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PREFACE 

The Program Committee for the Twentieth Lunar and Planetary Science 
Conference has chosen these contributions as having the greatest 
potential interest for the general public. The papers in this collection 
have been written for general presentation, avoiding jargon and 
unncessarily complex terms. More technical abstracts will be found in 
Lunar and Planetary Science XX 

For assistance during the conference, call the NASA Johnson Space 
Center News Center at (713)483-5111. Telephone numbers of the first 
author of each contribution will be found on page iii. Feel free to call for 
more information. 
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MAPS OF PART OF THE VENUS NORTHERN HEMISPHERE: A JOINT US/USSR MAPPING 
PROJECT; A.T. Basilevsky, G.A. Burba, Vernadsky Institute, Moscow, 117334, 
USSR; R.M. Batson, U.S. Geological Survey, Flagstaff, Arizona 86001, USA. 

The United States and the Soviet Union have each sent separate 
spacecraft missions to Venus. (The US launched Pioneer Venus in 1978 and 
the USSR launched Venera 15 and 16 in 1983.) Each of these missions used 
radar to penetrate the Venusian clouds so that the landforms on the surface 
could be mapped, and each returned data sets that are substantially different 
in resolution and coverage, yet complementary in substance. As a result, it 
was recognized that a combination of the datasets would enable the making of 
maps that would not have been possible with one dataset alone. 

In March 1988, at NASA Headquarters in Washington, D.C., an agreement on 
joint US/USSR project on mapping of the northern part of Venus was 
achieved. In March-April 1988, details of the project were worked out 
during discussions in Flagstaff, Arizona, between representatives of the 
Vernadsky Institute, Moscow, and the U.S. Geological Survey. These two 
institutions are responsible for the project. 

The topography, images, and related data from Venus missions have been 
exchanged under the auspices of the US/USSR Joint Working Group on Solar 
System Exploration. Venera 15 and 16 radar images and altimetric data have 
been used in the project together with Pioneer Venus altimetric data and 
Earth-based radar images from Arecibo Radar Observatory. These data are 
being used to prepare a map set that is significant both for its general 
scientific value and for its specific value in preparing for the upcoming US 
Magellan Mission to Venus. 

Radar images and maps are made by measuring the time required for a 
radar signal to travel from a radar transmitter to a target (in this case, 
the surface of Venus) and back again. Pioneer Venus used radar to measure 
the altitude of the spacecraft as it moved over the surface of Venus. When 
correlated with the known shape of the spacecraft orbit, this collection of 
thousands of measurements resulted in an accurate mathematical model of the 
planet itself. The model was used to make a contour map with a vertical 
interval of 500 m (or about 1/3 of a mile). The two Venera spacecraft also 
had altimeters, and they were able to make measurements every 8 km along 
their orbital tracks, whereas PV measurements are spaced 80 km apart. The 
Veneras, however, concentrated on the area north of the 20° parallel; PV 
altimetry covers most of Venus except the poles. 

The problem with altimetry is that it does not show what landforms look 
like. The measurements give the elevation of a circle 10 to 20 kilometers 
in diameter. Such a circle can enclose a substantial mountain, which might 
not be delineated by altimetry alone. 

Imaging radar is aimed to one side, rather than vertically below a 
spacecraft, and its reflected signals are used to make high-resolution 
images that look like photographs. The Veneras carried imaging radars 
capable of resolving features with dimensions as small as 2 km. Images were 
returned in strips that, when placed together in mosaics, form an image map 
of 25% of the surface of Venus. 
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JOINT US/USSR VENUS MAPS: Basilevsky, A.T., Burba, G.A., and Batson, R.M. 

Radar images of Venus have also been made from the Earth, with 
radi otel escopes. These images show 1 andforms i ndi rectly; no rada r "shadows II 
are present, but the strength of the reflected signal can be used to 
interpret the nature of the surface. Rough surfaces, such as those that 
might be found on steep slopes, reflect strongly. Smooth surfaces on broad 
plains reflect weakly. The bright and dark markings on radar images 
therefore give strong clues regarding the topography in the image areas. A 
radar mapping program at the Arecibo Observatory in Puerto Rico has 
collected several such images, that cover a large part of Venus. 

The mapping project requires that all of the available data be 
considered. Discrepancies between the altimetry datasets were reconciled, 
and a single comprehensive altimetry dataset was formed to make an 
internally consistent mathematical model of Venus. The Venera radar images 
show small landforms but not regional and continental structures; the latter 
can be defined only by the altimetry. Combining the interpretation of radar 
images, altimetry, and Earth-based radar images allowed production of a 
comprehensive set of maps of the northern latitudes of Venus, as follows: 

(1) PIONEER VENUS/VENERA TOPOGRAPHIC MAP - This map consists of a shaded 
relief base image, contour lines, color-coded elevation levels, and 
feature names. Neither mission alone provided the data needed to make 
this map. The altimetry reconciliation was made by the U.S. Geological 
Survey. 

(2) VENERA RADAR IMAGE DIGITAL MOSAIC MAP - This product presents the image 
results of both Venera missions in format convenient for scientific 
investigators and Magellan mission planners. Features are "lighted" 
from the east. The digital mosaic was made by the Institute of 
Radioengineering and Electronics, USSR Academy of Sciences. 

(3) SHADED RELIEF MAP - This map is the base image of map 1, and it shows 
the complete range of topography, from detailed local structures to 
broad continental features. It is the result of combining 
interpretation of the radar image map, the altimetry, and the Earth
based radar data. The shaded relief portrayal was made with an 
airbrush by P.M. Bridges, of the U.S. Geological Survey. Features are 
IIlighted" from the west to conform to images of the upcoming Magellan 
mission . 

(4) VENERA GEOLOGIC MAP - This product shows the Soviet interpretation of 
the geology of the region. The map is combined with a subdued shaded 
relief base, contour lines, and abbreviated feature nomenclature. 

Each map in the series is in the sam~ format: 1:15,OOO,OOO-scale 
(1 mm = 15 km) and in polar stereographic projection . The maps are planned 
for publication in early July 1989, by the U.S . Geological Survey with 
funding provided by the National Aeronautics and Space Administration. This 
schedule should permit them to be distributed and displayed at the 28th 
International Geological Congress to be held in Washington, D.C., July 9-19, 
1989. 
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PROSPECTING THE MOONS OF MARS 

Jeffrey F. Bell, P. G. Lucey, J. C. Gradie, J. C. Granahan (Hawaii Institute of Geophysics, Univer
sityof Hawaii, 2525 Correa Road, Honolulu HI 96822), D. J. Tholen, J. R. Piscitelli (Institute for Astron
omy, University of Hawaii, 2680 Woodlawn Drive, Honolulu HI 96822), and L. A. Lebofsky (Lunar and 
Planetary Laboratory, University of Arizona, Tucson AZ 85719) 

Introduction: The Mars satellites Phobos and Deimos have long attracted space mission planners 
as possible stepping stones to Mars. As early as 1964 it was proposed that rocket propellants extracted 
from the surface minerals of these bodies could be used to refuel Mars-bound spacecraft, greatly reducing 
the difficulty of manned exploration. The most useful compound which could be found is water, which 
not only is essential to life support in space, but is the raw material for fueling hydrogen-oxygen rocket 
engines. The Soviet Union has recognised the importance of Phobos and Deimos by launching its most 
ambitious unmanned space probe to Phobos. This spacecraft has the primary mission of determining the 
water content of Phobos. By coincidence, at the same time Mars passed through the most favorable 
opposition for Earth-based observations in the remainder of this century, providing a rare opportunity 
for ground-based studies of the Mars satellites. An intensive program of telescopic studies was carried 
out in September-October 1988 by planetary scientists at the University of Hawaii, using the facilities of 
the Mauna Kea Observatory. 

Previous Data: Telescopic data obtained during the last favorable oppositions in 1971-73 and data 
from Mariner 9 and Viking had indicated that the visible spectral reflectance of both satellites is similar 
to the spectrum of the asteroid Ceres. Ceres and many other dark asteroids possess an absorption band 
near 3 microns due to bound water in the mineral structure of clays; the depth of this band appears to 
be correlated with the depth of the absorption below 0.4 microns. Thus the similarity of Phobos and 
Deimo8 to Ceres in the 0.2-0.9 micron range suggested a composition dominated by hydrated clay 
minerals, and probably analogous to the CI and CM meteorites. This compositional interpretation was 
supported by mass measurements by the Viking orbiters, which indicated a density of about 2 gm/cc for 
Phobos, similar to that of most clay minerals. These results suggest that Phobos and Deimos are cap
tured asteroids from the middle asteroid belt, not made of material native to the region of Mars. Several 
other satellites of Jupiter and Saturn also appear to be captured dark "C-class" asteroids. However, 
these objects are in distant, eccentric orbits of random inclinations. It is much more difficult to account 
for the Mars satellites in this way, since they are in close, circular orbits in the plane of Mars' equator. 

New Measurements: In order to clarify the position of Phobos and Deimos with respect to the 
"genuine" asteroids, and evaluate their possible mineral resources, we attempted to obtain "asteroid 
quality" spectral data from 0.3 to 3.6 microns for Phobos and Deimos. The proximity of these objects to 
Mars introduces severe observational problems due to the scattered light halo from the planet. Conse
quently, special measures were taken to properly measure and subtract the scattered light. In the visible 
wavelengths, it was possible to image the entire system through a coronagraphic optical system, similar 
to those long used by solar astronomers to study the faint outer atmosphere of the sun. This system 
blocks out most Mars-light scattered off of various parts of the telescope. In the infrared, no similar sys
tem was available and accurate observations of the inner satellite Phobos proved to be impossible. How
ever, by careful measurments of the sky brightness in many locations, it was possible to produce an accu
rate IR spectrum of the outer satellite Deimos. 

Results: Spectral data in the visible (0.3-0.7 microns) region indicate that both satellites have 
spectra very similar to C-type asteroids, as suggested by earlier data. There is a slight but significant 
difference between Phobos and Deimos in the shape of the ultraviolet absorption feature. This difference 
is well within the range seen in the Themis asteroid family, a group of C-class asteroids on similar orbits 
which are thought to represent a cloud of fragments from a shattered parent body. Thus it appears pos
sible that Phobos and Deimos are both fragments of a single carbonaceous asteroid captured by Mars in 
the distant past. Smaller fragments could be responsible for the many oblique impact craters on Mars. 

The IR spectrum of Deimos indicates a red reflectance curve in the 1.2-2.2 micron region. This is 
typical of the P-class asteroids found in the outer asteroid belt, rather than the C-class asteroids like 
Ceres which have been the traditional analogs for Phobos and Deimos. Comparing the Deimos data with 
the existing asteroid data bases, we fmd that it most closely resembles the P-class asteroid 65 Cybele, 
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which is located at 3.4 AU from the sun in the outer reaches of the asteroid belt. P asteroids like Cybele 
are found just inside the gap between the main asteroid belt and the Trojan asteroids, suggesting that 
the PhobosfDeimos parent body was delivered to Mars during the cleaning out of this region. The 
reddening of P'<lass asteroids is conventionally attributed to an increased abundance of complex organic 
polymers over that in C-class asteroids and the carbonaceous meteorites; unfortunately no meteorite with 
a P-like spectrum is known, so this interpretation remains somewhat speculative for the asteroids as well 
as for Deimos. 

We also attempted to directly measure the amount of water in Deimos by means of the bound
water band at 3 microns, which has been detected in many dark asteroids. This is much more difficult 
than in "real asteroids", since Deimos is much warmer and the thermal emission from the surface inter
feres with observations of the reflected light. To interpret our results, we constructed total flux models 
assuming either anhydrous composition, or clay mineralogy similar to the Orgeuil carbonaceous meteor
ite. This comparison suggests a weak bound-water band in Deimos of about 5-10% relative depth, much 
less than in any hydrated meteorite and comparable to the "driest" C-type asteroids. It is not possible 
at present to rule out a completely anhydrous surface on Deimos, given the uncertainties in the thermal 
models and possible residual scattered light from Mars; on the other hand it is certain that Deimos is 
much less hydrated than the "average" main-belt C-type asteroid. This is consistent with the overall 
resemblance of the spectrum to that of Cybele, which has been shown to lack the hydrated-silicate band. 
In fact, P-class asteroids (as well as the more distant D class, most common among the Trojan asteroids 
in Jupiter's orbit) appear to lack the 3-micron clay band. 

Thus the apparent lack of clay minerals on Deimos is part of a larger question: Why do the dark, 
"primitive" asteroids apparently become drier with increasing distance from the sun? There are three 
proposed reasons for this: 

A) The clay absorption band is supressed by the increasing abundance of dark red organic polymers. 
Lab studies investigating this possibility suggest that the clay band is too strong to be completly 
suppressed in this way. 

B) The abundance of water in the original solar nebula declined with distance from the sun, at least in 
the region of the outer asteroid belt. It is difficult to reconcile this with the Jovian satellites 
Ganymede and Callisto, which are about one-half water ice. 

C) The water in all asteroids was originally ice, but only in the middle asteroid belt were bodies 
heated enough after accretion to melt the ice and create hydrated silicates through the action of 
"groundwater". In the P-class and D-class asteroids, ice is still present. This model is supported 
by the distribution of asteroid types in the inner asteroid belt, which indicates a drastic fall-off in 
heating with solar distance. The zone of hydration in the middle belt is thus a zone of metamor
phism between the ignous rocks of the inner belt and the primitive material of the outer belt. 

The balance of the evidence favors the third alternative. If this scenario is true, Phobos and Deimos 
represent our fIrst opportunity to study unaltered "ultracarbonaceous" asteroidal material. It also 
implies that water ice may survive in the deep interior of Phobos and Deimos today, even though the 
regoliths are almost certainly completely devolatilized. The Soviet Phobos spacecraft may not be able to 
test this hypothesis, since most of its instruments (like ours) can only sample the uppermost regolith. 
However, we believe it may provide a unexpected test of our ideas about P-class and D-class asteroid 
composition, which predict a relatively high abundance of complex organic molecules in the surface of 
Phobos. 
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IDENTIFICATION AND CHARACTERIZATION OF A CARBONACEOUS, 
TITANIUM CONTAINING INTERPLANETARY DUST PARTICLE; D.F. Blake, 
Planetary Biology Branch, NASA/Ames Research Center, Moffett Field, CA. 
94035, R.H. Fleming, Charles Evans and Associates, 301 Chesapeake Dr., 
Redwood City, CA 94063, and T.E. Bunch, Planetary Biology Branch, NASAl 
Ames Research Center, Moffett Field, CA 94035. 

The origin and processing history of primitive extraterrestrial carbon has long been a subject 
of active research. The nature of carbonaceous material contained within primitive solar system 
objects bears significantly on theories of pre-biotic organic evolution. Additionally, carbon ap
pears to have had a complex and interesting natural history both during and before the solar ne
bula stage of our solar system. Carbon in its various forms is ubiquitous. Outside the solar 
system, carbon has been identified as a significant component of circumstellar and interstellar 
dust using remote IR and UV spectral observations. Within the solar system, carbon and carbon 
compounds have been identified in the IR spectra of asteroids and comets, and most recently in 
the mass spectra of particles analyzed during the Giotto encounter with comet Halley (Le., 
"CHON" particles, those containing Carbon, Hydrogen, Oxygen and Nitrogen). 

Most direct observations of the chemistry and structural state of primitive extraterrestrial car
bon have come from the laboratory study of carbonaceous chondrite meteorites. Carbonaceous 
chondrites contain from 0.7-3.0% insoluble particulate carbon which is collected and analyzed af
ter acid demineralization of the host meteorite. Enrichments of deuterium (an isotope of hydro
gen) associated with these residues 1 indicate that some pre-solar carbonaceous phases persist. 
Deuterium enrichments in carbonaceous phases are thought to result from ion-molecule reactions 
at low temperatures2 such as are proposed to occur within cold molecular clouds in the interstellar 
medium.3 However, petrologic studies of carbonaceous chondrites have shown that their parent 
bodies experienced pervasive hydrothermal alteration.4 This alteration has to an unknown extent 
modified many of the phase relationships and structures which would provide clues to the natural 
history of the carbon prior to its incorporation into the parent body. 

IDPs, because they originate from less extensively altered parent bodies5 (some types are be
lieved to be debris from short-period comets), have the potential to retain much of the original 
structure, chemistry and distribution of carbonaceous material. Studies of carbon within chon
dritic IDPs document a variety of formational processes and conditions, including: 1. The con
densation of amorphous and turbo static (partially graphitized) carbon from gaseous species by 
heterogeneous catalysis,6,7 2. The crystallization of well-ordered carbon 2-H (lonsdaleite) 
through low-temperature hydrous pyrolysis,8 and 3. The graphitization of partially ordered or 
amorphous carbon through thermal metamorphism.9 Many of these processes undoubtedly oc
curred within the solar nebula. However, some of the carbon within chondri tic IDPs contains 
excess deuterium relative to solar system values,10 indicating that relict interstellar grains may 
have survived processing in the solar nebula. The reports cited above document the presence and 
structure state of carbon contained as an accessory phase within chondri tic IDPs. Despite the fact 
that the Giotto mass spectroscopy data confirm the existence of a significant percentage of carbo
naceous CHON particles within the coma of Halley, no similar particles have been described or 
reported in the IDP literature. 

We recently began a survey of particles from the Johnson Space Center Cosmic Dust Collec
tion which were listed in the JSC catalog as containing largely carbon, in order to identify which, 
if any were of extraterrestrial origin. Because there are a variety of terrestrial sources for carbo-
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naceous particles (natural sources such as forest fires and anthropogenic sources such as fossil 
fuel burning, etc.), we used as proof of extraterrestrial origin the presence of an anomalous deu
terium to hydrogen ratio relative to terrestrial values. 10 

Figure 1a-b shows Scanning Electron Microscope (SEM) images of a carbonaceous particle 
obtained from the JSC collection. The particle has many of the surface morphological character
istics which we have come to associate with extraterrestrial IDPs; in particular, a wrinkled, reen
trant surface texture. Figure 2a-b are Backscattered Electron (BSE) images which shows contrast 
due to compositional differences within the particle. There appear to be sub-~Jm grains of high 
atomic number material (arrowed) scattered throughout. Bulk elemental analyses of the particle 
show that it consists largely of carbon, with minor amounts of oxygen and titanium. Point ele
mental analyses of grains which appear bright in the BSE image show that they are titanium rich, 
but it is not known whether they are oxides, carbides, or reduced metal. Deuterium to hydrogen 
(DIH) ratios were measured by Secondary Ion Mass Spectroscopy (SIMS). DIH isotope ratio 
images were recorded to identify anomalies which would establish an extraterrestrial origin for 
the particle. The particle has a positive DIH per mil deviation overall, and exhibits a region of 
about +800 per mil enrichment. Normal terrestrial values occur within the range -300 to +40 per 
miLl 1 On the basis of the SIMS DIH data, it appears that this particle is a bona fide IDP. 

This particle may be the first example of a new type of interplanetary dust consisting largely 
or solely of carbonaceous material. If IDPs of this type originate from comets (or from the outer 
solar system, regardless of source), the carbon they contain should be among the most pristine 
yet studied. From the DIH data, it appears that some relict interstellar carbonaceous material may 
persist within particles of this type. In the absence of secondary alteration such as has occurred 
within the parent bodies of carbonaceous chondrites, it may be possible to identify or at least 
more narrowly constrain the structures and phase relationships of interstellar carbon. 

Several recent publications5,12-l6 describe the occurrence of Ti in various forms within IDPs, 
in which the Ti grains appear to be either high temperature condensation products of the solar ne
bula, or relict circumstellar material from a red giant star. The titanium-containing grains de
scribed in this report may be from either source. We are beginning further analyses of this 
unique particle to determine the nature of the titanium and carbonaceous phases, and their rela
tionship one to the other. 

Mass spectrometry data recorded during the Giotto flyby of Halley show that a significant 
proportion of the particles encountered were so-called "CHON" particles, those containing only 
Carbon, Hydrogen, Oxygen and Nitrogen. With this knOWledge, one might suspect that a sig
nificant fraction of IDPs collected in the stratosphere should be carbonaceous, and that these par
ticles should contain new and unique information about conditions extant in the early solar nebu
la, the composition of cometary nuclei and the relict interstellar grains they may contain. 
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Figure 1a. Low voltage, SEM micrograph of a carbonaceous IDP. Note crenulated, reentrant 
texture of particle surface. Figure lb. Higher magnification SEM image of region circled in 1a. 
Figure 2a. Backscattered electron (BSE) image, exhibiting contrast due to atomic number differ
ences. Bright sub-J.1m grains (arrowed) are titanium rich. Figure 2b. Higher magnification BSE 
image of area circled in 1a. 
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TELESCOPIC DETECTION OF SULFUR COMPOUNDS ON MARS. Diana L. Blaney and Thomas B. 
McCord. Planetary Geosciences Division, Hawaii Institute of Geophysics, University of Hawaii at 
Manoa. 

A summary of the results of measurements collected August 17, 1988 UT at the NASA Infrared 
Telescope Facility using a Cooled Grating Array Spectrometer described by Tokunaga, 1987 and their 
interpretation is presented below. 
Description of Spectra 
--The spectra shown in Figure 1 exhibit increasing reflectance between 3.2 j.lm and 4.2 j.lm due to 
absorption from hydrated minerals depressing the continuum level in the 3 j.lm region and an increase 
in thermal emission at longer wavelengths. 
--Near 4.1 j.lm the reflectance decreases due to Mars C02 atmospheric absorptions. 
--No evidence of carbonates was observed. An upper limit of carbonate abundance is <1-3 wt% based 
on laboratory measurements of calcite and palagonite mixtures (Blaney and McCord 1988, Walsh 
personal communication). 
--Between 3.76 j.lm and 3.87 j.lm an absorption feature appears with a double minimum at 3.810 j.lm 
and 3.854 j.lm and a maximum strength of about 4%. This absorption is consistent with the feature 
observed in Syrtis region in 1986 (Blaney and McCord 1988). 
--Further analysis was done by approximating a continuum with a straight line fitted to the spectrum 
at 3.75095 and 3.9133 j.lm and dividing the slope out. 
--The continuum removed spectra, not shown, revealed no variation in the band minima location but 
showed som~ variation in the band strength. Depth of absorption feature does not appear to be 
correlated with geologic terrain, age of unit, albedo, or latitude. 
--This implys that on the scale measured, the material causing the absorption is widespread and of 
uniform composition on this spatial scale. Additionally, the wide age range of the two regions with the 
highest concentration (deepest band depth) implies that the process which formed the material causing 
the absorption has been in operation throughout Martian history, or that the process is a ~ one 
with global importance. 
Interpretation of the 3.81 j.lm Absorption Feature: Bisulfates? 
--Sulfur contain ing compounds are geochemically reasonable given Viking results indicate a high 
relatively uniform su lfur content at both Chryse and Utopia. Sulfur containing compounds therefore 
are expected to occur (e.g. Tou lmin et al. 1987, Clark et. al. 1982). 
--Sulfates such as gypsum and anhydrite do not have absorption features in the 3.8 j.lm region due to 
the symmetry of the S04-2 ion. However bisulfates are infrared active in this region due to the 
asymmetry of the HS04-1. 
Bisulfate Spectra 
--Both NaHS04 and KHS04 were measured. 
--Both spectra show broad absorptions in the 3.8 j.lm to 4.0 j.lm region. The feature has two 
distinctive relative minima at about 3.8 j.lm and 3.9 j.lm. The second feature is slightly shallower than 
the first. 
--Location of minimum are dependent on the anion. For KHS04, the minimum are at 3.806 j.lm and 
3.965 j.lm, while for NaHS04, the minimum occur at 3.755 j.lm and 3.890 j.lm. 
--Figure 2 shows the KHS04 spectrum plotted above the Chryse spectra. The KHS04, is a better, 
though not exact, match to the absorption feature than the NaHS04. (Given the results the Viking XRF 
experiment is is reassuring that potassium is not an exact match). The strong dependence on anion and 
absorption position indicates that laboratory measurements may be able to determine the specific 
anion involved. 
Conclusions 
--Absorption feature at 3.81 j.lm exists. 
--Feature is widespread, shows variation in depth, and is not correlated with geologic, albedo, or 
terrain age. 
--Bisulfates are a likely candidate. Absorptions from bisulfates do occur at around 3.8 j.lm however, 
exact band position is very sensitive to anion. An exact match has yet to be made. 
--No evidence for carbonates at the 1-3 wt% level has been found. 
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Figure 1. Spectra for eight -900-km diameter regions on Mars reduced using the standard star B8437 
and normalized to unity at 3.9133 ~m. The rough geograpic locations are a) Margaritifer Sinus, Nirgal 
Valles, and Eastern Valles Marineris, b) Central Valles Marineris and Surroundings, c) Argyre Basin • 
d) Eastern Solis Planum, Ridged Plains, Heavily Cratered Terrain, e) Mid to High Latitude Heavily 
Cratered Terrain, f) Eastern Tharsis, g) Western Tharsis Montes, h) Southern Chryse and Outflow 
Channels. A specific aperture location map will be presented. Subsequent spectra are offset from 
each other by 0.2 units. 
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Figure 2. Scaled reflectance for KH804 and the spectra for the Mars region Chryse. Both spectra are 
scaled to 1.0 at 3.913 ~m. The KH804 spectrum is offset from the origin by 0.4 units. 
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39Ar-40Ar AGES OF EUCRITES: DID THE HED PARENT BODY EXPERIENCE A LONG 
PERIOD OF THERMAL EVENTS DUE TO MAJOR IMPACTS? D.D. Bogard & D.H. Garrison, 
NASA, Johnson Space Center, Houston, TX 77058 

We are determining 39Ar-40Ar ages of a variety of eucrites for two purposes: (1) Several of these 
meteorites are objects of collaborative studies, and our 39Ar-40Ar data. along with petrological, chemical, 
and radiometric studies of other investigators. are intended to provide information on the formation and 
history of individual eucrites. (2) We wish to compare the 39Ar-40Ar chronology of impact and other 
thermal events on the HED parent body with that observed for the mesosiderite parent body, chondrites, 
and the moon to examine similarities and differences in early bombardment histories. We envisaged that 
reset Ar ages of HED meteorites are the result of their residence times in heated impact ejecta on the 
parent body, as described by (I). Recent work has concentrated on collaborative studies of individual 
clasts with the hope that these have had a simpler history compared to the whole-rock breccia. This 
abstract is a progress report of our studies. 

39Ar-40Ar ages of specific eucrites: Chemical and textural characteristics of pyroxenes in a pristine 
clast from Y-75011 suggested that it could be the least metamorphosed eucritic material ever studied (2). 
Rb-Sr and Nd-Sm isochron studies on this clast and a matrix sample yielded formation ages of 4.50-4.60 
Gy, but some data suggested mild disturbance (1). Our 39Ar-40Ar data show an age for the clast of-4.05 
Gy for the first -50% of the 39Ar release, followed by an increase in age with increasing extraction 
temperature to a maximum of -4 .5 Gy. The matrix sample gave an essentially identical 39Ar-40Ar release 
profile. but with ages lower by -0.1 Gy for all extractions . In spite of its pristine nature and early Rb-Sr 
and Sm-Nd formation age, this basaltic clast experienced significant heating and Ar degassing -4 Gy ago. 
Pyroxenes in Y-792510 suggest that this eucrite was significantly heated for an extended period . Most 
temperature releases of a clast from Y-79251O define a 39Ar-40Ar plateau age of -3.2 Gy, and some 
separated phases are suggestive of a Rb-Sr age as low as 4.05 Gy (3). A whole rock sample from the Y-
792769 eucrite shows a plateau age of -3.7 Gy. Y -792769 appears to be intermediate between polymict 
and monomict eucrites, and differs from e.g. Y-75011 in that its pyroxenes show the homogenized trend of 
the ordinary eucrites. presumably produced by sub-solidus metamorphism (4). A clast from the Y-79 I 186 
eucrite shows a significantly younger age of approximately 3.2 Gy. A clast from the Y -790020 eucrite 
shows a 39Ar-40Ar age of -3.7 Gy for the first -50% of gas release, then the age progressively climbs to 
-4.4 Gy. Two different clasts from the LEW-85302 eucrite each suggest the presence of a low-temperature 
phase with an "age" of IGy or less, and a high temperature phase with an "age" of 3.0-3.5 Gy. A clast 
from the LEW -85300 eucrite suggests a high-temperature plateau age of -3.5 Gy. The Bholghati 
howar<tite is the object of a consortium study led by J .C. Laul. and an euctric clast from this meteorite 
gave a 39Ar-40Ar release pattern suggestive of partial diffusive loss of Ar and rises. with increasing 
extraction temperature. from an "age" of-IGy to >4Gy. 87Rb-87Sr data on Bholghati and Y-792510 are 
discussed in (5). 39Ar-40Ar data for four of these meteorites are shown below. 
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Essentially all 39Ar-40Ar ages determined on eucrites, howardites, and diogenites are younger than 4.5 
Gy. and presumably reflect impact heating events on the HED parent body. It is informative to compare 
these HED ages with 39Ar-40Ar and 87Rb-87Sr ages determined for other planetary materials which have 
experienced significant impact events. Most lunar anorthosite rocks show ages by several radiometric 
techniques that have been reset by impacts between 3.85 and 4.0 Gy (e.g. 6), whereas several more 
"pristine" rocks show ages of 4.0-4.45 Gy (e.g., 7). We previously reported 39Ar-40Ar ages on several 
mesosiderites that suggested a major disruption event or events of the parent body between 3.6 and 3.8 Gy 
ago, and found no evidence in these samples of K-Ar ages older than 4.0 Gy (8). Interpretation of HED 
chronology in terms of early bombardment is not straightforward, however. To make this comparison we 
examined 39Ar-40Ar data from 37 analyses of 23 HED achondrites, from the literature and our own work. 
Because shapes of the 39/40 release curves often cannot easily be interpreted in terms of well-defined 
"events", we adopted 24 analyses that gave some indication of an event age (generally interpreted to be 
more than two extractions releasing significant 39Ar and showing essentially the same age). The 
"reliability" of these event ages ranges from well-defined by the 39Ar-40Ar data to only moderately 
indicated by the data. 

Rb-Sr ages of a few eucrites are -4.5 Gy, but other eucrites show varying degrees of radiometric 
resetting and have lower Rb-Sr "ages" (e.g. 1,9). Sm-Nd ages of eucrites are less common, but show 
similar trends. All 39Ar-40Ar ages of eucrites and howardites show some degree of resetting relative to 
4.5 Gy, and thermal events in eucrites and howardites appear to spread as widely as 3.0-4.4 Gy ago (with 
one diogenite age of t.l Gy). Fig. 5 (below left) contrasts the relatively narrow spread in 39Ar-40Ar ages 
of mesosiderites with the much larger spread in ages for HED meteorites. The spread in HED ages is also 
somewhat greater than the typical 3.7-4.1 Gy spread in lunar highland ages. Fig. 6 (below right) shows 
the much larger spread in 39Ar-40Ar ages for two types of thermal events in chondrites: relatively recent 
( < I Gy) events associated with shocked chondrites, and events either < 1.5 Gy or 3.3-4.4 Gy that are 
associated with clasts or melt fragments in chondritic breccias. The "clustering" of lunar highland ages 
has been attributed to either the tail of a large and rapidly decreasing flux of large impactors in the early 
solar system, or to a "cataclysmic", short-lived increase in impactors -3.9-4.1 Gy ago. The observation of 
apparently younger thermal events in mesosiderites and HED meteorites suggests that large impacts 
occurred even later on these parent objects. However, it is not yet clearly established whether this larger 
spread in HED ages compared to lunar highland breccias and mesosiderites is due to a longer period of 
bombardment resetting of the HED parent body, to a greater sensitivity of HED material to age resetting by 
less intense events, or to remaining analytical uncertainties in interpreting event ages from radiometric 
data. Figs. 5 & 6 below suggest, however, that thermal events recorded in the 39Ar-40Ar ages of 
achondrites, chondrites, and lunar highland rocks are of two types: (1) relatively early events that broadly 
affected all parent objects and reset or at least disturbed several radiometric systems; and (2) relatively 
recent events that affected Ar ages of selected meteorites. Intermediate 39Ar-40Ar ages in meteorites (and 
lunar samples) are almost non-existent. 

References: (I) Nyquist et al JGR 91, NB8, p8137, 1986; (2) Takeda et al PLPSC 14, B245, 1983; (3) 
Nyquist et ai, Meteoritics 23, p295, 1988; (4) Aoyama et al Meteoritics 22, pJ17, 1987; (5) Nyquist et al 
LPS XX, 1989; (6) Turner& Cadogan PLSC 6, p1509, 1975; (7) Carlson & Lugmair EPSL 90, p119, 
1988; (8) Bogard et al LPS XIX, p112, 1988; (9) Birck & Allegre EPSL 39, p37, 1978. -
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News background information for the paper: 

possible Scenarios Resulting from the Giant Impact 

by A. G. W. Cameron and W. Benz 
Harvard-Smithsonian Center for Astrophysics 

The paper discusses a number of further results in the calculations which simulate 
the most violent event that has occurred to the Earth during its history: its collision with 
the next largest body which was present in its region of accumulation in the early solar 
system. This body was a planet in its own right, an object somewhat more massive than 
the planet Mars. Our earliest calculations found, for a certain range of parameters, that the 
collision created a disk of molten and gaseous debris in orbit around the protoearth. One 
possible scenario would then be that the dissipation of this disk resulted in the formation of 
the Moon. Subsequent calculations have broadened somewhat the possible scenarios that 
result from the Giant Impact. 

Curiosity about the origin of the Moon played an important part in persuading NASA 
to establish the Apollo project that placed men on the surface of the Moon twenty years 
ago. At the time there were three competing theories of the origin of the Moon: 
1. Capture theory. It was postulated that the Moon was formed elsewhere in the solar 

system and was captured by the Earth. 
2. Formation of the Moon in orbit. It was postulated that the Moon was formed from 

material that had been captured into orbit around the Earth after the Earth was mostly 
formed. 

3. Fission theory. It was postulated that the Earth spun fast enough so that it became 
deformed and a piece broke off to become the Moon. 
As the Apollo project progressed it became noteworthy that very few scientists working 

on the project were changing their minds about which of these three theories they believed 
was most likely to be correct, and each of the theories had its vocal advocates. In the years 
immediately following the Apollo project, this continued to be true. One observer of the 
scene, a psychologist, concluded that the Moon scientists were extremely dogmatic and 
largely immune to persuasion by scientific evidence. But the facts were that the scientific 
evidence did not single out any of the three theories. Each one of them had several grave 
difficulties as well as one or more points in its favor. 

In the mid-1970's other ideas began to emerge. W. K. Hartmann and D. R. Davis, of 
the Planetary Sciences Institute in Tucson, pointed out that the Earth, in the course of its 
accumulation, would undergo some major collisions with other bodies having a substantial 
fraction of its mass, and that these collisions would produce large vapor clouds that they 
believed might playa role in the formation of the Moon. A. G. W. Cameron and W. R. Ward, 
at Harvard, pointed out that a collision with a body having at least the mass of Mars would 
be needed in order to give the Earth the present angular momentum of the Earth-Moon 
system, and they also pointed out that such a collision would produce a large vapor cloud 
that would leave a substantial amount of material in orbit about the Earth, the dissipation 
of which could be expected to form the Moon. From these suggestions has emerged the 
Giant Impact theory of the Moon's origin. 
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These ideas produced relatively little comment in the scientific community during the 
next few years. However, when a scientific conference on the origin of the Moon was or
ganized at Kona, Hawaii, in 1984, a surprising number of papers were submitted which 
discussed various aspects of the Giant Impact Theory. At the same meeting the three classi
cal theories of formation of the Moon were also discussed in depth, and it was clear that all 
of them continued to present grave difficulties. Giant Impact emerged as the "fashionable" 
theory, but everyone agreed that it was relatively untested and that it would be appropriate 
to reserve judgment on it until a lot of testing had been carried out. The next step clearly 
called for numerical simulations to be carried out on supercomputers. 

H. J. Melosh, with C. P. Sonett and A. M. Vickery at the University of Arizona and 
M. E. Kipp at Sandia Laboratories, Albuquerque, used conventional techniques to study 
two-dimensional representations of the planetary collision hypothesis; they confirmed that 
a large cloud of vapor would be formed in the collision and that a significant part of it 
would be left in orbit around the Earth. The authors of this paper, Benz and Cameron, 
together with W 1. Slattery at the Los Alamos National Laboratory, used an unconventional 
technique called smoothed particle hydrodynamics to simulate the planetary collision in 
three dimensions. With this technique they were able to follow the simulated collision for 
many hours of real time, determining the amount of mass that would escape from the Earth
Moon system, the amount of mass that would recollide with the Earth, and the amount of 
mass that would be left in orbit, as well as the relative amounts of rock and iron that would 
be in each of these different mass fractions. They carried out simulations for a variety 
of different initial conditions, and were able to show that a "successful" simulation was 
possible if the impacting body had a mass not very different from 1.2 Mars masses, that the 
collision occurred with approximately the present angular momentum of the Earth-Moon 
system, and that the impacting body was initially in an orbit not very different from that 
of the Earth 0-3). 

The Moon is a compositionally unique body, having not more than four percent of its 
mass in the form of an iron core, and more likely only two percent of its mass in this form. 
This contrasts with the Earth, a typical terrestrial planet in bulk composition, which has 
about one-third of its mass in the form of the iron core. Thus a simulation could not be 
regarded as "successful" unless the material left in orbit was iron-free or nearly so and 
was substantially in excess of the mass of the Moon. This uniqueness highly constrains 
the conditions that must be imposed on the planetary collision scenario. If the Moon were 
formed of a typical composition of other terrestrial planets, it would be far more difficult 
to determine the conditions that led to its formation. 

We tum now to the specific developments reported in our paper for the 20th Lunar and 
Planetary Science Conference. 

Additional calculations have been carried out using three-dimensional smooth particle 
hydrodynamics (SPH). In this method a mesh is not used, but rather the masses of the 
Protoearth and the Impactor are divided into a number of particles (3008 in each of the 
cases investigated here), which are extended in space (their shape is called their kernel), 
so that they overlap under normal conditions. Pressure and density are bulk properties of 
the medium obtained by averaging over the particles. The particles move in response to 
the forces exerted on them by gravity and by pressure gradients. The Protoearth and the 
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Impactor have been modelled with iron cores and dunite mantles, and on the presumption 
that they would have been heated by their prior accumulation, we assumed that they were 
both initially isothermal with a temperature of 4,000 K. This assumption also made it easy 
to see how much heating the various particles received in the collision. 

At the time of writing we have spent about 19 months carrying out a series of simula
tions of such collisions, attempting to explore parameter space. We have investigated mass 
ratios of 0.14,0.16, and 0.25, mostly with Voo = 0, and with a range of angular momenta 
in the collisions. So far we have several cases with Voo = 5 km/sec and two cases with Voo 

= 7 km/sec. Voo is the velocity that the projectile would have at a large distance from the 
proto earth. 

We know that the present angular momentum of the Earth-Moon system is smaller than 
that originally possessed by the system. At the present time the loss of angular momen
tum from the rotation of the Earth due to solar tides is about 0.3 of the rate of transfer 
of angular momentum from Earth rotation to the lunar orbit by lunar tides (4). This ra
tio is nonlinear and its backward extrapolation in time is uncertain, but the factor 1.3 is 
presumably too large for the ratio of the original to the present angular momentum of the 
system. However, since we have found that the outcome of a collision is sensitive to the 
relative geometry of the bodies in the collision, and since the Giant Impact may have oc
curred before accumulation was complete, a still larger value of the angular momentum in 
the collision with present masses may represent roughly the outcome of a collision of some
what smaller bodies with the same geometry. The angular momentum of the system may 
also have been significantly influenced by subsequent collisions of the Earth with bodies 
which are smaller than the Impactor but still very massive. A further uncertainty lies in our 
procedure for modelling the colliding planetary bodies using equations of state for just iron 
and dunite, which could produce errors in their radii, hence altering the collision geometry 
for a given angular momentum (although we find little difference between the condensed 
matter radii of models of the Earth computed at 400 and 4000 K; both agree well with the 
present radius). But the fact that in SPH the particles are spread out in space may give the 
colliding planetary bodies effective radii somewhat different from their nominal radii. For 
all of these reasons, the range of angular momentum in our study lies from 1.1 to 1.9 times 
that of the current Earth-Moon system. 

The results of these simulations have produced additional possible outcomes of the 
Giant Impact. 

The characteristics of the collisions fall into a recognizable pattern. First consider a 
collision taking place with an angular momentum near the lower end of the above range. 
In the collision itself the Impactor is destroyed by being drawn out into a long arc or bar. 
Its iron core lies within that part of the arc or bar closest to the Protoearth, so that all 
or nearly all of it falls out onto the mantle of the Protoearth. This iron falls through the 
mantle and wraps itself around the core of the Protoearth. The arc or bar is very effective in 
transfering angular momentum to the outermost rock within it; this rock can go into orbits 
at both large and small radial distances. Usually there is some rock beyond the Roche lobe, 
increasing to more than a Moon mass as the angular momentum in the collision increases. 
The material beyond the Roche lobe may undergo a small amount of clumping, with up to 
about a dozen particles in -a clump (we are uncertain of the reality of any clumps with a 
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very small number of particles). 
As the angular momentum in the collision increases, the deformation of the Impactor 

during and immediately after the collision is reduced. The bar becomes much thicker at the 
end away from the site of the collision. The material in the near end of the bar; including 
some of the iron, is deposited into the Proto earth as before, but the middle of the bar thins 
out, and then the far end material pulls itself together into a semblance of a sphere as 
the material moves outside the Roche lobe, and deposition of material into the Proto earth 
ceases. The remnant of the Impactor, containing about three-quarters of the original body, 
then moves to an apogee and falls back toward the Protoearth. There then occurs a second 
impact on the Protoearth with a slightly reduced impact parameter. This impact resembles 
in a general way what happens in a lower angular momentum impact, with the Impactor 
fully drawn out and destroyed and with lots of material placed beyond the Roche lobe 
(there may be significant amounts of iron left in the disk that lies within the Roche lobe). 
Quite a lot of formation of clumps is likely to take place in the region beyond the Roche 
lobe, and some of these dumps may approach a Moon mass for the higher mass ratios of 
Impactor to Proto earth. 

With Voo = 5 km/sec, the general characteristics of the collisions remain the same, 
but the higher kinetic energy in the collision heats the material in the bar to a higher 
temperature, so that it becomes considerably more spread out. This 'reduces the tendency 
to form small clusters beyond the Roche lobe, but it is still possible to form quite large ones. 

We have examined the motion of the centers of mass of the clumps that are formed 
beyond the Roche lobe. Most of these clumps move on orbits that take them to a perigee 
well inside the Roche lobe. We have run a few cases long enough to see what happens in 
such a case. The clumps whose perigee passage was observed had masses still quite small 
compared to a Moon mass, and they were tom apart and the particles within them became 
spread out in the form of a fan, some remaining within the Roche lobe and others going 
out to apogees beyond the Roche lobe. Some clumps may escape altogether. Sometimes 
a small number of clumps are formed with perigees beyond the Roche lobe; these clumps 
are often quite massive. 

As billiards players are well aware, small changes in the parameters of one collision 
can lead to large changes in the outcome of a second collision. Thus, rather thap. give a 
detailed description of the outcomes of our various runs, we prefer to characterize these 
results by three general scenarios: 
1. A relatively low angular momentum collision leads to the deposition of rock into a 

disk that extends throughout the Roche lobe and for some distance beyond, with no 
significant clumping of material beyond the Roche lobe. 

2. At a higher angular momentum a long bar of material may be formed extending beyond 
the Roche lobe; this bar will break up into several clumps. The majority of the clumps 
will fall through perigees within the Roche lobe and be broken up again, and most of 
the remaining clumps will escape from the system. The net outcome of this case is 
about the same as in the preceding case. 

3. For certain values of the angular momentum, particularly those intermediate between 
the above two cases, the material near the end of the arc is not spread out but can 
pull itself together into a major clump in a stable orbit that may form a center of lunar 
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accumulation. 
We have one particularly interesting case (DEll) which lies close to the boundary be

tween the single and double collision scenarios but only had a single collision. In this case 
self-gravity pulled an all-rock clump together at the outer end of the arc and prevented that 
part of the arc from spreading out. Nevertheless the inner part of the arc was effective in 
transferring much angular momentum to the large clump. The result was the formation of 
an iron-free clump with 32 particles (0.87 of a Moon mass) in a stable orbit with perigee 
at 3.3 Earth radii, above the Roche lobe. The apogee was 12.2 Earth radii. There were 30 
rock particles which would after mutual collisions form a disk inside the Roche lobe, but 
16 of these had initial orbits with apogees outside the Roche lobe where some of them are 
likely to collide with the large clump. 

A further but important complication added to these scenarios is that the material de
posited in the Protoearth releases a great deal of energy, so that the atmosphere of the 
Protoearth becomes formed from gaseous rock decomposition products with a surface tem
perature in the vicinity of 16,000 K. This is likely to lead to a complete initial vaporization 
of the disk material within and outside the Roche lobe, although not necessarily of any 
massive clumps that formed promptly after the collision. 

Clumps that escape from the Earth-Moon system in the second scenario may have 
masses in the range 0:1-0.2 of a Moon mass and be composed essentially completely of 
molten rock. 

In Summary: The Giant Impact tends to produce two principal possible scenarios: 
(1) a hot disk of magma and gas extending from near the surface of the protoearth to well 
beyond the Roche lobe, and (2) a major clump of material with nearly the mass of the Moon, 
in orbit entirely beyond the Roche lobe, outside a smaller disk of orbiting magma and gas. 
Somewhat smaller clumps of material may escape into independent orbit about the Sun. 
The post-impact environment near the protoearth was extremely hot, with temperatures 
at the surface of the rock vapor atmosphere near 16,000 K (Le., much hotter than the 
surface of the Sun). These scenarios now pose the problem of determining which is a more 
plausible environment for the formation of the Moon as we know it. 

References: (1) Benz, w., Slattery, W. L., and Cameron, A. G. W. (1986) Icarus, 66, 
515-535; (2) Benz, w., Slattery, W. L., and Cameron, A. G. W. (1987) Icarus, 71, 30-45; 
(3) Benz, w., Cameron, A. G. w., and Melosh, H. J. (1989) submitted to Icarus; (4) Munk, 
W. H., and MacDonald, G. J. F., The Rotation of the Earth, Cambridge Univ. Press (1960). 
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New Arecibo High-Resolution Radar Images or Venus: Preliminary Interpretation D. 
B. Campbell1• A. A. Hine2. 1. K. Harmon2• D. A. Senske3• R. W. Vorder Bruegge3• P. C. Fisher3. S. Frank3• 
and 1. W. Head3 1) National Astronomy and Ionosphere Center. Cornell University. Ithaca NY 14853. 2) National 
Astronomy and Ionosphere Center. Arecibo Observatory. Arecibo. Puerto Rico 00612. 3) Department of 
Geological Sciences. Brown Univezsity. Providence. RI 02912. 

Introduction: New observations of Venus with the Arecibo radar (wavelength 12.6 cm) in the summer of 1988 
will provide images at 1.5-2.5 km resolution over the longitude range 2600 to 200 in the latitude bands 120 N to 700 

N and 120 S to 700 S 1. In this paper we report on a preliminary analysis of images of low northern and southern 
latitudes including Alpha Regio. eastern Beta Regio. and dark-halo features in the lowland plains of Guinevere 
Planitia. Crater distributions and the locations of the Venera 9 and 10 landing sites are also examined. 

AJpha ReiPo: (50 .250 S) is a 1000 x 1600 km upland region located south of Pioneer-Venus and Venera 15-16 
radar image coverage. It was the flI'St area of anomalously high radar return discovered in the early 1960's by Earth
based radars (hence the name). Recent comparisons of Pioneer-Venus altimetry. reflectivity and r.m.s. slope data 
with different terrain types apparent in the Venera 15/16 images indicate that Alpha Regio has many similarities 
with tessera2-6. The new high resolution images (Fig. 1) show that Alpha itself is a region of high radar return 
with very shaIp boundaries and a distinctive pattern of bright and dark: linear bands with separation distances of 10-
15 km and oriented approximately NNE. Two other less distinctive patterns of lineaments can be observed and are 
oriented normal to the first. and approximately NE-SE. Additional features include small dark plains-like areas 
scattered throughout Alpha. On the basis of the linear segments and their orientations and spacings. the local plains 
deposits. and the distinctive structural relations of its boundaries. the Alpha region appears to be very similar to the 
tessera terrain (such as Tellus Regio) in the area imaged by Venera 15/163. 

Eastern Beta ReiPo: Located on'the eastern flank of Beta Regio (2930
• 250 N) is a region of elevated topography 

described as an upland plateau 7 (Fig. 2). PV radar data shows this feature to possess properties similar to that of 
other areas mapped as tessera (high values of RMS slope. low values of reflectivity. high diffuse scattering) and on 
the basis of these properties. it was also predicted to be tessera terrain6. Examination of the high resolution 
Arecibo images shows this feature to be characterized by a distinctive pattern of parallel closely spaced ridges and 
troughs oriented generally N-S. spaced approximately 5-10 km apart. a second orthogonally-oriented fabric of less 
abundant but more through going lineaments. as well as a third set of northeast trending ridge and trough pairs. 
These characteristics are similar to those in Alpha and in other regions that have previously been interpreted to be 
tessera terrain3. Radar-dark material possessing characteristics similar to units mapped elsewhere as volcanic plains 
embays the tessera-like unit and we interpret this relationship to indicate the relatively old age of the tessera 
compared to the dark: plains in the surrounding lowland. 

Dark halo features: Extended. quasi-circular areas of low back scatter cross section (dark halos) with central 

bright spots of unknown origin and morphology have been observed in early earth based radar images of Venus8 and 
Pioneer-Venus images 7.9. The new images cover one group of these dark halos in the area between longitudes 3200 

and 3400 and latitudes 150 N and 320 N. Whether the low back scatter cross section is due to a very smooth surface 
or low intrinsic reflectivity is still not known but most of the bright spots are resolved as craters with extended. 
very asymmetric bright surrounds. This is not a characteristic of the craters observed at higher latitudes and 
interpreted to be of impact origin 1 O. and suggests. rather, a volcanic origin. 

Impact Craters: The number of impact craters with diameters greater than 15 km in the latitude band 15° N to 

300 N may be considerably lower than the approximately one per 106 km2 observed at higher northern latitudes in 
the Venera 15/16 imageslO• A number of craters are apparent in the new images in the 15°N to 300 N latitude band 
but only three or four have characteristics similar to what one would expect based on the comparison of high 
incidence angle Arecibo observations of craters interpreted to be of impact origin in the Venera images. The 
remaining craters observed are primarily those in the dark halo features. 

Venera lander sites: Two Venera landers, Veneras 9 and 10. are located within the region imaged._ Venera 9. 

which landed in a region of steep slopes later Irnown to be rough from Pioneer-Venus datall-13 is located in the 
vicinity of a radar-bright ridge in the Arecibo data (Fig. 3). Lander imaging shows the surface to be covered by 
abundant blocks with no obvious bedrock exposuresI2•13. The blocky field within the lander image may be related 
to the linear bright scarp seen in the Arecibo image and an area of associated talus. Venera 10 is located near the 
edge of a radar-dark plains unit between two blocks of tessera-like material. The lander panorama shows the 
spacecraft to be located in a flat region with significant bedrock exposure, some thin soil cover. and a plains-like 
morphology 12.13. 
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Figure 1. Alpha Regio. 
Width of image is 1940 km. 

Figure 2. Eastern Beta Regio. 
Width of image is 1940 km. 

Figure 3. Venera 9 lander site. The lander is located approximately 
in the center of the image. Width of the image is 500 km. 
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ORIGIN OF Xe-HL AND SUPERNOVA 1987A; Donald D. Clayton, Andrew Hays 
Buchanan Professor of Astrophysics, Rice University, Houston, TX 77251 (713) 527-8101 ext. 
3523 

My work (1) addresses the vast numbers of tiny diamonds, crystals of carbon no larger than a 
few thousandths of a centimeter, that are found in carbonaceous meteorites and that contain within 
them trapped xenon gas of bizarre isotopic constitution. I argue that an intense burst of neutrinos 
inside the only carbon-rich zone of exploding stars produces the logical birthplace of these 
remarkable tiny gems. The recent bright supernova has presented us with valuable and astonishing 
clues to this puzzle, and more such clues are yet to come. 

The supernova explosion fIrst seen on 23 February 1987 in the Large Magellanic Cloud, a 
small satellite galaxy to our Milky Way Galaxy (about 160,000 light-years away), has presented 
astronomers with the chance to learn many previously unknown things about these stellar 
explosions. That now-famous event is called SN1987A, the A denoting it as the fIrst supernova 
observed in 1987. One remarkable aspect is that much was known already about the star that 
exploded, a bright blue supergiant of great luminosity that had been studied by astronomers. Now 
that the star has exploded, we know for the fIrst time the specifIc properties of a star before 
explosion and can therefore understand much more about this star, in retrospect, than we know of 
any other star in the sky. As such, it has become the single most important astronomical event of 
all time, save the origin of the universe itself. And because supernovae are important contributors 
to the dust in the interstellar spaces, their dust condensates -- called SUNOCON s, for SUperNOva 
CONdensates -- are important carriers of isotopically anomalous matter in the interstellar medium. 
SUNOCONs that condensed, somewhat like soot in a flame, within the many past supernovae of 
our Galaxy, would necessarily have formed with the isotopic abundances contained within those 
expanding and cooling supernova interiors. Those isotopic abundances differ from normal 
interstellar and terrestrial material. The SUNOCONs are therefore "isotopically anomalous." They 
are strange matter, and their peculiar abundance ratios of different isotopes of a given element 
identify their origins. Some of these SUNOCONs may have been found in the meteorites, which 
themselves assembled later from heated and compressed interstellar material at the time the sun also 
formed -- 4,600 million years ago. Others have left their isotopic fIngerprints in meteoritic solids 
that were formed from them during chemical transformations. This approach to understanding the 
origin of the isotopic anomalies within meteorites, anomalies that have been found in many 
laboratories around the world, has come to be called the cosmic-chemical-memory theory. It has 
been a highly disputed theory, as have all theories for the isotopic anomalies, precisely because the 
correct answer is so important to a correct understanding of how our solar system formed -- a 
question of perpetual fascination to human cultures. 

Supernova 1987 A has presented scientifIc facts that may at last enable understanding of the 
oldest of the documented isotopic anomalies, a noble gas anomaly found within the most primitive 
class of meteorites, the carbonaceous chondrites. I interpret the multitudinous small diamonds 
found there as being SUNOCONs -- in fact, the most abundant of all SUNOCONs. Observations 
of SN1987A clarify aspects of how those diamonds are able to form and why it is that the strange 
xenon gas that they contain is such a foreign mixture of isotopes. Enriched almost twofold in the 
heaviest two isotopes of xenon, 136Xe and 134Xe, of xenon's stable of nine naturally occuring 
isotopes, and likewise in the two lightest isotopes, 124Xe and 126Xe, this curious xenon gas has 
defIed explanation since its discovery 25 years ago by John Reynolds and co-workers in his 
Berkeley laboratory. It now bears the code name Xe-HL, for "xenon heavy" plus "xenon light." 
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The most astonishing relevant new result from SN 1987 A was an intense burst of neutrinos that 
arrived at the Earth just hours before the fIrst optical signal, after the immense journey of 160,000 
years that they made to reach us, paralleling our own immense journey of evolution that has now 
found us for the fIrst time in human history technologically capable of seeing such a burst. About 
300 billion neutrinos zipped through each square inch of terrestrial matter in a brief duration of 
three seconds. They triggered neutrino detectors simultaneously in deep mines in Japan and in 
Ohio, the fIrst time that neutrinos have been detected from a stellar explosion. This confIrmed that 
a popular theoretical model of supernova explosions is in fact correct. This "core-collapse" model 
maintains that the stellar cores will collapse to form hot neutron stars no bigger than the city of 
Houston but weighing more than the sun, and that the cooling of the immense heating event is 
accomplished by a burst of neutrinos that is, for that brief few seconds, as powerful as the entire 
emission from every other object in the observable universe! This confIrmation of that theory 
requires that within the star itself, as close to the hot neutron star as the Moon is to the Earth, the 
flux of neutrinos was literally awesome. Despite their extremely weak interaction with nuclei, they 
are so numerous as to break a neutron off of one helium nucleus in every 100,000 (2). That burst 
of free neutrons is more intense than in the hottest nuclear reactor on Earth, causing normal xenon 
gas to be transformed (1) to 136Xe and 134Xe, the two heaviest isotopes of Xe-HL. My 
calculations detail that agreement. 

This He-rich zone of the exploding star is exactly where I had predicted (3) the carbon carriers 
(now known to be diamonds owing to the work in Edward Anders' Chicago laboratory) should 
form. My reasoning was that this is the only region within massive presupernova stars wherein 
carbon is more abundant than oxygen. Hot oxygen is deadly to carbon solids, as countless 
combustion experiments have shown on Earth (e.g., our automobiles), converting them to CO and 
C02 gases. To escape that oxygen combustion, I argue (1) that the diamond SUNOCONs must 
condense in this carbon-rich gas which is loaded with the tell-tale Xe-H that is ubiquitous in the 
meteoritic diamonds. These diamonds in the early solar system carne not from SN1987A, of 
course, but from numerous prior nearby events similar to SN1987A. 

Had all of this carbon condensed into solids during the supernova expansion and cooling, that 
dust would have blacked out SNl987A sometime last summer. That clearly did not happen. But 
the number of diamonds from meteorites shows them to have contained only about 0.1 % or 
slightly less of all the carbon that was present in the forming solar system. This means that only 
several percent of the ~arbon in SN1987A need condense to be consistent with this explanation, 
and that amount would not have blacked it out. Nonetheless, one of the exciting dishes on the 
astronomer's table is the expectation of infrared radiation from the newly forming SUNOCONs. 
This should be amenable to detection very soon in SN1987A, which is the best opportunity in our 
lifetimes to test the theory of SUNOCON condensation so important to isotopic cosmochemistry. 

A different set of profoundly important observations of SN1987 A suggest how it is that the 
two lightest isotopes of xenon, the Xe-L, are also found within the diamonds. It had been known 
for a decade that these two isotopes are produced deeper within supernovae, in the oxygen-rich 
shells where diamonds would not be possible. But exciting observations of the gamma rays from 
radioactive cobalt (predicted (4) two decades ago as a test of the theory of nucleosynthesis in 
stars), fIrst by the Solar Maximum Mission satellite (5) and subsequently by NASA-supported 
balloon detectors, show clearly that the oxygen and helium shells were mixed by the violence of 
the explosion. Apparently about 1 % of the helium-shell matter was actually mixed-in oxygen-shell 
matter at the time the diamonds condense in the helium shell. In this way observations of 
SN1987A give grounds for understanding Xe-HL in diamonds as being a case of SUNOCONs. 
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This theory has many hurdles still to clear before it can be universally accepted as correct, but the 
situation is now much more hopeful. 

One of the most interesting of these hurdles is the chemical question of how it is that diamonds 
condense at all. Virtually all chemists expected that hot pure carbon must condense instead as 
graphite, or at least graphite-related soot. But graphite does not appear to be an abundant form of 
interstellar carbon, judging from the meteorites, whereas the unexpected diamonds are. This is a 
problem for all theories of the meteoritic observations, not merely my own. There may even be a 
lesson in fundamental cherriistry hiding in nature's preference for diamonds. 

Scientific References: 

(1) "Origin of Xe-HL in Meteoritic Diamonds," Donald D. Clayton, Astrophys. J.,339 (to 
appear 15 Apri11989) and in this conference volume. 

(2) "Neutrino Induced [-process Nucleosynthesis," R. Epstein, S. Colgate, and W. Haxton, 
Phys. Rev. Lett., 61, 2038 (1988). 

(3) "Some Key Issues in Isotopic Anomalies: Astrophysical History and Aggregation," Donald 
D. Clayton, Proceedings of 12th Lunar and Planetary Science Conference, 12B, 1781 (1981). 

(4) "Gamma Ray Lines from Young Supernova Remnants," Donald D. Clayton, Stirling Colgate 
and G. J. Fishman, Astrophys. J., 155, 75 (1969). 

(5) "Gamma-Ray Line Emission from SN1987A," S. M. Matz et al., Nature, 331, 416 (1988). 
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GLIMMERINGS FROM THE PAST: LIGHT EMITTED BY METEORITES 
UNDER AN ELECTRON BEAM PROVIDES CLUES TO THE HISTORY OF THE 
EARLY SOLAR SYSTEM. John DeHart and Derek Sears, Cosmochemistry 
Group, Department of Chemistry and Biochemistry, University of 
Arkansas, Fayetteville, AR 72701 and Gary Lofgren, Johnson 
Space Center, Houston, TX 77058. 

Meteorites are ancient records of conditions and processes 
occurring at the very beginning of the solar system, when the 
Sun, Earth and the planets were forming from a swirling cloud 
of dust and gas, four and a half thousand million years ago. 
One of the strangest components in the meteorites are the 
chondrules; they also make up the largest fraction of the 
meteorites. For over 150 years scientists have been intriqued 
by chondrules. The Englishman, Henry Sorby, who was one of the 
first persons to look at meteorites under the microscope, 
described the chondrules as 'droplets of fiery rain' produced 
when solar flares shot our from the Sun. Other scientists have 
suggested that they are solidified droplets produced when 
lightning streaks shot through the gas and dust during the 
formation of the solar system. Most modern scientists prefer 
mechanisms of this second sort, in which dust is suddenly 
flash-heated, but there is no agreement that it was lightning 
that caused the heating. One of the difficulties is that 
chondrules can show show considerable differences in 
composition and in recent years scientists have suggested that 
there may have been considerable movement of material in the 
early solar system. 

In attempting to resolve some of the questions surrounding 
the chondrules, a group from the University of Arkansas and the 
Johnson Space Center at Houston, have been examining the light 
emitted by meteorites when a stream of highly energetic 
electrons is forced down onto their surface. The light emitted 
is termed the cathodoluminescence (electron beams were once 
known as cathode rays), and photographs show which components 
luminesce and the colors of the luminescence. Modern techniques 
also exist for determining the composition of the individual 
components in the rock, and this helps to further understand 
the cathodoluminescence. 

What the Arkansas/JSC group have found is that the 
cathodoluminescence of meteorites comes mainly from the 
chondrules. In the Indian meteorite Semarkona, some chondrules 
brightly luminesce blue, yellow or, occasionally, red, while 
others do not luminesce at all. The group performed a detailed 
study in order to explain these observations. They concluded 
that it all depended on the details of the way the chondrules 
were melted and subsequently cooled; luminescence being 
restricted to those that were heated most or cooled most 
rapidly. The group saw no need to invoke widescale movements of 
material in the early solar system to explain the diversity in 
chondrule properties. 
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Having established this point, the group then considered 
what happened to the meteorites next. The dust and chondrules, 
together with some grains of other materials (mainly metal 
particles), came together as a single rock, which grew into an 
object several miles in diameter. Objects this size contain 
sufficient amounts of radioactive elements that the heat 
produced caused the objects to become warm and temperatures up 
to 1000 C may have eventually been reached. It is possible to 
identify many meteorites that have suffered this heating, in 
fact unheated meteorites are very rare, and the Arkansas/JSC 
group found that cathodoluminescence helped them to recognise 
some of the effects of this heating. 

Parent body heating caused several changes in the minerals 
in the meteorites. It 'smoothed out' variations in different 
grains of the same mineral, and it caused the glass in the 
chondrules to form crystals, usually of a mineral called 
'feldspar'. Both these heat-induced changes therefore had very 
marked effects on the cathodoluminescent properties of the 
minerals in the meteorites. Smoothing out mineral compositions 
caused most of the original grains in the meteorite (the 
olivines and pyroxenes) to lose their ability to show 
cathodoluminscence. This is because it is only when olivine and 
pyroxene are free of iron can they cathodoluminesce, and the 
redistribution of iron ensures that all minerals have uniformly 
high levels. On the other hand, the heating process produced 
feldspar which is highly cathodoluminescent. The net effect is 
that the total level of cathodoluminescence goes up drastically 
with heating, but the variety of mineral types involved drops, 
and the range of cathodoluminesce colors is reduced to one, the 
unearthly blue luminescence of feldspar. 

There were other strange and relatively rare minerals in 
meteorites when they first formed from the gas and dust of the 
early solar system, but which were highly unstable and 
disappeared under the influence of even the mildest levels of 
heating. Cathodoluminescence provides a unique means of 
locating these unusual minerals, and following the effects of 
parent body heating. It seems, therefore, that watching the 
light coming from minerals as the electron beam cascades onto 
the meteorites is more than a passing curiosity; it is adding 
to our knowledge of the events surrounding the birth of our 
planet and the rest of the solar system. 
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Statistical Evolution of Impact Ejecta from the Earth--ImpJications for Transfer 

to other Solar System Bodies Lt. S. A. Finney*, W. B. Tonks, and H. J. Melosh. Lunar 

and Planetary Laboratory, University of Arizona, Tucson, Az. 85721 

* now at FfD/SQDFI, Wright-Patterson Air Force Base, Ohio 45433-6503 

Current evidence indicates that the Shergottite, Nakhlite, and Chassignite (SNC) meteorites 

likely originated from the planet Mars. Additionally, 3 meteorites have been positively identified as 

having come from the moon. These observations show that it js possible for material from other 

planetary bodies to reach the earth. It could be further argued that if Mars material reached earth, 

earth material might have reached Mars and other planets, perhaps carrying with it viable 

microorganisms and spores residing in the near surface rock and soil. Thus Mars may in fact have 

already been contaminated with earth life. Furthermore, if life evolved early in the history of the 

solar system before the end of the era of heavy bombardment that formed a large part of the 

moon's craters, there may have been relatively free exchange of life between the terrestrial planets. 

A central question is what happens to ejecta once it is blasted out of the earth's orbit by an impact. 

Does it stay in near earth orbit or do gravitational interactions with other planets disturb it into 

planet-crossing orbits? How long does it take to reach other planets? In particular, what is the 

chance that ejected earth material will impact Mars if it escapes from earth? 

We developed a computer simulation of the evolution of particles ejected from the earth based 

on interplanetary encounter theory which provides a statistical treatment of the orbital evolution of 

interplanetary material. It allows us to predict the probability of impact of material ejected from one 

planet onto a given planet and the associated time that the material travels in space before the 

impact. Dr. George Wetherill of the Carnegie Institute of Washington first applied this type of a 

calculation to the transport of Mars material the earth, showing that particles near Mars orbit can 

strike to earth and that the majority of these arrive in less than 10 million years. Our simulation 

was first tested against his calculations using the same starting conditions and achieved very similar 

results. 
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Our computer simulation was then applied to study the fate of terrestrial ejecta, with results we 

are presenting at the 20th Lunar and Planetary Science Conference. About half of the particles 

impact other planets while the other half are ejected from the solar system by a close encounter with 

either Jupiter or Mercury after having had several approaches to the other planets. The majority of 

the impacts were onto Venus, a large fraction returned to earth, but only small fractions impacted 

the other planets including Mars. About 1.5% of the particles saw fiery doom in solar encounters. 

The transport of earth ejecta is not simply the reverse of the Mars ejecta problem. In general, 

particle orbits tend to evolve inward toward the sun until ejection or impact occurs. Thus a much 

larger fraction of Mars ejecta arrives on earth than earth ejecta arrives on Mars. Specifically, the 

amount of earth ejecta that hits Mars is only about 10% of the amount of Mars ejecta that hits earth. 

Thus Mars seems to be a particularly difficult target for earth ejecta to hit. This is due in part to the 

planet's small cross sectional area (about one-fourth of earth's), large orbital path, and to the 

tendency for particle orbits to evolve inward noted above. Figures 1,2, and 3 are histograms of 

the fraction of particles ejected from earth that arrive at Venus, earth, and Mars respectively broken 

into 5 million year intervals. As can be seen from the figures, the majority of earth material arrives 

at Venus and back to the earth within about 5 million years. It appears to take somewhat longer for 

earth material to arrive at Mars. However, since there was only a small number of Martian 

impacts, the significance of the values of figure 3 must be viewed with caution. 

Our study indicates that it is less likely that earth material arrived at Mars than previously 

thought. Even so, it seems likely that earth material probably reached the surface of Mars during 

the late heavy bombardment stage from about 4.2 to 3.8 billion years ago. It has been estimated 

that a meteorite large enough to form a 100 km crater would have to hit the earth in order to 10ft 

ejecta to speeds great enough to reach earth's escape velocity. If microballife evolved early then it 

is likely that some specimens did arrive at Mars. The fossil record of life indicates a number of 

times when mass extinctions occurred. These could be the result of a giant impact, some of which 

were probably large enough to eject near surface material into interplanetary space. Even though 
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the majority of such material would crash into Venus, some would actually impact Mars. Thus it 

may very well be the case that Mars has already been infected by earth life. However, the 

conditions on Mars are sufficiently extreme that any microbes that survived the trip in space would 

probably be killed on its desolate surface. Thus we are still unlikely to find life on Mars. 
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Figure 1: Time Evolution of particles impacting Venus 
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OVERLAPPING LARGE IMPACfS AND THE ORIGIN OF THE NORTHERN 
LOWLANDS OF MARS; Herbert Frey and Richard Schultz, Goodard Space Flight Center, 
Greenbelt MD 20771. 

One of the outstanding unsolved questions in the geologic evolution of Mars is the origin 
of the planet's fundamental crustal dichotomy. The surface of Mars consists of two distinct 
physiographic regions: an older, higher-standing cratered terrain and a younger, smoother, more 
sparsely cratered lowland which occupies about one-third of the surface of Mars. Attempts to 
explain this dichotomy have spanned the entire range of possibilities from early vigorous internal 
convection ercxling the original crust from below to formation of a giant 7700 km wide impact 
basin as one of the first recorded events in martian evolution. 

Crustal dichotomies are an important, fundamental aspect of the surfaces of most of the 
terrestrial planets. On the Earth the separation of continents and ocean basins is maintained tooay 
by plate tectonic processes, but the original cause of this separation is still unknown. A 
comparable dichotomy on the Moon is better understocxl. Like that on the Earth, it is both 
topographic and compositional in nature. It appears related to a perioo of intense impact 
bombardment during which large impact basins formed, significantly rearranging the moon's 
crustal structure. These large impacts created lowlying regions which were later flocxled by 
basaltic lavas during a brief perioo of lunar volcanic activity. It is quite likely that similar 
processes occurred on the very early Earth, and this may have been the way the Earth's crustal 
dichotomy originally formed. 

More enigmantic may be Venus, with several highs tanding regions on an otherwise 
uniform-level surface of rolling plains. A topographic dichotomy therefore does exist, but 
whether this is compositional as well (in the sense of the Earth's continents versus ocean basins) 
remains to be determined. 

The origin of the martian crustal dichotomy is still controversial. Until recently the most 
attractive hypothesis was that the northern lowlands were due to a single giant impact. We have 
shown that there are several fundamental problems with this idea, however. The northern 
lowlands are not a simple, continuous, bowl-shaped depression, but include large localized 
depressions several kilometers deep. as well as prominent topographic highs. One such high 
standing region is the Elysium volcanic complex and adjacent old cratered terrain which lie 
within the proposed impact basin depression. There are outcrops of relic cratered terrain 
elsewhere within the northern lowlands, often appearing as "knobby terrain" showing through 
the plains-forming material that are difficult to reconcile with a single giant impact. Even more 
troublesome, the overall lowlands cannot be described as having a circular or nearly circular 
outline as would be expected from a giant impact. 

For these and other reasons we previously suggested an alternative mooel: that the 
crustal dichotomy of Mars and the northern lowlands were the proouct of multiple large (not 
giant) impacts that overlap one another. This idea has much to support it beyond the obvious 
analogy with the lunar crustal dichotomy. There is abundant evidence for many large impacts on 
Mars. Two of the largest (the Utopia and Elysium Basins) occur within the northern lowlands in 
eastern Mars and appear to be able to explain the topography and its variations in that area. We 
have developed a model which describes the evolution of these two large overlapping impacts 
and which is capable of explaining another important observation: In the region of overlap 
between the Utopia and Elysium Basins lies the Elysium volcanic complex, a region of relatively 
young lava flows and central volcanic constructs (see Figure 1). We note that we are not the 
proposers of these two large (diameter 4500-5000 km) impact basins; we have merely taken the 
observations made by others concerning their probable existence (with which we agree) and 
asked what would be the long-term evolution of two such large overlapping impacts as shown in 
Figure 1. 

Figure 2 shows several stages in the prop sed evolution of the region outlined in Figure 1. 
The first major event in the history of this region is formation of the Elysium impact basin (B). 
This impact leaves a 4500 km wide, maybe 10 km deep basin below which the crust and 
lithosphere are extensively fractured (by the impact) and hot (due to kinetic energy converted to 
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heat and buried by the impact). Over time two things will happen: the heat will slowly dissipate 
and the basin topography will begin to level out (C). This last process is due to a gradual 
relaxation of the crust following removal of the overlying material and is aided by high 
temperatures associated with both the impact and the early martian mantle. 

At some point in this relaxation and cooling process a second, slightly larger impact 
basin (Utopia) formed (D). As shown in Figure 2 this results in a dramatic rearrangement of the 
structure of the western portion of the older Elysium Basin, and adds more subcrustal heat and 
fracturing. From Figure 1 it is clear that there is a considerable area of overlap between the two 
basins. In this overlap area the effects of fracturing and heating are magnified, which will tend to 
concentrate later processes in this area. One such process is volcanic flooding which in an early 
and hotter Mars probably followed shortly after each of the impacts as shown (C, E). Because 
the overlap region is the weakest (due to fracturing) and hottest (due to impact-implanted heat), 
it is likely to be the place where volcanic material trying to reach the surface can most easily 
"bum through". 

Over time the new combined impact basins will continue to relax upward, the subsurface 
heat will gradually dissipate, and volcanic flooding will cause lava to pool in the low-lying areas 
(E, F). The overlap region between the two basins (lying along a part of the "rim" of the later 
Utopia Basin) probably remains high due to greater heating from below(F). Within the basins 
flooding by dense mantle volcanic material has the opposite effect: it amounts to a load on the 
surface causing it to downwarp and subside (G).This subsidence is enhanced by the cooling 
below the basins which causes them to contract, lowering the overall elevation of the basins and 
nearby areas (except for the hot, volcanic overlap region). 

We believe this model accounts for most of the observational data concerning the nature 
of the crustal dichotomy in eastern Mars: the overall low but variable topography, the relics of 
old cratered terrain, the younger volcanic plains in lowlying regions, and the high-standing 
volcanic complex at Elysium. Beause it is a natural consequence of the long-term evolution of 
overlapping large (but not giant) impact basins, this new scenario provides a mechanism for 
explaining the crustal dichotomy on Mars without unusual or catastrophic events. The process 
which produced the crustal dichotomy on Mars is the same one which seems to have operated on 
the Moon and may also have been the cause of the original crustal dichotomy of the Earth. 

FIGURE 1 RECTANGULAR EQUAL AREA PROJECTION CENTERED ON 240 o W, 48°N 
(UTOPIA 8ASIN) 

1= lSI OS; E = ELYSIUM (SCHULTZ, 1984); U = UTOPIA (McGILL, 1988); A = ARCADIA, 
S = SCORPULUS (FREY AND SCHULTZ, 1988) 
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FIGURE 2 
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GEOCHRONOLOOICAL INVESTIGATIONS IN SUPERSTRING COSMOLOOY: (pRESS 
RELEASE ABSTRACT); Charles L. Harper, SN2 NASA Johnson Space Center, Houston, 
Texas, 77058. 

"What", asked the third century Church father Tertullian, "has Athens to do with 
Jerusalem?" For Tertullian the two great cities symbolized distinct and mutually exclusive worlds 
of thought, two divergent approaches to reality. Readers may similarly pause to wonder what 
geochronology, an experimental method used to date geological events, has to do with superstring 
theory, and the abstract world of theoretical physics from which it derives. Could there possibly 
be any point of contact between the two? While it seems an unlikely prospect, it is not, as I shall 
demonstrate, an impossible combination. There is a connection between geochronology and 
superstring theory--and it is a very interesting one--but in order to explain it, it will be necessary to 
clarify a few basic points about superstrings fIrst. 

In recent years, many of the leading theoretical physicists like Steven Weinberg of the U.T. 
Austin and Princeton's Ed Witten have increasingly channeled their attentions into a new idea in 
physics going by the name of superstring theory. Superstring theorists express one common note 
of appreciation in their admiration for the theory: its extraordinarily beautiful mathematical 
elegance. Witten, who describes superstring theory as "a miracle through and through" points to 
its remarkable synthesis of cancellations and apparently fortuitous coincidences originating in 
seemingly unrelated branches of pure mathematics. Weinberg, similarly noting its beautifully 
complex mathematical symmetry, says that the theory, "has the smell of inevitability about it." 
"Many of us," he continues, "are betting the most valuable thing that we have, our time, that this 
theory is so beautiful that it will survive in the fInal underlying laws of physics." 

It may appear odd that physicists should employ an aesthetic sentiment as a criterion for 
evaluating a physics theory. The canons of mathematical beauty, of course, are rather distinct from 
our usual impressions of beauty. Nevertheless, to an experienced mathematician a high degree of 
comprehensive simplicity and integrative depth in the mathematical structure of a theory does 
generate an admiring sense of beauty. The correspondence between this sense of mathematical 
beauty and laws of nature remains one of the most delightfully surprising aspects of the history of 
physics. From a strictly logical or a priori point of view there is no apparent reason why nature 
should be mathematical at all, less why its mathematics should coincide with canons of elegance of 
abstract mathematicians, whose creations after all are the product of pure thought! Yet, discovery 
after discovery has repeatedly confIrmed the fact that nature is a deep well of mathematical beauty. 
As physicist Paul Dirac put it: "It seems to be one of the fundamental features of nature that 
fundamental physical laws are described in terms of great beauty and power" and, "The research 
worker in his efforts to express the fundamental laws of nature in mathematical form should strive 
mainly for mathematical beauty." 

Yet, the rightness or wrongness of physical theories is not judged in beauty contests, even 
in mathematical beauty contests. The fInal court of appeal is always that of experience, which in 
physics means by experiment. Any theory worth its salt makes specifIc testable predictions: it 
should predict some phenomenon--like the deflection angle of starlight generated by the sun's mass 
in Einstein's general relativity--which experimental observations can verify. If accurate 
experiments do not detect the predicted effect the theory is false, it has failed to describe the 
physics of our universe. All mature scientifIc theories are sound to the degree to which they are 
falsifIable. Some mathematically complicated theories, however, though promising, may not be 
well enough developed to be falsifIable by experiment. Foreseeing this problem Dirac once 
predicted that, "It may well be that the next advance in physics will come along these lines: people 
fIrst discovering the equations and needing a few years of development in order to fmd the physical 
ideas behind the equation." Due to its intricate complexity superstring theory is presently at just 
such an early stage of investigation,--but Witten has suggested that a full exploration may take as 
long as 50 years! 



PRESS ABSTRACTS 31 
GEOCHRONOLOGICAL INVESTIGATIONS ... : Charles L. Harper 

One of the major problems is therefore simply to figure out what strategy to pursue in order 
to devise an experimental confirmation of the theory. So far, theoreticians have not been able to 
generate any "solutions" to the theory which would tell experimentalists what to look for. A 
related problem is the practicality of testing its predictions. Superstring theories (there are several 
variants) seem to predict physics-as-usual until extremely high energy scales on the order of fifteen 
orders of magnitude beyond the range of conceivable accelerators! Thus, while testable in 
principle, these theories present apparently insurmountable practical constraints against laboratory 
verification. And hopeful attempts to find any detectable confirmation of the theory at achievable 
energy scales are likely to be very expensive, the proposed superconducting collider at 
Waxahachie being a case-in-point. 

Increasingly, physicists have turned to the cosmos itself as the ultimate high energy 
laboratory. Cosmology is capable of providing information in high energy physics because of a 
stunning success in producing a nearly exact agreement between astronomical observations and 
theoretical models purporting to describe the synthesis of the "primordial elements" (H, He, Li and 
Be) in the first 200 seconds of the inaptly named 'Big Bang' model of the creation of the universe. 
In fact, the agreement between the predictions of this cosmological theory and astronomically 
observed abundances is so astonishingly close that so simple a quantity as the neutron half-life can 
actually be measured from this agreement to about the same degree of precision' as is available from 
direct laboratory methods at the present state of measurement technology! Nevertheless, even early 
universe cosmology "works" without superstring theory. Nothing in the new theory suggests any 
basic modifications to the primordial nucleosynthesis calculations. This is the case, in part, simply 
because superstring theory is a unification theory: at the level of known physics it does not predict 
anything different from what is already described by other (non-unified) fundamental theories: its 
promise lies in the hope that in time it will provide an integrative mathematical explanation and 
thereby a deeper, more insightful, perspective into the nature of physical reality. But, how then 
can empirical observations provide us with the critical information about the rightness or 
wrongness of superstring theory? Is the superstring idea just an elegant mathematical scheme with 
possibly no connection to reality? It is by no means an insignificant quandary, because only an 
observational test can give an answer to this critical question. 

Fortunately, the prospect is not necessarily as bleak: as it might seem. As it happens, 
superstring theory is the most promising branch of a method which involves the use of "extra" or 
"higher" dimensions. Higher-dimensional theory was first pioneered by an obscure Polish 
physicist, Theodore Kaluza, who, in a 1919 letter to Einstein, suggested that Maxwell's 
electromagnetism could be incorporated into general relativity by the mathematical device of adding 
on an extra dimension to Einstein's four-dimensional theory. Kaluza's five-dimensional theory 
was later augmented by the Swedish physicist, Oskar Klein, who demonstrated in 1926 that 
Kaluza's theory admitted an elegant quantum mechanical reformulation. Superstring theory 
incorporates this quantized higher-dimensional geometric structure, and is therefore classified with 
other higher-dimensional "Kaluza-Klein" type theories. Two points about higher-dimensional 
models are relevant to our present discussion. The first is that higher-dimensional theory utilizes 
geometry as its unifying principle. In this respect, it follows Einstein's lead in describing gravity 
as an effect of "curved space", but augments his theory by grafting on new complex geometric 
spaces which "carry" the fundamental symmetry groups of the other fundamental forces. The 
second point is that these proposed extra dimensions are not otherworldly spook spaces advocated 
by astrological crackpots. They are conceived of as being "compactified" (rolled-up) into a 
"compactified manifold," which is too small to be detectable in our everyday world of three spatial 
dimensions. In order for higher-dimensional theories to work the size of the extra dimensions 
needs to be exceedingly small, on the order of about 10-30 centimeters. However, theorists have 
found it difficult to determine a reason why it should be the case that the extra dimensions--if real-
are so small. It has also been difficult to discover any compelling reason why they should remain 
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constant in size. In fact, there are reasons to suspect that they might not remain constant in size, 
and it is this possibility that allows the prospect of an empirical constraint from geochronology. 

Because the universe is expanding, its "size" or volume as measured by a geometrical scale 
factor (analogous to the radius of a sphere) is not constant but varies slowly with time, on the order 
of about two parts in ten billion per year. This is a consequence of general relativity: that 
cosmological curvature parameters are dynamical variables. But if space generally has this 
property of dynamical evolution, then the question arises: what about the compactified scales 
(sizes) of the proposed extra dimensions. If higher dimensional unification is right, then could the 
micro-dimensions also have time-varying scale factors? Could they expand, or contract, or 
oscillate with time? Time-varying scales for the extra dimensions are in fact one of the few direct 
and potentially observable predictions in superstring theory. Of course, it may be the case that 
reality, if higher-dimensional, posesses a single invariant scale for the compact dimensions. Many 
scientists suspect that the compact manifold will in fact be a static structure at late times in the 
universe. But at present there is no a priori reason why this should necessarily be the case. And, 
because some forms of superstring theory do predict scale variations, it is at least possible to 
falsify these variant forms if appropriate observational limits can be determined. Alternatively, if 
direct observational evidence for any real time-variation was found, then it would be a particularly 
exciting discovery: the first hard evidence in favor of the higher-dimensional approach. 

In superstring theory, as in all Kaluza-Klein type theories, time-variation in the scale of the 
extra dimensions is detectable, in principle, by means of observing the values of fundamental 
physical parameters--like particle masses and coupling constants. If the size of dimension in a 
compactified manifold changes, then its relative rate of change will in general be observable (in 
principle) via some functional relationship to a rate of change in certain of these fundamental 
quantities. As fundamental quantities (and their ratios) can be monitored over very long periods of 
time by means of astronomical and geochemical measurements, (and also over short periods of 
time by planetary radar ranging and comparative laboratory tests of different kinds of very high 
precision frequency standards), we can look for any cosmological time variations by comparing 
ancient values with present day measurements. 

For example, one of the earliest applications of this method was done with quasar 
spectroscopy. The quasar light that is received in our telescopes, especially from the most distant, 
(higher red-shift), quasars, was emitted many billions of years ago. If the electromagnetic fine 
structure constant was a different at the time of emission, then certain aspects of the spectral 
structure of the (old) quasar light would differ from what is produced in present day laboratory 
light sources. A comparison demonstrating the lack of any resolvable difference between the old 
spectra and present day measurements can then be formulated as a limit on the time vaqation of It he 
fine-structure constant. The best resolution achieved by this method yields the limit: I &e I (le < 
2 . 10-12 yrl. 

Similarly, scientists studying geochemical data from the Oklo natural reactor in Gabon, 
Africa, have been able to determine very high resolution limits on the strong interaction coupling 
constant. About 1.8 billion years ago a uranium deposit deep in the ground at Oklo began to heat 
up like a nuclear reactor. Isotopes left behind by the nuclear reactions have provided scientists 
with enough information to determine the reactor's "operating conditions." In 1976 a clever 
young Soviet scientist, A. I. Shlyakhter, showed that this information could be used to compare 
certain types of nuclear reaction, operating 1.8 billion years ago, with identical reactions which are 
observable today in laboratory studies. It happens that certain of these reactions, especially thermal 
neutron capture in 149Samarium, are extremely sensitive to changes in the strong coupling 
constant, and thereby allow a fantastir contn;>l on variation over the past 1.8 billion years. 
Shlyakhter's analysis yielded the limit: &; I gs I < 5 . 10-19 yrl. 



J 

PRESS ABSTRACTS 33 

GEOCHRONOLOGICAL INVESTIGATIONS ... : Charles L. Harper 

The strong and electromagnetic couplings determine the scale of the two "strongest" forces 
in nature. The two other forces, the weak nuclear force and gravitation, are relatively much 
weaker, and cannot be monitored to the same degree of resolution as can the "stronger" forces of 
electromagnetism and strong interaction. Variation limits on the gravitational coupling constant 
have been obtained by two methods: (i) high resolution planetary radar ranging, and (ii) from 
primordial nucleosynthesis. The latter method is analogous to Shlyakhter's in so far as the 
cosmological synthesis of the primordial elements also involves particle and nuclear reactions. 
However, in primordial nucleosynthesis calculations, these reactions take place under hot plasma 
conditions in space and are sensitive to conditions of pressure, temperature and density. In early 
universe cosmology these conditions are controlled by the equations of general relativity 
(gravitation), so that tight constraints can be put on any difference in the strength of gravity (i.e., in 
the value of CiN) between its present value and at the time of primordial nucleosynthesis. The 
precision <;>f the lin* obtained by this method varies according to the method of calculation but is 
roughly: I CiN / CiN I < I . 10-11 yrl, (about the same as radar ranging limit). Limits on the strong 
and weak interaction couplings and the fine-structure constant have also been obtained from 
primordial nucleosynthesis calculations. 

For a number of reasons the gravitational and weak interaction couplings appear to be 
particularly interesting from the viewpoint of higher dimensional cosmology, though most of these 
reasons are admittedly highly speculative. For example, the Fermi coupling constant, (which 
represents the strength of the weak interaction), is a direct function of a deep physical parameter 
known as the "vacuum expectation value of the Higgs field," which is linked to the dynamics of 
cosmological expansion in the new inflationary cosmologies. 

Meteorites and lunar samples come into the story because the Fermi coupling can be 
monitored by looking at the behavior of nuclear fl-decay over very long periods of time. Because 
nuclear fl-decay is employed as a natural "clock" in geochronological age determination studies, we 
can determine a time-averaged "ancient" value for the Fermi coupling by monitoring the rate of our 
nuclear clock--which is determined by the Fermi coupling--over the period of time spanned by the 
ages of our samples (typically 3 1/2 to 4 1/2 billion years). To do this we need to employ an 
invariant time standard, which we obtain from another dating scheme based on the alpha decay of 
uranium isotopes to lead isotopes, and which is not controlled by the Fermi coupling. 

We use meteorites and lunar samples because some of them are the oldest and least 
disturbed samples that can be found anywhere. Lunar samples that have escaped re-heating in 
large impact events are particularly "pristine" because of the absence of both water and tectonic 
processing on the moon. By contrast, terrestrial rocks are subject to ubiquitous disturbances 
generated by tectonics and circulating fluids in the crust. It is critically important that the samples 
employed for our purposes be pristine for two reasons. Firstly, samples must be pristine in order 
to be amenable to high-precision dating. Our ability to detect or limit any small variation in the 
Fermi coupling is dependent upon the degree of precision achievable by our dating techniques. 
Secondly, the accuracy of our measurements is contingent upon the degree of confidence with 
which we can conclude that various forms of "geological" and "systematic" bias have not affected 
our measurements. This is especially important because in the history of physics there have been 
many erroneous reports of new discoveries which in fact were simply due to underestimates of 
similar types of "analytical error." 

One intriguing aspect of the present study is a problem to do with the rate of decay of 87Rb, 
(which is the nuclear fl-decay "clock" we employ in our age-determination studies at NASA). 
Direct laboratory measurements of the 87Rb half-life and measurements made by geochronological 
comparison over relatively "short" periods of geological time both suggest a value about 1 1/4 % 
different from the value which fits best with a large pool of data on meteorites and the lunar rocks, 
(much of which was produced in the JSC lab). Initial studies suggest that this difference---when 
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analysed very conservatively and carefully and with special concern to avoid overlooking subtle 
sources of error---is statistically significant at the level of at least 85% certainty. 

Could this difference be positive evidence of the superstring? Possibly. But it could also 
be due to a subtle form of analytical error which we have not yet been able to detect. Either way, 
these geochronological measurements presently provide the highest precision limit ever obtained on 
one of the weaker force couplings. But the possibility, however suspect, that a real effect could be 
there, remains too tantalizing to be left uninvestigated. Work is now in progress on a project of 
improving our analytical techniques for application to a number of carefully selected samples, 
which should allow a resolution of this question within two years of further research. 
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THE LIGHT OF REASON: THE LIGHT RELEASED ON HEATING REVEALS 
THE SECRETS OF METEORITES FROM THE ANTARCTIC. Fouad A. Hasan and 
Derek W .. G.Sears, Cosmochemistry Group, University of Arkansas, 
Fayetteville, AR 72701 and Roberta Score, NASA Johnson Space 
Center, Houston TX 77058. 

Scattered throughout the museums of the world are some 2500 
meteorites. Scientists have therefore been amazed to find, over 
the last decade or so, that they have been able to bring back 
from the Antarctic over 7000 meteorites. Several hundred 
continue to be brought back each year, to be unpacked at the 
Johnson Space Center, described by scientists at the Smithsonian 
Institution and then circulated to researchers allover the 
world. This procedure has proved very successful in indentifying 
the meteorites which look unusual. It was in this way that when 
samples of meteorite that had been ejected from the surface of 
the moon were found in the Antarctic they were identified, 
distributed to research laboratories and the results announced 
at the 14nth LPSC in less than one year, a remarkably short time 
considering the number of laboratories involved and the 
complexity of the work. There are many other noteworthy 
instances of new and unusual meteorites being found in the 
Antarctic, such as meteorites from the planet mars and 
meteorites containing carbon compounds similar to those out of 
which life first evolved on earth; some scientists argue that 
the frozen Antarctic conditions favor the preservation of such 
molecules. The major challenge now facing those recovering the 
Antarctic meteorites is how to recognise meteorites which look 
normal under the microscope, but which have had an unusual 
history, such as exposure to strange radiation environments or 
close passage to the sun on their way to earth. The recognition 
of such meteorites may be as exciting, albeit in a very 
different way, as the discovery of lunar or martian ~eteorites. 
Studies of thermal and radiation history may also help answer 
one of the most intriquing questions surrounding the Antarctic 
meteorites; why are there so many meteorites in such small areas 
as the Antarctic ice fields? 

Strange as it may seem, tiny amounts of light are emitted by 
meteorites (and many other substances) as they are heated in the 
laboratory. The light is essentially energy stored by crystals 
in the meteorite when radiation from cosmic rays or radioactive 
elements passed through them. This energy is slowly released at 
a rate that depends on temperature, higher temperatures cause 
faster release of the light energy. Heating the sample in the 
laboratory causes complete release of the remaining energy, and 
the phenomenon is called 'thermoluminescence'. By routinely 
measuring the thermoluminescence levels in Antarctic meteorites 
as they are recovered in the Antarctic, we have a means of 
identifying those which experienced strange radiation 
environments and entered the earth with very high 
thermoluminescence levels and we those which experienced higher 
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than average temperatures in space which released their stored 
energy. In between these two extremes, the level of 
thermoluminescence provides a measure how long the meteorite has 
been on earth, where temperatures are high and the radiation 
levels low compared to much more harsh space environment. 

At the 20th Lunar and Planetary Science Conference 
scientists at the University of Arkansas and the Johnson Space 
Center discussed the implementation of the program to measure 
thermoluminescence levels of the Antarctic meteorites. It is 
almost two years since the program was started, using funds 
provided by an unusual cooperation between NASA and NSF. ~o 
date, data for 379 meteorites have been published in JSC's 
Antarctic Meteorite Newsletter, and a number of interesting 
observations have already been made. 10 meteorites have already 
been located which have especially high thermoluminescence, and 
several have been sent to other laboratories for further study. 
101 meteorites have thermoluminescence values suggesting close 
passage to the sun, or some other recent heating event, and the 
fraction that have been on earth less than 100,000 years is 44% 
while 28% appeared to have been in the Antarctic for more than 
100,000 years, judging from the l~el of thermoluminescence. It 
is also clear from the early data that many of the fragments of 
meteorites being brought back are, in fact, pieces of the same 
object that fragmented in the atmosphere: a single meteorite has 
often been known to deposit many fragments, in several cases 
hundreds of fragments were produced, and in one or two cases 
thousands of fragments thought to have been produced. Most 
intriquing of all, is that in one case the meteorites collected 
from one end of an field appear to have been on the earth for 
longer than those collected at the opposite end of the ice 
field. This observation may have important implications for 
understanding the high meteorite density at this location and 
others. Meteorites are often found where the movement of the ice 
sheets is hindered by obstacles such as mountain ranges, but in 
this case meteorite concentration seems to have been tied-in 
with the formation of the structure with which they were found, 
a so-called 'ice core moraine'. 

~xtracting the maximum scientific benefit from the precious 
reservoir of extraterrestrial material in the Antarctic 
represents a novel challenge to the scientific community. In 
some senses, the situation is analogous to the return of lunar 
samples two decades ago and which is being commemorated by 
several special sessions at the 20th Lunar and Planetary Science 
Conference. 
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AtLENDE OLIVINE C¥ONDRULES, FERROAN 2LIVINE AND OXIDATION; Roger H. 
Hewins, Jean M. Kozul and Gene C. Ulmer, 1. Geological Sciences, 
Rutgers University, New Brunswick, NJ 08903, 2. Geology, Temple University, 
Philadelphia, PA 19122 

The particles making up chondritic meteorites, such as chondrules, 
are understood to have been formed by heating events in the solar nebula 
or solar accretion disk (e.g. Hewins et al., this volume). However, the 
particles have a history, which includes accretion into their asteroidal 
parent bodies~ and some of them were modified since their original crystal
lization in free-floating droplets. The main modifications experienced 
are crystallization of rims on particles, formation of secondary minerals 
within particles, exchange of elements, especially Fe and Mg, between the 
particles and their embedding medium or other particles, and oxidation
reduction reactions due to transport to environments with different 
hydrogen/oxygen ratios. Study of the secondary processing reveals the 
fascinating history of the particles since their formation in the solar 
nebula, but unfortunately it is very hard to tell whether the modifications 
took place in the nebula or in the parent body. We are trying to determine 
the sequence in which modifications took place, and whether different 
kinds of particles experienced the same modifications, to clarify the 
secondary processing history and gain more information about the nebular 
and/or asteroidal environment. 

We have been studying the Allende chondrite, in particular, because 
in addition to olivine chondrules it contains white inclusions known as 
CAl - calcium-aluminum-rich inclusions. These objects contain unusual 
minerals, such as melilite Ca2A1 2Si07 , and have bulk compositions consistent 
with an origin by evaporation or condensation in nebular gas at high 
temperature. We initially studied CAl by measuring the oxygen pressure of 
samples placed in a solid electrolyte cell at various temperatures. The 
high oxygen readings we observed showed that, although the CAl originally 
formed in the hydrogen-rich solar nebula, their melilite was subsequently 
oxidized. Currently we are studying Allende olivine chondrules, which are 
unusual in showing another form of oxidation - growth of magnetite, Fe
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at the expense of the Fe metal which formed during initial crystallization. 
We have been fascinated by an olivine chondrule over 1cm in diameter, 

termed a macrochondrule because it is so much larger than normal chondrules. 
It has engulfed two barred olivine chondrules, which must have been 
sufficiently sold to be preserved, and conceivably grew by coalescing with 
smaller droplets. The olivine crystals in the macrochondrules all have 
the same composition, are moderately Fe-rich, and lack the zonation 
patterns normally formed during crystallization from the melt. The macro
chondrule was held at high temperature long enough for the olivine crystals 
to become totally homogenized by Fe-Mg exchange. By contrast, Allende 
matrix contains very Fe-rich olivine crystals plus the normal small 
chondrules which are very Fe-poor. It is clear then that the chondrules 
were not reacted with the present meteorite matrix, or the small chondrules 
would have become at least as Fe-rich as the macrochondrule. It seems 
very unlikely that the macrochondrule could have been extracted from 
heated depths of the asteroid where Fe-enrichment reactions are to be 
expected. We therefore conclude that the macrochondrule was held in a hot 
region of the nebula and became homogenized there. It should be remembered 
that other particles in Allende, the CAl, experienced a comparable history: 
they represent large (cm) melt blobs which cooled much more slowly than 
normal chondrules. 
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We have also investigated the redox 

heating experiments and by calculat~~ns. 
valence states , as Feo in metal, Fe in 
and because the thermochemical constants 

history of the macrochondrule, by 
Because Fe can3~ccur in several 

olivine, and Fe in magnetite, 
for reactions between the different 

forms are well known, we can calculate the oxygen pressure of formation of 
the minerals . We have found that olivine Fe content requires a distinctly 
higher oxygen pressure than that- of the normal hydrogen-rich solar nebula, 
but that the magnetite-metal reaction, which was able to continue down to 
lower temperatures, requires even higher oxygen pressure. We measured the 
oxygen pressure directly by heating crushed macrochondrule, a mixture of 
olivine, magnetite, glass, etc., in a solid electrolyte cell. We obtained 
a reading intermediate between the calculated olivine and magnetite 
values, confirming that the macrochondrule experienced oxidation as it 
cooled. One very impressive coincidence fell out of this study: the 
oxygen pressure calculated for the magnetite was the same as that measured 
previously for CAl melilite. This is actually unlikely to be a coincidence, 
but instead suggests that the CAl and the macrochondrule experienced very 
similar oxidation events. 

What is tantalizing about this study is that we are not sure whether 
the oxidation happened in the parent body or in the nebula. Since Fe 
enrichment of chondrules requires a high oxygen pressure, and the macro
chondrule may have become Fe-enriched in the nebula, it is logical to 
expect oxidation there. This would be consistent with oxygen being 
produced during the heating of a thick dusty part of the nebula. On the 
other hand, oxidation could also occur on a warming parent body, with 
oxygen being derived as water vapor was driven off. We will study more 
particles from Allende to pin down the time and temperature of oxidation, 
and thus find out whether the nebula contained patches or bands with 
oxygen enriched relative to bydrogen, or whether Allende particles were 
significantly modified after incorporation into an asteroidal parent body. 

Fig. 1 Barred olivine chondrule, O.5mm across, trapped within Allende 
porphyritic olivine macrochondrule. 
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INFLUENCE OF MELTING KINETICS ON THE FORMATION OF BARRED OLIVINE 
CHONDRULES; Roger H. Hewins, Patrick M. Radomsky and Harold C. Connolly, 
Jr., Geological Sciences, Rutgers University, New Brunswick, NJ 08903 

The chondrite meteorites are aggregates of particles, which clumped 
together to form small asteroidal bodies before the accretion of the 
planets. Many of the chondrite meteorites show no evidence of being 
heated or otherwise modified in their asteroidal parent bodies. The 
particles therefore are witnesses of the conditions and processes operating 
in the solar accretion disk, also called the solar nebula, before the 
accretion of solid bodies. They are essentially our only way of knowing 
what was going one, except for geochemical and astrophysical calculations 
which necessarily treat the nebula with rather a broad brush, and they 
have therefore been the subject of intense study for many decades. 

The most abundant particles in chondrites, called chondrules, are 
spherules about Imm in diameter containing crystals of olivine, (Mg,Fe2)Si04 , 
and sometimes pyroxene, set in glass, which represents silicate melt 
quenched without crystallizing. Growth of olivine out of the melt results 
in compositional zonation of the crystals (like tree-rings) and preservation 
of this zoning indicates the lack of significant reheating. The abundance, 
size and shape of the olivine crystals, as well as the bulk chemical 
compositions of the chondrules, vary considerably. Olivine-rich chondrules 
are described as granular, if they contain many tiny olivine grains, or 
porphyritic, if they contain fewer larger equant olivine crystals, or 
barred, if they contain just a few large skeletal olivine crystals which 
give a barred appearance after slicing through to make a microscope slide. 

A major question is what conditions of heating and cooling are 
required to form these melt droplets and solidify them, and how must the 
conditions vary to produce the different textures (barred, porphyritic and 
granular) in olivine chondrules. We have therefore been melting small 
silicate pellets, made of powdered minerals mixed to match the compositions 
of chondrules. They are suspended on platinum wire loops so that on 
melting they sag into the droplet shape of chondrules. We have used a 
range of initial temperatures, up to about 1650°C, and a wide range of 
cooling rates. The resulting olivine-glass spherules match chondrules 
very well, except for one thing: the crystals tend to settle to the bottom 
of the spherule under the influence of the earth's gravity, whereas 
natural chondrules which formed in the microgravity environment of the 
solar nebula show no such concentrations of crystals. We have proposed to 
perform experiments on the U.S. Microgravity Lab flights on the Space 
Shuttle to correct this problem in simulating chondrules. However, in the 
meantime, we make allowances for the settling in interpreting conditions 
to form the various textures. 

The main factor controlling the chondrule textures is the extent of 
melting. If a particle is incompletely melted, the solid olivine relicts 
supply abundant sites for the nucleation of olivine resulting in crystalli
zation of many small crystals. If the particle is almost totally melted, 
fewer crystals nucleate but they grow larger. We have found that the 
chondrules must be heated to temperatures of 1500-1700°C, close to the 
temperatures of total melting, and cooled at rates of 100-1000o/hr to 
produce both the crystal shapes and composition variation patterns of the 
olivine crystals. The barred olivine chondrules formed at the highest 
temperatures, and porphyritic/granular olivine chondrules at lower temper
atures, relative to the temperature for complete melting of each particular 
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composition. Totally melting the charge produces a glassy spherule on 
cooling, but totally glassy chondrules are quite rare in nature. 

The experimental results give us information about the nebular 
environment. Chondrules cooled in a matter of hours, i.e. where the 
ambient temperature was low, but where the radiation of heat to space was 
slowed by the presence of other hot chondrules. There were therefore 
batches of particles somehow heated together in a generally relatively 
cool nebula. The heating time we need is 30 minutes for our finely 
powdered starting materials which are analogous to the fine interstellar 
dust or fine nebular condensates assumed to be chondrule precursors. 
Shorter times make it hard to develop textures like those in chondrules. 
Of all the experimental conditions, the heating time is most likely to 
constrain the heating mechanism, which is not known. We are therefore 
reinvestigating chondrule melting requirements to find how much our 
conclusions depend on the nature of the starting materials and the melting 
conditions, and whether we can define with certainty the time over which 
the heating mechanism has to operate. 

We have found that the size of the starting pellet, the size of the 
grains in it, and the particular combination of heating time and initial 
temperature, all affect the extent of melting before we begin cooling. 
That means these factors all influence the number of relicts or nuclei 
surviving melting and hence the texture of the resulting spherule. For 
example, if we run 3 sphere identical except for size simultaneously in 
the furnace, we find the smallest is glassy (totally melted before cooling), 
the intermediate is barred (almost totally melted) and the largest is 
porphyritic (incompletely melted). For thirty-minute heating times, it 
takes a temperature about 30° above the theoretical equilibrium value to 
melt a 4mm fine-grained charge completely, but only 20° above to melt a 
2mm one. If we include large "seed grains" of olivine in the initial 
powder, they influence the final texture because they do not melt during 
the initial heating time. As a result a charge which otherwise would have 
become glassy on cooling can grow a barred olivine texture as the olivine 
nucleates on the relict seed grain . 

With fine-grained starting material, glassy spherules are produced 
from a much wider range of init~al temperatures in the lab than barred 
olivine spherules. Considering the fact that natural barred olivine 
chondrules are much more common than glassy chondrules, it seems likely 
that their precursors included coarse crystals (which do in fact survive 
melting as relict grains in chondrules in rare cases) rather than just 
interstellar dust. Such coarse crystals must have formed through some 
nebular processing, such as condensation or an earlier generation of 
chondrule formation. Hence we can say that chondrules formed relatively 
late in nebular history . 

Since we now recognize the importance of different grain sizes in the 
precursor, we can experiment with combinations of coarse starting powders, 
higher initial temperatures and shorter heating times, to find out whether 
or not they can reproduce chondrule textures. If they do, and particularly 
if the heating can be very short , this would suggest a flash heating mechan
ism such as a lightening-like electrical discharge, resulting from solid-gas 
friction in the nebula. If not, we will have to explore ways of producing 
patches or streaks of hot gas in the nebula, and moving particles in and 
out over times of hours. Either way, we develop a clearer picture of the 
solar nebular disk, between the times of infall of interstellar material 
and the beginnings of accretion of asteroids and subsequently planets. 
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SEARCH FOR DEBRIS OF THE TUNGUSKA METEOR: ANAL VTICAL 
STUDY OF SPHERULES FROM THE EXPLOSION SITE. C. Jehanno 1, D. 
Boclet2 , J. Danon3 , E. Robin 1, R. Rocchia 1. 1 Centre des faibles 
radioactivites, Laboratoire mixte CEA-CNRS, 91190, Gif-sur

Yvette, France; 2 Service d'astrophysique, CEN-Saclay, 91191 Gif
sur-Yvette, France; 30bservatorio Nacional, Rio-de-Janeiro, Brasil. 

The Tunguska event which occurred as an enormous explosion 
in 1908 in Central Siberia (1) is the most recent natu ral 
catastrophe which has not received ,a satisfactory explanation (2). 
A cosmic collision is suggested by the eye-witness accounts taken 
down long after the event and reporting a bolide coming from the 

south east and entering the atmosphere at a low incidence. These 

optical observations together with the records of the sonic wave by 

different laboratories were the base of most of the proposed 

scenarios. Till recently, the absence of quantitative results 
directly obtained on the bolide material led to the formulation of 
rather speculative and exotic theories. They included the collision 
of the Earth with a piece of antimatter or a black hole, an alien 
spacecraft or a nuclear explosion from an extraterrestrial 

civilisation. These assumptions are now no more considered as 

acceptable and a general agreement exists about a more 

conventional cosmic collision with a comet or an asteroid fragment. 

That fantastic hypotheses could be alive for such a long time is 

explained by the scarcity of identifiable relics. The absence of 

crater indicates that the bolide exploded in the atmosphere and that 
its material was spread over a wide area. Indeed, the numerous 

expeditions to the explosion epicenter have only recovered a few 

spherules (iron and silicate) (3). Some of them, because of their Ni 

content, were considered as having a cosmic origin. Heighty years 

after the event, the results are so poorly convincing that soviet 

scientists are now organizing a new visit to the siberian site. 

Waiting for the samples from this new exploration we can 

summarize the present state of our knowledge. If we consider the 

hundreds of publications about the subject, less than a dozen deal 

with the detailed analysis of the Tunguska meteor debris found in 
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the vicin ity of the explosion site or widely dispersed at the surface 
of the Earth. One of the most commonly cited paper is the work of 
Ganapathy (4) reporting the discovery of meteoritic debris in 
Siberia and at the South Pole. From the f inding of an iridium 

anomaly in an Antarctic snow-ice core, attributed to the 1908 

explosion, Ganapathy estimated that the weight of the Tunguska 

meteor was more than 7 million tons. This is quite inconsistent 

with the amount of presumed cosmic material found near the 

explosion site which does not exceed 2 tons over an explored area 

of 20000 km2 (3). A uniform extrapolation to the entire Earth leads 
to a maximum dispersed mass of 50000 tons, more than two orders 
of magnitude lower than the Ganapathy's estimate. In addition , 

since the average global micrometeorite flux is around 10000 tons 

per year (5), one can suspect that a significant fraction of cosmic 

spherules found in Siberia is not linked with the Tunguska event but 

is simply due to the steady cosmic dust infall accumu lated in peaty 

so ils overlaying a permanently frozen mud. In order to evaluate the 

respective contribut ion of these two sources, we have investigated 
a sample of 80 small iron-rich spherules (80 to 150 microns) and 

fragments of spherules collected close to the explosion site and 
whose morphologies had been previously studied by Zbik (6). We 

have compared them with the various families of iron 

micrometeorites recovered in deep sea sediments (7) and over 

Greenland ice cap (8). 

While Zbik (6) distinguished 5 types of spherules on 

morphological considerat ions, surface analysis with a dispersion 

energy X-ray spectrometer perm itted the identification of on ly 3 

groups: a first one very rich in Ni (5 spheru les, Ni >1 %), another one 

with a low Ni content (3 spherules, 0.01 % < Ni < 0.1 %) and a third 
group with no Ni content. Spherules were measured by instrumental 

neutron activation analysis . After INAA, individual spherules were 

embedded in epoxy resin, then polished and analysed at the scanning 

electron microscope. Analyses con fi rm the ex istence of three 

groups: 

Group A. Polished sections of the five spherules from this 

group exhibit the well known structure of the Fe-Ni spherules from 
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the permanent micrometeorite flux (7,8). These spheru les, 
consisting of two iron oxide phases, wustite and magnetite, ha~e 

their platinum metals assembled in a Ni core or in a nugget. Their. 
annual accretion rate being a few 104 particles km- 2 (5,8), it is 
not surprising to find them abundantly at places where good storage 
conditions exist like in peat swamps explored during the various 
expeditions on the Tunguska site. The three Ir rich spherules 
analysed by Ganapathy (4) are apparently members of this group. 

Group B. The three spherules of this group, compared with 
group A, have low Ni and Ir contents (=100 ng .g-1) but the Ir/Ni 

ratio is nearly chondritic. Polished sections reveal a single iron 
oxide phase. Iridium is homogeneously distributed. A single oxide 
phase is also foung in a minor family of Fe Greenland 
micrometeorites (8) but with different composition and structure: 
an identification of group B spherules with the single-oxide 
Greenland micrometeorites is excluded. However, because of their 
iridium content, they must be considered as likely extraterrestrial 

bodies. Potentially they could be, like five Ganapathy's spherules (A 
to G), the relics of the Tunguska event. 

Group C. This group with various structures and shapes represents 

about 90% of our total sample. All the spherules consist of iron 
oxide and their iridium content is very low. A high precision 
analysis, carried out on a set of 14 objects with a "{-y spectrometer, 

yielded an average value of 5.7 ± 0.3 ng.g- 1 of iridium: Individual Ir 

contents are found up to 40 ng .g-1 making the boundary with group 

B somewhat fuzzy. Spherules of this kind do not exist in the 

micrometeorite populations. Their significant but low iridium 

content far below the chondritic value but also much higher than 

the average Earth crust concentration, does not indicate a clear 

origin. Generally, industrial iron oxide spherules do not contain 
iridium in excess of 1 ng.g- 1 but several tens ng.g- 1 are found in 

some peculiar steels . Consequently, an industrial origin is strongly 
suspected for group C. 

From the three groups of spherules found on the Tunguska site, 
the most abundant one (group C) has probably a purely terrestrial 

origin . Another one (group A), definitely identified with Fe-Ni 
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micrometeorites, is unrelated with the Tunguska event. The least 

abundant one (group B) has a likely cosmic origin. With its unusual 
characteristics, it is the only possible relic candidate for the 1908 
explosion. Since group C represents less than 5 % of our set of 
samples, the mass of the Tunguska meteor debris spread around the 
explosion site and previously estimated to 2 tons over 20000 km2 

(4) should be reduced by a factor twenty. Then, the maximum 
dispersed mass would be less than 250 tons instead of 50000 tons. 
Such a low mass cannot account for the 1025 ergs released by the 
explosion; it is also far below the 7 million tons estimated by 

Ganapathy from the iridium anomaly observed in Antarctic snow (4). 
In fact , our own measurements on a snow-ice core drilled near the 
South Pole (9) are in total disagreement with Ganapathy's results: 

we have found that the contribution of the Tunguska event to the 
iridium infall in Antarctica is negligible and cannot be 
distinguished from the background due to the steady accretion of 

cosmic dust. 
Such discrepancies show that we are far from a c lear 

understanding of the nature of the Tunguska event. A lot of work has 
still to be done on all kinds of exotic material collected in the 

vicinity of the explosion site and especially on silicate spheru les 
which have not yet received sufficient attention. 
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THE CRYSTALLIZATION OF IRON-RICH OLMNE CHONDRULES IN THE 
UNALTERED CHONDRITE, SEMARKONA. 

Rhian H. Jones, Institute of Meteoritics, Department of Geology, University of New 
Mexico, Albuquerque, New Mexico 87131, USA. 

Chondrites are stony meteorites which consist predominantly of a host of small 
spheres (chondrules) cemented together by a fine-grained matrix. Chondrules, which are 
usually about 1mm in diameter, show evidence of being partially or entirely molten, and 
probably originated as small droplets of liquid which were formed in a rapid heating event 
In the solar nebula. Nobody knows for certain what could have caused these heatin~ events 
in the cool cloud of dust and gas of the nebula, and there are several, very dIfferent, 
theories. By learning more about the process from the chondrules themselves we should be 
able to understand better how the nebula and the young sun behaved. From the study 
described here we can tell that there was not only one heating event, forming all the 
chondrules at the same time, but that there were at least two events, possibly more. We can 
also tell that the heating and cooling process that formed the chondrules took place 
remarkably quickly, in just a few hours. 

Chondrules are found in three types of chondrite: ordinary, carbonaceous and 
enstatite chondrites, which all have different chemical characteristics. However, there are 
many similarities between the chondrules from these different groups. Chondrules are 
classified in terms of their textures, and their silicate mineralogy. They have a range of 
textures, which give an indication of their cooling rate, and the dominant silicate minerals 
in the majority of chondrules are olivine and pyroxene. Most chondrules cooled rapidly, 
and many contain a significant proportion of glass resulting from fast cooling of the 
remaining liquid. 

Because they formed in the solar nebula, probably from rapid heating of preexisting 
dust balls, chondrules preserve an important record of early events and conditIOns within 
the solar nebula, about 4.5 billion years ago. However, since chondrules and matrix 
accreted together into the assemblages we now see as chondrites, many have undergone 
secondary alteration processes. Many carbonaceous chondrites have been altered by the 
action of water, and some carbonaceous as well as many ordinary chondrites show a range 
of alteration which is attributed to progressive degrees of heating, or thermal 
metamorphism. These processes are thought to have taken place on the chondrite parent 
bodies after accretion. During thermal metamorphism, the chondrules and matrix interact 
and lose their individual, primitive characteristics. 

The study reported here is of chondrules in the ordinary chondrite, Semarkona. 
Semarkona is one of the least altered chondrites, and shows little evidence of any 
alteration. Its chondrules thus preserve the record of their initial crystallization in the solar 
nebula in virtually pristine condition. The study has two objectives: 

1) By analysing the chondrules in detail it is possible to determine information 
about the environment in which they formed, for example to investigate their precursor 
materials, the temperature and duration of the heating event, and cooling rates. 

2) A thorough description of chondrules in Semarkona can be used to investigate 
thermal metamorphism processes in the ordinary chondrites. Similar chondrules can be 
identified by their textures and mineralogy in altered chondrites, and by comparing them 
with their counterparts in Semarkona it is possible to place constraints on the physical 
setting of metamorphism. A study of this nature is described by McCoy et al. in this 
volume. 
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This study focusses on one specific type of chondrule, described as "type II 
porphyritic olivine" chondrules. These chondrules generally contain many individual olivine 
~rams (porphyritic texture), each with well-defined crystal faces. The olivines are relatively 
Iron-rich, and the name "type II" distinguishes these chondrules from a very distinct type of 
porphyritic olivine chondrules, type I, which have very magnesium-rich olivines. 

Olivines in type II chondrules are strongly zoned: the concentration of iron increases 
towards the ed~e of each grain, and magnesium correspondingly decreases. This feature is 
very common m minerals which have grown quickly from a liquid as it was cooling. In 
addition to iron and magnesium, calcium, chromium and manganese are also present in the 
olivines in small amounts, and these elements are also zoned, becoming more concentrated 
towards the edge of each graiIi. These observations are consistent with the model of each 
chondrule forming from an individual molten droplet, with no interference from outside 
during crystallization. Liquid droplets simulating chondrules have been grown in 
labotatories, and similar zoning patterns have been reproduced in experiments cooled at 
1000 C per hour. 

The liquid remaining in the chondrules after the olivines crystallized solidified as a 
glass containing many tiny crystals in a texture which is also an indication of rapid cooling. 
Analyses of the glasses show that they contain relatively high concentrations of volatile 
elements such as sodium, potassium and phosphorus. The chondIJIles could not have been 
held at the high temperatures needed to melt them (around 1500 C) for more than one or 
two hours, otherwise these elements would have been lost by evaporation. 

In addition to olivine, other minerals are present in the type II chondrules in minor 
amounts. Iron-nickel metal and sulfides indicate that the concentration of oxygen in the gas 
in which the chondrules formed was not very high. However, chromite is also present. Its 
presence indicates that more oxygen was available than during the formation of the type I 
chondrules mentioned above. In o/Pe I chondrules most of the iron is present as metal 
because of the lack of oxygen, resultmg in very magnesium-rich olivines. 

Another important observation in the chondrules studied is the presence of relict 
olivine grains - grains which could not have crystallized from the molten chondrule. For 
example, a few relict grains of magnesium-rich olivine have been observed, with 
compositions which closely match the compositions of the olivines in the type I chondrules 
in Semarkona. These grams must have been a component of the original material which 
melted to form the chondrules. They are likely to have survived the heating event because 
their melting points were higher than the peak temperature. They may also have been 
bigger grains than the other components, and would therefore have taken longer to melt. 

If the relict olivines were indeed derived from type I chondrules, at least some of 
them must have formed before the type II chondrules. This means that there must have 
been at least two, and possibly more, chondrule - forming heating events. If it were true 
that in general type I chondrules formed before type II chondrules, this would lead to the 
implication that ~the solar nebula gas became more oxygen-rich with time. 

In summary, the materials from which the tw.e II chondrules in Semarkona formed 
included magnesium-rich olivine grains which are ltkely to have been derived from type I 
chondrules. Chondrule com'p'ositions are consistent with formation during a very rapid 
heating ev~nt in which volatIle elements were retained. The chondrules cooled rapidly, at 
about 1000 C/hr, in an environment which was relatively oxygen-rich compared with type I 
chondrules. There is no evidence that any of the chondrules have undergone any alteration 
since they first crystallized. It will therefore be possible to use this detailed description to 
investigate alteration processes in similar chondrules in altered ordinary chondrites. 
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RHEOLOGICAL EXTREMES OF CRYOGENIC LIQUIDS ON ICY SATELLITES; 
J.S. Kargel and S.K. Croft, Lunar and Planetary Lab, University 
of Arizona, Tucson, AZ 85721 

Throughout the past decade of Voyager spacecraft 
explorations it has become increasingly apparent that the 
surfaces of many icy satellites have been constructed and shaped 
by extrusions of cryogenic liquids, and, in the cases of Titan 
and Triton, may also be washed by cryogenic seas. There has been 
a recent surge of experimental and theoretical research into the 
physical and chemical properties of cryogenic liquids as they may 
occur within and on the icy satellites. This report focusses on 
the rheology (deformational properties) of some of these 
cryogenic liquids . 

The compositions of cryovolcanic materials are not well 
known, but a well-educated guess holds that they generally were 
aqueous solutions, and in many cases probably were ammonia-rich, 
and may also have contained other substances as well. The 
hypothetical seas of Titan and Triton, if they exist, are 
probably rich in liquid nitrogen, containing also uncertain 
quantities of methane, ethane, and other non-polar hydrocarbons 
and heavy organics. Frozen lava flows of similar liquid solutions 
might also be expected in the coldest reaches of the Solar 
System. 

The dimensions and morphology of cryovolcanic landforms, 
like. their terrestrial silicate counterparts, depend sensitively 
on the exact compositions and rheological behaviors of the lavas. 
The response of cryovolcanic crusts to differential stresses 
(i.e. folding or faulting under compression) also depends on the 
lava flow layer thicknesses (therefore, lava rheology). Much of 
the variability in icy satellite surfaces can be attributed, 
directly or indirectly, to lava rheology. 

Less is known about Titan and Triton. Do cryogenic seas, 
perhaps even cryogenic analogs of the terrestrial hydrologic 
cycle, exist on Titan or Triton? The erosional potential and 
sediment carrying capacity of waves and currents in these seas 
and streams, if they indeed exist, depend to a large extent on 
the viscosity of the liquid. The encounter next August of the 
Voyager ~ spacecraft with Triton may offer an exciting glimpse of 
familiar phenomena operating in an exceedingly unfamiliar 
environment. Whatever phenomena Triton exhibits, it almost 
certainly will be a world largely formed and shaped by liquids, 
past or present; the landforms, whatever they may be, will tell 
us something about the rheology of those liquids. And, the 
rheological properties of the liquids may allow us to infer the 
compositions of the surface materials. The remainder of this 
paper shows that cosmochemically plausible cryogenic liquids may 
span a dozen or more orders of magnitude in viscosity. Of all the 
satellites in the Solar System, Triton and Titan offer the 
greatest chance that landforms shaped by liquids spanning this 
full range will be observed. 

Figure 1 shows a plot of liquid viscosity vs. temperature. 
The silicate lavas are shown only for reference, as these are 
certainly not expected to occur near an icy satellite's surface. 
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Mixtures of liquid nitrogen and methane have very low 
viscosities, lower than that of water at ordinary temperatures. 
Figure 2 shows that liquid nitrogen is, indeed, very "watery" in 
its consistency. These substances, and water as well, would form 
volcanic flows on small icy satellites on the order of several 
inches, or several feet at most, in thickness, even if they 
contained large quantities of suspended ice fragments. In this 
respect, these substances may produce volcanic land-forms similar 
to those produced by the most fluid lavas on Earth. 
Constructional volcanoes should be absent, eruptive vents instead 
being simple fissures. And, at the resolution of Voyager 
spacecraft images, flow fronts of such substances would be 
invisible; however, the eruption of many such flows could be an 
effective resurfacing mechanism, perhaps producing vast plains 
with essentially no relief, except for partially buried mountains 
and crater rims protruding through the lava plain. Solar 
ultraviolet rays and charged magnetospheric particles are known 
to darken "ices" containing carbon-bearing substances. Therfore, 
nitrogen-methane lava plains or frozen cryogenic seas may be dark 
gray or nearly black, and may stand out in sharp albedo contrast 
wi th adj acent water ice or ammonia hydrates, which do not so 
readily darken. 

Seas or streams of nitrogen-methane liquids, with unfrozen 
surfaces, would respond to wind and gravity much as water does on 
Earth. This is particularly true since the effects of lower 
gravity on Titan and Triton are largely countered by the somewhat 
lower viscosity of nitrogen-methane liquid compared to water. 
Therefore, if cryogenic seas and areas of dry land exist on 
Triton or Titan, coastal, fluvial, and deltaic landforms may take 
on some familiar forms, even in an unfamiliar environment. 

An ammonia-water mixture, composed of about one-third 
ammonia and two-thirds water, has a viscosity of 50 poise at its 
freezing point (-143 0 F); this is similar to the viscosity of 
crystal-free basaltic liquids. The ammonia-water liquid pours 
readily (Figure 3). This material may form volcanic flows as thin 
as one to three feet on small icy satellites. However, a few tens 
of percent crystals suspended in the ammonia-water liquid can 
yield viscosities orders of magnitude greater (true also of 
basalt lavas on Earth). Ammonia-water slurries that are one-third 
solidified when erupted could form flows several hundred feet 
thick, particularly on the smaller satellites where gravity is 
low. 

The viscosity of ammonia-water mixtures may also be 
dramatically increased by super-cooling (cooling below the normal 
freezing point without actually crystallizing), as shown in 
Figure 4. Alternatively, the addition of freezing point lowering 
substances, such as methanol ("wood alcohol") or sodium chloride 
(table salt) also has important rheological effects on ammonia
water liquids. The effect of methanol is particularly striking 
(Figure 5); an ammonia-water-methanol mixture, at its freezing 
point (some 40 0 F lower than pure ammonia-water), is so viscous 
(about 100,000 poise) that it is difficult to manipulate by hand. 
Figure 5 was taken about 18 0 F above the freezing point, so the 
freezing point viscosity is actually about an order of magnitude 
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greater than shown. Even small degrees of partial crystallization 
make this substance truly impossible to manipulate; its viscosity 
becomes like that of terrestrial rhyolite lava (similar to candle 
wax at room temperature). Lavas so composed could generate flows 
on the order of one-half to one mile in thickness, and would 
irradiate to a dark gray or black, perhaps offerring an 
explanation for the thick cryovolcanic flows on Ariel and 
Miranda. 

In summary, cryogenic liquids on icy satellites may range 
widely in composition, and may cover a trillion-fold in 
viscosity, ranging from more fluid than water to as viscous as 
the thickest, stickiest lavas erupted on Earth. 
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IDENTIFICATION OF POSSIBLE SOLAR NEBULA CONDENSATES IN 

INTERPLANETARY DUST PARTICLES AND METEORITES. 

w. Klockl, K.L. Thomas2 and D.S. MCKayl 

1 SN14, NASA/JSC, Houston, Tx, 77058 

2 Lockheed, 2400 Nasa Rd. 1, Houston, Tx, 77058 

One of the most important aspects in planetary sciences 

is the history of our solar system, prior to and during the 

formation of the sun and planets. Information about this 

time period comes mainly from the study of meteorites. Mete

orites can be classified in many different groups based on 

chemical and mineralogical characteristics. Meteorites of 

the same group are believed to come from the same kind of 

parent body. Probable parent bodies are planets and aster

oids. But meteorites comprise only a minor fraction of the 

extraterrestrial component falling onto Earth. The major 

component are micrometeorites or cosmic dust particles 

smaller than about 0.03 mm in size. The main sources of 

these cosmic dust particles are believed to be comets and 

asteroids. Material derived from comets was probably not 

affected by planetary processes such as internal heating, 

melting and differentiation of the planet (or parent body) 

into core and mantle. Furthermore cometary material is less 

likely affected by aqueous alteration compared to asteroidal 

material. Cometary material is therefore ideal if we want to 

study and understand preplanetary or solar nebula processes. 

Mineral grains, which very likely formed by condensa

tion from the solar nebula gas are reported from various 

chondritic meteorites. The minerals are refractory phases 

(Ca-AI-Ti-oxides) like perovskite, hibonite, mellilite, 

spinel and fassaite. There is some evidence that several 

minerals in IDPs appear to have formed by crystal growth 

from a vapour phase. Enstatite crystals exhibit unique mor

phologies and microstructures which suggest that they formed 
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by condensation from a gas. Refractory mineral phases like 

perovskite, hibonite, mellilite, spinel and fassaite have 

also been reported from a number of lOPs. 

In this new work, we have found orthopyroxene and 

olivine grains low in FeO, but containing MnO contents up to 

5 wt% in several interplanetary dust particles (Fig. 1). 

These low iron-manganese enriched (LIME) orthopyroxene and 

olivines have not been previouly noted in lOPs and are quite 

unusual in composition . 

FEO-AND MNO ABUNDANCES IN OLIVINES AND 
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By contrast, the majority of olivines and pyroxenes in 

chondritic meteorites contain less than 0.5 wt% MnO. 

However, we have now also found LIME olivines and orthopy

roxenes in the opaque matrix of the meteorite Semarkona 

(LL3.0), which is one of the least equilibrated ordinary 

chondrites. In addition we found olivines and pyroxenes with 
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this distinct chemical signature in matrix material of the 

carbonaceous chondrite Murchison (CM2) and in chondrule rim 

material of the carbonaceous chondrite EET 83226 (CM2). 

The presence of these unusual minerals in primitive 

meteorites and lOPs may establish a new link between the 

origin and history of lOPs and matrices of carbonaceous and 

unequilibrated ordinary chondrites. 

Matrix material of Semarkona contains two populations 

of olivines: 1. FeO-rich olivines (fa2 - fa 30), which are 

similar in composition to Semarkona chondrule olivines and 

2. Forsteritic olivines (fa 0.3 - fa 0.5), which are charac

terized by FeO/MnO ratios of 0.5 to 1.0 (Fig.2). 
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Two olivine populations have been found in the Semarkona 
matrix: 1. Fe-rich olivines compositionally similar to chon
drule olivines and 2. Forsterites characterized by Fe/Mn 
ratios of 0.5-1.0. *= EET83226 forsterite, +=EET83226 pyrox
ene, #=Murchison forsterite. 

Forsteritic olivines in Semarkona, in the other mete

orites and in lOPs do not contain metallic iron inclusions. 

Therefore it seems unlikely that these forsterites and 
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enstatites formed by reduction of fayalitic olivines. We 

propose another model of formation of these LIME silicates: 

The origin of the observed LIME olivines and pyroxenes 

can be explained by condensation processes from a gas of 

solar composition. According to the traditional picture of 

condensation, forsteritic olivine is the first major sili

cate phase to condense from a solar gas (at about 1450 K). 

Iron would condense as metal at higher temperatures (-1470 

K) and react at rather low temperatures (500 K -600 K) with 

forsteritic olivine to form FeO-rich olivine. However, Mn, 

which is not stable as metal in a solar nebula under equi

librium condensation conditions, would condense at about 

1100 K as Mn2si04 in solid solution with forsterite. If 

these Mn-enriched magnesian olivines formed by condensation 

above 1000 K but failed to equilibrate with metallic iron at 

lower temperatures the LIME olivines would remain after 

cooling. other magnesian olivines may have undergone low 

temperature metamorphic reactions which would result in FeO 

- and MnO rich olivines, but these metamorphic reactions or 

aqueous alterations would not produce FeO - poor MnO - rich 

olivines. 

The occurence of LIME anhydrous silicates in meteorites 

and lOPs seems to be restricted to meteorite matrices and 

lOPs containing FeO-rich olivines which are generally less 

than fa 30 in composition. We were not able to find Mn

enriched forsterites in the matrices of Chainpur (LL3.4), 

Tieschitz (H3.6), Krymka (LL3.0) and ALH 77299 (H3.7), which 

are more recrystallized compared to Semarkona matrix, and 

tend to have olivines from fa 30 to fa 70 in composition 

(Fig.3) . 

In summary, our results indicate, that these newly dis

covered LIME silicates in lOPs and in matrices of primitive 

chondritic meteorites may have a common origin. It seems 

very likely that they are condensation products from the 

early solar nebula. They establish a link between chondritic 

porous lOPs and chondritic meteorites. The source regions of 
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meteorite parent bodies (asteroids) and chondri tic porous 

lOP parent bodies (comets) are believed to be at very dif

ferent distances from the sun. The occurence of mineral 

phases with identical chemical signature in asteroidal and 

cometary material could indicate that large scale dust 

mixing took place in the early solar nebula. 
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DYNAMIC CRYSTALLIZATION EXPERIMENTS ON CHONDRULE 
MELTS: ORIGIN OF DROPLET CHONDRULE TEXTURES AND LIMITS ON THE 
CHONDRULE FORMING PROCESS. Gary Lofgren, SN-2 NASA Johnson Space 
Center, Houston, TX 77058. 

Chondrules are an important constituent of chondritic meteorites which are 
considered samples of primitive solar system materials. Thus the study of chondrules will 
hopefully elucidate some of the conditions of formation of solid matter in the primitive 
solar system. The models proposed for formation of chondrules can be divided into two 
groups. In one group of models, chondrules form by melting and subsequent 
crystallization of preexisting material. The primary differences between these models are 
the kinds of materials that are melted and the sources of heat for the melting. In the 
other group of models, chondrules form by condensation of liquids from the solar nebula 
which subsequently crystallize upon cooling. Variations between these models result from 
differences in the condensation sequence of the minerals and the temperatures of nucle
ation and crystallization. Dynarruc crystallization experiments, which are experiments 
where there IS an attempt to duplicate the cooling history of the natural chondrule, have 
shown that the former group of models involving melting of preexisting material are most 
reasonable 

Among the varieties of chondrules, there is a class (melt droplet) which is 
generally considered to have an igneous texture which represents crystal growth (usually 
rapid) from a supercooled melt. The Three most common types of such chondrules have 
porphyritic (large, individual crystals set in a glassy matrix, Fig. 1), barred (dendrites 
comprised of parallel bars or plates, Figs. 2 a,b,c,d), or radiating (very small diameter 
crystals radiatmg from a single or few multiple {,oints, Fig. 2e) textures. Porphyritic 
textures are by far the most common comprismg nearly 80% of all melt droplet 
chondrules. All these textures can occur in a single chondrule composition or over the 
entire range of observed compositions. Over the last few years nearly all of these textures 
have been reproduced experimentally. 

In the early experimental studies the porphyritic chondrule was not reproduced 
adequately. The key to producing the porphyritic texture is the presence of relIc crystals 
in the melt at the initiation of cooling. The objective of the research reported at this 
conference and over the last 5 years has been to more completely explore the 
development of porphyritic texture in melts of chondrule compositIOn as a function of 
variations in heterogeneous nucleation. Variations include the number and kind of 
nuclei. Pyroxene porphyritic chondrule textures can be produced readily as long as nuclei 
of pyroxene (and possibly olivine) are present. A broad range of olivine porphyritic 
textures can be produced and vary in aP1?earance depending on the presence or absence 
of nuclei and their density (number/umt volume). The transition from porphyritic to 
radial texture, particularly for the pyroxene rich compositions, is primarily a function of 
the presence or absence of nuclei. As the ratio of olIvine to pyroxene increases there is 
less of a tendency to produce pyroxene radial textures in favor of olivine dendritic 
(barred) or porphyritic textures. It has been shown experimentally that the porphyritic 
textures clearly represent crystallization which is strongly affected by heterogeneous 
nucleation and that the barred and radial textures result from the near absence of nuclei. 

Variations in textures of barred olivine chondrules, e.g. the number of dendrites or 
the size of the plates or bars in the dendrites, are a function of the crystal growth process. 
As the chondrule cools, dendrites will nucleate and grow at different temperatures (i.e. 
degrees of supercooling) and the variation in plate width (sl?acing between the bars, 
compare Fi~s. 2a and b) is related to the degree of supercoolmg which existed when a 
given dendrIte started growing. The temperature at which nucleation takes place is more 
a function of the nature of heterogeneous nucleation sites in the melt than on the cooling 
rate. Thus the heterogeneous nucleation behavior is more important than the cooling 



7 

I 

PRESS ABSTRACTS 57 

DYNAMIC CRYSTALLIZATION OF CHONDRULES: Lofgren G. E. 

rate in determining many characteristics of the texture. The final texture results from the 
interplay of cooling rate and the nucleation characteristics. . 

The results of these experiments clearly set limits on the chondrule forming 
process. The formation of the porphyritic textures requires that there be heterogeneous 
nuclei in the chondrule melt droplets prior to cooling. This is most easily accomplished 
by melting preexisting nebular materials. The fact that most chondrule melts are not 
completely molten, but retain the crystalline nuclei sets an upper temperature limit on the 
chondrule forming process. That temperature is approximately I600°C. The melts can be 
at slightly higher temperatures but only for times short enough that melting is not 
complete. 

The existence of the barred and radial textures indicates that a few of the chon
drules melt completely and have very few nucleation sites. The chondrules with the 
barred olivine textures typically melt at or above I6000C suggesting that a few (less that 
4%) chondrules see temperatures slightly higher that I600°C. In contrast, chondrules 
with barred pYI:0xene or radial textures typically melt at temperatures well below I600°C. 

The high degree to which the experimentally produced textures have duplicated 
the textures of the chondrules strongly suggests that to cooling rates used in the 
experiments apply equally to the natural chondrules. The overall range of cooling rates is 
from 5 to several thousand degrees per hour. At 5°C/hr, the crystals tend to coarser that 
is commonly observed in chondrules (see Fig. Ie). The porphyritic textures develop in 
experiments cooled at a few tens of degrees to a few hundred degrees per hour. The 
barred and radial textures are most easily produced in the ran~e 500 to 3000°C/hr with 
the size of the individual bars decreasing as the cooling rate mcreases. The very fine, 
radial textures develop at even higher cooling rates up to a few thousand degrees per 
hour. These cooling rates are too slow to result from simple cooling in space and suggest 
that in the part of the solar nebula where chondrules were forming the density of material 
must have been such that the radiation of heat during cooling was retarded. 

In summary the chondrule forming process varies only modestly between the major 
groups as defined by texture. The porphyritic chondrules form from previously 
crystallized material and are cooled relatIvely slowly in regions of the solar nebula which 
are relatively dense. The more rapidly crystallized barred, dendritic and radial textured 
chondrules could form in the same general environment or could form in a moderately 
less dense regions consistent with there faster cooling rates. It not necessary that they 
form by melting previously crystallized material. 

Figure 1. Photomicrographs of experimentally produced porphyritic chondrules (all the charges in Figs. 1 & 2 
are 4-5 mm in diameter). A. and B. Olivine-rich compositions cooled at lOOOCjhr A. Cooled from 
significantly below its melting temperature thus preserving large numbers of nuclei reflected by the large 
number of olivine phenocrysts. B. Cooled from a higher temperature than the experiment in A and thus with 
fewer nuclei. There are fewer, larger olivine phenocrysts. C. An olivine-pyroxene rich composition cooled at 
50 Cjhr which has phenocrysts of both olivine and pyroxene. The olivine crystallized first and settled to the 
bottom of the charge; they are clustered on the left side of the photomicrograph. The later crystallizing 
pyroxene is concentrated on the opposite side and enclose a few gas vesicles which indicate the top of the 
charge with respect to gravity during the experiment. D and E show more pyroxene-rich compositions that 
contain only pyroxene phenocrysts some of which have olivine inclusions. The smaller, more numerous phe
nocrysts in D reflect the higher number of nuclei. Few natural chondrules have phenocrysts as large as those 
shown in E. 
Figure 2. Photomicrographs of experimentally produced dendritic, barred and radial chondrules. A & B. 
Olivine-rich compositions with barred textures A. Has dendrites with fewer bars of larger width reflecting 
generally slower cooling rates in which the crystals can grow to larger dimensions. B. Finer barred, mUltiple 
dendrites. C-E. Pyroxene-rich compositions showing a variety of rapid crystallization chondrule textures. C. 
A large, single pyroxene dendrite. D. Barred pyroxene dendrite. E. Radial pyroxene. 
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AN ENSTATITE CRUSTAL COMPOSITION FOR MERCURY? 

Paul G. Lucey and Jeffrey F. Bell, Planetary Geosciences Division, Hawaii Institute of Geophysics, 
University of Hawaii at Manoa, Honolulu HI, 96822. 

The determination of the surface composition of Mercury has proved to be one of the most 
elusive goals in planetary remote sensing. Based upon the current data set the surface mineralogy is 
essentially unknown. The only unambiguous, but indirect, information possessed about the surface 
composition of Mercury is the presence of sodium and potassium in the mercurian atmosphere{1,2,3). 
Even this datum may not reflect the the nature of the surface of Mercury but that of exogenically 
Introduced material.(1) 

Two techniques which are directly sensitive to surface mineralogy have been utilized with 
contradictory or ambiguous results. Near-infrared reflectance spectroscopy has been employed for 
several years without consensus concerning surface composition. This wavelength region is 
sensitive to the presence of transition metal ions in distorted crystalline sites and thus may be used 
to detect the presence of such ions, principally Fe2+ or Fe3+ Unfortunately the best two data sets in 
this wavelength region(4,5) for the same portion of Mercury disagree concerning the presence of an 
absorption band in the vicinity of .9Jlm. The presence of an absorption band would suggest the 
presence of Fe2+ either in glass or more likely the mineral pyroxene. A weak absorption in addition 
to the accepted red cont inuum slope would strongly suggest a quite lunar highland-like composition 
with on the order of 5% FeO(4). In contrast, the absence of the absorption requires different 
candidates for surface materials, though does not exclude all lunar compositions. Three abundant 
classes of materials in the solar system do not exh ibit near-IR absorptions: Fe-Ni metal, sil icates 
lacking transition metal ions, and the plagioclase fe ldspar anorthite wh ich contains Fe2+ but loses its 
near-IR absorption when exposed to moderate shock levels. The density and albedo of Mercury 
probably forbids a crustal composition consisting entirely or largely of reduced metal, though a 
significant reduced metal component in the soil of Mercury, like that found on the Moon, is a 
reasonable possibility. Silicates lacking transition metal ions span a wide range of compositions from 
pure Si02 (quartz), alkali feldspars, to Mg olivine (forsterite). The highly reduced aubrite 

meteorites which are entirely composed of the Fe-free pyroxene enstatite have been suggested to 
have formed near the solar distance of Mercury(6). The existence of these meteorites makes that 
pyroxene an attractive candidate for the surface composition of Mercury. Finally, it has been shown 
in the laboratory that Fe-bearing plag ioclase, wh ich exhibits a near-IR absorption feature near 
1.25Jlm loses this band under moderate shock loads (7). Kilometer-scale deposits of shocked 
anorthosite have been detected telescopically on the lunar surface in isolated locations (8,9). It is 
also observed that the near-IR spectra of mature, i.e. extensively micrometeorite-gardened, lunar 
highland soils show no trace of a 1.25Jlm absorption despite the composition which is dominated by 
this feldspar. Under the more severe micrometeorite flux and high temperatures of Mercury(10) is 
highly unlikely that 1.25Jlm band would persist even at extremely high abundances of feldspar. It 
should be pointed out that the possibility of high plagioclase abundance allows a significant amount of 
Fe2+ to be hidden in the structure of the shocked plagioclase. 

In summary, the presence of an absorption band near .9mm would suggest a lunar highland-like 
composition for the surface of Mercury with an FeO content of about 5%; while the confirmed 
absence of such a band suggests Fe-Ni metal (unlikely); enstatite (or other silicate free of transition 
metal ions); or shocked plagioclase. 

The thermal infrared has the potential for resolving the controversy. Powdered sil icates 
exhibit a maximum in emission known as the Christiansen frequency with a peak wavelength highly 
correlated with the position of the silicate band observed in transmission (11). The position of the 
silicate band and the Christiansen frequency vary systematically with the structure of silicate. Thus 
for pure minerals there is an increase in wavelength of the emission peak from 7.1 for quartz with 
its very high bond strength to 9.5Jlm for Fe-rich olivines (12). The detection and characterization of 
the Christiansen frequency would allow ready distinction between many of the possibilities allowed 



I 

" 

) 

,) 
• 

) 

ENSTATITE ON MERCURY? 
lucey, P.G. and J.F. Bell 

PRESS ABSTRACTS 

by the near-IR data. The Christiansen frequency has been detected on Mercury and it exhibits an 
emission wavelength maximum with an average of 7.85~m(13). This emission wavelength taken at 
face value virtually excludes the presence of any significant pyroxene or olivine component 
regardless of Fe-content. Only feldspars exhibit emission wavelengths this short implying an 
anorthosite (not anorthositic but pure anorthosite) crust or even a more silicic composition. 
Unfortunately, observations of the Moon with the same instrument and telescope show that all 
locations measured on the Moon also exhibit very short wavelengths of absorption (14,15). This 
discrepancy suggests some problem in the calibration of laboratory emission obtained under 
lunar-like conditions to the remote measurements made with this instrument. The current state of 
the thermal infrared data is that the Moon and Mercury exhibit similar wavelengths of emission, but 
that the absolute value of the emission cannot be used as a compositional tool. Similar emission 
wavelengths do not necessarily imply similar compositions. The emission wavelength of a rock (a 
mixture of components) is roughly a linear function of the emission wavelengths of the components of 
the rock and their relative abundances. Thus a basaltic composition, a mixture of feldspar, 
pyroxene, and olivine, will exhibit a similar wavelength of emission to a pure pyroxene. Within the 
precision of the wavelength determination for Mercury and the Moon, and knowing the composition of 
the Moon, Mercury is then composed of either basalt or a pure pyroxene. A sample of the aubrite 
Norton County was lent to us by the Institute for Meteoritics at the University of New Mexico for 
measurement in the thermal infrared to ensure that pure enstatite does indeed exhibit the same 
Christiansen frequency as other pyroxenes. Within the error in measurement, the spectrum of 
Norton County is in the same range with the entire suite pyroxenes measured by (12). In summary 
then, the thermal-I A measurements of Mercury and the Moon suggest that Mercury is composed 
either of basalt or enstatite. This conclusion would be unaffected by the resolution of the wavelength 
calibration difficulty. This places the burden of identification back on the near-IR. 

Conclusion: Table 1 is a Rtruth table of Mercury's composition.R There are three possibilities: 
basalt, requiring of Mercury a .9~m absorption and a thermal emission wavelength about equal to that 
of the Moon or concievably much ess than the Moon due the highly nonlinear effect of pyroxene on the 
near-IR spectrum; enstatite, requiring the absense of a near-IR absorption and a thermal spectrum 
similar to that of the Moon; or shocked anorthosite if no near-IR band is present and the mercurian 
Christiansen wavelength is much less than the Moon. 

The current data seem to lean toward enstatite. The more recent spectra which suggest the 
absense of an absorption band (5) are obtained with a far more sensitive instrument which is much 
better suited to the difficult Mercury observations than instrument used in the earlier measurements 
in which a band was detected (4). Also, the best Mercury-Moon comparison suggests that Mercury 
and the Moon have similar Christiansen emission maximum wavelengths. Thus by Table 1 the surface 
of Mercury is composed of enstatite. It must be emphasized that this conclusion is verv sensitive to 
the accuracy of the infrared observations in both wavelength regions and js subject to change without 
~ 
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CONSTRAINTS ON GEOLOGIC PROCESSING OF PRIMITIVE METEORITES IN 
ASTEROIDS T.J. McCoy, E.R.D. Scott, R.H. Jones and K. Keil, Institute of Meteoritics, 
Department of Geology, University of New Mexico, Albuquerque, NM 87131 USA. 

The most primitive meteorites, chondrites, contain information about the whole 4.55 billion 

years of solar system history, and one of the major aims of meteorite research is to unravel 

information about the processes that occurred in the first 100 million years. Chondrites contain 

chondrules; these are millimeter-sized silicate spheres that were once molten and that have 

undergone two periods of processing. These chondrules and other components in chondrites are 

believed to have formed in the solar nebula, the cloud of gas and dust that encircled the sun 

before formation of the planets. The various components accreted into asteroids, small bodies 

which orbit the Sun between Mars and Jupiter. The ultimate goal of our research is to learn 

more about processes that occurred in the solar nebula. Since we have no rocks from that part 

of the solar system's history, we must determine which properties we now observe in meteorites 

are inherited from that period. 

The aim of our research has been to examine chondrules in ordinary chondrites (so-called 

because they are the most common type) and discover which properties reflect processing at low 

temperatures in the solar nebula or after the chondrules were incorporated into rocks in the 

asteroids. This low temperature heating event resulted in metamorphism of the ordinary 

chondrites. Metamorphism is defined as "the mineralogical and structural adjustment of solid 

rocks to physical and chemical changes at depth". Such adjustments observed in ordinary 

chondrites include the homogenization of the major minerals, increasing grain size, growth of 

new minerals and decreasing ability to define the boundaries of chondrules. 

The ordinary chondrites form a sequence from least metamorphosed (type 3) to most 

metamorphosed (type 6). Silicates in chondrules are heterogeneous in type 3 and homogenous in 

type 4. While all authors agree about the existence of the sequence, the nature of the processes 

which formed the sequences is still a matter of great debate. Most meteoriticists believe that 

these changes occurred during low temperature heating in asteroids, but some believe that the 

changes occurred in the solar nebula. One model for solar nebula processing states that the 
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sequence is caused by differing rates of cooling of the molten droplets which formed 

chondrules, while another model calls for reaction between the gas in the solar nebula and the 

chondrules before they are incorporated into asteroids. 

We have been able to recognize a type of chondrule (porphyritic olivine chondrules) 

throughout the sequence. Its distinctive texture and shape changes much more slowly than the 

chemistry of its components . These chondrules are dominated by the mineral olivine, 

.. (Mg,Fe)2Si04' with minor amounts of pyroxene, (Mg,Fe)Si03. The strikingly similar textures 

observed throughout the sequence indicates that these chondrules were once similar, but were 

affected by a metamorphic process. 

Examining how the chemistry of a mineral varies from the middle of a grain to its edge 

(its zoning profile) can tell us about how fast the minerals cooled from a melt and how much 

subsequent alteration it has experienced. Dr. Rhian H. Jones has studied the zoning profiles in 

the least metamorphosed LL-group chondrite, Semarkona. By studying meteorites which have 

undergone increasingly greater degrees of metamorphism, we should be able to determine if a 

metamorphic sequence does exist. We also should be able to determine if the least 

metamorphosed meteorite is the material from which other meteorites formed. 

Our studies have focused on the two major minerals in porphyritic olivine chondrules. 

The rate of movement of atoms through a grain of olivine is much faster then in pyroxene. 

Type 3 ordinary chondrites such as Parnallee and Bo Xian show pyroxene compositions like 

those in the least metamorphosed chondrite, while olivine compositions are nearly homogeneous 

like the type 4 chondrites Sevilla, Soko-Banja, and Kelly. 

1 
These results support the belief that not only do these meteorites represent increasing 

) degrees of metamorphism of a similar starting material, but that this starting material is 

represented by one of the least metamorphosed meteorites in our collections, Semarkona. Our 

results indicate that the models which produce the sequence in the solar nebula are incorrect. 

Differing rates of cooling of the molten chondrules would not produce the similar textures we 

observe in porphyritic olivine chondrules throughout the sequence. The differences between 
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olivine and pyroxene compositions are inconsistent with exchange of a solar nebula gas at higher 

temperatures. 

Constraining the physical setting for the homogenization of chondrules is a bit more 

difficult. By looking at the effects "frozen in" when these meteorites cooled, we hope to be able 

to determine the temperature to which these meteorites were heated and the duration of this 

heating. Preliminary calculations indicate that the time is roughly consistent with heating for 

hundreds of thousands to millions of years at temperatures of 400 to 600°C. These calculations 

are consistent with our belief that these meteorites were heated in asteroids for long periods of 

time at relatively low temperatures. 

Our results confirm the existence of a metamorphic sequence and suggest that this 

sequence reflects processing in asteroids. In addition, it confirms the importance of geologic 

processing of primitive materials to derive the vast array of meteoritic material we now observe. 
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GEOLOGIC EVIDENCE SUPPORTING AN ENDOGENIC ORIGIN FOR THE 
MARTIAN CRUSTAL DICHOTOMY; George E. McGill, Department of Geology and 
Geography, University of Massachusetts, Amherst, MA 01003. 

The surface of Mars exhibits a striking dichotomy; about 1/3 is, on 
average, 3 km (1.9 miles) lower than the other 2/3. In addition, the surface 
of the low 1/3 is much less cratered, and thus younger, than the surface of the 
high 2/3. With local exceptions, the boundary between these topographically 
distinct regions can be fit by a small circle inclined at about 28° to the 
equator, with the low region lying almost entirely within the northern hemisphere 
of Mars. In many places, the boundary is an abrupt scarp. A surface with a 
major topographic dichotomy is by no means unique to Mars; in fact, we have an 
even more striking example on the earth -- the contrast between continents and 
ocean basins. On earth, this dichotomy is known to be caused by major differ
ences in the crust; oceanic crust is thinner and denser than continental crust. 
On a global scale, we can think of the crust as "floating" in the denser mantle 
beneath. A simple analogy might be useful. A thick slab of cork will float 
higher in the water than a thin slab of wood for two reasons: 1) the cork is more 
buoyant, and 2) a thick slab of any floating material will have greater freeboard 
than a thin slab of the same material. Thus the thin, relatively more dense 
oceanic crust floats at a much lower level than the thick, relatively less dense 
continental crust. On earth, the continent/ocean basin crustal dichotomy is 
maintained by plate tectonics, a global system of shifting plates that creates 
new oceanic crust and lithosphere at mid-ocean ridges, where plates diverge from 
each other, and destroys older oceanic crust and lithosphere where plates 
collide. Thus oceanic crust also has a much younger average age than continental 
crust. 

There is no evidence for plate tectonics on Mars. Nevertheless, the reason 
for the topographic dichotomy is almost certainly a significant difference in 
thickness of crust, as on the earth. This opinion is based on the same sort of 
buoyancy argument we use for the earth; that is, we visualize the crust as 
"floating" on the underlying mantle, and a thick crust should float higher than 
a thin crust. If some powerful internal force were physically pulling the crust 
of the low region down, we would measure a slight deficiency in the force of 
gravity over that region. The martian gravity field was measured by carefully 
tracking the orbits of the Viking spacecraft, and no deficiency was noted over 
the lowland 1/3 of Mars. Unlike on earth, no evidence has yet been found to 
suggest that a difference in composition accompanies the difference in thickness 
of crust on Mars. Although the great abundance of craters on the martian upland 
means that its surface is older than the surface of the more sparsely cratered 
lowland, the rocks of the crust are not necessarily different in age. On Mars, 
old crust beneath the lowland is mostly buried by younger m'aterials (thus the 
younger age of the surface), whereas on the earth the entire thicknesses of the 
oceanic and continental crusts have very different average ages. 

Two basic types of explanations for the difference in crustal thickness 
on Mars have been proposed: 

"Exogenic" models create the lowland by excavation due to impact; that is, 
thinning the crust by removing material from the top. Most meteorites and comets 
hitting planets are small, but some are large enough to blast holes into the 
surface, as is clearly demonstrated by the abundant impact craters on rocky and 
icy planets and moons in the Solar System. A very few impacting objects are 
extremely large, creating huge multiple-ringed basins such as the Imbrium and 
Orientale basins on the moon. It is possible that a single, mega-impact simply 
excavated the entire lowland of Mars during one cataclysmic event. This idea 
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is currently the most popular explanation for the martian lowland, and the 
proposed gigantic lowlan"t tasin is referred to as the "Borealis basin". It also 
has been proposed that the lowland might be explained by overlap of several 
somewhat smaller basins. 

"Endogenic" models create the lowland by thinning the crust from beneath. 
These models rely on the presence of convective flow within the mantle, a flow 
that brings hot material upward against the base of the crust, and that carries 
cool material back down into the mantle elsewhere (convective flow in the mantle 
does not mean that mantle rocks are melted -- solid mantle rocks can flow, given 
time, just as solid silly putty left on a table will flow). There is little 
controversy among geologists and geophysists about the feasibility of convection 
in the martian mantle, but whether this convective flow can and has created the 
martian lowland is much more contentious. 

The mega-impact model is simple and attractive, but it suffers from some 
serious flaws, most of which will not be reviewed in this abstract. One rather 
straightforward problem relates to the volume of crustal material that must be 
excavated in order to create a hole averaging 3 km deep over 1/3 of the surface 
of the planet. A fascinating consequence is that the thickness of crust that 
must be removed is about 21 km (13 miles), not 3 km. Again let us use a floating 
cork for comparison. If we cut the top inch off of a slab of cork floating in 
water, the freeboard of the slab will be reduced, but by much less than 1 inch. 
This is because the entire slab will rise in the water in order to maintain 
buoyant equilibrium. Likewise with our crustal slab "floating" on the mantle; 
removing crust from the top triggers a buoyant rise of the entire remaining 
thickness of crust, and it turns out that about 21 km of crust must be excavated 
to produce the observed 3 km elevation difference (this tendency of planetary 
crusts to seek buoyant equilibrium is referred to as "isostasy"). Removing 21 
km of crust from 1/3 of Mars means removal of more than 1 billion (1,000,000,000) 
cubic km (about 240,000,000 cubic miles) of crustal rock. If this were accom
plished by impact, then all of this rock must be thrown out onto the surrounding 
surface, most of it immediately adjacent to the lowland, more than doubling the 
thickness of the crust there. Such a large excess thickness of crust should be 
detectable if it were present, but there is nothing to indicate its presence. 

The known existence of large basins on planets provides a certain basic 
credibility to the impact models for the origin of the martian crustal dichotomy 
(although some planetary scientists question extrapolating this credibility to 
a basin large enough to create the martian lowland with a single impact). Even 
though we know that the earth's large-scale topography is created by endogenic 
processes, it is difficult to develop a convincing endogenic model for the 
martian lowland because we are dealing with conditions and processes going on 
deep within the planet, a region we can never see directly (even on the earth, 
where geophysicists know far more about the interior, there is much disagreement 
concerning internal processes). However, the geological history of Mars contains 
vital clues that can tell us if the crustal dichotomy is due to exogenic or 
endogenic processes. This is an important first step, because there is little 
point in developing endogenic models to explain the martian crustal dichotomy 
if that dichotomy is, in fact, not due to endogenic processes at all! In brief, 
the geological clues tell us that the dichotomy probably formed about one billion 
years after Mars was formed (the planets were all formed about 4.55 billion years 
ago), and that its cause is related to the internal activity of the planet, not 
to impact. It thus is meaningful and necessary to seek possible endogenic causes 
for the dichotomy. 

The first clue comes f rom mapping the distribution of the odd knob-like 
landforms scattered over much of the northern lowland. These knobs turn out to 



MARTIAN CRUSTAL DICHOTOMY 
McGill, G.E. 

be remnants of topography on 
the floor of the northern low
land; isolated bits and pieces 
of ridges and crater rims not 
completely buried by the 
younger materials that make 
up the present surface of this 
r~gion. We can reconstruct 
the nature of this buried 
surface, and demonstrate that 
it is very old -- just as old 
as the heavily cratered sur
face of the martian upland. 
If the martian lowland were 
created by large-scale impact, 
this impact must be even older 
than the ancient topography 
of the buried lowland floor; 
otherwise, the impact would 
have destroyed this remnant 
floor topography and it would 
not be there for us to see. 
For example, basin rings 
present on the northern low
land floor, such as those 
shown on Figure 1, date from 

PRESS ABSTRACTS 67 

'/ "'7 ::r--.--:- - f " 

~:'-7- "'"':- " 
. /:--: .. ...; _ ...... .. '.\..: 
' / .. ' /.-- . .". ' .'\- ... "-

t .. / 240 \: \ , 
.1' /68 . \ \. ~ 

. . j I \ \. '-t . '.' 
. I I I I \ \ . I 

J . J' I I '. I 
~·III·, 

/ '. 1/ / i: . 
/ 'r-/ J : . ;' . 

........ - - - / . 

Figure 1: Global view, centered on the 
240th meridian, showing the dichotomy 
boundary and the rings of three ancient 
basins on the floor of the lowland. 

very early in martian history. If the Borealis basin were younger, these rings 
would no longer be present because the Borealis impact would have blown them to 
bits. Thus, if the Borealis basin exists, it must have formed during the first 
few hundred million years of martian history. 

Additional clues suggest that the elevation difference came into existence 
much too late to be caused by impact. Firstly, by working out the time rela
tionships among faulting, erosional events, and depositional events, we can show 
that the scarp defining the boundary between upland and lowland formed about one 
billion years after the formation of Mars. Secondly, recent work by others has 
demonstrated that volcanic activity on Mars has not been constant through time, 
and tha~ a pronounced peak in activity occurred at the same time that faulting 
along the dichotomy boundary was taking place. Thirdly, the oldest geological 
materials mapped in the lowland area were deposited about one billion years ago. 
These clues tell us that the elevation difference came into existence when Mars 
was about one billion years old. Because it is not likely that one billion years 
would be required for a return to buoyant equilibrium after the event that 
thinned the crust , we can conclude that the crustal thinning also occurred when 
Mars was about one billion years old. But the floor of the northern lowland is 
much older than this; hence we cannot ascribe the thinning to excavation by 
impact. The only alternative is that the cause must reside inside the planet. 

The associated peak in volcanic activity implies a period of greater than 
normal heat loss from the interior of Mars. This is most likely related to the 
existence of a very large convection cell in the martian mantle that carried 
enormous amounts of heat from the interior to the shallow mantle, from where the 
heat could reach the surface by volcanic activity and conduction through the 
crust. Our knowledge of the martian interior is too sketchy to permit us to 
develop this idea in any detail, but current geophysical models suggest several 
possible ways that peak heat loss might be delayed for as much as one billion 
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years. The area that is now the martian lowland was located above the rising 
limb of this convection cell. The crust above the rising limb would be heated 
and stretched. Stretching would directly thin the crust; heating would render 
the crustal rocks susceptible to melting and thus to erosion from below by the 
convective flow in the mantle. The stretching of the crust at depth would result 
in fracturing and faulting at the surface; subcrustal heating would result in 
increased volcanic activity. Subsidence resulting from crustal thinning formed 
the lowland, which from then on became a favored locality for the deposition of 
sedimentary and volcanic materials. 

It is still necessary to account for the one billion cubic km of displaced 
crustal rock. Although we do not have any direct evidence concerning its fate, 
it is likely that it was widely distributed within the globe, especially if 
melting occurred. Because the process causing distribution is internal, this 
hypothesis is not directly testable with geological evidence as is the possi
bilityof distribution by impact. Future models by geophysicists will, we hope, 
address this issue. 

The evolution of the surfaces of planets and moons is a major element in 
our quest to understand Solar System history. The choice between an exogenic 
and an endogenic origin for the topographic and crustal dichotomy on Mars is 
important because it bears on whether Mars is more moon-like or more earth-like. 
If the martian dichotomy were caused by impact, Mars is very moon-like; if caused 
by internal processes, Mars is more transitional between the earth and the moon. 
A more earth-like Mars is a much more interesting planet than a relatively dead 
moon-like Mars. 
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EARLY STAGES IN THE BIRTII OF THE MOON; H. J. Melosh, Lunar and Planetary 
Laboratory, University of Arizona, Tucson, AZ 85721 and M. E. Kipp, Sandia National 
Laboratory, Albuquerque, NM 87185. 

The moon's origin has been the subject of scientific speculation since Galileo in 1609 

showed that the moon is a rocky body like our earth. Just before the Apollo landings 

began in 1969 there were three different theories of its origin: The fission theory, proposed 

by G. H. Darwin, Charles Darwin's son, supposed that the moon was spun out of the 

earth's mantle during an early era of rapid rotation of the ancient earth. The capture theory 

supposed that the moon formed somewhere else in the solar system and was later captured 

in orbit about the earth. The co-accretion or "double planet" theory supposed that the earth 

and moon simply grew together out of a primordial swarm of small "planetesimals". 

When confronted with the evidence of the lunar rocks, none of th~se three theories 

could be confirmed--all made predictions at variance with the observations that the moon 

has no substantial metallic iron core, that its rocks are grossly similar in composition to the 

earth's mantle (its oxygen isotopic ratios are identical to the earth's), but that the lunar 

rocks are slightly enriched in refractory elements and are strongly depleted in volatiles. 

This disagreement was resolved in 1984 when a new theory of the moon's origin began to 

gain attention. The new theory stemmed from the recognition that the early solar system 

4,500 million years ago was a more violent place than had been previously assumed. 

Rather than being filled with swarms of 10 km diameter planetesimals accreting directly 

into the four inner planets, it was realized that accreting matter would form embryonic 

planets with a large range of sizes in closely spaced orbits. The final stages of planetary 

formation would involve the coalescence of often rather large bodies, punctuating this era 

with giant impacts in which bodies of comparable size crashed into one another at high 

speed. The chaos of this era explains the wide variations in orbital inclinations, 

eccentricities, rotational periods and spin axis directions observed among the inner planets 

at present. 
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A giant impact provides just the right circumstances for a body with the moon's 

peculiar chemical composition to arise. The vapor squirted from the contact point between 

the proto-earth and the impacting smaller protoplanet would consist predominantly of 

material from the mantles of the two objects and should exclude core metal. Condensing in 

space, the high-speed cloud of rock vapor would preferentially incorporate refractory 

elements, while volatile elements would be slow to condense and hence may be greatly 

depleted. The large amount of angular momentum brought in by the projectile would 

mostly go into the orbiting debris, although the proto-earth would also be spun up. From 

the angular momentum of the present earth-moon system the projectile must have had a 

mass comparable to that of the planet Mars. 

We have studied the details of such a giant impact using the resources of Sandia 

National Laboratories to perform a 3-dimensional simulation of the early stages of the 

impact Using a newly-developed computer program called CTH we modeled the details of 

the glancing impact between a Mars-size protoplanet and the protoearth. 

The four computations reported were performed for two approach velocities, 0 and 

7.8 km/sec, and at impact parameters (a measure of how glancing the collision is--an 

impact parameter of 0 is a head-on collision, whereas one equal to the sum of the target and 

projectile radii is a near miss) of 0.88 Re, 1.25 Re (0 kmlsec) and 0.59 Re, 1.25 Re (7.8 

kmlsec). The impact parameters 0.88 Re and 0.59 Re were chosen because a Mars-mass 

impactor at these impact parameters impart the present angular momentum to the earth

moon system. Re is the radius of the earth. The figures below illustrate temperature 

contours across the midplane (symmetry plane) of the collision at a time when the plume is 

fully developed Compared with the older 2-D computations the 3-D models show, as 

expected, somewhat lower peak pressures and temperatures. Whereas the 7.8 kmlsec 

impacts in 2-D developed a very high-speed plume, most of which escaped the earth, the 

present 3-D results produce a plume which travels at less than escape velocity and which 

may thus increase the amount of mass that eventually enters a closed orbit about the earth. 
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We also find a surprising amount of material ejected to the sides, although this result is in at 

least qualitative agreement with an earlier analytic model of jetting. 

The computer-generated images to be presented illustrate the first 30 seconds after a 

Mars-size protoplanet collides with the protoearth with a velocity upon contact of 8 kmlsec. 

This contact velocity corresponds to a relative velocity of nearly zero at the initial large 

separation. Each of the 24 images is separated by about 100 seconds. The metallic cores 

of the projectile and target are shown in red and pink and their dunite mantles are shown in 

brown and green, respectively. The vapor plume of mixed projectile and target mantle 

material is well developed in the second and third frames. This plume eventually 

condenses into dust, some of which remains in orbit to later accrete into a proto-moon with 

an initial orbital radius of about 10 earth radii. 

This computation using the 3-D hydrocode crn required a Cray IJXMP computer 

with a solid state disk approximately 100 hours of CPU time to complete. The computer 

graphics were prepared by the staff at Sandia. 

A number of copies of slides showing four stages in the impact with an 

accompanying caption will be available for members of the Press at the conference. 
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These figures illustrate temperature contours across the midplane (symmetry plane) of 

the collision between a Mars-size protoplanet and the protoearth at a time when the plume is 

fully developed. Compared with the older 2-D computations the 3-D models show, as 

expected, somewhat lower peak pressures and temperatures. 
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Zircons are found intergrown with other minerals in some igneous rock clasts within 
lunar breccias. The textures indicate that the ages determined for the zircons are also the 
ages of the rock fragments. The wide range of composition of attached plagioclase and 
pyroxene crystals show that lunar zircons formed in a wide variety of plutonic rock types 
(Fig. I). FiC. 1 An content plagioclase 
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The wide spectrum of ages for zircon-containing lunar rock fragments (Fig. 2) is 
further evidence that multiple igneous events occurred within the lunar crust during the 
time interval 4350 to 3900 Ma. No zircons have been found older than 4371 +/- 8 Ma, which 
may be within the period of crystallization of the last differentiates from an early lunar 
magma ocean [5]. Individual zircons and zircon-containing rock fragments in the same lunar 
breccia often have widely varying ages consistent with a wide variety of sources. Highly 
precise Pb/Pb ages of zircons show that individual rock fragments have distinctly different 
ages even when they are from the same chemical grouping. Zircon data show that 
magmatism in the lunar crust may be better described as continuous rather than 
(episodically) serial [4]. 

It has been difficult to date lunar granites by techniques based on mineral separation 
[6-10]. However, many lunar granites contain zircons large enough to be dated by the ion 
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pyroxene and REE patterns characteristic of KREEP (14303, 15405), have relatively old ages 
[11]. Lunar granophyre thus formed over a wide range of lunar history (Fig. 2). "Young" 
lunar granophyre is not remelted or reset "old" granite, because both types of lunar 
granophyre have low ratios of initial Sr [7,10]. 

The U content of four zircons in two thin sections of 12033,507 range from 200 to 
470 ppm. The central spot on one equant, euhedral zircon has 30% excess radiogenic Pb over 
U while an adjacent spot has 15% deficiency. One spot on an eroded microcrystalline zircon 
has lost about 60% of its radiogenic Pb (Fig. 3). Zircons in 12033 were strongly disturbed 
isotopically 760 +/- 200 Ma, in agreement with the "Age of the Crater Copernicus" (800 +/-
40 Ma) [IS]. 
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Introduction. 
The global properties of the Moon are still a mystery. This is particularly true concerning the 

composition of the crust - in both horizontal and vertical dimensions. Although the first major 
venture of planetary exploration occurred in the late 1960's with a focus on human exploration and 
sample return for Earth's nearest neighbor, it is sobering to recall that that initial wave of planetary 
exploration was performed with 1960's technology. The significance of the Apollo program to 
planetary science cannot be overstated; the Moon provided the original benchmark and became the 
cornerstone to much of our understanding about processes affecting planetary surfaces. Important 
questions about the early evolution of the Moon and its intimate relation to Earth have been raised 
in the post-Apollo era and depend on an accurate assessment of the bulk composition of the Moon 
as well as the spatial distribution and abundance of evolved materials. Such fundarriental questions 
about the Moon can only be addressed with a second wave of lunar exploration. 

Interest in the Moon ranges from scientific to strategic, from pragmatic to romantic, and from 
political to environmental. Several of these interests will drive lunar exploration activities during 
the next decade and into the next century. Since composition is a fundamental property of any 
planetary surface, one of the highest priority measurement objectives during the renewed era of 
lunar exploration is the global assessment of lunar composition and resources. 

This discussion focuses on aspects of our limited understanding of the nature and evolution of 
the lunar crust. Divergent models (resulting primarily from returned lunar sample studies) for 
lunar crust formation are briefly summarized. These are compared with tantalizing compositional 
data about the stratigraphy of the lunar crust derived from recent spectroscopic measurements of 
small lunar areas made with earth-based telescopes. The observed compositional diversity of 
unexplored regions is not easy to reconcile with simple models for the early evolution of the Moon 
and underlines, twenty years after Apollo, the need for detailed global and regional compositional 
data for the lunar crust. 

Models of Crust Formation: 
From even the first lunar samples studied, scientists were able to determine that very early in 

lunar history the outer portions of the Moon underwent extensive differentiation (Wood et aI., 
1970; Warren, 1985; Wood, 1986). The returned samples indicate (1) that the lunar crust which 
evolved from this event appears to be enriched in calcic feldspar (anorthosite) with small amounts 
of low-Ca pyroxene and (2) that the mafic mare basalts (which were later emplaced on this 
feldspathic crust) were derived as partial melts from a lunar mantle at 100 to 350 km depth. 

The most widely held model that accounts for these observations is some variant on the 
"magma ocean" hypothesis which, in its simplest form, calls for the upper portion of the early 
Moon to be largely molten (to several hundred km) on a global scale. The mantle is formed as the 
more dense mafic minerals crystalize and settle and the crust is gradually formed from the more 
buoyant feldspar. This implies a relatively simple but global compositional stratigraphy for the 
lunar crust that formed within the first few hundred million years. The Moon is used as the 
standard for evolution of a body this size, and constraints on its chemical and thermal evolution are 
thus very important. If a global process is required to melt the outer hundreds of kilometers of the 
Moon, that process will certainly affect the evolution of the Earth and probably the rest of the 
terrestrial planets as well. 

Analyses of "pristine" lunar sample fragments (ancient cumulate crustal materials that survived 
heavy meteorite bombardment) have blossomed during the last decade and have presented the first 
serious challenge to the early concept of a singular global differentiation event responsible for 
highland crustal stratigraphy (Warren and Wasson, 1977; James, 1980; 1982; Walker, 1983; 
Warren, 1985). Although spatial information about the specific location of the source region of 
these valuable small samples has been lost during the subsequent impact history (that also 
eventually brought the pristine fragments to the sampling site), the growing statistics and observed 
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geochemical trends for pristine samples argue strongly for extensive plutonic activity (of varying 
compositions) throughout crustal formation. 

The Moon, of course, is no longer pristine. The highland surface consists of materials 
brecciated and mixed to some degree by more than 4 billion years of impact activity of all scales 
(Wilhelms, 1988). In order to propose answers to first order questions, lunar scientists have had 
to extrapolate using the detailed compositional data on samples collected from only a few localized 
geologic terrains and on limited low resolution geochemical data (10-20% ofthe surface) obtained 
from orbit during Apollo 15 and 16. To address the origin and evolution of the Moon necessarily 
requires the assumption that the Apollo and Luna sample and orbital data provide sufficient and 
representative information to model the extensive unexplored regions of the Moon. This lack of 
global information is a potential fatal flaw in our current understanding of the Moon. 

Compositional Information Derived from Remotely Obtained Spectra: 
Over the last several years high spectral resolution near-infrared reflectance spectra have been 

obtained for several small (3-10 km in diameter) lunar regions using the 2.2m telescope of Mauna 
Kea Observatory (for review see Pieters, 1986). Discussed here are measurements for areas in and 
around large impact craters (40-130 km in diameter) with centrally located mountains, called central 
peaks. During a high velocity impact event a portion of local material is excavated and deposited in 
and around the resulting crater. Large craters present a unique opportunity to probe the 
stratigraphy of the lunar crust because the central peaks are believed to be derived from deep-seated 
material (from original depths estimated to be roughly 1/10 the crater diameter), whereas material 
deposited on the rims and walls of such craters is derived from the upper parts of the target 
material. Spectra for areas in and around several large crater are examined to determine the mineral 
composition of both the upper and the lower crustal material in that region. The crustal depths 
probed using this limited survey of craters range from 4 to 15 km. 

Diagnostic Spectral Features of Lunar Materials 
The most commonly observed non-opaque minerals in lunar samples are: feldspar, 

orthopyroxene, clinopyroxene, and olivine. As shown in Figure 1, the mafic minerals exhibit well 
defined spectral features in the near-infrared that are due to Fe+2 in a specific crystal structure and 
are characteristic of the host mineral. [Terrestrial mineral separates exhibit the same features, but 
often contain additional features due to H20 or Fe+3.] 

The bulk mineralogy of most lunar rocks can be described by the type and abundance of mafic 
mineral constituents, which can be readily identified in a reflectance spectrum by their diagnostic 
spectral features. Highland crustal rock types can be identified spectroscopically by the following 
general characteristics: 

NORITE contains primarily low-Ca orthopyroxene plus feldspar and exhibits an absorption 
band between 0.90 and 0.95~m. Noritic anorthosite (or anorthositic norite) is the dominant 
breccia or rock type returned from the highlands and has thus generally been assumed to represent 
the composition of the lunar highland crust. 

ANORTHOSITE is almost entirely composed of feldspar. Since it contains no significant 
amount of mafic minerals «5%), anorthosite exhibits no major absorption features in this part of 
the spectrum. A distinct suite of anorthosites (tlferroantl ) have been identified among the pristine 
sample fragments and are believed to represent the buoyant products of the early differentiation 
(Warren, 1986). 

GABBRO contains primarily high-Ca clinopyroxene plus feldspar and exhibits an absorption 
band between 0.95 and 1.00~m. [Although high Ca pyroxene is relatively uncommon in 
returned highland samples, the evolved mare basalts typically contain about 50% high Ca 
pyroxene.] 

TROCTOLITE/DUNITE contains primarily olivine plus feldspar and exhibits a broad multiple 
absorption band near 1.1~m. Olivine is generally more dense than a typical silicate magma and 
thus often forms lower cumulate zones. 
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Lunar Crustal Stratigraphy Observed Using Craters as Probes to the Interior 
Examples of near-infrared spectra of material exposed in the central peaks of large impact 

craters 50 -150 km in diameter are shown in Figure 2. The strength and nature of diagnostic 
features evident in these spectra demonstrate the compositional diversity of such deep-seated 
materials: the central peak of Petavius is a mountain of anorthosite « 5% mafics); that of Arzachel 
is noritic anorthosite (plagioclase + minor lo-Ca pyroxene); that of Copernicus is troctolite (olivine 
+ plagioclase); that of Tycho is gabbro (high-Ca pyroxene + plagioclase). Given the dominance of 
noritic breccias in returned highland samples, such an array of highland rock types (on the scale of 
mountains!) was unexpected. 

The spatial distribution of material excavated by such large craters provides information about 
the compositional diversity of the crust with depth. Compositional heterogeneity was first 
discovered at Copernicus (Pieters, 1982) by comparing the rock type exposed on the rim of the 
crater (a noritic breccia) to the rock type exposed in the deep-seated central peaks (olivine bearing 
troctolite). The composition of materials distributed in and around several large craters have now 
been studied extensively: Copernicus (Pieters et al, 1985), Aristarchus (Lucey et al, 1986), Tycho 
(Hawke et aI, 1986), and more recently Bullialdus and Langrenus. The spectrum for the central 
peak of Bullialdus shown in Figure 3 indicates a distinctive noritic composition (plagioclase+ low
Ca pyroxene). At Bullialdus an unusual three unit stratigraphy has recently been recognized for the 
first time from a concentric pattern of two distinct gabbroic components exposed throughout the 
rim and the wall (Pieters, 1988). 

The general rock types of lunar crustal stratigraphy tapped by large near-side craters measured 
to date is summarized in Figure 4 and in the accompanying table. Note that the Apollo and Luna 
sampling sites are located largely in the eastern hemisphere where norite and anorthosite dominate 
observed crustal stratigraphy. Craters are listed in the table by general longitude (west to east). 
[The strength of a mineral absorption band near 1 Ilm indicated in the table is related to mafic 
mineral abundance of the lower stratigraphic zone (eg. Pieters and Taylor, 1989).] 

Discussion and Conclusions: 
The range of geochemical data for the eastern highland crust (sample analyses as well as remote 

measurements of elemental and mineral composition) consistently describe the highland crust as 
very feldspathic with low-Ca pyroxene being the most common mafic mineral. Various 
anorthositic norites and noritic anorthosites are the dominant rock types observed. These internally 
consistent data for the eastern crust thus color our view of crustal composition and are normally 
used as constraints for crustal evolution models for the Moon. 

The preponderance of gabbroic lithologies in the western hemisphere noted above (and in 
Pieters, 1986; Lucey and Hawke, 1988), however, is in stark contrast to these traditional 
observations. The distinctly gabbroic composition exposed by the crater Tycho in the central 
highlands is a prime example of the regional occurrence of a rock type that is relatively rare in the 
lunar samples. Closer examination of additional small fragments of pristine lunar samples also 
implies a very complex crustal evolution. Recognition first of the gabbronorite subdivision of 
pristine samples (James and Flohr, 1983) then of the additional range of pristine compositions 
sampled at Apollo 14, which clearly distinguish them from the eastern groups (Shervais, 1988), 
add to the growing evidence indicating that the evolution of the poorly known western nearside 
crust must have been distinctly different from that of the relatively well-studied east. 

Although we are all still perhaps like the blind men studying the elephant, it is reassuring that 
the remote observations and sample analyses seem to eventually converge, albeit with increasing 
complexity. A new era of detailed exploration of the Moon will inevitably provide the planetary 
science community a wealth of answers, questions, and important surprises about the Earth's 
nearest neighbor. We may learn that the largest (Procellarum) or the most recent (Oriental) basin 
forming event (Wilhelms, 1988) dominates lunar evolution well beyond expectations. During the 
next decade it is anticipated advanced remote sensors will give us the first fully global assessment 
of this beloved ancient beast and should thus bring lunar science from uncertJin adolescence to the 
first stages of mature activity. 
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Figure 2. Scaled reflectance spectra (obtained with earth-based telescopes) of the central peaks in several large 
impact craters. The nature and strength of the diagnostic mineral absorption bands can be better seen after continuum 
removal (right). As discussed in the text, these spectra indicate a variety of different compositions at depth (top to 
bottom): anorthositic. noritic. troctolitic, and gabbroic. 
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Figure 3 Representative spectra tor areas in and around the 61 km crater Bullialdus. The deep-seated central peak: 
is noritic in composition (extensive low-Ca pyroxene), but upper crustal units exposed in the wall and ejecta contain 
two types of gabbroic material (high-Ca pyroxene ± olivine) deposited symmetrically around the crater. 
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Figure 4. Summary of the 
compositional stratigraphy of the 
lunar highland crust as exposed by 
large impact craters on the Moon. 
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co;-- and SO~--Bearing Anionic Complexes Detected in Martian Atmo
spheric Dust T . Roush, J. Pollack, C. Stoker, F. Witteborn, J. Bregman, D. Wooden, (NASA 
Ames Research Center, MS 245-3, Moffett Field, CA 94035) and D. Rank (Lick Observatory 
and Board of Studies, University of California at Santa Cruz, Santa Cruz, CA 95064) 

We have obtained measurements of the thermal energy emitted by Mars in order to ad
dress questions concerning its early atmospheric and surface history. Our observations, from 
the Kuiper Airborne Observatory (KAO), included the 5.5 to 1O.51'm wavelength region. A 
wavelength represents the distance between successive crests of a light wave and a "I'm" is the 
distance corresponding to one-millionth of a millimeter. The KAO, a telescope carried aboard 
an airplane, was used because interference due to the Earth's atmosphere make such observa
tions impossible from the ground in the 5 to 7 I'm region. The 5.5 to 10.51'm wavelength region 
was chosen because several materials representative of weathering products, such as carbonates, 
sulfates, and hydrates (water-bearing materials), exhibit spectral features, discussed in more 
detail below, which can be used to characterize their presence. Analysis of these data indicate 
the presence of several materials in the martian atmospheric dust which can permanently in
corporate atmospheric gases, specifically carbon dioxide, sulfur dioxide, and water, into their 
structure. 

We wish to address the atmospheric and surface composition of Mars during its first billion 
years as a planet. Could gases, especially carbon dioxide, have been present in large enough 
abundances to produce surface warming by the so called greenhouse effect? If such gases were 
present early on, could Mars have retained them during the last stages of heavy bombardment? 
If Mars did have a denser carbon dioxide atmosphere early in its history, what has happened to 
the it since the current carbon dioxide inventory is relatively small? Was liquid water stable on 
the surface of early Mars? 

There are theoretical and observational reasons for supposing that Venus, Earth, and Mars 
were endowed with comparable quantities of gases or volatiles, such as water, sulfur dioxide, and 
carbon dioxide (1,2,3). Because of its size and mass, it is likely that during the first biliion years 
Mars' interior was heated by both internal and external sources. Enhanced volcanic activity 
would readily release the gases trapped within the interior to the surface. Additionally, during 
this same time there were many large bodies hitting Mars' surface. These large impacting masses 
could release gases directly from the interior and indirectly by increasing both the internal and 
surface temperatures. Depending upon the chemistry of the impacting material, it could also 
act as a source of both carbon and water. Thus, there are ample reasons to believe that early 
in Mars' history large amounts of volatiles were released into its atmosphere. Could Mars 
have retained this early atmosphere during the end of the heavy bombardment period? One 
suggestion is that during the large impacts some of the existing atmosphere is simply blown away 
and lost to space (4). While this mechanism is relatively efficient at removing the atmosphere, 
we currently do not know how important it is. 

Gases in an atmosphere act to balance the energy recieved from the sun and the amount 
of energy radiated to space as heat. The composition of the atmospheric gases determine how 
they interact with sunlight and ultimately the planets surface temperature. For example, the 
commonly called greenhouse gases, ego carbon dioxide, are efficient at absorbing energy at 
infrared wavelengths. They prevent heat from escaping to space and radiate the energy back 
to the surface with the net result being an increase of the surface temperature. Ultimately, 
the surface temperature determines whether or not liquid water remains stable on the planet. 
If Mars had a denser early atmosphere with abundant volatiles and liquid water was stable, 
then chemical reactions could have occured between the atmospheric and surface materials. 
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These reactions occur on the time scale of tens-of-millions of years, and thus can rapidly and 
permanently remove the volatiles from the atmosphere unless they are recycled. On early Mars, 
two mechanisms have been proposed to recycle the atmospheric volatiles, volcanic and impact 
burial (2,5). Both of these mechanisms rely upon burial of the weathered surface materials 
to such great depths that the materials melt and the volatiles are replaced in the atmosphere 
during volcanic activity. However, both of these mechanisms are relatively short-lived on Mars. 
The smaller size and mass of Mars implies that the early global scale volcanic activity rapidly 
decreased. By definition the number of large impacts also rapidly decreased after the period 
of late bombardment. This means that if volatiles were incorporated into surface materials on 
Mars, then it is unlikely that they were recycled to the interior where melting could have again 
released them into the atmosphere. 

On Mars, the presence of dry river valleys in the ancient martian highlands suggests that 
early in Mars' history climatic conditions were wetter and warmer than those currently observed. 
One explanation of the ancient river valleys appeals to higher concentrations of greenhouse gases, 
ego carbon dioxide and sulfur dioxide, which would increase the surface temperature until liquid 
water was stable at the surface and the water could then form the dry river valleys. By analogy 
to Earth and Venus, about 10 bars of carbon dioxide may have been emplaced in the martian 
atmosphere during its early history and this would have been sufficient to support the presence 
of liquid water on the martian surface (2). However, there is only about 7 millibars (one
thousandth of a bar) of carbon dioxide in the present martian atmosphere. A few millibars are 
also present in the seasonal polar caps and perhaps as much as several hundred millibars can 
be adsorbed onto the grain surfaces which compose the upper kilometer of the martian surface 
(6). This apparent absence of the remaining initial carbon dioxide, and other volatiles, remains 
to be explained. One possible mechanism is to permanently incorporate water, carbon dioxide, 
and sulfur dioxide by geochemical weathering of the surface materials on Mars. In an aqueous 
environment the interaction of abundant carbon dioxide and sulfur dioxide gases with surface 
silicates result in the formation of hydrated (water-bearing) silicates, carbonates and sulfates. 
Thus if we can identify the presence of such weathering products on the surface of Mars it would 
provide direct evidence and information concerning the early climatic history and evolution of 
early Mars. 

The chemical composition of carbonates and sulfates contain isolated groups of atoms that 
have a net negative electral charge and are referred to as anionic complexes. CO~- and SO!
are the anionic complexes in carbonates and sulfates, respectively. Like all matter, water and 
these complexes vibrate at characteristic, 80 called fudamental, frequencies related to both 
their chemical composition and how they are combined in mineral structures. When energy, 
in the form of light or heat, corresponding to these fundamental frequencies encounters these 
materials it is absorbed by the vibrational motion of the crystals. These fundamental frequencies 
combine and interact with each other to produce additional absorptions, called combination and 
overtone bands. These bands are located at frequencies other than the fundamentals but are 
still characteristic of these compounds. However, they are much weaker than the fundamental 
absorptions. 

Instruments used on earth-based telescopes and carried aboard spacecraft can measure the 
energy reflected and emitted by a planet. These measurements can then be analyzed in order to 
identify the materials present on other planets. These remote sensing techniques have historically 
relied upon measurements in the visible and near-infrared wavelength region. This is due to 
the transparency of the Earth's atmosphere and the sensitivity of the detectors used in the 
instruments. Only the weaker combination and overtone bands of both carbonates and sulfates 
occur in this wavelength region. Thus, while several attempts have been made to identify features 
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indicative of the presence of such anionic complexes on Mars, all have failed (7,8,9). 
Since the fundamental vibrations are much stronger than the overtones they are more sensi

tive to the presence of minor amounts of anionic complexes. However, the Earth's atmosphere 
absorbs strongly in the wavelength region where the fundamentals of the carbonate and sulfate 
anionic complexes and water occur. A unique solution to this problem is the KAO which con
sists of a 0.9 m (36 in.) telescope mounted in a KC-141 airplane. Observations can be obtained 
during flight at altitudes of about 12 Km (40,000 ft.) where interferences due to the Earth's 
atmosphere are greatly reduced. During a flight of the KAO on October 13, 1988 (UT) the 
spectra of seven spots on Mars were obtained in the 5.4- to 10.5J.Lm wavelength region. This 
wavelength region was chosen because it includes the water, carbonate, and sulfate fundamen
tals. Two independent sets of observations were obtained; four spectra early in the flight, and 
three spectra two hours later. The diameter of the areas observed were roughly 2000 Km or 
about one-third the diameter of Mars. The energy measured from Mars was determined by 
comparison to measurements of a star (a Tau) which has a known energy distribution. 

Three representative spectra, which plot the energy measured from spots on Mars, at each 
of the wavelengths measured, are shown in Figure 1. The spectra exhibit two obvious emission 
peaks (labelled B and C), where the energy measured is a local maximum. Based on the derived 
temperature of the surface these two emission peaks are consistent with the presence of silicate 
minerals located on the martian surface. We can enhance other subtle features in the spectra by 
comparing the energy measured from the various spots to each other. For example, the spectra 
of the spots labelled Mars center and Mars northeast were obtained under conditions such that 
the energy measured from both regions passed through a similar amount of martian atmosphere. 
The difference between the amount of energy measured is due to the surface temperatures of the 
two spots. Mars center is a hot afternoon surface while Mars northeast is a cool morning surface. 
Thus, the center-to northeast ratio, Figure 2, will enhance emission features due to surface 
materials (peaks A and C). A hot surface, like a bed of hot coals, provides an additional thermal 
energy source, and as this energy passes through the atmosphere it can be absorbed by materials 
present in the atmosphere. Thus, the center-to-northeast ratio also enhances absorptions due 
materials suspended in the martian atmosphere. The wavelength positions of these emission 
and absorption features are listed in Table 1. 

The wavelength positon of emission peak A is consistent with a fundamental vibrat ion of 
the water molecule. The derived surface temperature, which corresponds to this peak leads us 
to believe that there is a water-bearing material present on the martian surface. Absorpt ion 
bands labelled 2, 3, 5, and 7 can all be explained by the presence of carbon dioxide gas which 
is present in the martian atmosphere. This leaves absorption bands 1,4, and 6 to be explained 
by other materials. 

The central wavelength position of Band 1, 6.7 J.Lm, is suggestive of the CO~- anionic complex 
(10). However, its location suggests the complex is located in a crystal structure not represented 
by the common terrestrial carbonates, such as calcite or aragonite. Instead, the position of Band 
1 suggests that the anionic complex is located in a crystal structure which is distorted when 
compared with calcite or aragonite. In such structures the fundamental is commonly split into 
two bands with one located near 6.7 J.Lm and the other near 7 I'm. Models of the martian atmo
sphere indicate that the carbon dioxide gas absorption centered near 7.31'm does not provide 
any absorption shortward of 7 I'm. Thus, further analyses of these spectra on the short wave
length edge of the carbon dioxide band may provide additional support for the suggestion that 
the anionic complex is located in a distorted structure. This suggestion, regarding t he distorted 
crystal structure, is consistent with the infrared spectra of both a variety of carbonates (10) and 
the recently suggested mineral scapolite (11,12). 
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The central wavelength posit on of Band 4, 8.7jjm, is suggestive of the SO!- or HSOi 
anionic complexes, which are commonly associated with the sulfates or bisulfates (13). One 
stretching fundamental vibration of the SO!- complex (vs) occurs between 8.7- and 9.0jjm 
depending upon the specific chemistry of the mineral. H the crystal structure is distorted, then 
another stretching fundamental (VI) occurs near 9.8jjm. We cautiously assign Band 6 to the VI 
fundamental but note that its central wavelength position lies near the strong silicate emission 
(peak C) and hence is extremely sensitive to the relative contributions of both absorption and 
emlSSlon. 

To summarize, the data presented here provide our first direct indication of the presence 
of several anionic complexes associated with the dust suspended in the martian atmosphere, as 
well as, the hydrous nature of the surface material. These materials represent reservoirs which 
could permanently incorporate a variety of atmospheric volatiles including carbon dioxide, sulfur 
dioxide, and water. These reservoirs provide a convenient location for storing the conspicuously 
missing abundance of volatiles thought to have initially out gassed early in Mars' history. IT these 
reservoirs represent the removal of an early thick atmosphere on Mars, then this may be our 
first direct evidence that a.n associated warmer period, complete with liquid water, also existed 
on Mars. The presence or absence of liquid water on Mars has strong implications regarding 
the formation of early forms of life there. 
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Table 1. Features in Mars Data 
Band Position (jjm) Assignment 

Absorptions 
1 6.7 COi- anion 
2 7.3 CO2 gas and cOi- anion (?) 
3 8.0 CO2 gas 
4 8.7 SO!- anion 
5 9.2 CO2 gas 
6 9.8 SO!- anion (?) 
7 10.3 CO2 gas 

Emission Peaks 
A 6.1 surface H 2O 
B 7.8-8.0 surface silicates 
C 9.6-9.8 surface silicates 
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Figure 1. The thermal energy measured from three locations on Mars. 
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THE UNIQUE ANCIENT BOMBARDMENT IN THE EARTH-MOON 
SYSTEM: COLLISION OF TWO OTHER EARTH MOONS 3.9 BILLION 
YEARS AGO? Graham Ryder, Lunar and Planetary Institute, 3303 NASA 
Road One, Houston, TX 77058. 

Synopsis: The text-book version of ancient bombardment on the Moon and elsewhere 
in the inner solar system is a steadily declining bombardment of heliocentric origin, 
and winding down about 3.9 billion years ago. However, lunar sample data and the 
new concept of the origin of the Moon are consistent in indicating that the Moon 
accreted at about 4.5 billion years ago, and then underwent trivial bombardment until 
3.9 billion years ago. The sample evidence shows that the Moon then underwent a 
short, intense, cataclysmic bombardment. This cataclysm may have been caused by 
collision of two other Earth moons, and was not suffered by planets outside the Earth
Moon system. 

The old highlands of the Moon show the obvious effects of intense impact 
cratering (Fig. 1). Similarly heavy cratering, loosely known as the early heavy 
bombardment, left its clear record on Mercury. Erosion on Mars has not completely 
obliterated its old cratering record, and an ancient heavy bombardment is accepted as 
having taken place throughout at least the inner solar system. Most workers accept 
that this bombardment is the sweep-up of the remaining planetesimals and small 
bodies that accreted the planets in the first place. They believed that the 
bombardment generally declined steadily, with the heaviest cratering earliest. The 
lunar record is the most accessible to interpretation because of the photographic and 
remote-sensing coverage, field studies, and lunar samples. As a consequence, the Moon 
has become the accepted cornerstone from which scientists have extrapolated to the 
other planets. But is this status correct? I do not think so. The reality, as I see it, is 
much more interesting for the Earth-Moon system . 

.E!&...! Apollo view of the east side of the Moon, a strip about 1000 km long. The 
circular basin at left is Crisium. The strip shows the cratering of the lunar highlands 
prior to the formation of the visible dark lava plains. Were all these old basins and 
craters formed in a brief period around 3.85 billion years ago? 
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The extrapolation of the lunar record to other planets requires (and assumes) 
both that we have properly understood and dated the ·lunar cratering record, and that 
the bombardment of the Moon had an origin closely related to that on the other 
planets. In my considered opinion, neither of these assumptions is justified, nor 
consistent with data from lunar samples. My own work on the samples, with an 
appreciation of several independent developments in lunar geological and sample science 
over the last decade, leads me to conclude that the lunar bombardment is generally 
misinterpreted: Virtually all of the cratering visible on the Moon was caused by a 
short-lived late cataclysm much younger C3.85 billion years) than planetary 
accretionary C 4.5 billion years). There is little hard evidence for any impacting before 
3.9 billion years ago, and so this was a time of rather trivial cratering, not heavy 
bombardment. These results, combined with a consideration of the new concept for the 
origin of the Moon (accretion following splashing of material into Earth orbit from a 
collision with a large body) lead me to believe that the Moon records a bombardment 
unique to the Earth-Moon system. 

The late cataclysm may have been caused by the collision of two other Moons 
that had formed in Earth orbit. The Earth was also splattered by this late cataclysm, 
but Mercury, Mars, and Venus were not. Their early cratering may well be tail-end 
accretion and date back to 4.4 billion years, but we cannot use the Moon to tell us 
anything about it. 

Part of my suggestion is by no means original: Tera et al. (1974) outlined 
radiogenic isotopic evidence for a cataclysmic set of impacts at about 3.9 billion years 
ago, although they concluded little about the intensity of the bombardment prior to 
3.9 billion years ago. The idea of a cataclysm was accepted by many scientists for 
some time. However, the dynamic difficulties of storing the impacting bodies in the 
solar system for 500 million years led to arguments that there was not really a 
cataclysm, that the lunar samples were dominated by one (Imbrium) late event or a 
few late events, and that the ages merely reflected a decline in impacting at -3.85 
billion years ago. This demotion of the idea of a cataclysm is now the consensus. So 
what are the reasons for my concluding not only that there really was a late 
cataclysm, but also that in the 500 million years prior to it there was no heavy 
bombardment? The reasons are important, because the events I propose are 
ftmdamentally different from the text-book history of the Earth-Moon system and the 
inner solar system. 

I give a fuller account in the technical abstracts to the 20th Lunar and 
Planetary Science Conference. 

Lunar sample data 

Absolute ages are determined by measurements of radiogenic isotopes. These clocks 
are reset by heating. In an impact, a small amount of target material is melted 
(impact melts) and the clocks reset. If the Moon had undergone a heavy bombardment 
from 4.5 to 3.9 billion years ago, there would be lots of impact melt, and they would 
have corresponding old ages. Lunar scientists have made numerous analyses; no samples 
of impact melts older than 3.9 billion years have been found (Fig. 2). I conclude that 
either 1) there were no such old melts (hence no heavy bombardment), or 2) old ages 
have been reset, or 3) our sampling is biased. 
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Our experience with lunar samples and with craters on Earth shows that resetting 
without melting is inefficient and minor--most ejecta is deposited too cold. Further, we 
have now found many samples of ancient mare basalts, as much as 4.3 billion years 
old; if old impact melts had been reset, so would these old lavas. I conclude that 
resetting of radiogenic clocks does not explain the absence of impact melts older than 
3.9 billion years. 

Several workers have ascribed the dominant 3.85 billion year ages to sampling 
bias from the limited area covered by Apollo, and domination of landforms by Imbrium 
or a few basins. However, resetting being inefficient, most Imbrium ejecta will not be 
reset. The lunar impact melts show a wide range of comp·ositions and small but 
significant differences in ages. Thus numerous impacts, not a few, have been recorded 
in the samples. The same ages show up in the Luna samples, further from Imbrium. 
Even the Apollo missions collected material affected by craters stratigraphically very old 
(for example, the Apollo 14 site), so old impact melts should be among the samples if 
they existed at all. Finally, meteorites from the Moon show the same 3.85 billion year 
ages, and these are random samples of at least three locations on the Moon. It is 
virtually impossible for them to be from the region sampled by Apollo, and probably 
they include farside samples. The 3.85 billion year ages are Moonwide, not a biased 
sample. 

I conclude that the lack of impact melts older than 3.9 billion years old on the 
Moon reflects a lack of bombardment of the Moon prior to that time. Nearly all of the 
impact melts, and the visible giant basins and craters must then also date to 3.9 
billion years, and not older. 
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Origin of the Moon: 

The "new" ongm of the Moon, that is, its accretion from debris in Earth orbit 
created by a large impact into the Earth, has some important implications. First, the 
Moon accumulated slightly later than the Earth (which must have been almost full 
formed) when most heliocentric material had already been swept up. Thus the 
bombardment of the Moon by heliocentric material must have been less than that of 
Mercury, for instance. 

Second, the Moon accumulated faster--hence hotter--than it would have done from 
heliocentric material. This can explain its early massive differentiation, but also suggests 
that it could have had a smooth igneous surface early on that was little affected by 
heliocentric sweep-up. The "new" origin of the Moon has no requirement for an 
extended heavy bombardment; the text-book concept is based on outmoded (?) 
heliocentric accumulation models. The bombardment histories are diagrammed in Fig. 3. 
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Fig. 3. Plot of lunar accretion rate (log scale) against time. A heavy bombardment 
curve is shown as H; the curves I suggest (A,B) according to lunar sample data and 
the "new" origin of the Moon show a much faster drop-off from accretion, followed by 
light, not heavy, impacting. Then a cataclysm of giant basins (named) and craters 
occurred at 3.9 to 3.8 billion years ago. Although the difference between curves Al B 
and H seems small, that is an artifact of the logarithmic scale; for instance, the 
impacting at 4.35 billion years according to curve A is 100 x smaller than according to 
curve H. 

Nonetheless, the Moon did undergo a short cataclysmic bombardment at about 
3.85 billion years. Dynamical models experienc~ difficulty in storing bodies for such late 
bombardment in heliocentric orbits. I suggest that the "new" origin of the Moon allows 
more than one Moon to accrete in Earth orbit. Two of these may have collided and 
disrupted at 3.9 billion years ago, splattering the Earth and the Moon with debris. I 
find this idea as probable as any others suggested for a late cataclysm, and consistent 
with what we know about the Moon. 
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FLUID VOLCANISM ON MIRANDA AND ARIEL 
PaulM.Schenk 

MS 183-501, Jet Propulsion Laboratory, California Institute of Technology 
4800 Oak Grove Dr., Pasadena, CA 91109 

A major surprise of the Voyager 2 encounter of Uranus was the extensive resurfacing and 
defonnation of the small icy satellites Miranda and Ariel. Although energy sources have been 
proposed to explain this, the nature of this resurfacing remains uncertain. This report focuses on 
recent work exploring this latter issue. On Miranda, resurfacing occurs in the three banded ovoid 
regions (coronae) consisting of ridged and grooved resurfaced material, while on Ariel it occurs as 
flat plains topographically restricted to graben or depressions. In the case of Miranda, stresses 
generated as a result of the sinking or rising of mantle diapirs have been modeled [1], resulting in 
either compression or extension over the source. Thus coronae features can be used to test 
physical models for their origin. Generalized arguments have been made in favor of 
compressional folding or thrusting, extensional fracturing, and complex volcanic construction 
[e.g., 1,2]. On both Miranda and Ariel the topography of some ridges has also been used to 
argue that they were volcanically extruded in the solid-state [3], as opposed to as a fluid. Despite 
such arguments, no consensus has been reached on relative roles of tectonics and volcanism in 
forming features on Miranda or Ariel, or even on what type of volcanism was involved. In this 
paper I present evidence for the fIrst identification of clearly defInable volcanic units on Miranda 
and suggest that the coronae are constructed predominantly by volcanism rather than extensive 
faulting, although extensional faulting must be involved. I also examine the question of what can 
really be determined about the composition and physical state of extruded 'lavas' from their 
morphology, and topography in particular, from which it was concluded that extrusion of a 
supercooled, crystal-rich ammonia-water 'lava' can explain the observed morphology as well as, 
if not better than, solid-state creep of water ice. 

MIRANDA. Two types of volcanic units have been identified on Miranda. A narrow 
band-like unit -10 km across can be traced for at least 250 km along the south margin of Elsinore 
Coronae (Fig. 1). It is separated from the main part of Elsinore by a narrow strip of preserved 
cratered plains, which is recognized by undulating topography. It crosses several crater-like 
depressions but does not fill them (Fig. 1), maintaining a nearly constant width, although its 
apparent thickness varies from a few hundred meters to -1.7 km. When viewed under differing 
lighting geometry in low resolution images, this unit can be seen to have a -5% lower albedo than 
surrounding terrains (Fig. Ib). Because of its low albedo, continuity, and the manner in which it 
crosses preexisting topography, this band is interpreted as a linear volcanic ridge extruded from a 
linear vent and emplaced on top of preexisting cratered plains. The narrow width and stubby 
margins of this flow unit suggest the material was not liquid like water but was somewhat 
viscous, or sticky. In this sense it is perhaps analogous to the lava dome of Mt. St. Helens, 
although its linear vent geometry is more like that of Kilauea 

A second type of volcanic unit on Miranda are ridges up to 500 m high, 10 km wide and 50 
km long, with narrow crest grooves (Fig. 1). These are not as flat-topped as the band described 
above but are very similar to ridges on Ariel which have been ascribed to solid-state volcanism 
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[3]. A number of these ridges occur in the southeast comer of Elsinore Coronae (Fig. 1). One of 
these ridges crosses a depression, maintaining constant elevation, consistent with a volcanic 
interpretation. Apparently most of Elsinore Coronae is constructed of coalesced units similar to 
those described above. These units can be best discriminated near the margins of Elsinore where 
construction is incomplete. This interpretation requires extension throughout the outer zone of 
Elsinore, which would be consistent with a rising diapir in the 'riser/sinker' model of [1]. 
Although the concept of linear vent eruptions has been proposed for Ariel [3] and in general terms 
for Miranda [2], this is the fIrst case in which individual such features of uniquely different age 
and albedo has been discriminated on Miranda. 

Figure 1. Images and map of southeast portion of Elsinore Coronae (top), Miranda. a) 
High resolution image showing boundary between the coronae and cratered plains (bottom). The 
flow unit described in text is indicated by arrows. b) Low resolution image of same area as a), 
indicating that flow unit has a lower albedo than surrounding area. c) Sketch map of same area 
as a) and b). Hatched regions indicate medial crest grooves of ridges. Dark areas are 
recognized regions of cratered plains. 

COMPOSITION AND STATE. The only information available by which to ascertain the 
composition and physical state of flows on either Miranda or Ariel is topography. Flow 
topography is influenced by a number of factors beside composition. These include temperature, 
preexisting surface topography, crystal content, surface gravity, eruption rate, etc. Effects related 
to composition include chemistry, and 'volatile' content (volatiles in this case being phases such 
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as C02, CO, Cf4, etc.). Using a viscous creep model, viscosities of 1016 P were estimated for 

ridges on Ariel by [3] (using the same model, corresponding viscosities of 1014-15 P are estimated 
here for the flows on Miranda). From these high viscosities, it was argued that the ridges were 
emplaced as water ice in the solid state, flow being enhanced by pressure solution creep [3]. 
There are several problems with the application of such analytical models that have not been 
understood. In terrestrial applications, it overestimates viscosities by 4-to-6 orders of magnitude, 
due to simplifying assumptions of flow rates and a newtonian flow law, and primarily a failure to 
account for the formation of both a rigid outer skin and a debris apron around the foot of the flow 
(these latter effects will restrict the outward flow of an extrusion). The results of [3] are thus 
more appropriate to the whole body part way through the freezing process, and not to extrusion 
viscosities. Viscosities of the order 1010-12 P or less are probably more appropriate. Terrestrial 
lavas, however, behave not as viscous fluids but as bingham fluids, that is they pile up until a 
yield strength is exceeded. Model profIles based on the bingham rheology [5] actually resemble 
the observed topography (Fig. 2) better than does the model of [3]. Yield strengths of the flow 
features on Miranda and Ariel, determined by their heights and widths [5], are -10-2 bars. This is 
similar to values estimated for lunar basalt flows and common terrestrial lava flows. Yield 
strength is probably related more to the physical state, primarily crystal vs. liquid content, than to 
composition, however. 
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Figure 2. Topographic profile of flow unit 
on Miranda, with modeled topographic 
profIles based on viscous rheology [as in 4], 
and on the Bingham rheology [5]. 

Figure 3. Smooth plains unit on Ariel. 
Arrows indicate viscously relaxed craters, 
most of which are 8-15 km across. 

Can the yield strengths and viscosities inferred above be explained by extrusion of a 'fluid' 
lava? The cosmogenically most likely fluid is ammonia-hydrate (NH3-2H20). (The temperatures 

required to melt water in the interior would result in either wholesale resurfacing or complete 
relaxation of surface features, neither of which are seen.) Limited experimental work suggests 
that ammonia-water melt may behave rheologically similar to common terrestrial lavas, and 
viscosities of partially crystallized ammonia-water melts have indeed been measured at 104 P or 
higher for crystal contents of 10-20% [4]. If viscosity and yield strength increases with crystal 
content, and decreases with temperature in a manner similar to terrestrial silicates, then viscosities 
of 108-9 P or higher are possible, and extrusion of such a partially congealed fluid could explain 
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the observed morphologies without the need for invoking 'solid state' flow. Any geologic 
material is likely to contain trace impurities. Thus mechanisms such as volatile ex solution may 
help chill the flow and further increase viscosities during extrusion. Additional evidence for an 
ammonia-water ice composition for the resurfaced terrains may come from the presence of a 
number of viscously relaxed craters in the flood plains unit on Ariel [6] (Fig. 3). These cratered 
formed well after the flows cooled and the amount of relaxation is consistent with a surface 
viscosity of 1()22-24 P [6]. Such extremely low viscosities for the frozen surface (-800 K) are 
more consistent with an ammonia-water rather than a pure-water ice composition for such flows 
[6]. 
CONCLUSIONS 

These results indicate that volcanism is an important process in the resurfacing of both 
Miranda and Ariel. Flows on Miranda appear to be dominantly of the linear vent type, resulting in 
the formation of ridges. Some ridges have crest grooves but others have medial crest ridges as 
well which may be due to repeated extrusion of material (Fig. 4). The somewhat different shapes 
of some flows suggests they may have differed slightly in composition or eruption temperatures, 
but overall the morphologies of these flows are consistent with the extrusion of crystal-rich fluid 
'lavas'. 
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Figure 4. Topographic profIle of volcanic ridge on Miranda, with hypothetical subsurface 
interpretation of a composite ridge growth (i.e., multiple extrusions). 
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ON REPORTED OCCURRENCES OF SHOCK-DEFORMED CLASTS IN THE VOLCANIC 
EJECTA FROM TOBA CALDERA, SUMATRA. V.L. Sharpton and B.c. Schuraytz, Lunar and Planetary 
Institute, 3303 NASA Road One, Houston TX 77058 

Over 30 years of exhaustive research in the nature and occurrence of shock deformation products 
[1-3] have led to the conclusions that (1) shock is produced in the natural environment solely by 
hypervelocity meteorite impact; and (2) shock metamorphism produces some unique physical, chemical, 
and mineralogical changes in the target rocks that can be used to distinguish meteorite impact from other 
geologic processes. Consequently, the claim by Carter et al. [4] that phenocrysts within the silicic volcanic 
deposits from the Toba caldera in northern Sumatra (5) show indications of shock metamorphism has 
fueled recent challenges to the proposed impact origin, not only of the Cretaceous-Tertiary boundary 
deposits [4,6-7), but of many terrestrial "cryptoexplosion" structures, as well (7). Given these far-reaching 
implications, we have undertaken a detailed examination of Toba samples [8], including many of the same 
sections documented by Carter et a!. [4]. In this short note we review the salient findings of Carter et al. 
and present the results of our petrographic and geochemical analysis of Toba phenocrysts. We conclude 
that the mosaic extinction patterns in feldspars originally attributed to shock deformation [4] are more 
likely to be the effects of an extended and chaotic phenocryst crystallization history. 

Features considered diagnostic of shock deformation are used in conjunction with structural and 
geophysical data to support an impact origin for quasicircular highly-deformed structures previously 
referred to as "cryptoexplosion" structures. Such diagnostic shock features include shatter cones, mUltiple 
sets of rational planar lamellae in quartz grains, and the formation and preservation of high pressure 
phases such as stishovite. None of these features have been reported from Toba or from any other non
impact environment. Instead, Carter et al. report kinked biotite grains, rare occurrences of single sets of 
planar deformation features in quartz grains, and "shock mosaicism" in plagioclase phenocrysts within the 
Toba samples. 

Subsequent examination of Toba samples [9] substantiates rare occurrences of single sets of lamellae 
in quartz, but with optical characteristics more like common tectonic lamellae rather than shock features. 
We have examined approximately 200 quartz grains from 7 Toba thin sections and were unable to find any 
examples of planar features in quartz (single or multiple) that resembled shock features in quartz at impact 
sites. It is worth mentioning that the only occasion where single sets of planar elements are considered 
diagnostic of shock is when they parallel the basal pinacoid (0001) of the quartz lattice [10,11]. The 
orientation data for the 24 occurrences of planar elements reported by Carter et al. ([4]; their Figure 2) 
reveal that such basal features have not been observed in the Toba samples. 

The interpretation by Carter et al. of shock in the Toba deposits rests heavily on occurrences of what 
they have interpreted as ·shock mosaicism" in plagioclase feldspars. Mosaicism describes the highly 
irregular or patchy optical extinction pattern that, in shocked minerals, is associated with the formation of 
mutually disoriented domains in the crystal structure [3] resulting from dynamic compression above the 
Hugoniot Elastic Limit. Shock-induced mosaicism has been studied experimentally [12] and has been 
reported at several impact structures [11,13]. However, mosaic or patchy extinction in feldspar phenocrysts 
also can result from compositional zoning imparted by a multi-stage history of crystal growth and 
resorption [14]. Such patchy zoning is exceedingly widespread in the common plagioclase-rich volcanic and 
plutonic rocks of calc-alkaline affinity and suggests an alternative interpretation for the features in the Toba 
samples. 

To see if chemical zonation might explain the mosaic texture in the Toba phenocrysts, we have 
determined the compositions of optical domains in 5 feldspars (145 analyses) from sample T-65 using a 
Cameca electron microprobe. One feldspar, showing no unusual extinction pattern, was determined to be 
a compositionally homogeneous alkali feldspar with cation variations of <3% (Or72-0r75). The remaining 
four feldspars are plagioclases showing well-developed patchy extinction and include one described by 
Carter et a!. as expressing partially recovered mosaic structure ([4]; their Figure 3c). The results of two 
orthogonal traverses across this phenocryst (Figure 1) demonstrate a strong chemical zoning that is directly 
correlated with the patchy extinction domains. Compositions range from An40-44 for the host feldspar 
(bright zones), to An32-37 in the irregular extinct zones within the crystal. The remaining three plagioclase 
phenocrysts show a broad range of compositions from An83 to An32 and, in every case, distinct 
compositional variations coincide with extinction domains. 

In general, the host plagioclase composition is substantially more calcic than the discrete or 
interconnected extinction domains within the host. This is consistent with crystallization within an evolving 
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magma characterized by growth of an early-stage calcic plagioclase, followed by an episode of resorption 
producing internal corrosion and embayment of the host. A later-stage growth phase could have then filled 
the cavities with plagioclase of a more sodic composition producing the mottled, patchy or mosaic 
appearance of these phenocrysts under crossed polars. Zoning, rather than shock deformation, is 
supported also by petrographic evidence from over 100 Toba plagioclase feldspars expressing similar 
mosaic textures: (1) All such phenocrysts show indications of resorption; (2) discrete optical domains 
extinguish simultaneously, unless interrupted by twinning; (3) where vestiges of normal zoning have 
survived along the feldspar rims, the discrete internal zones are in optical continuity with rim zoning; (4) in 
some phenocrysts, extinction zones can be detected in plain light by their high content of inclusions; and (5) 
similar phenocrysts are observed within the passively extruded post-caldera dome deposits we have 
examined. 

The results summarized above indicate that the mosaic extinction patterns noticed by Carter et al. are 
not expressions of shock deformation; instead they appear to be the optical expression of patchy 
compositional zoning resulting from a complex and extended phenocryst crystallization history. Finally, we 
note that while occurrences of kinked biotites, plagioclase mosaicism, and rare single sets of lamellae in 
quartz within Toba volcanic deposits are intriguing, none of these features are useful tools for 
distinguishing shock deformation because, as we have demonstrated here, other geologic processes can 
result in similar features. Thus, occurrences of such features in endogenic environments have little 
relevance to the interpretation of impact structures or the K-T boundary, all of which contain unique 
signatures of shock metamorphism. 

References: [1] French and Short, Shock Metamorphism of Natural Materials, 1968. [2] Roddy et al., 
Impact and Explosion Crate ring, 1977; Grieve, Ann. Rev. Earth Planet. s.Q. 1987. [3] Stoffler, Fortschr. 
Miner. ~ 1972. [4] Carter et al., Geology 11.1986. [5] Chesner, PhD Thesis, MTU, 1988. [6] Officer et al., 
Nature 326, 1987. [7] Loper and McCartney, Eos §2. 1988. [8] We thank Drs. Craig Chesner and Bill Rose 
for providing us with the Toba samples. [9] Alexopoulos et al., Geology ~ 1988. [10] Carter, in ref. 1. [11] 
Robertson et al., in ref. L [12] Harz and Quaide, The Moon Q. 1973. [13] French in ref. L [14] Vance, L 
Geology n. 1%5. 
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Figure 1: This plagioclase phenocryst 
(T-65 [5]) from Toba Tuff shows typical 
expression of mosaic or patchy extinction 
and is described in Figure 3c of [4] as 
evidence of shock deformation. Distict 
variations in cation concentrations, 
plotted here as mole % Anorthite, 
correspond with the extinction domains. 
Such intense chemical zonation indicates 
this extinction phenomenon results from 
crystal growth processes, not shock 
deformation. Microprobe traverses are 
shown as white lines. 
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As the Voyager flyby of Neptune approaches, speculation on the nature of 
its moon Triton has increased . One major question is whether Voyager's 
camera's will be able to image Triton's surface. This is an important 
question since the surfaces of planetary satellites display the impact craters 
and tectonic features which reveal their early history and evolution. On 
Triton these issues are particularly intriguing for two reasons. First, it 
is the outermost solar system body for which this kind of information is 
likely to be obtained for some time. Will the impact record there be similar 
to that seen in other parts of the solar system? Second , Tr i ton is the only 
major planetary satellite in a retrograde orbit. This fact has lead to 
speculation that it did not form in orbit around Neptune, but was captured 
into that orbit after forming as an independent planet (1). Such a process 
would entirely melt Triton, obliterate all craters and produce a possibly 
unique planetary surface. 

The surfaces of most of the planetary satellites surveyed by the Voyager 
spacecraft thus far have been unobscured, but Saturn's moon Titan had a 
surface completely cloaked in clouds and smog-like hazes. These hazes occur 
on Titan because its atmosphere contains a significant amount of the gas 
methane. Methane is a molecule composed of one carbon atom bonded to four 
hydrogen atoms. Ultraviolet (UV) light from the sun is capable of breaking 
methane apart in a process called photolysis. Photolyzed methane molecules 
can chemically react with each other to form more complex molecules such as 
acetylene and ethane. These molecules in turn can stick together to form 
minute droplets or particles referred to as aerosols. Aerosol particles 
suspended in Titan's atmosphere make up the hazes which entirely obscured its 
surface from Voyager's cameras. 

It is reasonable to expect that conditions on Triton could be similar to 
those on Titan because methane has been detected there in Earth-based 
observations (2). Factors which will be different on Triton include its 
surface gravity, atmospheric composition , temperature and the rate at which 
the sun's UV light is able to photolyze methane. Triton is further from the 
sun than Titan, so it will be colder and photolysis will occur more slowly. 
It is probably so cold there that the constituents of the atmosphere will be 
present on the surface as ice. Some work suggests that the ices on Triton1s 
surface will be confined to polar caps. Since Triton's rotation axis is tilted 
relatively close to the ecliptic plane, the atmospheric pressure would depend 
on whether the sun were nearly over one of the poles, illuminating one of the 
polar caps, or over the equator, illuminating part of both caps (3). This 
type of seasonal variation is seen on Mars, where the atmosphere and polar 
caps are composed primarily of carbon dioxide. Since Triton's axis is so 
drastically tilted, its seasonal variations could well have very important 
effects on any photochemical hazes in its atmosphere. If Voyager can 
determine whether polar caps are present, models of Triton's seasons will be 
fascinating to construct. 

Although we can state what we think the qualitative similarities and 
differences between Titan and Triton are, we actually have little quantitative 
information about Triton. Because of this we have had to make assumptions 
about what it is like in order to proceed with our model . One important 
unknown is how big Triton actually is . Estimates of the radius range from 
1100 km to 2400 km, so we have chosen an intermediate value of 1600 km to 
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work with for now. Two quantities important to our atmospheric models which 
depend on the radius are the acceleration of gravity and the planetary albedo . 
If the surface gravity i s large Triton will be able to hold onto a thick 
atmosphere. Using our 1600 km radius and a density of 2 g/cmJ gives us a 
surface gravity of 90 cm/s 2

, about l/lOth of Earth's gravity. The planetary 
albedo tells us what fraction of the sun's visible light is reflected from 
Triton. The light which is not reflected is available to warm the surface 
and atmosphere. Our choice of radius combined with the measured visual 
magnitude of Triton gives an albedo - 0.30 (30% of the incident sunlight is 
reflected). We have also assumed that Triton does have relatively reflective 
(albedo = 0.6) polar caps which extend to ± 55 degrees latitude. 

The model we have constructed for Triton's atmosphere consists of two 
basic parts . First is a computer program which calculates the temperature 
structure of the atmosphere on the basis of radiative equilibrium. On Earth 
heat radiates upward from the surface and is absQrbed by some gasses (notably 
carbon dioxide) in the atmosphere. The resultant warming of the lower 
atmosphere is known as the greenhouse effect. On Triton methane and nitrogen, 
which is also believed to be present (1), function in the same way that carbon 
dioxide does in our atmosphere. The question is whether there is ,enough of 
these gasses in the atmosphere to produce warming. Using our program we 
estimate that Triton's atmosphere is not heated near the surface, but is 
isothermal, ie. the same temperature at all altitudes. Knowing temperature 
as a function of altitude and the surface pressure, we can calculate 
temperature as a function of pressure, which we need for the next stage of the 
mode1. 

The second part of our model is a computer program which calculates 
whether photochemically produced aerosols will develop into an appreciable 
haze. It takes into account four mechanisms by which aerosol particles are 
produced in the atmosphere and are then lost. The production mechanisms are 
molecules sticking together into clumps, and condensation of molecules onto 
these clumps. The loss mechanisms are settling of particles due to gravity, 
and diffusion of particles due to atmospheric turbulence. We can calculate the 
altitude where most of the methane will be photolyzed given the temperature
pressure profile of the atmosphere and its composition . We can also 
reasonably estimate how fast photolysis is occurring on Triton by using the 
known rate at which methane is being photolyzed on Titan and reducing it to 
take into account the larger distance between Triton and the sun. Taking 
these and the temperature-pressure structure as inputs, the aerosol program 
calculates the number and sizes of the particles present at each level in the 
atmosphere as a function of time. The program stops when the mass loss rate 
of particles out the bottom of the atmosphere equals the mass production rate 
higher up in the atmosphere. 

Our initial results are summarized in table 1 . Values for two dates of 
interest are shown based on the model of Triton's seasons discussed earlier. 
1975 corresponds to the time when spectroscopic studies were begun, and 1990 
corresponds to the Voyager encounter. Values for Titan are shown for 
comparison. The temperature of the polar caps changes drastically over the 
period of interest from 50 K to 62 K at the time of encounter. The rationale 
for calling a difference of 12 K a drastic change is that the resultant change 
in surface pressure is a factor of approximately 24, from 3.88 mb in 1975 to 
96.3 mb in 1990 . Titan is comparatively warmer, and therefore has a much 
thicker atmosphere with a surface pressure of 1500 mb (about 1.5 Earth 
atmospheres). The photochemical altitude is the height above the surface 
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where the methane is predominantly being photolyzed. The more methane in the 
atmosphere, the higher the altitude at which the sun's UV light breaks it 
down. If the atmosphere were extremely thin photolysis would occur on the 
surface and no haze would result. The real measure of the thickness of the 
haze suspended in Triton's atmosphere is reflected by the values for the 
visible optical depth. The visible optical depth is a measure of the amount 
of visible light which is able to penetrate the haze and reach the surface. 
If the optical depth is large the hazes are thick and not much light gets 
through to illuminate the surface. If the optical depth is small we should 
be able to see the surface readily. The optical depth of 0.03 calculated for 
1975 is small, whereas the optical depth of 4 at Titan is large. The optical 
depth we have calculated for Triton in 1990 is 0.3, not large enough to 
obscure the surface, but large enough that it may be measurable using 
Voyager's cameras. 

Table 1. Triton Model Results 

QUANTITY 

polar cap temperature 
surface pressure 
photochemical altitude 
visible optical depth 

1975 

50K 
3.88 mb 
160 km 
0.03 

1990 

62K 
96.3mb 
285 km 
0.3 

Titan 

94K (surface) 
1500 mb 
-400 km 
-4 
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How and when did life arise on Earth? The problem of the origin of life is enormously 
complex, but many important clues have been found. All life on Earth is composed of 
large organic molecules such as proteins and nucleic docids. (Note that saying a molecule is 
"organic" means no more than that it is a carbon compound, possibly including hydrogen, 
oxygen, nitrogen, or other atoms-the term does not necessarily carry connotations of a 
biological origin.) These large organics are in turn made up of simpler building blocks; for 
example, proteins are formed by linking together different types of amino acids. The first 
step in the evolution of life on Earth, then, was probably the manufacture (in the absence 
of pre-existing life) of these organic building blocks. But were most of these "prebiotic" 
organics created in situ on the early Earth, or were they primarily delivered to the Earth 
by collisions with organic-rich comets and asteroids? 

Prebiotic organics: terrestrial and extraterrestrial sources 

The earliest known fossils of living organisms on Earth are found in rock formations 
in western Australia and South Africa. Both formations have been radioactively dated as 
3.5 billion years old. The fossils they contain include stromatolites, sedimentary growths 
produced by colonial forms of photosynthetic blue-green algae (cyanobacteria), as well 
as "microfossils" of single-celled organisms. Claims for evidence of life in the even older 
3.8 billion year Isua formation in Greenland (the oldest known terrestrial rocks) are too 
controversial to be considered proven. But as stromatolitic organisms are far too sophis
ticated to have been the first living things, it can safely be concluded that terrestrial life 
must have evolved well before 3.5 billion years ago. It is therefore crucial to understand 
the environment of the Earth prior to this date, and in particular, the likely sources of 
organics in this environment. 

In 1953, Stanley Miller, a graduate student at the University of Chicago working 
with the chemist Harold Urey, showed that amino acids would have formed easily and 
naturally in what was then believed to have been the atmosphere of the early Earth. 
Miller simulated this primitive atmosphere with a gas mixture of methane, ammonia, and 
water, and showed that providing energy to this mixture in the form of a spark discharge 
(representing, say, terrestrial lightning) resulted in a high yield of amino acids. In 1970, 
similar results were obtained by one of us (C. Sagan) and B.N. Khare at Cornell, using 
an ultraviolet lamp simulating early sunlight. Indeed, virtually any energy input in such 
an atmosphere will lead to the creation not only of amino acids, but to the precursors 
of other important biological molecules as well. In the traditional view, these precursor 
molecules would then have collected in the oceans, forming a warm, dilute "primordial 
soup," on the surface or shorelines of which life would have eventually evolved. 

However, planetary scientists have now come to suspect that the early terrestrial 



PRESS ABSTRACTS 99 
IMPACT DELIVERY OF ORGANIC MQLECULES 
Thomas P. et al. 

atmosphere may not have been so favorable to the synthesis of the precursors of life. In 
this more recent view, the early atmosphere would have consisted not of methane and 
ammonia (a so-called "reducing" atmosphere), but rather mainly of large quantities of 
carbon dioxide and other gases (a so-called "neutral" atmosphere). In such an atmosphere, 
the production of organic molecules is less efficient, becoming increasingly difficult as the 
proposed model atmosphere is less and less reducing. 

But whichever scenario for the primitive terrestrial atmosphere is correct, there is 
reason to believe that comets and asteroids may have played an im:portant role as well. 
Carbonaceous chondrite meteorites that have fallen to Earth are ....... 3% organic molecules 
by mass, so it is expected that C-type asteroids, which are probably the parent bodies 
of such meteorites, are several percent organic in composition as well. In the case of 
comets, telescopic observations have long indicated that these bodies also contain organic 
molecules. These findings were verified by the recent Giotto and Vega missions to Halley's 
comet, which sampled the comet's dust while fiying through its gaseous coma and found 
organic-rich microscopic grains. It now appears that comets are ....... 20% organic by mass. 
As John Oro of the University of Houston argued as long ago as 1961, since comets and 
asteroids occasionally collide with the Earth, they must have delivered some fraction of the 
ancient terrestrial quota of organic molecules. But how significant was these impactors' 
contribution to the inventory of organics from which life evolved? 

There are two major uncertainties in the answer to this question. The first is how 
many comets and asteroids were colliding with the Earth prior to 3.5 billion years ago, 
during the time period crucial to stocking the prebiotic inventory. The second is what 
fraction of cometary or asteroidal organics would actually have survived both the passage 
of an impactor through the terrestrial atmosphere, as well as the ensuing explosive collision 
with the surface of the Earth. Here we present the results from the first comprehensive 
analysis of this problem. 

Cometary and asteroidal impacts on the ancient Earth 

About 4.6 billion years ago, the primitive Sun was surrounded by a swirling disk 
of gas and dust. Slowly the dust collected together into "planetesimals" of rock and ice, 
with characteristic sizes ranging from kilometers to hundreds of kilometers across. A small 
fraction of these bodies remain in the solar system today; the rocky bodies are in fact 
asteroids, whereas the icy planetesimals are the comets. 

Radioactive dating of meteorites tells us that the planetesimals existed by 4.6 billion 
years ago. The planets then formed quickly by the collisional accretion of these bodies 
into larger and larger conglomerates. Numerical experiments by George Wetherill of the 
Carnegie Institute of Washington and other scientists have shown that planetary formation 
should have been virtually completed within 100 million years. These results agree well 
with the age of the oldest rocks returned from the Moon, as well as with less direct 
terrestrial isotopic evidence. Planetary formation had been largely completed between 
4.6 and 4.5 billion years ago. 

While the planets grew to their present sizes very quickly, the accretion of planetesi
mals did not abruptly end 4.5 billion years ago. Rather, a number of stragglers remained, 
which bombarded the inner planets (including, of course, the Earth) at a declining rate 
until nearly all of them were swept up . 

Our knowledge of the characteristics of this planetary bombardment is due primarily 
to the samples brought back from the Moon by the Apollo astronauts and a handful of 
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Soviet Luna robotic sample return missions. Once the characteristic age of the samples 
from a particular landing site has been determined by radioactive dating techniques, this 
age can be combined with "crater counts" for the adjacent lunar surface to determine 
cratering rates. More heavily cratered locales are relatively older than less cratered ones, 
and the radioactive dating of the samples allows an absolute determination of just how 
much older they are. In this way, it was determined in the late sixties and early seventies 
that lunar cratering, at least in an average sense, decreased exponentially at a reasonably 
well-defined rate until about 3.5 billion years ago. At that time, the frequency of cratering 
leveled off to its present low rate. 

Using data from nuclear and chemical test explosions, as well as experiments with 
high-speed centrifuges, scientists have derived "mass-diameter" equations relating the 
diameter of an observed crater to the mass of the impacting projectile which excavated it. 
Using such an equation, it is possible to calculate the masses of the objects (comets and 
asteroids) that cratered the Moon. Once this is known, the asteroidal and cometary mass 
impacting the Earth during the period crucial for the origin of life can also be calculated. 
Earth should have experienced the same asteroidal and cometary bombardment during 
this period as the Moon, except that the Earth provides a bigger target, and has a stronger 
gravitational field. Because of these two effects, the Earth should have collected about 
twenty-five times as much mass as the Moon. 

Following a procedure such as this, one of us (C.F. Chyba) has recently used the 
observation that comets are -50% water ice to calculate that the Earth may have ac
quired a substantial fraction of its oceans from cometary impacts if comets comprised 
-10% by mass of the population of impactors that cratered the Moon. Both cometary 
and asteroidal impacts would have delivered organic molecules as well. However, it is 
not obvious what fraction of these organics would survive atmospheric passage, impact 
explosion, and crater excavation. Typical impact velocities of asteroids with the Earth are 
-18 km/ sec, or about Mach 50. Typical cometary velocities are even higher. A proper 
treatment of impactor/ atmosphere interaction, surface collision, and resulting organic py
rolysis (destruction of organic molecules by heating them to high temperatures) is required 
to determine whether more than a negligible amount of the total mass of organics present 
in asteroids and comets incident on Earth survived impact. 

A measure of the fraction of organics incident on the early Earth that must survive 
atmospheric entry and impact to be quantitatively significant for the terrestrial prebiotic 
inventory is given by estimates of photochemical production of organics in the Earth's 
primitive atmosphere. We find that the survival of between one-tenth and one percent 
of the incident organics could mean that in situ terrestrial production was quantitatively 
less important than the delivery of organics from extraterrestrial sources. 

Impact survival of organics 

To investigate whether cometary and asteroidal organics would in fact survive at
mospheric entry and impact, we have examined detailed models of the relevant physical 
processes. Numerical simulations of ablation processes imply that , at the appropriate 
velocities, substantial fractions of 100 meter impactors will be ablated. We conservatively 
assume that the organic material lost in this way is entirely destroyed. However, larger 
impactors remain essentially unchanged by their atmospheric passage. 

If the aerodynamic pressures on the comet or asteroid during atmospheric passage 
are sufficiently high, catastrophic fragmentation of the impactor may occur. In fact, frag
mentation of carbonaceous chondrite meteorites has been confirmed. After such break-up, 
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the greatly increased surface area of the meteoritic fragments may result in significantly 
enhanced aerobraking (the deceleration of the imapactor or its fragments by atmospheric 
drag). IT aerobraking is sufficiently high, the incident organics may be slowed enough to 
survive impact and be incorporated into the terrestrial inventory. 

With or without fragmentation, the crucial question is the survivability of organics 
upon impact. A numerical simulation using the smoothed particle hydrodynamic ("SPH") 
method indicates that temperatures of 1,000-10,000 degrees Kelvin (2000-20,000 degrees 
Fahrenheit) are reached in impacts of 1 km bodies at 18 km/sec. The lower end of this 
temperature range is near the upper limit that can be withstood by organic molecules for 
periods of time comparable to that of the impact (-0.5 seconds). At higher temperatures, 
or over longer periods of time, the organics would be pyrolyzed into molecular fragments 
of little direct utility to the origins of life. 

Most organic material in carbonaceous chondrites, and probably in comets, is in the 
form of a complex, intractable polymer. The closest terrestrial analogue to this material 
seems to be kerogen, the solid organic matter present in oil shales (fine-grained sedi
mentary rocks from which oil can be extracted). Pyrolysis experiments with terrestrial 
kerogen reveal that such material can survive no more than a hundredth of a second of 
heating at 1,000 Kelvin. However, when kerogen pyrolyzes, it first breaks down into or
ganic fragments (called, in this context, its pyrolysates) such as hydrocarbon chains and 
benzene rings. Therefore, to understand the ultimate fate of kerogen-like organics in an 
impactor, we must examine the fate of kerogen pyrolysates. Experiments in laboratory 
shock tubes show that such pyrolysates will survive temperatures of 1,000 Kelvins for as 
long as 5-10 minutes. In addition to kerogen and its pyrolysates, we also examine the 
fates of certain simple organics of particular relevance to the origins of life. For example, 
the molecule hydrogen cyanide (HCN) is abundant in comets, is able to withstand un
usually high shock temperatures, and is a key molecule in prebiotic chemistry. (HCN is a 
precursor to both amino acids and the building blocks of RNA and DNA.) 

Preliminary simulations indicate that, for cometary impacts onto rock, the survival 
of even kerogen pyrolysates and HCN is unlikely. However, organic survivability may 
increase significantly in the (more likely) case of cometary impacts into an ocean, as 
well as asteroid-rock or asteroid-ocean impacts. This is because less of the energy of 
the collision is absorbed by the impactor as its density increases relative to the target. 
(Comets and water have densities -1 gm/ cm3 , whereas asteroids and rocks have densities 
closer to 3 gm/cm3 .) Our simulations show (see Fig. 1) that the least-shocked parts of 
the impactor are promptly ejected from the area of impact, so that the organics most 
likely to survive the initial collision are also likely to be expelled from the vicinity of the 
impact without further heating. 

The comprehensive treatment of impact delivery described here allows us to deter
mine under which conditions on the early Earth the prebiotic inventory would have been 
dominated by terrestrial or extraterrestrial sources of organic molecules . 
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Fig. 1. (a) Simulation of 25 km sec- 1 impact (heavy points represent impactor); and (b) 
for the same time, location of least-heated fraction of impactor (heavy points). Coordi
nates are in km. 
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WEAK Fe2+ - Fe3+ CHARGE TRANSFER ABSORPTION FEATURES SEEN IN CM2 CARBONACEOUS 
CHONDRITES AND NARROWBAND REFLECTANCE SPECTRA OF PRIMITIVE ASTEROIDS: Faith 
Vilas, NASA Johnson Space Center/SN3, Houston, Texas 77058, and Michael J. 
Gaffey, Geology Department, West Hall, Rennselaer Polytechnic Institute, Troy 
New York, 12181. 

Spectra of the primitive (C, F, P, D class) asteroids have been described 
using broadband photometry as having flat or sloped featureless spectra, with 
the exception of the deep turnover in the UV at wavelengths less than 0.55 um 
attributed to iron absorption in clay silicates. Narrowband 
spectrophotometry (1) of the same asteroids suggests that weaker absorption 
features are present, but still lacks the spectral resolution necessary to 
delineate weak absorption features within the spectrum. Reflectance spectra 
using the combination of a spectrograph with a CCD have sufficient spectral 
resolution to delineate weak absorption features. An observing program has 
been underway during the past few years to obtain CCD reflectance spectra of 
outer-belt asteroids, main-belt primitive asteroids, and asteroids located 
near to the 3:1 Kirkwood Gap in an effort to learn about their surface 
composition (2,3,4). During the past year, absorption features in these 
asteroids spectra having depths on the order of a few percent have been 
correlated with spectra of laboratory samples of CM2 carbonaceous chondrites. 
Features seen in main belt asteroid spectra are correlated in position with 
features present in the laboratory spectra of terrestrial chlorites (5) and 
of CM2 meteorites, but are weaker in absorption depth. Spectra of outer-belt 
primitive asteroids (defined here as those primitive asteroids having 
semi-major axes located between 3.3 - 5.2 AU) also show evidence of these 
absorption features, but the absorptions are weaker than those seen in the 
main belt asteroids. The anomaly of the weaker absorption features has not 
been explained. Laboratory spectra of carbonaceous chondrites and telescopic 
reflectance spectra both show the strong UV absorption at wavelengths less 
than 0.55 um in nearly equal depth. The gross albedos of the asteroids and 
laboratory samples of the meteorites are also comparable. We are defining 
laboratory experiments which will help to determine if compositional or 
physical differences would be the cause of this discrepancy. 

References: (1) Chapman, C. R. and Gaffey, M. J. in Asteroids. (T. Gehrels, 
Ed.), 655 - 687, Univ. of Arizona Press, 1979; (2) Vilas, F. and Smith, B. 
A. Icarus 64, 503-516, 1985; (3) Vilas, F., LPSC XVII. 913-914; (4) 
Vilas, F. and McFadden, L. A., "CCD Reflectance Spectra of Selected 
Asteroids: Presentation and Data Analysis Considerations", submitted for 
publication; (5) King, T. V. V., PhD Thesis, Univ. of Hawaii, 1986 . 
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Fig. 1: Reflectance spectrum of 
main-belt P-class asteroid 102 Miriam 
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Fig. 3: Reflectance spectrum of 
main-belt D-class 368 Haidea with 
laboratory reflectance spectrum of 
CM carbonaceous chondrite Cold 
Bokkevelt + Murray . 
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UNIQUE METEORITES: CLUES TO EARLY SOLAR 
SYSTEM CONDITIONS AND PROCESSES. M.K. Weisberg 1,2 and 
M. Prinz1. (1) Dept. Mineral Sciences, Amer. Museum Nat. Hist., New york, NY 
10024. (2) Dept. Geology, Brooklyn College, Brooklyn, NY. 

Meteoriticists are constantly looking for new and unique meteorites in the 

hope that they will reveal new clues to the nature of the processes operative in the 

early solar system. Unique chondrites offer the opportunity to study previously 

unsampled portions of the early solar system, which allows a better understanding 

of the diverse conditions which existed. They may also add new evidence to 

support current hypotheses or suggest changes in current conceptions and evoke 

new ideas. 

Recent expeditions to the Antarctic have produced three samples which are 
unlike any previously studied. These are Allan Hills 85085 (ALH85085), Lewis 

Cliffs 86010 (LEW86010), and Allan Hills 85151 (ALH85151). ALH85151 is being 

presented along with new data on Carlisle Lakes 001 (CL001), a very similar 

meteorite. CL001 was found near Carlisle Lakes, Western Australia in 1977. Two 

other enigmatic meteorites, Kakangari and Bencubbin, have sparked interest and 

debate over the past several years and new data on them will also be presented. 

Kakangari fell in 1890, in India, and Bencubbin was found in Western Australia in 

1930. All of these unique meteorites are chondrites or are closely related, and thus 

are among the oldest and most primitive materials known. 

Chondrites contain millimeter-sized, spherical objects known as chondrules. 
In addition, angular fragmants are found, which may be broken chondrules. 

Chondrules and fragments are surrounded by a matrix. In addition, FeNi metal and 

sulfides are present throughout the matrix and also occur in some chondrules. 

Many chondrites contain other components such as Ca-AI rich inclusions, as well. 

The chondrites are classified into three broad groups-carbonaceous, ordinary and 

enstatite. This classification scheme is strongly supported by the oxygen isotopic 

compositions of these meteorites. Now, let us see how unique meteorites differ 
from the norm. 

Some of the unique characteristics of ALH85085 are the small size of its 

chondrules (most <100 micrometers), its high abundance of FeNi metal (>20%), 
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and low abundance of volatile elements. These characteristics are important in 
that they represent the prevailing conditions and processes in the portion of the 
early solar system in which they formed. In ALH85085 we are sampling a 

combination of conditions not previously represented in other chondrites. The 
limited size range of the chondrules in ALH85085 support the idea of size sorting 
processes in the formation of chondrules. The high abundance of FeNi metal is 
due to reducing conditions, and the low volatile content indicates that the 
chondrules in ALH85085 were heated to higher temperatures than is commonly 

the case. 

Classifying ALH85085 is a difficult task, but we now know that it may be 
related to the CR chondrites as well as to the unique Bencubbin meteorite, on the 

basis of oxygen isotopes. 

Bencubbin is a unique meteorite breccia containing approximately 40% 

silicates and 60% FeNi metal and the silicates are texturally and compositionally 

similar to some chondrules. In addition, Bencubbin contains ordinary chondrite 
and carbonaceous chondrite enclaves. 

Texturally ALH85085, CR chondrites and Bencubbin are dramatically 

different. Yet, despite these marked differences, important components in these 

meteorites have strilking similarities. The compositions of most silicates in 

ALH85085, CR chondrules and Bencubbin are all Mg-rich indicating formation in a 

similar highly reducing environment. The abundances of FeNi metal in Bencubbin, 

ALH85085 and in CR chondrites is the highest of all chondrites. In addition , the 
composition of the metal in all three is remarkably similar and differs from that in 

any other chondrite. The metal composition suggests the preservation of a 
primitive condensation event not recorded in other meteorites. The compositions of 
chondrules also suggest a close re lationship between these meteorites. Thus, we 

have meteorites which are rather rare and unique and look quite different, but are 

nevertheless related. 

A second story is related to ALH85151 and CLOO1. These are unique 

chondrites with affinities to the ordinary chondrites. The ordinary chondrites are 

quite common and are subdivided into H, Land LL groups. ALH85151 and CL001 

have more Fe-rich silicates and contain no FeNi metal. Their oxygen isotopic 



l 

UNIQUE METEORITES PRESS ABSTRACTS 107 
Weisberg M. K. and Prinz M. 

composition, while closest to that of the ordinary chondrites, is dramatically different 
and gives evidence that this is indeed a new group. These meteorites formed from 

an ordinary chondrite-like parent, but were exposed to a different and more 
oxidizing environment. This is the first time that such an 170-enriched oxygen 

environment has been found. 

Another important goal of meteorite research' is to distinguish nebular 
processes from those which developed on a planetary body. ALH85151 offers 

some clues to answering thses questions. Some minerals in ALH85151 exhibit 

striking compositional zoning. In olivine, FeO increases toward the edge of the 
crystal and pyroxene contains patChy-like zones of FeO enrichment. These zoning 

patterns are usually thought to be the result of heating on a planetary body. 

However, a complex zoning pattern was found which is more easily explained by 

gas-solid exchange in the solar nebula. We now know that solid-gas exchange 

may playa more important role in the development of chondrites, than previously 
rcognized. 

The Kakangari chondrite has been studied by numerous investigators and is 

considered to be unique. The present study on Kakangari gives the suprising 

results that the oxygen isotopic compositions of the chondrules are similar to those 

in enstatite chondrites even though they do not appear to be related to that group at 

all. We now know that Kakangari should be placed into its own group which we 

call the K-group. 

Finally, LEW86010 is similar to the unique Angra dos Reis meteorite. Both 

meteorites have unusual pyroxene along with minor olivine. In general, these 

meteorites are enriched in the more refractory elements and depleted in the more 

volatile elements. The enrichment in refractory elements (Ca and AI) suggests that 

these meteorites may be related to Ca-AI rich inclusions found in carbonaceous 

chondrites. However, LEW86010 and Angra dos Reis are enriched in FeO and Ca

AI rich inclusions are not. If LEW8601 0 and Angra dos Reis are the result of mixing 

followed by melting of primitive materials, the question remains as to where these 

processes occurred. Did this event occur in the early nebula or on a planetary 

body. It is also important to determine the extent of melting which occurred to 

produce these meteorites. 


