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Introduction: Impact events locally increase the 

temperature of a planetary crust, initiating hydrother-
mal activity if water or ice is present. Impact-induced 
hydrothermal activity is responsible for mineralogically 
and morphologically modifying many terrestrial craters 
[e.g., 1], and has been suggested for Martian craters [2,  
3].   

While there are probably no active impact-induced 
hydrothermal systems today, they may have been 
prevalent at ~3.9 Ga, during an intense period of bom-
bardment lasting 20 to 200 Ma [4, 5]. This cataclysm 
likely affected Mars, because meteorites from the as-
teroid belt, as well as the only sample of the ancient 
Martian crust (meteorite ALH 84001), show effects of 
impact-induced metamorphism at ~3.9 Ga [6, 7]. Thus, 
we are focusing on an early Martian environment be-
cause it coincides with a sharply higher impact rate, 
and also because liquid water was likely stable in the 
subsurface and perhaps on the surface as well. 

Goals of this work: One of the goals is to constrain 
the lifetimes of impact-induced hydrothermal systems 
on early Mars. Conductive crater cooling models sug-
gest that the lifetimes of hydrothermal systems in cra-
ters 20 to 200 km in diameter are ~103 to 106 years 
[e.g., 8, 9]. The present work seeks to evaluate the ad-
ditional effects of heat transport by water and steam. 

Another goal is to further understand the mechan-
ics of post-impact hydrothermal circulation, with a 
focus on locations of near-surface activity. Together 
with estimates of system lifetimes this allows the pre-
diction of the type, location, and extent of alteration. 
This in turn can aid in spectroscopic and visual identi-
fication of hydrothermal vents and hydrothermally al-
tered minerals at Martian craters. 

Finally, we are seeking to understand the biologi-
cal potential of these systems in terms of their habitable 
volume, or the rock volume within the temperature 
range of thermophilic microorganisms that has fluid 
flow.  

Modeling Technique:  Hydrothermal activity in 
early Martian craters 30, 100, and 180 km in diameter 
was modeled using a modified version of a publicly 
available program HYDROTHERM [10], a three-
dimensional finite difference code developed by the 
U.S. Geological Survey. For the present work, the pro-
gram’s radial mode is used. HYDROTHERM has been 
previously applied to hydrothermal systems at Martian 
craters [11].  

HYDROTHERM requires input of topography and 
temperature distribution, in addition to rock properties, 
gravity, atmospheric pressure, and the basal heat flux. 
The surface topography is reconstructed using laser 
altimetry-derived Martian crater dimensions [12] and 
morphometry of lunar craters [13]. The temperature 
distribution underneath Martian craters is obtained 
from hydrocode simulations [e.g., 14]. Rock properties 
appropriate for Martian basalts are used, with a density 
of 2600 kg/m3, thermal conductivity of 2.5 W/(m K), 
and heat capacity of 800 J/(kg K). The surface porosity 
is conservatively estimated at 20% [15] and decreases 
exponentially with depth, while the permeability has a 
maximum surface value of 10-2

 darcies and is a func-
tion of depth and temperature. The effect of other per-
meability values  is also evaluated. The early Mars 
geothermal gradient and atmospheric pressure are es-
timated to be 13 °C/km [16] and 0.5 bars, respectively. 

Results:  Our modeling (e.g., Fig. 1) suggests the 
evolution of a post-impact hydrothermal system on 
early Mars proceeded as follows. The first step was the 
gravity-driven rapid draining of the rim and the flood-
ing of the crater cavity by groundwater and any other 
available water source. The interaction between the 
incoming water and the hot interior of the crater may 
have produced large quantities of steam. Eventually, a 
crater lake should have formed in the basin of the cra-
ter, changing the flow of water from a gravity-driven to 
a hotspot-driven state. Newsom et al. [3] argued that 
the thermal energy of the impact melt and the central 
uplift can keep a lake from completely freezing for 
thousands of years under a thick sheet of ice, even un-
der the current climatic conditions. Our model simula-
tions, plus observations at terrestrial impact sites [e.g., 
1, 17], suggest that the most extensive hydrothermal 
alteration would have occurred in the central peak (for 
smaller craters) or the peak ring (for larger craters), 
and the modification zone where fluid flow is facili-
tated by faults. The region of active hydrothermal cir-
culation extends laterally almost to the crater rim and 
to a depth of several kilometers. The habitable volume 
for thermophilic organisms (volume of rock that has 
water flow and a temperature between 50 and 100 °C) 
reaches a maximum of ~6000 km3 in the 180 km crater.  
      The average lifetimes of impact-induced hydro-
thermal systems on early Mars are estimated at ~0.065 
Ma for the 30-km crater, ~0.29 Ma for the 100-km 
crater, and ~0.38 Ma for the 180-km crater, and depend 
strongly on assumed ground permeability (Fig 2). 
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These long lifetimes are partly explained by the most 
vigorous circulation taking place near the surface and 
the hotter parts of the models being impermeable due 
to the brittle/ductile transition at about 360 ºC. Thus, 
conduction remains the dominant form of heat trans-
port in much of the model, especially for larger craters. 
Another consideration is vertical heat transport by 
flowing water, which can increase the temperature of 
near-surface regions and prolong the lifetime of the 
system. Finally, convection is less vigorous on Mars 
due to lower gravity, resulting in less heat removal 
compared to similar systems on Earth, but this is partly 
balanced by a higher overall permeability. In general, 
the combination of relatively long lifetimes and long-
lived upwellings suggest that impact-induced hydro-
thermal systems on early Mars would have resulted in a 
significant mineralogical alteration of the crust. 

 

 

 
Figure 1. Results of a numerical simulation of the hydrother-
mal system at a 100-km impact crater on early Mars. Surface 
permeability is 10-2 darcies. Black lines are isotherms, labeled in 
degrees Celsius, and blue and red arrows represent water and 
steam flux vectors, respectively. The length of the arrows scales 
logarithmically with the flux magnitude, and the maximum value 
of the flux changes with each plot. Panels a to d show the state 
of the system at 500 years, 4,000 years, 20,000 years, and 
200,000 years, respectively. 

 

 

 
Figure 2. General dependence of system lifetime (defined by 
near-surface temperatures) on the average permeability of the 
subsurface. The dashed line indicates the lifetime in the absence 
of water. 
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Introduction:  Impact craters on Mars display a 

variety of morphologic features which differ from 
those seen with craters on dry, atmosphereless bodies 
like the Moon.  These morphologies include layered 
(“fluidized”) ejecta blankets and central pits.  The lay-
ered ejecta morphologies have been proposed to result 
from impact into subsurface volatile reservoirs, inter-
actions of the ejecta curtain with the martian atmos-
phere, or a combination of both processes.  Central pits 
have been proposed to result from impact into volatile-
rich targets and/or cometary impacts.  Analysis of 
MGS, Odyssey, and Mars Express data, combined 
with recent laboratory experiments and numerical 
modeling, is revealing new insights into the role of 
volatiles and atmospheres in the formation of these 
features. 

Crater Morphologies:  The layered ejecta mor-
phologies were first recognized in Mariner 9 imagery 
and initial attempts to classify them were conducted 
through photogeologic analysis of Viking data [c.f. 1].  
Many different nomenclature schemes were developed 
to describe the various ejecta morphologies seen on 
Mars, often resulting in several distinct classifications 
for the same feature (see Table 1 in [2]).  In 2000, the 
Mars Crater Consortium proposed standardized no-
menclature for these features [2]. 

Impact craters surrounded by a single layer of 
ejected material are called single layer ejecta (SLE) 
craters.  If the ejecta blanket terminates in a distal 
ridge, they are called single layer ejecta rampart 
(SLER) craters.  Those which terminate with a convex 
profile are called single layer ejecta pancake (SLEP) 
craters.  The ejecta blanket is further characterized by 
its sinuosity, as defined by the lobateness (Γ) formula 
[3, 4]: 

Γ = (perimeter)/(4π(diameter))1/2 
Ejecta blankets with Γ < 1.5 are classified as circular 
(e.g., SLEPC) while those with Γ ≥ 1.5 are classified 
as sinuous (e.g., SLERS). 

Similar nomenclature is used to describe the other 
ejecta morphologies.  Craters with two layers of ejecta 
material are called double layer ejecta (DLE) craters 
while those with 3 or more partial or complete layers 
are called multiple layer ejecta (MLE) craters.  Radial 
(lunar-like) ejecta patterns are called single layer ejecta 
radial  (SLERd).  Ejecta craters perched above the sur-
rounding terrain are called pedestal craters (Pd).  Each 
of these morphologies are further characterized, as 
needed, by the R, P, C, and S designations indicated 

above.  Ejecta blankets which are combinations of any 
of these classes are designated by using the combina-
tion of terms: for example, craters which display both 
secondary craters (radial ejecta) and an SLERS mor-
pholgy are listed as SLERdRS. 

Interior morphologies also are associated with 
many martian impact craters.  Many of these are typi-
cal interior features seen in craters on other bodies, 
including central peaks, peak rings, and wall terraces.  
However, central pits, found both on the crater floors 
(“floor pits”) and atop central peaks (“summit pits”) 
are quite common in martian impact craters.  Central 
pits are rare in lunar impact craters, but floor pits are 
often seen in craters on icy moons such as Ganymede.  
Models for central pit formation include impact into 
volatile-rich target material [5] and cometary impacts 
[6].  Recent modeling by Pierazzo et al. [7] shows that 
impact into volatile-rich targets can produce vapor 
under the central region of the crater floor—the release 
of this gas might produce central pits. 

Distributions:  Numerous studies have shown the 
predominance of SLE craters at all locations across the 
planet [c.f., 8, and references therein].  Pancake craters 
(SLEP) are typically more common at higher latitudes 
while rampart craters (e.g., SLER) typically dominate 
closer to the equator.  Pedestal (Pd) craters tend to be 
very small craters (< 5-km-diameter) found in fine-
grained materials.  MLE craters are found largely in 
the equatorial region, particularly along the highlands-
lowlands dichotomy boundary.  DLE craters are found 
at mid-latitudes (35°-60°) in both hemispheres but are 
most strongly concentrated in the north.  Radial ejecta 
are primarily found around the largest craters, although 
extremely small craters (typically <3-km-diameter) can 
also display radial structures. 

Crater size appears to be an important factor for 
many of the ejecta morphologies.  The SLE morphol-
ogy typically is associated with craters between about 
3 and 25 km diameter within the equatorial region, but 
is seen over larger diameter ranges (<1 km to >50 km) 
at higher latitudes.  The DLE morphology is associated 
with craters in a similar size range (3-30 km) in the 
regions where this morphology is seen.  MLE craters 
tend to be larger, ranging in size from ~15 km to 60 
km.  Crater with the radial ejecta are the largest craters 
(>60 km) while pedestal craters are usually very small.  

A Viking-based analysis of central pit craters re-
vealed that pits are found in craters ranging in diameter 
from ~15 to 65 km, with summit pits occurring in 
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smaller craters than floor pits [9].  That study also 
found that central pit craters are concentrated along the 
proposed outer rings of large impact basins on Mars.  
A new study of central pits, using MGS and Odyssey 
data, is confirming the range in crater diameters of 
central pit craters, but is revealing a much larger num-
ber of central pits than previously identified [10].  We 
also are seeing central pits in craters with a large range 
in preservational state, from very fresh to quite de-
graded. 

Formation of Ejecta Morphologies:  Two pri-
mary models exist for describing the formation of the 
layered ejecta morphologies seen on Mars:  Impact 
into and vaporization of subsurface volatiles [11, 12] 
or interactions of the ejecta curtain with the thin mar-
tian atmosphere [13, 14].  Each model explains the 
gross-scale features associated with layered ejecta 
morphologies on Mars, but differ on the finer-scale 
predictions—it will be analysis of these features which 
will help determine if one model is to be preferred 
over the other or if a combination of both models is 
needed.  The variation in the diameter of the smallest 
craters displaying a layered ejecta morphology is con-
sistent with the proposed distribution of subsurface 
volatiles, and the distributions of some crater mor-
phologies correlate with other indicators of subsurface 
volatiles.  However, the very large run-out distances of 
the ejecta for the outer layers of DLE and MLE craters 
is most consistent with the atmospheric model.  A re-
view of our current understanding of martian ejecta 
morphologies and their relationships to the two forma-
tion models is provided in [15].  At present, the evi-
dence supports a dominant role of subsurface volatiles 
in the creation of many of the observed features, with 
some modifications provided by atmospheric interac-
tions with the ejected debris. 

Pedestal (Pd) craters may have a different origin 
than the other layered ejecta morphologies seen on 
Mars.  Pd craters are those in which both the crater and 
its ejecta are elevated above the surrounding terrain.  
The traditional theory for the formation of Pd craters is 
that they form in fine-grained material which subse-
quently is deflated by strong winds, leaving the crater 
and its armored ejecta perched above the surroundings 
[16].  However, the small sizes of these craters and 
their locations in fine-grained materials which are also 
believed to be ice-rich may be more consistent with 
removal of the surrounding material by ice sublima-
tion.  An accompanying abstract (Barlow, this volume) 
discusses this idea in more detail. 

Central pits are perhaps even better indicators of 
the presence of subsurface volatiles.  The regional 
variations in the distribution of central pit craters sup-
ports the model that subsurface volatiles are key to 

their formation—if central pits form only because of 
comet impacts, we should see a more random distribu-
tion of central pit craters across Mars (plus we should 
also see such features on bodies like the Moon, where 
they are absent).  The recent numerical modeling by 
Pierazzo et al. [7] provides a theoretical basis to the 
influence of subsurface volatiles on the formation of 
these features.  More work remains to be done to un-
derstand the conditions favoring summit pit versus 
floor pit formation and why areas with other indicators 
of subsurface volatiles do not always show craters with 
central pits.  But the presence of central pits in craters 
with a variety of preservational ages indicates that sub-
surface volatiles have been present on Mars for much 
of the planet’s history. 

Discussion:  Impact craters excavate into the sub-
surface region where ice and/or liquid water may be 
present on Mars.  In addition, ejecta is tossed upward 
and can interact with the thin martian atmosphere.  
Thus both subsurface volatiles and the martian atmos-
phere likely affect the formation of certain crater mor-
phologies.  Based on present analysis, many of the 
features associated with the layered ejecta morpholo-
gies found around fresh martian impact craters are 
most consistent with the influence of subsurface vola-
tiles, but a few features may indicate the influence of 
the martian atmosphere.  Central pits almost certainly 
indicate the presence of long-lived subsurface volatile 
reservoirs.  Continued geomorphic, numerical, and 
laboratory analysis of martian impact craters and their 
terrestrial analogs will help us better understand how 
volatiles and atmospheres affect the formation of many 
impact crater morphologic features. 
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Introduction:  Pedestal craters are unique land-

forms on Mars where both the crater and ejecta blanket 
are elevated above the surrounding terrain (Fig. 1).  
The distributions and characteristics of these craters 
indicate that they form within a fine-grained layer.  
Traditionally, eolian deflation of the surrounding mate-
rial has been the proposed formation mechanism [1].  
However, new models of the latitudinal distribution of 
ice-rich mantles suggest that pedestal craters may re-
sult from sublimation of the surrounding ice-rich mate-
rial. 

Pedestal Crater Characteristics and Distribu-
tions:  Pedestal craters are typically <5 km in diameter 
and occur in fine-grained deposits which often corre-
late with the high-H2O-content regions identified by 
the Mars Odyssey Gamma Ray Spectrometer (GRS).   
Although most pedestal craters are found at high lati-
tudes, particularly in the north, we have also identified 
pedestal craters in near-equatorial regions such as on 
the floor of Gusev crater [2].   

Ejecta extent is quantified using the ejecta mobility 
(EM) ratio [3]: 

EM = (maximum extent of ejecta)/(crater radius) 

Single layer ejecta (SLE) craters poleward of ±40° 
latitude have average EM values of 1.8 in the north 
and 1.6 in the south.  Double layer ejecta (DLE) cra-
ters north of +40° latitude have an average EM of 1.5 
for their inner lobe and 3.5 for their outer layer.  Cor-
responding values for the region south of -40° latitude 
are 1.4 and 2.8, respectively.  Pedestal craters have the 
highest EM values of any ejecta morphology meas-
ured, with an average EM of 3.7 for those north of 
+40° and 3.8 for craters south of -40° latitude. 

Ejecta sinuosity is measured through a parameter 
called lobateness (Γ) [4, 5]: 

Γ = (ejecta perimeter)/[4π(ejecta area)]1/2 

Γ = 1 indicates a circular ejecta pattern while larger 
values of Γ indicate an increasing degree of sinuosity.  
SLE craters have average lobateness values of 1.12 for 
latitudes > +40° and 1.15 for latitudes < -40°.  The 
inner layer of the DLE craters has an average Γ of 1.09 
versus 1.14 for the outer layer.  Lobateness values for 
pedestal craters display a large variation, ranging from 
1.0 to 1.8, but the average Γ = 1.12. 

New Observations:  The higher resolutions of the 
Mars Orbiter Camera (MOC) and Thermal Emission 
Imaging System--Visible (THEMIS VIS) cameras 

have revealed many more Pd craters than were previ-
ously known from Viking analysis.  These higher reso-
lutions also permit identification of finer-scale features 
than previously seen.  Although most Pd craters seem 
to be surrounded by one ejecta layer, we do see a few 
examples of a double layer structure (Fig. 2).  We 
typically see the DLE-type structure for the larger ped-
estal craters, suggesting that resolution effects might 
limit the detection of an inner layer for the smaller 
craters. 

One of the most interesting correlations that we see 
is between the distribution of Pd craters and the re-
gions of high-H2O content as revealed by the GRS 
instrument.  This correlation strongly suggests that 
near-surface volatiles play a role in the formation of 
the Pd morphology.  In addition, the highest concentra-
tions of pedestal craters are found in the same regions 
where ice-rich mantles have been proposed to occur, 
based on geomorphic observations and modeling of 
past obliquity cycles [6, 7]. 

Discussion:  Our analysis of the distribution of 
pedestal (Pd) craters finds that they often occur in the 
same regions as DLE craters.  Because Pd craters also 
disply similarities to the EM and Γ values of the outer 
DLE layer, we propose that these morphologies form 
in a similar manner.  It is entirely possible that Pd cra-
ters are the small crater versions of larger DLE craters.  
We propose that the easily identifiable ejecta layer of 
Pd craters is the same as the outer ejecta layer of DLE 
craters. 

Formation Hypothesis:  Pd craters have been 
known to be concentrated in fine-grained materials 
since the first analysis of Viking data.  Several models 
were proposed to explain Pd formation, but the fa-
vored model is the eolian deflation model [1].  This 
model argues that the ejecta blanket somehow be-
comes armored during its emplacement.  Subsequent 
eolian deflation of the region removes the surrounding 
fine-grained material, leaving the crater and its ejecta 
blanket perched above the surroundings.   

One of the major problems with this model is the 
symmetrical shape of the pedestal crater—one must 
invoke a changing preferential wind direction over the 
entire 360° to produce such a symmetrical pedestal.  
With the new information indicating that Pd craters 
form not just in fine-grained materials but in ice-rich 
fine-grained materials, we propose a new formation 
mechanism.  We propose that Pd craters result from 
small impacts which do not excavate entirely through 
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the fine-grained mantle.  Some (currently unknown) 
mechanism armors the ejecta deposit.  During periods 
of lower obliquity, the ice in this mantling material 
sublimates, lowering the surrounding terrain and leav-
ing the pedestal crater and its ejecta elevated.  Other 
geologic evidence of the sublimation of an ice-rich 
mantle has been reported in these same regions [6].  
Sublimation also would occur more symmetrically 
around the pedestal, removing the major problem with 
the eolian deflation model. 
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Figure 1:  A field of pedestal craters.  All craters are 
less than 2 km in diameter.  (THEMIS image 
I04916007) 
 
 

 

 
 
Figure 2:  3.9-km-diameter pedestal crater showing a 
double layer morphology.  Crater is located at 35.90°N 
147.78°E.  (THEMIS image I10293012) 
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Figure 1: Wide angle image from Mars Global Surveyor,  
MOC R10-05145 (Malin Space Science Systems).  Image 
is centered on 174.63W 14.51S and width is 120 km. 

Crater Lakes on Mars: Development of Quantitative Thermal and Geomorphic Models.  C. J. Barnhart1, S. 
Tulaczyk1, E. Asphaug1, E. R. Kraal1, J. Moore2, 1(Department of Earth Sciences, University of California Santa 
Cruz, 1156 High Street, Santa Cruz, California, 95064, barnhart@es.ucsc.edu, asphaug@es.ucsc.edu), 2(NASA 
Ames Research Center, MS 245-3, Moffet Field, CA 94035-1000, jeff.moore@nasa.gov).  
 

Introduction: Impact craters on Mars have 
served as catchments for channel-eroding surface 
fluids, and hundreds of examples of candidate 
paleolakes are documented [1,2] (see Figure 1). 
Because these features show similarity to terrestrial 
shorelines, wave action has been hypothesized as the 
geomorphic agent responsible for the generation of 
these features [3].  Recent efforts have examined the 
potential for shoreline formation by wind-driven 
waves, in order to turn an important but controversial 
idea into a quantitative, falsifiable hypothesis. These 
studies have concluded that significant wave-action 
shorelines are unlikely to have formed commonly 
within craters on Mars, barring Earth-like weather for 
~1000 years [4,5,6].   

Ice as Protagonist: A different mechanism is 
required to explain these features.  Our efforts are 
therefore devoted to understanding the geomorphic 
effects of thick (glacial) ice cover under martian 
conditions [7].  Terrestrial analogs are not trivially 
adapted to martian conditions, and thus a number of 
studies have examined from first principles the 
thermal evolution and residence time of liquid water 
and ice cover in martian environments [8,9,10].  
However, the linked geomorphic evolution of such a 

system has yet to be adequately characterized. 
Possible Scenarios:  We have begun to develop 

detailed models to test specific scenarios for ice-
covered lakes (ice battering, thermal expansion, 

subsidence, burial and exhumation, etc.) exploring 
their ability to produce shoreline-type features (see 
Figure 2).  In this abstract we describe the 
preliminary modeling approach for one such 
scenario, where a lake with thick ice cover 
experiences volumetric strain from ice/water/brine 
density variations.  This is one of five candidate 
scenarios to be described during our presentation. 

 
A lake with thick ice cover is likely to experience 

volumetric strain in response to extreme temperature 
changes, for instance the collapse of greenhouse or 
other severe climate cycling.  Thermal expansion and 
freeze-out leads to strain accommodation and slip, 
resulting in mass wasting and erosional deformation 
at the ice margin.  The mechanism could repeat with 
climate cycles if water or brine persist. 

Our model, currently under development, begins 
with a 1D thermodynamical lake model describing 
energy and sediment inputs and brine-ice 
interactions. The model is governed by an equation 
that balances incoming and outgoing energy in the 
center column of a crater lake.  The model provides 
time scales for the persistence of liquid water/brine 
and for ice lid longevity. 1D results will be adopted 
for 2D modified finite element models of ice 
evolution within evolving crater lake boundary and 
thermal condiditions, coupled to models for margin 
deformation and erosion.  

Energy Balance: Through energy balance 
equations it has been shown that ice-covered lakes 
can exist for up to 700 million years on Mars after the 
mean global temperature drops below freezing [9,11]. 

Figure 2: Ice-lake schematic.  Mass and energy fluxes 
involved in our models are indicated. Adapted from McKay et 
al. (1985). 
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Subsequent research has progressed into the 
thermodynamics of such systems including: (1) the 
contribution of crater-formation heating on the 
persistence of liquid water, and the evolution of ice 
cover thickness [12], (2) the fate of flood waters 
emptying into the northern plains [8], (3) the use of 
detailed thermal and atmospheric models to calculate 
the lifetime of water and the evolution of ice cover 
thicknesses [10].   

Equation 1 balances the upward conduction of 
heat at a given depth in the ice cover with the energy 
input below that level in the ice [9]. A steady state 
condition is assumed and fluxes are averaged over 
the year to obtain  

 
  

 (1) 
 

where k is the thermal conductivity of ice, dT/dz is 
the gradient of annual mean temperature (T) with 
depth (z) in the ice, S(z) is the annual mean flux of 
solar energy absorbed below z and Fg is the 
geothermal heat flux.  As model complexity 
increases, so will our description of the balance of 
energy and mass fluxes.  

Model evolution will include energy balance at 
discrete layers throughout a one-dimensional column.  
The speed of this model will facilitate probing 
consequences of climatic variables and atmospheric 
forcing on ice-lake longevity and thermodynamic 

response.  Our overall technique will be based on the 
one-dimensional unsteady heat conduction equation 
with penetrating solar radiation. The unsteady heat 
equation is of particular utility, because it describes 
energy transport and diffusion at depth between 
different materials; water, ice, dust, alluvium, and 
bedrock. 

Astrobiological Discussion: The exploration of 
potential sites of astrobiological interest on Mars is 
one of NASA’s main directives. Our model argues 
that, by comparison to an intracrater ice plug, 
lacustrine systems on Mars are rather transitory.  It is 
more probable, then, that life would have a greater 
opportunity to proliferate in an aqueous environment 
under an ice plug rather than in ephemeral lakes 
exposed to the myriad hostilities of Mars’ surface: 
UV radiation, sub-arctic temperatures, and the 
extreme, oxidizing nature of surface chemistries [13].  

Conclusion: The glacial geomorphology of crater 
features is a rich key to the Martian past, yet, despite 
the wealth of imagery, the interpretation of surface 
morphology lacks the insight and definition that a 
quantitative model would provide.  Our models 
explore geomorphic scenarios that posit ice plugs as 
the formation mechanism for shoreline features. The 
development of a quantitative model that describes 
this system will provide new insights—climatic, 
hydrological, astrobiological—into Mars’ history. 
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= S(z )+ L + Fg

Figure 4: Schematic of a 1D thermodynamic model for an ice-
lake.  Arrows describe the energy flux, the solid line is a 
qualitative temperature profile where Ts and Tl are the  surface 
and eutectic temperatures respectively. Model design is 
motivated by McKay et al. (1985) and Duguay et al. (2003). 

Role of Volatiles and Atmospheres on Martian Impact Craters 2005 3018.pdf



THE RUNOUT EFFICIENCY OF FLUIDIZED EJECTA ON MARS.  O.S. Barnouin-Jha1,2 

1Dept.  of  Complexity  Sciences,  U.  Tokyo,  Japan,  2The Johns  Hopkins  University  Applied 
Physics Laboratory, Laurel, MD.

Introduction:  The distance from rim-crest to 
distal  rampart  has  typically  been used  to  deter
mine the fluidity of Martian ejecta [e.g., 1]. When 
craters of a given size possess longer rim-to-ram
part distances, these studies typically assume that 
greater amounts of volatiles are present within the 
ejecta.  Such  rim-to-rampart  distances  have  also 
been shown to increase as  Rc

1/2,  where  Rc is  the 
crater radius. Such a relationship is expected from 
impact experiments in an atmosphere [2]. 

In this study, runout efficiency (i.e.,  L/H ana
lyzes where L is the runout distance and H is onset 
height) is used. This efficiency allows to broadly 
characterize the rheology of landslides on Earth 
[e.g., 3, 4 and references therein] and the planets 
[e.g., 5, 6]. It varies mostly with the volume of a 
landslide, but is also influenced by other factors 
including the presence of water  [e.g., 3, 4  and 
references therein]. In the case of very large land
slides (V>107m3), L depends primarily on the flow 
volume [7],  although differences in rheology re
main important. 

We compare results of L/H and L as a function 
of flow volume obtained for several Martian flu
idized craters with terrestrial debris flow and rock 
avalanches to broadly characterize the rheology of 
these ejecta, once they have begun to flow. How
ever,  before  such characterization are  made,  we 
must first define L and H of ejecta in a way that is 
meaningful for comparisons with data from terres
trial mass movements.
Table 1: Symbols

Sym
bol

Definitions

dMe(x) Incremental ejecta mass excavated at x
Me Total mass of ejecta 

x Distance from crater center to point of 
ejecta excavation

Ve Ejecta excavation velocity at x
Rc Transient crater radius

Rb
Crater radius that defines ejecta mass in 
continuous ballistically emplaced ejecta 

c, Empirically derived crater scaling pa
rameter [3, 4]

e Empirically derived secondary cratering 
parameter 

Background:  The use of L/H to characterize 
mass movements derives naturally from balancing 
the initial  potential  energy of a mass movement 
with the total energy or work lost during its em

placement.  Typically,  initial  potential  energy of  a 
landslide is given by MgH, where, in this form, M is 
the point mass of the flow, H is strictly speaking the 
height to the center of mass of the source area, and g 
is the acceleration due to gravity. As the flow pro
gresses  downslope,  the  work  lost  is  defined  as 
MgRL where L is the runout length to the center of 
mass, and R is the resistance coefficient.  While it is 
difficult to directly determine R, the energy balance 
gives

1/R=L/H
In order to obtain runout efficiency for ejecta, a 

similar energy balance must be undertaken.  In the 
case of ejecta, the component of its kinetic energy 
that is injected into along surface flow must be bal
anced with  the work lost  by friction during flow. 
Since most fluidized martian craters are fairly large, 
the total kinetic energy of the ejecta is computed us
ing gravity controlled crater scaling rules [8, 9, 10] 
as:

1
2∫0

Rc

V e x 
2 dM e x 

KEe=
1
2
∫
0

Rc [cRc g x
Rc


−1 /]

2
3M e

Rc
3 x2 dx

¿
where the symbols are defined in Table 1. This inte
gral is undefined for certain values of . We, there
fore,  introduce  the  radius  Rb by  tracing  ballistic 
paths back into the transient crater from the edge of 
the continuous ejecta deposits seen on Mercury [11]. 
We chose continuous ejecta deposits on Mercury as 
representative of the extent of the continuous ejecta 
blanket at Mars craters which have not flowed be
cause of the similarity in g between these two plan
ets, and the fact that the ejecta on Mercury possesses 
no evidence for flow. Remember that ejecta veloci
ty, which is partly responsible for defining the edge 
of the continuous ejecta when no fluidizing agents 
are present,  varies  with local  g.  Thus,  KEe of  the 
ejecta becomes

KEe=
3
2

c2 M e Rc g

3−2 / [1− Rb

Rc

3−2/]

The initial kinetic energy injected into the flow
ing ejecta,  KEf  will be somewhat less than  KEe be
cause of some losses that occur prior to flow. These 
losses  result  either  from  sedimentation  processes 
that occur once ballistic first strikes the target sur
faces  or  atmospheric  entrainment  processes.   The 

Role of Volatiles and Atmospheres on Martian Impact Craters 2005 3005.pdf



variable e parameterizes these losses so that KEf = 
eKee and can be estimated from laboratory experi
ments and numerics [8, 9, 10, 12, 13, 14, 17, 18].

Because the energy analysis treats the ejecta as 
a point mass, the work lost Wl as the ejecta flows 
is given by RMegL in the same form as for land
slides regardless of the geometric differences be
tween these flows.  In keeping with the  L/H ap
proach for mass movement, the variable L defines 
the radial distance that the ejecta flowed after be
ing injected into a continuum flow. A reasonable 
estimate of  L is given by the distance separating 
the edge of fluidized ejecta with that of continu
ous ballistic ejecta deposit.  As for  Rb, the extent 
of the continuous ejecta when no subsequent flow 
occurs is provided by  Mercurian craters [11].

The  resulting  ejecta  runout  efficiency  1/R 
(equivalent to L/H for planar debris flows) is thus 
given by

1
R
=2

3
3−2 / L

c2 e Rc
[1− Rb

Rc

3−2/ ]

−1

Approach: Several measurements are required 
to compare the runout efficiency of fluidized ejec
ta  with  that  of  landslides.  These  include  runout 
distance, rim-to-rim diameter, and volume of the 
ejecta flows. In the case of landslides,  H is also 
needed.  We  obtain  this  data  from several  fresh 
craters  in Lunae Planum (MOLA),  and imagery 
data from the THEMIS orbiters [15]. In comput
ing the volume of the ejecta, we assume some rea
sonable rim uplift [e.g., 16]. 

Figure  1.  Runout efficiency versus flow vol
ume for Martian fluidized ejecta  and landslides, 
and a few terrestrial mass movements. Terrestrial 
data from [3, 4].  

Results and Discussion: Preliminary runout ef
ficiency results for Mars craters are shown in Figure 
1.  Also  shown  are  terrestrial  data  for  pyroclastic 
flows, volcanic debris  avalanches, non-volcanic de
bris avalanches and debris flows.  The debris flows 
generally possess a greater volatile content than the 
other flows shown.

Two sets of results are shown for the fluidized 
martian ejecta. The first set (closed blue diamonds) 
is for the case where 15% of the kinetic energy of 
the excavated ejecta is injected into its forward flow. 
This  corresponds  approximately  to  the  amount  of 
energy  imparted  to  ejecta  by  a  secondary  crater 
formed by the impact of a single projectile [9, 10, 
12,  13,  14].  This  energy  probably  represents  the 
minimum amount of energy that would be injected 
into the flowing ejecta since generally ejecta falls as 
an  amalgam of  particles  rather  than  as  individual 
particles.  

The second set  assumes (open  blue  diamonds) 
the  more  realistic  situation  where  primary  ejecta 
strikes  the  target  surface  as  such  an  amalgam or 
cluster of particles. Experiments indicate that while 
overall  impact  cratering  efficiency  (ratio  of  dis
placed mass to projectile mass) for such clustered 
impacts is reduced relative to a single impactor, the 
total kinetic energy of the ejecta is increased signifi
cantly [17, 18].  We assume in this study, therefore, 
that 40% of the kinetic energy of impacting primary 
ejecta is injected into the flowing ejecta.

Keeping these two cases in mind, it appears that 
Mars ejecta in Lunae Planum generally flows less 
efficiently than volatile-rich terrestrial mass move
ments. They are more comparable in behavior to the 
drier volcanic and non-volcanic rock avalanches.      
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Introduction: At the bases of many mid-latitude 

crater walls, arcuate ridges with sharp crests can be 
seen [1,2]. These features are usually located at the 
bottom of gullied walls of craters, but gullies are not 
always present above them. Stratigraphically, the de-
bris aprons of gullies overlie the crater wall-facing 
slopes of arcuate ridges, where the two features coex-
ist, and the debris aprons may infill the region between 
the base of the crater wall and the arcuate ridge. Some 
ridges are only slightly sinuous and form one continu-
ous ridge around a portion of the interior crater wall, 
but in most cases ridges appear as individual features 
that abut one another. They are often associated with 
lineations and pitted textures extending onto crater 
floors. The arcuate ridges resemble terrestrial protalus 
ramparts or terminal moraines [3,4,5], which suggests 
they may have a glacial origin. A general survey [2] 
has shown these features to be common in certain mid-
latitude regions.    

Survey: The Phaethontis Quadrangle (MC-24) was 
selected for a systematic survey because of the large 
density of craters in that region with gullies, arcuate 
ridges, and patterned floors. All 1153 MOC images 
from mission phases AB1 through R02 in quadrangle 
MC-24 (30º to 65º S, 120º W to 180º W) were sur-
veyed for craters containing the features of interest.  
Arcuate ridges were identified according to the mor-
phologies described above. Gullies were identified on 
the basis of having at least two of the primary features 
described by Malin and Edgett [6]: head alcoves, chan-
nels, and debris aprons. Craters with patterned floor 
deposits, but no arcuate ridges were also identified. 
This survey resulted in 364 MOC images which con-
tained one or more of these features. All 485 THEMIS 
VIS images through the 7/1/04 release within the same 
region were surveyed, resulting in 67 images with the 
desired features. The images were then grouped by 
crater and 225 individual craters, which range in di-
ameter from ~1.5 km - ~50 km, were identified, al-
though few craters larger than 30 km in diameter ex-
hibit these features. Of the 225 craters, 188 contained 
gullies on some portion of their walls. A total of 118 
craters with arcuate ridges were identified; 104 of 
these craters also had gullies. An additional 35 craters 
had patterned floors, 13 of which also had gullies. 

Each crater examined in MOC and THEMIS im-
ages was divided into 8 sectors, and the presence or 
absence of gullies and arcuate ridges on the crater 
walls was noted for each sector. Gullies on the north-

west, north, or northeast wall were identified as pole-
facing gullies; gullies on the southwest, south, or 
southeast walls were identified as equator-facing gul-
lies. Individual craters exhibited gullies and arcuate 
ridges in multiple sectors.  Results are shown in Figs. 1 
and 2 for craters with coverage of at least some portion 
of both the north and the south walls.  The existing 
literature is inconsistent as to whether pole-facing ori-
entations or equator-facing orientations dominate 
[6,7], but Figs. 1-3 show that at least part of the dis-
crepancy is a striking latitude effect.   

For craters with image coverage of the entire crater 
(34 craters), 20 had only pole-facing gullies, 2 had 
only equator-facing gullies, 6 had gullies on both 
walls, 1 had gullies on the east and west walls, and 5 
had no gullies at all. Of the 198 craters that had image 
coverage of at least some portion of both the north and 
south walls, 165 had gullies. Of those, 98 (59%) had 
gullies only on pole-facing slopes, 28 (17%) had gul-
lies only on equator-facing slopes, 32 (19%) had gul-
lies on both walls, and 7 had gullies on the E or W 
walls. As seen in Fig. 3, all of the craters with gullies 
only on equator-facing slopes were found between 44º 
S and 56º S. Craters with gullies only on the pole-
facing side were found between 30º S and 48º S. Cra-
ters with gullies on both N and S sides were found 
between 37º S and 64º S. Craters with gullies on only 
the east and/or west walls were found between lati-
tudes 42º S and 50º S. 

The arcuate ridges have an even stronger prefer-
ence for pole-facing orientations than the gullies; a 
polar plot of their orientations can be seen in Fig. 4. Of 
the 99 craters with arcuate ridges with image coverage 
of both crater walls, 75 had ridges only on the pole-
facing side, 11 had ridges only on the equator-facing 
side, and 13 had ridges on both sides.  As with the 
gullies, between 44º S and 65º S, a larger number of 
arcuate ridges have equator-facing orientations, but the 
majority are still pole-facing in that latitude band. 

Discussion: There are clear associations between 
gully systems and arcuate ridges, including similarities 
in geometry of the alcoves and sinuous arcs of arcuate 
ridges, and the backfilling of arcuate ridges by debris 
aprons associated with gullies. The latitudinal distribu-
tion of gullies and arcuate ridges and the dependence 
of preserved features on orientation and latitude sup-
port a direct association between these features and the 
emplacement, melting, and removal of an ice-rich 
mantle [8,9,10]. Mantled crater walls appear to evolve 
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by large-scale mass wasting of ice-rich material to 
produce patterned floor deposits, followed by cycles of 
localized wall slope modification. Formation of gullies 
occurs by either basal melting or breakout of ground-
water, and arcuate ridges form by erosion of the mar-
gin of the crater floor deposit and/or deposition of ma-
terial from the crater wall as it encounters the deposits 
on the crater floor.   

 
Fig. 1. Orientations of gullies in craters with coverage 
of N and S walls between 30º and 44º S, in MC-24. 
 

 
Fig. 2. Orientations of gullies in craters with coverage 
of N and S walls between 44º and 65º S, in MC-24. 

 
Fig. 3. Orientations of gullies in craters with coverage 
of both N and S walls in MC-24. 
 

 
Fig. 4. Orientations of arcuate ridges in craters with 
coverage of N and S walls, in Quandrangle MC-24. 
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IMPACT CRATER GEOMETRIES PROVIDE EVIDENCE FOR ICE-RICH LAYERS AT LOW 
LATITUDES ON MARS. B. A. Black and S. T. Stewart, Harvard University (Department of Earth and Planetary 
Sciences, 20 Oxford St., Cambridge, MA 02138, bblack@fas.harvard.edu, sstewart@eps.harvard.edu). 

 
Introduction. The impact cratering record 

documents the history of resurfacing events on Mars. 
The morphology and distribution of layered (rampart) 
ejecta blankets provide insights into the presence of 
volatiles in the upper crust [1-4]. The physical 
properties of the crust and history of water have been 
revealed through recent quantitative studies of the 
geometry of Martian craters [5-9]. Here, we present 
the results from a study focused on impact craters in 
Utopia Planitia and the Elysium Mons province to 
infer the history and properties of resurfacing episodes. 

Crater Measurements. Using the HMars program, 
an interactive toolkit for measuring crater geometries 
based on the Mars Orbiter Laser Altimeter (MOLA) 
data  [5, 7], we measured 384 craters in Utopia, Isidis, 
Elysium, the Vastitas Borealis Formation (VBF), 
Acidalia, Solis Planum, and Lunae Planum. Of these, 
208 well-resolved craters (all fresh and intermediately 
degraded craters greater than 4 km diameter) in the 
Utopia region were studied in detail. 

The MOLA PEDR altimetry profiles are gridded 
using Delaunay triangulation at a resolution of 0.6 
km/pixel. Rim height, cavity depth, and diameter 
measurements are conducted on the PEDR data and 
volume measurements are based on the gridded data. 
The accuracy of measurements with the HMars 
program are ~10% for rim height and <30% for ejecta 
volumes based on measurements of simulated craters 
on realistic background terrains [5, 7]. 

Results. Our results (Fig. 1) expand previous studies 
of crater geometries using the HMars program and 
demonstrate significant differences in crater 
geometries with region on Mars. For example, VBF 
craters ( ) are distinctly softened compared to Utopia, 
with in-filled cavities and degraded rims. In the 
Utopia-Elysium region, we found a set of fresh craters 
with apparent ejecta volumes in excess of expected 
excavation volumes (identified by  and  in Fig. 1). 
Fresh craters are defined by cavity depths, rim heights, 
and visual inspection of THEMIS imagery. These 
“excess-ejecta” (EE) craters have volumes above the 
apparent pre-impact surfaces (Vabove) several times 
larger than their cavity volumes (Vcavity). We defined 
two classes of these excess-ejecta craters for 
illustrative purposes. Class one (EE-I) contains the 
freshest craters with the highest proportions of excess 
ejecta: dS/DR>0.08, HR/DR>0.03, Vabove/Vcavity>1.5. 
Class two (EE-II) contains craters have slightly lower 
criteria for freshness and excess ejecta, defined as 

craters with dS/DR>0.06, HR/DR>0.023, 
Vabove/Vcavity>1.25 that do not fall in class EE-I. 

We investigated the geologic setting of EE craters 
and found a spatial correlation with certain flows from 
Elysium (Fig. 2). Seventy percent of the craters were 
located on lava and sediment units associated with 
Amazonian flows extending from the northwest of the 
Elysium rise [10]. No EE craters were found in Isidis 
Planitia, Acidalia Planitia, Solis Planum, or Lunae 
Planum, although surveys of the last three regions 
were not complete.  

In our survey, we identified eight EE-I craters in 
Utopia-Elysium. The amount of excess ejecta is 
calculated using two independent methods (Table 1). 
First, the volume above the apparent pre-impact 
surface, Vabove, is compared to the crater cavity volume, 
Vcavity. Second, the observed ejecta, Vobs_ejecta, is 
calculated by subtracting a conservative model for the 
uplifted surface (defined at a radius r by HR(r/RR)-5.5), 
where HR and RR are the rim height and radius of the 
crater), from Vabove. The observed ejecta volume, 
Vobs_ejecta, is compared to the expected ejecta volume, 
Vexpected_ejecta, for the crater diameter [11]. The excess 
volume ratios from the independent methods are in 
very good agreement, confirming that the excess 
volume is robust. 

Discussion. Several scenarios were examined to 
explain the apparent excess ejecta. Based on the 
geological history of the region, the locations of the 
EE craters, and the crater geometries, we interpret the 
excess material in the ejecta blanket as evidence for 
removal of a volatile-rich layer surrounding the 
craters. The two volume ratios (Table 1) imply that the 
apparent excess ejecta is a result of deflation of the 
pre-impact surface level producing perched ejecta. 
Among the eight EE-I craters, the average apparent 
ejecta thickness is ~45 m larger than expected. 

We rejected scenarios involving removal of material 
by scouring events (e.g., debris or lahar flows) because 
of the symmetric preservation of ejecta around most of 
the craters. Our preferred model is sublimation of one 
or more water ice-rich surface deposits emplaced 
before the impact events under a different climate. 
After the impact events, the ejecta blanket covers and 
insulates a portion of the layer. As the climate 
changed, the unprotected icy layer surrounding the 
ejecta blanket sublimates more quickly, leaving an 
apparently lower pre-impact surface. The inner ejecta 
blanket of most EE-I craters appear softened (Fig. 3), 
suggesting partial sublimation or relaxation. 
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Such an ice-rich layer may have been emplaced 
during a glacial period on Mars. Climate simulations 
suggest that the flank of Elysium Mons may 
accumulate ice deposits during high obliquity periods 
[12]. Alternatively, the clustering of EE craters on 
Elysium flow deposits may indicate that many of these 
flows were fluidized with liquid water. 

We estimate the time scale for sublimation of an icy 
layer [following methods of 13, 14]. Longevity 
depends strongly on the thickness of the layer, ice 
fraction, burial depth, porosity of the insulating ejecta, 
and temperature. At an average temperature of 210 K, 
a 45-m thick pure ice layer, buried under 20 m of 
ejecta (10% porous, 10-µm pores), would sublimate in 
~55 Ma. A 45-m thick partial ice layer would 
sublimate in a few 10’s Ma in the present climate. 

Conclusions. Craters with perched ejecta in the 
region of Utopia Planitia provide evidence for an ice-
rich layer preserved by overlying ejecta blankets. 
These observations support climate models and 
geomorphologic observations that suggest Martian 
obliquity cycles produced recent glacial periods and 
deposition of low- and mid-latitude ice [8, 12, 15-17]. 
The inference of ice-rich layers, residing below the 
penetration depth of the Neutron Spectrometer [18], is 
testable with ground-penetrating radar or drilling. 
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Table 1. Excess Ejecta Volume. Ratios of observed 
apparent ejecta volume to expected ejecta volume and ratios 
of volume above apparent pre-impact surface to cavity 
volume for EE-I craters. 

Crater # 1 2 3 4 
Vabove - Vuplift 
Vexpected ejecta 

2.79 1.31 1.43 5.45 

Vabove/Vcavity 2.07 1.77 1.61 7.36 

Crater # 5 6 7 8 
Vabove - Vuplift 
Vexpected ejecta 

2.76 9.9 1.77 4.47 

Vabove/Vcavity 2.03 7.3 1.64 4.17 
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Fig. 1. Log of ratio of volume above apparent pre-impact 
surface to cavity volume as a function of A. rim height / rim 
diameter and B. depth from surface / rim diameter. Craters 
on the right are considered the freshest. : class one excess-
ejecta craters; : class two excess-ejecta craters. Log ratio 
of zero indicates Vabove = Vcavity. 
 

Fig. 2.  Locations of excess ejecta craters, overlaid on 
shaded relief topography and map of Elysium flow units 
[from 10]. Symbols identify different crater groups (defined 
in Fig. 1). White : EE-I craters; white : EE-II craters. 
 

 

Fig. 3. Daytime THEMIS IR 
image of crater no. 4 from 
Table 1 (6.2-km diameter, 
124.3 E, 36.9 N). Note 
softened appearance of inner 
ejecta blanket. [THEMIS 
I10232013, north up]. 
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Martian Craters Viewed by the THEMIS Instrument: Double-Layered Ejecta Craters.  
Joseph M. Boyce and Peter J. Mouginis-Mark, both at: Hawaii Institute of Geophysics and 
Planetology, University of Hawaii, Honolulu, Hawaii, 96822  
 

A global search of THEMIS VIS data (18 
m/pixel) allows the identification of 89 fresh 
appearing double layer ejecta DLE craters in the 
diameter range 5.5 to 29.6 km.  Most of these 
craters occur in two latitudinal bands, from 28.9˚ 
to 51.53˚S, and 23.3˚ to 57.3˚N, and at elevations 
from –6.0 to +2.0 km relative to Mars datum, 
confirming observations [1] that DLE craters 
occur at/on a variety of elevations, terrain types 
and terrain ages on Mars (Fig. 1). 
 

 
 
Figure 1:  Locations (red dots) of fresh appearing 
DLE craters identified in this study, plotted on a 
generalized geologic (age) map of Mars. Blue is 
Noachian-age terrain, green represents Hesperian-
age terrain and gray is Amazonean-age terrain.  
Geologic base map from USGS Flagstaff. 
 
Morphology: All DLE craters studied here 
include two ejecta layers; the inner layer is the 
thickest and extends outward from the rim to ~1-2 
crater radii, while the outer layer is thinner (a few 
tens of meters) and extends outward to ~3-5 crater 
radii.  Both ejecta layers have a pronounced radial 
texture produced by grooves and ridges that 
commonly can be traced continuously from near 
the rim (Fig. 2) to the outer edge of the outer 
layer.   The nature of the texture changes abruptly 
at the boundary between the two layers: from 
straight troughs and ridges on the inner layer 
(Fig. 3) to troughs and ridges on the outer 
layer that are deflected around obstacles (Fig. 
4) and commonly have channel-like shapes in 
MOC images. The morphologic characteristic of 
this texture suggests that it was produced by 
erosion by supersonic surge on the inner layer 

that changed to deposition by subsonic flow in the 
outer layer.   
 

 
 
Figure 2.  The inner ejecta layer of the crater 
Bacolor (33.0°N, 118.6°E) showing straight 
grooves and ridges that run radial to its rim. 
(THEMIS VIS image 12141005). 
 

Morphologic evidence (the ejecta’s inability 
to surmount obstacles ~300 m high) indicates that 
the outer layer was emplaced at a relatively low 
speed of <100 m/sec at the boundary between the 
two layers.  The inner layer has a broad distal 
rampart that may be as much as 175 meters high 
relative to the surface of the outer ejecta layer.  A 
similar but smaller broad rampart also is common 
on the outer edge of the outer ejecta layer. A 
“moat” often exists between the crater’s rim crest 
and the broad rampart on the inner ejecta layer 
and, in places, may be at an elevation only a few 
meters higher than the inferred elevation of the 
preexisting surface.   As a result, ejecta deposits 

Role of Volatiles and Atmospheres on Martian Impact Craters 2005 3009.pdf



close to the rim of DLE craters are generally 
thinner than those of other types of craters 
suggesting that either low-velocity near-rim flap 
material was not deposited near the end of crater 
formation or that it was transported outward 
(possibly deposited as part of the broad rampart of 
the inner layer). 
 

 
 
Figure 3. The outer ejecta layer of Bacolor has 
numerous radial channel-like troughs and ridges.  
In places these features are deflected around 
preexisting obstacles (A) (THEMIS VIS image 
13988002). 

No secondary craters have been identified out 
to 11 crater radii from these craters. The lack of 
secondary craters could be the result of 
fragmentation of ejecta blocks cause by volatile in 
the target materials, entrainment or crushing of 
these blocks by the surge that produced the outer 
ejecta layer, or an observation bias caused by the 
current spatial coverage by THEMIS images. 

 
Emplacement Model: These observations 
suggest that emplacement of DLE crater ejecta 
occurred in two stages, similar to that proposed 
by [2] where the inner ejecta layer was emplaced 
before the outer ejecta layer.  Furthermore, the 
high-resolution THEMIS image data suggest that 
emplacement of the inner ejecta layer was, most 
likely, by a process similar to that of the ejecta of 

other fluidized ejecta craters, but the outer ejecta 
layer was emplaced by base surge.  In addition, 
the comparatively short runout distance of the 
inner layer is consistent with that predicted by [3] 
for target materials that contain significant 
amounts of water ice.   

 
Figure 4.  The north rim of Bacolor showing 
striations that runs from near its crest outward 
onto the inner ejecta layer (THEMIS VIS image 
12453007).  

While other mechanisms could produce the 
observed morphologic features, they require the 
ejecta to be fluidized throughout its emplacement, 
and as a result require a broad distribution of 
localized deposits of easily fluidized materials 
(e.g., thick, fine-grain deposits) or that base surge 
dominated the entire ejecta emplacement process 
with little contribution from ballistic ejection of 
materials. 
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ELASTIC GRANULAR FLOWS.  C. S. Campbell, USC Aerospace and Mechanical 
Engineering, Los Angeles CA 90089-1453. campbell@usc.edu 
 
A decade ago, large scale landslide simulations, designed to understand the anomalous 
behavior on the Earth, Moon and Mars, yielded the surprising result that the effective 
friction coefficient (the ratio of shear to normal forces at the base of the slide) increased 
with the shear rate. This might possibly explain the effect of slide volume on the runout 
of large landslides, but it also indicates that landslides operated in an entirely new and 
unexplored  flow regime.  
 
Previously, granular flows had been divided into (1) the  slow, quasistatic regime, in 
which the effective friction coefficient is taken to be a material property and thus 
constant, and (2) the fast, rapid-flow regime, where the particles interact collisionally, but 
which scales in such a way that the effective friction coefficient  is independent of the 
shear rate. Consequently the landslides operated in a separate intermediate regime. 
 
This talk will discuss computer simulation studies into this intermediate regime and into 
the transitions between regimes. In this way, it is possible to draw the entire flowmap 
connecting the quasistatic and rapid-flow regimes. The key was to include the elastic 
properties of the solid material in the set of rheological parameters; in effect this put solid 
properties into the rheology of granular solids, properties  that were unnecessary in 
previous theories  as a result of the plasticity and kinetic theory formalisms on which 
quasistatic and rapid-flow theories are respectively based. Granular flows are then 
divided into two broad categories, the Elastic Regimes, in which the particles are locked 
in force chains and interact elastically over long duration contact with their neighbors and 
the Inertial regimes, where the particles have broken free of the force chains. The Elastic 
regimes can be further subdivided into the Elastic-Quasistatic regime (the old quasistatic 
regime) and the Elastic-Inertial regime. The Elastic-Inertial regime is the “new” regime 
observed in the landslide simulations, in which the inertially induced stresses are 
significant compared to the elastically induced stresses. The Inertial regime can also be 
sub-divided into an Inertial-Non-Collisional where the stresses scale inertially, but the 
particles interact through long duration contacts, and the Inertial-Collisional or rapid-flow 
regime. 
 
Finally, it will be shown that Stress-Controlled flows are rheologically different from 
Controlled-Volume flows. Physically, there is a range of dense concentrations 
(0.5<ν<0.6) in which it is possible to form force chains and thus to demonstrate 
elastically. But there are conditions under which force chains may or may not form at a 
given average concentration. (In other words it is possible for the material to exhibit two 
different states at the same concentration.) By forcing the material to support an applied 
loads across force chains, Stress-Controlled flows  generally behave elastically through 
this range of concentrations under the same conditions where Controlled-Volume flows 
behave inertially. 
 
Keywords: Granular flow, Elastic, Force chains, landslides, flow regimes, flowmaps, 
Elastic-Quasistatic, Elastic-Inertial, Inertial-non-Collisional, Collisional     
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DISPERSION AND MIXING OF IMPACT-GENERATED AEROSOLS IN THE MARTIAN MIDDLE 
ATMOSPHERE. J. Y-K. Cho1, S. T. Stewart2. 1Department of Terrestrial Magnetism, Carnegie Institution of 
Washington (jcho@dtm.ciw.edu), 2Department of Earth and Planetary Sciences, Harvard University 
(sstewart@eps.harvard.edu) 
  

Large bolide impacts on the Martian surface 
load the atmosphere with long-lived, fine-scale 
particles by direct injection and ballistic fallout 
[Pierazzo et al., 1998]. When the particles enter the 
middle atmosphere, the vertically stable region above 
the troposphere (0 to ~50 km altitude), they remain 
aloft for very long times of months to years 
depending on the particle size. There, the emplaced 
particles are dispersed in a highly complex spatial 
pattern by the strong, prevailing winds. The detailed 
evolution of dispersion and mixing of particles in the 
middle atmosphere has not been addressed. This is 
due in part to the high resolution and complexity 
required to accurately track the dispersion for longer 
than very short times (~minutes to ~hours).  

We study the nonlinear dispersion of aerosols 
over meteorologically significant time of ~10 sols 
using a high-resolution (~30 km) atmospheric flow 
model. The model uses the spectral method to solve 
the atmospheric dynamics equations (the primitive 
equations) and is capable of resolving the dynamical 
structures (waves, eddies, and turbulence) critical for 
accuracy. The model is loaded with the MOLA 
topography [Smith et al., 1999], winds from a full 
Mars general circulation model of Richardson and 
Wilson [2002] at different seasons, and starting 
particle coverage similar to those in Kring and Durda 
[2002] for shallow and steep velocity distributions. 
Using the model, we study the spreading rates, 
mixing extent, and potential for global transport in 
events from ~10 to ~100 km-sized impactors in many 
different physical conditions (e.g., season, impact 
location, spatial-temporal distribution of injected 
particles, strength of topographic waves, etc.).  

Because of the mechanics of the vapor plume 
 

expansion and factors having to do with different 
particle sizes, the material entrained into the plume is 
not initially distributed homogeneously in the middle 
atmosphere. There, in the presence of high-amplitude 
jets (of up to 180 m s-1) and thermotidally and 
topographically excited waves, the long aloft-times 
allow the starting distribution’s unevenness to persist 
and increase in complexity over time. This is 
significant for studies of the distribution of volatiles 
and environmental consequences from impacts.  

We find that, in general, while the transport 
distances can be global and timescales fast, the 
spreading is not uniform (Fig. 1). Because fine-scale 
particles couple radiatively to the atmosphere, the 
unevenness also presents an important and non-
uniform feedback, by unevenly heating and thus 
modifying the winds that chaotically advect them. 
Even in the very energetic impact case, where the 
starting area coverage is wider and includes 
preferential injection at the antipode, the strong jets, 
waves, and turbulence in the middle atmosphere lead 
to markedly uneven and patchy distributions (Fig. 2). 
The particles are diffusively distributed in very low 
column density over a large fraction of the globe (in 
low- to mid-latitudes), but most of the material 
remains concentrated in complex, localized patches 
over days.  

In the more frequent, smaller cratering events, 
the distribution of long-lived aerosol particles 
evolves chaotically – often producing concentrated 
patches persisting over meteorologically significant 
time scale within the impacted hemisphere. If mixed 
into the troposphere, the persistent areas may still 
serve as possible markers for impact-driven volatiles 
transported by the strong interaction with the 
atmosphere. 
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Fig. 1. Evolution of ejecta plume following an impact from a high-resolution (30 km) simulation, initialized 
with winds at northern hemisphere summer solstice (Ls = 90°). The impact location is at (lon = 180° E, lat = 
30° S). The starting distribution (representing few hours after the impact) is a patch near the impact location. 
The aerosol column density (g cm-2) is shown at four different times (A–D), t = (0, 2.5, 6.0, and 10 sols) in 
stereographic projection centered on the South Pole. 
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Fig. 2. Evolution of column density distribution of material originating at the impact location (lon = 90° E, lat = 30° 
N) and the impact antipode. Ejecta are added at the antipode in pulses with time, as found in Kring and Durda 
[2002]. The aerosol column density (scale as shown in Fig. 1) is shown at six different times, t = (0, 1, 2, 3, 4 and 5 
sols) after impact. The frames are in Mollweide projection with center longitude of 180° E and the winds are as in 
Fig. 1. For clarity, contours of lowest column density not shown. 
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The effect of impacts on the Martian climate  A. Colaprete1,  R. M. Haberle1,  T. L. Segura3, O. B. Toon3, K.
Zahnle1,  NASA  Ames  Research  Center,  Moffett  Field,  MS  245-3,  Mountain  View,CA  94035,
tonyc@freeze.arc.nasa.gov,  2Program in  Atmospheric  and  Oceanic  Sciences,  Laboratory  for  Atmospheric  and
Space Physics, University of Colorado, Campus Box 392, Boulder, CO, 8030.

Introduction:  Evidence for the presence of liquid
water early in Mars’ history continues to accumulate.
The   most   recent   evidence   for   liquid   water   being
pervasive early in Mars’ history is the discoveries of
sulfate  and  gypsum   layers  by   the  Mars  Exploration
Rovers and Mars Express.   However, the presence of
liquid water at the surface very early in Mars’ history
presents a conundrum.  The early sun was most likely
approximately 75% fainter than it is today. About 65
70 degrees of greenhouse warming is needed to bring
surface temperatures to the melting point of water.  To
date climate models have not been able to produce a
continuously  warm  and  wet  early  Mars  (Haberle,
1998).   This  may  be  a  good  thing  as  there  is
morphological  and  mineralogical  evidence  that  the
“warm and wet” period had to be relatively short and
episodic.  The rates of erosion appear to correlate with
the  rate  at  which  Mars  was  impacted  (Carr  and
Waenke, 1992) thus an alternate possibility is transient
warm and wet conditions initiated by large impacts.  It
is widely accepted that even relatively small impacts
(~10 km) have altered the past climate of Earth to such
an extent  as  to cause mass extinctions (Toon et al.,
1997).   Mars  has  been  impacted  with  a  similar
distribution of objects.  The impact record at Mars is
preserved in the abundance of observable craters on it
surface.   Impact  induced climate  change  must  have
occurred on Mars.

Impacts:   The  impacts  of  asteroids  and  comets
larger than 100 km in diameter have left  more than
thirty craters on Mars (Kieffer et al. 1992).  Collisions
of such large, energetic objects result in the production
of meters thick debris layers that are global in extent
(Melosh 1989; Sleep and Zahnle, 1997).  For example,
an object with a diameter of 100 km will result in a
global  melt/vapor  debris  layer  approximately  10 cm
thick (Melosh 1989; Sleep and Zahnle, 1997).  This
debris layer will  be very hot having temperatures in
excess of 1000 K.

In addition to the heat introduced by the impact, a
substantial amount of vaporized water, both from the
impactor itself and from the target material is injected
into  the  atmosphere.   Following  the  impact,  the
thermal pulse that travels downward into the regolith
may  release  additional  water  from  subsurface
reservoirs adding to the total liquid water amount at

the surface.  Water vapor is an excellent greenhouse
gas and works to trap the impact generated heat within
the atmosphere.  The heat from the debris combined
with  the  additional  greenhouse  afforded  by  the
injected water vapor could result in periods of warmth.
Segura et al. (2002) demonstrated that asteroids with
diameters larger than 100 km could warm the surface
of  Mars  for  several  years  to  decades.   However,
numerous valley networks have been dated to periods
after the majority of these large (D > 100 km) objects
had impacted Mars.  

The simulations conducted by Segura et al. (2002)
were limited to 1D and thus only considered impacts
which would have a thick (> several cm) global debris
layers.   There are,  however,  more than 1000 craters
with diameters larger than 60 km on Mars.  A 60 km
crater would result from an impactor with a diameter
of approximately 6 km.  While these smaller impactors
do not have thick global debris layers, they do have
dramatic  regional  effects  that  are  similar  to  those
proposed by Segura et al. (2002).

GCM Simulation:   The obvious limitation of the
1D calculations of Segura et al. (2002) is the absence
of dynamics and the ability to model smaller impacts
that  do  not  have  thick  global  debris  layers.   An
accurate assessment of the effects of impacts on the
climate will need to include the transport of both heat
and water vapor. Reported here are the results of post
impact  climate  simulations  using  the  Ames  Mars
General Circulation Model (MGCM). A hydrological
cycle  has  been  incorporated  into  the  Ames  MGCM
that  includes  the  formation  of  clouds,  precipitation,
and  surface  and  regolith  reservoirs.  In  these
simulations, impacts by objects as small  as 4 km in
diameter can be simulated.

Each  simulation  is  initialized  to  represent  the
conditions just following an impact.  After a period of
simulation  time,  an  impact  debris  layer  and
atmospheric  thermal  plume  is  emplaced  at  any
location  in  the  model.   The  impact  debris  layer
thickness  and  extent,  and  the  thermal  plume
temperature  and  extent,  is  defined  as  a  function  of
impact  diameter.   Regolith  water  abundance  and
distribution can be specified for each simulation.  If
regolith  temperatures  rise  above  freezing  water  is
allowed  to  diffuse  to  the  surface  at  a  fixed  rate.
Infiltration of the subsurface by surface water is not
currently modeled.  Both water clouds (wet and cold
microphysics) and carbon dioxide clouds are modeled.
Water and CO2 cloud radiative effects are included.  In
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this presentation results are shown for an early Mars
atmosphere containing 300 mbars of CO2 and a solar
flux that is 75% current levels.

Results: Two  key  simulation  results  include  the
total  precipitation  and  the  total  liquid  water  at  the
surface.  Total precipitation is defined as either snow
or rain.  The total liquid water (TLW) at the surface is
a measure of any water at the surface that is warmer
than 273 K.  This water may be in the form of surface
melt  (e.g.  melting  snow  or  ice)  or  large  bodies  of
water  (e.g.  seas  or  lakes).   Figure  1  shows  and
example of the total precipitation resulting from a 20
km  diameter  impactor  (no  cloud  radiative  effects).
Following impact surface temperatures can rise well
above  freezing  for  several  years  even  for  impacts
smaller than 10 km in diameter.

A range of impact sizes has been modeled so that the
total amount of resulting precipitation as a function of
impact  diameter  can  be  parameterized.   Using  this
parameterization  it  is  possible  to  estimate  the  total
integrated  precipitation  and  TLW  that  has  occurred
over the history of Mars based on the observed crater
record (Figure 2).  Based on these results it is likely
that impacts have been a significant, and possibly the
dominant source of erosion during Mars distant past.

 

Figure 1  The total integrated rain following the impact of
a 20 km diameter impactor into a 300 mbar atmosphere.
In this simulation the regolith water abundance as assumed
to be 20% (by mass) and to be uniformly distributed. Crater Diameter (km)
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Figure   2    Total   precipitation   and   total   liquid   water
amounts assessed from a series of simulations for a range
of   impact   diameters   and   the   observed   Martian   crater
record.   These results do not include the radiative effects
of clouds.
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MODIFIED IMPACT CRATERS ON MARS:  OBSERVATIONS, MEASUREMENTS AND LIKELY 
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Introduction: Modified impact craters on Mars 
were first recognized in early Mariner spacecraft 
images. From these data, Leighton et al. [1] showed 
that martian craters are in widely different degrees of 
preservation, which they presumed to be a function of 
age. Inspired by Mariner 9 spacecraft observations of 
global dust storm activity Hartmann [2] suggested 
that eolian processes that had removed and 
redistributed loose crater ejecta over time could 
explain the morphologies of modified impact craters. 
Analyses of impact crater populations suggested that 
Mars had fewer small diameter impact craters than 
were observed on the moon, leading Jones [3] and 
Chapman and Jones [4] to the conclusion that water 
eroded many of the smaller martian craters during an 
early obliteration event. Based on Viking data, 
Arvidson et al. [5] suggested volcanism as yet 
another possible process responsible for crater 
modification. Interestingly, despite the improvement 
in image resolution and clarity eolian processes 
continued to be the favored process for crater 
modification by many investigators during the Viking 
era [6, 7, 8]. However, as topographic data and 
improved high-resolution images became available 
from the suite of spacecraft currently orbiting Mars it 
has become increasingly apparent that only a 
combination of fluvial processes is capable of 
explaining the styles of crater morphology, the timing 
of modification, and the estimated amount of erosion 
[9, 10, 11, 12, 13]. 

Erosion Versus Deposition: Many modified 
impact craters appear to be flat-floored and rimless. 
They possess no apparent ejecta blanket, nor do they 
have a central peak, which are characteristic of many 
“fresh” (i.e., unmodified) impact craters. The flat-
floored, rimless morphology typical of most modified 
impact craters is observed in craters of widely 
varying diameters that are located next to one another 
[9, 10]. This observed spatial relationship provides 
compelling evidence against aggradational processes, 
such as eolian deposition or volcanism, creating the 
modified impact craters. A sand sheet or lava flow 
typically forms a uniformly thick deposit at local 
scales (10’s of km2). Because crater rim height and 
depth increase as a function of diameter, a uniformly 
thick deposit cannot explain the observed size range 
of modified impact craters. Consider a crater with a 
rim height less than the thickness of the deposit. The 
deposit would bury such a crater. In contrast, any 
crater with a rim height greater than the thickness of 

the deposit would retain a sharp, raised rim (albeit 
partially buried). Only a crater with a rim height 
equivalent to the thickness of the deposit would 
appear to be rimless. Because fluvial erosion can 
produce a flat-floored, rimless crater morphology 
through backwasting and downcutting independent of 
crater diameter (if given enough time), degradation, 
as opposed to pure aggradation, must be the dominant 
mechanism responsible for crater modification.  

Measurements and Likely Processes:  Craddock 
et al. [11] provided the first estimates of the volume 
eroded from individual modified craters. 
Morphometric profiles of fresh and modified craters 
were extracted from monoscopic Viking orbiter 
images using photoclinometry [14]. Modified impact 
crater profiles were compared to profiles of fresh 
craters, and the diameter of the fresh crater was 
iteratively changed until the calculated volumes 
between the fresh and modified craters balanced. 
Their results indicate that the diameter of most 
modified impact crater increased by ~10% during 
erosion, presumably due to backwasting of the steep 
crater interiors. 

Beginning with the morphometric data from fresh 
impact craters, we ran a variety of computer 
simulations using Howard's [15] model to explore the 
effects different geologic processes might have on 
crater morphology from known rate laws. Results of 
these simulations were compared to measurements of 
actual degraded craters, thus allowing us to directly 
evaluate the efficiency of any process or combination 
of processes at producing the observed crater 
morphology. The tacit assumption was, of course, 
that fresh craters preserved on Mars today are 
morphologically similar to those that formed during 
the early history of Mars prior to erosion.  

In simplest terms, erosional processes can be 
described as either scale-inefficient (“diffusional” or 
“dispersive”) or scale-efficient (“advective” or 
“concentrative”). On Earth, these two processes act 
coevally in drainage basin development. Although 
there are exceptions (e.g., rock avalanches on steep, 
bedrock slopes), diffusional processes are commonly 
equated with mass wasting. Mass wasting is diffusive 
in that it decreases in efficiency with increasing 
contributing area, a condition referred to as linear 
diffusional creep. Solifluction is a terrestrial example 
of linear diffusional creep. Typically affected slopes 
follow a convex-to-concave profile [e.g., 16]. The 
mass wasting model used in our simulations also 
includes the provision for specifying a critical slope 
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gradient (e.g., the angle of repose) such that mass 
wasting rates increase without limit as the gradient 
approaches the critical gradient, a condition referred 
to as non-linear diffusional creep. A slump block or 
landslide are terrestrial examples of non-linear 
diffusional creep. In addition, our model also 
includes the provision for weathering-limited erosion. 
The assumption is that weathering processes may be 
necessary to produce a mobile regolith, thus limiting 
the rate of vertical erosion.  
 In contrast, advective processes increase with 
efficiency as the contributing area increases, so that 
in steady state conditions the gradient decreases 
downslope. Such processes are commonly equated 
with fluvial processes, with exceptions (e.g., in 
ephemeral systems when discharge decreases 
downstream due to transmission losses). Fluvial 
channels can be divided into steeper, detachment-
limited (“bedrock”) channels and gentler transport-
limited (“alluvial”) channels. Our model accounts for 
both types of channels and for spatial and temporal 
transitions between them. In detachment-limited 
conditions, the amount of material available for 
erosion is less than the capacity of the water to carry 
it (e.g., a flow over bedrock or regolith). Under these 
conditions, detachment of sediment from the surface 
is proportional to the shear stress exerted on the bed 
and banks. In an ideal system, erosion would 
typically be transport-limited in the lower courses of 
stream networks where base level control limits 
relief. In headwater areas, however, the volume of 
eroded sediment is below the capacity of the water to 
transport it (detachment-limited conditions).  
 A classic example of the type of profile produced 
in environments where advective processes dominate 
is the concave longitudinal profile (i.e., long profile 
or thalweg) of a stream. On Mars, advective 
processes would be very effective at eroding interior 
crater walls, causing backwasting and an increase in 
the apparent crater diameter. The eroded materials 
would then be transported through surface runoff and 
redistributed, resulting in craters with flat floors. A 
sharp break in slope at the base of the crater wall also 
results and is diagnostic of advective processes. 
Modified craters with these attributes appear to be 
extremely common, suggesting that the early climate 
supported rainfall and surface runoff. However, 
advective processes usually occur together with 
diffusional processes (e.g., soil creep or rain splash). 
On Mars, diffusional processes appear to be 
responsible for producing the rounded rim observed 
on many modified craters.  

We have completed two detailed pilot studies 
within the Sinus Sabaeus region of Mars [11, 13] as 
well as a cursory study of the martian highlands 
where over 100 individual modified craters were 

analyzed [12]. These analyses indicate that a majority 
of craters have been modified by a combination of 
linear diffusional creep and fluvial erosion and 
deposition. A rounded interior rim, steeply dipping 
walls, and a sharp break in slope at the crater floor 
typify such craters. However, approximately 20% of 
the modified craters observed have well-rounded 
rims with shallow sloping walls that gradually 
transition into the crater floor, which is best 
explained by a linear diffusional creep process 
working exclusively. The observed morphometric 
differences in modified craters can be interpreted two 
ways. Potentially, they are the result of lithologic 
variations within the martian highlands. For example, 
it is possible that the infiltration capacity of the 
regolith in certain areas was higher. In this scenario, 
rain fell on early Mars to create the diffusional 
modification of the impact craters, but surface runoff 
was never (or seldom) initiated so fluvial transport 
and deposition could not occur. However, because 
craters modified by diffusional processes exclusively 
often occur adjacent to those that have also been 
modified by fluvial erosion and deposition [12] this 
scenario is unlikely. It is more probable that these 
craters record a temporal variation in the early 
martian climate. In this scenario, the amount of 
rainfall during a given event decreased over time, so 
the infiltration capacity of the local regolith was no 
longer exceeded to produce runoff. Alternatively, 
because linear diffusional creep is also characteristic 
of solifluction, it may be that these craters record the 
onset of a wet, but cold periglacial climate that 
experience regular freeze-thaw cycles.  
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410-428. [3] Jones, K.L. (1974) JGR, 79, 3917-3931. 
[4] Chapman, C.R. and K.L. Jones (1977) Annu. Rev. 
Earth Planet. Sci., 5, 515-540. [5] Arvidson, R.E. et 
al. (1980) Rev. Geophys. Space Phys., 18, 565-603. 
[6] Wilhelms, D.E. and R.J. Baldwin (1989) Proc. 
LPSC, 19th,  355-365. [7] Moore, J.M. (1990) JGR, 
95, 14,279-14,289. [8] Grant, J.A. and P.H. Schultz 
(1993) JGR, 98, 11,025-11,042. [9] Craddock, R.A. 
and T.A. Maxwell (1990) JGR, 95, 14,265-14,278. 
[10] Craddock, R.A. and T.A. Maxwell (1993) JGR, 
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Introduction: The Mars Exploration Rovers have
provided a field geologist’s perspective of impact craters
in various states of degradation along their traverses at
Gusev crater and Meridiani Planum. This abstract will
describe the craters observed and changes to the craters
that constrain the erosion rates and the climate [1].
Changes to craters on the plains of Gusev argue for a dry
and desiccating environment since the Late Hesperian in
contrast to the wet and likely warm environment in the
Late Noachian at Meridiani in which the sulfate
evaporites were deposited in salt-water playas or
sabkhas.

Gusev Plains: Spirit has traversed a generally low
relief somewhat rocky plain dominated by shallow
circular depressions called hollows. Hollows are
typically 1-20 m in diameter (the smallest observed is 0.4
m), generally have rocky rims characterized by angular
and fractured blocks, and smooth soil filled centers.
Perched, fractured and split rocks are more numerous
around hollows than elsewhere and redder rocks are
common near eolian drifts [2]. Hollow morphology and
size-frequency distribution strongly argue that they are
impact craters rapidly filled in by eolian material.
Excavation during impact would deposit ejecta with
widely varying grain sizes, which would be in
disequilibrium with the eolian regime. This would lead to
deflation of ejected fines, exposing fractured rocks, and
creating a population of perched coarser fragments.
Transported fines would be rapidly trapped within the
depressions creating the hollows [2].

Many of the rocks at Gusev show evidence for partial
or complete burial, followed by exhumation [2, 5]. These
include two-toned rocks with a redder patination along
their bases, ventifacts that originate from a common
horizon above the soil (suggesting that the lower part of
the rock was shielded), rocks that appear to be perched
on top of other rocks, and some undercut rocks, in which
the soil has been removed from their bases. These
observations suggest that surface deflation, perhaps
highly localized, of 5 to 60 cm has occurred.

Four craters >90 m in diameter, Bonneville,
Missoula, Lahontan, and an un-named crater located to
the west of Lahontan, were visited by Spirit. Only
Bonneville is relatively fresh. The others have been
largely filled in by sediment with diameters of 160 m, 90
m, and 100 m and depths of 3-4 m, 4 m and <1 m,
respectively.

Bonneville Crater:  Several lines of evidence
suggest Bonneville is a relatively fresh crater that was

formed into unconsolidated blocky debris [2]. The
largest rock increases from 0.5 m to ~1 m to ~2.5 m
diameter as the rock abundance increases by a factor of
4-6 from the discontinuous ejecta, through the
continuous ejecta to the rim, suggesting a relatively
pristine ejecta blanket with a sharp, easily mapped edge.
Although the crater is shallow (~10 m deep) the rubble
walls show no signs of mass wasting and eolian material
deposited inside is limited to 1-2 m thickness by
protruding boulders. The low depth to diameter ratio of
Bonneville and other small craters in and on its walls
suggest that they formed as secondary craters [3, 4].

Meridiani Planum: Far fewer craters have been
found by Opportunity at Meridiani Planum due to its
relatively young Late Amazonian surface age [6]. A clear
progression in the state of modification of the craters by
eolian erosion and infilling can be seen in the roughly 10
craters from ~10 m to 150 m in diameter that have been
characterized by Opportunity. All of the craters impacted
into Late Noachian light toned sulfate rich sedimentary
evaporites (exposed in their rims and/or walls).

Three impact craters that were characterized well
during the nominal mission are Endurance, Eagle, and
Fram, which are 150 m, 20 m and 10 m in diameter and
21 m, 3 m, and 1 m deep, respectively. Fram appears
freshest with ejecta blocks on the surface, Endurance
retains steep interior walls, and Eagle appears the most
degraded with a highly modified shallow sand and
granule filled interior.

After Endurance, craters that Opportunity has
characterized well prior to arriving in the etched terrain
are Naturaliste, Geographe, Vostok, Vega, Viking, and
Voyager, which are 11 m, 6.5 m, 50 m, 8 m, 18 m and 18
m in diameter and 2.5 m, 1 m, <1 m, ~0.5 m, 1.5 m, and
~1 m deep, respectively. Two other craters, Jason and
Alvin (both ~11 m diameter) were imaged from farther
away, but appear similar to Eagle. The smallest craters
observed by either rover are 20 cm and 10 cm in
diameter (~1 cm and <1cm deep) imaged by Opportunity
on sol 433 on the sand, suggesting they are very young.

The freshest craters observed are Vega and Viking,
which have ejecta blocks on the surface, blocky raised
rims and what appears to be only thin sand in their
interiors. Slightly more degraded craters are Fram,
Naturaliste, Geographe, and Voyager, which have blocky
rims, more sand filled interiors and ejecta blocks on the
plain, some of which have been eroded down or planed
off even with the sand. Endurance is more degraded with
a raised rim, backwasted upper slopes, some sand inside,
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but no ejecta on the surface (completely eroded away).
Eagle, Jason and Alvin are more eroded with more sand
filled interiors, eroded rims with some exposed outcrop,
but no ejecta. Vostok is the most eroded example as it
shows up a ring of light outcrops that have been planed
off by the sand sheet with a subdued <1 m central
depression (no ejecta or raised rim). Depth diameter
ratios and estimates of material filling the craters
suggests most are primaries, except for Fram, Vega,
Viking, Voyager and the 10 and 20 cm diameter craters,
which have low depth/diameter ratios implying they may
be secondaries.

Deflation and Erosion Rates: The observed
deflation of the cratered plains surface at Gusev is a
measure of the cumulative change of the surface since
the Hesperian [7]. The gradation and deflation of ejected
fines of 5-60 cm and deposition in craters to form
hollows thus provides an estimate of the average rate of
erosion or redistribution via the vertical removal of
material per unit time typically measured on Earth in
Bubnoff units (1 B = 1 µm/yr) [8, 9]. The deflation and
exhumation of rocks at Gusev suggest of order 10 cm
average deflation or redistribution of the site. Deflation
and redistribution of a single layer of fines about 10 cm
thick would also fill all the hollows and craters. Over the
age of the cratered plains (Late Hesperian/Early
Amazonian or ~3 Ga [10]) this argues for extremely slow
average erosion rates of order 0.1 nm/yr or 10-4 B. Such
erosion rates fall between those estimated in a similar
manner at the Mars Pathfinder landing site (~0.01 nm/yr)
[11] and at the Viking Lander 1 site (~1 nm/yr) [12] and
argue for very little net change of the surface implying a
dry and desiccating environment similar to today’s has
been active throughout the Hesperian and Amazonian or
since ~3.7 Ga [10].

Slightly higher Amazonian erosion rates are implied
at Meridiani Planum (and other exhumed Noachian
layered rocks on Mars [13]). Geologic mapping relations
and the frequency of a population of old degraded craters
>1 km diameter, clearly show the Meridiani Planum
layered rocks to be Late Noachian in age [6, 14], yet the
population of relatively fresh craters on the basaltic sand
sheet is much younger, indicating that the entire record
of Hesperian craters has been erased. The loss of
Hesperian craters suggests at least order 10 m erosion
since the Early Hesperian (~3.6 Ga [10]) or >3 nm/yr at
Meridiani Planum. These erosion rates are comparable
with those derived from the observed erosion and
modification of young craters and ejecta by the
Meridiani sands. Craters such as Eagle, Endurance and
Vostok appear modified with sand filled centers and no
ejecta, suggesting erosion of >1 m and <10 m, yielding
>3 nm/yr and <30 nm/yr erosion rates during the Late
Amazonian or since ~400 Ma [10]. Finally, slightly
lower erosion rates (~1 nm/yr) result from the

concentration of hematite rich spherules in the upper 1
cm of the sand, which were derived from erosion of ~3 m
of the sulfate outcrops [15] in the Amazonian.

Long term average erosion rates this low indicate a
dry and desiccating climate similar to today’s for the past
3 Ga. An environment in which liquid water is not stable
is in accord with the lack of chemical weathering
indicated by exposures of basalt and olivine basalt
throughout equatorial Mars and in the soils of Gusev and
Meridiani (see discussion and references in [16]) and the
observed pattern of crater gradation observed at Gusev
and Meridiani, which shows no evidence for erosion by
liquid water (expected in a wetter environment) [17].

By comparison, erosion rates estimated from changes
in Noachian age crater distributions and shapes on Mars
are 3-5 orders of magnitude higher [see references in 11]
and comparable to slow denudation rates on the Earth
(>5 B) that are dominated by liquid water [8, 9]. An
estimate of the erosion rates applicable to Meridiani in
the Late Noachian just prior to when the evaporites
investigated by Opportunity were deposited is estimated
at about 8 B from widespread denudation in western
Arabia Terra [14]. These rates are 5 orders of magnitude
higher than those estimated for the Hesperian and
Amazonian cratered plains of Gusev and consistent with
the wet and likely warm environment documented in
Meridiani Planum during the Late Noachian. A wet
environment in the Noachian is also indicated by the
strong chemical and mineralogic evidence for aqueous
processing of the older rocks of the Columbia Hills at
Gusev [18]. The erosion rates from the younger
Amazonian Gusev and Meridiani plains as well as those
from Viking 1 and Pathfinder strongly limit this warmer
and wetter period to the Noachian, pre-3.7 Ga and a dry
and desiccating climate since.
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Abs. 1539; Sub. Nature. [2] Grant J. et al. (2004) Science 305,
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McEwen, A.S., et al. (2005) Icarus (in press). [5] Greeley R. et
al. (2004) Science 305, 810-813. [6] Lane, M. D., et al. (2003)
Geophys. Res. Lett. 30(14), 1770. [7] Kuzmin R. et al. (2000)
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Introduction:  The Mars Exploration Rovers Spirit 

and Opportunity investigated numerous craters since 
landing in Gusev crater (14.569oS, 175.473oE) and 
Meridiani Planum (1.946oS, 354.473oE) over the first 
400 sols of their missions [1-4]. Craters at both sites 
are simple structures and vary in size and preservation 
state. Comparing observed and expected pristine mor-
phology and using process-specific gradational signa-
tures around terrestrial craters as a template [5-7] al-
lows distinguishing gradation processes whose relative 
importance fundamentally differs from those responsi-
ble for most crater modification on the Earth.  

Impact Structures in Gusev Crater:  Craters 
dominate the surficial landscape on the Gusev Plains 
[2] and most have depth-to-diameter ratios generally 
<0.10 and possess raised rims and obvious ejecta de-
posits. Walls bounding the 210 m-in-diameter Bonne-
ville crater (Table 1) are debris-mantled and slope an 
average 11 degrees, but there is little evidence of down 
slope movement (e.g. debris chutes or talus). Bonne-
ville is currently only 10-14 m deep, but eolian infilling 
is generally only a few meters based on observations of 
protruding rocks. The 163 m-in-diameter Missoula 
crater and 90 m-in-diameter Lahontan crater located to 
the south and southeast of Bonneville are even shal-
lower (Table 1) and possess walls sloping only ~6 de-
grees that are also devoid of talus or debris chutes. 
Some blocks that partially covering the floor of Mis-
soula are probably ejecta from nearby Bonneville.  

Basaltic ejecta around Bonneville, Missoula, and 
Lahontan craters possess a size and spatial distribution 
consistent with that expected for pristine deposits [2]. 
Largest fragments at Bonneville and Missoula, how-
ever, are only ~2.5 and ~1.5 meters, respectively, and 
smaller than the 3.5-10.5 and 2.9-8.6 meter blocks pre-
dicted for impact into bedrock [8]. Eolian deposits are 
local and <50 cm thick, whereas exposed surfaces ex-
perienced no more than 10’s of cm deflation [9].  

Smaller and generally more modified impact struc-
tures referred to as hollows (<20 m in diameter) are 
distributed across the Gusev plains. These craters are 
mostly sediment-filled and surrounded by abundant 
fractured and perched rocks [2], though some pristine 
examples occur.  

Impact Structures in Meridiani Planum:  Craters 
explored at Meridiani are fewer and farther between 
than at Gusev and all are formed into sulfate bedrock 
[3]. With the exception of the most degraded examples, 
Meridiani craters have depth-to-diameter ratios >0.10 
and preserve walls sloped generally >10 degrees. En-
durance crater is 150 m-in-diameter, 22 m deep, and 
possesses walls sloped between 15-30 degrees, but 
locally exceeding the repose angle (Table 1). Profiles 
across Endurance generally display an inflection half-
way up the walls corresponding to the occurrence of 
large rocks. Eagle crater is 22 m-in-diameter, only 3 m 
deep, and has walls sloping 10-15 degrees and mostly 
mantled by drift encroaching from the surrounding 
plains (Table 1). Fram, Geographe, and Naturaliste 
craters are 10 meter diameter and ~1.1 meter deep, 6.5 
meter diameter and ~1.4 meter deep, and 11 m in di-
ameter and ~2.5 meter deep, respectively, and are the 
only craters retaining visible ejecta.  Nevertheless, 
many ejecta rocks appear planed off at level of the 
plains and others may be buried.  

The most subdued craters are Jason and Alvin, 
both ~11 m-in-diameter, and the ~45 m-in-diameter 
Vostok. Drift covers most walls, floor, and the exterior 
of these craters and minimal rims merge almost imper-
ceptibly with the surrounding plains. Vostok has all but 
disappeared and is only visible as a low, narrow ring of 
sulfate outcrop that surrounds a mostly filled and only 
slightly lower interior.  

Gradation Models for Gusev and Meridiani:  
Many of the craters in Gusev appear to be the result of 
secondary cratering events. Observed depth-to-
diameter ratios are low, there is little evidence that they 
have been significantly modified by gradation, and 
forms are most consistent with those expected for sec-
ondary craters [10-12]. By contrast, craters in Merid-
iani are mostly primaries. Current depth-to-diameter 
ratios are 0.11 to just over 0.2 and most show good 
evidence for gradation consistent with modification of 
pristine, primary craters. Fram is the sole candidate for 
a secondary crater in Meridiani.  

Eolian erosion/deposition has dominated at both 
Gusev and Meridiani since the Hesperian and Amazo-
nian, respectively, and is generally more important in 
gradation than at terrestrial craters. Nevertheless, sig-
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nificant differences in the amount and range in modifi-
cation exists between the two sites. At Gusev, crater 
formation into relatively competent basaltic rubble 
results in a pristine form that is comprised of more du-
rable basaltic rocks and creates only limited sediments 
available for transport [2, 13]. By contrast, at Merid-
iani, crater formation into plains comprised of rela-
tively soft sulfate bedrock and capped by a thin layer of 
mobile sediments [3] enables eolian stripping of the 
ejecta, rim, and upper walls that is accompanied by 
eolian infilling by sediments transported from the sur-
rounding plains. At Endurance, stripping likely ac-
counts for back wasting of at least 5-10 meters of the 
upper walls and likely creates the inflection noted 
across blocky talus on the mid wall.  

Mass wasting plays a limited role in crater grada-
tion at Gusev and Meridiani relative to Earth, but for 
different reasons. At Gusev, down slope movement of 
debris is limited by relatively low wall slopes at even 
the most pristine craters. At Meridiani, mass wasting is 
more limited by the higher rate of eolian stripping that 
removes talus and back wastes to low angles. None of 
the Martian craters has debris chutes or significant ta-
lus associated with mass wasting at terrestrial craters.  

At Gusev, impacts occurred in sufficient numbers 
to account for some modification of pre-existing cra-
ters. At Meridiani Planum, the younger Amazonian 
surface preserves relatively fewer craters, none of 
which overlap and highlights a gap in the preserved 
crater record corresponding to the time between the 
wetter Noachian when the sulfate rocks were deposited 
and the present dry conditions [13]. Ongoing eolian 
erosion that continues to modify craters at Meridiani 
may mostly account for this gap in the crater record.  

An absence of evidence for crater modification by 
water highlights the dry conditions persisting since the 
Hesperian at Gusev and at least the Amazonian in Me-
ridiani. Analogy with the Earth indicates that signatures 
associated with appreciable fluvial gradation should 
persist at these craters if formed [5, 7], but are not pre-

sent. Small amounts of water at both sites may account 
for surface coatings and textures, but is not required 
and did not result in runoff. Instead, craters in these 
two widely separated locations record a history of dry 
conditions over much of Martian history that contrasts 
with the wetter conditions that enabled formation of the 
sulfates in Meridiani during the Noachian.  

Summary:  Craters formed on the Hesperian aged 
floor of Gusev and larger than ~100 m in diameter are 
generally more pristine than many craters formed on 
the younger Amazonian aged Meridiani Plains. This 
conclusion may not be representative of crater grada-
tion across regional landscapes characterized by mark-
edly different landforms and may contradict some in-
terpretations drawn from orbital views. For example, it 
is difficult to distinguish pristine craters (e.g., Naturali-
ste) from more degraded craters (e.g., Eagle) in the 
orbital data and Endurance crater displays a relatively 
lower albedo deposit of differing radial extent that 
might be interpreted as ejecta that is not present. Simi-
larly, orbital data may lead to the impression that larger 
craters (e.g., Bonneville) visited in Gusev are degraded 
when they are actually fairly pristine secondaries. Re-
sults highlight the need for surface and/or higher reso-
lution orbital imaging in order to accurate definition of 
crater gradation state and processes. 
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Introduction: Over the past decade members of 
the Dakhleh Oasis Project have studied enigmatic 
signatures in the Pleistocene geologic record of 
portions of the Dakhleh oasis and palaeo-oasis in 
Egypt’s Western Desert [1,2]. In particular, Si-Ca-Al 
rich glass melt (Dakhleh Glass, Fig. 1) points to a 
catastrophic event between c.100,000-200,000 years 
ago [3] in this well-studied African savannah and 
freshwater lake Middle Stone Age environment [4,5].  

 

 
Figure 1. A typical piece of Dakhleh Glass, 4 cm across, 
from site 397. 
 

The wide extent of glass deposits, over tens of 
kilometers, may suggest multiple, co-eval impacts or 
airbursts, or perhaps a record of “high-speed molten 
ejecta decoupled from the later stages of crater 
excavation” [6]. Here we report on mapping of 
remote sensing data (visible, infrared and radar) that 
is being used to guide wider reconnaissance of the 
Dakhleh Glass deposits (Fig 2). The remote sensing 
is anchored on the best-studied element, the Dakhleh 
Bow Wave Structure (DBWS), where structural 
elements of a ~400 m cratering event are preserved. 
These structures are nevertheless highly degraded, 
and not directly apparent in the remote sensing data. 
The Dakhleh Glass, while chemically quite unique, is 
nowhere very extensive, and is thus only a minor 
constituent in each remote sensing pixel; we attempt 
to identify its presence by calibrating to the known 
occurrence locations near the DBWS. Clearly, these 
subtle remote-sensing signatures of the relatively 

recent impact(s) into a sedimentary target at Dakhleh, 
where the erosion rate is estimated at 0.1 mm/yr, 
underscore the difficulty in accumulating a clear 
characterization of the range of sedimentary target 
modifications associated with smaller (100 m - 1 km) 
terrestrial craters. 
 

 
Figure 2. Composite 5-cm wavelength radar image of the 
Dakhleh Oasis Region, showing the area of Dakhleh Glass 
at (1) Loc. 211 and the Dakhleh Bow Wave Structure 
(DBWS) southeast of the oasis. The proposed circular 
features or ‘virtual craters’ in the unlabeled boxes located 
within the oasis proper, and north-east of the Dakhleh Glass 
occurrences at (2) Loc. 390, and (3) Locs. 397-398, are 
visible only on the radar imaging. These features may result 
from meteorite impacts or airbursts, and account for the 
formation of the glass at these other locations. Images from 
Shuttle Imaging Radar, SIR-C processing runs 16113 (left) 
and 16095 (right). 

 
Multiple-impacts or fast glass ejecta: Results 

from the most recent field season (Smith, 2005, 
personal communication) tend to discount the idea 
that the circular feature west of the village of Balat 
(largest box in Fig. 2, “Balat Bullseye”) is a second 
impact remnant, however new Dakhleh Glass 
deposits were discovered in the south-west quadrant 
of the Balat Bullseye. This has led us to consider 
whether what we are exploring is a remnant of high-
speed molten ejecta early in the cratering process 
when the impactor is obliquely incident (~30º), as 
reported by [6]. Impact glasses recovered from the 
Argentine loessoid deposits [7,8] are interpreted to 
have been generated by this process, and we note the 

Role of Volatiles and Atmospheres on Martian Impact Craters 2005 3038.pdf



similar mesoscopic aspect of the Dakhleh Glass (Fig. 
1) to those samples. 

Relevance to Mars: (1) To better understand the 
role of cratering in the Martian sedimentary record, 
considering that the study of a new terrestrial crater 
into a sedimentary target, in particular one with glass 
ejecta because examples of this are so rare [7], adds a 
significant increment to the terrestrial analog dataset. 
This will refine our understanding and expectations 
for the occurrence of glass among Martian ejecta. (2) 
the DBWS and associated Dakhleh Glass may be a 
mappable instance of early molten ejecta, where the 
relationship of that process to volatiles can be 
reconstructed from the paleoenvironmental record. 
(3) The Dakhleh Glass deposits, while apparently 
widespread are not readily apparent in any remote 
sensing data down to a resolution of 10 m per pixel, 
suggesting that studies of the cratering process on 
Mars will also profit from both higher resolution 
orbital data as well as future in situ studies. (4) Some 
Dakhleh Glass fragments engulfed extant life at the 
time of formation, which suggests a tantalizing 
exobiological possibility for martian glass ejecta. 

Discussion: The subtlety of the remnant traces of 
catastrophe in Dakhleh Oasis need to be explored on 
the ground; remote sensing can at best serve to guide 
the exploration. In the Dakhleh Oasis area, which is 
well-studied by an ongoing multi-disciplinary team 

we anticipate being able to make a reasonable 
taphonomic survey of the Dakhleh Glass and thereby 
reconstruct the ejecta pattern of what may be a 
unique example of impact process in a sedimentary 
environment. But to reiterate, the traces on the 
ground are subtle (Fig. 3), and careful field 
exploration will be required to tease out the answer to 
this mystery. 
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Figure 3. from [1]. West to east composite view of the Dakhleh Bow Wave Structure ‘upthrust’ feature, as seen from the P-
III limestone gravel-capped ridge to the south. Note circular aspect within the veined green shales inside the upthrust (black 
arrow), which is picked-out by morning light, suggesting that the feature is an eroded impact crater (photo: Kleindienst, Feb., 
2004, 11:00 a.m., yellow filter). 
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IMPACT EROSION OF ATMOSPHERES: SUBSTANTIAL ATMOSPHERIC LOSS BY HORIZONTAL 
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(Bunkyo, Tokyo 113-0033, Japan, keiko@eps.s.u-tokyo.ac.jp) 
 

Introduction:  Mars exhibits geological 
evidence of past liquid water on its surface. However, 
the Martian atmosphere today is too cold and thin for 
liquid water to exist on its surface. How the 
atmosphere was lost remains unknown. Several 
mechanisms have been proposed to account for the 
decrease of the atmospheric amount, such as 
formation of carbonate [1] and erosion by 
atmospheric sputtering [2]. Melosh and Vickery [3] 
suggested impact erosion of the Martian atmosphere. 
When impact velocity is sufficiently high, the 
impactor and a part of the planetary surface around 
the impact point can vaporize and form “the impact-
induced vapor cloud.” The vapor cloud has generally 
high-pressure that it can accelerate the ambient 
atmosphere with its expansion. When its energy is 
sufficiently large, some fraction of the atmosphere 
can be lost, which is called “impact erosion.”  

Melosh and Vickery [3] estimated the impact 
conditions for the entire atmospheric loss lying above 
the tangent plane at the impact point, considering the 
vapor cloud expansion into vacuum. And they 
indicated that the significant atmospheric loss was 
caused by impact erosion on Mars through the heavy 
bombardment. They used a more sophisticated model 
to estimate the amount of the atmospheric loss more 
accurately [4]. The vapor cloud and atmosphere are 
divided into azimuthal sectors, and the momentum 
balance within a sector is considered. One can 
compute the critical zenith angle θesc that defines the 
cone-shaped escape region (Fig. 1). Although it is 
harder to blow off the entire atmospheric mass on the 
tangent plane, the significant atmospheric loss also 
occurs with the sector model. However, the effect by 
the stratified atmosphere is ignored. The validity of 
their models was examined by Newman et al. [5]. 
They showed that a strong shock wave was formed in 
an atmosphere with the vapor cloud expansion and 
that the shock propagates quite differently from that 
assumed in the their models. They insisted that the 
only the atmosphere just above the vapor cloud 
would escape, and the amount of the atmospheric loss 
would be a factor ten less than that by the Vickery 
and Melosh model. However, they don’t calculate the 
amount of the atmospheric loss and the atmospheric 
escape region, which is defined as initial position of 
the atmosphere finally lost from the planet. 

In this study, we perform numerical simulations 
using a two-dimensional cylindrical hydrocode and 
investigate the interactions of the vapor cloud with 
the planetary atmosphere. The obtained shape of the 
atmospheric escape region is compared to those by 

previous works [4, 5]. We also investigate the flow 
patterns especially around the surface to discuss why 
the difference in the escape region occurs between 
the Vickery and Melosh [4] and our study. 
 

Computational Model:  We solve fluid 
equations using the CIP method (Cubic Interpolated 
Propagation method) [6], which have been applied to 
various fluid flow problems. It is assumed that all the 
gases are ideal and their specific heat ratios are 
constant, respectively. We ignore radiative cooling 
and assume adiabatic flow. The motion of the gases 
is described by fluid equations of mass, momentum 
and energy conservation. The equations about 
momentum and energy include planetary gravity 
terms as an external force. The atmosphere is 
considered to be gravitationally attracted onto the 
planet. We assume a plane-parallel stratified 
atmosphere with constant temperature. Thus, the 
initial atmospheric pressure and density are given 
exponentially decreasing distributions with altitude. 
The vapor cloud, which is produced around the 
impact point, is assumed to be distributed uniformly 
within a hemisphere centered at the impact point with 
radius rv and at rest. We introduce specific length, 
velocity and pressure scales and normalize the 
equations and the initial condition. Then we derive 
four dimensionless parameters as follows,  
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where R and Ve are planetary radius and escape 
velocity. ev, ρv and γv are specific energy, density and 
specific heat ratio of the vapor cloud, respectively. H 
is the scale height of the planetary atmosphere. The 
motion of the atmosphere and the vapor cloud is 
controlled by these parameters. 

Fig. 1 Schematic illustration of the atmospheric escape region by (a) 
Vickery and Melosh [4] and (b) Newman et al. [5]. The heavy solid 
line in (a) shows the critical angle θesc. For θ ≤ θesc the mean 
velocity exceeds the escape velocity of the planet. The escape 
region is cone-shaped In contrast, Newman et al. argue the escape 
region is column-shaped based on the results of their simulations.  
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Comparison of Atmospheric Escape Region:  

We consider that the gas escapes when its velocity 
exceeds the planetary escape velocity. The mass of 
the escaping gas increases with conversion of internal 
energy to kinetic energy and finally converges to a 
certain value. We define the final value as “the 
amount of the escaping gas” which is calculated for 
the atmosphere and vapor cloud, respectively. It is 
found by our numerical calculations that the amount 
of atmospheric loss is larger by a factor than that 
obtained by the Vickery and Melosh model. We also 
plot the atmospheric escape region (Fig. 2). The 
escape region by our code asymptotically approaches 
that by their model at the small zenith angle θ. On the 
other hand, the escape region for the lower altitude 
(large θ) bulges out from the cone determined by the 
vertex angle θesc. It increases atmospheric loss 
significantly because the atmospheric density near 
the surface is so large. 
 

High-Pressure Region around the Surface:  In 
order to explain the difference in the shape of the 
escape region, we investigate the flow patterns. 
Figure 3 shows a representative case of numerical 
simulations results. Large discontinuity of pressure in 
this figure represents a strong shock wave formed by 
a vapor expansion. The ambient atmosphere is 
accelerated by the passage of the shock wave. During 
the initial stage, the shock wave propagates 
preferentially upward – in the direction that the 
atmospheric density reduces (Fig. 3a). This flow 
pattern show good agreement with Newman et al. [5] 
and semi-analytical results (e.g. [7]). A distinctive 
feature at the later stage is formation of a high-
pressure region behind the shock front near the 
planetary surface (Fig. 3b). Just above the vapor 
cloud (small θ), the shock wave continues to 
accelerate and the atmosphere moves away almost 
radially. In contrast, the shock wave around the 
surface (large θ) decelerates due to the large inertia of 
the atmospheric mass. Thus, the most of the shocked 
mass is concentrated behind the shock and the 
pressure increases behind the shock front.  

The high-pressure region explains the difference 
in the shape of the escape region between Vickery 
and Melosh [4] and our study. The atmosphere 
around the surface is hard to escape In the Vickery 
and Melosh model because it has large mass within a 
sector and large momentum is necessary to move it 
away radially. Our numerical results show quite 
different flow patterns from that assumed in Vickery 
and Melosh [4] around the surface. The formation of 
the high-pressure region involves the large pressure 
gradient, which changes the direction of the 
atmospheric flow upward in and behind the high-
pressure region. Consequently, the atmosphere also is 
excavated horizontally and the amount of the 
atmospheric loss is larger than obtained from the 
Vickery and Melosh model. 
 

Summary:  The interaction of the impact-
induced vapor cloud with the ambient atmosphere has 
been computed using our hydrodynamic code. The 
flow at the early stage is consistent with the results in 
Newman et al. [5]. On the other hand, at the later 
stage the atmosphere near the surface is accelerated 
upward due to the formation of the high-pressure 
region. It results in the atmospheric escape region as 
shown in figure 2. The horizontal extension of the 
escape region is not seen the previous studies. 
Considering the exponential density distribution, it 
has the significant effects on the impact erosion. 
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H. J. (1990) Special Paper Series 247, 289-300, Geol. Soc. Am. [5] Newman 
W. I. et al. (1999) Icarus, 138, 224-240. [6] Yabe T. (1991) Computer 
Physics Communications, 66, 219-232. [7] Laumbach D. D. and Probstein R. 
F. (1969) J. Fluid Mech., 35, part 1, 53-75. 

 

Fig. 2 The atmospheric escape region (shaded zone) obtained 
by our calculation. The parameters are as follows:ξ=6.4e2, 
λa=5.0e2, ε=1.75 and σ=5.0e5. The solid line shows the zenith 
angle θesc obtained by the Vickery and Melosh model. 

Fig. 3 Snapshots of the motion of the vapor and atmosphere: 
Contour of logarithm of pressure at dimensionless time (a) 
τ=4.0 and (b) τ=9.0. The parameters are as follows:ξ=6.4×102, 
λ=5.0×102, ε=1.75 and σ=5.0×105. 
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Martian Megaregolith Properties:  Effects on Launch of SNCs and Secondary Ejecta  
W. K. Hartmann Planetary Science Institute, Tucson AZ 85719. hartmann@psi.edu 
 
 
Martian megaregolith in Noachian terrains is likely to be deep granular material impregnated 
with ice and perhaps also weakly bonded by salts and evaporites.  Such material is very 
inefficient in launching solid rocky debris.  This is confirmed by observations of Barlow, who 
shows that fresh 10+ km craters in older upland have fewer secondary craters than similar sized 
craters in Amazonian lava plains.  This is also supported by the theoretical models of Melosh, 
Pierazzo, and others, who show that coherent rock in the near-surface spallation layer is needed 
to facilitate launch of high velocity materials.  More work is needed on (1) what depths of 
granular material atop the coherent rock layer inhibits spallation by dissipating energy, and (2) 
the role of sub surface ice in causing “steam blast” explosion that my inhibit the launch of rocks.  
There are many ramifications for Martian meteorite statistics, the production of secondary 
craters on Mars, the shape of the total production function curve for primaries + secondaries at 
small diameters, and the use of small craters for surface dating. 
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INFERENCES FROM OBLIQUE IMPACT CRATERS ABOUT THE ROLE OF THE ATMOSPHERE
AND SUBSURFACE VOLATILES IN THE IMPACT CRATERING PROCESS ON MARS  R. R. Herrick,
Geophysical Institute, University of Alaska Fairbanks, 903 Koyukuk Dr., Fairbanks, AK  99775-7320 (rherrick@-
gi.alaska.edu).

Introduction:  Comparison of the ejecta blankets
from Martian low-angle impact craters with those on
Venus,  the  moon,  and  from small-scale  experiments
suggests that the Martian ejecta are emplaced ballisti-
cally  and then flow due to  the  presence  of  volatiles
within the ejecta blanket.

Some relevant observations from experimental,
lunar, and venusian craters:  On the moon and for
experimental impacts in a dry vacuum the ejecta is em-
placed ballistically and follows a fairly well-behaved
power-law dropoff in thickness away from the rim.  In
the presence of a dense atmosphere, such as occurs on
Venus, the material ejected from the crater gets caught
up in a turbulent cloud and is emplaced in something
akin to pyroclastic flows [1]. 

The general  variation in  ejecta pattern and crater
shape  with  decreasing  impact  angle  on  the  moon
matches well with experimental work conducted in a
vacuum [2,3].  For impact angles  < ~45 degrees, the
ejecta blanket becomes asymmetric.  Starting at angles
of 20-30 degrees, an area uprange of the crater devel-
ops that has no ejecta (a "forbidden zone"). The shape
of the forbidden zone is an outward curving "V" with
its apex at the crater rim. Coincident with the formation
of the forbidden zone is a  depression of the uprange
rim.  As the impact angle becomes more oblique, the
amount of ejecta downrange decreases, and the rim to-
pography  begins  to  become  saddle-shaped,  or  de-
pressed in both the uprange and downrange directions.
Between 5 and 10 degrees there is an abrupt transition
to a complete lack of downrange ejecta (a second for-
bidden  zone),  creating  a  “butterfly”  pattern.  This
downrange forbidden zone is  a  straight-edged wedge
that is always a wider angle than the uprange forbidden
zone. There is  also a narrow ray extending from the
crater wall through the downrange forbidden zone that
we interpret as ricocheted impactor material. 

In agreement with experimental work, the presence
of an atmosphere on Venus significantly increases the
onset angle of oblique impact phenomena in the ejecta
pattern,  and  no  downrange forbidden  zone occurs  at
low impact angles [1,3].

What  happens  on  Mars:  All  but  the  smallest
Martian craters have their ejecta emplaced as ramparts,
indicative of at least some surface flow of material, and
consequently  some role  for  volatiles.   Although em-
placed  as  ramparts,  the  planforms  of  Martian  ejecta
blankets  more  closely  resemble  those  for  craters

formed in a dry vacuum as opposed to the Venusian
craters.  As  impact  angle  decreases,  the  "curving  V"
forbidden  zone  appears  uprange  and  the  extent  of
downrange ramparts  decreases.  At  the lowest  impact
angles  there  is  an  abrupt  transition  to  a  downrange
straight-edged forbidden zone in the ramparts. Unlike
the dry-vacuum craters, Martian craters maintain an el-
evated uprange rim at even the lowest impact angles.
The downrange rim appears "blown out" by ricocheted
material for the lowest angle impacts, but no Martian
craters were observed that preserve a downrange ray,
perhaps because this feature is easily eroded on Mars.

 The impact angles that the various transitions oc-
cur at for Martian craters are similar to those observed
under dry vacuum conditions as well.

The similarity in ejecta patterns between the Mar-
tian rampart craters and the ballistically emplaced dry-
vacuum craters suggests that Martian crater ejecta are
first ballistically emplaced. Ramparts then form as a re-
sult of modest, post-emplacement flows that preserve
the basic ejecta planform.

Figure 1.  ~13 km crater at 9.2N, 80.4W

The  apparent  degree  of  post-emplacement  flow
does vary, however.  For example the crater in Figure 1
preserves a planform that is remarkably similar to high-
ly oblique “butterfly ejecta” impacts in a dry vacuum,
but the crater in Figure 2 has a planform where the up-
range  forbidden  zone  seems  distorted  by  significant
rampart flow. 
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Figure 2.  ~16 km crater at 18.2N, 199.2W

References:   [1]  Schultz  P.  H.  (1992)  JGR,  97,
16,183-16,248.[2]  Gault  D.  E.  and  Wedekind  J.  A.
(1978)  Proc. LPSC 9th,   3843-3875. [3] Herrick R. R.
and Forsberg-Taylor N. K. (2003) Met. and Plan. Sci.,
38, 1551-1578.  
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Introduction, structure, and morphology:  The 

late Eocene Chesapeake Bay impact structure (CBIS) 
on the Atlantic margin of Virginia (Fig. 1) may be 
Earth’s best preserved large impact crater formed in a 
shallow marine, siliciclastic, continental shelf envi-
ronment [1].  This complex crater has special features 
that may be useful analogs for features of layered-
target or wet-target craters on Mars [2].  The CBIS 
formed in a layered target of water (maximum depth 
340 m), weak clastic sediments (400 to >750 m thick), 
and crystalline rock.  It is well preserved beneath ~150 
to 400 m of postimpact sediments.  The buried struc-
ture has the form of an inverted sombrero in which a 
central crater (~38 km wide, ~1.6 km deep) in the crys-
talline basement and overlying sediments is sur-
rounded by a flat-floored brim known as the annular 
trough (~85-km wide) [3].  The central crater has a 
relatively steep outer margin, and it contains an ellipti-
cal moat that encircles a broad central uplift (Fig. 2) 
[4,5]. 

 
Figure 1.  Location of Chesapeake Bay impact struc-
ture.  Structural rings – heavy dotted lines; seismic 
tracks – thin dashed lines.  Red line shows location of 
cross section in Figure 2.  Adapted from [6,7]. 

The annular trough is a prominent feature of the 
CBIS, and it formed by the extensive collapse of thick, 
poorly consolidated sediments.  The collapse expanded 
the structure to a diameter far exceeding the transient 
cavity, likely better expressed by the nested central 
crater (Fig. 2).  Large-scale block slumping of sedi-
ments along numerous small-displacement faults in the 
annular trough resembles slumping in the chaotic ter-
rains on Mars.  Martian chaotic terrains may have 
formed by fluidization of stratified material due to 
catastrophic melting of ground ice and rapid dissocia-
tion of clathrates [8]. 

Seismic profiles across the annular trough suggest 
that extensional collapse structures (0.5 to 3.9 km 
wide) are concentrated in structural rings that partly 
coincide with impact-generated compressional struc-
tures in the basement (Fig. 1) [7].  These concentric 
collapse structures also coincide with the zones of 
greatest postimpact subsidence in the annular trough. 

 
Figure 2.  Interpretive cross section of Chesapeake 
Bay impact structure along line shown in Figure 1, ×10 
vertical exaggeration; modified from [9]. 
 

Crater-fill materials:  Impact-generated crater-fill 
materials (impactites) in the CBIS include suevitic 
crystalline-clast breccia and megablocks in the central 
crater, impact-modified autochthonous to parautoch-
thonous sediments in the annular trough, and allogenic 
sediment-clast breccias deposited over the entire struc-
ture and nearby areas. 

Suevitic crystalline-clast breccia.  The suevitic 
crystalline-clast breccia [4,5] consists of metamorphic 
and igneous rock fragments and less abundant particles 
of impact-melt rock.  It contains megablocks of brecci-
ated crystalline rock and is interpreted as a fallback 
deposit.  Drill core recovered from the central uplift 
shows pervasive hydrothermal alteration (chloritiza-
tion and albitization). 

Impact-modified sediments.  Impact-modified sedi-
ments in the annular trough include block-faulted 
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Lower Cretaceous fluvial target sediments that have 
been locally fluidized in their upper part; these are 
overlain by collapsed blocks of parautochthonous 
Lower and Upper Cretaceous sediment disrupted by 
faults, fluidized sands, fractured clays, and zones of 
injected sediments that include exotic, disaggregated 
Upper Cretaceous and lower Tertiary target sediment 
particles [1].  Deformation increases upward.  This 
impact-modified section formed in response to acous-
tic-wave vibrations and subsequent gravitational col-
lapse [1]. 

Allogenic sediment clast breccias.  The allogenic 
sediment-clast breccias consist of mixed-age clasts in a 
muddy quartz-glauconite sand matrix [1,3].  These 
breccias range in thickness from 8 to 400 m and over-
lie the other impactites and preimpact deposits.  They 
are interpreted to be subaqueous deposits of ocean-
resurge debris flows [1] that have been influenced by 
turbulence, current oscillations, and tsunamis [3].  The 
sediment-clast breccias fine upward into fine sand and 
silt interpreted as late-stage resurge deposits.  These 
uppermost resurge deposits grade continuously upward 
into postimpact marine sediments.  There has been no 
subsequent erosion of crater-fill deposits. 

Morphology-material associations:  The central 
and outer parts of the CBIS inverted-sombrero contain 
different crater-fill materials.  Suevitic breccia has 
been found only in the central crater [4,5], and the 
fluidized, collapsed sediments have been found only in 
the brim or annular trough [1].  The allogenic sedi-
ment-clast breccia (ocean-resurge deposit) overlies the 
other impactites and covers the entire structure [1,3].  
If found on Mars, resurge sediments would demon-
strate a significant surface-water column at the time of 
impact.  However, suevitic breccias or fluidized, col-
lapsed sediments could form in volatile-rich targets on 
Mars with or without the presence of surface water.  
An inverted-sombrero-like circular depression, signifi-
cantly wider than the initial transient crater, may be 
possible for Martian impacts where near-surface pre-
impact sediments are thick and contain volatiles or 
significant pore-fluid pressures. Wide-brimmed impact 
structures are associated with chaotic terrains in sev-
eral places on Mars (Fig. 3).  Commonly, these struc-
tures have an interior chaotic terrain and steep outer 
margins.  Whether the collapse occurred in connection 
with the impacts or long afterward is undetermined. 

Hydrothermal alteration:  Hydrothermal altera-
tion is conspicuous in suevitic breccia and megablocks 
of the CBIS central crater [4,5] but absent or of locally 
equivocal occurrence in collapsed sediments of the 
annular trough.  If some Martian impact structures 
have been enlarged by the collapse of weak, near-
surface sediments as in the CBIS, the analogy would 

predict a relatively wide outer brim that is free of 
hydrothermal alteration. 

 

 
Figure 3.  Mars Orbiter Camera (MOC) image show-
ing a crater that expanded due to collapse. The struc-
ture (~78 km wide) is located in the Coprates region of 
Mars.  This region is dominated by chaotic terrain, 
possibly formed by the collapse of a thick, volatile-rich 
permafrost layer, and associated outflow channels.  
The collapse may related to block slumping and fluidi-
zation of sediments due to rapid dissociation of vola-
tiles (clathrates?) in the upper crust [8].  MOC wide-
angle image R10-02030 courtesy of Malin Space Sci-
ence Systems [image center 52.05W, 2.91S]. 
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Introduction:  Many degraded impact craters and 

intercrater basins received drainage from valley net-
works on early Mars, but the occurrence of paleolakes 
in most of these basins remains uncertain.  Deltas are 
rare, and the lithology and stratigraphy of most of the 
low-gradient basin plains are unknown.  However, the 
geomorphic context, topographic setting, and mor-
phology of these breached craters offer insight into an 
ephemeral fluvial/lacustrine system. 

Geomorphic Context:  Adjacent Noachian impact 
craters often exhibit diverse states of degradation.  
Where superposition relationships are evident, the 
younger crater is generally better preserved than its 
predecessor, unless the younger crater is considerably 
smaller and therefore more rapidly filled.  These rela-
tionships demonstrate that crater degradation was a 
prolonged process that occurred over at least the dura-
tion of the Middle and Late Noachian Epochs, possibly 
extending into the Hesperian Period [1] (~250 Ma [2]).  
Despite this longevity, denudation rates on early Mars 
[1] were 1−2 orders of magnitude lower than the ter-
restrial average of ~65 m/Ma [3], suggesting a rela-
tively arid paleoclimate by terrestrial standards even 
during the warmer, wetter epochs.  Martian valley 
networks have sparsely dissected interfluves, and the 
drainage basins are poorly graded relative to terrestrial 
counterparts [4−6].  These conditions are not favorable 
for long-term paleolake development in most highland 
basins, although water may have collected in regional 
lows between episodes of valley activity. 

Topographic setting of breached impact craters: 
Both visible impact crater rims and longer-wavelength, 
higher-amplitude topography influenced flow paths on 
early Mars, such that water and sediment were trans-
ported toward craters located on drainage basin floors 
and away from craters on broad ridges.  Degraded cra-
ter morphology thus depends in part on whether the 
impact occurred on a ridge, slope, or valley bottom [7].  
Upturned rims initially directed external flows away 
from a crater, producing radial centrifugal drainage 
patterns [4].  These ridges were lowered over time 
primarily by retreat of the steep interior wall [1,8], but 
also by erosion of the ejecta and, in some cases, depo-
sition upslope of the rim.  The resulting rimless craters 
frequently captured drainage from the surrounding 
uplands, increasing their rate of infilling.  Large im-
pacts on broad valley floors could dam a regional flow 
path, forming an enclosed upslope basin.  Some craters 

in this topographic setting were breached prior to sub-
stantial rim degradation, presumably as water filled the 
shallow upslope basin and overflowed the rim.  In 
other cases, the newly-formed intercrater basin accu-
mulated a low-relief sedimentary or volcanic plain 
without collecting enough water to overtop the crater 
rim.  The occurrence of both breached and intact crater 
dams suggests that water supply was limited in upland 
drainage basins, but that appropriate runoff production 
relative to terminal basin area was available in some 
locations to allow breaching of intact rims. 

Exit breaches: Some of the craters that received 
external drainage through an entrance breach also de-
veloped an exit breach or outlet, allowing water to 
flow through the crater.  Such craters often retain a 
shallow, undissected basin on the crater floor between 
the contributing and outlet valleys, suggesting the pos-
sible occurrence of ephemeral paleolakes.  Less often, 
a crater exhibits an outlet valley without an entrance 
breach.  In some cases (Fig. 1), a stable, elevated outlet 
breach formed and was later entrenched, leaving ter-
races in the outlet valley.  The stability of the outlet at 
the terrace level may have been maintained by shed-
ding of material from the valley sidewalls at a rate 
comparable to downslope transport.  This would be 
possible in an environment where throughflow is rare, 
but less voluminous runoff is available to attack steep 
slopes. 

Deltas in Breached Impact Craters:  Our survey 
of deltas reported in prior literature [8−13] confirms 
the conclusion of Malin and Edgett [9] that “no dis-
cernable expression of deposition” occurs at most sites 
where deltas have been reported.  We have been able 
to locate or relocate only 23 well-preserved, valley-
terminal deposits with an outer scarp, a feature that 
requires standing water or basal erosion [14].  The 
crater in Fig. 1 exhibits no delta, despite having a large 
contributing area and an outlet that occurs well above 
the elevation of the crater floor.  Although deltas have 
been found in some Martian craters, they are rare and 
require flows of only centuries to millennia in duration 
[15].  These deltas do not have dissected surfaces, 
however, which generally occurs when water levels 
decline in a terminal basin.  These observations sug-
gest that deltas formed during a brief period of intense 
flows relatively late in Martian history.  Earlier condi-
tions may have been characterized by more intermit-
tent or low-intensity flows. 
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Figure 1.  A breached 25 km crater in Terra Sire-
num (18.3°S, 169.2°W).  (a) Context mosaic of 
THEMIS visible imaging.  The flow direction was 
from X to Y to Z, and the white box indicates the inset 
in 1.17c.  The valley’s longitudinal profile is modified 
by fresh crater ejecta near X.  (b) Longitudinal profile 
of the valley from MOLA shot data.  The black line is 
the thalweg, the gray line is the exterior surface, and 
the dashed line shows the elevation below which 75% 
of the MOLA shots are located (given to approximate 
the terrace elevation within the outlet valley).  Note the 
grading of the inlet valley to the terrace level and the 
remnant basin below the level of the entrenched outlet.  
(c) The terraced outlet valley of this crater, enlarged 
from 1.17a.  The black arrow indicates a ridge at the 
outer edge of the crater floor. 
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Introduction:  Besides Earth, Mars is the only 

planet that shows presence of subsurface wa-
ter/ice/brine. Volatiles change the properties of crustal 
rocks and affect the impact crater formation process. 
Spatial and temporal variations of volatiles phase state 
in the Martian crust make impact crater morphology a 
valuable tool to obtain insights into crust mechanical 
properties. However, much work must still be done to 
translate cratering data into water/ice content and its 
variation with depth. 

Upper crust as a target for impact cratering:  
Mars’ upper crust is believed to have been brecciated 
during the late heavy bombardment period. Over the 
next 4 Gyr, the brecciated autochthonous rocks may 
have been covered by ejecta, volcanic, aeolian, and 
even marine/lake sediments. In all these rock types 
porous space may be filled with water (brine) or water 
ice depending on the local pressure-temperature condi-
tions [1]. Cratering mechanics is affected by target 
material’s density, compressibility, initial strength, and 
on the dissipative properties (internal friction, effective 
viscosity) of fragmented material involved in the cra-
ter-forming motion. The presence of ice at some depth 
in the target may influence cratering in two opposite 
directions: low-temperature ice in permafrost layers 
increases the strength of porous rocks, while possible 
shock melting of ground ice overall decreases the 
rock’s strength/friction.  

Temperature and pressure gradient:  The Mar-
tian heat flux is not known. Generally, it is estimated 
to be ~30 mW m-2 [1]. Under many assumptions, the 
heat conductivity can be estimated to be ~2 W m-1 K-1 
[1], and the resulting near-surface thermal gradient 
~15 K km-1. Based on simple estimates of lithostatic 
equilibrium, pressure in the porous space of the upper 
10 km of Martian crust grows from atmospheric pres-
sure at the surface (~600 Pa) to ~100 MPa [1]. The 
temperature also grows by ~150 K from the surface 
mean annual value (~150 to 170K at high latitudes and 
210 to 220K at low latitudes).  

Water/ice content: Based on a model Martian hy-
drosphere [1] there are various possible saturation 
states for crustal rocks: (i) upper layer saturated with 
ice existing only at high latitudes (low T, low ambient 
pressure); (ii) dry (desiccated) layers at low latitudes; 
(iii) water-saturated low horizons (T above freezing 
point of water/brine); (iv) possible intermediate layer 
of dry porous rocks, when the total water column does 
not fill all the porous space. Any realistic impact mod-

eling requires reasonable estimates of rock strength for 
all listed layers (Fig. 1).  

Fig. 1. Possible strength profiles for the Martian crust. 

 
Rock and water EOS.  Numerical modeling of 

impact cratering on Mars and icy satellites to date ex-
ploit simple ice equations of state (EOSs; e.g., Tilloto-
son or ANEOS – [2-4]). These EOSs provide a rela-
tively true pressure/compression description. However, 
they are unable to a) properly describe high pressure 
ice polimorphs, b) model the decrease in ice I melting 
temperature with increasing pressure, and c) describe 
the higher density of liquid water compared to ice. An 
additional complication for permafrost is that compres-
sion of ice inclusions in rocks is more complex than 
that in simple planar wave experiments on pure ice 
normally used to estimate shock melting pressure for 
ice (e.g. [5]). In the case of ice inclusions in rocks, 
kinetic effects control the ice compression (c.f. [6]) 
and multiple shocks increase the characteristic time of 
compression. The multiphase ANEOS-based tabular 
water/ice equation of state [7] is a step forward to 
more accurate estimates of permafrost shock loading 
and eventually shock melting (Fig. 2).  

Impact Shock Melting: Mixed materials in the tar-
get may affect shock propagation and consequently the 
final estimate of melting. When the target is a mixture 
of materials with very different impedances, as is the 
case for rocks and water, the shock wave propagation 
may be affected by the interaction of the original shock 
wave with shocks reflected at material boundaries 
(e.g., see [8]). In shock events it is only the first shock 
that heats the material, while secondary reflected 
shocks increase the final shock pressure, with a minor 
contribution to the temperature and entropy. As a re-
sult, single- and multiple-shocked materials experienc-
ing the same peak shock pressure will reach substan-
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tially different thermodynamic states, with the multi-
ple-shocked material having lower shock temperature 
and shock entropy. Therefore, for mixtures of materi-
als with very different impedances the maximum 
shock pressure alone may not be the best criterion for 
estimating melting and vaporization. In particular, the 
resulting shock pressure for melting of ice filling voids 
in rocks may be much higher than for pure ice (Fig. 2). 
Shock reverberation also controls the shock wave de-
cay in a permafrost target. 

 
Fig. 2. Pressure-Entropy plot showing maximum shock 

pressure for incipient and complete melting  from multi-
phase ice EOS [7], black curves marked with 1, and a 
compendium of experimental data from [5] (which used 
older data for ice VII melt), black dashed curves marked 
with 2. Solid diamonds: shock entropy for pure ice (no 
strength effects) derived from the multiphase ice EOS at 
T= 100K (red) and 200K (blue). Solid red line marked 
by 3: estimates for pure ice at 100K from [5]. Curves 
with triangles represent numerical modeling results for 
planar shock compression of multiphase ice using 
SALEB. Solid triangles: ice layer at 200K sandwiched 
between two dunite plates. Reverberation of the shock 
wave cause incipient melting of ice in fractures at ~9 
GPa. Upward and downward open blue triangles: 
ice/granite and ice/dunite permafrost with 36% of ice by 
volume at 200K. Purple circles: cylindric granite rods 
with ice filled gaps at 260K. All permafrost model data 
show increase of incipient and complete shock melting 
pressure in rock/ice systems compared to pure ice. 

Icy crust strength.  Due to the dependence of 
strength on strain rate and the structure of ice, strength 

data for pure ice  are characterized by a relatively large 
scatter. However, the data show clearly that ice 
strength grows approximately 5 to 10 times when tem-
perature decreases from the melting point (273K) to 
~150K, and then remains approximately constant for 
lower temperatures. For permafrost, strength depends 
on temperature (increasing with decreasing tempera-
tures) and size-frequency distribution of rock/soil par-
ticles (reflecting the available particle surface that can 
absorb liquid water). In general, permafrost strength 
follows the ice strength trend. For many materials 
strength is 1.5 to 2 times larger than pure ice strength 
at the same temperature. After failure, broken material 
behave as a Coulomb material with the friction coeffi-
cient depending on ice content (i.e. on rock porosity). 
For high ice content friction is close to pure ice values, 
thus about one half the dry friction of  rocks. For stress 
state invariants of shear Ts={[(σ1-σ2)2+( σ1-σ3)2+( σ2-
σ3)2]/6}1/2 and pressure p=( σ1+ σ2+ σ3)/3 the friction 
coefficient (Ts/p) for rocks is ~0.7, versus ~0.5 (at low 
p) to ~0.2 (for p≥ ~20 MPa) for pure ice [9,10]. How-
ever for large strains and strain rates the dynamic fric-
tion of ice is a complicated dynamic process, which 
includes possibly shear melting (e.g. [11]). 

Perspectives:  There is no single incipient and 
complete shock pressure for shock melting of ice in 
permafrost. These values depend on dry rock porosity 
and on the shape of the ice inclusions. Initial numerical 
modeling with the new multiphase EOS for water/ice 
looks promising for the study of permafrost shock 
melting. Depending on latitude, the volatile-rich crust 
can be represented as layers, where the initial strength 
is controlled by presence or absence of ice below the 
freezing point and presence/absence of water saturated 
fractured rocks in the upper ~10 km of Martian crust. 
In summary, for realistic models of impact cratering on 
Mars we must improve on previously published mod-
els for the Martian crust that assumed a constant dy-
namic strength (10 to 20 MPa; e.g., [4]).  
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Introduction: This paper reports on recent investi-

gations on terrestrial impact structures, which may 
have relevance for understanding Martian impact cra-
ters and the role of volatiles during their formation. It 
focuses on the properties of the ejecta blankets of the 
Chicxulub and Ries crater. Implications by analogy 
between Earth and Mars craters support the view that 
the formation of fluidized ejecta blankets can be linked 
to the presence of subsurface volatile reservoirs (water 
or ice)  [1, 2]. The role of atmospheric effects [3] for 
the deposition of ejecta blankets on Earth is currently 
not clear. 

 
Chicxulub crater, Mexico (180 km Ø): Recently 

new evidence was found for a widespread preservation 
of the Chicxulub ejecta blanket at distances ranging 
from 2.9-3.9 crater radii S of the crater on the Yucatan 
peninsula [4-6]. Mapping of the ejecta blanket re-
vealed that it filled a pre-existing karstified paleorelief. 
Ejecta diamictites are largely composed of material 
derived by erosion of the subsurface (limestone, marl, 
clay). Crater derived material is of subordinate quan-
tity but it includes shocked quartz grains, crystalline 
basement and altered melt clasts. The northern part of 
the ejecta that is nearer to the crater displays a chaotic 
fabric and complex grain size distribution. At distances 
>3.5 crater radii from the impact center internal shear 
planes become a predominant sedimentological feature 
within the ejecta blanket. Subhorizontal shear surfaces 
are particularly frequent at the base of the ejecta and 
around obstacles. Flow directions inferred from stria-
tions and grooves on polished shear planes indicate a 
radial flow pattern with remarkable deviations around 
obstacles like paleokarst hills. The abundance of lo-
cally eroded clays that lubricate shear planes within 
the ejecta point towards the important role of these 
lithologies for the development of the flow and its 
large runout efficiency. Although it is inhibited to infer 
the primary morphology of the ejecta blanket, the flow 
can be reconstructed with the help of flow indicators. 

The observations indicate that the ejecta flow was 
non-cohesive and turbulent up to 3.5 crater radii from 
the impact center (320 km distance). At larger dis-
tances it evolved to a cohesive debris flow, may be by 
detrainment of volatiles. Localization of flow along 
decameter long discrete shear planes indicates (1) that 
perturbation by secondary impacts is impeded at this 
distance, and (2) that the flow strain rate is strongly 

reduced, because the fault lengths inversely dependent 
on strain rate magnitude [7].  

Implication for Mars: The large runout distance 
of the Chicxulub ejecta up to 5 crater radii [8] makes it 
comparable to Martian MLE craters. Since a dense 
atmosphere and the presence of water are evident for 
Chicxulub this may also hold for Mars with fluidized 
ejecta blankets. The transition from a less-cohesive, 
turbulent flow to a cohesive and localized flow of the 
ejecta blanket suggests (1) a decreasing amount of 
water by detrainment (2) and a decreasing flow rate 
with increasing distance from the crater center. As a 
consequence, the formation of ramparts could be due 
to an imbrication and stacking of thin sheets bounded 
by shear planes within the ejecta blanket. The bulk 
geometry of the ramparts is then constrained by the 
resistance to frictional sliding on basal and internal 
shear planes, and by the bulk rheology of the ejecta 
and the flow rate. 

 
Ries crater, Germany (26 km Ø): The pre-impact 

stratigraphy of the Ries crater is composed of ~650 m 
of partly water-saturated and subhorizontally layered 
sediments (limestones, sandstones, shales) underlain 
by crystalline basement rocks (gneisses, granites, am-
phibolites). The ejecta blanket of the Ries crater is 
composed of clastic polymict breccias (Bunte breccia) 
that extents up to 4 crater radii from the impact center 
as a continuous ejecta blanket of decreasing thickness. 
Its constituents are mainly sedimentary rocks, with 5-
10% of crystalline rocks. The ratio of primary crater 
ejecta to local substrate components decreases with 
increasing radial range [9]. Local and crater derived 
material are thoroughly mixed on all scales and devoid 
linear structural elements. It is interpreted as a “cold”, 
non-cohesive impact formation [10]. Internal shear 
planes within the preserved ejecta blanket as observed 
at Chicxulub are not recorded. In addition to the Bunte 
Breccia ejecta blanket occurs a suevitic ejecta breccia 
with a bulk volume of 5-10% of that of the Bunte 
Breccia. Suevite occurs in 10-25 m thick patchy layers 
outside the crater and extends up to about 2 crater ra-
dii. The contact to the Bunte Breccia is very sharp. 
Sharp contacts of the Bunte breccia ejecta blanket also 
occur to the underlying rocks, even if the substrate is 
formed by unconsolidated sands [11]. Striations on 
contact surfaces revealed a radial flow. Obstacles of 
the pre-existing paleorelief caused deflections by up to 
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30°. None of the contacts observed represents the land 
surface prior to the impact, because of the lack of a 
weathering horizon. Recent investigations have shown 
that the uppermost target layers beneath the ejecta 
blanket around the crater are mechanically decoupled 
along incompetent, fluid bearing beds [12]. Decoup-
ling was caused by near-surface spallation. Spallation 
and subsequent dragging by the ejecta curtain and/or 
the ejecta blanket flow also induced subsequent out-
ward shearing. 

Implications for Mars: Thin-skin delamination of 
rocks beneath a continuous ejecta blanket is favored in 
targets with flat lying sediments of large competence 
contrasts and differences in fluid saturation. The out-
ward directed detachment of thin thrust sheets can lead 
to buckling of layers or can cause fault-propagation 
folding above the tip of the thin thrust sheet. The mor-
phological expression in remote sensing studies would 
be the presence of concentrical ridges that can be 
traced through the deposits of continuous ejecta blan-
ket. Such features may occur in some of Martian cra-
ters ejecta blankets. In opposite, the presence of con-
centrical furrows within the fluidized ejecta blanket 
around Mars craters may indicate yielding and subse-
quent break off of thin layers as a consequence of ra-
dial extension and outward flow on weak, fluid-rich 
layers. If the Ries crater really bears analogies to Mar-
tian craters one should find indications for two types 
of ejecta deposits resting with sharp contact onto each 
other, namely a volumetrically dominant lower ejecta 
blanket (corresponding to the Bunte breccia) and an 
upper, patchy ejecta layer, which is volumetrically of 
subordinate importance (corresponding to the suevite).  

 
Inverted-sombrero type craters: Target rocks of 

terrestrial impact craters often display a layered struc-
ture with a twofold rheology. A mechanically weak, 
water saturated and/or unconsolidated sedimentary 
upper part rests on a much stronger crystalline base-
ment. These craters display geometries of an inverted 
sombrero with a wider and shallower outer crater that 
is formed within the sediments and an inner nested 
crater that is formed within the crystalline basement. 
Examples for these types of craters are (1) the marine 
Lockne crater, Sweden, with an inner nested crater of 
7 km diameter and an outer crater of 13 km diameter 
[13, 14], (2) the Ries crater, Germany, with an inner 
crater of 12 km diameter (inner ring) and an outer cra-
ter of 24-26 km diameter [15], and (3) the shallow 
marine Chesapeake Bay impact crater with a deep in-
ner crater basin of 38 km diameter and an outer crater 
of 85 km diameter [16, 17]. 

Implication for Mars: Many craters on Mars 
show unusually wide outer terrace zones for which the 
misleading term “peripheral peak ring” was introduced  
[18]. The ratio crater rim/outer terrace zone is 1.2-1.5 
[18] and exceeds common terrace widths [19]. In anal-
ogy to inverted-sombrero-type craters on Earth, this 
flat outer zone may represent a shallower outer crater 
formed in soft, maybe fluid-saturated sediments of the 
uppermost part of the crust that were more easily 
stripped away during the impact.  
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Introduction. Direct measurements of post-shock 

temperatures of rocks and minerals provide strong 
constraints on their equations of state, the temperature 
field surrounding fresh impact craters, and the thermal 
history of meteorites. Multi-wavelength temperature 
measurements also furnish insights into temperature 
variations due to porosity and material mixtures. 

Here we present preliminary results from 
simultaneous measurements of particle velocity and 
free surface emission from shocked Columbia River 
flood basalt and comparisons to simulations using the 
shock physics code CTH [1, 2]. 

Experiments. Planar shock waves with peak 
pressures up to ~35 GPa are generated in basalt using 
the 40-mm single stage powder gun in the Shock 
Compression Laboratory at Harvard. A molybdenum 
(99.95%) flyer plate impacts an aluminum 2024 driver 
plate, which forms the impact surface of a vacuum 
chamber containing the basalt specimen (Fig. 1). 
Concurrent particle velocity and radiance 
measurements from the same location on the free 
surface of the basalt are achieved using a shared 
optical system. Particle velocity is measured with a 
VALYN Velocity Interferometer System for Any 
Reflector (VISAR) [3]. The radiance is recorded by a 
high-speed, infrared, four-wavelength (1.8, 2.3, 3.5, 
4.8 µm) pyrometer with InSb detectors, which was 
developed at Los Alamos National Laboratory [4-7]. 
The pyrometer is sensitive to emission temperatures as 
low as 400 K and has a temporal resolution of ~17 ns. 

The pyrometer is calibrated with a black body 
source that was observed with the same optics and 
fibers as used in the experiments. The sample vacuum 
chamber is purged with He gas and evacuated to <0.5 
millitorr, eliminating any background emission from 
gas in the chamber. 

The Columbia River Flood Basalt specimens from 
Pullman, WA (〈ρ〉=2.83±0.10 g/cm3, 〈VP〉= 5.73±0.28 
km/s, 〈VS〉=3.46±0.04 km/s) are cored and cut from 
hand samples into 3×34 mm discs. The basalt and 
driver plate are polished to an optical (~100 nm) 
finish, and the basalt is attached to the driver plate 
using a thin (~10 µm) layer of epoxy. No macroscopic 
pores intersect the free surface. The observed area, a 
~4-mm diameter spot for the pyrometer and ~1-mm 
diameter spot for the VISAR, contains microscopic 
pores that are typically 10s µm across. 

Results. The temperature of basalt released from a 
peak shock pressure of 29.3 GPa is calculated for each 
pyrometer channel (Fig. 2). By applying a plausible 
emissivity range, between 0.7 and 1.0 for basalt, we 
determine mean values and error bars on the true 
temperature. There is a small temperature excursion at 
the time of shock breakout, which is seen in previous 
post-shock temperature measurements on metals and 
minerals [7-10]. The two longest wavelength channels 
are in good agreement, with a constant temperature 
following the breakout. The two shortest wavelength 
channels record significantly higher temperatures, 
which increase with time after the shock breakout. 

The free surface particle velocity provides 
information about the pressure-volume release path 
from the peak shock state. The free surface particle 
velocities, for basalt subject to peak shock pressures 
between 2.0 and 32.5 GPa, are shown in Fig. 3. 

Discussion. Each experiment is modeled with the 
CTH shock physics code using the standard equation 
of state (EOS) tables for the metals and basalt. The 
results are compared to the observed temperatures and 
particle velocities (Figs. 2-3, dashed lines). In general, 
the observed free surface particle velocities are lower 
than the calculations, indicating that the release path is 
steeper compared to the model EOS. 

In the 29.3 GPa experiment (Fig. 2), the different 
temperatures in the pyrometry channels cannot be 
reconciled by varying the emissivity as a function of 
wavelength. We interpret the discrepancy between the 
shorter and longer wavelengths to be evidence for hot 
spots in the field of view related to the microporosity 
and/or grain boundaries. The long wavelength 
channels, which are less sensitive to emission from hot 
spots, record post-shock temperatures slightly higher 
than calculated. The temperatures observed in the short 
wavelength channels imply hot spot temperatures >700 
K, with the peak temperature sensitive to the total hot 
spot area. The observations are in good agreement 
with calculations of free surface emission near a single 
penny-shaped pore (parallel to the shock front), which 
reaches post-shock temperatures of ~700-800 K. 

Conclusions. New shock experiments on basalt 
provide fundamental information required to improve 
EOS models. The new data also provide insight into 
the distribution of temperatures following impact 
events. New EOS models will aid in calculations of 
post-impact conditions on Mars [11], the thermal 
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history of meteorites [12], and conditions for melting 
subsurface ice [13]. Heterogeneous shock pressures 
and temperatures are observed around terrestrial 
craters and in meteorites. Our data quantify the 
heterogeneity that arises from pre-existing pores and 
fractures and the effect of mixing materials with 
different shock impedances. Understanding the effect 
of heterogeneities on the temperature distribution 
following impact events will aid in the interpretation 
of meteorites, terrestrial field studies, and simulating 
impact events on Mars. 
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Fig. 1. Experimental configuration for simultaneous pyrometer and VISAR measurements. An off-axis parabolic mirror collects 
radiance emitted from a ~4-mm diameter spot on the downrange face of the sample. The collimated light is split with a dichroic 
between the IR pyrometer and the visible (532 nm) VISAR particle velocity measurement. The optical path is enclosed in light-
tight tubing to shield from propellant gases for the duration of the experiment. 
 

Fig. 2. Multi-wavelength post-shock temperature 
measurements on basalt subject to peak shock pressure of 29.3 
GPa for channels centered at 1.8 (dk. blue), 2.3 (lt. blue), 3.5 
(green), and 4.8 (red) µm, assuming emissivity of 1 (solid 
lines) and 0.7 (dotted lines). Calculated free surface 
temperatures with (dash-dotted line) and without (dashed line) 
a single penny-shaped pore near the free surface. 

Fig. 3. Measured (solid) and modeled (dashed) free surface 
velocities of basalt shocked to peak pressures of 2.0, 29.3 and 
32.5 GPa. 
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Figure 1. DEM of Wetumpka impact crater. The out-
line of the topographic profile in Fig. 4 (red line) and 
reconstructed cross sections in Figs. 2-4 is indicated 
by red line.   
 

Introduction:  Wetumpka is a Late Cretaceous 
marine-target impact structure in the inner Coastal 
Plain of Alabama.  The structure is characterized by a 
wide, horseshoe-shaped crystalline rim, an interior 
region of broken and disturbed sedimentary forma-
tions, and an extra crater terrain on the south-west 
composed of structurally disturbed target formations 
(Fig. 1).  The extant crater rim spans 270 degrees of 
arc and is open on the southwest, the same side as the 
structurally disturbed terrain just noted. The north-
west-southeast diameter of the crystalline rim alone 
is approximately 5 km. In order to understand the 
influence of target properties on the cratering and 

modification of Wetumpka, we needed to find its 
present state of preservation (i.e., where is the ero-
sional level with regard to an original crater cross 
section). This was achieved by comparing present 
geology and topography with standard parameters for 
impact craters (cf. Melosh), but also incorporating 
recent results from studies of marine-target craters, 
especially those strongly affected by the collapse of a 
thick sequence of poorly consolidated sediments. 
Studies of marine-target craters such as Chesapeake 
Bay and Lockne, have brought to light marine-target 
cratering processes that are also quite evident at We-
tumpka.  In this paper, we present some new interpre-
tations of this structure in view of this recent infor-
mation about marine impacts.  

Setting:  The Wetumpka impact occurred in ma-
rine water of the Gulf of Mexico, which was ap-
proximately 30 to 100 m deep and likely shallowed 
toward the north where the coeval shoreline was lo-
cated.  In reverse stratigraphic order, the target 
(shown in Figs. 2-4) consisted of marine water (blue 
pattern); poorly consolidated sediment (yellow pat-
tern; comprising 30 m of chalky ooze, 30 m of 
paralic marine sand, and 60 m of terrestrial clayey 
sand and gravels, and ultimately,weathered crystal-
line basement (dark pink pattern). In Fig. 2 we have 
indicated the original target stratigraphy with slightly 
paler shades. The parautochthonous breccia lens 
formed by initial collapse of the transient cavity is 
colored orange. Later slump deposits of sediments 
from outside the crater are marked yellow with frag-
ment symbols (Fig. 4). The crystalline basement has 
a southwest dip of about 10 m per kilometer. This is 
assumed to play a role in the cratering and modifica-
tion. 

Reconstruction of Wetumpka cratering and 
modification:  We seek an initial, fresh crater that 
would fit to the present day topography and surface 
geology. In figure 4, the topography and geology 
along a SSW-NNE profile (Fig. 1) is connected to a 
hypothetical subsurface morphology of the crater. 
Based on standard parameters for impact craters and 
information from marine-target craters we could re-
construct the dimensions of the fresh crater.   The 
best fit is achieved with a fresh crater having a di-
ameter slightly less than 5000 m. Based on the rela-
tions between fresh crater diameter and transient cav-
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ity given by Melosh.  The diameter of the transient 
cavity at target surface would have been about 4000 
m.  The water layer is excavated together with the 
rocks in craters with water depth significantly shal-
lower than the diameter of the impactor.  The rim 
height of a 5-km wide fresh crater in solid rock, 
measured from the target surface, should be 203 m, 
but we assume slightly higher initial rim (250 m) due 
to the water layer and soft sediments.  This fresh cra-
ter rim is, of course, transient and will be lowered by 
removal of the water layer (Fig. 3).  Half of the rim 
height is assumed to be due to structural uplift, and 
this decreases to zero at approximately 1.3 to 1.7 
crater radii from crater center. The structural uplift of 
the basement would be slightly less on the southern 
side than the northern due to the structural dip of the 
basement. Onset of central uplift (Fig. 1) and slight 
down-faulting of the rim (Fig. 4) are inferred for cra-
ters larger than 4 km in crystalline rock. Due to the 
large influence of water in the rim formation on the 
southern side, and the lower structural uplift of the 
basement, this sector of the fresh crater rim will im-
mediately collapse. The collapse is further aided by 
the onset of a resurge of the seawater. As the sea-
water was shallower on the northern side, this part of 
the crater rim could withstand the resurge better. The 
collapse of this side was possibly further diminished 
by the more pronounced structural uplift of the 
basement forming a threshold for the sediments. 

When no rim existed to hold back the fluidized 
sediments of the target, the collapse of the southern 
sector could reach far outside the initial diameter of 
the crater (Fig. 4).  This is visible today as a wide 
zone of horst-graben structures to the southwest of 
the crater (i.e., in the structurally disturbed terrain; 
Fig. 1). The occurrence of large (d = hundreds of 
meters) blocks of crystalline rock at the crater center 
is assumed to be fragments of the southern rim that 
slumped in to this position. 

In these reconstructions we have ne-
glected any influence of the impact angle. 
Recent numerical simulations of an oblique 
impact for the Lockne crater have showed a 
much larger flap-formation and extensive 
ejecta curtain down-range than up-range. 
However, the water resurge will be stronger 
from the up-range direction. If we assume an 
impact at Wetumpka from the southwest, then the 
effects on crater collapse that we now infer from the 
slope of the basement and the deepening of the water, 
will be significantly enhanced. 

Interpretations: The reconstructions show that, 
most likely, the erosional level of the crater allows 
only the present northern crystalline rim to be part of 

the structural uplift. However, recent field observa-
tions of disturbed sediments in a position topographi-
cally below crystalline rim material in the south-
eastern rim indicate that some sectors of the rim may 
have preserved parts of the crystalline flap. If selec-
tive failure of rim is due most probably to resurge 
flow and instability of the rim due to poorly consoli-
dated sediments (Fig. 4), then the presence of this 
morphologic feature alone in other craters in the So-
lar System has great importance for interpreting tar-
get composition and pre-impact geologic history. 

 
 

Figure 2.  Excavation phase and onset of central 
uplift (not confirmed). Target stratigraphy is indi-
cated by paler shades (water: blue, sediments: yel-
low, crystalline: pink). Note dip of basement and 
deepening of seawater towards the south (left). 

 
Figure 3. Return of seawater. Due to the situation 

given in Fig. 2, the southern rim will immediately 
collapse (thus figure 4). 

 
Figure 4. Rim collapse occurs due to resurge of 

seawater and weakness of the southern rim. The col-
lapse causes large-scale block slumping of poorly 
consolidated, fluidized sediments outside the crater. 
This is only occurring in the southern sector resulting 
in a horseshoe-shaped rim.  A, B as in figure 1. 
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Fluidized Ejecta of Martian Lobate Craters and Composition of the Highland Rocks; G. G. Kochemasov, 
IGEM Russian Academy of  Sciences, 35 Staromonetny, 119017 Moscow, Russia; kochem@igem.ru
 
     A specific martian feature – lobate ejecta blankets around craters extending up to 1.5 times of a crater diameter 
(much wider than  continuous ejecta of lunar – 0.6-0.7 diameter, and mercurian – 0.4-0.5 diameter, craters) is usually 
attributed for the frozen water in the martian crust. This water could fluidize under impact excavated material and 
make it flow like liquid. The geomorphological evidences show that the ejected material really behaves like liquid 
(resembles the heavy clay liquid for drilling), flows and skirts obstacles but usually does not show any significant 
settling. One would expect this settling for water rich material. Could it have, along with some water, compositional 
peculiarities? It seems that after Gamma-spectrometry of “Odyssey” and two landers – “Spirit” and “Opportunity” 
analyses one can say that a “peculiar rock’ is marked out.  
     “Odyssey” show rather low silica over highlands (20-21% [1]) and, that is especially interesting, over high 
standing Tharsis bulge (18-20%) [1]. Low Fe signifies that this lowering in silica is not due to the basic rocks which 
were postulated in “entirely basaltic Mars’ model (the martian meteorites as a proof). MGS gravity data [2] have 
clearly shown that the martian southern highlands are composed of “light” (not dense) lithologies, much less dense 
than the northrrn lowland Fe-basalts, otherwise relatively flat even gravity signals over two hemispheres were not 
possible [2]. The previous global albedo data also have shown that the southern highlands are much lighter (average 
albedo 0.25) than the dark northern lowlands (0.15)[3] hinting at different rocks. Very long lobate formations around 
huge Tharsis volcanoes also require very low viscosity lavas. Density of martian soils on surface and to a depth of 
about 10 m according to various geophysical methods (radar, polarimetry, IR, “Viking” data) is lower than that of the 
Moon and is lower for light areas than for dark ones [3].  
     Now this “whitish” low density material is partly characterized on Meridiani Planum by “Opportunity” [4] – it is 
salt: sulfates, chlorides, bromides covering and penetrating layered sedimentary (mainly eolian?) rocks. The salts are 
discovered in craters and, as it shown by an artificial  very shallow impact crater (after fall of the “Opportunity”’s 
heat shield), under thin cover of eolian reddish Fe-rich drifts. The salts cover large areas on Meridiani Planum. Their 
most probable origin is due to widespread hydrothermal activity, vents being craters and deep cracks (faults) draining 
depths of the highland crust. So, salts are not just a thin veneer but a significant constituent part of the highland crust. 
That is why Tharsis is surprisingly low in Si. Silicates are partially replaced by salts (low density substance), this is 
required by necessity to diminish the mean density of highly standing tectonic blocks of Mars – a rotating planetary 
body that obeys the physical law of keeping equal angular momenta of hypsometrically  different tectonic blocks. 
The aqueous salts with constituent water not only diminish a mean rock density and explain the presence of 
hydrogen (H2O) at the equatorial zones in “Odyssey’ data but also bring down the melting temperature of impacted 
rocks making ejecta easily flowing (like a dough for pan-cakes).  
     The “Spirit”’s results for the Columbia Hills at Gusev crater go farther [5, 6, 7]. They bluntly shown that an 
outlier of highlands consists of rocks completely different from lowlands basalts. Keeping the same as in basalts 
level of Si, these light color rocks are higher in alkalis, Al, P, Cl, S, Ti and lower in Fe, Mn, Mg, Ca, Cr.  Al/Ca  
increases from basalts to this rock. Na up to 4.5%, Al- 8.0%, P – 2.3%, Ti – 1.5% - these are values suitable for 
syenites. The thinly layered rocks of Columbia Hills resemble very much the layered nepheline syenites of the ring 
complexes of  Kola Peninsula (Khibiny, Lovozero). One layer of the Columbia Hills massif (Wishstone rock) is high 
in phosphorus (calculated apatite is up to 13%), another – in sulfur (Peace rock). All this resembles layers of apatite 
and feldspathoids rich rocks of Lovozero massif. Sodalite (Cl and S) and noseane (S) rocks are known there. A very 
typical process of feldspathoid alteration in the contact with water (ground and atmospheric) is formation of zeolites. 
These very soft and low density silicates (often shining like water ice) are perfect sinks for water, giving it out and 
taking back into their crystalline structure depending on P-T conditions and availability of water [8]. These syenites 
often containing also as a matrix albite – sodic plagioclase (detectd by “Spirit”’s  Mini-TES [7]) are melted at 
temperatures much lower than basalts. Maybe, this is a reason why the lobate craters are widespread on the southern 
highlands. In addition, zeolitized syenites are soft, this property of Columbia Hills rocks was found by “Spirit”’s 
grinding instrument –these rocks are much softer than basalts [7]. Very thin layering of rich in alkalis and thus very 
fluid nepheline syenites  is typical at Earth.  
     Gusev crater lies at the contact between lowlands and highlands. In an earlier work [9] , before “Pathfinder” 
landing, we insisted on “Possibility of highly contrasting rock types at martian highland/lowland contact”, namely on 
finding albitites, syenites, granites in addition to basalts. “Pathfinder” has found andesites, but more acid and alkaline 
lithologies were discovered by THEMIS (MGS) and “Spirit”. Two localities at Syrtis Major have dacites  originated 
probably from a crustal body long not less than 95 km [10].  “Spirit” has nepheline- normative rocks probably rich in 
salts penetraiting them  in form of own minerals and in feldspathoids structures (sodalite, noseane,and others). So, 
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salts helping to diminish rock density, simultaneously lower its melting temperature what helps to produce such 
characteristic martian structures as lobate craters.  
     One more remark. This water, alkali-rich easily fluidized crust is often masked by ubiquitous eolian dunes and 
drifts rich in Fe-minerals originating from the northern lowlands. Now orbiting Mars “Mars Express” with “Omega” 
instrument measuring reflected light from drifts discovers signatures of  not only salts but also olivines and 
pyroxenes [11]. Researches often make hasty conclusions about wide presence of basic rocks. Sometimes they are 
right because the presence of plateau basalts, basic sills and layered basic intrusions at highlands is quite possible 
(compare with Earth), but often they are wrong taking surface reflectance from widespread Fe-minerals surface 
contamination for an indication of the deeper geology. In this sense, lobate craters luckily sample deeper horizons 
and better show the real geology.  
 
     References: [1] Wänke H., Boynton W.V., Brückner J. et al. (2005) LPSC  XXXVI, Abstr.#1389, CD-ROM. [2] 
Smith D.E., Sjogren W.L., Tyler G.L. et al. (1999) Science, v. 286, 94-97. [3] Florensky K. P., Basilevsky A.T., 
Burba G.A. et al. (1981) Essays of comparative planetology.  Moscow, “Nauka”, 326 pp. (In Russian).  [4] Rieder 
R., Gellert R., Anderson R.C. et al (2004) Science, v. 306. #5702, 1746-1749. [5] Gellert R., Rieder R., Anderson 
R.C. et al. (2004) Science, v. 305, # 5685, 829-832. [6] Gellert R., Zipfel  J., Brückner J. et al (2005) LPSC XXXVI, 
Abstr. #1997, CD-ROM. [7] Squyres S.W. and the Athena Science Team (2005) LPSC XXXVI, Abstr. #1918, CD-
ROM. [8]  Kochemasov G.G. (2002) 36th Vernadsky-Brown microsymposium “Topics in comparative planetology”, 
Abstr., Oct. 14-16 2002, Vernadsky Inst., Moscow, Russia, CD-ROM.  [9] Kochemasov G.G. (1995) Golombek 
M.P., Edgett K.S., Rice J.W.Jr. (eds) Mars Pathfinder landing site workshop II: Characteristics of the Ares Vallis 
region and Field trips to the Channeled Scabland, Washington. LPI Tech. Rpt. 95-01, Pt. 1, LPI, Houston, 63 pp. (p. 
18-19). [10] Christensen P.R., McSween H.Y.Jr., Bandfield J.L. et al (2005) LPSC XXXVI, Abstr. # 1273, CD-
ROM. [11] Mustard J.F., Poulet F., Gendrin A. et al. (2005) LPSC XXXVI, Abstr. # 1316, CD-ROM.  
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DISTRIBUTION AND ORIENTATION OF ALLUVIAL FANS IN MARTIAN CRATERS.  E. R. Kraal1, J.M.
Moore2, A. D. Howard3, E. I. Asphaug1  1(Department of Earth Sciences, University of California Santa Cruz, 1156
High Street, Santa Cruz, California, 95064, ekraal@es.ucsc.edu, asphaug@es.ucsc.edu), 2(NASA Ames Research
Center, MS 245-3, Moffet Field, CA 94035-1000, jeff.moore@nasa.gov), 3(Department of Environmental Sciences,
University of Virginia, 291 McCormick Rd., PO Box 400123, Charlottesville, VA 22904-4123,
alanh@virginia.edu).

Overview:  We present the results of the complete
survey of Martian alluvial fans from 0-30° S, initiated
by Moore and Howard [1].  Nineteen impact craters
contain alluvial fans.  They are regionally grouped
into three distinct areas.  We present our initial
results regarding their distribution and orientation in
order to understand what controls their formation.
Since alluvial fans are formed by water transport of
sediment, these features record ‘wetter’ episodes of
Martian climate.  In addition, their enigmatic
distribution  (in regional groups and in some craters,
but not similar adjacent ones) needs to be understood,
to see how regional geology, topographic
characteristics, and/or climate influence their
formation and distribution.

Alluvial Fans:  Fan deposits are formed by the
deposition of sediment from a shifting source (such
as a stream migrating over the deposit) and are
recognized by their cone-shape morphology.  Fans
are well studied on Earth and form in many
conditions from large underwater deposits at the
mouths of rivers to sub-aerial gravity driven flows.
This continuum of formation processes produces
slight variations in morphology (such as slope, area,
and basin size) that can be used to distinguish the
formation process as well as information about the
sedimentary system (for review see[2]).

Features in some craters on Mars,
discovered in THEMIS daytime IR images and
MOLA topography, have the same cone shape as
terrestrial alluvial fan deposits. Comparison of fan
statistics such as fan gradient, fan area, and basin area
to statistics of terrestrials fans indicates that Martian
fans follow the same approximate trends and
compare well to very large terrestrial alluvial fans
with possibly finer sediment size and lower sediment
concentrations [1].

Fans in Martian Craters:  Alluvial fans form
because of the abrupt transitions from steep, eroding
catchments to low gradient, depositional basins.
Over the abrupt transition, the stream power drops
significantly and causes deposition of the stream bed
load [2].  Impact craters provide the ideal topographic
setting for the formation of alluvial fans.  There is an
abrupt change in slope from the high, steep rims to
the shallow, low crater bowls.  We have searched for

alluvial fan in other areas on Mars, such as Valles
Marineris, and have not yet identified any candidate
deposits.  To date, the only alluvial fans on Mars
have been identified in crater rims.

Distribution: Our completed survey results confirm
the initial results of Moore and Howard[1].  All
alluvial fans are located in craters south of 18° and
from -40° to 85° E.  Within this large group, there are
three distinct regional groups of craters containing
alluvial fans, the southern portion of Margaritifer
Terra , Southwestern Terra Sabaea, and Tyrrhena
Terra.

Orientation:  In an effort to understand the factors
controlling the formation of these fans, we examine
the orientation of the fans from crater rims.  Figure 1
shows the orientation of fans in the three regional
groups.  Though the average fan emerges from the
northwest rim of the crater, there is a great deal of
spread in the data.  Some areas, such as Figure 1A
(Margaritifer Terra) have a more distinct orientation
pattern.  While others, such as Figure 1B (Terra
Sabaea) have a wider spread in the orientation.  In the
case of the craters in Terra Sabaea, the orientations
are dominated by a crater system of fans spilling into
three a joining craters.  The majority rest of the fans
in the Terra Sabaea region are below MOLA
topographic resolution, and therefore, are not
included in the orientation statistics.

Continuing Research:  We are in the process of
completing a global survey.  In addition, we are
collecting more data on the crater statistics, regional
geologic setting, and orientation patterns to
understand the mechanisms controlling alluvial fan
formation.  The formation of alluvial fans on earth is
controlled by tectonic, climatic, and geologic
conditions.  The same is likely true on Mars.
Therefore, by understanding their formation, we will
gain insight into the climate history of Mars.

References: [1] Moore, J. M. and A. D. Howard (2005).
"Large alluvial fans on Mars." Journal of Geophysical
Research (Planets) 110(E4): E04005 dio:
10.1029/2004JE002352. [2] Harvey, A. M. (1997). The
role of alluvial fans in arid zone fluvial systems. Arid Zone
Geomorphology: Process, Form, and Change in Drylands.
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Figure 1: Fan Orientation of Alluvial Fans in Martian Craters.
Arrows point to the direction of emergence of the fan from the crater rim.  Their length scales with area
of the fan apron.  North is up in all cases and area of fan is in km.  The only fans included are those
above MOLA topographic resolution (see Moore and Howard, 2005).  The fans are plotted according to
their regional groups. Figure 1A is in located in Southern Margaritifer Terra.  Figure 1B is located in
Southwestern Terra Sabaea; the extreme variation in this data is because there is only one set of fans
above MOLA resolution.  It is a system of fans in three ajoining craters.  Figure 1C located in Tyrrhena
Terra, just north of the Hellas Basin.  Figure 1D show the complied data.  Average fan is indicated in
red.  The average fan is 250 km2 and originates from the northwest rim of the crater (300°).
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SUBKILOMETER-SCALE ROUGHNESS OF CRATER EJECTA IN THE NORTHERN PLAINS OF 
MARS: IMPLICATIONS FOR CLIMATE-RELATED ALTERATION.  M. A. Kreslavsky1,2 and J. W. Hear1, 
1Dept. Geologcial Sciences, Brown University 1846, Providence, RI, 02912-1846, USA; kreslavsky@brown.edu, 
2Astronomical Institute, Kharkov National University, Kharkov, Ukraine. 

 
 
Introduction:  This study is a follow-up of our 

work on statistical analysis of surface slopes from 
MGS MOLA data [1, 2]. We have used profile slopes 
and curvatures measured along MOLA tracks at dif-
ferent baselines to characterize the roughness of the 
surface at scales from MOLA shot-to-shot distance 
(0.3 km) to tens of kilometers. Among other interest-
ing things, we have found strong latitudinal trend of 
occurrence of steep slopes: even for similar terrain 
types, steep (>15-20°) slopes are two orders of magni-
tude less frequent at high latitudes (>40-50°) than at 
lower latitudes [2]. We have interpreted this [2] as a 
result of high obliquity periods in the past geological 
history of Mars: at high obliquity the day-average 
summer temperature is high and can exceed ice melt-
ing point; this favors water-assisted erosion and slope 
degradation.  

Another similar phenomenon is the latitudinal 
trend of roughness [1]: At high latitudes (>50-60°) the 
typical subkilometer-baseline slopes are systematically 
gentler than in geologically similar areas at lower lati-
tudes. This trend does not exist for longer baselines. 
Typical slopes are on the order of a fraction of a de-
gree, thus the roughness trend is not the same phe-
nomenon as the trend in occurrence of steep slopes. 
We have interpreted the latitudinal trend of roughness 
as an effect of a few-meters-thick high-latitude ice-rich 
mantle, which was observed in high-resolution MOC 
images [3]. There is no doubt that the mantle does con-
tribute to the smoothing of the high-latitude topogra-
phy, but it is not the only cause of the roughness trend 
observed. For example, there is a great difference in 
roughness signature of ejecta of two impact craters 
shown in Fig. 1 A and B. Crater A has rougher ejecta 
and obviously fresher ejecta morphology, and hence is 
younger than crater B. However, high-resolution MOC 
images clearly show the presence of the mantle over 
ejecta of both craters. This proves that the mantle is 
not the only cause of the latitudinal trend of roughness 
and that other climate-related processes, such as like 
active layer formation, play an important role in topog-
raphy alteration.  

Since craters are emplaced randomly through time, 
study of craters and their ejecta can provide informa-
tion about timing or rates of the alteration processes. 
Here we report our new quantitative results on rough-
ness of crater ejecta. 

Observations:  We considered craters in the north-
ern plains, more exactly, within the Vastitas Borealis 

Formation (VBF) [4], which provided us with a similar 
geological environment, similar “background” rough-
ness characteristics and presumably uniform onset of 
crater population formation. We excluded areas where 
dunes and some other topographically pronounced 
features were present. We considered only craters with 
diameters D from 10 to 25 km. This narrow range of D 
assured the maximal possible similarity of a pristine 
ejecta pattern. For smaller craters, the ejecta are too 
poorly sampled with MOLA; for larger craters, the 
multiple layer ejecta dominate [5]; this ejecta mor-
phology is essentially different from the double layer 
ejecta morphology of 10-25 km craters [5]. We limited 
ourselves to high latitudes > 52°N, that is within the 
“smoothed” zone. In total there are 171 craters that 
match these criteria. 

 

 
Fig. 1. MOLA-derived simulated shaded topogra-

phy of craters in the VBF. A “Fresh” crater at 73.0ºN 
38.3ºE; D = 12.0 km. B. “Smoothed” crater at 73.0ºN 
22.0ºE; D = 12.9 km. C. “second roughest” crater at 
69.3ºN 274.0ºE; D = 12.9 km. D. Area used for rough-
ness statistics for crater B.  

As a measure of ejecta roughness, we used the me-
dian total surface curvature, which we calculated in the 
following way. We used gridded topographic data at 
128 pixels per degree resolution. In each pixel we cal-
culated two principle curvatures C1 and C2 of the sur-
face at two baselines of 0.9 and 3.7 km and the “total” 
curvature C = (C1

2 + C1
2) 1/2 at both baselines. For each 

of the 171 craters, we manually outlined the test ejecta 

A B 

C D 
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area as a ring loosely inscribing the inner ejecta lobe 
and excluding the crater rim and floor (Fig. 1 D). For 
clearly asymmetric craters we drew a non-circular out-
line. We preferred this subjective way to mark the test 
areas, because it allowed us to exclude small craters 
that overlap the ejecta, as well as to treat overlapping 
ejecta carefully. For each of 171 test areas, we calcu-
lated the median “total” curvature at both baselines 
and used it as a measure of roughness. We expressed 
the difference of roughness between the pair baseline 
lengths in terms of the Hurst exponent H. It varies 
from 0 to 1. Smaller values of H mean steeper decrease 
of roughness with increase in scale. In other words, 
small H means the prevalence of small-scale topog-
raphic features, while large H means the prevalence of 
large-scale features.  
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Fig. 2. Scatter diagram of the Hurst exponent and 

roughness at 0.9 km baseline for 171 craters. Craters A 
and C are the same as A and C in Fig. 1. V marks typi-
cal Vastitas Borealis Formation surface. Crater B from 
Fig 1 is close to the center of the cluster. 

Results:  The smaller-baseline roughness in arbi-
trary units and H for all 171 craters are shown in 
Fig. 2. It is seen that all craters are clustered in this 
scatterplot except two obvious outliers A and C shown 
in Fig. 1. Typical crater ejecta are rougher than the 
VBF without craters (V in Fig. 2), but show similar H, 
that is the same scale dependence of roughness. Crater 
A is the only really fresh crater with well preserved 
small-scale roughness. Crater C has a somewhat atypi-
cal morphology: it no second ejecta layer, and it is 
located in an atypical part of the VBF. It does not rep-
resent a transitional morphology between crater A and 
typical craters like C, and it is not clear if its high 
roughness is due to a young age or due to some secon-
dary alteration process. At the longer baseline this cra-
ter is rougher than A.  

Discussion:  The Vastitas Borealis Formation lies 
at the boundary between the Hesperian and Amazo-

nian. If we assume this boundary to be at 3.1 Ga [6], 
one crater from our crater subset is forming on average 
each 18 Ma. Our results with one fresh crater give the 
time scale of topography smoothing on the order of 20 
Ma with an obvious high uncertainty. 

Repeating deposition and removal of ice-rich man-
tle following the obliquity cycles can be responsible 
for smoothing of ejecta at his time scale. Another proc-
esses operating at high obliquity can also make some 
contribution. It is possible that crater A is younger than 
4-8 Ma, that is it was emplaced after the latest epoch 
of high obliquities, when the mean obliquity was 35º 
and the maximal obliquity exceeded 45º [9]. At these 
high obliquities the summer day-average surface tem-
perature exceeded the water melting point and an ac-
tive layer formed [7,8]. The active layer may assist 
smoothing the topography through solifluction, disin-
tegration of rocks, etc.  

Future work:  Further study of ejecta morphology 
and modeling of the smoothing processes is needed to 
increase the robustness of our conclusions. A correla-
tive study of ejecta roughness and slope steepness is 
the next step in our analysis. Study of a population of 
smaller craters with HRSC stereo images can provide 
better constrained timing estimates and lead to a better 
understanding of surface alteration in the recent geo-
logical past of Mars.  

References: [1] Kreslavsky M. A. and Head J. W. 
(2000) JGR, 105, 26695-26712. [2] Kreslavsky M. A. 
and Head J. W. (2003) GRL, 30, DOI 10.1029/ 
2003GL017795. [3] Kreslavsky M. A. and Head J. W. 
(2002) GRL, 29, DOI 10.1029/2002GL015392. 
[4] Tanaka K. L. et al. (2003) JGR 108, 8043. [5] Bar-
low N. G. (2005) LPS XXXVI, 1415. [6] Hartmann W. 
K. and Neukum G. (2001) Space Sci. Rev. 96, 165-
194. [7] Costard et al. (2002) Science 295, 110-113. 
[8] Kreslavsky M. A. and Head J. W. LPS XXXV, 
1201. [9] Laskar J. et al. (2004) Icarus 170, 343. 
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