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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. 

 
 

 
 

Role of Volatiles and Atmospheres on Martian Impact Craters 2005 3001.pdf



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. 
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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-
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