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ABSTRACT

 
SUMMARY:  The Mars Orbital Laser Altimeter (MOLA) 128 pixels/degree global 

topographic data set [1], in combination with Viking 256 pixels/degree rectified Mars 
digital image model (MDIMs) [2] and Mars Orbital Camera (MOC) images, provide 
resolutions high enough to measure Martian rampart craters in detail sufficient to 
perform volumetric analysis on both the crater cavity and the ejecta blanket. 
Comparing ejecta volume to crater cavity volume may lead to insights about crater 
formation and surface structure. 

BACKGROUND:  The morphology of the ejecta blankets of many Martian impact 
craters exhibits a lobate structure, with pronounced distal ridges bordering the ejecta 
facies. These craters have been termed rampart craters. The specific process which 
emplaces this type of ejecta is uncertain, but it may be some combination of a 
subsurface volatile component [3] and the Martian low pressure atmosphere [4]. 
Craters can provide a valuable tool to determine surface and subsurface properties, 
but the mechanics of their formation must first be understood. The purpose of this 
investigation was to develop a method for volumetric measurement of Martian 
rampart craters, and to analyze the data in terms of individual craters and potential 
regional trends. 

METHODOLOGY:  The craters selected for measurement (~120) are all of the 
craters with sufficient MOLA resolution exhibiting rampart characteristics located on 
the ridged plains geologic unit [5] of Lunae Planum, in an area ranging from 
approximately -30° to 30° latitude and 45° to 90° east planetocentric longitude, 
comprising Viking quads MC-10 and MC-18. This area was selected because of its 
relative flatness and smoothness, wide latitudinal coverage, and the presence of ridges 
intersecting rampart ejecta blankets, offering a method of verification of ejecta 
thicknesses.  

The system used for volumetric measurement involved several different software 
packages, which were combined to make the most consistent and efficient 
measurements possible. Craters in the field area were identified for measurement on 
Viking MDIMs. For each crater, an Excel worksheet was used to help automate the 
volume calculation process. A digital elevation model (DEM) was created from 
MOLA mission experiment gridded data records (MEGDRs). Two profiles were 
taken from the DEM, one through the northern area of the ejecta blanket, and one 
through the southern area. North and south profiles were used because the MOLA 
profiles from which the global MEGDRs were interpolated run in strips from north to 
south, and only actual MOLA tracks, not global MEGDR interpolations, were 
measured in order to maximize accuracy.  

The profiles of each crater were separated into three sections: rim, ejecta blanket, 
and rampart. The rim section was defined as the distance from the point at which the 
interior of the crater intersects the pre-impact surface to 1/5 of the crater radius 
outwards. The rampart section was defined as the distance from beginning of the 
upslope section at the edge of the ejecta blanket to the end of the downslope section. 
The ejecta blanket was defined as the distance between the end of the rim and the 
beginning of the rampart. These parameters were adjustable, and were altered to best 
fit each profile. Crater rim perimeter, ejecta rampart perimeter and ejecta area were 
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calculated using Viking 256 pixels/degree MDIMs and the ImageJ image processing 
program. Total ejecta volume was calculated by adding the cross sectional area of the 
rim multiplied by the crater rim perimeter to the cross sectional area of the rampart 
multiplied by the rampart perimeter to the average ejecta thickness multiplied by the 
ejecta area. The crater cavity was measured using the Gridview gridded topographic 
data analysis program [6].  

This particular system of volumetric calculation was used for several reasons. 
Based on observed characteristics, rampart crater ejecta seems to be emplaced as a 
continuous flow, on top of existing topography. Averaging ejecta thicknesses over the 
entire area based on sample profiles helps to ensure that topographical highs or lows 
are not included in the ejecta volume. Additionally, MOLA MEGDR data are 
interpolated between MOLA tracks. This interpolation can be very inaccurate, 
especially in areas with large topographical variations over short distances (e.g. crater 
rims (Figure 2) and ramparts). Using only actual MOLA tracks to approximate ejecta 
volume, rather than the interpolated MEGDR, bases the ejecta volume calculation on 
the most accurate data available.  

RESULTS AND ANALYSIS: The measured ejecta and cavity volumes were corrected 
to account for ejecta bulking, structural rim uplift [7], and down-driven material [8]. 
Since the methods of cavity correction were based on simple crater models, the data 
set was constrained to simple craters, based on observed characteristics. The average 
corrected ejecta volume to excavation cavity volume ratio was 1.03, with a standard 
deviation of 0.44. Best fit power regression formulas were applied to both ejecta and 
excavation cavity volumes vs. crater diameters, yielding formulas of Vej = 0.0158 Df 
2.8221, and Vec = 0.0242 Df 

2.6281, with R2 values of 0.69 and 0.78, respectively. 
These data suggest that despite a range of specific morphological differences 

between craters, the methodology and corrections are valid. Craters with especially 
high or low volume ratios were examined visually to determine the cause of the 
volume difference. Craters with low ejecta to cavity ratios often had eroded ejecta 
blankets. Craters with high ejecta to cavity ratios showed pedestal characteristics [9], 
or evidence of infilling of the crater cavity caused by either mass wasting or complex 
characteristics such as central uplift.  

Although no regional trends were observed over the entire field area, smaller, 
more specific areas may display trends in volume ratios, implying differences in 
surface ages or characteristics. Continuing research will examine such trends to better 
understand Martian surface characteristics and crater morphology. 

 
REFERENCES:  [1] Neumann, G.A. et al. (2003) LPSC XXXIV, 1978. [2] 

Archinal, B.A. et al. (2003) ISPRS Workshop. [3] Carr, M.H. et al. (1977) JGR, 82, 
4055-4065. [4] Schultz, P.H. and Gault, D.E. (1977) JGR, 84, 7669-7687. [5] Scott, 
D.H. and Carr, M.H. (1978) USGS Map I-1083. [6] Roark, J. et al. (2004) LPSC 
XXXV, 1833. [7] Melosh, H.J. (1989) Impact Cratering, Oxford. [8] Croft, S.K. 
(1980), LPSC XI, 2347. [9] Mitchell, D.E. et al. (2002), LPSC XXXIII, 1805. 
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1.1  PURPOSE 
 

The purpose of this project was to develop an approach for accurately measuring the 

ejecta and cavity volumes of Martian rampart craters, to correct the data to better 

reflect the actual volume of ejected material in relation to the actual ejecta cavity 

volume, and ultimately, to analyze the resultant data in terms of individual craters and 

specific surfaces, small regional areas, and the entire field area to look for 

morphological characteristics and trends which may lead to insights about rampart 

crater formation and Martian surficial structure.  

 

1.2  HISTORY OF MARS EXPLORATION 

 

It is not at all difficult to understand why the planet Mars has captured the creative 

and scientific interests of people all over the world, from the earliest recorded human 

history through the present, and will most assuredly continue to do so into the future. 

Mars’ reddish hue inspired ancient gods, and more recently, scientific curiosity. 

Telescopic observations during the 19th century provided tantalizing glimpses of a 

world much like our own, with clouds, polar caps, and a varied surface of light and 

dark areas, some of which seemed to shift seasonally. Giovanni Schiaparelli in 1877, 

and more famously Percival Lowell in the early 1900s, believed that the dark 

markings were huge canals, perhaps created by an advanced civilization trying to 

bring water from the polar caps to the equatorial regions. Although further 

investigation dismissed this theory, the idea of the potential for life on Mars was 

seeded in the public imagination. 
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It was not until Mariner 4 performed a flyby of Mars in 1965 that the surface was 

imaged in any degree of detail, showing a small area of a cratered, seemingly ancient 

surface. In 1972, as a global dust storm abated, Mariner 9 mapped 100% of the 

Martian surface at a resolution as high as 100 meters per pixel. The Mariner 9 global 

map revealed a much more varied and active planet, with canyons and volcanoes on a 

scale that dwarfed virtually all other planets in the solar system, including our own. 

However, there was no direct evidence that Mars was still a geologically active 

world. 

 

In the late 1970s, two spacecraft, Viking 1 and Viking 2, were sent to Mars. Each 

spacecraft consisted of an orbiter and a lander. The orbiters spent several years 

imaging the surface at global resolutions of between 150 and 300 meters per pixel, 

and selected areas (mostly potential landing sites) at 8 meters per pixel. The landers 

touched down at Utopia Planitia and Chryse Planitia, and performed a variety of 

experiments, including searching for evidence of life and seismic activity. 

Unfortunately, the soil was sterile and the seismometers remained silent. 

 

After these disheartening results, there were no more primary missions to Mars for 20 

years. In 1996, Mars Global Surveyor (MGS) was launched. MGS arrived in Mars 

orbit in September 1997 and began mapping the surface in impressive detail with its 

wide angle and narrow angle cameras and laser altimeter, returning an unprecedented 

amount of data. Shortly thereafter, the Mars Pathfinder lander arrived at Ares Vallis, 

and released a ‘microrover’ called Sojourner. The spectacular successes of both the 
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MGS and Pathfinder missions, and the public fascination that their detailed images of 

Mars created, prompted NASA to design and launch three more successful Mars 

missions, including another orbiter and two larger and more sophisticated rovers. The 

Mars Odyssey orbiter started mapping the Martian surface with its thermal emission 

spectrometer and gamma ray spectrometer in 2001. In January of 2004, two Mars 

Exploration Rovers, Spirit and Opportunity, landed at Gusev crater and Meridiani 

Planum. The rovers were designed to travel much further and perform far more 

detailed analyses than the Sojourner microrover, and have returned conclusive 

evidence that surficial liquid water once existed on Mars. The most recent spacecraft 

to reach Mars is Mars Express, launched by the European Space Agency in 2003. 

Mars Express is currently using a high resolution stereo camera to image the surface 

and to create detailed digital elevation models. 

 

With several orbiters and rovers currently exploring Mars, all of which have 

functioned far beyond their original design specifications and expectations, there is a 

huge amount of data available for analysis, all of which is publicly available. For 

information on accessing these data, please visit http://www.evanackerman.com 

/marsguide.  
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1.3  MARS CHARACTERISTICS 

 

Mars is the 4th planet from the sun. It lies at 1.524 AU from the sun, meaning that it 

receives only about ½ the solar energy that the Earth does. Mars has a year of about 

twice the Earth’s, at 687 days, but a day that is nearly identical, lasting 24 hours 37 

minutes. Also nearly identical is Mars’ axial tilt, at 25°. This means that Mars has 

seasons much like the Earth does, although to a lesser extent and with more 

variability due to its distance from the sun and more elliptical orbit. Mars is about half 

the size of the Earth, or twice the size of the moon, with an average radius of about 

3390 km. Its mass is 1/10 of Earth’s, at 6.42 x 1023 kg. It is approximately 2/3 as 

dense as the Earth, and Martian surface gravity is 38% Earth normal. Mars has two 

satellites, Phobos and Deimos. Due to their small size and irregular shape, they are 

thought to be captured asteroids (Hartmann, 1999).  

 

The average atmospheric pressure on Mars is only 1% of Earth’s. Chemically, the 

Martian atmosphere is 95% carbon dioxide and 3% nitrogen, with trace amounts of 

oxygen and water vapor. Despite the low water vapor content, clouds are still a 

common occurrence in the Martian atmosphere [Figure 1.2]. Although the CO2 

content is relatively high, the atmospheric pressure is not great enough to cause any 

sort of greenhouse effect, and surface temperatures range from 20 °C to less than -140 

°C depending on season, latitude, and elevation. The atmosphere also contains a large 

amount of dust. In addition to turning the sky pinkish red, this dust may help H2O and 
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CO2 to condense and precipitate out of the atmosphere, falling to the ground as frost 

during the winter (Hartmann, 1999). 

 

The surface of Mars exhibits an extremely varied topography, with massive volcanoes 

and volcanic flows, huge canyons and valleys, and features which appear to have 

been created by enormous floods. Most of the surface seems to be covered by fine 

windblown dust deposits, and evidence for active aeolian surface processes (i.e. dune 

migration and dust devils [Figure 1.1]) has been observed in remote sensing imagery. 

Some of the Martian surface is heavily cratered, but much of it is not, indicating that 

different regions of the surface are different ages, which implies that some kind of 

depositional (volcanic and/or aeolian) or erosional (aqueous and/or aeolian) processes 

have taken place. 
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Figure 1.1: Sample MOC images of active Martian surface processes. Left image 

shows a dust devil climbing a crater wall. Right image shows gullies in a crater wall. 

Image resolutions ~ 10 meters per pixel. MSSS MGS MOC releases MOC2-318, 8 

August 2002, and MOC2-787, 14 July 2004. 
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Mars has northern and southern polar ice caps which advance and retreat with the 

seasons. The polar ice is composed of CO2 and H2O, and is thought to be the primary 

reservoir of water on Mars. There are two other areas on Mars where water may be 

located; subsurface permafrost, and hydrated soil minerals (Hartmann, 1999). Stable 

liquid surficial water is not possible on Mars due to the low atmospheric pressure. 

 

Little is known about the Martian subsurface. Magnetic and gravity data indicate that 

Mars has an iron core which is a smaller fraction of its total mass than Earth’s. 

Although a number of Martian volcanoes display young morphological 

characteristics, a seismometer on the Viking 1 lander failed to register any large 

earthquakes. However, the majority of the Martian surface is basaltic in composition, 

and the sheer size of the Mars shield volcanoes implies either very active or very long 

duration volcanism, or both. Clearly, volcanism was a very significant part of Mars’ 

past (Hartmann, 1999). 

 

The other significant aspect of Martian surficial history is the role of water. Flow 

features are visible on the Martian surface at all scales, from gullies in crater walls 

[Figure 1.1] to braided stream channels and runoff systems to massive outwash 

features and megaripples. Most of these features are concentrated in the equatorial 

regions, and although they seem to provide overwhelming evidence for large amounts 

of water early in the history of Mars, where that water is today is as yet unknown. 
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1.4  INSTRUMENTATION, DATA SETS, AND SOFTWARE 

 

1.4.1  VIKING IMAGES 

 

The Viking project consisted of two separate spacecraft and landers, and lasted from 

1976 until the early 1980s. The orbiters’ high resolution cameras imaged the entire 

surface at resolutions of 150 to 300 meters per pixel, and selected areas (primarily 

candidate touchdown sites for the landers) at 8 meters per pixel. These images have 

been mosaiced together and georeferenced into the Mars Digital Image Mosaic 

(MDIM). The most recent version is MDIM 2.1 (Archinal et al., 2003), which has 

been improved from earlier versions in several ways. Firstly, the images have been 

geometrically orthorectified by draping them over MOLA topography. Secondly, the 

images have been georeferenced with MOLA data, which improved their spatial 

accuracy to 1.4 Viking pixels. The highest available resolution for MDIM 2.1 is 256 

pixels per degree in equirectangular planetocentric projection, which is the equivalent 

of approximately 230 meters per pixel at the equator. MDIMs are available for 

download from http://astrogeology. usgs.gov/Projects/MDIM21/.  

 

MDIM 2.1 provides highly accurate, medium resolution (compared to MOC and 

THEMIS) imagery of the entire Martian surface, making it ideal for measuring large 

surface features such as impact craters. 

 

 

 17



1.4.2  MOLA DATA 

 

The Mars Orbiter Laser Altimeter (MOLA) (Zuber et al., 1992) was originally 

constructed for the Mars Observer mission, and a spare was reused on Mars Global 

Surveyor (MGS). MOLA operates by firing an infrared laser at the surface and 

measuring the time it takes for the reflected laser energy to return. The elevation is 

calculated by combining this information with the location of the spacecraft in orbit 

around Mars. The local vertical resolution is 2 meters or better, and the horizontal 

resolution (spaces between shots) is 300 meters. As the spacecraft orbits around Mars, 

tracks are created. These tracks follow the centers from the MOC narrow angle 

images, but even when images are not being captured, the laser continues to take 

measurements. By the time the laser failed in 2001, over 640 million individual 

elevation measurements had been collected. These data have been combined into a 

global topographic map (Neumann et al., 2003), with resolutions as high as 128 pixels 

per degree, which is the equivalent of approximately 460 meters per pixel at the 

equator. These global Mission Experiment Gridded Data Records (MEGDRS) are 

available for download from http://pds-geosciences.wustl.edu/missions/ 

mgs/megdr.html.  

 

MOLA elevation measurements and MEGDRS provide three dimensional data, 

enabling volumetric analysis of impact craters. 
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1.4.3  MOC IMAGES 

 

The Mars Orbiter Camera (MOC) (Malin and Edgett, 2001) was originally 

constructed by Malin Space Science Systems (MSSS) for the Mars Observer mission. 

After the loss of Mars Observer, MOC-2, a spare instrument, was placed on MGS. 

MOC has two primary optic components: a wide angle camera with a maximum 

resolution of 280 meters per pixel, and a narrow angle camera with a maximum 

resolution of 1.4 meters per pixel, which is high enough to provide very detailed 

images. In general, narrow angle MOC images vary from 1.4 meters per pixel to 15 

meters per pixel, depending on the image. Recently, utilizing compensated pitch and 

roll targeted observations (cPROTO) targeting (Malin and Edgett, 2005), MOC has 

been able to achieve imaging resolutions as high as 0.5 meters per pixel. MOC 

images can be up to 2.8 km wide (crosstrack) and 25.2 km long (downtrack). Wide-

angle images provide global views of the surface with much less detail, and the wide-

angle camera has a variable spectral response to capture images in interpolated color. 

MOC Images, in raw and processed format, are available for download from 

http://ida.wr.usgs.gov and http://www.msss.com.  

 

For the purposes of this project, narrow angle images were used for high resolution 

analysis of surface and individual crater morphology.  
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1.4.4  THEMIS IMAGES 

 

The Thermal Emission Imaging System (THEMIS) (Christensen et al., 1999) aboard 

Mars Odyssey consists of two multi-spectral imagers: a 10 band thermal infrared 

imager, and a 5 band visible imager. The primary objective of THEMIS is to 

spectrally and thermally determine the localized mineralogy and petrology of the 

Martian surface. The maximum resolution of the visible spectrum imager varies from 

about 19 meters per pixel to about 40 meters per pixel, which provides a significantly 

wider field of view than MOC images. A wider field of view is important for larger 

features and regional geology, as well as surface coverage. THEMIS images are 

available for download from http://themis-data.asu.edu/mars-bin/mars_cgi_map.pl 

 

For the purposes of this project, THEMIS visible spectrum images were used for high 

and medium resolution of surface and individual crater morphology. 

 

1.4.5  SOFTWARE 

 

A variety of different programs were used to access, edit, measure, analyze, and 

compile data. All of the data used were public domain, and were accessed over the 

internet. The majority of the software packages were also public domain (developed 

through government funding) or shareware/freeware. The exceptions are Microsoft 

Excel, which was used to organize data and automate the majority of the calculation 
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processes, and ArcMap, which was used to project MOLA tracks and verify cavity 

volume calculations. 

 

Length and area measurements on Viking MDIM images were performed using 

ImageJ, an image analysis program developed at the National Institutes of Health. 

Documentation and an ImageJ executable file are available for download from 

http://rsb.info.nih.gov/ij/. Volumetric analysis of MOLA MEGDRs required several 

programs. 3DEM is terrain visualization software with built-in options for creating 

DEMs from MOLA MEGDR *.img files. Documentation and a 3DEM executable 

file are available for download from http://www.visualizationsoftware.com 

/3dem.html. GlobalMapper is terrain visualization software with DEM projection and 

measurement capabilities, including a Mars 2001 projection, and a profile 

measurement tool which can export Excel readable *.XYZ files of profile data. 

Documentation and a GlobalMapper executable file are available for download from 

http://www.globalmapper.com/. Gridview (Roark et al., 2004) is an IDL program for 

analyzing MOLA gridded data, and is able to measure volumes from MOLA 

MEGDRs. Documentation and a Gridview executable file are available for download 

from http://core2.gsfc.nasa.gov/mola_pub/gridview/gridview.html.  

 

1.5  GEOLOGIC MAPS 

 

Geologic maps of Mars are necessarily compiled from remote sensing data, i.e. crater 

counts to estimate surface age, cross cutting relationships, and inferences about  
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surface composition from surface features. As such, they must be used with caution, 

mindful of the methods employed to create them. 

 

The most recent global geologic map of Mars was compiled from Viking 

photomosaics by Greely et al. (1987), using units originally assigned by Scott and 

Carr (1978) based on Mariner 9 imagery. The units of this map were used to define a 

field area, although the analysis was not highly dependent on the accuracy of the 

geologic unit definitions. 

 

1.6  MARTIAN CARTOGRAPHY 

 

All of the data described above are spatially identified by their latitude, longitude, and 

in the case of the MOLA data, elevation. However, it is important to define the 

systems on which this information is based.  

 

The latitudes and longitudes discussed in this project were primarily based on the 

2001 east positive planetocentric (areocentric or just ‘ocentric’) coordinate system. 

This is a relatively new system in use, initially adopted by the MGS MOC and TES 

teams. Previously, there have been two IAU approved “official” Mars coordinate 

systems. One system is an east positive planetocentric system; the other is a west 

positive planetographic system. Planetographic differs from planetocentric in that 

planetographic accounts for the fact that Mars is not perfectly spherical (i.e. 

planetocentric bases coordinates on center of mass), and east and west positive 
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longitudes differ simply in the positive direction of longitudinal progression around 

the globe. Most Mars maps produced since the approval of these systems in 1970 

have used the west positive planetographic coordinate system (due to the fact that it 

acknowledges that the planet is not a sphere), and consequently, so does all of the 

subsequent published literature. However, the MOLA science team chose to use the 

east positive planetocentric coordinate system, since the spacecraft is designed to 

function (in terms of orbital locations and pointing data) based on the center of mass 

of the planet. Since the MOLA data has been used to create a new, far more accurate 

geodetic control network for Martian imagery such as the Viking version 2.1 MDIMs, 

it is likely that the east positive planetocentric coordinate system will become the 

accepted standard coordinate system for Mars data. However, there is a continuing 

debate on the subject of the most appropriate Mars coordinate system (e.g. Duxbury 

et al., 2001; Kirk, 2001; Malin, 2001).  

 

The third cartographic dimension is elevation. Terrestrially, elevation is defined as 

distance above sea level. Due to the lack of Martian seas, a different reference point is 

needed. The MOLA team uses the average Martian elevation, in the form of a best 

fitting sphere with no offsets from the center of mass (planetocentric), resulting in an 

average planetary radius (sea level) of 3389.50 km. The USGS, however, uses a 

planetographic coordinate system, which requires an ellipsoidal definition of the 

average elevation. Based on MOLA observations, the USGS has established a semi-

major (equatorial) axis of 3396.19 km and a semi-minor (polar) axis of 3376.20 km as 

the basis for their Martian reference system. Since MOLA data is the primary 
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elevation data set in this project, 3389.50 km is used for the Martian 0 elevation 

datum. 

 

1.7  IMPACTS AND IMPACT CRATERS 

 

Impact craters are one of the most ubiquitous and consistent geologic processes 

throughout the solar system. However, their origins and even their existence were not 

fully realized until the middle of the 20th century. Through lunar exploration and the 

discovery of large, ancient impact structures on Earth, it is now widely accepted that 

impacts are one of the most major, if not the most major, forces which shape the 

surface of planets.  

 

Serious studies of lunar craters began in the 1800s, during which time most geologists 

believed that the craters on the moon were volcanic in origin, largely for the reason 

that they are nearly all circular. Low velocity experimental impacts had demonstrated 

that circular impact craters were only created through a nearly vertical impact angle, 

which seemed to disprove the impact origin for lunar craters. It was not until the 

1930s that high velocity impacts were observationally equated to craters created by 

explosive force, and impact features were recognized to be the result of meteoritic 

processes. From that point, many ancient (and a few modern) impact features were 

recognized on the Earth, and the study of cratering on other planets began in earnest. 

Impact crater morphology can provide important insights about planetary surfaces 
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and surface processes, and many of the characteristics of craters are easily observable 

and measurable using remote sensing techniques.  

 

Craters are formed when meteoroids of sufficient size strike planetary bodies at 

sufficient velocity. On impact, the kinetic energy of the meteoroid is converted into 

mechanical, thermal, and acoustic energy in the impacted surface. Since this energy is 

usually transferred to the surface hypersonically (faster than the energy can propagate 

through the surface), a shockwave is formed, which is the source of the explosive 

force that creates the crater. Surface material is ejected while rock strata are bent 

upward and outward. Smaller craters retain their initial inverted hemispherical shape, 

while gravity causes larger craters to slump downwards, creating flat interior floors. 

Ejecta is spread over an area proportional to the size of the crater and dependent on 

the gravity of the surface, generally decreasing by a power function in thickness and 

clast size from the rim of the crater outwards. The final crater undergoes gravitational 

modification over time, as well as other modification processes, such as erosion, 

which may alter its characteristics. (Melosh, 1989). 

 

1.8  IMPACT PROCESSES 

 

The sequence of events which occurs during an impact can be divided into three 

major phases: the contact and compression stage, the excavation stage, and the 

modification stage. Although these stages are not discrete, each is controlled by a 

different set of physical processes, and each happens on a distinct timescale. The 
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contact and compression stage lasts only a few thousandths of a second or less for 

small impacts, and several seconds for the largest of impacts. The excavation stage 

lasts proportionally longer than the contact and compression stage, from seconds to 

minutes in duration. The modification stage is indefinite in duration, beginning with 

gravitationally induced slumping soon after excavation, and continuing as the crater is 

modified by erosive processes over time scales ranging for millions of years. (Melosh, 

1989). 

 

1.8.1  CONTACT AND COMPRESSION STAGE 

 

The first stage of an impact begins when the projectile contacts the target surface. As 

the projectile enters the surface, target material is compressed and pushed aside, being 

accelerated by the energy of the projectile to a significant fraction of the impact 

velocity. At the same time, the projectile itself is being slowed and compressed by 

resistance from the target surface. Throughout this process, the projectile is 

transferring energy to the surface faster than energy can propagate through the 

surface, creating a shock wave. The shock wave originates at the point at which the 

projectile first contacts the target surface and spreads outward, reaching hundreds of 

gigapascals (GPa) over an area comparable to the size of the projectile. This pressure 

causes both the projectile and the impact surface local to the projectile to either melt 

or vaporize. For impact velocities exceeding a few kilometers per second, the average 

energy per unit volume released by the impactor is equal to, or greater than, the 

energy per unit volume of chemical explosives. This high energy density, and its 
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general independence from either impactor characteristics or impact angle (except in 

extreme cases), has helped to foster the current understanding of cratering mechanics 

by associating impact craters with craters created by explosives. The contact and 

compression stage ends after the shock wave has traversed the projectile. (Melosh, 

1989). 

  

1.8.2  EXCAVATION STAGE 

 

The excavation stage begins as the shock wave created during the contact and 

compression stage propagates through the target surface. This shock wave is 

generally hemispherical, and eventually weakens to a stress wave as it expands and 

transfers its energy into the surface; heating, fracturing, and accelerating rock. The 

surface becomes compressed downward and outward, and ejected upward and 

outward, creating a hemispherical crater. The geometry of the excavation flow 

follows velocity vectors which are generally perpendicular to the contours of 

maximum pressure created by the projectile, forming an inverted cone of ejecta which 

expands outward with time, since the material with the fastest ejection velocity is 

closest to the impact point. As the ejecta curtain expands outward, the cavity diameter 

increases as its depth remains constant, leading to a flatter, more parabolic shape, 

with a depth to diameter ratio of between 1/4 and 1/3. This temporary parabolic 

cavity, which is formed after all material has been excavated and displaced from a 

crater, is called a transient crater. Transient crater formation signals the end of the 

excavation stage. (Melosh, 1989). 
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1.8.3  EJECTA DEPOSITS 

 

The majority of the mass ejected from a typical crater is deposited onto the surface 

outside the crater, with a small amount falling back into the crater. Very large craters 

may eject a small fraction of material at velocities sufficient to escape the 

gravitational pull of the impacted planet; this is the likely source of the Martian SNC 

meteorites. The morphology of the ejected material deposits depends primarily on the 

characteristics of the impacted surface.  

 

The ejecta are emplaced ballistically from the crater rim outward. The crater rim itself 

is composed half of structurally uplifted material, and half of low speed ejecta, which 

retains its original stratigraphy, forming an “overturned flap” of inverted rock units, 

first described by E.M. Shoemaker in Shoemaker, 1963, based on field studies of 

Meteor Crater in Arizona. The continuous ejecta field from the crater rim outwards is 

called the ejecta blanket. The extent of the ejecta blanket depends on the size of the 

crater, and its thickness decreases as a power function of the radial distance from the 

crater (Melosh, 1989). 

 

In 1802, J.H. Schröter postulated that the total volume of crater ejecta should equal 

the total volume of the crater cavity. This rule has been difficult to verify 

experimentally, but should be generally correct in principle, and provides the basic 

foundation for this research. 
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1.8.4  MODIFICATION STAGE 

 

The transient crater is representative of the total amount of material displaced during 

the impact, prior to the modification stage. The transient crater is transformed into the 

final crater during the modification stage, primarily through the effects of gravity, 

causing the crater slopes to slump to their angle of repose, widening the crater and 

making it shallower. At very small scales, the transient crater is nearly identical to the 

final crater, since the effects of gravity are minimized. As crater diameter increases, 

the difference in volume between the transient crater and final crater is more 

pronounced. The modification stage also extends across much longer timescales, 

covering erosive processes and eventual isostatic rebound, a combination of which 

may eventually reduce the crater from a terrain feature to an albedo feature (Melosh, 

1989). 

 

1.9  CRATER MORPHOLOGY 

 

Crater morphology is generally divided into two categories: simple craters and 

complex craters. The transition between these two types is primarily dependent on 

impact energy, which translates into a diameter and velocity dependence on a 

gravitationally and compositionally constant surface, and secondarily dependent on 

the characteristics of the impact surface. The onset of the diameter-type transition is 

inversely proportional to the gravity of the surface and directly proportional to the 

resiliency of the surface, and is consequently different for each planetary mass. 
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Transition points are measured through the relationship of crater depth ‘d’ to crater 

diameter ‘D.’ On Mars, the transition occurs at a diameter of about 7 km, with simple 

craters smaller than 7 km displaying a depth to diameter relationship of d = 0.14 D 

0.90, and complex craters larger than 7 km displaying a depth to diameter relationship 

of d = 0.19 D 0.55 (Garvin et al., 1999).  

 

Simple crater characteristics are controlled primarily by the strength of the target 

surface material. Simple craters are bowl shaped, with an interior slope steepest at the 

rim and decreasing toward the center of the crater, forming a smooth parabola with no 

flat floor at the center [Figure 1.4]. Crater depth is approximately 20% of crater 

diameter, while rim height is approximately 4% of crater diameter. Although the 

upper limit on simple crater size is gravity controlled, there is no lower limit, and 

simple craters with consistent characteristics are observable at the micro scale 

(Melosh, 1989). 
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Figure 1.4: Simple and complex crater characteristics.  

 

Complex crater characteristics are controlled primarily by the gravity of the impacted 

surface in addition to the energy of the impactor. The transition between simple type 

and complex type happens when the diameter of the crater becomes large and the 

walls of the transient crater are too steep to form a gravitationally stable parabolic 

shape. Slumping occurs as the slopes stabilize themselves to an angle of repose, and 

terraces form around the crater as material infills the cavity, creating a flatter interior 

floor. Complex craters may have layers of terraces, called scalloping. With a high 
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enough impact energy, rock local to the impact site can undergo fluid deformation 

during the contact and compression stage. This fluidity can cause the rock underlying 

the impact to rebound, much like the surface of water after being struck by a raindrop. 

The consequent uplifted structure that forms at the center of the crater is called a 

rebound structure, or central peak. The size (diameter and height) of the central peak 

is generally proportional to the diameter of the crater (Ackerman and Phillips, 2000).  

 

The very largest impact structures (and the largest individual geologic structures in 

the solar system) are multiringed basins. One of the rings is the original rim of the 

crater, while the others are likely slump and rebound features. Prominent ring 

structures are often spaced at √ 2 distances from the inner ring radius (i.e. 1, 1.4, 2 

etc. radii from the center of the crater), for an as of yet unknown reason. 

 

1.10  MARTIAN RAMPART CRATERS 

 

The term “rampart crater” refers to craters which display a specific type of ejecta, 

found in large numbers on Mars [Figures 1.5 and 1.6]. Rampart craters derive their 

name from a nearly continuous ring of hills (rampart) which bounds the distal edge of 

a continuous lobate ejecta flow with varying degrees of sinuosity. The minimum 

onset diameter for rampart craters is about 5 km, while the largest have diameters of 

about 40 km and display multiple ejecta lobes overlying each other. Unlike most 

ejecta on the moon and other planets, the lobate ejecta displayed by Martian rampart 
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craters does not decrease as a power law function of the radial distance from the rim, 

but exhibits a nearly continuous thickness over most of the ejecta blanket.  

 

 

Figure 1.5: Viking MDIM mosaic of a typical ~ 14 km diameter rampart crater. Note 

lobate ejecta facies and pronounced distal ramparts. The ejecta blanket has been 

emplaced over low ridges on the pre-impact surface. Crater shown is # 57. 
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The lobes themselves look much like terrestrial mudflows, leading many observers to 

conclude preliminarily that some volatilized component of liquid water must have been 

incorporated into the ejecta flow during the excavation phase (Carr et al., 1977; Barlow, 

1994, among others). This conclusion has been supported by numerical and experimental 

models (Ivanov et al., 1998; Gault and Greely, 1978). Based on these models and 

terrestrial analogs, the ramparts themselves may be comprised of finer entrained 

material piling up on larger boulders, which constrain the flow (Demura and Kurita, 

2000; Melosh 1989). 

 

A different process which can cause ejecta emplacement with lobate characteristics is 

atmospheric entrainment (Schultz and Gault, 1979). It has been showed experimentally 

that flow ejecta characteristics and ramparts can be created in targets comprised of fine 

sediments when there is sufficient atmospheric pressure, due to the creation of vortices 

which entrain the ejecta (Barnouin-Jha and Schultz, 1998; Schultz, 1992). Based on 

this atmospheric model, ramparts are formed by the terminal deposition of the vortex 

entrainment process (Schultz, 1984).  

 

In summary, although the specific process which emplaces lobate ejecta on Mars is 

uncertain, it seems to be a combination of subsurface liquid water content and 

atmospheric effects (Boyce and Roddy, 1997; Melosh, 1989; Schultz, 1987). It may 

therefore be possible to use Martian rampart crater ejecta characteristics to make 

inferences about the extent of subsurface liquid water on Mars (e.g. Boyce and Roddy, 

2000). 
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1.11  IMPACT MODELING 

 

The specific details of the cratering process are very complex, and are best 

determined primarily through experimentation, and secondarily through computer 

modeling, all in the context of observed crater characteristics. However, relatively 

simple mathematical models and numerical relations have been developed to help 

describe the process and estimate resultant characteristics of impact craters based on 

the impactor and the impacted surface. Such models also work in reverse, in that it is 

possible to make determinations about the cratering process based on measurements 

of the final crater. 

 

A common mathematical cratering model, which offers an acceptable combination of 

simplicity and kinematic description, is called the Z-Model, first developed for 

explosion craters by D. E. Maxwell (Maxwell, 1976), and later refined to apply to 

larger impact craters by S.K. Croft (Croft, 1981). The model is based on integration 

of an excavation flow field, which is defined by ‘streamlines.’ Streamlines are the 

flow paths that particles take during the ejection process, assuming that there is no 

compression of the pre-impact surface and that particles follow ballistic trajectories 

after exiting the ground plane. The streamline dimensions are a function of the size of 

the transient crater and Z, a scalar which defines their shape. The Z value most 

applicable to the streamline scalar is 2.7071, since it implies the conservation of 

vertical momentum over the entire flow field. The Z-Model is theoretically able to 
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calculate excavation cavity volumes, which will be compared to the excavation cavity 

volumes measured in this project to test both the measurements and the model. 

 
 
Figure 1.7: Z-Model of impact cratering, illustrating the streamlines that mass 

follows during the excavation process. Ve is the ejecta cavity volume, Vu represents 

the volume of the rim structural uplift, and Vt represents the volume displaced 

downwards. (Image from Croft, 1980). 

 

1.12  IMPLICATIONS OF RESEARCH 

 

The purpose of this project was to develop an approach for accurately measuring the 

ejecta and cavity volumes of Martian rampart craters, to correct the data to better 

reflect the actual volume of ejected material in relation to the actual ejecta cavity 

volume, and ultimately, to analyze the resultant data in terms of individual craters and 

specific surfaces, small regional areas, and the entire field area to look for 
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morphological characteristics and trends which may lead to insights about rampart 

crater formation and Martian surficial structure.  

 

The methodology developed in this project provides an accurate and efficient method 

to measure and correct cavity volumes for Martian rampart craters. The information 

collected can be analyzed in many other contexts besides volumes; the measurement 

system was designed to create many options for data interpretation. Volumetric 

analysis and related analyses may also help to constrain the mechanisms of formation 

of Martian rampart craters. Impact crater morphology can provide important 

information about the surface of Mars, and analyzing crater characteristics over 

specific and general regions can assist in a more detailed classification of Martian 

surficial geology.  
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2.1  MEASUREMENT SYSTEM 

 

There were two primary elements to the measurement system developed for this 

project: ejecta volume measurement, and excavation cavity volume measurement. 

Each part required a different approach. The first task when developing a 

methodology for both parts was to determine what, exactly, needed to be measured, 

and how the measurements needed to be integrated and corrected to determine the 

final volumes. After the methodology was determined, a data set was defined based 

on a field area and the specific crater characteristics required for measurement and 

analysis, and a Microsoft Excel spreadsheet was created to assist in structuring the 

data set and automating measurements and calculations. 

 

2.2  VOLUME MEASUREMENTS 

 

2.2.1  EJECTA VOLUME 

 

Ejecta volume refers to the total amount of material which is removed from crater 

during the excavation process, and subsequently deposited on the pre-impact surface. 

The volume of this material, then, is directly related to the total volume contained 

between the unmodified pre-impact surface and the post-impact surface. Determining 

this volume must therefore involve measurements of both of these surfaces, 

subtracting the pre-impact surface from the post-impact surface to find the amount of 

ejecta deposited. Furthermore, it is necessary to measure both an area component and 
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a thickness component to derive a volume. Considering the data sets available, the 

area component is provided by a variety of imaging sources, including Viking based 

Mars Digital Image Mosaic (MDIM) version 2.1 image mosaics (Archinal et al., 

2003), Mars Orbiter Camera (MOC) images (Malin and Edgett, 2001), and Thermal 

Emission Imaging System (THEMIS) visible spectrum images (Christensen et al., 

1999). The thickness component of the surface is provided by Mars Orbiter Laser 

Altimeter (MOLA) elevation data (Zuber et al., 1992; Neumann et al., 2003). 

However, several factors had to be considered when basing a methodology on these 

data.  

 

Firstly, although the area component is provided at a variety of resolutions from 

different imaging instruments, the thickness component derived from MOLA data has 

a very high vertical resolution, and a very low and non-uniform horizontal resolution 

(spatial distribution), since the data are constrained to tracks made by the laser, which 

is effectively a point source. Secondly, there is no way to directly measure the pre-

impact surface beneath the ejecta facies. Thirdly, modification of the post-impact 

surface (through processes such as secondary cratering) would artificially alter the 

ejecta volume.  

 

Considering these factors, the primary constraint to the methodology is the resolution 

of the MOLA data. Mouginis-Mark et al. (2004) developed an interactive software 

package to measure crater characteristics based on MOLA 128 pixel per degree Mars 

Experiment Gridded Data Record (MEGDR) digital elevation models (DEMs). Since 
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the DEMs make horizontal interpolations between individual MOLA tracks, there are 

several sources of error and limitations to this method. The primary source of error 

are instances where no actual MOLA measurement is located, for example, on the 

crest of a crater rim, which yields a rim height in the DEM which is lower than the 

actual rim height. As the size of the feature being measured decreases, this 

uncertainty due to interpolation increases, until it is unfeasible to use the DEM 

method to make volumetric measurements [Figure 2.1]. In general, areas without 

large and non-uniform changes in elevation over short distances are more resilient to 

the effects of interpolation. Unfortunately, rim and rampart volumes are an important 

part of the measurement goal of this project, and in the context of the resolution of the 

DEM interpolation, the generated topography is highly inaccurate.  

 
Figure 2.1: Craters with poor MOLA track distribution, illustrating the effects of 

DEM interpolation. 
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Attempts were made to determine exactly what the “smoothing effect” of translating 

MOLA tracks into 128 pixel per degree MEGDR is, to quantify the amount of error 

introduced by taking MOLA profiles out of the DEM instead of using actual track 

data, which would be very time consuming. Due to problems with areoreferencing 

systems and the DEM creation process, this has not yet been possible. 

 

A solution to the DEM resolution issue is to use only the non-interpolated areas of the 

DEM that have been derived from actual MOLA tracks. However, this returns the 

original issue: high resolution topographical data in only one dimension, with no 

spatial coverage. Clearly, some interpolation is necessary. When considering actual 

MOLA tracks, there is a compromise that must be made through this interpolation in 

terms of accuracy, spatial coverage, and efficiency. The ideal method would be to use 

all of the actual MOLA tracks contained within the DEM to determine the topography 

of the rim, rampart, and ejecta facies across those profiles, and use the profile 

thicknesses to make direct estimates of the topography of the areas between the 

tracks. This method is impractical for two main reasons: firstly, making direct 

measurements of a large number of profiles, while the most accurate method for 

individual craters, is impractical for measuring a large number of craters due to its 

time intensive nature, and secondly, the density of MOLA tracks on small to medium 

sized craters is not usually high enough to create an accurate topographical grid of the 

entire ejecta facies. Therefore, the remaining option is to use a smaller, more efficient 

number of accurate tracks and make a larger interpolation about the ejecta facies. 
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The specific number of profiles used is arbitrary; more profiles may make the 

interpolation more accurate (assuming a significant spatial variability of facies 

characteristics), but are more time consuming to collect. A reasonable approach, 

combining efficiency with coverage, might be to use two profiles: one from north to 

south through the center of the crater, and one from east to west through the center of 

the crater. However, the actual MOLA tracks run from north to south [Figure 2.2], 

parallel to the orbit of the spacecraft, meaning that east to west profiles would 

contain, at best, a large amount of interpolation, and at worst, no real MOLA data at 

all. Consequently, only north and south profiles were used. This reduced the number 

of necessary profiles to one, which covers the north side and the south side of the 

ejecta facies. It is true that this may, in some cases, be an inaccurate representation of 

the topography of the eastern and western ejecta facies, but based on the directionality 

of the MOLA data, unless the crater has a particularly high density of MOLA tracks 

(which is generally only the case with larger craters), there are no accurate 

measurements of data in these regions.  

 

The final methodology decided upon was to use two profiles: one from the northern 

edge of the ejecta facies to the interior of the crater, and one from the interior of the 

crater to the southern edge of the ejecta facies. The north to south profile was split 

into two separate profiles so that separate northern and southern tracks could be used, 

if available, for each crater. A fringe benefit of this method was that it enabled, in 

most cases, profiles to be selected which were as representative as possible of the 

morphology of the entire ejecta blanket (as viewed on both the DEM and Viking, 
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Figure 2.2: MOLA tracks extracted using ISIS and overlaid on a 128 pixel per degree 

MEGDR DEM in ArcMap, illustrating the track geometry and variability in 

distribution. Center crater is ~ 22 km in diameter. 

 

MOC, and/or THEMIS imagery) and the pre-impact surface. This minimized errors 

which would be introduced by topographical variability of the pre-impact surface (i.e. 

ridges), and post-impact modification of the ejecta facies (i.e. secondary cratering), 

by basing the topography of the entire ejecta blanket on profiles taken over an areas 

which were as representative and pristine as possible. Furthermore, craters with 

relatively poor profile resolution (i.e. few actual MOLA tracks) could still be 

measured just as accurately as craters with many tracks, since all that is strictly 
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necessary for the ejecta thickness interpolation is one single track running through the 

crater.  

 

The principle disadvantage of this method is that the topography of the entire ejecta 

facies is based on the topography of only two profiles, which assumes a largely 

homogenous deposition of ejecta, in terms of an arbitrary radial cross-sectional ejecta 

area. To attempt to compensate for potential regional variability, the northern and 

southern profiles were averaged when calculating cross sectional areas and volumes. 

A comparison of the cross sectional areas of the north and south profiles gave a sense 

of the regional variability of ejecta thickness, which was used to calculate percent 

error. As discussed above, in many cases, especially with smaller craters, there are no 

good data for the eastern and western regions of the ejecta blanket, making it difficult 

to determine how the volume calculated from north and south profiles would differ 

from a volume calculated with additional east and west profiles.  

 

The north and south profiles, as extracted from the DEM, are raw location and 

elevation (X, Y, Z) data points, with elevations expressed in relation to the average 

global altitude (“sea level”) of Mars. Basically, the profiles are of the post-impact 

surface. To determine ejecta volumes, a pre-impact surface must be established. This 

is the elevation of the surface that the impact occurred into, and as such, can be 

defined by the elevation of unmodified points outside of the ejecta facies. Subtracting 

the pre-impact surface from the post-impact surface in the profile yields a cross- 

sectional ejecta thickness area. 
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To convert ejecta thickness into ejecta volume, linear and planar measurements were 

necessary. The most comprehensive imagery of Mars is the Viking-based Mars 

Digital Image Mosaic (MIDM) version 2.1, which provides coverage of the entire 

surface at a resolution of 256 pixels per degree, which translates to about 230 meters 

per pixel at the equator. To assess the accuracy of measurements made with the 

Viking mosaics, 5 craters of varying diameters (~5km to ~25 km) were measured 

using Viking images, THEMIS visible spectrum images, and MOC narrow angle 

images. The MOC and THEMIS images were downloaded in raw, unprocessed, and 

unprojected format, in order to ensure that the Viking data was calibrated to accurate 

imagery. The images were decompressed, rectified, and measured using ISIS 2.1. The 

specific methods employed for this processing are lengthy, and can be viewed at 

http://www.evanackerman.com/marsguide. Average differences between 

measurements made on Viking and MOC/THEMIS images were less than 5%. 

 

Spatial measurements necessary for the calculation of ejecta volume were crater area, 

crater radius/diameter, crater rim perimeter (rim length), ejecta area, and ejecta lobe 

perimeter (rampart length). Using the ImageJ image processing program, these reduce 

to only two physical measurements per crater. Measuring the area contained within 

the rim perimeter yields the length of the rim as well as the area of the crater, from 

which can be derived the crater radius/diameter. This method also helps to 

compensate for craters with non-circular rims. Measuring the area contained within 

the ejecta lobe perimeter yields the length of the rampart and the ejecta area, after the 

crater area is subtracted. 
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 The final step was to integrate the cross sectional area of the average of the north and 

south ejecta profiles over the area of the ejecta facies in order to determine the total 

ejecta volume. To do this most accurately, the ejecta facies were separated into three 

regions: rim, ejecta blanket, and rampart. Each region was integrated over a different 

area. The cross sectional area of the rim region was multiplied by the length of the 

rim (crater perimeter). The cross sectional area of the rampart was multiplied by the 

length of the rampart (ejecta perimeter). This leaves the volume of the ejecta blanket. 

When determining ejecta blanket volume, the sinuosity of the ejecta must be 

accounted for, in that the radial distance from the crater to the distal edge of the ejecta 

varies depending on the lobateness of the ejecta facies. To compensate for this, an 

average thickness was taken of the ejecta blanket, which was then multiplied by the 

area of the ejecta blanket. The average thickness was weighted in proportion to radial 

distance, to correct for the fact that as radial distance increases, the amount of ejecta 

over the entire ejecta blanket at that distance also increases. Cross sectional areas 

based on average thicknesses were compared with cross sectional areas based on 

integration of the actual profile thicknesses to determine the validity of this method, 

and the areas were within 5%. These three volumes (rim, ejecta blanket, and rampart) 

were summed to determine the total ejecta volume. 

 

The total ejecta volume is a measurement of the total amount of material above the 

pre-impact surface, but this is not equal to the total amount of material excavated 

from the crater. Two corrections must be made to determine the excavated volume. 

The first correction is for ejecta bulking, which is the decrease in density (increase in 
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porosity) caused by fragmentation. This correction is defined as ρsolid / ρfragmented, 

where the values of ρ depend on the characteristics of the pre-impact surface 

material(s). For basalt, ρsolid ≈ 3011 kg/m3 and ρfragmented ≈ 1954 kg/m3 (Walker, 

2004), yielding a ∆ρ of approximately 1.54. The measured ejecta volume must be 

multiplied by this bulking coefficient to reintegrate the fragmented mass back into the 

solid pre-impact surface. The second correction is for structural rim uplift. During the 

excavation phase of crater formation, material is deformed upward due to 

compressive stress and resultant fracturing, and brecciated material is forced into the 

crater walls, pushing the rim upwards. This structural uplift accounts for 

approximately half of the final height of the rim, based on observational 

measurements (Melosh, 1989, Shoemaker 1963) and numerical simulations (Croft, 

1980). The remainder of the rim is comprised of ejected material. Therefore, half of 

the rim volume must be subtracted from the total ejecta volume, since it is displaced, 

not ejected, material. 

 

After the application of these corrections, the resultant volume represents the total 

amount of material ejected from the crater, which should be equal to the volume of 

the excavation cavity. 
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2.2.2  EXCAVATION CAVITY VOLUME 

 

Cavity volume can refer to several different volumes, since the size and shape of a 

crater cavity changes rapidly throughout the short term impact process, and continues 

to change slowly over the long term modification process. The specific cavity volume 

that this project considers is the excavation cavity volume, which represents the total 

volume of material ejected from the crater. However, the excavation cavity volume is 

a theoretical construct, in that it is not directly observable, either during or after the 

impact occurs. Furthermore, the only measurable cavity volumes of Martian craters 

are the final cavity volumes, which may reflect complex features and post-impact 

modification, in addition to transient rim collapse. Considering the available data, the 

only option is to measure final cavity volumes, and attempt to extrapolate excavation 

cavity volumes based on experimental observations and numerical models of 

cratering. 

 

The first step was to measure the final cavity volume. This volume was defined as the 

area between the pre-impact surface (derived from the profile data) and the interior of 

the crater. For volumetric analysis, the primary source of data are MOLA DEMs. As 

discussed above, MOLA DEMs are inaccurate in areas with large, non-uniform 

changes in elevation over small distances, and when there are a low number of actual 

MOLA tracks. However, crater interiors generally exhibit relatively constant slope 

changes over their interior surfaces, and even interpolated MOLA DEMs in areas 

with few profiles yield undistorted crater cavities. Distortion increases at the rim of 
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the crater, but as the rim is above the pre-impact surface, this does not affect the final 

cavity volume measurement. To verify the integrity of the interpolated cavity volume, 

profiles were taken along actual north to south MOLA tracks through the interior of 

the crater, and compared to purely interpolated east west profiles. It was found that 

for the smallest craters, the profiles were nearly identical as long as there were at least 

two profiles that intersected within about a 25% radial distance of the center of the 

crater. The accuracy of the interpolations decreases as the crater gets larger and more 

complex, but as the size of the crater increases, the number of MOLA tracks through 

it also increases, enhancing the resolution. In general, it was possible to visually 

determine the level of distortion of the cavity caused by DEM interpolation, and 

craters with significant cavity distortion were not measured.  

 

The measurement itself was done using Gridview software (Roark et al., 2004), 

which was capable of measuring the exact cavity volume based on the pre-impact 

surface; no additional calculation was necessary. To attempt to verify the accuracy of 

the volume calculation, ArcMap was also used to determine final cavity volumes 

from MOLA DEMs for several test craters, using the 3DAnalyst extension. The 

results from these two methods were within 5%, but Gridview was used as the 

primary volume calculation program due to its simplicity.  

 

The next phase was correcting the final cavity volume to the excavation cavity 

volume. In order to make this correction, several assumptions had to be made. Firstly, 

the craters were assumed to be simple craters, since complex craters develop 
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structural features, such as central peaks, which can affect volume measurements. 

Secondly, the measured final cavity volumes were assumed to be without external 

modification, i.e. no infilling due to aeolian processes, and no subsequent cratering. 

Although crater wall slumping and mass wasting have a significant effect on the 

geometry of the final crater, they represent only mass relocation, and the volume of 

the crater cavity remains constant. Thirdly, volume effects due to projectile mass, 

target vaporization, and fallback ejecta were assumed to be negligible (Settle, 1979). 

 

The first correction was for the volume difference between the transient cavity and 

the final cavity [Figure 2.3, area Vt]. The transient cavity represents the total volume 

of displaced material, but a significant fraction of this material is not ejected from the 

cavity. Approximately 50% of the final volume of a crater is due to the displacement 

of material downward. This percentage has been estimated through numerical Z-

models (Croft, 1980; Croft, 1981; Maxwell, 1976), computer simulations (Schultz, 

1981), and experimental observations (Melosh, 1989; Stoffler et al., 1980). Therefore, 

the final cavity volume was divided by 2 to account for this displaced mass. 
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Figure 2.3: Z-Model illustration of displaced volumes from Croft (1980). During the 

excavation process, mass follows the paths of the streamlines. Ve is the ejecta cavity 

volume, Vu represents the volume of the rim structural uplift, and Vt represents the 

volume displaced downwards. 

 

The second correction is for the volume of material displaced outward [Figure 2.3, 

area Vu]. As described above, approximately half of the volume of the rim is 

structural uplift, caused by deformation and injection of brecciated material into the 

pre-impact surface. In order to determine the excavation cavity volume, this uplifted 

volume must be added to the final cavity volume, since it represents material which 

was displaced during the excavation process, but not actually excavated from the 

crater. 
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After the application of these corrections, the resultant volume represents the total 

volume of the excavation cavity, which should be equal to the amount of material 

ejected from the crater. 

 

2.3  DATA SET 

 

2.3.1  FIELD AREA 

 

There were several criteria which were considered when a field area was selected for 

this project. Firstly, the field area needed to be a single, consistent geologic unit with 

a known primary composition. Crater morphology is highly dependent on target 

characteristics, and comparing crater data across geologic units would introduce a 

variety of complex variables. Specifically, areas with subsurface layering, rock types 

with differing structures or densities, or partially non-cohesive (i.e. sedimentary) 

surfaces, can produce craters with depths and diameters in varying proportions to the 

energy of the impactor. Secondly, the field area needed to be sufficiently large to 

provide enough data for a meaningful analysis of potential regional trends in ejecta 

volume ratios. Thirdly, the field area needed to be relatively flat and smooth in order 

to minimize measurement variables. 

 

The field area chosen was the Hr/Hprg Hesperian Ridged Plains unit comprising most 

of Lunae Planum and Sinai Planum, as initially defined by Scott and Carr (1978), and 

redefined by Greely et al. (1987) [Figure 2.4]. Although the unit extends to areas 
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besides Lunae Planum and Sinai Planum, this study focused on those regions, since 

they are nearly contiguous and offer latitudinal coverage from 30° north to 30° south. 

The unit is interpreted as consisting of volcanic flows (Scott), more specifically low 

viscosity lavas (Greely), meaning that the surface is basaltic. The ridged plains unit 

also closely resembles lunar maria and has approximately the same crater density, 

which may simplify data analysis. 

 
Figure 2.4: USGS map of Mars MDIM 2.1 quads, with an insert of the MC-10 and 

MC-18 geology from Greely et al. (1987). The Hr/Hprg ridged plains unit is 

displayed in purple.  

 
 

Once the field area had been established, Mars MDIM 2.1 digital image mosaics of 

the field area were downloaded. The majority of the Lunae Planum/Sinai Planum 

Hprg geologic unit was covered by combining quadrangles (quads) MC-10 (Lunae 

Palus) and MC-18 (Coprates). MC-10 covers an area of latitude 0° N to 30° N, and 

east longitude 45° E to 90° E. MC-18 covers an area of latitude 0° S to 30° S, and 
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east longitude 45° E to 90° E. Each quad was downloaded at the highest resolution 

available, which is currently 256 pixels per degree, in *.jpg format equirectangular 

(simple cylindrical) projection from http://astrogeology.usgs.gov/Projects/ 

MDIM21/#Download. The quads were divided into 4 subquads comprising their NW, 

NE, SW, and SE regions. These subquads were shrunk to a physical size of 36 inches 

by 24 inches, printed, and laminated. Each subquad was then delineated with geologic 

unit boundaries following the geologic maps. The Hr/Hprg areas within these 

delineated subquads represented the final field area. 

 

2.3.2  CRATER IDENTIFICATION 

 

Craters were identified for measurement on each subquad according to several 

criteria. The crater had to lie within the Hr/Hprg geologic unit. The crater had to 

exhibit clear rampart characteristics, and could not be too eroded. Ideally, the crater 

showed one single ejecta lobe, rather than multiple overlapping lobes. Multi lobed 

craters were also measured, however, and their characteristics were noted in case 

there was a variation in the data that they presented. After a given crater was 

identified for measurement, it was outlined on the subquad and assigned an arbitrary 

reference number. These reference numbers were generally consecutive, but were for 

data referencing purposes only and bear no relationship, spatial or otherwise, to the 

craters to which they refer. Craters which did not meet all of the measurement criteria 

were crossed off on the subquad to ensure that no crater was missed. Ultimately, all 
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of the visible craters (rampart or otherwise) on the Hr/Hprg unit of the Lunae Planum 

field area were either numbered for measurement or crossed off.  

 

Some of the measurement criteria were subjective, such as state of erosion, and 

experience with remote sensing data and Martian craters was helpful in determining 

which craters would provide sufficiently accurate data. In many cases, the data 

collection process for a given crater would be initiated, and then abandoned due to 

highly eroded facies, insufficient MOLA coverage, or another major source of error. 

The approximately 120 craters presented in this study are the end result of this 

selective measurement process, representing all of the rampart craters on the Lunae 

Planum field area with data accurate enough for analysis.  

 

2.4  MEASUREMENTS 

 

Firstly, a new worksheet for each specific crater was created from a spreadsheet 

template. A folder was also created to contain the DEM and profile data for each 

crater. The measurement process itself began with MOLA DEMs and profiles. This 

may seem counterintuitive, but the latitude and longitude of the crater was 

automatically extracted from the profile data by the spreadsheet, and the Viking 

image resolution is calculated from the crater latitude. Since the image resolution is 

necessary for measurements made on the Viking MDIMs, it is more efficient to input 

the profiles into the spreadsheet first. 
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2.4.1  MOLA DEM PROFILES 

  

DEMs of each crater were extracted from MOLA 128 pixels/degree MEGDRs. The 

MEGDR terrain models were loaded into 3DEM version 18.9 in Latitude/Longitude 

(as opposed to Sinusoidal) projection. Each crater was located on the MEGDR, and 

the zoom factor was increased until the crater took up most of the frame. The frame 

was then exported as a USGS format ASCII (text based) DEM. This DEM of the 

crater was then opened using GlobalMapper version 5.10. The DEM itself is not 

projected, although it does contain inherent projection information derived from the 

original MEGDR. The DEM is projected by configuring GlobalMapper to use a 

Geographic (Latitude/Longitude) projection, on an Interplanetary (Mars 2001) 

Datum, with Arc Degrees as the Planar Units. This datum uses 339619.0 and 

3376200.0 as definitions of the Mars semi-major and semi-minor axes, respectively.  

 

With the DEM projected, profiles were taken of the crater and ejecta blanket. Two 

profiles were taken along actual MOLA tracks: one profile from the northern edge of 

the ejecta blanket to the interior of the crater, and one profile from the interior of the 

crater to the southern edge of the ejecta blanket. The actual MOLA tracks run north-

south +/- about 8 degrees, meaning that the most accurate MEDGR data are located 

along narrow strips running slightly north-northwest to south-southeast, and north-

northeast to south-southwest [Figure 2.2]. These actual tracks can be visually 

identified in the MEGDRs in areas with steep slopes, such as crater rims and 

ramparts, since MEGDR interpolations are the most inaccurate in areas with large 
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changes in elevation over short distances [Figure 2.1]. Care was taken to use profiles 

which were as representative of the ejecta blanket, rim, rampart, and pre-impact 

surface as possible. For example, profiles generally avoided secondary craters in the 

ejecta blanket, as well as topographical features on the pre-impact surface.  

 

The profiles were taken using the 3D Profile tool in GlobalMapper [Figure 2.5]. Each 

profile was saved as an *.XYZ file, which contained 1024 sets of latitudes, 

longitudes, and elevations. The number 1024 is a constant which is hard coded into 

the GlobalMapper software; each profile was 1024 points long irrespective of the 

actual profile distance. This means that in most cases, a significant portion of the 

profile is an interpolation. However, these interpolated points do not decrease the 

accuracy of the profile, they simply increase its resolution, and a constant profile 

length is necessary due to the analytical structure of the spreadsheet. 

 

The profiles were imported into Excel, and pasted into the corresponding cells. The 

spreadsheet automatically plotted the profiles on graphs and performed all of the 

calculations as soon as both profiles were entered [Figure 2.5]. These calculations 

were based on the default rim width and rampart slope definitions, which were 

appropriate for many, but not all, craters. If necessary, the coefficients defining the 

rim and rampart boundaries were adjusted to better match the characteristics of each 

profile.  
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2.4.2  VIKING SPATIAL MEASUREMENTS 

 

One dimensional (length) and two dimensional (area) measurements were made using 

Viking 256 pixel/degree MIDIM subquads and the ImageJ version 1.33p image 

processing program. For each crater, the appropriate full size MDIM subquad was 

opened in ImageJ. The crater was located on the image, and depending on the size of 

the crater, the zoom tool was used to resize the image to maximize measurement 

accuracy. Since the MDIMs are mosaics of different Viking frames, image 

enhancement was often used to help visually define morphological boundaries. Most 

often, these enhancements were adjustments to brightness or contrast, typically 

decreasing brightness while increasing contrast. Occasionally, look up tables (LUTs) 

were used to add color to the images, which served (in some cases) to enhance the 

morphology. 

 

Before measurements could be made on the image, the scale had to be set. The scale, 

in kilometers per pixel (derived from the latitude of the crater, taken from the 

profiles), was taken from the spreadsheet for the specific crater and input into the 

“Scale” menu in ImageJ. “Distance in Pixels” was set to 1.00, and “Known Distance” 

was set to the resolution value from the spreadsheet. “Pixel Aspect Ratio” for the 

MDIM mosaics was 0, and “Unit of Length” was set to km.  

 

Measurements were made using one primary ImageJ measuring tool. Due to the 

structure of the spreadsheet and the measurement outputs that ImageJ provides, only 
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two area measurements were necessary. The measurement tool which provided the 

most accuracy was the “Freehand Selections” tool, which allowed non-polygonal 

delineations of crater and ejecta area. The tool was first traced around the crater rim, 

and the Results window returned the rim perimeter and internal area of the crater, 

which were input into the spreadsheet. The tool was then traced around the perimeter 

of the rampart, and the Results window returned the rampart perimeter and the 

internal area of the ejecta facies, which were input into the spreadsheet [Figure 2.6]. 

 
Figure 2.6: Screenshot of a ~ 14 km diameter rampart crater being measured in 

ImageJ, and the data entered in the Excel spreadsheet. The green box denotes the 

location of a MOC narrow angle image. Crater shown is # 57. 
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2.4.3  MOLA DEM Cavity Volumes 

 

The final cavity volume was measured using the Gridview software package (Roark 

et al., 2004). MOLA MEGDR *.img files containing the field area were opened, and 

the zoom tool was used until the crater being measured took up most of the field of 

view. Color filters and stretches were applied, depending on the crater morphology, to 

help visually define the crater rim [Figure 2.7]. The volume calculation process 

within Gridview began with the creation of a shapefile, which is a user-created 

polygon that defines the boundaries of the analysis area, in this case, the crater rim. 

After the creation of the shapefile, Gridview displayed two cross sections of the field 

of view: one south to north, and one west to east. Moveable guides on the profiles 

visually constrained the analysis area [Figure 2.8]. The vertical lines were based on 

the shapefile, and the lower horizontal line was based on the lowest point in the 

profile. The upper horizontal line was the line which, in this case, defined the pre-

impact surface. This line was generally set to the elevation of the crater, and then 

altered to best fit the pre-impact surface as shown in the south to north profile, which 

was the most accurate profile due to the nature of the DEM, as discussed above. The 

cavity volume calculation option was selected, and Gridview performed the 

operation, calculating the volume between the area where the upper (pre-impact 

surface) guide intersects the vertical shapefile defined lines, and the interior cavity of 

the crater. The result is displayed was km3, and was entered into the spreadsheet. 
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Figure 2.7: MOLA 128 meter per pixel MEGDR DEM of a ~14 km diameter rampart 

crater in the Gridview program (left), accompanied by a Viking 256 pixel per degree 

MDIM image of the same crater (right). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Gridview volume calculation cross sections showing the profiles, guides, 

and the definition of the pre-impact surface. 

 66



2.5  EXCEL SPREADSHEET 

 

After the methodology was determined and the data set was defined, a Microsoft 

Excel spreadsheet was created to assist in structuring the data set and automating 

measurements and calculations. A separate worksheet on a primary spreadsheet 

template was used for each crater. The spreadsheet was designed to minimize the 

amount of measurements needed, while maximizing accuracy and analytical options. 

The inputs to the data sheet for each crater were reduced to the following: crater 

number and USGS Mars quad number for data referencing, crater area and perimeter, 

ejecta area and perimeter, cavity volume, and two topographical profiles. From these 

inputs, the spreadsheet automatically calculated all of the characteristics used in the 

analysis. 

 

The automated calculation process began with the topographic profiles being inserted 

into the spreadsheet. The spreadsheet determined the average elevation of the final 10 

points in the profile, and used this elevation to define the pre-impact surface, which 

effectively becomes an elevation of 0 m. Next, the spreadsheet separated the ejecta 

blanket into three sections, each of which was analyzed separately. The first section 

was the rim section. The start of the rim section was defined as the point at which the 

pre-impact surface intersected the interior crater wall. The end of the rim section was 

defined as a distance of one-fifth of the crater radius from the start of the rim section 

(Melosh, 1989). However, this is a general approximation, and does not always fit the 

profile data. Consequently, 0.2r was used as the default value, but it could be changed 
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to best fit the profile data. The rim crest was defined as the highest point within the 

first half of the profile. The second section is the ejecta blanket, which was defined as 

the area between the end of the rim section and the start of the third section, the 

rampart section. The rampart section was defined based on slopes. The default 

minimum inner rampart slope was 0.02, and the default minimum outer rampart slope 

was -0.02. As with the rim width, these values could be changed to best fit the profile 

data.  

 

After these areas were defined, the spreadsheet calculated the areas between each 

consecutive point in the profile, which were used to determine the cross sectional 

areas of the rim and rampart, and the average ejecta thickness. These measurements 

were combined with the spatial measurements and the corrections were applied to 

calculate the total ejecta volume, which was compared with the corrected ejecta 

cavity volume to determine the final ejecta to cavity ratio. 

 

The spreadsheet inputs and calculations were defined as follows: 

 

2.5.1 CRATER INFORMATION 

 

Crater Number 

Arbitrary reference number denoting each specific crater in the field area. 
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Latitude 

=ROUND((AVERAGE([First Latitude of North Profile],[First Latitude of South 

Profile])),2) 

 

This equation takes the first latitude point from each MEGDR profile. The profiles 

always start inside the crater, so the first points best represent the latitude of the crater 

itself. The two points, from the northern and southern profiles, are averaged to better 

estimate the latitude of the center of the crater. The result is rounded to two decimal 

places. 

 

Longitude (Planetographic West Positive)  

=ROUND((AVERAGE((180+[First Longitude of North Profile]),(180+[First 

Longitude of South Profile]))),2) 

 

This equation takes the first longitude point from each MEGDR profile and adds 180 

in order to convert from the original DEM longitude projection to USGS 

planetographic west positive longitude. The profiles always start inside the crater, so 

the first points best represent the longitude of the center of the crater. The two points, 

from the northern and southern profiles, are averaged to better estimate the longitude 

of the center of the crater. The result is rounded to two decimal places. The 

planetographic west positive longitude is included in the spreadsheet since the 

majority of the older Mars maps, and literature which refers to them, use this 

coordinate system. 
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Longitude (Planetocentric East Positive) 

=360-[Planetographic West Positive Longitude] 

 

This equation subtracts the planetographic east positive longitude from 360 to convert 

to planetocentric west positive longitude. This coordinate system is the primary one 

for this investigation, and is used by the MOLA team and for the newest version (2.1) 

of the MOLA control net rectified Viking MDIMs. 

 

Quad 

Denotes the Viking MDIM quad and subquad where the crater is located. 

 

USGS NA 

Links to a narrow angle MOC image of the crater from the USGS website 

(http://ida.wr.usgs.gov), if available. 

 

USGS WA 

Links to a wide angle 256 pixels per degree Viking context image of the crater from 

the USGS website (http://ida.wr.usgs.gov), if available. 

 

Viking Resolution (km/px) 

=((2*PI()*(3389.508*1000*SIN(RADIANS(90-[Latitude]))/360))/256)/1000 
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This equation calculates the resolution, in kilometers per pixel, of the Viking 256 

pixels per degree context image or MDIM subquad. Since the quads and subquads 

cover relatively large areas of the Martian globe, their resolutions are expressed in 

pixels per degree, as the actual resolution (in kilometers/pixel) changes (increases) 

from the equator toward the poles, as the lines of longitude move closer together. This 

equation takes the latitude of the image and subtracts it from 90 to determine the 

angular distance from the pole. The sine of this angle, in radians, is multiplied by the 

equatorial average radius of Mars, in meters, to give radius of a circle which 

circumnavigates Mars at the given latitude. Multiplying this radius by 2π gives the 

equatorially parallel circumference of Mars at the given latitude, in meters. Dividing 

by 360 gives the distance between 2 consecutive lines of longitude, or the physical 

distance of one degree at the given latitude, in meters. Dividing the number of 

meters/degree by 256 pixels/degree (the Viking image resolution) gives the number 

of meters per pixel, and dividing by 1000 converts to kilometers per pixel. This 

resolution is used in distance and area measurements on the digital Viking MDIM 

images. 

 

MSSS NA 

Links to a narrow angle MOC images of the crater from the Malin Space Science 

Systems website (http://www.msss.com/), if available. 
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MSSS WA 

Links to a wide angel MOC image of the crater from the Malin Space Science 

Systems website (http://www.msss.com/), if available. 

 

THEMIS 

Links to a THEMIS visible spectrum image of the crater from the THEMIS website 

(themis.asu.edu), if available. 

 

Notes 

Space for any notations about the particular crater, such as ridges intersecting the 

ejecta blanket, multiple ejecta lobes, or other interesting characteristics.  

 

2.5.2  CRATER DATA 

 

Crater Area (km2) 

Input from measuring the area of the crater from a Viking 256 pixels/degree MDIM 

subquad in ImageJ. 

 

Crater Rim Perimeter (km) 

Input from measuring the perimeter of the crater rim from a Viking 256 pixels/degree 

MDIM subquad in ImageJ. 
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Inferred Crater Diameter (km) 

=ROUND((2*(SQRT([Crater Area]/PI()))),3) 

 

This equation calculates the diameter of the crater, inferred from the measured area 

by reversing the circular area calculation to solve for the radius and multiplying by 2. 

The result is rounded to 2 decimal places. This method for determining diameter is 

used since non-circular craters have varying diameters, and any one single transect 

may not best represent the actual crater diameter. 

 

Crater Volume (km3) 

Input from calculating the volume of the crater from a MOLA 128 pixels/degree 

MEGDR in Gridview. 

 

Ejecta Lobe Area, Inclusive (km2) 

Input from measuring the area of the ejecta facies from a Viking 256 pixels/degree 

subquad in ImageJ. The area of the crater is included in this measurement. 

 

Ejecta Lobe Perimeter (km) 

Input from measuring the perimeter of the ejecta facies from a Viking 256 

pixels/degree MDIM subquad in ImageJ. 
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Ejecta Lobe Area, Actual (km2) 

=ROUND(([Ejecta Lobe Area, Inclusive]-[Crater Area]-[Rampart Area]-

(((((PI()*(0.5*[Crater Diameter]*1000+((INDEX($[D/O]$1:$[H/S]$1022,MATCH 

([North Rim Start Distance]+((0.5*[Crater Diameter])*1000*[North Rim Width 

Coefficient]),$[D/O]:$[D/O],1),1))-(INDEX($[D/O]$1:$[H/S]$300,MATCH(LARGE 

($[H/S]$1:$[H/S]$300,1),$[H/S]$1:$[H/S]$300,0),1))))^2)-(PI()*(0.5*[Crater 

Diameter] *1000)^2))/(1000^2))+(((PI()*(0.5*[Crater Diameter]*1000+((INDEX 

($[D/O]$1:$[H/S] $1022,MATCH([South Rim Start Distance]+((0.5*[Crater 

Diameter])*1000*[South Rim Width Coefficient]),$[D/O]:$[D/O],1),1))-

(INDEX($[D/O]$1:$[H/S]$300,MATCH( LARGE($[H/S]$1:$[H/S]$300,1),$[H/S] 

$1:$[H/S]$300,0),1))))^2)-(PI()*(0.5*[Crater Diameter]*1000)^2))/(1000^2)))/2)),3) 

 

This equation calculates the area of only the ejecta facies. From the total inclusive 

ejecta lobe area is subtracted the crater area and the rampart area. The third area 

subtracted is the area of the outside section of the rim. Only the outside section of the 

rim is subtracted since the inside of the rim (the area between the rim crest and the 

pre-impact surface inside the crater) is accounted for in the crater area. The outside 

section area is calculated by subtracting the area of a circle with a radius equal to the 

radius of the crater from the area of a circle with a radius equal to the radius of the 

crater plus the distance from the rim crest to the outside of the rim. This area is 

calculated based on the rims from both profiles, and the areas are averaged. The final 

actual ejecta lobe area is rounded to 3 decimal places. 
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Average Ejecta Thickness (km) 

=ROUND((([North Average Ejecta Thickness]+[South Average Ejecta 

Thickness])/2),3) 

 

This equation calculates the average ejecta thickness for the crater, based on the 

average of the average thicknesses of the northern and southern topographic profiles. 

The result is rounded to 3 decimal places.  

 

North-South Ejecta Thickness Ratio 

=ROUND(([North Average Ejecta Thickness]/[South Average Ejecta Thickness]),2) 

 

This equation calculates the ratio between the average ejecta thicknesses determined 

from the northern and southern topographic profiles, rounded to 2 decimal places. 

This number is a measurement of the variability of the ejecta thickness in two regions 

of the ejecta facies, and consequently, the potential uncertainty of the average ejecta 

thickness as used to calculate the total ejecta volume. 

 

Ejecta Lobe Volume (km3) 

=ROUND(([Ejecta Lobe Area, Actual]*[Average Ejecta Thickness]),3) 

 

This equation calculates the volume of the ejecta lobe by multiplying the actual ejecta 

lobe area by the average ejecta lobe thickness. The result is rounded to 3 decimal 

places. 
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Inferred Rim Width (km) 

=ROUND(((([North Rim Width Coefficient]+[South Rim Width 

Coefficient])/2)*(0.5*[Crater Diameter])),3) 

 

This equation calculates the average width of the crater rim. Crater rim width is 

defined as the distance from the point at which the interior of the crater intersects the 

preimpact surface, outwards to a point at which either there is a certain break in slope, 

or more generally, to a certain percentage of the crater radius, commonly 0.20. The 

endpoint for the crater rim in this project is a percentage, separately determined 

visually for each topographic profile. The two percentages are averaged and 

multiplied by half of the inferred crater diameter to calculate the rim width. The result 

is rounded to 3 decimal places. 

 

Average Peak Rim Height (km) 

=ROUND((([North Peak Rim Height]+[South Peak Rim Height])/2),3) 

 

This equation calculates the average peak height of the crater rim by averaging the 

peak rim heights determined from the northern and southern profiles. The result is 

rounded to 3 decimal places. 

 

Rim Volume (km3) 

=ROUND(((([North Rim Thickness Area]+[South Rim Thickness Area])/2)*[Rim 

Uplift Scalar]*[Crater Rim Perimeter]*[Ejecta Bulking Scalar]),3) 
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This equation calculates the total volume of the rim by averaging the north and south 

rim thickness areas. The area is integrated from the profile data and the rim width. 

The resultant average is multiplied by the rim uplift scalar to account for structural 

uplift beneath the rim ejecta, multiplied by the rim perimeter to integrate the rim cross 

sectional area into the rim volume, and then multiplied by the ejecta volume scalar to 

correct for bulking. The final result is rounded to 3 decimal places. 

 

Average Rampart Width (km) 

=ROUND((([North Rampart Width]+[South Rampart Width])/2),3) 

 

This equation calculates the average width of the distal rampart. The proximal and 

distal edges of the rampart are defined by breaks in slope, the specific coefficients of 

which are separately determined visually for each topographic profile. The widths of 

the ramparts in the northern and southern profiles are averaged, and the result is 

rounded to 3 decimal places. 

 

Average Peak Rampart Height (km) 

=ROUND((([North Peak Rampart Height]+[South Peak Rampart Height])/2),3) 

 

This equation calculates the average peak height of the distal rampart by averaging 

the peak rampart heights determined from the northern and southern profiles. The 

result is rounded to 3 decimal places. 
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Rampart Area (km2) 

=ROUND(([Average Rampart Width]*[Ejecta Lobe Perimeter]),3) 

 

This equation calculates the total surface area of the distal rampart by multiplying the 

average rampart width by the perimeter of the ejecta facies. The result is rounded to 3 

decimal places. 

 

Rampart Volume (km3) 

=ROUND(((([North Rampart Thickness Area]+[South Rampart Thickness 

Area])/2)*[Ejecta Lobe Perimeter]*[Ejecta Bulking Scalar]),3) 

 

This equation calculates the total volume of the distal rampart by multiplying the 

average thickness areas of the north and south ramparts by the ejecta lobe perimeter 

(rampart length), and then correcting for ejecta bulking. The result is rounded to 3 

decimal places. 

 

Total Ejecta Volume (km3) 

=ROUND(([Rim Volume]+[Ejecta Lobe Volume]+[Rampart Volume]),3) 

 

This equation calculates the total ejecta volume by adding the total volume of the rim 

ejecta to the total volume of the ejecta lobe to the total volume of the distal rampart. 

The result is rounded to 3 decimal places.  
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Excavation Cavity Volume (km3) 

=([Crater Volume]*[Crater Volume Scalar])-([Rim Volume]/[Ejecta Bulking Scalar]) 

 

This equation multiplies the measured final cavity volume by a volume scalar which 

corrects for the material driven downwards and outwards during the impact, and 

subtracts the structural rim volume (uncorrected for bulking) which was present in the 

transient crater. 

 

Ejecta/Cavity Ratio 

=ROUND(([Total Ejecta Volume]/[Excavation Cavity Volume]),2) 

 

This equation calculates the ratio of the corrected ejecta volume to the excavation 

cavity volume. In other words, it is the ratio of the volume of material measured 

outside the crater to the volume of material estimated to have been ejected from the 

crater. The result is rounded to 2 decimal places. 

 

Crater Elevation 

=ROUND(((((AVERAGE($[G/R]$1014:$[G/R]$1024))+(AVERAGE($[E/P]$1014:$

[E/P]$1024)))/2)/1000),3) 

 

This equation calculates the elevation of the pre-impact surface on which the crater is 

situated. The pre-impact surface is determined by the average elevation of the last 10 

MOLA points on the MEGDR profiles, averaged between the northern and southern 
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profiles and converted from meters into kilometers. The result is rounded to 3 decimal 

places. The elevation measurements themselves are in meters above or below the 

average elevation datum (radius) of Mars. 

 

2.5.3  PROFILE DATA 

 

Column E/P 

The data in this column are the longitudinal location of each topographic data point, 

imported from a MOLA MEGDR profile. 

 

Column F/Q 

The data in this column are the latitudinal location of each topographic data point, 

imported from a MOLA MEGDR profile. 

 

Column G/R 

The data in this column are the elevation of each topographic data point above or 

below the Mars datum, in meters, imported from a MOLA MEGDR profile. 

 

Column D/O 

=((2*PI()*(3389.508*1000*SIN(RADIANS(90-[Latitude]))/360))*ACOS((COS(90-

F1)*COS(90-[Next Latitude]))+((SIN(90-[Latitude])*SIN(90-[Next Latitude]))*COS 

([Longitude]-[Next Longitude])))) 
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This equation calculates the distance between each data point, in meters, while 

correcting for the difference in distances between longitudinal points caused by 

latitude change. 

 

Column H/S 

=[Elevation]-((AVERAGE($[G/R]$1014:$[G/R]$1024))) 

 

This equation calculates the relative elevation in meters of each data point above or 

below the pre-impact surface, which is defined by the last 10 data points in the 

profile. 

 

Column I/T 

=[Relative elevation]*(([Distance from Start of Profile]+0.5[Crater Diameter]*1000)-

(INDEX($[D/O]$1:$[D/O]$1022,MATCH(LARGE($[G/R]$1:$[G/R]$1022,1),[G/R]

:[G/R],0),1))) 

 

This equation calculates the ejecta thickness as a function of the radial distance from 

the center of the crater. 

 

Column J/U 

=([Distance from Start of Profile]+0.5*[Crater Diameter]*1000)-(INDEX($[D/O] 

$1:$[D/O]$1022,MATCH(LARGE($[G/R]$1: $[G/R]$1022,1),[G/R]:[G/R],0),1)) 
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This equation calculates the distance of each point from the center of the crater. It 

finds the largest elevation value on the profile (at the crater rim), and subtracts the 

distance from the start of the profile to the rim, from the radius of the crater plus the 

distance of each point along the profile.  

 

Column K/V 

=([Next Elevation]-[Elevation])/([Next Distance]-[Distance]) 

 

This equation calculates the slope between two consecutive data points. These slopes 

are used in the automatic identification of rampart boundaries. 

 

Column L/W 

=([Next Distance]-[Distance])*[Elevation] 

 

This equation calculates the area between two points under the ejecta profile. These 

areas are summed over different distances to calculate cross sectional areas. 

 

Start of Rim Distance 

=INDEX($[D/O]$1:$[H/S]$500,MATCH(0,$[H/S]$1:$[H/S]$500,1),1) 

 

This formula finds the inside edge of the rim (the point at which the crater cavity 

intersects the pre-impact surface) by searching the first 500 data points for the 
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elevation that is closest to 0, and then correlating that point with its distance from the 

start of the transect. 

 

End of Rim Distance 

=INDEX($[D/O]$1:$[H/S]$500,MATCH([Start of Rim Distance]+((0.5*[Crater 

Diameter])*1000*[Rim Width Coefficient]),[D/O]:[D/O],1),1) 

 

This formula determines the location at which the rim ends by adding the start of rim 

distance location to the radius of the crater multiplied by the rim width coefficient, 

which is a visually determined percentage of the radius based on the topographic 

profile. The default percentage is 0.20. The total distance is matched to the closest 

data point at that distance from the start of the transect to find the location of the end 

of the rim. 

 

Rim Width (km) 

=([End of Rim Distance]-[Start of Rim Distance])/1000 

 

This equation calculates the width of the rim by subtracting the start of rim distance 

from the end of rim distance and dividing by 1000 to convert from meters to 

kilometers. 
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Peak Rim Height (km) 

=(OFFSET(INDEX($[D/O]$1:$[H/S]$500,MATCH(LARGE($[H/S]$1:$[H/S]$500,

1),$[H/S]$1:$[H/S]$500,0),1),0,4))/1000 

 

This equation finds the peak rim height by searching the first 500 points in the profile 

for the highest elevation, and then converts that elevation from meters to kilometers. 

 

Rampart Crest Distance 

=INDEX($[D/O]$600:$[H/S]$1022,MATCH(LARGE($[H/S]$600:$[H/S]$1022,1),$

[H/S]$600:$[H/S]$1022,0),1) 

 

This formula determines the location of the rampart crest by searching for the largest 

elevation value in the last 20% of the profile, and then correlating that point with its 

distance from the start of the profile. 

 

Rampart Outer Distance 

=OFFSET(INDEX($[D/O]$1:$[K/V]$1022,MATCH([Minimum Outer Rampart 

Slope Coefficient],$[K/V]$900:$[K/V]$1022,1),1),900,0) 

 

This formula determines the location of the distal edge of the rampart by searching 

the last 10% of the transect slopes for the first slope which is less than or equal to a 

visually determined minimum slope based on the topographic profile, and then 
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correlating that point with its distance from the start of the profile. The default 

minimum outer rampart slope is -0.02. 

 

Rampart Inner Distance 

=OFFSET(INDEX($[D/O]$1:$[K/V]$1022,MATCH([Minimum Inner Rampart 

Slope Coefficient],$[K/V]$600:$[K/V]$900,1),1),600,0) 

 

This formula determines the location of the proximal edge of the rampart by 

searching from data point 600 to data point 900 for the first slope which is greater 

than or equal to a visually determined minimum slope based on the topographic 

profile, and then correlating that point with its distance from the start of the transect. 

The default minimum inner rampart slope is 0.02. 

 

Rampart Width (km) 

=([Rampart Outer Distance]-[Rampart Inner Distance])/1000 

 

This equation calculates the width of the rampart by subtracting the rampart inner 

distance from the rampart outer distance and dividing by 1000 to convert from meters 

to kilometers. 

 

Peak Rampart Height (km) 

=(OFFSET(INDEX($[D/O]$500:$[H/S]$1024,MATCH(LARGE($[H/S]$500:$[H/S]

$1024,1),$[H/S]$500:$[H/S]$1024,0),1),0,4))/1000 
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This equation finds the peak rampart height by searching the last 500 points in the 

profile for the highest elevation, and then converts that elevation from meters to 

kilometers. 

 

Average Ejecta Thickness 

=(SUM((INDEX($[D/O]$1:$[I/T]$1022,MATCH[End of Rim Distance], 

$[D/O]:$[D/O] ,0),6)):(INDEX($[D/O]$1:$[I/T]$1022,MATCH[Rampart Inner 

Distance],$[D/O]: $[D/O],0),6)))/1000)/(SUM((INDEX($[D/O]$1:$[J/U] $1022, 

MATCH([End of Rim Distance],$[D/O]:$[D/O],0),7)):(INDEX 

($[D/O]$1:$[J/U]$1022,MATCH([Rampart Inner Distance],$[D/O]: $[D/O],0),7)))) 

 

This equation calculates the average thickness of the ejecta blanket. It corrects for 

proportional ejecta thicknesses increases with radial distance by dividing the sum of 

the ejecta thicknesses as a function of radial distance by the total radial distance. 

 

Ejecta Thickness Area 

=SUM((OFFSET(INDEX($[D/O]$1:$[L/W]$1022,MATCH([End of Rim Distance] 

,$[D/O]$1:$[D/O]$1022),1),0,8)):(OFFSET(INDEX($[D/O]$1:$[L/W]$1022, 

MATCH([Rampart Inner Distance],$[D/O]$1:$[D/O]$1022),1),0,8)))/1000^2 

 

This equation calculates the cross sectional area (thickness area) of the ejecta blanket 

along the profile. The areas between each point are summed from the end of the rim 
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to the beginning of the rampart, and the result is divided by 10002 to convert from 

square meters to square kilometers. 

 

Rim Thickness Area 

=SUM((OFFSET(INDEX($[D/O]$1:$[L/W]$1022,MATCH([End of Rim 

Distance],$[D/O]$1:$[D/O]$1022),1),0,8)):(OFFSET(INDEX($[D/O]$1:$[L/W]$102

2,MATCH([Rampart Inner Distance],$[D/O]$1:$[D/O]$1022),1),0,8)))/1000^2 

 

This equation calculates the cross sectional area (thickness area) of the rim. The areas 

between each point are summed from the beginning of the rim to the end of the rim, 

and the result is divided by 10002 to convert from square meters to square kilometers. 

 

Rampart Thickness Area 

=SUM((OFFSET(INDEX($[D/O]$1:$[L/W]$1022,MATCH([End of Rim Distance] 

,$[D/O]$1:$[D/O]$1022),1),0,8)):(OFFSET(INDEX($[D/O]$1:$[L/W]$1022,MATC

H([Rampart Inner Distance],$[D/O]$1:$[D/O]$1022),1),0,8)))/1000^2 

 

This equation calculates the cross sectional area (thickness area) of the rampart. The 

areas between each point are summed from the beginning of the rampart to the end of 

the rampart, and the result is divided by 10002 to convert from square meters to 

square kilometers. 
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2.5.4 PROFILE GRAPHS 

 

The graph of each profile is a simple plot of distance from the start of the transect on 

the x axis versus the elevation relation of each data point to the pre-impact surface on 

the y axis. Arrows along the x axis denote the rim start and end locations and the 

inner and outer rampart locations. The coefficients below the graph (Rim Width, 

Minimum Outer Rampart Slope, and Minimum Inner Rampart Slope) are tied to the 

equations on which the arrows are based, so that the coefficients can be matched 

visually with each topographic profile.  
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The results from each individual crater were compiled in a master spreadsheet, so that 

characteristics of the entire data set could be compared to determine the integrity and 

accuracy of the data set as a whole, and to search for trends in crater morphology. A 

decision was made to constrain the data set to craters with diameters less than 12 km, 

to attempt to minimize craters with complex characteristics, which would effect 

cavity volume measurements. Although the simple to complex transition diameter on 

Mars is approximately 7 km (Garvin et al., 1999), this would restrict the data set to 

only 10 craters. Visually, and considering the resolution of the MOLA DEMs, 

complex characteristics were not apparent until craters reached diameters of between 

10 km and 15 km. It was observed that setting an upper diameter limit of 12 km 

preserved the veracity of the data displayed by craters of smaller diameters. The 

implications of this 12 km upper diameter limit for interpretation of the data set are 

discussed below, in reference to specific trends.  

 

3.1  VOLUME TRENDS 

 

Figure 3.1 displays the relationship between crater diameter and ejecta volumes, and 

crater diameter and excavation cavity volumes. The regression lines are best fit least 

squares power regressions. Excavation cavity volume is related to apparent crater 

diameter by the function 0.0242 Df 
2.6281. The correlation coefficient of this regression  
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function is 0.784, meaning that 78.4% of the excavation cavity volume variation is 

due to crater diameter dependence, which is a significant correlation. Ejecta volume is 

related to crater diameter by the function 0.016 Df
 2.82. The correlation coefficient for 

this regression function is 0.693, which is also a significant correlation, especially in 

geologic terms.  

 

The relationship between diameter and apparent (final) cavity volume is Vf = 0.068 

Df 2.58, which is similar to the relation Vf = 0.04 Df 2.68 found by Garvin et al. (2000). 

The correlation coefficient for this regression function is 0.839. There is also a very 

strong relationship between apparent cavity volume and the corrected excavation 

cavity volume. The final cavity volume is related to the excavation cavity volume by 

the function 0.36 Vec 
1.04. The correlation coefficient for this regression function is 

0.984.  

 

3.2  VOLUME RATIOS 

 

Figure 3.2 displays the ratios between ejecta volumes and the excavation cavity 

volumes for each crater. The average ejecta volume to excavation cavity volume ratio 

is 1.034, with a standard deviation of 0.44, implying that 2/3 of the data points fall 

within 41% of a volume ratio of 1:1. As shown in the graph, this variability in volume 

ratios is fairly large, although almost all of the ratios are within 50% and 200% of a 

1:1 ratio. This variability is illustrated in Figure 3.3, which is a histogram of the  
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volume ratio data, showing how the data are distributed around the average. An ideal 

normal distribution is shaped like a bell curve. The distribution of the volume ratio 

data indicates that while a larger proportion of ratios are less than one, there is a 

wider range of ratios which are greater than one. 

 

3.3  LOCATION CORRELATIONS 

 

The data were graphed by latitude and longitude, with volume ratio as a third 

variable, in order to look for regional trends in volume ratios. Figure 3.4 shows the 

distribution of data over the field area. The area of each circle represents the ejecta 

volume to excavation cavity volume ratio. No overall trends appear to be present, 

although there may be some more specific trends in smaller areas. Note that the 

uneven data distribution is due to the constraint of the data set to a specific geologic 

unit. Figure 3.5 is a graph of how volume ratios change in relation to latitude 

normalized to distance from the equator. There may be a weak, very general trend 

toward larger ratios closer to the equator, but the correlation coefficient is almost 

zero, implying that within the field area, ejecta to excavation cavity volume ratios are 

independent of latitude. 
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Figure 3.4: Graph of the volume ratios by location. Each bubble represents the ratio 

of ejecta volume to transient cavity volume for a crater at that location. The 

underlying image is a Viking MDIM of the general field area. Distribution of the data 

points is due to the Hprg geologic unit which defined the specific field area.  
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4.1  ANALYSIS OF METHODS 

 

The primary purpose of this project was to develop an approach for accurately 

measuring the ejecta and cavity volumes of Martian rampart craters. The methods 

which were developed produced an average ejecta volume to excavation cavity 

volume ratio of 1.04, which is what was predicted intuitively by Schröter’s rule. 

However, an average ratio of 1:1 to one significant figure does not necessarily 

validate the methodology, since it could imply systematic overestimation or 

underestimation of both the ejecta and excavation cavity volumes. Careful analysis of 

the sources of error and uncertainty are required to be confident in the data. 

 

The primary source of error when calculating ejecta volumes was the interpolated 

resolution of the MOLA MEGR DEMs. In order to minimize this source of error, the 

topography of the entire ejecta blanket was inferred from two profiles along accurate 

MOLA tracks. However, this creates a new source of error by making the assumption 

that the topography of the ejecta blanket is generally homogenous. To quantify this 

uncertainty, the ejecta volume was calculated two additional times: once using only 

the northern topographical profile, and once using only the southern topographical 

profile. These two volumes were used to calculate a percent difference, which was a 

measure of the variability of the ejecta topography from the north side of the crater to 

the south side of the crater.  The average uncertainty of the data set was 34%, 

implying that the thickness measurements were accurate within +/- 34%. 
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To determine the cause of this uncertainty, DEMs and MDIM images of craters with 

high ejecta uncertainties were analyzed. In most cases, the high uncertainties were 

due to a sloping pre-impact surface. For example, crater # 87 had a north to south 

ejecta thickness ratio of 0.094, meaning that the southern ejecta blanket was ten times 

as thick on average as the northern ejecta blanket. The profile in Figure 4.1 shows the 

sloping terrain. The effect of slope is that the pre-impact surface, which is defined for 

each profile at a constant elevation, becomes inaccurate. The upslope profile 

artificially loses mass while the downslope profile artificially gains mass.  

 

 
 
Figure 4.1: Profile of crater # 87 showing the sloping terrain which led to an 

inaccurate definition of the pre-impact surface, causing high ejecta volume 

uncertainty. 
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The majority of craters with high ejecta volume uncertainty proved to be on slopes, 

with the uncertainty directly proportional to the steepness of the slope. However, 

averaging the two profiles compensated for this, so despite the high uncertainty, the 

measurement was still accurate. 

 

The only other source of error in the ejecta volume calculation, aside from the 

bulking coefficient which is discussed below, are the Viking MDIM measurements. 

The Viking images were tested against MOC and THEMIS imagery, and their 

relative accuracy when measuring linear or planar area features was within 5%. The 

human error introduced during the measuring process was probably on the order of 

230 meters (1 pixel) for linear measurements of small craters with high zoom factors, 

to 750 meters (3 pixels) for linear measurements of larger craters with low zoom 

factors. This translates into a maximum uncertainty of less than 5% of the crater 

diameter, which is relatively small. 

 

The excavation cavity volume calculation depended on several correction coefficients 

which were based on numerical modeling and observational estimation. The volume 

of structural uplift of the rim was defined as 50% of the rim volume (Melosh, 1989, 

Croft, 1980, Shoemaker 1963), and the volume of material displaced downward and 

outward during the cratering process was defined as 50% of the final cavity volume 

(Croft, 1980; Croft, 1981; Maxwell, 1976, Schultz, 1981, Melosh, 1989; Stoffler et al., 

1980). Inaccurate correction coefficients would have a direct effect on the excavation 

cavity volumes of individual craters, but as long as they are applied uniformly across 
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the entire data set, changes in volume ratios between craters are still meaningful. 

Furthermore, the fact that this set of coefficients leads to an average ejecta volume to 

excavation cavity volume ratio of ~ 1:1 supports the excavation cavity correction 

coefficients as reasonably accurate, since the volume ratio should be 1:1 based on 

Schröter’s rule, and the ejecta volume is calculated using an entirely different process. 

The final cavity volume itself was measured using Gridview, and was accurate based 

on the definition of the pre-impact surface (accurate to within 50 meters of the 

average local elevation derived from the profiles) to the limit of the resolution of the 

MEGDR. 

 

The final source of error in the ejecta volume calculation is the bulking correction. 

0.65 is used as the default value for fragmented basalt (Walker, 2004), but this 

assumes that the ejecta is composed entirely of basalt of the same porosity. Without 

more detailed geologic knowledge of the Martian surface, it is difficult to refine this 

assumption. However, if it is assumed that the rest of our measurements are accurate 

(confidence has been established in the ejecta volume measurement, and the constants 

used in the excavation cavity volume correction are internally consistent), the ejecta 

volume to excavation cavity volume ratio could hypothetically be used to determine 

the porosity of the ejecta, and to make inferences about its composition. 

 

The methodological results were compared with Z-model estimates of excavation 

cavity volume derived from Maxwell (1976) and Croft (1980). Croft used the 

following Z-model flow field derived equation to estimate the ejecta cavity volume: 
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Vec = 2π/3 * Ra
3 * (1-(3/(Z+1))), where Ra is equal to the apparent radius of the 

transient crater, and Z is equal to the scalar defining the shape of the streamlines. 

2.7071 is used for Z since that streamline geometry conserves the total vertical 

momentum over the entire flow field. Ra is also calculated using a Z-model equation 

Ra = ½ Dtransient = 0.5 * Dtransition
0.11 * Dapparent

0.81 (Barlow and Bradley, 1990; Croft, 

1985),  where Dapparent is about the diameter of the apparent crater and Dtransition is the 

diameter at which craters transition from simple type to complex type, equal to 

approximately 7 km on Mars (Garvin et al., 1999). 

 

Z-model derivations of transient crater diameters were 82% of the final crater 

diameters on average, with the diameter percentage decreasing with increasing crater 

size. This result makes sense in the context of transient crater formation and 

modification. Z-model derivations of excavation cavity volumes were on average 2.5 

times the volume of the corrected excavation cavity volume, and by extension, 

generally 2.5 times the total volume of measured ejecta, a disparity also observed by 

Garvin et al. (2000). Even corrected for bulking, these results indicate that the Z-

model may not be a valid method of estimating excavation cavity or ejecta volumes 

for Martian rampart craters. 
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4.2  ANALYSIS OF DATA 

 

The secondary purpose of this project was to analyze the volumetric crater data in 

terms of individual craters and specific surfaces, small regional areas, and the entire 

field area to look for morphological characteristics and trends which may lead to 

insights about rampart crater formation and Martian surficial structure. 

 

As shown in Figure 3.1, there are strong power law correlations between both ejecta 

volume and diameter, and excavation cavity volume and diameter. Furthermore, the 

two regression functions are almost equal, implying that on average, the ejecta 

volume for a crater of a given diameter is approximately equal to the excavation 

cavity volume. This makes sense intuitively, and based on Schröter’s rule. 

 

The high standard deviation (0.44) from the average ratio shown Figure 3.2 implies 

that there is a large variation within the data set. This variation is due to craters that 

have ejecta volume to excavation cavity volume ratios of greater than or less than 1. 

In general, there are several possible causes for such variations. 

 

Craters with ejecta to excavation cavity volume ratios of greater than 1 either have 

higher than average ejecta volumes, or lower than average cavity volumes. Higher 

than average ejecta volumes could be caused by measurement errors such as 

overestimation of the bulking coefficient or misidentifying the pre-impact surface as 

being lower than its actual elevation. Topographical features within the ejecta blanket 
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that were accidentally measured (such as ridges or hills) could also contribute to the 

ejecta volume. Processes which could increase the relative amount of ejecta include 

aeolian deposition, especially in the rampart region, or weathering effects on the pre-

impact surface outside of the rampart. Secondary cratering on the ejecta facies could 

excavate material from beneath the ejecta blanket and redeposit it on top. It is also 

possible that during the cratering process itself, material from the pre-impact surface 

was incorporated into the ejecta deposition, either through a volatilized ejecta flow or 

vortex entrainment. If this is the case, craters with higher than average ejecta volumes 

could indicate a mobile (i.e. sedimentary) surface, and would also exhibit higher than 

average ejecta areas due to increased ejecta flow distance caused by the entrainment 

of fine grained material (Barnouin-Jha and Schultz, 1998). Lower than average cavity 

volumes can be caused by complex crater characteristics, such as rebound peaks, 

decreasing the cavity volume. Fallback ejecta may also contribute to mass inside the 

crater. Infilling of the cavity through aeolian deposition and erosion (mass wasting) is 

likely a significant source of decreased cavity volume. Potentially, low cavity 

volumes could indicate either old craters, or areas with active erosive and/or 

depositional processes.  

 

Craters with ejecta to excavation cavity volume ratios of less than 1 either have lower 

than average ejecta volumes, or higher than average cavity volumes. Lower than 

average ejecta volumes could be caused by measurement errors such as 

underestimation of the bulking coefficient or misidentifying the pre-impact surface as 

being higher than its actual elevation. Topographical features within the ejecta 
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blanket that were accidentally measured (such as troughs) could also take away from 

the ejecta volume. With most non-rampart craters, measuring volume accurately is 

difficult. Although the continuous ejecta blanket extends approximately 1 crater 

radius from the crater rim (Melosh, 1989), ejecta deposits continue discontinuously 

beyond this point, and can be impossible to measure or even to distinguish from the 

pre-impact surface. It is likely that some amount of material ejected from Martian 

rampart craters falls beyond the primary ejecta blanket, and was therefore not 

measured. It is also possible that erosion of the ejecta facies, especially of the rim and 

ramparts, could have removed some of the ejected material; wind streaks were visible 

on several MOC images of craters. Higher than average cavity volumes could be 

caused by changes in crater geometry due to subsurface structural variations.  

 

With these general ratio traits established, specific craters with abnormally high or 

low ejecta volume ratios were examined to attempt to determine the cause of the 

disparity.  

 

Crater # 46 has a diameter of 9.309 km and is located on the MC-18 NW subquad. 

The ejecta volume to excavation cavity volume ratio of this crater is 1.94. Figure 4.2 

shows a Viking MDIM image of the crater, and a MOC narrow angle image of a 

crater with similar characteristics. These types of craters are called pedestal craters 

(Mitchell et al., 2002). Pedestal craters are formed when the pre-impact surface is 

eroded away outside of the ejecta blanket. The ejecta blanket itself is protected due to 
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its composition. The result is that the pre-impact surface is lowered, causing 

artificially high ejecta volumes. 

 

    

Figure 4.2: Image on left is a Viking MDIM of crater # 46, a 9 km diameter crater on 

MC-18 NW with a ejecta volume to excavation cavity volume ratio of 1.94. This high 

volume ratio is caused by pedestal characteristics. Image on right is a MOC narrow 

angle image showing detailed pedestal crater characteristics. MSSS MGS MOC 

release MOC2-962, 5 January 2005.  

 

Crater # 34 has a diameter of 8.418 km and is located on the MC-18 SW subquad. 

The ejecta volume to excavation cavity volume ratio of this crater is 0.38. Figure 4.3 

shows a Viking MDIM image of the crater. Also shown in Figure 4.3 is crater # 33, 

which has a diameter of 9.029 and an ejecta volume to excavation cavity volume ratio 
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of 1.04. Despite the proximity and comparable diameters of these two craters, they 

have very different characteristics.  

 

 

Figure 4.3: Viking MDIM image of crater # 34 (bottom), which has a diameter of 8.5 

km, and crater # 33 (top), which has a diameter of 9 km. The ejecta volume to 

excavation cavity volume ratios of these craters are 0.38 and 1.04 respectively. These 

differences are interpreted as being caused by morphological differences in the 

impacted surface.  

 

The most obvious difference is in the ejecta lobe areas, with crater # 34 having 60% 

of the ejecta area of crater # 33. Crater # 34 also has only 70% of the apparent cavity 

volume of crater # 33. Since the craters are essentially the same diameter, implying 

that their impact energy was about the same (Melosh, 1989), there are two potential 
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explanations for the differences in their morphologies. One explanation is that crater 

# 34 is significantly older than crater # 33. The outer ejecta facies may have been 

eroded away, and depositional material has partially filled the crater cavity. However, 

despite the measured differences, the geometric characteristics of the cavities of both 

craters as observed in the MOLA DEMs and the Viking images are very similar, 

implying that crater # 34 is not degraded enough to account for the variation in the 

ejecta volume to cavity volume ratio.  

 

A second possible explanation is that the impact which formed crater # 34 occurred in 

a surface which was distinctly different from that of crater # 33. The Viking MDIM 

shows that crater # 34 is located very close to the distal ejecta facies of crater # 1, but 

more importantly, the MOLA DEM shows that the pre-impact surface in which crater 

# 34 formed was one of the ridges which lie on the Hr/Hprg geologic unit. The ridge 

could either have been a much denser target, or it could have had a thinner layer of 

sedimentary (aeolian depositional) material overlying it, both of which are factors that 

would contribute to the smaller cavity and shorter ejecta run out distances exhibited 

by crater # 34 in contrast with crater # 33. This example illustrates how differences in 

crater morphology can potentially provide important insights about surface 

characteristics and the mechanics of crater formation. 
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CHAPTER 5. 
 

CONCLUSION 
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The purpose of this project was to develop an approach for accurately measuring the 

ejecta and cavity volumes of Martian rampart craters, to correct the data to better 

reflect the actual volume of ejected material in relation to the actual ejecta cavity 

volume, and ultimately, to analyze the resultant data in terms of individual craters and 

specific surfaces, small regional areas, and the entire field area to look for 

morphological characteristics and trends which may lead to insights about rampart 

crater formation and Martian surficial structure.  

 

The methodology developed resulted in an average ejecta volume to excavation 

cavity volume ratio of 1.03, which is validated by Schröter’s rule, indicating that the 

approach used and the corrections applied were internally consistent. Error analysis 

and data verification methods established confidence that the methodology is also 

externally consistent; in other words, the ratios derived from the measurements are 

not close to 1 because of a balance of inaccurate measurements and corrections, but 

because accurate measurements and corrections result in those ratios.  

 

Error analysis and data verification also provided opportunities to examine craters 

with anomalous characteristics to determine whether the irregularities were due to a 

miscalculation or measurement error. Most often, anomalous craters were simply 

anomalous. In many cases, morphologic variations could be explained through close 

examination of the geologic setting, but some craters with unusually large or small 

volume ratios require further analysis. 
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There are many possibilities for future research based on this project. The data set 

contains a large amount of data, with many more opportunities for analysis than were 

expored in this study. Impact craters can be used to infer surface properties based on 

remote sensing data, especially considering the detailed morphological data now 

available. Examining craters in much smaller and more specific geologic contexts 

may provide a basis for determining surface composition and structure, and could be 

used as a basis for an updated geologic map of Mars. 

 

Accurate morphological measurements of craters can also be used to investigate how 

craters were formed, which is especially applicable to rampart craters. Comparing 

rampart crater characteristics over a variety of surfaces (i.e. volcanic, sedimentary, 

possible dry lake beds, high H2O or CO2 ice content) may provide clues to the 

specific mechanisms involved in lobate ejecta and rampart formation. It may be 

possible to use scaling relationships (i.e. Holsapple, 1993) to help apply the data set 

to both simple and complex craters. If scaled properly, differences in characteristics 

between these two crater types may provide more information about crater or surface 

properties.  

 

Ultimately, volumetric analysis of Martian rampart craters can provide invaluable 

insights into Martian surface characteristics, which is important not only for the 

understanding of Mars, but also for the understanding of the fundamental processes 

which shaped the Earth. 
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APPENDIX I: FIELD AREA MAPS 

 

The following maps are NW, NE, SW, and SE subquads of the MC-10 (Lunae Palus) 

quad and the MC-18 (Coprates) quad. Their projection is equirectangular 

planetocentric. The scale of these subquads is approximately 1:5600000. Each 

measured crater has been marked with a reference number to be used in conjunction 

with the crater data set. Unmarked craters were not measured; see methods section for 

a discussion of the data set definitions.  

 

The latitudes and east planetocentric longitudes of each subquad are as follows: 

MC-10 NW:  15°N to 30° N; 67.5° E to 90° E 
MC-10 NE:  15° N to 30° N; 45° E to 67.5° E 
MC-10 SW: 0° N to 15° N; 67.5° E to 90° E 
MC-10 SE:  0° N to 15° N; 45° E to 67.5° E 
 
MC-18 NW:  0° S to 15° S; 67.5° E to 90° E 
MC-18 NE:  0° S to 15° S; 45° E to 67.5° E 
MC-18 SW:  15° S to 30° S; 67.5° E to 90° E 
MC-18 SE:  15° S to 30° S; 45° E to 67.5° E 
 
 

The overlain geologic map is from Greeley et al. (1987), and is based on Scott and 

Carr, (1978). The field area for this study is the Hr/Hprg geologic unit, displayed in 

light purple. Scott describes the unit as a Hesperian ridged plains material, closely 

resembling lunar maria and having the same crater density, interpreted as volcanic 

flows. Greeley further interprets the flows as being formed from low viscosity lava. 

These maps have been crated primarily from crater count based surface ages, cross 

cutting relationships, and inferences about surface composition from surface features. 
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APPENDIX II: CRATER DATA 

 

The following spreadsheets show the profile data and crater data for all of the 

measured craters. The crater reference numbers on the corners of each spreadsheet 

can be used to locate the crater on the field area maps in Appendix I.  
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