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The 27.2 km diameter Tooting crater is the best preserved young impact crater of its size on Mars. It
offers an unprecedented opportunity to study impact-related phenomena as well the geology of the
crust in the Amazonis Planitia region of Mars. For example, the nearly pristine condition enables the
partial reconstruction of the sequence of events for crater formation, as well as facilitates a comparison to
deposits seen at the Ries crater in Germany. High-resolution images taken by the High Resolution Imaging
Science Experiment (HiRISE) and Context Camera (CTX) on the Mars Reconnaissance Orbiter spacecraft
have revealed a wealth of information on the distribution of features within the crater and beyond the
rim: a large central peak, pitted material on the floor and terrace blocks, lobate flows interpreted to be
sediment flows, impact melt sheets, four discrete layers of ejecta, and an asymmetric secondary crater
field. Topographic data derived from the Mars Orbiter Laser Altimeter (MOLA) and stereo HiRISE and CTX
images show that the central peak is ∼1100 m high, the lowest point of the crater floor is 1274 m below
the highest part of the rim, and the crater rim has ∼600 m of variability around its perimeter. Layering
within the cavity walls indicates ∼260 m of structural uplift of the target material, which constitutes ∼35%
of the total relief of the rim. Abundant evidence is found for water flowing down the cavity walls, and
on the surface of the ejecta layers, both of which took place sometime after the impact event. Thickness
measurements of the ejecta layers reveal that the continuous blanket is remarkably thin (∼3–5 m) in some
places, and that the distal ramparts may be ∼60 m high. Crater counts made on the ejecta layers indicate

a model age of <3 Ma for the formation of Tooting crater, and that the target rocks have a model age of
∼240–375 Ma. It is therefore possible that this may be the source of certain basaltic shergottite meteorites
ejected at ∼2.8 Ma that have crystallization ages which are comparable to those of the basaltic lava flows
that formed the target materials for this impact event. The geology and geomorphology of Tooting crater
may help in the interpretation of older large impact craters on Mars, as well as the potential role of target
volatiles in the impact cratering process.
. Introduction

Impact craters on all planetary bodies provide crucial informa-
ion on the subsurface structure of the target material, as well as
nsights into the cratering process (Melosh, 1989). In the case of

ars, the three-dimensional structure of a crater is particularly
mportant as it may provide evidence for spatial or temporal vari-
tions in the distribution of volatiles at depth at the time when the
rater formed. However, one particularly challenging task has been
o determine the inter-play between the products of the cratering

vent (impact melt, ejecta, and the sediments that are produced
uring the impact event), and the physical state (solid or liquid)
f any volatiles that may have existed within the target rock at
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the time of crater formation (Kieffer and Simonds, 1980; Osinski
et al., 2008). The identification of the duration and relative timing
of the events during the formation of the crater is also important,
including the formation of impact melt and sediment flows (Morris
et al., 2010), ejecta emplacement (Barnouin-Jha et al., 2005; Baloga
et al., 2005), and the hydrothermal properties of the crater cavity
(Abramov and King, 2005).

Since the earliest days of the Viking Orbiter missions, analysis of
the lobate deposits surrounding many Martian impact craters has
suggested the presence of water or ice within the top kilometer or
more of the crust at the time of crater formation (Head and Roth,
1976; Carr et al., 1977; Gault and Greeley, 1978; Mouginis-Mark,
1979, 1987). The terms “rampart crater” and “multi-layered ejecta

craters” have been used to describe these craters (Mouginis-Mark,
1978; Barlow et al., 2000). Details of ejecta emplacement have also
been studied, particularly in the context of understanding the rhe-
ology of the flows and the flow process (Woronow, 1981; Baloga

dx.doi.org/10.1016/j.chemer.2011.12.001
http://www.sciencedirect.com/science/journal/00092819
http://www.elsevier.de/chemer
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t al., 2005), and the possible insights that the physical and spec-
ral properties of the ejecta blankets may provide about the target

aterials (Ivanov, 1996; Stewart and Valiant, 2006; Baratoux et al.,
007; Black and Stewart, 2008).

By studying the best preserved examples of Martian impact
raters, several questions can be addressed that are of importance
or the analysis of the thousands of older, morphologically-
egraded craters. For example, are the fluidized ejecta patterns
een around most fresh Martian craters due to impact into sub-
urface volatile reservoirs, to the interaction with the thin Martian
tmosphere, or to a combination of these processes? Two models
xist to explain the origin of the lobate ejecta morphologies: impact
nto, and subsequent vaporization of, subsurface volatiles (Carr
t al., 1977; Gault and Greeley, 1978; Mouginis-Mark, 1979, 1981)
r ejecta entrainment into the thin Martian atmosphere (Schultz
nd Gault, 1979; Barnouin-Jha and Schultz, 1998). Analysis of the
reshest craters on Mars may permit the unraveling of the role of
he target properties in the emplacement of the ejecta blanket. In
his instance, near-pristine crater morphology may help to identify
egions that have contained, or still contain, volatiles. Differences in
eologic materials may also affect the formation and distribution of
pecific types of impact craters (Mouginis-Mark, 1979), in part con-
rolling the size of central peaks and specific flow patterns within
he ejecta layers. It is possible that the morphometric properties
f Martian impact craters vary with latitude, terrain, or elevation,
ither because of spatial variations in the distribution of volatiles, or
ue to different mechanical properties of the target rocks; detailed
nalysis of the distribution of these craters qualitatively confirm
hese spatial variations (Mouginis-Mark, 1979; Barlow and Perez,
003), but to date no detailed quantitative analysis of the morphol-
gy of individual impact craters has been conducted.

It has been postulated that volatiles lay within target rocks when

ost impact craters formed on Mars (Carr et al., 1977; Mouginis-
ark, 1987; Barlow and Perez, 2003; Osinski, 2006; Black and

tewart, 2008). Many of the lobate ejecta layers from these craters
ave been hypothesized to have been mobilized by water or ice

ig. 1. (a) Overview of Tooting crater, showing the locations of Figs. 16–21 and 23. Mosa
eologic map of Tooting crater, mapped at a scale of 1:200,000, by Mouginis-Mark (subm
mie der Erde 72 (2012) 1–23

contained within the ejecta during the excavation of the crater
cavity (Greeley et al., 1980). But little evidence has to date been
presented to confirm that the top-most kilometer or two of the
target rock contained liquid water or ice, particularly in the mid-
latitudes, although water ice has been found at a few centimeters
depth at the Phoenix landing site (Mellon et al., 2009) and detected
at very shallow depth (<2 m) from small craters that have formed
during the past few years (Byrne et al., 2009).

Few large (>25 km diameter) impact craters are sufficiently
young that details of the original morphology and geometry of
the crater can confidently be determined. In the case of the Moon,
the 92 km diameter crater Copernicus has often been taken as
an archetypical fresh crater, with detailed mapping of the crater
cavity (Howard, 1975; Howard and Wilshire, 1975) revealing con-
siderable information on the structure of the crater, as well as
the distribution of impact melt. On Mars, Tooting crater (23◦15′N,
207◦45′E; Fig. 1) is one of the very small group of very fresh large
impact craters (Mouginis-Mark and Garbeil, 2007; Hartmann et al.,
2010), has a mean diameter of 27.2 km, and has a wide array of
geomorphic units preserved on the crater rim, inner wall units,
and floor. These units include probable impact melt sheets and
sediment flows (Morris et al., 2010), and extensive areas of pitted
terrain on the floor (Mouginis-Mark and Garbeil, 2007). The origin
of the sediment flows in Martian craters is enigmatic, with possi-
ble origins including either dry or wet sediment flows (Lanza et al.,
2010; Morris et al., 2010).

In this review article, we will demonstrate that the materials
surrounding Tooting crater reveal a wide diversity of emplacement
processes, including fluid flow (i.e., water leaking out of the crater
cavity) from the near-rim deposits and diverse styles of surface
flow of the ejecta layers. (Note: in addition to the figures repro-
duced in this printed form, additional illustrations are provided in

the on-line supplement, and are denoted as “Fig. S” in the text.
The locations of all of the supplemental figures are provided in
Figs. S1 and S2). The distal ramparts of these ejecta layers are
remarkably well preserved, and there is an abundance of secondary

ic of THEMIS VIS images, constructed by Ryan Luk of Arizona State University. (b)
itted for publication).
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Fig. 1.

raters that extend to radial distances in excess of 540 km (∼40
rater radii) from the rim crest. Through the efforts of the High
esolution Imaging Science Experiment (HiRISE), Context Camera
CTX), and Thermal Emission Imaging System (THEMIS) Imaging
eams, the crater has been extensively imaged, with almost com-

lete coverage of the crater cavity obtained at a spatial resolution
f 25 cm/pixel. We present here many new observations based
pon these images, which have permitted formal geologic map-
ing of the crater cavity and ejecta layers at a scale of 1:200,000
nued.)

(Mouginis-Mark, submitted for publication), as well as preliminary
mapping at scales of 1:5000, 1:10,000 and 1:25,000. These obser-
vations include the identification of pitted terrain on the floor and
terraces, abundant evidence for the flow of water soon after the
impact event, and the production of impact melt. Topographic data,

derived from the Mars Orbiter Laser Altimeter (MOLA) and digital
elevation models (DEMs) from stereo images, provide new insights
into the thickness of the ejecta blanket, the magnitude of struc-
tural uplift of the rim, and the geometry of the distal ramparts.
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Fig. 2. Images showing the location of Tooting crater to the west of Olympus Mons
volcano (a). Black box delineates location of lower image. In (b), the very flat terrain
surrounding the crater can be seen. Arrows point to Tooting crater. Contours give
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ollectively, these observations enable older impact craters on
ars to be further interpreted in the context of impact-induced

ydrothermal activity (Rathbun and Squyres, 2002; Abramov and
ing, 2005; Barnhart et al., 2010) and the modification of the crater
avity. We also briefly consider the idea that this crater may be a
ource of some of the SNC meteorites (Wood and Ashwal, 1981;
ouginis-Mark et al., 1992; Treiman, 1995; McSween et al., 1996;

ring et al., 2003; Hamilton et al., 2003; Tornabene et al., 2006) and
ompare its morphology to that of the terrestrial Ries impact crater
Hörz et al., 1983; Osinski et al., 2004; Kenkmann and Schonian,
006). We conclude with a discussion of how the interpretation
f older impact craters on Mars may be improved by this greater
nowledge of the pristine geology and geometry.

. Geographic setting and crater geometry

Tooting crater was formally named in 2005 by the International
stronomical Union. This name derives from the town of Tooting

n South London, England (where the lead author of this paper was
orn). Tooting was first described in a Saxon charter dated a.d. 675,
hen it was called “Totinge”. It was also mentioned in the Domes-
ay Book in 1086. “Tooting” comes from the name of the Saxon Tota
nd follows the old English custom of adding “ing” (which means
the people who lived at”) to the person’s name. Thus “Tooting”
iterally means “The home of Tota’s people”.

Tooting crater (23◦10′N, −152◦10′E) formed on virtually flat lava
ows within Amazonis Planitia (Fig. 2) where there appear to have
een no other major topographic features prior to the impact. The
rater formed in an area∼185 × 135 km in size that is at an elevation
etween −3870 m and −3874 m relative to the MOLA Mars datum
Smith et al., 1999). This fortuitous situation (i.e., bland, horizontal
arget) means that the geometry of the crater and the thickness of
he ejecta blanket can be accurately determined by subtracting the

ean elevation of the surrounding landscape (−3872 m) from the
ndividual MOLA measurements across the crater. Thus, for the first
ime, it is possible to measure the amount of structural uplift of the
re-existing target material within the walls of the crater cavity,
stimate the absolute ejecta thicknesses with reasonable accuracy
or a fresh multi-layered impact crater on Mars, as well as measure
he radial decrease of thickness as a function of distance away from
he rim crest (Mouginis-Mark and Garbeil, 2007).

Tooting crater (Fig. 3) is very young in comparison to other
orphologically fresh large craters on Mars such as Hale crater

∼120 × 150 km diameter) (Jones et al., 2011) and appears to be
omparable in age to the smaller (∼10 km diameter) crater Zunil
McEwen et al., 2005). Mouginis-Mark and Garbeil (2007) inspected
0 THEMIS VIS images and found a total of 13 superposed impact
raters in the diameter range 54–234 m (i.e., 3–13 THEMIS pixels)
n the ejecta blanket, which has an area of ∼8120 km2. Using the
nal 2004 iteration of the Martian crater-count isochron (see Table
in Hartmann, 2005), this gave an approximate age that is most

ikely less than 2 Ma. We have now performed more detailed crater
ounts both on the ejecta layers (using HiRISE data) and on the
urrounding Amazonian-age lava flows (using CTX data) to derive
etter age estimates. We mapped all impact craters in an area of
00 km2 using CTX image P22 009687 2004 XN 20N155W. A total
f 398 craters in the diameter range 60–1098 m were identified.
or these ejecta layers, mapping was conducted on HiRISE frames
SP 007116 2035, PSP 007116 2035 and ESP 017625 2040. The
rea mapped was 36.887 km2. A total of 206 craters in the diameter
ange 10.0–60.0 m were identified. The cumulative crater counts

and associated error bars) for the ejecta blanket are presented
n Fig. 4, and the locations where these crater counts were col-
ected are shown in Fig. S3. Based upon the modeling of Hartmann
nd Neukum (2001) and Ivanov (2001), the size-frequency curves
elevations in meters referenced to the MOLA datum of Smith et al., 1999. Base images
are shaded relief renditions of MOLA 128th-degree digital elevation model, with the
illumination from the south.

indicate an age of ∼2.9 Ma ± 0.3 Ma for Tooting crater, and
240–375 Ma for the pre-impact surface (i.e., the Late Amazonian-
age lava flows surrounding the crater; Scott and Tanaka, 1986).
This target material is, therefore, well within the age range (from
<100 Ma to a few 100 Ma) of volcanic surfaces identified by Hauber
et al. (2011) that lie to the east of Olympus Mons.

Hartmann et al. (2010) gave an older age (of at least a few
million years) by counting craters on a small segment of one ter-
race block and unspecified areas of the ejecta blanket. This block
does not, however, mimic the crater distribution observed upon
the much larger total surface area, and widely distributed sample
areas of undisturbed ejecta deposits identified in Fig. S3. We there-
fore believe that the ejecta layers are much more representative
and far less cratered than the small areas studied by Hartmann et al.

(2010), so that the age of Tooting crater is much more consistent
with an age of ∼2.9 Ma.

Using individual MOLA shots co-registered with THEMIS VIS
images, Mouginis-Mark and Garbeil (2007) were able to measure
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Fig. 4. Cumulative size/frequency distribution of small craters on several segments
of the ejecta layers. Also shown are crater counts for the lava flows to the SW of
the crater, beyond any of the secondary craters produced by the ejecta. Error bars
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ig. 3. Close-up view of the cavity, showing the locations of Figs. 7, 8, 10, 12, 14
nd 15. CTX image P01 001538 2035.

he depth, rim height, and azimuthal variation in rim height.
ince this study, we have produced a DEM from a stereo pair of
TX images (frame numbers P01 001538 2035 XI 23N152W and
03 002158 2034 XI 23N152W) that allows a more complete anal-
sis of the geometry of the crater (Figs. 5 and S4), as well as an
nvestigation of the rim crest topography (Fig. 6). The cross-section
hrough the cavity (Fig. 5) reveals that the lowest point on the
outhern floor is at −5146 m, and the lowest point on the north-
rn floor is at −4954 m, relative to the MOLA datum of Smith et al.

1999). These values are lower than the comparable elevations
dentified by Mouginis-Mark and Garbeil (2007) from individ-
al MOLA profiles that cross the crater floor (i.e., −5125 m and
4934 m, respectively), and mean that the crater floor is 1274 m

ig. 5. Topographic profile A to B through the cavity of Tooting crater, derived from CTX
rofile, which has a “rim” that is 290 m high (at “x”). This terrace bench is ∼865 m above th
he northern floor. Vertical exaggeration is 2.6. Elevation is relative to the MOLA datum o

ig. 6. Topography around the rim crest. Elevations are relative to the surrounding terra
1999). Compass bearings indicated by “W” (west), “S” (south), “E” (east) and “N” (north)
expressed as the square root of the number of craters measured in each diameter
range. See Fig. S2 for locations of the areas measured.

below the surrounding terrain in the southern floor, and 1082 m
below the surroundings in the northern floor. There is a terrace
bench on the left side of the profile, which has a “rim” that is 290 m
high. This terrace bench is ∼865 m above the northern crater floor
and the southern floor is ∼190 m below the northern floor.

Using the CTX DEM, we find that the minimum rim elevation
is 347 m, and the maximum elevation is 951 m, which exceed the
earlier minimum and maximum values (386 m and 893 m, respec-

tively) estimated from MOLA shots taken across the rim crest
(Mouginis-Mark and Garbeil, 2007). Taking 27.2 km as the diam-
eter, the rim height/crater diameter ratio of the crater therefore

DEM (see Fig. S2 for profile location). Note the terrace bench on the left side of the
e northern crater floor (“y”). Also note that the southern floor (“z”) is ∼190 m below
f Smith et al. (1999).

in, which is at an elevation of −3872 m relative to the MOLA datum of Smith et al.
. Vertical exaggeration is ∼18.7×.
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Fig. 7. Oblique view from above the south rim, looking north towards the central
peak complex. Point “a” is at an elevation of −3991 m relative to Mars datum (Smith
et al., 1999), and point “b” is at −5101 m. The width of this part of the hummocky
P.J. Mouginis-Mark, J.M. Boyc

aries from 0.013 to 0.039. The CTX DEM confirms that the southern
nd southeastern segments of the rim have the highest elevations
nd the lowest points are on the northwestern rim. The maxi-
um depth/diameter ratio, as measured from the highest point

n the rim to the lowest point of the floor, is ∼0.082. The minimum
epth/diameter ratio is 0.039.

. Geology of Tooting crater

Through the collection of almost complete HiRISE (25 cm/pixel)
nd CTX (6 m/pixel) image coverage, it has been possible to study
he morphology of the crater and its ejecta blanket at an unprece-
ented level. Very few other large impact craters on Mars have
een imaged to this extent. The crater Zunil (10.1 km diameter) is
n exception but, because of its smaller size, it does not display a
imilar wide diversity of geologic units; analysis of Zunil crater has
ocused on the distribution of the secondary craters produced dur-
ng the impact event (Tornabene et al., 2006; Preblich et al., 2007).

illiams and Malin (2008) have conducted a detailed analysis of
he sub-kilometer-scale fans in Mojave crater (60 km diameter),
nd Jones et al. (2011) have investigated the ejecta blanket of Hale
rater (125 × 150 km diameter) to try to determine if the impact
vent took place in an ice-rich crust. In none of these other inves-
igations have both the interior and exterior deposits for the same
rater been studied in detail.

Complete HiRISE coverage of the cavity permits us to produce a
ew geologic map (Fig. 1b) that allows the identification of many
orphological features not previously documented on Mars, and

eatures that have been speculated to exist based upon lower spatial
esolution images of more degraded craters. Unfortunately, Tooting
rater is located in a region of Mars that is mantled by an extensive
ayer of dust (Mellon et al., 2000; Ruff and Christensen, 2002). No
nformation is available on the thickness of the dust layer, but it
s sufficient to preclude any spectral analysis of the rocks using
ither THEMIS infrared data, or observations from the Compact
econnaissance Imaging Spectrometer (CRISM). In this section we

dentify the startling diversity of these features, focusing upon the
entral peak complex, pitted material on the floor and terraces, the
avity wall, the rim units, and the proximal ejecta blanket within
.2 crater radii from the rim crest.

.1. Central peak complex

Tooting crater has a large central peak (Figs. 3 and 7), that
easures ∼10,630 m (E–W) and 8315 m (N–S), and has a surface

rea of 37.6 km2. The HiRISE DEM reveals that the highest point
n the peak is 1110 m above the surrounding floor material, or
19 m below the pre-existing level of the target material and 768 m
elow the average rim crest elevation. These dimensions give a peak
eight-to-crater-diameter ratio of 0.041, and an average height-to-
ase ratio of 0.117. There are two strikingly different morphologic
omponents to the peak (Fig. S5): (1) a steep-sided high central
ountain with exposed layering at the peak crest, and scree slopes

n the middle and lower flanks; and (2) a lower-relief, hummocky
omponent that occurs both as extensions of the central peak
ountain and as outliers of material that appear to be partially

uried by floor materials.
Central peaks in impact craters are interpreted to be uplifted

aterials from the pre-impact surface (Melosh, 1989, p. 136),
nd are composed of deformed and fractured rocks that originally
nderlay the transient crater. In the case of fresh lunar craters, the

eaks often have compositions consistent with materials that orig-

nated from the lower crust (Pieters, 1982; Wieczorek and Zuber,
001; Cahill et al., 2009). HiRISE images of the peak show that
he central part of the peak is layered with units that could be
peak material is ∼1030 m wide. The foot of the scree slope (“c”) is at −4785 m. Notice
the fractured and pitted terrain in the foreground. Talus drapes much of the higher
parts of the peak. Part of HiRISE image PSP 002158 2035.

pre-impact lava flows (Fig. S6). Using the relationship for structural
uplift (SU) and crater diameter (D), SU = 0.086D1.03 (Cintala and
Grieve, 1998), would suggest that the central peak may have been
uplifted as much as 2.85 km; the fact that we see layering within
the peak suggests that the stack of lava flows within Amazonia
Planitia is at least ∼3 km thick, which is much thicker than can be
measured by sounding radar measurements in this area (Campbell
et al., 2008). Little evidence for the extensive deformation that is
seen within peak complexes in terrestrial craters (Ferriere et al.,
2008) can be found.

The western side of the peak complex is unusual because it dis-
plays examples of lobate flows that emanate from the peak material
(Fig. S7). To our knowledge, this type of flow has not yet been iden-
tified from any other central peak within a Martian impact crater.
The flows are ∼50 m wide and up to 2.4 km long, have narrow (<5 m
wide) raised lateral levees, and occur on slopes of ∼6–8◦. No obvi-
ous source region for these flows can be identified, nor is there any
clear reason why they developed in this area but not at any other
part of the central peak complex. The flows do, however, suggest
some form of remobilization of material originating from the cen-
tral peak, either by fluid injection or by some other process such
as seismic shaking; in either case we would have expected to have
seen a greater frequency of occurrence of the flows around the peak
complex.

3.2. Pitted material

Pitted materials (Fig. 8) within impact craters on Mars were
first recognized at Tooting crater (Mouginis-Mark et al., 2003). Our
new mapping (Figs. 1b and 9) shows that pits can be found on the
crater floor, in local topographic lows on terrace blacks (Fig. S8),
and can occur out to radial distances of 4.3 km on the exterior rim

of the crater. These pits commonly lack rims, are <50 m in diameter,
and are usually sufficiently closely spaced that they share common
walls (Fig. S9). However, in places where individual pits are found,
they often possess a low rim. Topographic information from HiRISE
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Fig. 8. Examples of pitted material on the southern part of the crater floor. See Fig. 3
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or location. The largest pits in this oblique view are ∼200 m in width. Note the raised
ims on several of these pits. Segment of HiRISE image PSP 002158 2035.

EMs reveals that the pits are usually <10 m deep (Fig. S10). The
otal surface area of pitted material, inside and outside the crater,
s ∼177 km2.

To our knowledge, there are no lunar or Venus analogs to this
itted material, nor are the Martian pits similar to the hollows iden-
ified within craters on Mercury (Blewett et al., 2011). Tornabene
t al. (2007), McEwen et al. (2007), Mouginis-Mark and Garbeil
2007), and Morris et al. (2010) have all suggested that Martian
itted materials are composed of either volatile-rich impact melt,
r are impact-generated fine-grain sedimentary deposits. These
uthors also suggested that the pits are the result of undermin-
ng by collapse of voids caused by escape of volatiles or water/ice

rom this unit. Conversely, Hartmann et al. (2010) proposed a dif-
erent origin, namely that the pits are due to sublimation. It is also
ossible that the pitted material is impact melt-rich breccia, but

ig. 9. Distribution of pitted material (shown in red) within Tooting crater. Note
he few small outliners beyond the rim crest, most notably on the northern and SW
ims. An extensive area of pitted material is also located on the large NW terrace
lock. Base image is CTX frame P01 001538 2035.
mie der Erde 72 (2012) 1–23 7

that the pits are formed by degassing of this suevite in a manner
similar to that of the Ries crater fall-back suevite.

3.3. Fractured floor material

Mouginis-Mark and Garbeil (2007) identified a polygonally-
fractured unit on the southern portion of the crater floor (Fig. S11).
This fracturing is similar in morphology to the fractures observed
within impact melt identified in lunar craters such as Tycho and
Aristarchus (Strom and Fielder, 1971), Copernicus (Howard and
Wilshire, 1975), and King (Heather and Dunkin, 2003). No frac-
turing can be identified on the northern floor, which appears to
be more mantled. The difference in floor morphology coincides
with the general depth characteristics of the crater, namely that
the fractured unit is found at the lowest points of the crater
floor (at an elevation of ∼−5130 to −5050 m relative to Mars
datum) while the northern floor is ∼200 m higher than the south-
ern floor. This elevation difference may be due to the collapse of
the two large terrace blocks (Section 3.4) that re-distributed wall
material onto the northern crater floor, burying the first-formed
materials.

3.4. Blocks on crater floor

The relative lack of crater in-fill material allows numerous floor
features to be identified that may be typical of features formed in
many similar-sized Martian craters, but that have not been previ-
ously recognized because of the higher degree of degradation that
has taken place elsewhere. We find examples of partially-buried
wall blocks (some a few kilometers in size) that are now surrounded
by the pitted material, and other blocks of probable sedimentary
origin.

Three different attributes of the floor provide insights into the
physical properties of the floor materials. First, the edges of two
isolated blocks on the floor show ample evidence for sapping of
the block (Figs. S12–S14). These blocks have relatively low relief
(<250 m) and are physically removed from the wall units, implying
that there is no source of volatiles except from within the unit itself.
They are likely to be highly fractured by the cratering event and
hence capable of easily releasing any trapped water that they may
contain. Unlike other Martian craters where it has been proposed
that late-stage rainfall associated with the volatiles took place dur-
ing the cratering event (Williams and Malin, 2008), we find no
evidence for an extensive catchment area, or for water carved chan-
nels, on the surfaces of these blocks. The material within which
the sapping appears to have occurred has a smooth morphology
but overlies bedded materials that may be remnants of a terrace
block.

A second type of block on the southern floor has a crenulated
surface with flow lobes that are ∼30–45 m thick (Figs. S15 and S16).
This block is at the base of the crater wall where possible impact
melt is located. We interpret this floor block to be an example of
remobilized impact melt that slumped down the inner wall from
the southern rim early in the rebound stage of the evolution of the
crater cavity because we can see evidence for sediment flows lying
on top of this block (see Section 3.9).

Finally, we find few examples of fault blocks on the floor, but
the clearest example is an apparent scissor-fault on western floor
(Fig. S17). This tilted block of the rim material is now buried in
the middle of the crater floor. The scarp of the block has a maxi-
mum height of ∼200 m. Inspection of the surface of this fault block
(Fig. S18) reveals layering and spur-and-gully erosion that is essen-

tially identical to the morphology of the crater rim (see Section 3.8),
suggesting that this is almost certainly a segment of the rim that
slumped towards the center of the crater cavity.
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Fig. 10. Layering within eastern wall of Tooting crater. See Fig. S19 for location.
Three distinct units can be identified in this vertical section, which is ∼590 m high
between points “A” and “B”. The exterior ejecta deposits are at the top of the image
and the rim crest is at “A”. Directly below the rim crest is a layer of bland morphol-
ogy. Between the dashed lines (dashed with cross-barbs at top, dashed with dots
at bottom) is a more dissected layer that resembles badlands topography (Fig. S20).
Below the lower dashed line is a sequence of layers, most likely the pre-impact lava
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ows that formed the target material. The lower part of the sequence of flows is
overed by talus. The box at lower right marks the location of Fig. S21. Part of HiRISE
mage PSP 007907 2035.

.5. Crater walls

The inner wall (Fig. S19) provides an outstanding opportunity to

nvestigate the rim stratigraphy of a deep (∼1850 m) impact crater
n Mars. Three distinct layers can be identified within the top 600 m
f the sequence (Fig. 10). Topmost of these layers is the rim crest,
hich has a bland morphology. Below this layer there is a more

ig. 11. Oblique view looking south at the interior of Tooting crater. The kilometer-high
ubscenes presented in Figs. S15 and S25. Base image is CTX frame P01 001538 2035, vert
ithin insert at lower left shows the large image location within Tooting crater.
mie der Erde 72 (2012) 1–23

dissected unit (Fig. S20) which has a morphology reminiscent of
badlands terrain on Earth. In the terrestrial case, “badlands” is a
landscape where softer sedimentary rocks have been extensively
eroded into steep slopes covered with loose dry soil. At Tooting
crater, we interpret this middle unit to be extensively eroded un-
stratified primary ejecta that has been sufficiently “mixed” by the
impact that it no longer preserves the target stratigraphy. Below
this badlands unit is a sequence of almost horizontal layers that are
morphologically similar to lava flows exposed in a graben at Arsia
Mons volcano (Mouginis-Mark and Rowland, 2008), and we inter-
pret the layers to be uplifted lava flows that were within the target
material prior to the impact. The top of this sequence of lava flows
is at an elevation of −3635 to −3614 m relative to the Mars datum,
which is 237–258 m above the surrounding pre-impact surface,
and thus defines the amount of structural uplift at the preserved
rim. The rim crest is at an elevation of ∼−3080 m, implying that
structural uplift is ∼30% of the total elevation of the rim crest, and
that the thickness of ejecta lying upon the uplifted target rocks is
∼550 m at this location. The lower part of this sequence of flows is
covered by talus.

At the base of the exposed lava flows, and above the talus mate-
rial, is a discontinuous outcrop of high albedo material (Fig. S21).
Repeat imaging (between April 2008 and August 2010) of this mate-
rial by HiRISE over more than one Mars year has shown that there
is no change in the outline of this bright material so that it does
not appear to be exposed ice, nor are the unit’s color character-
istics consistent with fresh ice within craters observed by HiRISE
(Byrne et al., 2009). Thus this material may be more akin to “White
Rock”, which is an enigmatic crater interior deposit with a high
albedo that may be an evaporite deposit (Williams and Zimbelman,
1994); in the case of Tooting crater, this high albedo material may
have formed by the evaporation of salt-rich fluids leaking out of the
crater wall. We have found no other outcrop of this high-albedo
material anywhere within the crater cavity.

On the eastern side of the crater, the base of the badlands unit

displays theater-headed canyons (Fig. S22) that, elsewhere on Mars,
are typically attributed to water leaking from the substrate (Laity
and Malin, 1985; Malin and Edgett, 2000). While the role of sapping
is controversial in producing such canyons on Mars (Lamb et al.,

central peak is in the left foreground. Boxes delineate the locations of the HiRISE
ical exaggeration is 1.9×. The rim rises ∼2100 m above the crater floor. Shaded area
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Fig. 12. Left: part of SW inner wall, showing location of a lobate flow. See Fig. 3 for
location. Part of HiRISE image PSP 003569 2035. Box shows location of Fig. S27.
Right: Interpretive geologic map, modified from Morris et al. (2010). “wb” wall
P.J. Mouginis-Mark, J.M. Boyc

006), the highly fragmented and fractured nature of the ejecta
nd crater wall materials make the occurrence of this process much
ore likely. We speculate that these canyons have been carved by

he release of water trapped within the ejecta where it encountered
he lava flows; aquicludes may permit water to reach the surface
t these localities (Gilmore and Phillips, 2002). Although the tem-
oral coverage of our image data sets is not as good as that for the
raters investigated by McEwen et al. (2011), we have not found
ny evidence to suggest that this water release is occurring at the
resent time. The recurring slope lineae identified by McEwen et al.
2011) are located on the equator-facing slopes, whereas the fea-
ures we have found (Fig. S23) are on the westward facing slopes.

e also find similar evidence for massive, unconsolidated ejecta
eposited on top of uplifted lava flows in the northwestern wall
Fig. S24). Headwall erosion of the rim has produced several large
>150 m diameter) pits within the topmost rim units (interpreted
o be unconsolidated ejecta), which is ∼150 m thick at this local-
ty. The base of the unit lies above a series of layers equivalent to
he lava flows shown in Fig. 10. These lava flows are ∼260 m above
he pre-impact target, almost identical to the elevation of the unit
ithin eastern wall, and hence imply a similar amount of structural
plift.

On the southern inner wall (Fig. 11), there is additional morpho-
ogic evidence of water release from the target material after the
rater formed. Some of the wall units are the source of debris that
s superposed on the pitted terrain on the crater floor and hence
ost-dates its formation, whereas in other places the chronology

s the opposite with canyons carved before pitted terrain formed
Fig. S25a and b). Slump blocks of wall material reveal episodes of
ater release, producing lobate flows that post-date the formation

f some units of pitted material (Fig. S25c and d). At higher eleva-
ions above the crater floor, braided channels with a rudimentary
endritic pattern trend downslope and appear to be carved into a
lumped block of wall material (Fig. S25e and f). In none of these
ases, however, do we see evidence for any lobate debris aprons
imilar to those that have been attributed to episodic Amazonian
lacial events (Morgan et al., 2009), suggesting that the volatile
elease involved a liquid (rather than ice) that was released soon
fter impact.

.6. Sediment flows on the inner walls

Morris et al. (2010) identified a single large, lobate, flow on the
nner wall (Fig. 12). The source region for this flow lies between two
iscrete wall terrace blocks and it is characterized by a centripetal
etwork of channels that flow toward the crater floor. The flow is
1800 m long and its width varies between ∼250 and 500 m. The
TX DEM indicates that the probable source for the flow occurs
t an elevation of ∼4600 m and the distal end of the flow is at an
levation of ∼4850 m, indicating the flow traverses a slope of ∼8◦.
he source area is ∼1500 m below the rim crest and ∼400 m above
he present-day crater floor (Figs. S19 and S26). The distal 600 m of
he flow is composed of ∼6 discrete lobes that are each ∼10–15 m
n width (Fig. S27) and stopped on a slope of ∼9◦. The distal lobes
ppear to be smooth with steep margins, prominent narrow levees
<3 m wide), and appear to have very few boulders on their surfaces.
he distal lobes do not appear to coalesce; rather, they appear to
ave progressively overridden or have been deflected by previously
mplaced distal lobes.

.7. Terrace blocks
Tooting crater experienced two major collapse events within
he cavity, forming large terrace blocks on the NW (Fig. 13) and
E inner walls of the cavity (Morris et al., 2010). Our geologic
apping of the floor material (Fig. 1b) reveals that these collapse
blocks”, “pm” pitted material, “swm” smooth wall material”, “lf” lobate flow, and
“sfm” smooth floor material.

events took place before much of the fill material was emplaced,
as shown by the lack of deformation of the pitted materials (Sec-
tion 3.2) and the embayment of segments of the eastern side of
the crater. These terrace blocks have enlarged the crater radius by
∼1.5 km, as measured radially away from the central peak. The non-
slumped diameter is 25.7 km and the NE/SW diameter is 27.5 km,
resulting in a “notch” in the perimeter of the eastern rim. There
are also terrace blocks on the southern rim (Fig. S28), but these
collapse events did not proceed to the same extent. The timing
of all of these collapse, and near-collapse, events is discussed in
Section 5.1.

3.8. Geomorphology of a heavily cratered area on the rim crest

Fig. 14 reveals a heavily cratered segment of the southern rim
crest. Unlike most segments of the rim, numerous heavily degraded
craters that are ∼20–70 m in diameter can be identified (Fig. S29).
These craters lack raised rims and have flat floors. Most revealing
is that there are a few examples of craters that have lobate flows
that originate from the surrounding rim deposits and partially in-
fill the craters (Fig. S29). The interpretation is that the flows are
impact melt, and thus the craters must have been formed very early
in the cratering process. We propose that this surface may have

been formed by fall-back that cratered the surface during crater
excavation and that subsequently this surface failed to have impact
melt emplaced upon it. Only the western and southern portions of
the rim crest display this type of secondary impact cratering.
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Fig. 13. Oblique view of large terrace block on NW wall. The flat part of terrace is ∼865 m above the crater floor (see also the topographic profile across this terrace block shown
i ), with
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n Fig. 5). Note that this terrace is tilted down towards the north (right in this image
ertical exaggeration is ∼2×.

.9. Impact melt

Morris et al. (2010) documented smooth materials with lobate
ow fronts that extend up to ∼2 km from the crater rim (Fig. 15).
here appear to be several layers of this material which have been
emobilized where the local gradient increases. Elevation measure-
ents from an HiRISE-derived DEM indicate that the local slopes

or these flows vary from 4◦ to 22◦. The impact crater density super-
osed on this smooth material is identical to the crater density
n ejecta in other locations on the crater rim, indicating that it

s all the same age (Fig. 4). This material is morphologically sim-
lar to fresh impact melt deposits identified on the Moon (Strom
nd Fielder, 1971; Guest, 1973; Bray et al., 2010). Individual flows
isplay smooth margins and lobate distal ends (Fig. 15). In some

ig. 14. This cratered segment of southern rim crest suggests that the crater rim
as heavily cratered during the terminal phase of formation of Tooting crater.

he absence of this unit elsewhere around the rim indicates that it has either
een destroyed by subsequent rim collapse into the cavity, or that the rim was
ubsequently buried by late-stage flow of the ejecta. Boxes show locations of
ig. S29a and b. See Fig. 3 for location. Part of HiRISE image ESP 014157 2035.
point “b” ∼380 m lower than point “a”. Base image is CTX frame P01 001538 2035.

instances, on slopes of ∼6–9◦, the surface of the flows is charac-
terized by folded “festoon” ridges (Figs. S30 and S31) in a similar
manner to certain thick lava flows on Earth and Mars (Fink, 1980;
Theilig and Greeley, 1986). Where the material is present on the
edge of the rim, it exhibits some degree of coherence as there are
obvious overhangs and a high degree of erosion beneath the over-
hang (Fig. S32). Fig. S33 shows a short (∼100 m long) lobate flow
comprised of this material that possessed high yield strength at the
time of emplacement, as evidenced by the boulders on its surface
and thickness. This flow is ∼7 m thick at its distal end and stopped
on a slope of ∼5◦.

3.10. Sediment flows on the outer walls

Four other types of flow, all located within 2 km of the rim crest,
occur on the southern rim or on the southern interior wall of the
crater ∼1500 m below the rim crest (Morris et al., 2010). These flow
features exhibit a range of flow morphologies, including transverse
ridges, raised levees and boulders on their surface and margins. For
example, in one 2.4 km by 2.7 km area on the southern rim between
polygonally-fractured ejecta, there is a concentration of flows that
appear to have originated as break-outs from within the hummocky
ejecta on the exterior rim (Fig. 16). The largest of these flows is
∼1260 m long and ∼225 m wide, has an average slope of ∼3◦, has
a hummocky morphology and appears to have originated directly
from collapsed terrain (Figs. S34 and S35). This flow has a central
channel that is ∼490 m long and ∼85 m across at its widest, and the
channel floor has several isolated, elongated features (longitudinal
bars) that are similar in morphology to the levees. The outer margin
of the flow is characterized by individual lobes on a scale of tens of
meters. The smooth, smaller, flows (Fig. S34) typically exhibit coa-
lescing morphologies, with enclosed in-liners of the pre-existing
surface (“kipukas”) visible within some flows. Some of the smallest

flows identified in this area by Morris et al. (2010) are of the order
of tens of meters in length and only a few meters across.

Morris et al. (2010) also identified a lobate flow on the SW outer
rim (Figs. S36 and S37). The source for this flow appears to be
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Fig. 15. (Top) Melt sheet on the southern rim. Downslope direction is towards
the bottom of the image. Box indicates location of Fig. S30. Part of HiRISE image
PSP 001538 2035. (Bottom) Interpretive map showing individual flows (shaded)
and lobate margins of what are inferred to be smaller flows. Arrows indicate the
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Fig. 16. Five examples of lobate flows on the southern rim that appear to have
formed as break-outs from within the hummocky ejecta materials on the rim. Boxes
nterpreted flow direction, and average slope (in degrees) for each of these flow
obes is indicated. Note the multiple episodes of flow movement that are indicated
y the superposition relationships of these lobes. See Fig. 3 for location.

ediments collected on the rim between massifs of ejecta that were
hen remobilized by water originating from the ejecta. Topographic
ata indicate that the flow is <6 m thick along its entire length
nd that the margins are typically 2–4 m thick (Fig. S37). The flow
ncreases in width down-slope from ∼100 m near its source to a

aximum of ∼300 m, and has a channel with well-formed levees.
t the distal end of the flow there is stratigraphic evidence indi-
ating that there were pulses of material which produced multiple
ow-fronts down-flow (Fig. S36a). The lobate margins with promi-
ent levees in the channel suggest that surges occurred during flow

ormation, similar to the observed formation of large-scale exper-
mental debris flows (Iverson, 1997; Major, 1997). Assuming that
he source of the material in the flows was comparable to that in the
djacent parts of the ejecta blanket, the main control on the result-
ng flow morphology appears to be the relative amounts of volatiles
nd sediment, the particle size distribution of the sediment, and the
nderlying topography.

. The ejecta blanket
.1. Thickness variations

Because it formed on a virtually flat sequence of lava flows,
ooting crater provides a rare opportunity to investigate the
outline the areas shown at higher resolution in Figs. S34 and S35. See Fig. 1a for
location. Part of HiRISE frame ESP 016135 2030.

geometry of the lobate ejecta layers that surround an impact crater
on Mars. A total of 24,201 MOLA shots from 90 individual orbits
lie on the ejecta blanket beyond the rim crest out to a radial dis-
tance of 64.0 km (Fig. S38). Mouginis-Mark and Garbeil (2007)
used these individual MOLA elevation measurements to calculate
the crater cavity volume (i.e., the volume of the cavity which lies
below the −3872 m datum) as ∼380 km3, and the volume of mate-
rials above the elevation of the −3872 datum to be ∼425 km3. As
described in Section 3.5, there is ∼260 m of structural uplift of the
inner wall but, because the radial decay of structural uplift from
the rim is unknown, it is not possible to calculate the total vol-
ume of the ejecta or the net decrease in the mean bulk density
of the ejecta compared with the pre-impact density of the lava
flows.

Few previous studies have investigated the radial decay of ejecta
thickness on Mars, but this most likely is related to the emplace-
ment process (Garvin and Frawley, 1998; Garvin et al., 2003; Baloga
et al., 2005; Barnouin-Jha et al., 2005; Mouginis-Mark and Baloga,
2006). The radial extent of the flow, the sinuosity of the distal
margin, and the height of the distal rampart, may all be related
to the degree of fluidization of the ejecta (Mouginis-Mark, 1978,
1979; Horner and Greeley, 1987; Barlow and Perez, 2003). Barlow
(1994) has also proposed that the sinuosity of the rampart mar-
gins is an indicator of the volatile content of the ejecta at the time
of its emplacement. Assuming a flat pre-impact surface and a base
elevation for the surrounding terrain of −3872 m relative to the
MOLA datum of Smith et al. (1999) allows the spatial distribution
of the thickness of the ejecta blanket to be explored. Mouginis-Mark
and Garbeil (2007) used point-by-point MOLA measurements of the
thickness of the ejecta blanket (Fig. S39), and these interpretations

can be improved with the use of a DEM derived from HiRISE stereo
images. What is surprising is that the ejecta layers are remarkably
thin; there are places where the distal layer is between 3 and 5 m
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Fig. 17. Left: Spot thickness measurements of the ejecta layer south of Tooting crater. Values derived from MOLA data, and the height values (in meters) are elevation values
relative to the −3872 m elevation referenced to the MOLA Mars datum. White box shows location of the HiRISE image presented at right. Faint lines of dark open circles mark
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he locations of individual MOLA shots. THEMIS VIS frame number V01990003. Rig
f Smith et al. (1999). HiRISE frame number PSP 007116 2035.

hick at radial distances of ∼11 km from the rim crest, and just up-
lope from the distal rampart the layer may only be ∼2 m thick
Fig. 17). The conclusion is that the majority of the distal ejecta lies
n the ramparts, and that there is only a thin veneer in much of the
utermost ejecta layer (see also Section 4.4).

.2. Flow regimes within the ejecta blanket

Four different ejecta layers can be identified (Fig. 1b) within the

jecta blanket (Mouginis-Mark, submitted for publication), which
mplies a multi-phased emplacement process. These layers are well
efined, with a scarp marking the boundary between each layer.
he thickest layers are closest to the rim (Fig. 17). In addition to
ecta thickness values from HiRISE DEM, also relative to the −3872 m MOLA datum

these four main ejecta layers, variations in surface texture can be
observed within the layers (Fig. 18), with up to four different facies
within a single ejecta layer (Fig. 19). The near radial symmetry of the
four layers suggests individual pulses of material sweeping out in all
directions from the rim crest of Tooting. The smooth facies is inter-
preted to indicate uniform flow with no relative velocity gradient
within the layer. The hummocky facies is interpreted to characterize
areas where ejecta flow over-rode pre-existing topography, most
likely created by earlier components of the ejecta given the bland

morphology of the surrounding target material. The radial facies is
found down-range of discrete topographic obstacles such as large,
partially buried secondary craters. The crenulated facies is predom-
inately found close to the perimeter of the flow where the ejecta
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Fig. 18. Example of the diverse morphologies of ejecta layers to the east of the crater rim. At left is a THEMIS VIS mosaic. At right is geologic interpretation of the different
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Vallance, 1999; Denlinger and Iverson, 2001) that the formation
of marginal ramparts is the result of flow instability that grows
jecta layers (el2 [light green], el3 [light brown], and el4 [dark brown]) and the fou
aterial, and the open circles denote buried secondary impact craters. See Fig. 1a fo

ayer had continued to flow after the distal rampart had formed,
ausing a general disruption to the layer surface.

Mapping of the layers and facies within the ejecta blanket does
ot reveal a mechanism of proximal transformation from ejecta
xcavation to overland flow close to the rim, but conceivably this
rocess might have involved the collapse of steeply ejected volatile-
ich target material or ballistic ejection of fluidized slugs (e.g., Gault
nd Greeley, 1978; Melosh, 1989). There are nevertheless morpho-
ogic similarities between the radial facies and the striations seen
n certain terrestrial landslides (Shreve, 1966, 1968; McSwaveney,
978). Once a ground-hugging flow is established, it is considered
o have a well-defined thickness that may vary with distance and
ime. It is possible that there could be many types of particulate
nd fluid exchanges between the flow and the preexisting sub-
urface (Barnouin-Jha et al., 2005), and/or interactions with the
mbient atmosphere similar to those discussed in connection with
ortex-ring propagation (Barnouin-Jha and Schultz, 1996, 1998).
egardless of the details of the process, the morphologic evidence
uggests that viscous flow often appears to start from close to the
rater rim, but can also occur at greater radial distances where some
orm of inner ejecta layer is present.

An unusual block of material 1.3 × 2.4 km in size can also be
een on the western rim of the crater (Fig. S40). The scarp face of
his block is ∼250 m high and layering in the crest of the block is
ery similar to that observed on the crater rim crest. This block
s enigmatic because it is the only example around the perimeter

here a large segment of the rim crest was physically separated
rom the rim. No structural features (faults, graben, etc.) appear to
e associated with the block, so that it is probably not an uplifted
lock. Similarly, no slide marks, deformation features, or landforms

ndicative of material flow around the block can be seen, so that our
referred interpretation is that the block was emplaced early in the
ormation of the ejecta blanket and is simply a coherent piece of the
avity that was ejected beyond the rim crest. No late-stage ejecta

an be found at the crest of the block, and there is no evidence for
adial erosion of the block crest by the passage of the ejecta layers.
rent ejecta facies (Mouginis-Mark, submitted for publication). At left is eroded rim
tion.

4.3. Dewatering of the ejecta blanket

Numerous landforms observed within the ejecta layers point
toward the layers being wet after their emplacement. These lay-
ers have variously been postulated to have been fluidized by target
volatiles (e.g., Carr et al., 1977; Mouginis-Mark, 1987) or the atmo-
sphere (e.g., Schultz and Gault, 1979). The clearest example of
dewatering can be found on the eastern rim (Fig. 20), where a
tilted block of ejecta ∼2.5 × 8.0 km in size faces back towards the
crater rim. A network of valleys, with the dominant direction of
flow towards the west, can be identified. In detail, these valleys
may be steep-sided and display at least two episodes of formation
(Fig. S41). Channels carved within the surface of the layers (Fig. S42)
also hint at dewatering of the ejecta after it came to rest. Addi-
tional evidence for the ejecta containing water after it came to rest
includes sediment fans (Fig. S43), which are inferred to have formed
from the surface flow of water at the edges of distal ramparts.

4.4. Geometry and morphology of distal ramparts

Since the earliest days of data analysis during the Viking Orbiter
missions (Carr et al., 1977) the distal rampart at the margins of
the fluidized ejecta layers have been inferred to have formed as a
result of flow of the ejecta across the surface. The origin of ejecta
ramparts is controversial (e.g., Schultz, 1992; Baratoux et al., 2002;
Baloga et al., 2005; Boyce et al., 2010). However, it is clear that these
are primary flow features that resemble ramparts at the termini of
geophysical mass movements such as landslides and debris flows
and those found in some laboratory granular flow experiments, as
well as in numerical modeling. Consequently, terrestrial landslides
may offer a valuable analog to the ramparts. There is considerable
evidence (Savage and Hutter, 1989; Iverson, 1997; Pouliquen and
from a high-friction band of coarse particles that naturally accumu-
lates at the propagating flow margins of landslides and debris flows
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Fig. 19. Comparison of flow morphology for four different segments of the ejecta layers, showing the remarkable diversity in flow properties. All images have been rotated
so that the flow direction is towards the top. (a) Crenulated facies where the ejecta piled up against an obstacle. (b) Smooth facies where, presumably, the flow was laminar.
(c) Radial facies where streamers extend away from a buried secondary crater. (d) Hummocky facies that may form as ejecta moved over undulating basal topography. Top
left frame HiRISE image PSP 007116 2035, other three images are from HiRISE frame ESP 017625 2040. See Fig. 1a for locations.
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Fig. 20. On the SE exterior wall, a large segment of the exterior rim material displays numerous valley networks that suggest dewatering of the ejecta, with water flow
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owards the left of this image. The scarp (denoted as the dark green unit) is ∼100 m
t right is a geologic sketch of the main units identified in this area. Box indicates th

i.e., gravity-driven, thin flows of poorly sorted, wet, or dry cohe-
ionless fragmented debris). Because the largest particles in natural
rain flows are commonly more angular, as well as more massive,
he coarse mixture of grains at the front of the flow has greater
oulomb friction than the finer grain debris that follows behind.
s a result, this band of coarse particles tends to slow the flow and

s pushed forward and up into a ridge from behind by the moving
ody of finer particles. The thermal inertia observation of Baratoux
t al. (2005), and high block density reported by Barnouin-Jha et al.
2005) and Boyce et al. (2010) associated with Martian crater ram-
arts support this model.

By virtue of the preservation of the ejecta blanket, details of the
opography and morphology of the distal rampart can be identi-
ed (Figs. 21, S44 and S45). The HiRISE-derived DEM indicates that
he distal ramparts can be ∼60 m high (Fig. S44), comparable to the
eights of ramparts measured at other multi-layered ejecta craters
Mouginis-Mark and Baloga, 2006). Rampart widths, as measured
n the radial direction away from the parent crater, are more dif-
cult to measure accurately because a large degree of subjectivity
nters into the determination of the rampart extent in the image

ata (Baloga et al., 2005). The outer slope of the rampart is quite
teep (∼25◦), so it is relatively easy to identify the distal extent.
owever, the inner slope is much shallower (∼5◦), so it is much
arder to ascertain the location at which the deposit begins to
t the top of image and ∼200 m high at bottom of image. At left is the HiRISE image,
a shown in detail in Fig. S41. See Fig. 1a for location. Part of PSP 007907 2035.

ramp up to form the rampart, due to the illumination geometries
of the surfaces under study. From the mapping of Mouginis-Mark
(submitted for publication), the total surface area of the ramparts
is 1147 km2. We note that there are numerous “radial ramparts”
within the ejecta layers, particularly in the NW segment of the
ejecta blanket (Figs. 21 and S45). These radial ramparts have not
been discussed in the literature before, but their dimensions and
locations likely provide useful information on the manner in which
the ejecta flows deposited material as they decelerated.

Baratoux et al. (2005) identified a systematic temperature
increase at night at the edge of the ramparts that is most likely
related to a particle size distribution inherited during the emplace-
ment of the ejecta layers. A kinetic sieving process akin to that
observed in naturally-occurring flows such as volcanic pyroclas-
tic flows was proposed as responsible for the temperature increase
(Baratoux et al., 2005). They also suggested that the ejecta mor-
phologies having a less sinuous outline may have experienced a
more efficient sorting of particles and this implies a lower volatile
concentration. However, due to the pervasive coating of dust, it is
not possible to collect good thermal inertia data for Tooting crater.

Qualitatively, nighttime THEMIS IR data show that the distal ram-
parts are relatively warm, but no estimate can be derived for the
block distribution within the ramparts compared to the rest of the
ejecta layers.
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Fig. 21. Ejecta layers NW of crater. (a) THEMIS VIS mosaic, red box indicates coverage of image at bottom. (b) Part of the geologic map of Mouginis-Mark (submitted for
publication), showing same area as in “a”. (c) Details showing the streamers of “crater clusters” that do not appear to be secondary craters, but that cross the ejecta layers
and the distal ramparts. Their mode of origin is unknown. Part of HiRISE image ESP 016346 2040.
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Fig. 22. Distribution of secondary craters from Tooting crater, as identified from
18 m/pixel THEMIS VIS images. White dots denote areas where secondary crater
chains have been identified, and black dots denote THEMIS VIS images that show
that secondary craters are not present. Note the strong asymmetry in secondary
crater distribution, with the majority of ejecta distributed to the NE of the crater.
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Fig. 23. Top: Example of secondary craters over-run by lobate ejecta layers. Direc-
tion of flow is towards lower right of image. See Fig. 1a for location. Bottom:
Interpretive sketch of image at top. Open dots indicate secondary craters that are
hite rectangles denote areas shown in Figs. S47 and S48. Base map is a shaded
elief image of the area, derived from MOLA 128th-degree DEM with illumination
imulated from the right.

The ramparts display a morphology that is probably associ-
ted with a process that operated once the ejecta came to rest.
any pits occur at crests of distal ramparts (Fig. S46). These pits

re <30 m diameter, are approximately circular in plan-form, and
ccur in closely-packed clusters often containing a dozen or more
its and appear to be collapse features. We interpret these pits to
ave formed by collapse since they lack rims or secondary ejecta,
hereby discounting the idea that they are either secondary craters
r explosion craters.

.5. Secondary crater distribution and morphology

By virtue of the young age of the impact (∼2.9 Ma; Fig. 4), sec-
ndary craters from Tooting crater are easy to identify (Fig. 22). We
ave used all the THEMIS VIS images available through December
010 to map the distribution of secondary craters. We identify
istal secondary craters using the same criteria developed for the
oon (Guest and Murray, 1971; Oberbeck and Morrison, 1973) and

ther Martian craters (Tornabene et al., 2006; Calef et al., 2009). In
ddition, 315 subdued pits >200 m in diameter have been mapped
Mouginis-Mark, submitted for publication) within the ejecta lay-
rs, and are interpreted to be buried secondary craters (Fig. 23).
hese buried secondary craters occur as close as 8.3 km to the
im crest, and typically are found within the outermost two ejecta
ayers.

Because of the large number of secondary craters observed in
ome localities, we have used the presence/absence of secondary

raters within individual THEMIS VIS frames to map out the gen-
ral distribution of the ejecta (Fig. 22). A typical set of secondary
raters in the diameter range ∼100–300 m is illustrated in Fig. S47,
hich is located ∼110 km from the rim crest. The maximum range
partially buried, and closed dots indicate unburied secondary craters. Black lines
denote boundaries of ejecta layers. THEMIS image V05710012.

of identifiable secondary craters is ∼500 km (∼36.0 radii from the
rim crest) in a NE direction and ∼465 km (34.1 radii) in a NW direc-
tion. In contrast, secondary craters are only identifiable ∼215 km
(15.8 radii) to the SE and 225 km (16.5 radii) to the W. Significantly,
in view of the possible oblique impact from the SW proposed by
Morris et al. (2010), secondary craters can only be found out to
a radial distance of ∼40 km from the rim crest in a SW direction.
Such radial distances are appreciably less than the 1600 km iden-
tified by McEwen et al. (2005) and Preblich et al. (2007) for the
distal secondary impact craters from Zunil crater. Unlike the Zunil
secondary craters that are concentrated at distances beyond ∼16
crater radii (∼80 km) from the crater rim, the secondary craters at
Tooting crater are found at the distal margins of the lobate ejecta
flows, and we find good morphologic evidence that demonstrates

that many secondary craters were formed much closer to the parent
crater and were subsequently partially buried by the ejecta layers
(Fig. 23).



1 e / Che

t
m
b
1
t
i

f
e
o
n
t
g
H
s
e
o
t
t
p
h

4
p

T
t
e
(
i
w
T
u
i
t
a

5

i
t
b
c

5

o

S

S

8 P.J. Mouginis-Mark, J.M. Boyc

We find streamers of secondary craters that radiate away from
he crater on the western margin of the Olympus Mons aureole

aterial (Fig. S48). The aureole materials are of unknown origin
ut may possibly have been formed by thrust faults (Borgia et al.,
990) or by giant landslides (McGovern et al., 2004). In either case,
his part of the aureole materials was formed before the Tooting
mpact and show no signs of remobilization after crater formation.

Many pits, called “crater clusters” (Mouginis-Mark, submitted
or publication), occur beyond the distal ramparts of the ejecta lay-
rs. These pits (Fig. S49) take the form of closely-packed streamers
f depressions aligned radial to the parent crater and lack promi-
ent rims. In some instances, these chains of craters extend up onto
he ejecta layers and climb over the distal rampart (Fig. 21c), sug-
esting that they post-date the deposition of the fluidized ejecta.
ow these crater clusters formed is very problematic, because they

eem to be a late-stage phenomenon that occurs only on the north-
rn half of the ejecta blanket within ∼10 km of the maximum range
f the ejecta layers. Most troubling is the fact that the individual fea-
ures within the crater clusters have a similar morphology on both
he ejecta layers and the pre-existing terrain beyond the distal ram-
arts, thereby creating confusion in the interpretation of when (and
ow) these craters clusters formed.

.6. Evidence for an oblique impact from asymmetric ejecta
attern

Two lines of evidence support the idea (Morris et al., 2010) that
ooting crater formed from an oblique impact. First, the distribu-
ion of the ejecta near the rim is asymmetric, with the least volume
mplaced upon the SW rim and the greatest volume on the NE rim
Fig. S39). Secondly, the distribution of secondary craters (Fig. 22)
llustrates that the greatest ejecta range (∼500 km) is to the NE,

ith the least number of secondary craters observed to the SW.
he asymmetry of ejecta with the least material in the (presumed)
p-range direction can also be seen from the distribution of the flu-

dized ejecta layers, with the distal ramparts being closest (24.3 km)
o the crater rim in the SW direction (Fig. 1a), while the ramparts
re as far as 64.0 km from the NE rim.

. Broader implications

Because Tooting crater preserves many of the features that are
nferred to originate at the time of crater formation, it is possible
o use the observations described here to place the crater in the
roader context of impact craters on Mars, as well as investigate the
ratering process. This section explores some of these implications.

.1. Inferences about sequence of events for crater formation

We see evidence for the following chronology in the formation
f the crater and the ejecta materials:

tage 1: Following the initial formation of the crater cavity, the
central peak and fractured floor material on the south-
ern part of the crater floor appear to be the oldest
preserved landforms. We do not find any evidence that
supports vertical movement of the peak material follow-
ing emplacement of the fractured floor material or pitted
material (Fig. 7); for example, there are no small-scale
structural features (i.e., fractures or compressional ridges)
around the peak that would indicate vertical movement
after the overlying pitted material formed.
tage 2: The heavily cratered segments of the southern rim (Fig. 14)
appear to be the oldest preserved segments of the rim
crest, and probably represent the effects of fall-back ejecta
mie der Erde 72 (2012) 1–23

at an early stage of cavity formation. Where large ter-
race blocks formed, such as the “rim” of the large terrace
block on the NW side of the crater (Fig. 13), the heavily
cratered units are absent and suggest that the process of
terrace formation destroyed the heavily cratered mate-
rial. This destruction appears reasonable, given that the
topmost few hundred meters of rim topography appear
to be unconsolidated ejecta (Fig. 10). The time of forma-
tion of the heavily cratered rim relative to the formation
of the fractured floor material is unclear and could have
been contemporaneous. We also note that we see no heav-
ily cratered terrain at greater radial distances than the
southern rim; the most likely explanation seems to be
that erosion of the surface by the radial flow of ejecta has
removed the craters.

Stage 3: Large-scale terrace formation took place after the forma-
tion of the heavily cratered segments of the rim, but before
the formation of pitted material. However, because the
pitted material shows evidence that it was initially a fluid
(albeit a fairly viscous fluid) this pitted material could have
been deposited on the terrace blocks before their forma-
tion and subsequently rode the terrace blocks down to
their present location.

Stage 4: Outcrops of pitted material, as they currently appear, may
have formed over a relatively long period of time (minutes
to hours) after terrace collapse took place. We see no indi-
cators of deformation within the pitted material on the
northern floor at the foot of the large NW and NE terrace
blocks, but see evidence that this material flowed onto
the floor from the terrace blocks (Fig. S8). Pitted material
appears to be a key stratigraphic horizon for the identi-
fication of the chronology of the crater evolution, as this
material is widespread (Fig. 9), and overlies the central
peak materials, terrace benches, and the near-field ejecta
deposits. Many of the lobate flows believed to be produced
by cavity dewatering (Figs. 12 and S25) over-lie pitted
material. However, the stratigraphic relationship between
pitted material and the slumped block of impact melt
(Fig. S16) is enigmatic, with the impact melt potentially
over-riding some of the pits.

Stage 5: Impact melt was emplaced after the fall-back ejecta on the
southern rim. We find no evidence for the smooth sheet of
the material interpreted to be impact melt (Fig. 15) being
hit by high-angle trajectory secondary blocks ejected from
the parent crater. Furthermore, probable impact melt
flows can be found that partially in-fill the fall-back craters
(Fig. S29).

Stage 6: Terrace formation on the southern rim took place before
the impact melt solidified. The impact melt was still fluid
after terrace formation because the melt was able to flow
over the current topography and onto the slumped terrace
block (Fig. S28).

Stage 7: The fluidized ejecta layers were relatively slow-moving,
arriving at radial distances where secondary craters had
already formed, either partially (Fig. 23) or fully burying
these craters (Fig. 1b). However, we cannot definitively
identify the chronology of the different ejecta layers and
cannot say, for example, if the inner layer was emplaced
before or after the outermost layer. Despite their young
age, the morphology of the edges of the ejecta layers is
already too degraded to determine the stratigraphy.

Stage 8: Dewatering of the cavity walls took place at a relatively
late stage of the cavity’s evolution and took place in mul-

tiple events, with flow units produced as discrete lobes
originating from the middle elevations on the inner wall
(Figs. 12 and S27).
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tage 9: Sapping took place late in the evolution of the crater cavity,
and took place from units just above the layers inter-
preted to be uplifted lava flows within the target material
(Figs. S22 and S23) and local topographic highs on the
crater floor (Fig. S13). However, it is not clear if this sapping
is currently taking place (as has been postulated for other
craters; McEwen et al., 2011), although the low optical
albedo of the flows (due to the lack of dust cover) strongly
suggests an age much less than the age of the parent crater.

An important aspect of this sequence of events is the recogni-
ion that most of the key observations are made on the southern
ide of the crater. Only here do we see possible impact melt and
urfaces cratered by fall-back, as well as the numerous flows on
he inner and outer walls. One possible explanation for this dis-
ribution of landforms was proposed by Morris et al. (2010), who
oted that slumping of the wall to produce terrace blocks around
uch of the perimeter of the rim except on the southern segment.

hus the greater degree of preservation of the earliest landforms at
his location could be due to the lack of mega-slumping of the rim.
maller terrace blocks are found on the southern rim (Fig. S28), and
e speculate that the rugged terrain on the southern floor (Fig. S16)

ould be a slumped block with a veneer of impact melt. Large ter-
ace blocks, such as the one on the NW side of the crater (Fig. 13),
re absent in the southern part of the crater. Morris et al. (2010)
urther speculated that the southern rim did not collapse because
f a smaller volume of ejecta emplaced in this area (Fig. S39), and
hat the southern wall was able to structurally support these ejecta
ithout slumping.

.2. Tooting crater as a possible source of some SNC meteorites

Several photogeologic (Mouginis-Mark et al., 1992; Tornabene
t al., 2006) and spectral (Hamilton et al., 2003; Lang et al.,
009) studies have attempted to identify candidate impact craters
r source areas for the SNC meteorites. Tooting crater was not
ncluded in any of these earlier investigations because of inad-
quate image coverage from the Viking Orbiter missions, and
he presence of ubiquitous dust that precludes any compositional
nalysis. However, first the availability of THEMIS VIS images
Mouginis-Mark et al., 2003), and then subsequent higher resolu-
ion images (Mouginis-Mark and Garbeil, 2007; Morris et al., 2010),
aises the possibility that Tooting crater could be the source of at
east some of the SNCs.

There are two main clusters of ejection ages for SNC meteorites,
ontaining 4 or 5 meteorites, that might be consistent with the age
f Tooting crater. Clusters of meteorite ages occur at 1.16 ± 0.6 Ma
nd 2.9 ± 0.3 Ma (see McSween, 2008 for a summary of the petrol-
gy of the Martian meteorites). All of these rocks are igneous in
rigin, and are either basalts or ultramafic rocks. All of the rocks
ere probably located on or very near the surface at the time of

heir ejection towards Earth because numerical models indicate
hat spallation of surface or near-surface materials around craters
re the only target rocks accelerated to Martian escape velocity
Melosh, 1984; Artemieva and Ivanov, 2004; Fritz et al., 2005).

hile the place of origin is not known for any of the Martian mete-
rites, Tooting crater with its target material comprised of basaltic
ava flows (Scott and Tanaka, 1986), appears to be a strong candi-
ate parent crater for at least some of these rocks.

Tooting crater is very large considering its very young age
thereby meeting the “large crater” criterion for the source of
he SNCs; Vickery and Melosh, 1987) and, as we have shown in

ection 2, the crater is likely to have an age <3 Ma and the pre-
mpact surface an age of ∼240–375 Ma. We know of no other
ery young impact crater on Mars that is of comparable or larger
ize, although Tornabene et al. (2006) identified several smaller
mie der Erde 72 (2012) 1–23 19

craters (Zumba [3.3 km], Gratteri [6.9 km], Tomini [7.4 km] and
Zunil [10.1 km]) that could be the source for some of the Martian
meteorites. The pre-existing terrain within which Tooting crater
formed is seen from photogeologic mapping to be a sequence of
young Amazonian-age lava flows (Scott and Tanaka, 1986). In addi-
tion, as we have shown (Figs. 22 and S39), the distribution of
ejecta is non-symmetric, and Mouginis-Mark and Garbeil (2007)
proposed that the crater was formed by an oblique impact, which
numerical models suggest should promote the ejection of material
into escape trajectories (Melosh, 1984). Large (>100 m diameter)
secondary craters can be found in crater chains that point towards
Tooting crater out to radial distances of at least 540 km from the
rim crest, indicating that blocks were easily ejected to considerable
distances during the impact event.

The basaltic shergottites ejected at ∼2.8 Ma have crystalliza-
tion ages that span a time period of ∼170 Ma (∼165 ± 11 Ma to
327 10 Ma) and are likely to have originated from a series of vol-
canic flows (McSween, 2008). A cluster of shergottites ejected
∼1.2 Ma ago comprise volcanic rocks with crystallization ages that
overlap but are mostly older than the basaltic shergottites, with
crystallization ages ranging over ∼185 Ma duration (∼290 ± 40 Ma
to 474 ± 11 Ma) implying that the target rocks contained multiple
flows formed over a protracted period of time. In either case, the
range of crystallization ages of the SNC rocks from either clus-
ter indicates that they could come from the sequence of flows
that comprise the target materials; there are no visible local vents
for this flow sequence, and so the most plausible source of the
flows is the southern flank of Olympus Mons volcano, which lies
∼1350 km to the southeast. Based upon superposed crater distri-
butions, Olympus Mons has been active over an extended period of
Martian history that extends into the recent geologic past (Robbins
et al., 2011; Hauber et al., 2011), and so it is reasonable for this vol-
cano to be the source for the lava flows that subsequently provided
the rocks that became the basaltic shergottites through the Tooting
crater-forming impact event.

5.3. Implications for the recent distribution of sub-surface
volatiles on Mars, and the thermal anomaly associated with a
large impact crater

If Tooting crater did form ∼2.9 Ma, then the abundant evidence
for water within the target materials lends additional support to the
idea of climate change on Mars. Present day observations from the
gamma-ray spectrometer on the Mars Odyssey spacecraft (Feldman
et al., 2004) show that this area of Mars has a relatively low water-
equivalent inventory of hydrogen (∼4%), and yet we see abundant
evidence for water leaking out of the cavity walls as well as flowing
on the surface of the ejecta layers. One possible explanation for
this apparent conflict lies in the work of Head et al. (2003), who
investigated the orbital forcing of climate in the past, and identified
that ∼3 Ma the mid-latitudes were in a glacial period that included
accumulation and modification of ice. Thus it is quite possible that
the target may have had a higher ice content at the time of crater
formation than is present now.

Abramov and King (2005) conducted a numerical simulation of
Tooting crater, investigating the effects of ground permeability and
the presence of a crater lake. They found that host rock permeability
was the main factor affecting fluid circulation and the lifetime of a
hydrothermal system. They concluded that the hydrothermal sys-
tem’s lifetime could have been as long as ∼65,000 years. Abramov
and King (2005) argued that the highest temperatures are primarily
focused around the central peak where temperatures and pressures

are compatible with water’s gaseous phase. Their model predicts
that steam emission may have endured for almost 1000 years, with
near-surface temperatures over 100 ◦C up to 6 km away from the
crater’s center.
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It is possible to search for evidence of these thermal anomalies.
f our interpretation of the mode of formation of the pitted material
i.e., the explosive release of gases from a hot, volatile-rich, layer of
ediment) is correct, then the spatial distribution of pitted mate-
ial (Fig. 9) would indicate high temperatures early in the crater’s
istory over an area that includes much more of the crater floor
nd terraces. The potential existence of this hydrothermal system
ould have produced a wide variety of minerals, including some
hat could only have formed at temperatures in excess of 200 ◦C
Newsom, 1980; Newsom et al., 2001). Unfortunately, even though
t is very young, Tooting crater is mantled in a layer of dust (Ruff and
hristensen, 2002) that precludes orbital identification of minerals

rom Thermal Emission Spectrometer (TES) or CRISM data.

.4. Terrestrial analogs

Our morphological observations may provide confirmation of
rocesses inferred to have taken place in now-eroded terres-
rial impact craters. For example, the 26 km diameter Ries crater,
ermany, could present one of the best terrestrial analogs to flu-

dized ejecta craters on Mars. Ries crater is the largest terrestrial
rater where substantial amounts of ejecta are preserved, and it has
articular relevance to the interpretation of Tooting crater because
he pre-impact target stratigraphy at Ries enables the ratio of pri-

ary crater ejecta to locally-derived materials to be determined
or the ejecta blanket (Hörz et al., 1983). This ratio was found to
ecrease with increasing distance from the crater rim and suggests
hat the final phase of ejecta emplacement, probably analogous to
he deposition of the layered ejecta materials of Tooting crater, was
s a ground-hugging, highly turbulent, flow.

Hörz and Banholzer (1980) demonstrated that >99% of the entire
unte Breccia at Ries, crater which constitutes the remnants of the
jecta blanket, is unshocked and demonstrates that the large-scale
ontinuous ejecta deposits were emplaced as relatively cool masses
ssentially at ambient temperatures. Newsom et al. (1986) studied
he suevite deposits at Ries crater, and found that there is a large
umber of chimney-like degassing pipes, apparently formed by
igh gas pressures in the hot (>500 ◦C) fluidized deposits immedi-
tely after deposition. The likely source of the gases was interpreted
o be volatiles from the melted and shocked basement inclusions.
he suevite groundmass at Ries crater (Osinski, 2004) may there-
ore be analogous to the volatile release inferred at Tooting crater,
ither to produce the pitted material, or to form the pits within the
istal ramparts (Fig. S46).

The flow morphologies seen within the ejecta layers may also
e analogs to certain terrestrial large landslides. The inner layer

s characterized by this wavy pattern, while on the outer ejecta
ayers the sets of transverse ridges form chevron patterns. This
uggests that the flow properties of Tooting ejecta changed with
istance from the crater. Sets of closely-spaced transverse ridges
nd troughs within the ejecta layers (Fig. 19) are morphologically
imilar to features observed on terrestrial long run-out landslides
e.g., Shreve, 1966, 1968; Barnouin-Jha et al., 2005). These have
een studied theoretically (Baloga and Bruno, 2005) and in the

aboratory in both wet and dry granular materials (Schonfeld,
996; Iverson, 1997; Prasad et al., 2000; Louge and Keating, 2001;
oldfarb et al., 2002; Forterre and Pouliquen, 2003), and it has
een generally concluded that these features are rolling waves-

ike structures (also called “Kapitza waves”). Such structures are
aused by instabilities produced by competition between inertia
nd gravity, as in classic fluids, but modified due to the specifics of
he friction law of granular flows (Schonfeld, 1996; Iverson, 1997;

rasad et al., 2000; Forterre and Pouliquen, 2002, 2003).

Carpen and Brady (2002) investigated roll waves caused by
ravitational instability in suspension flow and found that rapid
ranular flows (such as ejecta) are subject to the same instability
mie der Erde 72 (2012) 1–23

as found in experiments of Forterre and Pouliquen (2003). Forterre
and Pouliquen (2003) found that the wavelength of span-wise pat-
terns (i.e., roll waves) on granular flows was of the order of three
times the height of the layer (i.e., the emplaced ejecta). In a pre-
liminary test of the predictive powers of this approach on ejecta
of Tooting Crater, we measured the wavelength of its transverse
ridges in several locations on its inner ejecta layer. We find that
the thicknesses predicted from these measurements are similar to
the nearby ejecta thickness values determined by Mouginis-Mark
and Garbeil (2007) using MOLA (Fig. 17). Although the agreement is
good, this is only a small sample. The agreement does suggest that
little, if any, deflation of the ejecta deposit occurred after deposi-
tion, such as would be expected if it were heavily laden with water
(e.g., see Major, 1997; Iverson and Denlinger, 2001).

5.5. Implications for the geology of older impact craters on Mars

The topographic data studied here are particularly relevant for
understanding the original geometry of older impact craters on
Mars. Our rim height measurements (Fig. 6) bring into question
the value of using crater rim height as a reference level to measure
crater depth, and for developing a single rim height to diameter
ratio for impact craters on Mars. Prior to the availability of high
resolution DEMs, single values of the rim height/crater diame-
ter ratio were used to define the degradation state of individual
crater on Mars (De Hon, 1981; Garvin et al., 2003; Forsberg-Taylor
et al., 2004; Boyce et al., 2005; Stewart and Valiant, 2006), with the
approximate relationship of h = 0.02D0.84, where h is the rim height
and D the crater diameter (both in kilometers). For Tooting crater,
the Garvin et al. (2003) relationship would predict a rim height of
∼340 m, which is equal to the lowest measured point on the rim,
but only ∼36% the highest point on the rim. Estimations of erosion
rates have utilized the height of a crater rim. Arvidson et al. (1979)
inspected Viking Lander images of craters seen in profile at the two
lander sites to infer the degree of erosion, but there was insuffi-
cient information to measure the azimuthal variation in rim height
for the craters imaged. Forsberg-Taylor et al. (2004) employed the
average rim height of an impact crater as the starting point of their
assessment of the degree of modification of the landform either by
fluvial or eolian processes. Pike (1980), Stewart and Valiant (2006),
Boyce et al. (2005, 2006), and Boyce and Garbeil (2007) used the rim
height/crater diameter ratio for the freshest craters they could find
to search for target strength differences between the lowlands and
highlands of Mars. Our analysis shows that all of these prior stud-
ies of crater erosion would significantly under-estimate the pristine
rim height, and thus under-estimate the extent of erosion.

The identification of ∼240 m of structural uplift of the pre-
impact surface (Fig. 10) and unconsolidated layers of ejecta as much
as ∼550 m thick on top of the uplifted target material suggests that
the rims of Martian craters may erode at different rates over geo-
logic time. We would expect that the unconsolidated ejecta would
erode relatively quickly, as demonstrated by the deep erosion that
already characterizes the rim crest (Fig. S20). Once the more coher-
ent uplifted is exposed, the rim of the crater would probably erode
more slowly. How this time-varying erosion rate might influence
the rim height to crater diameter ratio remains to be determined,
and will no doubt be influenced by the strength of the pre-impact
target. However, searching for unconsolidated material in the wall
of a crater cavity may represent a new criterion for saying that one
crater is younger than another of a similar size.

Our measurements of the central peak (Fig. 5) imply that, if the
floor was at an elevation of ∼100 m below the mean datum (∼760 m

below the mean rim elevation), then the central peak would be
entirely buried. Thus, if Tooting crater was an older, more degraded,
crater with a depth/diameter ratio of ∼0.026, then the peak would
be entirely buried. Furthermore, infilling the southern floor of the
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rater cavity with only∼200 m of material (thereby creating a crater
ith a depth/diameter ratio of 0.06) would bury all evidence of the

ractured material (Fig. S11) on the crater floor. These observations
mply that many of the earlier Viking Orbiter-based interpreta-
ions of the geometric properties of Martian craters (Wood et al.,
978; Hale, 1983; Barlow and Bradley, 1990) were influenced by
he inability to identify truly fresh impact craters; we infer that

any craters studied using Viking Orbiter images have a signifi-
ant volume of fill within the interior of the crater, and are now
ignificantly shallower than at the time that they formed.

Considering Tooting crater as the very fresh end-member exam-
le of multi-layered ejecta (MLE) craters, it appears highly likely
hat we can expect that many older craters would once have had
roportionally larger central peaks, a greater cavity depth, and a
ignificant amount of impact melt. However, it is not clear if the
rater is a good analog to fresh (or old) double-layered ejecta (DLE)
raters (Barlow et al., 2000). There are several key differences that
an be identified for the freshest DLE craters:

1) There is a lack of pitted material on the floor of most DLE craters.
We speculate that such material may have been formed at DLE
craters, but that the last phase of ejecta emplacement, which
produced the outer ejecta layer (Mouginis-Mark, 1981), swept
away the pitted material.

2) The morphology of the central peaks within DLEs is different,
with no indication of layering with DLE craters. Where present,
the DLE peaks are often smaller than those observed within SLE
or MLE craters.

3) Boyce and Mouginis-Mark (2006) describe several topographic
attributes of DLE crater ejecta blankets and showed that DLEs
lack prominent ramparts, and have a “moat” between the crater
rim and the edge of the inner ejecta layer. Thus the radial dis-
tribution of ejecta thickness (Figs. 17 and S39) may be different
from that typically seen at DLE craters.

4) The exterior rim of DLE craters such as Bacolor has failed in
discrete segments that have then been “consumed” during
radial flow away from crater. The rim material of Tooting crater
(Figs. 10 and 18) is wider, thicker, and appears to have been
emplaced with more volatiles than was typical for DLE craters
(Boyce and Mouginis-Mark, 2006).

5) Unlike the morphology of Tooting crater, there are prominent
radial features on the two ejecta layers of Martian DLE craters
(Boyce and Mouginis-Mark, 2006). These radial features are
similar to the two zones in the area devastated by the gas-driven
lateral blast of the 1980 eruption at Mount St. Helens (Kieffer,
1981; Kieffer and Sturtevant, 1988). These striations are not
visible within the ejecta layers of Tooting crater (Fig. 19). How-
ever, for DLE craters, the straight grooves on the inner ejecta
layer may have been produced by scouring associated with a
supersonic surge of ejecta. The speed of ejecta flow across the
ground may, therefore, be different for MLE and DLE craters.

Finally, the abundant evidence for volatiles within the crater
avity, and the inclusion of water within the ejecta layers
Figs. S41 and S42) at the time of their emplacement, argues
trongly for the over-riding control of volatiles in the fluidization
f the ejecta layers (Carr et al., 1977; Mouginis-Mark, 1979). The
ack of morphologic evidence for atmospheric winnowing of ejecta
nd the presence of water release from the distal margins of the
jecta layers (Fig. S43) are inconsistent with the model of atmo-
pheric entrainment within the ejecta blanket (Schultz and Gault,

979; Barnouin-Jha and Schultz, 1998) as the cause of ejecta flu-

dization. If Tooting crater can indeed be taken as the archetype
or older fluidized ejecta craters on Mars, then the implication is
hat the ejecta blankets can be interpreted in terms of spatial and
mie der Erde 72 (2012) 1–23 21

temporal variations of volatiles on the planet (Mouginis-Mark,
1979; Barlow and Perez, 2003).

6. Conclusions

Tooting crater is a remarkably well preserved ∼27 km diameter
impact crater on Mars. By virtue of the excellent very high resolu-
tion image data that have been collected for the crater, it is possible
to identify a wide diversity of landforms that have previously not
been documented for craters on Mars. Topographic data offer valu-
able insights into the distribution of ejecta, the thickness of the
ejecta layers, the geometry of the crater cavity, height of the cen-
tral peak, and the amount of structural uplift of the pre-existing
target material. The occurrence of units that appear to be impact
melt on the rim of the crater, as well as ample evidence for the
release of water from the interior and exterior of the crater cavity,
offer unique insights into the importance of pre-existing volatiles
in the target at the time of impact. Dewatering of the ejecta layers
lends credibility to the notion that the lobate ejecta layers around
this and, by inference, other MLE craters on Mars were fluidized by
water or ice in the target, rather than by the atmosphere. Counts
of superposed small impact craters on the ejecta layers indicate a
very young age that may be <3 million years, raising the intrigu-
ing possibility that Tooting crater is the source of some of the SNC
meteorites and thus providing a potential age of the Amazonian
lava flows that comprised the target of ∼1.3 billion years.
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