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ABSTRACT 

The determination of the timing of impact events and the ages of cratered 

planetary surfaces is a complex and challenging undertaking. A powerful approach to this 

endeavor is a multidisciplinary study; understanding and using data from both rock 

samples and remote sensing. 

Since most samples which are available to date impact craters will have some 

degree of shock, the shocked material (especially melt material) found in meteorites like 

Orvinio provides critical material for research. Orvinio, in spite of a complex degassing 

history shows evidence for multiple impacts at 4.2 Ga, 7.5 Ma, and possibly 330 Ma. 

Correlating impact histories for inner solar system bodies and the asteroid belt will 

constrain the genesis of impactor populations. Determining the recent cratering history of 

the Earth, however, is complicated by surface processes which erode and destroy impact 

craters. The Gardnos impact structure, for example, while possessing samples suitable 

for dating, has suffered substantial post-impact degassing due to metamorphism in the 

Caledonian orogeny ~ 385 Ma. We must therefore look to the Moon to unravel the recent 

cratering history of the Earth-Moon system The Clementine mission data set provides an 

excellent resource for research into the bright rayed craters on the lunar surface. Studies 

of large rayed craters using the OMAT (optical maturity parameter) technique of Lucey 

and colleagues has revealed much information on the maturation of the crater ejecta. 
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Profiles of OMAT values for the ejecta of large craters as a group show no evidence for 

an increase in the cratering rate during the Copemican era as advocated by Shoemaker. 

Future studies of both remote sensing and sample data will allow a better 

understanding of; meteorite parent body impact histories and their implications for 

epochs of increased impactor flux; the age-size correlation in lunar craters; the calibration 

of a large crater relative age scheme based on optical maturity with implications for the 

nature of the impactor flux in recent history; the nature of the recent small impactors on 

the lunar surface; implications for impact hazards on Earth today; and the best target sites 

for future landings and sample acquisition on the lunar surface. 
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CHAPTER 1; INTRODUCTION 

On this summer night 
All the household lies asleep. 
And in the doorway. 
For once open after dark. 
Stands the moon, brilliant, cloudless. 

(Jusammi Chikako, ~1300AD) 

1.1 The Integration of Remote Sensing and Sample Data 

The thrust of this dissertation research is to illustrate the strength of using diverse 

data sets (such as sample and remote sensing data sets) to better understand the ages of 

impact events. Using the knowledge gained by this multidisciplinary approach, I discuss 

the applicability of the argon age dating technique including difHculties in determining the 

ages of craters, and I place constraints on the recent (as old as ~ I Ga and as young as 25 

years ago) impactor flux into the Earth/Moon system, and suggest specific sample and 

remote sensing data which if obtained, would further constrain the possible flux of 

objects. 

Impact craters are a nearly ubiquitous feature on solid bodies in tlie solar system, 

from terrestrial planets, to asteroids, to icy satellites. Impacts and impact cratering are 

clearly dominant processes affecting solid bodies, starting immediately subsequent to the 

formation of these bodies and continuing today. The craters found on a given gedogic 

unit on a planetary surface provide a type of finger-print for that surface; if properly 
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read, this finger-print can reveal insights into past fluvial or atmospheric regimes, the age 

of the surface, the thickness and composition of the crust, the nature of the impactors 

which created the craters, and the bombardment flux over time. This last point in 

particular is clearly of importance to those who wish to characterize the nature of impact 

hazards to the Earth, today. The key to extracting so much information from the craters 

is the understanding and application of diverse data sets. 

There is currently a renaissance of thought in the area of integration of remote 

sensing and sample data. It has become clear that both of these areas must be taken into 

consideration when determining the ages of planetary surfaces, their compositions, and 

(of more immediate and practical concern) where to target the next generation of robotic 

sample return planetary missions. While it is hardly a new idea that both these types of 

data sets are important, the renaissance is in the attitude of researchers, particularly in 

lunar science. The multispectral data sets produced by the Clementine and Lunar 

Prospector missions in combination with samples obtained by the Apollo missions have 

allowed new applications of the integration of data sets to be explored. We now have 

global multispectral coverage of a planetary body for which we also have well-studied 

samples with geologic context. It is clear that the next wave of lunar research (and no 

doubt Martian research not too far in the future) will be motivated by the integration and 

interpretation of diverse data sets. Conferences and workshops such as the "New Views 

of the Moon" are promoting the interplay between groups of researchers not prone to 
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discourse with one another, indeed sometimes the communication is hard to come by, but 

the results have been fruitful. The Journal of Geophysical Research - Planets will be 

publishing two special issues based on this workshop alone. This dissertation is my 

comer of this exciting trend; the trend to have researchers with both sample and remote 

sensing experience tackle problems that can best be identified and approached in an 

interdisciplinary maimer. 

In tackling the problem mentioned earlier, i.e. what constraints can be placed on 

the recent flux of impactors onto the Earth and Moon, one might ask the following series 

of questions: 

• The ''"Ar/^'Ar method is widely used to characterize thermal events on asteroidal 

parent bodies and to date craters on the Earth and Moon. What are its limitations 

and areas of applicability? 

• There are craters of geologically young age on the Earth, so why do we need to 

look at the Moon to determine the recent impact history of the Earth/Moon 

system? What are the problems with dating terrestrial craters? 

• The Clementine spacecraft mission to the Moon provided global coverage of the 

lunar surface in several wavelengths. What can the smaller craters on the lunar 

surface tell us about the recent impactor population? 
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• Using the optical maturity of crater qecta as an indication of the relative ages of 

craters, what can a survey of the largest rayed lunar craters tell us about the 

impactor flux in the Copemican era? 

• What can the combination of the answers to these questions tell us about dating 

craters both relatively and absolutely, and what constraints can be placed on the 

recent impactor flux using this information? 

• What additional remote sensing and sample data should we collect, to better 

answer these questions and understand the timing of cratering events? 

These are some of the issues and questions I intend to address in the pages of this 

document. 

1.2 Description of Dissertation 

In this dissertation I discuss four separate research projects which have resulted in 

published (or soon-to-be published) papers. For this dissertation I have added material to 

the original documents, including background, theory, figures etc., and reorganized the 

subject matter to provide a more coherent presentation. 

This dissertation is organized into seven chapters. The first of which of course, is 

this. Chapter 1; Introduction. Chapter 2; Background, contains all the necessary 

background information (not otherwise found in the following chapters) to place the 
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research in chapters 3-6 into proper context. This chapter discusses lunar soil 

maturation, impact craters and ejecta, the remote sensing of soil maturity, the 

method of dating thermal events, and several other key topics. 

Chapter 3: Analyses of the Chondritic Meteorite Orvinio (H6) - Further Insight 

Into the Origins and Evolution of H-Chondrite Material, is the result of a research project 

in collaboration with D. Kring and T. Swindle, A. Rivkin, B. Cohen and D. Britt. We 

examined the Orvinio H-chondrite in detail, looking at ^°Ar/^'Ar profiles and argon 

diffusion patterns, as well as reflectance spectra, opaque counts, and the petrography of 

the meteorite to place the argon data in context. Orvinio is a shocked H-chondrite, and 

Chapter 3 describes how our study of Orvinio allows us to place another piece in the 

puzzle of understanding how argon is mobilized in thermal impact events. Since much of 

the material available for dating impact craters is shocked to some degree, it is important 

to understand how impact-shocked material retains and degasses argon. The impact 

histories of asteroid parent bodies can also tell us if cratering events (such as the 

postulated terminal lunar cataclysm) are strictly geocentric, or were more widespread. 

This study sheds light on the applicability and limitations of the ''"Ar/^'Ar method of 

dating, as well as illustrates the power of using diverse data sets to tackle important 

issues. 

Chapter 4; Terrestrial Cratering - The Gardnos Impact Structure, is a case study 

of dating a terrestrial impact with the '"'Ar/^'Ar method. This work was the result of a 
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project in collaboration with T. Swindle, D. Kring and H.J. Melosh. This chapter details 

our study of samples of impact melt obtained from the Gardnos Impact Structure in 

Norway. In the process of attempting to date the time of the impact event which 

produced the crater, we were able to clarify certain difficulties in dating terrestrial craters 

and the differences in argon profiles in certain terrestrial craters based on the subsequent 

alteration of the target rocks by metamorphism and other processes. 

Chapter 5: Constraining Impact Fluxes - Testing the Small Comet Hypothesis, is 

a product of research conducted with A. McEwen. We examined small, bright rayed 

craters in select areas on the lunar surface. We tested the small comet hypothesis 

proposed by Frank and colleagues [Frank et al., 1986a]. We compared Apollo 16 metric 

camera photographs with Clementine data of the same region, taken 22 years later, to look 

for evidence of any new impacts in that time span. This allowed us to both to test the 

comet hypothesis, and put some general constraints on the nature of veiy recent impacts 

onto the lunar surface. 

In Chapter 6; Relative Age Dating of Large Lunar Craters, are the results of a 

study conducted in collaboration with A. McEwen, P. Lucey, R. Strom, and M. Milazzo. 

We generated OMAT images of the lunar surface and surveyed all large (> 20 km 

diameter) bright rayed craters up to +/- 60 deg. latitude. We then classified these craters 

on the basis of radial profiles of their impact qecta, and developed a relative age dating 

metric based on these classifications. We constrained the relative ages of these craters 
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using the absolute ages of those craters on the lunar surface which have been 

radiometrically dated. We were thus able to place some possible constraints on the 

impactor flux into Earth/Moon space in recent times (~ 1 Ga) using this data. 

Chapter 7: Conclusions and Future Work; contains a summary and synthesis of 

the most important results from chapters 3-6, and an indication of possible directions 

for future work. 
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CHAPTER!: BACKGROUND 

By the word of the Lord were the heavens made. He is the maker of the Bear and Orion, 
the Pleiades and the constellations of the South. The heavens declare the glory of God; the 
skies proclaim the work of His hands. Day after day they pour forth speech; night after 
night they display knowledge. He determines the number of the stars, and calls them each 
by name. Great are the works of the Lord; they are pondered by all who delight in them. 

(from the Psalms and the Book of Job) 

2.1 Overview 

Chapters 3-6 were originally written for publication in professional journals, and 

thus required the inclusion of certain background information into them for context. 

Placed here are explanations of general topics and other related information that were not 

originally incorporated into those manuscripts due to the necessary brevity of 

professional papers, or because the material was considered either too general or too 

detailed for the readership of those journals. This chapter is therefore intended to 

complete the necessary framework for a wider audience to understand the research 

detailed in Chapters 3-6 by augmenting the background material already presented there. 

2.2 Lunar Soil Maturation and Changes in Reflectance Spectra 

The lunar surface is covered with a layer of fine debris principally produced by 

impacts. This layer is referred to as the regolith, and the finer portions of the regolith are 

the soil [Lucey et al., 199Sa-b, 1998a-c]. Lunar soils differ substantially fi'om terrestrial 
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soils, as soils found on Earth are generated largely by chemical and mechanical weathering 

due to water, ice, wind, and biolo^cal activity. Lunar soils are produced almost entirely 

by mechanical processes, such as impacts, which break up larger rock layers and boulders 

into pebbles and smaller particles. Soil particles are generally < 250 microns, and the 

average size is 60 microns. Lunar soils contain five basic particle types; mineral 

fragments, pristine crystalline rock fragments, breccia fragments, glasses and agglutinates 

(which are either regolith or bedrock derived) [Heiken et al., 1991]. 

Unlike terrestrial soils, which experience processing by water etc., the processing 

lunar soils experience is dominated by bombardment by meteoritic particles (down to 

nanometer size), solar wind exposure, and (somewhat) by cosmic ray exposure. The 

continued exposure to these influences causes lunar soils to evolve. This soil evolution 

includes the following changes which collectively are referred to as "maturation"; decrease 

in mean particle size (due to impacts), increase in H, C, N, and noble gas abundances 

(caused by solar wind), increase in Ir and Au abundances (caused by micrometeorite 

bombardment), increase in nanophase Fe metal grains (caused by reduction by H from the 

solar wind), increase in the number of agglutinates (due to impacts), and an increase in the 

amount of particle surfaces which have rims and coatings (due to impacts). In general, the 

more of these changes a soil exhibits, the more "mature" is that soil [Lucey et al., 1999]. 

Eventually, however, some of these age indicators "saturate". For example, the mean 

particle size in a soil will contine to go down until the relative amount of particles being 
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shattered by impacts is balanced by the number of tiny particle bits that are glued 

together again by splashes of impact melt glass, forming agglutinates. Particle size an 

other methods of determining soil maturity can eventually reach this sort of equilibrium 

condition. It is speculated that each method probably reaches equilibrium after a different 

amount of time, and therefore the methods are each sensitive to a different maximum age 

[McKay, 1991]. 

Agglutinates are individual particles which are aggregates of smaller lunar soil 

particles (grains, glasses, old pieces of other agglutinates) bonded together by vesicular, 

flow-banded glass (produced by melting target lunar soil). These particles are usually < 1 

mm, and always contain micro-fine droplets of Fe metal. They are formed by the 

bombardment of the regolith by micrometeorites which produces a tiny splash of glass 

which sinters together adjacent soil grains. This glass cools very rapidly (quenches) 

before the melt can homogenize, often producing swirls or bands. The amount of 

agglutinates in soils is 25-30% on average, but the »ctremes that have been measured are 

5% to 65%. The very fine grained Fe metal found in agglutinates requires that Fe 

compounds be available in the target material, that melting occurs (due to the 

micrometeorite impact) and that solar wind implanted H is available in the target materials 

as a reducing agent [Heiken et al., 1991]. 

As soils mature, their reflectance spectra change. Soil spectra darken (an overall 

decrease in albedo), become redder (the reflectance increases with increasing wavelength), 
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and the absorption bands weaken (a decrease in band depth) as the soils mature [Fischer 

and Pieters, 1994, 1996], When mature and immature soils of the same bulk composition 

are compared, the most prominent difference is in the intensity of the reflectance (see 

Figure 2.1), not the presence or location of absorption features [Heiken et al., 1991], In 

particular, the amount of agglutinates, the reduction of FeO to Fe, and the creation of rims 

and coatings (which possess concentrations of fine metal grains) can dramatically change 

the spectra of soils [Lucey et al., 1999]. 

The weakening of the bands in the reflectance spectra of soils is due to the 

conversion of coherent crystalline rock fragments into isotropic glass agglutinates of the 

same composition. Since the characteristic absorption bands of common lunar minerals, 

such as pyroxene, are due to crystal field transitions (orbital transitions within individual 

cations), the breakdown of the crystal structure weakens the characteristic absorptions 

[Pieters and Englert, 1991]. Another source of band weakem'ng is due to reduction of FeO 

to Fe. Fe metal has a relatively structureless reflectance, and therefore its enrichment in 

lunar soils means a weakening in the depth of associated absorption bands (such as the 1 

and 2 micron bands) characteristic of common lunar minerals [Dukes, et al., 1999]. 

The reddening of soils as they mature is also due to enrichment of Fe metal by 

reduction. The reflectance properties of metals are controlled by incident light inducing 

an electric field in the conducting metal. Light interacts with the induced field and is 

subjected to wavelength dependent absorption and/or reflection. Each metal has a 
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characteristic reflectance signature; iron metal exhibits a steadily increasing reflectance 

with increasing wavelength which slopes the reflectance for Fe down in the blue, causing a 

redder spectrum [Britt and Pieters, 1988], 

The darkening of the spectra, i.e. the overall decrease in albedo, is due both to the 

creation of the Fe metal, and its distribution with the glassy agglutinates and in rims on 

other small particles. During a micrometeorite impact, some material is vaporized as well 

as melted. The vaporized material, including some Fe, gets deposited on nearby grains in 

the form of ultra-fme metal particles. The Fe metal that gets incorporated into the liquid 

melt also forms only very tiny Fe melt blebs, as the melt quenches much too rapidly for 

the Fe metal to accrete into larger particles. As these tiny metal particles have a size very 

near to the wavelength of VIS/IR light (1 micron), the material is highly absorbing there. 

This therefore contributes to an overall darkening of the mature soil spectra [Pieters and 

McFadden, 1994]. 

2.3 Remote Sensing of Maturity and the Optical Maturity Parameter (OMAT) 

Several studies have been made to develop a reliable standard for measuring the 

relative maturity of soils by remote means based on their optical properties [Fischer and 

Pieters, 1994,1996; Lucey et al., 1996, Fischer et al., 1995, and Hiroi et al., 1997]. These 

efforts have stemmed from research attempting to constrain the FeO or Ti02 abundances 

of lunar soils remotely [see list of refs, Lucey et al, 1998a-c]. Lucey et al. [1999] have 
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developed a means of measuring the optical maturity of soils, based largely on the above 

and Blewett et al., [1997], which appears to be internally consistent, relevant to a wide 

variety of applications, and compatible with previous metrics which define the maturity 

of soils [Lucey et al., 1999], This method is based on the derivation of OMAT, the 

Optical Maturity Parameter. 

Lucey et al. [1995a-b] used laboratory spectra of lunar soils to illustrate that soils 

of similar composition but with different levels of relative maturity formed linear trends 

when plotted on a diagram of VIS vs. NIR/VIS (see Figure 2.2). It also was apparent that 

these maturity trends intersected a point on the plot which was both red and dark. As 

already mentioned, this would be the expected composition of a very mature soil. Lucey 

et al. [1998a] and Blewett et al., [1997] showed that these trends are also observed 

remotely. Lucey et al., [1995a] defined the intersection of these trends as a hypothetical, 

hyper-mature end-member soil, and Blewett et al., [1997] optimized the coordinates of 

this member on the 950/750 nm vs 750 nm plot at 1.22, 0.04 for Clementine data [Lucey 

etal., 1999]. Subsequently, the coordinates of the hyper-mature origin have been refmed 

to 1.17, 0.08 to optimize the maturity correlation [Blewett and Lucey, pers. comm.] The 

optical maturity parameter OMAT, is therefore defined for a given point as the simple 

Euclidean distance from the hyper-mature origin to each point on a trend [Lucey et al., 

1998b, 1999]: 

OMAT = [ (R,5o - R«)= + - Ri)M " 
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where Ro is the 750 nm reflectance of the hyper-mature origin, and Ri is the ratio of the 

950/750 nm reflectance of the origin. 

On this scale, soils range from very mature, low values of - 0.08 to very immature 

values of ~ 0.35 or higher. 

2.4 Impact Crater Morphology and Ejecta 

Impact craters are produced when an impactor (a piece of an asteroid, comet or 

other body) impacts the surface of a much larger body at speeds exceeding 2 or 3 km/sec. 

The impactor transfers its kinetic energy into the target material, and the resulting shock 

waves explosively excavate the crater in the form of an explosion. The final form of the 

crater depends upon a number of variables; the mass, speed and composition of the 

impactor, the composition and structure of the target material, the gravity of the body on 

which the crater forms, etc. [Melosh, 1989]. Craters are generally grouped into three 

categories based on morphology; simple, complex and basin, which overall reflects an 

increase in intricacy with increasing size [Wilhelms, 1987]. Multiring basins, and just 

basin formation in general, is not entirely well understood; it is difficult to extrapolate 

from laboratory experiments to impacts of such magnitude [Melosh, 1989]. Also, craters 

with well developed ring systems have been noted in the outer solar system at different 

sizes than have been previously noted on terrestrial planets [Turtle, 1998]. Here I shall 
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specifically address simple and complex craters as those are applicable to the topics 

included in this dissertation. 

Small, fresh craters have simple, smooth interior profiles, smooth, raised, circular 

rims and depth/diameter ratios of about 1/5. Their floors are bowl-like and gently sloping 

or just slightly flat, composed of debris accumulated from the crater walls [Wilhelms, 

1987], The floor of these craters is underlain by a lens of mixed brecciated rock [Melosh, 

1989], Simple craters have ejecta with a straightforward radial pattern and possibly 

dunelike forms, which form a hummocky blanket to 1 aater diameter fi'om the crater rim, 

grading out to more distal ejecta [Wilhelms, 1987]. They may have small amounts of 

mixed breccias on their crater walls, and the ejected material near the rim possesses an 

inverted stratigraphy. The rims also may have large blocks of rocks upon them. 

The transition from simple to complex craters is inversely correlated with gravity, 

and appears to be the result of collapse. The transition from simple to complex on the 

Moon occurs between 10 - 20 km diameter [Melosh, 1989]. Complex craters can 

possess; a broad, level floor with hills and mounds, a central peak or peak complex, 

material slumped firom the crater walls, continuous terraces on crater walls due to rim 

failure, and a depth/diameter ratio that varies from about 1/S for the smallest to about 1/40 

for the largest [Wilhems, 1987]. Their rims are usually irregular, though still symmetrical. 

Within about O.S crater diameter of the crater rim, the ejecta is a rugged, hummocky and 

concentrically structured blanket of grading out to less rugged and patchy towards the 
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more distal ejecta. On the Moon, the area from one to two radii from the rim of a crater 

usually possesses a large number of secondary impact craters. [Wilhems, 1987], The 

distal ejecta is radially lineated and shows signs of scour and deposition by rapidly 

moving debris [Melosh, 1989], 

Secondary crater size is controlled by the size of the primary, and overall low 

impact velocities (too high and they excape lunar gravity). The extent of secondary crater 

fields depends on the gravity of the planet on which they are forming on [Melosh, 1989]. 

The rims of secondaries are not as circular, they usually occur in concentrated clusters and 

chains, and are shallower than primaries of similar size. Their interiors are smooth and 

rarely do they eject large blocks [Wilhems, 1987], Other features associated with the 

emplacement of secondaries are ridges, herringbone patterns, and domelike features. The 

herringbone pattern appears to be the result of the interaction of the ejecta curtains of 

secondaries [Melosh, 1989]. 

The bulk of crater ejecta is emplaced ballistically, like secondaries. For any size of 

crater, its continuous qecta extends about a crater radius (maybe 2) from the crater rim 

[Melosh, 1989]. Most of the ejecta from a crater lies close to its rim, with less than 10 

percent outside of 3 crater radii away [Melosh, 1989]. Ejecta deposits are composed of 

broken rock fi^gments, glass, and occasionally some melt. The melt found in the ejecta of 

larger craters is not a perfectly homogeneous sheet. These sheets are composed of hot 

melt quenched with intermixed cold clastic debris, which is brecciated and perhaps 
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shocked [Melosh, 1989], Ballistically emplaced ejecta travels in a ejecta curtain, which 

rapidly sweeps outward from the crater in the shape of a cone. Features such as dunelike 

deposits and radial troughs are the result of the ballistic sedimentation of ejecta [Melosh, 

1989], Evidence of ballistic sedimentation of ejecta is usually not seen around simple 

small craters. 

Crater rays are "bright" albedo features extending radially away from fresh impact 

craters, and appear to be the most distant and conspicuous form of crater ejecta [Melosh, 

1989], Many rays are associated with clusters of secondary craters, but others are not, 

so the exact process which creates bright rays is not fully understood. It is clear, 

however, that at the great distances ray ejecta is noted, the impact velocities must be high 

enough to encourage mixing between the primary ejecta and a large amount of target 

material [Melosh, 1989], Rays are bright because they increase the local amount of 

crystalline silicate material as well as fractured agglutinitic material encountered on a 

mature lunar surface. As mentioned previously, this would have the effect of increasing 

the albedo. 

2.5 Radioactive Decay and tiie ^Ar/^^Ar Method of Age Dating 

The rate of decay of a radioactive substance is exponential, where the 

instantaneous activity is proportional to the number of radioactive atoms still present; 

-dN/dt ocN and thus dN/dt= -XN 
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and by integration N = No exp (-X,t) 

where X is the proportionality (decay) constant, N is the number of radioactive atoms 

present at a time t and No is die number of radioactive present in the past at time to. 

Decay of a parent N (radioactive) atom to its daughter D product; 

No = N + D by substitution N = (N + D)exp(-Xt) 

and thus t= l/>,ln(D/N+1) 

This last is the basic equation used in geochronology [McDougall and Harrison, 1988], 

The ^Ar/^'Ar method of dating is based on the K/Ar technique, where the decay 

of '"'K to ''°Ar over time is measured. Since '"'K also decays to ''°Ca, the basic age 

equation must be written; 

t = 1/X ln[ ('•°Ar/^°K) (X/Xe) + 1)] 

The decay constant X, in this case is the total decay constant (X = Xe + Xp); equal to the 

sum of the decay constant for ''"K to ''"Ar (X^) and the decay constant of '*°K to '"'Ca (Xp) 

[Faure, 1986]. The K/Ar technique is typically done by measuring total potassium to be 

made on one split by chemical means, and the total '*°Ar in the second split by a mass 

spectrometer [McDougall and Harrison, 1988]. 

The ''"Ar/^'Ar method does not require a rock sample to be split, as both ''°Ar and 

^'Ar are measured in one step on the mass spectrometer, and thus much smaller samples 

can be analyzed. ^'Ar is generated from in the rock by bombardment from neutrons 

in a reactor. ^'Ar can therefore serve as a proxy for the parent isotope ''®K if; the ratio of 
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K isotopes in nature is known and constant, and the generation of from in the 

reactor is well characterized [Faure, 1986], 

The isotopic abundances for potassium are indeed well known, and studies 

suggest that they are constant in nature to at least 1% or better. The abundances are: 

at 93.258%, ^ at 0.012% and "'K at 6.730% [McDougall and Harrison, 1988]. 

The amount of ^'Ar generated from in a reactor can also be well characterized: 

^'Ar = AT f (Ji(E) ct(E) dE 

Where AT is the duration of the irradiation, (ji(E) is the neutron flux at energy E, and o(E) 

is the neutron capture cross section at energy E for the reaction. The argon ratio can then 

be expressed as: 

= C«1C/^'K) (KA) (1/AT) [(expC^it) -1) / (F (|)(E) CT(E) dE )] 

To simplify, a parameter J is defined as: 

J = (^'K/'°K) (X/XE) AT F (|)(E) C(E) dE 

And therefore by substitution leads to the final argon age equation [Faure, 1986]: 

"WAt = (exp(>.t)- l)/J 

t = 1/ X  l n [ C ' ° A r / ^ ' A r ) ( J )  +  1 ) ]  

It is now clear that provided the irradiation parameter J can be determined, the ags 

t can be calculated if only the argon ratio is measured. The J parameter is determined by 

the irradiation of a flux monitor along with the rock sample to be dated. The flux monitor 

is a sample of a known age, and therefore the irradiation parameter can be backed out from 
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the age equation, and applied to date the unknown sample [McDougall and Harrison, 

1988], 

Unlike the K/Ar method, which produces a single (fusion) age for a rock sample, 

the ''°Ar/^'Ar dating method can produce a spectrum of ages from a single sample. This 

series of dates can be obtained from a sample by releasing argon from it in increments of 

increasing temperature. This is known as the stepwise or incremental heating technique. 

If the sample has been closed to both argon and potassium since the time the rock initially 

cooled, then the dates calculated from the argon ratios at each step should be the same. If 

the sample lost argon from certain crystallographic sites (those of lowest retentivity) but 

not others, then the argon ratios for each temperature step might vary. From a spectrum 

such as this it is often still possible to infer the time elapsed since the rock initially 

cooled, and thus estimate an age for the sample. Indeed, since the spectrum from a 

sample may hold evidence for multiple degassing regimes, it is sometimes possible to 

identify several thermal events in the history of a single sample [Faure, 1986], 

2.6 Determining the Absolute Ages of Terrestrial Craters 

The determination of the absolute age of a crater currently requires a sample of 

rock from the crater (or of rocks or soils affected by the impact ejecta) to be obtained and 

brought to a laboratory for analysis. Acquiring a sample of a terrestrial impact crater and 

conducting laboratory studies on it is (generally) straightforward, that is, we have ready 
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access to terrestrial craters, and can obtain sufficient samples of these to conduct a variety 

of analyses. There is also the advantage of geologic contact; we know exactly which 

crater and where in that crater the sample came from, which greatly expedites the process 

of dating the crater accurately. But of course, this is no guarantee of ascertaining a 

terrestrial crater's true age, since the Earth's active environment rapidly alters impact 

structures and ejecta such that accurate radiometric ages cannot always be obtained [Grier 

et al., 1999]. The methods themselves, whether radiometric or otherwise, have internal 

sources of ambiguity as well [Bottomley et al, 1990], 

The ages of impacts can be determined by two different approaches; dating the 

primary shock-related phenomena of the impact, and dating secondary features. The 

primary phenomena are shock metamorphism, brecciation, displacement of target rocks 

and deposition of ejecta [Deutsch and Scharer, 1994]. Sedimentation, hydrothermal 

activity and environmental effects are secondary effects. Dating schemes based on long-

lived radioactive isotopes have the greatest potential for generating accurate and self-

consistent impact ages [Deutsh and Scharer, 1994]. But as mentioned, they are subject to 

several sources of ambiguity. 

The most commonly used decay systems for impact dating are Rb-Sr, Sm-Nd, U-

Th-Pb, K-Arand ""At/^'At [Faure, 1986]. Systems based on the moblization of gases are 

widely used in dating impacts since gaseous daughter products are more sensitive to 

disturbance than solid nuclei daughters. K-Ar and '*°Ar/^^Ar in particular are useful since 
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the extraordinary high diffusivity of He can complicate the application of the U-Th-He 

method [Deutsh and Scharer, 1994]. The '"'Ar/^'Ar method has additional points in its 

favor, as mentioned before (small samples, no need to generate separate splits, no need to 

determine absolute K abundance, the opportunity to generate a thermal spectrum instead 

of an overall fusion age, the possibility of finding multiple impact signatures in the 

spectrum from a single meteorite, etc.) [MacDougall and Harrison, 1988]. 

The five sections of impact-affected areas of a crater are the post-impact 

sedimentary fill, coherent impact melt layer, breccia deposits, crater basement, and distant 

ejecta deposits [Deutsh and Scharer, 1994]. More than ninety percent of rocks affected 

by an impact event preserve the pre-shock age. Of the remaining ten percent, only a 

small number will have their geochronometers adequately reset to yield the impact age. 

The rest will show shock-induced effects, but will not yield an accurate age of the impact. 

Impact melt lithologies, which have spent some time (however short) in the liquid phase, 

generally allow for the moblization of isotopes [Bottomley et al., 1990]. For this reason 

they are generally viewed as promising lithologies for radiometric dating. These melts 

might be found as inclusions in breccias, in distant ejecta, or in the coherent melt sheet. 

Generally, impact melting produces more-or-less homogeneous, newly formed rocks, 

minerals and glass with reset isotopic clocks [Deutsh and Scharer, 1994], This, in theory, 

should provide samples which can be analyzed to produce an unambigous impact event 

age [Bottomley et al., 1990]. In practice, this is hampered by the size of homogeneous 
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zones, levels of degassing, cooling rates, local mixing etc. In general however, conducting 

''"Ar/^'Ar studies on a piece of impact melt from either the coherent impact melt layer, an 

inclusion in a breccia, or from more distant ejecta (teictites) has a good probability of 

rendering the age of the impact [Deutsh and Scharer, 1994], 

There are several possible shapes for argon release spectra of impact melts 

[Bottomley et al., 1990], The classical plateau has an easily interpretable age, reflecting 

an ideally degassed system. A multiple plateau spectrum shows evidence of plateaus at 

different ages. While not as straightforward as a single plateau, spectra such as these can 

be interpreted to represent the effect of different thermal events. These spectra however 

might be the result of some amount of incomplete degassing. A structured plateau 

spectrum has age fractions of similar size, but not overlapping age. These spectra can 

yield reliable ages, especially in the intermediate steps, but can show evidence of 

incomplete degassing and possibly ^^Ar recoil. A stepwise rising spectrum with no 

plateau is generally the result of uneven diffusion of argon out of the rock, especially from 

the least retentive sites. This is the result of thermal overprinting, and while these spectra 

can constrain the age of the overprint or of the crystallization of the rock, it is unlikely to 

yield a reliable impact age. Saddle shaped spectra which go from high to low to high in a 

relatively smooth fashion are a clear indicator of excess argon in the system. The lowest 

part of the saddle can be generally interpreted as an estimate of the maximum age of the 

degassing event. The most unusual hump-shaped spectrum is due to a variety of 



37 

conflicting causes, such as argon loss, argon recoil, incomplete degassing, etc. These 

spectra generally do not yield reliable ages [Bottomley et al., 1990]. (listing of the 

diameters and ages of terrestrial craters is given in http://gdcinfo.arr.emr.ca/crater/). 

2.7 Absolute Ages of Lunar Craters 

In spite of the Moon's relatively inactive surface environment compared with the 

Earth's, the absolute dating of lunar craters is very challenging. Samples are rare, and 

when acquired are not available in large quantities. To date, lunar rock samples can only 

be obtained from either the Apollo or Luna collections of rocks and soils, or delivered in 

the form of lunar meteorites. An additional complication is that some lunar craters have 

not been dated directly, their ages have been inferred from other evidence (i.e. using CRE 

measurements to date a landslide probably caused by ejecta from an impact event). How 

craters can be dated by radiometric means (such as argon-argon) has already been 

discussed in the context of dating terrestrial craters. Cosmic-ray exposure ages (CRE) can 

also be used to date craters under certain circumstances. If the CRE ages of many or all of 

the rocks collected on the rim or from the ejecta blanket of a crater are the same, and if it 

appears that all these rocks were exposed to the surface from a shielded depth in a single 

event, then the CRE age of these rocks is inferred to be the age of the crater in question 

[Eugster et al., 1997], Naturally, a fossil record to aid in stratigraphic constraints on a 

lunar crater's age is non-existent. 

http://gdcinfo.arr.emr.ca/crater/
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A discussion of the absolute ages inferred for those recent (Copemican) lunar 

craters which have them is listed below in order of the Apollo missions on which the 

samples for dating the craters in question were retumed. Table 2.1 summarizes the 

information presented here. Additional references to those noted here can be found listed 

in Wilhems [1978]. While ages have been suggested for other lunar craters, particularly 

certain impact basins, those presented here are the only absolute ages available for recent 

craters. These are presented as the subset relevant to the topics addressed in this 

dissertation. 

Apollo 11 - West Crater. According to astronaut observations, the landing vehicle 

for Apollo 11 set down between two blocky rays which appeared to emanate from West 

crater, 400 m from the landing site [Beaty and Albee, 1980], CRE ages from six samples 

of similar mineralogy from these rays have approximate ages of ~ 100 Ma, and have been 

attributed to West Crater [Geiss et al., 1977; Beaty and Albee, 1980]. 

ADOIIO 12 - Copernicus and Bench Craters. The age of Copernicus has been 

estimated from samples obtained at the Apollo 12 site, as this landing site was situated 

along a ray from Copernicus. Since certain Copernicus target material was KREEP rich, 

some samples were identified as Copernicus ejecta on that basis [Wilhems, 1987]. In 

1971, Silver conducted U-Pb-Th analyses on regolith samples and obtained an age of ~8S0 

Ma. A subsequent age was generated by Alexander et al. [1976] of -810 Ma using K-Ar 

dating methods. Later work by Alexander et al. [1977] while corroborating the 810 Ma 
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age, also cast some doubts as they found similar ages in samples which were not KREEP 

rich. They also found some plateau ages for the KREEP samples using the ''"Ar/^^Ar 

technique which were 1.2 to 1.5 Ga. Other arguments were raised by Wasson and 

Baedecker [1972] concerning the preservation of Copernicus primary ejecta at substantial 

distances from the crater. Most recently however, Bogard et al., conducted a more 

detailed analysis of the KREEP rich glasses in question [Bogard et al., 1992]. Their 

''"Ar/^^Ar analyses of these samples as well as a granitic clast all suggested an age of 785-

815 Ma. The most widely accepted agp for Copernicus, consistent with all of these 

studies, is taken to be about 810 Ma. 

Arvidson et al., [1975] tentatively assign an age of < 99 Ma or so to Bench Crater, 

based on a cluster CRE ages of samples from the rim, but the age may be as young as 50 

Ma as indicated by two other CRE ages. 

Apollo 14 - Cone Crater. A grouping of CRE ages from 24 to 28 Ma is thought 

to date the formation of Cone Crater [Arvidson et al., 1975], The samples in question 

were obtained near the rim of Cone, and CRE ages from both argon and krypton indicate 

an age of-26 Ma. 

Apollo 15 - Aristillus and Autolycus Craters. Bematowicz et al., [1978] 

conducted ''^Ar/^^Ar analyses on both a clast and matrix samples from 15405. The clast 

sample showed a well defined plateau at 1.29 Ga, and the matrix, while having no plateau, 

was generally consistent with the clast age. They speculated that the only regional craters 
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that could possibly be responsible for this thermal imprint were nearby Autolycus or 

Aristillus. More recently, Ryder .et al., [1991] has generated a series of''"Ar/^'Ar dates 

on three distinct, shocked KREEP rich samples from the Apollo 15 collection which 

indicate a major event at 2.1 Ga. It is suspected that the distal ejecta of Aristillus would 

be mare basalts, and thus Autolycus is favored as the 2.1 Ga impact. Also, crater counts 

and superposition indicate that Autolycus is older than Aristillus, and therefore the 1.3 

Ga age is tentatively assigned to Aristillus, while the 2.1 Ga is assigned to Autolycus 

[Ryder etal., 1991]. 

Also of interest are the krypton ages of two bedrock samples from the rim of 

Hadley lUlle. Both have identical ages of 110 Ma. This is suspected to be due to the 

downslope movement overtime of material from the rim down into the talus debris at the 

bottom of the rille [Arvidson et al., 1975], This therefore provides a constraint on the 

rate of bedrock removal on the rim of Hadley Rille, and indicates a possible "refresh" rate 

for soils at the apex of crater rims. 

Apollo 16 - North Rav. South Rav and Babv Rav Craters. The age of North Ray 

Crater can be firmly established at SO Ma by a cluster of krypton exposure ages from 

samples from the rim of North Ray [Arvidson, et al., 1975]. 

Another cluster of CRE ages which appears in Apollo 16 samples is due to the 

formation of South Ray Crater. Extensive CRE studies conducted recently [Eugster, 

1999] confirm the age of 2 Ma established by Arvidson et al, [1975] for South Ray. 
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Eugster [1999] tabulated several different types of CRE ages for 22 distinct samples from 

the Apollo 16 site; all bracket the 2 Ma age. 

Baby Ray crater, much smaller than South Ray, appears to be the source of other 

samples with a 2 Ma age [Arvidson et al, 1975], but given the proximity of ejecta from 

South Ray, this age assignment is tentative. Additionally, superposition relationships 

suggest that Baby Ray is younger [Eugster, 1999]. 

Apollo 17 - Tvcho. Shorty and Camelot Craters. Lucchitta, in 1977 constrained 

the age of Tycho based on CRE ages from samples at the Apollo 17 site. Lucchitta 

[1977] illustrates that secondaries and other ejecta fi'om Tycho are easily identifiable in 

photogeologic studies. Projectiles from Tycho were speculated to have caused a landslide 

at the Apollo 17 site and are thus probably the source of the "central cluster" of craters 

and the "light mantle" deposit found there. Lucchitta [1977] place the age of Tycho 

between 50 and 100 Ma based on superposition relationships and CRE ages of these 

units. This work confirmed the earlier work of Wolfe et al. [1975] which assigned a range 

of ~ 70-95 Ma to the crater based on similar evidence. In 1977, Drozd et al. conducted a 

detailed study of materials from the central cluster and light mantle using krypton 

exposure ages (correcting for erosion) and obtained an age for Tycho of 109 +/- 4 Ma. 

This age is widely accepted as the most likely age for the crater Tycho. 

Krypton exposure ages from nearby Shorty Crater, appear to indicate a possible 

range of ages from 25-30 Ma [Arvidson, et al., 1975] but Eugster et al., [1977] more 
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recently placed the age of Shorty crater near 19 Ma, based on a CRE age for a particular 

boulder which was believed to be the most likely to have been excavated from depth by 

Shorty [Eugster et al., 1977], 

An even more tentative ag@ assignment has been given to Camelot Crater. 

Arvidson et al., [1975] place the age of this crater at <140 Ma. Samples which may 

reflect the crater's formation have CRE ages of 72 Ma, 90 Ma, and 140 Ma. A grouping 

of three ages at 95 Ma have been found in three different rocks from this area, but only 

one of these was collected on the rim of Camelot [Arvidson, et al., 1975], But as Camelot 

has been suggested to be a Tycho secondary crater, an age of ~ 100 Ma seems likely 

[Wilhems]. 
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Table 2.1: A listing of the recent craters on the lunar surface which have inferred absolute 
ages. The most likely (widely accepted) age is listed for each crater, although some are 
tentative, as discussed in the text. Craters are ordered by decreasing diameter. A 
selection of references on the age for each crater are listed. See Wilhems [1978] for 
additional references. 

Crater Name Size 
(Diam) 

Age Mission Reference(s) 

Copernicus 931cm 810 Ma Apollo 12 Bogardetal., 1992 
Alexander etal., 1976, 77 
Wasson and Baedecker, 

1972 
Silver, 1971 

Tycho 85 km 109 Ma Apollo 17 Drozdetal., 1977 
Lucchitta, 1977 
Wolfe etal., 1975 

Aristillus 55 km 1.3 Ga Apollo 15 Ryder etal., 1991 
Bematowicz et al., 1978 

Autolycus 39 km 2.1 Ga Apollo 15 Ryder etal., 1991 
Bematowicz etal., 1978 

North Ray 1 km 50 Ma Apollo 16 Arvidson et al., 1975 
South Ray 800 m 2 Ma Apollo 16 Eugster, 1999 

Arvidson et al., 1975 
Camelot 700 m < 140 Ma ? Apollo 17 Arvidson et al., 1975 
Cone 340 m 26 Ma Apollo 14 Arvidson et al., 1975 
West 180 m 100 Ma Apollo 11 Beaty and Albee, 1980 

Geiss et al., 1977 
Baby Ray 150 m <2 Ma? Apollo 16 Eugster, 1999 

Arvidson et al., 1975 
Shorty 110m 19 Ma Apollo 17 Eugster etal., 1977 

Arvidson et al., 1975 

Bench -75 m < 99 Ma ? Apollo 12 Arvidson et al., 1975 
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Figure 2.1: 5-band Spectra for Ejecta from a Small Rayed Crater. Show are six, 5 band 
spectra from the ejecta of a small (1km) rayed lunar crater. The bands are I - 4l5nm, 2 -
750nm, 3 - 900nm, 4 - 950nm, and 5 - lOOOnm. These 5 spectra were taken along a trace 
from just outside the rim of the crater (red) to approximately 5 crater diameters away 
(purple). Given that the crater is small, and the background material relatively 
homogeneous, the dominant factor affecting changes in the reflectance spectra should be 
soil maturity. Note the secular decrease in overall reflectance (pixel value) from close to 
the crater rim out to the more distal ejecta. More subtle effects are flattening and slight 
reddening of the spectra. Note the relative change in position of the 750 and 950 nm 
bands as the ejecta becomes more mature. 
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Figure 2.2; Derivation of the Optical Maturity Parameter (OMAT), Schematic. This 
cartoon illustrates the derivation of the OMAT parameter. The top-most figure shows 
three terrains of varying FeO content (shown as the three stippled regions). On each 
region a (dark gray) crater Avith its (white) continuous and discontinuous ejecta blanket 
have been superposed. For each of the craters, a measure of both the NIR (950 nm) and 
VIS (750 nm) reflectance have been taken at several points of varying maturity (the open 
squares, triangles and circles). When the values for these open symbols are plotted on a 
NIRATS vs VIS graph, they clearly point to a hypothetical most-mature origin. The 
OMAT parameter for any given point is the simple distance on the plot from the point to 
the mature origin. Any given trend has a constant composition (squares have the highest 
FeO). 
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CHAPTER 3; ANALYSES OF THE CHONDRITIC METEORITE ORVINIO (H6) -

FURTHER INSIGHT INTO THE ORIGINS AND 

EVOLUTION OF SHOCKED H-CHONDRTTE MATERUL 

I knew very well that in addition to the great planets - such as Earth, Jupiter, Mars, and 
Venus, - to which we have given names, there are also hundreds of others, some of which 
are so small that one has a hard time seeing them through the telescope. When an 
astronomer discovers one of these he does not give it a name, but only a number. He 
might call it, for example, "Asteroid 325". 

(from The Little Prince. Antoine de St. Exupery) 

3.1 Overview 

This chapter reports the results of a research project done in collaboration with 

D.A. Kring, T.D. Swindle, A.S. Rivkin, B.A. Cohen and D.T. Britt. Eventually, the work 

here is planned for publication as the paper "The Chondritic Meteorite Orvinio (H6) -

Further Insight into the Origins and Evolution of Shocked H-Chondrite Material" which is 

in preparation for submission to the journal Meteoritics and Planetary Science. David A. 

Kring assisted with electron-microprobe studies, conducted petrographic analyses, 

opaque counts and sample description. Timothy D. Swindle assisted with the collection 

and interpretation of argon data. Andrew S. Rivkin assisted with comparisons of the 

reflectance spectra. Barbara A. Cohen assisted with argon data collection. Daniel T. Britt 

prepared the sample for analyses at the RELAB facility. 
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3.2 Introduction 

Impact cratering, and its end member, catastrophic disruption, is the primary 

process affecting asteroids. An effective study of the impact history of an asteroid 

requires that adequate amounts of impact melted (or sufficiently heated) material are 

delivered to Earth in meteorites, so that the timing and extent of the impacts can be 

constrained. However, less than one percent of ordinary chondrite material in collections 

consists of impact melt [Scott et al., 1989]. The lack of impact melted material available 

from chondrites has allowed important and fundamental issues in the evolutionary history 

of chondrite parent bodies, and the effects of impacts on the properties of asteroids to go 

unresolved [Kring et al., 1996]. 

L-chondrites record a number of dominant impact events. U-Th-He, K-Ar and 

''°Ar/^'Ar have all indicated a major event affecting L-chondrite material at ~ 500 Ma 

[Heymann, 1967, Bogard, 1995, Haack, et al., 1997]. Other clusters of ages have also 

been suggested at 40, 300 and 2500 Ma [Alexeev, 1995; Bogard et al., 1976], and most 

recently at 800-900 Ma [Kring et al., 1996]. The distribution of impact ages for H-

chondrites is quite different. H-chondrites do not record any obvious degassing events 

using '*°Ar/^'Ar methodology (see Table 3.1) (Bogard, 1995; Kring et al., 1996; Grier et 

al., 1996] (but do record a broad peak in U,Th-He ages at 3-4 Ga [Wasson and Wang, 

1991] and a CRE age peak at -7-8 Ma [Graf and Marti, 1995]). This may be the result 

of; a different coilisional evolution for the L and H chondrite parent bodies, a smaller 
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fraction of H-chondrites are highly shocked, or a statistical artifact due to fewer H-

chondrites being analyzed with argon age dating than L-chondrites [Bogard, 1995], 

Orvinio is a classic impact-melt bearing, H-chondrite meteorite. Several stones 

appear to have fallen in 1872 near Rieti, in Lazio, Italy after reports of a fireball and the 

sounds of detonations [Graham, et al., 1985; Salpeter, 1957; Salvatori, 1986], Six of these 

fi'agments were recovered with a total weight of 3.4 kg, with the largest piece weighing 1.2 

kg, which are now referred to as Orvinio meteorite [Graham, et al., 1985], As recently as 

1995 [Bogard, 1995] this meteorite had been listed in some sources as an L-chondrite, but 

we have corroborated earlier results [Scott et al., 1986] which place the meteorite in the H 

class. We have therefore examined this important, melt-bearing meteorite in order to 

reinterpret its thermal history in the context of an H-chondrite (not an L-chondrite as 

previously considered. Table 3.2) in the hopes of illuminating more of the impact history 

of the H-chondrite asteroid parent body. 

3.3 Experimental Procedures 

3.3.1 Electron Microscopy 

Major- and minor-element analyses were made with a Cameca SX-50 electron 

microprobe using wavelength dispersive techniques and an accelerating voltage of 15kV. 

Analyses of most of the phases in the rock were run with a beam current of 20nA and a 

beam diameter of ~l)im. To avoid volatilizing alkali elements during the analyses of 
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feldspathic materials, we analyzed these phases with a reduced beam current of lOnA and 

a broader beam diameter of lO^m. Well-characterized standards were used to calibrate the 

instrument and are described with additional details of our electron microprobe 

procedures in Kring et al. [1996], 

3.3.2 Noble Gas Mass Spectrometry: ^°Ar-̂ Ar Analyses 

We analyzed argon diffusion in a total of six samples from Orvinio; three clast 

samples (OCAl, 0CA2 and 0CA3) and three melt samples (0MA5, 0MA6 and 

0MA7). The samples were hand piclced from a crushed slice of the meteorite facing the 

portion used for thin section. Although two phases of clast (light and dark) were 

recognized, the dark phase constituted only a very small fraction of the available clast 

material, so the phases were not specifically separated out for the purposes of argon 

analyses. Samples OCAl and 0CA2 are all light clast, and sample 0CA3 is a mixture, 

but predominantly light clast material. These samples were irradiated at the University of 

Michigan along with terrestrial samples for 10 hours in position L-67 of the Ford Reactor. 

The samples were analyzed in a VG5400 noble gas mass spectrometer (equipped with ion 

counting) at the Lunar and Planetary Laboratory, University of Arizona. The gases were 

extracted with a resistance-heated double-vacuum Ta furnace and purified by exposure to 

SAES getters in an ail-metal extraction line. A J-factor of (1.353 +/- .0175) x 10"^ was 

determined from seven samples of the MMhb-1 hornblende monitor, GA 1550 [97.9 Ma, 
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McDougall and Roksandic, 1974], Neutron flux variation was characterized by 

sandwiching samples between these monitors. 

The samples were processed in three separate runs on the mass spectrometer. 

The first run (samples OCAl, 0MA5, and 0MA6) was conducted within five months of 

irradiation. A small but detectable level of ^'Ar remained, so K/Ca ratios could be 

determined for two of these samples (OCAl and 0MA6). The second run (0CA2 and 

0CA3) and third run (0MA7) were conducted several months later, so no appreciable 

^^Ar remained. Sensitivity for the first two runs was 2.42E-14 cm^STP/cps, and the last 

run at 3.14E-15 cm^STP/cps. Sensitivities were determined by measurements of aliquots 

of air (measured ''^Ar/^^Ar = 293+/- 3). All errors are la and correlated errors are taken 

into account. 

'*°Ar blanks were temperature dependent, and are as follows for runs I to 3. Run 

1: <5E-10 cm^STP below 1100°C and <1.5E-9 cm^STP up to 1400°C; Run 2: <3E-10 

cm^STP below 1200''C and <5E-10 cm^STP up to ISOO^C; and Run 3: <5E-I1 cm^STP 

below 1200''c and <2E-10 cm^STP up to 1400°C. The data shown in the Tables 3.3a-f 

used for the generation of argon profiles, diflusion patterns, Arrhenius plots, and for the 

calculation of apparent ages have been corrected for blanks, interfering reactions and 

39 
decay of Ar. All samples have been corrected for Ca. Although this was not strictly 

necessary for those samples run several months after irradiation, the same data processing 

has been conducted on all samples for consistency. The error shown in tables 3.3a-f for 
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the apparent ages is the total error, including the uncertainty in the J factor and the age of 

the monitor. 

3.3.3 Reflectance Spectroscopy and Point Count Analyses of Opaque Material 

Small samples of the melt and clast phases were hand-selected from a crushed 

portion of Orvinio. These samples were taken from areas immediately adjacent to the 

area sampled by thin section, so that the reflectance spectra could be correlated with the 

distribution of opaque phases (below). Unfortunately, so little dark clast material was 

available that it could not be physically separated from the light clast material. The 

reflectance spectra for "clast" therefore is a mixture of the two clast phases with the mass 

dominated by the light clast phase. The samples of both clast and melt were ground to a 

size of <125 fim. The Reflectance Experiment Laboratory (RELAB) facility was dien 

used to obtain bi-directional reflectance spectra from 0.3-2.6 (im [Brown University, 

Pieters, 1983]. Further description of this technique can be found in Britt [1991]. 

Point counts were made of the distribution and size of opaque phases in the clast 

and melt material of Orvinio. In the shock-melted portion of the meteorite, 6 lines were 

run across the section, separated by ~150 |im and the frequency of the points was 30.5 

|im. The total number of points was 1824 over an area of 7 mm^. In the dark portion of a 

clast in Orvinio, 6 lines were run across the section in 2 groups of 3. Approximately 150 

^m separated the lines in each group and the frequency of the points was 30.5 ^m. The 
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total number of points was 1487 over an area of > 5.5 mm^. The point count of the light 

portion of an Orvinio ciast had a total number of points of 1072 over an area of 10.4 

mm^. For this portion 8 lines were run across the section separated by 235 ^m, and the 

frequency of the points was 47.2 |im. 

3.4 Results 

3.4.1 Description of Sample 

Orvinio is an impact melt breccia. It is composed of unmelted chondrule-bearing 

clasts in a matrix of impact meit that appears to have been produced from a target of the 

same chondritic material. Our specimen of the Orvinio meteorite was obtained from the 

Vatican Observatory (Specola Vaticana) Meteorite Collection (courtesy Dr. Guy 

Consolmagno) [see listing Salvatori, 1986]. Originally this meteorite was listed in the 

Catalogue of Meteorites, Specola Vaticana, as a bronzite-c\vonAn\& (i.e. a high iron content 

or H-chondrite) in 1957 [Salpeter, 1957]. Subsequent to this, an extensive survey of the 

olivine compositions of -800 meteorites as determined by X-ray difR'action 

measurements was conducted by Mason [1963]. In this survey, Orvinio is listed as Faja, 

where olivine-hypersthene chondrites (L) were defined as Fa22.3i, and olivine-bronzite 

chondrites (H) defined as Fai5.2i. Vanshmus and Wood [1967] created a chemical-

petrological classification for chondrites and placed Orvinio within it as an L-class based 

on the data of Mason [1963], Thus Orvinio was viewed almost exclusively as an 
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hypersthene-chaoAnXQ (L-chondrite) based on these studies. Smith et al., [1977] do list 

Orvinio as an H, but base this on the classification scheme of VanShmus and Wood 

[1967], so this might have actually been a typographical error. Scott et al. [1986] re

examined Orvinio and 6 other chondrites containing impact melt, and showed that Fa and 

CaO in olivine and Fs and Wo in pyroxene for Orvinio were all consistent with an H 

classification for Orvinio, not the L classification previously reported by Mason [1963]. 

The results of Scott et al., [1986] however, appeared only in abstract form, and most 

researchers conducting recent studies on chondrites appear to have missed it [i.e. Graham 

etal., 1985; Salvatori, 1986; Wasson and Wang, 1991; Graf and Marti, 1995, and Bogard, 

1995], StofFler et al. [1991] (of whom Scott of Scott et al., [1986] is a coauthor), not 

surprisingly, do list Orvinio as an H-chondrite. Our analyses indeed confirm the H-

chondrite classification of Orvinio as indicated in [Scott et al., 1986]. Our measurements 

of Orvinio clasts indicate a %Fa in olivine of 19.0 +/- 0.5; well inside the H-chondrite 

range (See Table 3.2), and pyroxene compositions are Wo2En82Fsi6, typical of H 

chondrite material. 

Like the Cat Mountain impact melt breccia [Kring et al., 1996], Orvinio is a 

relatively dark ordinary chondrite. Unmelted relic clasts are medium dark gray (N4) on a 

rough surface and dark gray (N3) on a sawn surface [Rock-Color Chart Committee, 1991], 

The melt has a slightly lighter color than the clasts in sawn surface, between medium dark 

gray (N4) and daric gray (N3). Metal and sulfide are heterogeneously distributed in the 
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meteorite. These opaques are finest in a <1 mm wide boundary layer of melt around the 

clasts, in what appears to be a zone of melt that was quenched on cold clasts. Farther 

from the clasts, the metal and sulfide in the melt is coarser and shows flow alignment. 

The clasts have complex structure. The largest clast (at least 2.5 x 1.0 cm in size, 

but truncated by the edge of our specimen) has three distinct zones. The middle zone 

looks like relatively normal H chondrite material, with relic chondrules, although some 

chromite grains have been disrupted. A similar level of shock was seen in clastic material 

in Cat Mountain [Fig. 4b ofKring et al., 1996]. This zone is bounded by two very dark 

zones of material that are characterized by very finely disseminated metal and sulfide 

particles. One of these zones is also crosscut with metal-sulfide veins. 

The melt contains euhedral to subhedral olivine and pyroxene grains, typically 5 

to 50 microns in diameter, with interstitial feldspathic mesostasis. Texturally, the 

silicates are very similar to those in the melt phase of Cat Mountain [Fig 5a of Kring et 

al., 1996]. Metal and sulfide usually occur together. Many mixed metal-sulfide particles 

are comparable in size to the silicates, although they also exist as larger [mm-scale] 

elongated particles in which orbicular metal is embedded in sulfide. This texture is also 

found in the melt phase of Cat Mountain [Tig. 5c ofKring et al., 1996]. 
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3.4.2 Distribution of Opaque Phases 

The shock processes that have affected Orvinio have redistributed the opaque 

phases in the melt and clast fractions. This redistribution may have affected the 

reflectance properties of the material as well as that of the meteorite's parent body. Britt 

and Pieters [1991] noted that the redistribution of opaque phases into ~ 1 miwon sized or 

nanophase particles dramatically darkens the reflectance spectra of meteorites. A point 

count analysis was made to assist in quantification of any spectral differences between 

"dark" meteorites and those which have not been heavily shocked. Like Cat Mountain, 

Orvinio offers an opportunity to compare the spectral effects of redistributed opaques in 

both the impact melt fraction and the clast material [Kring et al., 1996]. 

The melt, dark clast and light clast portions of the Orvinio meteorite respectively 

have, 8.6%, 24.6% and 15.1% of points identifiable as metal and sulfide. Figure 3.1a is a 

histogram of the point count for the light clast portion of Orvinio. The distribution 

represents all sizes relatively equally, with a few large shock veins dominating the laige 

particle size in the number of points. This lighter clast portion represents an area less 

affected by shock redistribution of opaques. The point count for the melt lithology is in 

Figure 3.1b. As expected, the melt has few particles in the smaller sizes, much like the 

light clast portion. The spike in the number of particles at laiiger sizes may be due to the 

agglomeration of metal and sulfide particles. If the material remained molten long enough, 

this would allow the metals to form bigger droplets. The darker clast portion, illustrated 
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in Figure 3.1c, shows a strong redistribution of opaques to the smaller sizes. The 

distribution is somewhat bimodal, but the point counts at larger sizes are dominated by 

large patches of opaques. The melt and light clast portions were therefore least affected 

by shock darkening, and the dark clast portion was most affected by the redistribution of 

opaques. 

3.4.3 Comparative Reflectance Spectra of Clast and Melt Fractions 

Figure 3.2 shows the reflectance spectra of the Orvinio clast and melt phases. As 

mentioned previously, the clast portion is a mixture of both dark clast and light clast 

phases, with the light clast phase comprising the bulk of the material. The clast spectrum 

is darkened and subdued compared to the less shock-darkened melt material. The clast 

phase has a reflectance of 0.085 at 0.55 microns, which is typical of the 0.08-0.12 range 

of pristine shock-blackened ordinary chondrites [Britt and Pieters, 1994]. The melt 

phase, while somewhat less shock darkened, has a reflectance of 0.10 at 0.55 microns, 

also well within the typical range. The spectral band depth at l.O micron (which indicates 

the presence of pyroxene and some olivine) is quite different for the two phases. The 1.0 

micron band of the clast phase is attenuated compared to the same band position in the 

melt phase. Both spectra also possess a very broad feature at about 2 microns, indicative 

again of pyroxene. This feature is also subdued in the clast spectrum versus that of the 

melt. 
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These spectra indicate that despite the fact that the light clast portion is by far the 

larger part of the sample, the overall spectrum of the clast phase is dominated by the 

spectral signature of the dark clast material. Otherwise, as indicated by the discussion on 

the opaque counts, we might expect the light clast to be quite bright, and the light clast 

and melt to show much less of the subdued shock darkening of the dark clast phase in 

comparison. 

Figure 3.3 shows the normalized Orvinio spectra compared to the darkened H 

chondrite Gorlovka [Brittand Pieters, 1991] and the "average" H6 chondrite, undarkened, 

from Gaffey [1976], Gorlovka has a similar shape and slope to the Orvinio spectra. The 

band depths of Gorlovka are attenuated somewhat more than those of the Orvinio clast, 

whose clast spectra are not completely darkened due to the presence of light clast 

material. Note that shortward of 0.55 microns (ultraviolet or UV) the Gorlovka spectra 

and Orvinio clast are nearly identical. In contrast, the average H6 spectra is not as 

steeply sloped (is less red) and has deep, unattenuated features at I and 2 microns. The 

slope in the UV is also very steep. This illustrates a continuum of levels of shock 

darkening, from die average H6 (least attenuated bands), to Orvinio melt, to Orvinio clast, 

and to Gorlovka (most attenuated bands). Orvinio appears to be a typical, shock-

darkened ordinary chondrite, with a somewhat reddened slope. 
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3.4.4 '"'Ar-̂ Ar Chronology 

Tables 3.3 a-f list the experimental argon data obtained from each of the six 

40 J9 
samples. Release spectra of apparent Ar/ Ar ages are shown in Figure 3.4 a-f As 

previously mentioned, although two phases of clast Gight and dark) were recognized, the 

phases were not specifically separated out for the purposes of argon analyses. Samples 

OCAl and 0CA2 consist entirely of light clast material, and sample 0CA3 is dominated 

by light clast material, but has a small amount of the dark clast material as well. The 

argon apparent age spectra do not indicate any major difference between the two sets of 

clast samples, so either the degassing behavior of these phases is nearly identical, or the 

signature from the dark clast material is entirely dominated by that of the light clast 

material. 

The three clast samples have similar argon age spectra shapes and attain the same 

approximate ages to one another in the higher temperature steps (see Figs. 3.4 a-c). But 

the three clast samples are not consistent in the low points they achieve (-330 Ma, -570 

Ma, and -710 Ma), exhibiting various levels of degassing. The degassing patterns shown 

39 
in Figures 3.5 a-c [after Trieloff et al., 1994] indicate that the main Ar release for the 

clast samples occurred in two major degassing intervals with peaks at - 600°C for the first 

interval and around 1100°C for the second. Arrhenius plots (Figs. 3.5 a-c) generated for 

the three clast samples are reasonably linear over the higher temperature gas release, but 

are less so for the lower temperature gas release. A K/Ca plot for sample OCA I (Fig. 
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3.6a) does show a bimodal nature, indicating that the sample may have been degassing 

separate mineral phases (or groups of mineral phases) with difTering argon retentivities at 

the lower and higher temperatures. This is consistent with the degassing patterns and 

argon profiles. 

Two of the melt samples (0MA5 and 0MA6) have consistent low points 

achieved in the argon age spectra (-900 Ma) and in the plateaus reached in higher 

temperature steps (-4200 Ma) (see Figures 3.4 d-f) . The third melt sample (0MA7), 

however, has a strongly curved saddle-shaped profile which bottoms out at an age of 

about S2S Ma, and reaches its highest point at -4100 Ma. Arrhenius plots and degassing 

profiles for these melt samples (see Figures 3.5 d-f) give a clue as to origin of the 

differences in the age spectra. The first two melt samples have similar degassing behavior, 

with the dominant fraction of the gas released in the high temperature steps (12S0°C -

1400°C). Their Arrhenius data indicate that the degassing was somewhat bimodal, like 

the clasts, with a suggestion of two separate degassing domains. Conversely, the third 

melt sample shows a single, broad degassing interval from 400°C to 800°C. The 

Arrhenius plot for this sample is quite linear, and does not indicate multiple degassing 

domains. A K/Ca plot for melt sample OMAS (Figure 3.6b) does show an indication of a 

change in Ca, supporting the idea that two separate mineral phases (or groups of phases) 

with differing aigon retentivities may have been degassing the lower and higher intervals 

for OMAS and 0MA6. The 0MA7 sample seems to show evidence of only degassing 
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aigon from a single mineral phase, the higher K, lower Ca phase. This suggests that the 

melt in the meteorite overall is not homogeneous mineralogically. The lower ages in the 

clast material as compared to the melt fraction indicates some measure of incomplete 

degassing of the melt material during a thermal event [Bogard et al., 1995], 

Further information can be gleaned by examining the Arrhenius plot for each 

sample and determining activation energies for each dominant degassing domain [after 

MacDougall and Harrison, 1988]. There appear to be two separate, easily recognizable 

degassing domains for both the low and high temperatures for most of the samples. 

OCAl, 0CA2 and 0MA7 show a low temperature degassing domain with an activation 

energy (E) of ~ 15 kcal/mol, OCAl and 0CA2 show a high temperature degassing with E 

= -17.2 kcal/mol. 0MA7 shows evidence for only one domain. Given the similarity in 

activation energy, this domain may be of similar mineralogy to the low temperature 

domain exhibited by OCAl and 0CA2. Both OMAS and 0MA6 show a low 

temperature degassing domain of E = ~19.8 kcal/mol and a high temperature degassing 

domain with E = ~51.5 kcal/mol. OCAS is unusual in that it has E = 29.3 and 19.2 

kcal/mol for the low and high domains, respectively. This difference may be due to the 

inclusion of dark clast material in this sample, which may differ slightly either 

mineralogically or mechanically from the light clast. 

All of these activation energies, except for the melts' high temperature domain and 

0CA3's low temperature domain, are very low. Even for feldspars, which have some of 
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the lowest argon retentivities of measured minerals, activation energies are usually in the 

35-50 kcal/mol range [Poland, 1974]. What do these low activation energies indicate? 

The distinct non-linearity seen in certain parts of the Arrhenius data for most of the 

samples may itself indicate a deviation from the ideal conditions of the Dodson diffusion 

model [Dodson, 1987], The obviously partially degassed nature of the samples is a 

further indicator of possible deviation from the ideal. In addition, there is evidence which 

suggests that monomineralic feldspars in particular can have a wide range of effective 

dif^usion domains [Zeitler, 1987]. A low temperature domain could result fi-om loss of 

'*°Ar along grain boundaries or simple diffusion from sites near grain boundaries; a 

secondary intermediate domain might result from standard volume diffusion; and a third 

high temperature domain could correspond to recrystailization or homogenization 

[Poland, 1974]. For a polymineralic set of samples such as ours, the diffusion effects of 

several minerals, which themselves may contain several diffusion stages, cannot be 

separated out. 

It is clear, however, that low activation energies correspond to low closure 

temperatures [MacDougall and Harrison, 1988]. This is consistent with the samples 

showing partial degassing, particularly in the lower temperature steps. The sample which 

appears to be comprised entirely of the lower retentivity set of minerals, 0MA7, also 

shows the most radically disturbed argon spectrum. Closure temperatures for the lower 

temperature domains [after MacDougall and Harrison, 1988] were calculated based on the 



activation energies of the various domains. For the lower temperature domains, the 

closure temperatures were unrealistically low over a large range of possible cooling rates, 

so were not used. But closure temperatures for feldspars can be as low as 150°C [Poland, 

1974]. In contrast, the high retentivity sites in the melt were calculated to have closure 

temperatures in excess of 500°C. Therefore the higher retentivity sites in the melt may 

retain evidence for the timing of an actual impact event (about 4.2 Ga ago), while the site 

of lower retentivity in the melt and clast fractions only offer an upper limit to the age of 

the impact which partially degassed them (a several Ma ago) [Je^berger et al. 1976], 

Sometime after its formation, the meteorite appears to have undergone thermal 

impact heating at about 4.2 Ga. The only remaining suggestion of this is the plateaus in 

the high retentivity sites in the argon spectra for two of the melt samples. Subsequent to 

this, the lower temperature clast phase was degassed to varying levels in a thermal event 

which happened 330 Ma ago or less. Note, however, that this youngest age is defined by 

a single step in the argon spectra. On the other hand, there are 6 steps which have an age 

of 500-600 Ma. This 500-600 Ma age also corresponds to the lowest points achieved in 

a near plateau in the 0MA7 sample, however this sample does exhibit a strongly 

disturbed spectrum, as noted above. This event then can be constrained as having 

happened before 330 - 720 Ma, but might be better placed before about 500 - 600 Ma. 

This event left excess argon trapped in the more retentive melt samples to varying 

degrees, and the less retentive clast samples remained "open" to argon longer. After the 
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local temperatures dropped below 150°C, all of the sites finally closed, and left a 

signature of various levels of degassing in the clast phases of the meteorite. 

3.5 Discussion 

3.5.1 Collisonal and thermal impact history of the Orvinio meteorite 

As previously mentioned, lower ages in the clast as opposed to the melt indicates 

a measure ofincomplete degassing ofthe melt fraction. The strongly saddle-shaped argon 

release profile in the melt is another possible indication of incomplete degassing. 

Lanphere and Dalrymple [1976] suggested that profiles of this nature illustrate that the 

sample was not completely degassed during shock-metamorphism, leaving an excess of 

''"Ar behind in the rock. Whole rock aigon studies of Orvinio also indicated incomplete 

degassing [Bogard and Hirsh, 1980], 

Degassing and successful resetting of argon depends on mineral retentivities, post-

impact temperatures and cooling rates of the impact melt breccias, as noted from studies 

of the L-chondrites Peace River, Cat Mountain, and Chico [McConville et al., 1988, Kring 

etal., 1996, Bogard etal., 199S]. Peace River appears to be an end member case of rapid 

cooling, its glassy (quickly cooled) melt containing a large amount of excess argon and the 

clasts showing younger ages near 430 Ma. Orvinio also cooled relatively quickly (~ 5000 

to 40,000 °C/yr), and is more incompletely degassed than Chico, which cooled more 

slowly (0.01 to I °C/yr) [cooling rates as listed in Kring et al., 1996]. The degassing 



66 

histoiy of these meteorites is in contrast to the L-chondrite Cat Mountain. Cat Mountain 

appears to be nearly completely degassed, with a cooling rate (~0.1 "/yr) similar to or less 

than that of Chico. Unlike Peace River or Orvinio, Cat Mountain's melt and clast phases 

all appear to be consistent with an 880 Ma age [Kring et al., 1996; Grier et al., 1994]. 

In spite of the complexities of cooling rates and argon retentivities, our study of 

both clast and melt samples in Orvinio allow constraints to be placed on the history of 

the meteorite. We can infer from the presence of chondrules in the meteorite that the 

Orvinio H-chondrite parent body accreted ~ 4550 Ma [Kring et al., 1996], There is some 

evidence that the body experienced a large impact at about 4200 Ma which reset argon in 

the most highly retentive sites. Subsequent to this, </~ 330 Ma ago, the material 

experienced a diermal impact event which partially degassed all but the most argon 

retentive sites. The rapid cooling rate of the meteorite suggests that it need not have been 

buried more than about a meter deep in the parent body [Smith and Goldstein, 1977]. 

Sometime between 330 Ma and 7.5 Ma, there was probably another impact, which 

ejected material from the asteroid parent body. As the material evolved into an Earth-

crossing orbit, a final impact or set of impacts occurred which reduced the fragment to a 

meter sized object about 7.5 Ma, as evidenced by its CRE age. Eventually, the object 

broke apart as it entered Earth's atmosphere in 1872, and the pieces became the meteorite 

Orvinio. 
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i. 5.2 Spectral Effects and Implications for Meteorite-Asteroid Correlations 

Since the reflectance spectrum of the clast phases is dominated by the dark clast 

portion even though the light clast portion comprises the bulk of the sample, it appears 

that a relatively small amount (<20%) of shock darkened material in a meteorite will 

change its reflectance spectrum. This is consistent with the work of Clark [1983], who 

noted that small amounts of low albedo material dominate the reflectance spectra of 

materials created from multiple phases with differing albedos. This has obvious 

implications for comparison of asteroid and meteorite spectra when searching for the 

parent asteroids of chondrites with a shock-darkened component. 

We have compared the spectra from Orvinio with the spectra of candidate parent 

body asteroids of the S, C, and K classes. Gaffey and Gilbert [1998] suggested that the 

most likely parent body asteroid for the H-chondrites was the S-asteroid 6 Hebe. Figure 

3.7 shows the spectra from Orvinio, 6 Hebe, and the average H6 chondrite. While the 

band positions and depth of the 2 micron band are the same as the average H6 chondrite, 

the overall fit is poor. The slope of the spectrum for 6 Hebe is more red, and the depth of 

the 1 micron feature is much less than the average H6. Neither does it compare well to 

the darkened chondrite material from Orvinio. While the darkening process has reddened 

the spectra somewhat, it is not red enough to resemble 6 Hebe, and further darkening will 

lessen the band depths even more. Comparisons with other S-asteroids meet with similar 

problems. Figure 3.8 shows the same meteorite spectra with the S-asteroids 3 Juno and 5 
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Astraea. In each case the slopes are too red and the band depths too strong to match with 

any of the chondrite material shown. The surfaces of S-asteroids therefore are probably 

not dominated by large patches of shock-darkened H-chondrite material. 

It has also been suggested that C-asteroids may be the parent bodies for shock-

darkened ordinary chondrite material [Britt and Pieters, 1991], Figure 3.9 shows a 

comparison of the same meteorite spectra to the spectra of the C-asteroids 31 

Euphrosyne and 10 Hygiea. The spectra for Orvinio appear to match overall with slope 

and correlation in the UV, but the band strengths are quite different. The C-asteroids do 

not exhibit obvious absorption at 1 and 2 microns. The clast spectrum from Orvinio 

would need to be further darkened to match the spectrum from 31 Euphrosyne, but 

perhaps the dark clast material if analyzed separately may have done so. It therefore 

seems unlikely that material from Orvinio can be made to match candidate C-asteroid 

parent bodies. Figure 3.10 illustrates that a comparison with K-asteroids is even less 

satisfying. Spectra for 221 Eos and 661 Cloelia match neither band depth nor slope to the 

H-chondrite material. The Orvinio spectra do not appear to provide a satisfactory match 

to the spectra from any large, main belt asteroid candidate parent bodies. 

3.5.3 Implications for Impact Processing of H-Chondrites 

Table 3.1 lists all the H-chondrite meteorites for which '*°Ar/^'Ar ages have been 

obtained. While no obvious, dominant events are seen like the -500 Ma event in L-
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chondrites, there is evidence to suggest the timing of some particular impacts effecting H-

chondrites. Orvinio, Rose City and Travis County, have low degassing ages of < 330, 

380, and 330 respectively. This helps solidify the argument that certain H-chondrite 

material, like Orvinio, experienced a thermal impact event < 330 Ma. There is additional 

evidence for a very recent impact from the Clovis #2, Jilin, and Ucera meteorites, which 

appear to have experienced an impact about 40 Ma or less. Alexeev [1998] suggest a -4.3 

Ga impact event for H-chondrite material based on K-Ar fusion ages of which the -4.2 Ga 

age seen in Orvinio might be a part. 

The CRE age of Orvinio falls into the 7-8 Ma peak seen for many H-chondrites 

[Graf and Marti, 1995], particularly H5. The CRE age shown in Table 3.1 for Orvinio is 

an average CRE age calculated from the data of Schultz and Kruse in the manner of 

Eugster [1988], This peak probably represents a large collisionai event or possibly a 

series of closely spaced events. Graf and Marti [199S] see evidence for the different 

classes of H-chondrites (H4, 5, 6) having different collisionai histories, and believe this 

supports a simple layered model for the H-chondrite parent body. In particular, they see 

a preponderance of H5 meteorites with 7.5 Ma CRE ages. But as Orvinio is an H6 

chondrite, and has a 7.4 Ma CRE age, this suggests that the scenario is more complex than 

a straight forward "onion-skin" model. 

In addition, Alexeev [1998] cites evidence for a 200 Ma event affecting H-

chondrites based on CRE ages. The Yanzhuang meteorite, with a 200 Ma low aigon age 
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may have been involved in this. Another possibility is that the Charsonville, Sweetwater, 

Orvinio, Rose City and Travis County meteorites, all with a signature of an age of <330 

Ma or less, may all have been involved in the 200 Ma event, and each show evidence for 

different levels of partial degassing. 

The meteorites showing evidence of -40 Ma impact and the ~330 Ma impact do 

not have the same CRE ages. Jilin and Ucera have CRE ages of 2.6 and 16.2 Ma 

respectively, but may both have undergone the same impact at -40 Ma. Orvinio and 

Rose City may have both suffered an impact at -330 Ma or less, but have CRE ages of 

7.4 and 38.9 Ma respectively. This requires several impacts into the same material to 

produce these ages, implying some level of heterogeneity in H-chondrite material. 

3.6 Conclusions 

Orvinio is an important H-chondrite impact-melt breccia meteorite. Given the 

paucity of impact melt material found in ordinary chondrites, studies of Orvinio offer 

significant opportunities for understanding the nature and genesis of shock-darkened 

meteoritic material, and the impact histories of die asteroid parent bodies from which this 

material comes. Orvinio fell to Earth in 1872, and has been alternately termed both an L-

and H-chondrite in the recent scientific literature. We have confirmed the results of Scott 

et al., [1986] which unequivocally place this meteorite in the H class. 
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Studies of this and other similar meteorites have made clear that the 

system is not reset in all events affecting impact melt breccias. This affirms the need to 

be careful when trying to determine the timing of thermal events which have affected 

these rocks [Bogard, 1980], Shocked rock in particular seems to possess a wide range of 

behaviors with regards to argon degassing [Deutsch and Scharer, 1994], In spite of these 

difficulties, meaningful information concerning the impact histories of shocked chondrites 

and their parent bodies can be extracted. Continued research into the degassing behavior 

of individual minerals common to meteorites may allow for their complex thermal 

histories to be more properly unraveled. Cooling rate plays an important role in the 

eventual degassing pattern seen in shocked ordinary chondrite material. A more detailed 

comparison of the cooling rates of L- and H-chondrites with their argon degassing 

patterns may shed more light on the likelihood of a meteorite retaining access argon, and 

the constraints that can be placed on the ages of thermal impacts. 

Orvinio and other H-chondrites show evidence of having been subjected to 

multiple thermal impact degassing events. Orvinio's CRE age of 7. S Ma and upper argon 

plateau age of -4.2 Ga supports previous work suggesting events of 7-8 Ma and ~4.3 Ga 

affecting H-chondrite meteorites. Additionally, there is some suggestion that impact 

events occurred at about 330 Ma and 40 Ma. It requires multiple impacts in to the same 

material to create meteorites with the same CRE ages which also have different aigon 

degassing histories. This implies a somewhat heterogeneous surface for the H-chondrite 
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parent body, or that H-chondrite material has been derived from several small related 

bodies with independent degassing histories. 

Shock darkening of meteorites can be quantified with opaque counts. Opaque 

counts conducted on both the melt and clasts fractions of a shocked meteorite illustrate 

the mechanisms which produce darkening, and the different levels achieved between 

separate phases [Britt 1991], The shock-metamorphism that redistributed the opaques, 

overall lowers the albedo of the meteorite and subdues the absorption features, producing 

characteristic reflectance spectra. Our analyses of the spectra from Orvinio and 

comparisons with other meteorites and asteroids indicates that 6 Hebe is unlikely to be 

the parent body of the Orvinio meteorite. It also has been suggested that some C-

asteroids may be covered with patches of shock-darkened chondrite material [Britt and 

Pieters, 1991], but given the comparisons of Orvinio and the asteroids presented here, it 

seems unlikely that shock-darkened H-chondrite material like Orvinio comprises any 

substantial fraction of the surface of C-asteroids. The reflectance spectra of Orvinio are 

apparently unlike that of any main belt asteroids. 
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Table 3.1; Listing of H-chondrite meteorites for which '*°Ar/^'Ar degassing ages have been 
determined [after Bogard, 1995]. Also listed for each meteorite, where available, are U-
Th-He ages and CRE ages. The first argon degassing age is that of a mid-range or plateau 
if such exists. The Low and Ifigh are the low and high points of the profile, where 
available. "D" is the description of the sample used to obtain the argon age, where 
available; WR-whole rock, M-melt, MF-melt fraction, CL-clast and HF-host rock. 
References are 1 - This Study, 2 - (sources as listed in ) Bogard, 1995, 3 - Kunz et al., 
1997, 4 - Wasson and Wang, 1991, 5 - Graf and Marti, 1995, and 6 - Stoffler et al., 1991. 
Certain meteorites appear more than once on the list because different fractions of the 
meteorite have been dated by the argon method. The symbol is used to cover items 
which are either not available or not applicable. 

Ar Age 
U 

Th 
Degassing He CRE 

Meteorite Class D Ma Low High Ref Ma Ref Ma Ref 
Orvinio H6/S3 cl • 710-330 3750 1/6 50 4 7.4 1 
Orvinio H6/S3 m 4200 900 4450 1/6 - - -

Charsonville H6 - 270 +/- 30 - 3000 2 550 4 66.1 5 
Clovis #2 H6 - <40 - . 2 - - -

Dimitt H4/S3 . 900 - 4000 2/6 - 6 5 
Jilin H5/S3 - 500 (3950) 40 4300 2/6 125 

n 
4 2.6 5 

Kimble County H6 _ 600 +/- 40 _ 1100 2 805 4 9.7 5 
Monroe H4 - 1100 - 3500 2 121 

A 
4 12.8 5 

Plainview H5/S3 cl 3630 +/- 70 - 3660 2 
U 

341 
n 

4 6 5 

Sweetwater H5 _ 290 _ 2800 2 
U 

5 5 
Tulia H - 460 +/- 20 - - 2 107 

A 
4 4.6 5 

Uceia H5 • 40 • 3200 2 
U 

16.2 5 
Rose City H6/S6 wr - 380 2300 2/6 260 4 38.9 5 
Rose City H5/S6 m 3620 +/- 10 700-200 3620 3 - - -

Travis County H5/S4 - 830 +/. 30 330 - 3 - - -

Yanzfauang H6/S6 hr 130 +/- 40 - 3000 3 - 3 5 
Yanzhuane H6/S6 nf 4090 +/- 40 200 4500 3 - - -
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TABLE 3.2: Fa and Fs analyses of Orvinio. 
Orvinio is within the H-Chondrite range. 
Sources are: I - This study and Kring et ai., 
1996, 2 - Scott et al., 1986; and 3 - sources as 
listed in Sears and Todd, 1989. 

Ref Lithology %Fa in 
Olivine 

%Fs in 
Pyroxene 

1. Clast 1 19.0 16.3 
Clast 2, Phase A 18.9 
Clast 2, Phase B 19.1 

Melt 14.0 

2. chondritic 18.6 16.5 
melt 17.7 15.9 
clasts 18.5 16.0 

3. L chondrite -23-26 -17-22 
Hchondrite -16-20 -  14 -17 
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TABLE 3.3 A: Argon in Orvinio Clast sample OCAl (0.00412 
g). Apparent ages are shown with total error (inclu^s error 
due to uncertainty^ in J factor). 

39-Ar 

Temp. ccSTP 36-Ar 37-Ar 38-Ar 40-Ar Appar. 
(C) E-IO 39-Ar 39-Ar 39-Ar 39-Ar A«e 

400 1.58 66.353 3.34 12.308 26038. 6395.3 

3.613 0.99 0.681 141X4 98.0 

430 1.98 3.274 3.23 0.867 1231.8 1717.7 

0.135 0.74 0.040 46.1 44.1 

500 2.38 1.238 2.16 0.502 387.4 1018.7 

0.055 0.61 0.031 24.5 34.2 

S50 2.77 1.497 2.20 0.596 753.3 1226.1 

0.052 0.68 0.030 19.6 26.1 

600 4.03 0.684 2.97 0.323 326.2 935.7 

0.028 0.43 0.015 10.3 17.6 

631 2.33 0.659 3.19 0.610 475.4 863.8 

0.036 0.67 0.025 15.0 23.3 

6J0 4.30 0.324 2.46 0.471 287.7 570.1 

0.020 0.47 0.017 6.0 112 

675 2.03 0.475 3.17 0.498 443.2 816.7 

0.037 0.79 0.023 14.8 23.6 

700 1.45 0.466 4.70 0.598 520.3 927.4 

0.054 1.13 0.040 23.1 33.7 

750 2.16 0.349 2.73 0.579 30X6 902.7 

0.042 0.64 0.025 19.8 29.6 

825 3.16 0.483 2.38 0.790 335.1 948.0 

0.036 0.33 0.034 16.4 24.7 

925 3.37 1.146 4.74 1.352 793.8 1273.2 

0.039 0.30 0.048 16.8 22.9 

1025 6.09 1.339 6.68 1.162 1802.2 2169.2 

0.029 0.36 0.027 27.9 25.9 

1075 5.55 1.763 12J3 1.214 3334.4 3011.2 

0.064 1.33 0.044 106.3 50.8 

1100 4.43 2.073 11.62 1.061 3890.0 3240.0 

0.056 0.63 0.026 83.5 38.1 

1110 3.06 1.982 10.03 1.163 4092.5 3316.7 

0.091 0.93 0.030 133.3 61.1 

1150 3.64 2.901 10.98 1.268 4997.1 3624.2 

0.110 0.83 0.030 166.6 56.2 

1200 4.03 3.859 10.71 1.432 4836.4 3579.7 

0.103 0.66 0.040 119.5 43.7 

1250 4.07 4.406 9J4 1.503 4479.1 3454.6 

0.097 0.54 0.034 72.8 315 

1300 2.75 6.023 10.08 1^38 5098.2 3655.6 

0.266 1.09 0.088 214.7 69.3 

1400 3.09 7.468 10.53 2.229 3437.7 37618 

OJOO 0.88 0.094 206.5 63.5 

Total 6&29 3.6S0 6M 1J31 300a4 28S&2 

&116 ai8 a023 S2.1 27.0 
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TABLE 3.3B: Argon in Orvinio Clast sample 0CA2 (0.00412 
g). Apparent ages are shown with total error (includes eiror 
due to uncertainty in J factor). Note that the 112S degree step 
is not represented in the argon spectrum for 0CA2. It is listed 
here for completeness, but as an experimental error occurred 
during gas e.\traction during this step, the age is not 
meaningful. It has therefore been left out of the aigon 
spectrum. 

39-Ar 

Ton p. 

(a 

ccSTP 

E-10 

36-Ar 

39-Ar 

3g-Ar 

39-Ar 

40-Ar 

39-Ar 

Appar. 

Afe 

400 5.22 11.108 2.4890 3862.6 3229.4 
0.946 0.2354 332.9 131.3 

500 2.69 1.433 0.6102 U25.9 1619.8 

0.040 0.0221 20.2 24.0 
550 5.83 0.276 0.3365 152.4 324.1 

0.012 0.0112 2.0 5.5 
600 6.51 0.436 0.4613 270.5 540.7 

0.018 0.0088 2.7 7.9 

630 4.44 0.529 0.5307 353.2 678.1 

0.018 0.0147 6.9 13.4 
660 2.60 0.311 0.5278 354.4 680.0 

0.026 0.0191 10.6 18.6 
690 2.51 0.848 0.7351 541.3 956.6 

0.044 0.0366 16.3 24.5 
720 1.65 0.522 0.7559 693.0 1153.5 

0.042 0.0307 21.2 28.5 
750 1.54 0.728 0.8068 858.7 1346.4 

0.048 0.0397 24.0 29.4 
780 1.25 0.888 1.0967 1229.0 1715.2 

0.069 0.0674 42.4 41.0 
820 1.62 1.791 1.9800 1837.4 2193.7 

0.062 0.0629 43.4 34.6 
875 2.23 1.307 1.3346 2384.8 2537.0 

0.052 0.0377 44.2 31.2 
925 2.08 1.749 1.4024 2793.8 2756.7 

0.060 0.0503 79.1 44.3 
980 2.71 1J35 1.0830 2993.6 2855.0 

0.045 0.0336 55.2 32.7 
1025 3.87 1.134 0.7552 2915.1 2817.0 

0.160 0.1032 325.0 160.5 
1075 4.29 1.184 0.7903 34385 3056.5 

0.138 0.1127 275.9 120.0 

1100 3.80 1.263 0.6791 3610.0 3128.3 

0.146 0.0851 317.6 132.4 
1125 6.81 0.922 0.3686 1220.0 1707.1 

0.086 0.0431 88J 81.8 
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1150 1.36 2.879 1.3407 5060.0 3643.8 

0.143 0.0823 252.0 80.8 

1200 2.92 3.004 1.3518 5253.0 3702.5 

0.540 0.2995 944.4 285.8 

1250 4.33 3.462 1.3967 4138.7 3333.7 

0.356 0.1829 425.3 157.9 

1300 4.19 5.798 1.6718 4819.9 3568.0 

0.535 0.1980 437.4 142.9 

1400 5.75 5.001 1.7004 5104.5 3657.5 

0.435 0.1935 420.8 131.1 

Total 80.18 2J57 1.0108 2414.4 2679J» 

0.088 a0302 69.6 32.1 



TABLE 3.3C; Argon in Otvinio Clast sample 0CA3 (0.00412 
g). Apparent ages are shown with total enor (includes enor 
due to uncertain^ in J factor). 

39-Ar 

Temp. ccSTP 36-Ar 3g-Ar 40-Ar Appar 
(Q E-10 39-Ar 39.Ar 39-Ar Afe 

500 6.34 6.807 1.734 2781 2750.6 

0.813 0.215 338 173.1 

520 1.35 1.916 0.757 1237 1722.7 

0.088 0.047 49 47.1 

540 2.32 0.621 0.364 455 834.9 

0.049 0.028 15 24.4 

560 5.21 0.437 0.407 373 710.9 

0.015 0.016 7 13.8 

580 2.68 0.566 0.436 385 729.4 

0.034 0.017 9 16.5 

590 3.98 0.507 0.456 368 702.8 

0.026 0.023 7 13.5 

600 1.78 0.644 0.488 480 870.8 

0.054 0.024 13 21.6 

625 1.66 0.797 0.585 555 976.4 

0.058 0.034 18 27.0 

650 1.82 0.651 0.570 601 1037.7 

0.056 0.040 27 37.0 

675 1.70 0.869 0.610 675 1131.7 

0.061 0.051 33 42.6 

700 1.47 1.114 0.777 1032 1529.3 

0.069 0.082 45 47.7 

725 1.68 1.137 0.688 1042 1539.2 

0.102 0.048 64 65.1 

750 1J8 1.253 0.819 1093 1588.3 

0.070 0.051 39 41.1 

800 1.92 2.017 1.304 1337 1809.9 

0.090 0.061 44 41.4 

850 1.73 1.865 1.066 1684 2085.0 

0.102 0.065 77 59.2 

900 1.59 2.418 1.060 2048 2333.8 

0.094 0.071 63 44.2 

950 2.61 3.249 1J35 2256 2462.4 

0.138 0.056 80 51.0 

1000 3.31 3.010 1.250 2997 2856.8 

0.065 0.032 57 33.8 

1050 5.24 3.663 1J57 3688 3160.5 

0.059 0.028 59 31.3 

1075 2.65 3.120 1.217 3832 3217.4 

0.109 0.055 120 5U 
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1100 2.73 3.190 1.221 3584 2075.9 

0.102 0.041 111 28.7 

1125 3.91 3.509 1.250 4124 3117.4 

0.112 0.066 129 50.2 

1150 4.98 4.067 1.769 4844 3328.4 
0.533 0.244 642 51.7 

1200 6.11 5.002 1.617 4019 3575.8 

0.539 0.192 446 208.2 

1250 2.82 8.644 2.414 4926 3289.2 

0.288 0.119 165 169.6 

1300 2.21 11.680 2.824 5307 3601.9 

0.513 0.131 230 56.3 

1400 6.43 16.736 4.130 5178 3718.6 

2.316 0.569 709 71.4 

Total 81.59 4J0S 1.419 2710 2713J) 
OJIO O.OS5 87 38.9 
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TABLE 3.3D: Argon in Oivinio Melt sample 0MA5 (0.00412 
g). Apparent ages aie shown with total enor (includes enor 
due to uncertainty in J factor). 

39-Ar 

Temp. ccSTP 36-Ar 37-Ar 38-Ar 40-Ar Appar. 

(C) E-10 39-Ar 39-Ar 39-Ar 39-Ar Aie 

400 1.00 139.80 6.25 27.069 57679 7801.3 

38.020 5.86 7.380 15699 497.3 

500 2.47 4.644 2.63 1.352 3619 3132.0 

0.508 2.29 0.163 403 167.2 

550 2.25 1.482 -0.96 0.788 1129 1623.0 

0.176 2.66 0.112 119 114.2 

600 1.90 0.590 4.71 0.747 888 1378.6 

0.150 3.24 0.092 82 90.5 

700 2.99 0.561 3.51 0.803 985 1480.5 

0.085 2.07 0.087 66 69.4 

775 5.66 0.374 1.09 0.506 504 903.9 

0.054 0.92 0.037 20 30.0 

850 4.28 0.561 1.91 0.766 1107 1601.7 

0.085 1.38 0.062 64 63.3 

900 157 0.298 -0.34 0.697 992 1488.1 

0.162 174 0.053 63 66.3 

950 1.87 0.323 109 0.820 1593 2016.7 

0.219 3.19 0.110 148 114.0 

tooo 2.96 0.546 6.49 0.670 1969 2282.5 

0.161 149 0.074 192 127.7 

1050 1.72 1.263 19.38 1.307 3712 3170.0 

0.289 4.70 0.199 555 225.2 

1100 103 1.568 15.81 1.175 6519 4046.5 

0.282 4.10 0.124 646 161.7 

1150 1.94 1.896 9.64 1.270 7405 4253.2 

0.311 3.47 0.151 844 188.1 

1200 3.22 1.936 1161 1.250 7020 4166.3 

0.237 190 0.112 563 132.3 

1250 2.90 3.122 10.46 1.572 7089 4182.1 

0.341 171 0.154 691 160.4 

1300 6.99 3.124 1145 1J54 7863 4351.6 

0.164 1.68 0.049 233 53.5 

1325 10.31 3.134 9.40 1.259 7738 4325.3 

0.111 0.94 0.036 160 40.5 

1350 10.71 3.422 7.96 U20 8106 4401.8 

0.147 0.87 0.051 283 61.6 

1375 1.74 13.624 8.52 3.590 12082 5069.2 

1534 4.33 0.526 1732 245.7 

1400 0.08 123.78 34.88 27.107 40677 7181.2 

356.36 139.37 78 J13 117349 4802.2 

Totri 69.0 4.S29 7J1 1JS§ 5981 3908-5 

tt.714 asi 0;147 289 362 
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TABLE 3.3E: Argon in Orvinio Melt sample 0MA6 (0.00412 
g). Apparent ages aie shown with total enor (includes enor 
due to uncertain^ in J factor). 

39-Ar 

Temp. 
(Q 

ccSTP 

E-IO 

36-Ar 

39-Ar 

38-Ar 

39-Ar 

40-Ar 

39-Ar 

Appar. 

Afe 

425 0.273 6.584 1.845 4136 33317 

1.323 0.376 847 314.9 

500 1.116 2.891 1.049 2829 2774.4 

0.186 0.073 184 94.3 

550 1.638 1.240 0.695 1454 1907.6 

0.047 0.030 46 40.4 

600 1.801 0.750 0.675 876 1365.7 

0.039 0.053 29 34.2 

650 2.130 0.435 0.592 523 931.9 

0.028 0.023 13 20.5 

700 2.572 0.333 0.591 519 925.5 

0.023 0.016 11 18.2 

750 2.400 0.261 0.541 516 921.6 

0.027 0.021 12 20.0 

800 2.117 0.398 0.540 768 1242.8 

0.034 0.019 19 25.7 

850 2.342 0.303 0.551 719 1184.7 

0.034 0.020 21 27.8 

900 1.519 0.708 1.362 1159 1650.6 

0.061 0.052 41 41.0 

950 1.425 0.652 1.081 1492 1938.0 

0.073 0.054 63 52.4 

1025 2.083 0.905 0.963 2326 2503.1 

0.059 0.045 74 46.9 

1100 2.125 1.283 1.120 3714 3170.6 

0.073 0.059 148 62.9 

1250 5.323 4.921 2.570 6774 4108.5 

0.202 0.149 285 71.7 

1325 15.504 4.915 2.367 7130 4191.7 

0.119 0.016 204 51.4 

1350 2.299 3.405 1.314 8061 43915 

0.145 0.050 279 61.1 

1375 0.375 13.544 3.569 12008 5058.8 

1.908 0.519 1708 243.6 

1400 0.019 120.268 26.337 39518 7130.1 

335.727 73.791 110554 4755.9 

Total 47.0(0 2.902 1J6B 429R 3391.2 

ai49 0.039 105 33.6 
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TABLE 3.3F: Argon in Otvinio Melt sample 0MA7 (0.00412 
g). Apparent ages are shown with total enor (includes error 
due to uncertainty in J factor). 

39-Ar 

Temp. 

(O 

ccSTP 

E-10 

36-Ar 

39-Ar 

3g-Ar 

39-Ar 

40-Ar 

39-Ar 
Appar. 

A«e 

380 0.0155 127.501 23.275 77762.1 8334.1 

28.329 5.153 17389.8 406.9 

435 0.1599 1.489 0.755 813.5 1295.8 

0.089 0.036 21.1 27.0 

475 0.1522 0.945 0.700 583.9 1014.0 

0.096 0.047 23.6 33.0 

500 0.1879 0.623 0.653 468.4 853.6 

0.101 0.036 16.3 25.4 

525 0.1703 0.422 0.510 389.5 735.3 

0.114 0.046 17.7 28.7 

550 0.1544 0.325 0.682 338.5 654.3 

0.122 0.051 21.7 35.9 

575 0.1492 0.416 0.655 278.6 554.6 

0.126 0.047 22.8 39.6 

600 0.2610 0.379 0.615 261.8 525.5 

0.071 0.046 13.8 24.9 
625 0.2524 0.310 0.615 391.5 738.3 

0.074 0.034 13.5 22.4 
650 0.2790 0.206 0.600 267.5 535.5 

0.070 0.030 11.8 21.4 
675 0.3107 0.211 0.531 276.1 550.4 

0.064 0.031 9.7 17.9 
700 0.2925 0.233 0.573 297.0 585.9 

0.065 0.039 13.1 23.1 
725 0.2623 0.290 0.641 403.1 756.3 

0.059 0.033 15.2 24.7 

750 0.2504 0.298 0.692 4423 815.4 

0.068 0.040 15.0 24.0 
775 0.2364 0.329 0.708 572.7 999.1 

0.074 0.031 16.5 24.5 
800 0.1704 0.536 0.873 764.4 1239.2 

0.100 0.065 35.5 43.4 
850 0.1809 1.269 1.698 1128.2 162^1 

0.096 0.079 37.2 38.1 

900 0.1962 1.318 1.222 1683.4 2084.1 

0.064 0.045 26.6 25.7 
950 0.0964 1.648 1.144 2765.9 2742.5 

0.131 0.079 75.8 43.1 

1050 0.1745 2.179 1.651 4051.4 3301.4 

0.159 0.069 128J 5il 
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1200 0.1422 5.719 2.503 6483.5 4037.7 

0.244 0.094 179.7 49.7 

1400 0.0451 0.085 0.624 6388.0 4013.8 

1.270 0.376 567.4 144.9 

1515 0.0014 343.113 63.702 87529.0 8545.6 

306.603 53.917 72293.4 2080.0 

Total 4.1412 1.366 0.939 130M 1782.6 

aisi 0.029 73.1 2&8 
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FIG 3.1 A-C; Histograms of point count analyses of Orvinio phases. The histograms 
show the redistribution of opaques. The melt phase has a substantially larger number of 
opaque particles in the intermediate size range compared to the shock-darkened clast 
phase, which is dominated by particles in the 1 ^m range (see text). 
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FIG 3.2: Reflectance spectra of Orvinio melt and clast phases. The spectrum for the clast 
phases shows the shock daricening of the spectra and the dampening of the strength of the 
absorption features at ~0.9 and -2.0 microns. 
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FIG 3.3: Reflectance spectra of Orvinio melt and clast phases with an average H6 
[Gaffey, 1976], and the spectrum from the H3-4 meteorite Gorlovka [Britt and Pieters, 
1991]. Note the continuum of shock-darkening. Spectra normalized to equal 1 at 0.55 
microns. 
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FIG 3.4 A-F: Argon age profiles of the Orvinio clast and melt phases. The earliest 
fractions of the release in some cases shows contamination by atmospheric argon. 
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FIG 3.5 A-F; Argon release patterns as a function of temperature for the Orvinio clast and 
melt phases and Arrhenius plots for the Orvinio clast and melt phases. The points on the 
arrhenius plots which correspond to the temperatures of major gas release are indicated 
by color, where applicable. The light blue points correspond to the high temperature gas 
release, and the pink points correspond to the low temperature gas release. Lines indicate 
approximate slopes used for calculation of activation energies for different domains. 
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FIG 3.6 A-B; K/Ca rations (39Ar/37Ar) for clast sample OCAl and melt sample 0MA6; 
both indicate a two phase mineralogy. In each case, the Ca is lower in the low 
temperature steps and higher in the high temperature steps. This is consistent with 
known argon retentivities; potassium feldspar has a lower retentivity than plagioclase 
feldspar. The low temperature phases in the melt show very large error since the 37Ar 
(Ca) was near background, but this does indicate the low Ca in the lower temperature 
steps and higher Ca in the higher steps. 
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FIG 3.7; Reflectance spectra of Orvinio melt and clast phases with an average H6 
[Gaffey, 1976]. Plotted for comparison is the spectrum for the S-Asteroid 6 Hebe. Note 
that the 1 and 2 micron absorptions exist in all spectra, but the slope and band depths are 
significandy different. Spectra normalized to equal 1 at 0.55 microns. 
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FIG 3.8; Reflectance spectra of Orvinio melt and clast phases with an average H6 
[GafFey, 1976], Plotted for comparison are the S-Asteroid spectra 3 Juno and 5 Astraea. 
Spectra normalized to equal 1 at 0.S5 microns. 
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FIG 3.9; Reflectance spectra of Orvinio melt and clast phases with an average H6 
[Gaffey, 1976]. Plotted for comparison are the C-Asteroid spectra 31 Euphrosyne and 
10 Hygiea. While the slopes are more or less similar, the C-asteroid spectra have no sign 
of a 1 or 2 micron band feature. Spectra normalized to equal 1 at 0.55 microns. 
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FIG 3.10: Reflectance spectra of Orvinio melt and clast phases with an average H6 
[Gaffey, 1976]. Plotted for comparison are the spectra for K-Asteroids 221 Eos and 661 
Cloelia. Neither affords a reasonable match to the Orvinio spectra. Spectra normalized to 
equal 1 at 0.55 microns. 
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CHAPTER 4; TERRESTRIAL CRATERING-

THE GARDNOS IMPACT STRUCTURE 

Among the hills a meteorite 
Lies huge; and moss has overgrown, 
And wind and rain with touches light 
Made soft, the contours of the stone. 

Thus easily can Earth digest 
A cinder of siderealfire. 
And make the translunary guest 
Thus native to an English shire. 

(from The Meteorite. C.S. Lewis) 

4.1 Overview 

This chapter is largely based on the report "'"'Ar/^'Ar Analyses of Samples from 

the Gardnos Impact Structure, Norway" by J.A. Grier, T.D. Swindle, D A. Kring and 

H.J. Melosh which appeared in the journal Meteoritics and Planetary Science, Volume 34, 

Number 5, September, 1999 [Grier et al., 1999]. D.A. Kring was responsible for 

conducting chemical and microprobe analyses, H.J. Melosh identified and collected the 

melt sample, and T.D. Swindle assisted with argon data collection and reduction. 

40 39 
Ar/ AT age dating on a sample of impact melt from the Gardnos impact 

structure in Norway was conducted in an attempt to better constrain the formation age of 

the crater. Current estimates of the age of the Gardnos crater cover a wide range and are 

as old as 900 Ma. (pons and Naterstad, 1992; French et ai., 1997]. The age spectra we 
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obtained from three samples are consistent with a thermal event at 385 +/- 5 Ma (ley). 

Since this differs greatly from the best stratigraphic age of -600 Ma, and since the 

minerals present in the dated sample are a metamorphic assemblage, we believe we have 

not dated the formation age of the crater. Instead we have probably dated the effect of 

the early Devonian collapse of the late Caledonian (Scandian) orogeny on these materials 

[Dons and Naterstad, 1992; French et al., 1997], Although it may be possible, it will be 

difficult to determine the age of the impact by isotopic means alone because of this 

widespread metamorphism. Detailed stratigraphic analyses of the crater fill sediments 

may be the most promising method for constraining the crater age. 

4.2 Introduction and Geologic Setting 

The Gardnos structure in south-central Norway (Figure 4.1) has recently been 

identified as an impact crater [Broch, 1945; Dons and Naterstad, 1992]. The Gardnos 

region is located in an area affected by several orogenic events, terminated by the 

Caledonian orogeny [Dons and Naterstad, 1992; Oftedahl, 1980; Broch, 1945]. Current 

constraints on the age of the Gardnos crater cover a wide range, from the end of the 

Caledonian orogeny (approx. 380 Ma, this study) to the age of basement metamorphism 

[900 Ma, French et al., 1997]. An age between 500 - 650 Ma has been preferred for the 

crater based on stratigraphic relationships [Dons and Naterstad, 1992; French et al., 

1997]. 
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A detailed description of the structure of the Gardnos crater can be found in 

French et al. [1997] with initial findings presented in Dons and Naterstad [1992], The 

initial size of the Gardnos crater has been estimated to have been 5 km in diameter and 

700 m deep. Relic rocks related to the Gardnos impact event can now be found in this 

roughly 5 km sized, fairly circular area (Figure 4.2). The Gardnos Breccia, which consists 

of granitic fragments in a black carbonaceous matrix, occurs in a zone >/~ 200 m thick 

[Broch, 1945]. On top of this breccia of the crater basement, we find a 50 m thick layer of 

suevites (melt-fragment-bearing breccias). A layer of crater-fill sediments (150 m thick) 

of post-impact clastic debris (chiefly arkosic sandstones and black shales) was deposited 

above this suevite. 

Impact craters this large usually have complex morphologies with a central peak. 

Like the rim of the crater, the central peak of the Gardnos crater is eroded, although 

remnants of it exist over an -1/2 km diameter area in the center of the structure [French et 

al., 1997]. This means that the breccias that are preserved within the Gardnos structure 

are likely to be the remnants of breccias that were deposited in the trough between the 

central peak and final rim of the crater. 

Given the recent corroboration of this structure as an impact crater, the wide range 

of possible ages, and the availability of samples, we endeavored to more precisely date 

40 39 
the time of the formation of the crater by conducting Ar/ Ar analyses. Previous studies 
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indicated that this method could be reasonably successful in dating terrestrial impact 

materials [e.g. Bottomley et al. 1990, Deutsch and Scharer, 1994], 

4.3 Experimental Procedures and Results 

We analyzed splits selected from a fist-sized specimen of one of the impact-melt-

rich lenses in the suevite layer from an outcrop in the bed of the Donkkelvi River. The 

sample was chipped from a massive, densely welded, dark mass of impact melt that was 

apparently in place, and came from a depth of a few centimeters beyond the stream-

abraded surface of the outcrop. Several samples were selected from this rock for 

petrography, bulk chemistry and argon age studies. 

4.3.1 Petrogrcphy and Bulk Chemistry 

Our rock specimen is a dark gray to dark greenish gray rock with light-colored 

feldspathic clasts up to 1 cm in diameter; larger clasts are lithic fragments. In thin section, 

there are larger clastic regions (>2 cm) of stilpnomelane-rich and stilpnomelane-poor 

matrix material (a metamorphic assemblage). Both areas of the rock contain angular to 

subangular fiagments of alkali feldspar, plagiociase, and quartz. Aibite and Carlsbad 

twinning is still evident in plagiociase feldspar, as is polysynthetic twinning in microcline. 

Many of the feldspar and quartz grains appear litde affected by shock. However, other 

grains have highly undulose extinction and are peppered with inclusions which produce a 
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faint brown color in plane transmitted light. These grains contain single to multiple sets 

of planar deformation features. Minor to trace amounts of apatite, zircon, sphene, augite 

and what appears to be highly altered biotite also occur in the breccia. 

In both the stilpnomelane-rich and stilpnomelane-poor regions of the thin-section, 

there are ameoboid, scalloped, and/or contorted clasts of what appears to be devitrifed 

glass. It is dominated by gray-birefnngent material with plumose, feathery, or spherulitic 

textures (Figs. 4.3 and 4.4). Rare portions of this material also have textures similar to 

that of adularia (a product of low-grade metamorphism). Embedded within the divitrified 

glassy material are clasts of monocrystalline and polycrystalline grains of quartz. 

Extremely tiny needles of what may be pyroxene or amphibole [see French et al., 1997] 

have sometimes nucleated on the surfaces of these quartz inclusions. It is not clear 

whether these needles nucleated during the impact event when superheated melt enclosed 

cold clastic material, or whether it is a devitrification product. The devitrifed glass also 

contains spherical to elliptical pods which may have once been vesicles. These "vesicles" 

are now filled or rimmed with radial growths of stilpnomelane. Where the stilpnomelane 

does not fill the vesicles completely, there are cores of clinozoisite. Reaction rims of 

stilpnomelane also surround clasts of quartz embedded in the devitrifed glass, and trace 

amounts of carbonate appear to be replacing clasts of plagioclase feldspar elsewhere in the 

breccia. French et al. [1997] has described chlorite in similar samples and suggested the 

stilpnomelane replaced pyroxene. 
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The sdlpnomelane and clinozoisite indicate the greenschist-facies metamorphism 

occurred after the impact event. It was not severe enough, however, to completely 

destroy impact features and pre-impact textures. For example, the original feldspar 

twinning that occurred in the target gneiss is still preserved in the angular feldspar clasts 

in the breccia and most of the shock-metamorphic features in the breccia (mosaicism, 

planar deformation features) are still visible.. 

The devitrified glass has a feidspathic composition that is dominated by alkali 

feldspar components. The composition of this glass overlaps the range of compositions 

seen among clastic feldspars that survived the impact event [see French et al., 1997]. The 

breccia also contains lenses and streamers of a material that is black and opaque in thin-

section. It occurs throughout the breccia, although it is concentrated in the stilpnomelane-

rich portions of the rock. We were unable to identify this material, although it is possibly 

altered fragments of shale which occur in the target assemblage [French et al. 1997]. As 

the composition of the clasts in the breccia suggest, the rock has a granitic bulk 

composition (Table 4.1). This composition corresponds to the composition of the 

impact melt breccia defined by French et al. [1997] rather than to the suevitic unit at 

Gardnos. 
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40 39 
4.3.2 Ar- Ar Analyses 

Samples of plagioclase feldspar (Gardnos-P), alkali feldspar (Gardnos-K), and 

shards of gray, semi-transparent devitrified "glassy" material (Gardnos-G) were hand 

picked from a crushed portion of the impact melt breccia rock specimen for aigon 

analysis. These samples were irradiated at the University of Michigan along with other 

terrestrial samples for 15 hr in position L-67 of the Ford Reactor. A J-factor of (3.22 +/-

0.05) X 10-3 was determined from samples of the MMhb-1 hornblende monitor, GA 1550 

[97.9 Ma, McDougall and Roksandic, 1974]. Neutron flux variation was characterized by 

sandwiching samples between these monitors. The samples were analyzed in a VG5400 

noble gas mass spectrometer at the Lunar and Planetary Laboratory, University of 

Arizona. The gases were extracted with a resistance-heated double-vacuum Ta fiimace 

and purified by exposure to SAES getters in an all-metal extraction line. Mass 

discrimination and sensitivity (7.36E-14 cm^STP/cps) were determined by measurement 

of aliquots of air (measured ''°Ar/^^Ar = 293+/- 3). 

"""Ar blanks were temperature dependent, < 3.6E-8 cm^STP below lOOO^C and < 

8E-8 cm^STP up to 1550''C. The samples were analyzed too long after irradiation for 

37 
sufficient Ar to remain to deduce calcium abundances (however, the upper limits to the 

37 
amounts of Ar typically correspond to possible corrections of </= IMa). For the 

generation of argon profiles, the data have been corrected for blanks, interfering reactions, 

39 
decay of Ar and air The absolute uncertainty in the age of the monitor was not 
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included. Rather than doing a mass discrimination correction on each step, we used our 

measured air ratio for the atmospheric correction. Since the monitor and samples are of 

comparable ages, this leads to a negligible source of error. All errors are la and correlated 

errors are taken into account. 

Tables 4.2 - 4.4 list the experimental argon data obtained from each of the three 

40 39 
samples, and spectra of apparent Ar/ Ar ages are shown in Figure 4.5a-c. The sample 

Gardnos-P has an argon age spectrum with the strong suggestion of plateaus at two 

separate apparent ages (see Fig. 4.5a). In the higher temperature steps, there is a well-

defined plateau at an apparent age of 385 +/- 5 Ma, and in the low temperature steps 

there is a more poorly-defined plateau at 312 +/- 5 Ma. Gardnos-K (Fig. 4.5b) appears to 

40 
exhibit an age spectrum consistent with partial diffusive loss of Ar. The intermediate to 

high temperature steps give an apparent age near 380 to 390 Ma. The low temperature 

steps vary around 310 Ma by +/- 15 Ma. Gardnos-G (Fig. 4.5c) shows a degassing 

profile, with a minimum age around 280 +/- 30 Ma. 

39 
Ar degassing patterns and Arrhenius plots were generated for the three samples 

(but are not shown). The degassing patterns [after TrielofF, et al., 1994] indicate that the 

main ^^Ar release for all three samples occurred from 1000°C to 1400°C. Arrhenius plots 

generated for the three samples show good linearity in this range. The activation energy 

determined from the Arrhenius plots for Gardnos-P in this range is 43.3 kcal/mol [after 

MacDougali and Harrison, 1988], Over a large range of possible cooling rates, this gives 
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0 0 

closure temperatures of 200 C to 300 C. Gardnos-K and Gardnos-G had somewhat 

lower activation energies and correspondingly lower closure temperatures of 110-210°C 

and 130-230°C, respectively. Closure temperatures for potassium feldspar in particular 

have been identified at 150-250°C in a similar range of cooling rates (Poland, 1974; 

MacDougall and Harrison, 1988], consistent with our results. 

Strictly, the 385 Ma age found in Gardnos-P gives a lower limit to the time of 

complete thermal degassing of the sample and the 312 Ma age gives an upper limit 

[Je^berger et al., 1976] to the time of the last partial degassing event. The interpretation 

of Gardnos-K and Gardnos-G is consistent with this, showing similar timing but more 

severe argon loss as expected from the lower retentivities. 

4.4 Discussion 

Since the older age of 385 Ma is nowhere near the 500 to 650 Ma age of the event 

estimated from stratigraphic relationships, the argon profiles clearly show diffusive loss, 

and the minerals present in the dated sample are clearly a metamorphic assemblage, we 

believe we have not dated the formation age of the crater. On the other hand, the 385 Ma 

age corresponds to the \ery end of the effects of the Caledonian Orogeny (Scandian), 

which significantly altered this section of Norway [Oftedahl, 1980; Dallmeyer, 1988] and 

buried the crater. The greenschist fades mineral assemblage indicates that the rock was 

metamorphosed at temperatures of about 400-500°C during the orogeny itself 
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[Dallmeyer, 1988]. These temperatures alone exceed the closure temperatures of the 

dated samples. Rocks in nearby areas of Norway experienced temperatures of up to 

700°C, and pressures ranging from ~7 kbar to more than 15 kbar [Boundy et ai., 1996]. 

After peak metamorphism, the Caledonian orogen collapsed in the early Devonian 

[Hames and Andresen, 1996], which is reasonably contemporaneous with the uplift of 

the Western Gneiss region (estimated at 390 - 410 Ma [refs. listed in Boundy et al., 

1996]) and may be connected to postorogenic extension [Boundy et al., 1996; Andersen 

et al, 1991], The end of the Caledonian orogeny, the late Caledonian/Scandian uplift and 

extension, was probably rapid, and led to geologically rapid cooling rates [Dallmeyer, 

1988; Hames and Andresen, 1996]. The most retentive sample we dated, Gardnos-P, has 

the highest closure temperature of about 300°C. Since this is much less than the peak 

temperature of metamorphism, the argcm system in the dated rocks must have remained 

open through the Caledonian orogeny and only begun to close in the Scandian as the crater 

was uplifted and exhumed. The 385 Ma apparent age can be interpreted as cooling after 

the thermal metamorphic overprint during a phase of exhumation/uplift when 

temperatures dropped below 200-300°C. The polyphase nature of this event [Dallmeyer, 

1988, Boundy et al., 1996] might be indicated by the presence of the two apparent ^ 

signatures in the plagioclase sample. Closure temperatures calculated for the first several 

steps of Gardnos-P (corresponding to the 312 Ma age) are very low. The 312 Ma age 
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might either indicate a separate, later low temperature event or it might be that a single 

event of some duration allowed a fraction of the system to remain open to argon. 

There are two other relatively nearby craters which have similar apparent ages to 

Gardnos. We therefore briefly examine wether the reported ages for these structures 

might also be the product of tectonic overprinting, similar to our assessment for the 

Gardnos structure. The Siljan Ring complex in Sweden and the Saaksjarvi impact feature 

in Finland have best ^^Ar/^^Ar ages interpreted at 368 Ma and <330 Ma respectively 

[Bottomley et al., 1990], This is interesting given our apparent age of 385 Ma for 

Gardnos. Saaksjarvi was not formed in a geologic unit affected by orogenic events of 

Devonian age, so it is unlikely that the age of a tectonic event is reflected in the argon 

profile. The shapes of the argon profiles for the Saaksjarvi impact are stepwise rising in a 

typical pattern of partial argon diffusion as a result of partial thermal overprinting of less 

retentive sites in the rock [Bottomley et al., 1990]. In such cases the ages generated by 

the low temperature fractions are probably the best estimate of the age of the thermal 

event that caused the profile [MacDougal and Harrison, 1988] (in this case, they believe 

this to be the impact), and thus 330 Ma is the greatest possible age for the formation of 

this impact [Bottomley et al., 1990]. The Siljan Ring in Sweden was also formed away 

firom terrains affected by tectonic events a^er about 1.5 billion years ago, so the argon 

profile probably reflects the d^assing caused by the impact event. Some samples from 

Siljan yielded complex spectra, but most generated reasonable plateaus at a single age 
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[Bottomley et al., 1990], Therefore, despite the apparent similarity in the ages of 

Gardnos, Siljan, and Saaksjarvi and their proximity to one another, they do not appear to 

have been formed contemporaneously. These three examples clearly indicate the 

difficulty in determining the ages of terrestrial craters - tectonic processes, 

metamorphism, weather etc., all work in various ways to alter the argon degassing profiles 

of the rocks. Even those rocks theoretically best suited for age dating can be altered such 

that the signature of the impact age is weakened or eliminated. 

How can the age of the Gardnos impact structure best be determined? As 

previously mentioned, there was reason to believe the samples we analyzed were good 

candidates for "'"Ar/^'Ar dating of Gardnos [Bottomley et al., 1990, Deutsch and Scharer, 

1994]. The thermal overprint of the orogeny seen in feldspars, homblendes and even 

zircons (for U-Pb) in this region may indicate that isotopic techniques will be 

unsuccessful in dating the timing of the impact [Dallmeyer, 1988; Boundy et al., 1996], 

The most promising method may be continued, detailed stratigraphic analyses. 

Stratigraphic studies need to be conducted specifically on die Gardnos crater-fill 

sediments. Excellent exposures in the structure and good material in the Branden core 

exists for such a study [French et al., 1997]. 
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TABLE 4.1. Major-element composition of the sample in this study (determined by XRF 
analysis) and the average compositions of Gardnos impactites. Two splits of our sample 
(Gardnos, 1 and ,2) were run to check consistency. 

Saevtte 

Brccda* 

Impact 

Melt 

Brecda* 

Gardnoa 

.1" 

Gantno 

J" 

SiOj 62.61 66.10 67.79 67.78 

Ti02 0.92 0.84 0.74 0.73 

AI2O3 13.36 13.06 12.41 12.42 

Fe203 6.50 5.06 4.74 4.67 

MnO 0.149 0.075 0.07 0.06 

.MfC 2.95 1.34 1.45 1.49 

CaO 1.69 1.35 1.07 1.08 

Na20 1.61 1.87 1.96 1.97 

K2O 6.33 7.62 6.44 6.39 

••203 0.21 0.24 0.18 0.17 

Lai. 3.02 1.57 1.77 1.79 

Total 99J7 99.12 98.62 98.55 

* Frcnch ct aL, 1997, ** Thb itndy 
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TABLE 4.2 Argon in Gardnos-P (plagioclase, 0.00412 g). Data are corrected for blanks 
only (not mass discrimination). Apparent ages are shown with total error (includes error 
due to uncertainty in J factor). 39Ar in 10 -10 cm3/g. 

Temp 

"c "Ar "AT "AT 

•'"Ac 

"Ar 

Appar. 
Age 

400 480 1.6067 0.3798 1004.85 1801.3 

0 0474 0.0116 21.10 37.8 

500 2306 0.0252 0.0270 107 53 502.7 

0.0012 0.0006 0.25 7 0 

550 1105 0.0038 0.0133 64 52 334.1 

0 0024 0.0012 0.20 5 6 

600 1137 0 0023 0 0122 59 19 310 4 

0 0023 0 0012 0 20 5 3 

650 1234 0.0008 0.0119 59 55 314 3 

0 0022 0 0011 0 15 5 2 

700 869 0 0011 0 0145 58.65 309 5 

0 0031 0.0016 0.17 5.8 

750 1258 0.0011 0.0133 59 36 313.0 

0 0021 0.0011 0 14 5 1 

800 1195 0.0002 0 0122 58.96 312.3 

0.0022 0 0012 0.26 5 0 

850 1347 0.0016 0 0141 62.48 327.3 

0.0020 0.0010 0 20 5.3 

900 1533 0 0027 0 0148 67 13 348.1 

0.0017 0.0009 0.20 5 4 

950 1994 0 0031 0 0158 72.30 372.1 

0.0013 0.0007 0.17 5 5 

1000 2669 0.0032 0.0160 74.49 382.3 

0.0010 0.0006 0.15 5 5 

1040 3557 0.0030 0.0158 74.47 382.4 

0 0013 0.0004 0.22 5.4 

1080 4022 0.0034 0.0162 74.99 384.3 

0,0012 0.0004 0.21 5.4 

1120 4774 0.0042 0.0166 74 67 381.6 

0.0010 0.0003 0.17 5.4 

1140 4707 0.0044 0.0173 75 11 383.5 

0.0010 0.0003 0.18 5.4 

1150 3373 0.0043 0.0171 75 82 387.0 

0.0014 0.0005 0.27 5.5 

1180 2771 0.0038 0.0167 76.33 390.1 

0.0017 0.0005 0.28 5.5 

1200 929 0.0009 0.0141 77.84 401.0 

0.0050 0.0013 0.85 6.6 

1300 305 -.0051 0.0187 75.69 399.1 

0.0152 0.0038 2.53 11.2 

1400 278 -0054 0.0137 73.28 388.4 

0.0167 0.0041 2.76 12.1 

1550 171 -.0161 0.0132 67.21 374.5 

0.0271 0.0066 4.42 18.1 

Total 42013 0.0225 0.0204 84.24 401.3 
5.8 

0.0012 0.0003 0.60 5.8 



129 

TABLE 4.3 Argon in Gardnos-K (k-spar, 0.00302 g). Data are corrected for blanks only 
(not mass discrimination). Apparent ages are shown with total error (includes error due 
to uncertainty in J factor). 

Temp fO-io •«Al .'Vppar. 

OQ cm /̂g Ar "Ar 

400 620 2.0246 0.4134 716.95 603.3 

0.0598 0.0125 14.97 58.9 

510 1907 0.0281 0.0224 67.33 313.2 

0.0014 0.0009 0.14 4.8 

580 1382 0.0048 0.0134 60.88 315.1 

0.0017 0.0011 0.24 5.0 

700 1626 0.0113 0.0158 64.62 324.0 

0.0015 0.0010 0.13 4.9 

740 1144 0.0121 0.0164 61.43 307.3 

0.0021 0.0013 0.22 5.1 

780 1270 0.0084 0.0163 58.64 299.0 

0.0018 0.0011 0.19 4S 

840 1033 0.0064 0.0181 57.22 294.9 

0.0022 0.0014 0.25 5.2 

890 1551 0.0104 0.0193 59.51 300.3 

0.0015 0.0010 0.15 4.7 

950 2526 0.0133 0.0207 61.64 306.7 

0.0009 0.0007 0.19 4.6 

1000 3078 0.0181 0.0Z36 65.16 316.9 

0.0008 0.0006 0.13 4.6 

1050 5196 0.0191 0.0281 66.88 323.9 

0.0004 0.0003 0.14 4.6 

1080 3716 0.0106 0.0237 67.65 339.5 

0.0005 0.0003 0.13 4.8 

1110 2420 0.0077 0.0232 71.66 362.7 

0.0008 0.0006 0.10 5.1 

1150 2088 0.0063 0.0217 72.32 367.7 

0.0009 0.0006 0.23 5.3 

1180 343 0.0049 0.0206 70.84 362.7 

0.0055 0.0022 0.79 7.7 

1225 138 0.0120 0.0246 72.48 360.6 

0.0135 0.0045 1.54 14.2 

1285 21 0.0761 0.0602 88.76 348.8 

0.0904 0.0277 8.72 87.5 

1400 37 0.0464 0.0601 87.11 382.1 

0.0494 0.0164 4.80 46.5 

Total 30095 0.0547 0.0301 7859 331.9 

0.0025 0.0005 0.75 4.9 



130 

TABLE 4.4 Argon in Gardnos-G (devitrified glass, 0.00268 g). Data are corrected for 
blanks only (not mass discrimination). Apparent ages are shown with total error 
(includes error due to uncertainty n J factor). 

••«Ar 

Temp 10-10 3«AI ^Ar Appar. 

°C cm /̂g "Ar  '̂Ar Age 

400 43 16.1604 3.3054 4867.71 640.2 

0.3104 0.0769 96.93 235.7 

500 204 0.1315 0.0586 105.80 352.6 

0.0126 0.0077 1.07 16.6 

550 174 0.0306 0.0145 62.63 286.5 

0.0149 0.0090 0.76 19.1 

650 198 0.0042 0.0105 58.16 302.6 

0.0131 0.0077 0.77 16.8 

800 202 -0.0031 0.0095 54.56 295.5 

0.0128 0.0076 0.75 16.5 

900 192 -0.0045 0.0105 58.15 315.0 

0.0136 0.0079 0.70 17.2 

1000 239 O.OOSO 0.0214 68.27 350.4 

0.0109 0.0064 0.64 14.2 

1100 396 0.0040 0.0264 72.11 370.0 

O.OOS3 0.0021 0.59 7.3 

1200 217 0.0736 0.0611 102.80 417.9 

0.0098 0.0034 1.06 11.2 

1400 7 0.5070 1.5573 987.44 2351.9 

0.2934 0.1117 43.99 164.4 

Total 1872 0.3998 0.1079 186.60 363.0 

0.0210 0.0048 6.18 9.4 
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FIG 4.1 Map of Scandinavia, showing the locations of the Gardnos, Siljan Ring and 
Saaksjarvi craters. The Gardnos impact feature is on the edge of terrain identified as 
Caledonian in age [Oftedahl, 1980]. 
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FIG 4.2 A detailed map of the Gardnos region [modified from J. Naterstad and J. Dons, 
1994]. Along the bottom of the map is a schematic cross section across the crater, and 
the right hand column is a schematic of the stratigraphy identified in a drill core sample. 
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FIG 4.3 Optical microscope photograph of gray-birefnngent material with plumose or 
feathery textures which are interpreted to be devitrified glass. In the upper left side of the 
figure is a quartz clast (black) surrounded by a halo of radiating stilpnomelane. The width 
of the field of view is 0.86 mm. 

FIG 4.4 Backscattered-electron image of a clast with an irregular margin and internal 
"flow" structure which is interpreted to be a devitrifed glass fragment. The entire clast is 
larger than the field of view, but portions of it can be seen stretching from the upper left 
to the lower right of the image. The clast also contains a quartz aggregate (patchy dark 
feature in right center). The scale bar in the lower left comer is 200 microns long. 
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FIG 4.5A-C. Argon release profiles of the Gardnos-P (plagioclase), Gardnos-K (potassium 
feldspar) and Gardnos-G (devitrified glass) samples. The earliest fractions of the release, 
plagioclase in particular, show some contamination by atmospheric argon or excess 
radiogenic argon. Steps used for calculation of plateau ages are shaded. 
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CHAPTERS: CONSTRAINING IMPACT FLUXES-

TESTING THE SMALL COMET HYPOTHESIS 

Although the wind 
blows terribly here, 
the moonlight also leaks 
between the roof planks 
of this ruined house. 

(Izumi Shikibu, -1000 AD) 

5.1 Introduction 

This chapter is based on the paper "The small-comet hypothesis: An upper limit 

to the current impact rate on the Moon" by J.A. Grier, and A.S. McEwen. This paper 

has appeared in the journal Geophysical Research Letters in December, 1997 [Grier et al., 

1997], A.S. McEwen assisted with interpretation of the small crater survey data and the 

lunar cratering rate. 

Frank et al. [1986b] and Frank and Sigwarth [1993] hypothesized the intense 

bombardment of the terrestrial atmosphere by small comets. Their model requires that 

the Moon is impacted by small comets (lO^-lO^ g) at a rate of almost one per minute. 

We calculate that an object of this mass, even with an exceedingly low density and 

relatively low velocity, will nevertheless produce a crater at least SO m in diameter. These 

craters will excavate immature lunar soil and produce a very bright spot with a diameter of 

at least ISO m. If low-density comets exist that might not create deep craters [CKeefe 
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and Ahrens, 1982], they will nevertheless disturb the regolith sufficiently to create 

detectable bright spots. If the small-comet hypothesis is correct then the near-global 

lunar imaging returned by Clementine in 1994 should reveal ~10^ bright spots in locations 

where craters are not present in images acquired in the 1960's and early 1970's. We find 

no new bright spots in a carefully-studied area of 5.2x10^ km^, so an upper limit to the 

current cratering rate by small comets is 33/yr, -10^ below that expected if the small-

comet hypothesis were valid. 

5.2 Background 

Frank et al. [1986a] report the presence of many transient dark spots in the UV 

glow of atomic oxygen in Earth's sunlit upper atmosphere, seen by the Dynamics 

Explorer 1 spacecraft. To explain these observations, they proposed the small-comet 

hypothesis [Frank et al., 1986b], which has profound and far-reaching implications for 

the physics, chemistry, and biology of the Solar System but was vigorously disputed by 

scientists from many disciplines [see review by Dessler, 1991, and included references]. 

Dessler [1991] concluded that the transient UV dark spots were most likely due to 

instrumental artifacts, but images from the Polar spacecraft reported to confirm the 

existence of the dark spots [Isbell and Steigerwald, 1997; Frank and Sigwarth, 1997; 

Carlowicz, 1997]. Subsequent to this, however, other studies have indicated that the 

apparent UV daric spots could be explained by cosmic rays and instrument noise [Rizk et 
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al. 1997]. Work by Kring et al. [1997] also rebutted the possible small comet argument 

based on expected elemental abuntances in the atmosphere of Earth. In spite of this, there 

remains increased interest generated by the small comet hypothesis in putting limits on 

the possible flux of small impactors into Earth/Moon space. 

5.3 Approach 

Determining the small-comet flux impacting Earth is complicated by atmospheric 

and magnetospheric processes, but lunar observations are more straightforward. The 

hypothesis of Frank and coworkers requires 4 x 10^ lunar impact events per year. If the 

lunar cratering rate has been nearly constant over the past ~3 Ga, then a crater ~100 m in 

diameter forms at an average rate of once every -630 years [Baldwin, 1987], This average 

cratering rate is -10^ lower than the small-comet prediction. (Although Baldwin did not 

show how he arrived at the 100 m diameter estimate for a small-comet impact, we confirm 

below that this is a good estimate.) It might be suggested that we are presently 

experiencing an intense small-comet shower with an impact rate that vastly exceeds the 

average over recent geologic time, or that these small comets do not produce bowl-shaped 

craters [e.g., Frank and Sigwarth, 1993]. The nondetection of impacts by the Apollo 

seismometers seems to provide definitive disproof of the small-comet hypothesis [Davis, 

1986; Nakamura et al., 1986], but Frank and Sigwarth [1993] attempted to counter with 

the qualitative argument that the impact of extremely low-density comets into the lunar 
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soil might preclude seismic detection of most of the impacts. Hence, an independent 

constraint on the current lunar impact rate would be helpful. 

For this paper we have completed two simple exercises. First, we revisited the 

experimental and theoretical cratering literature to estimate the sizes of craters expected 

from small, low-density comet impacts. Next, we carefully compared Apollo 17 images 

acquired in late 1972 to Clementine images acquired in 1994. Clementine provided global 

multispectral coverage of the Moon, with the equatorial region covered at low phase 

angles (0-30 deg.) and -100 m/pixel resolution, ideal for the mapping of brightness 

variations [McEwen and Robinson, 1997]. Over an area in mare ~52,000 km^ (0.14% of 

the lunar surface) we determined whether or not a bright spot and a crater was present in 

1972 corresponding to each bright spot seen in 1994. A 1994 bright spot that does not 

correspond to a crater or bright spot present in 1972 could be an impact event that 

occurred during the intervening years. 

A hypervelocity impact generates intense high-pressure shock waves that 

propagate into the target and projectile [Melosh, 1989; Wilhelms, 1987]. As the shock 

front moves downward and outward into the target material, it compresses and energizes 

a mass of material much greater than that of the projectile. After the projectile material 

has been excavated the cavity continues to grow behind the advancing shock wave by 

ejection of target material. The ejecta forms an upward- and outward-flaring curtain of 

debris, which moves outward and drops material into an expanding and thinning ring of 
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deposits. With increasing distance the ejecta impacts the surface at high velocities to 

produce secondary craters. At some distance, the curtain separates into filaments whose 

impact creates chains of secondary craters and rays. The secondary craters excavate 

target materials over a large zone surrounding the primary crater. These processes expose 

bright, optically immature materials, which gradually darken as a function of exposure 

time on the lunar surface, reaching optical maturity within about 1 Ga [McEwen et al., 

1997]. The bright spot surrounding very recent craters typically appears to be about 5 

times the diameter of the primary crater in lunar images. 

While the relative contribution of asteroidal and cometary impactors is still under 

debate, images returned by the Clementine mission can provide constraints on the recent 

flux of impactors [McEwen et al., 1997, and included references]. Clementine's low-

phase-angle images offer excellent possibilities for identifying and characterizing bright 

rayed craters, which are indicative of younger ages. As noted in McEwen et al. [1997], it 

appears that if there has been a significant increase in the mean flux of comets at the 

Earth/Moon system, it began late enough in the Phanerozoic that it did not significantly 

change the size-frequency distribution of Copemican craters. We limit the scope of this 

paper to the examination of limitations to cometary cratering on the Moon in the very 

recent past. The Clementine images compared to Apollo spacecraft images taken more 

than 20 years previously should allow for identification of any new bright spots due to 

very recent impacts. 
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5.4 Crater Radius and Morphology 

What signature would an intense bombardment of small comets leave on the 

surface of the Moon? The first consideration in attempting to put limitations on this 

impact signature is clearly the size and morphology of the resultant craters. While 

Baldwin [1987] indicated that even much less massive comets should produce noticeable 

impact scars on the Moon, Frank and Sigwarth [1993] suggest that only insignificant 

impact craters will be created. They suggest that a soil layer present on the lunar surface 

may cushion an impactor of low density. In order to account for possible effects caused 

by an unconsolidated lunar soil/regolith target material, we have used the scaling equations 

of Schmidt and Housen [1987] appropriate for dry sand. In all cases, the scaling 

equations appropriate for rock (wet sand) generate larger impact crater radii. Note also 

that the effects of porosity are not yet well understood, and thus not included in the 

derivation. Porosity is expected to have an effect on crater formation, but as yet this 

effect is not clearly constrained [Melosh, 1989], We choose an impactor mass of 2x10^ g 

for ease of comparison with the putative small comets proposed in Frank and Sigwarth 

[1993]. Frank et al. [1986b] originaily proposed an impactor mass of 10® g. The crater 

radius is given by equation (1). Definitions of variables, and ranges of values for each are 

found in Table I (value ranges in part from Dessler [1991]; Heiken et al. [1991]); 
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R = (1.11) (p/d)l/3 (a).83 (u).43 (g)-.17 (I)  

We find that comet projectiles with a mass of 2 xlO^ g and a very low density of 

0.01 g/cm^ (a=7.8m), will create crater radii from about 25 - 35m in typical lunar soil (soil 

density 0.9 to 1.7 g/cm^). This is for slower comets moving in the range of 12 km/s to 17 

km/s. Although Frank and Sigwarth [1993] propose that their comets travel at relatively 

low velocities, the rms encounter velocity at Earth for observed comets is 58 km/s 

[Shoemaker et al., 1990]. If the velocity of the comet projectile is increased to 50 km/s, 

the craters produced increase in size by about a factor of two. For a comet of 0.1 g/cm^ 

(a=3.6m), crater radii range from approximately 30 - 40m over the 12-17 km/s range of 

velocity. At 50 km/s, a 45 - 55m radius crater is expected. At this speed and with a 

density of 1.0 g/cm^ (a=1.7m), the comet will produce craters with radii in the 50m to 

65m range. Moving to a projectile density of 1.5 g/cm^ (a=1.5m), perhaps the upper 

range for an extremely "dirty snowball" or a low porosity asteroid, we find crater radii 

very similar to the 1.0 g/cm^ projectile. At 50 km/s this body will create a crater almost 

70m in radius. Of course, by this time the dry sand model may no longer be the most 

appropriate, as the projectile may be blasting down into layers of quite consolidated 

material. The equations suitable for rock yield crater radii between 70 and 105m. 

Therefore, in specifically addressing the (probably unrealistic) case favored by 

Frank and Sigwarth [1993] of a very low density, slow moving impactor, we expect 
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craters of at least 25 m radius (50 m in diameter). Diameters from 60 to 210 m are likely 

for more standard comets with the same mass. 

It is important to note that the morphology of these craters might differ somewhat 

from typical bowl shapes. O'Keefe and Ahrens [1982] suggested that low-density 

impactors might produce flat structures with a central peak and concentric ridges. Note 

that while Frank and Sigwarth [1993] used the work of O'Keefe and Ahrens to justify 

extremely small crater diameters generated by low density impactors, their work does not 

support that interpretation. Intermediate crater formation steps illustrated from 

simulations by O'Keefe and Ahrens do not represent the final crater diameter, which will 

be much larger than the projectile diameter even for very low-density, slow-moving 

bodies. This leads to an apparent underestimation of final crater diameters by Frank and 

Sigwarth of about a factor of five. The absence of small, fresh (unmodified) shallow crater 

structures on the Moon may be evidence against the existence of very low-density 

comets. 

We therefore conclude that the size of a crater formed by a small, low density 

impactor of the mass discussed by Frank and co-workers is at least 50 m in diameter on 

the Moon. We will also assume a very conservative bright ejecta distance of one crater 

diameter from the rim. In practice, the very youngest craters of^en have bright ejecta out 

to 5 crater diameters or more (See Figure 1). We therefore expect a small, low density, 

recent lunar impactor to form a bright spot at least 150 m across. The Clementine UWIS 
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imaging at lOOm/pixel easily shows bright spots over craters with 150 m diameter bright 

ejecta. In practice we identified many bright spots corresponding to crater diameters 

down to 50 m, and especially bright, fresh craters down to 20m (See Figure I). 

5.5 Small Impactor Flux 

Given our conclusion that a small-comet (2x10^ g) impact will form a bright spot 

easily resolved by Clementine, what constraints can we place on possible recent events of 

this type on the Moon? Frank and Sigwarth [1993] indicated an intense flux of small 

bodies of this type at the Moon of 4x10^ events/year. How recently might a population 

of impactors like this have started impinging on the lunar surface? Probably less than 

1000 years ago, because in that time these impactors would have covered a large portion 

of the surface of the Moon with small bright craters, and the overall albedo of the Moon 

does not show that. Given the high number of events expected per year on the Moon, we 

have looked at recent images to constrain the possible small impactor flux. At 4 xlO^ 

events/year, the Moon would have acquired about I xlO^ small, bright spots of at least 

150 m in diameter in the 22 year interval between the Apollo 17 mission and Clementine. 

We can compare images obtained by Clementine and Apollo to search for a signature of 

the small-body impactor population in the veiy recent past. 
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5.6 Image Analysis 

We selected a sample region along the southern portion of Mare Serenitatis (see 

Figure 2). This is a section of mare represented well in both Clementine images 

(lOOm/pixel) and Apollo 17 prints (- 2-20m) at both low phase angles for albedo 

variations and high phase angles for accentuation of topographic features. A portion of a 

Clementine mosaic (See http://wwwj)dsimage.JPL. NASA.GOV/PDS/) was compared to 

Apollo 17 prints AS-17-M-2089 to 2099. The Clementine data set is very clean 

(spurious pixels are very rare), and while the Apollo prints are less so, they offer 

exceptional resolution. Albedo contrasts such as those created by bright-rayed craters are 

easily identified in the Clementine images due to the favorable phase angle and high signal-

to-noise ratio. We chose a flat mare region to avoid bright spots that could be due to 

sunlit slopes or landslides over long steep slopes. We avoided patches of dark mantle 

material. Figure (1) shows a portion of this region in southern Mare Serenitatis in both 

Clementine and an Apollo 17 image, for comparison. 

Over an area of -52,000 km^, 3920 bright spots were identified in the Clementine 

study area. Bright spots were identified as small regions of brightness contrast at least 

one sigma above the local background value. In every case, a corresponding crater was 

identified in the Apollo prints. The bright spots correspond to craters down to 50 m in 

diameter, and for very fresh, bright craters to 20 m diameter. We found only the very 
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smallest bright spots in the Apollo prints (< 20m) lacked a resolvable bowl-shaped 

depression. No small, bright, shallow crater structures were identified. 

5.7 Conclusions 

Every bright spot seen in the Clementine study area corresponds to a crater seen 

in the Apollo photos acquired 22 years earlier. No potentially newly-formed bright spots 

were identified. We can therefore set the upper limit based solely on this study to be 33 

impacts/yr over the entire Moon. This is -10^ below the expected rate of the small-

comet hypothesis, which is 4x10^ events/yr. A more comprehensive study that includes 

a much larger surface area of the Moon would allow the impact rate to be even more 

strongly constrained. 

How does the expected cratering rate from the small-comet hypothesis compare 

with the average cratering rate over geologic time? Baldwin [1987] showed that 100m 

diameter post-mare craters (3.2 Ga) are about 10^ less abundant than predicted. If we 

assume that 50m diameter craters form from small-comet impacts, then these are almost 

10 times more abundant than 100m craters [Moore et al., 1980], so the discrepancy is 

reduced to 10^. However, all of the fresh small craters identified on the Moon are simple, 

bowl-shaped craters [Moore et al., 1980]. (Fresh craters are recognized not just by the 

depthidiameter ratio but also by criteria such as well-developed rays, abundant blocks on 

rims, and radial structure on rim deposits). If we believe that very low-density comets 
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will produce flat crater structures as modeled by O'Keefe and Ahrens [1982], then we can 

use the absence of such craters on the Moon to constrain the rate of small-comet impacts 

over geologic time by several additional orders of magnitude. The conclusion that small 

comets (with the properties hypothesized by Frank and colleagues) are more than a 

billion times less abundant than predicted, illustrates that such objects, effectively, do not 

exist. 
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Table 5.1: Value range of variables used to calculate crater radius. 

Variable Definition Value/Range Used 

R Crater Radius Seeeqn. (1) 

U Impactor Velocity 12 km/s to 50 km/s 

m Projectile Mass 2xl0^g 

a Impactor Radius a = (3m/4p7t)l/^ 

g Lunar Gravity 1.617 m/s2 

P Projectile Bulk Density 0.01 to 1.5 g/cm^ 

d Target Bulk Density 0.9 to 2.7 g/cm^ 
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Figure 5.1. A portion of southern Mare Serenitatis as seen by both Apollo 17 and 
Clementine. The top frame shows a region from Apollo 17 metric 0805. The frame on 
the bottom shows the same region extracted from the Clementine mosaic. Note the extent 
of bright ejecta material more than 5 crater diameters away from the bright source craters. 
The large, very bright crater on the upper right of each image is approximately 860m in 
diameter, while the large bright crater in the upper left is approximately 450 m. Note that 
bright rayed craters doAvn to a diameter less than 30m are easily visible as bright spots in 
the Clementine image. 
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Figyre 5.2. Clementine mosaic of part of Mare Serenitatis (latitude 18-26 N, longitude 
10-29.5 E). Study region outlined in black. Grid marks 2 degree intervals of latitude and 
longitude. The entire global mosaic is available from NASA's Planetary Data System 
(PDS; see http://www_pdsimage.JPL.NASA.GOV/PDS/). 
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CHAPTER6; RELATIVE AGE DATING OF LARGE LUNAR CRATERS 

Last night the moon came dropping its clothes in the street. 
I took it as a sign to start singing, 
falling up into the bawl of the sky. 

(from The New Rule. Rumi) 

6.1 Overview 

This chapter is based on the paper "The Optical Maturity of Ejecta from Large 

Rayed Lunar Craters: Implications for Long-Term Variations in the Impact Cratering 

Rate on Earth" by Jennifer A. Grier, Alfred S. McEwen, Paul G. Lucey, Moses Milazzo 

and Robert G. Strom; which is in preparation in the Journal of Geophysical Research -

Planets. Alfred McEwen guided interpretation of both the lunar and terrestrial cratering 

records, Paul Lucey provided important clarification of the optical maturity technique and 

its applicability, Moses Milazzo assisted with data acquisition and Robert Strom assisted 

in interpreting size-frequency distributions. 

Shoemaker [1998] argued that several lines of evidence suggest a significant 

increase in the production of large craters on the Earth late in geologic time (~ 200-300 

Ma). We have tested this hypothesis via a study of large recent craters on the Moon, and 

have concluded that the lunar record does not support this Idea. 

The relatively recent (< I Ga) flux of asteroids and comets forming craters on the 

Earth and Moon is most accurately recorded by lunar craters whose ejecta are optically 
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immature, and therefore distinguishable from the overall mature background soils. Lucey 

et al. [1995a,b, 1998a,b,c] developed a methodology for extracting an optical maturity 

(OMAT) parameter from muMspectral images. We have extracted average radial profiles 

of OMAT values around large craters (> 20 km diameter) that have been suggested or 

suspected of belonging to the Copemican time-stratigraphic system. Our survey covers 

the Moon from ±60° latitude. From these profiles, normalized by crater radii, we can 

classify the craters into three groups; (1) older than Copernicus (-810 Ma), (2) 

intermediate, and (3) as young or younger than Tycho (-109 Ma). We suspect that there 

is an age-size bias to our classification, such that the OMAT profiles of smaller craters 

look like that of larger but older craters [Trask, 1971]. Nevertheless, two large nearside 

craters previously mapped as Copemican, Eudoxus (67 km) and Aristiilus (SS km), which 

are close in size to our calibration craters (Copernicus (92 km) and Tycho (86 km)), are 

now known to have optically mature ejecta. Thus it is likely that the density of large 

craters younger than Copernicus must be reduced from the estimates in McEwen et al. 

[1997], and the case for a modest increase in the cratering rate (in the past 800 Ma versus 

the previous 2.4 Ga) indicated from that work has been weakened or eliminated. 

Furthermore, we see no evidence for a change in the cratering rate since Tycho (-109 Ma) 

compared with the cratering rate since Copernicus (-810 Ma). 

There are two additional new results relevant to lunar stratigraphy. First, we find 

optically mature ejecta around both Autolycus and Aristiilus, which have probable ages 
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of 2.1 and 1.3 Ga, respectively. This result negates the suggestion by Ryder et al. [1991] 

that the cratering rate during the Copemican was ~2X lower than that during the 

Eratosthenian. Second, we find optically mature ejecta around Lichtenberg (20 km 

diameter). Mare lavas are superposed over the bright qecta and rays of Lichtenberg, and 

this has been cited as evidence for mare volcanism contemporaneous with Copernicus 

[Shultzand Spudis, 1983], Our data indicates that this superposition does not require an 

unusually young age for the mare lavas. 

6.2 Introduction 

Comets and asteroids have had a significant effect on Earth's surface and 

biosphere during the Phanerozoic (545 Ma) [Alvarez et al., 1980; Toon et al., 1997; 

Grieve, 1998]. Previous studies of terrestrial and lunar crater densities and observations 

of Earth-crossing asteroids and comets have shown that the flux of crater-forming bodies 

in the Phanerozoic has been similar (within a factor of 2-3) to that of the Precambrian 

[Grieve and Shoemaker, 1994]. Several workers have emphasized evidence for a recent 

increase in the cratering rate, in the past -300 Ma [Baldwin, 1985; Shoemaker and 

Shoemaker, 1996; McEwen et al., 1997; Shoemaker, 1998]. But, the terrestrial impact 

record has been mostly erased by tectonic and weathering processes at the Earth's 

surface, so we must therefore look to the Moon, where a nearly complete record of 

cratering events over the last 3 Ga still exists [e.g., Horz, 1985], if we are to gain insight 



159 

into recent cratering. Of special interest to those examining terrestrial impact hazards is 

the recent (~ 1 Ga or less) record of craters larger than 10 km diameter [Morrison et al., 

1994], 

Traditionally, the means of identifying recent (i.e. Copemican-age) craters is to 

note the presence of bright and more-or-less radial rays, which are usually superimposed 

over all other terrains [Shoemaker and Hackman, 1962; Pieters et al., 1985], Rays are 

formed by the excavation and deposition of material from both the main crater and 

secondary craters [Shoemaker, 1966; Oberbeck, 1975; Schuitz and Gault, 1985], These 

processes expose bright, optically immature materials, which gradually darken as a 

function of exposure time on the lunar surface [Adams and McCord, 1971, Lucey et al., 

1998b]. It has been generally believed that lunar soil maturation and impact gardening 

cause rays to fade and become indistinguishable for craters older than the Copemican-

Eratosthenian boundary (~1 Ga) [Wilhelms, 1987]. However, the inferred ages of these 

large craters can be ambiguous. Bright rays can persist long after they become optically 

mature due to crustal compositional variations, e.g. if bright highlands material is 

excavated and deposited onto dark mare. There are many large (> 10 km diameter) rayed 

craters on the Moon younger than about 1 Ga, but some rayed craters are probably much 

older than 1 Ga [Neukum and Konig, 1976; McEwen et al., 1993]. Therefore the 

assigimient of rayed craters to the Copemican system based primarily on albedo has been 

misleading. 
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Most of the farside crust has a more homogeneous composition than the nearside 

and only immature ejecta and rays may be bright. Based on this assumption and using 

new Clementine mosaics of the farside, McEwen et al. [1997] revisited the Copemican 

size-frequency distribution and cratering rate. The presence of immature soils (not just a 

high albedo) in the ejecta and rays around large craters provides a consistent time-

stratigraphic basis for defining the base of the Copemican System. McEwen et al., [1997] 

suggested that there was some evidence from the farside to support a modest increase in 

the flux of impactors in recent geologic time. In this paper we revisit and extend the 

results of McEwen et al., [1997] by classifying craters via an optical maturity parameter 

(OMAT) developed by Lucey et al. [1995a,b, 1998a,b,c]. Using an OMAT profile 

method, we have developed a relative age category system for large rayed craters. This in 

turn enables an improved evaluation of the evidence for a change in the cratering rate in 

recent geologic time, and has helped to clarify the stratigraphy of several lunar regions. 

6.3 Observations and Measurements 

6.3.1 The Clementine Multispectral Dataset 

The Clementine spacecraft, ajointDOD/NASA mission project, was launched on 

January 25, 1994 [Nozette et al., 1994]. Lunar insertion was achieved on February 19'*'. 

The mapping was done in two systematic mapping passes over the Moon in a 2 month 

period [McEwen and Robinson, 1997]. The orbit was polar, travelling from south to 
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north with an orbital period of about 5 hours. The Periselene point was -28 degrees 

south latitude during the first mapping pass, and -28 degrees north for the second 

mapping pass. The main instrumentation on Clementine consisted of four cameras, one 

with a laser-ranging system. The cameras include an ultraviolet-visual (UWIS) camera, a 

long-wavelength infrared (LWIR) camera, the laser-ranger (LIDAR), high-resolution 

(HIRES) camera, and a near-infrared (NIR) camera. The highest priority throughout the 

lunar portion of Clementine's mission was global multispectral mapping. The UWIS 

camera obtained mapping data in five spectral bands; 415nm, 750nm, 900nm, 950nm, and 

lOOOnm. The point spread function has a full width half max of 1.1 to l.S pixels. The 

radiometric calibration of the data (which converts density number values to reflectance) 

has previously been described in McEwen et al., [1998]. The photometric function (as 

described in McEwen et al., [1996, 1998] normalizes the data to R30, and matches the 

photometric geometry of lunar samples from Pieters et al., [1991]. Figure 6.1 shows the 

near and far sides of the Moon as imaged by Clementine in the 7S0nm band. The 

Clementine multispectral (UWIS) global mosaics (100 m/pixel scale) have been produced 

at the U.S. Geological Survey in Flagstaff, Arizona (Eliason et al., 1999) and are currently 

being written to CD-ROM (Isbell et al., 1999). 
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6.3.2 The Optical Maturity Parameter (OMA T) and Initial Observations 

Multispectral data sets of the lunar surface provide an opportunity to determine 

the relative level of maturity of surface soils by remote sensing means, and a recent body 

of literature has been written detailing the subject [Lucey et al., 1995a,b, 1998a-c; Fischer 

and Pieters, 1996; Blewett et al., 1997]. A description of the lunar regolith and soil 

maturation can be found in McKay et al., [1991]; Fischer and Pieters, [1994, 1996] 

amongst others. The Lucey et al., technique notes the spectral variation in soil samples 

with the same bulk chemical composition when exposed to lunar surface processes such 

as solar wind bombardment and micro-meteorite impact. The approach used here is based 

on the FeO (750nm vs. 950/750 nm) diagrams (specifically for the Clementine data) of 

Blewett et al., [1997] and Lucey et al., [1998a]. While the technique is under refinement, 

the results of the study presented here are consistent with other work [Shkuratov et al., 

1999; Lucey et al., 1999] 

As mentioned, we used the 750nm and 950nm bands from the Clementine 

multispectral data set to generate optical maturity images (OMAT) of the lunar surface 

(Figure 6.2). The OMAT values for the ejecta of a crater drop off systematically from 

the bright (immature) rim of the crater to darker (mature) values as you get further from 

the crater. Eventually, the OMAT value around the crater becomes indistinguishable 

fi-om the background OMAT value, as the ejecta becomes more distal. A typical 

immature ray or ejecta halo, near the rim of a crater may have OMAT values of 0.29-0.37 



163 

or even higher. Values for very mature soils are about 0.09 to 0.12. Our work included a 

preliminary survey of small (l-lOkm) bright rayed craters on sample mare and highlands 

terrain, and an examination of specific large bright rayed craters on the lunar nearside 

[Grier etai., 1998 a,b, 1999a,b]. We avoided regions at high latitudes to avoid biases due 

to phase angle. Additional work is now underway to continue normalizing biases due to 

phase angle, including separation of brighmess variations due to albedo (intrinsic 

brightness of surface materials) from brightness variations due to topographic shading. 

Consistent with the work of Lucey et al., [1999] we find that the craters with 

immature ejecta stand out clearly in diese OMAT images. In almost all cases, it is easier 

to discem the existence and extent of immature rays and halos of craters in the OMAT 

images than in the 750nm band images (Figure 6.3). The OMAT images assist in 

normalizing the mare/highlands boundary regions, which is important for generating a self 

consistent crater database. This correction is not perfect, however, and certain 

compositions of mare basalts are more difficult to normalize than others. Clearly the 

compositions and physical properties of these materials need to be examined more closely 

to assist with this endeavor [Lucey et ai., 1999; Shkuratov et al., 1999; Tompkins and 

Pieters, 1999], Craters with a wide range of apparent ages possess a bright, immature 

torus on the steep slopes just inside the crater rim. Even craters which are 

morphologically quite degraded can posses this feature, which seems indicative of 

downslope movement in the interior of the crater wall constantly refreshing the soil. 
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Another feature common to some craters, especially larger ones, is an apparently more 

mature halo of melt material just outside the crater rim. These halos are due to the 

presence of dark impact melt veneers near the rims of large fresh craters [Hawke et al., 

1979; Smrekar and Pieters, 1985; Belton et al., 1994], and exist within about 1.5 crater 

radii (or less) of a given crater. Hirata et al., [1999] observe these rings at 1.2-1.6 crater 

radii from the crater rims regardless of the diameter of the crater, but generally see the 

"distinctness" of the ring increase with crater size. For morphologically "fresh" craters 

with highly visible rays, the OMAT value starts very high at the crater rim, and drops off 

steeply over a large number of crater diameters before it blends into the background. For 

degraded craters, whose rays are very difficult to distinguish, the OMAT value starts 

low, and blends in the background OMAT value very close to die crater (Figure 6.4). The 

central peaks of many craters can be seen to be very bright (immature) even after the 

ejecta of the crater has matured to background completely. This indicates that sharp 

peaks and steep slopes allow for soil to be continually refreshed. 

6.3.3 Large Craters and Relative Age Determination 

While smaller craters (< 10 km) have more radially symmetric ejecta, larger craters 

have jetting and clumping of their ejecta particularly unique to each crater, and therefore 

are not at all radially symmetric [Shoemaker, 1966; Pieters et al., 1985], We therefore 

radially averaged the OMAT value of the ejecta of certain large craters from the near side 
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out to S crater diameters. In each case we masked out areas around each crater affected by 

superimposed smaller impacts, the ejecta from other craters, or anomalously dark 

background terrains. Radial OMAT profiles were then plotted with the average OMAT 

value normalized to background versus the distance in diameters from each crater [Grier et 

al., 1999a,b]. The profiles can be easily grouped into three bins based on the crater's 

relative age. Young - these craters' profiles are characterized by high OMAT values near 

the rim (~0.28-0.22) and very steep drop-offs in OMAT value over a long distance away 

from the crater. Qid - these are craters whose profiles over their ejecta are essentially flat 

sloped, and indistinguishable fi'om background; their OMAT values at the rim are very 

low (less than -0.15-0.14). Intermediate - craters in this bin are in between Young and 

Old; they have moderate OMAT values at the rim (-0.22-0.15) and their profiles, while 

somewhat flat, are distinguishable from background some distance away from the crater 

rim. Profiles for a sample of large craters show a range of possible values and slopes of 

OMAT value, clearly the trend is a continuum. 

The OMAT profiles for Tycho and Copernicus, as well as a sampling of nearside 

craters, are plotted in Figure 6.4. While these two craters are similar in size, their OMAT 

profiles are quite different. Tycho is clearly Young, with a high OMAT value at the 

crater rim and a steep dropoff in OMAT values as you follow the ejecta away firom the 

crater. The dip in OMAT value near one diameter out fi'om the center of Tycho (and near 

several other craters) is due to the torus of fine impact melt glass surrounding the crater 
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[Hawke et al., 1979]. The glassy nature of the material gives it an anomalously low 

apparent optical maturity [Smrekar and Pieters, 1985]. Copernicus appears to be on the 

mature side of Intermediate, and is chosen as the old end-member of that category. If its 

ejecta were any more mature, it would be indistinguishable from background. But the 

profile for Copernicus also shows the presence of a torus of fine impact melt veneer, 

which shows that the average radial profile for the crater has not reached the levels of the 

local background. Copernicus has been radiometrically dated at approximately 810 Ma 

(references as listed in Wilhems [1987]) (Table 6.1), so the upper limit of this technique 

to identify and relatively date laige craters must fall at about 800 Ma. Tycho is a bit 

older than 100 Ma, and is chosen as the old end-member of the Young category. 

Both Aristillus and Autolycus are rayed craters. Autolycus (Figure 6.4) and 

Aristillis have absolute ages inferred from radiometric dating at about 2.1 Ga and 1.3 Ga, 

respectively [Ryder etal., 1991]. These ages seemed to be in possible contradiction with 

the supposition that rayed craters are all relatively recent. The OMAT profiles for both 

of these craters, though, are otherwise indistinguishable from OMAT background values 

and are very flat. The profiles indicate that the maturity of the ejecta from these craters is 

much greater than the ejecta of Copernicus, which is consistent with their radiometric 

ages. It is therefore clear that the presence of rays alone does not imply that a large crater 

is near or younger than the age of Copernicus. Lichtenberg crater is also shown on Figure 

6.4. This crater is cleariy older than the mare deposit which embays its ejecta. While this 
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crater has not been radiometiically dated, crater counts from craters superposed on the 

mare deposits indicate a possible age of 600-1200 Ma for the mare [Shultz and Spudis, 

1983], This and other evidence have been proposed to indicate mare volcanism late in 

lunar history, contemporaneous with the formation of Copernicus (both rayed craters). 

However the OMAT profile for the ejecta of Lichtenberg indicates that it is Old, with a 

profile similar to Aristillus. So, while the mare deposit that embays the crater ejecta may 

be relatively young [Shultz and Spudis, 1983], the crater itself appears to be older than 

Copernicus. Our data therefore indicate that the age of the mare deposit might best be 

estimated near the older end of the range proposed from crater counts (-1200 Ma) rather 

than at the age of Copernicus or younger (600-800 Ma). 

6.3.4 A Survey of Large Rayed Craters 

We have inspected the lunar near and far sides imaged by Clementine at 750 nm 

and OMAT images mosaiced at 1 km/pixel scale [Eliason et al., 1999 LPSC]. The regions 

poleward of ±60 deg latitude were ignored to avoid the problems of low illumination and 

high phase angles. We surveyed a larger area than McEwen et al., [1997] since the use of 

the OMAT images to search for bright craters obviates the need to avoid terrains of 

differing composition. Some counting area was lost, however, due to some data dropouts 

in the 9S0 nm or 750 nm band. The total counting area for the nearside is 15.26 x 10^ 

km^., and the farside 15.72 x 10^ km^. We searched for craters -20 km diameter that 
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exhibited ejecta rays or halos with a higher OMAT value (to the limit of discrimination) 

than the surroundings by the radial averaging method discussed earlier. We also generated 

profiles for a number of craters previously classified as Copemican, even if we found no 

evidence for immature material around them. This was done for several reasons; as a 

check on the method, to confirm reassignments of some craters to the Copemican or 

Eratosthenian systems, and to check if any "borderline" craters were previously 

misclassified. The data firom this survey is listed in Tables I and 2. Diameters and the 

positions of crater centers were measured from the Clementine mosaics and compared 

with those > 20 km from lAU-USGS Gazetteer where available; agreement is good 

(within 10%) in all cases. 

6.4 Results 

Figures 6.4 and 6.5 show a sample of OMAT profiles generated for large craters 

(data Tables 1 and 2). Figure 6.4 shows a series of sample OMAT profiles generated for 

nearside craters. Byrgius Ahas a profile not unlike Tycho's in OMAT value and slope, 

although the values are a bit higher, and Byrgius A (19.7 km diam.) does not possess the 

distinct impact melt halo seen around Tycho (8S.6 km diam.). Kepler and Lalande are 

typical Intermediate craters, with profiles that range from somewhat steep to somewhat 

fiat. Autolycus and Lichtenberg are clearly Old; their overall OMAT values are very low, 

and the profiles are fiat. The trend fi'om high OMAT values and slopes to low ones as 
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crater ejecta matures from Young, through Intermediate to Old is clearly illustrated. Table 

6.1 lists the categories established for the nearside craters based on the shapes of profiles 

such as these. Question marks are placed by the categories of certain craters to reflect 

some uncertainty in their designations. A few craters are covered by the rays of another, 

brighter crater (like Stevinus), and therefore a radial average of the profile of that crater, 

which masks out all the rays from the other craters, cannot be made. In these cases, a 

determination is made based on morphology and the presence of rays around the primary 

crater. The uncertainty in other crater designations (such as Delisle) is based on difficulty 

in precisely assigning a relative age category based on the shape of the profile. Although 

every attempt was made to assign age categories based on the shape of the OMAT radial 

profiles relative to Tycho and Copernicus, this was not always perfectly straightforward 

as each crater and its ejecta are unique. 

In Figure 6.5, a sampling of profiles from large farside craters are shown. Two 

craters have been chosen to illustrate the Young category. Necho has a profile which is 

very much like Tycho in OMAT value and slope. Giordano Bruno is also clearly a 

Young crater, but its slope is much steeper and OMAT value much higher than even 

Tycho. Its ejecta is the most immature of any large farside crater, by a significant margin. 

The craters Ohm, Crookes and Al-Khwarizmi K are shown as examples of Intermediate 

craters. The Old crater O'Day has very low OMAT values, and is indistinguishable from 

background very close to the rim of the crater. Table 6.2 shows the Categories 
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determined for each crater based on these profiles. It is interesting to note that of the 4 

craters we surveyed which were originally given uncertain identification of rays by 

McEwen et al, [1997] (Plante, Joule T, Steno Q, and Dufay B), three have been classified 

in our relative system as Intermediate; younger than or contemporaneous to Copernicus 

(Joule T is Old). The craters Coriolis Y and Saha E were not surveyed, as they fell inside 

areas of data dropout. Four other craters have been classified as Old, older than 

Copernicus, and Guthnic, Golitsyn and two unnamed craters in the SA basin have been 

classified as Intermediate. 

The size-frequency distributions from the data in Tables 1 and 2 are plotted in an 

R-plot (Crater Analysis Techniques Working Group, 1979) in Figure 6.6. Clearly, the 

two distributions are quite similar within the la error and the probability statistics for 

small numbers. We therefore do not see any evidence for any difference between the 

cratering record on the near and far sides down to 20 km [Wilhelms, 1987], This may be 

an indication that the method of using the OMAT values of crater ejecta to determine 

relative age properly mitigates the effect of differences in composition of background 

terrain. Figure 6.7 shows a comparison of our total crater counts with other crater 

populations. We suspect that there is an age-size bias to these results, such that the 

OMAT profiles of smaller craters look like those of larger but older craters, and we are 

undercounting the number of20-50 km diameter craters that are younger than Copernicus. 

The OMAT-classified crater population results in a size-frequency distribution that 
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differs from that of CEc craters (Wilhelms et al., 1978) or post-mare craters (Strom, 

1977), with a greater relative proportion of larger craters. Such a size-frequency 

distribution would be consistent with an increase in the cratering rate from comets 

according to Shoemaker [1983; Shoemaker et al., 1990] but is inconsistent with an overall 

decrease in the cratering rate. Also, we see clear evidence for an age-size bias at smaller 

crater sizes. 

In spite of this suspected age-size bias, there are two significant new results. 

First, several additional large rayed craters are now known to have optically mature ejecta, 

including Eudoxus (67 km) and Aristillus (55 km), which are close in size to our 

calibration craters Copernicus (92 km) and Tycho (86 km), so it is likely that the 

Copemican cratering rate must be reduced from the estimates in McEwen et al (1997). 

Hence, the already marginal case for an increase in the Copemican cratering rate has been 

weakened. Second, the OMAT classification allows us to compare the cratering rates 

over the last 109 Ma with that of the past 810 Ma. If Shoemaker is correct and there has 

been an ~2X increase over the past ~300 Ma, then we should see evidence to support this 

idea. In fact, the data are perfectly consistent with no increase in the past 109 Ma (Table 

6.3). This also appears to be true even for the very largest, recent craters. For craters 

larger than 50 km in diameter, we would expect one to have formed in the last ~109 Ma 

and this is exactly what we observe (Tycho). 



172 

6.5 Discussion 

6.5.1 The Terrestrial and Lunar Cratering Records 

Shoemaker [1983, 1984, 1998] believed that several lines of evidence suggest a 

significant increase in the production of large craters on the Earth late in geological time (~ 

200-300 Ma). He believed that this is due to an increase in the flux of laige comets 

resulting &om changes in the motion of the sun through the galaxy, resulting in peaks in 

the comet flux about every 30 Ma [Matese et al., 1995]. Some workers have questioned 

the significance of this mechanism [Verschuur, 1996]. There does appear to be credible 

evidence for such galactic periodicity in the recent geologic record [Alvarez and Muller, 

1984; Rampino and Stothers, 1986; Shoemaker and Wolfe, 1986; Hut et al., 1987; Farley 

et al., 1998; Napier, 1998], The evidence for cratering periodicity has been controversial 

[Grieve et al., 1988], but there is significant independent evidence for the last 3 peaks (-1, 

35, 65 Ma). Shoemaker argued that diese periodic comet showers have increased in 

frequency in recent geologic time due to a decrease in amplitude of the motion of the sun 

normal to the galactic plane, resulting in an increased average flux of comets derived from 

the Oort Cloud. Shoemaker et al. [1990] pointed out that the present amplitude of 

oscillation of the Sun is anomalously low compared with that of stars of similar mass and 

age. A decrease in the amplitude late in geological time is plausible, firom a chance 

encounter with massive objects or clouds. This decrease in amplitude could have 



173 

increased the average cratering rate by about a factor of two if at least half of recent 

craters are produced by long-period or Halley-type comets. 

Shoemaker et al. [1990] argued that the "knee" he observed (downturn and 

steepening) in the cumulative size-frequency distribution of large asteroids occurs at a 

smaller size than that in the size-frequency distribution of long-period comets. However, 

determining the size of cometary nuclei from telescopic observations is a major problem. 

If there is a greater frequency of large comets than asteroids, and the cometary flux has 

increased in recent geologic time, dien we might expect to see a "flatter" cumulative size-

frequency distribution of large younger Copemican craters than in older craters. In fact 

we see approximately the same distribution (Figure 6.7), but the error bars are large due to 

small-number statistics. 

It may be very difficult to verify a change over time in the size-frequency 

distribution of terrestrial craters given the active terrestrial environment and strong trends 

in crater preservation with age and size [Grieve and Shoemaker, 1994; Grieve, 1998]. 

Shoemaker [1998] has nevertheless made a bold argument; 

"The frequency of large craters formed in the last 100 Ma appears particularly 

anomalous when compared with the 3.2 Ga crater record of the Moon. The young age of 

the 170 km diameter, 65 Ma Chicxulub crater is especially noteworthy. Only one crater 

equal to or larger than Chicxulub has been formed in the past 3.2 Ga on the Moon. On 
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the basis of the average 3.2 Ga lunar cratering rate, there would be about a 35% chance 

that a crater the size of Chicxulub was formed on Earth in the last 65 Ma. The odds that 

such a crater was formed on the continents is -11%. Similarly, the chance that the 100 

km diameter Popigai crater was formed on the continents in the last 36 Ma is only about 

20%; the chance that the 85-km diameter crater Tycho was formed on the Moon in the 

last 100 Ma is about 25%. While the statistics are small, the ages of these large craters 

collectively indicate a substantial late increase in the rate of production of large craters." 

We believe that this argument is in need of critical assessment. We have therefore 

examined the recent, known terrestrial craters and their chances of forming relative to the 

3.2 Ga lunar record for a range of crater sizes and time intervals (Table 6.4). The ages and 

diameters of large recent terrestrial craters are from Grieve et al. [1995; updated through 

1999 at http;//gdcinfo.agg.emr.ca/crater/]. For estimating the terrestrial statistics relative 

to the 3.2 Ga lunar record [Wilhelms et al., 1978], we follow commonly-used scaling 

calculations [see McEwen et al., 1997]. We give results for two end-member assumptions 

about the relative contributions fi'om asteroids and comets; 100% asteroidal and 50;50 

asteroids;comets. We consider 3 time periods (100, 200, and 300 Ma) and 4 crater size 

bins (equal to or larger than 10, 20, 50, and 100 km. Table 6.4a gives the numbers of 

discovered craters (excluding ~4 poorly-dated craters, ail < 20 km diameter), and Table 

6.4b gives the numbers expected based on the 3.2 Ga lunar record and an assumption of 
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constant cratering rate over this time period. Clearly the terrestrial record is very 

incomplete, even at the largest sizes. In particular, no impact structures (not 

surprisingly) are known from the ocean basins, covering -70% of our planet. 

Table 6.4c lists the percentages discovered on the continents (and continental 

margins), again assuming a constant 3.2-Ga cratering rate. These percentages seem quite 

reasonable, except for the >100% of expected craters > 100 km and < 100 Ma. But 

elimination of a single large young crater (Chicxulub or Popigai) would remove this 

discrepancy. Then again, the discovery of even the largest and youngest craters on land 

cannot be complete. The great majority of discovered craters occur on the stable cratonic 

areas of N. America, Australia, and Scandinavia through to western Russia and the 

Ukraine [Grieve, 1998]. This biased distribution is due to both (1) low rates of erosional 

and tectonic activity, best for preserving craters; and (2) areas where there have been 

active programs to search for impact structures. These stable cratonic areas cover less 

than half of the land area of Earth; halving the estimated land area where craters have, in 

effect, been surveyed results in Table 6.4d. Here it appears that there are clearly too 

many craters larger than SO km diameter in recent geologic time, confirming the view of 

Shoemaker. 

How do we reconcile this result (Table 6.4d) with the size-frequency distribution 

of immature rayed craters on the Moon? McEwen et al. [1997] reported evidence for an 

-40% increase in the cratering rate during the Copemican (defined as younger than the 
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crater Copernicus, ~ 800 Ma). This result was best reconciled with the cunent cratering 

rate based on the well-studied North American craton and astronomical surveys if there 

was actually an increase of ~2 during the past -300 Ga. This reconciliation was right in 

line with Shoemaker's beliefs, except that the Copemican size-frequency distribution did 

not reveal relatively more large craters. Perhaps the size-frequency distribution of long-

period and Halley-type comets is not significantly different at large sizes from that of 

asteroids, so the cratering rate increased at all sizes greater than -10 km (the limit of the 

survey by McEwen et al. [1997]). 

Our updated inventory of lunar Copemican craters, based on quantitative 

measurement of the OMAT distributions in crater ejecta, has resulted in revising 

downward the number of large craters as young as or younger than Copernicus. First, we 

found that several bright-rayed craters on the farside appear optically mature, and the 

bright rays must be due to compositional contrasts in spite of the more uniform crustal 

composition of the farside. Also, we expanded the inventory to the nearside, because the 

OMAT parameter allows use to recognize immature ejecta in spite of the strong 

compositional variations, thus improving the statistics. The result of these advances has 

been to reduce the discrepancy between the cratering rates in the Copemican (< 800 Ma) 

and the Eratosthenian (3.2 to 0.8 Ga) to less than 10%, clearly within the measurement 

uncertainties. The recent (< 120 Ma) terrestrial and current (astronomical) cratering rate 

estimates are ~S0% higher than those modeled from the Copemican and Eratosthenian 
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data, but within the error bars. There are considerable uncertainties involved in estimating 

the sizes of complex craters that will form from impactors of a given momentum, and how 

those sizes will vary between the Moon and Earth and as a function of target materials. 

We think that the all-lunar comparison of cratering rates over time is the most reliable, and 

it shows little apparent variation between the Copemican and Eratosthenian (see Table 

6.3). 

Numerous workers have documented a correlation between the largest recent 

impact craters and major marine extinctions (see Montanari et al., 1998 and Napier, 1998 

for recent reviews), although controversy persists [MacLeod, 1998]. In particular there 

appear to be clear associations between craters ~ 100 km diameter and extinctions at the 

Jurassic/Cretaceous, Cretaceous/Tertiary, Eocene/Oligocene boundaries. There are three 

other significant marine extinctions in this time period (ISO Ma) for which 

correspondence to large craters (20-100 km) is debatable. Nevertheless, about half of the 

recent extinctions correspond to the four largest known impact craters less than ISO Ma. 

This should be surprising if large craters are single random events, because no more than 

about 1S% of such craters have probably been found, those on the stable and well-studied 

cratons. If all major extinctions are caused by impacts (which is highly debatable), then 

we should expect to have actually discovered a large crater at only one of the six recent 

extinctions. (If some extinctions are unrelated to impacts, then we should see even less 

correspondence.) The occurrence of two large craters at the Eocene/Oligocene boundary 
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provides a clue; several large impacts might often be clustered in time. This idea and the 

evidence for -30 Ma periodicity support the idea that large comet showers have occurred. 

If so, we should be able to fmd supporting evidence on the Moon. Our analysis to date 

has not revealed such supporting evidence, and has weakened the preliminary evidence 

reported by McEwen et al. [1997], But the answers must be recorded on the lunar 

surface, and continued effort is warranted to address these important questions about the 

history of Earth. 

6.5.2 Defining the Copemican 

It is clear that the inclusion of a few craters up to 3 Ga old In a set otherwise 

consisting of all craters less than ~1 Ga old defeats the purpose of a time-stratigraphic 

classification [McEwen et al, 1997], Our results suggest that those large craters with 

ejecta at the same level of immaturity as Copernicus or less should define the Copemican 

System, because the OMAT profile of Copernicus indicates that that crater marks the 

edge of disceraable ejecta immaturity. Also, since Copernicus has been radiometrically 

dated, it provides a suitable benchmark for the absolute calibration of the relative dating 

scheme. It is therefore clear that the placement of Copernicus in the Intermediate relative 

age category is important. If for some reason Copernicus is older than is apparent based 

on our interpretation of the maturity of its ejecta, then the base of the OMAT profile age 

dating system shifts. This would imply that crater ejecta matures in some undetermined 
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interval less than 800 Ma, but more than 110 Ma. This would imply an increase in the 

cratering rate (more craters represented in a smaller time interval). 

6.5.3 Future Work- A Preliminary Look 

Given that the OMAT profiles form a continuum in values and slope of the 

profile, it may well be possible to form a relative chronology of craters with more than 

three simple subdivisions. It seems clear that crater ejecta does not mature in a linear 

fashion. Ejecta rapidly (100 Ma or so) goes from Young to Intermediate, and then the 

rate of soil maturity slows down as the level approaches background after about 800 Ma. 

Autolycus and Aristillus which are almost 1 Ga apart in age, both have very flat profiles 

with OMAT values at background. A third point might be provided by the ^e of the 

obviously very recent crater Giordano Bruno. There is some evidence which points to an 

historic age for the crater [Hartung, 1976], but even a more moderate age of 1 Ma makes 

this the youngest large (20km or more) crater on the lunar surface, based on ejecta 

maturity. The ages of Giordano Bruno, Tycho and Copernicus, correlated with their 

OMAT profiles, could provide a means of refining the absolute calibration of the 

maturity data. If we were to fit a simple interpolation of OMAT profiles through these 

age bins, it may be possible to separate craters into several cratering eras, and thereby gain 

more insight into possible changes in the cratering record. 
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Can this method of interpolation between a small number of absolute ages on the 

basis of the shape of the OMAT profile really yield ages for the rest of the craters in the 

survey? We have conducted a preliminary study in this area to determine if more 

information can be gleaned from this technique, what the limitations are, and what other 

data needs to be collected to make such a study successflil in assigning appropriate ages 

to craters on the basis of their OMAT profiles. We have been attempting to establish a 

reliable "metric" based on the shape of the OMAT profiles. This has proved to be quite 

difficult. While the profiles do form a continuum, they do not appear to degrade from 

immature to mature in a simple or linear fashion. 

The profiles for Young craters appear to begin as steeply sloped, flat lines, which 

are at very high OMAT values at the crater rim, and slowly begin to taper off towards the 

more distal qecta. At large distances from the crater (>10 diameters) the profile slowly 

begins to bend over, i.e. the OMAT value starts decreasing more and more rapidly, until 

the profile basically flattens out at some nominal OMAT value. As a crater ages, even 

while still Young, the shape of the profile changes. The overall value of the OMAT is 

less for the entire profile. The profile < lOkm out fi-om the crater begins to become very 

steep. It no longer appears to be flat, since the OMAT value drops of overall much faster 

than for a younger crater. The profile more rapidly reaches a "bend" point, where the 

profile turns and eventually reaches some nominal OMAT value. This value is generally 

lower than for younger craters, but as the crater ages the overall background OMAT value 
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of local terrain becomes more and more important. As craters get older and reach the 

Intermediate range, the bend moves from outside IS crater diameters, and gets closer and 

closer to the rim of the crater. The profiles are still steep, but the bend has moved inside 

of 6 or 7 crater diameters. Eventually, the OMAT profile for an Intermediate crater will 

beginning to flatten out again while the bend continues to move inward. Overall OMAT 

values continue to decrease, although at this point the local background is quite 

significant. That is, if the crater happens to have formed in an area where the soil is 

somewhat more immature than average, then the ejecta firom the crater will flatten out at a 

higher overall value than that of a crater that has formed in an area where the soil is 

somewhat more mature than average. Because of this, while it appears that the absolute 

OMAT value itself might be a good relative age metric for Young craters, it will not work 

as well for Intermediate age craters. Eventually, just as a crater reaches the point of being 

Old, the profile is completely flat, at background and no bend can be seen. Actually, the 

overall slope of the line is flat, but the profile at this stage will show many bumps and 

wiggles, indicating that it is basically now a reflection of the random fluctuations of the 

local soil maturity, and no longer shows any systematic form related to the crater. 

Complicating the degradation of the OMAT profiles are the impact melt halos found 

around some larger craters. These halos mature in their own fashion, and make 

determining the overall slope and pattern of a OMAT profile more difQcult. Although 
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the halo's presence alone does indicate that the crater qecta has not reached the absolute 

background level OMAT of the local area. 

Another important item to note in the degradation of the OMAT profiles is that 

the degradation is not linear in time. It appears that a crater very rapidly degrades from a 

Young crater with a flat slope to a Young crater with a steep slope. Also rapid, but not 

quite as fast, is the degradation from a Young crater with a steep slope to an Intermediate 

crater with a steep slope, and "bend" inside of 5 diameters. More slowly, this crater 

profile then degrades to an Intermediate crater with a flattening slope, and then slowest of 

all, the craters begin to pile up at the bottom of the profile diagram - ail with flat slopes 

and OMAT values at local background. The nature of this non-linearity is unknown. It 

may follow some sort of power law or exponential, or some more complex form. We 

have tried plotting absolute OMAT value at many particular points on a crater rim versus 

the slope of the profile, measured from several different starting and ending points. None 

of these fits provided a satisfactory metric to judge the relative age of the craters. A 

preliminary plot of smaller craters (I-Skm) where absolute OMAT value at 2 diameters 

was plotted against the slope of the profile from 2-4 diameters did indicate a trend. 

Although the spread was large, there was clearly a trend from the more immature, bright 

craters to the more mature, darker craters. Placing South Ray and North Ray on this plot 

showed that the trend did indeed follow the expected line for relative age, but as 
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mentioned, the spread was very large. We are in the process of conducting additional 

counts of small craters, and continued plotting exercises in an attempt to improve this. 

Absolute OMAT value can therefore not be used as reliable standard. The slope 

of the line also cannot be used. For example, inside 5 crater diameters, both very young 

and very old craters will be flat sloped, the steepest slopes will belong to intermediate age 

craters that are still relatively young. From the above discussion, we have chosen the 

"bend" in the profile as the only systematic metric of the craters relative age. It does not 

appear to depend on the overall OMAT of the craters ejecta or the local background 

maturity level. It does not require an estimation of the slope of the profile over some 

crater diameter range. It does, however, require that crater profiles be averaged out to as 

much as 20 times the crater diameter for the youngest craters, and this was not always 

possible. 

We examined the OMAT profiles of all the craters in the survey, and located the 

center of the "bend" in the profile as it began to flatten out. We admit that this is a highly 

subjective determination. But as we mentioned before, we attempted this exercise as a 

proof of concept, and as a means of finding fiirther areas of data collection to make such a 

study more workable. Ideally, in the fiiture we would model the degradation of the 

aaters over time as a fiinction of crater diameter. We would develop a consistent means 

of identifying and marking the center of the bend in the profile for a given crater that 



184 

would be less subjective. We assigned a crater diameter to the position of the bend for 

each crater. How do we determine the age of the crater based on this measurement? 

We chose to plot those three craters for which we had a "bend" and a suspected 

age on a log plot (Figure 6.8). These of course are Tycho, Copernicus, and Giordano 

Bruno (large green points). The x-axis spacing for the bend in crater diameters was kept 

linear, and the y-axis spacing for the age in Ma was chosen to be a log. This selection was 

made because it was a simple way to suggest the non-linearity with time in the manner in 

which the profiles age. This may well not be the correct function to describe this aging 

process, but in lieu of actually knowing the function, we have chosen a simple proxy, a 

log. This creates the same distribution that we expect based on what we know of OM AT 

crater profile degradation - the bend in the profile moves in rapidly at first, and then 

slower and slower as the crater ages. 

Copernicus and Tycho are of similar sizes (~90km), Giordano Bruno, on the other 

hand is only 20 km in diameter. It is not clear that a single line can be drawn through 

these three points, since we know there is a size-age bias. It is more likely that craters of 

different sizes progress down on this plot on different lines as they age. Indeed it is not 

clear that the progression is best represented with a line at all. It may be that the 

progression is a curve, but barring knowledge of the actual shape, we have chosen to fit 

the progression with a line. We have drawn a line through both Copernicus and Tycho, 

and speculate that craters down to about 50 km may age similarly. We have drawn a Ime 
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with the same slope through Giordano Bruno, and speculate that this line might represent 

the degradation progression for craters between 20 and 30 km. In between we have 

arbitrarily drawn a line of the same slope to represent the progression for 30-50 km 

craters. Knowing the position of bend for each crater, and the line (based on the crater's 

diameter) where it should fall, we have interpolated crater ages, as seen on the diagram. 

In Figure 6.9, we have taken the logical next step, and plotted the crater 

interpolated age versus crater diameter. Also plotted is a general trend line. It is clear that 

the trend line shows the age-size bias. We have also conducted this exercise placing all 

craters on the same line, regardless of size, and re-extrapolating ages. For this scenario, 

the trendline on the age vs. diameter plot is flat. 

While this overly simplistic view cannot have generated true absolute ages, it has 

shown that with more information, the OMAT technique could be very powerful, and 

lead to a much better understanding of the timing of recent impact cratering. This exercise 

has also illustrated where more information and data collection could be best directed. 

The age-size bias must be better understood. The most straightforward approach is to 

continue the survey down to the smaller 1 - 20 km craters and see what trends are 

obvious. A similar exercise can be conducted using that database and the craters North 

and South Ray as calibrators, as previously mentioned. It appears that regolith/qecta 

thickness may play an important role in the timing of maturation of soils [McKay et al. 

1991]. Computer modeling of the degradation of maturity over time for a crater's ejecta 



186 

should be conducted. It may be that if such a model can be calibrated, a crater of a given 

diameter can be assigned an age based on the shape of the entire profile, not just the 

subjective placement of the "bend". Also, continued studies in to the creation and 

maturation of impact melt halos will help further constrain crater ages. 

Another area that needs to be examined in future work is superposed crater 

counts. The counts of superposed craters on the gecta of certain laige craters in the 

survey may provide an independent age calibration which can be used to turther refine the 

technique. Table 6.5 shows the age assignments of a sample of craters from our survey in 

the context of former age determinations based on other data sets (as listed in McEwen et 

al, [1993]). It is clear that the age assignments based on the OMAT categories are 

consistent with previous ages determined by other means. The assignments determined 

from the crater frequency of superposed craters can be used as a cross-check on our 

absolute age calibration. Our ongoing work includes all of these endeavors to attempt to 

further refine our relative age classification scheme, and better constrain the nature of the 

impactor flux into the Earth/Moon system in the Copemican. Additionally, the ejecta 

maturity of known secondary craters could be checked to further calibrate the system. 

6.6 Conclusion 

Definitive resolution of the flux history of asteroids and comets in the vicinity of 

Earth will probably eventually come from the Moon. The terrestrial crater record is much 
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too altered, and reliable areas and dates for cratering rate estimates are available only for 

small numbers of craters. Although we are limited by few absolute age dates on 

Copemican units [Arvidson et al., 1975], much improved relative ages are possible with 

the Clementine multispectral data set. The use of spectral parameterization of soil 

maturity via the OMAT profile method allows for the relative dating of craters whose 

ejecta has not matured to the point of being indistinguishable from its surroundings. 

Current accuracy allows for craters to easily be separated into tliree age groups. Further 

study and refinement of the process, as well as continued crater counts of large, near-side 

craters and craters down to 1km in diameter could achieve a much better relative dating 

accuracy. The accuracy for small craters might be quite good, because the lunar age-color 

correlation is strongest for the youngest craters. As previously suggested [McEwen et 

al., 1997], new isotopic ages on lunar craters will be needed to fully calibrate the 

Copemican cratering chronology, but the OMAT profile method of relative dating may 

enable greatly improved calibration with just a few carefully selected new dates rather 

than the ~100 dates previously advocated [Horz, 1985]. 
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Table 6.1; Lunar nearside rayed craters > 20 km diameter in our survey. Longitudes and 
latitudes are those for the approximate center of the crater based on Clementine from this 
study. Categories are listed based on OMAT the shape of the profiles of crater ejecta 
(see Figure 6.4). Crater diameters measured to within 1km. Radiometric ages for those 
laige craters which have them are also listed. The radiometric dating of certain craters 
allows for the age categories based on OMAT profiles to be loosely calibrated. All ages 
listed are from [Wilhelms, 1987] except Autolycus from [Ryder et al. 1991]. 

Crater Approx. Approx. Diameter Category ID 
Name Latitude Longitude (km) 

Copernicus (810 Ma) 9.5 -19.9 92.5 Intermediate? Cop 
Tycho(llOMa) -43.1 -11.1 85.6 Young Tyc 
Stevinus -32.4 54.0 71.3 Intermediate? Ste 
Olbers A 8.1 -77.3 43.8 Intermediate OlA 
Aristarchus 23.7 •All 39.7 Intermediate Aia 
Harpalus 52.5 -43.0 39.2 Intermediate? Har 
Burg 44.9 28.3 39.1 Intermediate? Bur 
Romer 25.3 36,4 39.1 Intermediate Rom 
Godin 1.8 10.2 34.9 Intermediate God 
Petavius B -19.9 56.9 33.1 Intermediate PtB 
Kepler 8.1 -37.8 31.8 Intermediate Kep 
Proclus 16.1 46.9 28.4 Intermediate Pro 
Triesnecker 4.2 3.7 25.7 Intermediate Tri 
Mosting -0.7 b

o
 

25.5 Intermediate Mos 
Delisle 29.9 -34.4 24.9 Intermediate? Del 
Lalande -4.5 1 O

O
 

24.1 Intermediate Lai 
Conon 21.6 2.0 21.0 Intermediate Con 
Thebit A -21.6 AS 20.0 Intermediate? ThA 
BvTidus A -24.6 -63.5 19.7 Young BvA 
Eudoxus 44.0 16.5 67.1 Old Eud 
Taruntius 5.5 46.5 55.7 Old? Tar 
Aristillus (1.3 Ga) 33.7 1.3 54.9 Old Arl 
Autolycus (2.1 Ga) 30.7 1.5 38.2 Old Aut 
GassendiA -15.6 -39.5 33.2 Old GsA 
BriggsB 28.1 -70.5 25.4 Old? B£ 
Horrebow 58.5 -AQ2 24.7 Old Hot 
Robinson 58.9 ^5.3 24.2 Old Rob 
Lichtenburg 31.8 -67.3 20.8 Old Lie 
Pytheas 20.5 -20.4 20.8 Old Pyt 
Flamsteed -4.6 -44.0 20.4 Old Flm 
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Table 6.2: Lunar farside rayed craters > 20 km diameter. Longitudes and latitudes are 
those for the approximate center of the crater based on Clementine from this study. 
Categories are listed based on OMAT profiles of crater qecta (see Figure 6.5). Crater 
diameters measured to within 1km. 

Crater Approx. Approx. Diameter Category ID 
Name Latitude Longitude (km) 

Vavilov -l.O -138.6 98.4 Intermediate Vav 
King 4.9 120.3 77.3 Intermediate? Kin 
Jackson 22.0 -163.1 70.9 Intermediate Jac 
Ohm 18.3 -113.4 63.9 Intermediate Ohm 
Crookes -10.7 -165.2 48.8 Intermediate Cro 
Das -27.0 -136.9 37.9 Intermediate Das 
Plante -10.4 163.1 37.3 Intermediate Pla 
Milne N -36.0 110.9 36.6 Intermediate MIN 
Golitsyn -25.4 -104.8 35.7 Intermediate? Gol 
Guthnic -48.0 -93.7 35.1 Intermediate Gut 
Zhukovsky Z 9.7 -167.2 34.7 Intermediate? ZuZ 
Klute W 38.1 -143.0 31.3 Intermediate KIW 
Necho -5.2 123.1 31.2 Young? Nee 
p.o.Van Newman F 40.9 149.7 30.0 Intermediate VNF 
Steno Q 29.1 157.6 29.1 Intermediate StQ 
Stefan L 44.5 -107.6 25.8 Intermediate StL 
Al-iGiwarizmi K 4.5 107.9 24.5 Intermediate AlK 
Moore F 37.4 -175.1 24.2 Young MoF 
Focas -33.9 •93.6 22.4 Intermediate? Foe 
LannorQ 24.7 -178.7 21.9 Intermediate? LiQ 
Giordano Bmno 35.9 102.6 21.4 Young GoB 
54S 16 IE -54.1 160.9 20.5 Intermediate 54S 
43S 143E -43.9 143.0 19.8 Intermediate 43 S 
DufayB 8.3 171.0 19.8 Intermediate DuB 
Shaionov 12.4 173.0 74.9 Old Sha 
0*0^ -30.8 157.2 71.1 Old Ody 
Lowell -13.2 -103.1 66.7 Old? Low 
Engelbaidt 58.8 -163.0 42.9 Old Eng 
LaueG 31.6 •98.3 37.2 Old LuG 
Joule T 27.5 -147.9 36.3 Old? Jou 
Green M 0.3 132.9 36.3 Old GiM 
GerasimovichD -22.7 -121.8 26.8 Old GeD 
34S 130W -34.6 -129.6 19.8 Old 34S 
Golitsyn J -27.9 -102.9 19.5 Old? GIJ 
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Table 6.3; Copernican and Eratosthenian cratering rates for several studies. Shown are 
the combined Copemican/Eratosthenian rate from Wilhelms et al., 1987; the farside 
Copernican crater counts of McEwen et al., 1997; and both the Copernican 
(Young/Intermediate) and Young Copernican (Young) counts from this study. 

DaU Set and Reference Area 
10* 
km' 

Max. 

(10S«) 

N > 2 0  
km 

entering 
>20 km 

10"km'vr' 

N> 
50 
km 

entering 
>50 km 

10"km'vr' 
Copernican + 
Eratosthenian (Wilhelms 
et al., 1978) 

31.04 3200 251 2.53 ±0.16 42 0.42 ± 0.06 

Farside Rayed Craters 
(McEwen et al., 1997) 

13.09 810 28 2.6 ± 0.5 * 4 0.4 ± 0.2 

Copernican Craters 
(this studv) 

30.98 810 43 1.7 ± 0.26 7 0.3 ± 0.1 

Young Copernican 
Craters (this study) 

30.98 109 5 1.5 ± 0.7 1 0.3 ± 0.3 

* With crater scaling and power-law fits, McEwen et al. modeled a cratering rate of 3.1 ± 0.S x 10''^ km'^ 
yr '  
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Table 6.4a-6.4d: Numbers of Expected and Discovered Terrestrial Craters. The Numbers 
of craters expected from a 3.2 Ga Lunar Record are listed in 6.4b. The percent of 
continental craters (number of craters discovered (6.4a) /the number of craters expected 
(6.4b)) is shown in Table 6.4c. Table 6.4d lists the percent of craters found only on 
stable cratons. 

6.4a. Numbers of Discovered Craters 
Age N > 1 0 k n i  N > 2 0 k i n  N > 50 km N > 100 km 

< 100 Ma 33 18 5 2 
< 200 Ma 40 24 8 3 
< 300 Ma 48 30 9 4 

6.4b. Numbers of Craters Expected From 3.2 Ga Lunar Record 
(upper limit—all asteroidal velocities; lower limit--50:50 asteroidsxomets) 

Age N > 1 0 k m  N > 2 0 k m  N > S O k m  N > 1 0 0 k m  

< 100 Ma 
< 200 Ma 
< 300 Ma 

668-538 209-168 40-32 3.6-2.9 
1334-1075 417-336 79-64 7.1-5.7 
2003-1613 626-504 119-96 10.6-8.6 

6.4c. Percent of Craters Found on Continents (#Discovered/#Expected) x 300) 

Age N > 1 0 k m  N > 2 0 k m  N > 5 0 k m  N > 1 0 0 k m  

< 100 Ma 
< 200 Ma 
< 300 Ma 

16-20% 29-36% 42-52% 185-230% 
10-12% 19-24% 34-42% 141-175% 
8-10% 16-20% 25-31% 126-155% 

6.4d. Percent of Craters Found on Stable Continental Cratons 
(#Discovered/#Expected) x 600; see text for explanation). 
Age N > 1 0 k m  N > 2 0 k m  N > 5 0 k m  N > 100 km 

< 100 Ma 32-40% 58-72% 84-104% 370-460% 
< 200 Ma 20-24% 38-48% 68-84% 282-350% 
< 300 Ma 16-20% 32-40% 50-62% 252-310% 
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Table 6.S; A listing of Stratigraphic Age assignments for a sample of Copemican craters. 
Ages based on Plate 3, Geologic Map, and Crater Frequency are listed in McEwen et al., 
[1993], Age classification for OMAT based on optical maturity of crater ejecta, as 
shown, from this study. Classes are Ccl, older Copemican, Cc2, younger Copemican, 
Cc, Copemican (undivided), and Ec, Eratosthenian [McEwen et al, 1993]. The 
superposed craters on the ejecta of some Copemican craters may provide an independent 
check or calibration point for further refinement of the OMAT age dating technique. 

Plate 3 Geol. Map Crater Freq. OMAT Category 

Tycho Ccl Cc2 Cc2 Cc2 Young 
Aristarchus Ccl Cc2 Cc2 Cc Intermediate 
Olbers A Ccl Cc2 Cc2 Cc Intermediate 
Kepler Ccl Cc2 Cc2 Cc Intermediate 

Copernicus Ccl or Ec Ccl Ccl Ccl Intermediate? 
Harpalus >C Ccl Ec Ccl Intermediate? 
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Figure 6.1: Global mosaics of the lunar surface at 750 nm; left - nearside, right - farside. 
Gridlines are at 30 degrees latitude intervals. Also noted are the positions of craters 
discussed in the text. 
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Figure 6.2: Images of the Moon from Clementine. Depicted are two views of die Moon 
for both the near (left hand column) and far (right hand colunm) sides. The first row 
shows the area between 60 deg N and S of the equator in optical maturity (OMAT). 
Note the normalization of many mare/highlands boundaries. The second row is a false 
color representation of soil maturity, where the most immature areas are red, and most 
mature areas are dark blue. Intermediate maturity levels grade from yellow to green. All 
mosaics are at 1 km/pixel resolution. 
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Figure 6.3: A blowup of a portion of south-western Crisium. The image on the left is at 
750nm, while the right is in optical maturity (OMAT). The size of each area is 45 x 45 
km. Note the small bright rayed crater in the center of the OMAT image. This same 
crater in the 750nm band is revealed to be a dark halo crater. The bright OMAT values 
indicate that in spite of its dark appearance in the 750 band, the ejecta for this crater is 
very immature. Other small craters can be seen in the OMAT image, but not in the 750 
band. The crater is at 15.7N and 49.7E and is about 0.8 km in diameter. Resolution of 
both images is lOOm/pixel. 
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Figure 6.4; OMAT profiles for a sampling of large nearside craters. Age and size 
information is listed in Table 6.1. 
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Figure 6.S; OMAT profiles for a sampling of large farside craters. Data shown in Table 
6.2. Shown are examples of Young, Intermediate and Old profile craters. There is clearly 
a continuum profile slope from steep to flat. 
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Figure 6.6: Size-frequency distributions for the data from this study for both the near and 
far sides. All craters from Tables 1 and 2 (other than those categorized as Old) have been 
plotted. Note that the distributions are nearly identical. An R-plot is a representation of 
the relative frequency of craters of a given size. Crater diameter bins of root 2 are plotted 
in log form on the x access, while "R", a relative measure of crater frequency, is plotted in 
log form on the y axis. "R" is normalized to surface area surveyed, and is normalized to a 
differential -3 slope. R-plots allow for structure in the size/frequency curve to be shown 
that otherwise might be missed on the traditional cumulative crater plot. 
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Figure 6.7: Size-frequency distributions for different crater populations. Note that the 
distribution from this study has the same slope as the post-mare distribution, although of 
lower crater density. The post-mare distribution included those craters of very fresh 
morphology that did not exhibit any noticeable rays. All craters from Tables I and 2 
(other than those categorized as Old) have been plotted in the distribution from this 
study. Note that, within error the distributions are similar, including shape and slope. 
Also plotted are the distributions of large, farside craters from McEwen, et al., 1997, and 
the Copemican and Eratosthenian craters from Wilhelms et al., 1978. 
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Figure 6.8; Copernicus, Tycho, and Giordano Bruno are plotted in bright green. 
Interpolated points are in blue. Progressions plotted with a line for SO-100 km, and 
dotted lines for 30-50 km and 20-30 km. The Copernicus and Tycho line represents the 
50-100 km craters. A line of the same slope is drawn through Giordano Bruno 
representing the degradation progression for craters between 20 and 30 km. In between a 
line of the same slope has been drawn to represent the progression for 30-50 km craters. 
Knowing the position of bend for each crater, and the line (based on the crater's diameter) 
where it should fall, crater ages have been interpolated (blue points). Only craters with 
reasonably well defmed bends have been plotted. 
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Figure 6.9: Plot of interpolated age versus crater diameter for craters from Figure 6.8. 
Trendline is a general representation of trend of data. Error bars are +/- 21an for crater 
diameters (the error is probably less than this), and 250 Ma for age. We suspect that the 
error for ages of larger craters is less, as we have two reasonably accurate points for that 
progression. 
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CHAPTER?: CONCLUSIONS AND FUTURE WORK 

The wine we really drink is our own blood. 
Our bodies ferment in these barrels. 
We give everything for a glass of this. 
We give our minds for a sip. 

(from A Children's Game. Rumi) 

7.1 Summary of Conclusions 

The use of diverse data sets allows for many aspects of impact crater dating to be 

addressed. The following is a summary of the major conclusions presented in this 

dissertation, using remote sensing and rock sample analysis techniques: 

• The ''°Ar/^® Ar method of dating impacts can be very useful and accurate, under 

certain conditions. Ideally, material must be completely melted, cooled relatively 

slowly (unquenched) and remain more or less unaltered subsequent to impact for 

the argon age to be easily interpretable. But, information on multiple degassing 

events and the subsequent cooling history of the meteorite can be gained from the 

degassing information even if obvious ages cannot be discerned. Partially melted 

material, and shocked material in particular can display a wide range of argon 

degassing behaviors. The Orvinio meteorite is an excellent sample for the study of 

the degassing behavior of shocked material. Since most samples which are 

available to date impact craters will have some degree of shock, the shocked 
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material, especially melt material, found in meteorites provides critical material for 

research. 

• While adequate samples with a known geologic context are generally available for 

the study of terrestrial craters, they are of^en altered by processes which occur 

subsequent to the impact event. Rain, wind, tectonic and other processes rapidly 

destroy impact structures on the Earth. Those which remain are either very 

young or very big, and are biased towards those found on stable shields or cratons. 

As seen in the case of the Gardnos impact structure, even a crater with identifiable 

impact melt which still shows evidence of pre-impact textures, can have suffered 

substantial argon degassing subsequent to impact. All of these factors make the 

Moon an appropriate venue for research into the recent cratering histories of both 

bodies. 

• The Clementine data set is an excellent resource for studying bright rayed craters 

on the lunar surface. A survey of small craters conducted with data from this 

mission does not support the hypothesis of Frank and colleagues, that the Earth 

and Moon are suffering bombardment from small comets. Our preliminary survey 

of small craters confirms the maximum number of impacts from objects such as 

these is ~ 10'* less than suggested by Frank (in the last ~25 yr.), and based on 

morphologic arguments is probably much less. 
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• The OMAT technique developed by Lucey and colleagues is a powerful tool in 

understanding the maturation of the lunar regolith. Using the OMAT of ejecta 

from large craters, we see no evidence for an increase in the cratering rate during 

the Copemican as advocated by Shoemaker, nor is there evidence for a cluster of 

craters with similar profiles which might suggest a comet shower. Our study 

shows no substantial deviation in impactor flux from the Erathosthenian to the 

Copemican. Preliminary work using Copernicus, Tycho, and Giordano Bruno 

does suggest that craters can be dated remotely if adequate absolute ages for 

craters in a wide size range are obtained. 

7.2 Possible Future Work 

7.2. J Data Collection 

There are an number of very fruitful avenues for continued study and data 

collection that this dissertation, in combination with other work, suggests; 

• Argon age dating of the Gardnos impact structure will probably be unsuccessful in 

revealing the crater's age, and therefore continued stratigraphic analysis seems to 

be the most promising approach. Stratigraphic studies of the crater fill sediments 

have yet to be conducted, and adequate core material and exposures exist for such 

research. This may be the most viable means of dating impact craters, such as 



Gardnos, which are not found on stable cratons and have been subjected to 

orogenic events. 

Melt bearing chondritic meteorites hold a wealth of information concerning the 

impact processing of their parent body asteroids. Further studies which examine 

both melt and clast phases separately should be conducted to elucidate both 

parent body histories and the nature of argon degassing in thermal impact events, 

and in shock producing events. As more melt bearing chondrites are identified 

(such as Portales Valley) studies such as these become even more important. 

There is an obvious void in the absolute ages of lunar craters versus size. Ages 

exist for larger craters (95-35 km) and smaller craters (~lkm) but nothing in the 

intermediate range (20-5 km). Young rayed craters in this size range, especially 

around ~10 km, would therefore be good targets for possible sample return from 

lunar missions. This data would allow for further characterization of the age/size 

bias with respect to ejecta maturity. 

The calibration of the lai^e crater relative a^ scheme based on optical maturity 

could be improved substantially with the acquisition of a handful of absolute ages 

from certain craters. Obviously, the current categories are bracketed by Tycho 

and Copernicus. If we are satisfied with the ages of these craters, then a few 

craters which are representative of the whole continuum, from very immature 

(Young) to mature (Old) could be selected for future sample return and radiometric 
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dating. The first, most obvious choice is Giordano Bruno, the most immature, 

large crater in our survey, and therefore the best crater to examine to ascertain the 

absolute age of some of the most immature ejecta on the Moon. It would be most 

interesting from the standpoint of impact hazards on Earth to know if this crater 

was formed as much as 5 Ma ago, or, as some have suggested, within historic 

times. The OMAT profile from this crater suggests a very young age. 

• It may be possible that multispectral imaging of certain asteroids and the planet 

Mercury with the addition of specific collected samples may allow for a similar 

relative age dating of impact craters to be conducted. No doubt any regolith 

production and maturation on these bodies would be quite different from 

processes which create and alter lunar soils. But multispectral imaging and a small 

base of samples may allow for such processes unique to each body to be 

characterized and calibrated. 

7.2.2 Reseca-ch 

The key to unraveling some of the questions set forth in chapter 6 concerning the 

recent impactor flux onto the Earth and Moon will probably come from a thorough 

examination of small (from 20km down to 1km) impact craters. The statistics will be 

greatly improved, and since most recent impactors will have created craters 20km or less, 

this is the population of most interest to those interested in studying hazards to Earth. 
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The optical maturity data base will be expanded to include these craters doAvn to 1km in 

diameter. While it is unlikely that all lunar craters down to this size can be surveyed, a 

sufficient sampling for the purposes of crater size-frequency distributions can 

unquestionably be cataloged. Further studies will be done to attempt to characterize the 

nature of the age/size bias, as well as possible background terrain (mare/highlands) biases. 

A relative age crater database of these smaller craters might be calibrated by use of the 

smaller craters which have been absolutely dated (such as North and South Ray). 

Further work will be conducted using the large crater data base. The separation of 

craters into three categories based on OMAT profile clearly allows for some 

determinations into the nature of the recent impactor flux to be made, but a refinement of 

the calibration will be attempted to see if more information can be generated. As 

suggested in chapter 6, it may be possible to form a relative chronology of craters with 

more than three simple subdivisions. Using Giordano Bruno, Tycho and Copernicus as 

benchmarks, an attempt will be made to generate a metric whereby a crater of a given size 

can be assigned an absolute age (within some error) based on the maturity of its ejecta. 

Our preliminary work in this area suggest such future endeavors will be fruitful. 

It is possible to remotely date the recent craters on the lunar surface, but this will 

require a refinement of the OMAT ejecta profile method, and the acquisition of a few, 

select samples fi'om craters to be absolutely dated, in order to precisely calibrate the 

system. 
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