthorectified to remove parallax
distortions. We built a digital terrain model (DTM) using the
HiRISE stereo pair images listed in Table 1 with the NASA Ames
Stereo Pipeline (ASP) (Beyer et al., 2018). We then orthorectified
stereo and non-stereo images over the DTM using the Co-
registration of Optically Sensed Images and Correlation
(COSI-Corr) tool (Leprince et al., 2007; Bridges et al., 2012).
At the DTM production stage in ASP we performed bundle
adjustment by running the program bundle_adjust, which
corrects for errors in camera position and orientation. The
DTM was further aligned over a MOLA raster (115 m/pixel)
using the program pc_align (Beyer et al., 2018), resulting in dune
topography that is well resolved in the DTM (Figures 1C, 4A). To
quantitatively test our results, we subtracted the NASAASP DTM
from the MOLA raster. The computed elevation difference was
0.22 ± 7.24 m, which is in line with similar values reported
elsewhere (e.g., Kim and Muller, 2009; Kim et al., 2012). The
non-stereo images (Table 1) were co-registered at the
orthorectification stage in COSI-Corr over the stereo image
ESP_044722_2570 by giving a set of tie points. The resulting
normalized misregistration error was 0.52 ± 2.09 pixels for
ESP_017426_2570 (60 tie points) and 0.02 ± 2.2 pixels for
ESP_062023_2570 (40 tie points). The co-registration was

further improved, individually for each of the study dunes, by
applying a spline transformation in ArcMap using 12 tie points
on static features surrounding the slip faces, such as boulders,
which produced a fit with a root-mean-square error <0.01 m. The
resulting images exhibit very little offset on surfaces surrounding
the dunes (Supplementary Animations S1, S2).

Dune Migration Rates
The locations of slip face brink lines and slip face toe lines were
mapped for Dunes A and B in each orthoimage (Supplementary
Animations S1, S2). The displacement over time was calculated
by measuring the area between brink/toe lines in successive
images and dividing by the length of the earlier of the brink/
toe lines. The uncertainty was calculated by conservatively
estimating a typical crestline displacement error of 0.5 m.
Although toe lines advanced downwind with time, brink lines
sometimes underwent backwasting, receding as new alcoves
formed. As a result, the brink line change is a net
displacement that is the sum of its advancement (positive
migration) and recession (negative migration). Net migration
rates are the resulting net displacement divided by the time
change between successive images. This was determined for
both toe and brink lines; we considered the final net migration
rate of the dunes to be the average of those measured for the brink
and toe. Following Ould Ahmedou et al. (2007), a barchan’s
migration rate, or celerity, c, is inversely proportional to its crest
height H0, such that c � q/H0, where q is the volumetric flux of
sand across a unit width (in units of m3/m/yr). These were
calculated for Dunes A and B using their net migration rates.

Wake Pattern Analysis
To measure pattern change along each wake, we used the method
of Werner and Kocurek (1999) to measure bedform spacing and
defect density. Using ArcMap™ 10.5 by Esri®, TAR crests within
each wake were mapped at a scale of 1:200, a resolution sufficient
to resolve bedform interactions. The resulting polylines were
clipped into several 50 m-long polygons (10 for Dune A, 8 for
Dune B), bounded laterally by the wake margins (see Figure 4A).
Within each 50 m segment, we measured the polygon’s area (A),
number of mapped crestlines (Σn), and sum of crest lengths (ΣL)
using the built-in ArcGIS® Calculate Geometry and Statistics
tools. The number of defects (ΣN) were determined by counting
the number of terminations each bedform exhibited within a
given 50 m polygon. The largely two-dimensional nature of the
wake bedforms made this process straightforward: bedforms fully
contained within a given 50 m segment had 2 defects, those with
only one termination in the segment had one defect, and those
that both began and ended outside the segment had no defects.
The defect density (ρ, in units of m−1) in a segment is determined
by the sum of the defects divided by the sum of crest lengths
(ΣN/ΣL). The same process was applied to the regions downwind
of Dune A and B, and the mature pattern south of the Dune A
wake (Figure 4A).

The mean bedform spacing in each 50 m polygon was
measured using two methods. In the first method, we
calculated the bedform spacing by dividing the polygon area
by the sum of crest lengths (λ1 � A/ΣL), as done by Werner and

TABLE 1 | Orthorectified HiRISE images and their acquisition dates.

Image ID YYYY-MM-DD MY-Ls

ESP_017426_2570 2010-04-15 30–77.8°

ESP_044405_2570a 2016-01-16 33–96.0°

ESP_044722_2570a 2016-02-10 33–107.1°

ESP_062023_2570 2019-10-20 35–95.4°

aStereo image pair used to create a DTM.
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Kocurek (1999). We also estimated the mean bedform spacing λ2
by counting the number of bedforms along five to six lines drawn
orthogonal to the mean TAR orientation in each TAR wake.
Whereas the first method is straightforward to measure, the
second method allows for calculation of the standard
deviation, providing a measure of the variability of bedform
spacing within each polygon.

DUNE MIGRATION RATES AND
VOLUMETRIC SAND FLUXES

Dune migration rates were determined using orthorectified
HiRISE images of Dunes A and B, as described in Section
Dune Migration Rates. Table 2 lists the slip face brink and toe
migration rates between each set of image pairs, and
Supplementary Animations S1, S2 show the observed
changes between successive images. Each time period
encompassed more than a single seasonal cycle, but the images
were acquired at nearly the same season, with the first time period
spanning ∼3 Mars years (MY) and the second spanning ∼2 MY.
In both periods, the net dune advancement is toward the
southeast, with more advancement on the southeastern
portions of the toe, and less on the northeastern portions of
the toe. On both dunes, the brink advanced more than the toes in
the first period, whereas the toes advanced more than the brinks
in the second period. This temporal change in migration behavior
and its consistency on both dunes suggests a difference in lee
slope processes from the first to the second period (e.g., the
second period appears to have been prone to more alcove
formation). By assuming that the mean of the brink and toe
advancement rates represents the mean lee face migration in each
time period, we determined that the first period experienced
approximately twice the lee face advancement rate as the second
period. This suggests significant interannual variations in dune
activity, underscoring the crucial need for long baseline migration
rate estimates to robustly determine the mean crest sand fluxes
within any dune field on Mars.

Averaging the brink and toe advancement, the mean
migration rate over the whole 9.51 years (5.05 MY) period is
0.20 ± 0.02 m/yr for Dune A and 0.08 ± 0.01 m/yr for Dune B,

generally toward the southeast. The resulting volumetric crest
sand fluxes are 1.96 ± 0.20 and 1.40 ± 0.18 m3/m/yr,
respectively. These values are on the low end, but not
unusual, for actively migrating martian dunes (Bridges et al.,
2013; Chojnacki et al., 2019; Davis et al., 2020). The crest sand
fluxes are an order of magnitude or more lower than those
measured at the Olympia Undae margin ∼200 km to the
northwest (Chojnacki et al., 2019; Boazman et al., 2020),
despite the study dunes’ location at the windward edge of
the dune field, where sand fluxes are typically at a maximum
(e.g., Jerolmack et al., 2012). The high walls of the Scandia Cavi
likely shield our study area from fierce polar winds.

The Dune A and B wakes extend undisturbed upwind from
their perturbing dunes by 500 m and 400 m, respectively. By
assuming that the measured dune migration rates over the
past 9.5 years are representative of the last several thousand
years, the distance upwind of the dunes along each wake can
be mapped onto a timeline. The variation in migration rates
between the first and second time periods suggests that the
dunes are subject to substantial interannual differences in
activity, calling into question this assumption. The width of
both wakes is uniform, indicating that the dunes have not
grown or shrunk while constructing their wakes, which would
have further complicated determination of the timeline.
Acknowledging that the variation in wind transport
capacity over the past several thousand years cannot yet be
ascertained, we rely on the best available data and assume that
the 9.5 years timeline represents the mean dune migration rate
over the past several thousand years. Under this assumption,
the most distal parts of the Dune A and B wakes would have
lain exposed for ∼2,500 and 5,000 years, respectively
(approximately 4 and 2.5 dune turnover times). Even at
these upwind ends, the wake patterns are visibly less well
organized than the adjacent mature pattern (Figure 4),
suggesting that TAR patterns in Scandia Cavi require
several thousand years to approach an apparent high level
of maturity after burial by a dune.

The TAR patterns downwind of the wakes represent initial
states of the wakes before being buried by Dunes A and B. The
TARs in these regions have lain undisturbed since the passage of
dunes immediately downwind of them. Figure 4A shows the

TABLE 2 | Dune migration rates.

Image ID pair Δ Time Dune A Dune B

Brink Toe Brink Toe

Each image pair:
ESP_017425_2570 5.82 yr (3.08 MY) 0.43 ± 0.09 m/yr 0.06 ± 0.01 m/yr 0.27 ± 0.05 m/yr 0.015 ± 0.003 m/yr
ESP_044722_2570
ESP_044722_2570 3.69 yr (1.97 MY) 0.08 ± 0.02 m/yr 0.21 ± 0.06 m/yr -0.20 ± 0.05 m/yr 0.11 ± 0.03 m/yr
ESP_062023_2570

Mean change:
ESP_017425_2570 9.51 yr (5.05 MY) 0.28 ± 0.03 m/yr 0.12 ± 0.01 m/yr 0.11 ± 0.01 m/yr 0.05 ± 0.01 m/yr
ESP_062023_2570

Mean migration rate: 0.20 ± 0.02 m/yr 0.08 ± 0.01 m/yr
Dune width × length × height: 180 × 120 × 9.8 m 235 × 160 × 17.5 m
Reconstitution (dune turnover) time: ∼600 yr ∼2000 yr
Volumetric dune crest sand flux: 1.96 ± 0.20 m3/m/yr 1.40 ± 0.18 m3/m/yr
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location of the three dunes immediately downwind of the Dune A
and B patterns and the mature pattern (Dunes C, D, and E,
respectively). The migration rate of these dunes can be estimated
by measuring their height, and by assuming that the volumetric
crest fluxes of Dunes A and B are representative of those nearby
(c � q/H0). Given the distances Dunes C, D, and E have migrated
downwind of the study areas, and assuming that their migration
rates have remained fairly uniform over the last few dune
turnover times, the exposure times of the downwind and
mature TAR patterns are on the order of 3–7 kyr (Table 3,
Supplementary Table S1).

WAKE PATTERN AND MORPHOLOGY

Wake Overview
The mean orientations of the wake margins (Table 4) illustrate
the long-term eastward migration of the dunes. This is
consistent with the occurrence of eastward-facing lee slopes
containing many mass-wasting slumps mainly formed by
transverse winds from the west (Eastwood et al., 2012). The
mapped wake bedforms are not perfectly orthogonal to the
wake margins, but rather they are rotated slightly
counterclockwise from orthogonal (∼97° and ∼109° for the
wakes of Dunes A and B, respectively, see also Supplementary
Figure S4). This suggests that the TARs may respond to a
slightly different subset of winds than the dunes, possibly being
mobilized only by winds strong enough to activate the TARs. If
this is the case, then the TAR orientations suggest that a strong
southwesterly wind may act in concert with the main westerly
wind to form TAR crests, which is consistent with elongated
northerly barchan arms observed throughout this part of the
dune field.

Pattern Analysis Along the Wakes
The results of mapping crestlines and pattern analysis are listed in
Table 3. Figure 5 shows the mean bedform spacing (λ1) and
defect density (ρ) with distance upwind of its formative dune (λ2
values are similar and not shown). The initial downwind patterns
are different in each case, with Dune A downwind crestlines being
more closely spaced, but having a lower defect density, than the
Dune B downwind crestlines. This disparity in initial states may
be caused by differences in the dunes that last passed through
these areas (Dunes C and D in Figure 4A), which differ in height
(and thus estimated migration rate). The Dune A initial
downwind pattern was set by the 13.4 m high Dune C, which
would have migrated ∼1.5x faster than the 20.4 m high Dune D
that set the Dune B initial downwind pattern (Supplementary
Table S1). As a result, the area downwind of Dune B has been
exposed for ∼1,000 years longer than that downwind of Dune A,
allowing the pattern more time to mature. However, because
ripples are likely produced at the same rate on each dune, the
slower migration rate of Dune D would also result in a higher flux
of ripples shed from the dune. This could lead to a high defect
density downwind of Dune B, despite the relatively high TAR
wavelength.

In the Dune A and B wakes, the initial downwind spacing
of 5.8 and 6.4 m is disrupted by the dune, resulting in a spacing

TABLE 3 | Pattern analysis measurements of wakes.

Segment Distance (m)a Est. time (yr) Area (m2) n N L (m) ρ (m−1) λ1 (m) λ2 ±σ2 (m)

Mature pattern ∼650 6,655 31,802 141 136 4,626 0.0296 6.72 6.97 ± 2.43
Dune A segments:
Downwind 400 3,190 18,365 81 124 3,154 0.0393 5.82 6.08 ± 1.97
1 25 125 8,854 149 268 2,191 0.1196 4.04 4.69 ± 1.89
2 75 375 9,010 110 192 2,176 0.0882 4.14 4.63 ± 1.72
3 125 625 8,777 88 143 1996 0.0717 4.40 4.35 ± 1.24
4 175 875 8,875 84 137 2043 0.0671 4.34 4.56 ± 1.59
5 225 1,125 8,727 54 80 1855 0.0431 4.70 4.62 ± 1.52
6 275 1,375 8,522 55 81 1826 0.0443 4.67 4.65 ± 1.43
7 325 1,625 7,663 49 71 1777 0.0394 4.31 4.50 ± 1.29
8 375 1875 8,067 50 78 1,578 0.0507 5.11 5.06 ± 1.79
9 425 2,125 8,822 46 73 1701 0.0429 5.18 4.91 ± 1.49
10 475 2,375 9,365 41 63 1,696 0.0383 5.52 5.48 ± 1.87

Dune B segments:
Downwind 350 4,250 9,435 46 54 1,479 0.0365 6.40 6.77 ± 2.34
1 25 313 5,765 138 243 1,510 0.1609 3.82 4.56 ± 1.99
2 75 938 5,651 93 142 1,550 0.0932 3.63 4.32 ± 1.71
3 125 1,563 5,544 68 115 1,343 0.0857 4.13 4.42 ± 1.41
4 175 2,188 5,620 62 102 1,174 0.0869 4.79 5.33 ± 1.76
5 225 2,813 4,807 58 92 1,173 0.0785 4.95 5.12 ± 2.42
6 275 3,438 5,607 53 78 1,015 0.0768 5.52 6.20 ± 2.38
7 325 4,063 5,503 57 84 882 0.0952 6.24 5.71 ± 2.38
8 375 4,688 5,631 55 86 1,053 0.0817 5.35 5.84 ± 1.95

aDistance from the windward margin of the closest downwind dune.

TABLE 4 | Characteristics of measured wakes.

Wake A Wake B

TAR wake margin orientationa 84° 93°

Number of 50 m segments 10 8
Mean TAR orientation 167 ± 7° 164 ± 11°

aDirections are clockwise from north.
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of 4.0 and 3.8 m immediately upwind of the dunes, respectively
(Figure 5A). Likewise, the initial defect density of
0.030–0.037 m−1 abruptly jumps by a factor of ∼4 to 0.120
and 0.161 m−1 upwind of the Dunes A and B, respectively
(Figure 5B). In both wakes, bedform spacing generally
increases and defect density generally decreases with
distance upwind from the dunes, as would be expected for a
coarsening pattern. The Dune B wake bedform spacing
increases more over the same distance than the Dune A
wake, but its defect density drops less over the same
distance. As with the initial downwind patterns, the
migration rate of the perturbing dune may influence how
the wake pattern evolves, with the slower Dune B producing
a wider wake crestline spacing and higher defect density
than Dune A. At its upwind end, the Dune A wake largely
resembles the pattern of the initial downwind region, but the
Dune B defect density does not quite reach the state of its
initial downwind region. Neither wake reaches the high
bedform spacing and low defect density exhibited by the
mature pattern.

Table 4 includes wake bedform wavelengths calculated by
counting individual crest-to-crest distances along lines
orthogonal to the mean wake crestline orientation (λ2).
Using this method permits calculation of the standard
deviation of the wake bedform wavelength (σ2), providing a
measure of the dispersion of spacing. In a perfectly mature
bedform field with no defects, σ2 would be small. However, a
newly growing, closely spaced pattern would also have a small
standard deviation because the possible range of wavelengths
is limited (i.e., none are yet widely spaced). As bedforms grow
and defects pass out of the system, the range of possible
wavelengths grows, so the standard deviation would at first
increase because it is sensitive to outliers (e.g., occasional short
wavelengths from defects), and then settle to a constant value
as the dune field reaches a mature state. The values of σ2 follow
no clear pattern along the wakes, but it is notable that the
mature pattern has the largest standard deviation, indicating
that even these TARs have not yet reached a high level of
maturity.

Distinguishing TARs and Ripples in the
Dune A Wake
The pattern within the wakes represents a combination of
exhumed TARs and ripples shed from the passing barchans
(the latter will be hereafter referred to as “ripples”). To
determine the degree to which the ripples interact with the
underlying TAR pattern, and to determine whether ripples
could grow into straight-crested, widely spaced TARs, we
determined which of the mapped crestlines are TARs and
which are ripples. Once identified, we investigated variations
in the patterns of each bedform type with distance from the
perturbing dune to constrain which processes control pattern
change along the wake.

Figure 6A shows the results of this categorization for Dune A,
the region downwind of Dune A, and the mature pattern. Dune B
was not mapped because only the south side of its wake was
adjacent to known TARs, thus limiting confident categorization
of crestlines. Firstly, all the long-crested bedforms in the mature
pattern area were mapped as TARs with a high confidence level
(in blue). Where they extended into the wake, these crestlines
were similarly coded in blue, and interpreted as TARs that
predated the passage of the perturbing dune, and either had
not been buried or had been exhumed. Similarly, bedform
crestlines within the wake that extended into the largely
unperturbed area north of the wake were coded blue. These
crestlines typically had a relatively low sinuosity and nearly
always spanned a substantial fraction of the wake’s width.
TAR crestlines identified with a moderate level of confidence
(in green) were similarly straight and long, seeming to fill the
space between TARs that appeared to be approximately twice as
wide as nearby TARs (i.e., contributing to a regularly spaced TAR
pattern), but these crestlines did not cross the lateral margins of
the wake. Crestlines mapped with a low level of confidence (in
yellow) were shorter, did not cross the wake margin, filled the
wide spacing between more confidently identified TARs, and
often appeared to be extensions of more confidently identified
TARs that were partly buried by ripples. We considered the
remaining crestlines to be ripples (in red). The ripple crestlines
were often very sinuous and short (typically <∼50 m in length),

FIGURE 5 | A general trend toward bedform maturity along the dune wakes is shown by their (A) mean bedform spacing (λ1) and (B) defect density (ρ). Also
included are areas downwind of each dune (indicating initial conditions for each wake), and the region adjacent to the Dune A wake with a relatively mature pattern (see
Figure 4A), placed at their respective distances from the nearest downwind dune (Dunes C, D, and E, respectively).
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commonly filling gaps between TARs but sometimes superposing
TAR crestlines.

The orientations of TAR and ripple crestlines lend some
confidence in our categorization of TARs distinctly from
ripples (Supplementary Figure S5). At all sites, bedforms
identified as TARs have a lower angular standard deviation
that is always contained within that of ripples. Further, in most
cases the mean ripple orientation is slightly counterclockwise
of the mean TAR orientation (given the broad standard
deviations, this difference is not statistically significant,
but the trend holds at all but three locations). These
consistencies suggest that TARs and ripples respond
differently to incident winds, and thus may be regarded as
distinct sets of bedforms.

Once the TARs were distinguished from ripples, we
compared the TAR pattern along the wake to that of the
mature and downwind patterns. If ripples introduced by
Dune A have disrupted the TAR pattern, then the TARs
should appear less ordered than those in the region
downwind of Dune A, becoming more ordered with distance
upwind of the dune. The mature TAR pattern serves as a
control, as it has not been recently buried by a dune and
thus it should exhibit a reasonably consistent degree of
maturity along the length of the wake. A simple measure of
this disorder is the measured TAR spacing in the wake, in which:

1. a spacing wider than that measured in the downwind and
mature areas indicates that not all TARs are being identified
(perhaps because they have been buried by ripples),

2. a narrower spacing indicates that either the TAR pattern has
indeed been disrupted by Dune A’s ripples (consistent with the
first hypothesis in Section Introduction), or that some ripples
have been misidentified as TARs, and

3. a spacing equal to that measured in the downwind and mature
areas suggests that the passage of Dune A has little effect on the
TARs (consistent with the second hypothesis in Section
Introduction).

In Figure 6B, the spacing of the bedforms in the mature
pattern adjacent to the wake has no trend with distance, mostly
varying between ∼6-8 m (the mean spacing is 7.3 ± 0.9 m). This
range provides some measure of both the average and expected
variation of TAR spacing within the wake in an undisrupted
environment. In the wake (Figure 6C), the spacing of TARs
mapped with high confidence varies considerably, but this
variation drops to a near steady spacing of 6.8 ± 0.6 m when
TARs mapped with moderate and low confidence are included,
matching that measured in the downwind region. From this we
conclude that the TAR pattern in the wake, to the degree that it
can be distinguished from ripples, does not appear to
substantially vary with distance from Dune A, and thus that

FIGURE 6 | (A) TARs and ripples identified in the Dune A wake, downwind region and in the mature pattern (orthorectified HiRISE image ESP_044722_2570). The
variation of bedform and TAR spacing with distance upwind in the (B) mature pattern and the (C) wake indicate that the TAR spacing in each area is fairly constant,
suggesting that the passage of Dune A did not strongly affect the TAR pattern in the wake.
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the ripples have not significantly perturbed the TAR pattern
(consistent with the second hypothesis in Section Introduction).
Additionally, the TARs identified in the wake predate formation
of the wake; the wake consists of the previous TARs plus the
addition of ripples shed by migrating dune.

TAR-TAR Interactions
TARs display morphologies typical of interactions with each
other, demonstrating that they have migrated in the past, and
perhaps continue to do so very slowly. Figure 7 provides several
examples of these interactions in the mature pattern, where TARs
were most confidently mapped. Numerous terminations curve
toward other TARs, indicating ongoing defect repulsions (DR).
During a defect repulsion the faster-migrating defect (impactor)
of the upwind bedform collides with the downwind bedform
(target). Subsequently, the defect combines with a segment of the
target in a continuous crestline, and the redundant target
crestline segment is ejected downwind (ejecta) (Landry and
Werner, 1994; Werner and Kocurek, 1999; Kocurek et al.,
2010). In a few places, two TAR crests appear to have
approached one another and merged over a short (<10 m)
distance. This is similar to the lobe extensions (LE) observed
by Venditti et al. (2005), in which a short portion of a crestline
migrates faster than the rest of the bedform, forming a convex
lobe that overtakes and merges with the next bedform downwind.
Alternately, these interactions may simply be defect and bedform
repulsions that look much like lobe extensions. In a bedform
repulsion, both defects of an upwind bedform (i.e., their
terminations) collide and recombine with a downwind
bedform, and the central redundant segment is ejected
downwind (Landry and Werner, 1994; Brothers et al., 2017).
Short crestlines (red in Figure 7) in the mature TAR pattern may
represent either ripples or ejecta from previous interactions.

Ripple Interactions
In order to understand what happens to ripples in the wake, we
investigated whether the ripples were simply migrating over the
TARs, or if the ripples were interacting with the TARs. The overall
growth in all bedform spacing along the Dune A wake (Figures 5A,
6C) cannot be attributed to changes in TARs (Section
Distinguishing TARs and ripples in the Dune A wake, Figure 6),
so it must be caused by ripples undergoing constructive interactions
over this distance (i.e., over time). Constructive interactions are
defined as those that reduce the number of bedforms and defects
within the field, and thereby contribute to pattern coarsening
(Kocurek et al., 2010). Indeed, small ripples diminish in number
with distance upwind of Dune A, while longer ripples (mainly
>∼20 m) appear (Supplementary Figure S6). Bedforms interpreted
to be ripples were also found in the downwind area and mature
pattern (Figure 6) despite their marked dropoff in number along
the wakes. Their uniform presence, even in the most mature
patterns, may represent ejecta from TAR interactions, or they
may indicate that ripples unrelated to the large dark dunes
migrate into or originate within the area.

Short ripples (<∼20 m long) occur along the entire wake,
interacting with TARs in small defect repulsions and bedform
repulsions that likely will result in their being absorbed by the
TARs (see “BR” in Figure 8B). Although small segments of ejecta
result, these will likely merge with the much larger underlying
target TAR or a downwind TAR. While still on the stoss slope of
the dune, some ripples have linked with each other laterally to
become moderately long-crested (e.g., Supplementary Figure
S3). Immediately upwind of Dune A, ripples bury some of the
TARs, often preferentially forming along TAR crestlines or
crossing them at a shallow angle (Figure 8A). This trend of
ripples superposing TARs at a shallow angle is also seen in some
longer ripples farther upwind in the wake (arrows in Figure 8B),

FIGURE 7 | TAR interactions in the mature pattern, shown with and without mapped crestlines (orthorectified HiRISE image ESP_044722_2570). Identified
interactions are defect repulsion (DR) and possible lobe extensions (LE). Numbers correspond with wake segments, and the mature region is labeled M.
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where the southern ends of the ripples are downwind of the TARs
they superpose, and the northern ends are upwind. This slight
counterclockwise rotation suggests the ripples respond to
incident winds than the TARs (also seen in Supplementary
Figure S5). However, such superposing ripples are not found
at the distal upwind part of the wake, nor are they found in the
downwind or mature areas (Figure 9A). It is likely that by this
point, the superposing ripples have merged with the underlying
TARs, thus contributing to TAR growth. In these more mature
patterns, longer bedforms identified as ripples tend to be parallel
to the TARs, and they were found in troughs between TARs
(rather than crossing them). It is possible that in time these long
ripples may become TARs, but most of those shed from the dune
are consumed by the TARs.

Not yet discussed are the numerous short along-slope ripples
(ASR) that are oriented orthogonally to the larger TARs and
ripples. Given that they are parallel to the dominant westerly
wind, it is possible that they are longitudinal (e.g., Silvestro et al.,
2016). Alternatively, they may be transverse to subordinate winds
with southerly and/or northerly components that are funneled
along the slopes of TARs and ripples (e.g., Sullivan et al., 2007).
None were observed to move or change in the overlapping
HiRISE images (Supplementary Animations S1, S2).
Occasionally the ASRs grow large enough relative to the TARs
that the two bedforms interact. Figure 9B shows an area just

downwind of Dune B where TAR crest sinuosity aligns with
locations where ASRs intersect the TARs. In some places the
ASRs have disrupted the TAR crests enough to create defects. The
TAR and ASR pattern here somewhat resembles the networked
TARs of Balme et al. (2008); this sort of interaction may explain
the many polygonal TARs observed on Mars (e.g., those of
Victoria and Endurance craters in Meridiani Planum).
Although the ASRs more often appear to be too small to
interact with the larger TARs and growing ripples in the
wakes, they often link these larger bedforms at their defects
(see arrows in Figure 9A). The ASRs may play a role in defect
generation, perhaps contributing to the low but constant level of
ripple/ejecta production observed in the more mature patterns.

DISCUSSION

Dune Wake Pattern Development
Because the TARs migrate too slowly to measure over the 9.5 years
between the first and last HiRISE images, interactions between
TARs and ripples cannot be monitored. As a result, understanding
the process of pattern development in the dune wakes requires
consideration of bedform morphology to rule out or support the
three hypothesized cases put forth in Section Introduction. Table 5
summarizes our findings.

FIGURE 8 | Ripples and TARs (A) just upwind of Dune A and (B) farther upwind in the Dune A wake, shown with and without mapped crestlines (orthorectified
HiRISE image ESP_044722_2570). Numbers correspond with wake segments, the mature region is labeled M, arrows indicate ripples that superpose TARs, bedform
repulsions between TARs and ripples are labeled BR.
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In Section Distinguishing TARs and Ripples in the Dune A
Wake, we determined that the TAR pattern in the Dune A wake
does not vary along the wake, nor is it dramatically different from
that observed in either the mature pattern to the south of the wake
or the downwind region. Neither the passage of Dune A nor the
ripples shed from Dune A have disrupted the underlying TAR
pattern. This result rules out the first endmember hypothesis, that
the passage of the dune buried the TAR pattern, which then
reformed solely from dune-shed ripples. Thus, the observed
progression toward pattern maturity (Section Pattern Analysis
Along theWakes) does not represent that of TAR evolution alone.

In Section Ripple Interactions we investigated whether ripples
interact with TARs in the Dune A wake. Short ripples (<∼20 m
crest length) form small bedform and defect repulsions with TAR

crests along the entire length of the wake. Longer ripples
superpose TARs along the first ∼400 m upwind of the dune,
but farther upwind they only appear in troughs between TARs. In
both cases, the small repulsions and superposed ripples will be
absorbed by the larger underlying TARs. These observations rule
out the second endmember case in Section Introduction, that
ripples shed from the dunes bypass the TARs without interacting
with them. The observed progression toward pattern maturity
(Section Pattern Analysis Along the Wakes) does not reflect that
of ripples merely migrating out of the wake, but rather that of
ripples either linking to each other or interacting with the
underlying TARs.

Having ruled out the first two hypotheses, the third is the most
plausible, that ripples shed from the dune interact with exhumed

FIGURE 9 | Ripples and TARs shown with and without mapped crestlines at (A) the upwind edge of the mapped Dune A wake and (B) along-slope ripples
influencing TARs downwind of Dune B (orthorectified HiRISE image ESP_044722_2570). Numbers correspond with wake segments, themature region is labeled M, the
downwind region is labeled DW. Arrows indicate along-slope ripples that connect the larger bedforms at a defect in the pattern and, where the ASRs are large enough,
potentially contributing to defect generation on TAR crestlines.

TABLE 5 | Results of testing the hypotheses of wake bedform pattern development.

Results support (✓) or rule out (X) the following hypotheses:

Test Result 1. New TAR pattern emerges in
dune wake

2. Ripples act independently
of TARs

3. Ripples are consumed
by TARs

TAR pattern disrupted by dune or ripples? No X — —

Dune-shed ripples interact with TARs? Yes — X ✓
Ripples evolve into TARs? Maybe ✓ X? -
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TARs, mostly being consumed by them. We propose that this
process is an as-yet unreported growth dynamic for TARs, that is
consistent with other work finding a continuum between ripples
superposed on dunes and TARs (e.g., Duran Vinent et al., 2019).
The ripples represent only a small fraction of the volume of the
TARs, thus not measurably affecting TAR wavelength or, to the
resolution limit of our DTM, TAR heights. A few long ripples
linger in the most distal part of the wake, suggesting that some
portion of the first endmember case may occur. That is, some of
the long ripples may evolve into new TARs, but they do so
without measurably affecting the underlying TAR pattern. To
first order, though, the observed progression toward wake pattern
maturity represents the time during which ripples are absorbed
into the already established TARs.

TAR Pattern Dating
Using the migration rates of Dunes A and B, the age of the wake
exposures can be used to date the timing of pattern development.
All else being equal, the two wake patterns should develop at
roughly the same rate. Figure 10 shows how the wake bedform
spacing and defect density vary with time, assuming that the dune
migration rates over the past 9.5 years are both constant and
representative of those over the past several thousand years. In
both wakes (Figure 10A), the bedform wavelength changed little
over the first ∼1,000 years and then began to grow, approximately
following a power law such that for the TARwavelength inmeters
λ � Ctr where t is time in years, C is ∼0.2 to ∼0.7 and r is ∼0.2 to
∼0.3. The defect density in both wakes (Figure 10B) dropped
steadily, approximately following a power law such that for the
defect density ρ � Ctr , C is ∼1.5 and r is ∼ −0.3 to ∼ −0.4. These
trends suggest that for the first ∼1,000 years, the ripples
underwent constructive interactions that did not reduce their
total crest lengths while eliminating defects, such as lateral linking
with one other. After this period, the increase in wavelength
suggests that ripple interactions are dominated by those with
TARs. As TARs absorb the ripples, the overall bedform spacing
would increase while the defect density would continue to drop.

In the case of Dune A, the defect density dropped to a value
similar to that of the initial downwind region by ∼1,500 years.
However, the defect density in Dune B has not managed to reach
the low density found in the initial downwind region of Dune B

within its ∼5 kyr timespan. Dune B migrates more slowly than
Dune A, likely producing a relatively higher flux of ripples to bury
the TARs, link laterally with one another, and then become
absorbed by underlying TARs. This may explain why the
Dune B wake wavelengths are lower than those of Dune A,
but it would not explain why the Dune B wake defect density
does not drop to match that of the area downwind of Dune B.
Some unknown process in the Dune B wake appears to be
introducing new defects at a rate faster than the TARs can
absorb ripples. A possibility is the presence of a dune
immediately upwind of the Dune B wake (labeled “F” in
Figure 4). The Dune B wake would experience an elevated
sand flux coming from the northern Dune F horn (or rather,
the region of the dune that would be a horn if it were there), as
well as a reduced sand flux from the central part of Dune F slip
face (e.g., Hersen et al., 2004). These effects, and possibly the
differential between them, may be sufficient to introduce new
defects to the ripples in the Dune B wake.

As with all bedforms, pattern coarsening through TAR-TAR
interactions is thought to be the original mechanism for Scandia
Cavi TAR growth, but TAR interactions with the dune-shed
ripples provides an additional mechanism for TAR growth, in
which sand from the ripples is incorporated into the TARs. The
timescale for TAR pattern coarsening cannot be determined with
the available data, but the contribution to TAR growth from the
absorption of the ripples may be constrained to a degree by using
the migration rate of the dunes and making some simplistic
assumptions. Hypothetically, if TAR growth progressively
increased by 1% with the passage of each dune leaving a
sediment wake, and if absorption of dune-shed ripples were
the sole source of TAR growth, then the current TAR
bedforms could be constructed to their current state with the
passage of ∼100 dunes. In this part of the dune field, the barchans
are spaced by Δx ≈ 300 m and have heights H0 ≈ 15 m. The
time required for the passage of 100 barchans of this size (each
contributing 1% of a given TAR’s volume) would be
Δt � 100 · Δx(H0/q). Using the average measured crestal sand
flux q � 1.68 m3/m/yr (Section Dune Migration Rates and
Volumetric Sand Fluxes), the resulting time to construct the
TARs solely through absorption of ripples would be
Δt � ∼ 270 kyr. Higher TAR growth rates would occur where

FIGURE 10 | (A)Mean bedform spacing and (B) defect density with estimated age in the wakes, downwind of each dune, and the mature pattern (see Figure 4).
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dunes leave a greater sediment wake, but because the TARs do not
measurably grow in wavelength or height along the length of
the wakes, the sediment contribution to TAR growth through the
incorporation of ripples must be small (i.e., ≪10% with the
passage of each dune), but not insignificant, over time. Indeed,
because the TAR pattern is well-developed and there was no
measurable migration, the largest component of current TAR
growth is probably the incorporation of dune-shed ripples in
the wake.

CONCLUSION

tLike many bedforms, the martian TARs develop into fields
with distinctive patterns and identifiable interactions. These
interactions imply that the TARs have migrated, but without
the opportunity for detailed stratigraphic analysis or a time-
series of bedform interactions, their development has remained
poorly understood. We analyzed a time sequence of TAR and
ripple exposures, left as trails in the wake of barchans that have
migrated over a TAR field located in Scandia Cavi on Mars.
Ripples formed on the barchan stoss slopes merge and lag
behind the dunes, producing a pattern along the wake that
appears to mature over a distance of several hundred meters
upwind of each dune (i.e., bedform wavelength increases and
defect density decreases).

We conducted morphological analyses of the wake bedform
crestlines to distinguish between the following three hypotheses
describing the observed pattern development: 1) the pattern in
the wake of each dune forms anew from sediment deposited by
the barchans, burying the underlying TARs, 2) the wake pattern
consists of relatively immobile TARs being exhumed while the
more mobile ripples lagging behind the dunes migrate away
without interacting with the TARs, or 3) an intermediate case
in which ripples first bury, and then interact with established
TARs, finally being consumed by the TARs.

The primary findings are as follows:

- The TAR pattern emerges from burial largely unscathed by the
passage of the barchan, ruling out the first hypothesis.

- Ripples in the wake laterally link with one another or form small
bedform repulsions with TARs. Most of these ripples will be
consumed by TARs because the linked ripples are too long to
readily migrate out of the area and the bedform repulsions are
too small to act independently of the TARs This supports the
third hypothesis and rules out the second, although the presence
of long ripples at the far upwind portion of the wake suggests
that a small fraction of ripples may survive and grow into
new TARs.

- We propose that consumption of dune-shed ripples is a growth
mechanism for TARs, consistent with recent work suggesting a
continuum between ripples and TARs.

- In addition to TARs and dune-shed ripples are ASRs, small
ripples oriented orthogonal to the main wake pattern.
Generally, these ripples are too small to interact with the
larger bedforms, but they frequently link TARs and dune-
shed ripples at their defects. In a few locations the ASR are

large enough to disrupt TAR crestlines, potentially contributing
to defect generation throughout the greater TAR field.

- The timing of TAR growth cannot be accurately measured with
available data. However, by assuming that 1) current dune
migration rates are representative of long-term dune
migration (0.20 ± 0.02 m/yr for Dune A and 0.08 ± 0.01 m/
yr for Dune B), that 2) TAR growth occurs entirely through
ripple consumption, and that 3) the passage of each successive
barchan contributes to 1% of a TAR’s volume, we estimate a
lower limit age of TARs in this part of the dune field to be
∼270 kyr.

- Because the TARs have not been observed to migrate over the
9.5 year period of available image monitoring, and because (in
contrast) the dunes are actively migrating and contributing
sediment to their wakes, we suggest that at the present,
consumption of ripples by TARs is the dominant mechanism
of TAR growth in these dune wakes.

- We mapped distance along the two wakes to a timeline, by
assuming that the dunes have migrated at steady rates for the
last several thousand years. The resulting temporal trends in
bedform spacing and defect density in the dune wakes were
consistent with an initial period of ∼1,000 years dominated by
constructive ripple-ripple interactions, such as lateral linking,
that eliminated defects without substantially coarsening the
pattern. This period was followed by several thousand years
of ripple-TAR interactions that both removed defects and
gradually increased the overall bedform wavelength. The
pattern coarsened at roughly the same rate in both dune
wakes, but defect densities varied at different rates, possibly
as a result of varying boundary conditions caused by proximity
to other dunes.

There are broader implications to this work that can be applied
to TARs elsewhere on Mars. The construction of TARs through
consumption of ripples presently appears to be the main
mechanism of TAR growth in the dune wakes of Scandia
Cavi. The same process may occur anywhere on Mars where
dunes migrate over TARs, but it cannot occur where no dunes are
present. In such locations, TARs may have grown through
interactions with other TARs. However, many TAR fields are
associated with dune fields, where TARs are often less eroded
than those found far from dunes (Berman et al., 2011) and where
some are actively migrating today (Silvestro et al., 2020). Balme
et al. (2008) first proposed that TARs may only be active in the
vicinity of active sand dunes, which could be explained by our
proposed growth mechanism. It remains to be seen whether TAR
growth through TAR-TAR interactions presently occurs onMars,
or if it may have been active only in the past under a different
climate state. Further work to determine the activity level of TAR-
TAR and TAR-ripple growth mechanisms requires modeling and
long-term monitoring of promising sites.
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