
QB 
501 
P374 
1994 
c.4 

Papers Presented at the 

TENTH ANNUAL 

SUMMER INTERN CONFERENCE 

August18,1994 

Houston, Texas 

1994 Summer Intern Program for Undergraduates 

Lunar and Planetary Institute 



Papers Presented at tlte 

Tenth Annual 

SUMMER INTERN CONFERENCE 

August 18, 1994 
Houston, Te.'\:as 

1994 Summer Intern Program for Undergraduates 
Lunar and Planetary Institute 

Sponsored by 
Lunar and Planetary Institute 
NASA Jol,nson Space Center 



Compiled in 1994 by 

Publications and Program Services Department 
Lunar and Planetary Institute 

3600 Bay Area Boulevard 
Houston TX 77058-1113, USA 

Material in this volume may be copied without restraint for library, abstract service, education, or 
personal research purposes; however, republication of any paper or portion thereof requires the written 
permission of the authors as well as appropriate acknowledgment of this publication. 

The Lunar and Planetary Institute is operated by the Universities Space Research Association under 
Contract No. NASW-4574 with the National Aeronautics and Space Administration. 



9:30 a.m. 

9:40 a.m. 

10:00 a.m. 

10:20 a.m. 

10:40 a.m. 

11:10 a.m. 

11:30 a.m. 

11:50 a.m. 

12:10 p.m. 

TENTH ANNUAL SUMMER INTERN CONFERENCE 
August 18, 1993 
LPI Lecture Hall 

PROGRAM 

Morning Session 

Chair: Paul Spudis 

DAVID C. BLACK, LPI Director 
Opening Remarks 

KOOROSH ARAGHI Advisors: C. C. Allen and T. Sullivan 
Oxygen and Methane Production from a Zirconia Electrochemical Cell on Mars 

KRISTIN M. BURGESS Advisors: F. Horz and M. Zolensky 
Diameters and Fluxes of Hypervelocity Particles in Low Earth Orbit from Space
£-cposed Teflon Thermal Blankets 

JASON M. DAHL Advisors: M. Zolensky and C. Sapp 
Porosity Determinations in Interplanetary Dust Particles and Primitive Meteorites 

BREAK 

KELLY H. FUKS Advisors: A. Treiman and S. Murchie 
Stratigraphy of the Upper Layers of the Walls of Valles Marineris 

FRANKIE J. IA QUINT A-RIDOLFI Advisor: P. M. Schenk 
Geomorphic Mapping of Ejecta Facies on the Icy Satellites 

MICAH S. JOHNSON Advisor: W. S. Kiefer 
Extensional Features of Tharsis and Implications for Lithospheric Stmcture 

LUNCH 



1:30 p .m. 

1:50 p.m. 

2:10 p.m. 

2:30 p.m. 

3:00 p.m. 

3:20 p .m. 

3:40 p.m. 

4:00 p.m. 

Afternoon Session 

Chair: Michael Zolensky 

TRACY JOHNSTON Advisor: G. E. Lofgren 
Relative Abundances of Chondn,le Textural Types in EC3 Chondrites 

KARLA E. KUEBLER Advisor: G . Ryder 
The Chemisty of Mineral Clasts in Aphanific Impact Melt Breccia 72255 from 
Taurus-Littrow: Breccia Formation and Crustal Components 

SUZANNE N. LYONS Advisor: R. Herrick 
The Inversion of Impact Crater Morphometric Data 

BREAK 

KAREN R. STOCKSTILL Advisor: F . Vilas 
The Dark Material of /apetus 

PATRICK VALAGEAS Advisor: T. F. Stepinski 
Aerodynamics of Solids in Viscous Protplanetary Disks 

TERESA HOLLOWAY Advisors: M. J. Golightly, M. D. Weyland, G.D. Badhwar 
The Location of the South Atlantic Anomaly 

ADJOURN 

RECEPTION IN GREAT ROOM 



CONTENTS 

Oxygen and Methane Production from a Zirconia Electrochemical Cell on Mars 
K. Araghi and C. C. Allen ................................................................................................ 1 

Diameters and Fluxes of Hypervelocity Particles in Low Earth Orbit from 
Space-Exposed Teflon Thermal Blankets 

K. M. Burgess ..... .. ... ............................... ............................................... ... ........ ......... ..... 4 

Porosity Determinations in Interplanetary Dust Particles and 
Primitive Meteorites 

J.M. Dahl ......... .... ............................................................................................ ........ ...... 7 

Stratigraphy of the Upper Layers of the Walls of Valles Marineris 
K. H. Fuks ... .... ....... .......... ................ .. .... ............................ ............... ......... ....... ..... ....... 10 

The Location of the South Atlantic Anomaly 
T. Holloway .................................................................................................................. 13 

Geomorphic Mapping of Ejecta Facies on the Icy Satellites 
F. J. Iaquinta-Ridolfi ... .. ..... ............................................................................................ 16 

Extensional Features ofTharsis and Implications for Lithospheric Structure 
M. Johnson ........................ .............. ... ................................................. ......... .. ..... .......... 19 

Relative Abundances of Chondrule Textural Types in EC3 Chondrites 
T. Johnston ....... ....... ...... ......... .............. .......... .. ..................... ............. .. .................. ....... 22 

The Chemistry of Mineral Clasts in Aphanitic Impact Melt Breccia 72255 
from Taurus-Littrow: Breccia Formation and Crustal Components 

K. Kuebler .. ......... .... ... ..... ..................... ....... .......... .. ..... ..... .... .. ......... ... ..... ..................... 25 

The Inversion oflmpact Crater Morphometric Data 
S. Lyons ........ ..... ... ............... .. ............ .. ... ..... ...... ....... .. .... ... .. .. ...... ... ............... ...... .... ..... 28 

The Dark Material of Iapetus 
K. R. Stockstill .............................................................................................................. 31 

Aerodynamics of Solids in Viscous Protoplanetary Disks 
P. Valageas ................. ...... ........ .............. ............. .... ....... ... ........... .. ... .... ....................... . 34 





'94 /ntern Conference 

OXYGEN AND METHANE PRODUCTION FROM A ZIRCONIA 
ELECTROCHEMICAL CELL ON MARS; K. Araghil and C. C. Allen2 

Research has been conducted on issues related to the production of oxygen from carbon dioxide, and 
methane plus oxygen from carbon dioxide and hydrogen, using zirconia electrochemical cells. This 
process is under consideration for a Mars sample return mission which would manufacture its own fuel 
and oxidizer from CO 2 in the martian atmosphere. Most of the present effort has been concentrated on 
the development of a reliable test bed that can provide repeatable and accurate measurements of cell 
performance. Initial experiments, including endurance tests as long as 412 hrs, were conducted with 
three identical cells. 

System Construction: The zirconia electrochemical cell consists of a solid yttria-stabilized 
zirconia (ZrO2 - Y 20 3 8 mole%) disk with platinum electrodes, sandwiched between two zirconia. 
crucibles. Alumina tubes inserted into the crucibles feed and exhaust the gases. Figure 1 is a cutaway of 
the cell. 

A schematic drawing of the system test bed is shown in figure 2. The CO2 and H2 are fed into the system 
through metering valves. The gas inlets are connected to mass flowmeters and the gases are mixed 
prior to entering the cell. The CO2 + H2 exhaust is connected to a valve that can send it to the gas 
chromatograph (GC) for analysis. The 0 2 exhaust is also connected to a valve that can send it either to a 
1 cc soap-film flowmeter or to the GC. 

Results and Discussion: Cell #1 completed a test at the University of Arizona in which it ran 
continuously for almost 253 hours with CO2 as the inlet gas. All experiments were run with a CO2 flow 
of 1 o cc/min. Oxygen, produced by the dissociation of CO2 to CO, was passed through the disk as 02· 

ions and measured in the exhaust gas. Figure 3 is a graph showing the performance of cell #1 plotting 
current against voltage for a range of temperatures. Figure 4 plots 0 2 production as a function of 
voltage. In an electrochemical cell oxygen flow rate is proportional to current as: 

0 2 Flow Rate (cc/min] = Current [A] • (1/5.33399) • (atm. Temp. [K])/(atm. Press. [psia]) 

In the present tests these values matched to within ± 10%. Oxygen production remained proportional to 
current throughout the cell's lifetime. The maximum oxygen flow rate measured in these tests was 1.5 
cc/min. This is equivalent to a 30% conversion of CO2 to CO plus 0 2• 

Cell #2 completed a test at the Johnson Space Center (JSC) in which it ran continuously for almost 124 
hours with CO2 as the inlet gas. Unfortunately this cell did not perform well because of a leak between 
the inlet tube and crucible (figure 1 ). Figure 5 is a graph showing the performance of cell #2 plotting 
current against voltage for a range of temperatures. Figure 6 plots 0 2 production versus voltage. 

Cell #3 completed a test at JSC in which it ran continuously for almost 412 hours with pure CO 2 and H2 

+ CO2 mixtures. An initial test at 800°C with CO2 ran very well. The system was then programed to 

increase the temperature to 900°C at rate of 1 cc/min. At the higher temperature, pressure 
measurements indicated a leak on the oxygen side of the cell between the outlet tube and crucible. 
Because of the leak it became impossible to reliably measure the 0 2 flow rate. Since then 0 2 production 
has been calculated from the cell current, using the conversion formula given above. 

1 LPI Summer Intern, Departmenl ol Aerospace and Mechanical Engineering. The University ol Arizona, Tucson, AZ 

2 Lockheed Engineering and Sciences Co, Johnson Space Center, Houslon, TX 
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Cell #3 continued to run for the next 80 hours at 900 .and 1000°C with pure CO2 . At this stage the 0 2 

flow rate increased steadily with temperature. The highest 0 2 production was achieved at 950 and 1000 
oc by applying a maximum voltage of 2.5 V. After the first 84 hours of the experiment hydrogen was 
added to the CO2 flowing through the cell. We ran with the two inlet gases, CO2 and H2 , for the rest of 
the time, using different temperatures (600 • 1 ooo°C), voltages (1.0 - 2.5V), flow rates (1 O - 20 
cc/min), and volume ratios of H2 :CO2 (1:1 - 4:1). 

All of these experiments produced oxygen, and GC analyses showed no evidence of CO2 leakage across 
the disk. The exhaust gases included CO2, H2, CO, and H2O in varying proportions. Figures 7 and 8 are . 
graphs showing the performance of cell #3 plotting current against voltage for a range of temperatures . . 
Figures 9 and 10 plot calculated 0 2 flow as a function of voltage. 

None of the experiments produced detectable methane. The stability field of CH4 extends up to : 
approximately 700°C in the CO2 + H2 system, and many of our experiments were run above this : 
temperature. However, even tests run at 600 and 1000c yielded only 0 2, CO, and H2O. We suspect that 1 

the inlet gas flow rates provided too little residence time for methane to form. Future tests will employ · 
lower flow rates and recycling of the gas. 

Conclusions: There are four major conclusion that can be drawn from our experiments with the i 
three cells. First, oxygen production is dependent on temperature and voltage. Second, current is 
proportional to 0 2 flow rate. Third, water and carbon monoxide are the stable reaction products under 
our experimental conditions. Fourth, production of methane cannot .be achieved at high gas flow rates in 
this system. 

Future Work:We plan to continue this experimental program, both at JSC and at the University of 
Arizona. We will run the system at JSC with a new cell (#4), hopefully without leaks. Research at the 
University of Arizona will concentrate on finding a better way of sealing the cell. We will develop a 
system to recycle the exhaust gases and send them back into the cell and search for conditions of 
temperature, voltage, volume ratio, and mass flow which will produce both oxygen and methane. 
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DIAMETERS AND FLUXES OF HYPERVELOCITY PARTICLES IN LOW EARm ORBIT FROM 
SPACE-EXPOSED TEFLON THERMAL BLANKETS 

Kristin M. Burgess, Physics Department, Wesleyan Unive.rsity, Middletown, CT 
Advisor: Friedrich H()rz, NASA 

INI'RODUCIJON 
Toe Long-Duration Exposure Facility (LDEF) was a satellite designed to expose various surfaces to the 

environment in low F.arth orbit. Traveling at close to 8 km/s for 5.7 years and orbiting at an approximate altitude of 
450 km, the twelve sided spaceaaft was fixed in its orientation and did not rotate about its cylindrical axis. 
Therefore, I.DEF provided an excellent opportunity to study impacting particles fmn different angles. The particles 
encountered in E.arth orbit fall into two general categories: natural particles, or micrometeroids, fmn comets and 
asteroids, and man-made orbital debris, the result of hardware collision and explosions, waste dumps, and solid
rocket fuel Both particle populations have distinct velocities and characteristic orbital behavior. The relative 
abundances of these two particle populations and their absolute fluxes as a function of particle size are poorly 
understood, yet they may be investigated from hypervelocity impact aaters and penetration holes in surfaces 
exposed to space. Seventeen of the eighty-six experiment trays on board I.DEF were coveted with thermal blankets 
which were constructed of an outer layer of FEP Teflon (-120µm thick) backed by a thin layer of vapor-deposited 
silverfmconel mirror (-0.2 µm thick) and finally a layer of black conductive Chemglaze paint (-80 µm). Relatively 
"large" and energetic particles readily penetrate such thin memlr.mes, whereas very "small" particles will only 
produce aaters. "Large" and "small" projectiles are relative terms and it is necessary to unde.rstand the detailed 
hypervelocity aatering and penetration behavia of Teflon to interpret the I.DEF impact features in terms of 
absolute size (or mass, kinetic energy, etc.) of the associated projectiles. Such impact calibration experiments for 
Teflon were recently completed at JSC [HOrz et al., 1994a]. 

Based on the above, the pmpose of this study was to characteri7.e the size-frequency distribution of craters and 
penetration holes in I.DEF thermal blankets and to extract projectile size frequencies and fluxes of hypervelocity 
particles in low E.arth orbit Two blankets were selected for study, one from a forward facing row and one from the 
corresponding rearward facing row. These specific exposure directions should represent the maximum and 
minimum in effective particle fluxes for both natural and man-made particles according to the orbital dynamics 
models of Peterson (1990] and Kessler [1993]. These models assert that a non-spinning platform which flies 
through an isottopic dust cloud will effectively experience different particle fluxes and mean encounter velocities 
depending on the specific viewing direction relative to a spacecraft's velocity vector. Leading and trailing surfaces 
represent the maximum and minimum cases, respectively, and will thus place bolllldaries on our understanding of 
particle fluxes in low Earth orbiL 

DATA COLLECTION 
Toe blankets were scanned under a high power microscope and each feature larger than lOOµm was assigned a 

number, classified as either a crater or penetration, and the diameter, coordinates, and observable characteristics 
were recorded. Crater (DJ and hole (DJ diameters were measured from center of rim to centei- of rim, consistent 
with standardized measurements. Toe first blanket scanned, Al0EOOAB, 22° off the ram (faward facing)direction, 
had 237 features recorded in a total area of 1,683 cm2• The surface had been visibly eroded by atomic oxygen, 
leaving a white powdery rum covering the Teflon. The second blanket, F04EOOAB, 158° off the ram direction, 
showed fewer effects of its space exposure and looked similar to pre-flight thermal blankets. Only 22 impacts were 
catalogued in a total area of 1,656 cm2, and of these, only three were actual penetrations. A number of penetrations 
were surrounded by dark rings, up to several centimeters in diameter. The penetrations, and a few of the large 
craters, had large paint spall areas on the rear surface where the Chemglaze appears to have been "blown off' by the 
force of the collision. 

In order to observe some of the features under higher magnification, several samples were removed from the 
thermal blanket and photographed under a scanning electron microscope. This revealed extensive atomic oxygen 
erosion (Figure 1) not visible optically. It also showed an interesting central bulge on the back Teflon surface in 
some of the larger craters, in the centei- of the paint spallation (Figure 2). 

CALCULATIONS 
After the data had been collected, it was used to calculate production rates of craters and penetration-holes 

(Figure 3) and to derive associated projectile sizes (Figure 4). To obtain these curves, the diameters were grouped 
into size bins, which were then plotted against frequency. Each of the points on the graph represents the number of 
features of that size a larger (i.e., it is a deaeasing cumulative sum). Calculation of the production rates was 
straightforward and followed directly from measured data. The conversion of these production rates into actual 
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projectile fluxes, however, is not possible at present without model assumptions, foremost of which is impact 
velocity. We used the particle dynamic models of Peterson [1990] and Kessler [1993] to obtain the mean encounter 
velocities of natural and man-made particles for our specific locations (Table 1). Because the velocity distributions 
differ between natural and debris particles, an assumption has to be made about their relative frequencies. For this 
we used the models of [HOrz et al., 1994b] which is based on the chemical analysis of projectile residues on various 
I.DEF surfaces (Table 2). The new laboratory impact simulations by [HOrz et aL, 1994a] reveal that aater diameter 
increases with impact speed as DJ0p=K•Vo·44, with K including a variety of material dependent constants that relate 
to the target and projectile. For penetrations, calilntion curves were generated from laboratory impacts at velocities 
between 2 and 7 km/sand extrapolated to orbital impact velocities (10-20 km/s). DP was then determined 
graphically for each given De and velocity. Lastly, with both types of impacts, the determined projectile diameter 
fluxes from natural and man-made projectile velocities were added together using weighted averages of the relative 
contributions given above. The result was a single projectile flux curve. 

DISCUSSION 
Trends of the crater and penetration-hole production rates were close to expectations. The larger impacts were 

all penetrations, and as the diameter decreased to around 200µm, roughly the thickness of the blanket, the 
penetrations leveled off and the nwnber of aaters rapidly inaeased. This is evident in both the AlO and F04 data, 
but it is less pronounced on the trailing edge due to the poor statistics associated with the small number of impacts. 
The transition from crater to penetration events is gradual, and there is a region of overlapping diameters. The 
largest crater observed was 235µm in diameter, while the smallest penetration hole was around 150µm. Such a 
gradual transition is to be expected considering the wide variety of impact velocities and projectile densities in low 
F.arth orbiL Large non-penetrating events should be due to low-density projectiles at low encounter velocities such 
as paint flakes, whereas the small penetrations result from very fast, high-density projectiles such as stainless steel. 

Figure 4 shows the cumulative projectile fluxes (solid lines) associated with the crater and penetration holes 
illustrated in Figure 3. Very generally, the cwnulative slopes at very large sizes may not be very representative 
because of poor sample statistics, and the flattening of the curve at the smallest sizes may be due, in part, to the 
difficulty of detecting aaters near the limit of optical resolution. For our best statistical sample, 30 to 60µm 
diameter projectiles, we obtain approximately an order of magniwde difference in flux between the trailing and 
leading edge directions; these values are consistent with existing models [Peterson, 1990; Kessler, 1993]. Different 
slopes of the cwnulative curves imply, however, that the size frequency of the two particle populations is not 
constanL Proportionally more small particles impinge on the leading edge than on the trailing edge. This is most 
likely due to f"me-grained man-made debris, specifically aluminum oxide particles from solid fuel rocket motors 
[Kessler, 1993]. 

CONCLUSION 
We measured the diameters of all aaters larger than lOOµm and of all penetration holes in thermal blankets 

that were exposed for 5.7 years to the near F.arth particulate environment by LDEF and we converted these diameter 
measurements into particle sizes and fluxes. These fluxes vary by approximately a factor of ten between leading and 
trailing directions, consistent with theoretical predictions. The size distribution of impactors varies as a function of 
pointing direction on non-spinning platforms; increasingly larger numbers of smaller particles collide with surfaces 
on the leading edge compared to rearwards facing orientations While not specifically predicted, this observation is 
nevertheless consistent with current models and it will serve to f"me-tune the understanding of the relative abundance 
of natural and man-made particles. The latter is needed for the efficient collection of dust particles ( on a Space 
Station for example) and to protect spacecraft against collisional damage and failure, a matter of international policy 
decision and concern. 

Acknowledgments- I wish to thank Tom See for his patience and assistance with the calculations and graphs, Ron 
Bernhard for his help with the SEM samples, Frank Cardenas, William Davidson, and Gerald Hayes for their 
support, and most of all, Fred HOrz for all his help and advice. 
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Table 1. Assumed velocities for 
particle types from models by 
Peterson (natural) and Kessler 
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POROSITY DETERMINATIONS IN INTERPLANETARY DUST PARTICLES 
AND PRIMITIVE METEORITES; J.M. Dahl, Solar System Exploration Division, 
NASA Johnson Space Center, Houston TX 77058, USA 

Introduction: The study of Interplanetary Dust Particles (IDPs) and their various 
properties has come to be of great interest within the scientific community in recent 
years. By exploring the nature of IDPs, we hope to learn a great deal about the original 
state of the solar nebula, as well as the subsequent processes that have shaped it. IDPs 
constitute an extremely important source pool of extraterrestrial material for study, 
especially since they provide such a broad sampling of material, having accreted at such a 
wide range of distances from the sun, as well as being less biased (with respect to source) 
than conventional meteorite samples.[1] Consequently, IDPs represent, in many cases, 
the only samples we have of most of this material. One area of interest is the area of 
aqueous alteration of materials, which has played a large role in the development of some 
asteroids. Many IDPs show evidence of aqueous alteration, and by understanding the 
conditions under which it occurs, we may be better able to model the geologic histories of 
the IDP parent bodies and the wider solar system community.[2] Integral to the study of 
aqueous alteration are the concepts of permeability and porosity. Permeability provides a 
measure of the ease with which a liquid solution can flow through a substance. 
Intuitively, we can see how porosity is closely linked to permeability-the more pore space 
a sample has, the more quickly a liquid should be able to flow through it. 

There are already a number of time proven methods for determining permeability in a 
bulk sample, and actual physical liquid/gas flow measurements work quite well in 
samples large enough to test in this manner. However, these methods are not applicable 
to IDPs and other extremely small samples. Thus, up to this point there has been no 
reliable method for accurately determining porosity in these particles, and expected 
porosity values have been the subject of conjecture only. It has been suggested that in the 
high porosity anhydrous family of IDPs, porosities are much higher than those seen in 
meteorites, which typically exhibit porosities of 20% or less.[3] We hope to be able to 
test this hypothesis. Therefore, it has been our goal to develop a method that will allow 
us to accurately measure porosity in IDPs and other small samples. By utilizing 
scanning electron microscope (SEM) images and computer image processing, we have 
developed a method by which sample porosity may be determined both efficiently and 
accurately on nanogram-sized samples. 

Philosophy and Method: The porosity, or volume of pore space compared to the total 
volume of the sample, plays an integral role in the rate of fluid flow through a sample. 
Now, if a sample is fairly homogenous at some scale, i.e. the individual grains and pore 
spaces are fairly small compared to the total volume of the particle, then if we pass a 
plane through the sample at some arbitrary point, it should intersect a volume of pore and 
grain space representative of the pore and grain volume of the entire sample. Looking at 
the surface of that plane, we would see a certain area occupied by material grains, and the 
rest by voids. Since the sample is fairly homogenous, it is safe to assume that the area of 
the voids along the plane is representative of the total pore volume within the sample. 
Therefore, we should be able to be measure porosity accurately by passing a plane 
through a sample and measuring percentage pore area vs. percentage grain area on that 
plane. For example, if within the sample area, 20% is pore area and 80% is occupied by 
grains, the porosity would be 20%. It is upon this concept that we have based our 
porosity measurement methods. 

The IDPs we have been working with were collected in the stratosphere using aircraft 
equipped with special collector surfaces, and are curated at NASA's Johnson Space 
Center.[4] Prior to the start of our research, the samples were mounted on epoxy blocks 
and impregnated with a low viscosity epoxy, after which an ultramicrotome equipped 
with a diamond knife was used to cut thin sections (~ 1000 A thick) for analysis via other 
methods. The remaining "polished" portions of the samples were then available for our 
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examination. First, a JEOL 35-CF Scanning Electron Microscope (SEM) was used to 
collect Back Scattered Electron (BSE) images of each particle. Since good, high 
resolution images are essential to successful porosity measurements by this method, a 
significant amount of time was devoted to determining the best conditions and SEM 
settings under which to image these particles. It was determined that an accelerating 
voltage of 13 kV with gun bias set to provide an element saturation current between 50 
mA and 80 mA (gun bias = 1 or 2 on our equipment, depending on element maturity) and 
a condenser lens setting of ~ 3 yielded the best overall images, with good resolution and 
clarity. At higher voltages, clarity was diminished, as we began to see through the epoxy 
filling the pores to the particles below, while at lower voltages, the images became noisy. 
Once the best imaging conditions were determined, a number of images of each particle 
under various brightness and contrast conditions were collected, and the best image of 
each particle was selected for further study. 

Next, these images were digitized in the JSC Bldg. 31 Video Digital Analysis System 
(VDAS) lab. Images were "grabbed" using a Canon DXC-3000A CCD camera and a 
multicomponent video rack, and contrast and brightness were adjusted using a Microtime 
Tx4 Time Base Corrector (TBC). Exact TBC settings are not critical, so long as the 
captured image remained representative of the original image (more on this below). 
These images were then digitized using the Library of Image Processing Software (LIPS) 
(Gould Electronics, Image and Graphics Division) program set installed on a VAXNMS 
operating system, and the digitized images were stored for processing. 

For final processing and porosity determination, the images were then imported to a 
Macintosh llcx workstation for use with NIH Image, a computer-based image processing 
program. Each image was inverted (after import, images were in negative form, i.e. with 
black and white reversed) using the program's Invert command, so as to reproduce the 
original hard copy images on screen. The NIH Image environment supports 255 level 
black and white images. However, for area percentage calculations, straight black/white 
(0/255) images are required. To produce these conditions, the software's Threshold 
utility was used. Threshold converts the 255 gray level image to 0/255 format by 
determining a threshold level, above which all pixels become black (255), and below 
which all pixels become white (0). This threshold level is user adjustable, and we found 
that for accurate porosity determinations, it had to be manually selected for each image. 
We employed two methods for determining appropriate threshold settings. The first is 
somewhat subjective. A particle boundary is selected using the program's area selection 
tools, the image is thresholded, and the threshold level is increased to the point where 
random white pixels are just beginning to appear on the black background. The second 
method is more objective, and employs histograms to determine the threshold level. 
When a histogram is computed using the Compute Histogram command for an entire 
image, in each case it shows a bi-modal distribution of pixel levels, corresponding to 
particle and background. The threshold level will fall in the saddle between the 
histogram maxima. To increase the accuracy of threshold level placement, a second 
histogram of the image background is computed. This histogram will show the intensity 
levels occupied by the background, and the threshold can be selected just below these 
levels. A particle boundary is selected and the threshold level is set. After the threshold 
is selected by either method, the image is binarized using the Make Binary command, and 
the Compute Percent Black and White command is used to compute porosity, where 
porosity corresponds to the percent of black pixels within the selected area. 

Discussion: First, a word on particle boundary selection. In each image, the particle 
area was selected so as to minimize edge effects. If a particle boundary is very irregular, 
it can become difficult to determine where the particle ends and the background begins. 
By excluding epoxy "inlets" from our calculations, this problem can be avoided. 

Overall, both of the above methods of threshold level selection seem to yield accurate 
porosity measurements. A sample of known porosity (Brea Sandstone, 23% porosity)was 
obtained from Core Laboratories, Inc. (Houston, TX) and used as a standard to test our 
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method. Both threshold level selection techniques yielded porosities with measurement 
errors of 15% or less on the best images of the standard. Furthermore, it was found that 
TBC settings had little effect on porosity readings, so long as extremes were avoided. 
This is understandable, considering the fact that the threshold level was set individually 
for each image, and also very desirable, as it eliminates one level of uncertainty in our 
calculations. In short, we are confident that this method ~ work for accurate porosity 
determinations in nanogram-sized particles. 

The results of our initial studies are shown in the table below. When compared to 
porosity in carbonaceous chondrite samples, IDPs do not seem to show the significantly 
higher porosities that had been expected. In fact, these results appear to overlap with 
meteorite porosities, as measured by bulk analysis methods (C = 1-26%, H = 2-18.1 %, 
L=2.9-20%, LL=7-16%)[5], to a high degree. However, there is a great deal of work yet 
to be done. There are many IDPs that have yet to be examined, as well as a general lack 
of porosity data for what is the most abundant type of carbonaceous chondrite, the CM's. 
We hope that, through continued refinement and application of this method, some of our 
present questions concerning porosity in IDPs and meteorites may be answered. This 
data should be of great use for modeling of parent body processes, such as accretion, 
compaction, aqueous alteration, and metamorphism. 

Acknowledgments: The author would like to thank Dr. M. E. Zolensky and C. Sapp 
for all their help throughout this project. Also, a special thank you to Dr. C. Allen for 
reminding us of the utility of histograms. 
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[ 4] mlensky, M. E. et al. (1993) LP! Technical Report Number 94-02, 114-143; 
[5] mlensky, M. (1994) private communication 

Porosity rnmvcern•oh lo IDPs C'1l 
• 

Back irnund EU Histoaram 
L2005O32 7 7 

L2005F39 4 s 
L2005 010 3 3 

L2005 AAJ 0 3 

L2005AA3 2 2 

L2005AA4 0 0 

L2005VI 14 II 

L2005 V!3 9 9 

L200SY6 2 

L2006 013 7 6 

L201I 010 6 3 

LAC-I 2 2 

L2005 10, entire 2 

L2005 10, neglecting sulfide ctystal 5 3 



IO '94 Intern Conference 

STRATIGRAPHY OF THE UPPER LAYERS OF THE WALLS OF VALLES MARINERIS; Kelly 
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Treiman, Lunar and Planetary Institute. 

INTRODUCTION 

The walls of Valles Marineris provide a unique opportunity to observe the subsurface geology of 
the planet Mars. The chasmas walls expose sections of crustal material up to 10 km thick, over a 
distance of 4000 km from west to east across the eastern flank of Tharsis. Surface units in this region 
range in age from lower Noachian to middle Amozonian. Previously, several researchers have 
recognized that the upper portions of the chasma wall exhibit layering continuous at least on the scale 
of tens to hundreds of kilometers [9, 10]. In this study, I have used Mariner 9 and Viking 1 and 2 high
resolution images (38-200 m/pixel) to determine the character, continuity, and stratigraphy of the wall 
layering throughout the chasma system. 

METHODOLOGY 

In order to determine the elevation, thicknesses, and stratigraphy of the layers throughout the 
walls of Valles Marineris, stratigraphic columns of each major wall exposure were prepared. Where 
digital imagery was available, I prepared contrast-enhanced and filtered image products to highlight 
the layering; where it was unavailable I used photographic prints. At each exposure I identified 
planar segments of the wall, described the layering exposed in them, and measured horizontal distance 
from the chasma floor to the surrounding plateau and to the boundaries of each layer. The wall relief 
at each segment was measured off the published topographic map of Mars [11] and checked against the 
digital topographic map [13]. These measurements were then converted to layer thicknesses and 
elevations using trigonometric relations. From these results, stratigraphic columns were prepared for 
the wall of seven chasmas. To demonstrate the stratigraphic relationship of the layers with geologic 
units, I also included on the columns the thickness of post-Noachian volcanic material from the isopach 
map of De Hon [5,6]. In addition, several of the sites were characterized using digital color mosaics 
[12], to which decorrelation stretches were applied to enhance color difference. To a first order, visible 
color properties of Mars may be modeled as a mixture of dark gray, unaltered material and bright red, 
altered material ("dust") [1], so that color of the walls is an indicator of the degree to which 
physically exposed layering might be obscured by a thin cover of dust. 

RESULTS 

The best-observed occurrence of wall layering is on the 2 km high south wall of Hebes Chasma. I 
adopt this as the type section of the layering. An upper dark layer is cliff-forming, and varies from 
approximately 36-63 m in thickness. It occurs directly at the top of the wall. The middle brighter 
layer is slope forming, with a thickness of 250 to 272 m. A bottom layer is also dark cliff-forming, but is 
slightly thicker than the top layer, ranging in thickness from 55 to 75 m. 

Figure 1 shows the stratigraphic columns and correlations of layers for locations throughout 
Valles Marineris. The three layers exposed in Hebes Chasma generally vary little in thickness and 
depth throughout the chasma system. A direct comparison of the south walls of Hebes and Coprates 
Chasma is useful to demonstrate the overall lateral continuity of the layering The upper layer in 
Coprates is slightly thinner than in Hebes ranging from 15 to 25 m, but also occurs at the top of the wall. 
The middle layer varies in thickness from 77 to 280 m. The lower layer, where resolvable is similar in 
thickness varying between 23 and 50m. The similarity in layering style and thickness to Hebes is 
especially significant, because of the 1500 km distance separating the two locales, and because the ages 
and geologic histories of the geologic units cut by the wall are very different. The plateau outside 
Coprates is Noachian in age, whereas the surface outside Hebes is a younger Hesperian unit. De Hon's 
[5,6] isopach map shows that the plateau outside Hebes has been covered by ~0.25 km of volcanic 
material postdating the age of the plateau surface outside Coprates. In Hebes and Coprates dikes are 
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observed in the walls, but there is no layering in the lower portion of the walls. Since the dikes are 
resolvable, it is dear that the layering does not continue at depths greater than ~ 500 m. 

In some areas the character or visibility of the three layers appears greatly different in high 
resolution imagery. This may be the result of lateral variation in the character of the layering: for 
example, the interior mesa of Coprates Chasma exhibits only an upper cliff forming unit ~280 m thick. 
However this latter feature appears to have had substantial overburden removed during chasma 
formation, so that the layer may correlate with the lower stratum observed in the wall to the south. In 
other cases viewing geometry, surface morphology, and/or a dust cover may obscure the layering. For 
example, the north wall of Coprates does exhibit a cliff forming upper stratum 257 to 368 m thick, but 
stratification is not evident. The illumination angle in the highest-resolution Viking images covering 
this area (428a series) is such that the layering is mostly in shadow, obscuring its and color image data 
reveals comparatively red color, suggesting an obscuring cover of altered material. 

In general the layers thicken beneath craters that are transected by chasma walls. This is best 
observed in Ganges Chasma where the chasma wall transects a 30 km diameter crater on the surfidal 
Npl2 unit of the plateau plains. To the east of the crater on a scarp face exposes a 42 m thick upper unit, 
a middle unit of 104 m, and the lower unit is 83 m. To the west of the crater the upper unit is 33 m thick, 
the middle unit is thinner at 55 m, and the lower unit is 88m thick. Beneath the crater the upper unit 
thins to 18 m, and the middle unit is similar in thickness at 60 m, but the lower unit thickens by a factor 
of2 to 166m. 

DISCUSSION 

The stratigraphy and thickness of the layers in the upper chasma walls are relatively consistent 
throughout Valles Marineris, over a 4000 by 300 km area, and the layers are evident in available 
imagery where viewing geometry is evident and the wall is not covered by bright dust. This continuity 
is strong evidence that the layering represents a single formation of some type, rather than a fortuitous 
superficial similarity of a multiple distinct deposits Three possible hypotheses to explain the 
layering are a diagenetic layer, volcanic layer, or a sedimentary layer. One key piece of evidence for 
the layering's origin is that it cuts across the marker horizon defined by the base of the post-Noachian 
volcanic sequence. The upper surfaces of the south wall of Coprates, Ganges and Eos Chasmas are all 
Noachian in age. Other areas transected by the chasmas walls are of younger Hesperian age, but all 
areas exhibit subsurface layering. According to De Hon's (5,6) isopach map the base of the volcanic 
sequence occurs at depths of~ 250 m in the Hesperian units. If the layering is a geologic unit one would 
expect to find the layering dipping beneath the Hesperian and younger deposits. In fact, the layering 
occurs at the tops of the chasma walls regardless of the thickness or even the presence of the post
Noachian volcanic sequence. This lack of relationship with geologic units is inconsistent with a 
volcanic or sedimentary origin of the layering, and by process of elimination supports the hypothesis of 
a diagenetic layer. Another key piece of evidence is continuity of the layering beneath impact craters 
transected by the walls. Under the crater on the wall of Ganges Chasma, excavation of the stratum did 
not occur as expected in the impact process. The layering continues up to the edge and then follows the 
exposed floor of the crater. This continuity of the layer is difficult to reconcile with a volcanic or 
sedimentary origin, but can be explained by a diagenetic origin. 

The chasma system slopes downward west to east from a height of 9000 m to 3000 m, and the 
layers are consistently observed in the upper 0.5 km of the walls. This indicates that the layers do not 
follow a geopotential surface, so they are unlikely to have formed at a fossil ground water table. Since 
the layering reflects the surface topography, possible origins for the layers might involve geothermal 
processes, sublimation, or solute migrations [4]. Both Jakosky, et al. [8]and Fuller, et al. [7] suggested 
formation of duricrusts (hardpans) on Mars. Fuller and Hargraves surmised that the broken up boulders 
at the Viking 2 lander site may be remnant of a past duricrust [7] . This may be the source of the stratum 
in this study. Another possible source is a chemical reaction front, such as from oxidation of sulfides 
into ferric-bearing mineral assemblages (2,3]. 
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CONCLUSION 

In Valles Marineris a continuous packet of layering is present at the top of the chasma walls. The 
layered unit consists of an upper thin, dark resistant unit; a middle~ bright, slope forming unit of 
variable thickness; and a lower dark, resistant unit that is more variable than the upper dark unit. 
Since the surface ages of the cliffs vary, and the older unit does not plunge beneath the younger units, 
the origin of the unit is most likely diagenetic. Continuity of the layering beneath impact craters 
further supports an origin by diagencsis rather than by deposition . 

• • . ·•· . . - • r ; •• , 

Figure 1 Stratigraphic columns for selected sites in Valles Marineris 

References 

! . . . - . --:--.~.:-:.~1 
' ... - _- :·. - . -- : i 

[1) Arvidson, R. E., Guincss, E. A., Dale-Bannister, M. A., Adams, J. Smith, M., Christensen, P. R., 
Singer, R. B. (1989) /GR 94, 1573-1587 
[2] Bums R G., Fisher, S. F. (1990) /GR 95, 14,415-14,421 
(3] Burns R G., Fisher, S. F. (1993) /GR 98, 3365-3372 
(4] Clifford, S. M. (1993) /GR 98, 10973-11,016 
IS] De Hon, R. A. (1982) /GR 87, 9821-9828 
(6) De Hon, R. A. (1987) LPl Technical Report #88-05 
[7] Fuller, A. 0., Hargraves, R. B. (1978) Icarus 34, 614-621 
[8] Jakosky, B. M., Christensen, P.R. (1986) /GR 91, 3547-3559 
[9] Kieffer, H. H., Jakosky, B. M., Snyder, C. W., Matthews, M. S. (1992) Mars 
(10] Lucchitta, B. K. (1978) /RUSGS 6, 651-662 
[11) United State Geological Survey (1991) Map I-2160 
[12) United State Geological Survey (1991) Missio11 to Mars vol. 9 
[13] United State Geological Survey (1991) Mission to Mars vol. 2,7 



Location of the South Atlantic Anomaly, Teresa Holloway 

INTRODUCTION: 

THE LOCATION OF THE SOUTH ATLANTIC ANOMALY 
Teresa Holloway, Brown University, Providence, RI 

Advisor: Michael J. Golightly, NASA Johnson Space Center, Houston, TX 

'94 Intern Conference 

The near-Earth space radiation environment poses a threat to both astronaut health and spacecraft 
systems. For astronauts, radiation exposure results in long-tenn health risks, including cancer and genetic 
abnormalities. For space systems, radiation exposure can damage or degrade electrical circuits, computer memory, 
CCD cameras, and optics. There are three main sources of space radiation: galactic cosmic radiation (GCR), 
which originates from outside the solar system, solar particle events (SPE's), which are large amounts of radiation 
released from the sun, and the trapped (Van Allen) radiation belts. 

The earth's geomagnetic field traps protons and electrons in belts around the Earth. While most of the 
trapped radiation is above 1000 km, the proton belt dips closer to the Earth's surface in a region above the coast of 
Brazil. This region is referred to as the South Atlantic Anomaly (SAA). The SAA is a major contributor to the 
radiation doses received by low-Earth orbiting spacecraft. To minimize astronaut radiation exposure, 
e>..1ravehicular activities (EV As) should be avoided in the SAA, so an accurate prediction of the region's location is 
vital for the planning of future missions. To control system damage, sensitive electronics, such as the Hubble 
Space Telescope cameras, are turned of as the orbiter passes through the SAA. 

The SAA is a result of the offset and tilt of the geomagnetic field with respect to the Earth's rotational 
axis. The geomagnetic field is undergoing a long-term secular decay which is causing the field to shift with 
respect to the Earth's surface. As the SAA is a result of the geomagnetic field, the shifting in the field produces 
changes in the location of the SAA. The result is that the SAA is drifting westward. 

Three previous studies have been conducted to determine the drift rate of the SAA. By examining 
changes in the magnetic field models over the past 30 years, Konradi et al. calculated a rate of0.27 °W/yr [I]. A 
later study of dose rate data by Konradi et al. found the drift rate to be 0.32° W/yr, but the flight examined flew at 
low inclination, so only the upper halfofthe SAA was measured [2]. A much higher rate of0.49 °W/yr, 0.12 
°Nlyr resulted from a flux analysis of STS-28 by Golightly, et al. [3] . 

This study uses radiation dose rate data collected during fourteen shuttle missions using the U.S. Air 
Force Radiation Monitoring Equipment-III (RME-III), a portable tissue-equivalent proportional counter [4]. The 
RME-III measures the dose every ten seconds throughout the mission. The unit of absorbed dose is the gray (Gy), 
where l Gy equals I J energy deposited in I kg of material. 

PROCEDURE: 
For each mission the actual and calculated SAA location was determined by two methods--one based on 

the radiation particle flux, the other on dose. The measured dose or particle flux is mapped to the Earth's latitude
longitude coordinate system, and dose or flux is calculated for the same flight parameters using the AP8 (solar 
maximum) trapped radiation model. The difference between the measured maximum dose or flux and the 
calculated position yields the movement of the SAA between 1970 and the time of the flight. A series of Fortran 
programs perform required calculations and modifications to analyze the data. 

Mapping the RME data onto the Earth's coordinate system requires a five-step procedure. First the RME 
data is checked to ensure that the Greenwich Mean Time (GMT) and Mission Elapsed Time (MET) of each 
measurement are correct. Based on the time of each measurement, the location of the shuttle is calculated using 
measured state vectors of the spacecraft and a trajectory propagator. The location corresponds to the spacecraft's 
position at the midpoint of the measurement interval. 

For each trajectory position, the magnetic invariant parameters B and L are computed using the 
appropriate International Geomagnetic Reference Field. The RME dataset and the corresponding trajectory 
infonnation are then merged. The combined RME/trajectory dataset is smoothed over a regular array of latitude
longitude points. For the study, a 249 x 249 grid of points was used. At each grid point, the six closest 
measurements are found and averaged using weighting factors based on the distance of the measurement from the 
grid point. The resulting averaged data is then searched to find the grid point with the maximum flux and dose 
rate. 

Dose rates at the 1970 solar maximum are calculated by transporting the spectrum from the AP8 model 
through the shielding of the RME-III. The integral flux is calculated in a similar manner, using the minimum 
particle energy needed to penetrate the shielding as the proton energy level in the AP8 model. 

13 
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After a maximum dose rate position has been measured for each flight and a corresponding location 
produced from the 1970 model, the difference in the latitude and longitude of each position is calculated, yielding a 
drift rate for each flight. 

RESULTS: 
The RME data is being analyzed, and the dose rate modeling program is nearly complete. Of the fourteen 

missions to be studied, seven have been mapped, providing the position and magnitude of each flight's maximum 
dose rate. A flux-determined drift rate of0.518 ° W/yr, 0.116 ° N/yr has been determined for STS-28. The dose
determined rate for the same flight will be a more comprehensive measurement. The two results will be compared 
to determine the how closely the flux and dose rates correspond. If they are very close, then the simpler flux 
analysis will be shown as a sufficient determinant of the rate. 

The data clearly shows that the dose rate increases with altitude. At lower altitudes, the protons in the 
SAA dissipate into the earth's atmosphere, so the maximum dose rate is much lower for these flights. The dose 
rate at 617 km, taken from STS-31, is 44 times larger than the maximum dose rate taken at 298 km from STS-56, 
although STS-56 passed though the peak of the SAA and STS-31 did not (Fig. I). 

The magnitude of the maximum dose rate is also effected by the solar cycle position at the time of flight. 
At solar minimum of the 11 year cycle, the atmosphere contracts, so the SAA is more intense at lower altitudes. 
As the cycle progresses to its maximum, the atmosphere expands and the protons in the lower altitudes of the SAA 
are absorbed. The four flights plotted in Fig. 2 all flew with a 57.0 degree inclination at approximately 300 km. 
The dose rate is at its lowest when solar activity is at its maximum. 
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Figure I: At lower altitudes, the SAA protons 
are absorbed by the atmosphere, lowering the 
measured dose rates. 

A possible altitude dependence of the drift rate 
may appear on further study of the data. The maximum 
smoothed dose rate for STS-31, flying at an average 
altitude of617 km in April, 1990, is at 42.097 ° W, 
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Figure 2: These four missions (STS-28, STS-41, 
STS-45, STS-56) flew at comparable altitudes and 
inclinations. The lowest dose rate occurs when 
the solar cycle nears its maximum, as the 
atmosphere expands and absorbs more SAA 
protons. 

farther west than most of the lower altitude flights in more recent years. 

Mission Epoch Inclination Altitude Max. Dose Rate Latitude Longitude 
( 0) (km) (uGy/min) (o S) (0 W) 

STS-28 1989.7 57 306 1.79 34.935 39.194 

STS-31 1990.3 28.5 617 139.41 27.351 42.097 
STS-41 1990.8 28.5 292 0.47 27.581 37.742 
STS-39 1991.3 57 257 0.23 30.798 46.452 
STS-42 1992.1 57 298 1.61 34.935 39.194 
STS-45 1992.3 57 296 0.94 31.258 39.194 
STS-56 1993.3 57 298 3.17 36.774 40.645 



Location of the South Atlantic Anomaly, Teresa Holloway 

I 
Figure 3: STS-28 RME Contour Map. 

!I 
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Figure 4: STS-45 RME Contour Map. The elongation of the 
SAA due to the March, 1991 geomagnetic storm is noticeable 
when compared to the STS-28 map. 
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The dose contour maps provide 
information about the shape of the SAA as well as 
about its location. The great geomagnetic storm of 
March, 1991 produced an elongation in the SAA 
which appears in data taken since the storm. 
The contour map of STS-45 differs markedly from 
that of STS-28, flown in 1989. 

CONCLUSION: 
The analysis of the SAA drift rate is in 

progress, and the final results will help in the 
planning of space activities. In addition to aiding 
in shuttle flight plans, the SAA position 
information will be used in planning for the space 
station and for other projects in LEO. The data 
collected to date and Fortran code additions lay the 
groundwork for a thorough investigation of the 
SAA. 
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Introduction 
Icy satellites of Jupiter and Saturn imaged by the Voyager I and II spacecrafts in the 1970's, provide 

photogeologic information revealing complex terrains prominently scarred by impact craters. The Voyager data used 
in this study represents the highest resolution images currently available for Ganymede, Dione, Rhea, Ariel, and 
Miranda. Our primary goal has been to set the framework for a systematic study of impact crater ejecta 
morphologies on the icy satellites, not attempted to date. The Jovian and Saturnian satellites have similar surface 
compositions largely of water ice, and the absence of substantial atmospheres. Variation in gravity among these 
satellites of an order of magnitude allows examination of the dependence of crater ejecta morphology on the gravity 
of the impacted body. Ganymede's nearly equal surface gravity to the Moon makes it ideal for comparison between 
icy and rocky bodies, and to establish the influence of target body composition on crater ejecta morphology. These 
satellites also exhibit large, irregular craters and multi-ringed impact basins which may be a result of an icy 
composition. Using a well established relationship between ejecta and crater dimension, we intend to estimate the 
initial crater rim diameter for poorly preserved structures such as palimpsests, where secondaries can easily be 
defined. 

Morphology of Ejecta Fades 
Impact craters on Ganymede, Dione, and Rhea exhibit distinct concentric zones of ejecta arranged in a 

succession of layers that grade out radially from the crater, presumably a result of ballistic emplacement. The 
topographic rim of the apparent crater is defined by the ring separating the outward facing ejecta and inward facing 
terraces, slumping and crater floor. It serves as an inner boundary from which the continuous ejecta may be mapped, 
although degradation through extensional faulting and slumping effectively inflates the diameter compared to the 
original transient crater. Continuous ejecta is a deposit defined by a high degree of overall textural coherence that 
buries preexisting terrain in a radially thinning blanket of material. Crater ejecta can be divided into at least three 
morphologically distinct units. A blocky rim unit is observed in some Ganymede craters and on the rocky bodies 
such as the moon [I]. The next unit extending from the rim is termed the pedestal, characterized by a distinct 
topographic step which separates it from the remainder of the continuous ejecta. Pedestals typically have a width of 
approximately one crater radius, though their perimeters may be lobate, and have been observed by Horner and 
Greenley on Ganymede to have petal-like lobes reminiscent of pedestals on Mars [2]. Pedestals appear analogous to 
the hummocky unit mapped by Guest et al. on the lunar crater Aristarchus [I]. Discerning the textures of pedestals 
on icy bodies is tempered by moderate resolution, but they appear to be coarser than ejecta further from the crater and 
have a high degree of integrity based on their preservation around old craters. Beyond the pedestal the continuous 
ejecta extends outward about one crater diameter to a zone where it feathers outward into discontinuous ejecta. The 
outer continuous ejecta is homogeneously coarser than the background terrain. The outer continuous ejecta thins 
radially outward, evidenced by the progressive inward mantling of preexisting structures, such as grooves. A 
significant aid in determining its limit are secondary impact craters, emplaced early in the sequence of impact events 
and corresponding to the lowest stratigraphic unit of ejecta. As a result, secondary morphologies vary from "crisp" 
beyond the continuous ejecta deposit to "softened" where thinly blanketed, and approximate the division between 
facies. Properties such as clustering of similarly sized craters, distinct crater "chains" in rare instances, and a 
"herringbone" pattern created by the interference of simultaneously expelled ejecta curtains from individual craters, 
suggest a secondary nature. 

Discussion 
Applying distinct boundaries to morphologically distinct ejecta deposits is largely a scientific construct, 

since they merge in a gradational manner and the definition of the edge is subjective and sensitive to imaging 
conditions. As a result, varying sun angles, underlying terrain, morphologically superficial albedo deposits, and 
varying resolution may complicate the mapping process. Available data on additional satellites allows only 
preliminary assessments of the effect of gravity on crater morphologies. To minimize the randomness in our 
mapping, experience was gained through studying high resolution lunar orbiter images of Aristarchus, and in 
viewing stereo pairs of Apollo metric images. To reduce subjective mapping uncertainties, each of us produced 
independent maps of crater facies. These were then compared to determine observer bias (<5%). We averaged the 
two versions to produce the final data set. To test the consistency of our definition of continuous ejecta with those 
of other observers, we will compare our ejecta facies map for Aristarchus to that of Guest [ 1 ]. 
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Methods 
Mapping is based on Voyager I and II images of Ganymede, Rhea, and Dione, currently the highest 

resolution available for these satellites. A sharpening filter, not previously used, has provided enhanced detail. 
Initial selection of candidate craters came from archival prints and viewing of original data on image processing 
equipment. Criteria required a clear expression of the continuous ejecta blanket and/or secondaries, unobscured by 
subsequent events, such as cratering or resurfacing, or preexisting terrain of a highly cratered or complex nature. 
Crater images were processed to increase contrast and printed in a sinusoidal projection. Mapping the rim, pedestal, 
outer continuous ejecta, discontinuous ejecta, and critical secondaries in the proximity of the continuous ejecta 
boundary was completed on separate sheets. In addition to hard copy printouts, the original unreprojected frames 
were viewed on the computer to clarify spatial relationships and assist in regions of foreshortening, and orthographic 
stereo pairs were examined where available. Stereo was particularly important in discerning secondaries, topographic 
relief of the pedestal, and discriminating subtle textural changes somewhat obscured by albedo variations within the 
continuous ejecta. These initial maps were exchanged, allowing each of us to examine an alternate interpretation and 
modify his original version. Each map was digitized to determine the area of each concentric facies. Average 
diameters for each facies were determined. Data is plotted with crater rim diameter verses pedestal and continuous 
ejecta blanket diameters. 

Our first results, based on less than half of the potential data set indicate a strong linear trend for ejecta 
facies of small to medium sized impact structures where ejecta diameter increases proportionally to the apparent crater 
diameter. The parallel relationship between the trends for pedestal and continuous ejecta diameters as a function of 
rim size confirms that the deposits are related to the same impact processes. Similar plots for Mercury and the 
Moon [3] suggests fundamental similarities in the impact process among bodies of varying composition. The only 
large ringed structures examined to date is Gilgamesh. The data suggest that either the inner or outer ring could be 
the "crater rim" of Gilgamesh. Further mapping of palimpsests and multi-ring basins will allow us to refine the 
apparent ejecta-diameter relationship for regular craters to learn something new about large multi-ring crater 
formations. 

Conclusions 
The relationship between crater rim diameter and ejecta facies diameters for large and small structures, it 

should be useful for estimating the size of the original transient crater in poorly preserved structures. Secondary 
craters and remaining ejecta deposits surrounding palimpsests where the rim is poorly preserved would allow 
estimations of the original crater, and therefore the impacting body. If the data suggest a more complicated 
relationship occurs as crater diameter increases, estimations may be possible as well, but ease and reliability may be 
diminished due to the fewer number of large scale structures compared to small to medium sized craters. At present, 
the data for Gilgamesh do not confinn or reject either of these possibilities. In order to evaluate the role of gravity 
and composition we will need to reconstruct the pre-collapse crater using terrace restoration techniques [ 4], and 
compare this to the inferred rim size based upon the geomorphic ejecta facies. In addition, determinations of the effect 
of varying gravity on crater morphology among the icy bodies will rely on further mapping, though Voyager 
information about craters on these satellites is sparse. Continued work will attempt to examine gravity scaling 
based on craters on Dione, Rhea, and Ariel, with stereo images of Dione and others where available. Also, the 
relationship between secondary projectiles and the continuous ejecta blanket needs to be better understood. Icy 
satellite data will be compared to existing research on the Moon and Mercury to test the observed properties of 
impact crater morphologies among bodies of diverse composition, which may have different fracturing properties. 

A final intention of this study is to aid in the interpretation new images of Ganymede and Callisto from the 
Galileo spacecraft in 1996, and Cassini in the next century. Galileo will target a number of craters and allow 
examination of craters previously too small to map. This study will provide a context for the extremely high 
resolution Galileo images, and test our developing model. 

References [I] Guest, J.E. (1973) Geo. Soc. Am. Bull., 84, 2873-2894. [2] Horner, V.M. and Greenley, R. 
(1982) Icarus, 51, 549-562. [3] Gault, D.E., et al., (1975) JGR, 80, 2444-2459. [4] Settle, M. and Head, J.W. III 
(1979) JGR, 84, 3081-3096. 
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Figure I . Voyager II image (20639.49) of crater Eshmun. 
Approximate crater rim diameter is 87.3 km. 
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Figure 2. Sketch map of ejecta facies 
for Eshmun, based on Figure I : 
1) crater rim, 2) pedestal, 3) continuous 
ejecta. 

Figure 3. Plot of crater diameter verses 
pedestal and continuous ejecta diameters 
on logarithmic scale. 
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Introduction. Extensional tectonic features located in the Tharsis province of 
Mars are all associated with the uplift of the area, but the magnitude and style of ex
tension varies from region to region[l]. In Valles Marineris a large amount of de
formation is concentrated along a few structures, forming narrow rifts, while in 
Tempe Terra and near Alba Patera, comparable amounts of deformation are dis
tributed among many graben. In contrast to these is Sirenum, where limited exten
sion distributed over several graben has occurred[2,3,4]. These variations in mor
phology may be due to variations in the strength of the lithosphere across Tharsis, 
which, in turn, may reflect regional variations in crustal thickness and thermal 
gradient. 

Model. A one-dimensional model has been developed which calculates the 
vertically integrated strength of the lithosphere after various amounts of strain. It is 
run with a 1 km vertical resolution, although it has been tested at finer grid spacing. 
The model assumes that, initially, as strain is applied to the lithosphere, it is focused 
in a narrow region. Physically, this is interpreted as the site of an infinitesimal 
weakness in an otherwise uniform lithosphere[S]. As the lithosphere continues to 
be stretched, the crust is thinned and the thermal structure is altered due to conduc
tion, advection and radioactive heating. The strength of the lithosphere depends 
both on the crustal thickness and the thermal structure, so it changes as well. From 
this dynamic situation two buoyancy forces originate. Since rock expands with 
higher temperature, a changing thermal structure results in differing densities 
when compared with the surrounding thermally static area. These density anoma
lies give rise to a force, called thermal buoyancy. In addition, a compressional force, 
referred to as crustal buoyancy, arises as strain is applied. As the crust is thinned, the 
strained region sinks. Gravitational force on the surrounding material at higher 
elevation produces horizontal stresses acting against the strain. If lithospheric 
strength, including the effects of the buoyancy forces, decreases, what was initially 
the weakest point becomes weaker yet, and the strain remains concentrated in one 
place, forming a narrow rift. If, however, the net of all the contributions increases, 
the deformation moves on to some other point that is weaker. As this continues, 
deformation is spread out among many graben, termed "wide rift mode" by Buck[S]. 
It should be said that a similar project is being undertaken by Anderson & Grimm[6], 
however, their focus is specifically on Valles Marineris, while the present work em
phasizes Tharsis as a whole. 

Thermal Structure. The one-dimensional (vertical) heat transfer equation is 
solved using centered differencing for the conductive term and upwind differencing 
for the advective term[7]. Timestepping is done explicitly with the stepsize chosen 
using the Courant condition. The surface is maintained at 205° K, and the tempera
ture at the base of the lithosphere remains fixed at 1620° K. The initial thermal 
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structures are characterized by the temperature of the crust-mantle boundary or 
Moho. Beginning with an isothermal temperature in the interior of the planet and 
applying a surface temperature, the effects of conduction and radioactive heating are 
allowed to act until the prescribed temperature for the Moho is reached. Using this 
thermal profile as an initial condition, the model is integrated forward in time at an 
imposed constant strain rate. 

Lithospheric Strength. The strength of the lithosphere is calculated by 
integrating yield strength envelopes[8]. The yield strength for each grid point is de
fined as the maximum amount of stress that part of the lithosphere can withstand 
before failing. The stress for which the lithosphere at each grid point would deform 
brittlely was calculated with Byerlee's law, which is dependent solely on pressure 
and not composition or temperature[9]. The viscous flow law, which depends on 
composition, temperature, and strain rate, determines the stress value which brings 
about ductile flow[l0]. Strength envelopes are calculated by taking the minimum 
stress required to cause failure at each grid point. 

Just below the surface the temperature is low. Here the yield strength follows 
Byerlee's Law, and continues to do so until the temperature becomes high enough 
for ductile flow to be the weakest link. Over the Moho there is an abrupt change in 
composition, and invariably a jump in yield strength. If temperature increases 
slowly enough at greater and greater depth, the mantle near the Moho follows 
Byerlee's Law and the brittle-ductile transition occurs deeper in the mantle. With a 
steeper thermal gradient, however, the yield strength of the mantle may always be 
governed by the viscous flow law, culminating in a weaker lithosphere. Integrating 
the yield strength with depth is a measure of the stress required to rift the litho
sphere. The crust rheology is assumed to be basalt[l 1] and the mantle rheology is 
olivine[S,10]. 

Buoyancy Forces. As the lithosphere is stretched, the region where the strain 
is being applied becomes lower in elevation with respect to the unaffected region in 
the immediate vicinity. Because there is more overburden in the surrounding un
strained part of the lithosphere, there is a lateral difference in pressure, which acts to 
resist further strain. In effect, this makes the lithosphere stronger. In the model, 
this crustal buoyancy term is calculated analytically, because it only depends on the 
thickness of the crust, which varies uniformly with the assumed constant strain 
rate. Another buoyancy term, namely thermal buoyancy arises from changing 
thermal structure in the area of applied strain. As the temperature profile changes, 
the density of the rock is altered. Since the nearby area is not being affected, there is 
a difference in densities. This translates into a difference in pressure contributing to 
the net force. The thermal buoyancy term, because of its dependence on the thermal 
structure, has to be calculated numerically. 

Physics of Process Yield strength, crustal buoyancy and thermal buoyancy all 
act together in determining whether strain will cause narrow or wide rift mode. 
Changing the strain rate, composition, thermal structure, or crustal thickness affects 
each of the terms differently. If compositions are assumed for the crust and mantle, 
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one can get a qualitative picture of the conditions under which wide and narrow rift 
modes occur. Many processes are interacting at once. As the crust is thinned, the 
weak lower part of the crust, which is controlled by the viscous flow law, is replaced 
by stronger mantle. As a consequence, crustal thinning favors wide rift mode, but 
becomes less of an effect for a thicker crust. Advection and radioactive heating act to 
increase the temperature and cause the points where the crust and mantle are 
governed by the viscous flow law to occur at shallower depths, thus weaking the 
lithosphere, favoring narrow rift mode. However, for very low strain rates, conduc
tion is allowed to keep the thermal gradient down, and advection becomes less of an 
effect. In addition, crustal buoyancy is always benefitting wide rift mode, because 
gravity is always resisting the strain. The aggregate of all these factors determine the 
extensional mode. 

Application to Mars. Currently efforts are being made to map the transition 
from narrow to wide rift mode using the model with Martian parameters. 
Although hard numbers are not yet available, a definite trend has presented itself. 
Narrow rift mode occurs where strain is applied to a region with a thick crust and 
low Moho temperature, while wide rift mode occurs in areas of thin crust and high 
Moho temperatures. These results, although presently only qualitative, correlate 
with the results of a recent modelling of gravity and topography on Mars[12]. The 
model demonstrated Valles Marineris to be in a region of thick crust and low tem
perature, which is consistent with the concentrated deformation located there. Thin 
crust and high temperatures were found to be present in Tempe and Alba, main
taining consistency with the deformation distributed over them. Work will 
continue until more quantitative results are obtained, but a promisingly consistent 
story is being developed. 
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Introduction 
In order to characterize enstatite chondrites and highlight the similarities and differences between them and 

other chondrites, it is necessary to examine the nature and abundance of their chondrules. This study is a statistical 
analysis of the relative abundances of textural types of chondrules in seven enstatite chondrites that have well 
preserved primary structures. 

Metlzods 
Seven polished thin-sections of type 3 enstatite chondrites were surveyed using plane- and cross-polarized 

transmitted light, reflected light, and cathodoluminescent microscopy to identify the chondrules and characterize their 
textures. Particles with circular or elliptical outlines as well as textures indicative of origins as molten or partially 
molten droplets were considered chondrules. Objects that display textures of chondrules but do not have circular 
outlines were included in the counts because they are most probably fragments of chondrules. Unfortunately, this 
interpretation may result in slightly skewed percentages because porphyritic fragments composed of few crystals are 
optically indistinguishable from enstatite and olivine crystals in matrix. As a result, many probable porphyritic 
fragments were excluded from the study while barred, cryptocrystalline, and radial fragments were always included. 

Once identified, the chondrules and chondrule fragments were traced on overlays of enlarged photomosaics of 
tl1e chondrites. The resulting maps were point-counted using a .5 cm grid. Depending on the size of the thin
scction, between 1250 and 3550 points were counted. The raw numbers were converted into percentages to facilitate 
comparisons. 

Clwndrule Texture Types 
Clearly identifiable chondrule textures indicate that the object was once wholly or partially molten. In 

enstatite chondrites, t11ese primary textures include porphyritic, barred, radial, and cryptocrystalline. In order to 
clarify any ambiguities, I will supply a working definition of each texture. 
Porphyritic: Porphyritic chondrules contain phenocrysts of either enstatite or olivine or both. If the majority of 
tl1e crystals are pyroxene, then it was named a porphyritic pyroxene. Likewise, if tile majority of tile phenocrysts are 
olivine, then it was classified as a porphyritic olivine. If tile chondrule contains botll and is visually estimated to 
include more than 15% of each, tllen it was labeled a porphyritic olivine-pyroxene. 
Barred: The easily identifiable barred texture is characterized by sets of generally prismatic, elongated crystals that 
exhibit singular extinction. Barred olivine chondrules usually contain minor amounts of pyroxene, and barred 
pyroxene chondrules commonly contain minor amounts of olivine. If botll are present and tllere is at least 15% of 
each, it was considered a barred olivine-pyroxene. 
Radial: Radial textures consist of one or more fan-like arrays of pyroxene crystals that radiate from a single point. 
ll1is nucleus point usually occurs near the surface of tile chondrule. 
Cryptocrystalline: Cryptocrystalline chondrules usually lack any recognizable structure. They are typically 
brown wiU1 no identifiable crystals. 
Metallic: While tl1e primary focus of t11is study was to characterize tl1e silicate chondrules, obvious metallic 
chondrules were noted when observed. The only criterion was a clearly circular outline in reflected light. Therefore, 
the percentages of metallic chondrules reported in Table I may give an indication of the actual amounts, but they 
should not be considered conclusive. 

Clzondrites used i11 this study 
Qingzhen: Qingzhen is an EH3 chondrite tl1at shows few signs of weatl1ering. It has a large array of chondrule 
sizes, including a fragment of a radial pyroxene chondrule that must have been approximately 2 mm in diameter. 
There are relatively few barred textures in comparison with all the other chondrites (Table 1). The percentage of 
radial chondrules is high relative to U1e other EH3 chondrites, while tl1e percentage of olivine chondrules is low. 

EET 87746,30: EET 87746,30 is an EH3 chondrite that appears relatively unweathered. Numerous olivine and 
pyroxene fragments stand out in the generally dark matrix. Overall, the chondrules in this chondrite are small, and 
markedly diverse in texture. There are some perfect barred olivine and porphyritic olivine chondrules. Metallic 
chondrules that contain many different sulfides are abundant. There are several porphyritic olivine-pyroxene 
chondrules with high percentages of boU1 constituents. 
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ALH 84170,4: This EH3 chondrite is slightly weathered but relatively unaltered, displaying a variety of sizes of 
chondrules, including one very large barred olivine-pyroxene, and a high percentage of porphyritic olivine-pyroxene 
chondrules (Table 1). 

MAC 88136,36: This EL3 chondrite contains no alteration features. It exhibits a variety of chondrule textures 
set against a dark matrix. There is one large chondrule that appears to be composed largely of sulfides. 

ALH 85119,16: This EL3 chondrite has been stained due to weathering. Many of the cbondrules exhibit 
alteration features. One side of ALH 85119,16 is bound by a clear fusion crust that has a sharp boundary with the 
rest of the chondrite. This chondrule appears to have a lineation to it. Minor amounts of olivine occur as a linear 
feature. The metal is elliptically shaped, with the long axes aligned. This lineation is most obvious in reflected 
light. 

PCA 91020,S: This EL3 chondrite is very complex. A cathodoluminescent (CL) image suggests that there are 
three regions. Domain I has dominantly red CL and contains anomalously high percentages of cryptocrystalline and 
barred olivine-pyroxene chondrules, and low amounts of porphyritic pyroxenes (Table 1). There is one metallic 
chondrule that is approximately one millimeter across. The chondrules display an array of shock features and 
alteration. 

Domain II has purplish-pink CL. The contact between Domains I and II is remarkably sharp. In striking 
contrast with Domain I, Domain II contains no barred chondrules, but 28.6% of its chondrules are radial pyroxene 
(Table 1). No 0U1er chondrite examined in U1is study has more than 16% radial pyroxene. In addition, Domain II 
contains numerous porphyritic olivines, which are concentrated in one area rich with porphyritic olivine-pyroxenes. 
Like Domain I, the chondrules commonly exhibit shock and weathering features. 

Domain III constitutes approximately 10% of the entire thin-section. It has bright red CL with a sharp 
boundary between it and the surrounding Domain I. Its matrix is composed of crystal fragments and circular blebs of 
metal. 111ere is one large chondrule that contains elongated, skeletal pyroxenes. 

ll1e chondrules in PCA 91020,5 were difficult to categorize texturally because of extensive shock and the 
percentages reported should be considered approximations. 

LEW 87223,3: This chondrite is classified as anomalous [I]. The relative abundances of chondrules do not 
correspond with other chondrites examined in this study. Most striking is ll1e ratio of chondrules to matrix, which is 
much higher than any oll1er chondrite in ll1is study (Table 1). Also significant is U1at 79.7% of the chondrules are 
porphyritic, which is the greatest ratio in any of ll1ese chondrites. Notably, there are very few barred textures. 
Unique to ll1is chondrite is a beautifully crystallized feldspar chondrule. 

Percentage Abundances of Chondrule Primary Texture Types in E3 Chondrites 

Type Chondrite Total % of pp POP ro BP BOP DO RP cc MET 0TH 
chondrules/ 
chondrule 
fraements 

EH3 Oinezhen 24.8 65.5 7.0 0.0 0.7 0.0 0.0 13.9 2.9 0.0 10.0 
EH3 EET 87746,30 18.3 57.8 13 .7 3.1 4.5 0.4 1.1 6.1 1.3 9.6 2.2 
EH3 ALH 84170.4 24.5 51.6 17 .7 0.4 1.5 15.1 0.0 4.5 1.5 0.9 6.9 
EL3 MAC 88136,36 35.9 70.3 6.0 0.0 1.8 0.0 0.0 12.4 0.5 0.7 8.3 
EU ALH 85119,16 26.0 71. 7 2.7 0.0 5.1 0.0 0.0 10.5 3.0 1.8 5 .1 
EL3 PCA 91020,5 29.5 44.5 4.8 2.5 1.1 9.4 0.0 15.8 7.3 5.6 9.0 

overall 
PCA 91020,5 26 .2 40.8 5.4 1.1 2.0 18.0 0.0 7.8 14.1 10.8 0.0 
Domain I 
PCA 91020,5 34.5 40.0 4.9 4.7 0.0 0.0 0.0 28.6 0.0 0.0 21.8 
Domain II 
PCA 91020,5 31.8 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Domain III 

E3an LEW 87223,3 47.6 74.1 5.6 0.0 0.2 0.0 0.0 13 .5 3.4 0.0 3.1 
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Table 1: Relative percentage abundances of primary textures of chondrules and chondrule fragments in seven enstatite 
chondrites. Textures are: porphyritic pyroxene (PP), porphyritic olivine-pyroxene (POP), porphyritic olivine (PO), barred 
pyroxene (BP), barred olivine-pyroxene (BOP), barred olivine (BO), radial pyroxene (RP), cryptocrystalline (CC), metal 
(MET), and other (0TH). See text for discussion. 

Discussio11 a11d Conclusions 
Although there is variation within each chondrite and among each chondrite type, there are enough 

similarities to warrant comparisons between types. Differences between EH3 and EL3 chondrites can be analyzed by 
comparing the relative abundances of chondrule textures in the chondrites, excluding the two anomalous chondrites: 
PCA 91020,5 and LEW 87223,3. Several conclusions can be drawn: 

• EL3 chondrites have a higher percentage of chondrules than do El-13 chondrites. The EH3 chondrites have 
between 18 and 25% chondrules and chondrule fragments, while the EL3 chondrites have between 26 and 36% 
chondrules and chondrule fragments. 

• El-13 chondrites have a higher percentage of olivine relative to pyroxene than EL3 chondrites. Even though the 
overall percentage of porphyritic chondrules stays remarkably constant between 70 and 76%, the ratio of 
porphyritic pyroxene to porphyritic olivine-pyroxene and porphyritic olivine chondrules varies by as much as 
15-20%. 

• Radial, barred, and cryptocrystalline textures do not show any conclusive trends between EL3 and EH3 
chondrites. 

These data arc also useful for comparisons between EC3 and OC3 chondrites. The most obvious difference 
between the two groups is that ordinary chondrites contain 65-75% chondrules [2], while the enstatite chondrites 
contain 25-36% chondrules (Table 1). In addition, the compositional differences between the two groups are obvious 
in that the ordinary chondrites are enriched with olivine relative to enstatite [2]. 

Despite these differences, however, U1e chondrules in ordinary and enstatite chondrites show a similar array 
of textural types . The bulk compositions of the two types of chondrites vary, especially with respect to oxidized 
versus metallic iron, and yet the relative abundances of tl1e textures are comparable. Both contain mostly porphyritic 
chondrules, wheU1cr composed of olivine or pyroxene, and minor amounts of barred, radial, and cryptocrystalline 
textures ([3] and Table I). This dominance by porphyritic textures in both types of chondrites indicates that the 
majority of the melt droplets were not heated to temperatures very high above the liquidus, and thereby retained many 
nucleation sites, resulting in porphyritic textures [4] . If they had been melted at higher temperatures, radial 
chondrules would be more common, as they would have fewer nucleation sites, and would experience supercooling 
before nucleation and growth [4]. 

The similar proportions of porphyritic to nonporphyritic chondrules in enstatite and ordinary chondrites 
indicate U1at U1e temperatures under which U1ey formed were similar. ll1ercfore, although U1eir compositions vary, it 
appears that the chondrules of ordinary and enstatite chondrites were formed by very similar processes. 
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Advisor: Graham Ryder 

Introduction 
Lunar Crust. The lunar crust consists of igneous rocks such as ferroan anorthosites, dunites, 

troctolites, norites, gabbros, and granites. The details of the structure of the crust are unknown, although 
t11e commonly accepted model is one of ferroan anorthosites floated from a primordial magma ocean at 
t11e top, and other rocks from later intrusion into the deeper crust. The formation of lunar basins such as 
Serenitatis excavated crustal rocks, and the study of sampled impact breccias allows us to investigate 
deeper crustal lithologies. 

Impact Breccias. Upon impact, rocks at the target site are tJ1ought to form a complete melt As 
tJ1e impact melt flows outward from the target site it picks up clasts, and eventually cools and crystallizes 
to produce an impact breccia. At the Apollo 17 landing site, most of the melt breccias are of a single 
composition and are inferred to be the Serenitatis impact melt, falling in the common group of Low
Potassium Fra Mauro basaltic impact melts (LKFM) that are inferred to be related to basin formation. 
Other samples are aphanites (i.e. have groundmass consitituents too small to be seen with the unaided 
eye), have a slightly different composition, and more elastic material. An important question is whether 
these too are Serenitatis impact melts. Sample 72255 is an aphanite which was collected from Boulder 1 
at Station 2 in t11e soutJ1em area of the landing site. It contains rock and mineral fragments; it also 
includes aphanitic melt clasts or blobs. Five clasts or blobs of aphanitic melt (each several mm in 
dimneter) were taken from a slab for petrographic and chemical analyses to be supplemented by 
geochronological studies. 

The Project. In understanding the breccia formation, we wish to know if the melt blobs are 
similar to each other, and in tum similar to or different from tJ1e aphanitic melt matrix of the sample. 
Bulk chemistry suggests all are similar. In order to determine whetl1er or not tlJe populations of the 
dominant minerals (olivine, pyroxene, and plagioclase) are also similar, tlJe minor element concentrations 
are used as fingerprints; different rock types have different minor element concentrations. The essence of 
t11is project is the acquisition of major and minor element data for all 5 samples of aphanitic blobs. These 
populations are also to be compared with tlJose in tlJe Serenitatis melts (data already obtained) to see 
whetlJer tlJey sample a similar or different set of mineral populations, and witlJ melt samples from ilie 
Apollo 15 site. TI1e last task is lo compare these clasts to pristine igneous lunar liiliologies, such as 
ferroan anorthosites, dunites, and troctolites to determine t11e nature of the rocks present at or near ilie 
impact site. 

Analytical Methods 
Data acquisition. Mineral analyses were made witlJ the electron microprobe on tlJe necessary 

polished surfaces of rock slices. The analyses were made on tlJe Cameca microprobe available at Johnson 
Space Center with a focused beam of 2µm. In electron microprobe analyses electron bombardment 
generates x-rays in tlJe sample to be analyzed. X-rays emitted by tlJe mineral are refracted into counters 
where iliey excite molecules of gas and generate a current proportional to tlJe concentration of the element 
in tJ1e sample. From ilie wavelengtJ1 and intensity of the emission lines in the x-ray spectrum the elements 
are individually identified and ilieir concentrations determined. Compared with typical or routine 
analyses, extended counting times were used to increase t11e precision for tJ1e minor elements (for olivines 
and pyroxenes Al, Ti, Ca, Cr, and Mn; for plagioclases Fe, Mg, and K). Approximately one hundred 
points were measured per tlJin section, and many repeated to assess precision (see Table 1). 

Data analysis. For each aphanitic sample, one spreadsheet was produced for the chemistry of 
each of the tlJree mineral types. Thus far, simple plots of the data have been used to make comparisons 
among tlJese impact breccias. Equivalent plots from existing data for finer-grained Serenitatis melt rocks, 
Apollo 15 melt rocks, and pristine igneous rocks were made for comparison. Each of tlJe minor elements 
was plotted versus tlJe major, e.g. CaO vs. Forsterite for olivines, Al2O3 vs. Enstatite for pyroxenes, and 
FeO vs. Anorthite for plagioclase. There has not yet been enough time to inspect and interpret all of tlle 
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data. In particular, the comparisons among different grain sizes and among differently shocked fragments 
have not yet been included. All fragments are susceptible to alteration by submergence in a super-heated 
melt, and smaller grains will be affected most. Some of the smaller grains analyzed may have completely 
equilibrated with the melt. 

Table 1. Summary of analyses made on 72255 samples 

thin section 
mineral 300 301 302 303 305 Apollo15 Apollol7 Pristine 

olivine 37 35 9 25 16 251 316 43 

pyroxene 40 10 ~20 15 18 59 65 107 

plaoioclase 137 61 49 58 39 94 187 83 

Results and Discussion 
Olivines. Comparisons of minor clement concentrations among Ute 72255 olivines indicate tl1at 

olivine clasts derive from a common source since tl1e CaO concentration in the clasts from each U1in 
section is consistent (Fig. l). Except for TiO2 and Al2O3, which are of lower abundance and less well 
determined, the 0U1er mineral element concentrations also reflect tl1is scenario. These olivine populations 
appear similar to those in the Screnititatis melts, at least according to Ca and Ti contents, but one 
Serenitatis sample contains some olivines significantly richer in Cr. The olivines in tlle aphanites are 
different from those in tl1e Apollo 15 melts, suggesting that 72255 aphaniles have a local source. The 
forsterite content in 72255 olivines is higher tl1an ferroan anortl1ositic olivines and are less calcic and 
more aluminous, implying that U1ey are from a more evolved source- perhaps tl1e Mg-suite. The olivines 
in botJ1 Serenitatis melts and 72255 aphanites sample a more diverse set of rocks than are represented by 
the known igneous rock suite. 

Plagioclases. In contrast with tl1e olivines, the 72255 plagioclase clasts do not suggest similar 
sources of derivation for the 5 aphanites; different thin sections show different concentrations of minor 
elements. For example, 72255,300 plagioclases have a wide variety of FeO concentrations. Neitller is 
the anortllite concentration consistent. Thin section 301, on tl1e oilier hand, has a very consistent 
concentration of anorthite although U1ere is a large amount of variation in the FeO content here too. The 
reason for this has not yet been detennined, though possible explanations include assimilation with melt 
material, or the presence of two or more clast populations. Further analysis incorporating clast sizes and 
zoning of minerals will be necessary. In comparison to Apollo 15 samples, 72255 is higher in anortllite 
content but contain similar abundances of FeO and K2O, again implying that they are unrelated. 

Pyroxenes. TI1e pyroxene data is relatively scarce in comparison with the olivine and plagioclase 
data because of the small population available in the thin sections. The pyroxenes in 72255 are richer in 
alumina than otJ1er Apollo 17 samples and high-Ca pyroxenes are lacking, but this could result from their 
poor representation in our meagre data set. TI1cre is not enough data to determine whether or not more 
than one source is represented. It is apparent tl1at the 72255 pyroxenes are not related to tlle Apollo 15 
samples which are higher in Mg, but lower in Al2O3. The same is true about the relationship between 
72255 and other Apollo 17 samples. 
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Figure 1. CaO \\1 % v. Forsterite in olivine fragments in 5 dark aphanitic melt blobs or clasts (top row) 
and in olivine fragments in fine-grained Serentitatis impact melts, Apollo 15 impact melts 15445 and 
15455, and in olivine crystals in pristine igneous highlands rocks (all bottom row). Clusters at very low 
CaO and Fo 88 and 82.5 are for analyses in olivines in pallasites Marjalahti and Springwater respectively. 
In the plot for pristine igneous rocks, open symbols are for olivines in ferroan anorthosites, closed symbols 
are for olivine crystals in Mg-suite rocks (troctolites, norites etc.). 

Conclusions 
TI1e data collected have significant promise for advancing our knowledge of the lunar crust at the 

Apollo 17 landing site, and bow basin-scale impact melts are created. The combined bulk chemistry, 
mineral chemistry, and geochronology may allow us to determine whether or not the apbanites and the 
Serenitatis melts were all made in the same event or wheU1er the aphanites require a separate origin. 
Furfucr analysis and interpretation of our mineral chemical data is underway. 
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Introduction: 
The controlling factors for the formation of complex impact craters has long puzzled 

scientists and researchers. Although it is known that certain properties of these craters ( the onset 
of central peaks, the onset of terracing, etc.) are dependent upon the gravity, density, and strength 
of the target, the nature of this dependence is unknown. The purpose of this study is to 
determine the functional dependence of complex crater formation on target properties. 

In the past, lack of sufficient data led scientists to approach the problem by creating a 
forward model of the modification stage of crater formation and testing to see if the model fit 
the data within the error tolerance. Recent measurements of craters from Venus and the icy 
satellites expanded the range of observed target properties. Rather than follow in other's footsteps 
and create a forward model, we used standard inversion techniques to let the data determine the 
target property dependence. Our inversion also allows one to solve for the relative crustal 
strengths of the planets (with respect to crater modification). 

Previous work theorized a dependence based on the assumption that most properties of 
a complex crater were formed by a collapse in the transient cavity. Using the definition of 
hydrostatic pressure for a point at the bottom of a crater, it is found that the collapse occurs when 
pgH>c where pis the crustal density of the planet, g is the surface gravity, H is the depth of the 
crater, and c is the crustal strength. Along this line of reasoning, forward models of complex 
crater formation have the onset of several features and the crater depth for different planets 
proportional to the factor cl pg. Here we consider two possibilities: I. Onset diameters and crater 
depths are, in fact, well approximated by a linear dependence on this factor, and 2. There is a 
functional, but not necessarily linear, dependence on this factor that can be fit with an exponential 
curve. 

Procedure: 
Assuming that the sets of data could be fit with an equation of the form D=A(pglcl 

where D is the data, p is the crustal density of the planet, g is surface gravity, c is the crustal 
strength, A is a constant, and b shows the nature of dependence, we took the log of both sides 
and normalized the equation by dividing each side by log(D). The data used in this experiment 
(from compilations in 1,2,3) include: the onset diameter of central peaks, the onset diameter of 
terracing, the onset diameter of peak rings, the depth of a 30 km diameter crater, the central peak 
transition (diameter occurrence of 50% central peaks), and the depth-diameter transition. Using 
this data, as well as the known gravity of each planet and an assumed density of 3000 kg/m3 for 
the terrestrial planets and 1000 kg/m3 for the icy satellites, we constructed a series of non-linear 
equations of the form 1 = log(A)/log(D) + blog(pg)llog(D) - blog(c)llog(D) in which the total 
number of equations outnumbered the number of unknowns. Using the Marquardt-Levenberg 
method of least-squares non-linear inversion (4), and fixing one value of c as a reference planet, 
we solved for the unknowns (A's, h's and e's). 
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A series of tests were then run to answer three main questions about the model: How 
important is making b a variable (is an adequate fit obtained if b were set at • 1 ), how robust is 
the solution, and what are the extreme values? To answer the first question, b was set at •l (it's 
theorized value) to test the accuracy of a linear fit versus a non•linear. The next step, to test the 
robustness, involved eliminating each data step one at a time to check for any large differences 
in the results. If these major differences were to occur, they could point to data that is not 
dependent upon these target properties, therefore yielding them useless to this experiment. 
Finally, to answer the last question, the data sets were weighted based on the gravity of the planet 
in order to find the extreme values and approximate the errors in the solution. 

Results: 
After running the inversion and subsequent tests, the results were analyzed for the best 

fit to the data. These are shown in Table 1, along with the approximate errors. As can be seen 
from the table, only half of the data for the terrestrial planets fit within typical measurement 
errors of 20%, with much of the remaining results falling within the range of 20·30%. Most of 
the icy satellites, however, fell within the accepted range, with the onset of terracing for 
Ganymede hitting a high of 56%. There seems to be a trend of high errors within the data sets 
for the onset of terracing, leading to questions about whether a pglc dependence is appropriate 
for this measurement. The b value for the onset of terracing is also the most deviant from the 
theorized • l value. However, the tests run without the onset of terracing data set did not show 
any vast differences from other results. 

The values for b prove quite interesting, ranging from •0.31 for terracing to • 1.05 for the 
onset of peak rings. This seems to be a large variation from the anticipated value of • l, which 
suggests that this problem is a better fit as a non•l in ear equation rather than the currently 
accepted linear fit. The tests run with a linear equation (setting b = • 1) also produced larger 
errors than the non•linear, with values ranging from 0•65%. 

As was expected, the relative crustal strengths of the icy satellites were consistently an 
order of magnitude weaker than the terrestrial planets. Although these strengths seem to have 
a large error (up to 40%), the ratios and sequence of strengths within each data set remained 
consistent, offering credibility towards the results. Interestingly enough, among the terrestrial 
planets, Venus was the strongest, followed by Mercury and the Moon, with Mars as the weakest. 
I tentatively suggest that the megaregolith on the Moon and Mercury cause them to be weaker 
than Venus, and that the presence of water within the Martian crust causes it to be the weakest 
of all. Within the icy satellites, the values of the strengths vary greatly, raising some questions 
as to the viability of these results. These results could be caused by the limited amount of data 
available for the icy bodies, in contrast to the wide array of observations for the terrestrial 
planets. 

(I) Pike, R.J. (1988) Geomorphology of Impact Craters on Mercury. Mercury, ed. by Vilas,F. et al, University 
of Arizona Press, Tucson, 165-273 . 
(2) Schenck, P.M. (1991) Ganymede and Callisto: Complex Crater Formation and Planetary Crusts. Journal of 
Geophysical Research, 96, 15656-15661. 
(3) Herrick, R.R. and Phillips, R.J. (1994) Implications of a Global Survey of Venusian Impact Craters. Icarus, 
m press. 
(4) Lines, L.R. and Treitel, S. (1984) A Review of Least Squares Inversion. Geophysical Prospecting, 32, 159-174. 
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Table 1 RESULTS FROM DATA INVERSION 

Data Model Difference Data Model Difference 
Mercury Callisto 

Dcp 12.00 8. 77 3.23 Ddt 5.80 5.80 0.00 
Dt 18.00 11. 79 6.21 Mimas 
0d 2.04 2.08 -0.04 Opt 27.48 25.45 2.03 
Dr 69.98 72.49 -2.51 Ddt 16.00 16.73 -0.73 
Dpt 13.00 10.23 2.78 Enceladus 
Ddt 4.70 5.62 -0.92 Dpt 15.00 15.00 0.00 

Venus Tethys 
Dcp 8.00 5.35 2.65 Dpt 27.48 32.71 -5.23 
Dt 7.70 9.93 -2.22 Ddt 26.00 22.58 3.42 
Dd 1.34 1.36 -0.02 Dione 
Dr 39.99 40.25 -0.26 Dpt 20.00 23.71 -3.71 
Dpt 15.00 7.47 7.53 Ddt 17. 50 15.37 2 .13 

Mars Ariel 
Dcp 4.00 5.76 -1. 76 Dpt 15.00 20.38 -5.39 
Dt 7.00 10.19 -3.19 Ddt 16.98 12.83 4.16 
Dd 1. 64 1. 45 0.19 Rhea 
Dr 44.98 43 .96 1.01 Dpt 15.00 14. 72 0.28 
Dpt 6.00 7.83 -1.83 Ddt 8.60 8.69 -0.09 
Ddt 3.10 4.08 -0.98 Oberon 

Moon Ddt 0.80 0.80 0.00 
Dcp 15.00 14.51 0.49 Titania 
Dt 16.00 14.06 1.94 Ddt 0.90 0.90 0.00 
Dd 2.88 3.23 -0.34 Triton 
Dr 134.90 132 .17 2.73 Dpt 10.99 10.99 0.00 
Dpt-H 27.00 14.09 12.91 
Ddt-H 10.90 8.25 2.65 
Dpt-M 19.00 15.68 3.32 
Ddt-M 8.60 9.37 -0.77 Dcp = diameter of onset of crater peaks 

Ganymede Dt = diameter of onset of terracing 
Dcp 4.00 3.69 0.31 Dd = depth at a diameter of 30 km. 
Dt 20.00 8.72 11.28 Dr = diameter of onset of peak rings 
Dd 0.98 0.98 0.00 Opt = central peak transition (diameter 
Dpt 5.00 5.90 -0.90 of 50% occurrence) 
Ddt 4.80 2.91 1.89 Ddt = depth-diameter transition 

A for Dcp = 3491.97 (+3500,-2600) b for Dcp = -0.89 :!; .13 
A for Dt = 95.54 (+190,-80) b for Dt = -0 .31 ± .21 
A for Dd = 377.37 (+280,-190) b for Dd = -0.77 ± .09 
A for Dr = 91332.16 (-7000,-37000) b for Dr = -1.06 ± .03 
A for Dpt = 461. 57 (+600, -160) b for Dpt = -0.56 ± .09 
A for Ddt = 535.51 (+700,-250) b for Ddt = -0.67 : .11 

Relative C Values: Mercury = 13 .2 :t 3.9 
Venus = 17 .8 t 5.1 
Mars = 8.2 ± 2.3 
Moon - H = 10.0 :t 2 . 8 
Moon - M = 12.1 ± 3.3 
Ganymede = 0.57 t 0.15 
Callisto = 1. 37 ± 0.40 
Mimas = 0.42 'j: 0.09 
Enceladus = 0.18 ± 0.06 
Tethys = 1. 53 t 0.30 
Dione = 1.04 t 0.24 
Ariel = 0.89 ± 0.23 
Rhea ::;: 0.57 ± 0.16 
Oberon == 0.02 t 0.01 
Titania == 0.03 ± 0.01 
Triton = 0.93 t 0.40 
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Introduction: 
The unusual variation in the albedo of lapetus was first noted in the seventeenth 

century by Cassini [ 1 ]. Scientists believe that this variation could be as great as a 
factor of ten between the leading ( dark) and trailing (bright) edges. The trailing edge 
resembles a typical outer solar system icy satellite [2], however, the composition of the 
dark material covering the leading edge is still unknown. In addition, debate exists 
concerning whether the material on the leading edge is endogenic or exogenic. Since the 
material is oriented precisely towards the direction of motion of lapetus, some believe 
the origin to be exogenic. However, Voyager 2 images suggested that this dark material 
also exists on the crater floors of the trailing edge indicating an internal origin [3]. 

Several studies have been conducted delving into this mystery. The study which 
most shaped this project was conducted by Bell ~ i.l. [ 4 ]. This group collected telescopic 
broadband reflectance spectra, in the range 0.3-2.6 microns, for both edges of lapetus. 
For the dark edge, a linear mixing model was used to separate the bright material on the 
polar caps out of the dark material spectrum. According to this linear mixing model, or 
"checkerboard" model, the observed reflectance at any wavelength is: 

RL = Cs Rs + Co Ro 

where Rs = actual reflectivity of the bright material 
Ro = actual reflectivity of the dark material 
RL = observed reflectivity of the leading hemisphere 

(1) 

Cs and Co depend upon the amount of bright and dark material seen from Earth, limb 
darkening functions and the exact distribution on the disk of lapetus. Since the actual 
reflectivity of the bright material (or the reflectance spectrum of the trailing edge) is 
known, the equation can be solved for the actual reflectivity of the dark material and 
different values of Co substituted until a curve which matches the spectral curve 
resolved by Voyager or the Ro curve is free of water ice absorption lines. Bell il .al. 
found that both methods produced similar results and that the resulting spectrum closely 
marched the spectra of material produced in the laboratory by Gaffey which was 10% 
organics and 90% hydrated silicates [S]. In addition, Lebofsky discovered a 3.0µm 
absorption feature of interlayer and adsorbed water. This would indicate clay silicates, 
like those found in C-class asteroids, which have undergone aqueous alteration [6]. 

Purpose: 
The purpose of this project was to repeat the techniques used by Bell ~ .al. on 

telescopic narrowband CCD reflectance spectra of lapetus, 1 6 Cygnus B and 2 Pallas in 
order to isolate the reflectance spectrum of the dark material and to search for evidence 
of aqueous alteration of the dark material on lapetus. Evidence of aqueous alteration 
would also suggest that the material may not be composed of organics created by UV 
bombardment of the surface [7]. 
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Data: 
Telescopic narrowband CCD reflectance spectra of lapetus, 16 Cygnus S and 2 

Pallas were obtained by Faith Vilas and Steve Larson, University of Arizona in 1993. 
Observing was done on the University of Arizona Observatories 61-inch at Catalina 
Station covering the range 0.3-1.0 microns. A tw~dimensional charged coupled device 
(CCD) with a spectrograph collected the spectra with a value of approximately 11 
angstroms per pixel for the dispersion ( excluding observations done with high 
resolution gratings, during which the dispersion was approximately 7 angstroms per 
pixel). The data were reduced using observations from the same night and with similar 
air masses. Also, data which were extremely noisy were discarded. Since the spectrum 
of 1 6 Cygnus S is nearly identical to that of the Sun, the spectra of 1 6 Cygnus S were 
used as intermediate extinction standards. In an attempt to combine two steps of data 
reduction, the 1 6 Cygnus S spectra were smeared along the slit of the spectrograph with 
the intent of using the spectra as a flat field, to account for sensitivity differences 
between pixels of the CCD. All data was scaled to 1 at 0. 70 microns and data for each 
lapetus and 2 Pallas observation were ratioed to an average of several stellar spectra 
from that night of observation. 

Problems: 
When the data were reduced, a number of problems arose. The first problem 

dealt with the flat fielding technique. Because the design of the equipment was not rigid, 
the light did not spread (after encountering the spectrograph) onto the same pixel of the 
CCD each time. Therefore, data had to be shifted so that the 7000A column was the same 
overall. In addition, there was a problem with differential refraction near the blue
ultraviolet region which does not yet have an explanation. 

Results: 
The spectrum obtained on October 26th of the leading side of lapetus is found in 

Figure 1 . The spectrum has the reddened slope with the drop off near the UV which is 
typical for the leading edge of la pet us. The 02A band is identifiable at 7 61 9A. Figure 2 
displays spectrum of the trailing side of lapetus which was obtained on September 23rd. 
In both Figure 1 and Figure 2 there is a slight dip near 0. 7 microns which is, at this 
time, inexplicable. Additional data reduction will be performed to correct for the 
differential refraction near the blue-ultraviolet region and the linear mixing model, 
Equation ( 1 ), will be applied to the spectrum to remove the effects of the bright 
material from the dark material spectrum. 

References: 
[1] Bell, J. F., and D. P. Cruikshank and M. J. Gaffey (1984) /apetus, 61, 192-207. 
[2] Soifer, B.T. and G. Neugebauer and I. Gatley, ( 1979) Astron. J., 84, 1 644-1646. 
[3] Morrison, David (1982) Voyages to Saturn. [4] Bell, J. F., and D. P. Cruikshank 
and M. J. Gaffey (1984) lapetus, 61, 192-207. [S] Bell, J. F., and D. P. Cruikshank 
and M. J. Gaffey (1984) lapetus, 61, 192-207. [6] Bell, J. F., and D. P. Cruikshank 
and M. J. Gaffey ( 19 84) /apetus, 61, 19 2-207. [7] Bell, J. F. 1 and D. P. Cruikshank 
and M. J. Gaffey (1984) lapetus, 61, 192-207. 
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Figure 1 : Spectrum of dark leading side of lapetus 
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1. Introduction 

Astronomical observations of young low-mass stars 
have led to wide acceptance of the idea that these 
stars are surrounded by accretion disks (for a recent 
review see Strom & Edwards 1993) . On the other 
hand, it seems that much of our solar system's gross 
architecture has arisen from physical processes and 
conditions characteristic for accretion disks (Levy 
1993). Therefore we can make a persuasive case that 
all protoplanetary systems form from accretion disks 
surrounding low-mass young stars (hereafter called 
APDs for accretion protoplanetary disks), and thus 
the study of the physical environment and evolution 
of APDs is necessary for understanding the process of 
planet formation in general, and the architecture of 
the solar system in particular. There is an abundance 
of work designed to model an evolution of gaseous 
APDs. However, if we are interested in the processes 
leading to the formation of planetary systems, the 
current models cannot provide us with many answers. 
This is because we now believe that the formation of 
planets could not have occurred as a result of hydro
dynamic processes or by means of gravitational insta
bility. Rather, planets formed by the accumulation of 
solid matter, beginning with dust, into progressively 
more massive particles, and eventually culminating in 
the few large bodies that comprise the planetary sys
tem (for a review see Weidenschilling 1988). There
fore, in order to understand planet formation we have 
to construct ADP models that not only are able to 
follow the evolution of the gas, but can keep track of 
the solid component as well. 

The distribution of solid particles undergoes 
global time evolution, which accompanies, but is not 
identical t.o the global time evolution of the gaseous 
component of the disk. The evolution of the gas is 
governed by viscous stress, and thus is proportional 
to the differential rotation and the vigor of turbu
lence, the evolution of solids is governed by the fric
tion bet.ween the gas and the solids, and thus is pro
portional to the relative velocity between solid par
ticles and the gas, as well as the size of the solid 
particles . Initially, the solid particles are very small, 
so they are coupled to the gas and both components 
evolve more or less concurrently. With time the solid 
particles gain mass due to the process of coagulation 
and decouple from the gas. The subsequent global 
evolution of solids differs from the evolution of the 
gas, t.he divergence being a function of coagulation 
process timescales and the magnitude of solids-gas 
interactions. Eventually, as the density of the gas 
decreases and the mass of solid particles increases, 
the radial distribution of solids converges to its fi
nal form. This final form is a major factor in deter
mining the character of the emerging planetary sys
tem. This project is the first step in studying the 
global evolution of solids in APDs. Two major ob
jectives have been achieved, a) we have calculated 

radial and transverse velocities of the solid particles 
relative to the accreting gas, b) we have calculated a 
global evolution of single-size, noncoagulating parti
cles. The case of unisize particles illustrates the dif
ferences in time evolution between the gas and the 
solids. It provides a valuable point of reference for 
the more realistic calculations. 

2. Methods, Results & Conclusions 

Our computation starts at t = 0 with a disk Mdisk = 
O.245M0 and angular momentum Jdisk = 6 x 1052 g 
cm2 . Turbulence is characterized by a-= 0.01 and we 
follow an evolution of a disk up tot = 3 x 107 yr when 
Mdisk drops to about 10-2 M 0 . The rest of the mass is 
lost to the central star. Space-time distributions of all 
quantities describing the state of the gas are obtained 
from the numerical code described by Reyes-Ruiz & 
Stepinski (1994). For a solid particle of mass m the 
balance of forces yields a set of equations for Vrd and 
V,t>d, radial and transverse velocities of a particle 

Vjd VJ Fo Vr -=-+--
r r m v 

Fo V,t> 
=-r-

m V 

(1) 

(2) 

Here Vi is the Keplerian velocity, Fo is the drag force, 
Vr and V,t> are components of relative velocity between 

a particle and the gas, and v = ( v; + v~) 112 . The time 
evolution of Vrd and \/,pd can be found for particles 
of any given size by solving the system of equations 
(1-2). Fig. 1 shows time evolution of Vrg, Vrd, and V,t> 
for small particles (rd= 0.1 cm) and large particles 
(rd = I 05 cm). Small particles are strongly coupled 
to the gas, V,t> is very small and Vrd ~ Vrg• Note 
however that for t = 106 yr particles everywhere in 
a disk move inward, whereas the gas located in the 
outermost portion of a disk move outward . Particles 
with rd > 0.1 cm are less coupled to the gas. This 
manifests itself by Vrd becoming more and more dif
ferent from Vrg as the size of a particle increases. The 
large particles are mostly decoupled from the gas, V,t> 
remains large as particles move with almost a Ke
plerian velocity, faster than a gas which is pressure 
supported. Note that Vrd << V,.9 , the radial move
ment of large particles is insignificant. 

Once the space-time distribution of Vrd is known, 
and we assume that all solids are located in single
size, noncoagulating particles, the time evolution of 
the surface density of solids, Ed, is given from the 
continuity equation 

(3) 
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Fig. 1. Radial distributions of V,d - the radial velocity of a solid particle, V, 9 - the radial velocity of the gas, and 
''<1> - the relative transverse velocity between a particle and the gas, respectively. The times shown are t = 104 yr 
(panels a), t = 105 yr (panels b), and t = 106 yr (panels c). Panels on the left side correspond to a particle with a 
radius rd = 0.1 cm, panels on the right side correspond to a particle with rd = 105 cm. Solid lines indicate a positive 
velocity (an outward movement for radial velocit.ies and a particle faster then the gas for v,t,), whereas dash-dotted 
lines indicate a negative velocity. 

Eq. (3) is solved using the numerical method of 
characteristics. In general particles can be divided 
into "long-lived" (LL), characterized by evolutionary 
timescales comparable to the evolutionary timescale 
of the gas, and "short lived" (SL), characterized 
by timescales much shorter then the lifetime of the 
gaseous disk. The small particles, which are strongly 
coupled to the gas and thus evolve on an approxi
mately viscous timescale, and large particles, which 
are decoupled from the gas and move toward the cen
tral star very slowly, are LL particles. The intermedi
ate size particles have radial velocities larger than the 
radial velocity of the gas, they accrete quickly onto 
the central star and therefore are SL particles. Fig. 2 

shows an evolution of the surface density for both LL 
and SL particles. Our computation for LL particles 
starts at t = 0 with Ed(r, t = 0) = 10- 2Egas(r, t = 0) 
to reflect that about 1 % of disk mass is in form of 
solid particles. We follow an evolution of LL par-
ticles up to t = 106 yr. The properties of the gas 
depend on arbitrary initial conditions, but after the 
initial 104 yr the initial conditions are forgotten. To 
eliminate the influence of arbitrary initial conditions 
on the evolution of SL particles, which evolution
ary timescales are comparable to 104 yr, we start 
our computation for SL particles at t = 104 yr with 
Ed(r, t = 104 ) = 10-2Egas(r, t = 104 ) and we follow 
their evolution up to t = 105 yr. 
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Fig. 2. Radial distributions of surface density of solids at selected times for LL particles (left side panels) and SL 
particles (right side panels). Dotted lines show surface density of the gas x 10-2 • For LL particles solid lines show 
surface density of 0.1 cm particles and dashed lines show surface density of 105 cm particles. For SL particles solid 
lines show surface density of 1 cm particles and dashed lines show surface density of 103 cm particles. 

In conclusion, our results indicate that: 1) surface 
densities of solid particles evolve in a fashion that is 
very different from the evolution of the gas in APD, 2) 
if the solar nebula was indeed an APD, then models 
of the solar nebula based on so-called minimum mass 
concept are wrong because the surface density of the 
gas cannot be obtained by simply multiplying the 
surface density of solids by a factor of say 102 , 3) 
coagulation timescale must be faster then about 104 

yr for 1 - 103 cm particles, otherwise the particles 
are lost to the central star and there is no material 
left to form the planets. Numerical methods used in 
t.his work can be extended to calculate the evolution 
of coagulating particles. 
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