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Abstract–Mars Global Surveyor (MGS) and Mars Odyssey data are being used to revise the Catalog
of Large Martian Impact Craters. Analysis of data in the revised catalog provides new details on the
distribution and morphologic details of 6795 impact craters in the northern hemisphere of Mars. This
report focuses on the ejecta morphologies and central pit characteristics of these craters. The results
indicate that single-layer ejecta (SLE) morphology is most consistent with impact into an ice-rich
target. Double-layer ejecta (DLE) and multiple-layer ejecta (MLE) craters also likely form in
volatile-rich materials, but the interaction of the ejecta curtain and target-produced vapor with the
thin Martian atmosphere may be responsible for the large runout distances of these ejecta. Pancake
craters appear to be a modified form of double-layer craters where the thin outer layer has been
destroyed or is unobservable at present resolutions. Pedestal craters are proposed to form in an ice-
rich mantle deposited during high obliquity periods from which the ice has subsequently sublimated.
Central pits likely form by the release of vapor produced by impact into ice-soil mixed targets.
Therefore, results from the present study are consistent with target volatiles playing a dominant role
in the formation of crater morphologies found in the Martian northern hemisphere.

INTRODUCTION

Background

Martian impact craters display a variety of ejecta and
interior features which differ from those seen on dry and
atmosphere-free bodies like the Moon. These features were
first clearly revealed in Viking Orbiter images and included
layered (or “fluidized”) ejecta patterns and a high number of
craters with central pits. To explain these different crater
morphologies, attention immediately focused on the ways in
which the Martian environment differs from the Moon,
specifically the thin Martian atmosphere and the possible
presence of near-surface volatile reservoirs. 

Fresh Martian impact craters exhibit a wide variety of
ejecta morphologies (Barlow et al. 2000). The most common
are the layered ejecta morphologies, which have been
classified as single-layer ejecta (SLE), double-layer ejecta
(DLE), or multiple-layer ejecta (MLE) based on the number
of identifiable ejecta layers surrounding the crater (1, 2, or 3+,
respectively). Numerous studies based on Viking image
analysis have shown that craters with these morphologies
have the following characteristics:

1. SLE is the most common ejecta morphology over the
entire Martian surface (Mouginis-Mark 1979; Costard
1989; Barlow and Bradley 1990; Barlow and Perez
2003).

2. SLE craters typically range in diameter from ~3 km to
20 km, although they occur over a larger diameter range
(both smaller and larger) at high latitudes (Mouginis-
Mark 1979; Costard 1989; Barlow and Bradley 1990;
Barlow and Perez 2003).

3. The smallest diameter craters showing an SLE
morphology (the “onset diameter”) range from about
3 km in diameter near the equator to <1 km in diameter
near the poles, although regional variations are seen
within the equatorial zone (±30° latitude) with onset
diameters as low as 1 km in some locations (Kuzmin
et al. 1988; Boyce et al. 1998; Barlow et al. 2001).

4. DLE craters are concentrated primarily in topographic
lows in the 35–60°N latitude zone, occur in the <3 km to
50 km diameter range, and appear to replace SLE craters
within this region (Barlow and Bradley 1990; Barlow
and Perez 2003). DLE craters are seen in the
corresponding southern hemisphere zone, but in lower
concentrations and at higher elevations than those seen in
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the north (Barlow and Perez 2003; Boyce and Mouginis-
Mark 2005).

5. MLE craters are concentrated within the lower to middle
latitude regions, particularly along the hemispheric
dichotomy boundary. This morphology is primarily
associated with craters in the 15 to 60 km diameter range
(Barlow and Bradley 1990; Barlow and Perez 2003).
These layered morphologies often, but not always,

terminate in a distal ridge, and are thus also called rampart
craters. Other ejecta morphologies observed on Mars include
radial (radial pattern similar to that seen around lunar craters),
diverse (combination of layered and radial patterns), pancake
(no distal rampart), and pedestal (both the crater and ejecta
blanket are elevated above the surrounding terrain). Examples
of these ejecta types are shown in Fig. 1.

Two major formation models have been proposed to
explain the SLE, DLE, and MLE morphologies. One model
invokes impact into near-surface volatile reservoirs (Carr
et al. 1977; Gault and Greeley 1978; Greeley et al. 1980;
Wohletz and Sheridan 1983; Stewart et al. 2001; Stewart and
Ahrens 2003), while the other has the ejecta curtain
interacting with the thin Martian atmosphere (Schultz and
Gault 1979; Schultz 1992a; Barnouin-Jha and Schultz 1998;
Barnouin-Jha et al. 1999a, 1999b). Laboratory experiments
and numerical modeling have been conducted to demonstrate
that both mechanisms can produce many of the features
observed with the Martian layered ejecta morphologies (see
other papers in this issue). Impact craters on Venus appear to
be surrounded by layered ejecta with very large runout
distances (Schultz 1992b; Sugita and Schultz 2002),
demonstrating the effectiveness of atmospheric-ejecta curtain
interactions in producing these ejecta features. Alternately,
SLE and DLE patterns are seen on icy moons with little to no
atmosphere, such as Ganymede (Passey and Shoemaker
1982; Horner and Greeley 1982; Neal and Barlow 2004) and
Europa (Moore et al. 2001). In these cases, the volatile-rich
target material must be the major contributor to formation of
the observed layered ejecta morphologies. Comparisons of
the predicted ejecta characteristics with observations of
Martian craters (see review by Barlow 2005) and field
observations of terrestrial impact crater ejecta blankets (Hörz
et al. 1983; Newsom et al. 1986; Grant and Schultz 1993;
Kenkmann and Schönian 2005, 2006; Pope et al. 2005;
Stewart et al. 2005) suggest that subsurface volatiles likely
play the dominant role in layered ejecta emplacement on
Mars, but that the atmosphere may help enhance the
emplacement process.

Central pits are another feature commonly seen in
Martian impact craters. They have no analogs in the lunar
crater population but are common in craters on the icy moons
(Passey and Shoemaker 1982; Schenk 1993). The two
primary models proposed to explain the central pits are
vaporization of subsurface ice during crater formation (Wood
et al. 1978) or cometary impacts (Croft 1983). The lack of

central pit craters on volatile-poor bodies such as the Moon
and Mercury argues against cometary impacts alone being the
primary cause of central pit formation. Recent numerical
modeling of impacts into ice-soil mixed targets shows that a
region under the center of the transient crater cavity reaches
high enough temperatures for ice to vaporize (Pierazzo et al.
2005). Both asteroidal and cometary impacts produce this
high-temperature region, although the temperatures are
higher for cometary impacts due largely to their higher impact
velocities. Rapid escape of this vapor could produce the
central pits observed on Mars and the icy moons.

Until recently, Viking imagery has served as the primary
data source for studies of Martian impact crater
characteristics. The Mars Global Surveyor (MGS), Mars
Odyssey, and Mars Express (MEx) missions are providing
important new insights into the characteristics of Martian
impact craters, which can help us better determine how
environmental conditions may have influenced the formation
of specific ejecta and interior features. MGS’s Mars Orbiter
Camera (MOC) is providing high-resolution (up to ~2 m/
pixel) imagery of the Martian surface in visible wavelengths
(Malin and Edgett 2001) and is complemented by Odyssey’s
Thermal Emission Imaging System (THEMIS) instrument
which provides surface views in both visible (VIS; 18 m/pixel
resolution) and infrared (IR; 100 m/pixel resolution)
wavelengths. THEMIS IR gives important insights into the
thermophysical properties of craters and their ejecta blankets
(Christensen et al. 2003). MEx’s High Resolution Stereo
Camera (HRSC) produces imagery in visible wavelengths
with resolutions up to 10 m/pixel and is used to produce high-
quality stereo views of the surface (Neukum et al. 2005).
MGS’s Mars Orbiter Laser Altimeter (MOLA) instrument
provided the first detailed topographic information for the
planet (Smith et al. 2001). MGS’s Thermal Emission
Spectrometer (TES), Odyssey’s THEMIS, and MEx’s
OMEGA are producing detailed spectral maps which provide
information on mineralogic variations within craters and their
ejecta blankets (Christensen et al. 2001, 2003; Bibring et al.
2005). MEx’s MARSIS instrument has just begun operations
but is already providing the first insights into the structure of
the upper few kilometers of the Martian substrate (Picardi
et al. 2005; Farrell et al. 2005), the region which likely
contains the volatile reservoirs into which most of the impact
craters are excavating. These new data resources are being
used to investigate the characteristics of Martian impact
craters in more detail than has previously been possible in an
attempt to better understand the role of target volatiles and the
atmosphere on the formation of these features.

Catalog of Large Martian Impact Craters

The Catalog of Large Martian Impact Craters is a
database of impact craters ≥5 km in diameter across the entire
surface of Mars. The catalog was compiled from digitization
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Fig. 1. Examples of ejecta morphologies seen on Mars. a) An SLE crater, 11.6 km in diameter and located at 23.63°N, 101.71°E (THEMIS
image I02493005). b) This DLE crater is 6 km in diameter and located at 38.66°N, 93.61°E (THEMIS image I11780004). c) This MLE crater
is 22.2 km in diameter and located at 5.73°N, 304.64°E (THEMIS image I03218002). d) Secondary crater chains are common features of the
radial ejecta morphology, as shown in the image of a crater 113.3 km in diameter, centered at 28.77°N, 355.22°E. e) Diverse ejecta blankets
contain both layered and radial components. This 28.3 km in diameter crater displays secondary crater chains beyond the edge of its layered
ejecta morphology. The crater is located at 23.19°N, 207.76°E (THEMIS image I01990002). f) This pancake crater is 3.6 km in diameter and
located at 42.41°N, 324.10°E (THEMIS image I11780004). g) Pedestal craters are characterized by the crater and ejecta perched above the
surrounding terrain. Pedestal craters often occur in clusters, as shown in this image. The largest crater in this group (upper left side of image)
is 3.6 km in diameter and located at 45.97°N, 353.77°E (THEMIS image I12083008).
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of the Viking 1:2,000,000-scale photomosaics produced by
the U.S. Geological Survey in the 1980s (Barlow 1987). It
includes 42,283 craters at all stages of preservation—ranging
from extremely fresh to almost completely destroyed
(“ghost” craters). Each crater entry contains the following
information: MC subquadrangle on which the crater occurs, a
crater ID number, latitude and longitude of the crater center,
diameter, terrain on which the crater is superposed, general
preservational classification (“fresh with ejecta blanket,”
“modified with no ejecta blanket,” “almost destroyed,” etc.),
ejecta and interior morphologies (if present), minor diameter
and azimuthal angle of orientation if crater is elliptical,
central pit diameter if applicable, and general comments
(typically the crater name if one has been assigned). This
crater database (henceforth called Catalog 1.0) has become a
premier source of Martian crater information and has been
used in studies related to crater-derived chronology studies
(Barlow 1988), morphology analyses (Barlow and Bradley
1990), and elliptical crater distributions (Bottke et al. 2000).
Catalog 1.0 can be accessed through the U.S. Geological
Survey’s Planetary Interactive GIS on the Web Analyzable
Database (PIGWAD) (http://webgis.wr.usgs.gov).

Catalog 1.0 is currently being revised using MGS MOC
and MOLA data and Odyssey THEMIS data (Barlow 2006).
Among the changes incorporated into the revised catalog
(henceforth called Catalog 2.0) are:

• The latitude and longitude of each crater center are
determined from the MOLA-referenced MDIM 2.1.

• All crater diameters are being remeasured and updated as
necessary. Obviously elongate craters have both their
major and minor diameters measured and their azimuthal
angles of orientation determined. Craters which are not
highly elongated but which display the “butterfly-type”
ejecta pattern indicative of low-angle impacts also have
their major diameter, minor diameter, and angle of
orientation included.

• The generalized terrain units used in Catalog 1.0 (i.e.,
“plains,” “ridged plains,” “cratered plateau,” etc.) are
replaced with the more commonly used stratigraphic
units (Scott and Tanaka 1986; Greeley and Guest 1987;
Tanaka and Scott 1987).

• The descriptive preservational class has been replaced
by a numeric value ranging from 0.0 (“ghost” crater) to
7.0 (pristine). This value is assigned based on
consideration of the measured crater depth and rim
height relative to the crater depth and rim height of a
fresh crater of similar size, appearance of ejecta and
interior features, and average thermal inertia of any
existing ejecta blanket relative to the average thermal
inertia of the surrounding terrain (see Barlow 2004 for
complete description).

• Ejecta and interior morphologies are reevaluated using
the new information and updated as necessary. Ejecta
morphologies are classified using the nomenclature

recommended by the Mars Crater Consortium (Barlow
et al. 2000). 

• New data in Catalog 2.0 include crater depth and rim
height measurements (measured using routines available
in JMARS; Gorelick et al. 2003), ejecta extent and
geometric characteristics (area and perimeter), ejecta
mobility ratio and lobateness (defined in the next
section), thermal inertia of surroundings, and general
mineralogy of the surroundings.
Catalog 2.0 is approximately 70% complete for the

northern hemisphere of Mars, containing updated information
on 6795 craters between 0 and 65°N. Three thousand, five
hundred, and sixteen of these craters (52%) are degraded to
the point where no ejecta blanket is retained. The remaining
3279 craters are associated with some type of ejecta
morphology. The analysis reported here emphasizes the
morphologic characteristics and distributions of craters
displaying ejecta blankets and central pits within the Martian
northern hemisphere. 

OBSERVATIONS

Single-Layer Ejecta Morphology Craters

Craters displaying the SLE morphology dominate
among the layered ejecta morphologies, as noted in the
previous Viking-based studies (Mouginis-Mark 1979;
Costard 1989; Barlow and Bradley 1990). Of 3279 craters
with an ejecta morphology in this study, 1797 (55%) display
a SLE morphology. The only regions where SLE craters do
not dominate are in the areas where DLE morphology craters
are concentrated (see the next section). The SLE morphology
is associated with craters whose diameters range from the
catalog’s lower-diameter cutoff value of 5 km to 41.8 km. 

The maximum distance of the ejecta blanket from the
crater rim is called the ejecta extent or runout distance and is
quantified through the ejecta mobility (EM) ratio (Mouginis-
Mark 1979; Costard 1989; Barlow 2004):

(1)

EM provides information about the fluidity of the ejecta at the
time of emplacement. Volatiles from either the atmosphere or
vaporized subsurface ice are expected to increase EM, and
thus regional variations in EM can provide information about
the volatiles in those regions. EM values for SLE craters in
the northern hemisphere range between 0.5 and 8.2 with an
average value of 1.5. No statistically significant variation is
seen between craters on different stratigraphic units.
However, a slight trend towards higher EM values is seen
with increasing latitude: the mean EM is 1.4 near the equator
and rises to 1.7 in the 50–60°N latitude range (Fig. 2).

Lobateness Γ is a measure of the ejecta sinuosity (Kargel
1989; Barlow 1994) and is defined as

EM average extent of ejecta blanket from crater rim
crater radius------------------------------------------------------------------------------------------------------------------=
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(2)

A circular ejecta blanket will display a lobateness value of 1.0.
Higher lobateness values correspond to more sinuous ejecta
edges. As with EM, lobateness is thought to be influenced by
volatile content and/or the interaction of the ejecta curtain
with the atmosphere. From this analysis, we find that Γ varies
from 1.00 to 3.45 with a mean value of 1.10 for SLE craters in
the northern hemisphere. No statistically significant
variations in Γ with latitude or stratigraphic unit are seen.

The SLE morphology typically terminates in a distal
rampart for SLE craters in the northern hemisphere. However,
at higher latitudes (poleward of ~40°), the number of SLE
craters with a pancake (non-rampart) morphology increases.
Single-layer pancake ejecta (SLEPn) craters are particularly
common in regions where DLE morphology craters dominate
and, as discussed in the following section, may be a modified
form of DLE craters.

Double-Layer Ejecta and Pancake Morphology Craters

Within the northern hemisphere of Mars, DLE craters
have been reported to be concentrated in the topographically
low regions of Acidalia, Arcadia, and Utopia Planitia.
However, they also occur at higher elevations in the southern
hemisphere (Barlow and Perez 2003) so elevation alone does
not dictate the location of this morphology. This analysis
shows that DLE craters dominate within the 40 to 60°N
latitude range and display diameters between 5 km (and
smaller) and 115 km. They comprise 28% of the ejecta
morphology craters in this study (920 craters).

DLE craters display a number of unique characteristics,
including lack of ramparts at the edge of the inner layer and
often also for the outer layer, striations on both the inner and
outer ejecta layers, and lack of secondary craters beyond the
layered ejecta blanket (Boyce and Mouginis-Mark 2005). The
inner layer is thicker than the outer layer and, based on
stratigraphic evidence, is emplaced before the outer layer
(Mouginis-Mark 1981; Mouginis-Mark and Boyce 2005).
The runout distance of the outer layer is typically quite large
(Mouginis-Mark 1979; Costard 1989) and this outer layer is
often quite sinuous (Barlow 1994).

Ejecta mobility ratios for DLE craters show considerable
variation between the inner layer and the outer layer. The inner
layer displays EM values similar to those of SLE craters in the
same latitude zone, with values ranging between 0.4 and 3.0
and an average value of 1.5. The thin outer layer is much more
fluid, with an average EM value of 3.3 (range: 1.6 to 9.8). Such
large runout distances are difficult to obtain by vaporization of
target volatiles alone and suggest that the atmosphere helps to
mobilize the flow to these large values, as is seen with crater
ejecta flows on Venus (Schultz 1992b; Sugita and Schultz
2002). A base surge origin of the outer ejecta layer has been
proposed by Boyce and Mouginis-Mark (2005), which also
requires interaction with the atmosphere. The observations are
consistent with the results from a study of double-layer craters
on Ganymede (an icy body with no significant atmosphere),
where outer layer EM values average 1.3, much smaller than
those seen on Mars (Neal and Barlow 2004).

No large regional variations in EM are seen, as shown in
Table 1. Runout distances of both the inner and outer
layers are slightly higher for DLE craters in Arcadia Planitia
(30–60°N; ~170–210°E) and Acidalia Planitia (30–60°N;

Fig. 2. EM versus latitude. This graph shows the average ejecta mobility (EM) ratio per 10° latitude zone for single-layer and multiple-layer
craters in the northern hemisphere. A slight tend towards higher EM with increasing latitude is suggested.

Γ ejecta perimeter
4π ejecta area( )[ ]1 2⁄-------------------------------------------------=
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~305–360°E) than the averages of 1.5 for the inner layer and
3.4 for the outer layer. This suggests that the ejecta curtain was
slightly more fluid in these regions during emplacement. The
lowest EM values are found for DLE craters in the northern
Tharsis volcanic province (30–60°N; 210–300°E), although
only the outer layer is statistically below the average. 

Lobateness values also vary between the DLE inner and
outer layers. The inner layer is typically quite circular, with Γ
values having a mean value of 1.09 (range: 1.00–1.40). The
outer layer is slightly more sinuous, with values ranging from
1.01 to 2.30 and a mean value of 1.14. These larger EM and Γ
values suggests that the ejecta material constituting the outer
layer is much more fluid at the time of emplacement than that
which forms the inner layer.

Pancake craters (SLEPn) are seen in the same regions
where DLE craters dominate. Costard (1989) proposed that
SLEPn craters were simply DLE craters where the outer
ejecta layer had been destroyed or was unobservable in
Viking imagery. From the current analysis, we find strong
evidence supporting Costard’s proposal. Evidence supporting
the hypothesis that SLEPn craters are modified forms of DLE
craters includes the following:

• Many craters (in some areas as much as 80%) classified
as SLEPn in Catalog 1.0 are now revealed to be DLE
craters with the higher resolutions and clearer imagery
available in the data being used in Catalog 2.0.

• SLEPn craters are often more degraded than DLE craters.
• The average EM for SLEPn craters is 1.6, very similar to

the mean value of 1.5 for the inner layer of DLE craters.
• The mean Γ value of 1.06 for SLEPn is statistically

identical to the mean Γ value of 1.09 for the DLE inner
layer.

Multiple-Layer Ejecta Morphology Craters

Multiple-layer craters account for 506 of the 3279 craters
with ejecta morphologies in this study (15%). They range in
diameter from 5.6 to 90.7 km, but are most common at
diameters greater than 10 km. The improved image
resolutions of the MGS and Odyssey data allow the MLE
morphology to be seen around smaller craters than has been
previously reported from Viking analysis (Barlow and
Bradley 1990). 

MLE craters display two or more partial or complete
ejecta layers. Typically, only the outermost ejecta layer
completely encircles the crater. We therefore compute EM

and Γ values only for this outermost layer. The EM range is
between 1.2 and 5.4, but the average values increase from 2.5
within the 0–30°N latitude zone to >3.5 at latitudes >40°N
(Fig. 2). Lobateness values range between 1.02 and 1.64, with
a median value of 1.25. The number of MLE craters drops off
dramatically at latitudes poleward of ~35°, occurring only
around craters >30 km in diameter above 50°N.

Pedestal Craters

Pedestal (Pd) craters are unique landforms on Mars
where both the crater and ejecta blanket are elevated above
the surrounding terrain. These craters are concentrated in the
northern mid-latitude zone which previous studies have found
to be covered by fine-grained deposits (e.g., Soderblom et al.
1974) (Fig. 3). Arvidson et al. (1976) suggested that pedestal
craters form when the material surrounding the crater’s ejecta
blanket is deflated by eolian processes. The rough, competent
surface of the ejecta essentially shields the underlying surface
from this erosion. Although the exact mechanism by which
this armoring occurs is not understood, terrestrial landslides
typically show a coarse carapace overlying finer-grained
material (McSaveney 2005), and something similar might
occur in these ejecta blankets. Alternately, copious amounts
of melt are produced by impacts into volatile-rich material
(Stewart and Ahrens 2005), and analog studies of terrestrial
craters reveal that the proximal ejecta deposits often contain
large amounts of this melt (Osinski 2006). Thus impact melt
might provide the armoring mechanism. In any event,
Arvidson et al.’s (1976) model argues that eolian deflation
removes the fine-grained material surrounding the Pd crater,
leaving both the crater and ejecta blanket perched above the
surrounding terrain. A major problem with the eolian model is
that the Pd ejecta is typically quite symmetrical, which
requires a changing preferential wind direction over the entire
360° area around the crater to produce the observed
morphology.

Most Pd craters are quite small, typically <6 km in
diameter (Fig. 1g). They are not included in this analysis
because they are below the lower-diameter cutoff of 5 km for
the catalog. However, in a separate study, we have
characterized Pd craters down to ~0.5 km in diameter, as
revealed in MOC and THEMIS imagery (Kadish and Barlow
2006). That analysis has identified 1027 pedestal craters
within the 0–60°N latitude zone, with most located north of
35°N (Fig. 3), within the same region where DLE and SLEPn

Table 1. Double-layer ejecta mobility ratios by region.
Region Location No. of DLE craters Mean inner EM Mean outer EM

Northern Arabia 30–60°N, 0–75°E 179 1.5 3.2
Utopia Planitia 30–60°N, 75–150°E 157 1.4 3.4
Arcadia Planitia 30–60°N, 150–210°E 64 1.7 3.8
Northern Tharsis 30–60°N, 210–300°E 94 1.4 2.9
Acidalia Planitia 30–60°N, 300–360°E 189 1.6 3.6
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are concentrated. Smaller pedestal craters are seen at higher
latitudes. The only low-latitude concentration of Pd craters
occurs in the Medusae Fossae Formation just west of the
Tharsis region where thick fine-grained deposits are found. Pd
craters have some of the highest EM values, ranging from 1.2
to 13.2 with a mean of 3.3. Lobateness values range between
1.00 and 2.50 (mean = 1.10). The highest EM and Γ values are
found for craters in the Medusae Fossae Formation and in the
eastern Utopia Planitia region, north of Elysium Mons.

Central Pit Craters

Craters with central pits fall into three categories: those
with symmetric pits on their floors (SY; “symmetric floor
pits”), those with asymmetric pits on their floors (AP;
“asymmetric floor pits”), and those with pits raised above the
floor, often on top of a central peak (SP; “summit pits”)
(Fig. 4). Barlow and Bradley’s (1990) Viking-based analysis
identified central pits in craters with diameter ranges between
16 and 64 km, with SP craters dominating at lower crater
diameters (16–32 km), SY occurring in intermediate-size
craters (32–45 km), and AP dominating in the larger craters
(45–64 km). They also noted that central pits tend to be
concentrated along the proposed outer rings of large impact
basins, suggesting that terrain properties such as the
concentration of ice along ring fractures might be implicated
in the formation of central pits.

The current study finds that central pits occur in smaller
craters than those reported by Barlow and Bradley (1990) and
do not show as strong of a diameter dependence as previously
reported. Our results find that SY occur in craters between 5.2
and 114.0 km in diameter while AP and SP overlap this range
(9.7–62.5 km and 6.1–57.0 km, respectively). SY comprise

76% of the 373 central pits surveyed to date; SP follow at
22% and AP are the rarest (2%). Regional variations in central
pit occurrence do not correlate with specific pit types-regions
which show asymmetric pits also show summit and
symmetric floor pits in the same diameter range. The analysis
of central pit distributions is not complete enough at this point
to determine if the correlation of pits with proposed basin
rings still holds, but this analysis does show high
concentrations of central pits from southern Lunae Planum
through the western side of Arabia Terra, along the
boundaries of proposed basins in Chryse Planitia (Schultz
et al. 1982) and Arabia Terra (Dohm et al. 2004).

Symmetric floor pits are seen in craters within the entire
latitude range of this study (0–65°N). SP craters extend up to
46°N while AP are only observed at latitudes <40°N. Most
pits are associated with craters fresh enough to still retain an
ejecta blanket (preservational classes 4.0–7.0), but a few are
associated with craters that are old enough that the ejecta
blanket has been destroyed (preservation classes as old as
1.0). As shown in Table 2, SY and SP mainly occur in craters
which display an MLE morphology, suggesting that the
conditions favoring MLE formation also preferentially
produce central pits.

The ratio of the central pit diameter to the diameter of the
parent crater is generally consistent among all three central pit
types. The ratio of the pit diameter to the crater diameter (Dp/
Dc) ranges between 0.07 and 0.24 for SY craters, with an
average of 0.15. AP craters display a Dp/Dc range of 0.07 to
0.18, with an average of 0.13, and SP craters have a range of
0.04 to 0.19, with an average of 0.12. These values are
statistically identical and suggest that once the conditions for
central pit formation are met, they do not vary considerably
among central pit type.

Fig. 3. This map shows the distribution of Pd craters in the northern hemisphere of Mars. Circle size reflects the diameter ranges of Pd craters.
Most Pd crates are located in the 35–60°N latitude zone. The only grouping of Pd craters existing outside of this region occurs in the fine-
grained deposits of the Medusae Fossae Formation.
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DISCUSSION

Revision of the Catalog of Large Martian Impact Craters
using MGS and Odyssey data has resulted in both
confirmation of and changes to our understanding of impact
craters in the northern hemisphere of Mars based on earlier
analyses of the Viking data. This analysis continues to show
that SLE craters are the dominant layered ejecta morphology
in most regions on Mars. The SLE morphology primarily
occurs around craters up to ~20 km in diameter within the 0–
30°N latitude range and around craters up to ~42 km in
diameter at higher latitudes. EM values are roughly constant
throughout this region, with only a slight trend towards higher

values at higher latitudes. Lobateness values are also
relatively constant throughout the northern hemisphere.
Thermal inertia values cover a range from low (24 J m−2 s−1/2

K−1) to intermediate (up to ~400 J m−2 s−1/2 K−1) throughout
the regions where SLE craters are found (Jakosky et al. 2000;
Putzig et al. 2005), suggesting that variations in surface
material properties do not contribute significantly to SLE
properties such as EM and Γ. Similarly, SLE craters occur at
all elevations within the northern hemisphere, ranging from
21 km in elevation at Olympus Mons to −5 km in Utopia
Planitia (Smith et al. 2001). The atmospheric model for SLE
formation argues that variations in atmospheric pressure and
the distribution of fine-grained material will produce

Fig. 4. Central pit craters. Central pits are classified into three types. a) Symmetric floor pits (SY) are the most common type of central pit
seen on Mars and are similar in many respects to the floor pits seen in craters on icy Ganymede. Summit pits (SP) are pits elevated above the
crater floor, often on top of a central peak. Summit pits are the second most common pit feature on Mars but have no analogs in central pit
craters on Ganymede. The SP crater near the top is 22.6 km in diameter and located at 17.78°N, 308.98°E, while the SY crater near the bottom
is 9.8 km in diameter and located at 16.71°N, 308.81°E (THEMIS image I101250013). b) Asymmetric floor pits (AP) comprise only 2% of
all central pits cataloged to date. This AP crater is 50.9 km in diameter and located at 20.18°N, 69.39°E (THEMIS image I10383012).
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differences in the SLE morphology. These are not seen in the
morphology, EM, or Γ values of SLE craters in the northern
hemisphere of Mars. 

The other model for SLE formation invokes impact into
and vaporization of subsurface volatiles. Numerical modeling
suggests that this mechanism can reproduce many of the
observed attributes of the SLE morphology (Stewart et al.
2001; Stewart and Ahrens 2003). The excavation depth (de) of
impact craters (i.e., the maximum depth reached during
transient crater formation) can be estimated from their
observed rim diameters (Da) using the following (Garvin et al.
2000):

de = 0.131Da
0.85 (3)

Using this relationship, we find that SLE craters are
excavating to depths of ~1.7 km near the equatorial region
(for D ≈ 20 km) and to depths of ~3 km at higher latitudes (for
Da = 42 km). While the ejecta material is derived from only
approximately the top 1/3 of this depth (Melosh 1989), deeper
volatiles can be vaporized during crater formation and
contribute to the vapor plume which produces the layered
ejecta morphology. Thus, these excavation depths can be
considered averages for the depth of the subsurface volatiles.
These depths are within the expected ice-rich regions of the
Martian substrate based on geothermal and hydrologic
models (Clifford 1993). The smallest crater diameter at which
the SLE morphology is seen decreases poleward (Kuzmin
et al. 1988), which is consistent with the theoretical models
which predict ice closer to the surface at higher latitudes
(Clifford 1993) as well as the neutron spectrometer data from
the Mars Odyssey mission (Feldmann et al. 2004). The low
variability in EM and Γ suggests that the ice content within
the upper 3 km does not vary considerably throughout the
northern plains nor has it varied considerably over the time
scales recorded by these craters (Barlow 2004). All of the
observations of SLE craters are consistent with impact into
ice-rich target materials being the dominant formation
process.

Northern hemisphere DLE craters are seen over a similar
size range as the SLE craters but are strongly concentrated in
the 35–60°N latitude zone. While the strongest concentrations
of DLE craters are seen in topographically low regions which
contain large amounts of fine-grained material (Soderblom
et al. 1974; Jakosky et al. 2000; Putzig et al. 2005), they also
are seen at higher elevations with higher thermal inertia
values. This suggests that elevation and/or fine-grained
surface material are not the sole contributors to the DLE
morphology, as has been previously proposed (Costard 1994;
Barlow and Perez 2003). Morphologic analysis of DLE
craters using THEMIS and MOC imagery suggests that the
ejecta was emplaced in two stages, with the inner layer
emplaced first by a process similar to SLE emplacement
(Boyce and Mouginis-Mark 2005). The outer layer occurs
later with a slow-moving (<100 m/s) base surge. This is

consistent with the observations from this study which show
that the inner layer has EM and Γ values similar to SLE
craters, and especially single-layer pancake craters, in the
same regions. The outer DLE layer has one of the largest
average runout distance of any ejecta type, as indicated by the
average EM value of 3.3 (but with values as high as 9.8). DLE
craters tend to occur within the ice-rich mantling deposit,
believed to have been emplaced during the last high obliquity
period (Mustard et al. 2001). The proposed high ice content of
these materials may contribute excess vapor to the ejecta,
resulting in higher mobilization of the ejected material.
However, DLE craters on ice-rich Ganymede do not show
such large runout distances for their outer layers (Neal and
Barlow 2004). This suggests that the Martian atmosphere
combined with the excess vapor from the target materials
helps to fluidize the DLE outer layer (Schultz 1992b; Sugita
and Schultz 2002).

Multiple-layer craters in the northern hemisphere are
seen over a wider range of diameters than was reported from
Viking-based analysis. Again, there is no strong correlation of
MLE craters with elevation or thermal inertia, although there
is a trend towards MLE craters being concentrated along the
hemispheric dichotomy boundary, as previously reported by
Barlow and Perez (2003). The large EM and Γ values
associated with the outer complete ejecta layer suggests that
the ejecta is highly fluid during emplacement. One model for
MLE craters is that they excavate into liquid water reservoirs
(Wohletz and Sheridan 1983; Barlow and Bradley 1990). The
depths to which these craters excavate vary from 0.5 (D =
5.6 km) to 6 km (D = 107 km). Most MLE craters are
excavating to ~2–3 km depth within the equatorial region,
well within the region where liquid water may be present
according to geothermal models (Clifford 1993). However,
the smaller craters are excavating to depths much shallower
than where liquid water is expected and the high latitude
craters, even though they tend to be larger than MLE craters
in the equatorial region, are excavating to depths where liquid
water would not be expected at these near-polar latitudes.
Unless there is considerable heterogeneity in the distribution
of subsurface groundwater reservoirs, another formation
mechanism must be considered. No MLE craters are observed
on icy Ganymede (Neal and Barlow 2004), suggesting that
the atmosphere may play a role in MLE formation on Mars.
Wind tunnel experiments and numerical modeling suggest
that larger impacts will develop more complicated vortices
within the atmosphere, which could produce the numerous

Table 2. Central pits versus ejecta morphology.
Ejecta morphology SY AP SP

SLE 72 (25%) 2 (22%) 20 (25%)
DLE 27 (10%) 2 (22%) 4 (5%)
MLE 157 (55%) 3 (33%) 53 (66%)
No ejecta 28 (10%) 2 (22%) 3 (4%)
Total craters 284 9 80
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partial layers observed with MLE craters (Barnouin-Jha et al.
1999a, 1999b). However, the regional variations in MLE
distribution suggest that target properties still play some role,
as does the observation that the smallest MLE craters often
occur at higher elevations (Lunae Planum, eastern Arabia)
and within regions where other strong evidences of near-
surface volatiles (such as channels) occur. As with the DLE
outer layer, we suspect that vaporization of near-surface
volatile-rich materials contributes to and enhances the effects
of the Martian atmosphere, with the latter likely varying in
density with climate changes initiated by variations in
obliquity and orbital properties (Head et al. 2003).

Pedestal craters in the Martian northern hemisphere are
largely located in the mid-latitude ice-rich mantling deposit
where DLE and SLEPn craters are also concentrated. The
average Pd EM value of 3.3 is higher than for SLE craters
(mean = 1.5) and comparable to the EM for the outer DLE
layer (mean = 3.3). This implies that the ejecta was highly
mobile during emplacement. Pd craters have low sinuosity,
with a mean Γ = 1.10. These results are consistent with the
hypothesis that Pd craters form by impact into ice-rich, fine-
grained materials which covered this region during previous
high obliquity periods (Mustard et al. 2001; Head et al. 2003).
We propose that sublimation of this ice, rather than eolian
deflation, is responsible for the Pd crater morphology. The
craters formed entirely in this ice-rich mantle during higher
obliquity periods and armoring of the ejecta blanket occurred.
As Mars moves towards lower obliquity, ice begins to
sublimate from this mantle deposit, with higher amounts of
sublimation occurring at lower latitudes, as indicated by the
slightly larger Pd craters seen between 35 and 45°N. As the
ice sublimates, the surrounding terrain is lowered, leaving the
crater and its armored ejecta blanket elevated above the
surroundings. Based on the size of the largest Pd crater
(~6 km) and its estimated excavation depth of ~1 km, we
estimate that sublimation has lowered the surroundings by up
to 1 km. Similarities in Pd EM and Γ values with those of the
outer DLE layer suggest that Pd craters are the small crater
equivalent of DLE craters. DLE craters do not show the
pedestal effect since they have excavated through the thin
mantling deposit and the subsequent lowering of the
surroundings does not produce an obvious pedestal
morphology for these deeper craters.

Central pit craters are more common and occur over a
larger diameter range than previously reported. There is
currently no obvious correlation of the three central pit types
with diameter, contrary to previous studies (Barlow and
Bradley 1990). Hydrocode models of impacts into soil-ice
mixed targets shows that a vapor zone is produced near the
center of most transient craters (Pierazzo et al. 2005). Sudden
release of this vapor could produce the central pit
morphology, but why some pits are on the crater floor while
others are raised is not currently understood. It is also unclear
why some craters produce central pits when nearby, similarly
aged craters which show layered ejecta blankets and other

indicators of subsurface volatiles do not have pits. Further
analysis of central pit craters in the southern hemisphere may
help to clarify the environmental conditions under which
these pits form.

SUMMARY OF CONCLUSIONS

The present study of Martian northern hemisphere craters
is consistent with target volatiles playing a dominant role in
the formation of central pits and the layered ejecta
morphologies. Sublimation of an ice-rich mantle deposited at
mid-latitudes during previous high obliquity periods is
consistent with the observed distribution and characteristics
(size, ejecta mobility ratios, and lobatnesses) of pedestal
craters in the northern hemisphere. While ejecta curtain
interactions with the thin Martian atmosphere help to explain
the large runout distances of the DLE and MLE, vapor
produced during impact into volatile-rich targets likely
enhances the atmospheric component. Thus, the latest
observations of Martian impact crater characteristics in the
northern hemisphere of Mars continue to support the premise
that many of the features associated with these craters are the
result of impact into a volatile-rich crust. 
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