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ABSTRACT 

Magellan observed quasi-circular, apparently impact-related, radar albedo 

features on Venus. Pristine examples show dark regions centered within larger bright 

regions. Dark regions are interpreted as smooth and bright regions are interpreted as 

rough. Of the 518 featiu-es, 256 are centered on impact craters (crater haloes), 53 are 

centered upon small central disturbances (disrupted splotches), and the remaining 209 

exhibit no central structure (craterless splotches). Most researchers interpret these 

features as airburst scars. 

Previous models of airburst formation only reproduced subsets of the 

observations. Models of splotch and halo formation were often mutually exclusive and no 

previous model connected them despite their similarities. I rectify this problem with a 

model that successfully reproduces 514 of the 518 pattems given appropriate airburst 

altitude and energy conditions combined with erosion. In my model, dark zones are 

pulverized rock, and bright zones are scoured surfaces. More complicated pattems are 

obtained with modification of the initial dark/bright pattem. 

Small impactors that do not penetrate the atmosphere cannot cause surface 

damage. Large impactors that penetrate the atmosphere without disruption create an 

impact crater without an associated airburst scar. Only intermediate-size impactors, 

partially or wholly disrupted in the near-surface zone, form airburst scars. Typical 

diameters for airburst scar-forming impactors are 200 meters — 2 km for irons, 300 meters 

- 3 km for stones, and > 3 km for comets. 
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CHAPTER 1 THE PROBLEM 

1.1 INTRODUCTION 

During the last twenty-five years, the process of impact cratering has garnered 

serious attention from planetary scientists. The realization that the solar system is not as 

empty as once thought has naturally led planetary scientists to investigate impact cratering 

as a planetary process on a par with other planetary processes like volcanism, tectonics, or 

weathering. With each new discovery of a previously unknown asteroid or comet in the 

inner solar system, the threat of a collision between Earth and a large pianetesimal 

becomes less theoretical and more real. For millennia, humanity had been blissfully 

ignorant of this cosmic threat, due in large part to the natural protection afforded against 

small impactors by the atmosphere. As naivete has succumbed to knowledge, it has 

become clear that even objects only tens of meters in size are capable of causing 

tremendous damage on a regional scale; and not only does the atmosphere offer little 

protection against impactors of this size, its presence may enhance rather than mitigate 

surface damage. The 1908 Tunguska airburst provided one demonstration of an 

atmosphere's destructive potential in a moderate-size impact. The scarred surface of 

Venus may attest to at least 500 other similar demonstrations on a much larger scale. 

The first comprehensive treatise on the subject of impact cratering. Impact 

Cratering: A Geologic Process (Melosh, 1989), describes the formation of an impact 

crater on an airless planetary body in great detail; however, at the time of its publication, 

many complicating factors caused by the presence of an atmosphere were not well 

understood, and so the treatment of atmospheric effects during impacts was necessarily 
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limited to models that were well-developed. In the 1990's, a myriad of fortuitous events 

(the end of the Cold War and increased collaboration with former Soviet scientists 

studying the Tunguska airburst; the impact of comet P/Shoemaker-Levy 9 with Jupiter; 

and the mapping of the Venusian surface by Magellan) combined with the diligent efforts 

of many researchers has led to a much better understanding of the role that a planetary 

atmosphere plays in the impact cratering process. 

1.2 IMPACT CRATERING ON AIRLESS SURFACES 

Impact cratering is a common geologic process as illustrated by the intense 

scarring of nearly every solid planetary surface in the solar system. The degree to which 

each surface is scarred depends upon several factors including, but not limited to, the 

geologic (tectonic and volcanic) activity of the planet and the thickness of the planet's 

atmosphere. Moderating influences aside, the crater formation process occurs in three 

stages whose boundaries are ambiguously defined: (I) contact and compression, (2) 

excavation, and (3) modification. 

In the contact and compression stage, the initial contact between the impactor and 

the target strongly compresses material at their interface producing shock waves in both 

bodies. The shock pressures can exceed the yield strengths of both impactor and target by 

factors of hundreds or thousands. The impactor is totally disrupted and material from both 

objects is melted and vaporized. The time scale for this stage is very short (« 1 second for 

all but the largest impacts); but in this short period of time, about 50% of the impactor's 
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initial kinetic energy is transferred to the target, while the remaining 50% is converted to 

mechanical energy and heat in the impactor debris. 

While the contact and compression stage is dominated by the disruption of the 

impactor, the excavation stage is dominated by the flow of target material as the crater is 

opened. In the excavation stage, a hemispherically expanding shock wave imparts a 

radially outward acceleration to particles as it passes. Since there is a boundary condition 

of zero pressure at the free surface, there is an increase in the near-surface pressure 

gradient and each particle experiences a corresponding upward acceleration. Therefore, 

the net effect of the shock wave passage is to create an outward and upward subsonic 

flow of material in its wake. Over a time scale of seconds or minutes, the flow of material 

excavates a transient crater with a diameter that is many times larger than the projectile 

that created it. The material that is excavated from the crater forms the characteristic 

ejecta blanket that is observed around all impact craters on airless bodies. The diameter of 

the transient crater depends upon several factors including the size, velocity, and 

composition of the impactor, as well as the material state of the target and the surface 

gravity. As a rough rule of thumb, a transient impact crater is approximately 10 times 

larger than the impactor that formed it. 

Most of the major changes in the transient crater occur in the modification stage 

soon after the crater is formed. Large craters may develop either a central mountain peak 

or a ring of mountain peaks as the surface rebounds from the impact. Additionally, steep 

crater walls rapidly slump under their own weight and produce a terraced structure along 
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the crater walls and rim. Eventually, the crater completely relaxes, undergoing little or no 

change unless an outside event disturbs it. 

This three-stage model of impact cratering works well for airless or near-airless 

planetary surfaces. The presence of an atmosphere, however, complicates the process 

considerably. Some of the crater forms observed on airless worlds (e.g., simple bowl-

shaped craters and complex central peak craters) also form on planets with atmospheres, 

but there are also new crater forms and impact structures that can only form in the 

presence of an atmosphere. 

1.3 IMPACT CRATERING IN THE PRESENCE OF AN ATMOSPHERE 

When an object impacts an airless body, the only interaction that affects the 

cratering process is the impactor-target interaction. When an impactor encounters a target 

with an atmosphere, as many as four different interactions can affect the cratering 

process: impactor-atmosphere, impactor-impactor, impactor-target, and target-

atmosphere interactions. 

Impactor-atmosphere interactions are quite well understood. As an object enters 

an atmosphere, factors like its size, mass, strength, and velocity determine its ultimate 

fate. Micrometeorites (< 10 ^m in diameter) are heated and decelerated by collisions with 

molecules in the tenuous upper atmosphere. Their large surface area to volume ratios 

allow them to radiate the heat they acquire very effectively, leaving them essentially 

unaltered to collect as "cosmic dust" in the upper atmosphere (McKinley, 1961, pp. 124-

127). As impactors reach the sizes of small grains and larger (> 10 fim), they are no 
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longer easily decelerated and they are too large to effectively radiate the heat they acquire 

in their passage through the atmosphere. Instead, an impactor of this size reaches the 

lower atmosphere where it develops a bowshock that substantially intensifies the heating 

of its leading surface. The surface begins to melt and vaporize, and this material is carried 

away from the impactor by the flow of atmospheric gases. If the entire mass of the 

impactor is lost to this process (ablation), then the object is completely vaporized without 

ever reaching the target. Depending upon the initial mass and velocity of the impactor, as 

well as its material composition, it may be decelerated to terminal velocity before it is 

completely ablated. In this case, the impactor is "stopped" by the atmosphere, even 

though it may leave meteorite fragments behind. 

As impactors become still larger (> 10 cm), they are able to penetrate deeper into 

the atmosphere because it takes a greater mass of gas to reduce their greater momentum. 

Deeper in the atmosphere, however, objects are exposed to aerodynamic stresses that can 

substantially exceed their crushing strengths (depending upon the densities and pressures 

of the atmosphere). Consequently, impactors fragment under the large aerodynamic 

stresses. As the fragments interact with each other (impactor-impactor interactions), they 

begin to spread laterally, increasing their surface area and enhancing deceleration. The 

combination of fragmentation and rapid deceleration deposits a significant fraction of the 

object's kinetic energy in the atmosphere in a very short period of time. For large objects, 

the rapid deposition of energy produces an "airburst." An airburst is defined to be the 

energy release due to the disruption of a projectile by the atmosphere, and the airburst 

altitude is deHned to be the altitude of peak energy release. For large airbursts, the 
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resulting shock wave may be so powerful that it can cause surface damage itself. 

Fragments that survive an airburst may either fall to the surface as meteorites at terminal 

velocities, or if the entire cluster retains enough energy and momentum, a single large 

crater or multiple smaller craters may be produced. 

The impactor-target interaction is substantially different for impacts in the 

presence of an atmosphere than it is for impacts on airless worlds. The differences 

manifest themselves primarily in crater morphology (Melosh, 1989, pp. 209-211). On 

airless worlds, craters are almost always circular, regardless of whether they are simple or 

complex, because they are formed by the "explosion" of a single, usually intact impactor. 

In the presence of an atmosphere, small objects seldom reach the target as single or intact 

bodies. Instead, fragments of an impactor may be strewn over a large area ie.g., the 

Henbury Crater field; Passey and Melosh, 1980), or they may impact as a tight cluster 

{e.g., Flynn Creek and Decaturville; Melosh, 1989, p. 209). The outcomes of these types 

of impacts are multiple craters or shallow, irregularly-shaped craters. Fragmentation of 

the impactor and the dispersion of its fragments becomes less important, however, as the 

size of the impactor increases. Thus, a large fragmented impactor will produce a crater 

similar in size and morphology to a crater produced by an intact solid object, particularly 

if fragmentation occurs at such a low altitude that significant lateral spreading does not 

occur before impact (Melosh, 1989, pp. 209-210). 

In addition to the direct effects of the impactor's passage through the atmosphere, 

its impact into the target temporarily disrupts the equilibrium that exists between the 

atmosphere and the target. The rapid deposition of kinetic energy in the atmosphere 
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during an airburst produces a shock wave that is capable of causing significant surface 

damage, even if the impactor never reaches the target. Such was the case at Tunguska in 

1908 where 2000 km^ of forest was destroyed in an impact that left no evidence of a 

crater. If an object survives either wholly or partially intact to the surface, then the 

explosion at impact will produce an airblast that may cause as much damage as an 

airburst. After an impact, a hot, buoyant vapor cloud, similar to a mushroom cloud in a 

nuclear explosion, can affect the surface by sucking material from the surrounding area, 

transporting the material in suspension, and depositing it at great distances from the 

impact site. Particularly thick atmospheres like Venus' also trap solar energy and raise the 

surface temperature. High surface temperatures affect the rheology of surface material 

and are probably responsible for the enormous outflows observed around many Venusian 

impact craters. 

Just as the disrupted atmosphere affects the surface, the disrupted surface affects 

the atmosphere. A large impact can eject an enormous quantity of surface material into 

the atmosphere (or even into space if the impact is large enough) on ballistic trajectories; 

and as that material falls back to the surface, it can heat the atmosphere to temperatures in 

excess of 500 Kelvin (Toon, et al., 1994). In the presence of oxygen on Earth, 

atmospheric heating by infalling ejecta can produce regional or global forest fires. 

Furthermore, much of the material that is ejected can become entrained in the atmosphere 

for months or years creating a nuclear winter effect on worlds that typically see the sun. 

All of these effects occur within a short period of time after the impact, yet it may take 
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years or decades for the surface and the atmosphere to return to their pre-impact 

equilibrium. 

Finally, unlike on airless bodies where crater modification essentially stops once 

craters have relaxed, an atmosphere supports aeoiian processes that can continue to erode 

craters and their surroundings indefmitely, barring the interference of other outside 

agents. On Earth, fluvial processes, in addition to volcanism and tectonism, quickly erase 

most craters; but as Magellan has surprisingly revealed on Venus, very little geologic 

activity has occurred since a global resurfacing event 500 million years ago. Impact 

craters that have formed since that time are well-preserved and nearly pristine (Schaber, 

et al., 1992; Strom, et al., 1994); but slow aeoiian processes operating over the age of the 

surface have eroded most of the more tenuous impact features. 

1.4 VENUS: A NATURAL LABORATORY FOR IMPACT STUDIES 

As every good scientist knows, it is observation and experimentation that provide 

the foundation for understanding the physical universe. Unfortunately, studying the 

effects of Earth's atmosphere on kilometer-size objects, impacting at speeds of 20 

km/sec, is not a viable option due to the severe allergic reactions the biosphere would 

suffer as a consequence! Even neglecting the effects on the biosphere. Earth still is not an 

ideal laboratory for impact studies because its surface has a relatively short "memory" 

over geologic time scales. Fluvial processes, combined with volcanic or tectonic activity, 

quickly alter or erase Earth's impact record leaving precious little evidence behind for 

study. Through sheer coincidence or divine intervention (an interesting question itself 
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though not one to be debated in these pages), nature has provided Venus as a much more 

suitable laboratory for impact studies in the presence of an atmosphere. 

In many respects, Venus is very similar to Earth. Both planets are terrestrial 

planets with the same gross chemical composition of rock and metal. The mean planetary 

radii for Venus and Earth respectively are 6051 km and 6371 km. Venus has a bulk 

density of 5.24 g/cm^ (4.2 g/cm^ uncompressed) compared to Earth's bulk density of 5.52 

g/cm^ (4.2 g/cm^ uncompressed). Furthermore, both planets formed about the same time 

in roughly the same region of the solar system 4.5 billion years ago. Such striking 

similarities in size, composition, location, and age would seem to suggest a similar 

evolution for the two planets; but spacecraft observations tell a markedly different story. 

For all of the similarities that Venus and Earth share, Venus is as alien a world as 

any that humans have ever encountered. Its orbital period ("year") of 224 Earth days is 

shorter than its (retrograde) rotation period ("day") of 243 Earth days. The planet is 100% 

shrouded by sulfuric acid clouds and haze, which extend as high as 90 km in altitude 

(Esposito, et al., 1997) compared to a maximum altitude of 30 km for clouds on Earth. 

The lower Venusian atmosphere (< 100 km altitude) is composed of 96.5% CO2 and 

3.5% N2 with a surface pressure of 95.0 bar, a surface temperature of 737 K, and a 

surface atmospheric density of 66.4 kg/m^ (Donahue and Russell, 1997). This is 

substantially different from the 78% N2, 21% O2, and 1% trace compounds that give 

Earth a surface pressure of 1.0 bar, an average surface temperature of 293 K, and a 

surface atmospheric density of 1.2 kg/m^. On Venus, virtually the entire planetary surface 

is approximately the same age (Strom, et al., 1994) with no oceans or plate tectonic 
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activity. Instead it is littered with volcanoes, volcanic flows, coronae (large, circular 

volcanic and/or tectonic features), tesserae (highly deformed geologic units that may 

predate the rest of the surface), and surprisingly well-preserved impact features (Schaber, 

et al., 1992; Strom, et ai, 1994; Tanaka, et al., 1997). On Earth, the surface is 70% 

covered by water, while plate tectonic activity and other geologic processes constantly 

reshape the surface and erase all but a few remnants of the planet's impact record. 

Whatever differences caused such divergent evolutionary paths for Earth and Venus, the 

result is a fortunate one for planetary scientists. 

The dense atmosphere of Venus, its approximately uniform surface age, and its 

well-preserved impact features provide an exceptional natural laboratory for studying 

atmospheric effects on impactors. Since the Venusian atmosphere is so dense, most 

objects entering it are substantially decelerated and often disrupted before they can reach 

the surface; but because the atmospheric density is so high, the Idnetic energy these 

objects deposit to the atmosphere can still be efflciently transmitted to the surface as a 

potentially damaging shock wave. The uniform surface age and the high degree of 

preservation imply that volcanic eruptions and tectonic activity have been minimized on 

Venus since the global resurfacing event, leaving behind an extensive and excellent 

impact record. Only aeolian erosion significantly mars any aspect of it. 

1.5 MAGELLAN SYNTHETIC APERTURE RADAR (SAR) IMAGING 

The thick atmosphere of Venus completely shrouds its surface at short optical and 

near-infrared wavelengths, but it is transparent at longer radar wavelengths. Beginning on 
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September 15, 1990, the Magellan spacecraft used a 12.6 cm radar wavelength to peer 

through the Venusian atmosphere and image the surface in detail. After three complete 

mapping cycles, 98% of the planet's surface had been mapped. 

Magellan radar images were created using a synthetic aperture technique. Real 

aperture radar imaging is limited by cross-track resolution that is typically no better than a 

few kilometers for spacecraft radar. To compensate for the poor range resolution, 

Magellan imaged the same region from different points along its ground track, taking 

advantage of its motion to synthesize an "antenna" much bigger than the actual spacecraft 

antenna. The individual images were coherently combined to produce a composite image 

with a much finer range resolution than any individual image. The reader is referred to 

Elachi (1987) for a more quantitative treatment of synthetic aperture radar (SAR). 

Radar imagers pointing directly down at the groundtrack are handicapped by their 

inability to distinguish whether off-track features are left or right of the groundtrack, 

because the receiver is sensitive only to the Doppler shift of the radar return for its range 

measurement. Hence, two objects positioned equidistant from the radar receiver on either 

side of the groundtrack produce the same Doppler shift, and both signals arrive 

simultaneously at the receiver. Since the receiver cannot distinguish between the two 

returns, it does not know which feature is left of the groundtrack and which feature is 

right of the groundtrack. By pointing the radar imager to the left, the radar return from a 

feature to the left of the groundtrack arrives at the receiver sooner than an equidistant 

feature to the right of the groundtrack. The opposite is true for a right-looking imager. 

Side-looking radar is required for off-track imaging, but unfortunately the non-vertical 
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incidence angle produces more complex scattering effects at the surface. Special care 

must be taken when interpreting images made at shallow radar incidence angles (< 25°). 

Fortunately, most of the planet was imaged at higher incidence angles with the poles 

being a notable exception. 

Unlike optical wavelengths which are sensitive to molecular-scale structures, 

radar wavelengths are sensitive to more macroscopic structures. In particular, the 

Magellan radar is sensitive to surface roughness as defined by the average particle size 

{d) on a given surface. Since the Magellan radar wavelength (A) was 12.6 cm, surfaces 

with a small average particle size id « 12.6 cm) appear dark (smooth); surfaces whose 

average particle size is comparable to the radar wavelength {d ~ 12.6 cm) appear 

moderately bright (rough); and surfaces with a large average particle size {d » 12.6 cm) 

appear very bright (very rough). For most of the Magellan mapping mission, smooth 

surfaces showed low radar returns while rough surfaces showed high radar returns. 

Correspondingly, dark regions on a Magellan image are generally interpreted to be 

smooth, and bright regions are generally interpreted to be rough. Two qualifications must 

be made here for completeness: high topography and high dielectric constant materials 

{e.g., some volcanic flows) dominate the radar return over some areas of the planet. 

Highland regions, however, cover only 10% of the planet's surface area (Tanaka, et al., 

1997), and materials with high dielectric constants do not significantly alter the 

appearances of impact features. Therefore, throughout this dissertation, the differences in 

contrast on a radar image are generally assumed to be differences in surface roughness 

unless specifically indicated otherwise. 
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1.6 MOTIVATING THE PROBLEM 

Among the many discoveries attributed to Magellan were several hundred quasi-

circular features with alternating dark and bright concentric rings that were dubbed 

"splotches" (Figure 1.1). In addition to splotches, Magellan also found several hundred 

impact craters centered within splotch-like patterns and these craters were called "haloed 

craters" (Figure 1.2). Between craterless splotches and haloed craters is a third class of 

patterns that displays a central disruption without a fully-formed crater. These "disrupted 

splotches" (Figure 1.3) may represent a transition from craterless splotches to haloed 

craters. 

The obvious similarities between splotches and haloed craters strongly suggests 

an impact origin for these features, but the absence of an impact crater in some of them 

was initially puzzling. A simple model proposed by Zahnle (1992) partially solved the 

problem of how splotches can be formed without producing an impact crater. According 

to the model, when a weak or undersize impactor enters the dense Venusian atmosphere, 

it is decelerated from speeds of 20 - 50 km/sec to free-fall speeds in only a few seconds. 

The kinetic energy of the object is rapidly deposited in the atmosphere during its 

deceleration creating an airburst. According to Zahnle's model, the explosive shock front 

from the airburst produces impulses strong enough to shatter surface rock near "ground 

zero" while retaining enough strength to break rock at greater distances. The pulverized 

region is much smoother than the average surface at A = 12.6 cm and therefore appears 

dark to Magellan radar; broken rock is rougher than the average surface at A = 12.6 cm 

and therefore appears bright to Magellan radar. Indeed the most common craterless 
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Figure 1.1: Magellan obser\'ed more than 209 crateriess splotches. This splotch is located at 40.7 N, 142.5 
E. The bright annulus is 70 km in diameter. 

Figure 1.2: There are more than 250 haloed craters on Venus similar to this one found at 39.5 N. 340 E. The 
dark region in this splotch is 25 km in diameter. 
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Figure 1.3: Disrupted splotches like this one found at 47.7 N. 349.7 E may represent a transition from 
haloed craters to splotches. The bright annulus in this splotch is 60 km in diameter. 

Figure 1.4: Among the more unusual splotch types are ringed splotches like this splotch located at 46.5 S. 
240.9 E. The bright annulus is SO km in diameter. 
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splotch pattern is a central dark region surrounded by a concentric bright region. 

There are, however, other splotch patterns (Figure 1.4) that are not so easily 

explained by Zahnle's model. There are also the problems of explaining why some craters 

form with haloes and why haloes are dominated by simple dark patterns. If an object is 

strong enough and large enough to punch through the atmosphere and form a crater, then 

where does an airburst occur to produce a halo? Supposing that surface impacts produce 

airblasts capable of shattering rock, then why do so many craters (> 60%) lack a halo? 

Are the haloes eroded by natural processes, or do they necessarily have to form as a 

byproduct of crater formation? Under the assumption that craterless splotches, disrupted 

splotches, and haloed craters are related features, then any model describing how one 

feature forms should also be able to describe how the other features form. This 

connection is absent in Zahnle's model, and in every other model that describes one class 

of feature at the expense of the other two classes. 

The "crushing" model described in Zahnle (1992) is probably correct at the most 

fundamental level, but it must be modified and expanded to account for more complex 

splotch structures as well as haloed craters. The purpose of this dissertation is to explore 

the relationship between haloed craters and splotches using Zahnle (1992) as a starting 

point. Ultimately, the objective is to derive a model, which reproduces all splotch-like 

features as the products of a single airburst/impact phenomenon. 
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1.7 PRELUDE 

There are 209 craterless splotches, 53 disrupted splotches, and 256 crater haloes 

(collectively referred to as circular radar albedo features, or CRAFs for short) in the 

Venusian impact cratering record that have been catalogued, though this may not be 

complete. Much of the rest of the impact record is comprised of impact craters with no 

associated CRAFs. The large number of features exhibiting CRAFs testifies to the 

significant influence of the atmosphere on potential impactors. The striking absence of 

haloes around the majority of craters is also significant, and may be partly due to aeolian 

erasure processes. 

With various flavors of impact craters and splotch-like features, deriving a single 

model that describes all impact features is not a trivial task. To begin unraveling this 

problem, it is necessary to examine the impact record in detail. Over the course of several 

years, Robert Strom and Gerald Schaber have compiled a database of Venusian impact 

craters that also includes haloed craters and parabolic features. More recently, I have 

compiled a database of craterless and disrupted splotches. Together, the two databases 

contain a nearly complete inventory of all the observable impact features on Venus. The 

next chapter describes the CRAFs in the Venusian impact record in detail. 
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CHAPTER 2 ANALYSIS OF CIRCULAR RADAR ALBEDO FEATURES 

2.1 INTRODUCTION 

Venus exhibits the most diverse impact record among aii planetary surfaces in the 

solar system due to its dense atmosphere. Besides the simple (bowl-shaped) craters or the 

complex (more structured) craters seen on airless worlds, Venus also displays multiple 

and irregularly-shaped craters; craters with enormous outflows (> 1000 km long in some 

cases); craters surrounded by giant, westward-opening, radar dark parabolas; and quasi-

circular, radar-dark and -bright "splotches" often associated with impact craters. In 1992, 

Gerald Schaber compiled a preliminary database of 401 splotches while he was 

cataloguing Venusian impact craters. Since the splotches were not his primary objective, 

some were overlooked, many were double-counted, and nearly half were later determined 

to be haloed craters. Later, Kirk and Chadwick (1994) classified splotches based upon 

their radar patterns (e.g., a splotch with a central dark region surrounded by a concentric 

bright region was classified as a dark/bright splotch) for lack of any better characteristics. 

Clearly a more systematic recounting and re-classification of splotches was needed. 

In 1998,1 compiled a new database of splotches from the complete Magellan data 

set (Appendix A). The splotches were classified according to both their radar patterns and 

their structure. Crater haloes (Appendix B) were included in the classification of 

splotches because of their similar appearances, but the parabolae were excluded primarily 

because their obviously non-circular shapes suggest that they are formed by a different 

mechanism (Vervack and Melosh, 1992; Schaller, 1998). The splotches and haloes 

(collectively referred to as circular radar albedo features, or CRAFs) are divided into 
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three major classes: craterless splotches (hereafter referred to simply as splotches), 

disrupted splotches, and crater haloes (hereafter referred to simply as haloes). Using the 

convention established by Kirk and Chadwick (1994), CRAFs are classified based upon 

their dark and bright patterns from the inside to the outside. There are 353 splotches and 

disrupted splotches that I originally classified, but 91 of these features were too faint, too 

irregular, too small, or too geographically close to volcanic structures to be clearly 

identified as splotches. Some or all of these features may indeed be splotches, but for the 

purposes of this dissertation, only splotches > 1 km in diameter, unambiguously non-

volcanic, and positively identifiable are discussed. Similarly, 79 of the 335 haloes were 

also excluded by the same criteria. Therefore, the catalog of the Venusian impact record 

described in this chapter contains 209 splotches, 53 disrupted splotches, and 256 haloes 

found preferentially in the lowland plains of the planet (Figure 2.1). 

The similar visual appearances of these features and their relationship to impact 

craters strongly suggests that a common impact phenomenon produces a continuum of 

CRAFs (Figures 2.2-2.4). Unlike crater outflows and parabolic features, CRAFs 

apparently are not necessarily a direct result of crater formation. In fact, craterless 

splotches possess no crater at all; yet, because of their similarity to haloes, they are still 

presumed to be impact-related features. 

2.2 SPLOTCHES 

Craterless splotches are simply quasi-circular patterns of radar-dark and radar-

bright features with no associated central impact structure. The 209 craterless splotches 
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Table 2.1: Classification of CRAFs 

Mean Max Min 
Class Subclass N Regions Diameter" 

(km) 
Diametei^ 

(km) 
Diametei^ 

(km) 
Dark (d) 57 d 36.6 ±22.1 102.7 3.1 

Dark/Bright 
110 

d 20.4 ± 14.3 66.0 4.0 
id/b) 

110 
b 92.6 ±54.1 430.0 14.0 

Sp
lo

tc
he

s 

Ring (r) 27 
thickness 

diameter 

5.0 ± 3.4 

30.6 ± 12.7 

17.1 

60.0 

0.8 

12.6 

Sp
lo

tc
he

s 

Bright (b) 11 b 97.2 ± 37.3 162.3 18.5 

Other^ 4 
d/b/d (2), 

dA)/d/b (2) 
- - -

All Splotches 209 73.5 ±51.4 430.0 3.1 

Dark (x/d) 26 
X 

d 

8.4 ± 5.7 

52.6 ±31.6 

27.3 

120.5 po
 

p
 

^ C/3 
X 5.8 ± 3.9 19.0 1.0 

o. 
2 o 

G, Q C/5 

Dark/Bright 
(x/d/b) 27 d 

b 

32.9 ± 16.0 

111.1 ±71.1 

80.8 

377.3 

12.0 

34.6 

All Disrupted 
Splotches 

53 75.5 ± 53.7 377.3 8.1 

Dark (c/d) 218 
c 

d 

14.8 ± 13.2 

94.4 ± 75.9 

141.0 

668.0 

1.4 

14.0 

8 c 7.7 ± 6.6 23.1 1.8 
CO 
X 

Dark/Bright 
(c/d/b) 

38 d 45.2 ± 25.5 109.0 12.0 Dark/Bright 
(c/d/b) 

b 89.8 ±41.8 217.0 31.0 

All Haloes 256 93.3 ±71.7 668.0 14.0 

" Diameters are listed for the specified region. The exceptions are the last line in each class labeled "All..." 
where diameter represents the mean diameter of all features in the class. 

'' Diameters for these four features differ significantly and an average is physically meaningless. 



40 

are divided into several subclasses based upon the dark and bright radar patterns they 

exhibit (Table 2.1). The dark (d) and dark/bright (d/b) subclasses comprise 80% of the 

splotch record. The remaining 20%, ringed (r), bright (b), and other patterns (d/b/d and 

d/b/d/b) are unique to splotches. 

The distribution of craterless splotches is dominated by dark/bright features 

(Figure 2.5). Dark/bright splotches (Figure 2.6) account for 53% ± 4% of the craterless 

splotch record. They contain a central dark region surrounded by a larger concentric 

bright annulus. Dark splotches (Figure 2.7) account for 27% ± 2% of craterless splotches. 

They consist of a single, circular dark region apparently composed of ilne-grained 

material as indicated by the presence of dark radial streaks emanating from many of 

them. 

Craterless splotches also display more complex patterns. Ringed splotches (Figure 

2.8) account for 13% ± 2% of the craterless splotch record. Ringed splotches are d/b 

splotches whose bright zones are either circumscribed or inscribed with thin dark rings 

that do not connect with the dark central region. The average radar backscatter of the 

rings is -1.8 dB compared to the average backscatter of -3.2 dB for the dark central 

regions. This suggests that deposits of fine-grained material are not as thick in the rings 

as they are in the dark central regions. Bright splotches (Figure 2.9) comprise 5% ± 1% of 

the craterless splotch record. Bright splotches consist of a single, circular bright region 

with no central dark region; although three of the eleven bright splotches hint of a faint, 

poorly-defined, central dark region. The remaining 2% ± 1% of craterless splotches show 

multiple, alternating dark and bright annuli. The presence of complete radially symmetric 
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Figure 2.S: Tliis plot shows the abundance of each subclass of the CRAFs. Note that d/b features dominate splotches, d features dominate haloes, and 
disrupted splotches are equally split between the two subclasses. 
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Figure 2.6: This is a pristine-appearing dark/bright splotch located at 28.9 N. 8.9 E. The lack of apparent 
erosion suggests that this may be one of the youngest impact features on Venus. The diameter of the outer 
bright annulus is 170 km. 

Figure 2.7: This is a 60 km diameter dark splotch located at 46.5 N, 278.8 E. Note its irregular shape and 
smudged appearance. This is typical for nearly all dark-only features. 
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Figure 2.8; This is a 20 km diameter ringed splotch located at 32.9 N, 314.3 E. The dark radial streaks 
emerging from the dark central region suggests that the dark material is fine-grained. 

Figure 2.9: This is a 120 km diameter bright splotch located at 9.1 N, 320.2 E. There is just a hint of a small 
dark central region in this splotch, but it is not strong enough to be positively identified. 
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rings and multiple concentric annuli indicate that the complexities in craterless splotch 

patterns are probably a byproduct of splotch formation, and not the result of erosion. 

2.3 DISRUPTED SPLOTCHES 

Disrupted splotches appear very similar to craterless splotches except that their 

centers are marked by bright disturbances. In some cases, the disturbance is poorly-

deflned. In other cases, the disturbance strikingly resembles an impact structure, lending 

credibility to the hypothesis that splotches, disrupted splotches, and haloes are all related. 

The 53 disrupted splotches can be divided into d and d/b subclasses (Table 2.1) and they 

are distributed approximately equally between the two subclasses (Figure 2.5). Disrupted 

dark/bright splotches (Figure 2.10) are similar to dark/bright splotches except for the 

presence of the central disruption, and they account for 51% ± 7% of the disrupted 

splotch record. Disrupted dark splotches (Figure 2.11) are similar to dark splotches with 

the exception of the central disturbance, and they account for the remaining 49% ± 7% of 

the disrupted splotch record. 

At small diameters, disrupted splotches probably grade into splotches. At large 

diameters, they probably grade into crater haloes. The relatively large number of 

N N 
disrupted splotches (—^ 20%) implies that the transition from 

^ spiach ^haloes 

splotches to haloed craters is not sharp, making it more difficult to specify from initial 

conditions whether an impactor is likely to produce a splotch, a disrupted splotch, or a 

haloed crater. 
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Figure 2.10: This is a dark/bright disrupted splotch located at 21.4 N, 32S.8 E. It is very unusual because it 
appears to sit on top of another dark/bright splotch. The bright annulus is 220 km in diameter. 

Figure 2.11: This is a 13 km diameter dark disrupted splotch. The structure in the center is similar to impact 
features seen in crater haloes. No identifiable crater is seen within the structure . 
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2.4 CRATER HALOES 

Haloes provide the clearest evidence that CRAFs are impact-related. The 256 

crater haloes can be divided into the same two subclasses as disrupted splotches 

(Table 2.1). Unlike splotches, haloes are dominated by dark rather than dark/bright 

features (Figure 2.5). Dark/bright haloes (Figure 2.12) are similar to dark/bright 

splotches except that they are centered upon impact craters and they only account for 

15% ± 1% of the halo distribution. Dark haloes (Figure 2.13) are similar to dark 

splotches except that again the centers of the dark regions contain well-defmed 

impact craters. Dark haloes (c/d) account for the remaining 85% ± 5% of all haloes. 

2.5 RELATIONSHIPS BETWEEN IMPACT FEATURES 

To this point, splotches, disrupted splotches, and haloes have been discussed 

independently, with only a brief connection to the impact crater record. The obvious 

relationship that exists between haloes and craters, combined with the similar 

structures that splotches and haloes exhibit when juxtaposed, strongly supports the 

hypothesis that splotches, disrupted splotches, and haloes are different end products 

of the same impact phenomenon. The question then becomes, "Under what conditions 

does one end product prevail over the others?" To answer this question, it is first 

necessary to compare haloes to craters. Once the impact connection is established, the 

CRAFs can then be compared to each other to determine not just how they are 

similar, but also to determine why they are different. 



47 

Figure 2.12: This is a pristine c/d/b haloed crater located at 29.6 N, 13S.4 E. The bright annulus is 80 km in 
diameter. Notice the strong similarity that crater haloes bear to craterless splotches. 

Figure 2.13: This is a c/d crater located at 25.6 S, 150.2 E. The halo is 100 km in diameter. Notice the 
multiple impact features. 
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2.5.1 Comparing Craters to Haloes 

CRAFs were identified as impact features primarily due to the association of 

haloes with impact craters. There are 966 impact craters that have been catalogued to date 

by Robert Strom and Gerald Schaber. The craters have been broken down by subclass, 

and their size distributions are plotted in Figures 2.14a - 2.14d. Of these 966 craters, at 

least 256 (26.5%) are surrounded by haloes. Figure 2.15 plots the frequency of haloed 

craters in each crater class. The analogous results for non-haloes are plotted for 

comparison. Figure 2.16 plots the relative abundance of haloes within each crater class. 

Notice, for example, that 33% ± 2% of all haloes surround irregularly shaped craters, but 

only 20% ± 1% of craters are classified as irregular. Similarly 20% ± 1% of haloes 

surround multiple craters, but only 14% ± 1% of all craters are multiple craters. 

Assuming that CRAFs are the results of surface damage caused by airburst shock 

waves, then the abundance of haloes around small features such as multiple and irregular 

craters probably indicates that haloes are the products of pre-impact airbursts, and not 

post-impact airblasts. The shapes of irregular craters (due to the impact of a tight cluster 

of fragments) and the presence of multiple craters (due to the impact of dispersing 

fragments) clearly indicate that the objects that formed them were disrupted by their 

atmospheric passages. This supports the pre-impact airburst hypothesis. If post-impact 

airblasts rather than pre-impact airbursts form haloes, then the logical argument is that 

every crater should possess a halo; or accounting for erosion, the same fraction of craters 

in every crater class must possess haloes as long as halo formation is random and halo 

erasure is uniform over time. The fact that the fraction of haloed craters varies widely 
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Figure 2.i4a; This is the size distribution of multiple craters and multiple craters with central peaks. Multiple craters contain two or more distinct impact 
craters within the impact structure. Note that the vertical axis is a percentage and that the number of multiple peak craters is much smaller than the 
number of multiple craters. 
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Figure 2.i4b; This is the size distribution of irregular craters and irregular craters with central peaks. Irregular craters are non-circular craters that were 
probably fonned by a tight cluster of large fragments. Note that the vertical axis is a percentage and that the number of irregular multiple and irregular 
peak craters is much smaller than the number of irregular craters. 

Ln 
O 



Percenfoge Distrtbutlon of Central Peak Croten 

40,0 

•central rings 

•central peak 

1.3-1.7 1.8-2.4 2.5-3.5 3.6^.9 5.0-7.0 7 1-9.9 10.0- 14.2- 20.0- 28,3- 40.0- 56.6- 80.0- 113.1- 160.0-
14.1 19.9 28.2 39.9 56.5 79.9 113.0 159 9 226.2 

Size (km) 

Figure 2.14c; This is the size distribution of craters with central peaks. Central peak craters are large circular craters with mountain peaks in their 
centers. They were probably formed by intact impactors, or by impactors in the process of fragmenting at impact. The number of central peak ring 
craters is much smaller than the number of central peak craters. 
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Figure 2.l4d: These are the size distribution of flat floor and structureless craters. Structureless craters may be analogous to simple craters on airless 
worlds. Flat floor craters are large craters lacking any central structure, suggesting that they are anomalously shallow. An underdense impactor probably 
formed flat-floor craters. Unlike Figures (a) - (c), there is no obvious physical relationship between these two crater classes. They are plotted together 
here simply for convenience. 
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Figure 2.1S: This is the frequency distribution of haloed craters, non-haloed craters, and all craters in each crater class. The total number of each type of 
feature is given in the legend. The crater classes are described in Figure 2.14. Notice that craters without haloes are more abundant in every crater class, 
but not in the same proportions. 
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Figure 2.16; The fraction of haloed craters versus non-haloed craters is plotted for each crater class. The fractions are normalized to the number of 
features in a particular crater class. Again notice that the ratio of non-haloed craters to haloed craters varies from crater class to crater class. 
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from crater class to crater class (Table 2.2) does not bode well for the post-impact airblast 

hypothesis. Note that statistics of small numbers does not enter into the argument because 

N > 28 craters in every crater class. 

To further complicate matters, after aeolian processes have completely erased a 

halo, there is no direct evidence to indicate that the crater it surrounded ever possessed 

one. While it is not always possible to tell if an individual crater initially possessed a 

halo, it is possible to estimate the number of haloes that have been erased using statistical 

arguments. Regardless of whether haloes are formed as a product of airbursts, or as a 

byproduct of crater formation, all multiple and irregular craters should initially possess 

them. The reasoning is simple. If haloes are produced by pre-impact airbursts, then 

multiple and irregular craters would have haloes since they were disrupted prior to 

impact. If haloes are produced by post-impact airblasts, then all craters, including 

multiple and irregular craters, should possess haloes as a byproduct of crater formation. 

In fact according to observations, 64% of multiple and irregular craters do not currently 

possess haloes. The absence of haloes in these two classes is therefore assumed to be due 

to erasure and this assumption is tested throughout the remainder of this section. 

Since the entire surface of the planet is roughly the same average age (Strom, et 

al., 1994), and since all craters regardless of class are assumed to form randomly over 

time, then if every impact crater initially possessed a halo, all crater classes should have 

had their haloes erased in the same proportions as multiple and irregular craters. From 

this argument, the number of haloes expected in each crater class should be 0.36 times 

the number of craters observed in each crater class. To correct for erasure, the observed 
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Table 2.2: Fraction of 957" Craters With and Without Haloes 

Crater Class N % All 
Craters 

N 
% Haloes in 

Subclass 
N % Non-Haloes in 

Subclass 
Central 
Rings 

58 6.1 2 3.4 56 96.6 

Central 
Peaks 

361 37.7 95 26.3 266 73.7 

Flat Floor 28 2.9 2 7.1 26 92.9 

Structureless 92 9.6 21 22.8 71 77.2 

Multiple 161 16.9 54 33.5 107 66.5 

Irregular 218 22.8 81 37.1 137 62.9 

" Nine craters were not included because their classifications were unknown. 

Table 2.3: Central Peak Sizes Compared to Crater Sizes 

Ratio of Peak Diameter 
to Crater Diameter 

134 Central Peak 
Haloed Craters 

361 Central 
Peak Craters 

> 1/3 9.0% 8.4% 

< 1/5 28.4% 28.1% 

1/3 - 1/5 62.7% 63.5% 
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number of haloes is multiplied by 1/0.36. If craters are erased proportionally from crater 

class to crater class, then correcting for erasure should reduce the number of non-haloes 

approximately to zero in each class. The corrections for the assumed erasure are shown in 

Figure 2.17. While the fractions of non-haloed craters in the multiple and irregular crater 

classes are reduced almost to zero as expected (compare Figures 2.15 and 2.17), there is 

only little to moderate change in the other crater classes. Even if a different constant 

fraction of haloes is assumed to be erased, the discrepancy between the crater classes still 

exists. Clearly, either the assumption that haloes form around every crater is suspect, or 

the assumptions that halo formation is random and that halo erasure is uniform over time 

are faulty. A more detailed examination of individual crater classes is in order. 

Central peak craters are particularly interesting because there is no obvious 

correlation between the size of the central peak and the presence of a halo (Table 2.3), 

nor is there a correlation between the size of a crater and the presence of a halo (Figure 

2.18). In short, the distribution of haloes around central peak craters appears to be 

random. When a correction for the assumed halo erasure is applied specifically to central 

peak craters (Figure 2.19), however, small crater diameters become dominated by haloed 

craters, and large crater diameters become dominated by non-haloed craters. This implies 

that large impactors, penetrating to the surface intact, are less likely to produce haloes 

than smaller impactors that partially or wholly fragment at altitude. As predicted by this 

hypothesis, central peak ring craters, which are larger than central peak craters, rarely 

exhibit haloes. Robert Strom (personal communication. May 9, 2000) argues that intact 

objects probably form all central peak craters, regardless of whether or not they possess a 
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Figure 2.17: This is a frequency distribution of haloed craters, non-haloed craters, and all craters based upon crater class and corrected for the erasure of 
haloes. The definitions of the crater classes are given in Figure 2.14. The correction is applied by determining the fraction (0.64) of multiple and 
irregular craters that do not possess haloes. That fraction is (hen assumed to be the fraction of all haloes that have been erased. 
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Figure 2.18; The size of a central peak crater with no correction for halo erosion does not obviously determine whether or not the crater should possess a 
halo. Compare this to Figure 2.19. 
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Figure 2.19: When the correction for erasure is applied specifically to central peak craters, there is a startlingly clear fractionation of central peak crater 
haloes. Small central peak craters are much more likely to possess a halo initially. Like central peak ring craters, large central peak craters are more 
likely to form without a halo. 
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halo. If this is true, it invalidates the pre-impact airburst hypothesis. On the other hand, 

the inconsistency might be easily rectified if the smallest central peak-forming objects are 

in the process of fragmenting at the time of impact. This is not unreasonable since an 

airburst actually occurs over several kilometers of altitude. In this case, the peak of the 

"airburst" essentially occurs at the surface, and since the impactor fragments do not have 

time to spread before impact, the impactor can be treated as if it were intact. Figure 2.20 

is a cartoon depicting some possible ranges of airburst altitudes and the crater 

morphologies that surviving impactors might produce. 

Along with multiple and irregular craters, structureless craters are typically small. 

Figure 2.21 plots the relative abundance of haloes among structureless craters. Even 

before applying a correction for erosion, there is clear evidence that haloes are found 

predominantly at small crater diameters. After applying a correction for erosion (Figure 

2.22), the predominance of haloes at small diameters becomes even more pronounced. 

Flat floor craters are typically large, but also uncommon (< 3%). They also rarely 

exhibit haloes. The lack of a central structure in these craters suggests that they are very 

shallow (not enough overlying material was removed for rebound to produce a central 

peak), and this hints at an underdense impactor (a weak asteroid or a comet). Typically, 

weak impactors airburst high in the Venusian atmosphere and may often not produce any 

surface damage; however, supposing that a weak object were very large, it might possess 

enough energy to penetrate the atmosphere and crater the surface. As a large impactor, 

though, the object is less likely to be disrupted before reaching the surface. If flat floor 
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Figure 2.20: Airbursts occur over a finite range of altitudes. The altitude of peak energy deposition is 
related to the morphology of a haloed crater. If the object begins to fragment near the surface, then impact 
may occur before the fragments disperse, and the object can be treated as a single intact impactor. 
Nevertheless, the start of fragmentation deposits energy in the atmosphere before impact so an airburst still 
occurs, and the altitude of the airburst is essentially 0 km. 
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Figure 2.21: Structureless craters exhibit a slight bias towards haloed craters at small diameters before a correction for erosion is applied. 
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craters are created by large icy impactors, this might explain why haloes are so rarely 

observed around them. 

Returning to the pre-impact airburst hypothesis, there is one flaw in the argument 

that must be addressed. Large fractions of central peak and structureless craters possess 

haloes. It is therefore not intellectually satisfying to argue for erosion based solely upon 

observations of multiple or irregular craters, because there is nothing innately more 

important about those craters than small central peak or structureless craters. Instead, a 

much tidier argument based upon impactor size removes the dependence upon crater 

class while still accounting for the discrepancies observed between the crater classes. As 

a side benefit, it produces an estimate for halo erasure that is similar to the one derived 

earlier. 

Haloes are found preferentially at small (< 30 km) crater diameters (Figure 2.23). 

Approximately 25% - 35% of small craters possess haloes (Figure 2.24). If it is assumed 

that all craters smaller than 10 km in diameter initially formed with haloes, then the 

fraction of haloes erased (65% - 75%) is only marginally higher than that estimated 

earlier (64%). This is not surprising since most multiple and irregular craters are small. 

The fact that small craters are more likely to possess haloes than large craters also 

explains why central peak and structureless craters are dominated by haloes at small 

diameters but not at large diameters when a correction for erosion is applied. The 

conclusion is obvious! Small craters are probably formed by objects that are partially or 

wholly disrupted by the time impact occurs, and the energy they deposit in the 

atmosphere during fragmentation creates an airburst that is responsible for the formation 
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Figure 2.23: Haloed craters are found predominantly at small crater diameters. The turnover in the curve below 10 km reflects the substantial loss of 
craters that has been attributed to an atmospheric screening of small impactors. Compare this to Figure 2.27. 
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of the halo. Large impactors, penetrating to the surface with minimal disruption, do not 

create airbursts and consequently do not possess haloes. 

2.5.2 Comparing Haloes to Splotches 

By comparing haloes to craters, important insight is gleaned into the natures of 

CRAFs, and this insight can be applied to an examination of splotches. Haloes are formed 

by impactors (or fragments of impactors) large enough to penetrate the atmosphere to the 

surface, but probably not without some partial disruption. Splotches are formed when 

smaller impactors penetrate deep into the atmosphere, but are completely disrupted 

before reaching the surface. The similarities between these features support the 

hypothesis that they are similar outcomes of the same pre-impact airburst phenomenon. 

Their differences provide clues about the conditions under which each class of feature 

forms. 

Figure 2.25 is an "R" (size-density) plot of splotches plotted with the size-density 

distribution of Venusian craters for comparison. R plots are log-log plots of feature 

density normalized to a differential slope of -3. Size-frequency distributions that obey a 

-3 power law plot as horizontal lines on this chart. Sharp deviations from a -3 power law 

plot as steep slopes. Splotches possess a higher R value than craters at large diameters 

indicating that that there are more large splotches than large craters per unit area. This is 

not surprising if relatively small objects produce large splotches. There is, however, a 

paucity of splotches with maximum diameters smaller than 100 km. A similar paucity of 

small craters has been attributed to an atmospheric screening effect (Strom, et al., 1994) 
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Figure 2.25: This is an R plot of the splotch size/density distribution plotted with the impact crater 
size/density distribution for comparison. Both splotches and craters show a paucity of snull-diameter 
features, indicated by the sharp drop in the R-values below 100 km for splotches and below 35 km for 
craters. The higher R-value for splotches at large diameters indicates that splotches are more numerous than 
craters at those diameters. The falloff in the production population of splotches probably occurs because 
impactors are stopped by the atmosphere before they cause surface damage of any kind. The few objects 
that do form splotches at small diameters are probably irons or strong stones. 
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that prevents most small impactors from penetrating to the surface. In the case of 

splotches, however, there is no evidence that impactors ever reach the surface anyway. 

Instead, the paucity of splotches is probably due to the fact that very small or very weak 

impactors do not carry sufficient energy to produce surface damage of any kind when 

they are stopped by the atmosphere. The occasional objects that do form small splotches 

are probably iron objects (or perhaps strong stones at larger diameters) with enough 

strength to penetrate deeply into the atmosphere despite their small size. As will be 

demonstrated later, iron objects > 1.7 km, stony impactors > 2.4 km, and icy bodies > 3 

km in diameter are generally capable of reaching and cratering the surface. Somewhat 

smaller objects probably produce splotches. On the other hand, iron objects < 200 meters, 

stony impactors < 300 m, and icy bodies < 3 km in diameter should be stopped by the 

atmosphere at altitudes that are too high to produce surface damage. It is also possible 

that part of the loss of splotches may be due either to erosion or to deposition of material 

that erase the bright annuli. This should affect all splotches regardless of size, however, 

leaving the atmospheric screening of small and weak impactors as the most obvious 

explanation for the loss of small splotches. 

Like craterless splotches, there is a paucity of disrupted splotches below 100 km 

in diameter (Figure 2.26), again strongly suggesting that most small objects cannot 

penetrate the atmosphere deeply enough to cause surface damage. At small diameters, 

the impactors that did get through were probably irons; at larger diameters, they were 

probably stones. Fragments of impactors that survive near-surface airbursts may retain 

sufficient momentum and energy to produce the scars in the centers of disrupted 
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Figure 2.26: This is an R plot of the disrupted splotch size/density distribution plotted with the impact 
crater size/density distribution for comparison. Disrupted splotches show a paucity of small-diameter 
features, indicated by the sharp drop in the R value below 100 km. Iron impactors probably form most of 
the disrupted splotches at small diameters. At larger diameters, the impactors were probably stones. 
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splotches; alternatively, the hot fireball behind an airburst might touch the ground 

absorbing and vaporizing surface material in the central region of the splotch. 

Like both splotches and disrupted splotches, there is a paucity of haloes at 

diameters below 70 km (Figure 2.27). At decreasing diameters, the loss of haloes is 

greater than the loss of splotches or craters, and a complete loss of haloes occurs below 

halo diameters of IS km. The rapid decline in the number of haloes probably occurs 

because small and weak impactors are more effectively screened by the atmosphere and 

have a low probability of reaching the surface. Many of these impactors likely record 

their passages as splotches or disrupted splotches instead. As with splotches, small haloes 

are probably formed by iron or stony objects. The difference is that these objects are 

larger than splotch-forming impactors. They penetrate the atmosphere sufficiently deeply 

before airbursting that they actually impact the surface while they are in the process of 

fragmenting and/or dispersing. Icy objects are so weak that they probably contribute only 

to the population of the largest haloes. 

Figure 2.28 compares the distributions of splotches, disrupted splotches, and 

haloes. It is a similar chart to Figure 2.5 except that the percentages are normalized to the 

number of features in each class rather than the total number of features. From this figure, 

two striking observations can be made: (I) the ratio of d to d/b features increases 

progressing from splotches to haloes; and (2) complex patterns are limited to splotches. A 

visual inspection of all splotches, disrupted splotches, and haloes shows that crisp, 

undisturbed d features are very rare (all of them are included as images earlier in this 

chapter); meanwhile, d/b features are often observed in various states of preservation. 



73 

R Plot of Haloes and Craters 
size (km) 

1 10 100 1000 

1 .OOE-02 

1.00E-03 

1 .OOE-04 

flC 1.00E-05 

1 .OOE-06 

1.00E-07 

1 .OOE-08 

Figure 2.27: This is an R plot of the halo size/density distribution plotted with the impact crater size/density 
distribution for comparison. Haloes show a paucity of small-diameter features, indicated by the sharp drop 
in the R-vaiue below 70 km. The higher R-value for haloes at large diameters indicates that haloes are more 
numerous than craters at those diameters. Haloes require an impactor to reach the surface so the falloff at 
small diameters is probably due to screening of both small and intermediate-size impactors by the 
atmosphere. Many of the missing haloes at small diameters are probably recorded as splotches or disrupted 
splotches instead. 
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Figure 2.28: This plot shows the relative abundance of each type of CRAF. Only craterless splotches exhibit features more complex than d or d/b 
patterns. Progressing from splotches to haloes, notice that the abundance of d features increases, and the abundance of d/b features decreases. 
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This suggests that d features are older and more eroded than d/b features. I hypothesize 

that in the course of the evolution of a CRAF, the bright region fades while the dark 

region grows and becomes irregular in shape. This occurs because the dispersal of fine 

grains from the central region reduces the radar backscatter of the bright region while 

simultaneously smudging the appearance of the dark region. As the fine grains continue 

to disperse, the dark region eventually thins and fades as well. Thus, a CRAF evolves 

from a crisp d/b pattern to an irregular d pattern before eventually fading completely. 

From the study of the effects of nuclear weapons (Glasstone, 1964, p. 633-634), it 

is known that below an optimum burst height, the radial extent of surface damage caused 

by an airblast decreases as the airburst altitude decreases (although the damage in the 

immediate vicinity of ground zero is more severe). This explains why CRAFs are much 

larger than impact craters. It also explains why large impactors that do not airburst also 

do not create haloes. On the other hand, given two impactors of identical composition but 

different sizes, the larger one contains more momentum and energy, so it penetrates 

deeper into the atmosphere and the airburst is more energetic. Given that all surface 

damaging airbursts occur in a relatively narrow range of altitude (< 20 km) and that the 

kinetic energies of interesting impactors vary over three orders of magnitude (lO" J -

10^^ J for impactors several hundred meters to a few kilometers in diameter), the much 

greater energies associated with halo-forming airbursts should dominate the relatively 

small differences in airburst altitudes. As a consequence, dark halo deposits are expected 

to be larger and thicker on average than dark splotch deposits despite the fact that halo-

forming impactors airburst at lower than optimum burst heights. As illustrated in Table 



76 

2.1, dark halo deposits are indeed larger on average than dark splotch deposits. There is, 

however, no clear means of obtaining direct measurements of the deposit thicknesses. 

The sizes of the dark regions in d and d/b features are observed to vary with the 

type of CRAF. Figures 2.29 and 2.30 are plots of the size distributions of d and d/b 

features respectively. In both plots, the sizes of the dark regions are larger for d features 

than they are for d/b features. This is in agreement with the hypothesis that dark regions 

expand as they erode. Furthermore, dark features are larger on average for d/b haloes 

(45.2 ± 25.5 km in diameter) than they are for d/b splotches (20.4 ± 14.3 km in 

diameter). Assuming that deposit thicknesses are related to the sizes of dark regions, 

haloes should have thicker dark deposits than splotches. 

Figure 2.31 plots the size distribution of all bright regions. Unlike the dark 

regions, the bright regions exhibit no dependence upon feature class (splotch, disrupted 

splotch, or halo) or subclass (b, d/b). This is not surprising given that the radial extent of 

bright features is many times larger than the airburst altitude. In fact, because there is 

little dependence upon the airburst altitude, the sizes of the bright regions should depend 

only upon the airburst energy. 

The hypothesis that CRAFs evolve from crisp d/b to irregular d features before 

fading away qualitatively accounts for the abundance of d haloes and d/b splotches. Since 

near-surface airbursts inflict more damage in the immediate vicinity of ground zero, dark 

halo deposits are expected to be thicker than dark splotch deposits and therefore longer-

lived. Assuming that the lifetimes of bright regions are the same for splotches, disrupted 

splotches, and haloes, then haloes spend a greater fraction of their lives in the d stage 
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while splotches spend more time in the d/b stage. By similar reasoning, multiple craters, 

representing the highest altitude airbursts among all the crater classes, should possess the 

highest fraction of d/b haloes. This is indeed observed in Figure 2.32. One other 

implication of this hypothesis is that airbursts at very high altitudes may produce dark 

deposits that are too thin to outlive the surrounding bright region. As a result, some 

fraction of splotches would be expected to fade from d/b to b while all haloes are 

expected to fade from d/b to d. Again, this is observed in the data. 

From the images of splotches, disrupted splotches and haloes, it is clear that the 

three types of features are related. The data indicate that dark regions in haloes are larger 

than they are in splotches, but the sizes of the bright regions appear to be independent of 

the type of CRAF. Thus, the sizes of dark regions depend upon both the airburst altitude 

and energy, while the sizes of bright regions depend only upon the airburst energy. 

Regardless of the type of CRAF, however, it appears that they all evolve from a d/b to a d 

or b stage before fading completely. The relationship between splotches, disrupted 

splotches, and haloes is examined more quantitatively in Chapters 4 and 6. 

2.6 TERRAIN EFFECTS 

CRAFs are found predominantly in the lowland plains of Venus (Figures 2.1 and 

2.33), while impact craters are randomly distributed with respect to both altitude and 

terrain. CRAFs are apparently impact-related features, so it stands to reason that they 

should also be randomly distributed both hypsometrically and spatially. Surprisingly, 

they are not randomly distributed, and since the altitude difference between the lowlands 
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Figure 2.33a: This is a map of the geologic terrains of Venus from 0 N - 90 N, 240 E - 0 E. 

Figure 2.33b; This is a map of the geologic terrains of Venus from 0 S - 90 S, 240 E - 0 E. 



84 

Figure 2.33c: This is a map of the geologic terrains of Venus from 0N-90N. OE - 120 E. 

Figure 2.33d: This is a map of the geologic terrains of Venus from 0 S - 90 S, 0 E - 120 E. 
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Figure 2.33e; This is a map of the geologic terrains of Venus from 0 N - 90 N. 120 E - 240 E. 

Figure 2.33f: This is a map of the geologic terrains of Venus from 0 S - 90 S, 120 E - 240 E. 
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and the highlands is only ~ 1 km, it must be terrain effects that influence their formation. 

The scale height of the lower Venusian atmosphere is 15 km. The altitude 

difference between the highlands and the lowlands is only - 1 km, so the difference in the 

atmospheric pressure is negligible. This implies that there should be a minimal difference 

in the density of CRAFs in the highlands compared to the lowlands. The data in Table 2.4 

do not support this conclusion. In fact, the density of CRAFs in the highlands is < 30% of 

the number observed in the plains. The discrepancy is even more pronounced between d 

and d/b features (Table 2.5). Either the highland regions effectively mask CRAFs 

(particularly bright regions), or they are too topographically rough to even allow them to 

form. 

As illustrated in Figure 2.2, the highland topography appears to be quite resistant 

to strong airbursts. The highlands do not provide any contrast for bright features, so even 

if CRAFs do form, their bright regions are virtually impossible to detect. Dark regions 

provide better contrast, but only in large gaps in the topography. Many of the features 

that were excluded from the splotch and halo databases were abnormally dark areas in the 

highlands that may be CRAFs; but they are too well-masked to be positively identified. 

Fortunately, only 10% of the surface is covered by the highlands. 

Like the highlands, ridge belts (generally found in the margins between tesserae 

and plains) occupy approximately 10% of the planet's surface (Tanaka, et al., 1997). 

Ridge belts and mountain belts possess a higher radar backscatter than the plains, but 

they do provide a better background for contrast than the highlands provide. It is 

therefore not surprising to see more CRAFs in fracture belts than in the highlands. 
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Table 2.4: Densities of CRAFs on Various Types of Terrain 

Venus Surface Area = 451 X 10* km- Number' of features on Terrain (% of Subclass) 
Density (10"'/km^) 

Class Subclass Plains 
326 X 10* km^ 

Highlands 
45 X 10* km-

Ridge Belts 
43 X 10* km^ 

Mountain Belts 
12 X 10* km^ 

Volcanic Rows 
5.5 X 10* km^ 

d 47 (82%) 
1.2 ±0.2 

4(7%) 
1.0 ±0.5 

5 (9%) 
1.0 ±0.5 

1 (2%) 
< 1.8 

d/b 98 (89%) 
3.0 ± 0.3 

2.5 (2%) 
0.6 ±0.4 

5(5%) 
1.0 ±0.5 

0.5 « 1%) 
<0.4 

4(4%) 
1.8 ±0.9 

Splotches 
r 25 (93%) 

0.7 ±0.1 
1 (4%) 
<0.2 

0.5 « 2%) 
<0.4 

0.5 (2%) 
<1.0 

N=209 
b 10(91%) 

0.3 ± 0.1 
1 (9%) 
<0.5 

Other 4(100%) 
<0.1 

AH 
Splotches 

IS4 (88%) 
5.6 :t:0.4 

6.5 (3%) 
1.6 ±0.6 

11(5%) 
2.2 ±0.1 

/ (<1%) 
<0.8 

6.5 (3%) 
1.1 ±0.9 

x/d 20.5 (79%) 
0.6 ±0.1 

3.5(13%) 
0.8 ± 0.4 

1 (4%) 
<0.2 

1 (4%) 
<0.5 

Disrupted 
Splotches 

N=53 
x/d/b 25 (93%) 

0.7 ± 0.2 
1 (4%) 
<0.3 

1 (4%) 
<0.3 

Disrupted 
Splotches 

N=53 
All 

Disrupted 
Splotches 

45.5 (86%) 
1.3 ±0.2 

4.5 (8%) 
0.8 ±0.4 

1(2%) 
<0.2 

2(4%) 
<0.8 

c/d 192 (89%) 
5.9 ± 0.4 

7(3%) 
1.8 ±0.7 

16(7%) 
3.2 ± 0.8 

1 «I%) 
<0.8 

2«1%) 
3. 6 ± 2.5 

Haloes 
N=256 c/d/b 38(100%) 

1.2 ±0.2 

All Haloes 
232 (91%) 
7./ ±0.5 

7(3%) 
1.8 ±0.7 

16 (7%) 
3.2 ±0.8 

/ (<1%) 
<0.8 

2«1%) 
3.6 ±2.5 

" Some features fell across terrain boundaries. In those cases, a half-feature was recorded for both terrains. 

Table 2.5: Combined Densities of CRAFs on Various Types of Terrain 

Venus Surface Area = 451 X 10* km- Number^ of features on Terrain (% of Subclass) 
Density (lO'^/km^) 

Class Plains 
326 X 10* km^ 

Highlands 
45 X 10* km-

Fracture Belts 
43 X 10* km-

Mountain Belts 
12 X 10* km^ 

Volcanic Flows 
5.5 X 10* km^ 

Dark 
N=301 : 

252.5 (84%) 
7.7 ±0.5 

16.5 (6%) 
4.2 ± 1.0 

22 (7%) 
4.5 ± 0.9 

1 (< 1%) 
<0.8 

4(2%) 
7.3 ± 3.6 

Dark/Bright ' 
N=175 

160.5 (92%) 
4.9 ± 0.4 

3.5 (2%) 
0.9 ±0.5 

5(3%) 
1.0 ±0.5 

1.5 (1%) 
1.2 ± 1.0 

5(2%) 
9.1 ±4.1 

Others 
N=42 1 

36 (86%) 
1.2 ±0.2 

1 (2%) 
<0.2 

0.5 (1%) 
<0.4 

" Some features fell across terrain boundaries. In those cases, a half-feature was recorded for both terrains. 
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Volcanic flows (shield fields and channels) cover about 1% of the planet's surface 

(Tanaka, et al., 1997). Like the plains, they generally provide a good background for 

contrast because they are relatively smooth at the Magellan radar wavelength. Dark 

features in particular contrast well with bright flows (Figure 2.3). Surprisingly, the 

density of haloed craters is slightly abundant on this terrain. Due to the small surface area 

covered by the flows, and the small number of haloes that are expected, this is probably 

just an artifact of the statistics of small numbers rather than a fundamentally important 

observation. 

The lowland plains cover the remaining 80% of the planet's surface and they 

contain the largest fraction of CRAFs by far. The contrast provided by the plains lends 

itself to easy identification of both dark and bright features. The scale of the average 

surface roughness (a few centimeters) also appears to be ideal for supporting the 

formation and retention of CRAFs. It is debatable whether the CRAFs are simply masked 

by rough terrain, or if they are even able to form. Even if they can form, it is unclear 

whether the rough terrain can retain them. The distinction is important for modeling their 

formation. The type of terrain on which they are found puts constraints on the 

mechanisms responsible for their formation. 

2.7 SUMMARY 

CRAFs are predominantly found in the lowland plains of Venus, and all three 

classes disrupted splotches, and haloes are otherwise visually indistinguishable from each 

other. Furthermore, the gradient from haloes to splotches suggests a similar origin for 
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both types of features. Haloes and disrupted splotches, however, exhibit only d- and d/b-

type features, while craterless splotches, though dominated by d- and d/b-type features, 

exhibit more complex structures (r, b, and others) as well. The observed differences 

between these features are probably due to a combination of airburst altitude, airburst 

energy, and terrain effects. 

Erosion probably accounts for the loss of approximately 65% - 75% of all haloes 

and presumably an even larger fraction of splotches. This makes it very difficult to 

determine whether an individual non-haloed crater ever possessed a halo in its past. By 

using statistics, however, corrections for erosion can be made to large groups of features. 

All small craters (< 30 km in diameter) are hypothesized to initially form with haloes 

because small impactors are expected to be partially or wholly disrupted before impact. 

The energy released as the object is disrupted produces an airburst that may be 

responsible for creating the haloes. Large bodies that are not disrupted by their passages 

through the atmosphere are expected to impact the surface as a single, intact objects 

producing no airbursts. Intermediate-size impactors that are stopped before reaching the 

surface are expected to form splotches instead of haloes. The smallest impactors are 

stopped too high above the surface to cause any damage at all. 

By examining the various subclasses of CRAFs, several interesting patterns 

emerge. First, the dark regions in d/b features are smaller than they are in d features, and 

nearly all d features are irregular in shape and show a lack of preservation. Aeolian 

processes may disperse Hne grains from the dark central region causing it to expand and 

take an irregular shape before gradually fading away. The redistribution of the fine grains 
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causes the bright region to fade. Second, splotches are dominated by d/b features, 

disrupted splotches are equally divided between d and d/b features, and haloes are 

dominated by d features. This suggests that dark deposits formed in low altitude airbursts 

are thicker, and should therefore survive longer than the dark deposits produced in high 

altitude airbursts. For very high altitude airbursts, the dark regions may be so thin that the 

bright regions outlive them. Third, dark regions tend to become larger when progressing 

from splotches to haloes, but the sizes of the bright annuli appear to be relatively 

insensitive to the type of feature. If CRAFs are indeed airburst features, then the bright 

regions are far-field effects and the airburst altitude is probably unimportant, so their 

sizes are determined almost exclusively by the airburst energy. The differences in the 

sizes of the dark regions are then functions of both airburst energy and airburst altitude. 

Unfortunately, since both affect the size of a dark region, extracting the airburst altitude 

is not a straightforward task. In cases where a bright region is present, however, the 

airburst energy can be derived directly from the diameter of the bright region. 

Finally, the type of terrain affects the spatial and hypsometric distributions of 

splotch-like features. Instead of being randomly distributed like craters, CRAFs are found 

preferentially in the lowland plains. This effect is further pronounced when comparing d 

and d/b features. The highlands in particular may be very effective at masking CRAFs 

due to their large-scale topography. 

In this chapter, I described splotches, disrupted splotches, and haloes individually, 

and then I relate them to each other by hypothesizing a common origin for all of them in 

pre-impact airbursts. In accordance with that interpretation, I will hereafter refer to 
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CRAFs with the more descriptive name of "airburst scars." Previous models of airburst 

scar formation proposed by other researchers are discussed Chapter 3. From there I derive 

a new model in Chapters 4 and 5 that is capable of relating all classes of airburst scars. A 

quantitative comparison of my model with the Magellan observations is the subject of 

Chapter 6. 
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CHAPTER 3 A HISTORY OF THE PROBLEM 

3.1 SETTING THE SCENE 

On June 30, 1908 an object exploded over the Tunguska River in a remote region of 

Siberia and flattened about 2000 km^ of forest. In 1927, an expedition from the Soviet 

Union, led by L. Kulik, became the first group to reach the site and examine the 

devastation. At the site, the expedition found countless numbers of trees that had been 

snapped in two along their trunks. Embedded within the trees and scattered about the site, 

they found microscopic iron-nickel fragments that may be the remnants of the original 

object. There was, however, no evidence of an impact crater. 

Certainly, the Tunguska event was not the first terrestrial airburst, but it has been 

one of the most publicized. Speculation concerning what the Tunguska object really was 

has ranged from the exotic {e.g., a miniature black hole) to the bizarre {e.g., a nuclear 

explosion aboard an alien spacecraft). Today, it is commonly accepted that the Tunguska 

object was either an asteroid or a comet (though this debate still rages) that was disrupted 

by its passage through Earth's atmosphere and exploded before it could reach the surface. 

It was the shock wave from the explosion that subsequently damaged the surface. 

The Tunguska event galvanized researchers, particularly in the Soviet Union, to 

study airbursts. In fact, most of the current knowledge concerning the behavior of 

impactors in atmospheres comes from decades of studying the Tunguska event. With the 

inclusion of Magellan observations of Venus, and data from the comet P/Shoemaker-

Levy 9 impact on Jupiter, airburst models have only gotten better. This chapter reviews 



93 

the evolution of various airburst scar models and sets the stage for the unified splotch and 

halo formation model to be developed in Chapter 4. 

3.2 AIRBURSTS 

When an object enters an atmosphere, it is subjected to aerodynamic stresses that 

decelerate it, ablate it, and alter its trajectory (McKinley, 1961, pp. 172-185; Chyba, et al., 

1993). Then depending upon the crushing strength of the object compared to the 

aerodynamic stresses it encounters during atmospheric passage, the object may fail and 

fragment. The degree of fragmentation depends upon the strength of the object and the 

duration of time that it experiences aerodynamic stresses above its yield strength. As the 

fragments interact with each other, they begin to spread out into a pancake shape, thereby 

increasing the impactor's cross-sectional area, and enhancing its deceleration. Naturally, 

larger and stronger objects penetrate deeper into the atmosphere before failing. Boris 

Ivanov is a true expert on this subject and he has authored and co-authored many papers 

on this topic. The reader is referred to Ivanov, et al. (1997) for a recent, more detailed 

numerical analysis of this process. 

The fragmentation of the impactor, and the rapid deceleration that accompanies 

the spreading of its fragments, deposits nearly all of the impactor's kinetic energy in a 

small volume of the atmosphere. This is effectively an explosion or an "airburst," and the 

resulting shock wave may propagate to the surface. In reality, the airburst is an extended 

explosion occurring over some finite altitude range; but for most practical purposes, it 
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can be treated as a point explosion. For very low altitude airbursts, the size and shape of 

the airburst cannot be neglected. 

The enhanced deceleration caused by fragment spreading can effectively "stop" 

small impactors before they reach the surface. If the impactor is completely ablated or 

pulverized, no fragments of the impactor survive as meteorites. In other cases, fragments 

of the impactor are decelerated to free-fall speeds and soft-land on the surface. Since 

airbursts occur over a finite range of altitude, large or massive impactors may retain 

enough momentum to produce a hypervelocity impact crater even after they begin to 

fragment. On Venus, nearly all impactors producing craters > 30 km in diameter (Figures 

2.25 - 2.27) survive their passage through the atmosphere with sufficient momentum to 

crater the surface. 

3.3 SURFACE DAMAGE 

If an airburst occurs near the surface in a relatively dense atmosphere, the 

pressure enhancement created behind the shock front can act like an impulse from a 

hammer when the shock front hits the surface (Ivanov, et al., 1986; Brackett and 

McKinnon, 1992; Ivanov, et al., 1992; McKinnon, et al., 1997). On Eatth, a strong shock 

impulse snapped trees at Tunguska. On Venus, the atmosphere is so dense that strong 

shock impulses may break, or even pulverize, decimeter-scale rocks. Highly supersonic 

winds may then scour the surface and transport material great distances (Takata, et al., 

1995). Strong shock reflections from the surface may also reinforce the original shock 
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front or produce powerful radial winds as a Mach stem develops. The type and the extent 

of surface damage is primarily a function of airburst altitude and airburst energy. 

3.4 EVOLUTION OF ZAHNLE'S CRUSHING MODEL 

The theoretical models described previously require that airbursts occur on Venus 

with sufficient energy to pulverize or break surface rock. Zahnie (1992) extended this 

work. In the process, he developed a "crushing" model (in three parts) that reproduces the 

simplest (dark/bright) splotches observed on Venus. This model is the foundation for the 

more extensive model to be developed later so it is instructive to highlight it now. 

The first part of the crushing model addresses the behavior of a bolide traversing a 

thick atmosphere. Using a method independent of Chyba, et al. (1993), Zahnle derives a 

second order differential equation for fragment spreading that depends upon the density 

of the atmosphere, the density of the bolide, and the velocity of the bolide. Combining his 

equation for fragment spreading with differential equations for deceleration, ablation, and 

trajectory, Zahnle numerically calculates airburst altitudes and maximum energy release 

for specific initial conditions. From his calculations, the largest object that surrenders 

most of its kinetic energy to the atmosphere is a 2 km diameter stone. Such an airburst 

liberates ~ 2.4 x 10^' J of energy. 

The second part of the model addresses the geometry and propagation of airburst 

shock waves. Zahnle treats an airburst as a strong point explosion in an inhomogeneous 

medium, appealing to an approximation of the exact Sedov solution developed by G. G. 

Chemyi (Zel'dovich and Raiser, 1967, pp. 97-99). The Chemyi approximation assumes 
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that the cavity behind the shock is isobaric with only a fraction of the pressure 

immediately behind the shock front. It also assumes that the cavity contains most of the 

airburst energy, while the mass entrained behind the shock is confined to a thin shell. The 

Chemyi approximation works only for homogeneous media, so Zahnle modifies the 

approximation for inhomogeneous media by considering the behavior of a small mass 

clement dm, then iniegraiing over the whole surface of the shock. For a more complete 

approximation, Zahnle also includes the inertia of the shocked gas as an additional term 

in his equation of motion. 

The third part of Zahnle's crushing model describes the impulse that is delivered 

to the surface. Using impedance matching conditions between the shocked atmosphere 

and the surface, Zahnle estimates the peak shock pressure as a function of radial distance 

from ground zero in order to determine the radial extent of pulverized rock (radar-dark) 

and broken rock (radar-bright) regions. From his simulations, he predicts that peak shock 

pressures of 0.2 - I GPa in surface rock arc sufficient to pulverize it. That corresponds to 

dark regions a few tens of kilometers in diameter. By similar arguments, very low peak 

shock pressures of 0.01 - 0.1 GPa in rock should correspond to bright regions ~ 100 km 

in diameter. He also argues that shock pressures can be felt to depths of hundreds or 

thousands of meters implying that the splotch deposits may be thick enough so that 

splotches are at least semi-permanent features on Venus. 

Since the publication of Zahnle (1992), several refinements have been made to his 

crushing model. The refinements include an improved fragmentation model (Chyba, et 

al., 1993) and the incorporation of Mach stem effects (Takata, et al., 1995). Problems 
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with Zahnle (1992) that have not been adequately addressed include the semi-valid 

assumptions of the Chemyi model (particularly the distributions of velocity, pressure, and 

density behind the shock front), the breakdown of the point airburst approximation at low 

altitudes, strong shock reflection from the surface, the effects of terrain on surface 

damage, and the connection between the subclasses of splotches, disrupted splotches, and 

haloed craters. 

3.5 ALTERNATIVE MODELS 

In addition to the crushing model, many other ideas have been proposed to 

explain the existence of splotches and haloed craters: (1) back venting; (2) parabaloidal 

bowshocks; (3) parabola degradation; and (4) emplacement of impactor debris. While 

these ideas may have some merit, and may in some cases describe mechanisms that 

actually do contribute to splotch and halo formation, they also have several disadvantages 

that argue against them being the primary mechanisms for airburst scar formation. 

3.5.1 Back Venting 

The back venting model proposed by Ivanov, et al. (1992) and Takata, et al. 

(1995) suggests that the high overpressure during the shock front's passage drives 

atmospheric gas into pores in the surface; and then, after the shock front has passed, the 

reduced pressure above the surface causes the compressed gas to vent back to the surface. 

The escaping gas can then entrain fine soil particles as it escapes. In the compression 

phase, the pores in the surface can support relatively high pressures without collapsing 
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(McKinnon, et al., 1997), though the Venera images indicate that loose material may be 

quite common. In the rarefaction phase, the venting of gases to the surface may exceed 

the strength of the surface material causing the surface to rupture. The resulting average 

particle size is much smaller. Wake effects from the shock can then move fine particles 

along the surface. 

Back venting may be very effective in producing crushed soil but there are three 

problems. First, it is unclear whether there is enough loose soil on the surface to initiate 

large-scale back venting (Arvidson, et al., 1992; Greeley, et al., 1992; McKinnon, et al., 

1997). An enormous volume of fine-grained material, at least one quarter of a Magellan 

radar wavelength thick (A= 12.6 cm), is necessary to produce typical radar-dark regions. 

For example, to account for a 20 km diameter radar-dark region, at least 40 million m^ of 

fine-grained material must either be extracted from the surface, or the surface layer out to 

several tens of kilometers from ground zero must be ruptured to a minimum depth of 

several centimeters. Second, radar-dark rings are unlikely to be a direct product of back 

venting without a sudden, but brief, increase in the shock overpressure at some distance 

from ground zero. Unless there is reinforcement from a reflected shock, that implies that 

a significant amount of fine-grained material must be moved large radial distances 

against the rarefaction wind long after the shock front has passed. Third, back venting 

does not account for the radar-bright annuli surrounding the radar-dark centers of most 

splotches, so a second mechanism must be invoked. For all of its problems, though, back 

venting may still play a minor role in splotch formation. It may particularly come into 
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play in determining where the transition from the radar-dark to the radar-bright region 

occurs. 

3.5.2 Parabaloidal Bowshock Model 

The parabaloidal bowshock model of halo formation described by Takata, et al. 

(1995) assumes that an impactor survives passage through the Venusian atmosphere, and 

chat the bowshock associated with the incoming projectile is responsible for producing 

the radar-dark and -bright haloes surrounding some impact craters. Takata, et al. (I99S) 

treat the bowshock as a cylindrical explosion centered on the projectile impact site and 

modified for the angle of impact. By following the position of the shock as a function of 

time, and by appealing to the formation of a Mach stem, they deduce bright halo sizes of 

50 - 85 km (10 - 17 times their nominal crater radius of 5 km) consistent with a 1 km 

diameter stony asteroid impacting the surface at 20 km/sec. Unfortunately, in their 

simulations, they used a crater scaling relation for dry sand instead of rigid basalt leading 

to an underestimate in crater size by as much as a factor of 2. Further, they assumed a low 

value for the ratio of specific heats of CO2 (y = 1.1), instead of the more commonly 

accepted value under Venusian surface conditions (y = 1.2), which nearly doubles the 

strength of the Mach stem for oblique impacts. Also, by assuming no ablation or 

deceleration in the atmosphere, Takata, et al. (1995) overestimate the impact energy (not 

to mention that any 1 km stony object is unlikely to reach the Venusian surface intact 

anyway). Combining all of these factors, their model probably significantly overestimates 

the surface damage that an impactor bowshock is capable of producing. 
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Another problem posed by the parabaloidal bowshock model is the noticeable 

absence of haloes around most Venusian impact craters. If the model is correct, then 

every crater should either have an associated halo or the haloes must be transient features. 

If haloes are transient, then each crater class should contain approximately the same 

fraction of haloes as every other crater class. As illustrated in Chapter 2, this is not 

observed. This model predicts that central peak and central ring craters should be 

dominated by haloes since intact objects have the highest kinetic energies at impact. This 

is contrary to the data, which show that small (multiple, irregular, structureless, and small 

central peak) craters are dominated by haloes, while large (flat floor, central peak ring, 

and large central peak) craters rarely exhibit them. 

It may be possible for an impactor's bowshock to damage the Venusian surface in 

the immediate vicinity of the impact, but it is unlikely the damage will survive the 

subsequent crater-forming event. The impactor's bowshock is only ~ 2 - 3 times the 

diameter of the impactor, and it rapidly weakens as it spreads across the surface. The 

crater is ~ 10 - 20 times the diameter of the impactor and will erase much of the damage 

caused by the bowshock. Finally, the impactor bowshock does not account for splotches 

at all because no impactor reaches the surface. 

3.5.3 Parabola Degradation Model 

When a crater is formed on Venus, ejecta that is lofted into the atmosphere can be 

carried downwind dispersing into a distinct westward-opening parabola shape. Vervack 

and Melosh (1992) and Schaller (1998) describe the emplacement of the fine-grained 
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material in the distal component of a parabola. Arvidson, et al. (1992) estimate a lifetime 

of tens of Myr for the distal component, after which normal surface winds will have 

completely dispersed the loose material that is responsible for the low radar backscatter. 

Izenberg, et al. (1994) proposes a model in which a parabola degrades into a halo. 

The implications of this model are that every large crater should form with a parabola and 

that haloes are the remnants of the parabola after the distal component has been 

completely eroded. There is no observational evidence to suggest, however, that 

parabolic deposits must accompany halo deposits. In fact, the presence of many pristine 

haloes without parabolas (Figure 3.1) suggests that haloes form regardless of whether or 

not a parabola is also formed. Furthermore, if this model is correct, then haloes should be 

more common around large craters. Again, this is contrary to the data that shows an 

abundance of haloes for small craters, and a paucity of haloes for large craters. 

3.5.4 Impactor Debris Model 

After an object is disrupted by its passage through the atmosphere, the impactor 

material must go somewhere. SchuUz (1992) proposed that radar-dark regions are the 

depositional remains of the disrupted impactor. He also suggested that radar-bright 

regions are areas that have been reworked by strong recovery winds after the shock front 

passes, leaving behind small dunes that are bright at radar wavelengths. Of all the 

alternatives to Zahnle's crushing model, the impactor debris model is probably the least 

plausible. It is difficult to believe that disrupted impactors will deposit sufficient mass 

over a confined area to form even a small dark region, particularly after its fragments 



Figure 3.1; Pristine haloed craters like this one located at 23.0 S, IS0.9 E suggest that haloes form whether or not a radar-dark parabola also forms. The 
dark region is 37 km in diameter. 
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have been dispersed by an airburst. A typical 1 km stony asteroid (p = 3000 kg/m^) has a 

mass of 1.6 x lO'^ kg. Assuming a minimum thickness of 6 cm for fine-grained material 

in an average (20 km diameter) dark region, then the mass of material in the dark region 

is 4 X 10'° kg, or nearly 3% of the impactor's initial mass. It is difficult to believe that 

that much Hne-grained material can be confined to a relatively small area after a powerful 

airburst, and this is a minimum estimate! It is also difficult to believe that recovery winds 

could rework the radar-bright zones without seriously compromising the fine-grained 

radar-dark zones. Finally, completely disrupting the impactor and depositing the impactor 

material on the ground essentially precludes the formation of a crater. Therefore, while 

this model attempts to explain splotches, it cannot explain the presence of haloes around 

impact craters. Instead of being deposited in a thick layer, the most likely outcome for 

impactor debris after an airburst is dispersion. Ultimately, the material will settle from the 

atmosphere at densities too low to affect the radar backscatter measurements. 

3.6 THE NEXT STEP 

To some greater or lesser extent, each of the five mechanisms presented here 

attempts to describe either splotch or halo formation, but none of them address the 

connections between the features. The dominant mechanism for forming dark regions still 

appears to be crushing by the airburst shock wave, and with some modifications to 

Zahnle's ideas that are discussed in the next chapter, the crushing model can make that 

connection. A more plausible explanation for the formation of bright regions, however, 

may be scouring by the Mach stem, rather than by breaking rock. As presented by Zahnle 
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(1992), the crushing model can explain more than 40% of the splotches observed on 

Venus. The model is somewhat limited though, because it does not connect splotches, 

disrupted splotches, and haloes; nor does it account for reflected shocks or differences in 

terrain. The model also predicts that dark/bright patterns should always form, despite the 

overwhelming numbers of dark-only features that attest to the contrary. A mechanism 

like erosion must be invoked to explain the absence of bright regions. The next chapter 

begins with Zahnle's model as a starting point to develop a new model that relates all 

three classes of impact features, incorporates erosion and terrain effects, and accounts for 

nearly all subclasses of the airburst scars. 
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CHAPTER 4 THE MODEL 

4.1 THE UNMODIFIED CRUSHING MODEL 

Ivanov, et al. (1986) first proposed that atmospheric shock waves on Venus could 

shatter surface rock and PhilHps, et al. (1991) proposed that splotches are the products of 

airburst shock waves interacting with decimeter-scale surface features. Zahnle (1992) 

investigated the airburst hypothesis and suggested that dark and bright regions of 

approximately the right size can be produced by sufficiently strong airbursts within a 

scale height of the surface. In his model, Zahnle (1992) describes splotch formation in 

three phases: (1) fragmentation of the bolide to produce an airburst; (2) propagation of 

the airburst shock wave; and (3) coupling of the shock wave to surface rocks. 

Unfortunately, Zahnie's model does not account for dark splotches, ringed splotches, 

disrupted splotches, or crater haloes. To adequately describe the remaining airburst scars, 

factors like erosion and deposition, terrain effects, Mach stem formation, fragment 

spreading, and wind transport of flne particles also need to be considered. In this chapter, 

each phase of airburst scar formation will be treated in detail, culminating in Chapter 6 

with several simulations illustrating how a modified version of Zahnie's crushing model 

might produce each type of airburst scar. 

4.2 AIRBURSTS 

When an object enters an atmosphere and is subjected to external pressures that 

exceed its compressive yield strength, it begins to fail. Exactly what happens during 

failure depends upon the distribution of pre-existing weaknesses in the object, the number 

and sizes of activated flaws, the pressure tensor at each point on the object's surface, and 
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many other factors. Treating this problem appropriately requires high resolution 

hydrocode modeling (Roddy, et al., 1992; Teterev and Nemtchinov, 1993; Svetsov and 

Nemtchinov, 1995; Ivanov, et al., 1997). In general, hydrocode simulations demonstrate 

that impactors tend to deform first at the leading face and then expand laterally as they 

lose cohesion. The lateral expansion creates a "pancake" that increases the effective 

cross-section of the object, which in turn increases the drag force and enhances 

deceleration. While impactor fragmentation is an interesting problem in its own right, the 

details are relatively unimportant for describing the effects that the resulting airburst has 

on a planetary surface. The gross behavior of a failing object is much more important. 

Several researchers have developed analytical or semi-analytical approximations 

for the behavior of an impactor as it passes through an atmosphere (Baldwin and 

Sheaffer, 1971; Passey and Melosh, 1980; Zahnle, 1992; Chyba, et al., 1993; Hills and 

Goda, 1993; Herrick and Phillips, 1994; Artem'eva and Shuvalov, 1996; Lyne, et al., 

1996; Grigorian, 1998; Hills and Goda, 1998; Korobeinikov, et al., 1998; Lyne, et al., 

1998; Sekanina, 1998; Stulov, 1998; Svetsov, 1998). Most of these models concern 

themselves with fragment separation and the corresponding interaction of their individual 

bowshocks. While not necessarily accurate in detail, many of these approximations do 

describe the general behavior of a bolide during atmospheric transit. 

One of the simplest and most commonly referenced airburst models is the one 

derived by Chyba, et al. (1993). They simulated the gross behavior of an impactor in an 

atmosphere by approximating the impactor as a right-circular cylinder exposed to 

differential stresses along its central axis (Figure 4.1). During its passage through the 
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Figure 4.1: The deformation of a cylinder due to atmospheric stresses. 
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Figure 4.2: Airburst altitudes and energies are plotted for five 15 Mton objects incident into Earth's 
atmosphere at 45°. The simulations are identical to those of Chyba. et al. (1993) except that the numerical 
solutions are obtained using a Runge-Kutta fourth order technique. The airburst altitudes are similar to 
Chyba, et al. (1993), but the airburst energies are -20% lower. 
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atmosphere, the object loses its kinetic energy through deceleration and ablation. As a 

consequence, its trajectory is altered. 

Deceleration of an impactor is caused by the difference between the drag force 

and gravity, and it is described by the differential equation 

where m is the object's mass, v is the object's velocity, r is the time since atmospheric 

entry, Qis the drag coefficient, is the atmospheric density (as a function of altitude, z), 

A is the object's cross-sectional area, g is the planet's gravitational acceleration (as a 

function of altitude), and e is the trajectory angle measured from the horizontal. As the 

impactor is decelerated, it is heated by thermal radiation from its bowshock. The surface 

of the impactor begins to melt or vaporize, and this material is shed by the flow of gases 

around the impactor. The mass loss rate generally increases with increasing atmospheric 

density until the temperature of the shocked gas becomes sufficiently high that the gas 

ionizes. The phase change from gas to plasma strongly regulates the temperature at the 

leading edge of the bolide to ~ 250(X) - 3(XXX) K, and at that point, the mass loss rate 

becomes effectively constant. Ablation is therefore described by the differential equation 

where Q is the object's heat of ablation, C„ is the heat transfer coefficient, <Tis the Stefan-

Boltzmann constant, and T is the gas temperature at the object's leading face. 

The impactor's initial trajectory is altered by deceleration. As the atmosphere 

siphons its momentum, the impactor's trajectory becomes increasingly vertical because 

gravity becomes more important in the equation of motion. Lift forces opposing gravity 

dt 
(4.1), 

= -A min (^^ C„p/, aT*) (4.2). 
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also affect the trajectory. The change in trajectory can therefore be described by the 

differential equation 

dO gcosO vcosO C[^p^Av 

dt V Rp + z 2m 
(4.3), 

where Q is the lift coefficient and is the average planetary radius. 

As the object traverses the atmosphere, the pressure on its leading face (f^ = 

tCQP^v") increases while the pressure on the trailing face remains approximately zero 

(Figure 4.1). This creates a linear pressure gradient along the length of the object. The 

object is treated as a rigid cylinder as long as its central pressure = jPJ is smaller 

than its compressive yield strength. When the central pressure exceeds the yield strength, 

the object deforms and spreads (Chyba, et ai, 1993) according to the equation 

£r_Q£y 
d,'-- 2P. 

where r is the radius of the cylinder and p„ is the density of the impactor. As a first 

approximation, this reproduces the general behavior of impactors that is simulated in 

hydrocodes. 

Equations 4.1 - 4.3 can be solved numerically and simultaneously from the time 

an object enters the atmosphere. Equation 4.4 is activated by the object's failure and is 

solved simultaneously with Equations 4.1 - 4.3 from that point forward. Chyba, et al. 

(1993) used a finite difference scheme to solve this problem, and they determined that 

small, non-iron impactors can sometimes be "stopped" (reduced to free fall speeds or 

totally disrupted) by Earth's atmosphere (Figure 4.2). They also determined that stony 

objects a few tens of meters in diameter can penetrate deep enough into Earth's 
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atmosphere (z < 20 km) so that the airburst shock wave is sufficiently strong when it 

reaches the surface to produce damage. This model predicts that an object deposits most 

of its kinetic energy to the atmosphere in a very narrow altitude range (< 5 km); so that 

for most practical purposes, the airburst can be modeled as a point explosion rather than 

as an extended explosion. The rapid energy deposition to the atmosphere is a direct result 

of the enhanced deceleration the object undergoes as it spreads. 

Unfortunately, the Chyba, et al. (1993) results suffered from an imprecise 

numerical solution. They used a second order central finite difference approach to solve 

Equations 4.1 - 4.4; but the second order differential equation (Equation 4.4) is highly 

sensitive to the size of the time step using this technique (A/ = 0.01 seconds was the 

maximum time step in their simulations). In 1997, Christopher Chyba and I repeated the 

Chyba, et al. (1993) simulations using a more precise and more stable Runge-Kutta 

fourth order technique. These simulations were compared to the central difference 

simulations using maximum time steps of A/ = 0.01 seconds. A/ = 0.001 seconds, and A/ = 

0.0001 seconds. The RK-4 and central difference solutions converged for the smallest 

maximum time step. The central difference solution diverged rapidly from the RK-4 

solution with relatively small increases in the time step. Using the RK-4 simulations 

(Figure 4.2), the predicted airburst altitudes for each type of object are similar to those 

predicted by Chyba, et al. (1993), though the airbursts are slightly more extended. The 

airburst energies are -20% lower than those predicted by Chyba, et al. (1993). The 

differences occur because the central difference solution overestimates the spreading rate 

at large time steps. The altitudes do not vary significantly because the second order 

differential equation is not activated until after the object begins to fail. 
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After modifying the code for the Venusian atmosphere, the Chyba, et al. (1993) 

model is used to estimate the sizes of impactors that penetrate the atmosphere sufficiently 

deeply to cause significant damage when they airfourst. The outcomes of these 

simulations are used to determine the input energies in the hydrocode simulations 

discussed later. 

4.3 STRONG SHOCK WAVES IN THE VENUSIAN ATMOSPHERE 

A shock wave can be described both physically and mathematically as a 

discontinuity in the pressure, density, and temperature of a fluid flow. The boundary 

conditions immediately preceding and succeeding a shock front are related through a set 

of "jump" conditions that conserve mass, momentum, and energy. Collectively, the jump 

conditions are called the Rankine-Hugoniot (RH) equations. In the rest frame of the 

undisturbed fluid, the RH equations for conservation of mass, momentum, and energy 

respectively are: 

p,(f/-M,) = p,i/ (4.5), 

P,-P,=p,uM (4.6), 

and (e^_eJ = i(/>+p,)(_L__L) (4.7). 
2 P, P2 

The thermodynamic quantities P, p, T, and e represent the pressure, density, temperature, 

and specific internal energy of the fluid. The velocity of the shock is represented by U, 

the particle velocity of the fluid medium is represented by u, and the subscripts 1 and 2 

represent the pre-shock and post-shock thermodynamic states respectively. 
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To completely solve the RH equations, an equation of state relating the 

thermodynamic quantities is required. Terrestrial planet atmospheres are generally well-

described by the perfect gas equation of state, with appropriately determined values for 

the ratio of the specific heat at constant pressure (C^) to the specific heat at constant 

volume (C^,). The equation of state for a perfect gas is 

where y= —— (y= 1.2 for Venus; Castellan, 1971, p. 82) and m is the molecular weight 
^v 

of the gas (m = 44 amu for CO,). The density profile of a terrestrial planet atmosphere is 

usually modeled as an exponential or power law function of altitude. For Venus, Ivanov, 

et al. (1986) finds that 

fits the atmosphere well for z < 70 km and H = 94.8 km. 

Using Equation 4.8, each of the thermodynamic quantities behind the shock front 

can be determined relative to the ambient conditions (Landau and Lifschitz, 1959; 

Zel'dovich and Raiser, 1966) so that 

P kT 
(4.8), 

^ (r-i)p 

C 

(4.9) 

5. 2yA/' (Y -1) 
Pi ~(y + i) (y + i) 

(4.10), 

Pz (y + i)M' 
p, (y - l)M- + 2 

(4.11), 

and (4.12), 
T, (y +1)" M 
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where M is the Mach number of the shock wave expressed as 

(4.13). 
speed of sound y ^ 

For strong shocks (A/ » 1), Equations 4.10 - 4.12 reduce to 

3. 
" ( y  +  0  

A (/ + 0 
p, (/ - 0 

(4.14), 

(4.15), 

and 
^ (y + 0 

4.3.1 Propagation of Strong Shock Waves 

The behavior of explosive shock waves has garnered significant attention over the 

last six decades as a consequence of the proliferation of nuclear weapons during the Cold 

War. In 1950, G. 1. Taylor described the behavior of an expanding shock wave in a 

homogeneous, constant density medium using a similarity solution. In 1959, L. I. Sedov 

obtained an exact solution for this problem that also describes the thermodynamic state 

behind the shock wave as a function of radial distance from the explosion. The exact 

Sedov solution is a physically elegant demonstration of energy conservation, though it is 

algebraically grueling to derive. In 1964, G. G. Chemyi derived a functionally equivalent 

approximation to the Sedov solution (Zel'dovich and Raiser, 1966, pp. 93-97). Chemyi's 

approximation assumes that a strong shock in a homogeneous atmosphere concentrates 

mass and kinetic energy in a thin shell immediately behind the shock, but the internal 
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energy of the system is contained in the hot internal cavity. As the shock propagates 

outward, its kinetic energy is converted to internal energy and the shock front weakens. 

In a constant density atmosphere, the position (r^) of the airburst shock front can 

be written as a function of time (/), airburst energy {Eg), and initial density of the 

unshocked atmosphere (pj. Since the motion of the shock is self-similar, the functional 

dependences are determined by creating a dimensionless combination (U of all the 

parameters such that 

(4.17). 
E^r 

Rearranging them to solve for yields 

' • o = ^ o ( — ( 4 . 1 8 ) .  
Pa  

The value of the similarity parameter (|o) can be determined by integrating the energy per 

unit volume in each interior shell of the sphere over the entire volume of the sphere. For y 

= 1.2, the Taylor solution, the Sedov solution, and the Chemyi approximation give = 

0.89 for a spherical blast (Baker, 1973). For y= 1.4, the Taylor solution gives ^g = 1.08 

the Sedov solution gives ^g = 1.033, and the Chemyi approximation gives = 1.014. 

Clearly, ^g is a constant near unity over a realistic range of y. 

Unfortunately, real atmospheres possess a density gradient as illustrated by 

Equation 4.9. With the density gradient, the problem is no longer self-similar and ^g is not 

constant. In fact, the problem becomes two-dimensional because the shock decelerates as 

it propagates downward through denser atmosphere, and it accelerates as it propagates 

upwards through less dense atmosphere. Kompaneets (1959) derived an approximate 
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solution to this problem. In his derivation, a shock wave propagating through decreasing 

density accelerates and eventually "breaks out" of the atmosphere. On the other hand, as 

the shock wave propagates through increasing density, it decelerates and eventually stalls 

at a fixed distance (-1.4 scale heights) from its origin. The stall is caused when the upper 

part of the shock wave breaks out of the atmosphere, allowing the energy in the hot 

interior cavity to escape to space. 

On Venus, the density varies by a factor ~ 3 over altitudes < 20 km (1.4 scale 

heights). According to the Kompaneets solution, any airburst occurring above 20 km 

would weaken and stall before ever reaching the surface, and therefore produces little or 

no surface damage. Zahnle (1992) addressed the stalled shock problem by modifying 

Chemyi's approximation and deriving differential equations of motion that account for 

the increasing atmospheric density and include the inertia and kinetic energy of the 

atmosphere entrained by the bowshock's wake. To obtain a solution, he integrates his 

one-dimensional equations of motion numerically. My approach differs from Zahnle's in 

that I attack the problem using two-dimensional hydrocode simulations. One test of the 

numerical solutions discussed later is that the shock wave motion should approximate the 

Sedov solution at small distances from the airburst source, but it should increasingly 

decelerate as it propagates through increasing density as predicted by the Kompaneets 

approximation. 

4.3.2 Shock Waves Reflected from a Rigid Surface 

Shock waves impinging upon a rigid surface can undergo three types of 

reflection: normal reflection, oblique reflection, or Mach reflection. In normal and 
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oblique reflections, the reflected shock wave reinforces the original shock, significantly 

raising pressures, densities, and temperatures in the doubly-shocked region. In Mach 

reflection, a powerful shock wave traveling parallel to the surface (the Mach stem) is 

created when the incident and reflected shock waves fuse into a single shock. Because 

airburst shocks are essentially spherical, they will encounter different parts of the surface 

at different incidence angles, and all three types of shock reflection will occur. 

Normal reflection occurs when a shock front impinges on a surface at 90° and is 

reflected directly back in the direction from which it came. The medium into which the 

reflected shock enters has already been once-shocked so the thermodynamic quantities of 

the medium are different from the initially unshocked region. The pressures, densities, 

and temperatures behind the reflected shock can be derived using the thermodynamic 

behavior of the once-shocked region; and then with algebraic substitution, the 

thermodynamic state behind the reflected shock can be described in terms of the 

unshocked conditions and the Mach number of the original shock. A reflection 

coefficient (P.) can be derived to compare the reflected shock overpressure to the incident 

shock overpressure (Kinney, 1962, p. 58): 

„ _ Prrflra., ' ̂0 _ (3/- 1)A/' +(3 - /) 
'  P^.^n.-Po ( y - l ) A / ^ + 2  

In the limit of weak shocks (Af = 1), P. = 2 as expected for perfect reflection of a sound 

wave. In the limit where M is large, P. For y= 1.2, P. = 13, implying that 
( y - i )  

normal reflection can increase the initial shock overpressure by more than an order of 
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magnitude! Normal reflection can therefore substantially increase damage in the 

immediate vicinity near ground zero. 

At non-normal incidence angles, a shock wave undergoes oblique (regular) 

reflection. Unlike with sound waves, the angle of incidence (0) is not equal to the angle of 

reflection (0). In general, 0 < d in oblique shocks. Shock overpressures in oblique shocks 

are best calculated graphically or in a numerical simulation. A general statement 

concerning oblique reflection, however, can be made. For near incidence angles, the 

reflection coefficient is slightly smaller than the reflection coefficient at normal 

incidence. As the incidence angle increases, the reflection coefficient passes through a 

minimum and then increases again until it equals the normal reflection coefficient. At this 

point, 0=0 and shock reflection transitions from regular reflection to irregular (Mach) 

reflection. 

At near-grazing incidence (0 > d), a reflected shock begins to spurt along the 

surface instead of bouncing directly away. As the incident shock wave interacts with the 

shock spurting along the surface, the reflected shock fuses with the incident shock. The 

result of the fusion is a nearly vertical shock front (Mach stem) traveling parallel to the 

surface. As the incident and reflected shocks continue to fuse, the height of the Mach 

stem grows and the reflected shock detaches from the surface to produce a "Y" 

configuration (Figure 4.3). The point where the incident shock and the reflected shock 

fuse is called the triple point. A slipstream forms at the triple point because fluid passing 

through the Mach stem undergoes no deflection while fluid above the triple point is 

deflected through two oblique shocks. The result is a slipstream discontinuity in post-

shock particle velocities that passes through the triple point. The Mach stem is 
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responsible for powerful supersonic radial winds that sweep across the surface after an 

airburst. 

4.3.3 Effects of Airburst Altitude on Shock Reflection 

The effect of normal or oblique shock reflection is to enhance the pressure behind 

the original shock front, making it more likely to produce surface damage. It stands to 

reason then that a larger normal component of the shock velocity produces greater 

surface damage. Once the Mach stem forms, however, shock velocities are directed 

radially outward instead of into the surface and regular reflection ceases to be important. 

For near-surface airbursts, normal and oblique reflection can produce extensive 

damage only over a radially limited extent near ground zero because the expanding shock 

rapidly loses its normal component (Figure 4.4). On the other hand, near surface airbursts 

have little opportunity to weaken before striking the surface, so the devastation in the 

immediate vicinity of ground zero is great. In other words, much of the energy in a near-

surface airburst is spent in the immediate surroundings, so damage at large distances from 

ground zero is minimized. 

An equivalent energy airburst occurring at higher altitude produces less severe 

damage at ground zero, but the radial extent of the damage is greater (Figure 4.4). At 

higher altitudes, the airburst has the opportunity to weaken before encountering the 

surface. The obvious result is that there is less severe damage at ground zero. On the 

other hand, the normal component of the shock exists out to greater distances from 

ground zero allowing surface damage to occur over a greater area. In fact, the Mach stem 

forms at a radial distance from ground zero that is approximately equal to the airburst 
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Figure 4.3: The geometry of a Mach stem. 

Figure 4.4: The airburst occurring at z, does more severe damage, but the damage is limited to radius x,. 
The airburst occurring at z, does less severe damage, but the damage is done over the larger radius x^. 
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altitude. In other words, the energy from a high altitude airburst is distributed over a 

larger region so damage at large distances from ground zero is maximized. Of course, if 

the airburst altitude is too high, the airburst will reach the surface as a sound wave instead 

of a shock wave and there will be little or no surface damage at aii. 

The spherical geometry of the airburst shock wave produces this optimum burst 

height effect. The military takes advantage of this principle when releasing bombs over a 

target. If the military objective is confined to a small geographical area, tactical warheads 

are used to pinpoint ground zero and the devices are detonated at or near the surface. If 

the military objective covers a large geographical area, then precise knowledge of the 

location of ground zero is unnecessary. The bombs are simply detonated at higher 

altitudes to ensure maximum destruction over a large region. 

4.4 ROCK FRAGMENTATION 

Rock fragmentation in dynamic regimes is a field that has recently received much 

study (Ryan, 1992; Asphaug, 1993; Head, 1999) though there is still much to learn. At 

low strain rates (static regime), solid materials fail along their pre-existing weakest flaws. 

In general, the weakest flaws correspond to the largest cracks. At high strain rates 

(dynamic regime), the weakest flaws cannot relieve all of the applied stress, so stronger 

flaws are activated. As the applied stress field grows and smaller flaws are activated, the 

material properties of the object begin to change. 

Material compressive strength is not constant, but increases with increasing strain 

rate. This makes it difficult to fragment a rock simply by compressing it. Numerical 

modeling of rock fracture (Head, 1999, p. 76) provides an alternative explanation. When 
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a rock is subjected to a strong impulse, a shock wave is produced in the rock. As the 

shock propagates, it compresses the rock and increases the rock's interior pressure. If the 

pressure difference between the rock's interior and the confining pressure exceeds the 

strength of the rock, then the rock fails. In the case of airbursts on Venus, the impulse is 

delivered to a rock by a shock wave already propagating through the atmosphere. 

Numerical simulations show that the shock wave in the rock outraces the shock wave in 

the air, so the high shock pressures in the rock only have to compete with the ambient 

atmospheric pressure. Thus according to simulations, a rock literally explodes before the 

airblast has completely passed it (James N. Head, personal communication, March 31, 

2000). 

What overpressures are necessary to produce fragmentation and pulverization of 

rock? Unfortunately, the question is not simple since the impact of the shocked air with 

the ground is not necessarily impulsive, nor is all of the shock's energy transmitted into 

the surface. In fact, most of the shock's energy is reflected from the surface due to the 

density contrast at their interface. Zahnle (1992) estimates the transmission of shock 

energy into the ground using impedance matching conditions for two flat plates of 

dissimilar constitution. From this, he determines shock pressures in rock and compares 

that to the Hugoniot elastic limit for basalt (~ 4 GPa). Above the Hugoniot elastic limit, a 

rock is pulverized by compression alone (Melosh, 1989, pp. 33-37), so the Hugoniot 

elastic limit represents an upper limit on the shock that a rock can sustain. Zahnle argues 

that somewhat lower peak shock pressures (0.2 - 1 GPa) are probably sufficient to reduce 

rock to the rubble-size particles that compose the radar-dark regions in airburst scars. 
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These pressures correspond approximately to the yield strengths of most rocky materials 

(Melosh, 1989, p. 72). 

Zahnle's approach for estimating shock pressures in rock will be followed in this 

dissertation, using the results of the hydrocode simulations discussed in Chapters S and 6 

as input parameters. At high velocities, geologic materials obey a linear relationship 

between particle velocity and shock velocity. The linear relationship is purely empirical 

and it is not known how far above laboratory velocities (> 6 km/sec) the relationship 

holds. In the absence of better information, the linear particle-shock velocity is 

extrapolated from laboratory velocities to impact velocities (>20 km/sec). The shock 

velocity {U) is related to the particle velocity (m) through two constants determined 

empirically such that 

U = a  +  b u  (4.20), 

where a = 2600 m/sec and b = 1.62 for basalt (Melosh, 1989, p. 232). Impedance 

matching equates the pressures and bulk velocities of the atmosphere and the surface at 

the interface between them. Note that this assumes that the interface must be 

approximated as a plane. Let the subscript 1 denote the air and the subscript 2 denote the 

ground. Then equating pressures gives 

f, + = P2+ (4.21), 

where P,, p,, and U, represent the once-shocked pressure, density, and shock velocity of 

the atmosphere, u, is bulk velocity of the twice-shocked air after reflection, is the 

unshocked atmospheric pressure at the surface, p, is the density of the surface, C/, is the 

shock velocity in the surface rock, and is the post-shock bulk velocity of the surface 

rock particles. Substituting Equation 4.20 into Equation 4.21 gives 



123 

P^ + PtU^Uj = P2 + P2(a + bu2)u2 (4.22). 

The ambient atmospheric pressure (P, )  can be neglected so long as the incident shock is 

strong. There is no requirement, however, that the reflected shock be strong, so the once-

shocked pressure (P,) cannot be ignored. Using Equations 4.5 - 4.7 to eliminate U, in 

favor of u, and substituting into Equation 4.22 yields the quartic equation for u, derived 

by Zahnle: 

plia-^bu.y-ul -p,(a + ̂ tt,)M,[2/^ (4.23). 

Finally, by setting the bulk velocities of the atmosphere and the rock equal at their 

interface, u, can be eliminated in favor of m, and the normal component of the velocity of 

the shocked atmosphere (v) through the relationship 

« 2 = v - a ,  ( 4 . 2 4 ) .  

Substituting Equation 4.24 into Equation 4.23 and solving for using successive 

approximations yields the bulk velocity of the surface material. Substituting into 

Equation 4.22 gives the shock pressure in the surface rock. This pressure is then 

compared to the estimated strength of the Venusian surface. 

4.5 WIND TRANSPORT OF SMALL PARTICLES 

Powerful supersonic winds sweeping over the surface after an airburst are capable 

of transporting loose material great distances. The Mach stem blows material radially 

outward and afterwinds blow material radially inward. The ultimate sizes of splotches 

and haloes are likely determined by the strength, extent, and duration of these winds. 
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Bagnoid (1941) provided the first quantitative description of the physics of sand 

motion. In his classic book, three types of particle motion are defined: suspension, 

saltation, and surface creep. Small particles capable of being buoyed by local fluctuations 

in wind turbulence are transported in suspension. Particles that experience brief upward 

tugs into the wind, but that are too large to be maintained in suspension, quickly settle 

back to the surface after being transported a short horizontal distance through saltation. 

The impact of saltating particles into similar size particles continues to drive saltation; 

but the impact of saltating particles into larger particles produces a momentum transfer 

that drives the larger particles along the surface. Observations show that the surface under 

high winds appears to be creeping forward as larger particles are moved by the smaller 

saltating particles. 

Grains transported in suspension are carried along with the average wind speed 

(Greeley and Iversen, 1985, p. 98; Greeley, et al., 1987) and offer little obstruction to the 

motion of the wind itself. Grains creeping along the surface receive their forward 

momentum from the impacts of other grains, so they offer no additional resistance to the 

wind because of their motion. Saltating grains, however, steal momentum from the wind 

producing a factional drag force that reduces near surface wind velocities to zero. The 

drag on the wind (T) at the surface can be written 

r = py: (4.25), 

where v, is called the drag velocity. The drag velocity is not a true velocity; rather it is a 

measure of the velocity gradient of steady fluid flow as a logarithmic function of height. 

The wind velocity («) at any log-height (z) above a surface with roughness (k) varies 

linearly with the drag velocity such that 
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u = 5.75v. log(^) 
k  

(4.26). 

The canonical value for surface roughness is k = ^ of the average grain size (Greeley 

and Iversen, 1985, p. 85). It is the change in velocity with height that produces the shear 

that initially pulls material off the surface. If the wind velocity did not increase with 

height, wind would blow over a surface without the ability to drag material with it. 

Viewed from a different perspective, as the wind blows harder, the drag force on the 

ground is greater, and more material is susceptible to the wind's motion. 

In order for wind to move a particle on the surface, the wind must produce a drag 

force strong enough to overcome the friction between the particle and the surface. The 

Reynolds number (Re) compares inertial stresses to viscous stresses in a fluid flow: 

Here L represents a characteristic length scale and r j  represents the fluid viscosity. At 

large Reynolds numbers, (Re > 1000), the flow is turbulent and dominated by inertial 

forces. At smaller Reynolds numbers, the flow is smooth (Laminar). Laminar flows are 

ill-suited for particle transport because the flow velocities are generally too small to 

overcome the static friction of particles. This implies that there exists some threshold 

velocity required to overcome static friction and initiate particle motion. By equating the 

drag force due to the wind with the frictional force holding a particle in place, the 

threshold drag velocity (v,J for particle motion can be derived as a function of particle 

density (p^) and particle diameter (</^): 

(4.27). 
r j u / L  T j  
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'  P p  - P g '  
gdp (4.28). 

The numerical value. A, which describes interparticle and frictional forces, has been 

determined empirically to be approximately constant for Re > 0.7. Its value is 0.11 for air 

and 0.2 for water (Bagnold, 1941, p. 88). For the shocked Venusian atmosphere, a value 

of A = 0.15 is adopted from a linear interpolation between air and water. By substituting 

Equation 4.28 into Equation 4.26, threshold wind velocities for particles of different 

diameters can be determined (Table 4.1). 

Particles pulled into suspension by a passing wind are transported at 

approximately the wind's speed on Venus (Greeley, et al., 1997) until the wind dies 

down to a velocity that can no longer support the particle's weight. Since the particles are 

transported in suspension, their motions are not affected by the duration of the wind. To 

maintain particles in suspension, turbulent eddy fluctuations in the fluid flow must be at 

least comparable to the terminal velocities (v,^^) of particles. The terminal velocity for 

particles in turbulent flows is 

where the drag coefficient, Q, depends upon the shape of the particles. Fluctuations in 

turbulent eddies are estimated to be SO, if u < 5 v,,^, particles fall out of 

(4.29). 

P ~ P suspension. Taking Q = 1.2 for spheres and assuming (— —) = 9 is representative of 
Pa 



Table 4.1; Minimum Tlireshoid Wind Speeds" 

1 X lO' 0.3 10.4 

3 X \0* 0.5 17.9 

1 X 10' 0.9 32.7 

3 X 10'  1.6 56.7 

I X 10' 2.8 103.5 

3 X 10' 4.9 179.3 

1 X 10' 9.0 327.4 

3 X 10' 15.5 567.0 

" These values were calculated at 1 meter above the Venusian surface assuming the 
density of the shocked atmosphere was 300 kg/m' and the surface roughness was 
0.02 cm. 
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the density contrast between the highly shocked Venusian atmosphere and the surface, 

the minimum wind velocities required to keep grains of various sizes in suspension are 

tabulated in Table 4.1. 

The motion of saltating particles and impact creep is dependent upon the duration 

of the wind. With a steady wind flow, particles are saltated continuously as long as the 

drag velocity is greater than the threshold velocity. The continuous saltation will drive 

impact surface creep. If the wind is not steady, however, particles will only be saltated 

while the wind velocity is higher than the threshold wind velocity. As a consequence, 

saltation and impact creep are limited by the duration of the wind gusts. The maximum 

saltation transport distance is therefore 

=(«m=«-WrJA/ (4.30). 

In this equation. A/ is the duration of the wind gust defined to be the time over which u > 

The maximum impact creep transport distance will be substantially less than the 

maximum saltation distance. 

Scouring the surface of Venus is one mechanism that has been proposed to 

explain the origin of radar-bright airburst scars. Scouring the surface out to radial 

distances > 50 km cannot be accomplished by saltation. Even for large airbursts where 

peak particle velocities reach 3 km/sec, the wind gust caused by the passage of the shock 

lasts only a few seconds and the maximum saltation distance for a given particle is < 10 

km. Instead, the primary mechanism for grain transport through scouring is suspension. 

When the wind velocity of the Mach stem is reduced below the threshold velocity 

required to maintain centimeter-size grains in suspension, scouring ceases to be effective 

at the scale of the radar wavelength. Thus, if scouring is the primary mechanism for 
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creating bright airburst scars, the radius of the bright region should correspond to the 

radial distance from ground zero at which centimeter-size grains fall out of suspension. 

4.6 AIRBURST SCAR MODELS 

Visual inspection of the various classes and subclasses of airburst scars strongly 

suggests a common link between splotches, disrupted splotches, and haloes. 

Unfortunately, while researchers have attempted to model either splotches or haloes, no 

attempt has been made to link them under a single model. That is the objective of this 

section. The data show that d/b features dominate splotches, d features dominate haloes, 

and disrupted splotches are evenly split between the two types. In virtually all cases, d 

features appear to be highly eroded, and they are on average larger than the dark regions 

in d/b features. In contrast, d/b features are observed to be in various states of 

preservation implying that they are younger than d features. With these observations in 

mind, several possible models for creating airburst scars are presented in this section 

(Table 4.2). A preliminary qualitative assessment of each model accompanies the 

discussion. The quantitative discussion of the best model is reserved for Chapter 6. 

4.6.1 Crushing and Breaking Rock 

The examination of airburst scar models appropriately begins with the crushing 

model of Zahnle (1992). Zahnle suggested that powerful airbursts on Venus crush rock 

near ground zero and break rock at greater distances. He attributed dark regions in 

airburst scars to crushed rock and bright regions to broken rock. No attempt was made to 

address post-shock wake effects in his model, nor does his model account for non-d/b 



Table 4.2: Airburst Scar Formation Models 

Model Dark Mechanisms Briglu Mechanisms Ring Mechanisms Problems 

Crushing 
& Breaking Rock 

Rock crushed by shock 
wave overpressures 

Rock broken by shock 
wave overpressures 

Reinforcement of direct 
shock by reflected shock 
raises overpressures above 
crushing threshold? 

(1) Observed bright regions are 
t(M) large 
(2) Reduced particle size in 
broken rock is expected to 
reduce backscalter instead of 
enhance it 

Crushing Rock 
& Scouring Fines 

Rock crushed by shock 
wave overpressures 

Fine grains scoured by 
Mach stem winds 

Afterwinds operating over an 
area smaller than the original 
dark region suck fine grains 
to the center and open a gap. 

(1) Thickness of dark deposits 

Back Venting 
Soil crushed when gases 
vent to surface 

Bulking of surface due to 
partial pore collapse 

7 

(1) Unknown if sufficient loose 
material exists 
(2) Dielectric constant suggests 
nonporous surface 
(3) Not effective over large radii 
(4) Cannot explain ring.s 

Fireball 
Deposition of fine grains 
from fireball 

Fine grains sucked in by 
afterwinds??? 

7 

(1) Too much material required 
to be entrained 
(2) Craters missing from 
splotches 
(3) Fireball must touch surface 
(4) Cannot explain rings 
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features. Clearly some modifications to the crushing model are required. 

In order to produce dark regions by crushing rock, there must be a sufficient 

amount of surface rock available for crushing. Figures 4.5 - 4.8 are Venera 9, 10,13, and 

14 panoramas of the Venusian surface. If these images are representative of the typical 

Venusian lowland plains, then rock-strewn surfaces appear to be quite common. Next, an 

overpressure high enough to pulverize the rock is required. Zahnle assumed that the 

direct shock is coupled to the surface, so he uses impedance matching to estimate shock 

pressures in the rock. He calculates peak shock pressures ~ 10 GPa in the surface rock, 

easily great enough to pulverize it. The peak pressure drops rapidly with radial distance 

from ground zero, and he suggests the end of crushing occurs when peak pressures reach 

0.2 - 1 GPa. 

To produce bright regions, Zahnle suggests that weakening shocks may only 

fracture instead of pulverize rock at great distances from ground zero. Extrapolating the 

pressures required to pulverize rock out to radial distances three times the size of the dark 

zone implies that overpressures in the rock ~ 10 bar are sufficient to produce breakage. 

This is a surprisingly low overpressure! More realistic overpressures for breakage might 

be achieved at smaller radii, but then there is difflculty in explaining the sizes of bright 

regions. An additional problem occurs when trying to explain the bright regions as fields 

of broken rock since the average feature size is smaller. Normally, smaller features 

should appear darker to radar, not brighter; though this effect may be offset by the 

additional sharp rock faces capable of scattering radar energy. 

For the crushing model to work, pressures significantly smaller than the Hugoniot 
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elastic limit for rock must be capable of pulverizing Venusian surface rock. The pressures 

suggested by Zahnle are consistent with the known yield strengths of rocky materials 

making crushing a plausible mechanism for producing dark regions. Very low 

overpressures must then be capable of breaking rock into several large fragments. This 

can be problematic. To account for the absence of bright regions circumscribing many 

airburst scars, the freshly exposed rock faces must be rapidly covered or eroded, probably 

by dispersing the fine-grained deposits from the dark region. Finally, it might be argued 

that dark rings could be produced by the crushing mechanism if the merger of the 

reflected shock with the incident shock temporarily pushed peak shock pressures back 

above the crushing threshold. The argument is weak, though, because the merger of the 

two shocks tends to direct the shock energy radially away from ground zero instead of 

normally into the surface. 

4.6.2 Crushing and Scouring 

One altemative mechanism for creating bright regions is through scouring. When 

the Mach stem forms, the powerful radial winds that follow its passage will blow fine 

grains outward while leaving large pebbles and boulders behind. The result is a rough 

surface with a high radar backscatter. Since the Mach stem forms farther from ground 

zero for higher altitude airbursts, scouring appears to be a viable mechanism for 

producing bright regions in splotches. 

Unlike the breaking of rock, scouring avoids the conundrum of creating a bright 

surface by reducing particle size. Instead, the advantage of the scouring mechanism is 
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that it increases the average grain size in the region by removing the smaller particles. 

Also, since a weakening shock wave is still quite capable of transporting material in 

suspension in its wake, the scouring mechanism can operate at large distances from 

ground zero. It solves the problem of requiring suspiciously low shock pressures to break 

rock, and it is easy to erase a bright region simply by redistributing the fines grains back 

to the region. 

Along with scouring comes a related "anti-scouring" effect that may neatly 

explain the formation of ringed splotches. As illustrated by Equation 4.15, when a shock 

passes through a fluid medium, the fluid particles collect behind the shock front 

substantially raising the density of the immediate post-shock region. To conserve mass, 

there is little material distributed throughout the remainder of the post-shock cavity. As 

the shock weakens, mass is sucked back into the empty cavity creating a rarefaction 

wind. The rarefaction is much weaker than the original shock and is limited in radial 

extent, but its duration is many times the duration of the winds generated by the shock's 

initial passage. If the rarefaction winds operate over a region smaller than the pulverized 

zone, then fine grains are sucked to the center of the region opening a gap between the 

center and the outer edge of the dark zone. The result is a ringed splotch. If the 

rarefaction wind operates over a region comparable to or greater than the size of the 

original dark zone, then the whole region shrinks leaving no evidence of a ring. The 

radial extent of the rarefaction wind is expected to increase with an increase in airburst 

energy or a decrease in airburst altitude. Consequently, rings are more likely to be seen in 

splotches rather than in haloes. 
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The one drawback to the scouring mechanism is a minor one concerning the 

thickness of the dark deposits. Most researchers agree that parabola deposits are at least a 

few centimeters thick, and that halo deposits are somewhat thicker (Arvidson, et aL, 

1991; Arvidson, et al., 1992; Campbell, et aL, 1992; Greeley, et aL, 1992; Vervack and 

Melosh, 1992; Schaller, 1998). Most quote thicknesses of tens of centimeters to a few 

meters. Zahnle (1992) is a notable exception arguing that dark deposits may be hundreds 

of meters thick! Presumably, splotch deposits are thicker than parabolas, but thinner than 

haloes. Thin deposits will certainly be destroyed by the powerful winds of the Mach 

stem, so for the scouring mechanism to work, the dark deposits must either be thicker 

than the theoretical estimates given above, or they must be emplaced after the passage of 

the Mach stem. 

4.6.3 Back Venting 

Ivanov, et aL, (1992) and Takata, et aL (1995) proposed back venting as a 

mechanism for producing crushed soil. Their hypothesis states that high overpressures in 

the shock wave drive gas into pores in the surface; then after the shock has passed, the 

reduced pressure above the surface causes the gas to vent and entrain loose soil. In the 

compression phase, the pores in the surface are capable of supporting high pressures; but 

in the rarefaction phase, the surface is much weaker and it ruptures when the gas and soil 

are vented. Zaslavsky and Prokofiev (1989) estimate that overpressures as low as 0.1 

MPa may damage terrestrial surfaces. 

Back venting may be effective at producing crushed soil, but it relies on deep 
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infiltration of the surface by gas and loose material. It is not clear how much loose 

material exists on the Venusian surface, but the Venera 9, 10, 13, and 14 images all show 

some amount of fine-grained material (Greeley, et al., 1984). Marov and Grinspoon 

(1998, p. 144) argue that the high mean dielectric constant (£ = 4.5 for Venus) suggests 

the absence of highly porous rock in the surface layer. For comparison, playas on Earth 

have dielectric constants ~ 2.4 (Van Zyl, et al., 1991) and Hawaiian pahoehoe volcanic 

flows have dielectric constants - 3.2 - 3.3 (Campbell and Shepard, 1996). As a result, it 

is not clear how much surface damage back venting might produce, or what the radial 

extent of the damage would be. Back venting effects are expected to become more 

pronounced with stronger shocks leading to the conclusion that back venting is probably 

more effective in halo formation than in splotch formation. 

4.6.4 Fireball 

In a near-surface airburst, the hot fireball will come into contact with the surface 

vaporizing considerable amounts of rock and soil. In addition, the ascent of the fireball 

produces a strong updraft in the immediate vicinity of ground zero that carries additional 

material into the fireball. As the fireball expands and cools, the debris condenses and 

settles to the surface as a blanket of fine-grained material (Glasstone, 1964, pp. 28-39). 

Depending upon the type of terrain and the amount of material that the fireball 

can absorb, this appears at first glance to be a plausible mechanism for the formation of 

dark features in near-surface airbursts. The fireball expands much more slowly than does 

the airburst shock wave, so many direct shock effects like scoured surfaces could be 
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covered by the later condensation of material from the fireball. The problem, however, is 

the sheer volume of material that the fireball must absorb in order to blanket a large 

region. For example, to produce a 40 km diameter dark region by blanketing it to a depth 

of 1 cm requires 50 million m^ of material. It would be impossible to remove this much 

material from the immediate vicinity of ground zero without leaving a crater > 1 km in 

diameter! Thus, the fireball model can explain haloes and possibly disrupted splotches, 

but it cannot explain craterless splotches. 

The fireball model probably does not work by itself. Oepositing a thin veneer of 

fine particles over a surface with decimeter-scale roughness will not appreciably reduce 

the radar backscatter. Even the wispy, short-lived parabolic deposits observed around 

some craters are probably several centimeters thick (Vervack and Melosh, 1992; Schaller, 

1998). While the fireball may transport material, some other mechanism (e.g., crushing or 

back venting) likely dominates the formation of radar-dark regions. That said, it is quite 

plausible that the disruptions in disrupted splotches may be the result of a fireball coming 

into contact with the surface and vaporizing a small part of the central region. 

4.6.5 Base Surge 

When material is ejected from the surface in a subsurface nuclear explosion, it 

forms a column of material. As the column collapses under its own weight, an expanding 

cloud of fine-grained material emerges from the base of the column. A similar 

phenomenon occurs when the nuclear fireball detaches from the surface. The material 

entrained in the stem of the mushroom cloud collapses back to the surface and rapidly 
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expands radially outward. As the base surge expands, violent comminution of larger 

particles reduces the average particle size in the blanket that settles over the surface. 

The problems with the base surge model are similar to those of the fireball model. 

A large quantity of material must be sucked into the fireball by afterwinds in order for the 

base surge to be effective. It also requires the fireball to touch the surface, but the absence 

of a crater or a disruption in a large number of airburst scars argues against this. As a 

result, the base surge may contribute to the formation of haloes, but it is a much less 

probable mechanism for splotches. 

4.7 MODEL SYNTHESIS 

Several mechanisms for the formation of airburst scars have been presented in this 

chapter. Individually, all of these mechanisms have advantages and disadvantages to 

some greater or lesser extent. The objective of this section is to synthesize these models 

and present the most plausible combinations. 

Three mechanisms could describe the formation of the smooth, dark central 

regions: (1) crushing of surface rock; (2) back venting; and (3) deposition of fine grains. 

Of the three mechanisms, the deposition of fine grains is the least plausible because it 

requires an enormous volume of material to be absorbed by the fireball. While the fireball 

will likely deposit fine grains, it will be a thin veneer instead of a thick blanket. 

Furthermore, if the fireball does not touch the surface, it will not entrain surface material. 

Instead of covering decimeter-scale features with a blanket of fine grains, it is probably 

more likely that the average particle size of the surface material is reduced in place by 
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some other mechanism. 

Back venting may be a good mechanism for producing fine grains through 

crushed soil. The fine grains are then available for transport by post-shock winds. The 

problem with back venting is that it strongly depends upon the amount of loose material 

that is available as well as the surface strength and porosity. Marov and Grinspoon (1998, 

p. 144) present arguments that suggest that highly porous or finely granulated rock are 

absent in the surface layer of Venus, making it difficult for back venting to operate. 

Crushing of surface rock may be the most viable mechanism for producing radar-

dark regions. When the airburst shock passes over a rock-strewn surface, the rocks feel a 

hammer-like blow that may pulverize them. Observations of dark splotches on radar-

bright volcanic flows support this hypothesis. The shock pressures required to crush rock 

are, however, highly uncertain and vary with the local yield strength. The Hugoniot 

elastic limit represents an upper limit on rock failure in compression, but rocks are known 

to fail at pressures well below this limit. Consequently, rock crushing may be the most 

likely candidate mechanism for forming dark regions. 

There are two possible mechanisms for producing bright regions in airburst scars: 

(1) scouring and (2) breaking of rock. Rock breaking must occur at very low 

overpressures as a shock front weakens in order to account for the radial extent of bright 

regions. The process of breaking rock reduces the average size of particles, but it also 

increases the number of facets available to reflect radar energy. According to Zahnle 

(1992), the net effect is that the surface is rougher and radar-bright. Alternatively, bright 

regions might be formed if the surface could be scoured of small particles. Scouring is 
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most effectively accomplished after the Mach stem forms because the post-shock winds 

at this point have velocities that may exceed several hundred meters per second directed 

radially away from ground zero. Furthermore, the density of the gases behind the Mach 

stem is so high that loose material can "surf' the gas rather than being drawn into the 

shock's wake where it would rapidly settle out of suspension. This allows scouring to be 

effective over very large distances. As a bonus, scouring also avoids the conundrums of 

the rock-breaking model and is therefore the most likely candidate mechanism for 

forming bright regions. 

Ringed splotches may be formed by an "anti-scouring" effect that sucks fine 

grains in the dark zone radially inward. If the rarefaction winds operate over an area 

smaller than the size of the dark region, they can open a gap between the center and the 

outer edge. As a result, some splotches may take on a ringed appearance. Finally, 

accounting for erosion, the dA> airburst features formed by the crushing and scouring 

mechanisms should fade to irregular d features as the pulverized rock in the dark zone is 

dispersed over time. In the case of splotches with thin dark regions, the bright region may 

outlive the dark region leaving behind a b feature instead of a d feature. Ultimately, as the 

deposits in the dark zone grow thin, the airburst scar fades completely away. 

4.8 SUMMARY 

The objective of this chapter has been to describe the mechanisms that are 

important in theory to the formation of airburst scars. Several possible scenarios for 

splotch and halo formation were discussed, and a qualitatively plausible model was 
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derived from a synthesis of these ideas. This model will be examined more critically in 

Chapter 6 through a comparison with numerical and two-dimensional hydrocode 

simulations. The next chapter lays the foundation for a discussion of the hydrocode 

simulations. 
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CHAPTER 5 HYDROCODE SIMULATIONS 

5.1 THE ORIGIN OF HYDROCODES 

In 1945, the United States unleashed the first nuclear weapon, beginning an arms 

race that would forever change the face of war. For eighteen years, the United States and 

the Soviet Union conducted numerous nuclear tests with increasingly powerful and 

efficient weapons. Tests were conducted above ground, below ground, at the surface, 

underwater, and high in the atmosphere with little regard for the long term consequences. 

Finally, in 1963, the first restrictions on nuclear testing were mercifully enacted when the 

Limited Test Ban treaty was signed by the United States and the Soviet Union prohibiting 

any more nuclear testing at or above the surface by those countries. Unfortunately, 

underground and underwater nuclear testing would continue for another two decades and 

nuclear stockpiles would continue to grow to ridiculous levels. 

With the great mistrust that existed between the two superpowers, neither side 

would have agreed to a nuclear test ban unless they already possessed another mechanism 

for testing new and more powerful weapons. That mechanism came with the invention of 

the computer in 1948 and the subsequent development of hydrodynamic codes 

(hydrocodes for short). Nuclear weapons produce the most energetic explosions ever 

created by humanity, and it was not in anyone's best interest to continue testing them in 

the biosphere. By comparing the results of hydrocodes to 18 years of nuclear testing, 

engineers gained confidence that hydrocodes could accurately predict the outcome of a 

nuclear blast. Further testing of hydrocodes against underground and underwater tests, 

combined with improvements in the hydrocodes themselves, only increased the 
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confidence in hydrocode solutions. By the mid-i980's, hydrocode modeling had replaced 

all nuclear testing in most nuclear capable countries (France, India, and Pakistan being 

the most notable exceptions). 

Nuclear explosions provide the best small-scale models of the ferocity of an 

impact event. It was only natural, therefore, that the study of impact cratering borrowed 

from the study of nuclear explosions; and it was not long before the predictive power of 

hydrocodes was applied to the study of impact cratering. Today, hydrocode models are 

used to study a wide range of scientific problems outside the realm of nuclear explosions. 

They are particularly useful when studying extreme conditions (e.g., high velocities and 

temperatures) or conditions beyond laboratory scales (e.g., impacts or planetary 

tectonics). To address the particular problem of how airburst scars form, the two-

dimensional hydrocode SALE is used to simulate large airbursts on Venus. 

5.2 THE SALE HYDROCODE 

The Simplified Alternating Lagrangian-Eulerian (SALE) two-dimensional 

hydrocode models fluid flow at all velocities (Amsden, et al., 1980). Originally designed 

at Los Alamos National Laboratories to study the effects of nuclear explosions on 

geologic materials, it is easily modified to study a wide variety of fluid flow problems. 

The original report, for example, illustrates how the code can model a collapsing dam or 

supersonic flow through a pipe. Since the code was first released, it has been extensively 

tested and revised. The current version of the SALE hydrocode includes a fracture model 
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for rocks (Melosh, et al., 1992) and a user-friendly input file that were not part of the 

original code. 

5.2.1 The Hydrocode Mesh 

To run a computation in SALE, a two-dimensional grid (mesh) of N* by Ny cells 

is created to model materials of interest. The problem can be treated as either plane strain 

or axially symmetric. Mapping can be converted from Cartesian to polar coordinates if so 

desired. Material parameters (mass, density, pressure, and internal energy) are determined 

as cell-centered quantities, while parameters of motion (position and velocity) are 

determined at cell vertices. At each time step, the code solves finite difference 

approximations of the Navier-Stokes fluid dynamics equations, using an equation of state 

and a constituitive equation to complete the set. The code iterates cell by cell through the 

grid updating material and motion parameters. The simulation terminates at some user-

specified time. 

5.2.2 SALE in Lagrangian Mode 

In Lagrangian form, the Navier-Stokes fluid equations conserving mass, energy, 

and momentum, are written respectively as 

^ + p V v = 0  ( 5 . 1 ) ,  
Dt 

Dv I d(T„ = (5.2), 
Dt p dx^ 
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and (5.3), 

where p, v, and e are the density, velocity, and specific internal energy of the fluid, a is 

the applied stress tensor, / represents external body forces, and D/Dt is the total time 

derivative. Summation over the indices is implied. The Lagrangian mode of SALE moves 

the two-dimensional mesh along with the material. The mass in each ceil remains 

constant and density varies with cell volume. The benefits of the Lagrangian approach are 

that the history of a fluid particle can be traced and the material boundaries are well-

defined. Unfortunately, large fluid motions can severely distort cells, requiring a rezoning 

of the mesh before the calculation can continue. In highly convective systems, multiple 

rezonings may be required, or the time step becomes abnormally small and the 

calculation terminates prematurely. Lagrangian calculations generally work best for 

steady flow problems and for problems where clearly defined material interfaces are 

desired. 

5.2.3 SALE in Eulerian Mode 

In Eulerian form, the Navier-Stokes fluid equations conserving mass, momentum, 

and energy are written respectively as 

(5.4), 

—- = f + 
d X j  '  p  d t  

f (5.5), 
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, de de . \ d , . 
and (<T,^v,) (5.6), 

at dc, p dXj 

with the variables defined as in the Lagrangian form. The Eulerian mode of SALE retains 

a two-dimensional grid fixed in space. The cell volume remains constant and density 

varies as material fluxes through the cell. Eulerian mode removes the problems inherent 

with mesh entanglement, but at a price. Material boundaries are not well-defined, so 

mixing of materials is common, and can consume the whole mesh given a sufficiently 

long run time. Material mixing can be reduced by preferentially weighting the upstream 

flow. In other words, material preferentially flows from cell A to cell B if cell B already 

contains the material found in cell A. The user can specify the appropriate weights in the 

input file. Eulerian calculations are generally used for highly convective or single 

material systems. 

5.2.4 Artificial Viscosity 

When material propagates through a medium at velocities faster than the 

medium's sound speed, a discontinuous shock wave develops in the fluid flow. 

Hydrocodes have difficulty handling shocks because real shocks are thinner than 

practical mesh sizes, approaching zero thickness for very strong shocks. Mean kinetic 

energy is not conserved across a shock wave, and as a result, oscillations develop in the 

numerical solutions of particle velocity and pressure behind the shock. 

There are two methods for dealing with the problem of shocks. The most direct 

solution is to reduce the mesh size until the shock is resolvable by individual cells in the 
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mesh. Unfortunately, since most shocks are typically only a few mean free paths thick, 

resolving a shock front means that the mesh contains an enormous number of 

computational zones. In a two-dimensional problem, the memory required to perform a 

calculation varies as N^, and the computation time varies as N^, where N is the number of 

cells in the mesh. Even if there is sufficient memory to run such a large computation, the 

computation time can be prohibitively long. 

An altemative approach to handling shock waves is to spread the shock front 

smoothly over several cells without reducing the mesh size. Von Neumann and 

Richtmyer (1950) introduced the concept of an artificial viscosity to dissipate the excess 

kinetic energy in a shock front. By adding a viscous term to the pressure term in the 

Navier-Stokes momentum equation, the shock front is spread over several computational 

zones allowing pressure, particle velocity, and density to vary smoothly through the 

shock. To avoid excess viscous damping in the problem, the artificial viscosity 

coefficient is usually kept small (spreading the shock front over three cells is sufficient 

for most problems), and it is only applied to cells in compression. The artificial viscosity 

term, , strongly depends upon the velocity gradient, so viscous damping is 
ox dx 

negligible everywhere but in the immediate vicinity of the shock front. Extensive testing 

of numerical shock wave solutions against real experimental results has demonstrated 

that with the addition of an artificial viscosity term, the numerical results are in excellent 

agreement with empirical studies. 

As its name implies, artificial viscosity is not a true physical phenomenon, and its 

invocation in hydrocodes has troubled more than one researcher. Its use, however, is 
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often rationalized as a substitute for real, but poorly understood viscous processes in 

shocks. Whether this rationale is correct or incorrect, the fact remains that even with the 

inclusion of an artificial viscosity term, the numerical simulations agree well with 

experiment. 

5.2.5 Alternate Node Coupler 

In Lagrangian calculations, it is possible for the cell vertices to coast and deform 

the mesh in ways that conserve volume without producing net pressure or viscous forces. 

The result is that the mesh assumes a keystone or herringbone pattern. To prevent these 

non-physical deformations, a small fictitious restoring force is applied to alternate mesh 

vertices to keep them from deviating significantly with respect to their neighbors. This 

correction primarily affects short wavelength features and has little effect on the larger, 

well-resolved flow variations. Fortunately, Eulerian calculations do not suffer from these 

deformations because the mesh is fixed in space. 

5.3 SIMULATING AN AIRBURST 

The behavior of a strong shock wave in a constant density fluid is well-described 

analytically by Taylor (1950) and Sedov (1959). The Sedov solution also describes the 

thermodynamic state behind the shock wave as a function of radial distance from the 

explosion. Unfortunately, atmospheres possess a density gradient as a function of 

altitude, and the strong shock solution breaks down as the shock expands and weakens. 

Reflected shocks and the formation of the Mach stem further complicate the problem. 



149 

The SALE hydrocode is thus ideal for studying Venusian airbursts where these 

phenomena naturally develop. 

5.3.1 The Venusian Atmosphere 

To simulate the Venusian atmosphere, the CELSET subroutine in SALE was 

modified to read an input file containing the vertical thermodynamic structure of the 

atmosphere to an altitude of 100 km (Table 5.1). The vertical structure was taken from 

Marov and Grinspoon (1998, p. 208). An interpolation routine was added to compute the 

thermodynamic parameters at the cell centers. 

Marov and Grinspoon (1998) give temperature, pressure, and density as 

functions of altitude. The equation of state used by SALE, however, requires the specific 

internal energy instead of the temperature. The specific heats at constant pressure (Cp) 

and constant volume (Cv) were interpolated from standard thermodynamic tables for each 

(pressure, temperature) pair. The specific internal energy is calculated as 

e = CJ (5.7), 

and the pressure was calculated as 

P = pTE (5.8), 

where ris the Griineisen parameter calculated for a perfect gas, and expressed as 

A modification was also made to the EOS subroutine to account for r as a 

function of altitude. The original SALE code uses the Tillotson equation of state with a 



Table 5.1: Thermodynamic Structure of the Venusian Atmosphere 

Z(lan) T(K) P(bars) dens(kg/m') C«(J/kg*K) O
 

<
 • 

0 735.3 92.1 64.80 965.258 0.2334 
1 727.7 86.5 61.60 961.632 0.2332 
2 720.2 81.1 58.50 957.961 0.2328 
3 712.4 76.0 55.50 954.056 0.2329 
4 704.6 71.2 52.60 952.342 0.2326 
5 696.8 66.7 49.90 946.291 0.2324 
6 688.8 62.4 47.20 942.151 0.2324 
7 681.1 58.3 44.70 938.320 0.2319 
8 673.6 54.4 42.30 934.125 0.2318 
9 665.8 50.8 40.00 929.942 0.2318 
10 658.2 47.4 37.70 925.937 0.2316 
12 643.2 41.1 33.50 917.648 0.2317 
14 628.1 35.6 29.70 909.100 0.2316 
16 613.3 30.7 26.30 900.504 0.2317 
18 597.1 26.3 23.20 891.240 0.2327 
20 580.7 22.5 20.40 881.156 0.2333 
22 564.3 19.2 17.90 871.172 0.2344 
24 547.5 16.3 15.60 866.396 0.2358 
26 530.7 13.7 13.60 848.912 0.2379 
28 513.8 11.5 11.80 837.748 0.2391 
30 496.9 9.6 10.20 833.208 0.2411 
33 471.7 7.2 8.04 808.420 0.2448 
36 448.0 5.4 6.27 789.976 0.2487 
39 425.1 3.9 4.82 772.590 0.2523 
42 403.5 2.8 3.65 754.724 0.2572 
45 385.4 2.0 2.69 739.005 0.2611 
48 366.4 1.4 1.97 722.307 0.2663 
51 342.0 9.4 X 10' 1.43 707.625 0.2740 
54 312.8 6.2x10"' 1.03 678.632 0.2852 
57 282.5 3.9 X 10"' 0.72 646.631 0.2988 
60 262.8 2.4 X 10"' 0.47 624.874 0.3085 
64 245.4 1.2 X 10"' 0.24 605.165 0.3177 
68 235.4 5.5x10"^ 0.12 593.714 0.3232 
72 224.1 2.5 X 10"^ 5.78 X 10"^ 580.749 0.3302 
76 212.1 1.1 X 10"^ 2.66 X 10"^ 550.294 0.3380 
80 197.1 4.5 X 10"^ 1.16 X 10"^ 550.294 0.3478 
84 183.8 1.7 X 10'^ 4.93 X 10"^ 536.070 0.3570 
88 173.6 6.3x10"^ 1.90 X 10"^ 525.747 0.3640 
92 167.2 2.2x10"^ 6.84 X 10"^ 519.616 0.3683 
96 169.2 7.5x10"® 2.31 X 10"^ 521.446 0.3671 
100 175.4 2.7 X 10'® 7.89x10'® 527.531 0.3628 
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single value for r specified in the input file. The Tillotson equation of state is easily 

converted to a perfect gas equation of state by setting non-relevant Tillotson parameters 

to zero. Unfortunately, the input parameters require a constant value for r, and I am 

working with a problem where r was variable with altitude. Since the atmosphere was 

initially set in CELSET prior to the first time step, the problem did not manifest itself 

until after the calculation began. The initial atmosphere, which should have been stable, 

collapsed with the upper atmosphere accelerating at a constant y g. When r was allowed 

to vary with altitude, the maximum initial acceleration was < 0.1 g and decreased with 

time. A fmal modification to account for gravity as a function of altitude further reduced 

these spurious velocities. 

5.3.2 The Airburst 

To simulate an airburst, an axially symmetric mesh is specified and the specific 

internal energies of one or more cells on the axis of the mesh are artificially increased 

above their equilibrium values. This is accomplished in the CELSET subroutine by 

spreading the kinetic energy of an impactor over some predetermined volume. An 

additional modification to the code allows the user to specify the fraction of the 

impactor's kinetic energy that goes into the airburst. This is a particularly useful function 

if the user wishes to allocate some of the impactor's energy for cratering the surface, 

waste heat, etc. It is also useful if the user wishes to compare airbursts of different 

energies to a reference energy. Finally, since the problem is axially symmetric, the total 

energy added to the mesh is equal to the kinetic energy of the impactor multiplied by . 
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5.3.3 Simulation Conditions 

Once the initial conditions for the airburst have been established, the simulation 

runs forward in time in Eulerian mode. The material parameters are updated at each time 

step as mass and energy flow from cell to cell. The boundary conditions for the top and 

right sides of the mesh are chosen to be continuative outflow boundaries, and the bottom 

boundary, representing the surface, is chosen to be a free radial slip boundary (i.e., the 

normal velocity is zero). Due to the axial symmetry of the problem, the left edge of the 

mesh actually represents the central axis of the cylinder and the boundary condition is 

defined to be a free slip wall. By specifying the left edge as a wall, mass and energy 

cannot flow through the center of the cylinder ensuring that they are conserved. 

The time step must be chosen small enough that the calculation remains stable, 

yet large enough that the calculation finishes in a reasonable time. The Cauchy criterion 

for numerical stability in calculations involving convective flux (Anderson, 1987) is 

IAjcI . 
A/<0.2', (5.10). 

I inax 

The vertical and horizontal mesh resolutions in this problem (as described in the next 

section) are both 100 meters for near-field effects and 200 meters for far-field effects. 

Recognizing that a strong airburst will produce highly supersonic flows, the initial time 

step is chosen to be lO** seconds, sufficient to resolve flows with Mach numbers ~ 10^. 

Since the fastest impactors enter the Venusian atmospheres with velocities of 

approximately Mach 100, an initial time step this small easily handles even the largest 

flow velocities expected in the calculation. The maximum time step is chosen to be 10*^ 
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seconds, which is approximately 20% of the Courant sound speed stability criterion. The 

Courant sound speed criterion for steady flow (Anderson, 1987) is 

IAXI . 
A/<0.2' (5.11), 

c 

where c is the speed of sound in the undisturbed atmosphere. Both the initial and 

maximum time steps are chosen smaller than necessary; but since the computation times 

are not prohibitive, they are chosen small to be conservative. 

5.4 RESOLUTION STUDIES 

Numerical modeling is required in many cases to solve equations that cannot 

otherwise be solved analytically. Unfortunately, numerical models are limited by the 

precision of the techniques used to solve the equations; and over time, the error in 

precision can grow until it eventually swamps the true solution with an inaccurate result. 

Numerical solutions therefore must be constantly monitored for stability and accuracy. 

By performing resolution studies and checking for self-consistency, the user develops 

confidence in the final numerical solution. 

5.4.1 Mesh Size 

Hydrocode models like SALE use numerical finite difference and finite element 

techniques to solve a series of partial differential equations. Each differential is 

approximated by a finite difference. Smaller finite differences lead to more accurate 

results. The problem is that it becomes very time-expensive to perform a computation if 
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the differences are too small. Recognizing that a numerical solution is only an 

approximation, a compromise is reached when the finite difference is as large as it can be 

without violating numerical stability or accuracy criteria. In other words, the numerical 

solution should be independent of the mesh size and the time step. 

The mesh sizes used in the Venusian airburst problem are 50 km x 50 km for 

near-field effects and 100 km x 100 km for far-field effects. The airburst shock is 

extremely thin and thus impossible to resolve on meshes this size without a prohibitively 

large number of computational zones. Using artificial viscosity techniques, the shock can 

be spread over several computational zones, but the size of an individual zone still must 

be determined. Figures 5.1 - 5.6 are the results of simulations of a 1 km stony impactor 

airbursting at an altitude of 5 km. The simulations were run with identical parameters 

varying only the horizontal cell size. Cell sizes of 1 km, 500 m, 200 m, 100 m, and 50 m 

were tested before the solution converged. Since 200 m, 100 m, and 50 m cell sizes 

produced similar solutions, a horizontal resolution of 100 m was chosen for studying 

near-field effects and a horizontal resolution of 200 m was chosen for studying far-field 

effects. A resolution of 50 m would not have provided significant improvement in the 

solutions. The same type of test was performed on the vertical dimension and similar 

vertical resolutions produced acceptable results. 

5.4.2 Maximum Time Step 

The Courant and Cauchy criteria for numerical stability are built directly into the 

SALE hydrocode, as are other restrictions due to viscous processes. The user specifies 
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Figure 5.1: The pressure history for a point 3 km from ground zero on the surface is plotted for a I km diameter stony impactor airbursting 10 km above 
the surface. The horizontal resolution for each curve is specified in the legend. Notice that the curves converge for 200 m, 100 m, and 50 m resolutions. 
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Figure 5.2; The velocity history for a point 3 km from ground zero on the surface is plotted for a 1 km diameter stony impactor airbursting 10 km above 
the surface. The horizontal resolution for each curve is specified in the legend. The heights of the peaks vary by -20^', but there is convergence in time. 
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Figure S.3; The energy history for a point 3 km from ground zero on (he surface is plotted for a 1 km diameter stony impac(or airburs(ing 10 km above 
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Figure S.4; The density history for a point 3 km from ground zero on the surface is plotted for a I km diameter stony impactor airbursting 10 km above 
the surface. The horizontal resolution for each curve is specified in the legend. Notice that the curves converge for 200 m, 100 m, and 50 m resolutions. 
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Figure 5.3: The atmospheric pressure profile at the surface 7.0 seconds after the airburst is plotted for a i km diameter stony impactor airbursting 10 km 
above the surface. 
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Figure 5.6: The horizontal wind velocity profile at the surface 7.0 seconds after the airburst is plotted for a I km diameter stony impactor airbursting 10 
km above the surface. 
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only the initial and maximum time steps that are to be used in a particular simulation. The 

initial time step of 10"^ seconds is -1% of the maximum time step allowed by the Cauchy 

criterion for the anticipated fluid velocities in this problem. By choosing a small initial 

time step, the validity of the solution is not compromised. After the initial time step, the 

code calculates a new time step based upon the restrictions built into the code and the 

maximum time step chosen by the user. 

To verify that the choice of the maximum time step does not significantly affect 

the outcome of the simulation, a simulation run with a maximum time step of 0.001 

seconds was compared to a simulation run with a maximum time step of 0.01 seconds. 

The comparison is seen in Figures 5.7 and 5.8. As expected, the solutions are nearly 

identical because the best time step, calculated at each iteration, is usually smaller than 

the maximum time step. Therefore, as long as the choice of the maximum time step is 

reasonable, the solution is not demonstrably affected. 

5.4.3 Artificial Viscosity 

Since the objective of these numerical simulations is to model shock waves in the 

Venusian atmosphere, an artificial viscosity term is added to cells in compression in this 

problem. A damping force is required because mean kinetic energy is not conserved 

across a shock front, and spurious pressure and velocity oscillations develop behind the 

shock to account for the excess kinetic energy. The justification for using a fictitious 

force is that it models poorly-understood viscous processes in the shock front. 
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Figure S.7; The pressure history at the surface 3 km from ground zero is completely unaffected by the choice of the maximum time step. 



Velocity Profiles (or Various Maximum Time Steps 
Distance From Ground Zero = 3 km 

Alrburst Energy = 3.1 E 20 J 
Alrburst Altitude = 10 km 

•Max Timestep = 0.01 sec j 

- Max Timestep = 0.001 sec J 

Time (sec) 
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The viscous pressure modeled by SALE is quadratic in the velocity divergence, so 

it rapidly vanishes away from the shock front. The viscous pressure is defined as 

^ = min(0,VM)[AoP„A(VM)] (5.12), 

where A is the area of the cell and is a coefficient governing the strength of the viscous 

damping. For most practical purposes, = 0.10 has proven to be satisfactory. To avoid 

excessive viscous damping, Ao is rarely set larger than 0.25. Figures 5.9 and 5.10 illustrate 

the outcomes of simulations with Ao = 0.10 and Ao = 0.25. The simulations are otherwise 

identical to those described previously with a horizontal resolution of 100 m. There is 

little difference between the two solutions, so = 0.10 suffices for this problem. 

5.4.4 Comparison to the Sedov Solution 

In addition to checking numerical solutions for self-consistency, it is also 

important to check them against empirical observations or well-tested theories whenever 

possible. The Sedov (1959) blast wave theory predicts the radius of a shock wave as a 

function of time and airburst energy in a constant density fluid medium. Figure 5.11 plots 

the radius of an expanding shock wave at the Venusian surface as a function of time for 

equivalent kinetic energies of various stony impactors. For example, an explosion energy 

equivalent to a I km stony impactor should produce a shock that can be found at a radius 

of approximately 5 km after 1 second. Figure 5.12 plots the pressure history as 

determined from the numerical simulations at several radial distances from the explosion. 

The Sedov predictions are shown as X's on the chart. The numerical solutions agree well 

with the theoretical predictions lending confidence to the numerical results. 
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Figure 5.9: The pressure history at the surface 3 km from ground zero is again shown here. In this plot, the horizontal resolution is 100 m and the 
artificial viscosity varies. Note that varying the artificial viscosity has little effect on the solution. 
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Figure S.IO: The horizontal velocity history at the surface 3 km from ground zero is again shown here. In this plot, the horizontal resolution is 100 
and the artificial viscosity varies. Note that varying the artificial viscosity has little effect on the solution. 
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Figure 5.12: The numerical solution of a 1 km stony impactor airbursting in the Venusian atmosphere 
agrees reasonably well with the predictions of the Sedov solution for an explosion with an equivalent 
energy. The pressure histories at the surface are plotted as curves and the predictions of the shock front's 
arrival (peak pressure) from the Sedov model are illustrated as Xs. 
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5.5 SUMMARY 

This chapter described the SALE hydrocode and how it was modified to simulate 

Venusian airbursts. The objective of the simulations is to determine pressures and particle 

velocities at the surface due to the passage of an airburst shock wave. From these 

outcomes, both near-field and far-field surface effects can be analyzed. Resolution 

studies were (performed to build confidence in the numerical solutions. Mesh sizes of SO 

km X 50 km at 100 m resolution and 100 km x 100 km at 200 m resolution produced 

adequate solutions. There was little improvement to be gained in the solutions at higher 

resolution. The next chapter compares and contrasts the numerical solutions with the data 

described in Chapter 2 and the model derived in Chapter 4. 
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CHAPTER 6 MODEL AND DATA COMPARISONS 

6.1 METHODS OF ANALYSIS 

In Chapter 2, the Venusian airburst scar database was analyzed. In Chapters 3 and 

4, several models of splotch and halo formation were described either qualitatively or 

semi-quantitatively. The objective of this chapter is to provide a quantitative 

underpinning for the earlier qualitative discussions. Numerical and hydrocode 

simulations are the primary tools employed in the analysis. The numerical simulations of 

impactor behavior during atmospheric transit provide estimates of the impactor sizes that 

are likely to produce airburst scars. These calculations are used to determine the 

appropriate range of input parameters for the hydrocode simulations. The results of the 

hydrocode simulations permit estimations of the sizes of dark and bright regions from 

which the airburst energy can be derived. Finally, statistical arguments place constraints 

on the lifetimes of airburst scars. 

6.2 AIRBURST SIMULATIONS 

The Chyba, et ai, (1993) model describing bolide deformation was originally 

derived as an attempt to identify whether the Tunguska impactor was an asteroid or a 

comet. Its purpose was not to model impactor fragmentation in detail, but rather to 

predict airburst altitudes for typical impactors. It is easily adapted to address the problem 

of airbursts on Venus simply by substituting Venus-specific parameters for Earth-specific 

parameters. Then, given an object's material state and the initial conditions of its motion, 

its airburst altitude and energy can be predicted. 
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Numerical calculations solving Equations 4.1 - 4.4 were performed using a 

Runge-Kutta fourth order technique. Table 6.1 provides a description of the material 

parameters and initial conditions used in the simulations as well as airburst altitudes for 

typical impactors. The parameters are similar to those used by Chyba, et al., (1993) with 

a few notable exceptions. The crushing strengths of iron and stony objects are an order of 

magnitude larger than those given by Chyba, et al., (1993), and the crushing strength for 

carbonaceous chondrites is 5 times larger. There are two justifications for these changes. 

First, the values used by Chyba, et al., (1993) are smaller than those determined from 

static experiments. Second, rock fracture models (Asphaug, 1993; Head, 1999) indicate 

that rocks are stronger in compression by as much as an order of magnitude. Even with 

the higher yield strengths, objects penetrate < 20% deeper into the atmosphere before 

they airburst. Figures 6.1a - 6.1c illustrate the results for several simulations using 

impactors of different sizes entering the atmosphere at the most probable angle of 45°. 

Figure 6.2 illustrates the results for I km impactors entering the atmosphere at 90°. 

From these simulations, it is evident that only very large objects can successfully 

penetrate the Venusian atmosphere. The turnover in the R plot of the crater distributions 

(Figures 2.25 - 2.27) occurs at crater diameters < 30 km. From impact crater scaling laws, 

a 30 km diameter crater is formed by an impactor roughly 3 km in diameter. Therefore, 

impactors smaller than 3 km are preferentially screened with only the strongest irons and 

stones surviving at decreasing sizes. This agrees well with the numerical simulations that 

indicate that iron objects as large as 1 km and stony objects as large as 3 km can be 

disrupted by the Venusian atmosphere before impact. Furthermore, according to Robert 

Strom (personal communication, April 11, 2000), all multiple and irregular craters 



Table 6.1: Parameters and Airburst Altitudes for Typical Impactors 

ImpactorType 
Density 
(kg/m^) 

Initial Velocity 
(km/sec) 

Crushing Yield Strength 
(Pa) 

Heat of Ablation 
(J/kg) 

Iron 7900 20 1 X 10' 8x 10' 

Stone 3000 20 1 X 10' 8x 10' 

Carbonaceous 
Chondrite 

2200 20 5x 10' 5 X 10' 

Shon Period 
Comet 

1000 25 1 X 10' 2.5 X 10' 

Long Period 
Comet 

1000 50 I X 10' 2.5 X 10' 
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Figure 6.1a. Impactors 300 m in diameter, entering the Venusian atmosphere at 45°, do not penetrate very deeply before airbursting. The thick 
atmosphere effectively screens objects this small. 
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Figure 6.1b. Impactors 1 km in diameter, entering the Venusian atmosphere at 43°, can penetrate quite deeply before airbursting. Depending upon their 
true strengths, iron objects may often reach the surface either intact, or in the process of fragmenting. 
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Figure 6.1c. Asteroids 3 km in diameter, entering the Venusian atmosphere at 45°, should generally reach the surface before or during fragmentation. If 
they fragment or are in the process of fragmenting at impact, they are predicted to form a haloed crater. Comets, on the other hand, are likely to be 
stopped by the atmosphere, but the airbursts might produce surface damage in the form of splotches. 
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Figure 6.2. Impactors 1 km in diameter, entering the Venusian atmosphere at vertical incidence, penetrate only marginally deeper before airbursting than 
impactors entering at 45°. Compare this figure to Figure 6. lb. 
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between 10 and 30 km were probably formed by iron or strong stony impactors. This 

assessment is also consistent with the numerical simulations if craters are 10 - 20 times 

larger than the impactors that formed them. 

Somewhat surprisingly, the entry angle into the atmosphere does not appear to 

strongly influence the predicted airburst altitude. A comparison of Figures 6.lb and 6.2 

shows that objects entering the atmosphere at near vertical incidence penetrate only a few 

kilometers deeper than objects entering at 45°. The most logical explanation for this is 

that fragmentation begins at an altitude when the dynamic pressure exceeds the material 

strength of the object, and the dynamic pressure is almost independent of entry angle. 

Since the rapid deceleration of the impactor and the subsequent deposition of energy are 

the results of fragmentation, the altitude of peak energy release is essentially independent 

of entry angle. 

It is clear from the simulations and the data that objects smaller than 1 km in 

diameter have great difficulty penetrating the atmosphere. Nevertheless, the smallest 

craters observed on Venus are 2 km in diameter implying that at least some objects only a 

few hundred meters in size did survive their passage through the atmosphere. These were 

likely iron objects that were either exceptionally strong or traveling exceptionally fast. 

Generally, though, even iron objects as large as 1 - 2 km probably begin to fragment and 

disperse before reaching the surface. Iron objects much larger than this, however, should 

reach the surface intact. At diameters greater than 3 km, even stones and carbonaceous 

chondrites usually reach the surface intact, though icy bodies do not. Instead icy bodies 

(/.e., comets) of this size probably airburst at very high altitudes where splotches may 

form but haloes will not. Only the very largest comets are likely to crater the surface. 
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The most promising candidates to study as potential airburst scar-forming objects 

are thus irons ranging from 200 meters - 2 km in diameter, stones ranging from 1 km — 3 

km in diameter, and comets > 3 km in diameter. Haloes are probably formed by objects 

near the upper ends of these ranges except perhaps in the case of comets. The energies 

and airburst altitudes corresponding to typical impactors of these sizes are derived from 

the numerical results, and they are used as the input parameters to the SALE hydrocode 

simulations. 

6.3 HYDROCODE SIMULATIONS 

I ran three sets of hydrocode simulations to study the effects of airburst altitude 

and energy on the formation of dark and bright regions in airburst scars. The first set of 

simulations compared the equivalent kinetic energy of a 1 km diameter stony impactor 

airbursting at 5 km to the same energy at airburst altitudes of 10, 15, and 20 km. By 

holding the airburst energy constant, the effects of the airburst altitude could be directly 

studied. The second set of simulations compared the equivalent kinetic energies of a 1 km 

diameter iron and a 1 km diameter stone to a 3 km diameter short period comet and a 3 

km diameter long period comet. The airburst energies are compared at altitudes of 0, 5, 

and 10 km so that differences in the airburst energy as a function of altitude could be 

examined. Both sets of simulations were performed on a 50 km x 50 km mesh with a 

resolution of 100 meters. 

The third set of simulations was designed specifically to study the formation of 

bright regions. A reference energy of 3.927 x 10" J (corresponding to a 500 m stony 

impactor with a velocity of 20 km/sec) was chosen for these simulations. This is smaller 



178 

than most airbursts expected to produce airburst scars, but due to the limited size of the 

computational mesh (100 km), an analysis of lower energy airbursts permits extrapolation 

beyond the mesh at higher energies with confidence. The energies that were used in the 

different simulations are expressed as ratios to the reference energy (E, = EIE^. The cases 

that were specifically studied were E. equal to 0.1, 0.3, 1.0, 3.0, 10.0, and 21.067. For 

most of the simulations, the airburst altitude was assumed to be S km. The last case, 

represented by E. = 21.067, is actually the same simulation as the 1 km iron object 

airbursting at 10 km. This particular case was specifically examined to verify that the 

airburst altitude is not important in the analysis of far-field effects. With the exception of 

the iron object, all of these simulations were performed on a 100 km x 100 km mesh at a 

resolution of 200 meters. 

Pressure and energy contour plots for a 1 km diameter stony impactor airbursting 

at 5 km are shown in Figures 6.3 and 6.4 respectively. Note the clearly developed Mach 

stem in the pressure plot and how it grows with time. Tracing the path of the Mach stem 

visually shows that it forms about 5 km from ground zero in good agreement with 

predictions. The fireball is readily observed in the energy plots. As it rises, it assumes a 

toroidal "mushroom cloud" shape. In this simulation, the fireball almost reaches the 

surface, and in more energetic impacts, it actually does come into contact with the 

ground. An instance like this one, where the fireball almost touches the ground, is an 

excellent candidate for a disrupted splotch. 

6.3.1 Relationship Between Pressure and Radial Wind Velocity 

In a strong explosion, the peak pressure and the maximum radial wind velocity at 



Figure 6.3: These are pressure contour plots for a 3.1 x 10^ J airburst occurring 3 km above the surface. Time after the airburst is measured in seconds 
and is specified immediately below each window. The size of each window is SO km x SO km. Note the growth of the Mach stem over time. 

vO 



Figure 6.4: These arc energy contour plots for a 3.1 x lO" J airbursi occurring 5 km above the surface. Time after the airburst is measured in seconds 

and is specified immediately below each window. The size of the window is 50 km x 50 km. The fireball assumes the characteristic mushroom shape 
observed in large explosions. The stem of the mushroom cloud approaches, but does not touch the surface. 
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any particular point along the surface coincide with the arrival of the shock wave (Figure 

6.5). After the shock has passed, the pressure decays rapidly to some point below the 

ambient pressure before it slowly returns to equilibrium (Figure 6.6). The negative 

overpressure is what Ivanov, et al. (1992) claim is responsible for gas and loose grains 

venting back to the surface in the back venting mechanism. Meanwhile, the large 

pressure gradient in the shock cavity drives a negative velocity phase (Figure 6.7). The 

negative velocity corresponds to a rarefaction wind that starts expanding from ground 

zero. It acts like a suction that pulls loose material radially inward. 

Peak overpressures may reach several kilobars in an energetic airburst, but the 

peak underpressure is never more than a few tens of bars. The duration of the 

overpressure phase is typically only a few seconds while the underpressure phase may 

last tens of seconds or longer. The peak overpressure decays very rapidly with increasing 

distance from ground zero. For example, the airburst of a 1 km diameter iron impactor at 

10 km above the surface produces peak overpressures of 1600 bars at ground zero 

dropping to 500 bars at a radial distance of 12 km (Figure 6.8). The underpressure, 

however, reaches a maximum of only 47 bars (Figure 6.9). The duration of the 

overpressure phase at 5 km from ground zero is 7.7 seconds while the duration of the 

underpressure phase is 37.3 seconds. 

While the peak pressure is a maximum at ground zero, the radial wind attains its 

maximum velocity at some finite radial distance (Figure 6.8). Prior to the formation of 

the Mach stem, a significant fraction of the shock's velocity is directed into the surface 

instead of radially outward. In fact, at ground zero, all of the shock's motion is directed 

into the surface and the radial velocity is zero. Unlike pressure, which drops rapidly from 
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Figure 6.S; Peak pressure and peak horizontal wind velocity at the surface coincide with the arrival of the shock (or sound) wave at any given distance 
from ground zero. The airburst energy for this simulation was 8.3 x lO" J occurring at an altitude of 10 km. 
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Figure 6.6: Overpressure at the surface is plotted as a function of time for several radial distances from ground zero. Notice that the overpressure rapidly 
decays to a negative value before slowly returning to equilibrium. The airburst energy for this simulation was 8.3 x 10^° J occurring at an altitude of 10 

km. 
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Figure 6.7: Horizontal wind velocity at the surface is plotted as a function of radial distance from ground zero. Notice the negative velocity phase has a 
much longer duration than the positive phase. The airburst energy for this simulation was 8.3 x 10 J occurring at an altitude of 10 km. 
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Figure 6.8: Peak pressure and peak horizontal wind velocity at the surface are plotted as functions of radial distance from ground zero. While the 
pressure reaches its maximum value at ground zero, the radial velocity is zero because all of the shock's motion is directed normally into the surface at 
that point. The wind achieves its maximum velocity at approximately the time the Mach stem forms. The airburst energy for this simulation was 8.3 x 
10^° J occurring at an altitude of 10 km. 
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Figure 6.9: Peak underpressures and horizontal rarefaction wind velocities at the surface are plotted as functions of radial distance from ground zero. 
Notice that the underpressure is substantially smaller than the overpressure, though it is of longer duration. The rarefaction winds are limited in radial 
extent because the weakening shock cannot maintain the large pressure gradient with the inner cavity. The airburst energy for this simulation was 8.3 x 
10^ J occurring at an altitude of 10 km. Note that the curves are cut off beyond 25 km because the simulations had terminated. 
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its peak, once the radial wind has attained its maximum speed, it decays slowly with 

increasing distance. As a result, wind velocities remain high out to large distances from 

ground zero and surface damage caused by scouring may be quite extensive. In the 

example in Figure 6.8, winds reach a maximum velocity of 600 m/sec at 15 km from 

ground zero and only decay to a velocity of 200 m/sec at a radial distance of 40 km. 

The peak velocity of the rarefaction wind is always smaller than the peak positive 

velocity, but not negligibly so. Figure 6.9 plots the peak rarefaction wind velocity as a 

function of radial distance from ground zero. From Figure 6.8, the peak positive velocity 

in this simulation is 600 m/sec and the rarefaction wind attains velocities as high as 200 

m/sec. Of greater interest, however, is the radial extent of the negative velocity phase. In 

this particular simulation, the rarefaction wind rapidly weakens beyond 15 km and it is 

limited to a maximum radial extent of approximately 30 km (as extrapolated from the end 

of the simulation). The limit is reached because the weakening shock cannot maintain a 

steep pressure gradient with the central cavity. The duration of the rarefaction wind is 

similar to the duration of the negative pressure phase, typically several tens of seconds 

for energetic airbursts. As a final note, the rarefaction winds must go to zero at ground 

zero due to the axial symmetry of the problem. Physically this occurs because the 

maximum underpressure at any time is at the center of the expanding cavity; so the 

rarefaction wind more accurately behaves like a suction that starts at ground zero and 

gains strength as it expands, rather than as a force-driven wind that is initiated at the 

shock front. 
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6.3.2 Pressures in Rock 

The hydrocode simuiaticns provide atmospheric pressures as functions of time 

and radial distance from ground zero. To be useful in testing the rock-crushing model, 

however, atmospheric pressures need to be converted to pressures in the surface rock. 

One method for estimating the transmission of shock energy to the surface is through the 

impedance matching of two flat plates of dissimilar composition. The incident airburst 

shock wave is roughly spherical, so to simulate a flat plate, the normal component of its 

velocity becomes the effective impact velocity. The impedance matching approximation 

derived in Section 4.4 assumes that the incident shock is strong, and it begins to break 

p 
down when «10, where is the pressure of the shocked atmosphere and Pg is 

'o 

the ambient atmospheric pressure at the surface. Though the approximation breaks down 

when the incident shock is weak, it does still apply for weak reflected shocks. 

The impedance matching approximation was borrowed directly from Zahnle 

(1992) so it is only appropriate to perform a direct comparison between my hydrocode 

simulations and Zahnle's semi-analytical calculations. Zahnle illustrates three examples 

with impactor masses of 2.1 x 10" kg, 1.2 x 10'^ kg, and 8.4 x 10'* kg. All three examples 

assume an incident velocity of 20 km/sec and an entry angle of 45°. The altitudes he 

calculates for maximum energy release are 11.3 km, 14.5 km, and 18.7 km respectively. 

For simplicity, he treats the airburst as a spherical explosion centered on the altitude of 

maximum energy release. The same conditions are adopted for my hydrocode 

simulations. Zahnle's calculations are shown in Figure 6.10a and my calculations are 

shown for comparison in Figure 6.10b. 
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Figure 6.10a; Zahnle (1992) used impedance matching to estimate shock pressures in rock for impactors of various masses airbursting at different 
altitudes. Curves are shown for the airbursts of three impactors with masses defined in the legend. The airburst altitudes were 18.7, I4.S, and 11.3 km 
for the smallest to largest masses respectively. 
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Figure 6.10b; I calculate peak shock pressures in rock that are approximately half an order of magnitude smaller than Zahnle's pressures at ground zero 
using the SALE hydrocode and identical initial conditions. 
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Zahnle's model produces shock pressures in the surface at ground zero 

approximately half an order of magnitude higher than I do. The two most substantial 

differences between the two models are the density profile as a function of altitude and 

the depth of shock effects in the surface. Zahnle assumes an exponential density profile 

while I use a power law model. The power law profile provides a steeper density gradient 

causing the airburst shock to decelerate more rapidly and weaken before it reaches the 

surface. It also provides a much better fit to the densities measured by Venera 

atmospheric probes below 70 km. 2^nle also argues that the surface may be damaged to 

depths of hundreds or thousands of meters based upon the high pressures he computes. 

On the other hand, I assume that rock is crushed only if the difference between shock 

pressures in rock and the confining pressure of the atmosphere exceeds the yield strength 

of the rock. Thus, the damage I describe is conflned to the surface and the near-surface 

layer, leaving pulverized deposits with depths approximately equal to the scale of 

features on the undamaged surface (~ 10 cm). 

Despite the large differences in pressure at ground zero, the two calculations do 

show some convergence at large radial distances. Assuming that the minimum shock 

pressure required to pulverize rock is 100 MPa, Zahnle predicts pulverized zones with 

radii of 19, 22, and 26 km for the smallest to the largest impactors respectively. For the 

same initial conditions, I predict radii of 13.5, 21.0, and 24.5 km respectively. As a result, 

the radial extents of rock-crushing pressures are not appreciably different, though mine 

are consistently smaller. Thus, I predict thinner and slightly smaller dark regions for an 

airburst of a given size than Zahnle does. 
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Of greater concern is the threshold pressure required to pulverize rock. For 

example, if the threshold is doubled to 200 MPa, Zahnle's smallest impactor is still 

capable of producing a 14 km radius dark splotch while I never achieve the minimum 

pressure. Similarly, if the threshold is 1 GPa, Zahnle's intermediate impactor produces a 

dark region 9 km in radius and I again do not achieve the minimum crushing pressures. 

Consequently, I require larger airbursts at a particular altitude to produce splotches 

similar in size to those predicted by Zahnle's model. As a corollary, I also require a 

relatively low threshold for pulverizing rock (~100 MPa). The low threshold reflects a 

low yield strength for rock, but it is consistent with the minimum and maximum size dark 

regions expected to be formed by the minimum and maximum size airburst scar-forming 

impactors. For example. Figure 6.11 plots the shock pressures in rock for the airburst of a 

1 km stony object (3.1 x 10^ J) at altitudes of 5, 10, 15, and 20 km. From Section 6.2, this 

is the minimum size stone that is expected to produce an airburst scar, and the airburst 

altitude for an object this size is somewhere between 10 and 20 km. Under these 

conditions, the radius of the pulverized zone is < 10 km, consistent with observations of 

the smallest splotches. A similar comparison for large comets (Figure 6.12c) produces 

pulverized zones that are ~ 35 km in radius in excellent agreement with the 55 km 

maximum observed size of dark regions in d/b splotches. Larger and more energetic 

impactors should reach the surface and produce still larger haloes. 

Figures 6.12a — 6.12c plot the shock pressures in rock for airbursts of four 

different energies at three different altitudes. For comparison purposes, the airburst 

energies are not varied as functions of altitude despite the fact that near-surface airbursts 

are expected to be more energetic than high altitude airbursts. Additionally, all of an 
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Figure 6.11; Shock pressures in rock for a I km stony impactor airbursting at various altitudes are plotted. Above 10 km altitude, there is little damage 
done to the surface. The IS km and 20 km altitude curves never reach the minimum threshold for rock pulverization. If the threshold for rock 
pulverization is 100 MPa, then the maximum radius of the pulverized zone for an impactor of this size is < 10 km. Note that shock pressures 
significantly below 0.1 GPa are suspect because the ambient atmospheric pressure is no longer negligible and the impedance matching approximation 
begins to break down. 
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Figure 6.12a: Shock pressures in rock for airbursts of various energies at the surface are plotted. If 100 MPa is the threshold for rock pulverization, then 
objects with the equivalent kinetic energies of the comets or larger are needed to create haloes. 
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Figure 6.12b; Shock pressures in rock for airbursts of various energies at an altitude of 5 km are plotted. If 100 MPa is the threshold for rock 
pulverization, the stone and the iron produce pulverized zones typical in size to dark regions in d/b splotches and the comets produce pulverized zones 
comparable to the largest observed dark regions in splotches. 
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Figure 6.12c; Shock pressures in rock for airbursts of various energies at an altitude of 10 km are plotted. If 100 MPa is the threshold for rock 
pulverization, the stone and the iron produce pulverized zones typical in size to dark regions in d/b splotches. 
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impactor's kinetic energy is assumed to be partitioned into the airburst, though in reality, 

impactors reaching the near-surface zone will expend a significant portion of this energy 

in cratering. Nevertheless, at least one case at each altitude is representative of a realistic 

airburst energy at that altitude, and the remaining cases are simply illustrative devices to 

show the effect of altitude on the size of a pulverized zone. 

Notice that for an airburst of a given energy the size of the pulverized zone is 

slightly larger for airbursts at higher altitudes. This is a direct consequence of the 

optimum burst height effect. Consider the case of the iron impactor. An airburst at the 

surface produces rock pressures at ground zero of 5 GPa compared to 4 GPa for an 

airburst at 5 km and 0.7 GPa for an airburst at 10 km. On the other hand, rock pressures 

remain as high as 100 MPa out to 15 km for an airburst at 10 km altitude, but they only 

remain that high out to 10 km in a surface burst. 

The greater effect is observed in the differences in energy. Much larger, and 

therefore more energetic, impactors are required to punch through the atmosphere to the 

surface. As a consequence, haloes are larger despite airbursting below the optimum burst 

height because they are formed by impactors with equivalent kinetic energies similar to 

those of the larger comets. Meanwhile, the iron and stony impactors are more typical of 

the kinetic energies carried by splotch-forming impactors. 

The optimum burst height effect aids in the formation of splotches by producing 

larger dark regions at higher altitudes. It also plays havoc with any attempt to extract the 

airburst altitude from the size of the dark region. Above the optimum burst height, the 

size of the pulverized zone must necessarily decrease with the shock strength; below the 

optimum burst height, it must also shrink because shock energy is directed normally into 
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the surface over a smaller area. Furthermore, while the dark zone shrinks below the 

optimum burst height, the difference in size is only a few kilometers, and it is quite 

possible that the effect may be swamped by the expansion and contraction of the region 

due to post-shock winds. 

6.3.3 Radial Wind Velocities 

As described in Section 6.3.1, the maximum radial wind velocities at the surface 

are attained at approximately the same time the Mach stem is formed. This occurs at a 

radial distance from ground zero approximately equal to the airburst altitude. After that 

point, the radial winds decay as the shock weakens. Far from ground zero, the airburst 

altitude is negligible compared to the radius of the shock front, so the decay of the radial 

wind velocity at great distance should have little dependence upon the airburst altitude. 

Figure 6.13 illustrates this well. It plots the peak radial wind velocities for a 1 km stony 

impactor airbursting at altitudes of 5, 10, 15, and 20 km. Beyond a radial distance of 30 

km, the curves have all converged and the radial velocities all follow the same decay 

function from that point forward. Unfortunately, because the velocities remain high to 

great distances, an extremely large computational mesh is required to directly observe the 

decay of the winds behind the Mach stem to levels where they are no longer expected to 

scour the surface. To compensate for this problem, simulations of low energy airbursts 

are performed on a manageable mesh and the results are extrapolated beyond the mesh at 

high energies with a high degree of confidence. 

Figure 6.14 plots the peak wind velocity as a function of radial distance for 

several airburst energies relative to a reference energy of 3.927 x 10" J. Points are only 
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Figure 6.13: Peak wind velocities are plotted as a function of radial distance from ground zero for a 1 km stony impactor airbursting at various altitudes. 
At large distances, the curves converge because the airburst altitude becomes unimportant and the horizontal wind velocity depends only upon the 
airburst energy. Note that simulations were run for 60 seconds, so the abrupt cutoffs of the curves mark both the position and the wind velocity at the 
end of the simulation. 
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Figure 6.14: Peak horizontal wind velocities are plotted as functions of radial distance from ground zero. The individual points are taken directly from 
the hydrocode simulations. The curves are best fit power law functions to the data. Points are only plotted after winds have achieved their maximum 
velocity. The individual curves represent airburst energies relative to a reference energy of 3.927 x 10 J. 
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plotted after the horizontal wind has attained its maximum velocity. The curves are power 

law fits to the data with the equations color-coded to match the curves. For radial 

distances in kilometers and wind velocities in meters per second, the exponents are 

surprisingly clustered between -1.2 and -1.3 over a wide range of energies. Assuming 

that a curve is representative of the velocity decay even at large radii, the radial distance 

at which the horizontal wind falls below a threshold velocity is easily obtained by directly 

inverting the equation for that curve. 

Figure 6.15 plots the loci of threshold velocities as a function of airburst energy. 

Again, the data are well-described by power law curves, this time with exponents 

approximately equal to 0.34. It is not coincidental that the exponents are close to y 

because the total energy enclosed in the volume of the shock is constant. The last point 

on each curve is determined from the 1 km diameter iron impactor simulation with an 

airburst altitude of 10 km. The remaining points are calculated for small stony impactors 

airbursting at 5 km. Since these data points, derived from a simulation with a very large 

initial energy and a substantially different airburst altitude, plot so near to their respective 

curves lends further credence to the assumptions that (1) the airburst altitude is 

unimportant, and (2) that these calculations can be extrapolated from low airburst 

energies to high airburst energies. 

6.4 RADII OF DARK AND BRIGHT AIRBURST SCARS 

From the numerical simulations described in Section 6.3, estimates of the sizes of 

dark and bright regions in airburst scars are determined using the crushing and scouring 

model. The results are then compared to the observational data in Table 2.1. There are 
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two important qualifications to note before proceeding. First, I assume that the surface is 

initially nonporous and that back venting is ineffective. This assumption is based solely 

on the measurement of a high mean dielectric constant for Venusian surfaces, and as such 

I acknowledge that it runs the risk of being invalid. Without better knowledge of the 

surface porosity, however, it is virtually impossible to constrain the efficiency of the back 

venting mechanism. Therefore, while ignoring the effects of back venting in this 

discussion, I leave open the possibility that its influence is greater than I assume here. 

Second, I performed numerical simulations of airbursts at the surface, but I assumed that 

all of the impactor's kinetic energy was partitioned into the airburst. In a situation where 

it is clear that some energy is partitioned into cratering the surface, the airburst energy 

must be redefmed to be only that fraction of an object's kinetic energy that is deposited in 

the atmosphere prior to impact. The energy that is "lost" to the direct effects of crater 

formation is assumed to play no role in the formation of haloes. 

6.4.1 Effect of Rarefaction Wind on Dark Region Size 

Estimating the sizes of dark regions in airburst scars is a more difficult task than 

estimating the sizes of the bright regions because of complications due to the rarefaction 

wind and the optimum burst height effect in addition to the uncertainty of the 

pulverization threshold. In Section 6.3.2, I suggested that the threshold pressure for 

pulverizing rock needs to be relatively low (~ 100 MPa) to reproduce the observed sizes 

of the radar-dark regions observed in d/b airburst scars. Alternatively, impactors would 

have to be larger and airbursts more energetic than those predicted by the Chyba, et al. 

(1993) model. Since Chyba, et al. (1993) is in reasonably good agreement with observed 
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crater sizes on Venus (Section 4.2), the argument for low rock yield strengths and 

pulverization at low shock pressures is favored. Recognizing that the yield strength of 

geologic materials varies with the presence of asperities, cracks, and other defects, it is 

probably reasonable to assume that 100 MPa is actually a lower limit for the 

pulverization threshold which may be locally higher in some places. Consequently, the 

radii of the zones defined by this criterion should be considered as up[}er limits. 

The radius of rock pulverization defines the initial, but transient, size of the radar-

dark region in airburst scars. After the shock has passed, the post-shock wake will expand 

the dark zone by transporting the fine-grained pulverized rock radially outward; and then 

later, the rarefaction wind will blow the fine-grains inward, shrinking the size of the dark 

zone. If the maximum rarefaction winds operate over a radius smaller than the expanded 

radar-dark region, the result is that the center shrinks more than the outer edge, possibly 

leaving behind a thin radar-dark ring. 

To quantitatively estimate the expansion and contraction of a radar-dark zone, 

fine grains are assumed to be transported by saltation and in suspension by both the post-

shock wake and by rarefaction winds. Saltation is only important when the wind 

velocities are not sufficiently high to transport centimeter-size particles and smaller in 

suspension. Note that the mechanism for expanding and contracting dark zones 

fundamentally differs from the scouring mechanism that is believed to form the radar-

bright zones. With the scouring mechanism, fine grains "surf' the hot, dense gases that 

follow the Mach stem because the high gas density retards a soil particle's ability to pass 

through the gases, whereas the substantially less dense post-shock winds drag fine grains 

along behind them. 
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The horizontal path history of a particle entrained in suspension can be traced 

according to 

where x is the position of the particle at time Xg is its initial position at time v(x,0 is 

the horizontal wind velocity at the particle's position in space and time, and a is the ratio 

of the particle's speed to the free stream wind speed. Bagnold (1941, p. 24) suggests a 

~j for saltation by typical wind speeds on Earth, but Greeley and Iversen (1985, p. 98) 

suggest that a ~l for both saltation and suspension at typical wind speeds on Venus. I 

assume that a remains effectively constant over a wide range of wind speeds, and 1 

choose to adopt the value a = I for the highly shocked Venusian atmosphere. Smaller 

values of a will simply cause expansion and contraction to be smaller than I predict here. 

Unfortunately, there is no analytical expression for v(jc,/) for either the shock wake or the 

rarefaction wind, so the following serviceable numerical approximation is made to 

Equation 6.1: 

where the time step St is chosen as a constant fraction of the maximum duration of the 

wind (A/) at the particle's initial position. To maintain the validity of the approximation, 

must be chosen sufficiently small such that 

(6.1) 

n 
(6.2). 

« =  —>100 
St 

(6.3). 
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Consider again the simulation with a 1 km diameter iron impactor airbursting at 

10 km. The radial extent of pulverization from Figure 6.2 is 15 km. Applying the 

numerical approximation of Equation 6.2, a particle located at the edge of the initial dark 

zone (Xg = 15 km) would be carried 5.2 km radially outward by the post-shock wake 

winds. Thus, the initial expansion of the dark zone is from a radius of 15 km to 20.2 km. 

As illustrated in Figure 6.9, however, the outer edge of the newly expanded dark zone lies 

on a steep gradient of the peak rarefaction wind velocity curve, so the center of the dark 

region contracts more than the outer edge does. Therefore, the path histories of two 

particles, one from the region where the peak wind velocity is a maximum (x,, = 15 km) 

and one from the outer edge (jc^ = 20 km), are followed. A particle located at x,, = 15 km 

after expansion is sucked 4.6 km radially inward by the rarefaction wind, so the radius of 

the central region is reduced from 15 km to 10.4 km. A particle located at Xg = 20 km 

after expansion blows approximately 2.7 km (as extrapolated from the end of the 

simulation) inward, so the outer edge of the dark zone only contracts from 20.2 km to 

17.5 km due to the rarefaction wind. 

The gap between the edge of the central region and the outer edge of the dark 

zone expanded from 5.2 km to 7.1 km indicating thinning of the fine-grained deposits in 

this region. The result is a possible ringed splotch. Had the expanded dark zone extended 

to 25 km or beyond, there would have been little or no movement of material at the outer 

edge, leaving an unambiguous dark ring. In any event, this example illustrates that much 

of the expansion of the dark zone due to the post-shock winds is cancelled by its 

contraction due to the rarefaction winds. The maximum expansion or contraction of a 
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dark region is limited to < 10 km in most airbursts, so the original size of the zone of 

pulverized rock is a good first order estimate of the size of a dark airburst scar region. 

6.4.2 Radii of Bright Regions 

Predicting the radii of bright regions is a much simpler problem than predicting 

the radii of dark regions because there are no complicating factors like post-shock or 

rarefaction winds to influence the problem. The radius of a bright region simply 

corresponds to the distance from ground zero where heavy scouring of the surface ceases. 

As described in Section 4.5, scouring of the surface requires small particles to be carried 

out of the region via suspension by gases in the shock front. Cessation of scouring at the 

Magellan radar wavelength is defined to be the threshold where centimeter-size particles 

can no longer be transported in suspension by the weakening Mach stem. As illustrated in 

Figure 6.13, this occurs far from ground zero. From Table 4.1, the minimum velocity for 

maintaining centimeter-size particles in suspension is approximately 100 m/sec. 

Comparing the 100 m/sec curve in Figure 6.15 to the sizes of the bright regions described 

in Table 2.1 shows that the model is in excellent agreement with the observations. 

Applying the model to the 1 km diameter iron impactor simulations indicates that the size 

of the bright region is 64 km in radius. Even if the threshold velocity differs by as much 

as 25% from 100 m/sec, the radius of the scoured region is still somewhere between 57 

km and 70 km. Choosing a threshold of 100 m/sec for the end of scouring therefore 

produces acceptable sizes for radar-bright regions. 
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6.4.3 Comparison of Bright and Dark Radii 

According to the crushing and scouring model, the size of a radar-dark zone is 

controlled by both airburst altitude and airburst energy, while the size of the radar-bright 

zone is controlled almost completely by the airburst energy. When an airburst of a given 

energy occurs close to the surface, the dark region is larger, but the bright region remains 

approximately the same size. As a result, haloes should possess the smallest ratio of 

bright size to dark size. Furthermore, the ratio should be approximately constant for 

haloes because the airbursts nearly always occur at or near the surface. For splotches, the 

airbursts occur over a wide range of altitude, so significant scatter is expected in the 

ratios of the bright sizes to the dark sizes. Additionally, the ratios should always be larger 

for splotches than they are for haloes. Figure 6.16 plots the bright diameter against the 

dark diameter for all observed d/b features. As predicted, the haloes plot along a line with 

a nearly constant slope of 2 (Figure 6.17), and the line is shallower than virtually all of 

the splotches and disrupted splotches. Meanwhile, the splotches and disrupted splotches 

show a significant amount of scatter with ratios of bright to dark sizes varying from 2 -

10. This is a gratifying validation of the crushing and scouring model of airburst scar 

formation. 

Given that the size of a bright region depends only upon the airburst energy, it is 

easy to invert the problem and derive the airburst energy that formed each d/b airburst 

scar. With two anomalous exceptions, all of the observed airburst scars were formed by 

impactors with energies between 8 x 10'* J and 4 x 10*' J (Figure 6.18). Similarly, given 

the airburst energy that forms a d/b feature, it is theoretically possible to extract the 

airburst altitude from measurements of the sizes of dark regions. Unfortunately, in 



Compariton of Bright and Dark Olametert for d/b Alrburtt Scart 

400.0 

3S0.0 

300.0 

250.0 

200.0 
0 

1 
g 150.0 

100.0 

50.0 

60.0 

Dark Diamator (km) 

•splotches 

•disrupted splotches 

A haloes 

120.0 
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addition to the uncertainties inherent in the computation of the airburst energy, there are 

also too many uncertainties in the theory due to the optimum burst height effect, the 

pulverization threshold, and the expansion and contraction of the dark zone that make it 

difficult to derive either an analytical or a semi-analytical solution that extracts airburst 

altitudes from the inverse problem. This is an important issue that will hopefully be 

resolved with future work. 

6.5 RANGE OF IMPACTOR SIZES 

From an analysis of the hydrocode simulations, it is possible to place estimates on 

the minimum and maximum sizes of impactors that are likely to produce airburst scars. 

These estimates can then be compared to those derived from the Chyba, et al. (1993) 

model. For splotch-forming objects, all of the kinetic energy is assumed to be partitioned 

into the airburst. This assumption is valid because less than 1% of the impactor's energy 

is lost as light (Melosh, 1989, p. 207), and the remaining energy is deposited over a small 

range of altitude. For halo-forming objects, only the fraction of energy deposited to the 

atmosphere prior to impact is considered to be part of the airburst energy. 

Ignoring the two anomalous airburst scars, the minimum and maximum size 

bright regions are 27 ± 3 km and 220 ± 22 km in diameter respectively. Solving the 

inverse problem for the airburst energy gives (7.9 ± 2.4) x lO" J and (4.0 ± 1.2) x 10^' J 

for the minimum and maximum airburst-scar forming energies. Given a density of 7900 

kg/m^ for iron and an impact velocity of 20 km/sec, the minimum diameter iron object 

that produces airburst scars is 210 ± 20 m. Similarly, the maximum diameter iron object 

that produces airburst scars is 1.7 ± 0.2 km. Following the same procedure for stony 
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objects using a density of 3000 kg/m\ the minimum impactor diameter is 290 ± 40 m 

and the maximum diameter is 2.4 ± 0.3 km. 

The estimated sizes of iron impactors using this technique agree very well with 

the few hundred meters to 2 km predicted by the numerical simulations in Section 4.2. 

The upper limit on the size of stony impactors also agrees well with the numerical 

simulations; however, the lower limit predicted here is significantly lower than the I km 

lower limit predicted earlier. There are two reasons why this might have happened. First, 

in this calculation, I assume that the smallest splotches are capable of being produced by 

stones. In reality, this is probably not the case because stones are weaker than irons and 

probably need to be more energetic to produce airburst scars. Second, I assume a density 

that is typical of the strongest stony impactors. As a result, the impactors I assume for this 

calculation carry approximately 10% - 20% more energy than typical stones. 

Nevertheless, after accounting for the discrepancy, the sizes of stony impactors 

determined here agree reasonably well with the numerical simulations in Section 4.2. 

Estimating the range of airburst scar-forming icy impactors is much more difficult 

for two reasons. First, icy objects are weak and very friable, so they are disrupted or 

ablated much higher in the atmosphere than stones or irons. Second, the wide range of 

comet velocities in the inner solar system (25 - 75 km/sec) means that two comets with 

identical masses may have kinetic energies that differ by as much as an order of 

magnitude! Assuming that all comets have a density of 1000 kg/m\ short period comets 

have an impact velocity of 25 km/sec, and long period comets have an impact velocity of 

50 km/sec, then the maximum diameter short and long period comets that could produce 

the largest airburst scar are 2.9 ± 0.3 km and 1.8 ± 0.2 km respectively. According to 
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the numerical simulations, long period comets of this size should not even approach the 

near-surface zone; however, the short period comet may penetrate to within 10 or 20 km 

of the surface. Given its large energy, that may be sufficient to produce surface damage 

in the form of splotches. Thus, comets must be relatively large (> 3 km) to penetrate the 

atmosphere deeply enough to produce airburst scars, but the absence of extremely large 

crateriess splotches suggests that this does not occur very often. 

6.6 LIFETIMES OF AIRBURST SCARS 

The absence of haloes around many small impact craters indicates that haloes are 

not permanent features on Venus. By extension, neither are splotches. The most likely 

mechanisms that might erase airburst scars are volcanism, impact cratering, and aeolian 

erosion, though chemical weathering from the highly corrosive HjSO^ and other 

compounds in the atmosphere may play a minor role in the reduction of particle sizes in 

bright regions (Fegley, et al., 1997). 

The surface of Venus is estimated to be 300 - 700 million years old as inferred 

from crater counts (Strom, et al., 1994). The random distribution of craters implies that 

the entire surface is approximately the same age. There is little evidence for widespread 

volcanic activity (e.g., few embayed craters and airburst scars), and the common age of 

the surface suggests that volcanism has been relatively dormant since the last global 

resurfacing event. As a result, volcanism is probably an unimportant mechanism for 

erasing airburst features. 

Impact cratering is another possible candidate for airburst scar erasure since it has 

been operating over the surface for its entire lifetime. There are even cases (Figure 2.10) 
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where it appears that a pre-existing airfourst scar was partially erased by a later impact. 

Large impacts occurring in the vicinity of pre-existing airburst scars should scour the 

surface with supersonic winds and erase airburst features by that means. The problem 

with impact erasure, however, is twofold. First, one airburst feature should be replaced 

suddenly by another, leaving very few airburst scars in partial states of degradation. 

Furthermore, there are concentrations of pristine-appearing airburst scars in some regions 

of the planet (e.g., Sedna Planitia), and that is not expected if each new impact eliminates 

nearby airburst features. Second, large impacts in the inner solar system have been very 

sporadic since the end of the heavy bombardment era, so statistically there should not 

have been enough impacts to erase airburst scars on a global scale in 500 Myr. 

That leaves aeolian processes as the dominant mechanism for the removal of 

airburst scars. The Venera landers measured typical wind speeds at the surface of Venus 

at 0.5 - 1 m/sec (Greeley, et al., 1997), sufficient for moving fine-grained material < 1 

mm in size (Table 4.1). After being subjected to large shock pressures and violent 

comminution in high-speed post-shock winds, the typical grain size in dark airburst scars 

almost certainly falls into this size range. Those grains that are initially too large to be 

moved by surface winds are still subjected to abrasion by the smaller particles; and over 

tens of millions of years, they may be worn down to a size that is capable of being moved 

by the wind. As winds redistribute fine grains from the centers of airburst scars, the sizes 

of the dark regions will grow and become irregular in shape. Furthermore, the 

reintroduction of fine grains to the scoured bright regions will reduce their radar 

backscatter and cause them to fade over time. 
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6.6.1 Aeolian Redistribution Rate 

Aeolian processes operate over the lifetime of the surface. Arvidson, et al. (1992) 

estimate aeolian redistribution rates from parabola erasure at < 10 ^ cm/yr, and Schailer 

(1998) also uses parabola erasure to derive a lower limit of 3 x 10^ cm/yr. The 

differences in their numbers come from different estimates of parabolic deposit 

thicknesses. Arvidson, et al. (1992) assume deposit thicknesses of several centimeters, 

and Schailer (1998) derives a minimum thickness of 1 centimeter from his model. It is 

also possible to further constrain the aeolian redistribution rate by examining crater 

haloes. 

It is generally accepted that haloes are longer-lived than parabolas. The obvious 

conclusion that is drawn from this is that halo deposits are thicker than parabola deposits. 

From an analysis of the crater record, it is apparent that haloes are predominantly 

observed around small craters. This is expected since the atmosphere more effectively 

screens smaller objects. The converse statement, however, is not true. Small craters are 

not necessarily surrounded by haloes. In fact only 114 out of 323 craters (35.2%) smaller 

than 10 km in diameter possess haloes. Assuming that all small craters should initially 

possess haloes, the remaining 64.8% of small craters must have had their haloes erased 

over time. Thus, small craters possessing haloes are probably among the youngest craters 

on the surface. If this is true, then the average lifetime of a halo is approximately 35% of 

the surface age. Taking the surface to be 500 ± 200 Myr old (Strom, et al., 1994), then 

the average lifetime of dark haloes is 175 ± 75 Myr. By extrapolating from the parabola 

thicknesses in Campbell, et al. (1992), estimates of the minimum deposit thicknesses for 

haloes must be < 20 cm. Combining this with the age of haloes, the aeolian redistribution 
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rate on Venus must be approximately 10 ̂  cm/yr, in good agreement with the estimate of 

Arvidson, et al., (1992). 

6.6.2 Lifetimes of Radar-Bright Regions 

In Chapter 2, I made the argument that bright regions in airburst scars are 

essentially independent of the class of airburst scar. Earlier in this chapter, I demonstrated 

that they can form as a product of scouring. As a result, the bright regions in airburst 

scars should all have similar lifetimes. I take two approaches to estimating the lifetimes 

of bright airburst scars here. Not surprisingly, both estimates give a lifetime of ~ 30 Myr, 

similar to that of parabolic features. 

The first estimate is derived from a statistical comparison of haloes. Then by 

extension, the bright regions in splotches and disrupted splotches are presumed to have 

lifetimes similar to those of bright haloes. Suppose that every halo was originally a c/d/b 

feature, and suppose that dark halo deposits are always thick enough that dark haloes 

outlive bright haloes. Then the progression through time is from a pristine and circular 

c/d/b feature to an eroded, and irregular c/d feature. Given that the lifetime of haloes is 

significantly less than the age of the surface and that erasure of haloes is uniform over 

time, then within statistical uncertainties the following statement must be true 

lifetime of bright ^dib haloes 
'— (o.4). 

lifetime of halo # haloes 

Given that there are 38 d/b haloes, 256 total haloes, and assuming the lifetime of haloes is 

175 ± 75 Myr, the lifetime of bright haloes is computed to be 26 ± 11 Myr. Due to terrain 
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effects and the masking of bright regions, these statistics may not be reliable, so an 

independent estimate is desired. 

An alternative approach is to estimate the thickness of the fine-grained blanket 

that is needed to reduce the radar backscatter to background levels. Physically, 

electromagnetic waves begin to interact with a dielectric interface when the thickness of 

the interface is approximately j A thick. Therefore, to reduce the backscatter of a scoured 

surface requires the reintroduction of a blanket of flne-grained material of approximately 

this thickness. For an aeolian redistribution rate (Z), the lifetime of a bright region is 

defined to be the time it takes to cover it with a blanket of fine-grained material that is ^ A 

thick: 

For z = 10' cm/yr and A = 12.6 cm, = 31 Myr. The primary uncertainty in this 

estimate comes from z. Assuming z is correct within 25%, the lifetime of a bright 

region is 31 Myr. 

6.6.3 Lifetimes of Radar-Dark Regions 

Unlike the bright regions, there is a clear trend in the dark regions to increase in 

size when progressing from splotches to haloes. This is due to a combination of airburst 

altitude and energy. It also means that the thicknesses of the dark deposits vary for each 

individual feature. In order to facilitate the computation of the lifetimes of dark regions, I 

make three assumptions that must be described before proceeding. First, I assume that d/b 
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features are young and that d features are old and eroded. This is consistent with 

observation. Because d features are older and have had their dark deposits expanded and 

thinned, this discussion is limited only to dark deposits in d/b features. Second, I assume 

in the absence of better information that the average thicknesses of dark deposits are 

proportional to their diameters. As justification for this assumption, I offer the argument 

that since more energy is deposited into the surface by stronger shocks, the depth of the 

pulverized zone must be correspondingly greater. As illustrated by the optimum burst 

height effect, this is not strictly true; but for the purposes of this discussion, the airburst 

energy is much more important than the airburst altitude in determining the size of a dark 

zone. Finally, I assume that the constant of proportionality is the same for splotches, 

disrupted splotches, and haloes. This assumption is valid as long as all airburst scars are 

produced by pre-impact airbursts; and in the cases of disrupted splotches and haloes, that 

they are not influenced by the formation of the central disruption or crater. 

I defme the average lifetime of a dark zone to be the time it takes for aeolian 

processes to redistribute the fine-grained material that is initially present in the dark 

region. Assuming that the ratio (0) of the thickness of an undisturbed deposit to its 

diameter (D) is constant, then the lifetime of the dark region is 

= — (6.6). 
z 

Notice that I assume aeolian erosion of the dark deposits occurs at the same rate as 

aeolian deposition. I justify this assumption with two arguments. First, once they are 

exposed to the wind, fine grains should be easily transported over the surface; that is, fine 

grains at the surface of the dark deposit are not preferentially confined to the dark zone. 
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Second, the process of transporting material must be an equilibrium process or the 

atmosphere would become either more or less dusty over time. Thus, as material is 

stripped from the top of the dark zone, the lower layers are exposed to the wind; and each 

layer is stripped by the same winds and moved at the same rate as similar-sized material 

from the surrounding regions. 

For haloes, p is readily computed from the average lifetime (/^ = 175 ± 75 Myr) 

and the average diameter (D = 45.2 km) to be ^ = 3.9 x 10^. The large uncertainties 

come from a combination of the uncertainties in both z and the average lifetime of 

haloes. Using p to estimate the thicknesses of dark deposits, the average halo deposit is 

17 cm thick, the average disrupted splotch deposit is 13 cm thick, and the average splotch 

deposit is 8 cm thick. Note that at dark zone diameters smaller than 8 km, the thickness of 

the deposit is predicted to be thinner than 7 A and either no dark zone should be visible, 

or the assumption of proportional thickness is poor. Fortunately, only 8.6% of splotches, 

and no disrupted splotches or haloes, fall into this category 

By assuming that is a true constant that holds from feature to feature and class 

to class, the expected lifetime of any individual dark region in a d/b feature can be 

predicted. Applying Equation 6.6 to splotches and disrupted splotches as a whole gives 

respective lifetimes of 78 Myr and 128 Myr. It also predicts that 11% of splotches 

have bright regions that are longer-lived than their dark regions, in reasonably good 

agreement with the 16.2% of older splotches that are bright instead of dark. 

An alternative estimate of the lifetimes of dark regions in splotches and disrupted 

splotches can be made by comparing the number of old features to young features using 
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Equation 6.4 and the average lifetime of bright regions as a reference. For splotches, the 

average lifetime of a dark region is 47 Myr, and for disrupted splotches, the average 

lifetime of a dark region is 62 Myr. While there is agreement within the error bars, 

the discrepancies between the two sets of computations are problematic. 

The weakest assumption that I made in the first set of calculations is that the 

thickness of a fine-grained deposit is proportional to the diameter of the dark zone. If 

deposit thicknesses vary non-linearly with the dark diameter, then the lifetimes of 

individual dark zones are difficult to predict. If, however, the deposits are thinner than 

suggested by a linear function, then the dark zones in splotches should barely register at 

the Magellan radar wavelength, and airburst scars would be very fragile features indeed. 

Another significant problem concems the rate of aeolian redistribution. I use an estimate 

of z = 10"' cm/yr for both erosion and deposition and assume that is within 25% of the 

true rate. In reality, though, this number is not well-constrained and a 25% uncertainty 

may not be conservative enough. 

In the second set of calculations, there is an implied assumption that the dark 

zones in airburst scars are uniformly deep, and therefore erasure is independent of deposit 

depth. Unfortunately, since there is no direct measurement of the depth of dark deposits, 

there is no straightforward weighting scheme that can be usefully applied to this 

statistical calculation beyond that already employed in the first set of calculations. 

Finally, terrain effects may mask some bright regions giving an undercount in d/b 

features and an overcount in d features. That makes the second calculation more 

unreliable than the first. Nevertheless, there is some overlap in the uncertainties of both 
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sets of calculations, and the actual lifetimes of dark zones are likely to be found 

somewhere in the middle. 

6.6.4 Estimating the Number of Airbursts Over Time 

From the lifetimes of bright airburst scars, it is possible to estimate the number of 

airbursts that have occurred over the age of the Venusian surface. Assuming that all d/b 

features are younger than 31 Myr, and that the surface is 500 ± 200 Myr old, the total 

number of airburst features formed over time can be estimated as 

N ,  =  M / b  f e a m r e s  x "f 7, 
lifetime of bright 

There are 38 d/b haloes, 27 d/b disrupted splotches, and 152 d/b splotches. I include all 

splotches that show any bright region under the assumption that all bright regions are 

young. This translates into = 2450 = 440 and = 610 

The uncertainties are large due to the large uncertainties on both the age of the surface 

and the lifetime of bright regions. As a check against the arguments for erosion and the 

lifetimes of airburst scars, the number of expected haloes is multiplied by 0.36 (the 

fraction of haloes assumed to have been erased in Chapter 2). From that calculation, there 

should be 220 !{^ haloes observed today. The actual number of 256 is well within the 

upper error bar lending confidence to the calculation. 

6.7 SUMMARY AND IMPLICATIONS OF CRUSHING AND SCOURING 

The crushing and scouring model, combined with erosion, effectively reproduces 

the patterns of 514 of 518 observed airburst scars. Assuming the model is sound, there 
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are several conclusions that can be drawn about the effects of airbursts on the surface of 

Venus. In particular, statements can be made regarding the sizes of impactors, the sizes of 

dark and bright regions, the lifetimes of dark and bright regions, and the effects of 

highland terrain on airburst scar formation. 

In order for an impactor to produce an airburst scar on the surface of Venus, it 

must be sufficiently large to penetrate to within approximately a scale-height of the 

surface, but not so large that it reaches the surface without at least some partial 

disruption. Iron impactors are likely to produce airburst scars if they are between 500 m 

and 2 km in diameter, stony impactors are likely to produce airburst scars if they are 

between 1 km and 3 km in diameter, and icy impactors are likely to produce airburst 

scars only if they are larger than 3 km in diameter. Impactors smaller than the minimum 

sizes are screened by the atmosphere, either airbursting too high or completely ablating 

away without ever recording their passage on the surface. As a result, there is both a 

paucity of small craters and small airburst scars. On the other hand, large impactors that 

penetrate to the surface without disruption do not produce airbursts. The bowshock in 

front of an impactor as it passes through the atmosphere is too weak to produce damage 

beyond the crater radius, so only the direct effects of cratering are observed. Thus, large 

impactors produce craters without airburst scars. 

Splotches, disrupted splotches, and haloes are therefore produced by intermediate-

size impactors. The smallest impactors in this size range airburst at higher altitudes and 

produce d/b splotches by pulverizing surface rock near ground zero and scouring fine 

grains at large distances. Post-shock winds may then alternately expand and contract the 

zone of pulverized rock possibly producing ringed splotches. Larger impactors. 
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airbursting closer to the surface, create larger pulverized regions while not significantly 

affecting the sizes of the scoured regions. If the post-airburst fireball touches the surface, 

part of the central region is vaporized producing a disrupted splotch. If an impactor 

airbursts near enough to the surface with one or more large fragments of the impactor 

surviving, the fragments excavate the central region leaving a haloed crater. Because 

halo-forming airbursts occur at or near the surface, haloes have the largest pulverized 

zones, reaching approximately half the size of the scoured region. 

Due to the proximity of halo-forming airbursts to the surface, dark halo deposits 

are thicker than dark splotch deposits, and thus haloes are naturally longer-lived than 

splotches. On the other hand, because scouring is essentially independent of the airburst 

altitude, it is also independent of the class of airburst scar. Consequently, the lifetimes of 

radar-bright regions are comparable for splotches, disrupted splotches, and haloes. 

The bright regions (~ 30 Myr) are usually much shorter-lived than the dark 

regions (~ 50 - 175 Myr), though approximately 11% of splotches are exceptions to this 

rule. Dark/bright features are therefore necessarily younger than dark-only features. 

There are 152 splotches that are (or could be for the purposes of this discussioii) 

classified as d/b (young) splotches, while only 57 are classified as d (old) splotches. In 

contrast, there are 27 x/d/b disrupted splotches compared to 26 x/d disrupted splotches, 

and 38 c/d/b haloes compared to 218 c/d haloes. Clearly, haloes as a group are 

s i g n i f i c a n t l y  o l d e r  t h a n  s p l o t c h e s  a s  a  g r o u p .  A s  a  c o r o l l a r y ,  t h e r e  a r e  a p p r o x i m a t e l y  3 - 4  

times as many young splotches as there are young haloes. This is certainly expected since 

smaller, splotch-forming impactors should encounter Venus more frequently than larger, 

halo-forming impactors. 
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Older airburst scars evolve from a circular d/b structure to a more irregular d 

structure as they erode. The irregular dark region is larger, but thinner, than the original 

pulverized zone because the fine grains are dispersed by surface winds over time. 

Eventually, the dark regions fade completely as the deposits become too thin to appear 

visible to the Magellan radar. 

Unfortunately, many airburst scars probably do not get properly recorded on the 

surface if the airburst occurs over the highlands. Due to their high topography, the 

highlands are very bright at the Magellan radar wavelength, and they effectively mask 

any bright zones in airburst scars. This leads to a possible undercount in d/b features and 

an overcount in d features. Fortunately, the highlands only cover 10% of the planet's 

surface and the miscounts probably do not grossly distort the statistics that are presented 

in Chapter 2 or the conclusions that are drawn here. The difficulty posed by the 

highlands, however, is more problematic than just mistaking d/b features for d features. 

There are some areas of the highlands that are smooth enough to permit dark airburst 

scars to be seen, but there are many other areas where the terrain is so mountainous that it 

is not even clear if an airburst scar can form at all. Even if an airburst shock pulverizes 

mountain surfaces, the pulverized material is only 10 cm thick, and it must compete with 

topography that is kilometers high! By the same argument, scouring fine grains out of a 

region dominated by kilometer-scale features will not measurably affect the already 

bright radar backscatter of the region. Therefore, the absence of visible airburst scars in 

the highlands is easily explained by masking, but the question of whether or not they can 

even form in such rugged territory is still debatable. 
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6.8 PROBLEMS WITH THE CRUSHING AND SCOURING MODEL 

The crushing and scouring model does an excellent job at reproducing nearly 

every subclass of the airburst scars, but there still remain a few areas of concern. First, 

the model does not explain the presence of a large second dark region in the four d/b/d 

and d/b/d/b splotches (Figures 6.19 and 6.20). The fact that there are so few of these 

features suggests that they were formed under peculiar conditions that are not considered 

by the simple crushing and scouring model. Second, the hydrocode simulations that I 

performed were two-dimensional and made no provision for airbursts produced by 

impactors traveling at oblique angles to the surface. A full three-dimensional calculation 

is required to address this problem completely. Third, I have not considered cases where 

the airburst scar is so large that the curvature of the planet is non-negligible. For example, 

the 700 km halo that surrounds the 140 km crater located at 78.1 N, 104.5 E spans over 

6°. Finally, the thicknesses of the dark deposits cause the greatest concern with this 

model. At 10-20 cm thick, fine-grained deposits should be stripped away rapidly by any 

asymmetric, high-speed winds. That implies that either real airbursts are highly 

symmetric for a natural phenomenon, or the deposits are hardier than expected. 

Alternatively, if the deposits are several tens of centimeters thick, the aeolian 

redistribution rate of fine-grained material must be much faster than predicted, or airburst 

scars would survive for several hundreds of Myr. All in all, though, crushing and 

scouring is a simple model that relates all airburst scars and fits the observations well. 
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Figure 6.19: This is an unusual d/b/d splotch located at 59.2 S. 105.0 E. The outer dark zone is 35 km in 
diameter. 

Figure 6.20: This is an unusual d/b/d/b splotch located at 20.0 N. 312.0 E. The outer bright zone is 240 km 
in diameter. 
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6.9 EXPANDING HORIZONS 

I have thoroughly discussed the effects of airbursts on Venus, but Venus is not the 

only planet in the solar system with a solid surface and a substantial atmosphere. There 

are also Earth, Titan, and possibly Mars to consider as well. Therefore, before concluding 

this dissertation, I take a brief, superficial detour to discuss the possible effects of 

airbursts on other worlds besides Venus. Then for good measure, 1 qualitatively compare 

the effects of airbursts on the surfaces of other worlds to the effects of airbursts on the 

surface of Venus. 
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CHAPTER 7 IMPLICATIONS FOR OTHER PLANETS 

7.1 INTRODUCTION 

Planetary science is a young fleld of study that really developed its own identity 

with the advent of the space race. Prior to the launching of the first interplanetary 

spacecraft, the only information humanity could acquire about its planetary neighbors 

came from large ground-based telescopes and from its knowledge of Earth as a planet. As 

the field of planetary science grows, and as spacecraft return ever sharper images of other 

worlds in the solar system, comparative planetology becomes an important tool for 

understanding the very alien environments of other worlds. 

Comparative planetology is based upon the assumption that nature obeys the same 

laws everywhere, so that natural processes that occur on one planet should occur on 

another under the same conditions. The corollary to this statement is that different 

outcomes of the same process are due to differences between the planets. Venus, Earth, 

Mars, and Titan are the only solid worlds in the solar system that possess substantial 

atmospheres. Therefore, a study of airbursts should compare and contrast the effects of 

airbursts on each of these four worlds. 

7.2 AIRBURSTS ON OTHER WORLDS 

Venus possesses the thickest atmosphere of any solid body in the solar system. 

This makes it an ideal candidate to study the extreme effects of airbursts on a planetary 

surface. Because of its dense atmosphere, Venus screens all but the largest impactors 

from its surface. As a consequence, objects that penetrate deep into its atmosphere are 
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very energetic, and the resulting airbursts are very powerful. Scaling airbursts to other 

planets require smaller impactors and weaker atmospheric shock waves. Nevertheless, as 

observed in the Tunguska explosion, even weak airbursts can do a significant amount of 

surface damage under the right conditions. That then begs the question, "What are the 

right conditions, and do they also exist on Mars and Titan?" 

The answer to this question for Mars is a resounding, "No!" The pressure of the 

atmosphere at the surface of Mars is only 7 mbar and the density is - 10"^ kg/m^. This is 

too thin to stop any impactors > 1 meter in size. Furthermore, the drag pressures are 

probably insufficient to disrupt even an icy meteoroid. As a result, objects small enough 

to be stopped by the Martian atmosphere are either ablated away or are decelerated to 

free fall speeds without disruption. Consequently, airbursts do not occur on Mars. 

The atmospheric pressure at the surface of Titan is slightly greater (1.496 bar) 

than the surface pressure on Earth, and it is also much denser (5.4 kg/m^). Unlike Earth 

and Venus, the density of Titan's atmosphere declines very slowly with altitude (Lorenz, 

1997). As a result. Titan has a much greater scale height than either Earth or Venus. At 

Titan's distance from the Sun, the relative encounter velocities with potential impactors 

are also lower than they are in the inner solar system. English and McBride (1995) 

suggest they may be as low as 10 km/sec at Titan as compared to 20 km/sec in the inner 

solar system. Therefore, impactors at Titan carry much less energy than impactors in the 

inner solar system. 

There are three reasons to believe that airburst effects should be less prominent on 

Titan than on Venus. First, the atmosphere is an order of magnitude less dense. That 
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means airbursts of similar energies produce shocks waves that are an order of magnitude 

weaker on Titan. Second, Titan's greater scale height implies that impactors sense the 

atmosphere at higher altitudes, and begin decelerating sooner rather than later. This 

should produce airbursts at higher altitudes on Titan, and the shock waves would be 

correspondingly weaker when they reach the surface. Finally, the lower encounter 

velocities mean that impactors must be larger on Titan to produce equivalent strength 

airbursts as those on Venus. Since objects become scarcer as they get larger, there should 

be correspondingly fewer large airbursts on Titan. It therefore appears to be more 

difficult to produce airburst scars on Titan than on Venus. By the same token, it is 

probably not unreasonable to predict that damaging airbursts might be more common on 

Titan than on Earth. Titan's denser atmosphere is capable of stopping larger objects and 

supporting more powerful airburst shock waves than Earth's thinner atmosphere. 

The question that remains unanswered is, "How would airburst scars manifest 

themselves on Titan?" Unfortunately, until the Huygens probe arrives with the Cassini 

mission to Saturn in 2004, the nature of Titan's surface remains speculative. If the surface 

is dominated by hydrocarbon oceans, or is relatively young, all evidence of airburst 

effects may well have been eroded. On the other hand, if the surface contains a 

significant amount of older landmass, then there is a slim possibility that the effects of 

very large, near-surface airbursts may be visible. 

7.3 TUNGUSKA 

When a fireball exploded over northern Siberia on the morning of June 30, 1908, 

it devastated over 2000 km^ of the Tunguska river valley without leaving any trace of a 
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crater. It is the classic example of a terrestrial airburst. The Tunguska airburst is believed 

to have liberated - 4 x lO'® J of energy (Turco, et al., 1982) at an altitude of = 8.4 km 

(Ben-Menahem, 1975). Eyewitness accounts suggest that the object was traveling at an 

abnormally shallow angle when it exploded, but the accuracy of these accounts is 

questionable. 

Sparking even more debate, however, is the nature of the projectile. Chyba, et al. 

(1993) favor a stony asteroid, Lyne, et al. (1993) favor a carbonaceous chondrite, and 

Grigorian (1998) favors a comet. The argument has not exactly been a friendly one either. 

For example, Grigorian states in print that, "[T]he paper of Chyba, et al. (1993) published 

in respectable Nature should be mentioned as a strange and incorrect work." The camps 

in the debate appear to be roughly equally divided so the true nature of the Tunguska 

bolide will probably remain speculative for a long time to come. 

Bypassing the issue of the bolide's nature for the moment, the effects of airbursts 

can be quite devastating on Earth because the structures built by humans are fragile. 

Glasstone (1950) describes the Japanese experience with airblast damage from the bombs 

dropped on Hiroshima and Nagasaki. He notes that even with overpressures as low as 3.6 

psi, severe damage occurred to people's homes. At overpressures of 10 psi, 18 inch brick 

walls were completely destroyed. Hills and Goda (1998) state that an overpressure of 4 

psi was sufficient to knock down the trees at Tunguska. 

One other aspect of surface damage on Earth that would not appear on either 

Venus or Titan is charring of vegetation due to the intense heat of the airburst. The 

oxygen content of Earth's atmosphere facilitates the combustion of organic matter. 
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though Hilis and Goda (1993) argue that the airfolast can extinguish as well as start forest 

fires. Venus possesses neither the oxygen nor the organic matter to start fires that would 

consume large areas of its surface. Titan is loaded with the fuel for potentially vast fires, 

but without oxygen it simply will not combust. So, surface damage from airbursts on 

Earth is not limited to the damage produced by direct shock effects, whereas on Venus 

and Titan, that is the only obvious mechanism. 

As illustrated by many models of the Tunguska airburst, impactors tens of meters 

in diameters are more than sufficient to produce the required overpressures necessary to 

damage Earth's surface. This presents an interesting dilemma for the denizens of Earth. 

As illustrated by Morrison, et al. (1994), a kilometer-size impactor or larger would 

produce a globally catastrophic impact, but the frequency of such large impacts is only 

once per million years. Certainly no government will invest a significant fraction of its 

annual defense budget to develop and maintain a defensive system against such a rare 

threat. On the other hand, small impacts/airbursts that produce regional damage like 

Tunguska occur approximately once a century. No human fatalities have ever been 

recorded as the result of an impact, but that is due more to the sparse distribution of large 

cities than to the scarcity of damaging impacts. As cities grow and human populations 

spread, it becomes only a matter of time before a Tunguska-like event occurs over a 

heavily populated area. Programs like Spacewatch and Spaceguard are reasonably 

efficient at detecting and monitoring kilometer-size interlopers in the inner solar system, 

but it becomes exponentially more difficult and more expensive to locate and track 

smaller objects. Time is our ally against globally-devastating impactors, but it is our 
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enemy against an object that may level New York, Tokyo, or some other major world 

city sometime in the next few centuries. 

7.4 ASTEROID VERSUS COMET 

Returning to the debate over whether the Tunguska object was an asteroid or a 

comet, the problem arises because no one is sure how to best model ablation. 

Overestimates of ablation lead to high airburst altitudes, and this has been the greatest 

criticism of the Chyba, et al. (1993) model. On the other hand, underestimates of ablation 

yield airburst altitudes that are too low, and this has been the greatest criticism of the 

Grigoriyan (1998) model. Fortunately, ablation is less of a problem in thicker 

atmospheres. Small objects cannot penetrate thicker atmospheres, and it is with small 

objects that ablation becomes particularly important. Larger objects are dominated by 

deceleration and fragmentation. 

On Venus, it is reasonably safe to argue that comets do not reach the surface 

unless they are extremely large. In fact, all craters smaller than 30 km in diameter can 

probably be attributed to asteroidal impactors. Long period comets with nearly cosmic 

velocities (> 50 km/sec) will possess the kinetic energy of a comparable diameter 

asteroid, but they are friable and they tend to deposit their energy high in the atmosphere. 

If altitude and energy pairs can be derived from airburst scar patterns and plotted, then it 

is probably a safe bet that asteroidal impactors would plot near the low energy, low 

altitude region while cometary impactors would plot as higher energy, higher altitude 

airbursts. 
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7.5 SUMMARY 

Airbursts certainly occur on both Venus and Earth, and they should occur on 

Titan. The question for Titan is whether or not the surface can retain the evidence of 

airburst scars. The answer to this question will have to await the arrival of the Huygens 

probe in 2004. Unlike the other solid worlds with atmospheres. Mars' atmosphere is 

probably too thin to stop any impactor large enough to airburst. Even in the highly 

improbable case that an object did airburst on Mars, the object would be so small, and the 

atmosphere is so thin, that no surface damage would result. 

Airbursts on Earth are much less energetic than airbursts on Venus, and probably 

less energetic than airbursts on Titan. On Earth, however, the airburst does not need to 

fracture rock to produce substantial damage. Man-made and organic structures are much 

more fragile and are easily damaged or destroyed by comparatively small airbursts. 

Earth's surface is also covered with vegetation that can be destroyed by both the direct 

shock wave and secondary heating effects. Charring and regional fires are probably 

common in airbursts on Earth and that can never occur on Venus or Titan. 

Finally, the debate over whether the Tunguska object was an asteroid or comet 

arises because ablation models are poorly understood. The choice of an ablation model 

makes a big difference for impactors on Earth, but it is relatively unimportant for 

impactors on Venus, and presumably for impactors on Titan as well. Small objects can be 

completely ablated by their passage through an atmosphere, but larger objects are 

dominated by deceleration and fragmentation. 
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Airbursts are expected to be common on any world that owns a large atmosphere. 

Venus has the thickest atmosphere of any solid world in the solar system, and as such, its 

surface illustrates some of the most extreme effects of large airbursts. Airbursts are not 

limited to the terrestrial planets, though. The Jovian planets have no surface on which to 

record the effects of airbursts; but nevertheless, as illustrated quite clearly in the 1994 

Shoemaker-Levy 9 impact, even atmospheres themselves can be badly scarred in a 

sufficiently large impact. Clearly, airbursts are an important planetary process, and well-

deserving of more careful study. 
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CHAPTER 8 SUMMARY AND CONCLUSIONS 

8.1 AIRBURST SCARS 

Impact cratering on worlds with substantial atmospheres (e.g., Venus) is much 

more complicated than impact cratering on airless worlds. In addition to typical impact 

craters, the Venusian impact record includes multiple and irregular craters, craters with 

extended outflows, wispy parabolic features, and radar-dark and -bright airburst scars. Of 

these impact features, airburst scars are the only features that do not form as a direct 

result of the cratering process. Instead, they form when potential impactors are partially 

or wholly disrupted during their transit through the atmosphere. The resulting airburst 

shock wave can damage the surface to a much greater radial extent than is possible 

through a direct impact. Until now, models of airburst scar formation have been 

successful only in reproducing particular subsets of the observed features. In this 

dissertation, I have developed an intuitively simple model that is capable of reproducing 

> 99% of the airburst scar record. 

8.2 SUMMARY OF THE AIRBURST SCAR RECORD 

Magellan observed S18 airburst scars on Venus that are classified as splotches, 

disrupted splotches, or haloed craters based upon the type of central disruption they 

exhibit. The 209 craterless splotches are airburst scars with no central disruptions, the 53 

disrupted splotches are airburst scars with small, but ill-defined central structures, and the 

256 crater haloes are airburst scars that surround clearly identifiable impact craters. Each 

class of airburst scar can be further classified into several subclasses based upon the 
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patterns they exhibit. Airburst scars that contain both a central radar-dark region and an 

outer radar-bright region are referred to as dark/bright (d/b) features. Airburst scars that 

contain only a single dark region are referred to as dark (d) features. Crater haloes 

possess 38 d/b features and 218 d features. Disrupted splotches possess 27 d/b features 

and 26 d features. Craterless splotches possess 110 d/b features and 57 d features; but 

additionally they also possess 27 d/b features circumscribed or inscribed with a thin 

radar-dark ring, 11 bright (b) features that do not possess a dark center, and 4 unusual 

features with complex d/b/d and d/b/d/b patterns. 

Like the Venusian crater record, the airburst scar record also exhibits a paucity of 

small features. At small impactor diameters, only the strongest iron impactors penetrate 

the atmosphere deeply enough to cause surface damage in the form of splotches. At 

progressively larger diameters, weaker objects begin to contribute to the population of 

airburst scars. At the high ends of the size ranges of airbursting objects, impactors reach 

the surface while they are still in the process of fragmenting or dispersing, and they form 

haloes instead of splotches. Beyond the range of airbursting objects, impactors are not 

disrupted at all before reaching the surface, and they simply produce circular craters with 

no associated airburst scar. 

Most Venusian impact craters show little evidence of erosion, suggesting minimal 

volcanic and tectonic activity over the last 500 Myr. Airburst scars, however, show 

significant signs of erosion as the result of aeolian processes. While d/b features are often 

observed in various stages of preservation, d features nearly always appear "smudged", 

faint, and irregular in shape. Clearly, airburst scars are transient features, and some 
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fraction of them must have been erased over the age of the surface. Expecting all small 

craters (and particularly multiple and irregular craters) to possess haloes, it is surprising 

to And that only 36% actually do exhibit them. Assuming that the remaining 64% once 

had haloes, and applying a correction to all crater classes and sizes, reveals a clear 

fractionation between crater sizes in every crater class. Small craters nearly always 

possess haloes. Large craters almost never do. 

When comparing airburst scars to each other, four patterns emerge. First, only 

splotches exhibit patterns more complex than or different from d/b and d patterns. 

Second, d features are larger than the dark zones in d/b features. This is true within each 

class of airburst scar as well as between classes. Third, dark regions are larger in haloes 

than they are in splotches. This is almost certainly due to the fact that haloes are formed 

by more energetic impactors airbursting closer to the surface. Finally, the bright regions 

are similar in size across all classes of airburst scars, implying that the airburst altitude 

has little influence over far-field effects. 

Airburst scars are found preferentially in the lowland plains of Venus that account 

for nearly 80% of the planet's surface. Much of the remainder of the surface is dominated 

by the radar-bright highlands. Splotches are rarely observed in the highlands, and those 

few that are seen are always d features. Apparently, the highland terrain is either very 

effective at masking airburst scars, or it is so rough that airburst scars simply cannot 

damage that type of surface. 

With these observations, a model is needed that will not only explain each class 

and subclass of the airburst scars, but it also needs to relate each class of the airburst scars 
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to the other two classes. Many researchers have attempted to explain the formation of 

splotches or haloes, but prior to this dissertation, no one had successfully linked them 

under one model. Using the model for splotch formation derived by Zahnle (1992) as a 

starting point, I derived a single model that reproduces 514 of the 518 observed Venusian 

airburst scars. 

8.3 SUMMARY OF THE CRUSHING AND SCOURING MODEL 

Zahnle (1992) proposed a model for splotch formation that involved pulverizing 

surface material in the vicinity of ground zero while leaving fields of broken rock at 

greater distances. I modified 2^nle's model and used it as the basis for a new model that 

still produces dark zones by pulverizing rock, but replaces the fields of broken rock with 

a scoured surface. Additionally, I include the effects of the post-shock wake winds that 

tend to expand the zone of pulverized material, and I also include the effects of 

rarefaction winds that tend to shrink the zone of pulverized material, leaving radar-dark 

rings in some cases. Finally, I address the lifetimes of both the radar-dark and radar-

bright regions, using aeolian erosion to reproduce d and b features. 

The radii of the dark zones in d/b features are determined by estimating the 

transmission of shock energy to the surface using an impedance matching approximation 

for two flat plates. Since an airburst shock wave is spherical, the normal component of 

the shock's velocity acts as the velocity of the shocked gas "plate." From the impedance 

matching approximation, shock pressures in the surface rock can be calculated. The 
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radius of the pulverized zone is defined by the radial extent at which shock pressures are 

> 100 MPa. Above this threshold, basaltic rocks arc deemed to be pulverized. 

The pulverized rock is now fine-grained material that is capable of being 

transported by the winds of the post-shock wake. The winds drag the fine-grained 

material radially outward expanding the size of the dark zone. Later, as the shock 

weakens, rarefaction winds develop and suck fine grains radially inward, reducing the 

size of the dark zone. If the rarefaction winds operate over a radial distance smaller than 

the expanded dark zone, the center of the pulverized region shrinks, but its outer edge 

does not. The result is a thin dark ring. 

At a radial distance approximately equal to the airburst altitude, the shock 

reflected from the surface catches and fuses with the incident airburst shock, and the 

reflected shock detaches from the surface. The geometry of the fused shock is a "Y" 

shape, with the lower branch of the "Y" referred to as the Mach stem. The Mach stem 

travels parallel to the surface and is the source of high-speed winds directed radially 

outward from ground zero. The winds behind the Mach stem are responsible for blowing 

fine grains out to great distances, leaving behind a scoured, roughened surface that 

appears radar-bright in Magellan images. 

Combining the crushing and the scouring mechanisms gives a model that can 

reproduce d/b and ringed splotches. If the post-airburst fireball touches the surface, then a 

disruption is formed in the center of the dark region. If the airburst occurs near the 

surface, fragments of the impactor may crater the center of the dark region. Therefore, the 

crushing and scouring model reproduces all d/b features. 
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Given the faint and irregular shapes of d features, combined with the absence of 

the outer bright region, it is reasonable to assume that d features are older and highly 

eroded airburst scars. Surface winds, operating over long periods of time will disperse the 

fine-grained material in the radar-dark zone. As the fine grains are redistributed, the dark 

region expands and assumes an irregular shape dictated by the prevailing winds and the 

surrounding surface topography. Furthermore, as the fine-grained material is 

redistributed, it is reintroduced to the scoured region reducing its radar backscatter. As a 

result, a pristine and circular d/b splotch evolves into an irregular d splotch before fading 

away as the deposits of fine-grained material grow thin. In cases where an airburst occurs 

so high that the dark regions in a splotch are exceptionally thin, the dark region fades 

more rapidly than the bright region leaving behind a b feature instead of a d feature. 

By itself, the crushing and scouring model is capable of reproducing all d/b 

features and ringed splotches. With the addition of erosion, it also explains d and b 

features as well. Therefore, all airburst scars except for the four unusual d/b/d and d/b/d/b 

splotches, can be described with this relatively simple model. More importantly, it 

confirms what visual inspection strongly implies by relating splotches, disrupted 

splotches, and haloes as different outcomes of the same phenomenon. 

8.4 WHAT WAS LEARNED 

Impactors that are smaller than some minimum size do not penetrate the 

atmosphere deeply enough to produce surface damage. As a result, small impactors that 

are efficiently screened by the atmosphere do not record any evidence of their passage. 
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On the other hand, impactors greater than some maximum size are not appreciably 

affected by their passages through the atmosphere and they impact the surface as single, 

intact objects. Because they are not disrupted by their passage through the atmosphere, 

large impactors record their passage as craters with no associated airburst scar. For some 

intermediate range of impactors, however, the objects are large enough to penetrate deep 

into the Venusian atmosphere, but small enough that they are disrupted before impacting 

the surface. These objects are the impactors that will record their passages as airburst 

scars. 

The size ranges of impactors that are expected to form airburst scars on Venus are 

500 m - 2 km for iron objects, 1 km - 3 km for stony objects, and > 3 km for icy objects. 

The sizes are derived from the Chyba, et al. (1993) model that describes the deceleration 

ablation, trajectory, and fragmentation of a bolide passing through an atmosphere. Their 

model was derived to describe the Tunguska impactor, so it had to be modified for the 

Venusian atmosphere and solved numerically. Hydrocode simulations of airburst effects 

on the surface of Venus support the numerical simulations. 

Given an airburst of appropriate energy at an appropriate altitude, the Navier-

Stokes fluid dynamics equations are solved using the SALE hydrocode. Typical radii of 

pulverized zones range from approximately ID - 35 km for realistic airbursts. The 

expansion and contraction of the pulverized zone by post-shock winds are both limited to 

a few kilometers. As a result, the radius of the dark region in a d/b feature corresponds 

approximately to the size of the original pulverized zone. The radial extent of the 

rarefaction winds grow rapidly; and due to the optimum burst height effect, the size of the 
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radar-dark zone shrinks with increasing proximity to the surface. This implies that rings 

are more likely to be formed by higher altitude airbursts. 

Scouring of the surface occurs as long as centimeter-size particles can be kept in 

suspension by the Mach stem. For wind velocities (referenced at 1 meter above the 

surface) less than 100 m/sec, centimeter-size grains begin to fall out of suspension, and 

scouring at the Magellan radar wavelength ceases. The radii of the bright regions for 

typical airburst energies, defined by the 100 m/sec cutoff, are approximately 50 - ICX) 

km, in excellent agreement with the observed sizes of bright regions in airburst scars. 

Given measurements of the sizes of bright regions, it is easy to estimate the airburst 

energy by direct inversion of the problem. 

The lifetime of a typical bright region is estimated to be approximately 30 Myr 

independent of the class of airburst scar. On the other hand, the lifetimes of the dark 

deposits depend upon their thicknesses. From estimates of erosion, the typical lifetime of 

dark haloes is 175 Myr, the typical lifetime of dark disrupted splotches is approximately 

80 - 130 Myr, and the typical lifetime of dark splotches is approximately 50 - 80 Myr. In 

the case of splotches, however, 11% of the dark zones have lifetimes < 30 Myr indicating 

that the bright regions in those cases outlive the dark regions. Using the estimates of the 

lifetimes of airburst scars, deposit thicknesses for the dark zones are determined to be less 

than 10 centimeters for splotches, approximately 10 cm for disrupted splotches, and 

between 10 cm and 20 cm for haloes. 

Numerical results, hydrocode simulations, and calculations of airburst scar 

lifetimes all support the crushing and scouring model. Moreover, the model is intuitively 
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simple and it describes > 99% of the airburst scar record if erosion is included. Like 

every model, though, there are still some minor problems that need to be addressed. 

8.5 FUTURE WORK 

The objective of this dissertation was to unify the formation of splotches, 

disrupted splotches, and haloes under one model. With the crushing and scouring model, 

this has been successfully accomplished. At this point, improvement in the model will 

come primarily from three directions. First, I make several assumptions in the derivation 

of the model that need verification. Second, some of the quantitative results can be 

extended and improved with more detailed modeling. Finally, the four unusual splotch 

types are not simply described with the crushing and scouring model, so the unique 

conditions of their formation should be investigated. 

I made four critical assumptions in the derivation of this model that have not yet 

been tested. First, I assumed that back venting was not an important mechanism in the 

formation of the dark zones. To be really complete, the effects of back venting need to be 

quantified and then compared with pulverization. Only then can the true effectiveness of 

back venting be assessed. Second, I do not consider oblique airbursts. A full three-

dimensional hydrocode solution is required to address this problem. Third, I have 

neglected the planet's curvature in discussing the formation of airburst scars. In most 

cases it is not important, but for very large airbursts it may come into play. Finally, and 

most importantly, I make assumptions concerning the thicknesses of dark deposits, 

particularly to facilitate the computation of airburst scar lifetimes. To first order, I believe 
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the deposit thicknesses are approximately proportional to the diameter of the dark zone, 

but this area needs considerably more study. 

In the quantitative analyses of Chapter 6, I compute numerical estimates for the 

sizes of airburst scar-forming impactors, the radii of dark and bright regions in d/b 

features, and the lifetimes of airburst scars. Furthermore, I derive approximate airburst 

energies for individual airburst scars directly from the sizes of their bright regions. Future 

work on these topics should lead to a refinement of the estimates I provided here. In 

particular, it would be very useful to better constrain the aeolian redistribution rate and 

the thresholds where rock pulverization and scouring by the Mach stem end. As a 

somewhat more ambitious project, it would be tremendously beneficial to have a model 

from which airburst altitudes can be extracted from the sizes of dark zones. Given both 

airburst energy and altitude with reasonable confidence, it would be very interesting to 

see if the type of impactor (iron, stone, carbonaceous chondrite, or comet) could be 

extracted from this information. If so, then this could place constraints on the fluxes of 

the various large impactors in the inner solar system. 

The crushing and scouring model does not easily explain the four unusual d/b/d 

and d/b/d/b splotches. They probably formed under some unique conditions, and it would 

be very interesting to see if and how the crushing and scouring model could be adapted to 

those conditions. There are also a few unusually large central peak craters that 

surprisingly possess haloes, and a slightly abundant fraction of small structureless craters 

that do not. It is probably worth investigating the different morphologies of both haloed 
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and non-haloed craters to determine what, if any, influence the cratering process has on 

the formation of airburst scars. 

This is not by any means an exhaustive list of future tasks. It is meant to serve 

only as a springboard to further studies of Venusian airbursts. Indeed, the reader may 

have many other ideas and suggestions that could open new avenues of research into this 

very exciting topic. 

8.6 EPILOGUE 

Impact cratering on airless worlds is very well understood, but impact cratering in 

the presence of an atmosphere introduces many complications. Venus has the densest 

atmosphere of any solid body in the solar system, and its mostly pristine impact record 

provides wonderful clues about the process. There is a wealth of information to be gained 

not just from the study of the Venusian impact record, but from its airburst scar record as 

well. After all, atmospheres are common on large worlds and airbursts are often capable 

of more widespread destruction than impacts. Tunguska provided an excellent 

demonstration of the destructive power of an atmosphere in a moderate-size airburst on 

Earth. The effects of airbursts on the surface of Venus attest to at least 500 other 

demonstrations. 
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•2.2 1759 d 26.1 P 
•12.7 3523 d/b 117 26.5 P quesnonaoie bncyir 

01 201 9 d 27.7 H posabty embdved if spiotcn 

-24 26.1 i d 278 P 

467 1480 d/b 97 28.6 P 
-256 3504 I/d 101 28.6 P 
565 194 4 d 292 P 

•138 1 3415 d/b/r/b 97 120 130 X.0 P movbe fno ma? 

49,7 3185 d/b/r 13.9 26.9 X.5 P inusuot 
92 207 9 d X.9 2 

-168 1424 d 31 1 Z 
41 5 3142 x/d 4.4 31 2 P disvonof^ rnoybe crater? 

•55 7 3558 I/d 61 323 H 
27 1 6.7 d/b 100 326 P 

550 346 2 d 32.8 H 
•40 1 12.3 d/b 8.0 335 P 
47 1 334 0 I/d 6.3 34.1 P 

200 312.0 d/b/d 80 170 354 P LDusud off-center 

467 282 2 d/b/r 27 0 30,0 36.0 P unusuof 

-165 1 6 d/b 87 360 H 
21 4 3036 d/b 6 1 368 P unusual mtenor 

-545 440 d 368 P 
642 178 8 I/d 3.0 370 P 

-40 7 384 d/b 8.2 370 P 

37 0 1404 d/b/r M 9 294 372 P tXXJSUOl 

-3 6 337 0 d/b 80 1 37.2 P 

61 3 336 3 d 37 3 P 

•36 4 162.5 d 374 P notpTBtrte 

•432 66.2 d 37 5 P 

•135 76,0 d 378 P doutiie sptotcn 

-49 306 0 d 38.2 P douDie splotch 
-41 7 1562 d 38.3 P 

233 IMO I/d 95 38.4 P unusual double 

12-9 331 4 d 39.1 P possiOty erTtx>yed? 

14,6 1706 d/b 168 39.2 P LDUSUOl 

•75 342.0 d/b/r 254 360 39.2 P 
377 150.3 I/d 65 39.5 P 
33 I 194 1 I/d 13.7 39.7 F 
546 349 1 d 40.0 F 

12.5 161.) i/d/b 11 120 400 P divuotion? 

51 0 1996 d/b 8.9 404 Z 
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295 1 1299 d 40.5 P oood 
-526 80.9 d/b 16.2 40.0 P 

•229 2555 dA9 113 42.2 Z 
•7 5 1 342.1 d/b/r 238 366 42.5 P good 
-44 7 i 32.6 d 42^ P bod stnp tn canter 

-196 338.9 d 42.6 P 

-229 146 d/b 116 42.6 z 
51 3 2038 d 42.8 z 
-3 7 3371 1 dyb 70 43.1 p 

-26 2300 1 d/D/r X5 388 43-5 z 
186 2035 d/t)/r 290 35.0 44.0 p 

3 7 2666 d 44.1 F 

-n a 2003 d/D 16.8 44.4 P tnusucf 

-390 8.9 i x/d 6.4 44.4 P 

355 347 3 1 d 44.5 P moyOe vGiconic 
24 I 157 7 d 450 P 

-13 I 1992 d/D 143 45.0 P unusudi 

-239 179 d/b 15.3 45.0 P 
-26.8 7a8 d/b 14.7 45.0 P 
•443 1436 d 450 P 

22 201 5 d 45.3 H 
•24.9 1530 d/b 24 4 456 P 

246 344.1 d 46.0 P 

51 5 343 7 d 470 F 
-4.5 27 3 d/b 183 470 P 

51 0 770 d 47.9 P 

100 224.2 •/d/b 38 174 47.9 P movoe d croter? 

-465 240.9 d/b/r/b 113 190 19 8 4&.1 P 

•445 1390 d 468 P N«57 

•404 1118 d 492 P P-40 

•40 1 1 12.3 d/b 10 1 493 P i^xAjdi 

•39 0 1 343 2 */d/b 82 24.4 495 P 

8.2 1 156.6 d/b 174 50.0 P 

•13 8 ! 337 9 d/b 111 500 P 

492 330 1 d/b i 1 125 50.5 P 

26 5 114.2 */d 68 51 0 P moybe crater? 

294 i 1753 d/b 10.4 51 3 P 
21 1 328.9 d/b 298 51 7 P 

95 341 6 d 51 9 P F-8 

543 209 7 d 52.0 P Z-5 

•0.4 1786 K/d/b 2.1 223 SZO P 

452 314 7 d/b/r 355 44.9 564 P complex 

389 2468 i/d 12.6 565 H 
25 1 303 1 d/b 138 56 1 P 

•15.5 336^ d/b 111 57 2 F 

-33 5 162.9 d/b 150 560 P 

46-5 2766 d 568 P H-4 

51 4 75 x/d 72 593 P 

369 975 d/b/r 21 0 42.9 600 P 

»4 1043 d/b 156 606 P 
47 7 3497 x/d/b 88 244 609 P oreot 

390 343.7 d/b 10 6 609 P double 

38 7 344 0 d/b 134 61 0 P double 

•282 240.9 x/b/d 1 0 180 61.0 P 
-404 89.2 x/d 55 62.1 P oood 

-67 3124 d 62.5 P 

60 277 1 d/b/d/b 65 118 22.0 62.8 P 

254 102 1 d/b 158 637 P Quesnonode bfiortf 

-3 1 161 7 d/b 19.9 638 P Oood 

-250 3036 d/b 79 64.3 P very weak dork 

27 9 1695 d/b 10.2 65.4 P %^ofcdork 

-1 4 178.1 d/b 31 2 665 P v^dkddrtc 

-33 2 61 6 x/d/b 58 18.1 660 P 
9 7 151 0 d/b 25.9 678 P dortctsv^eoic 

40 7 142.5 d/b IZ2 68.1 P Good 
-64 1640 d/b 273 68 1 P 

2 7 2094 b/d 8.7 68.2 Z 
51 4 2153 d/b 18.2 68.6 P 

430 1594 d/b 38.7 70.0 P 

-389 257 5 d/b 74 70.0 P 
3 1 161.7 d/b 233 70.1 P 

-42 343.1 d/b 13.7 70.9 P 
•44 27.3 dAi 78 7\.0 P 
6.9 1445 d 71 8 P oood 

•24.4 206.9 b 72-1 P 

153 1368 D/d/b 5.0 15.0 72-7 P 

•332 61 6 x/d/b 3.4 134 73.3 P 

135 1944 d 737 P 
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-39 4 168.) 1 x/O/b/d 27 15.3 34.6 73.8 P good 
-40 7 2835 */d 273 744 H 
-650 1095 d/b/d 121 ».3 74.7 P 
506 3190 */d 97 74.8 P 

290 161 0 d/b 29.1 74.9 P 

256 95 d/b/r/b 10.9 156 19 1 75.0 P unusuol center 
96 338.2 d/b 1Z3 753 P 

286 2484 d/b 263 758 P portiolymmoriands veryoood 

51 2662 d/b 18.1 76.1 F 
4.4 1664 d/b 67 766 P good A weak dork 

26 161 2 d/b 24.8 774 P 

-22 162-5 d/b 117 762 P 
21 4 327 6 d/b 4-9 76.3 P wockdork 
63 567 o/d 32.2 i 78.8 P 

29 1 i 103.7 1 a/b 121 800 P unuRjol OyKTtt nriQ) 
42.2 1606 b 801 P 
329 2136 d/b 211 80.1 P gooO 8t Lnu&oQi 
67 1030 b 812 P 

32.6 1110 d/b 104 818 P wookdortt 

59 8 1 180 4 d/b 22.2 8) .9 P 
154 1 333 4 d/b 169 82.1 P 

429 344 8 d/b 15.8 824 P 
-40.4 1435 */d 9.9 826 P Good 
-353 3005 x/d/b 67 18.7 83.4 H 
-494 266.4 x/d/b 32 283 838 P rrtoybe crater? 

-12.7 2320 d/b/r/b 10.6 330 366 84.7 PM weokrvxa 
•21 6 1X6 d 85.2 Z 
-183 1 16-2 d/b 370 863 P cnusuai 

•33 3 1 161 9 d/bA/b 26.7 273 336 86.1 P 
26 8 1 84.1 b/d/b 100 32 1 862 P rnoybe o cer^troi bftotit 

-186 I 271 7 x/d/b 75 400 87.3 P 
165 1 3173 b 88.6 P 
•362 i 164.3 x/d/b 1 43 278 89.2 P 

-183 1 2247 d/b n 9 89.7 z 
18 1 i 515 b/d/b 46 306 89.8 p 

0 0 t 343.3 x/d/b 26 ^.0 90.9 p 
39 1 1 197 8 d/b 16-1 91 0 p v-snaped Drignt 

-3 3 1 333 5 d/b )23 92.2 p 
23 1 3125 d/b 67 93.6 H w«<3kdark 
116 I 3418 d/b 43.6 96.0 P 
•149 ! 2692 b 979 F stts over flow 

384 1 3138 d/b 113 986 P 

-39 1 31.6 b 98.6 P stretcn 7? 

42 I 1639 d/b 7 0 1012 P 
473 1 104.0 d/b 22.2 101.6 P good 

•369 330 d/b 8-2 1020 P bod stnp m irrxige 

44.6 3185 d 1026 P wrxAJOi 

-34.1 i 369 1 d 1027 H good 

•200 167 d/b 18.9 103.2 P 

486 1226 x/d 1Z6 104.5 H 
64.3 1963 d/b 1 16.3 106.6 P porttoty m ngNontt 

•61 7 191 2 d/b 106 106.6 P poor mooe quoity 

486 356.4 d/b 43.6 107.6 P 

70 339 4 d/b 17.0 107 7 P stretcfMo see <t 

-41.7 99.8 b/d/b/r/b 38 16.0 27 5 300 1095 P 

266 666 b/d/b/r/b 6.6 28.3 362 44.8 110.4 P 

0.7 1503 d/b 10.6 113.8 P 

62 1596 x/d/b 40 45.1 115.4 P 

482 268.3 x/d 15.7 116.3 PH portv on NoNot^ 

91 3202 b 116.7 P 

-125 3569 d/b 24.8 1167 P very wo^Ooik 

384 348.3 d/b 399 117 1 P good 

-172 2668 d/b 100 117.1 P exceient 

439 326 7 d/b 546 U8.0 P 

-257 2066 x/d/b 30 373 1180 P 

-74 3172 d/b 178 118.7 P weokdortc 

124 157 ) b 119.6 P N« 11 

-42.9 176.2 d/b 50.0 1196 P 

51 8 336 5 d/b 41 6 120.0 P i.nusuai 

133 336 6 x/d 11.0 1206 P good/rTKivoe crater 

-5v 2726 d/b 52.6 120.5 PM 
4.7 277 3 d/b 89 122.0 P 
446 356 ] d/b 21.8 123.6 P weak dork 

36 277 ) d/b 14.1 123.5 P 
• 118 2674 d/b/r/b 124 21 3 24.4 123.7 P criusuai 

103 165.0 d/b/r/b 12.6 26.0 32.0 124.2 P 
369 184.1 d/b 14.6 1248 P 
-32 3334 d/b 10.5 1253 P 
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85 1613 i x/d/b 10 25.8 127 3 Pf 
16.3 518 1 d/t) 202 127.5 P i^xjsuof docoie spiotcn 

51 8 338 4 I tJ/d/b 70 46.1 1320 P 

22.1 326 5 1 d/b 14.4 1334 P 

-82 2882 ) D 133.4 P P« 10 

•40 2290 d/b/r/t5 20.9 244 268 1336 P Good 

305 22.5 d/b 417 1357 P 

41 2 2584 x/d/D 35 53.5 1368 P 

455 155.4 d/b 14.0 140.7 P 

1 5 1522 D/d/b 190 38.7 1424 P central bflont?? 

68 1 333.5 dyb 569 1440 P good 

21 9 171 7 d/b 626 1490 P 

632 3196 d/b 24.4 150.0 P 

94 327 1 d/b 200 1510 PF pomoty on voiconc flow 

8 1 1 990 d/b 25.9 1530 P 

269 49 d/b/f/b 145 22.0 25.7 154.1 P pnsnne ^ exceoent 

36 1 351 9 */d/b 95 454 1548 P OvuQflon 

483 266.4 d/b/f/b 164 264 27.8 1567 PF Dcmolyonflow 

-19 148 7 d/b 4Z3 160.6 P wootfdQrtc 

-53 290 b 1623 P F- I 

289 89 d/b/b 12 7 70.0 167.2 P veryiXXJSJGt 

31 5 39 d/b 436 1678 P (jxoudf center 

06 271 2 d/b 106 170.1 P 

10 2755 d/b 34.0 1755 PZ 

-66 28.5 d/b 21 1 1797 P wectc dork 

365 150 1 */d/b 64 51-2 1802 P 

488 1663 d/b 54.4 1670 PZ OOOd 
-49 1490 d/b 112 186.0 p 

37 3 1243 D/d/b 99 38.2 1906 PM 

• 199 13.9 d/b 660 200.0 PF oood 

-1 1 270 5 d/b 377 2026 PH portioiv m MaNonc# 

21 4 3258 x/d/b 1 63 21 6 2187 P ovuption 

-592 1 1050 d/b/d/b 1 11 7 51 6 110.8 244.0 P oood 

330 1 156.8 x/d/b 10.9 60.6 377.3 PM <SsuOtton 

155 3068 d/b 64.4 4X0 F 

SplOlchM 
139 212.5 x/d 07 55 P 7 maybe vdconc? 

87 34i 6 d 6.4 P ? 

61 3 547 d 97 P ? 

20 201 4 d 1 100 U ? 

356 2156 d 1 10.6 P ? 

797 2028 d 13.9 u 7 

\05 2666 d U.0 p 7 

103 165 7 D/d/b 30 100 140 p r? canrnJ 

•17 240.3 d 14.6 u 7 

-X.5 222.5 d/b 26 16.3 p 7 

-96 3595 d 16.9 z r? 

-659 990 d 19.2 p 7 

• 196 151 2 d 20.7 2 7 

51.3 202.5 d/b 5.6 22.6 P 7 Mro brtcrrf bouxxyy 

-93 255 d 232 P 777 voicor*:? 

97 333 7 d/b 16.7 24.1 P 77 

185 201 d/b Z5 250 P 7 

-153 904 x/d 1 0 25.2 P 7 voican»c7 

•54 175 9 d 26.1 u 7 

335 3156 d 28.2 P 7 

47 62 d 296 u 7 

336 3503 d 307 p 7 volcantc 

•47 7 2207 </d/b 05 11 7 31.5 p 7 

78 7 742 d 368 p 77 

225 54.0 d 377 p 7 

105 2083 d/b 92 40.6 z 7 

02 241.8 d/b 54 42.6 p 77 

485 185 1 x/b/d 74 164 47 3 p 7 

•31 9 234.1 d 479 z 7 

•50.9 2106 D 46.9 p 7 

-21 3 352.9 d 500 p 7 

4] 0 2546 d/b 14.6 50.1 p 7 

-127 192 x/d 121 50.2 z 7?7 

-21 1 349 7 d 510 z TT? 

-154 262.1 b 52.6 p 77? 

31 2 196.7 d/b 12.2 52.8 p 7 

03 3490 d/b 65 563 p 77 

-450 187.2 d/b 227 57.0 p 7 

283 315.6 d 592 p 7 

-426 1556 b 595 p 7 

633 333 8 d 60.0 u 77 
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•100 353.7 d 1 600 Z 7 
•450 95 d/b 23.6 60.0 P ? 
-30.5 2002 D I 6a3 P ? 
•43.4 156.1 d 1 625 P 7 
0.3 177 9 d/b 32.4 63.6 P ? 

-236 2714 K/d/b 6.1 I 225 66.0 z 7 
-XI 12.1 d/b j 270 66.3 p 7 
20.4 174 7 d/b 8.9 66.5 p 7 
•206 16-5 d/b 38.6 66.9 p 7 
-293 159 I d/b 6.6 673 p 7 
-110 3193 d/b 8.0 702 p 7 
-185 193.5 d/b 9 7 71.1 p 7 
•463 1008 d 71 5 p 7 foded 
56 314.2 d/b 11 4 76.3 p 7 
U 1 212.1 d/b 10.6 76.5 z 77 
4.5 177 0 d/b 75 76.5 p 7 

-&A7 29 1 d 76.9 u 7 emDayod tf sptofcn 
-76 X7 1 d/b 185 77.0 u 7 
90 1915 d/b 14.8 78.5 p 7 
398 163.7 d/b 6.4 792 p 7 
3d 273 2 b 79.5 u 7 
45 1778 d/b 112 81 0 p 7 
28.7 316 1 d/b 13.9 635 p 7 
230 190 d/b 10.3 64.0 p 7 
51 48 d/b 14.3 86.0 p 77 

-33 7 216.3 d/b 263 91.9 p 7 
601 62.8 d/b 164 920 p 7 

1 5 1435 D 96.7 p 77 musf be sfretcned ?7 
2.8 2655 K/d 116 100.2 H 7 
331 332.0 d/b 40.1 1046 Z 77 
123 92.8 d/b 323 106.1 P 7 
-39 1 2132 d/b 175 106.2 P 7 
83 1 1056 D i 109.3 P 7 poasbfy voicdnc7 

-393 1100 i/d/b/d 17 1 28.2 523 1118 P 7 
157 261 6 b 120.8 u 7 bodmooe 
42.4 3443 x/d/b 23 220 1274 p 77 notoed cfdtor?? 
-1 9 269 x/d/b 86 77 2 126.0 p 7? 
-201 336 6 d/b 253 1X9 z 7 
445 344.2 d/b 297 141.0 p 7 
19.2 1704 */d/b 10 ^.0 146.8 z 7? 
12.6 2642 d/b 6.0 1494 u 7 
-474 3S04 d/b 24.2 163.1 H 7? 
2.8 172.6 d/b 20.4 156.2 PM 7 
2.9 275.2 d/b/r/b 209 872 1273 156.1 P 7 veryodd 
2.9 155.2 d/b 17 4 194.7 PF 77? 

-362 2158 d/b 58.8 206.6 PM 7 
16 1580 b 223.3 P 77 
2.4 159 1 b 234.3 U 77 movbe rvwo overtcpD'na 
480 2245 d/b 266.0 PH 7 
•134 2990 d/b 120.1 460.6 PZ 7 
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APPENDIX B HALOED CRATER DATABASE 
i i 1 i 1 1 

(Al DKmetefs ore given m km) Foim: d « doric b = brtgnt c = crater i 1 
1 1 Tairain: P = plains F s flow M > rrxxmtains H s hioNonds Z =• frocture zone 
1 1 Cloa: M = mjMpie S = Stiudiralea 1 > megular P = central peak 
1 

Lot. 1 lono. Fonn (tmal to tofoa) CraiarOlam. DortiOiam. T«nQlnTyp« Oam CofivfMntt 
57.8 22.5 c/d/b 1.8 17 31 P M 
-27.4 3X.0 c/b/d 2 67 31 P M 
-11.8 302.8 c/d/b Z3 16 35 P 1 
-25.0 311.2 c/d/b 3.4 22 38 P 1 
37.7 350.1 c/d/b 2 20 40 P M 
-26.8 329.2 c/d/b 6.3 22 40 P 
-1.3 156.5 c/b/d 5.1 65 45 P M 
18.8 8.3 c/d/b 7.8 26 47 P S 
31.6 324J c/d/b Zi 12 48 P 5 
A.9 322.0 c/d/b 2 25 49 P M 
-Z1 10.3 1 c/d/b I.S 27 55 P M 
-41.6 96.4 c/d/b 5.9 27 56 P P 
-2.9 344.6 c/d/b 3.7 28 56 P 
-8.8 317.6 c/d/b 8.5 34 62 P P 
-39 IIOJD c/d/b 3J 37 62 P M 
36.7 3.6 c/d/b 3.6 33 65 P M 
6.2 282.6 c/d/b 4.5 36 67 P M 
39.6 340.0 c/d/b 2J 22 74 P M 
-M.4 76.4 c/d/b 5.4 25 74 P 
29.6 13S.4 c/d/b 2 20 ao P 
-20.4 58.8 c/d/b 5.9 40 83 P S 
16.5 334.4 c/d/b 5.7 40 88 P 
-23.0 150.9 c/d/b 2.5 37 91 P 
1.6 283.9 c/d/b 1Z4 40 91 P s 
26.4 1Z9 c/d/b 23.1 67 91 1 P p 
16.4 352.1 i c/d/tJ 9.2 52 93 P 
7.S 249.6 c/d/b 10.6 50 100 P p 
35.8 164.5 c/d/b j 3.5 87 116 1 P M 
42.6 349.5 c/d/b 1 6.4 45 120 P 
34.7 357.0 c/d/b i 5.8 55 120 P M 
14.1 72.5 c/d/b 1 20.2 96 126 P P 
•40.7 151.9 c/d/b 14.8 56 128 P P 
43J3 150.9 c/d/b 2 X 1 131 P M 
3.0 213.6 c/d/b 17.6 109 134 P 

-47.3 253.4 c/d/b 16 72 136 P P 
-49.0 275.9 ! C/d/b 12.5 87 136 P P 
42.7 141.7 c/d/b 3J ao 142 P M 
48.4 191.5 c/d/b 5J 81 144 P 1 
15.3 4.0 c/d/b 22.9 70 147 P P 
-47.8 277.7 c/d/b 21.7 73 217 P P 
47.0 263.5 c/d 2 14 P M 
13.3 123.5 c/d 1.9 15 P S 
-74.6 209.0 c/d Z2 20 P S 
37.5 350.2 c/d 2.7 21 P 1 
14.0 191.6 c/d 1.5 21 P M 
43.8 290.5 c/d 1.4 22 P I 
-10.2 327.6 c/d 3 23 P M 
5.0 166.6 c/d 3.5 24 P M 

-38.3 88.1 c/d 5.4 24 P I 
41.6 306.3 c/d 4.3 25 P 1 
-17.7 313.9 1 c/d 2.1 26 P S 
22.5 207.6 c/d 5.7 28 P S 
-21.0 216.6 c/d 3.4 28 P M 
27.3 277.0 c/d 3 29 P 1 
15.9 331.7 c/d 7.1 X P 
-25.1 48.3 c/d 5 X P 1 
66.1 178.0 c/d 4.2 31 P M 
27.3 289.8 c/d 5.5 31 P M 
-25.3 239.9 c/d 3.4 31 P M 
36.7 114.7 c/d 4.7 33 P S 
18.4 294.3 c/d 6.7 33 P I 
8.5 132.4 c/d 4 33 Z I 

-61.0 286.2 c/d 3.7 33 P M 
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29.0 1 181.9 c/d 4.5 34 P M 
16.7 1 313.5 c/d 7.7 34 P S 
-11.2 i 13.5 c/d 12 34 1 
40.0 1 290.0 c/d 6J 36 z S HotfonTeaero 
48.4 1 259J c/d 6.4 37 1 
-55.4 1 129.0 c/d 4.5 37 p M 
-23.3 1 132.9 c/d 11.5 38 z I 
37.2 1 207.9 c/d 10.2 39 p P 
33.6 1 298J c/d 13.9 39 1 
25.1 I 285.3 c/d 10.7 40 p S 
-21.6 1 176.3 c/d 4.7 40 M 
-57.6 298.7 c/d 7J 40 p M 
-73.8 228.4 c/d 4.5 40 I 
-80.2 77.4 c/d 4.5 40 p 1 
X.1 307.8 c/d 6.5 41 p I Haio may be ennbaved 
-27.3 138.7 c/d 13.6 42 I 
57.0 186.8 c/d 7.8 43 I 
6.4 272.2 c/d 4.5 43 p 1 

-69.9 319.5 c/d Ii7 43 p 1 
58.6 185.4 c/d 9 45 p P 
47.1 6.9 c/d 4.5 45 p S 
51.1 335.9 c/d 11.8 46 p LP 
27.5 86.0 c/d 2.9 46 z 1 
6.0 299.2 c/d 7 46 M 
-5.0 354.1 c/d 15.6 46 p 
53.5 172.7 c/d 11.4 46 p I 
45.8 134.8 c/d 7.9 48 p M 
34.6 5.5 c/d 7 48 p S 
11.9 352.0 c/d 7.7 48 p 1 
7.8 152.7 c/d 11.4 48 p P 

55.1 3S0.6 c/d 4.3 49 p M 
40.4 149.4 c/d 10 49 p 1 
-53.9 135.2 c/d 6.6 49 p \ 

42.7 156.3 c/d 7.2 SO p S 
41.9 320.1 c/d 9 SO p 
40.8 199.5 c/d 8 SO p P 
13.5 293J c/d 12 SO p P 
6.7 64.2 c/d 5.1 SO H M 
-2.0 135.7 c/d 9.3 SO Z 

-33J 280.2 c/d 11.7 SO P 1 

-66.5 270.6 c/d 12.4 SO P 
11.4 347.7 c/d 12.2 51 Z P 
-40.5 345.2 c/d 7.5 51 P 1 

-51.8 132.6 c/d 5.4 51 P 1 

-28.0 138.8 c/d 5A 52 z I 

68.4 91.0 c/d 12.7 54 p P 
64.1 160.4 c/d 10.7 54 M.P 
6.3 333.5 c/d 11.4 54 p S 
Z9 5.0 c/d 7.9 54 p M 
11.0 238.5 c/d 14.2 55 z S 
4.9 170.9 c/d 9.6 55 p I 

31J 317.7 c/d 9.9 56 I 

38.1 226.6 c/d 10 57 p 1 

3Z4 106.1 c/d 6.1 57 p 1 

-4.3 2.9 c/d 3.4 57 p 1 
-20.7 338.7 c/d Z4 57 p M 
32.1 94.8 c/d 1Z9 58 p P 
20.4 350.1 c/d 5.2 58 p M 
-11.2 48.7 c/d 11.5 59 1 
44.0 103J c/d 8 60 p M 
5.8 84.3 c/d 4.9 60 p M 
2.9 1 262.6 c/d 10.1 60 p M 

•53.3 1 61.8 c/d 9.5 60 p 1 
-62.8 144.3 c/d 12J 60 p 1 
16.8 235.3 c/d 5 62 p M 
12.7 9.2 c/d 13 62 p P 
-56.0 298.4 c/d 14.5 62 p IP 
45.4 283.1 c/d 22.9 63 p P 
44.8 254.6 c/d 12J 63 p I 
10.7 206.9 c/d 11.5 63 p 1 

5.3 67.3 c/d 17.5 63 H 1 
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•43.9 55.0 C/a 7.7 63 P 1 
34.4 346.5 c/a 8.5 64 P p 
10.6 346.3 c/a 129 64 P I 
33.6 22.7 c/a 18.6 65 z p 
6.9 306.3 c/a 18 65 p p 
M 284.3 1 c/a 23.6 65 p p 

33.7 185.1 1 C/a 10.9 67 p M 
5.9 125.1 1 C/a 22.9 66 p P 
•9.3 157.0 c/a 12.3 66 H 1 
7.3 282.0 c/a 5 69 P M 

-39.0 97.2 c/a 8.9 69 P M 
43.3 19.9 c/a 18.5 70 P P 
40.1 331.5 c/a 19.4 70 P P 
28.1 106.8 c/a 13.6 70 P P 
-61.9 70.9 c/a 13 70 P P 
65.1 299.0 c/a 12.5 72 P 
51.4 291.8 c/a 13.4 73 P S.F 
5.6 273.3 c/a 12 73 Z P 
0.9 338.7 c/a 10.5 74 P I 
-5.1 346.9 c/a 18 75 P P 
-29.5 108.7 c/a 9.2 75 z 
-48.4 100.7 c/a IJb 76 p 
-23.2 34.6 c/a 27.1 78 p P 
-IZ4 M7.3 c/a 10.8 79 P 
59.1 215.4 c/a 10.5 80 p M 
10.7 340.7 c/a 15.2 80 p 
•4.0 165.6 c/a 14.4 80 p P 
-66.2 243.6 c/a 1Z8 80 p 
36.7 1.7 c/a 1Z5 82 p 1 
24.3 253.0 c/a 12.5 82 1 p S 
29.5 113.4 c/a 9.8 84 1 p 1 
-25.6 73.0 c/a 6.4 84 z 
-30.4 249.4 c/a 13.5 84 p M 
50.6 179 J c/a 7.7 85 p J 40.8 138.2 c/a 7 85 p M 
32Js 208.7 c/a 6.5 85 P P 
44.1 201.5 c/a 31.4 86 p P 
6.4 83.4 c/a 4.6 86 p I 
7.8 359.1 c/a 18.6 88 p P 
51.3 333.3 c/a 11.7 89 p S 
44.2 162.3 c/a 20.4 90 p P 
4.7 193.5 c/a 21.8 90 p P 

•15.1 49.5 c/a 3i3 90 p P 
-21.1 303.9 c/a 11.2 90 p 
-49.4 70.0 c/a 7.5 91 p M 
-13.1 129 c/a 22.7 95 p P 
-6.5 275.6 c/a 20.7 99 p P 
45.2 260.6 c/a 20.5 100 p P 
41.3 260.4 c/a 15.5 100 z LP 
40.3 87.2 c/a 44.1 100 H P 
39.5 297.8 c/a 18.1 too P P 
30.0 120.7 c/a 17A 100 P 1 
7J> 155.7 c/a 7 100 P 1 
0.7 273.1 c/a 17.5 100 P S.f 

-12jS 17.7 c/a 10.5 too P P 
-28.3 224.0 c/a 10.1 100 P 1 
-29.1 104.5 c/a 16.6 100 P 1 
•A7J3 184.8 c/a 13.6 100 P 1 
-49.2 55.5 c/a 10.4 100 P P 
-52.9 127.2 c/a 24.2 100 P P 
-25.6 150.2 c/a 8.2 102 P M 
11.4 115.6 c/a 16.5 104 P 
69.6 221.9 c/a 16 105 P P 
43.9 360.0 c/a 23.6 105 P P 
-M.9 293.3 c/a 11.7 106 P P 
•67.1 1 241.9 c/a 11.2 107 P t 
9.3 356.0 c/a 9 109 P M 
16.6 190.4 c/a 32.8 no z P 
-11.5 I 342.4 c/a 15.4 111 p P 
-U.6 1 292J c/a 38.4 U2 z P 
60.3 1 286.5 c/a 28.4 113 p P 
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20.3 I 331.8 1 C/d 31.1 113 P p 
-22.6 1 306.4 i c/d 26.6 113 P p 
11.0 1 183.9 ! c/d 30.5 123 M p 
-47.5 1 187.1 1 c/d 12.9 125 P p 
38.3 1 171.8 1 c/d 17.5 126 P 1 
6.0 331.9 1 c/d 12.2 127 P p 
-4.7 293.2 1 c/d 16 127 1 P p 
20.5 355.0 c/d 21J IX H p 
3.9 166.4 c/d 19.5 IX P p 

-28.6 60.0 c/d 13 IX P p 
2.4 27,0 c/d 33.8 133 P p 

-38.5 274.7 c/d 33.1 133 P p 
29.5 0.5 c/d 24.5 135 P p 
9.3 26.9 c/d 20.5 135 P p 
23.8 348.1 c/d 1 15.2 140 P s 
-30.4 248.4 c/d 21.1 140 P p 
42.4 148.2 c/d 21.6 ISO P p 
M.9 172.9 c/d 7.7 IX P M 
23.5 165.4 c/d 7.9 IX P M 
11.3 89.4 c/d 34.5 152 Z P 
-29.2 175.5 c/d 13.8 153 P P 
20.5 78.5 c/d 42.4 154 P P 
5.3 178.2 c/d I5J 154 P P 

-39.4 37.7 c/d 42.4 154 P P 
8.1 148.0 c/d 3.5 160 P M 
\2 343.7 c/a 19.5 160 P P 
28.3 TZ7 c/d 23J 161 P P 
-5.7 349.6 c/d 21.8 162 P P 
27.4 337.5 c/d 52.2 168 P 0 
48.8 113.1 c/d 13.5 170 P s 
-28.0 57.7 c/d 17 1 170 P p 
-2.0 182.2 c/d 154 177 P p 
24.4 111.2 c/d 48 183 P p 
-72.9 142.1 c/d 19.9 185 P p 
-18.0 353.7 c/d 20.6 193 P 1 
75.2 242.2 c/d 47.5 200 P p 
37.4 324.3 c/d 25 200 P M.P 
18.4 318.9 c/d 22J 2Q0 P P 
-18.3 73.4 c/d 17.6 200 P P 
-19.8 145.5 c/d 21.5 225 P P 
30.0 U7J c/d 24.9 227 P P 
-26.4 337.2 c/d 48.8 235 P P 
50.2 355.0 c/d 25.8 240 P P 
2J0 188.7 c/d X.4 24S P P 
6J 141.8 c/d X.2 255 P P 
26.3 120.0 c/d 15.2 260 P 1 
-54.3 18.9 c/d 39.2 269 P P 
45.7 253.1 c/d 10.7 289 P M 
-58.4 269.6 c/d 26J 300 P P 
-68.8 208.5 c/d 33J 3X P P 
17.4 170.4 c/d 38.1 304 P P 
47.6 307.1 c/d 16.8 390 P M 
78.1 104.5 c/d 141 668 P B 

QuMtionabI* Haiow 
-5.7 232X1 c/d 5 25 z 1 7 
10.4 136.5 c/d 4.1 27 p 1 7 
-26.1 130.4 c/d 3 29 z S 7 
28.4 250.1 c/d 10.7 X H S 7 
S2A 191.8 c/d 5 32 P M 7 
-46.0 229.2 c/d 10.3 33 P 1 7 
-41.6 142.9 c/d 4.8 34 P 1 7 
-62.2 153.0 c/d 7 36 P M 7 
-8.7 22.9 c/d 7 37 z 1 7 
22.6 192.1 c/d 9.7 38 p S 7 
7.8 57.6 c/d 8.8 40 p M 7 

52.1 123.2 c/d 3.2 45 p M 7 
10.5 286.5 c/d 7.9 46 p LP 7 
6A 25.2 c/d 9.7 U p S 7 

-58.5 196.3 c/d 7A U p 1 7 
-69.0 72.0 c/d 10.3 X z P 7 
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29.7 155.5 c/d 51 P M 7 
ZS 211.0 c/d 14J 52 Z 1 7 
-4.8 359.2 c/d 11.2 53 z M 7 
-26.1 169.0 c/d 10.6 53 p P 7 
-51.7 1 348.3 c/d 12 54 M 1 7 
-66.1 315.1 c/d 12-6 62 P 1 7 
53.3 75.1 c/d 6J 64 P M ? 
21.5 165.0 c/d 18.5 64 P • 7 
67.1 272.9 c/d 10.8 65 P LP 7 
51.8 108.0 c/d 6 65 P 1 7 
-33.2 276.4 c/d 14 70 P P 7 
14.0 206.0 c/d 8.7 72 P 1 7 
-31.1 46.4 c/d 11.6 72 P S 7 
28.3 4.9 c/d 23.4 102 P P 7 
-50.5 93.3 c/d 25.2 121 P P 7 
-14.0 115.1 c/d 42.8 127 Z P 7 
6.4 103.8 c/d 22 129 P P 7 
46.6 123.3 c/d 15.5 139 P P 7 
-52.2 111.2 c/d 18.4 ISO P P 7 
-35.2 246.2 c/d l&S 160 P 1 7 
5.1 297.7 c/d 7.8 184 P s 7 
-6.8 43.7 c/d 17 193 P P 7 
-62.2 178.6 c/d 10J 2S6 P s 7 


