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Abstract: Transverse aeolian ridges (TARs) are poorly understood relict aeolian Martian surface
features. Processes that create TARs are not well-constrained, and understanding their formation
is complicated since they appear to share some features of ripples, megaripples, and dunes. While
some evidence of multi-stage TAR formation has been documented in Nirgal Vallis, here we present
additional evidence for this process at nine locations on Mars using cratering superposition between
different ridge morphologies. Most occurrences of multistage evolution will not preserve the precise
series of cratering and formation events documented here, which potentially means that this forma-
tive process may have been more common than even these new widespread observations suggest.
This formative process can help determine the relative similarity of TARs to ripples, megaripples and
dunes. Based on our observations, we conclude that primary TAR forms are most like megaripples,
and that subsequent ridges formed like aqueous ripple spurs.

Keywords: transverse aeolian ridges; TARs; ripples; dunes; Martian surface

1. Introduction
1.1. Transverse Aeolian Ridges

Transverse aeolian ridges (TARs), first detected in narrow-angle images from the
Mars Orbiter Camera (MOC), are bright linear landforms thought to be relict aeolian
features [1–3]. While TARs are widespread on Mars, their role in past Martian sediment
cycles is poorly understood [2–7]. While a recent study has suggested that some isolated
TARs may be active [8], research suggests is that the overwhelming majority of TARs are
immobile with little evidence of interaction with current Martian winds [9–12].

TARs and are sparse but common features across the surface of Mars [3] and dis-
play a range of sizes and forms (simple, forked, sinuous, barchan-like, deltoid, and net-
worked) [2,6]. TAR morphologies are typically categorized by a single primary ridge crest,
but secondary ridge crests have also been observed [2,13,14]. These secondary ridges remain
largely unexplained [2,3,14], however they display similarities to raked linear dunes [15,16].
These secondary ridges may provide insights into TAR formative processes and evolution.

TARs share characteristics of both ripples and dunes. They are relatively symmetrical
in profile [17,18], similar to wind ripples or reversing dunes. However, they can be much
larger than wind ripples observed on Mars and Earth with wavelengths on the order of tens
of meters [19–21], and appear to form in locations not conducive to reversing wind patterns.

Significant effort has been expended in attempts to identify TAR proxies on Earth:
gravel megaripples in Argentina [22,23], megaripples in Iran and Libya [24–26], and revers-
ing dunes in Idaho [27]. Despite these efforts, a definitive analog has not been established.
A growing body of evidence suggests that TARs may be a form of megaripple [8,28–33], at
the very least placing TARs closer to ripples on the ripple-dune continuum.

1.2. Aeolian Processes

As first laid out in Bagnold’s 1941 seminal work, there are three general modes of
aeolian sediment transport: suspension, saltation, and creep [34]. Suspension and saltation
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occur within the boundary layer and, while not directly caused by wind, creep occurs in the
laminar sublayer if one is present. Of these processes, saltation is responsible for the vast
majority of aeolian sediment transport on Earth, as much as 95% by some estimates [35,36].

While it is clear that ripples and dunes can be easily differentiated by their obvious
morphological differences, a more important distinction is that the two can be separated
with respect to their role within the aeolian sediment cycle. Dunes exert an influence on
local sediment transport rates through flow-form interactions induced by the topography
of the dune itself [34,37–40]. The topographic disturbance created by a dune is respon-
sible for airflow acceleration and deceleration [41–44], and can generate new structures
within the airflow [45–52]. Further, airflow on the lee side of dunes separates from the
topography, before eventually reattaching [53–56]. These complex dynamics result in a
range of dune morphologies, migration patterns and rates, and evolutionary paths, which
each represent some stasis between dunes, sediment supply, and wind conditions [57–60].
These conditions may not be permanent (i.e., a disequilibrium, or threshold/feedback
non-equilibrium [61]) but can be sustained for over time-scales that allow these conditions
to be captured in the sedimentological record enabling insight into past conditions [62–68].

Wind ripples are simpler forms, generally forming perpendicular to the prevail-
ing winds, with some influence from slope [69,70] Unlike dunes, ripples do not cause
flow separation or eddies and merely respond to airflow without meaningfully altering
it [34,69–71]. Ripples are commonly found on sand dunes, illustrating disparate erosional
and depositional processes at work simultaneously. Further, unlike dunes, ripples form
and change quickly and represent a nearly instantaneous record of local sediment trans-
port and wind direction [35] On Mars, ripples tend to have wavelengths of 0.1–3 m, with
amplitudes of a few decimeters, and tend to be dark toned. Megaripples are a related
form of wind ripples that are of greater size and wavelength (amplitudes of a couple of
meters, and wavelengths in the low tens of meters) that are dominated by reptation and
creep [28,30,34,69,72]. While normal ripples typically form in areas with uniform sand
grain size, megaripples tend to be found in areas with both coarse sand and bimodal
grain-size distributions [23,28,34,69,72–77].

Like dunes, sand megaripples on Earth have been documented with some ripple
mantling [25,72,78], indicative of at least a semi separate formative process. While both
ripples and megaripples typically have the coarsest grains at their crests, megaripples tend to
have larger grains overall, making them especially wind resistant [69,72,74,75,77,79,80]. Thus,
relative to both dunes and ripples, megaripple migration is significantly slower [28,31,78,80].
Long term studies of megaripples are rare, but the literature suggests that since they are
comparatively immobile and respond only to the strongest wind flows, they could thus
represent records of extreme wind events [31,73,75–78,81–83]. There is conflicting evidence for
this large-grain mantle on TARs: examination of TAR thermal inertias suggest that TARs are
covered by smaller grains than dunes at least on the surface [84,85]. Taking this into account, a
cemented dust/ice mantle hypothesis has been proposed to explain the inactivity of TARs [2].
However, a recent study using in situ observations from the Curiosity rover suggested that a
relatively small TAR in Dingo Gap should be considered a megaripple due to a mantling of
large grains too massive to be activated by saltation [32].

Despite the differences outlined above, aeolian features lie on a continuum that at times
does not lend itself to easy discrimination of between classes. Ripples, megaripples, and
TARs can all overlap in terms of their amplitude and wavelength on Mars [86]. For example,
such a grey area occurs between active ripples and inactive course-grained ripples [87,88],
between large ripples and small TARs [5,31], and between active megaripples and small
TARs [8,89,90]. These are problematic since formative mechanisms can be difficult to
distinguish when features share characteristic wavelengths [33]. For the purposes clarity,
we will employ the following definitions: ripples are saltation-dominated features with
wavelengths of a few meters at most; megaripples are less mobile, dominated by creep and
reptation, have wavelengths of a few tens of meters and amplitudes measured in meters;
TARs are minimally active bright bedforms with wavelengths of tens of meters, and dunes
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are simply much larger features overall with wavelengths on the order of hundreds of
meters.

1.3. Multi-Stage TAR Formation and This Study

Cratering in superposition between TARs of different scales and orientations has
been documented in Nirgal Vallis [14] This cratering suggests an evolutionary sequence of
TAR development. Figure 1 shows the proposed general sequence [14]. Here, we present
previously undocumented evidence of multi-stage TAR formation, and discuss possible
mechanisms in relation to other aeolian processes.

Figure 1. TAR evolution. (A) Initial TARs form and are active; (B) The initial TARs are stabilized and/or cemented; (C) The
initial TARs remain preserved for a significant period (as shown by cratering); (D) Secondary TARs with morphologies
that differ the first form; (E) These secondary TARs also become stabilized. Note the superposition in 5: cratering over the
primary TARs, and secondary TARs over the craters.

2. Materials and Methods

Thirty High Resolution Imaging Science Experiment (HiRISE) images [91] were down-
loaded (Appendix A) and examined for cratering suggestive of multigenerational TARs (as
shown in Figure 1). Craters of interest were determined by the following sequence:

1. Identify impact craters.
2. Delineate any overlap with TAR crests.
3. Determine whether TAR crests predate or postdate the impact.
4. Determine whether there was subsequent modification of the crater by different

aeolian features.

To determine the age relationships between TARs and craters within the TAR field
in step 3, we analyzed a number of spatial relationships (Figure 2). We classed TARs as
predating the craters if one or more of the following criteria were met: (A) The crater
deformed the ridge-crest, indicating that the ridge was altered after formation. (B) TARs
narrow at either end so a relatively wide TAR terminating at a crater likely did not naturally
terminate there, (C) The crater completely interrupts the ridge-crest, (D) The crater rim is
obviously taller than intersecting TARs and is clearly superimposed over nearby TARs.
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Figure 2. Diagrammatic examples of interactions between TAR crests (orange) and craters (black
circles). See text for details.

Alternatively, TARs were classified as post-dating the craters, or of indeterminate
age relative to the TARs, if any of the following conditions were met (Figure 2): (E) the
TARs that intersect the crater were too irregular or sparse to determine interruption or
interaction, (F) Intersecting TARs narrow towards the crater rim, potentially indicating a
natural termination, (G) the TARs lacked obvious corresponding ridges on the other side
of the crater, precluding any determination of interruption and potentially indicative of a
natural termination, (H) the TARs had amplitudes that were greater than the height of the
crater rim, suggesting that any alteration of the ridge crest could be from the topographic
disturbance of the preexisting rim.

TARs in images with evidence for multi-stage formation were characterized by their
primary features (width, length, and orientation) [2], and these metrics and traced crestlines
were documented in ArcGIS Pro databases [92].

3. Results
3.1. Cratering Superposition

Evidence for multi-stage TAR formation with up to three distinct TAR morphologies
was found in nine of the 30 HiRISE images (Table 1). Examples of 16 such previously
undocumented occurrences are shown in Figure 3. Crater modification was more common
in areas where the TARs were large, and long, and relatively simple. Crater-modifying
TARs were relatively small, but were larger and more complex than typical ripples (Figure
3). These modifying features had variable orientations, sometimes perpendicular to the
underlying larger TARs, and were typically more sinuous than their larger counterparts.
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Table 1. HiRISE imagery used in TAR interaction studies.

HiRISE Image Resolution (m/pixel) Crater Example Number(s) in Figures 3 and 4

ESP_015894_1545 0.25 C, N, O

ESP_017661_1545 0.50 B

ESP_027708_1815 0.25 A

ESP_055374_1510 0.50 D

ESP_064877_1670 0.25 E

ESP_065169_2085 0.50 J

ESP_065223_1855 0.25 G

ESP_065260_1715 0.25 H

PSP_010448_1530 0.25 F, I, K, L, M, P

Figure 3. A selection of modified craters. Note that many of the most well-developed modifying
ridges are either larger or more complex than ripples (notably B, C, E, F, G, and O). Coordinates
mark the center of each image, and north is up in these and all following images. See Table 1 for
image details.

Cratering over TARs is rare, and modification of these craters is even more uncommon:
most craters in TARs showed no encroachment of secondary features, even among craters
with comparable size, states of rim-preservation, and in the same general locations. For
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example, many of these unmodified craters (Figure 4) are located in close proximity to
corresponding numbered modified craters shown in Figure 3 (in some cases within meters).

Figure 4. A selection of craters in TARs without subsequent ridge development. Note range of scales
in the TAR and crater sizes. Most of the craters have likely experienced post-impact infilling (see A
and H). Coordinates mark the center of each image. See Table 1 for image sources.

3.2. Ridge Morphologies

In areas with confirmed cratering in superposition between ridge morphologies, up
to three different morphologies were identified (Figure 5, Table 2). We characterize these
features as follows; Feature 1: Primary TARs with large bright ridges with wavelengths of
tens of meters. They generally have simple crest morphologies with very limited sinuosity
and forking. Feature 2: Secondary ridges, small crests typically appearing on the flanks of
the primary ridges. These ridges intersect primary TARs at angles between 60◦ and 90◦.
While the wavelengths of these ridges are variable, it usually is <10 m. These ridges have
similarly simple crest morphologies that have been noted in previous studies [2,11,93], but
have not been well documented. The length of these secondary ridges is limited to a few
meters. Feature 3: Tertiary ridges, even smaller than secondary ridges, located in turn on
the flanks of some secondary ridges. Tertiary ridges are usually only 1 m in length, and
have wavelengths of a few meters. They can be difficult to identify given their scale is at
the limits of the HiRISE data. These ridges have only been noted since the widespread
dissemination and examination of HiRISE imagery [11], but are more poorly documented
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than secondary ridges. Tertiary ridges have essentially simple crest morphologies, but
defects may be masked by resolution limitations.

Figure 5. Manually traced ridge morphologies. Thick orange lines represent Primary TARs, thinner
yellow lines Secondary ridges, and thin red lines Tertiary ridges. Note the near-perpendicular offsets
between each ridge morphology. Coordinates mark the center of each image. See Table 2 for details.

Secondary ridges are more common on very large simple TARs. The size of these
secondary ridges spans an order of magnitude, ranging in wavelength from 1 m (e.g., the
south side of Site B in Figure 5), to over 25 m (e.g., Sites E and G in Figure 5). Secondary
ridges generally scale in length and width with primary TARs, but the ratio of primary to
secondary wavelengths is highly variable, ranging from 3–10. Tertiary ridges were only
observed on very large simple TARs, however, not enough were documented to reach
general conclusions about their wavelength relationships. Where tertiary ridges were best
developed (e.g., Sites B, D, G in Figure 5) the ratio of secondary to tertiary wavelength, like
the primary secondary ratio, is 3–10.
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Table 2. Observed ridge morphologies in Figure 5, all measurements in meters.

Annotated
Example

HiRISE
Observation

Primary Ridges Secondary Ridges Tertiary Ridges

Width
(m)

Length
(m)

Wavelength
(m)

Width
(m)

Length
(m)

Wavelength
(m)

Width
(m)

Length
(m)

Wavelength
(m)

A ESP_015894_1545 100–500 20–40 35–70 30–60 3–5 8–12 2–4 <1 1–3

B ESP_017661_1545 100–1000 25–40 20–60 35–50 1–4 2–9 1–4 1 1–3

C ESP_027708_1815 80–300 25–35 25–50 15–30 1–2 4–12 1–2 <1 3–4

D ESP_055374_1510 80–160 12–30 70–90 40–90 2–6 7–15 3–15 1 1–3

E ESP_064877_1670 80–170 15–30 40–70 25–50 4–8 8–30 3–30 1 2–4

F ESP_065169_2085 15–190 15–20 20–25 5–15 1–2 2–6 – – –

G ESP_065223_1855 60–250 15–25 25–80 15–80 2–4 10–25 10–25 <1 3–8

H ESP_065260_1715 40–150 10–25 15–55 8–15 1–2 5–10 – – –

I PSP_010448_1530 30–250 10–20 20–30 5–20 1–2 2–5 – – –

4. Discussion
4.1. Uncertainty in Determining Crater Superposition

TARs illustrate a degree of topographic control [2], and this can make interpreting
TAR-crater interactions difficult. For example, in each image in Figure 6, there could be two
possible explanations: (1) The TAR predates the crater: The original TAR was impacted,
deflected, and reformed under the influence of the new crater, or (2) The crater predates
the TAR: the topographic disturbance of the crater and crater rim influenced the initial
formation of the TAR. This pattern is common (Figure 6). Thus, it is important to treat any
potential example with reasonable skepticism. In Figure 4, we presented some of the best
examples from our survey, but without definitive ground-based imagery, there remains a
degree of uncertainty in our assessments.

Figure 6. Ambiguous TAR-crater relationships where the superpositioning is indeterminate. (A) The
TAR at the top of the crater appears to bend along the edge of the crater, while both the TAR on the left
and the lower TAR on the right have ambiguous intersections with the crater rim. (ESP_047726_1540)
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(B) The TAR at the top of the image appears to be deflected left by the crater rim. This could be the
effect of the preexisting crater, or a result of post-impact reactivation (ESP_027708_1815) (C) The
large bright TAR appears to be deformed and bent by the left by the faint crater. (ESP_031256_1510)
(D) The TARs at the top and bottom of the crater appear to bend around the crater rim, and the
middle TAR on the left has an ambiguous intersection with the crater rim. (ESP_031256_1510) (E)
The crater is entirely ringed by what appear to be extensions of the ridge to the upper left. The
intersecting ridges surrounding the crater could have already existed and have been reactivated
by the impact, or could they be entirely post-impact features (ESP_067037_1885) (F) Like (E), this
crater appears to both interrupt pre-existing ridges (e.g., the long ridge intersecting the lower left),
while also generating other ridges due to its topographic disturbance (such as the series extending
perpendicularly from the ridge clockwise from the top). (ESP_067037_1885) Coordinates mark the
center of each image.

4.2. The Timing between Generations of Ridges

Cratering between different ridge morphologies is suggestive of multiple generations
of ridge formation. The presence of craters on top of large TARs shows that the TARs
predate the craters. Based on the absence of craters on active dune bedforms on Mars, we
conclude that the TARs were immobilized or stabilized before impact. If TARs have been
significantly mobile or active since, the crater rims should show alteration/degradation,
but most crater rims were relatively clear for impacts in aeolian sediment. Post-cratering,
the disparate morphologies of the intra-crater features indicate that a second period of
ridge formation occurred. These secondary ridges appear to also have been preserved like
the larger TARs, and have not been detectibly active.

The formation of the second generation of ridges is not universal. As noted previously,
presence or absence of intra-crater ridges can vary over even just a few tens of meters.
There is little reason to doubt that the formation of complex morphologies by multiple
ridge generations is a localized phenomenon and likely occurred across Mars. We propose
that secondary ridges likely represent a subsequent generation of bedforms (rather than
features that developed simultaneously with the primary TARs) and that the tertiary
ridges probably formed sometime after the stabilization of the secondary ridges. We
hypothesize that this series of events likely occurred elsewhere on Mars even where crater
superpositioning cannot be conclusively used to determine relative ages.

4.3. TAR Analogs and Implications

Here, we explore possible mechanisms for multigenerational TAR formation, and
discuss what relationships between these primary, secondary, and tertiary ridges imply.
Broadly, there are three distinct lenses for examining TAR formation: dune-like, megaripple-
like, and ripple-like. While there is limited evidence for each process, we note that the
megaripple hypothesis has gained recent support [33].

Dunes offer poor alternative formation mechanisms for secondary/tertiary ridges.
While significant flow deflection has been observed over terrestrial dune crests [94,95], as
has transport parallel to unidirectional dunes [51,56,96], both dune-crest flow alteration
mechanisms require full flow separation and the development of lee-side vortices. This
contradicts our observation of symmetrical secondary ridges on both sides of TARs [14],
and is fundamentally at odds with the invocation of lee-side mechanisms, except in the
case of reversing wind patterns. However, while TAR’s display reversing dune type
profiles [17,18,27,97], transverse dunes produce the best examples of flow deflection and
secondary airflow on Earth.

Formation issues aside, the pattern of the secondary/tertiary ridges is also problematic
through a dune lens. The perpendicular forms are comparable to the similar, but much
larger, polygonal dune organization of Olympia Undae near the Martian north pole [98].
However, the patterns in these dunes were created by changes in wind direction [98], and
winds that regularly shift by 90◦ are unlikely to be present everywhere the ~90◦ offset
pattern in TAR ridges is observed. For example, primary ridges in the sinuous Nirgal Vallis
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can easily be explained by flow channeled through the valley, but the secondary ridges
would unrealistically require wind directions to vary very precisely in order to always flow
perpendicularly across the valley, even as the valley twists and turns [14].

With respect to ripples, recent work suggests that the wind induced dynamic pressures
on Mars could allow for ripple formation an order of magnitude large than those on
Earth [33]. While there is some overlap between the scale of very large ripples on Mars and
small TARs, geomorphically ripples are an unlikely analog for TARs. Ripples are highly
responsive to changes in wind conditions, are transient and are still significantly active
on Mars while TARs are minimally active over near-decadal periods [8]. Further, most
secondary ripples documented on Mars are almost universally parallel to the main ridge
crests [33,66], unlike the secondary ridges documented here.

Assuming that primary/secondary/tertiary ridge organization at least minimally
represent separate generations, there are two obvious explanations for the perpendicu-
lar/oblique orientations of secondary/tertiary ridges: (1) primary TARs create localized
change in airflow passing over the ridges via flow deflection and eddy/vortex formation,
or (2) the larger regional wind patterns changed by 90◦ repeatedly. The latter explana-
tion is less probable; as we noted above, changes in wind patterns—whether seasonal or
otherwise—are unlikely to match the regularity of many of the secondary and tertiary
ridge orientations, especially given how widespread the perpendicularity is. Additionally,
the regularity and frequency of the 90◦ offset would appear to preclude this explanation.

The former possibility, that secondary/tertiary ridges are the result of localized al-
terations to the lower boundary layer caused by of flow deflection over main crest and
some sort of secondary airflow in the troughs, is more plausible. Recent experiments have
found secondary features can occur with ripples dubbed “bedform spurs” [99,100]. These
features, created by vortices shed by ripples, appear in aqueous flows when ripples were
~25–90◦ offset from the flow direction [99,100]. Bedform spurs have a striking resemblance
to the secondary/tertiary ridges, and have spacings well described by a linear relationship
to the parent ridge scale, similar to the pattern documented in Table 2 [99]. Further, in
some cases, spurs were frequently observed forming at a 90◦ offset to the main crest [100]:
precisely to the pattern observed on Mars. Bedform spurs remain a promising avenue for
further comparative study.

Megaripples are the most likely analog for the main TAR ridge crests given their
scale and inactivity. Megaripples on Earth are relatively rare, and form under very specific
conditions including but not limited to: erosive sorting, coarsening, coarse-grain reputation,
as well as a precise range of wind conditions—with high velocities sufficient to mobilize
coarse grains, but not so fast as to destroy or flatten the ripples [72,77,79,80]. However,
on Mars the wind velocity required to flatten a megaripple the size of the observed TARs
vastly exceeds local observations [33], meaning that TARs would only be erased under
extreme conditions. Further, the lower wind pressures on Mars do not place the same finite
upper limit on megaripple growth that exist on Earth, allowing megaripple scales to vary
over a larger range than on Earth. This wide range of sizes is observed in TARs on Mars.

Based thus these observations we thus conclude the primary ridge crests most likely
formed as outsized megaripples, and that the secondary ridges and tertiary ridges formed
like ripple spurs which are produced by vortexes shed by the larger crests.

4.4. How Did TARs Form?

Maybe the most fundamental question about TARs does not have a definitive answer.
Testing new hypotheses about TAR origins and development requires statistically valid
samples covering the entire range of geomorphic morphologies and localities where they
are found. Large databases of these morphologies, locations, elevations, and co-occurrences
with other features (craters, dunes, etc.) would be an ideal starting point. While some
manual surveys of TARs have been performed [1–3], recent work in the development of
automated methods for identifying TARs [101] and other features will likely prove crucial
to these efforts.
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Furthermore, additional ground survey-based data would be useful for understanding
TARs as well. While the Curiosity and Opportunity rovers have documented and even
interacted some ripples and TARs [32,102] the data compiled from these observations are
limited. Jezero Crater, the recent landing site of the Mars 2020 Perseverance rover [103],
contains many TARs and will provide an excellent opportunity to obtain more in situ TAR
data, which can be used to test some of the hypotheses identified in this paper.

5. Conclusions

Here, we present new evidence for the multi-stage formation of TARs on Mars using
the superpositioning of craters within different aeolian ridge morphologies. Our observa-
tions suggest that multiple generations of activity created the more complex TAR forms
we observe in our study areas. We found that this process was likely dependent on local
wind conditions, with occurrences varying over a length-scale of a few tens of meters. We
conclude that TARs form in the most similar manner to megaripples rather than ripples
or dunes, and that, based on comparisons between secondary/tertiary ridges and ripples
spurs, the later second and third generation ridges we observe are produced by vortices
shed by the main ridge.
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Appendix A List of Examined Images

HiRISE Observation Cratering in Superposition Observed

ESP_013071_1365 No

ESP_015894_1545 Yes

ESP_017661_1545 Yes

ESP_018186_1865 No

ESP_021688_1325 No

ESP_023817_1800 No

ESP_025622_1385 No

ESP_027687_2650 No

ESP_027708_1815 Yes

ESP_028297_1380 No

ESP_033460_1725 No

ESP_035514_2610 No

ESP_040559_1845 No

ESP_046465_2165 No

ESP_052179_2215 No

ESP_053339_1575 No

ESP_054690_1670 No
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HiRISE Observation Cratering in Superposition Observed
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