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GEOLOGY OF LONAR CRATER, INDIA: AN ANALOG FOR MARTIAN IMPACT CRATERS. A. C. Maloof1,  
K. L. Louzada2, S. T. Stewart2, and B. P. Weiss3. 1Princeton (Dept. Geosciences, maloofa@mit.edu), 2Harvard (Dept. Earth 
& Planetary Sciences), 3Massachusetts Institute of Technology (Dept. Earth, Atmospheric & Planetary Sciences). 

 

Introduction. Lonar Crater (Fig. 1) formed 
between 15-67 ka in the ~65 Ma Deccan Traps of 
western India [1-5]. The bolide, of unknown 
composition, impacted into ~600-700 m of 
subhorizontal basalt flows overlying Precambrian 
basement. Lonar is a unique Martian analog for 
studies of ejecta flow dynamics [6] and shock 
magnetization, as it is the only terrestrial crater 
formed entirely within basalt. Although sketch maps 
[1, 5, 7, 8] and paleomagnetic work [9] of variable 
quality have been published, no detailed geologic 
map or understanding of shock effects on rock- and 
paleo-magnetics exist for Lonar Crater. Here we 
present preliminary geologic and topographic maps, 
from a January 2005 field study, and identify features 
for comparison to Martian craters. 

Geology. With 130-m relief from crater rim to lake 
level, Lonar Crater is the most significant 
topographic feature in the area. The raised crater rim 
is composed of upturned basalt stratigraphy, typically 
dipping 10-30° out from the crater (Figs. 2, 3, 4). In 
the crater wall, at least six 10-25 m thick basalt flows 
(TF0-F5) are exposed, all of which are characterized by 
broad flow fronts and nearly flat upper surfaces 
capped by discontinuous flow-top autobreccias. 
Within individual pahoehoe flows, an internal 
stratigraphy usually is developed that begins with 
dense, jointed and sometimes flow-banded basalt, 
which passes upward into vesicular, fine-grained 
basalt. Flow tops are variably altered, and paleosols 
containing root casts are common between flows. 

Along the rim crest, Flow 5 is recumbently folded 
and brecciated, with semi-intact beds preserving a 
reverse basalt stratigraphy (Figs. 2, 3). Away from 
the crater edge, the overturned flap toes out into a 
thin (0-6 m thick) blanket of primary ballistic ejecta.  

At localities within the outer continuous ejecta 
blanket, such as Kalapani Dam Quarry and the Road 
to Kinhi Quarry, subhorizonal basalts are overlain by 
a debris flow unit composed of basalt clast ejecta, but 
also containing rip-up clasts of the pre-impact 
substrate within a coarse-grained matrix. A black 
muddy histosol up to 2 meters thick is common in 
depressions within the pre-impact flow-top 
autobreccia of TF4. The top of the histosol is 
penetrated by clasts from the debris flow ejecta to 
depths of 1.5 m, and cm-size clasts of histosol are 
incorporated into the ejecta debris flow. 

The crater and ejecta blanket are in an excellent 
state of preservation.  Ground cover has stabilized 
the ejecta blanket and prevented significant (< 10 m 
vertical) erosion the crater rim [4]. Recent reports of 

heterogeneous hydrothermal alteration at Lonar 
Crater [11, 12] were not supported by our 
observations, which show that previously interpreted 
altered ejecta are probably highly-comminuted 
materials originating from autobrecciated flow tops 
weathered prior to the impact event. At least one 
comminuted zone contains impact glasses and sub-
mm spherules. 

Discussion. Study of a simple crater in 
subhorizontal layers of basalt will provide insight 
into crater formation in Martian stratigraphy [10]. 
Lonar may be used to validate simulations of impact 
events into layered targets.  

Lonar is also an excellent analog for investigating 
the effects of shock on the Martian crustal magnetic 
field. Based on our preliminary paleomagnetic 
measurements on oriented Lonar samples from the 
crater wall, the crater rim, and the continuous ejecta 
blanket, the impact event was not large enough to 
impart a hard, shock-induced remanence in the 
Deccan Trap basalts.  However,  the shock may have 
been great enough to change the magnetic properties 
of the rocks. We see variable post-impact acquisition 
of low-temperature magnetic overprints that may be 
directly related to the peak shock pressures 
experienced by the rock. So far, the most shock-
modified magnetic properties appear to be recorded 
by basalt clasts within the distal edge of the 
continuous ejecta blanket. 

The ballistic ejecta also shows compelling 
evidence for the development of ground-hugging 
ejecta debris flows and a rampart edge to the 
continuous ejecta blanket. These features may be 
similar to layered ejecta flows on Mars [6].  

Conclusions. Lonar Crater is an excellent Martian 
analog for studies of impact crater formation, shock 
magnetization, and fluidized ejecta. 
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Fig. 1. Lonar Crater, India. View 
from the N rim showing extent 
of shallow, saline lake and 
excellent exposures on crater 
wall. 

 
 

 

Fig. 2. Preliminary geologic map of Lonar Crater, with: T – Tertiary; TF0-TF6 – seven Earliest Tertiary basalt flows of the Deccan 
Traps; Q – Quaterary; Qfb – overturned flap breccia composed of recumbently folded, variably brecciated basalt flows and 
forming the most proximal ejecta deposits around the rim of the crater; Qbe – ballistic ejecta, composed of poorly sorted, faintly 
bedded basalt clast ejecta; Qdf – outcrops of ejecta debris flow at distal edge of continuous ejecta blanket consisting of a mixture 
of remobilized primary ejecta and secondary material eroded from below, such as regolith, histosol, and alluvium; Qhi – histosol 
composed of black, organic rich mudstone; Alvm – Post-impact landslides and regoliths developed on the lower canyon wall; 
Qundif – Undifferentiated post-impact sediments, commonly consisting of bedded conglomerates, sands, soils, and regoliths. 
 

 

 
Fig. 3. Cross-section from A to A' (Fig. 3), showing elevation profile (7x 
vertical exaggeration.) and geology (legend is the same as Fig. 2). Little 
Lonar is a circular depression within the continuous ejecta blanket (Qbe). TF5 
transitions smoothly into Qfb, where the crater rim fold hinge is mappable 
around the N and NW crater rim. TF5v and Qfbv are in situ and fold-brecciated 
Flow 5 vesicular flow top, respectively. 

Fig. 4. Preliminary digital elevation map (DEM) 
computed using a universal Kriging gridding 
algorithm on 13,000 independent X,Y,Z data 
acquired with handheld GPS.  
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INVERTED MARTIAN CRATERS IN LINEATED GLACIAL VALLEYS, ISMENIUS LACUS REGION, 
MARS.  B. S. McConnell1, G. L. Wilt2, A. Gillespie3 , H. E. Newsom4, 1Highland High School, Albuquerque, NM 
87108 bmcconne@unm.edu 2Shikellamy Senior High School, Sunbury, PA 17801 grierwilt@gmail.com 3UT 
aimeeg@unm.edu 4Univ. of New Mexico, Institute of Meteoritics, Dept. of Earth & Planetary Sciences, Albuquer-
que, NM 87131 newsom@unm.edu  

 
 
Objective We studied small, uniquely-shaped cra-

ters found on the surface of lineated terrain in the Is-
menius Lacus region of Mars [1].  By utilizing MOC 
and THEMIS satellite images, we located terrain in-
cluding lineations (viscous flow features), smoothing 
of topography, and morphologic features such as poly-
gons and gullies, which appear to be strong evidence 
of preexisting ice deposits.   

Figure 1. Index map of MOC and THEMIS images 
examined in this study. 

 
Background Because of Mars’s dynamic obliq-

uity, a consistent tilt pattern is evident in which it cy-
cles through every several million years. According to 
Mustard et al. [1], if the obliquity exceeds 30o, the ice 
at the north and south poles become very unstable and 
relocates by sublimation to the mid to high latitudes. 
This is known as a Martian Ice Age. The most recent 
Ice Age occurred about 10 Myrs ago when the obliq-
uity was at a steep 35o and the primary water ice was 
located in the 30-60o latitude bands.  

Hypothesis A specific region, Ismenius Lacus with 
the latitude range of 30-65o, was selected because it 
has a vast array of heavily cratered canyons and gullies 
and evidence of unusual features suggesting the pres-
ence of preexisting ice in the region [2].  The compari-
son of craters in both lineated and non-lineated terrain 
led us to the discovery of very unusually structured 
craters located in the lineated terrain. The craters lo-
cated in these areas often consisted of multiple rim 
rings and plateau-like centers [2].  

We developed and tested models for the origin of 
these unusual circular features.  Based on our observa-
tions, we suggest that meteors impacted the Martian 
surface sometime in the last ice age and the meteors 

penetrated several meters of dust and ice.  After their 
formation, they gradually filled back in with new lay-
ers of sediment and debris. As the tilt changed back to 
a less dramatic and current obliquity of roughly 22-
26o, the ice sublimated. As the icy layers sublimated, 
the surface collapsed and left the uniquely structured 
inverted morphology [e.g. 3,4]. 

 
Methods Images were utilized to observe crater 

morphology in the Ismenius Lacus region. High reso-
lution Images were examined from the Mars Global 
Surveyor (MGS) Mars Orbiter Camera (MOC) on the 
Malin Space Science Systems (MSSS) website, and 
from ASU’s Thermal Emissions Imaging System 
(THEMIS) website. 

 
Figure 2 Example 
comparing a fresh 
bowl-shaped crater 
(above) and an 
older inverted cra-
ter (below). 
 
 
 
 
 

We viewed every MOC image in the southern re-
gion of Ismenius Lacus by this process. After the high-
resolution MOC images were inspected, the photo-
graph was copied and pasted into Adobe Photoshop. In 
Photoshop, we searched the pictures for craters and 
then cropped each crater, with respect to the image 
size. The image size was vital for scaling the craters. 
Each high-resolution photo had different meter/pixel 
resolution, so an MS Excel record had to be kept for 
each image, and a template of 100x100 pixels was 
used per image. This process was done for and ap-
proximate total of 100 craters. After the craters were 
cropped and recorded, they were printed out to be 
thoroughly examined and analyzed. 
Based on our sample, the inverted craters range in size 
from 150-400 meters in diameter.  Resolution of the 
images limited the recognition of the smallest inverted 
craters.  

Observations After careful and complete examina-
tion of the high-resolution images, we observed that 
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there were relatively few craters in the lineated terrain 
and even fewer fresh bowl-shaped craters when com-
pared to the surrounding area.  The fact that there are 
so few craters suggests that the surface is young and 
reflects a fairly recent chain of events, such as an Ice 
Age, which caused this phenomenon. 

Experiments In testing our hypothesis, we used 
multiple methods. 
 

 
 

 
 

 
Figure 3.  Numerical simulation of the three major 
sequences involved in inverted crater formation.  The 
first figure shows a fresh bowl-shaped crater.  The 
blue layers represent the sub-surface ice deposits.  This 
simulation represents a relatively low fraction of ice in 
the sub-surface.  The second image simulates the proc-
ess in which the crater is filled in with debris.  The 
third figure is the concluding phase, after the sub-
surface ice sublimates.  
 

Excel Model The Excel Model proved to be very 
useful in simulating layering and sublimation effects. 
With Excel, a series of rows and columns were used to 
simulate the surface and sub surface dust and ice layers 
of Mars (e.g. figure 3). Once the surface was estab-
lished, a symmetrical crater was formed by deleting 
several layers. Each individual column was summed 
up in a “Totals” row and the totals were then graphed. 
The graph, when finished, looked very similar to a 
typical bowl-shaped crater. To simulate dust storms 
and other weathering factors, new rows of dust and ice 
were formed inside the crater. To simulate the depart-
ing ice age, the ice layers were deleted and the graphs 
symbolized the shape and structure of the concluding 
craters. 

Physical Model The physical experiments were ex-
tremely useful in this project because our simulation 
was almost identical to the proposed inverted Martian 
crater process. In this experiment, the beginning phase 
consisted of three different materials; tin catering trays 
(to hold the surface that harbored the crater), dry ice 
(to simulate the sublimation of icy layers), and sand (to 
represent the Martian surface material). The tin was 
filled with layers of sand and ice to represent an ice 
age surface. After the surface was established, a crater 
was constructed by scooping out several layers in a 
confined area. Following the fabrication of the crater, 
several additional layers of sand and ice were applied.  
After this was complete, the tins were set in the sun so 
the ice would sublimate. Several hours later, the fin-
ished product looked identical the formations observed 
on the Martian surface in the high-resolution images. 

Conclusion We have come to the conclusion that 
the unique features of the selected craters are due to a 
recent Martian Ice Age. These craters originally 
formed on an ice-rich surface and were subsequently 
covered by sediments and additional ice.  Due to the 
alteration in Mars’ obliquity, the ice sublimated back 
to the poles and consequently, the surface collapsed 
causing strange features such as multiple rim rings and 
central plateaus. Through numerical and physical ex-
perimentation, we have shown that the proposed in-
verted Martian crater process is plausible. 
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PERCHED CRATERS AND EPISODES OF SUBLIMATION ON NORTHERN PLAINS. S. Meresse1, D. 
Baratoux2, F. Costard1 and N. Mangold1, 1 IDES, UMR 8148, Université  Paris-Sud,  Bât. 509, 91405 Orsay cedex, 
France, 2Observatoire Midi-Pyrénées, UMR 5562, 31400 Toulouse. meresse@geol.u-psud.fr  

 
 

Introduction: Data from the MOLA instrument 
have revealed in detail the morphometry and topogra-
phy of the impact craters and lobate ejecta deposits on 
Mars. We report in this study the observation of craters 
in the Northern lowlands where the cavity and the flu-
idized ejecta blankets are topographically perched 
above the surrounding terrain. This “perched crater” 
morphology clearly differs from fresh craters one : the 
cavity has undergone a filling up over a hundred of 
meters and the ground at the vicinity of the ejecta 
seems to be eroded (Fig. 1). Moreover those perched 
craters can not be considered as pedestal craters. Even 
if pedestal craters are also topographically perched [1] 
they never display double layer ejecta morphology 
(DLE) [1] as we can observe in some perched craters 
(Fig.1). The diameters of the perched craters are al-
ways smaller than 10 km and the cavities are on aver-
age 70 meters above the surrounding surface. (Fig. 1-
4) 

The perched craters have been solely detected be-
tween 40° and 70°N and our research was limited to 
Acidalia and Utopia Planitia. This distribution is con-
sistent with the occurrence of one or several episodes 
of deflation/erosion in the Northern lowlands. In this 
study, we focus on morphometric and thermal proper-
ties of the discovered morphology with the objective to 
understand the mechanism of erosion which could 
preserve the ejecta but erode the intercraters plain. The 
role of ice-sublimation in this process has also to be 
determined. 

Perched craters. The Utopia/Acidalia surfaces ap-
pear to have been modified as indicated by crater’s 
infilling and removal of material in the intercraters 
plains. The deposits visible in the cavities can result 
from many origins (volcanic ash, eolian activity [2]). 
The removal of material is interpreted to be responsi-
ble for the observed perched crater morphology. The 
loss of material happens around the ejecta blankets and 
decreases the pre-existing surface. This decreasing of 
surface’s altitude is most likely caused by cryokarstic 
process like the sublimation in the plains, combined 
with a possible wind deflation of the fines 

Thermal properties of perched ejecta. Thermal in-
ertia is the key property controlling diurnal tempera-
ture variations at the surface of Mars and represents 
the subsurface’s ability to store heat during the day 
and to re-radiate it during the night [3-5]. We used the 
brightness temperature derived from the band 9 
(12.56µm) of the THEMIS infrared images to compare 
the thermal properties of the perched ejecta with the 

surrounding terrain. At night, the ejecta deposits are 
colder than the surrounding terrain. They display tem-
peratures close to 182°K while the temperature of the 
intercraters plains are always above 189°K at the same 
local time (i.e. 4.7 for these values). During the day, 
the temperature differences are less striking, but day-
time temperature are more affected by albedos and 
local topography, and are thus more difficult to inter-
pret in terms of relative variations of thermal inertia.  

The variations of diurnal temperature are relatively 
more important inside the ejecta units than elsewhere. 
Ejecta blankets are characterized by a lower thermal 
inertia. Thermal inertia variations are often related to 
grain size variations [3-5]. Indeed, this physical pa-
rameter is actually controlled  by the porosity and the 
sizes of the pores of the geological material which are 
influenced by the grain sizes, but also by processes 
such as cementation or induration. We interpret the 
lower thermal inertia of ejecta as a presence of a thin 
layer (up to a few meters) of porous and isolating ma-
terial. This porous layer (low thermal conductivity) 
could result from the ejecta formation and fragmenta-
tion process and/or the absence of the superficial ice 
layer filling the porosity anywhere else in the northern 
lowlands, as detected by the Mars Odyssey experi-
ment. Contrary to the ejecta, the surrounding terrain 
conducts the heat more efficiently. We can suppose 
that it is cemented by the ice which increase the ther-
mal inertia (hotter temperature at night) and conductiv-
ity and decrease the porosity. Acidalia is besides 
among a unit who has thermal inertia values consistent 
with surfaces of very coarse-grained or highly indu-
rated materials. Its values are likely due to surface ex-
posures of water [5]  

Role of ice-sublimation. We propose that the lower 
conductivity of the ejecta units induce a lower rate of 
ice sublimation than in the intercraters plains. The 
ejecta layer is seen as an isolating layer and the ice 
underneath the ejecta is protected from sublimation 
during the warmest periods of the year. Then, the 
higher rate of sublimation in the plains, combined with 
a possible wind deflation of the fines would result in 
the observed differential erosion morphology (Fig. 5). 
This hypothesis is consistent with the observation of 
disaggregating ice-cemented dust in the 30-70°N lati-
tude range [6]. 

We also focus on the development of systematic 
morphometric analyses on perched crater in orders to 
assess the thickness and volumes of removed material. 
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According to our measurements from the MOLA data, 
(Fig. 2 and 3) we report a thickness of 50 meters.  

Conclusion. Future work will focus on the descrip-
tion of the different states of degradation of the 
perched craters with the objective to assess the chro-
nology, duration and importance of the different 
phases of erosion. We have already noticed the exis-
tence of a diversity of states of degradation. Perched 
craters with highly degraded ejecta or even no ejecta 
with the rims being the only remnants of the craters 
have been observed (Fig. 4). We will also develop a 
model of sublimation based on the values of conduc-
tivity and thermal skin depth. The study of these cra-
ters is aimed to assess the chronology and importance 
of the phases of erosion/deflation and removal of the 
material which have re-shaped the Northern lowlands.  
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Figure 4. MOLA cross section. White line in figure 3 
indicates its location. 

 

Figure 1. perched crater 
in Acidalia Planitia 
(54,3°N 321°E). Night 
THEMIS infrared image 
on the left and MOLA 
relief map at 1/128th

degree resolution on the 
right  

 

 

Figure 3. Perched 
crater in Acidalia
Planitia (53,1°N
325°E). the ejecta have
totally disappeared.
The cavity and the
rims are topographi-
cally perched as we
can see on figure 4. 

 
Figure 2. MOLA cross section of the perched crater. 
White line in figure 1 indicates its location. 
 
 
 
 
 

 
 
 

Figure 5. Synthetic sketch showing the resurfacing 
process in the Northern lowlands. 
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CHARACTERISTICS OF IMPACT CRATERS AND INTERIOR DEPOSITS: ANALYSIS OF THE 

SPATIAL AND TEMPORAL DISTRIBUTION OF VOLATILES IN THE HIGHLANDS OF MARS.  

S.C. Mest, Planetary Geodynamics Laboratory (Code 698), NASA Goddard Space Flight Center, Bldg. 

33, Rm. F320, Greenbelt, MD  21071, mest@kasei.gsfc.nasa.gov. 
 
 

Introduction: The martian southern highlands contain 

impact craters that display pristine to degraded 

morphologies, and preserve a record of degradation 

that can be attributed to fluvial, eolian, mass wasting, 

volcanic and impact-related processes. However, the 

relative degree of modification by these processes and 

the amounts of material contributed to crater interiors 

are not well constrained. 

Impact craters (D>10 km) within Terra Cimmeria 

(0°-60°S, 190°-240°W), Terra Tyrrhena (0°-30°S, 

260°-310°W) and Noachis Terra (20°-50°S, 310°-

340°W) are being examined to better understand the 

degradational history and evolution of highland 

terrains. The following scientific objectives will be 

accomplished. 1) Determine the geologic processes that 

modified impact craters (and surrounding highland 

terrains). 2) Determine the sources (e.g. fluvial, 

lacustrine, eolian, mass wasting, volcanic, impact melt) 

and relative amounts of material composing crater 

interior deposits. 3) Document the relationships 

between impact crater degradation and highland fluvial 

systems. 4) Determine the spatial and temporal 

relationships between degradational processes on local 

and regional scales. And 5) develop models of impact 

crater (and highland) degradation that can be applied to 

these and other areas of the martian highlands. The 

results of this study will be used to constrain the 

geologic, hydrologic and climatic evolution of Mars 

and identify environments in which subsurface water 

might be present or evidence for biologic activity 

might be preserved. 

 

Methodology: This research utilizes multiple data sets 

to accomplish the objectives stated above. Images 

(Viking Orbiter, MOC, and THEMIS vis and IR (day)) 

are being analyzed to characterize (a) the preservation 

states (e.g., “fresh”, “degraded”, “moderately 

degraded”, “highly degraded”, and “buried” or 

“exhumed” [1-3]) and (b) interior deposits of craters. 

MOLA data and the IDL module GRIDVIEW [4] are 

being used to estimate morphometric parameters for 

craters (e.g., diameter, depth, slopes), regional and 

local slopes, and thicknesses and volumes of crater 

interior deposits. THEMIS infrared images and TES 

data are being used to characterize surface properties 

(e.g., emission, roughness) of crater interior deposits, 

and the Mars Observer GRS is being used to observe 

the distribution of surficial hydrogen. These data sets 

will be used to produce detailed geologic and 

geomorphic maps of individual impact craters, 

especially those containing enigmatic deposits, as well 

as maps at local and regional scales. Individual craters, 

such as Terby, Rabe, Proctor, Schaeberle, Schroeter, 

Martz, Gale and several unnamed craters, that are well-

covered Mars data, will be mapped in detail. Mapping 

could determine if similar degradation styles were 

common, such as by precipitation-driven processes or 

by a regional mantling unit [5,6] that contributes 

material to crater floors via mass wasting, or differ 

from crater to crater, suggesting mostly localized 

processes were (are) active. Relative age relationships 

for crater interior deposits will be determined by 

calculating crater size-frequency distribution statistics. 

 

Observations: Extensive evidence that fluvial, mass 

wasting, eolian, volcanic and impact-related processes 

were involved in degradation, infilling and subsequent 

erosion of impact craters are preserved in the highlands 

of Noachis Terra, Tyrrhena Terra and Terra Cimmeria. 

Fluvial systems dissect large parts of these 

highland terrains; their tributaries erode crater rim and 

ejecta materials and breach the rims of some craters. 

The interior walls of many craters are incised with 

gullies. Some gullies head at or near crater rims, 

suggesting erosion by precipitation-derived runoff [1,7-

10], whereas other gullies originate at discrete layers 

along crater walls [11]. Some craters contain small 

valley networks along their rims, which resulted in 

emplacement of alluvial fans [12,13] on their floors. 

The presence of these features suggests fluvial 

processes were a key factor in crater degradation. 

Many highland craters contain lobate debris aprons 

(Late Hesperian to Amazonian) that extend onto their 

floors, suggesting volatile-driven mass wasting also 

actively modified crater interiors and contributed 

significant amounts of material to crater floors. Mass 

wasting may have been an equally important process of 

crater degradation, especially in the highlands northeast 

and east of Hellas basin [14-18] where volatiles appear 

to have been abundant, and less important in other 

areas where volatiles may have been spatially or 

temporally less abundant [7-9,10]. 

Dune fields and dark splotches within craters, such 

as Rabe and Proctor [19], indicate eolian processes 

may contribute, or at least redistribute, significant 

quantities of sediments to interior deposits [7-10]. 
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Many craters could also contain materials 

deposited within lacustrine or playa environments. 

Morphologic evidence - inflow and outlet valleys, 

layered deposits, deltas, sedimentary terraces, and 

shorelines - suggests some martian craters may have 

contained lakes [9,10,20-25]. 

Several craters, such as Millochau [9], Terby [26-

28], Schaeberle, Schroeter and several large unnamed 

craters [9,29,30], contain enigmatic interior deposits 

relative to nearby craters of similar size or age. Some 

deposits are layered and form plateaus that stand 

hundreds of meters above surrounding floor materials 

or in some cases are topographically higher than the 

crater's rim, such as Gale [31]. Many craters also 

contain pits, suggesting collapse of volatile-rich 

material, and (or) they contain deposits that display 

surfaces that have been modified more significantly 

than nearby craters of similar size and age. 

Several impact craters north and west of Hellas 

basin contain surface materials that display similar 

surface textures. One deposit in particular, ‘rugged 

material’ mapped in Millochau [9], displays a ‘stucco-

like’ surface texture, is typically found along the outer 

edges of the crater interior and generally slopes down 

from the crater wall toward its center. The 

characteristics of this unit, combined with the fact that 

it is usually found in craters with gullied interior walls, 

suggest it may consist of heavily degraded fluvial 

deposits and (or) mass wasted materials. Similarly, the 

surfaces of many plateaus and massifs that compose 

enigmatic crater deposits are generally similar in 

appearance to the ‘pitted material’ observed in 

Millochau [9]. 

 

Discussion: Many highland impact craters exhibit 

evidence that they were modified (eroded and infilled) 

to various degrees by multiple geologic processes. The 

morphologies of most craters and the deposits 

preserved on their floors suggest significant quantities 

of volatiles were involved, either atmospherically-

derived and (or) released from the subsurface. 

However, the nature of the processes varies spatially 

and temporally across relatively short distances (100’s 

of kilometers) of the highlands. For example, 

Promethei Terra (east of Hellas basin) displays large 

relatively young debris aprons, small Hesperian-aged 

valley networks, and large outflow systems [14-18], 

whereas adjacent Tyrrhena Terra (north of Hellas 

basin) is dissected by extensive Noachian-aged valley 

networks, contains enigmatic crater interior deposits, 

and lacks debris aprons [9,10]. In addition, craters that 

contain similar features (pits, plateaus, etc.) and (or) 

deposits similar in appearance suggest either 

emplacement of similar materials (and sequences of 

materials) and (or) the processes of emplacement and 

subsequent modification were widespread. It is the 

ongoing goal of this research to use all available Mars 

data to identify deposits associated with specific source 

areas and determine the process(es) of their erosion and 

emplacement, quantify crater interior deposits (i.e., 

thickness, volume), and correlate crater degradation 

processes locally and regionally to spatially and 

temporally constrain volatile distribution as well as 

assess climate change on Mars. 
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Run-Out Distances of Ejecta Lobes from SLE and MLE Impact Craters on Mars. Peter J. 
Mouginis-Mark1 and Stephen M. Baloga2, 1Hawaii Institute of Geophysics and Planetology, 
University of Hawaii, Honolulu, Hawaii, 96822 ;  2 Proxemy Research, Inc. 
 
Introduction:  In an effort to gain better insight into 
the emplacement mechanism of the ejecta for single 
layered ejecta (SLE) and multiple layered ejecta 
(MLE) craters on Mars [1], we are investigating the 
geometry of the distal ramparts of these craters.  Using 
topographic data from individual orbits of the MOLA 
instrument, and co-registering these data with 18 
m/pixel THEMIS VIS images, we have compiled a 
data base that includes the run-out distance from the 
rim crest of the parent crater for many ejecta ramparts.  
These distances are the extreme values for which 
rampart heights can be accurately measured. Because 
many of the ejecta deposits are quite lobate [2,3], some 
craters have segments of deposits that extend slightly 
farther than the values we obtained.  Nevertheless, our 
data base is suitable for exploring the influence of 
elevation and latitude on run-out.    
 
Global Trends in Ejecta Range:  We have measured 
the range from the parent crater rim crest and height of 
the ejecta ramparts for 32 different impact craters on 
Mars.  Our criteria for making such measurements 
were that individual MOLA shots had to lie on both 
the crest of the rampart and close (~1 km) to the foot 
of the rampart on both the up-slope and down-slope 
sides of the unit.  The range of measured crater 
diameters was from 11.0 – 35.9 km.  Our sample 
craters lie in the latitude range 35.9˚N to 25.1˚S, so all 
examples can be considered low-latitude craters. 
Target elevations range from –3,867 m to +3,410 m. 
We find that, although latitude and elevation may be 
important secondary influences on the ultimate range 
of the ejecta flow, the dominant behavior is a 
limitation in the run-out at ~3.0 – 3.5 crater radii from 
the rim crest of the parent crater (Fig. 1a) for all 
diameters in the range considered.  Also apparent is 
the decrease in rampart height as the distance traveled 
from the rim crest increases (Fig. 1b). 

Local Variations in Ejecta Range due to Pre-
existing Topography:  For one 18.8 km dia. SLE 
crater, located in Sinai Planum (at 21˚S, 285˚E), we 
have been able to make 15 measurements to observe 
the influence of local topography on the flow distance 
of the ejecta, as well as the height of the rampart.  This 
crater formed on a gentle slope, and it is clear that the 
ejecta flows traveled further where the elevation 
difference between the crater rim crest and the distal 
rampart is greatest (Fig. 2).  We find that a clear 
correlation exists between these two parameters; 

namely, ejecta flowed further from the crater rim when 
the local elevation change was greater; when the 
change was ~200 m, the ejecta traveled only ~16 – 18 
km, while for a height drop of ~500 m the ejecta 
traveled ~26 – 28 km. 

 
Fig. 1:  Top (a): Ejecta range for all 32 craters studied 
here, expressed as a ratio of the run-out distance 
compared to the radius of the parent crater.  Bottom 
(b): Rampart heights as a function of distance from rim 
crest of crater. 
 

We observe that rampart height is also variable, in 
the range 80 – 160 m.  Typically, height decreases 
with increasing radial range for the ejecta (Fig. 3), as 
would be expected due to the areal change with 
distance. 

Shape of the Distal Rampart:  We have also 
investigated the cross-sectional shape of the distal 
rampart.  We have developed a photoclinometric 
technique that can be applied to small segments (<~3 
km long profiles) of THEMIS VIS images, using 
individual MOLA groundtracks to provide the start- 
and end-elevation points.  The photometry can also be 
checked along the profile using additional MOLA 
groundtracks that provide “ground truth” for the 
profile via spot elevation measurements along the 
length of the profile.  In this manner, we have 
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measured the cross-sectional shape of several distal 
ramparts for the Sinai Crater (Fig. 4).   
 

 
Fig. 2:  Comparison of the height drop between the 
foot of the ejecta rampart and the rim crest of the 
parent crater compared to the distance that the ejecta 
have traveled from the rim crest of the parent crater.   
 

 
Fig. 3: Rampart height decreases as the ejecta travel a 
greater distance from the parent crater rim crest. 
 

In all cases, we find that the rampart has a steeper 
slope on the down-slope direction (Fig. 4b).  We also 
observe that the rampart constitutes virtually the only 
ejecta within the visible ejecta blanket; specifically, the 
elevation of the terrain up-slope (i.e., towards the 
parent crater) is within a few (<4) meters of the 
elevation of the down-slope terrain (i.e., beyond the 
ejecta blanket).  These observations are thought to 
have particular significance for the surface flow of the 
ejecta, in that almost no ejecta were deposited during 
surface flow until the terminal rampart is formed. 

 
Conclusions and Implications for Future Crater 
Studies:  Our data, while preliminary and sampling 
only a few SLE and MLE craters, indicate certain 
attributes for the emplacement of distal ramparts: 
 
1) Run-out distances appear to be affected by local 
elevation changes of a few tens to hundreds of meters.  
This implies that gravity influenced the flow as in an 
unconfined continuum fluid flow, either as a direct 
gravitational force during overland flow or through a 

fluid dynamic pressure term acting on spatial gradients 
during emplacement. 
2) The ramparts constitute the only constructional part 
of the distal ejecta blanket, with almost no up-slope 
material within the ejecta blanket.  We find no 
evidence of a thick ejecta layer up-slope from the 
rampart in most of the examples studied so far.  
3) The asymmetric cross-sectional shape of the 
rampart is comparable to deceleration lobes found on 
terrestrial landslides [4], and implies significant 
strength for the materials within the rampart such that 
these materials did not slump following the cessation 
of the impact cratering process. 
 

 
Fig. 4: Top (a) Part of THEMIS image V05808002, 
showing the location of the MOLA profiles.  Red dots 
mark the start and end of profile shown in 4b.  
Direction of ejecta flow is from the top right (NE).  
Bottom (b) Photclinometric profile across the distal 
rampart of the Sinai Crater.  Profile is “anchored” by 
MOLA orbit 10159 in west, and MOLA orbit 11341 in 
east.  “Validation” of the correct photometric function 
is provided by the elevation from MOLA orbit 17717, 
which crosses the crest of the rampart (blue dot). 
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HYDROTHERMAL PROCESSES AND MOBILE ELEMENT TRANSPORT IN MARTIAN IMPACT 
CRATERS — EVIDENCE FROM TERRESTRIAL ANALOGUE CRATERS. H. E. Newsom1, M. J. Nelson1, 
C. K. Shearer1, and B. O. Dressler2, 1Univ. of New Mexico, Institute of Meteoritics, Dept. of Earth & Planetary Sci., 
Albuquerque, NM 87131, USA newsom@unm.edu, 2185 Romfield Circuit, Thornhill, Ontario, L3T 3H7, Canada. 
 

Introduction:  Hydrothermal alteration and chemi-
cal transport involving impact craters probably oc-
curred on Mars throughout its history. [1]. Our studies 
of alteration products and mobile element transport in 
ejecta blanket and drill core samples from impact cra-
ters show that these processes may have contributed to 
the surface composition of Mars [2].  Recent work on 
the Chicxulub Yaxcopoil-1 drill core has provided 
important information on the relative mobility of many 
elements that may be relevant to Mars [3]. 

The Chicxulub impact structure in the Yucatan 
Peninsula of Mexico and offshore in the Gulf of Mex-
ico is one of the largest impact craters identified on the 
Earth, has a diameter of 180-200 km, and is associated 
with the mass extinctions at the K/T boundary.  The 
Yax-1 hole was drilled in 2001 and 2002 on the Yax-
copoil hacienda near Merida on the Yucatan Peninsula.  
Yax-1 is located just outside of the transient cavity, 
which explains some of the unusual characteristics of 
the core stratigraphy.  No typical impact melt sheet 
was encountered in the hole and most of the Yax-1 
impactites are breccias.  In particular, the impact melt 
and breccias are only 100 m thick which is surprising 
taking into account the considerably thicker breccia 
accumulations towards the center of the structure and 
farther outside the transient crater encountered by 
other drill holes.   

SIMS studies of mobile element transport:  
Clays in thin sections from crater drill cores were im-
aged and analyzed by microprobe for major elements. 
Trace elements Li, B, Be, and Ba were measured with 
the Cameca IMS 4f ion probe, using primary O- ions, a 
10 kV potential; a primary beam current of 10 nA and 
spot diameter of 8 to 10 µm.  Numerous standards 
were analyzed to verify the ability of the SIMS to ana-
lyze water-bearing mineral phases, and to show the 
absence of matrix effects.  

Results: The altered groundmass found between 
clasts of target rocks contain materials with a desicca-
tion texture characteristic of clays.  The chemistry of 
the clays in thin section and preliminary XRD data on 
separated clays are consistent with smectite at all 
depths [4, 5].  The chemistry of these alteration mate-
rials range from that of an average montmorillonite 
composition in the uppermost units (from 800.68m to 
about 836m), to that of a magnesium rich saponite in 
the lower units (846.7m to 861.72m). 

 The clay analytical data show interesting 
trends as a function of depth in the drill core (e.g. Figs. 

1-3).  The elements Li, B, and Be, FeO generally in-
crease upwards in the samples, with Li > B > Be >FeO 
while the Ba concentration in the clays decreases up-
wards.  The abundance of Al2O3 in the clay material is 
also significantly higher in the suevite than in lower 
units, even though Al2O3 is not usually considered a 
fluid mobile component.  Li in Unit 2 is enriched by 
factors of 1.1 to 3.5 relative to the lower units.  There 
is a strong correlation between the abundances of Li, 
Be, and B (e.g. Fig. 1).  The correlation coefficients 
among these elements are Li-B = 0.89, B-Be = 0.71, 
Li-Be = 0.50.  

Fig. 1. Boron and lithium abundances in Chicxulub Yax-
copoil-1 matrix clays. 

 
The concentrations of mobile elements determined 

by SIMS in clays in the Yaxcopoil drill core can be 
compared with bulk analyses of the impact breccias by 
Tuchscherer et al., [5].  Although, the types of samples 
from the core that were analyzed are not identical, a 
consistent behavior can be seen in the data for a num-
ber of mobile elements.  For example, in the bulk 
analyses of the drill core, Tuchscherer et al., [5], docu-
mented upward enrichments in the concentration of the 
trace elements in the relative order Cs > Au > Rb = Zn 
in stratigraphic units 1 to 4 .  The greatest upward in-
crease in this data set is for Cs, which increases a fac-
tor of up to 3.7 relative to the lower units, similar to 
the SIMS data for Li.   

Mobile element deposition in sediments above 
the impactites: Evidence for hydrothermal transport 
has also been presented by Rowe et al. [6], who stud-
ied mobile element concentrations in the sediments 
overlying the impact breccias.  Rowe et al., [6] found 
that samples of Tertiary biomicrites from depths of 
794.01 to 777.02 m have higher concentrations of Mn, 
Fe, P, Ti, and Al relative samples from higher up in the 
stratigraphic section.  They attribute the observed en-

B vs. Li

10.0

100.0

1000.0

1 10 100 1000
Li ppm

B
 p

pm

YAX 628 809m

YAX 634 837m

YAX 647 848m

YAX 641 857m

YAX 643 862m

643 melt matrix

Mistastin

Cont Crust (T&M)

Role of Volatiles and Atmospheres on Martian Impact Craters 2005 3030.pdf



 

richments to elements mobilized by hydrothermal sys-
tems in the impact deposits and deposited in the over-
lying sediments, analogous to hydrothermal deposits in 
mid-ocean ridge environments.  At the Ries crater, 
Förstner, [7] found a similar enrichment of mobile 
elements in the graded sandstones and breccias derived 
from reworked suevite that was deposited in water in a 
playa lake environment just above the suevite deposits.  
The clay-size fraction (< 2 µ) in the lowest sediment 
sample is enriched in Li, Cd and Na compared to the 
rest of the sediment higher up in the sediment column. 

Discussion: The SIMS data for Li and Be presents 
a convincing argument for hydrothermal transport.  
The upper impactite layers are distinctly enriched in 
these elements compared to the lower units.  The data 
of Rowe et al. [6] for Li and Be show enrichments in 
the sediments directly above the impact breccias (Figs. 
2, 3).  The explanation for the behavior of these trace 
elements seems very straightforward, involving parti-
tioning of the trace elements into hydrothermal fluids, 
with incorporation into clays formed during hydro-
thermal alteration in the impact breccias, and deposi-
tion with the earliest sediments on top of the impact 
breccias. Our SIMS data for B and the bulk data of 
Tuchscherer et al., [5] for Cs, Au, Rb, and Zn shows a 
similar pattern of enrichment to Li and Be in the im-
pact breccias, suggesting that these elements should 
also be enriched in the sediments above the impact 
breccias.  A mass balance calculation using the bulk 
data [5, 6] suggests that the extra Li in the sediments 
above the impact breccias represents less than 7.5% of 
the remaining Li in the clays in the impact breccias 
(units 2-5), and the extra Be in the sediments above the 
impact breccias represents less than 2.2% of the Be in 
the clays in the impact breccias (units 2-5).  Unfortu-
nately, we do not have Li and Be data on bulk samples 
from the impact breccias. 

Implications for Mars: Hydrothermal alteration 
occurs in ejecta blankets, impact melt sheets and be-
neath the floor of impact craters of different sizes.  The 
Lonar crater, India, represents nearly the smallest size 
crater to experience significant hydrothermal proc-
esses, but mobile element transport is not seen in our 
SIMS analyses of the drill cores [8, 9].  Small impact 
craters in sedimentary targets, like the Bosumtwi and 
Ries craters, do not seem to have as much impact melt, 
but hydrothermal processes probably still occur.  The 
drill cores from the Bosumtwi crater Ghana (11 km 
diameter) that was drilled in September of 2004 will 
provide new information on hydrothermal processes in 
an intermediate sized crater emplaced in meta-pelites.  
Studies of element mobility in drill core samples from 
the large Chicxulub impact crater shows that if water is 
available, cratering processes can transport and enrich 

mobile elements in the surface of planets such as Mars 
[e.g. 3].  The mobile element transport studies on the 
Yaxcopoil-1 core suggest that the elements Li and Ce 
will be the most enriched elements in hydrothermal 
deposits associated with martian craters, but B, Be, 
Au, Rb, Zn, Mn, Fe, and P will also be enriched. 

Fig. 2.  SIMS results for Li, as a function of depth. 

Fig. 3.  SIMS results for Be, as a function of depth. 
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Nuclear Cratering Experience in the U.S. and Russia.  Milo D. Nordyke, Lawrence 
Livermore Laboratory (ret.), Livermore, CA, 94551, nordyke@comcast.net 
 
 

From 1960 to the mid-70s, both the U.S. 
and Russia carried out a number of nuclear 
cratering experiments as well as an array of 
low-yield high explosive cratering tests in a 
variety of geologic environments which 
provided useful data on understanding the 
mechanics of terrestrial explosive cratering. 
Whereas the majority of U.S. nuclear 
cratering experiments were in relatively dry 
unsaturated environments, the Russian tests 
were in relatively high moisture content or 
saturated conditions. The results show that 
larger craters were formed initially, followed 
by varying degrees of slope failure resulting 
from the saturated conditions and 
readjustment of the crater slopes.  

However, comparison of the data shows a 
good correlation when the differences in the 
geologic conditions are considered. Of 
special interest to studies of meteoritic 
craters may be the large yield craters in the 
saturated coral of Bikini and Enewetak 
Atolls and the development of numerical 
tools for predicting the effect of the water-
saturated and other more unstable 
environment. 
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THE INFLUENCE OF WATER ON THE CRATERING AND MODIFICATION OF MARINE-TARGET 
CRATERS  —  SOME THOUGHTS BASED ON RECENT FIELD STUDIES AND LABORATORY 
EXPERIMENTS.  
Jens Ormö. Centro de Astrobiologia (CAB), INTA/CSIC, Ctra de Torrejón a Ajalvir, km 4, 28850 Torrejón de Ardoz, Madrid, 
Spain. (ormo@inta.es) 

 
Introduction:  The most common target for im-

pacts on Earth is volatile-rich, i.e. seawater. Depending 
on magnitude, the crater may form only in the water 
column, hence without being preserved, or reach into 
the seafloor, and form what is sometimes called a ma-
rine-target crater [1]. The effect on the crater morphol-
ogy and geology may be strong if the water depth ex-
ceeds the diameter of the impactor [2], but depending 
on the strength of the substrate also much less water 
can have great influence [1,3,4]. 

Influence on excavation and ejecta dynamics: At 
great target water depth much of the upper part of the 
crater may develop in the water column. This reduces 
the extent of the excavation zone into the seafloor. Wa-
ter will constitute most of the ejecta, and a relatively 
large part of the preserved crater is caused by dis-
placement. The Lockne crater, Sweden, illustrates an 
impact into relatively deep water (i.e., water depth ex-
ceeding projectile diameter)[2]. Lockne has a 7.5 km 
wide basement crater surrounded by a 2.5 km wide 
brim where water and sediments were removed before 
the deposition of wide ejecta flaps from the nested 
basement crater. 3D modeling of the Lockne event 
shows that the basement crater was generated by a high 
velocity water stream initiated by the shock wave 
through the water. Consequently, the crater center lies 
between the point of initial projectile/water contact and 
a point near the rim of the transient basement crater 

where the projectile hits the seafloor [5]. A comparison 
between the very symmetrical ejecta flaps and the 
asymmetric ejecta curtain shows that the flaps are 
formed by overturning of near-surface layers, and not 
by the ejecta curtain [5]. A simplified illustration of a 
deep water impact is given in Fig. 1. 

Tangential stresses acting on the semi-coherent 
flaps as they were overturned outwards from the crater 
generated wedge-shaped rip-a-part openings that later 
channeled the water resurge [6] (Fig. 2). A detailed 
study of the variations in elevation of the top of the 
crystalline basement (i.e., the sub-Cambrian peneplain) 
around the crater showed that there is no structural rim 
uplift of the basement below the flaps [7]. It is possible 
that this is an effect of the cratering driven by the high 
velocity water stream (i.e., less fracturing and breccia 
injection). In land-target craters structural uplift is re-
sponsible for about half of the rim height [8]. The 
ejecta around Lockne may have been distributed to 
great distances by the outgoing water surge and again 
redistributed by the subsequent resurge into the crater 
[5]. Possible evidence for ground-hugging flow (fluid-
ized ejecta) and distant influences from the resurge 
have been reported from locality “Hallen” about 45 km 
southwest of the Lockne crater center [9]. There, a 
matrix-supported breccia occurs as a large clast in a 
reworked ejecta layer. At this distance from the crater 
the water depth to the seafloor on which the ejecta was 
deposited, was the same as the target water depth (i.e., 
about 700 m). Hence, it was assumed that this chunk 
would have been part of a more coherent ejecta flow 
passing out over the surface of the sea and then sunk 

 

 
Fig. 1. Higly schematic illustration of excavation and modi-
fication at impact into deep water (Water depth exceeding 
projectile diameter) 
 

 
Fig. 2. Schematic illustration of the water resurge at 
deep water crater. The resurge is channeled by ruptures 
in the flaps. The darker the shade of blue the deeper 
water. 
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through the water column disintegrating on the way 
down [9]. 
At water depths much less than the impactor diameter 
the growth of the transient cavity follows what is 
known from the “standard” land-target case and the 
water is just another layer in the formation of the over-
turned flap [2]. It is likely that the close interaction 
between the water and the solid ejecta in the ejecta 
curtain will cause fluidized ejecta flow outwards from 
the crater. However, these deposits would be reworked 
by the water resurge. None of the known marine-target 
craters has, so far, revealed unequivocal evidence of 
fluidized ejecta, although this is probably just an effect 
of a combination of poor preservation, poor exposure, 
and insufficient studies. 

Influence on crater modification: At relatively 
deep target water the water cavity will be larger than 
the seafloor crater, and the rim (possibly lacking a 
structural uplift) will be no obstacle for the resurge 
flow. This flow will be highly erosive [10,11] and fur-
ther increase the existing openings in the flaps. It will 
cause a deposit of reworked ejecta covering large areas 
outside the crater, but also as a thick unit inside the 
nested, basement crater, thus adding to the “normal” 
breccia lens. At relatively shallow water depth, the rim 
of the crater is better developed (including structural 
uplift), and, naturally, the surrounding water that wants 
to reenter the crater is less voluminous. However, large 
amount of water in the rim may cause it, partially or 
completely, to collapse [1, 4]. This generates openings 
where the water can enter the crater. In addition, it has 
been seen in both small scale [12] and large scale [13] 
experiments how the propagation of the shock wave 
cause violent dewatering of saturated sediments far 
beyond the extent of the transient cavity. This is visible 
as geyser-like spray due to shock cavitation of the wa-
ter in the sediments (Fig. 4). Possibly, this causes flu-
idization and instability of the sedimentary sequence 
outside the crater. Similarly, poorly consolidated sedi-
ments may become fluidized and injected through other 
beds [14]. At locality “Berget” (Lockne crater), Lower 

Cambrian unconsolidated sand and gravel was injected 
as a sill into Middle Cambrian shale [15]. If the crater 
is surrounded by relatively unconsolidated, saturated 
sediments, once fluidized, these sediments may con-
tinue to flow into the crater through the collapsed rim 
(cf., Chesapeake Bay, [3]; Wetumpka; [4]) and gener-
ate a much larger structure than what is expected from 
the amount of released kinetic energy from the impact.  

Summary and significance: Here is only men-
tioned a few of the most dominant geological and mor-
phological effects of seawater in the formation of ma-
rine-target craters. Nevertheless, it is mainly these fea-
tures that are of importance for the detection of marine-
target craters, or craters formed with any kind of vola-
tiles in the upper part of the target, in remote sensing of 
other planetary bodies in our Solar System. Although 
no strong candidates could be presented, Ormö et al. 
[16] assessed that as many as 1400 detectable (i.e., 
large enough to have been preserved) marine-target 
craters may have formed on Mars in the most favorable 
case (i.e., long-lasting oceanic phases). Continued stud-
ies of terrestrial marine-target craters may help in the 
understanding of past climatic conditions on Mars. 

References: [1] Ormö J. and Lindström M. (2000) Geol. Mag. 
137, 67-80. [2] Ormö J. et al. (2002) J. Geophys. Res. 107, E11. [3] 
Horton J.W. et al., this issue. [4] King D.T et al., this issue. [5] 
Shuvalov V. et al. (2005) Impact Studies, Springer, 405-422. [6] 
Lindström M. (2005) Impact Studies, Springer, 357-388. [7] 
Sturkell E. and Lindström M., Met. Planet. Sci. 39, 1721-31. [8] 
Melosh J. (1989) Oxford Univ. Press, New York, 1-245. [9] Sturkell 
et al. (2000) Met. Planet. Sci. 35, 929-936. [10] Ormö J. and Miya-
moto H. (2002) Deep Sea Research II 49, 983-994. [11] Dalwigk I. 
and Ormö J. (2001) Met. Planet. Sci. 36, 359-370. [12] Ormö et al. 
(2004) LPS XXV, #1276. [13] Jones G.H.S. (1977) Impact and 

explosion cratering, Pergamon, 163-183. [14] Alvarez W. et al. 
(1998) Geology 26, 579-582. [15] Sturkell E. and Ormö J. (1997) 
Sedimentology 44, 793-804. [16] Ormö J. et al. (2004) Met. Planet. 

Sci. 39, 333-346. 

 

 
 
Fig. 3. Schematic cross section of shallow water impact 
(Modified from [1]  

 

 
Fig. 4. Impact experiment with a CHUTA IB-060 gun for 
ordnance disposal (4x7 cm cylindrical projectiles of alumi-
num or steel)[From experiment presented by 12]. Saturated 
sand covered with less than 0.5 cm water. During this phase 
several water escape vents (like miniature geysers) appears
to a distance of about 50-60 cm from the point of impact. 
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VISCOUS RELAXATION OF SECONDARY CRATERS WITHIN THE MARTIAN SOUTH POLAR 
LAYERED DEPOSITS.   A. V. Pathare1,2, E. L. Schaller1, and B. C. Murray1, 1California Institute of Technology 

(MC 150-21, Pasadena CA 91125, avp@gps.caltech.edu ), 2 Planetary Science Institute. 
 

Introduction:  Schaller et al. [1] examined the 
morphologies of the secondary crater fields of two 
large impacts on the South Polar Layered Deposits 
(SPLD): McMurdo crater at 84.5°S, 0°W and an un-
named impact (hence “Crater II”) at 80.8°S, 284°W. 
They found a complete lack of secondary craters 
smaller than 300 meters in diameter in both crater 
fields, which implies that at least the upper 30 meters 
of the SPLD has been resurfaced since the time of 
these impacts. Moreover, SPLD secondary crater 
depth-to-diameter ratios are very low, with an average 
value of d/D = 0.016 [1], which is much less than the 
d/D = 0.11 characteristic of fresh lunar and Martian 
secondaries [2]. 

Resurfacing Mechanisms:  Consequently, sig-
nificant modification of the SPLD must have occurred 
since the emplacement of these shallow secondaries. 
Resurfacing of secondary crater fields—either due to 
constructional mechanisms such as water ice conden-
sation and dust deposition or destructional mechanisms 
such as water ice sublimation and eolian erosion—
should result in the preferential shallowing of smaller 
craters. Consider Fig. 1, which plots the depth-to-
diameter ratio d/D as a function of diameter D for 
McMurdo secondaries with measurable depths. If we 
assume that all secondaries started with an initial d/D = 
0.11, then a minimum amount of resurfacing equal to 
33 m (short-dashed line) is required to explain the lack 
of observed craters smaller than D = 300 m [1]. Yet 
this amount of resurfacing is clearly not sufficient to 
explain the shallowness of larger McMurdo seconda-
ries. However, increasing the amount of resurfacing to 
148 m—so that a McMurdo secondary with the me-
dian diameter of D = 1600 m is now at the average 
scaled depth of d/D = 0.02—still does not fit the data 
(long-dashed line), because this level of resurfacing 
would produce deeper craters at larger diameters along 
a trend that is clearly not observed.   

Viscous Relaxation: Fig. 1 also illustrates the 
modification of secondary craters via a simple viscous 
relaxation model that utilizes the inverse relationship 
between crater diameter D and e-folding relaxation 
time τ (i.e., the larger the crater, the faster it relaxes) 
applicable to craters deforming within isoviscous lay-
ers [3].  The upper solid line in Fig. 1 represents a 
“pure” relaxation modification scenario, in which the 
depth evolution of secondary craters only depends on 
diameter (the relaxation time was arbitrarily chosen to 
fit the observed D = 900 m crater with d/D = 0.073). 
While this relaxation only model does reproduce the 
subtle trend of decreasing d/D with increasing D, over-

overall it does not provide a very good match to the 
observations, as the d/D of most craters fall well below 
this line.  However, combining this simplistic relaxa-
tion model with 44 m of vertical resurfacing (such that 
D = 500 m craters are completely eradicated) results in 
a depth distribution (lower solid line) that fits the data 
much better than either the relaxation only (upper solid 
line) or resurfacing only (dashed lines) models, as 
roughly half of the data points lie above the combined 
model line and half lie below.   

Finite Element Modeling: We will more explicitly 
simulate the relaxation of secondary SPLD craters via 
finite element modeling as done by Pathare et al. [4] 
for primary SPLD craters. Pathare et al. [4] showed 
that  the observed size, depth, and spatial distributions 
of primary SPLD craters is most consistent with a 
modification model predominantly governed by vis-
cous relaxation of water ice over at least the past 100 
Myr, combined with a limited amount of vertical resur-
facing on the order of tens of meters during this time 
span. Interestingly, d/D ratios for SPLD secondaries 
(mean d/D = 0.016) are quite similar to those measured 
by Koutnik et al. [5] for primary SPLD craters (mean 
d/D = 0.015), suggestive of a common relaxation his-
tory. 

We intend to elucidate the modification history of 
the SPLD through our simulations of both the 
McMurdo and Crater II secondary fields. Although the 
specific age of each of these primary impacts is un-
known, we can take advantage of the simultaneous 
emplacement of their respective secondaries to con-
strain the time at which each primary impact occurred, 
via relaxation modeling of secondaries at various di-
ameters throughout the entire field. Of course, the re-
laxation history will not only be dependent on diame-
ter but will also vary with the underlying thickness of 
the SPLD, which has been estimated by Davies et al. 
[6] through interpolation of circum-SPLD topography 
(Fig. 2). We will utilize the isopach map of [6] to as-
certain whether the spread in observed d/D values at a 
given diameter (e.g., 0 < d/D < 0.055 at D = 2 km in 
Fig. 1) can be attributed to differential relaxation due 
to predicted variations in basal topography (Fig. 2). 

References: [1] Schaller E. L. et al. (2004) JGR, 
110, E02004. [2] Hurst M. et al. (2004) LPS XXXV, 
Abstract #2068. [3] Scott R. F. (1967) Icarus, 7, 139. 
[4] Pathare A. V. et al. (2005) Icarus, 174, 396. 
[5] Koutnik M. et al. (2002) JGR, 107, E11, 5100. [6] 
Davies, C. W. et al. (2005), AGU Fall, Abstract 
#P13A-0971. 
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Figure 1 (taken from Schaller et al. [1]):  Plot of d/D ratio vs. diameter for both McMurdo and Crater II secondary 
fields. Uncertainty in the d/D measurements is approximately 15%. (a) The circles denote actual observations of 
McMurdo field d/D. The upper dashed line models the minimum 33 m of vertical resurfacing required to explain the 
lack of secondaries with D < 300 m (assuming an initial d/D of 0.11 as in [2]). The lower dashed line corresponds to 
the 148 m of vertical resurfacing needed to degrade the median crater diameter of D = 1600 m to the average d/D = 
0.02 in the field. The upper solid line represents a “pure” relaxation scenario, in which the depth evolution of sec-
ondary craters only depends on diameter (the relaxation time was arbitrarily chosen to fit the observed D = 900 m 
crater with d/D = 0.073). The lower solid line results from a combination of viscous relaxation with 44 m of vertical 
resurfacing (the parameters were chosen in order to eradicate D = 500 m craters); this is the model that best fits the 
data. 
 
 

 
 

Figure 2: (left) Polynomial interpolation of surrounding topography in the MOLA DEM under the SPLD employed 
by Davies et al. [6] to estimate subglacial topography. (right) SPLD Isopach Map combining interpolated subglacial 
topography with observed SPLD surface topography to produce estimated ice thicknesses [6].  
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VERIFICATION AND VALIDATION OF THE RAGE HYDROCODE IN PREPARATION FOR
INVESTIGATION OF IMPACTS INTO A VOLATILE-RICH TARGET.  C. S. Plesko1, E. Asphaug2, G. R.
Gisler3, M. L. Gittings4, 1University of California, Santa Cruz, Earth Sciences Dept. 1156 High St. Santa Cruz, CA
95064 cplesko@pmc.ucsc.edu, 2UCSC, asphaug@pmc.ucsc.edu, 2LANL, grg@lanl.gov, 4SAIC.

Introduction: Before a hydrocode is used to
investigate a question of scientific interest, it should
be tested against analogous laboratory experiments
and problems with analytical solutions.  The
Radiation Adaptive Grid Eulerian (RAGE)
hydrocode[1], developed by Los Alamos National
Laboratory (LANL) and Science Applications
International Corporation (SAIC)[2,3] has been
subjected to many tests during its development.[4,5]
We extend and review this work, emphasizing tests
relevant to impact cratering into volatile-rich targets.

 RAGE: is an Eulerian radiation-hydrodynamics
code that runs in a variety of geometries in up to
three dimensions, with a variety of equations of state.
It was developed for general application, so it does
not include ad hoc tuning of algorithms or
parameters, but relies solely on physical first-
principles. RAGE uses a higher order piecewise
linear Godunov numerical method to solve the
hydrodynamics equations.[6,7] An exceptional
advantage to this code is its use of a time- and space-
continuous adaptive mesh refinement (AMR), by
which it is able to follow shocks and other
discontinuities at high resolution while treating
smooth regions coarsely, increasing computational
efficiency.  The radiation component of the code is
an optional grey diffusion model with nonequilibrium
radiation and material temperatures.[8] Opacities are
generated as part of the SESAME equation of state
tables, or optionally from an analytic model.

Verification. This process ensures that the model
is coded and solved correctly. RAGE is subject to an
extensive set of tests in which output of each version
of the code, on every computer system on which it is
run, is compared to analytical solutions and results of
previous versions of the code in order to demonstrate
invariance under different running and boundary
conditions. Test problems include the Sod shock
tube[9] demonstrated in this study, the Noh problem,
which checks for errors from shock 'smearing' by
finite resolution[10], the Sedov blast wave, which
scales self-similarly in time[11], Marshak waves,
which tests radiation diffusion [12], and many other
problems [4].

Validation. This process ensures that the model is
appropriate to the problem at hand, and of sufficient
accuracy. To validate the RAGE code, many
simulations are used to replicate physical

experiments. These include examinations of fluid
instability in a shock-accelerated thin gas layer[13],
Richtmyer-Meshkov instability growth[14],
supersonic fluid flow and shock-induced jetting[15],
and shock transmission through boundaries [16]. We
extend this effort to shocks in basalt and ice.

S E S A M E :  is a temperature-based tabular
equation of state maintained by the Mechanics of
Materials and Equations of State group LANL. The
table for each material has a unique and
thermodynamically consistent fit of semi-empirical
theoretical models appropriate to different
temperature or pressure regions to experimental
data[17,18].

Method:  We conduct four simulations of
particular relevance to impact modeling. The first is a
reproduction of the one-dimensional shock tube
verification problem published by Sod[9]. Initially
the 1-D planar tube is divided into two sections. In
the left section, a gas is in equilibrium at a higher
density and pressure (ρ1=1.0, p1=1.0, u1=0.0). In the
right section, the gas is in equilibrium at a lower
density and pressure (ρ2=0.125, p2=0.1, u2=0.0). At
t=0 the high-pressure/density gas expands into the
low-pressure/density region, generating a shock
wave. The hydrocode results are compared to the
analytical solution to demonstrate the accuracy of the
finite differencing scheme. The second and third tests
reproduce shocks in basalt[19] and water ice[20].

Results: The Sod shock tube performed well.
Further tests are ongoing. Detailed results will be
presented at the workshop.

Sod Ideal Gas Shock Tube.  This model
corresponds to the shock tube described above[9],
and compared to the analytical solution. Results were
graphed for density, velocity, pressure, and specific
internal energy at t=0.12 seconds (fig. 1-4), just
before the shock wave hit the end of the tube.

Ice Shock Tube. In this experiment[20], aluminum
and polycarbonate projectiles were fired into water
ice slabs of thicknesses ranging from 3-60 mm. They
measured pressure, attenuation, and propagation
velocity. In RAGE, we will use a one-dimensional
column where an aluminum[21] or polycarbonate[22]
projectile strikes an ice (SAIC proprietary water
equation of state) target at t=0, at velocities ranging
from 300-600 m/s, as in Kato[20]. Pressures and
velocities will be recorded for comparison with the
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original data.
Basalt Shock Tube. In this experiment[19], a

copper projectile was fired at a column of basalt
plates interleaved with pressure sensors, generating
peak shock pressures from 7-9 GPa.  They measured
the pressure over time through the column. In RAGE,
we will use a one-dimensional column where a
copper[23] projectile will strike a basalt[24] target at
t=0, at velocities between .68-2.7 km/s. Shock
pressure and propagation will be recorded for
comparison with the original data.

Future Work: When we are confident that
verification and validation criteria have been met, we
will use the RAGE hydrocode to examine in two
dimensions the effects of sub-surface volatiles, such
as water ice, on the propagation of impact-generated
shock waves through the Martian surface.
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computer code RAGE ver. 20041126.002 (LANL,
SAIC). [2] Clover, M. and Gittings, M. L. (2002)
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(2000), LA-UR-99-5234. [5] Clover, M. (1998), LA-
UR-98-5570. [6] Woodward, P. and  Colella, P. A.
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176. [8] Saatdjian, E. (2000), Transport Phenomena:
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Figure 1. Sod ideal gas shock tube density vs.
distance, analytical and RAGE solutions at t=0.12 s.

Figure 2. Velocity vs. distance, t=0.12 seconds.

Figure 3. Pressure vs. distance, t=0.12 seconds.

Figure 4. Specific internal energy vs. distance,
t=0.15s.
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THE ROLE OF THE ATMOSPHERE AND TARGET VOLATILES IN THE EMPLACEMENT OF THE 
CHICXULUB EJECTA BLANKET AND ANALOGIES WITH MARTIAN IMPACT EJECTA 
K. O. Pope1  1Geo Eco Arc Research, 16305 St. Mary’s Church Road, Aquasco, MD 20608  kpope@starband.net. 

 
 
Introduction:  The Chicxulub impact into the 

volatile-rich Yucatan Peninsula produced a 200 km 
diameter crater and one of the best preserved ejecta 
blankets on Earth.  Emplacement of ejecta south of the 
impact site occurred largely on an emergent karst land 
surface, whereas material ejected to the north, east, and 
west mostly landed in deep water of the Gulf of Mex-
ico or Caribbean Sea.  Thus, preserved ejecta deposits 
in the south provide the opportunity to study em-
placement processes that may be analogous to those 
found on Mars. 

The Chicxulub Ejecta Blanket: The Chicxulub 
ejecta blanket is composed of at least four distinct de-
positional units.  Drill cores outside the rim of the 
Chicxulub crater document two ejecta units: a basal 
course breccia unit ~300 m thick containing abundant 
carbonate, sulfate, and crystalline basement clasts in a 
fine-grained carbonate matrix, overlain by a thinner 
(~150 m) suevite unit composed of abundant impact 
melt fragments and lenses mixed with carbonate and 
crystalline basement clasts.  The suevite unit extends 
for a 1.5 crater radii, and the basal breccia unit for 
>2.0 crater radii.  There are no drill core samples or 
ejecta exposures from ~2.0-3.0 crater radii.   

The outer portion of the Chicxulub ejecta blanket is 
exposed in southern Quintana Roo, Mexico and Be-
lize, where it constitutes the Albion Formation.  Ejecta 
of the Albion Formation occur in two units – a basal 
spheroid bed and an upper diamictite bed.  The sphe-
roid bed is composed of a mixture of pebble-sized 
limestone clasts, impact glass, and carbonate accre-
tionary lapilli in a fine-grained carbonate matrix.  
Spheroid bed thicknesses range from ~1-5 m over ~3.5 
to 4.7 crater radii.  The diamictite bed is composed of 
impact glass and sub-rounded to angular carbonate 
cobbles and boulders up to 9 m in diameter supported 
in a in a fine-grained carbonate matrix similar to that 
of the spheroid bed.  The diamictite bed overlies the 
spheroid bed along the Mexico-Belize border, where it 
reaches thicknesses >17 m, but it does not extend be-
yond ~3.6 crater radii.    

Evidence for Fluidized Flow: The geomorphic 
expression once exhibited by these four ejecta units is 
not known, but they may have at least in part resem-
bled the flow lobes found in martian impact craters.  
Fluid flow cannot be demonstrated for the proximal 
suevite and breccia units.  The breccia unit is far too 
thick to be explained by simple ballistic emplacement 
(Figure 1) and presumably it is composed of a large 

percentage of debris scoured from the pre-impact sur-
face by secondary impacts (ballistic erosion).  Such 
scouring or “gardening” is observed in lunar ejecta 
blankets, which lack fluid flow morphologies, even 
though models of ballistic erosion suggest some lateral 
flow.  

McGetchin et al., 1973 exp =-3.0
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Figure 1.  Relationship between ejecta thickness 

and distance from crater center.  Shown are measured 
thicknesses (in red and blue) and the theoretical rela-
tionship from McGetchin et al. 

 
Lateral flow is clearly indicated for the more distal 

Albion Formation deposits, and these units are good 
candidates for fluidized ejecta.  The spheroid bed 
shares many features with volcanic pyroclastic flows, 
including low angle, large amplitude cross-bedding.  
Evidence for flow in the diamictite bed includes mud 
coatings on clasts up to 5 m in diameter, the absence of 
any significant erosion at its base, and possible hori-
zontal shear planes separating individual flows within 
this unit.  Furthermore, the thickness (>17 m) and ra-
dial extent (~3.6 crater radii) of the diamictite bed is 
inconsistent with ballistic emplacement (Figure 1) and 
is best explained by extensive lateral flow of ejecta 
beyond the normal ballistic range.  The abundance of 
diamictite bed outcrops along the Mexico-Belize bor-
der, and the fact that the most distal exposures are the 
thickest, may indicate the presence of a terminal thick-
ened rampart, as seen along the outer edge of fluidized 
ejecta blankets on Mars. 

The Role of Target Volatiles at Chicxulub: The 
impact at Chicxulub produced about 200 Gt of water, 
300 Gt of SO2, and 500 Gt of CO2 vapor from sedi-
ments in the upper 3 km of the target.  These vapors 
comprised about 25-50% of the vapor plume, however, 
most of the vaporized silicates resided in the globally 
dispersed high-energy ejecta.  Thus, the lower energy 
ejecta, which formed the ejecta blanket, contained 
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mostly volatiles from the upper sediments, primarily 
water vapor.  An abundance of water vapor is indi-
cated by the large volume of accretionary lapilli depos-
ited in the Albion Formation spheroid bed.  Such 
lapilli form in water-rich ash clouds as water vapor 
condenses and the fine ash particles adhere to one an-
other and to rock fragments in the plume.  Water va-
pors may have played a similar role in coating of boul-
ders in the Albion Formation diamictite bed.  The pres-
ence of water vapors in the diamictite bed is also sug-
gested by the presence of degassing pipes with 
hydrothermal alteration. 

The Role of the Atmosphere  at Chicxulub: Evi-
dence of atmosphere-ejecta interactions is less defini-
tive in the Chicxulub ejecta deposits.  One key possi-
ble indication is in the size distribution of clasts in the 
diamictite bed (Figure 2).  Measurements indicate the 
presence of two populations, with a distinct gap in 
clasts with diameters from -11 to -10 phi.  This gap 
could represent the critical size, where clasts > -11 phi 
have escaped atmospheric sorting. Similar processes 
have benn suggested for the ejecta blankets on Mars. 
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Figure 2.  Grain size distribution for clasts >1 cm 

in the Albion Formation diamictite bed.  Data com-
plied from photographs and quadrat samples (red) and 
linear transects (black).   

 

Role of Volatiles and Atmospheres on Martian Impact Craters 2005 3027.pdf



AGES AND ONSET DIAMETERS OF RAMPART CRATERS IN EQUATORIAL REGIONS ON MARS.  
D. Reiss1, S. van Gasselt2, E. Hauber1, G. Michael1, R. Jaumann1, G. Neukum2 and the HRSC Co-Investigator 
Team. 1Institute of Planetary Research, DLR, Rutherfordstr. 2, 12489 Berlin, Germany (dennis.reiss@dlr.de) 
2Institute for Geosciences, Freie Universitaet Berlin, Malteserstr. 74-100, 12249 Berlin, Germany. 

 
Introduction:  Many large craters on Mars exhibit 

ejecta blankets which are not observed on other terres-
trial planets like the Moon [1]. As found by many re-
searchers [e.g. 2, 3, 4] the morphology is suggested to 
be caused by volatile rich target material [2] or atmos-
pheric effects [5]. However, in a given area a certain 
minimum diameter exists for craters which show fluid-
ized ejecta blankets [6, 7], called the onset diameter. 
Geographic mapping shows a latitude dependence of 
the onset diameters [8, 9]. In equatorial regions the 
onset diameters are typically 4 to 7 km versus 1 to 2 
km in high latitudes (50° latitude), which might indi-
cate a ice rich layer at depths of about 300 to 400 m 
near the equator and ~100 m at 50° latitudes [8]. As 
pointed out by [1] rampart craters may have formed 
over a significant time interval and therefore reflect the 
ground ice depths at a given time. 

We determined the absolute ages and onset diame-
ters of rampart craters in three equatorial regions on 
Mars by measuring the ejecta blankets’ superposed 
crater frequencies in Mars Express High Resolution 
Stereo Camera (HRSC) imagery [10] in three equato-
rial regions (Figure 1). 

 
Figure 1. Regional context of the study areas. (A) HRSC-image 
mosaic of orbits 894, 905 and 927 in the Xanthe Terra region; (B) 
HRSC-image mosaic of orbits 71, 97, 887, 920 and 931 in the Valles 
Marineris region (C) HRSC-image mosaic of orbits 1143 and 1154 
in  southern Chryse Planitia. 

Methodology: To determine the absolute model 
ages of the rampart craters we counted the crater fre-
quencies on the ejecta blankets utilizing the the Mar-
tian impact cratering model of [11] and the polynomial 
coefficients of [12]. 

Results and Discussion: Ages of rampart craters 
in the Xanthe Terra region (Figure 3A) are in the range 
of ~4 to ~3 Gyr. Most absolute model ages of individ-
ual ejecta blankets are around 3.8 Gyr. The derived 
ages imply that their formation is connected with the 
Noachian aged fluvial activity (~3.8 Gyr) in this region 

[13] (Figure 2A). The formation rate of rampart craters 
declines in the Hesperian, whereas the onset diameters 
increase. At the Hesperian-Amazonian boundary the 
formation comes to an end. This might indicate a low-
ering of the ground ice table with time which in Xan-
the Terra, if present at all, could be several kilometers 
deep in present days. Either all the ground ice was lost 
with time due to diffusion to the atmosphere [e.g. 14] 
or there is still a deep ground ice layer which can only 
be reached by relatively large (and in recent times rare) 
impacts. 

 
Figure 2. (A) Rampart crater in the Xanthe Terra region with an 
absolute model age of ~3.8 Gyr (HRSC-orbit 927 at 5°N and 310°E). 
A lateral valley of Nanedi Vallis eroded into the ejecta after the 
formation of the rampart. (B) Rampart crater in the southern Chryse 
region on the channel floor of Tiu Vallis with an absolute model age 
of ~1.5 Gyr (HRSC-orbit 1143 at 15.5°N and 325.3°E). (C and D) 
Examples of small rampart craters in the Valles Marineris region. 
Scale bars are 2 km. C: HRSC-orbit 920 at 15.44°S and 278.42°E; 
D=1.41 km; D: HRSC-orbit 887 at 9.73°S and 280.14°E; D=1.86 
km). 

Most rampart craters in the Valles Marineris region 
show absolute model ages around 3.7 Gyr (Figure 3B), 
which indicates subsurface ice in the Early Hesperian 
most probably shortly after the formation of the Hes-
perian aged plateaus. In addition 20 small rampart cra-
ters with onset diameters between 1 - 4 km were ob-
served [16] (Figure 2C and D) and indicate near sur-
face ice at the time of the impacts in this region. Mor-
phologically the ejecta blankets are highly degraded 
and age determinations by crater counts are not possi-
ble. However, the degraded ejecta blankets as well as 
the lower depth-diameter ratios of the craters in con-
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trast to pristine craters of the same region indicate an 
old, most likely Hesperian age [16]. These unusual 
small rampart craters are in agreement with the re-
ported Hesperian-aged fluvial processes in the study 
region reported by [17] and regional variations of 
equatorial onset diameters of rampart craters by [18]. 
However, only one younger relatively large (D = 8.6 
km) Amazonian aged (~2.5 Gyr) rampart crater was 
identified, which could indicate a lowering of the 
ground ice table after a volatile rich Hesperian phase. 

In southern Chryse Planitia the rampart craters 
where the ejecta have been eroded by fluvial events 
show absolute model ages around 3.8 Gyr and between 
~0.5 to ~1.5 Gyr of channel superposed ramparts (Fig-
ure 2B and 3C). These ages are in good agreement 
with the fluvial activity of Tiu Vallis derived from 
crater counts between ~3.6 to ~1.5 Gyr BP [19]. The 
formation of relatively young Amazonian aged ram-
part craters with onset diameters of 3 km indicates that 
ground ice could still be present in this region at 
depths of a few hundred meters. The ground ice might 
have been recharged by the last fluvial episode of Tiu 
Vallis and sheltered from diffusion by thick fluvial 
sediments. The volatile layer in Chryse Planitia in gen-
eral could possibly be as shallow as ~ 60 m as onset 
diameters indicate [20, 21]. 

Conclusions: The ages and onset diameters of 
rampart craters in three equatorial study regions indi-
cate that the formation is connected to volatile rich 
phases in the Martian history. The present ground ice 
table in present times might strongly vary regionally.  

1. The correlation of rampart ages with fluvial ac-
tivity and the lack of young rampart craters in the Xan-
the Terra region indicates that the ground ice table is 
possibly at a depth of several kilometers or non-
existent at present times. 

2. Small onset diameters and ages of rampart cra-
ters in the Valles Marineris region indicate a volatile 
rich phase in the Hesperian, most probably in the early 
Hesperian. The present ground ice table in this region 
might be several hundred meters deep as indicated by a 
relatively large Amazonian aged rampart crater. 

3. In southern Chryse Planitia young Amazonian 
aged rampart craters with onset diameters of ≥ 3 km 
formed after the last fluvial activity in this region. This 
indicates a ground ice table (possibly a few hundred 
meters deep) in recent geological times which might be 
still present today. 
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Figure 3. Absolute model ages of rampart craters versus crater 
diameter of the Xanthe Terra region (A), the Valles Marineris region 
(B) and southern Chryse Planitia (C). Gray triangles show rampart 
craters which are superposed on fluvial features. Gray circles show 
rampart craters which are eroded by fluvial activity. Black squares 
show no relative age relationships. Error bars are 30% for model 
ages younger than 3 Gyr and ±200 Myr for model ages higher than 
3 Gyr [15]. 
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MARTIAN POLAR CRATERS: POSSIBLE POLAR MATERIALS APPARENT  EFFECTS AND POST-
IMPACT MODIFICATION BY APPARENT PERRENNIAL PERMAFROST MOUND (PINGO) 
FORMATION.  S. E. H. Sakimoto1, 1Department of Civil Engineering and Geological Sciences, 156 Fitzpatrick 
Hall, University of Notre Dame, Notre Dame, Indiana, 46556, email: ssakimot@nd.edu. 
 
 

Introduction:  On Mars, as elsewhere, impact 
craters reveal both target effects as well as post-
impact modification processes. The cavity 
morphology and central peaks or mounds of martian 
impact craters are key indicators in determining these 
target properties and processes. The martian polar 
regions (particularly the northern polar region) 
display significant departures from the global trends 
[1,2,] in both crater morphology presumed to be a 
result of target effects and central deposits presumed 
to be a result of post-formation processes [e.g. 1,2, 
3]. 

Data and approach for central deposits: The 
typical central peak topography for martian impact 
craters has been well-defined (e.g. [1, 2]). Recent 
work in the equatorial region of Mars has suggested 
that there is evidence for pingo-like or small 
perennial permafrost mounds in the Athabascan, 
Valles region [4,5] that may be tapping sources of 
water related to the proposed late Amazonian floods 
in the region (e.g. [6]). Previous results from this 
study [3] suggest that some of the polar impact crater 
central mounds are plausible candidates as perennial 
permafrost deposits (in whole or in part) that may be 
tapping polar aquifers. In the polar regions, these 
central mounds cover much of the crater floor (e.g. 
figure 1), with a north-south slope asymmetry 
(steeper towards the equator) that suggests a 
significant volatile component lost through solar-
driven sublimation (see figure 2). Several of the 
northernmost examples retain bright frost cover 
throughout the north polar summer season, but 
regardless of such apparent surface frost, the 
topographic signature for polar region craters 
frequently includes these gentle central mounds, 
which are frequently difficult to detect in images due 
to their subdued topography and probable dust cover 
[3]. While these mounds could be cold trap-derived 
accumulated frost deposits, we suggest (e.g. [3]) that 
hydraulic pingo formation (e.g. [6]) typical of open 
system aquifers and topographically-driven water 
flow  may well provide the hydraulic head and 
permafrost disruption to initiate pingo formation. 
Long periods of climate stability on Mars (relative to 
Earth) could then explain their relatively larger sizes. 
The modeling effort: uses MOLA topography to 
provide cavity and final central mound constraints, 
assumes decreasing porosity with depth, assumes a 

basal thermal flux (thermal gradient), rotational 
symmetry; ambient surface pressure and temperature 
for the martian polar regions, imposes a phase 
relationship to govern the depth of the ice/water 
phase transition, and uses both global average cavity 
shapes as well as local polar average cavity shapes as 
starting points. Initial modeling ([3], and this study) 
suggests that martian hydraulic pingo formation is 
not difficult to reproduce in model domains for 
plausible parameter values. 

Data and approach for target effects: The polar 
craters have a noticeably more u-shaped cavity 
function and simple to complex transition than is 
observed in equatorial craters as well as the global 
crater trends (e.g. [2]). This work further supports 
this observation with specific crater comparisons 
between polar and equatorial examples with similar 
diameters, but for selected geologic units after the 
example of [1]. There are some hints of a latitude 
dependence for these properties, suggesting not only 
a unit-based dependence, but also a volatile-based 
dependent target property of sufficient magnitude 
that the cavity formation process as a whole is 
sensitive to it. 

 
Conclusions: We support prior observational 

results [1,2] showing the following differences for 
polar impact craters: 1) a simple-to-complex 
transition at larger diameters, 2) generally higher 
eject ramparts, and more pronounced near-rim moats, 
3) cavity shapes that are more u-shaped than v-
shaped, and very common central mound-like 
deposits. There may be a small latitude dependence 
for the apparent target effects, suggesting a volatile-
based dependent target property of sufficient 
magnitude that the cavity formation process as a 
whole is sensitive to it. 

We find that topography data is key in 
morphology analyses for these features, because of 
generally poor polar viewing conditions (dust and ice 
and frost-associated albedo variations). We find that 
these mound-like deposits are well-modeled as 
hydraulic pingoes [3] particularly in the 65°-80° N 
and S regions for impact craters > 8 km or so in 
diameter. These areas are generally higher in mapped 
water-equivalent hydrogen [7, 8] and thus presumed 
near-surface ground ice (permafrost) that would be 
required for a permafrost “cap” necessary for 
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hydraulic pingo formation. The apparent 
approximately 8 km size minimum for substantial 
central mound formation tends to support pingo 
formation rather than simple accumulation of frost 
deposits, as the associated crater depths (1-2 km) 
must be sufficient to tap into the local aquifers for 
pingo formation and growth. If these pingos are still 
active, tapping into one would produce artesian water 
flow. Inactive pingoes may well include substantial 
residual permafrost deposits. 
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Figure 2. MOLA topography for several polar 
impact craters  showing typical polar ejecta styles 
and  central mounds 
 

 
 

 
Figure 1. Showing a MOLA topography profile 
for a polar crater compared to a typical cavity 
model fit for a equatorial impact crater. The 
central deposits are substantial, and the cavity 
wall slopes are significantly shallower, as is 
typical for most polar craters. 
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What do Craters on Icy Satellites Tell Us about Martian Craters?: P. Schenk, Lunar and 
Planetary Institute, Houston, TX 77058 (schenk@lpi.usra.edu) 
 

INTRODUCTION: It seems obvious that if 
Martian craters are influenced by subsurface 
ice, then impacts into natural ice-rich targets 
should offer some valuable insights into how 
ice might influence crater development in 
general.  With the Voyager and recent 
Galileo missions to the Jovian system 
complete, analysis is underway of crater 
morphology on the 3 ice-rich Galilean 
satellites Europa, Ganymede and Callisto.   

Crater morphology is important on 
two levels:  shape and interior structure, and 
ejecta.  Crater shapes on icy satellites differ 
radically from those on dry rocky worlds.  
Complex craters are 60-70% shallower than 
expected and never exceed 2 km depth [1, 
2].  Further, the internal structure of larger 
craters is dominated by rimmed pits and 
large domes [2, 3] rather than central peaks 
or peak rings.  Pedestal ejecta facies are the 
only ejecta morphology on the icy satellites 
that resembles those found at Martian craters 
[4, 5].  Pedestals are systematic in 
dimension and shape, suggesting they are a 
fundamental part of the ejecta emplacement 
process on icy bodies.  High resolution 
images show flow lobs (interpreted to be 
impact melt) draped over parts of the 
pedestal deposits, but no indications have 
been found to date that the pedestal itself is 
emplaced by anything other than "ballistic 
emplacement" 

Although the largest known impact 
features on Europa (30-45 km across) 
probably form in a finite ice layer averaging 
a substantial fraction of the melting point, it 
must be remembered that craters on the 
large Galilean satellites formed at colder 
temperatures than on Mars.  Evidence does 
suggest that craters on ancient Ganymede 
are different than those formed today, 
suggesting they formed in a warmer ice 
layer than at present [6].  This and the 

fundamental difference in crater morphology 
on Europa and Ganymede [2] suggests that 
the temperature of the ice is important in 
controlling primary crater morphologies.  
Another important difference is that the 
outer zones of the Galilean satellites are 
dominantly water ice.  Unanswered 
questions relate to how much melt and vapor 
are produced in warm ice (relative to that 
produced in colder ice), and how high the 
ice/rock ratio must be for the rheology and 
melt behavior of ice to begin influencing 
crater shape and ejecta formation.   
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Icarus, 51, 549-562, 1982.  [5] Schenk, P., 
and F. Ridofli, Geophys. Res. Lett., 29, 31-
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ON THE BRITTLE FAILURE OF WATER ICE IH: A SHORT REVIEW.  E. M. Schulson, Thayer School of
Engineering, Dartmouth College, 8000 Cummings Hall, Hanover, NH 03755-8000, email:
erland.schulson@dartmoth.edu.

Introduction: Ice, or more specifically water ice,
occurs in a variety of forms, from terrestrial glaciers,
floating ice sheets, and airborne particles to
micrometerorites, icy satellites, and planetary polar
caps. In each form its mechanical behavior is of
interest, from the breakup of the Antarctic ice shelf
and the Arctic sea ice cover against itself and against
off-shore engineered structures, to impact by
hailstones and falling ice, to the tectonic history of
Europa, Ganymede and other extra-terrestrial bodies.
In this presentation I will focus on ordinary or low-
pressure ice Ih, which possesses hexagonal crystal
symmetry, and will consider the mechanisms
underlying the process of brittle failure under quasi-
static strain rates, on scales large and small. My
thesis is that failure on the larger scale, although
complicated by inhomogeneities in stress state and in
ice thickness distribution, is in essence governed by
the same physics that operate on the smaller scale. I
will support this position with evidence of wing
cracks, comb cracks and Coulombic shear faults
within the icy crust of Europa [1], the Arctic sea ice
cover [2] and laboratory specimens [3], and I will
present a simple analysis based upon independently-
measurable physical parameters that accounts for the
measured failure stress under a variety of stress
states. I will also consider the ductile-to-brittle
transition on scales large and small, and will account
for the transition quantitatively in terms of the
competition between the building up of internal stress
at cracks and the relaxation of stress through creep. If
time permits, I will close by showing that the
mechanisms that govern the brittle compressive
failure and the ductile-to-brittle transition of ice
under both moderate and high confinement appear to
account for the same phenomena in rocks and
minerals, at least on the smaller scale [4].

References:
[1]  Schulson E. M. (2002) JGR, 107, Article

#5107.  [2]  Schulson E. M. (2004) JGR, 109, Article
#C07016.  [3] Schulson E. M. (2002) Reviews in
Mineralogy & Geochemistry, 51; see also (2001)
Eng. Fracture Mechanics, 68, 1839-1887.  [4]
Renshaw C. E. and Schulson E. M. (2001) Nature,
412, 897-900.
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ASSESSING LITHOLOGY FROM EJECTA EMPLACEMENT STYLES ON MARS: THE ROLE OF
ATMOSPHERIC INTERACTIONS.  P. H. Schultz,  Brown  University,  Department  of Geological  Sciences,
Box 1846, Providence,  RI 02912-1846, peter_schultz@brown.edu   

INTRODUCTION: There  is  little  question  that
Mars  once  had  water  flowing  across  the  surface
and  that  there  are  reservoirs  currently
sustaining  the  near- surface  volatiles  at  high
latitudes.   Neither  observation,  however,
establishes  water  as  the  controlling  ingredient
for  the  distinctive  ejecta  morphologies
surrounding  craters  on  Mars.   The  purpose  of
this  contribution  is  to  review  the  alternative
hypothesis  that  the  atmosphere  is  not  only  a
controlling  factor  but  also  the  controlling
process.   Such  a  position  is  not  offered  as  an
extreme  end  member  but  as  balance  to  the
popular  perception  that  craters  can  be  used  as
diagnostic  indicators  of  volatile  content  or
groundwater  depth.   The  following  is  intended
to  be  a  review  of  the  basic  model  and  its
implications  for ejecta  emplacement  on  Mars.  

BACKGROUND:  The  basis  for  considering  the
possible  role  of  atmospheric  effects  on  ejecta
emplacement  can  be  illustrated  by  a  simple
model  (1).  Basic drag  equations  can  be  applied
to  ballistic  ejecta  of  different  sizes  even  under
the  presently  tenuous  atmosphere.   Because
crater  excavation  occurs  under  extension  well
behind  the  shock,  ejecta  leave  the  crater  in  a
“coasting”  phase  for  gravity-controlled  growth.
Drag  equations  applied  to  late- stage  (>50%  of
growth)  ejecta  reveal  that  no  ejecta  smaller  than
1 cm  can  escape  the  cavity for a 10 km- diameter
crater  even  under  the  currently  tenuous
atmosphere  of  Mars  (excluding  other  effects).
Equivalently,  no  ejecta  smaller  than  100  µm
should  escape  a  20  cm- diameter  crater  in
laboratory  experiments.   Both  results  are
contrary  to  observations  and  underscore  the
underpinnings  of  the  atmospheric  conceptual
model:  the  atmosphere  not  only  acts  on
individual  ejecta  but  also  responds  to  the
collective  ensemble  of  ejecta  comprising  the
outward- advancing  ejecta  curtain.  Such  a
response  leads  to  intense  vortices  (winds)  that
entrain  sufficiently  small  ejecta  (1,  2,  3,  4).
Laboratory  experiments  with  impact  velocities
ranging  from  20m/s  (sling- shot  speeds)  to
hypervelocities  (6  km/s)  illustrate  this
atmospheric  response.

Experiments  typically  cannot  provide  1:1
comparisons.   Rather,  they  allow  isolating
variables  and  processes  in  order  to  use  scaling

relations  or  to  pose  testable  theoretical  models.
For  example,  one  crater  radius  from  the  rim  of a
20  cm- diameter  crater  in  the  laboratory
corresponds  to  a  ballistic  speed  ~100 cm/s,  but
one  crater  radius  from  the  rim  of  a  20  km-
diameter  (~  16  km  pre- collapse  and  ~13  km
apparent)  crater  corresponds  to  a  ballistic
speed  of  ~160  m/s.   The  ejecta  speed  for  the
example  for  Mars  represents  about  50%  the
speed  of  sound.  This  illustrates  the  problem:
drop  of  water   (or  mud)  would  atomize  in  the
atmosphere  under  such  conditions  and
entrained  in the  atmospheric  response  (2).

Other  “realities”  must  include  the  effect  of
atmospheric  coupling  inducing  the  intense
blast  (overpressures  followed  by  under-
pressures  and  heat),  range  in  ejecta  sizes,
ballistic  shadowing,  energy  and  momentum
conservation,  RT  instabilities,  secondary
cratering,  and  post- emplacement  flow.   Such
topics  (and  more)  have  been  treated  in  various
papers  (2  through  7).   Rather  than  reviewing
such  effects  in  detail,  the  following  outline
summarizes  basic  predictions  of  the
atmospheric  model  (without  the  additional
effect  of water).

Ballistic  Ejecta  Styles:  Such  craters  indicate
the  following  conditions.   First,  the  post- shock
ejecta  fragments  (or  spalls)  are  large  enough  to
minimize  atmospheric  deceleration  or
entrainment.   Second,  the  crater  is  sufficiently
large  that  most  of  the  ejecta  escape  the
atmosphere  (craters- larger  than  30  km  in
diameter).   Secondary  craters  are  emplaced
prior  to  the  continuous  facies.   This style should
not  be  confused  with  “radial” styles.

Contiguous  Ejecta  Ramparts:   Based  on
experiments  and  theory,  this  emplacement
style  can  develop  from  intense  vortices  created
by the  advancing  curtain.  Ejecta  smaller  than  a
critical  size  become  entrained  in  the  ring
vortices  but  larger  sizes  are  carried  without
suspension,  deposited  as  a  terminal  rampart.
Rampart- bordered  facies  are  most  likely  to
form  in  lithologies  with  multi- modal  grain
sizes.   Larger  craters  (20  km)  may  also  exhibit
secondary  cratering  beyond  the  terminal
rampart  with  characteristic  sizes  similar  to
secondaries  on  the  Moon  and  Mercury,
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whereas  other  lithologies  have  virtually  no
secondaries  (6).

Multiple  Lobate  Flows:  This  style  is  expected
from  fine- grained  lithologies  (e.g.,  aeolian  or
fluvial  sediments)  where  most  of  the  ballistic
ejecta  become  entrained  (initially) in  the  vortex.
Flow  separation  results  in  successive  stages  of
emplacement,  over- running  each  earlier  stage.
The  finest  fraction  remains  entrained  in  the
vortex-driven  flow  regime  the  longest  and  can
achieve  the  greatest  run- out  distances,  contrary
to  considering  the  aerodynamic  deceleration  of
a  single  particle.   Emplacement  is  similar  to  a
matrix- supported  debris  flow  but  the  final
stages  of  deposition  are  the  most  difficult  to
model  (e.g.,  see  ref.  7).   Such  fine- grained
lithologies  also  respond  to  thermal  buoyancy
effects  (lofting  in  heated  gas  rising  in  the
atmosphere)  followed  by  gravity  flows.   Radial
grooving  overprinting  the  ejecta  and  extending
into  the  outer  facies  characterize  this  style.   In
the  freshest  examples,  evidence  for  scouring
(removal  of  fine- scale  surface  textures)  extends
to  5-10 crater  radii,  sometimes  with  a  low relief
terminal  rampart.   This  outer  facies  could  be
from  the  separation  of  the  vortex  acting  on
wind- sensitive  sediments  or  a  consequence  of
the  initial  outward  blast  (2,  8).   An  additional
signature  of  a  predominately  fine- grained
target  is  a  moat- like  syncline  surrounding  the
rim  due  to  sweep- up  by  a  tornadic- intensity
vortex  (v  >  200m/sec)  behind  the  curtain  (2).
High  porosity  sediments  (>  50%)  are  found  to
produce  high- angle  ejecta  trajectories  (>  60o)
that  evolve  to  lower  angles  as  less  porous
sediments  are  encountered  at  depth  (9,10).
Consequently,  multiple/over- running  flows  can
develop  from  changes  in  porosity  with  depth,
flow  separation,  entrainment  of  different  size
fractions,  gravity  flows  from  collapse  of
thermally  lofted  fines,  and  the  initial  outward
blast.

Radial  Facies:  Radial  scouring  of  successive
lobate- style  ejecta  flows  provides  a  possible
clue  for  this  emplacement  style.   In  direct
contrast  with  early interpretations  (e.g., 11), this
style  is  attributed  to  the  most  volatile- rich
substrates  (2)  that  result  in  extreme  run- out
and  dispersal  of  the  finest  fractions.   Radial
facies  also  develop  from  differential  erosion  of
the  fine- grained  outer  deposits  yet  can  appear
to be  a primary  emplacement  style. 

An important  prediction  of the  atmospheric
ejecta  emplacement  model  is  that  run- out

distance  increase  with  increasing  crater  radius
(R).  Because  ejection  velocity  increases  as  R1/2

dynamic  pressures  (acting  on  individual  ejecta
or  in  response  to  the  curtain)  increases  as  R.  As
a  result,  energy  losses  created  by  deceleration
of  the  curtain  is  balanced  by  increased
entrainment  and  flow potential.   This  process  is
illustrated  by  the  correlation  of  increased  run-
out  and  decreased  cratering  efficiency  (3).  Run-
out  distance,  therefore,  increases  (not  decrease)
with  increasing  atmospheric  effects  (i.e.,
decreasing  ejecta  size).   A second  prediction  is
that  the  range  in  particle  sizes  within  different
lithologies  (e.g.,  basalt  vs.  sediments)  is  far
greater  (x 1000)  than  the  range  in  atmospheric
pressures  due  to  obliquity  variations  (e.g.,  x 6).
A third  prediction  is  that  the  presence  of near-
surface  volatiles  (e.g.,  high- latitudes)  can
increase  the  run- out  distances  due  to  auto-
suspension,  a  process  in  which  entrained
components  can  contribute  energy  in  the  flow
(2) and  sustain  greater  run  out.   And fourth,  the
effect  of  grain  size  (lithology)  is  the  most
important  controlling  parameter  but  can  be
confused  with  the  effect  of volatiles  (e.g.,  high-
latitude  plains)  or  elevation  (volcanic
sequences  or  edifices).

The  desire  to  “follow  the  water”  and
attribute  ejecta  morphologies  only  to  the
presence  of  groundwater  (e.g.,  12)  may  miss
another  indicator  of  a  hydro- geologic  past:
transport  and  emplacement  of  silt- size
sediments.   Such  materials  would  be  the  most
sensitive  to  an  atmospheric  effect.

(1)  Schultz  P.H.  and  Gault  D.E  (1979)  J.
Geophys.  Res.  84,  pp.  7669-7687.  (2)  Schultz,
P.H.  (1992)  J.  Geophys.  Res.,  97,  E7,  11,623-
11,662; (3.) Schultz,  P.H  (1992).  J. Geophys.  Res.,
97,   E1,  975-1005.  (4)  Barnouin- Jha,  O.  and
Schultz,  P.  H.  (1996).  J.  Geophys.  Res.,  101,
21,099-21,115. (5) Barnouin- Jha,  O. and  Schultz,
P.H.  (1998),  J. Geophys.  Res., 103, 25,739-25,756.
(6.) Schultz  P.H. and  Singer  J. (1980)  Lunar  and
Planetary  Sci.  Conf.  XI,  pp.  2243-2259.  (7)
Barnouin- Jha,  O.  S.,  Baloga,  S.  and  Glaze,  L.
(2005),  J.  Geophys.  Res.,  110,  E04010,
doi:10.1029/2003JE002214. (8) Wrobel,  K. E. and
Schultz,  P.  H.  (2005).  Lunar  and  Planetary
Science  Conference  XXXVI:  Abstract  1221.  (9)
Schultz,  P.  H.  (2003),  Lunar  Planet.  Sci.  Conf.
XXXIV,  CD-ROM,  Abstract  #2067.   (10)
Anderson,  J.  L.  B.  and  Schultz,  P.  H.  (2005),
Lunar  and  Planetary  Science  Conference  XXXVI:
Abstract  1773.   (11) Mouginis- Mark,  P.J. (1981).
Icarus  45, 60 – 76. (12) Head  et al., 2001 Science ,
Vol 286, Issue  5447, 2134-2137 ,
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Introduction:  Pits, depressions and collapse fea-

tures that are consistent with the morphology of terres-
trial thermokarst have been identified in five mid- to 
high-latitudinal areas of Mars: 1. the circum-Chryse 
outflow channels [1][2][3][4]; 2. Chryse Planitia itself 
[5][6]; 3. the volcanic fields surrounding Olympus 
Mons and those to the west of Elysium Mons [7]; 4. the 
southern margin of the Vastitas Borealis formation [8]; 
and, 5. two of the great northern plains - Acidalia [9] 
and - Utopia Planitiae [10][11][12]. These are areas 
where water may have been present in the past and 
where near-surface ground ice could be extant today. 
 We focus on a region of Utopia Planitia where 
pits, depressions and collapse features are highly con-
centrated (∼400 - ∼500 N and ∼2600 - ∼2810 W) in or-
der to evaluate the plausibility of a thermokarst forma-
tion hypothesis. 
 Terrestrial thermokarst:  When the thermal 
equilibrium of terrestrial ice-rich permafrost is dis-
rupted, inducing localised or regional thawing, the 
formation of thermokarst could occur. Disequilibrium 
is the result of geomorphic, biological or climatic proc-
esses [13]. These processes may be triggered by human 
activity such as road building and deforestation or by 
natural activity such as slumping, the ponding of water, 
or the loss of a vegetative cover [14]. Climate change, 
induced by anthropogenic and non-anthropogenic fac-
tors, also destabilises ice-rich permafrost [15].  

Terrestrially, there are a number of landforms as-
sociated with thermokarst processes: eroded or 
slumped shorelines; shallow, steeply-sided, rimless and 
irregularly-shaped thaw lakes; and pits or depressions 
that form when thaw lakes drain or fill-in. Thaw-lakes, 
ponded or drained, could be isolated, clustered or 
multi-lobed. Lake formation often occurs at polygon 
junctions, which are natural collection points for melt-
water.  
 Ground ice and impact craters in Utopia Plani-
tia:  Lobate-shaped ejecta surround many of the impact 
craters in Utopia Planitia. They are visible in numerous 
Viking, Mars Orbiter Camera and Mars 2001 Odyssey 
wide- and narrow-angle images. The lobate-shaped 
ejecta are thought to be the products of near-surface 
volatiles, possibly ground-ice, vaporised during crater 
formation [16]. The hypothesised presence of near-
surface ground ice in this poleward region is consistent 
with the data delivered by the neutron spectrometer 
aboard the Mars 2001 Odyssey [17].  
 Collapse features in Utopia Planitia   We have 
identified two distinct types of collapse features in 

Utopia Planitia. Each of them could be the result of 
thermokarst processes. The features are ubiquitous in 
the landscape and, on occasion, are found within the 
basins or on the floors of impact craters associated with 
fluidised ejecta. 
 The first type comprises dark pits and depressions 
that often occur at polygon junctions. The pits and de-
pressions are relatively small (~14m - ~44m in diam.), 
are uniform in size and shape, and are oriented in a 
northeastern direction. The uniformity of pit size and 
shape, as well as the occurrence of the pits at polygon 
junctions, could be indicative of a relatively short pe-
riod of formation and growth, a common and abrupt 
end to their development and, possibly, of an origin 
that is related to polygon genesis.  

The second landform type includes pits, depres-
sions and collapse features that are rimless, flat-
floored, steeply-sided, shallow and irregular in shape. 
Some of the features are isolated, others are clustered, 
some of the features are multi-lobed, others appear to 
have coalesced (fig. 1). Coalescence could be indica-
tive of multiple episodes of formation. The features are 
larger than the polygon junction pits and vary substan-
tially in size (~220m - ~1600m in diam.), form and 
spatial distribution. This could be indicative of a longer 
period of formation and growth than the polygon junc-
tion pits and of an origin unrelated to polygon genesis.  

Thermokarst formation hypotheses.  We believe 
that high obliquity (climate change) could be partly 
responsible for the formation of the collapse features in 
Utopia Planitia. Were the elevated air and surface tem-
peratures associated with high obliquity sufficient in 
intensity to reach pockets of near-surface ground ice, 
the thermal equilibrium of this ground ice uld be 
disturbed. In turn, this might lead to the 
evaporation or sublimation of the ground ice a
subsequent collapse of the overlying regolith.  

Alternatively, meltwater could collect at
junctions, forming small ponds. Upon the m
being lost through drainage, evaporation or 
tion, junction pits would develop.  

We also hypothesise that thermokarst f
could be induced even in the absence of
change. For example, if the work of wind is
trated by the local topography in an area w
albedo is low, the near-surface concentr
ground-ice is high and the regolith is relativ
then on-going aeolian deflation or erosion cou
the thickness of the regolith further, possibly 
ing the regolith completely from the site. As
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climate change hypothesis, the exposure of the near-
surface ground ice to new boundary conditions could 
induce two things: 1. evaporation or sublimation of the 
ground ice; and, 2. the subsequent collapse of the sur-
rounding regolith. 
 Alternative hypotheses:  
 A. Polygon junction pits:  Collapse pits have 
been identified in Alba Patera, Tractus Catena and 
Tharsis. Some of these pits are similar in size to the 
polygon junction pits of Utopia Planitia; others are 
larger. However, the formation of these pits is associ-
ated with ground subsidence following lava tube drain-
age, magma chamber evacuation or graben formation 
[18].  
 The small-sized collapse pits of Utopia Planitia, by 
contrast, occur in an area not usually associated with 
volcanic or tectonic activity. Furthermore, the occur-
rence of the pits at polygon junctions is reminiscent of 
small-sized thaw lakes that form at polygon junctions 
in periglacial environments on Earth. Pit orientation is 
consistent with the dominant patterns of wind circula-
tion in the area [19]. Once again, this is suggestive of 
terrestrial thermokarst lakes such as those in the Tuk-
toyaktuk peninsula; the orientation of these lakes is 
thought to be the product of aeolian processes [20]. 
 B. Larger collapse features: Outcrops of layered 
sedimentary material on the floors or in the basins of 
impact craters are not unusual on Mars (figs. 2, 3). 
These outcrops are thought to be the result of erosion 
by wind or possibly water. We believe that wind ero-
sion or deflation did contribute to the formation of the 
crater-floor collapse features in Utopia Planitia. How-
ever, the impact craters studied by us show no outcrops 
or layers of sedimentary material. We believe that the 
absence of these outcrops suggests a formation hy-
pothesis based on thermokarst processes. The mor-
phology and formation hypothesis of the crater-floor 
collapse features identified in figure 1 is consistent 
with the morphology and formation hypothesis associ-
ated with terrestrial thermokarst landscapes. 
 Discussion: We suggest that the small-sized poly-
gon junction pits and larger collapse features in Utopia 
Planitia are the product of thermokarst processes. 
While these features could have been formed at high 
obliquity, we hypothesise that other variables could 
induce surficial collapse even in the absence of climate 
change. 
 The presence of two distinct types of collapse fea-
tures in the landscape is intriguing. A continuum of 
evolutionary form exists in terrestrial thermokarst land-
scapes that does not exist in Utopia Planitia. Explain-
ing this divergence is a matter of ongoing inquiry. 
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Fig. 1. collapse features, possibly multi-episodic on impact-
crater floor, Utopia Planitia (45.10 N; 274.50 W). Mars 2001 

Odyssey VO5265017. Image is ∼5km across. 
 

   
Fig. 2. Layered sedimentary rock in an impact crater northern 
Terra Meridiana (2.3°N, 356.6°W) (MSSS); mosaic of MOC-

M04-01289, E17-01676, and M21-01646. Image is ∼2km 
across. 

 

   
Fig. 3: outcrops of eroded layered sedimentary material in 

northwest Schiaperelli Basin (0.920 S.; 346.410 W)(MSSS). 
MOC-R0600195. Image is ∼2km across. 
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Introduction. One of the least understood aspects of 

impact cratering are the processes governing ejecta 
emplacement. This is due, in part, to the lack of 
preservation of ejecta at almost all terrestrial impact 
structures, which are usually subject to extensive post-
impact erosive processes. Hence, much of our 
knowledge of ejection processes is derived from 
laboratory experiments and explosion craters [e.g., 1] 
and studies of lunar craters [e.g., 2]. These studies led 
to the model of ballistic sedimentation [3], where the 
dominant process is ballistic ejection of primary 
materials from the crater cavity and incorporation of 
secondary materials upon impact onto the surrounding 
surface. However, the best studied ejecta blankets 
around terrestrial craters (Meteor Crater and the Ries 
and Chicxulub impact structures) record much more 
complicated ejecta dynamics and a component of 
ground-hugging flow [4-6]. The prevalence of layered 
ejecta morphologies on Mars [7], where the continuous 
ejecta blanket extends >~1.5 times farther compared to 
fresh lunar craters [8], suggests that similar processes 
may affect ejecta emplacement on Earth and Mars that 
are distinct from the Moon. Suggested mechanisms 
include the presence of an atmosphere [9], the 
presence of volatiles (liquid water or ice) [10], and the 
nature of sedimentary lithologies [11]. In January 
2005, we conducted a field study of Lonar Crater, 
India, and found compelling evidence for ground-
hugging ejecta flows following the initial ballistic 
ejection episode, similar to ejecta flows on Mars. 

Lonar Crater. The 1.8-km diameter Lonar Crater 
(Fig. 1) formed between 15-67 thousand years ago in 
the ~65 Ma Deccan Traps, India [12-17]. The crater 
and ejecta are extremely well preserved [15, 17]. See 
[17] for a description of the geologic setting. In a 
previous study of Lonar Crater, Fudali et al. [15] note 
instances of “large, individual blocks of ejecta …. 
[which] plowed along the original surface for some 
distance, bulldozing accumulations of soil ahead of 
them” and concluded that there is “good evidence that 
ejecta was transported in some sort of ground-hugging 
debris surge.”  

Ejecta Observations. The continuous ejecta blanket 
extends an average of 2265 m from the crater center, 
>2.6 crater radii (Rc) significantly farther than the 
typical ~2 Rc observed on the moon [15]. The ejecta 
blanket outcrops in small gullies, unlined wells, 
building foundation pits, trenches, and quarries (Figs. 

1, 2 and [17]). The Kalapani Dam Quarry (excavated 
after the studies of [15] were completed) exposes the 
entire vertical extent of the edge of the continuous 
ejecta blanket (Fig. 2) along ~500 horizontal meters, 
with about half the exposure approximately radial to 
the crater and half perpendicular to the debris flow. 

The ejecta blanket grades from overturned 
stratigraphy with brecciated units of several m size to 
unsorted clasts (ranging from mm to m, Fig. 2B) in a 
coarse matrix in the outer continuous ejecta. Because 
the mega-blocks are difficult to clear for agriculture, 
the white-colored area in the ASTER satellite image 
(Fig. 1) roughly corresponds to the ejecta fold unit 
[Qfb in 17]. The total volume of preserved ejecta is 
approximately 3.7×107 m3.  

Our measurements of ejecta thickness and field 
observations indicate that the outer edge of the 
continuous ejecta blanket is similar to a turbulent 
debris flow. The edge of the flow may have a possible 
rampart. Fig. 3 presents our measurements of 
preserved ejecta thickness as a function of distance 
from the crater center. Fudali et al. [15] estimate that 
the pre-erosion thickness of ejecta was 0 10δ ∼  m on 

the original crater rim radius of 1.71 km. In Fig. 3, the 
solid line is the ballistic scaling relation for ejecta 

thickness, ( ) 3 0.5

0 CR Rδ δ − ±= [18, 19].  

There is a clear accumulation of ejecta at the 
terminus of the continuous ejecta blanket that is 
similar to rampart ejecta profiles observed on Mars. At 
this time, our preliminary digital elevation model is too 
sparse to make direct comparisons to Martian crater 
profiles. If our initial measurements sample a 
continuous rampart around Lonar Crater, the inferred 
horizontal movement involves ~1×107 m3 of material, 
or >25% of the predicted volume of the ejecta blanket.  

Beneath the ejecta debris flow, clasts of dense 
massive basalt penetrate up to 1.5 m into the black, 
clayey histosol on the pre-impact surface. At KDQ, we 
mapped 32 clasts (typically several cm) that appear to 
penetrate the histosol (Fig. 2A, up to 2 m thick) before 
the arrival of the ejecta debris flow. We interpret a 
sequence of (i) ballistic ejecta clasts, which are 
discontinuous at this range, followed by (ii) horizontal 
movement of the ejecta mass. Assuming the clasts 
were ejected at 45° from the crater center, the 
secondary impact velocity was ~140 m/s at about 20 
seconds after launch. The crater formation time was 
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~10 seconds [19], and the ground hugging flow must 
have reached a radius of 2100 m more than 20 seconds 
following impact. This sequence is consistent with 
inferred flow velocities of low 10’s m/s around 
Martian rampart craters [20] and comparable to 
terrestrial debris flows. 

The ejecta debris flow appears to be matrix-
supported with a nearly free-slip boundary. At the 
contact between the ejecta debris flow and the pre-
impact histosol, some histosol was incorporated into 
the flow, but the total contribution of secondary 
materials to the ejecta is not yet known.  

Conclusions. The continuous ejecta blanket around 
Lonar Crater was partially emplaced by a turbulent 
matrix-supported ground-hugging flow. The ejecta 
blanket may terminate in a rampart similar to features 
observed on Mars. At this time, the possible 
contribution of liquid water in the flow is not known. 
Present day water table depths are within the range of 
excavated materials. Lonar Crater is an excellent 
terrestrial analog for further field studies to discern the 
nature of Martian ejecta debris flows. 
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Fig. 1. False-color (Red=Near-infrared(3), Green=Red(2), 
Blue=Green(1)) ASTER satellite image of Lonar Crater 
draped over preliminary digital elevation model (DEM) with 
3x vertical exaggeration. Bright red indicates areas of dense 
vegetation. Black region in crater shows extent of shallow 
lake. Kalapani Reservoir is the dark blue region in the SW. 
Kalapani Dam Quarry is located at the E end of the dam. 
Durga Devi Hill is on the SE edge of the image. The town of 
Lonar is adjacent to the NE rim of the crater. 
 

 

 

 
Fig. 2. A. Ejecta contact (dashed line) with histosol containing penetrating ejecta clasts at Kalapani Dam Quarry (KDQ [17]). 
B. Large boulders (up to 1.5 m) in ejecta flow at KDQ. 

 

Fig. 3. Ejecta thickness observations at Lonar Crater 
(symbols) and model ejecta thickness from scaling 
laws [18, 19] (solid line with error range shown by 
dotted line) as a function of radial distance from the 
center of the crater. Selected locations are identified 
in [17]. Note the significant accumulation of ejecta 
amounting to ~4 times ballistic predictions at edge of 
continuous ejecta blanket. The outlier point from a 
well SE of the crater rim may represent pile up of the 
ejecta near the base of Durga Devi Hill [see 17]. 
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INTERACTION BETWEEN IMPACT VAPOR CLOUDS AND THE EARLY MARTIAN ATMOSPHERE.  
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Introduction:  Interactions between impact-induced 
vapor clouds and the ambient planetary atmospheres are 
considered to have played a very important role in the 
evolution of planetary atmospheres and surface geology. 
However, the detailed analysis of such interaction has 
not been studied extensively before. In this study, we 
attempt to construct a simple model of vapor-
atmosphere interactions taking into account the effects 
of both fluid dynamics and chemical reactions.  

Mars: Whether or not Mars had a warm and wet 
climate is one of the most controversial issues in Mars 
science. If a large amount of methane existed in the 
Mars atmosphere, it may be able to warm Mars to tem-
peratures above freezing [1]. However, it is not known if 
there was a process that can supply methane at high rate 
enough to withstand the rapid destruction by UV-
induced photochemistry. Because fluvial features on 
Mars appear to be contemporaneous to the late-stage 
heavy bombardment [4], the possible warm climate may 
have been maintained by impact-related processes.  

Impact Scenarios: A number of impact-induced 
mechanisms have been proposed to produce a large 
amount of CH4. For example, atmospheric re-entry 
process of vapor condensates from a large iron-rich im-
pact has been proposed to induce Fischer-Tropsh reac-
tion and produce CH4 globally [5]. This process, how-
ever, requires a relatively high concentration of preexist-
ing H2 in the atmosphere. Thus, although it is probably 
very effective for a few hundred million years after the 
planetary accretion, it may not be very effective near the 
end of the late-stage heavy bombardment period.  

Fischer-Tropsh reaction within vapor plumes due to 
cometary impacts has also been proposed to produce a 
large amount of CH4 [6]. This model, however, assumes 
that dust condensates from cometary vapor have the 
same catalytic efficiency as industrial catalysts with 
metallic iron and nickel on the grain surfaces. Equilibri-
um calculations indicate that iron and nickel in comet-
composition vapor are likely to condense as FeO and 
Ni2S3, whose catalytic efficiencies are much lower than 
metals. Furthermore, high-temperature impact vapor 
plumes are likely to be lifted quickly by buoyancy force 
[7,8]. This uprise will leads to intense entrainment of 
ambient air, analogously to volcanic eruption plumes [8]. 
If the ambient atmosphere is dominated by CO2, oxygen 
fugacity within the uprising vapor plume will greatly 
increase. This may reduce methane productivity greatly. 
Thus, cometary impacts may not be very efficient in 
delivering methane to a planet with a CO2-dominated 
atmosphere.  

 
Figure 1.  Schematic diagram of interaction between an im-
pact vapor cloud and the ambient atmosphere.  
 

New Process: In this study, we propose a methane-
producing mechanism that does not require a reducing 
atmosphere or efficient catalytic properties of metal 
oxides or sulfides considering both fluid mechanical 
and chemical interaction between impact vapor clouds 
and the ambient atmosphere. More specifically, we 
consider impacts of iron meteorites into H2O (e.g., 
ocean, polar cap, or permafrost) under a CO2-
dominated atmosphere, taking account of oxidation of 
meteoritic matter, atmospheric entrainment due to 
buoyancy uprise, and Fischer-Tropsh reaction on the 
surface of survived meteoritic metals.  

Impact Vaporization and Condensation:  A sim-
ple analytical calculation using the Gamma model [9] 
indicate that the amount of vaporized water is larger 
than iron impactor mass if the H2O layer is thicker than 
1/15 – 1/20 the projectile diameter. If this condition is 
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met, the resulting vapor will have an approximately con-
stant yield of H2 after the adiabatic.   

Figure 2 shows the equilibrium chemical composi-
tion of Fe-Ni-H2O mixture as a function of temperature, 
depicting the condensation sequence within a vapor 
plume due to an iron meteorite impacting H2O. Unlike 
in cometary vapor, nickel condenses as metal in this 
vapor plume, although iron condenses as oxide. Here, it 
is noted that metallic nickel condenses after iron oxide 
condenses, allowing metallic nickel exposed to the gas 
phase after adiabatic cooling.  

Buoyancy Uprise Process:  After adiabatic decom-
pression, entrainment of cold ambient air becomes the 
dominant cooling process of an impact vapor plume. 
The temperature T of the air-vapor mixture is given by a 
simple heat balance between hot vapor and entrained 
cold air. Calculation results indciate that plume tempera-
ture goes through the catalytically active range when 1 
to 10 times the vapor mass of air is entrained, depending 
on the post-decompression vapor temperature. This will 
require > (2L/g)1/2 of time (~102 seconds for 10 km of 
vapor plume [8]), where L and g are plume diameter and 
gravity, respectively. This time scale is comparable to 
the time needed for industrial catalyst to convert H2 to 
CH4 within a vapor cloud [6]. Because vapor conden-
sates expected in the vapor plumes considered in this 
study are small iron oxide grains coated with metallic 
nickel layer, it is very similar to industrially utilized 
catalysts. Thus the duration of catalytically active tem-
perature condition is likely to be long enough to convert 
H2 to CH4.  

Then near-equilibrium concentration of CH4 can be 
catalytically produced in an uprising vapor cloud. Figure 
3 shows the equilibrium yield of methane from uprising 
impact vapor plumes. Calculation result shows that 
methane yield reaches higher than 1/3 the stoichiometric 
maximum (i.e., 1/4 mole of CH4 for 1 mole of initial H2) 
within the catalytically active temperature range (400 – 
600 K) when vapor mixing ratio is >10%. Such high 
vapor mixing ratios at catalytically active temperatures 
is achieved when post-decompression vapor temperature 
is lower than ~2000 K (Figure 3). Because the above 
Gamma-model calculation indicates that mean pre-
decompression vapor temperature for iron meteorites at 
10 km/s is 1800 – 2400 K, this condition can be met by 
a large fraction of iron impactors.   

Warm Paleo-Mars?  When a 30 km of iron meteor-
ite hit a H2O ice body, it would produce 0.2% of CH4 in 
a 2 bar of CO2 atmosphere on paleo-Mars. This compo-
sition of atmosphere is estimated to warm Mars to tem-
peratures above freezing [1]. Although such a large im-
pact is not expected to occur frequently, it must have 
occurred at least several times during the heavy bom-
bardment period. Then, a warm climate may have oc-

curred episodically and last for several hundred of 
years of time (i.e., the photochemical lifetime of meth-
ane [10,11]). Such episodic occurrence of warm cli-
mate is consistent with geologic record of Mars [12]. 
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Figure 2.  Equilibrium chemical composition of vapor 
plumes due to iron meteorites impacting H2O target as a 
function of temperature at 1bar. The molar mixing ratio in 
the vapor is assumed to be H2O:Fe:Ni=1:0.13:0.14.  
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Figure 3. Equilibrium methane yield normalized by the 
stoichiometric maximum methane yield (i.e., 1/4 of initial 
H2) within an impact vapor plumes uprising through a CO2 
atmosphere as a function of temperature and mixing ratio of 
H2-rich impact vapor at 1 bar.  
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Introduction:   The  Martian  atmosphere
and  subsurface  volatiles  could  both
contribute  to  the  formation  of fluidized  ejecta
on  Mars.  In  this  study,  we  investigate  the  late
stages  of  ejecta  deposition  and  surface  scour
by   atmospheric  winds  generated  during  an
impact.  We  focus  on  both  the  mechanics  of
surface  scour  as  well  as  transport  of  material
generated  by  strong  winds  generated  from  an
impact.  We  will  emphasize  both  the
formation  of  surface  lineations  in  order  to
address  their  existence  on  pedestal  craters  [1,
2,  3,  4]  (recently  also  called  double  layered
ejecta  (DLE) craters  [5, 6]), and  the  mechanics
of  how  such  winds  generate  ground- hugging
surface  gravity currents.

 We  consider  only  the  very  late  stages  of
ejecta  emplacement,  when  a  ring  vortex
produced  by  an  ejecta  curtain  advancing  into
an  atmosphere  [7]  becomes  decoupled  from
the  curtain  to  strike  and  erode  the  target
surface.  We  decouple  this  vortex  from  the
ballistic  ejecta  curtain  by  conducting
experiments  in  a  water  tank,  examining  the
interaction  between  a  vortex  ring  and  a  layer
of  surface  particles.  Our  results  indicate  that
even  present  Martian  conditions  are
sufficient  to  form  surface  lineations  seen  on
fluidized  ejecta  of  pedestal  craters.  These
experiments  also  show  that  gravity  flows
resulting  from  plumes  of particulates  uplifted
by  the  vortex  ring  help  generate  the  fluidized
appearance  of  ejecta  when  deposited  by  an
atmosphere.  

Experimental  Approach:   Many  laboratory
experiments  examine  the  role  of  the
atmosphere  during  impact  cratering  [7,  8,  9,
10].  These  experiments  consider  primarily
ejecta  entrainment  and  transport  processes,
and  to  a  lesser  extent  emplacement.  Our
experiments  differ  because  they  detail  the  late
stage  interactions  between  the  impact-
derived  vortex  ring  and  particles  sitting  on  a
surface.  They  are  somewhat  idealized  in  that
they  do  not  include  prior  entrainment  and
transport  of  ejecta  before  the  arrival  of  a

curtain- derived  vortex  ring  on  the  surface.  

Figure  1: A cross- sectional  schematic  view of the
experimental  setup.  The  downward
displacement  of  the  piston  forces  water  through
the  cylinder,  causing  flow  separation  and  the
generation  of a vortex ring.

Our  experiments  were  carried  out  in  a
transparent  rectangular  tank  filled  with  a
mixture  of  water  and  sugar  or  salt,  at  the
bottom  of  which  we  placed  a  layer  of  glass
beads  uniform  in  size  (Figure  1).  A vortex
ring  generator,  which  is  composed  of  a
piston  and  a  cylinder,  was  placed  at  the  top
of the  tank.  The  water  is pushed  through  the
cylinder  by  dropping  the  piston  leading  to
flow  separation  at  the  edge  of  walls  of  the
cylinder  and  subsequent  generation  of  a
vortex  ring  [e.g.,  11]. The  displacement
length  and  velocity  of the  piston  controls  the
flow  velocity  in  the  vortex  ring.  We vary  this
velocity  and  the  ambient  fluid  conditions  by
mixing  in  sugar  or  salt  into  the  water.  We
also  change  the  size   of the  glass  beads.

Each  experiment  is  filmed  with  a  high
speed  camera,  and  fluid  motion  is measured
using  Particle  Image  Velocimetry  (PIV). After
each  experiment,  we  analyzed  the  deposits
created  in   the  particle  layer.

Results: We  find  that  three  surface
morphologies  are  generated  in  the  particle
layer  following  interactions  with  a  vortex
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ring  (Figure  2):  (Mode  1)  petal- like  features
and  radial  lineations  formed  as the  vortex ring
sweeps,  lifts, transports  and  deposits  the  glass
beads;  (Mode  2)  a  circular  erosion  zone  with
few  radial  lineaments   formed  as  the  vortex
ring  only  sweeps  beads  aside  without  lifting
them;  and  (Mode  3)  nothing  happens  as  the
vortex  ring  is too  weak.

Figure  2:  Three  modes  of  vortex  ring- surface
interactions.  Each  column  represents  an  oblique
view  of  one  mode  (illuminated  from  upper  right;
black  area  is  the  shadow  of  vortex  generator).
Bright  and  dark  area  indicates  regions  of  particle
displacement.  (Second  row)  Outlines  of  a  circular
erosion  (red)  and  petal- like deposition  zone  (blue).

Our  results  indicate  that  these  three  styles  of
interaction  between  the  vortex  ring  and  the
surface  depend  on  the  parameters  we  varied.
All these  variables  can  be  expressed  by  two
dimensionless  numbers,   and  Re (Figure  3).
The  variable   is  the  ratio  of  inertial
resistance  of  the  surrounding  fluid  to
buoyancy  acting  on  the  particles  in  the
surface  layer  [e.g.,  12].  The  Reynolds  number
Re is  the  ratio  of  inertial  to  viscous  forces
acting  on  these  same  particles.  The  greater  
and  Re  the  more  likely  Mode  1  occurs;  the
smaller  these  values  the  more  likely  nothing
or  Mode  3 occurs.

Our  experiments  also  show  how  little
gravity  currents  are  generated  by the  particles
uplifted  in  the  vortex  when  Mode  1  occurs.
These  little  plumes  collapse  under  gravity  to
form  flows  akin  to  debris  flows  or  powdery
snow  avalanches   leading  to  a  fluidized
features.

Discussion:   Figure  3  illustrates  that  the
range  of  and  Re obtained  in  the  laboratory  is
equivalent  to  those  that  can  be  achieved  on
Mars  for  winds  ranging  from  10-100m/s
under  current  atmospheric  conditions.  Thus

all  three  modes  of  vortex  ring- surface
interactions  are  possible  on  Mars.
Consequently,  some  craters  that  possess
finer  ejecta  may  have  lineations  form,  while
others  will  not.  Winds  strengths  could  be
another  contributing  factor.  

While  scour  is  expected  only  under  some
conditions,  transport  of material  is expected
under  many  impact  conditions  on  Mars
because,  contrary  to  these  experiments,  the
ring  vortex  already  possesses  entrained
ejecta  before  it  reaches  a  target  surface.  This
material  will  be  deposited  as  a  gravity  flow,
as  illustrated  in  these  experiments  in  Mode
1. 

Figure  3.  Regime  diagram  of  the  experimental
results  between  θ and  Re  differentiating  the
various  modes  of vortex  ring- surface  interactions
(see  text).  The  red  lines  indicate  Martian
condition;  positive  slopes  indicate  the  variation
of  wind  velocity;  negative  slopes  indicate  the
variation  of particle  diameter.

References:   [1]  Mouginis- Mark,  P.  (1979)
JGR, 84, 8011-8022.[2] Mutch,  P. and  A. Woronov,
(1980)  Icarus,  41, 259-268.  [3] Mouginis- Mark,  P.
(1981)  Icarus,  45,  60-76.  [4]  Ogawa,  Y. and  K.
Kurita,  (2003)  Proc. 36th  ISAS Lunar  and  Planet.
Symposium,  85-88. [5] Barlow,  N. G. et  al.,  (2000)
JGR,  105, 26733-26738.  [6]  Mouginis- Mark,  P.
(2004)  7th  Mars  Crater  Consortium,  Abstract
#0711.  [7] Barnouin- Jha,  O. S. and  P. H.   Schultz,
(1996)  JGR, 101,  21099-21115.  [8]  Schultz,  P.  H.
(1992) JGR, 97, 11623-11662 [9] Schultz,  P. H. and
D.  E.  Gault  (1979)   JGR,  84,  7669-7687.   [10]
Barnouin- Jha,  O. S. and  P. H. Schultz,  (1998) JGR,
103,  25739-25756.  [11]  Saffman,  P.  G.  (1978)  J.
Fluid  Mech.,  84, 625-639. [12] Eames,  I. and  S. B.
Dalziel, (2000) J. Fluid  Mech., 403,305-328.

Role of Volatiles and Atmospheres on Martian Impact Craters 2005 3050.pdf
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Introduction:  Five definitive and three probable 

large rayed crater systems have been discovered on 
Mars using thermal infrared (TIR) images from the 
Thermal Emission Imaging System (THEMIS – 
100m/pixel) and visible images from THEMIS 
(~18m/pixel) and narrow-angle Mars Orbiter Camera 
(MOC) images (several meters per pixel)[1, 2]. Mor-
phological characteristics (e.g. apparent youth, crater 
diameter, oblique impact origin, fluidized ejecta, etc.) 
and a geographic bias to predominately young vol-
canic plains for rayed craters are all strong links to 
the proposed characteristics of the Martian Meteorite 
(MMs) source region [1], which is based on geo-
chemical ages (i.e. crystallization and ejection) and 
characteristics of the MMs [3]. Here we present evi-
dence in the form of visible image observations and 
from the most recent MM delivery a model that im-
plicates subsurface volatiles may have played a posi-
tive role in the formation of rays and increased spal-
lation volumes for the delivery of the MMs.  

Figure 1.  THEMIS nTIR mosaic (one strip is ~ 30 km wide) of 
Gratteri crater, an excellent example of a Martian rayed crater with 
very distinctive thermophysical contrasts. Crater diameter: 6.9 
km; Max ray length measurable in THEMIS nTIR mosaic: ~595 
km. 

Martian Rayed Crater Characteristics:  Mar-
tian rayed craters range from the smallest apparent 
diameter (rim to rim) of 1.5 to the largest 10.1 km 
[1]. The five definitive rayed craters carry the IAU 
provisional names of Zunil (Da = 10.1 km), Tomini 

(7.4), Gratteri (6.9), Zumba (3.3) and Dilly (2.0). The 
three probable rayed craters (unnamed) have appar-
ent diameters of 1.5, 4.2 and 5.7 kms. Ray lengths 
can be distinguished up to ~900 km from the primary 
in THEMIS nTIR mosaics[1, 2] (Fig. 1) and distinc-
tive secondaries bearing intact 1-2 ejecta/ray facies 
can be discerned up to 1600 km away in MOC im-
ages[2, 4].  

There is reasonable evidence to suggest that these 
craters are the result of oblique impact events. Ray 
asymmetries, forbidden zones in ejecta and non-
circular primary cavities (Fig. 2c) all suggest moder-
ately oblique trajectories (>15-60º) for most of these 
craters [1, 2].  

Martian rayed craters have a geographic bias to 
the young lava plains (relatively regolith-free?) of 
Elysium with outliers within or in close proximity to 
the lava plains that issue from the Tharsis region. 
This bias may be a possible link to restrictions with 
respect to their formation.  

Subsurface volatiles, ray formation and MM 
delivery:  

Morphological evidence for subsurface volatiles 
within rayed crater target surfaces:  Fluidized ejecta 
blankets (FEBs) are typically associated with subsur-
face volatiles, which was first proposed by [5; see 
review by 6]. Martian rayed craters Gratteri, Zunil 
and Tomini all exhibit classic FEBs (Fig. 2a, b and 
c). Several rayed crater primaries, typically towards 
the smaller apparent diameters, do not themselves 
exhibit FEBs. However, volatiles may have still 
played a significant role in their formation. For ex-
ample, craters with larger diameters that are observed 
in the same geological unit and are not to distant 
from the Dilly and Zumba primaries possess both 
single and multi-layered FEBs. Two craters >5 km 
lying ~60 km to the north of Dilly (Fig. 2d) exhibit a 
single-lobate FEBs, and another crater with multi-
lobate fluidized ejecta (Da=21.5 km) lies 120 km to 
the NW (Fig. 2e).  The closest crater (Da=4.0 km) 
with a fluidized ejecta blanket to Zumba crater is 175 
km to the NNW (Fig. 2f), but is still within the same 
geologic unit in which Zumba impacted.   

From these observations, subsurface volatiles ap-
pear to exist at depth, or at least existed during rayed 
crater formation. Because rayed craters appear to be 
amongst the youngest craters in their size-class [1, 2], 
these subsurface volatiles may exist during recent 
times. Recent results from the gamma-ray and neu-
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tron spectrometers aboard the Mars Odyssey 2001 
orbiter suggest that the target terrains for rayed cra-
ters currently have low abundances of subsurface-H 
(4-6%) [7], but this is only from the upper most me-
ter of the surface and ice-stability is likely to vary 
with depth. It is apparent that constraining the timing 
of the formation of FEBs is difficult to determine 
since subsurface volatile stability varies with latitude 
over past obliquity cycles (~5 Ma) [8, 9] and cra-
ter/terrain ages are not well constrained, however at 
first order, we can conclude that volatiles likely 
played a role in the formation of these craters. 

Increased spallation from subsurface volatiles:  
In addition to oblique impact formation, models by 
[10] indicate that subsurface volatiles increase spalla-
tion volumes up to 10% than impacts into dry targets. 
The “wet” Mars simulation involves an asteroid 
(Granite EOS at 10 km/s) impact into a surface that is 
80% Granite EOS and 20% Ice EOS.  The 20% vola-
tile content is lower than previous estimates and is 
considered a good approximation for average Mars. 
By increasing the volume of spalled component ray 
formation and MM ejection probabilities increase. 

The fact that rayed crater primary ejecta are fluid-
ized, or the terrains that rayed craters formed in have 
abundant FEBs, strongly suggests that volatiles 
played a significant role in the ray formation process. 
Ray formation is intimately linked to the spallation 
process because rays are likely to be a physical mani-
festation of the spallation process [1]. Spallation is 
purported to be the mechanism for MM ejection [11, 
12]. 
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Figure 2. Fluidized ejecta blankets 
associated with Martian rayed 
craters. All THEMIS visible image 
are band 3 (654 nm) grayscale 
images at ~18 m/pixel resolution.  a.  
THEMIS image V14248001 of the 
Gratteri primary exhibiting a single-
lobate fluidized ejecta blanket.  b. 
Double- to multi- lobate ejecta 
blanket emanating from the Zunil 
primary (V09818024). c.  Tomini 
primary exhibiting a double-lobate 
ejecta blanket (V14387010). d. 
Fluidized ejecta blankets of two 
craters within the same unit and 60 
km from the Dilly primary (Viking 
MDIM 2.0). e. Multi-lobate ejecta 
for a 21km diameter impact crater 
120 km from the Dilly primary 
(THEMIS V). f.  A 4 km diameter 
crater bearing a fluidized ejecta 
blanket  within the same geologic 
unit as the Zumba primary and  only 
175 km away. 
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"SOFTENING" OF MARTIAN IMPACT CRATERS BY CREEP OF ICE-RICH PERMAFROST.
E.P. Turtle1,2 and A.V. Pathare1,3, 1Planetary Science Institute, 1700 E. Fort Lowell, Tucson, AZ, 85719, 2Lunar
and Planetary Lab., Univ. of Arizona, Tucson, AZ, 85721 (turtle@lpl.arizona.edu), 3California Institute of
Technology, Pasadena, CA.

Introduction:  Since the initial Mariner 9 mapping
of Mars, researchers have noted the curious “softened”
characteristics of high-latitude terrain, which are
widely theorized to result from the viscous creep of a
near-surface layer of ice-rich permafrost within the
Martian megaregolith [e.g., 1-5]. Squyres and Carr [4]
classified creep-related landforms, including: (1) debris
aprons, produced by mass wasting along escarpments,
examples of which include lobate debris aprons,
lineated valley fill, and concentric crater fill; and (2)
terrain softening, resulting from in situ viscous
deformation, which is most clearly expressed by craters
with degraded rims and flattened topographic profiles
(Fig. 1). Squyres [5] also conducted finite-element
simulations that qualitatively established the ability of
viscous creep deformation to reproduce the
morphologies of craters in martian softened terrain.

Jankowski and Squyres [6] subsequently performed
a more quantitative analysis of Martian crater
relaxation, concluding that the morphology of mid-
latitude craters is consistent with relaxation in a
deforming layer no more than 1 km deep. In order to
explain the extent of terrain softening observed by [5]
with a two-layer model, Jankowski and Squyres [6]
required subsurface ice equivalent to a global layer of
water 17 m thick, a figure which rises to 55 m if likely
locations of terrain softening are included and 125 m if
softening conditions are met everywhere poleward of
30° latitude.

We are using finite-element models of viscous
creep relaxation to simulate terrain softening,
incorporating more recent laboratory measurements of
ice/rock mixtures [7-11]. By comparing the resulting
landforms to structural and topographic characteristics
documented in MGS MOC and MOLA data we can
constrain the conditions necessary to allow such
deformation on Mars [e.g., 12,13]. The original intent
of this project was to determine how much different
past conditions would have to have been, e.g., warmer,
higher ice content, etc., in order to allow the observed
deformation. However, to our surprise we found that
significant deformation of ground ice can occur quite
rapidly under current martian conditions.

Rheology of Ice-Rich Permafrost: Jankowsksi
and Squyres [6] had been forced to make some
assumptions regarding the rheology of martian ground
ice that may no longer be viable. For example, they
devised a soil structure parameter S that relates the
viscosity of pure ice to that of ice-rich permafrost. In
order to allow 3-km diameter craters to relax gradually
over time scales of 4 Gyr, they needed to assume a
value for S of approximately 10 -6. I.e., by constraining

the relaxation times to be slow enough to be consistent
with the continued existence of D ~ 3 km craters in
Noachian terrain they needed the viscosity of the
ground ice to be one million times greater than that of
pure ice.

Figure 1: Comparison of unsoftened and softened
terrain. (A) Viking Orbiter  image 423S10 of
craters in unsoftened terrain (32°S, 227°W) which
have sharp rims and walls with steep, concave
profiles (from Squyres, 1989). (B) Viking Orbiter
image 195S20 of craters in softened terrain (33°N,
313°W), which exhibit broad and rounded rims,
and walls with gentle, convex profiles (from
Squyres, 1989).

However, more recent laboratory measurements of
dust - water ice mixtures conducted by both Durham et
al. [7] and Mangold et al. [11] have yielded maximum
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relative viscosities of no more than 100 times that of
pure ice. The reason for this is that when the
volumetric dust fraction gets too high (typically above
75%), the dust grains come in contact with each other
and the mixture crosses the brittle-ductile transition and
can no longer undergo viscous creep [7,11]. Hence, it
is unlikely that the relative viscosity of Martian
permafrost is much greater than 1000 times that of pure
ice. Consequently, D = 3 km craters in a 1-km-thick
deforming layer should relax on time scales of Myr (at
most), not Gyr. This conclusion is consistent with the
finite element modeling of Pathare et al. [13], who
showed that 2-km-diameter craters in the South Polar
Layered Deposits undergo relaxation on time scales
less than 10 Myr.

Simulations Under Present-Day Conditions: We
have performed finite-element simulations to
investigate the deformation of martian impact craters
by creep of an ice-rich surface layer. These models
incorporate laboratory measurements of the rheological
parameters for dust/water-ice mixtures undergoing
dislocation creep and grain size dependent creep [7-9],
both of which are relevant under present Martian
conditions: Tsurf = 200 K [14]; dT/dz = 15 K/km
[15,16].

Figure 2: Finite-element models of a 2-km-
diameter simple crater before (left) and after
(right) relaxation by creep of 0.5-km-thick (top)
and 1.0-km-thick (bottom) ice-rich (30% by
volume) layers indicated by darker shading;
lighter shading is bedrock.

Simulations with only 30% ice (by volume)
demonstrate that even under present Martian
conditions, viscous creep can occur quite rapidly: the
timescales for the simulations illustrated in Figures 2

and 3 are 103-104 years. This result implies that there
cannot currently be a high volume fraction or deep (~1
km) extent of martian ground ice. Another possibility is
that the mobility of ground ice is restricted by a surface
layer that resists deformation; if, for example, the high
volume fractions of ice inferred to be present within a
~1 m surface layer [17] do not continue to significant
depths, or a higher viscosity material, e.g., clathrate
[18], were present near the surface, the deformation
timescales could be significantly longer.

Figure 3: Finite-element models of a 20-km-
diameter simple crater before (top) and after
(bottom) deformation by creep of a 1.0-km-thick,
ice-rich (30% by volume) layer indicated by
darker shading; lighter shading is bedrock.
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EJECTA FLOW FROM 3-D GRANULAR FLOW MODELS. K. Wada1 and O.S. Barnouin-Jha2,3,
1Institute of Low Temperature Science, Hokkaido Univ., Sapporo, Japan; 2Dept. of Complexity Sci. and
Engineering, U.Tokyo, Japan; 3JHUAPL, Laurel, MD.

Abstract

Currently two main models are considered viable for
the emplacement of fluidized ejecta: (1) initial ballis-
tic emplacement of ejecta and subsequent flow pri-
marily as a consequence of volatile presence [1, 2,
3, 4], and (2) impact derived winds, which entrain,
saltate and eventually emplace ejecta as a gravity cur-
rent [5]. Some authors have proposed that a mixture
of both models could also explain the morphological
features seen. However, no study exists where a sim-
ple granular flow is used to explain fluidized ejecta.
Yet there are many instances where granular flows
can explain a wide range of flow features seen at ter-
restrial rock avalanches and falls [6, 7, 8, 9]. These
include the formation of multiple ramparts and cir-
cumferential lineaments , as well as the incredible
long runout of so called long-runout landslides.
In this effort, we explore the circumstances under
which granular ejecta may generate a flow during
emplacement using a 3-D granular flow model. In
this model, each grain of ejecta is treated as a dis-
tinct element [10]. Using this distinct element model
(DEM), we investigate the process of ballistic sedi-
mentation and subsequent flow without invoking ei-
ther water or atmosphere. Thus, even though ejecta
flows are seen lacking on the Moon and Mercury
(suggesting that granular flows may not be viable
on Mars), such an investigation provides at a mini-
mum insights into the mechanics of interaction be-
tween ejecta in the thickest portions of the curtain
and a target surface. Such information did not exist
before, and is particularly important for determining
how much kinetic energy of the ejecta goes into cre-
ating an advancing flow. Eventually coupled fluid
flow and 3-D DEM models will also be available to
determine the transport and emplacement of ejecta
by winds created during an impact in the presence of
an atmosphere.

3-D Distinct Element Model

In our DEM, particle motions are calculated directly
in three dimensions by solving the equations of mo-
mentum for each particle. Mechanical interactions
between the colliding particles are expressed by the

Voigt-model, which consists of a spring and dash-
pot pair (Figure 1) [11]. The spring simulates elas-
tic restitution, describing the storage and release of
elastic energy that occurs during a collision. The
dash-pot acts like a shock absorber dissipating en-
ergy during contact. A friction-slider model takes
into account friction losses between sliding particles
via Coulomb friction. Two parameters- the coeffi-
cient of restitution, e and friction, mu - parameter-
ize energy losses due to collision and friction respec-
tively.

dash-pot

spring

(a)
dash-pot

spring
friction slider

(b)

Figure 1. Schematic of the Voight model.

Preliminary results are obtained by computing
the motion of ejecta provided by a large numerical
investigation of a 6mm-diameter projectile launched
vertically into a target of randomly distributed 2 mm-
diameter spheres at 300m/s. More details on the cra-
tering conditions and results are provided in [12. 13]
. In summary, the calculated ejecta excavation fol-
lows behavior expected from scaling rules and exper-
imental data. The computed ejecta curtain thus pro-
vides good starting conditions for the volume and ve-
locity of ejecta during the ballistic phase of transport
prior to any flow. We also begun modeling the ejecta
curtains using the Z-model [14] so that larger plane-
tary scale craters can be investigated [15]. However,
at the time of writing this abstract no results using
the Z-model were obtained.

The computational domain used is shown in Fig-
ure 2. We consider a 15owedge of the ballistic ejecta
prior to deposition. The use of such a small domain
is justified as no circumferential collisions or hoop
forces have been seen in the 3-D computed ejecta
curtain. For each computation each sphere possesses
a density of 2.7g/cm3and gravity is set to 1G. The
vertical walls of the domain are all smooth and our

Role of Volatiles and Atmospheres on Martian Impact Craters 2005 3006.pdf



baseline case assumes reasonable values of e=0.4
and mu=0.5.
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Figure 2. Initial conditions: Side (top) and top (bot-
tom) view. Green lines show the velocity vectors.

We explore the influence of various parameters
on the flow dynamics and emplacement of our model
landslides relative to our baseline case. In particular,
we change the properties of the surface on which the
ejecta falls from smooth to very rough. We also con-
sider an erodible surface and changes in mu.
Preliminary results and implications

Our results (Figure 3) show that flow can occur
simply because of differences in the properties of the

surface on which the ejecta lands. If a surface is rela-
tively hard and smooth, flow is easily achieved, while
if it is rough, flow is much less likely. In addition,
models [16] and experiments [17] of landslides flow-
ing onto an erodible plain indicate that such a terrain
is very dissipative and causes flow to stop quickly.
Such behavior is also expected for ejecta sedimenta-
tion and flow.

These results suggest that the difference in mor-
phological appearance of the continuous ejecta on
Mars and the Moon and Mercury are due to the con-
dition of the target surface: on the Moon and Mer-
cury it is fairly soft and highly dissipative because
these surfaces are primarily composed of a battered
and broken up megaregolith. On Mars, however, the
surface have become indurated and smooth mainly
due to the presence of volatiles, permitting the flow
of ejecta upon deposition.
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Figure 3. Cross-sectional view of ejecta that has fallen on a smooth (top) and rough plain (bottom). The
bottom scale is distance from the crater center. Ejecta flows very efficiently in the case of the smooth plain,
leaving behind a very thin and dispersed deposit. In the case of the rough plain, a thick deposit is left behind
near the crater rim at aproximately 7cm and the density of particles is greater.
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EFFECTS OF AN EARLY-TIME IMPACT GENERATED VAPOR BLAST IN THE MARTIAN
ATMOSPHERE: FORMATION OF HIGH-LATITUDE PEDESTAL CRATERS.  K. E. Wrobel1, P. H.
Schultz1, and D. A. Crawford2, 1Department of Geological Sciences, Brown University, Box 1846, Providence, RI
02912 (Kelly_Wrobel@brown.edu), 2Sandia National Laboratories, P. O. Box 5800, MS 0836, Albuquerque, NM
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Introduction: Following impact, vapor
expansion creates an intense airblast that interacts
with the ambient atmosphere [1-3]. The resulting
hemi-spherical shock wave leaves a signature on the
surface that is dependent on initial atmospheric and
surface conditions.  Here we propose that the
formation of pedestal craters (craters surrounded by
an erosion-resistant pedestal) may be a direct
consequence of extreme winds and elevated
temperatures generated by such an impact-induced
atmospheric blast.

Pedestal craters, first recognized in Mariner 9 data
[4], are a unique feature on Mars and likely a
signature of near-surface volatiles [e.g., 5-10]. They
are found at high latitudes (small pedestals,
Amazonian to Late Hesperian in age) and in thick
equatorial mantling deposits (larger pedestals, early
Hesperian to Noachian in age). Previously suggested
mechanisms for pedestal crater formation (e.g., wind:
ejecta curtain vortices [11] or vapor blast [5,11]; and
ejecta dust: armoring [12]) do not provide a complete
picture. The clear evidence for near-surface volatiles
at high latitudes requires a re-evaluation of these
alternative models. The results presented here suggest
that a combined atmospheric blast/thermal model
provides a plausible formation hypothesis.

Background: Impact-induced vaporization is a
key component of early time cratering mechanics.
Many previous studies, both experimental [13-15]
and computational [e.g., 16], focused on the
generation and expansion of vapor clouds in an
attempt to better understand vaporization in
hypervelocity impacts. Here we investigate the
response from energy directly imparted from the
early time vapor to the surrounding atmosphere on
Mars. Such a response, and its possible expression on
the surface, has been examined for impacts on Earth
[e.g., 17].

The CTH shock physics analysis package [18]
with adaptive mesh refinement [19] was used to
construct a model of a point-source instantaneous
release of a large amount of energy into a small
volume of gas during a short time interval. Energies
corresponding to 0.1% and 1.0% of the total impact
energy (and momentum) required to create a 10 km
diameter crater (6 km “apparent” pre-collapse crater)
on Mars were coupled to a CO2 atmosphere (specific
heat ratio of 1.3) with an ambient density of 1.55e-5

g/cc and an ambient temperature of ~240 K at the surface
(y=0).

The model results show a very good correlation to
analytical calculations of the physics behind an airblast
created by an intense explosion (see [20]).

Results: A fast blast wave (followed by recovery
winds) and a large temperature pulse will engulf the
surface surrounding a 10 km crater on Mars. Prior to
ejecta emplacement, powerful winds (> 100 m/s) sweep
over the region surrounding the impact, thereby stripping
the surface of loose soil and dust (Figure 1). The surface
is then immersed in an atmosphere with temperatures
exceeding 273 K over times approaching 1 minute (even
for the case of 0.1% coupling) (Figure 2).

Figure 1: Horizontal velocity as a function of time for y=0 (surface)
from computational models releasing 0.1% and 1.0% of the total
energy required to create a 10 km diameter impact crater. DCr stands
for apparent crater diameter. Results are displayed for positions of 4
apparent crater diameters (~25 km) for the case of 0.1% coupling and
10 apparent crater diameters (~60 km) for the 1.0% coupling case.
These locations mark the distances from the crater center at which the
front of the atmospheric shock blast equilibrates to ambient
atmospheric pressure [11].

Residual temperatures behind the blast wave are
much higher than ambient conditions, particularly close
to the crater (1000 K at 2 apparent crater diameters).
Even at greater distances (e.g., 4 apparent crater
diameters), atmospheric temperatures radiating into the
upper surface will produce a thermal wave that can
extend down to ~15 cm in only 30 seconds for an ice-
rich substrate (see Figure 3).

Implications:  The combined effects of an intense
atmospheric wind blast and thermal pulse should have
particular significance for regions covered by an ice-rich
mantle, e.g., high latitudes. Some possible residual
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signatures include; scoured zones (characterized by
radial striations and muting of surface detail – see
Figure 4a), armored surfaces created by thermally
indurated soil (melting and migration of subsurface
water), and pedestal craters.

Figure 2:  Temperature image from a computational model of a
point source explosion releasing ~1023 ergs of energy into a
Martian atmosphere. This energy correlates to a 0.1% coupling of
the total energy involved in the creation of a 10 km diameter crater
on Mars. Red denotes temperatures of 1000 K or greater. Blue
indicates temperatures of 100 K or less.

Figure 3: Temperature as a function of depth below the surface at
30 seconds after impact. The large temperature pulse and lingering
atmospheric temperatures created from the direct coupling of
impact energy (0.1% coupling plotted here) to the atmosphere
results in a thermal wave that travels down into the upper surface
layers. Comparisons between normal geotherms (for both ice and
fine dust) and geotherms including this extra heat source are shown
for the location of 4 apparent crater diameters (r = 25 km).
Geotherm equations can be found in [21].

Pedestal Craters: Volatile-rich surface layers at
high latitudes are highly susceptible to erosion over
short times as a response to orbital forcing [6]. The
calculated atmospheric winds and subsurface thermal
wave discussed here would form a crater-centered
erosion-resistant indurated surface layer around
craters at high latitudes (Figure 4b).

Martian pedestals can extend up to ~10 crater
diameters depending on crater size, age, and location
[5-6].  Based on our study, energy coupling of at least
1.0% (into an atmospheric blast) would be necessary
to create an erosion-resistant surface lag as a result of

the combination of blast winds and thermal effects out to
a distance of 10 crater diameters.

4a 4b
Figure 4: (4a): Image of a ~12 km diameter Martian pre-pedestal
crater. Scouring of the surface extends to ~8 crater diameters. (4b):
Image of a ~6 km diameter Martian pedestal crater. Pedestal extends
out to ~4 crater diameters. The bottom arrow points out an example of
a much smaller pedestal crater.

Present / Future Work: Recent laboratory
experiments [15] have captured the interplay between the
expanding vapor generated on impact and the developing
ejecta curtain, permitting investigation of the mechanics
of the early stages (~150 ms after impact) of the cratering
process. Comparisons of this experimental data with
computational data from applications of the present
model at such early times will lead to a better
understanding of the interactions between an impact-
induced vapor blast and the surrounding atmosphere,
perhaps narrowing down the possible values for the
extent of energy transfer.

More detailed modeling, benchmarked by laboratory
experiments, is needed to test the relative roles of the
atmospheric wind blast and temperature pulse for
different volatile-rich lithologies.  This, in turn, will help
assess locations of past volatiles across Mars.
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