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ABSTRACT: A progression of induration, erosion, and redeposition of transverse and networked transverse aeolian ridges (TARs)
has been documented in the Medusae Fossae Formation (MFF), Mars. Cratered and eroded aeolian bedforms are rarely observed
on Mars, indicating that those found in the MFF have been inactive for much longer than those found elsewhere. Indurated TARs
are observed to grade into faceted MFF terrain, indicating a genetic relationship between the two. We propose that TAR deposition,
induration and erosion have played a larger role in the surface morphology and evolution of the MFF than previously recognized. The
deposition, induration, and erosion of TARs indicate that the MFF has undergone multiple cycles of reworking, and that much of its
current surface morphology does not reflect the circumstances of its primary emplacement. Copyright © 2011 John Wiley & Sons, Ltd.

KEYWORDS: Mars; aeolian; ancient; Medusae Fossae Formation; transverse aeolian ridge
Introduction

The Medusae Fossae Formation

The Medusae Fossae Formation (MFF), is a fine-grained, friable
unit of uncertain origin located near the equator of Mars
(130–230�E and 12�S–12�N), which has been intensively
modified by aeolian processes (Ward, 1979; Scott and Tanaka,
1986; Greeley and Guest, 1987; Bradley et al., 2002; Mandt
et al., 2008; Zimbelman and Griffin, 2010; Figure 1). The
MFF is an extremely rough deposit (on the scale of centimeters
up to tens of kilometers; Kreslavsky and Head, 2000; Carter
et al., 2009), with heavily eroded surfaces often covered with
fields of streamlined, sculpted ridges known as yardangs (Ward,
1979) (Figure 2). The MFF has been divided into three units,
upper (Amu), middle (Amm) and lower (Aml), based on the
color of the units and their states of degradation (Scott and
Tanaka, 1986; Greeley and Guest, 1987). The lowest member
is the most eroded unit and the upper member is the least eroded
unit. A large number of hypotheses have been advanced to ex-
plain the genesis of the MFF, including emplacement by pyro-
clastic flows or ash fall (Scott and Tanaka, 1982, 1986; Bradley
et al., 2002; Hynek et al., 2003; Mandt et al., 2007, 2008; Kerber
and Head, 2010; Kerber et al., 2011), accumulation of aeolian
debris (Scott and Tanaka, 1986; Greeley and Guest, 1987;
Tanaka, 2000), paleopolar deposits formed during polar wander-
ing (Schultz and Lutz, 1988; Schultz, 2002), or obliquity-driven
deposition of ice and dust (Head and Kreslavsky, 2004).
A detailed analysis of formation hypotheses was undertaken

by Zimbelman et al., 1997 and Mandt et al., 2008, who came
to the conclusion that ash fall, pyroclastic flows, and aeolian
deposition were the most likely formation mechanisms based
on morphology and radar properties. Specifically, the morphol-
ogy and topography of the MFF deposits was found to be
dissimilar to the current polar layered deposits (Bradley et al.,
2002), and SHARAD radar returned no evidence of polar-like
layering within the deposit (Carter, 2009). High resolution
images revealed bidirectional sets of yardangs, which were
interpreted to reflect jointing in the deposit, a trait that is often
found in terrestrial ignimbrites (Bradley et al., 2002).

The MFF has traditionally been mapped as an Amazonian
deposit (Scott and Tanaka, 1986; Greeley and Guest, 1987;
Werner, 2006) on the basis of low crater-size-density derived
ages and several stratigraphic contacts where MFF material
overlies young Amazonian lavas. The Amazonian is the youn-
gest of the three eras on Mars, dating from between 3.4 and
2.0Ga to the present (Hartmann and Neukum, 2001). Schultz
and Lutz (1988) argued that the formation was much older
based on the presence of many degraded and modified craters,
which implied that craters were being continually erased,
eroded, and buried by aeolian processes, and that the age
determined from the superposed crater population reflected a
modification age rather than a formation age. Recent work
(Kerber and Head, 2010) has confirmed the findings of Schultz
and Lutz (1988) regarding the erosion of craters in the MFF, and
has demonstrated that based on directly observed and implied
stratigraphic relations between Hesperian lava flows and
outcroppings of the MFF, deposition began at the latest in the
Hesperian. Kerber and Head (2010) showed that in some cases
(such as the southeastern fan of Apollinaris Patera), Hesperian



Figure 1. A regional MOLA hillshade of the Medusae Fossae Formation, stretched to show detail within the formation. Bottom panel shows the
locations of the figures. Black outline indicates the boundary of the Medusae Fossae Formation as mapped by Scott and Tanaka (1986) and Greeley
and Guest (1987). This figure is available in colour online at wileyonlinelibrary.com/journal/espl

Figure 2. The Medusae Fossae Formation in Apollinaris Sulci. The
formation is characterized by yardangs, mesas, knobs, and other
erosional features. A portion of HRSC image h0335_0000.nd2.07.02,
approximately �12.3 S, 177.3 E (Figure 1).
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units directly embay the formation, burying yardangs and filling
inter-yardang troughs. In other cases, Hesperian lava flows
terminate in jagged, saw-tooth margins, interpreted to form
Copyright © 2011 John Wiley & Sons, Ltd.
when the lavas embayed the jagged edges of MFF yardangs.
Once the lava cooled, the friable MFF continued to erode
away, leaving a ‘cast’ of the MFF yardangs preserved in the lava
margin. The presence of interpreted yardang ‘casts’ in lava
margins can be used as an indicator that the MFF was present
at the time that the lava was flowing across the surface in the
Hesperian (Kerber and Head, 2010).

The ubiquity of yardangs and other etched and grooved
terrains has led to the conclusion that most of the surfaces in
the MFF are dominated by erosive processes. Tanaka (2000)
suggested that given the extensive erosion present in the MFF,
a corresponding volume of loose material should be present
within or around the MFF as sand seas (ergs). The lack of these
ergs was cited as evidence that the deposit was dominated by
dust-sized particles which could be eroded and then carried
to great distances. Zimbelman and Griffin (2010) estimated
the heights of MFF yardangs using shadow measurements and
used these heights to estimate the amount of material that
would have to have been removed in order to form them. From
this calculation these authors determined that some 19 000 km3

of MFF material had been removed across the lower member
of the deposit. Given the already large volume of the MFF
(estimated at ~1.4 million cubic kilometers), the addition of
thousands of cubic kilometers of missing mass would place
important constraints on any potential formation mechanism.

In this contribution we focus on the fate of the material that is
eroded from the MFF, following fine-grained eroded material
from its genesis from the MFF substrate, observing how it
Earth Surf. Process. Landforms, Vol. 37, 422–433 (2012)
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collects into aeolian bedforms, and then determining how
the bedforms change as they age. We find evidence for
locally-derived depositional aeolian bedforms made from
MFF material, and come to the conclusion that depositional
bedforms contribute substantially to the observed surface
morphology of the MFF. We find evidence to suggest that much
of the material eroded from the MFF could still be present, and
that the mass that appears to be missing (Zimbelman and
Griffin, 2010) may instead be locally redistributed. We begin by
defining several important aeolian landforms found in the MFF
in the context of those found more broadly distributed on Mars
as a basis for more in-depth discussions of their morphologies.
Dunes and transverse aeolian ridges (TARs) on Mars

Aeolian erosion and transport is known to be an important
geomorphological process on Mars (Greeley et al., 1992).
Depositional aeolian bedforms on Mars are often divided into
two categories: large, long-wavelength (hundreds of meters)
low-albedo dunes (Figure 3), and shorter-wavelength (tens
of meters), high or intermediate albedo features known as ‘trans-
verse aeolian ridges’ or TARs (Bourke et al., 2003; Wilson and
Zimbelman, 2004; Balme et al., 2008; Berman et al., 2011)
(Figure 4). Large, dark dunes are commonly found in the
southern hemisphere, where they have collected on crater
floors, and in the northern latitudes of Mars, where they have
Figure 3. Large, dark dunes: (a) barchan dunes; (b) complex dunes;
(c) large dark dunes (right) interacting with tranverse aeolian ridges
(left). TARs usually have a much smaller wavelength compared to
dark dunes. Dark dunes tend to overlie TARs where the two are
observed together. Portions of HiRISE images PSP_008968_2656,
PSP_010071_2615 and PSP_010077_2520, respectively.

Copyright © 2011 John Wiley & Sons, Ltd.
collected into a large sand sea (erg) around the pole (Hayward
et al., 2007). Many different dune-types have been documented,
including dome, barchan, transverse, linear, and star dunes
(Hayward et al., 2007). Several examples of dark dunes are
shown in Figure 3. Recent work on dark dunes has shown that
some dunes are active today (Fenton, 2006; Bourke et al.,
2008; Silvestro et al., 2010; Bridges et al., 2011; Geissler et al.,
2011). However, the majority of dark Martian dunes that have
been observed over time have shown no evidence of growth
or translation (Edgett and Malin, 2000; Bourke et al., 2008).

The term ‘transverse aeolian ridge’, or ‘TAR’ was first used
by Bourke et al. (2003) to describe small, light-toned aeolian
features observed Mars, although the features had been
observed as early as 1979 by Ward, who referred to them as
‘transverse wind forms’ (Figure 4(a)). The shorter wavelength
of TARs (tens of meters) means that the feature could either
be a large ripple or a small dune. Because of this ambiguity,
‘transverse aeolian ridge’ was used (Bourke et al., 2003) as a
neutral term. TARs are usually triangular in cross-section, and
include a variety of diverse morphologies, including forked
transverse aeolian ridges (Figure 4(a)), ‘network’ TARs (Figure 4
(b)), and triangular, blunt, ‘barchan-like’ TARs (Figure 4(c)),
among others (Bourke et al., 2003; Balme et al., 2008).
Network TARs are polygonal networks of aeolian bedforms
with pointed crests which often occur in the bottoms of craters,
probably as a result of multiple dominant wind directions. TARs
of different types can sometimes grade into each other depend-
ing on the regional topography and wind regime; Figure 4(d)
shows an example of networked TARs grading into linear TARs.

TARs are often similar in morphology to terrestrial coarse-
grained ripples (Ward, 1979; Wilson and Zimbelman, 2004;
Zimbelman, 2010; Zimbelman and Griffin, 2010; Berman
et al., 2011). Terrestrial coarse-grained ripples are characterized
by a core of fine sand coated with surfaces dominated by coarse
sand or gravel (>1mm) (Sharp, 1963). The dimensions and
wavelengths of terrestrial coarse-grained ripples are related to
the grain size: larger ripples are composed of coarser particles
than small ripples. The Mars Exploration Rover (MER) Opportu-
nity drove across a field of small, light-colored TAR-like features
in Meridiani Planum, finding them to be similar to terrestrial
coarse-grained ripples, with poorly-sorted interior particles ar-
mored with coarser particles (Squyres et al., 2004; Balme et al.,
2008). The Spirit rover also encountered coarse-grained ripples,
finding them to be crusted and dust-covered but showing no ob-
vious signs of erosion (Sullivan et al., 2008).

TARs are even less mobile than dark dunes, almost always
appearing stratigraphically below the large, low-albedo dunes
where they occur together (Balme et al., 2008) (Figure 3(c)).
Often it appears as if the larger dunes have traveled across
the TARs without disturbing their morphologies, indicating that
TARs are less mobile than sand dunes, or indurated in some
way (Balme et al., 2008; Berman et al., 2011).

Despite their lack of movement over observed timescales,
however, most Martian dunes and TARs appear fresh and
uneroded, with sharp dune-crests and well-defined second
and third-order bedforms (Bridges et al., 2007; Figure 4). Only
a few martian dune fields appear to be old enough to have
accumulated craters or other indications of degradation and
erosion (Thomas et al., 1999; Edgett and Malin, 2000; Fenton
and Hayward, 2010). According to cratering statistics, most
Martian dunes and TARs should thus have been active within
tens to thousands of years before the present (Thomas et al.,
1999), yet most of them are not observed to have moved in
the present epoch (Zimbelman et al., 2009).

Medusae Fossae Formation TARs are often seen between
yardangs, at the bottoms of craters, and at the contacts between
the MFF and adjacent units. They were first recognized by
Earth Surf. Process. Landforms, Vol. 37, 422–433 (2012)



Figure 4. Typical transverse aeolian ridges. (a) Linear, forked TARs. Note sharp ridge crests and crisp secondary bedforms (bright, linear features
aligned perpendicular to ridge crests). (b) Networked TARs at the bottom of Victoria Crater. Sharp crests and crisp secondary bedforms are also
apparent here. (c) Type example of ‘barchan-like’ TARs, as identified by Balme et al. (2008). (d) Example of networked TARs grading into linear
TARs, featured in Balme et al. (2008). Portions of HiRISE images (a) PSP_006879_1915 and (b) ESP_011765_1780, and MOC images (c)
M1800277 and (d) R0902119.
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Ward (1979), who observed that sediment formed transverse
wind forms between MFF yardangs and hypothesized that they
could be coarse-grained ripples, in analogy to coarse-grained
ripples which are often seen in inter-yardang troughs on Earth.
TARs found in the equatorial region of Mars appear to be
most numerous in close proximity to fine-grained layered
deposits, suggesting that these deposits may represent a source
for TAR-forming material (Berman et al., 2011)
Yardangs

Yardangs are wind-sculpted erosional ridges that occur in
deserts on the Earth and Mars (Hedin, 1903; Ward, 1979;
Figures 5 and 6). They are always oriented sub-parallel to pre-
vailing winds, with a blunt head facing upwind and a long,
aerodynamically tapered tail pointing downwind (Ward and
Greeley, 1984). The shape of an individual yardang has often
been compared to the inverted hull of a ship, leading groups
of yardangs to become known as ‘fleets’ (Bosworth, 1922).
Yardangs appear to be formed through a combination of

aeolian abrasion (bombardment with saltating, sand-sized par-
ticles) and deflation (the plucking of grains by the wind) (Ward
and Greeley, 1984). Abrasion is thought to be important at
the headward end of the yardang, especially in places where
the head is undercut at the height of most intense saltation,
and in the valleys between yardangs, which are slowly broad-
ened and deepened over time (Ward, 1979; Breed et al.,
1989). Deflation appears to be important in maintaining the
aerodynamic tail of the yardang (Breed et al., 1989). Fluting
and vortex pits are often observed on the flanks of terrestrial
yardangs, indicating that fine sediment suspended in complex,
turbulent flows can also play a role in yardang erosion
(Whitney, 1983, 1985). These flutes can be anywhere from 5
to 60 cmwide and up to several meters long (Breed et al., 1989).
On Earth, yardangs form at several scales and in a variety

of substrates, including sandstones, siltstones, heavily eroded
crystalline basement rocks, and ignimbrites (McCauley et al.,
1977). Several fleets of a larger form of terrestrial yardang,
termed ‘mega-yardangs’ are shown in Figure 5 (Goudie, 2007).
Copyright © 2011 John Wiley & Sons, Ltd.
Yardangs up to 60–80m in height with rounded heads are found
in the Lut Desert of Iran, carved into silty clays and gypsiferous
sands (Goudie, 2007; Figure 5(a)). The morphology of these
yardangs is modified by periodic rains which incise gullies into
the flanks of the yardangs. Yardangs in the Borkou region of
Chad are among the largest on Earth (up to a kilometer across)
(Goudie, 2007; Figure 5(b)). These yardangs are eroded into
highly lithified sandstones (Livingstone andWarren, 1996). Yard-
angs of the Peruvian coastal desert are carved into horizontally
bedded siltstone, creating yardangs with obvious layering
(Bosworth, 1922; Figure 5(c)). The morphology of an individual
yardang is affected by its lithology, the availability of sand-sized
particles to cause erosion, the local wind regime, and the pres-
ence of non-aeolian processes such as rain.

Martian yardangs are generally larger than yardangs on
Earth (which can be meters across), but are similar in dimen-
sion to terrestrial mega-yardangs (hundreds of meters to a
kilometer across) (Figure 5). Like mega-yardangs, Martian
yardangs also tend to be longer in the direction parallel to
the wind, up to tens of kilometers. They are found dominantly
within the MFF, although yardangs are also present in the
Arabia Terra region of Mars and in several outlying friable de-
posits (Malin and Edgett, 2000). Here we discuss only yardangs
found in the MFF; these display many diverse morphologies
(Figure 6).

The yardangs in the Apollinaris Sulci region of the MFF have
smooth, bulbous, concave heads (Figure 6(a)). They are similar
in size and shape to the Borkou yardangs (Figure 5(b)), although
Martian yardangs are commonly more pointed on their upwind
sides than terrestrial yardangs, which usually have rounded
heads (Figure 5). In the Zephyria region of the western MFF
the yardangs are more equant in shape (Figure 6(b)). These
yardangs approach the ‘ideal’ width-to-length ratio of 1:4
needed to minimize the force of drag over the body (as docu-
mented by Ward and Greeley, 1984). These yardangs have
what is called a ‘keel’: a medial ridge that resembles the keel
of a boat. Laboratory studies have indicated that a layered sub-
strate with a hard layer overlying a soft layer can lead to the de-
velopment of keels (McCauley et al., 1977, 1979), perhaps
indicating that some of the western MFF yardangs once had a
Earth Surf. Process. Landforms, Vol. 37, 422–433 (2012)



Figure 5. Terrestrial yardangs. (a) Yardangs up to 60–80m in height in
the Lut region of Iran, carved into indurated silty clays and gypsiferous
sands (Goudie, 2007). A portion of SPOT 5 image from Google Earth,
taken 12/03/10. lat: 30.71º N, lon: 58.26º E. (b) Mega-yardangs in the
Borkou region of Chad, which cut into highly lithified sandstones
(Livingstone and Warren, 1996). A portion of SPOT 4 image accessed
through Google Earth, taken 12/05/10. lat: 18.80N, lon: 19.33 E. c)
Yardangs of the Peruvian coastal desert, carved into horizontally
bedded siltstone (Bosworth, 1922). SPOT 5 image from Google Earth,
taken 03/28/11. lat: 14.57 S, 75.60W. This figure is available in colour
online at wileyonlinelibrary.com/journal/espl
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capping rock, as suggested by Zimbelman and Griffin (2010).
Simple TARs can be seen between the yardangs (Figure 6(b)).
In northern Zephyria Planum, at the edge of the MFF, there

occur flat-topped yardangs with a multitude of flat faces, or
facets (Figure 6(c)). ‘Faceted’ yardangs were described by
Zimbelman and Griffin (2010) in the eastern MFF (Figure 1).
The facets were compared by Zimbelman and Griffin (2010)
with similar features (at much smaller scales) found on venti-
facts, which are caused by secondary complex flow. Similar
erosion and fluting has been documented on yardangs, as
discussed above, but on a much smaller relative scale to the
yardang, and usually characterized by flutes that are elongated
in the direction of wind-flow (Breed et al., 1989). Faceted
yardangs are surrounded and occasionally buried by TARs.
Additional faceted yardangs with concave backs and more
gently-sloping sides can be found in far eastern Amazonis Sulci
(Figure 6(d)). TARs accumulate in the inter-yardang troughs.
Yardangs in western Apollinaris Sulci (Figure 1), at the foot

of Apollinaris Patera (Figure 6(e)), are cut into a substrate with
Copyright © 2011 John Wiley & Sons, Ltd.
swirling, discontinous layers. Unlike the yardangs in the
horizontally bedded Pisco formation in Peru (Figure 5(b)), the
layers in Apollinaris Sulci do not appear to dip at a consistent
angle, and were probably not originally horizontally emplaced.

Further to the east in the MFF, small, faceted yardangs known
as ‘bidirectional’ yardangs are observed (Bradley et al., 2002;
Mandt et al., 2008) (Figure 6(f)). Bidirectional yardangs are
much smaller than other martian yardangs. They tend to curve
around topography, and can be found in patches as well
as large fields. These features are often found in thin layers
overlying older, unmodified terrain. Bidirectional yardangs are
not observed on Earth; their presence in the MFF is attributed
to funneling of wind by pre-existing bidirectional joint sets
(Bradley et al., 2002).

Sakimoto et al. (1999) documented several generations of
yardangs in the MFF, sometimes superposed on one another,
which these authors interpreted as an indication of several
periods of yardang formation under evolving surface winds.

While both yardangs and TARs are often long, linear features,
yardangs are usually easily distinguished from TARs (compare
Figure 4 and Figures 5, 6). First, yardangs are cut into the
bedrock while TARs lie on top of bedrock or other sediment.
Secondly, yardangs are generally much larger than TARs
(hundreds of meters to kilometers versus meters to tens of
meters). Third, yardangs are oriented parallel to dominant
winds, while TARs are normal to wind directions; thus yardangs
are often perpendicular to TARs where the two landforms
occur together.
Survey and Observations

A comprehensive survey was conducted of all 270 High
Resolution Imaging Science Experiment (HiRISE; McEwen
et al., 2007) images available as of December, 2010, that in-
cluded a portion of the MFF. This was done in order to charac-
terize depositional bedforms such as TARs and how they relate
to yardangs and other MFF surface features. Mars Orbiter
Camera (MOC; Malin et al., 1998), Context Imager (CTX; Malin
et al., 2007) and High Resolution Stereo Camera (HSRC;
Neukum and Jaumann, 2004) images were consulted in areas
where HiRISE images were not available. It was observed that
light-toned TARs are common in the formation, appearing be-
tween yardangs, on plains, and at the edges of the deposit.
MFF TARs appear to be directly derived from eroding MFF
yardangs, as shown in Figure 7, where MFF yardangs in north-
ern Zephyria Planum can be seen eroding into loose material,
which is organized by the wind into TARs. We can be confident
that the MFF is the source of sediment for these TARs because
they are cut off from alternative sediment supply sources by a
vast, pristine lava plain. The accumulation of the TARs on the
surface close to outlying yardangs suggests that not all of the
MFF is made up of dust, which can be carried to great distances
by the wind. The conclusion that the MFF is the source for this
fine-grained material is consistent with the hypothesis that TARs
are essentially coarse-grained granule ripples (Ward, 1979;
Zimbelman and Griffin, 2010), as coarse-grained ripples are
covered by >1mm grains (Squyres et al., 2004), which would
be expected to be found in close proximity to their sources.

While morphologically fresh TARs are common in the MFF,
many appear to be moderately indurated (Figure 8). Fresh TARs
are distinguished by an albedo higher than or similar to their
surroundings, sharp crests, sharp secondary bedforms, smooth,
uncratered surfaces, and an absence of fluting or grooves
(Figure 3). Nearly all TARs elsewhere on the Martian surface
are morphologically fresh, as described above. Indurated TARs
identified here are characterized by rounded, broken, or etched
Earth Surf. Process. Landforms, Vol. 37, 422–433 (2012)



Figure 6. Yardang morphologies found in the Medusae Fossae Formation. (a) Yardangs in Apollinaris Sulci with smooth, bulbous, concave
heads (portion of HiRISE image ESP_016123_1675). (b) Shorter, more equant yardangs of the Zephyria region in the western Medusae Fossae
(portion of HiRISE image ESP_017047_1770). (c) Faceted, flat-topped yardangs in northern Zephyria Planum (portion of CTX image
P02_001791_1852). (d) Faceted yardangs with concave backs and more gently-sloping sides, located in far eastern Lucus Planum (portion of HiRISE
image PSP_006273_1715). (e) Yardangs in western Apollinaris Sulci, at the foot of Apollinaris Patera (portion of HiRISE image PSP_009464_1695).
(f) Faceted/bidirectional yardangs south of Nicholson Crater. (portion of HiRISE image PSP_008158_1825). Locations are shown in Figure 1.

Figure 7. Fresh TARs composed of material shed by yardangs in
northern Zephyria Planum (portion of CTX image P02_001791_1852).
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crests, dull linear or polygonal secondary bedforms, and the
appearance of superposed craters (Figure 8(a), (b)). Heavily
indurated and eroded TARs are also found within the MFF,
with rounded, etched, or flattened crests, rough or featureless
Copyright © 2011 John Wiley & Sons, Ltd.
inter-TAR areas, and a greater abundance of craters (visible
at MOC-scale) than indurated TARs (Figure 9). While TARs else-
where on Mars are generally crisp and uncratered (Thomas
et al., 1999), the MFF features display a distinct progression of
induration from extremely fresh forms with sharp crests to
dulled, abraded and eroded forms.

Figure 10 shows an area of the MFF where the progression of
TARs from fresh to heavily eroded can be seen in a small
geographic area. This section of the MFF is composed of a
generally smooth surface marked by numerous secondaries from
a nearby 22-km impact crater to the southwest. At high resolu-
tion it can be seen that there are transverse aeolian ridges (TARs)
on the surface, many of which are highly eroded. Fresh-looking
network TARs with crisp crests can be observed in the deeper
craters (Figure 10, A), where they were either more recently ac-
tive or better sheltered from erosion. Moderately degraded TARs
with flattened crests and subdued morphology can be seen in
slightly shallower craters (Figure 10, B), and heavily degraded
TARs are present on the upper flat surface of the deposit, with
fluted and crenulated crests and craters (Figure 10, D). The rays
of a fresh, primary crater preserved some of the original TAR tex-
ture (Figure 10, C, dotted outline), providing evidence that the
sparse bedforms that cover the surface were once more continu-
ous, and perhaps more like an undulating sheet than a series of
Earth Surf. Process. Landforms, Vol. 37, 422–433 (2012)



Figure 8. Indurated TARs. (a) Networked TARs of Southern Lucus
Planum with subdued crests, degraded, knobby secondary bedforms,
and small craters (arrows) (portion of HiRISE image PSP_008844_1730).
(b) Linear TARs with flattened, crenulated crests and degraded, knobby
secondary bedforms, also lightly cratered (arrows) (portion of HiRISE
image PSP_006273_1715). (c) Linear TARs in a more advanced state
of erosion with rounded crests, grading into complex terrain where
TAR crests are flattened and interrupted (portion of HiRISE image
PSP_009399_1760).
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distinct ridges. This progression suggests that TARs made of sim-
ilar material can experience different levels of induration or ero-
sion based on local topographic microenvironments.
Based on the above progression, it is clear that TARs can

become indurated over time, at which point they are susceptible
to erosion rather than continued lateral migration as bedforms.
The morphologies that result, however, can change depending
on the original morphologies of the TARs, and on how exposed
the indurated TARs are to the wind. For example, exposed ridges
with an originally tranverse orientation can develop yardangs
parallel to the dominant wind direction as they are eroded.
In Figure 11, a patch of relatively fresh network TARs (black

arrow) can be seen near a small, exposed yardang which we
interpret to be its source. However, this patch of network TARs
sits on a rough, polygonal terrain (white arrow) with features
of the same wavelength and similar morphology as the fresh
network TARs, suggesting that these too were once active
network TARs before becoming indurated. The superposition
of fresh TARs upon indurated TARs (regardless of their source)
demonstrates the evolving nature of the surface, and suggests
Copyright © 2011 John Wiley & Sons, Ltd.
that the landscape could, in places, be composed of layers of
TARs that have undergone varying degrees of induration.

Figure 12(a) shows linear and network TARs adjacent to and
continuous with the faceted terrain described above, a texture
seen on and between many yardangs throughout the MFF.
The close, gradational relationship between the network TARs
and the faceted terrain and the identical wavelength of the
polygonal patterning shared by the two feature types suggests
that the polygonal ‘faceting’ may actually represent an indu-
rated form of network TARs that have been subsequently dulled
and modified by erosion. The origin of this faceted terrain as
network and linear TARs would explain why some yardangs
have smooth, flat tops, but faceted troughs and flanks: TARs
preferentially accumulate in low-lying areas (Figure 12(a)). In
Figure 12(b), somewhat complex, blunt, linear TARs (similar
to those seen in Figure 4(c)) are clearly resolved towards the
northwest part of the frame, but towards the southeast they
become indistinguishable from what might be called ‘com-
plex’, ‘faceted’ or even ‘bidirectional yardang’ terrain, the
morphology of which might at first be assumed to be domi-
nated by erosion. In this way, the process of TAR induration
and erosion may provide an explanation for why bidirectional
yardangs are so different from other Martian yardang types, as
described above and shown in Figure 6. Like accumulations
of TARs, bidirectional yardangs curve around topography, they
usually appear to be deposited on top of the terrain instead of
carved into it, and they are found in patches and topographic
lows. These observations are more consistent with descriptions
of TARs than with descriptions of yardangs. An origin of
bidirectional yardangs from TARs would explain these simi-
larities, and would also explain why these yardangs are
different from other MFF yardangs in size and morphology. This
formation mechanism would make pervasive jointing of the
formation unnecessary (Bradley et al., 2002), although it would
not preclude the existence of joints.

Possible end-members of this induration process for both
network and linear TARs are shown in Figure 13. The different
starting morphologies of TARs can explain why the faceted
terrain observed in different areas would show linear or polygo-
nal patterns. Changes in TARwavelength, as would be expected
in topographic hollows, would be mirrored in the final faceted
surface, as seen in Figure 13(a). This state would not be the
end-state for these features, however. Instead, as wind passed
over the complex features, etching and winnowing would begin
to dominate, with the locations of resultant notches and flutes
controlled by the repeating topography of the indurated TARs.
An intermediate terrain can be seen in Figure 13(c). This image
shows a field of features interpreted to be heavily indurated
network TARs with notches and grooves eroded into their
former crests. Eventually the original TARs will become difficult
to recognize, leaving only a highly grooved and notched terrain
that resembles a jointed surface. In this manner, terrain domi-
nated by indurated bedforms of one orientation can be eroded
into yardangs of a different orientation, or in the case of network
TARs, bidirectional yardangs (Figure 14(a)).

The induration of bedforms and the deposition of new
bedforms on top of indurated forms could eventually lead to
the formation of a type of aeolianite (a rock formed from sedi-
ment that was deposited by the wind and subsequently
lithfied; Sayles, 1931). We use the term ‘aeolianite’ as an
alternative to ‘sandstone’ in order to focus on the mode of
deposition (by the wind) rather than the grain size; however
aeolianites have the same broad-scale morphological charac-
teristics as sandstones (Sayles, 1931). Swirling, discontinous
layers are commonly found in terrestrial aeolianites as a result
of the deposition of successive layers and the subsequent plan-
ing of their complex surface morphologies (Kocurek, 1991).
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Figure 9. Heavily eroded, etched, and cratered TARs in Lucus Planum. (a) TARs north of Apollinaris Patera. Note rounded crests, subdued
topography, etching, and superposed craters (portion of MOC image M1301069). (b) Eroded TARs with flattened crests. Smaller, secondary bedforms
at the edges of the field are also eroded and cratered (portion of MOC image M1003186). (c) Indurated TARs sheltered by a nearby hill display rough,
crenulated crests (portion of HiRISE image PSP_002634_1725). (d) Eroded dunes in eastern Lucus Planum are heavily eroded and modified, with
rough and discontinuous crests (portion of HiRISE image PSP_006273_1715).

Figure 10. A region of the Medusae Fossae Formation northeast of
Apollinaris Patera showing the progression of TARs from fresh to highly
eroded in one image. A Relatively fresh-looking TARs with sharp crests
are preserved in the deeper craters. B Slightly more degraded TARs fill
the shallower craters. C The rays from a fresh primary crater (dashed
line) have preserved the morphology of nearby TARs. TARs covered
in ejecta have remained full and undulating, while elsewhere on the
surface the TARs have been eroded into slightly sinuous remnant ridges.
D Small impact craters are superposed on the remnant TARs. Portion of
HiRISE image PSP_003966_1725.
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Aeolianites made from layers of superposed TARs might lack
fine-scale cross-bedding, but they would still develop com-
plex and variably dipping bedding as a result of the layering
Copyright © 2011 John Wiley & Sons, Ltd.
of undulating, indurated forms. Erosion of an aeolianite could
explain the swirling, discontinuous layers seen in yardangs in
Apollinaris Sulci (Figure 14(b)). The yardangs in this area are
heavily jointed, but their joint orientations do not seem to
affect the orientation of the yardangs. Terrestrial aeolianites
such as the Navajo Sandstone are also pervasively jointed
(Hodgson, 1961). Figure 15 compares an outcrop of the
Navajo Sandstone to a yardang of the MFF. Both faces have
jointing on similar scales and subtle layering. While other pro-
cesses can result in these kinds of layers (namely ignimbrite
emplacement), this kind of morphology could also result from
reworking.
Discussion

Fresh TARs exist in the MFF region, but their abundance and
volume appears to be much less than the volume of mate-
rial that seems to have been removed from the deposit by
erosion (Zimbelman and Griffin, 2010). We have documen-
ted a wide variety of aeolian bedforms that appear to be in-
durated and undergoing erosion. On the basis of these
observations, we propose that aeolian bedforms created as
a result of erosion from the MFF can be rapidly indurated and
degraded, and thus that a large number of the ‘eroded’ surfaces
present in the formation may have previously been depositional
surfaces. If this hypothesis is correct, then much of the ‘missing’
volume of the MFF may actually still be present in an extensively
reworked form.

In order for dunes to be preserved in the eroded state seen
in the MFF, they must have been subject to some kind of
Earth Surf. Process. Landforms, Vol. 37, 422–433 (2012)



Figure 11. The transition from recognizable aeolian bedforms to degraded terrain. (a) A patch of fresh aeolian material (black arrow), interpreted to
be eroding from the knob at center right, is superposed on older, indurated bedforms with subdued crests (white arrow) (Portion of HiRISE image
PSP_009398_1685). (b) A sketch map outlining the units discussed in (a).

Figure 12. (a) Network and linear TARs (black arrow) are often seen
in association with ‘facets’ with an identical pattern and wavelength
(lower white arrow). In this case smooth-topped yardangs are
surrounded by faceted terrain and TARs. The smooth surfaces of
the yardangs are interpreted to be characteristic of the bedrock, while
the faceted terrain is likely to be a secondary morphology created by
the induration and subsequent scouring of depositional TAR networks.
Portion of HiRISE image PSP_004216_1730. (b) Distinct complex TARs
(black arrow) grade into complex terrain/bidirectional yardangs (white
arrow) (Portion of HiRISE image ESP_017098_1745).

igure 13. Possible end-member bedforms. (a) ‘Network’ faceted
rrain with a similar pattern and wavelength to network dune fields
lsewhere in the Medusae Fossae Formation (portion of HiRISE
SP_001446_1790). (b) ‘Linear’ faceted terrain with a similar pattern
nd wavelength to linear or transverse dune fields elsewhere (portion
f HiRISE image PSP_008962_1785). (c) Due to the rough terrain,
eolian scours and notches (arrows) can form because of the complex
ow of wind over the surface, eventually rendering the original
AR-covered surface difficult to recognize as an originally depositional
ndscape. Small craters could also initiate erosion (portion of HiRISE
age PSP_010083_1775).
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induration process which was able to strengthen them so that
they no longer migrate under moderate wind velocities. On
the basis of our observations, the induration process taking
place in the MFF has allowed MFF TARs to survive long enough
to become degraded and cratered, a somewhat rare occurrence
on other parts of Mars. This suggests that either the mode of
induration taking place in the MFF yields more resistant
surfaces than elsewhere on Mars, or that the TARs formed and
became indurated at an earlier time than aeolian bedforms
(TARs and sand dunes) elsewhere on Mars.
The mode of induration of these deposits is as yet unknown,

though there are several induration processes known or
Copyright © 2011 John Wiley & Sons, Ltd.
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Figure 14. End-member terrains. a) Bidirectional yardangs, which
could be formed from the erosion of indurated network TARs (portion
of HiRISE image PSP_007763_1805). (b) Swirling, discontinuous layers
in a yardang, possibly indicative of the variable dip of bedding typical
of an aeolianite (portion of HiRISE image PSP_009464_1695).

Figure 15. A comparison of (a) the Navajo Sandstone in Utah, USA
with (b) an MFF yardang face on Mars. Note subtle layering and joint-
ing in both cases. (a) Digital Globe image from Google Earth, image
catalog number 101001000407DA02, taken 02/04/05, lat: 37.22N,
lon: 112.89W. (b) Portion of HiRISE image ESP_017534_1690.
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hypothesized to exist on Mars. The coarse-grained ripples
studied by the Spirit Rover were described as covered in dust
and having a crust (Sullivan et al., 2008). Dust could inhibit
Copyright © 2011 John Wiley & Sons, Ltd.
movement of coarse-grained ripples because it is less easy to
loft than slightly larger particle-sizes (Bagnold, 1941; Greeley
and Iversen, 1985). Chemical cements such as calcrete, sil-
crete, alcrete, gypcrete, ferricrete, or sulfate compounds have
been suggested as the means of induration at work in inverted
terrain on Mars (Pain et al., 2007). These types of cementing
agents are commonly found in duricrusts in the tropical and
arid zones of Earth (Desen and Peterson, 1992) and could also
be a means of indurating the MFF TARs. It has been proposed
that sedimentary silica could be important on Mars, weathering
from the non-quartz portions of basaltic rocks or from volcanic
glass (McLennan, 2003). Further orbital and surface exploration
and analysis of the MFF is necessary to identify the most likely
candidate induration processes and materials.

Whether they are long-wavelength ripples or transverse dunes,
TARs are most likely composed of either sand-sized particles
(0.062.5–2 mm) or coarse granules (2–4mm) (Wentworth,
1922). The presence of yardangs suggests that the sand-sized or
granule particlesmust be coherent and durable enough to abrade
at least the yardang troughs. The presence of TARs thus implies
that the MFF is made up of a significant portion of sand or gran-
ule particles. Large quantities of sand would suggest a proximal
source for major components of the MFF, as sand cannot be
transported as far from its source as dust can.
Conclusions

Numerous indurated and eroded transverse and networked
aeolian ridges have been documented within the equatorial
Medusae Fossae Formation. Cratered dunes and TARs are sel-
dom seen elsewhere on Mars, an observation that we interpret
to mean that these particular TAR-like bedforms in the MFF
have been inactive for much longer than TARs and dunes found
elsewhere. The presence of indurated and eroded bedforms in
the MFF supports the hypothesis that the Medusae Fossae has
undergone multiple cycles of erosion. This hypothesis suggests
that a large part of the MFF in its present configuration is likely
to be composed of secondary and tertiary deposits derived
from erosion, reworking and redeposition of the MFF. This
interpretation is consistent with the many ambiguous strati-
graphic relationships found within the MFF that suggest erosion
and reworking (Kerber and Head, 2010). This hypothesis is
also consistent with the wide variety of deposit and feature
morphologies present in the MFF and the tendency for one type
of terrain to grade into another (for example, small changes in
wind regime and particle availability could make the difference
between a sea of network TARs, ‘faceted’ terrain, and bidirec-
tional yardang terrain). In this context, the age of any particular
region of the MFF would reflect only its particular stage in the
recycling process, rather than its absolute age of emplacement.
The young Amazonian crater age of the MFF (Scott and Tanaka,
1986; Greeley and Guest, 1987; Werner, 2006) is thus inter-
preted to be a crater retention age (Schultz and Lutz, 1988;
Schultz, 2002; Kerber and Head, 2010) rather than a formation
or original emplacement age. Evidence from MFF stratigraphic
relationships with Hesperian-aged lava flows (Kerber and
Head, 2010) suggest instead that the formation age of the
MFF is at least as old as Hesperian (a period lasting between
3.5Ga and 3.4 to 2.0Ga; Hartmann and Neukum, 2001).

Fundamentally, the use of morphological and stratigraphic
clues to determine the formation mechanism of the MFF
depends on the assumption that these traits are related to the
primary emplacement of the formation. For example, the
presence of MFF material stratigraphically above a given lava
surface implies that the MFF was deposited there after the
lava cooled, but it does not necessarily guarantee that it was
Earth Surf. Process. Landforms, Vol. 37, 422–433 (2012)
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deposited there by its primary emplacement mechanism (it may
have been merely redistributed by the wind). Similarly, mor-
phological features present in the deposit, including the
appearance of jointing and layering, may provide important
information about the original formation, emplacement and
induration mechanisms for the MFF. However, our data suggest
that such features could also have been created during subse-
quent modification of the deposit. We conclude that it is highly
likely that much of the surface of the MFF as it is seen today
does not reflect the conditions of its primary emplacement.
The variety in degradational states observed in MFF TARs
suggests that TAR formation, induration, and degradation is a
significant and ongoing process within the formation.
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