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CHARACTER AND EVOLUTION OF MAGNETIC FIELDS IN THE SOLAR NEBULA 
Joseph A. Biello, Columbia University, New York, NY. 
Advisor: Tomasz Stepinski, Lunar and Planetary Institute, Houston, TX. 

The study of magnetic fields in the protosolar nebula could answer some pressing questions about 
certain aspects of the modern day solar system. Remanent magnetization of carbonaceous chondrites seems 
to have been acquired in fields of about 0.1 to 1 G (Cisowski, 1987). It is believed that those meteorites 
and/or their parent bodies were magnetized in the protosolar nebula pointing to the possibility that fields 
of such magnitude existed in at least a portion of the solar nebula. There is also the question of the 
formation of chondrules which is believed to have occurred due to transient, high-temperature phenomena 
in the otherwise relatively cool disk. One feasible scenario for accounting for chondrule formation involves 

· explosive restructuring of magnetic fields ( disk flares) (Levy and Araki, 1989). More importantly, magnetic 
fields of the magnitude inferred from magnetization of meteorites are capable of significantly altering or even 
dominating the dynamics of the nebula and thus influencing, or even determining, the architecture of present 
day solar system. 

Gas in the extensive parts of the nebula is generally thought to be a rather poor electric conductor, with 
electrical conductivity smaller than 104 ( cgs units). Consequently, any interstellar magnetic field originally 
present in the nebula would dissipate out of the protosolar disk on a time scale shorter than 104 years 
(Stepinski, 1992), a mere 1% or less of the lifetime of the nebula, estimated to be 106-107 years (Strom and 
Edwards, 1993). In view of this result, in order for the nebula to contain a 111 1.gnetic field for long enough 
period to produce a significant dynamical effect the magnetic field must be contemporaneously regenerated 
by the dynamo mechanism to offset the losses due to dissipation. A feasible regeneration process is called 
the aw dynamo. In the aw process the poloidal field regenerates the toroidal field through differential 
rotation, whereas the poloidal field is regenerated from the toroidal field by turbulence. Considering a thin 
disk geometry, which is appropriate for the solar nebula, the magnetic field will diffuse more rapidly to the 
vertical boundaries of the disk, than along the radius, thus in the zeroth approximation one can neglect radial 
diffusion and consider the regeneration process only locally. In such an approximation (Stepinski and Levy, 
1991) the ability of the dynamo to maintain the magnetic field is measured by a dimensionless coefficient 
called the effective dynamo number DeJJ, 

3 owh3 
Deff = - 2 1 2 (TJ+TJturb) 

(I) 

where wk(r) is the angular velocity of nebular gas, h(r) is disk thickness, TJ(r) is resistive diffusivity, TJturb(r) 
is turbulent diffusivity, and o(r), helicity of turbulence, is a measure of the effectiveness of poloidal field 
regeneration. Thus D,1 J encompasses all of the radial variation of the strength of regeneration mechanisms 
as compared to total diffusion. In the local approximation a magnetic field can be maintained only in those 
parts of the nebula where Def/ exceeds a certain critical value, Dcrit, which was calculated (Stepinski and 
Levy, 1991) to be 12.08. Applying this approximation to nebular conditions, Stepinski (1992) has found 
that magnetic field can be regenerated everywhere in the nebula with the exception of the region where the 
degree of ionization is too low to allow for coupling between magnetic field and gas. The precise location of 
this "magnetic gap" depends on the particular nebular model, with a typical location around few AU, and 
a typical width of few AU. 

From the local analysis one can extract a rather simple criterion for the existence of dynamo-generated 
magnetic fields in the solar nebula, however, there is no possibility to calculate either the strength of the 
equilibrium field or the time needed to achieve such an equilibrium. In addition, one has to check whether 
the inclusion of the radial diffusion (omitted in the local analysis) would not lead to the disappearance of the 
"magnetic gap" feature . The purpose of this work was to go beyond the local approximation and answer these 
questions. Once radial diffusion is included we can seek the solution to the dynamo equations in the form 
B(r, z) = Q(r)b(z; r), where B, rand z are the magnetic field, radial and vertical coordinates, respectively. 
Q(r) describes the field distribution along the radius. The field distribution across the disk is represented by 
function b given by the solution to the local approximation and normalized such that max(b(z)) is 1. Time 
evolution of Q(r) is governed by the following equation: 

oQ 2 ( d2 1 d 1 ) - = ). T/- -2 + -- - ---;, Q + ,·(r.)Q. ot. dr. r. dr. r; 
(2) 



2 '93 Intern Conference 

The parameter >. is the ratio of vertical to horizontal length scales in the disk. We have introduced dimen-
sionless variables, denoted by an asterisk(*): r. = r/ro, TJ. = (TJ+TJturb)/TJo, t. = tTJo/h5 . The function 1 (r.) 
is a local growth rate taken from the local approximation but modified to include the nonlinear stage of the 
magnetic field evolution. According to kinematic dynamo theory, in the nebular regions where Def I > Dcrit, 
a dynamo will amplify the magnetic field without limit. In reality, the Lorentz forces must eventually become 
great enough so as to modify amplification sources, thus reducing dynamo action and halting the growth of 
the magnetic field. We describe this effect using the concept of a-quenching by prescribing a as a function of 
the field strength B, or in our case, Q. We have chosen a(r, Q) = 1/( 1 + Q2 / B;q), where Beq is the value of 
magnetic field at which the Alfven velocity is equal to the turbulent velocity, and is called the equipartition 
value. 

For the purpose of our calculations we assume a solar nebula to be a Keplerian, axisymmetric, geomet-
rically thin, steady-state, turbulent disk. The opacity law, needed to determine the structure of a disk, is 
taken from Ruden and Pollack (1991), and the specific formulas for the structure of the steady-state disk with 
this particular choice of opacity are listed in Stepinski et al (1993). We choose the dimensio?,less measure 
of the strength of turbulent viscosity, o-33 , to be equal to 0.08 and the steady accretion rate, Iv!, to be equal 
to 10- 5 M0 /yr. We assume a disk surrounding a 1 Mo star and extending from 0.2 AU up to 40 AU. We 
adopt ro = 40 AU, and all other characteristic values to be measured at the inner disk radius. Such a choice 
of parameters yields a time unit, t 0 equal to 0.177 years, and>.= 2.411 x 10- 4 _ Equation (2) has been solved 
using a numerical code based on the IMSL subroutine MOLCH. 
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FIG.1. Time evolution of function Q(r) from the initial condition Q = 0.1 at t = 0 represented by horizontal 
solid line. Magnetic field Q is measured in units of Bo = Beq ( 40). Radial distance from the protosun is 
measured in AU. · 

Figure 1 shows the time evolution of the magnetic field from the initial field Q(r) = 0.1 in units of the 
equipartition value at r = ro. At first, the field increases sharply at the inner radii, decays at the middle 
radii, and remains unchanged at outer radii. By the time t. = 40, the magnetic field in the innermost portion 
of the nebula achieves equilibrium. As time progresses the magnetic field achieves equilibrium at larger and 
larger portions of the inner nebula. At the same time, the field continues to decay at the middle radii, but 
the decaying region shifts outward as a result of radial diffusion, and the magnetic field in the outer parts 
starts to show some growth. By the time t. = 400 the whole region within 3 AU has reached equilibrium. 
Radial diffusion from the regions of strong magnetic field stops the further decay of the field within the 
region where local growth rate is negative, and the field is now actually growing there. The magnetic field in 
the outer parts of nebula continues to grow. By the time t. = 10000, the magnetic field in almost the entire 
disk has reached equilibrium. The total equilibrium is achieved at roughly t. = 25000 or 4400 years, which 
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is a very short time in comparison with a typical disk lifetime. It. is also important to note that magnetic 
fields in different parts of the disk achieve equilibrium on very different timescales, tenths of years in the 
innermost parts, hundreds of years at few AU, and thousands of years at the outermost parts. 

1000.ooi=---~~~~~......,..--~~~~...,....,...-r----,-~~~....-r-= 
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FIG.2. The equilibrium magnetic field Q as a function of radial distance from the protosun. Magnetic field is 
measured in units Bo= Be9(40), radial distance is measured in AU. The solid line represents the equilibrium 
magnetic field, the dashed-dotted line represents the equilibrium magnetic field calculated within the local 
approximation, and the dashed line represents equipartition magnetic field B,9 • 

Figure 2 shows the results of this calculation after the magnetic field has reached equilibrium (t. = 
25000). The final configuration of the magnetic field follows closely the distribution of the equipartition value 
magnetic field. This may be an artifact of the chosen form of a-quenching, but the important result is that 
the magnetic field equilibrates at about the local value as given by the a-quenching function at the regions 
where the radial diffusion can be neglected. However, in the region where the local theory predicts that the 
field would decay, the equilibrium is achieved by the balance of this decay and the transport of magnetic field 
from the neighborhood regions by means of the radial diffusion. The magnitude of the equilibrium magnetic 
field in this region is about two orders of magnitude smaller than the a-quenching function would predict. 

In conclusion, our results indicate that: 1) one can use the local approximation to obtain the regions of 
the solar nebula where the significant magnetic field will occur, 2) the time needed to amplify a seed magnetic 
field to a significant value varies drastically with radial location, but is everywhere very short relative to 
the nebula lifetime, and 3) the equilibrium value of the magnetic field is given by the a-quenching function 
and is likely to be of the order of equipartition value, except in the "magnetic gap" where it is about 1 % of 
its equipartition value. One can note that for the particular model under consideration, the magnetic gap 
coincides with the present-day location of the asteroid belt. Taken at face value, the model predicts that 

. magnetic fields of only 6 x 10-3 G were present at r = 3 AU, and thus it cannot explain the magnetization 
of meteorites. However, we expect that as the nebula evolves, the gap shifts from one location to the other 
(Stepinski et al, 1993), consequently, much stronger magnetic fields may have been at the location of the 
asteroid belt at some time during nebula evolution. The method we use is extremely fast and is sufficiently 
general that it can be extended to other objects: for example, with an understanding of the temperature 
and densities, future considerations could be made of the galactic magnetic field and accretion disks around 
massive black holes. 

Dedication: To my father, Pasquale Biello, on the occasion of his 50th birthday. 

References: Cisowski, S.M. (1987) in Geomagnetism ed J.A. Jacobs, vol. 2 p525; Levy, E.H. and Araki, 
S. (1989) Icarus, 81, p74; Stepinski, T.F. and Levy, E.H. (1991) Ap.J., 379, p343; Stepinski, T.F. (1992) 
Icarus, 97, pl30; Stepinski, T.F., Reyes- Ruiz, l\L and Vanhala, H.A.T., (1993) accepted to Icarus; Strom, 
S.E. and Edwards, S. (1993) in Planets around Pulsars ASP Conference Series, Vol. 36. p235 
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EXTRACTION OF OXYGEN BY REDUCTION OF LUNAR SOIL; 
Gary G. Bond, University of Arizona Space Engineering Research Center 

4715 E. Ft. Lowell Rd., Tucson, AZ 85712 

Introduction 
Due to the very high cost of launching mass out of the Earth's gravity "well," locally-derived resources will 

have to be used to further hwnan exploration of our solar system. One of the first resources to be utilized will be 
lunar-derived oxygen for propulsion and life support at a permanent human outpost on the Moon. 

Work has previously been conducted on the reduction of lunar simulant in small-scale, micro-balance tests 
(1). The current research was a scale-up of about two orders of magnitude which focused not only on the science of 
the reduction process, but also on the engineering and systems problems that might be encountered during scale-up. 

Reductions were carried out on large (125 g) samples of lunar simulant. using hydrogen or solid graphite as 
the reducing agents. Data analysis confirmed that scale-up is possible and that predictions can be made about yields. 

Qxya;en Production 
The reduction of iron oxides to iron metal occurs at elevated temperatures and oxygen fugacity below the 

iron-wustite buffer. The reaction of primary interest to our project. reduction of FeO in basaltic glass, is: 
FeO(glass) + H2 (gas) ---------> Fe(metal) + H2O(gas) 

The water would then be electrolyzed, the oxygen stored, and the hydrogen recycled back through the 
system. This reduction process is perhaps the most mature of several proposed methods of lunar oxygen production 
(2). An additional reducing agent, in the form of solid graphite physically mixed with the lunar simulant. was also 
examined. An approximate reaction in that case is: 

3FeO(glass) + 2C(solid) ---------> 3Fe(metal) + CO(gas) + CO2(gas) 
The exact ratio of CO and CO2 produced in this reaction is not known at this time. The CO and CO2 

would then be run through an electrochemical cell or catalyst to remove the carbon and separate the oxygen for 
storage. 

Experimental Technique 
A set of experiments was conducted to study the reduction of ferrous oxides in a non-beneficiated glassy 

lunar simulant (JSC-1) (3). The experiments were conducted on a testbed designed to test scale-up runs of previous 
experiments. 

The testbed utilized commercial equipment including a tube furnace with stainless steel retort (6.35 cm 
inside diameter), stainless steel tubing and fittings, and a relative humidity monitor. The design incorporated a fixed-
bed, flowing gas open system, with about 125 grams of simulant being held in an alumina "boat." 

The sample and holder were placed into the retort. which was evacuated, then filled with the process gas. 
All experiments were conducted at 1 psi above atmospheric pressure. The process gas was allowed to flow at a 
known rate to an outside vent. and the furnace was heated to its operating temperature. After the prescribed 
experimental time, the process gas was turned off, a purge gas of argon or helium was flowed through the retort at 1 
psi above atmospheric pressure, and the furnace was turned off. 

In order to investigate the effects of temperature and process gas on the extent of reaction, the time of the 
experiments was held constant (two hours), while varying the temperatures and process gas. The process gases used 
were argon, argon/4% hydrogen, and hydrogen. Each process gas was run at temperatures of 900°, 1000°, and 
1050° C. An additional set of runs at each temperature was conducted on JSC-1 physically mixed with powdered 
graphite, using argon as the process gas. 

While the relative humidity monitor could not quantitatively give the amounts of water produced, it could 
indicate when a reaction had essentially gone to completion. Careful weighing of the sample and holder before and 
after the experiment yielded percentage of mass lost during the reaction. Various analysis techniques were used to 
examine the reaction products. X-ray diffraction was used to give qualitative estimates of the composition and 
amounts of solid products. Scanning electron microscopy and energy-dispersive x-ray spectrometry showed structure 
and yielded quantitative data on the composition of the solid products. An ion trap detector mass spectrometer was 
used to monitor off-gas composition. 

Results 
Initial experimental runs were conducted in argon at operational temperatures to determine baseline values 

for the loss on ignition (LOI) percent mass loss. LOI consisted of not only the water of hydration, but also sodium, 
chlorine, and sulfur, which were found deposited in downstream tubing and identified through scanning electron 
microscopy energy-dispersive x-ray spectrometry. Clearly, the deposition of these elements and subsequent 
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contamination of the water produced indicates that great concern must be given to the design of any lunar oxygen 
plant. 

The next set of runs utilized argon/4% hydrogen for a mildly reducing environment Mass balance of JSC-1 
did show some small amounts of reduction (after correction for LOI, around 0.3%) at 1000° and 1050° C, but 
essentially no reduction occurred at 9()()0 C. 

A set of experimental runs was then conducted using JSC-1 physically mixed with graphite powder in an 
approximate 3:1 (JSC-1 : graphite) mass ratio. As Figure 1 indicates, mass balance showed that essentially no 
reduction occurred at 900° C, but significant mass loss took place at the higher temperatures (1.64% for 1000° C, 
2.05% for 1050° C). These numbers were corrected not only for the LOI of the lunar simulant, but also for the LOI 
of the graphite. However, these numbers do not reflect the fact that part of the mass loss is due to the carbon 
leaving in the fonn of CO and CO2. At a best case scenario (all off-gas CO2) 73% of the mass loss would be 
oxygen; at a worst case (all CO) only 57% of the mass loss could be accounted for by oxygen. Further experiments 
need to be run to measure the CO/CO2 ratio to quantify the actual oxygen mass loss. 

Initial runs of JSC-1 reduced in pure hydrogen showed mass loss, but color changes on the surface of the 
samples indicated that some re-oxidation had occurred. Further testing revealed oxygen impurities in the argon purge 
gas that was used as the sample was cooling. The purge gas was then changed to helium, a test conducted, and no 
re-oxidation was apparent. The set of experiments was then repeated and the results are shown in Figure 1. 

The 1050° C run for the JSC-1/graphite was also repeated using helium, since the oxygen impurities in the 
argon called into question the mass loss results. JSC-1 and graphite were both separately heated to 900° C to further 
reduce the possibility that LOI water might be acting as a transport agent between the carbon and lunar simulant. 
The mass loss for this experiment was actually slightly higher than the previous JSC-1/graphite run. 

X-ray diffraction analysis of samples showed definite iron metal peaks for the JSC-1/graphite higher 
temperature samples, while the 900° C samples for both sets showed virtually no iron metal. The upper 
temperature runs for the argon/4% hydrogen samples indicated that very little iron metal had been produced. X-ray 
diffraction analysis of the pure hydrogen runs showed an increasing trend of iron metal as the temperature increased 
(Figure 2). 

Micro-balance runs of JSC-1 were also conducted to study scale-up properties. Figure 3 shows that 
considerable weight loss occurred within the first half-hour, then began to slow down. The end result agrees closely 
with the percent mass loss in the much larger scale-up sample. This indicates that accurate predictions can be made 
about large yields from small experiments. Figure 3 also shows that the kinetics of the reaction are most favorable 
during the early stages of the experiment, due to the easy availability of the FeO in the glass before devitrification to 
pyroxene and plagioclase. 

The presence of iron metal blebs on the surface of reduced glass is shown in Figure 4, from a scanning 
electron microscope image. Migration of the iron to the surface of grain occurred at higher temperatures and with 
pure hydrogen. JSC-1/graphite did not exhibit the same sort of migration to grain boundaries or surfaces. Thin 
sections analyzed under the SEM showed that reduction in both cases occurred throughout the sample, indicating that 
the gases could penetrate the grains. The presence of the iron blebs was most clearly evident in the glass, with much 
smaller amounts seen on olivine, and virtually none found on plagioclase grains. The geologic mapping of the 
Moon for glassy, FeO rich deposits will be an important factor in locating an oxygen production facility for peak 
efficiency. 

Conclusions 
Scale-up runs of lunar simulant do indicate that predictions can be made about production yields of oxygen. 

However, systems will have to be carefully designed to deal with sulfur and chlorine deposition. Further work with 
even larger samples (1 kg) will be conducted to better quantify predictions and understand the sulfur/chlorine 
problem. 

Carbon in its graphite fonn has presented some intriguing possibilities as a reducing agent, and further 
studies are warranted. The CO/CO2 ratio must be found and the actual oxygen percent mass loss calculated. 
Handling problems, recovery and recycling, and launch mass criteria should also be considered. 

Recent experiments with actual lunar soil have been conducted and hint that yields of oxygen may be 
different from simulant yields (4). More research on actual lunar soil should be conducted to quantify the differences 
and improve predictions. 

In-situ oxygen production will play an important role in a human return to the Moon. This project has 
shown that unbeneficiated, untreated lunar regolith can easily and simply be reduced to produce that important 
resource. 
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1. Hydrogen Reduction of Lunar Simulant Glass. C. C. Allen, et al., Lunar and Planetary Science Conference XXIII, 
Lunar and Planetary Institute, Houston, TX, 1992. 
2. The Feasibility of Processes for the Production of Oxygen on the Moon, L. A. Taylor and W. D. Carrier III, 
Engineering, Construction, and Operation in Space III, pp. 752-762, American Society of Civil Engineers, New 
York, NY, 1992. 
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Lineaments on Triton 
Geoffrey Collins, Dept. of Geology, Carleton College, Northfield, MN, 55057 

Paul Schenk, advisor 

Images of Triton, Neptune's largest satellite, returned by Voyager 2 in 1989 revealed an 
icy moon with a variety of geologic features, including a set of global-scale lineaments. 
Lineaments reflect the stress field on the crust at the time of their formation, preserving a record 
of certain global-scale processes. In our study, we have mapped the orientations and 
morphology of the lineaments to determine the stresses that caused them and to match them to 
theoretically predicted stress fields. Through this method, we hope to place additional 
constraints on the history of Triton. 

Theory 
Because of Triton's retrograde orbit, it is believed to be a captured satellite, rather than 

having been formed within the Neptune system [1] [2]. Immediately post-capture, it was 
probably in a highly irregular orbit which circularized within a short span of time [3]. In 
addition, Triton is tidally locked with Neptune, and probably despun during the same period of 
time. These radical orbital changes just after Triton's capture produced a lot of heat within 
Triton, enough heat over a small enough time, some calculations say, to melt most of the planet 
[4]. Thus, any stresses from this time would probably not be reflected in the lineaments we see 
today. The cratering record on Triton shows a very sparse distribution of craters [5], indicating 
that the surface is extremely young. Therefore, the lineaments we observe crossing the young 
surface must have also been formed very recently. In this study, we explore three likely 
mechanisms that could account for the formation of global-scale lineaments: change in the tidal 
figure, nonsynchronous rotation, and change in planetary radius. 

Triton's shape is distorted by its rotation and the tidal pull of Neptune into a triaxial 
ellipsoid with the long axis a aligned toward Neptune and the short axis c oriented through the 
poles. Change in tidal distortion, the a axis, can occur due to orbital radius change or 
nonsynchronous rotation. As a satellite's orbit decays or expands, the gravitational change 
experienced by the satellite changes the length of the a axis and creates stresses on the crust in 
the area of the tidal axis [6] . In the case of nonsynchronous rotation, the satellite is rotating 
slowly with respect to the tidal axis as a possible result of nonzero tidal torques [7]. As a result, 
the surface moves with respect to the a axis, fracturing the crust before and behind it as the crust 
adjusts to the continuously changing shape of the planet. Changes in a satellite's rate of spin 
can also induce global stresses [8]. As a planet heats or cools, phase changes in its interior result 
in global volume changes which will stretch or compress the crust. It is expected that the 
lineaments from planetary contraction or expansion would not have any preferred orientation. 
These three general mechanisms don't necessarily work alone, however, and it is possibly a 
combination of these predicted stress patterns that will actually be seen manifested as 
lineaments on the surface of a planet. 

Observations 
The original Voyager frames of Triton were digitally processed and investigated using 

PICS software on a Microvax II. Hi-resolution images of the planet are limited to the regions 
approximately 60°W to 80°E and 45°N to 50°S. In addition to the processed frames, mosaics, 
stereo pairs, and detailed sketch maps of lineament structure were used to characterize 
morphologies and map lineament positions and orientations. The data collected from the 
lineament survey was used to make maps of the global lineament pattern and to find their true 
azimuths and orientations with respect to predicted stress fields due to tidal deformation. 

Several distinct lineament types were identified, but two types stood out as the most 
significant on a global scale: multi-ridge structures and lineated terrain. Multi-ridge structures, 
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officially called sulci, are the most striking lineaments on Triton (fig. 1). They are usually about 
10 km in width and can be thousands of kilometers long. They are composed of sets of mostly 
parallel ridges, with elevations on the order of a few hundred meters [9). The other major 
lineament type is lineated terrain (fig. 2), which is characterized by short, narrow, parallel, and 
evenly spaced fractures or ridges. They are generally seen to be concentrated in small regions, 
modifying the underlying terrain. 

A few stratigraphic relationships can be resolved in the northern hemisphere. The 
"cantaloupe" terrain in the west seems to be one of the oldest units, followed by the sulci that 
cross it. These are both modified by the lineated terrain and all three of these units are embayed 
by the young volcanic terrain that covers most of the eastern section of Triton. In many cases, 
the intersections of the individual sulci cannot be stratigraphically resolved, since some of them 
"interweave" or converge into one. This would seem to indicate that the sulci were formed 
contemporary to each other. 

The Voyager team initial reports [10) suggested that Triton's global lineament system 
was tensional in nature. This preliminary analysis suggested that the sulci are raised-rim 
graben which have had some sort of viscous cryovolcanic material erupted into the floors, 
forming the center ridge of three-ridge systems. Our detailed analysis and mapping of the 
ridges reveals that their structure is not that simple. The relationships between the ridges can 
be complex, the middle ridge curving out to become the outer ridge (fig. 1), or the outer ridges 
switching sides. 

Suki morphology resembles the lineated fabric of three types of terrestrial features: fold 
belts, dyke swarms, and systems of strike-slip faults. The shape, elevation, and discontinuous 
nature of the ridges, the flattening of features next to them, and the apparent amplification of 
intersecting ridges favor fold belts, but the restricted width of the sulci zone does not. Their 
general shape and discontinuities favor dyke swarms, but the restricted zone and the lack of 
evidence for volcanism along their length if they were extrusive or the difficulty of eroding 
away the surrounding material if they were intrusive argue against this origin. The restricted 
width of the zone and the abnormal alignments of some of the ridges within the sulci argue for 
a strike-slip mechanism (fig. 3), but it does not explain the actual surface manifestation as ridges 
instead of fractures. 

Structures within mapped areas of lineated terrain are preferentially oriented at N60°W 
and N30°E over a range of longitudes from 75°W to 50°E. These orientations do not fit any 
simple global stress model. Analysis of the orientations of sulci shows a tendency for both 
concentric and radial symmetry about the tidal axis, but these results are preliminary and we 
are handicapped by the limited coverage of the planet by Voyager and the small number of 
sulci. Future analyses include comparisons of sulci orientations to predicted stress fields from 
tidal distortion and nonsynchronous rotation models, particularly during periods of global 
expansion or contraction. 

Conclusions 
Global expansion or contraction may have played a part in Triton's history, depending 

on the composition of the icy mantle and the planet's thermal history. The planet's decaying 
orbit would indicate that there is a growing tidal bulge and a rotational spin-up deforming 
Triton's shape. It is uncertain whether nonsynchronous rotation played a part in the planet's 
history. The lineament patterns that we see on Triton do not give conclusive enough evidence 
to rule out any of these processes entirely. However, it seems that the sulci may be related to 
tidal deformation and the lineated terrain may be related to a process such as spin-up that is 
symmetric about the rotational pole. The lineated terrain may also be related to global 
expansion, due to the terrain's usual appearance as narrow, evenly spaced fractures, its 
occurrence in a range of longitudes, and its superposition on many types of terrain. 
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Our analysis of Triton's lineaments is not yet complete. Future work will include 
analysis of the orientations of the individual ridges that make up the multi-ridge structures and 
a more exhaustive survey of lineated terrain to improve the statistical base on their occurrence 
and orientation. Many unanswered questions about Triton's tectonic and geologic history will 
still remain that only another probe to Triton could answer. 

References: [l] McKinnon, W. B. (1984) Nature 331, 355-358; [2] Goldreich, P. et al. (1989) Science 
245 500-504; [3] McKinnon, W . B. (1992) Neptune and Triton Conference 54; [4] McKinnon, W. B. and 
Benner, L.A. M. (1990) LPSC XXI, 777; [5] Strom, R. et al. (1990) Science 250 437-440; [6] Melosh, H. J. 
(1980) lcarus,43, 334-337; [7] Helfenstein, P. and Parmentier, E. M. (1985) Icarus, 61, 175-184; (8) Melosh, H . 
J. (1977) Icarus, 31, 221-243; [9] Schenk, P. and Jackson, M. P.A. (1993) Geology 21 299-302; [10] Smith, B. A. 
et al. (1989) Science, 246, 1422-1449. 

fig. 1: Northern section of Slidr Suki and sketch map of component ridges 

fig. 2: Lineated terrain modifying preexisting ridge structure 

j 

fig. 3: Comparison of detail of Slidr Suki (left) to terrestrial strike-slip fault (right) 
[fault map from Tchalenko, J. S. and Ambraseys, N . N . (1970) Geological Society of America Bulletin 

81, 41-60) 
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PETROGENESIS AND CRYSTALLIZATION OF SOME COARSE-FINES (4-l0mm) FROM THE 
APOLLO 15 LANDING SITE 

Trina C. Cox and Graham Ryder 

INTRODUCTION 
Rocks contain a record of the evolution of a planet, and thus lunar samples have been important for 

understanding the history of the Moon. Two decades have passed since the collection of lunar rocks on the Apollo 
and Luna missions. This span of time might appear to many people to be adequate to research and to understand 
the history of the rocks collected; however, to this day the lunar samples are only partially studied and understood. 

Among the samples collected from the Moon are Coarse-fines, which are 4-10 mm particles sieved from 
bulk regolith samples. Such particles have the advantage of being numerous, but at the same time are large enough 
for petrographic, chemical, and isotopic analyses. The Apollol5 Coarse-fines are incompletely studied (indeed, 
many particles remain unsieved and uninspected), and further studies of even the available particles can lead to 
identification of new rock types and improved knowledge of those already identified. Such studies lead to a better 
understanding of the geology and petrology of the Apollo 15 landing site. The work reported here is petrographic 
and mineral chemical analysis of some selected Apollo 15 Coarse-fines particles. The mineral chemistry and its 
variation of a rock provide information relevant to the origin and evolution of the rock, such as its cooling history 
if it crystallized from a melt, or its source terrain if it is a sediment or breccia. They can also be used to distinguish 
rocks of distinct origin, such as fragments from different volcanic flows. 

A revised catalog and data compilation of the Apollo 15 coarse-fines samples formed the basis for the 
current study [ 1]. Following petrographic inspection of many samples in thin section, seven were selected for more 
detailed study for reasons given below. Most of these samples lacked previous microprobe analyses. The samples 
were studied both petrographically with a polarizing microscope and with an electron microprobe, which was used 
for chemical imaging of the samples and for phase analyses. Several hundred point analyses for major and minor 
elements, mainly of olivines, pyroxenes, and oxides, were made in the course of this study. 

The Apollo 15 samples include mare basalts and glasses, KREEP basalts, impact melts, plutonic igneous 
rocks, and breccias, as well as regolith products. Nearly all of the mare basalts at the Apollo 15 landing site can be 
assigned to one of two chemical groups, the olivine-normative basalts (ONB) and the quartz-normative basalts 
(QNB). ONB contain early-crystallizing olivine (most less than 10%). In contrast, QNB have a higher percentage 
of silica and thus lack early-crystallizing olivine. A few QNB samples have been found to contain a few per cent of 
olivine. For practical and scientific reasons, our study was limited to the characterization and petrogenetic 
interpretation of some mare basalts and one impact melt. 

SAMPLE SELECTION AND RA TIO NALE 

O1-norm and Oz-norm mare basalts [15314,14 (TS ,141); 15434,27 (TS ,120), 15314,3 (TS ,94); 
15514,3(TS ,14); and 15474,11 (TS ,19)] 

These samples were identified as ONB by Ryder (1989). Mineral analyses were necessary to fully understand 
the samples as they previously had not been closely examined. In particular, for those from the Apennine Front, we 
considered it necessary to confirm or deny the presence of olivine, as the absence ( or rarity) of QNB on the Front 
was considered to be of some geological significance. 

Impact melt sample [15434,23 (TS , 150)] 
The sample is a rapidly crystallized melt with long thin crystals ofplagioclase with olivine embedded in a finely 

crystalline (plagioclase, pyroxene, Ti-oxides) and glassy groundmass. Although it lacks any clasts or fragments at 
all and is quite homogeneous, the chemical analyses show that it contains meteoritic contamination (excess Ni, Ir, 
and Au) and is identical in composition with clast-bearing impact melts that have been proposed to be the Imbrium 
impact melt. As a clast-free melt, it should be a candidate for dating the Imbrium event. The minerals in this 
fragment have never been analyzed, and thus the relationship of the chemistry of the rock with the cooling and 
crystallization history have not been adequately ascertained. As a first step, we used the microprobe to survey the 
mineral compositions. 
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Petrogenesis-Cox 2 
Olivine-augite basalt [15474,4 (TS ,23)) 

This sample was considered to be the most interesting petrographically. Powell (1973) described the sample as 
distinguished by the abundance of olivine, "totem pole" aluminous zoned pyroxenes, and a dark and glassy 
groundmass [2]. A chemical analysis (by microprobe fused bead) is very similar to a typical QNB except for lower 
silica. However, Powell's modal analysis of 15474,4 included approximately 22% olivine, much greater than the 
average amount of olivine in ONB and certainly out of character for any QNB. Indeed, only Apollo 12 olivine-
normative mare basalts have so much olivine. Nonetheless, no one has conducted any further studies as to why 
there is so much olivine in a sample with both tex1ure and pyroxene compositions similar to a QNB. Thus we chose 
to focus our attention on 15474,4. In particular, we wished to know if the sample was related to either the ONB or 
the QNB mare basalts, or was instead an independent volcanic rock type. 

RESULTS 

OJ-norm and Oz-norm mare basalts 
The three samples from the Apennine Front that had been considered to be olivine-normative basalts by 

Ryder (1989) were found in this study to lack olivine (as determined by microprobe back-scattered imaging, 
energy-dispersion inspection, and point analyses). The pyroxene and oxide compositions are consistent with the 
samples being quartz-normative basalts, although they are non-porphyritic and unusual in tex1ure (with partially 
radiating, skeletal plagioclase laths). Thus in constrast with the conclusion of Ryder (1989), QNBs do exist on the 
Apennine Front, and no special circumstances need be invoked for mare basalts there. 

The supposed olivine-normative basalt fragment 15474,11 from Station 4 (which is dominated by quartz-
normative basalts) was confirmed to be so. The olivines are small and poorly developed, but ubiquitous. The range 
of olivine compositions (Fo 48-58) is typical for ONBs with the texiure of 154 74, 11. Pyroxenes have Mg/(Mg+Fe) 
ranging from 29-64, again fairly typical of such basalts. Sample 15514,3, which was obviously an olivine-
normative basalt on account of its similarity with porphyritic olivine-normative basalts, was analyzed merely to 
increase the mineral-chemical data for olivines at the Apollo 15 site and for a comparison with the other samples 
analyzed. 

Impact melt 
The olivines that core the laths have compositions ofF090_76, consistent with having crystallized from 

the bulk rock (=liquid) Mg/Fe ratio. Thus the mineral data show no evidence for relict or cryptic clasts. Further, 
the chemical composition of the fragment falls on the plagioclase-olivine cotectic in phase diagrams, consistent 
with the petrographic evidence that plagioclase and olivine crystallized first and simultaneously. Nucleation of 
plagioclase is difficult without supercooling, and few plagioclase nucleii actually developed. Plagioclase growth 
from the few nucleii that did form was rapid. This suggests that the melt was superheated to the extent that relict 
nuclei did not persist. and crystallization commenced with homogeneous nucleation, not heterogeneous nucleation, 
and thus a porphyritic-like texture and not a poikilitic one developed. 

Olivine-augite basalt 
We redetermined the mineral mode of the sample by point counting techniques, using 500 points and 

repeating the process three times. The sample contains: olivine. 22.8%;pyroxene, 32.8%,;oxides, 1.6%; and 
groundmass, 42.8%, fairly similar to Powell et al. (1973). By averaging the weight percent of each element within 
the component, a bulk composition was calculated by using these averages and the point counting results; the 
composition derived is similar to that reported by Powell et al. (1973) for a fused bead but has even lower SiO2. 

The range in olivine compositions we found to be Fo 60-35, with CaO contents of around 0.25% (Figure 
1). The most magnesian compositions are only in the cores of the larger crystals. There are no abrupt 
discontinuities in composition, suggesting (as does the petrography) that the olivines crystallized continuously and 
are not xenoliths or xenocrysts. While some olivines have borders suggesting reaction and resorption, many have 
euhedral or subhedral boundaries; a few show swallow-tails indicative of very rapid cooling. The bulk Mg/Fe of the 
rock should crystallize equilibrium olivines of about Fo70, not the Fo60 maximum that we found, suggesting that 
either the cores re-equilibrated with the melt or that the olivines are partly cumulate, but neither explanation is 
particularly consistent with the rapid cooling demonstrated by the texiure. 
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Petrogenesis-Cox 3 

The pyroxenes evidently crystallized after at least the cores of the larger olivines had crystallized: 
pyroxenes are never found embedded within the olivines, and they do not include Mg-pigeonites such as are the 
typical early phase in ONB and QNBs. They are Al- and Ti-rich, like pyroxenes that developed in the later stages 
of crystallization of rapidly-cooled QNBs that contain olivines, such as 15125, I 5666 [2], and 15499 (3] (Figures 
2a -d). 15474,4 also contains titania-alumina chromites, but these are rarely embedded in the olivine. The 
crystallization sequence thus was ol-->ol+cr->px-->groundmass chill. 

There appears to be no simple way to derive sample 15474,4 from either an ONB or QNB parent. It has 
lower Mg/Fe than either, and abundant olivine that cannot be derived from them. We conclude that it does indeed 
represent a separate volcanic eruption and magma type, although it might be similar insofar as it is a low-titanium! 
mare basalt. A small amount of sample is available for further analysis. An age determination and some 
information on the trace element chemistry (e.g rare earth element pattern) would be useful for understanding the 
origin of this sample and its ultimate relationship with other basalts at the Apollo 15 landing site. 

[1] Ryder, G. and Sherman S. (1989) Apollo 15 Coarse Fines (4-lOmm) 
[2] Powell, B.N., Aitken, F.K., and Weiblen, P.W. (1973) Classification, distribution and origin of 

lithic fragments fromt he Hadley-Apennine region. Proc. Lunar Sci. Conf. 4th, 445-460. 
[3] Bence, A.E. and Papike, J.J. (1972) Pyroxenes as recorders oflunar basalt petrogenesis: chemical 

trends due to crystal-liquid interaction. Proc. Lunar Sci. Conf. 3rg, 431-469. 
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FLUX WEIGHTED AVERAGE ALTITUDES DERIVED 
FROM "AS-FLOWN" TRAJECTORIES FOR UPDATING 

SPACE SHUTTLE DOSIMETRY DATABASE 
Mary Joe Dunlap, Aerospace Engineering, University of Florida, Gainesville, FL 32611 

Advisor: Michael J. Golightly 

INTRODUCTION Space radiation consists of three major components: Galactic Cosmic Radiation 
(GCR), Solar Particle Events (SPEs), and Geomagnetically Trapped Charged Particles. The Earth's magnetic field 
shields the space shuttle astronauts from the GCR and SPEs while it traps charged particles, primarily protons and 
electrons, forming the radiation belts or Van Allen Belts (l). Radiation doses to the space shuttle astronauts in 
Low Earth Orbit (LEO) are a function of altitude, inclination, and position in the solar cycle. Depending on the 
exact orbital parameters, trapped protons can be the major source term for crew exposure. The magnetic field is 
not coincident with the Earth's spin axis; it is rotated and translated slightly. This is the cause of the South 
Atlantic Anomaly (SAA). The magnetic field is "pressed down" closer to the Earth in this region. Since the 
trappe<J radiation is "attached" to the magnetic field lines, there is a greater particle flux at lower altitudes in the 
SAA (2). This results in a larger radiation dose to the astronauts and Extra Vehicular Activity (EVA) is kept to a 
minimum in this region. The trapped proton dose is only of significance within the SAA (Figure 1 ). 

These components are all affected by the approximately 11 1ear long solar cycle. At typical shuttle 
altitudes, the trapped protons interact with the residual atmosphere (2,3). At solar maximum the upper atmosphere 
is heated and expands which increases the attenuation of the protons, reducing the trapped radiation. During solar 
minimum the upper atmosphere cools and contracts toward the Earth. The reduced density decreases the trapped 
radiation loss, increasing the particle flux. The GCR flux is also modulated over the solar cycle and is the result of 
variations in the strength of the interplanetary electric and magnetic fields through which it must propagate during 
passage from interplanetary space to the inner heliosphere. 

The Space Radiation Analysis Group (SRAG) calculates expected doses to the astronauts prior to all 
missions and conducts post-flight analysis to verify and improve the models. The dose predictions contain many 
uncertainties such as the GCR contribution and the attitude and altitude effects. This work is the first systematic 
determination of the average and flux-weighted average altitude (FW AA) from space shuttle measurements. The 
"as-flown" altitudes derived from this study will reduce the uncertainty due to altitude in the dose prediction. 

State vector files have been obtained for 30 shuttle missions and run through a series of programs to 
calculate the proton dose at the 6 dosimeter locations. A FW AA is calculated for each mission and used to update 
the space shuttle database. Measurements and extrapolated values for the GCR contnbution for each mission have 
been subtracted from the dosimeter measurements leaving only the trapped proton dose. The calculated values are 
compared to measured values and used to establish a relationship between the ratio of the measured to calculated 
dose values, FW AA and the position in the solar cycle. 

ANALYSIS The ST A TE VECTOR FILES containing the space shuttle data are sent through the 
following series of programs: the TRAJECTORY PROPAGATOR, the MAGNETIC FIELD MODEL, the 
TRAPPED RADIATION MODEL, and the RADIATION TRANSPORT CODE. 

STA TE VECTOR FILES contain the time, position, and velocity vectors of the space shuttle. The 
state vectors are derived from ground station measurements and are in a geocentric inertial Cartesian coordinate 
system. These files are provided post-flight by the Mission Operations Directorate (MOD) either on disk or as a 
bard copy. Those files which are not available on disk were scanned in, converted to text files, and edited. These 
files were transferred to the VAX for subsequent analysis. 

TRAJECTORY PROPAGATOR (YRCON) uses the state vector data and Kepler's equations to 
propagate each vector forward in time to create a trajectory. The original program YRCON was ported from a PC 
to the VAX. A new subroutine was added which accepts the state vector file and creates a trajectory file. This 
eliminates the need for keyboard entry as is currently perfonned. 

MAGNETIC FIELD MODEL (ORBGEN) accepts the output file from YRCON and calculates the 
corresponding geomagnetic B & L coordinates and outputs the trajectory and geomagnetic coordinates to a file. 
The magnetic field model used in the coordinate calculations are the fields applicable to the epoch of trapped 
radiation model measurements. For solar min calculations the IGRF 1965 model, epoch 1964 was selected and for 
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FW AAs for SPACE SHUTTLE DOSIMETRY DATABASE: Mary Joe Dunlap 

solar max the Hurwitz, US Coast and Geodetic Survey Model, epoch 1970 was selected. The geomagnetic field is 
not static; it drifts at approximately 0.27° W/year and along with it, the trapped radiation. The field is "drifted" to 
the proper mission time. 

TRAPPED RADIATION MODEL (ORPMINMAX) (3) accepts the output from the magnetic 
field model and utilizing the trapped radiation models for protons (AP8MAX, AP8MIN) and for electrons 
(AE8MAX, AE8MIN) computes the trapped radiation flux encountered by the spacecraft. These models were 
constructed from satellite data collected in the S0's-70's. The model contains options for solar min or max. The 
program calculates a proton spectrum for input to the radiation transport code. A subroutine was added to the 
model which calculates the average and flux-weighted average altitude: 

FW AA = l: (Altitude x Flux) > 10, 30, and 120 MeV for protons and 
l: Flux > 0.01, 0.1, and 1.0 MeV for electrons. 

The FW AA is used in the final analysis to develop a relationship between mission dose and altitude. The FW AA 
is a more realistic value of the altitude during transits through the SAA than the simple geometric average altitude, 
especially for elliptical orbits (Figure 2) or missions which include altitude changes. 
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Figures 1 & 2. STS-33, day 1. Calculated Trapped Proton Flux vs. MET. Note: zero flux outside of the 
SAA. Altitude vs. MET. Note: geometric average altitude and FW AA indicated. 

RADIATION TRANSPORT CODE (PDOSE) uses the computed proton spectrum from the 
trapped radiation model to determine the radiation dose inside the shuttle crew compartment. The output from this 
program is the total dose at a specified location in mrad. For each of the 30 missions analyzed, 4 cases were 
evaluated: solar min and max with the magnetic field drifted and not drifted. PDOSE was then run for the 6 
dosimeter locations within the shuttle. The dose values were then extracted from the output files and tabulated in a 
spreadsheet. The GCR values, interpolated using the Climax neutron monitor count rate and NASA TEPC 
measurements, were subtracted from the dosimetry measurements to obtain the trapped proton contribution alone 
for comparison with the calculated values. 

RESULTS The Space Shuttle database was updated with the calculated FW AA for 30 missions. The 
variation from the values previously in the database is significant (Figures 3,4). 
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Figures 3 & 4. o/o and Km difference between FW AA and previous altitude in database. 

Current models of the trapped radiation are only valid at solar min or max. The ultimate goal of the 
project has been to come up with a scheme for interpolating between solar min and max to arrive at dose estimates 
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during intermediate periods. Missions with FWAAs of 155-165 run are the largest group in the data set followed 
by 165-175 run (Figures 5,6). Notice the clustering of the data from this solar cycle (SC) vs. Last SC in the 155-
165 group while this is not occurring in the 165-175 set Although the shuttle bas been flying for 12 years, we 
have yet to have collected data for a complete SC. 

Measured/Calculated Proton Dose vs. Meosu-ed/Colculoted Proton Dose vs. .. % of Solar Cycle - DLOC 2 ... % of Solar Cycle - Dl.OC 2 
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Figures 5 & 6. The ratio of the measured to calculated trapped proton dose vs. % time since the last solar 
cycle began (min to min) for DLOC 2 and FWAA from 155-165 nm and 165-175 nm. 

The modulation of the trapped froton dose is a result of the variation in upper atmospheric density due to 
heating by the sun over the solar cycle ( >. The heating is due to absorption of the extreme ultraviolet (EUV) 
radiation emitted by the sun. Solar EUV varies over the course of the solar cycle. This variation in tum causes a 
variation of the atmospheric temperature and density at the altitudes frequented by the shuttle. Solar EUV 
emissions are not routinely directly measured. However, a solar radio emission at 2800 MHz (10.7 cm. - Fl0.7) 
correlates closely to the EUV emission and has been recorded since 1947. Using the Fl0.7 measurements, the 
atmospheric density can be calculated at the shuttle orbits. From these calculations, a correlation with the resulting 
trapped dose can be determined. No correlation was found for Fl0.7 values and measured dose rate for a given 
altitude range (Figure 7), possibly due to the limited dataset A good correlation is found between the measured 
dose rate and the density as a function of the FWAA and the Fl0.7 value during each of the 30 missions analyzed. 
The Jacchia formula for density was used with Badwar modification to allow for high solar activity (Figure 8). 
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Figures 7 & 8. Log of the Meas. Dose vs. Fl0. 7, FW AA = 155-165 nm. Note: no good correlation. Log of the 
Meas Dose Rate vs. Calculated Density as a function of FW AA and Fl0. 7 values. Note: good correlation. 

CONCLUSIONS This work makes a substantial contnl>ution to reducing the sources of error in the 
dose estimation models. The FW AA and the dose at the 6 dosimeter locations were calculated for 30 of the 55 
previous space shuttle missions from archived engineering data and used to update the dosimetry database. The 
database will continually be updated by SRAG with current flights and with the 25 flights which have not been 
analyzed. The database will be used to seek better methods for pre-flight dose estimations. More accurate 
empirical relationships can now be developed with other parameters, such as the position in the solar cycle. The 
modifications made to the existing fortran programs will be a useful tool to SRAG. 
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Analysis of Ejecta of Venusian Impact Craters 
Kimberly Feely, Department of Geology, University of California, Santa Barbara, 

Santa Barbara, CA 93106-9530 

Introduction 
Surface features of Venus, previously obscured by the thick atmosphere surrounding the 

planet, have only recently been unveiled using the radar imagery of the Magellan satellite. Initial 
analysis of the data returned by the satellite detennined the existence of numerous impact craters, 
ranging in size from 2 to 280 km in diameter and showing many unique features. Specifically, it 
was noted that the ejecta blankets extend farther than would be expected from simple ballistic 
emplacement, implying that additional mechanisms were involved [1]. Atmospheric interactions 
with the ejecta were proposed to explain this and other ejecta characteristics unique to Venus [1,2]. 
Herrick and Phillips also observed an increase in the slope of the maximum ejecta extent versus 
diameter for craters greater than 20 km [2]. This increase corresponds to a change in the 
characteristics of the edge of the ejecta blanket from feathery to lobate. 

The purpose of this study is to test the validity of the initial analysis and develop a more 
thorough classification of the size dependent characteristics of the ejecta blanket To do this, some 
of the craters were first mapped, with special attention paid to details within the ejecta. Then, 
using a global sample of 155 craters, ranging in diameter from 3.2 to 66.6 km, the craters were 
classified by ejecta type and measurements of the ejecta were taken to be compared with similar 
data from other planetary bodies. Analyses of this study confirm most of the conclusions initially 
documented. 
Morphology of Ejecta Blankets 

Geologic maps were produced for about 20 typical craters, in order to obtain a general, 
overall perspective of Venusian impact craters. Units of texture are defined by the relative 
amounts of radar back scatter off of the surface. Moving out from the crater rim, the ejecta units 
include the hummocky ejecta, the continuous ejecta, and flows. Hummocky ejecta is defined by the 
appearance of very blocky surface texture. The unit of continuous ejecta contains all ejecta beyond 
the extent of the hummocky ejecta, not including flow or secondary crater impacts. The surfaces 
within this unit have varying degrees of roughness; thus, this unit is broken down into several more 
descriptive categories: blocky continuous ejecta, continuous ejecta, and sparse continuous ejecta. 
"Blocky" continuous ejecta describes areas where no division can be drawn between the hummocky 
and continuous ejecta because the whole area appears blocky; this unit is typical of craters 8 to 32 
km in diameter. "Average" continuous ejecta, or continuous ejecta without any adjectives, 
indicates an area that is well covered with radially graded ejecta. The term "sparse" is applied to 
areas that obviously contain significant amounts of ejecta, though, empty areas of the underlying 
radar dark terrain, insignificant at the scale of the map, are interspersed throughout the unit. 
Counting numbers of craters, transition zones occur between sparse to average continuous ejecta 
and average to differentiable hummocky/continuous ejecta at diameters of 10 and 30 km, 
respectively. 

The characteristic analysis of the craters also identified several types of boundaries to the 
ejecta blanket These varied with crater size, but not with ejecta texture. The two main types are 
lobate and feathery, where the term lobate boundary refers to a distinct, almost rounded edge, and a 
feathery boundary refers to the edge of an ejecta blanket which fades out indefinitely. Another 
distinguishable boundary is caused by runout or flow structures, neither of which are the focus of 
this study. Finally, there is a category which displays a combination of both characteristics. This 
combination of lobate and feathery edges dominate craters of 20 km in diameter, creating a 
transition zone between the main types and confinning the initial observations. 
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Morphometry of Ejecta Blankets 
The digital images of craters, provided by Magellan at resolutions of 225 m/pixel, were 

analysed to obtain radial measunnents of the crater ejecta. Using computer aided drafting 
programs, the area of the entire crater ejcta was measured, as well as the area contained within the 
crater rim. Assuming that this area was approximately circular, the average radial extent of the 
ejcta was calculated from the equation for the area of a circle. Various plots and graphs were 
drawn up from these raw numbers and averages were calculated with best fit curves. 

Taking the difference of the geometric center of the crater ejecta and the crater center 
results in a calculated offset of the two centers which, when plotted against diameter and averaged 
with a best fit line, produced the following observations. For both high and low angle impacts, 
roughly estimated by the ejecta pattern [3], the offset increased as a function of the diameter(D): 
0.89D0.33 for low angles, and 0.0701.03 for the high to vertical angles. These measurements 
confirm the logical prediction that the lower angle impacts result in more highly offset ejecta 
blankets. 

The increase in the slope of the maximum extent of the ejecta versus the diameter, noted in 
the initial observations to correspond with the transition zone of the boundary characteristics, is not 
reflected in this study. Figure 1 shows a comparison of the average maximum ejecta extent with 
diameter using the data set collected for this study, and no change in slope is observed. The 
equation for this best fit line is E = o0.7, where E is the radial extent of the ejecta. The lack of 
increase in slope may be accounted for either by the limited number of craters sampled with small 
diameters, or by the difference in methods used to calculate the extent of the ejecta. Since this 
study calculated the average maximum extent of the ejecta using measurements of the area and the 
area fonnula for a circle, rather than the maximum radial extent as done in the initial analysis, the 
four or five smallest craters may have been underestimated due to the fact that all were produced 
by low angle impactors which offset the ejecta more than 50% of the crater diameter. 
Comparison with other Planets 

The method of using the areas to calculate the radial extent of the ejecta, described above, 
is actually more precise than the methods used to estimate the average radius of crater ejecta of 
from photographs of other planets. Comparing the extent of the ejecta on Venus to that on Mars, 
Mercury, and the Moon (Fig. 2), demonstrates that Venus ejecta was not simply ballistically 
emplaced. For planets where atmospheric drag does not significantly effect the emplacement of 
impact ejecta, the equations for pi-group scaling [ 4] and basic equations of projectile motion can be 
used to show that the extent of the ejecta should be directly proportional to the size of the crater. 
This is not found to be true for Venusian craters where the maximum extent of the ejecta and the 
increases with diameter by o0,7_ Furthennore, for planets where atmospheric drag is negligible 
and craters are large enough that gravity, rather than the strength of the target rock, dominates the 
mechanics of the impact processes, the extent that the ejecta can be launched should decrease with 
an increase of the gravity. Given this relationship, Venus, with a gravitational field three times that 
of Mercury, should plot far below Mercury on the graph in Figure 2. Since Venus lies nearly on 
top of Mercury in the graph, other processes must be involved to increase the average radial extent 
of the ejecta. The shifted position of Venus on the graph is, at least partially, attributed to 
atmospheric entrainment of the ejecta during emplacement resulting in increased radial extent. 
Conclusions 

lllis qualitative and quantitative examination of Venusian impact craters documents the 
requirement for the employment of additional mechanisms of ejecta emplacement beyond simple 
ballistic models. The primary evidence for this is the slope and the position of the line plotting the 
dependence of the ejecta extent against the crater diameter. Supplementary indications that other 
processes are involved are the characteristics of the ejecta boundary which changes depending on 
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the size of the crater. Based on these conclusions, further work should be done to produce a 
vertical profile of the Venusian crater ejecta blankets, thereby obtaining information on the 
distributed thickness of the extended ejecta. Characteristic analysis of the structures should better 
indicate whether turbulent atmospheric conditions or large debris-type flows dominated the 
emplacement process. 
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Figure 1: Logarithmic plot displaying the average maximum extent 
of the ejecta against the diameter with supporting data points. 
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Figure 2: Logarithmic plot of average maximum ejecta extent versus 
diameter on the Moon [5], Mercury [6], Mars[?], and Venus. 
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Improved Alkyammonium Method for HRTEM Characterization of Phyllosilicates in 
Carbonaceous Chondrites. F.P. Fournier, Moorhead State University, MN 

Introduction 

Phyllosilicates are a large class of hydrous layered aluminosilicates arranged into tetrahedral 
silica (t) and octahedral alumina sheets (o). Commonly present in the clay fraction of soils, 
these minerals are also found in some of the most primitive meteorites. On Earth, 
phyllosilicates are usually products of rock-weathering or aqueous alteration, hence their 
identification in extraterrestrial material should provide important insights into the role of water 
in the meteorite parent bodies and the early solar system [ 1 ]. 

While 1:1 (t-o) and 2: l (t-o-t) phyllosilicates have long been recognized in carbonaceous 
chondrites, their exact mineralogical characterization has only begun in recent TEM studies. In 
fact, high resolution imaging alone cannot discriminate between 2: l phyllosilicate phases due to 
their nearly identical layer spacings and their sensitivity to electron beam induced lattice 
damage. 

Mineralogists have shown that through the alkylammonium method (AAM), i.e., the 
intercalation of organic alkylammonium cations, hydrated inorganic cations may be removed 
from the interlayers of clays thus improving TEM stability. Moreover, this technique provides 
a unique means to characterize 2: l phyllosilicates based on the layer charge they develop from 
ionic substitution within their lattice structure [2]. 

In an earlier summer intern program, the applicability of the AAM to very small 
samples sizes (e.g., ng) was demonstrated [3]. The objective of this study was to use the 
procedure to characterize the phyllosilicates in standard clays and meteorite samples. Several 
improvements to the preparation [4] and saturation [5] of alkylammonium cations used for the 
intercalation are also presented. 

Materials and Methods 

Alkylammonium chloride preparation Twelve n-alkylammonium chloride salts with carbon chains 
ranging from C6 to C1s (excluding C17) were synthesized by titrating a 50% ethanol/alkylamine 
solution with 5M HCI to neutral pH, followed by roto-evaporation of excess ethanol, 
recrystallization in cold acetone, and freeze-drying for purification. Aqueous solutions of 
predetermined [5] concentrations in these salts were then prepared and stored at 60 °c. 

X-ray diffraction <XRD} analysis Sixty-milligram samples of Na-clay were placed into 40-ml 
centrifuge tubes and to each, 20 ml of alkylammonium solution of appropriate chain length 
were added. Twelve samples corresponding to the salts were thereby prepared., ultrasonically 
dispersed and incubated in an environmental shaker at 60 °c for 24 hrs. After incubation, the 
samples were centrifuged and the residues washed free of excess alkylammonium ions by 
dispersion in 20 ml absolute ethanol, followed by centrifugation and decanting of the 
supernatant. The washing procedure was repeated 3 to 4 times. The final residue was dispersed 
in 1 ml absolute ethanol and dried on glass slides to form oriented mounts for XRD analysis. 
XRD mounts were dried in a vacuum desiccator for 24 hrs prior to analysis. 

Hh:h resolution transmission electron microscopy <HRTEMl Nanogram fractions from a CI 
carbonaceous chondrite (Ivuna) and two standard clay minerals (Garfield Nontronite, GAN, and 
California Saponite, CAS) were epoxy-embedded in embed-812 resin and ultramicrotomed into 
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-80-nm thin sections. These sections were retrieved onto 200 mesh Cu TEM grids with a 
carbon-coated microplastic grid substrate then, placed into I-ml centrifuge tubes containing 
alkylammonium solutions at 60 °c for 3-4 hours. The grids were cautiously dropped into 
warm distilled water without allowing the samples to cool in the transfer process. Washing was 
repeated by dipping the alkylammonium treated grid two or three times in the warm water. 
Finally the grid was placed on a lint-free tissue and air-dried. 

Layer ct-spacings of the alkylammonium-saturated standard clay and chondritic clay 
samples were directly measured with a JEOL 2000FX high-resolution electron microscope 
(HRTEM) and compared with X-ray diffraction (XRD) data obtained for the standard clays. 

Results and Discussion 

XRD analysis X-ray determined d(00I) spacings of the alkylammonium saturated clays increased 
in a characteristic step pattern with increase in alkyl chain length (Ne) (Figure 1 ). Normally 
the 1.36 nm spacing corresponds to a monolayer arrangement of alkylammonium ions. The first 
appearance of the bilayers (equivalence point) is indicated by the increase in d(00l) in excess of 
1.36 nm. At the monolayer/bilayer transition the area of the alkylammonium ion in interlayer 
(Ac=5.7xNc+l4) becomes equal to the equivalent area Ae (area per unit charge). The layer 
charge (LC) was calculated from the ratio ab/2Ac, where a and b are the unit cell parameters 
for the layer silicate (6]. The maximum and minimum layer charges for a given clay were 
determined using this relationship for the monolayer /bilayer transition and for the begining of 
the bilayer plateau. The range of LC for GAN was 0.31 to 0.45 /half unit cell and that for 
CAS was 0.27 to 0.34/half unit cell. 

HR.IBM analysis XRD spacings correspond to a spacing value that is an average of diffraction 
by a range of layer spacings. HRTEM observations helped us to measure individual spacings in 
such a population. A comparison of d(00I) spacings obtained by HRTEM to those obtained by 
XRD (Table 1 ) showed a good correspondence, however, a large number of HRTEM 
measurements are needed to get a realistic estimate of the d(00l) value. This is especially true 
in the monolayer/bilayer transition zone where two spacing values are possible (Figure 2). 
The charge distribution in individual clay layers can be estimated by using the HRTEM 
derived d(00I) value. For example, the layer expansions observed for phyllosilicates in Ivuna 
meteorite were 1.30 nm for C6, 1.94 nm for C 13 and 2.50 nm for C 16· Although expansion 
values for a full series of Ne are required for obtaining the charge distribution among layers, 
this data suggests that the smectite in Ivuna has a slightly higher charge density than GAN 
(Table I). Apart from the charge determination, one important consideration was the stability 
of phyllosilicates under the beam of various alkylammonium treated clays. A general increase 
in stability was observed with increase in Ne. Because large alkylammonium ions cause d(00 1) 
of about 2 nm, phyllosilicates can be resolved at relatively lower magnifications (e.g., I00KX or 
less) than at typical HRTEM magnifications (e.g., 200KX), where beam susceptibility is high. 
Saturation with alkylammonium ions (Nc>13) stabilizes lattice images so they may be observed 
for a relatively longer time (_3 to 5 min) in comparison to untreated samples which last less 
than l min under similar conditions. In conclusion, the alkylammonium method can be applied 
to the study of meteorites, where HRTEM observation are necessary for the analysis of 
phyllosilicates. Microgrid-supported thin sections of the Ivuna meteorite were successfully 
treated with alkylammonium solutions. Its phyllosilicates were identified to have a layer charge 
slightly higher than a standard nontronite, which suggests that they are high-charged smectites. 
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Table 1. 

Comparison of d001 spacings measured by HRTEM 
and XRD techniques for Garfield nontronite 
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Figure 1. Basal spacings of alkylammonium 
-saturated clays vs. alkyl chain length. 

Figure 2. HRTEM images of alkylammonium treated (a) Garfield nontronite (C16-saturated) 
and (b). Ivuna meteorite (C13- saturated). 



22 '93 Intern Conference 

TEXTURAL AND MINERALOOICAL CONSTRAINTS ON TIIE FORMATION OF 
LOW-TEMPERATURE PHASES IN CM CHONDRITES; L. H. Joseph, University of 
Rochester, Rochester, NY 14627, L.B. Browning, University of Tennessee, Knoxville, TN 
37996-1410, M. E. Zolensky, Solar System Exploration Division, NASA Johnson Space Center, 
Houston, TX 77058 

Introduction 
Carbonaceous chondrites are a type of undifferentiated meteorite with a bulk chemical 

composition similar to that of the sun. These primitive meteorites are fragments of asteroidal 
parent bodies which date back 4.6 billion years to the formation of our solar system (1). One type 
of carbonaceous chondrite, the CM2's, preserve evidence of both nebular and parent body 
processes. These chondrites consist of varying percentages of fine-grained, low temperature 
matrix materials, mostly phyllosilicates, which surround high temperature components of primarily 
olivine and pyroxene (2). Almost all of these high temperature components, generally present as 
chondrules, aggregates and isolated crystals, are surrounded by optically differentiable rims or 
"dust mantles" (3). 

While it is generally accepted that the high temperature phases condensed out of the solar 
nebula, various environments and corresponding conditions have been proposed for the formation 
of the low temperature components. The nebular alteration model states that the high temperature 
components partially altered to low temperature phases while still in the solar nebula by gas-grain 
interactions, then collected rims and accreted to form a parent body (3). However, DuFresne and 
Anders (4) suggest that aqueous alteration occuned predominantly on the parent body after 
condensation, rim formation and accretion had already transpired. In turn, the Equilibrium 
Condensation model claims that no chemical alteration occuned at all, proposing instead that every 
mineral phase present within meteorites condensed directly out of the solar nebula to subsequently 
accrete into an asteroidal parent body (5). All three models specify a matrix composition of 
crushed chondrules and aggregates, differing only in the possible presence of parent body 
alteration phases (6). The pwpose of this study is to compile a comprehensive pictoral reference 
set of textures and mineral associations which might provide insight into the processes or 
conditions that existed when these phases were created. 

Procedure 
Five different CM chondrites including Murchison, Murray, Mighei, Cold Bokkeveld and 

Boriskino were studied using the petrographic light microscope and the JEOL 35C SEM at 20 kV 
to determine textural relationships and mineralogical associations. Only CM falls were analyzed to 
reduce the potential of overprinting by terrestrial alteration. 

Discussion 
The extensive embayment of isolated matrix olivine and pyroxene crystals with 

phyllosilicate infillings was noted in each meteorite sample. This is consistent with the production 
of phyllosilicates by in-situ reactions rather than direct nebular condensation. Nearly every 
obseived remnant anhydrous matrix silicate contains reaction textures (6). In contrast, many of the 
olivines and pyroxenes in chondrules are euhedral. This suggests parent body alteration because 
the permeability of the fine-grained matrix and the high surface to volume ratios of the individual 
crystals should result in the preferential alteration of isolated matrix crystals. Figure 1 shows a 
SEM backscatter image of an isolated olivine grain that exhibits an embayed perimeter and the 
intrusion of magnesium-rich phyllosilicates. The original euhedral shape of the crystal can still be 
observed. 

All theories of CM chondrite evolution involve the crushing of pre-altered chondrules and 
aggregates to form matrix material during the accretionary process to some extent (6). Figure 2 
shows a chondrule with relatively sharp boundaries between the associated alteration products and 
surrounding matrix. This is consistant with nebular alteration of primary chondrule phases and the 
subsequent mechanical mixing of these components with fine-grained matrix (3). In contrast, iron 
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and magnesium x-ray dot maps of the area in Figure 1 reveal gradational compositional boundaries 
between the remnant forsterite, the adjacent phyllosilicates and the surrounding matrix. 

Vein formation is characterized by the movement of fluids through a fractured, pre-lithified 
substrate. Although relatively rare in CM2's, the presence of phyllosilicate or carbonate veins 
indicates aqueous alteration in a parent body setting (7, 8). The rim and matrix must have already 
been present around the component in Figure 3 when aqueous alteration occmred since the vein 
extends from the component through the rim and into the matrix. This particular vein is filled with 
aligned crystals of a magnesium-rich phyllosilicate. This supports previous proposels by Bunch 
and Chang (9) that late-stage phyllosilicates are depleted in iron. 

Previous calculations suggest that the partial pressure of COi within the solar nebula would 
not be high enough to permit the formation of carbonates prior to the accretion of a parent body 
(8). Furthermore, Bunch and Chang (9) have shown that the presence of carbonates in CM 
chondrites suggests the evolution of an alteration fluid on the body. The presence of phyllosilicate-
ringed calcite crystals (Figure 4) suggests that phyllosilicates may also have formed on the parent 
body. Also indicative of this multiple-stage alteration process, Figure 5 shows the intrusion of 
phyllosilicates through a calcite crystal. Additionally, the occurrence of anhedral and embayed 
calcite crystals indicates late-stage dissolution or formation within a confined setting, such as in a 
compacted parent body. 

It does not appear probable that fragile products of aqueous alteration within CM2's would 
be preserved thoughout the rigorous accretion and lithification processes. However, ponded 
phyllosilicates (Figure 6), veins, "textured" matrix, extensions from chondrules and other delicate 
characteristics are common within these meteorites. These textural features were most likely 
formed during in-situ alteration events. 

Conclusion 
Although features such as sharp boundaries between isolated olivine crystals and the 

surrounding matrix suggest that at least some aqueous reactions may have occurred in the solar 
nebula, the common occurrence of carbonates, degraded remnant matrix silicates and fragile 
alteration products supports the predominance of parent body alteration. 
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Fig. 1. Backscatter image of an isolated olivine grain in Cold Bokkeveld at 600x. Note the embayment of 
olivine by the surrounding Mg-rich phyllosilicates. Fig. 2. An isolated olivine crystal in Murray taken in plane-
polarized light at lOOOx. This crystal has both sharp and gradational boundaries with the adjacent 
phyllosilicates. Fig. 3. A plane-polarized light view (400x) of a Mg-rich phyllosilicate vein extending out from 
the component, through the rim, and into the matrix. Fig. 4. A striated calcite grain ringed by a band of 
phyllosilicate, taken at lOOOx in plane-polarized light Fig. 5. A calcite crystal cross-cut by phyllosilicates at 
lOOOx in Murray in plane-polarized light. Fig. 6. A plane-polarized light image of Murchison at 400x of a 
ponded phyllosilicate extending from a highly altered chondrule. 
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INTRODUCTION: 

Chondritic meteorites have compositions 
representative of primitive solar system material. 
Other meteorites, namely achondrites, are solar 
system materials that have undergone igneous 
processing. To develop an understanding of how the 
achondrites may be related to the chondrites through 
igneous processing. previous studies have looked at 
partial melting experiments on CM. CV, and H 
chondrites under temperatures and oxygen fugacities 
analogous to conditions thought to have occurred in 
the primordial solar system [e.g., 1,2). 

Previous work has found that, although 
compositions differ among the categories of 
meteorites, the dominant factor controlling the phase 
equihl>ria is the oxygen fugacity. Melts created at 
high partial pressures of oxygen - specifically two 
log units above the iron-wustite solid buffer 
boundary (IW+2) - were silica-undersaturated, 
while melts created at low partial pressures of 
oxygen (IW-1) were silica-saturated. 

The exception to this rule was one partial 
melting experiment of the ordinary LL chondrite St 
Severin that was run at an oxygen fugacity of IW+2 
by Egon Weber (1992 LPI Summer Intern). Melts in 
the charge were silica-saturated, unlike any melt 
previously obtained at IW+2. This experimental 
study attempts to explain the phase relations that 
create this unusual result 

METHODS: 

Two starting compositions were used: 1) 
actual St Severin silicate powder, to which iron-
nickel metal powder was added to duplicate the total 
meteorite composition and 2) a •glassed• St Severin 
simulant made from oxides and carbonates by Loan 
Le of JSC. The simulant was used in all experiments 
as a substitute in order to conserve the St Severin 
meteorite. The natural St Severin charges were 
placed side by side with the simulant for the 12oo<>c, 
11so0c and 11200c runs. This duplication was to 
ensure that the simulant reproduced the phase 
equilibria, especially at low temperatures where 
multiple phases had to nucleate. 

Experiments were conducted by placing the 
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charges in a reusuable platinum basket which was 
then hung in a controlled atmosphere, vertical 
furnace. The basket was saturated in iron from 
previous use, so that negligil>le iron would be lost 
from the sample. The oxygen fugacity was 
controlled by a mixture of carbon monoxide and 
carbon dioxide that passed over the sample. The 
mixture was checked by connecting the exhaust 
gases in a reference furnace containing an electrolyte 
cell and comparing the oxidation state to a referance 
gas (in this case, oxygen). The isothermal 
experiments were performed in a temperature range 
from 1120 to 1240°c, and lasted four to seven days. 
with the lower tempertures run for the longer 
durations. To minimiu quench effects, the samples 
were dropped into deioni7.ed water injected into the 
furnace. 

Cross sections of the charges were mounted 
in epoxy and polished to one micron. Identification 
of phases and broad observations were made with a 
JEOL Scanning Electron Microscope. A Cameca 
Electron Microprobe was used for compositional 
analyses at 15kV and 30nA. Several samples of 
each phase were analyud a minimum of 10 microns 
from any crystal boundary to minimiu small grain 
and quench effects. 

RF.sULTS: 

In all charges: olivine (65-69% Fo), low-
calcium pyroxene (62-70% En, 2-10% Wo), 
chromite, high-silica melt (54-60% SiO2), and iron-
nickel sulfide were present Additionally, there was 
a high-calcium pyroxene (46% En-44% Wo) in the 
1120°c charge. 

Several lines of evidence were used to 
demonstrate equilibrium. Fe/Mg-01/melt 
equihl>rium constants (OllmKFeJMg) ranged from 
0.32 to 0.36, and were in good agreement with the 
values obtained for other chondites under similar 
conditions (1,2,3). Mass balances can be found 
which reproduce the starting compositions well, 
indicating no observable iron loss and consistent 
phase percentages [Figure 1). The major phases 
present, in mole percent, were: 66-72% olivine, 1-
15% pyroxene, .4-.8% chrome spinel, 16-25% melt, 
and <2% sulfide. 

COMPARISON OF RF.sULTS WITH PREVIOUS WORK: 

The melt compositions from the St Severin 
experiments are signifigantly different from partial 
melts of other chondrites generated at IW+2, both in 
silica content and in the major element ratios. These 
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differences can be seen in the CIPW norms, as in 
Figure 2. 

Another important difference between the 
St Severin IW+2 and charges from other chondrites 
are the phase assemblages present St Severin melts 
coexist with equihl>rium olivine and pyroxene (both 
of which have low calcium contents), and chrome 
spinet; whereas, partial melts from other chondrites 
generated at IW+2 coexisted with olivine and 
pyroxene having higher calcium contents and 
hercenitic spinet. 

In some respects, the St Severin IW+2 melt 
compositions more closely resemble melts produced 
at IW-1 both from St Severin and other meteorites 
(c.f., Figure 2). This analogy also extends to the 
equihl>rium phase assemblages, in that crome spinel, 
low calcium pyroxene, and olivine are present at all 
temperatures. For example, Table 1 compares the 
St Severin 1200oC, IW+2 melt and phase 
assemblages to that of a St Severin 122ooC, at 'IW-
1. The percentages of melt and olivine in both 
charges are similar. The percentage of pyroxene in 
the IW+2 charge, however, is approximately SO% 
less than that in the IW-1 sample. Accordingly, the 
mass balances suggest that the increased silica 
content reflects the decreased percentage of pyroxene 
in the charge. 

The phase assemblages in the St Severin 
IW+2 and IW-1 charges from other chondrites 
differ, however, at lower temperatures. In CM and 
CV chondrites run at IW-1, plagioclase coexisted at 
the solidus with olivine and low-calcium pyroxene. 
In the St Severin IW+2 sample, diopside nucleated 
rather than plagioclase. Trustworthy low-pressure 
data was not available for phase assemblages at 'IW-1 
for St Severin or other ordinary chondrites. A study 
of high pressure phase relations in an L chondrite (41 
shows clinopyroxene, rather than plagioclase, 
coexisting with olivine and low-calcium pyroxene. 

DISCUMION: 

The phases present in the St Severin IW+2 
charges signifigantly differ from IW+2 assemblages 
found in other chondritic systems, most obviously in 
the high-silica content of the melt However, 
although the St Severin IW+2 samples better 
represent the IW-1 phase assemblage than anything 
produced in other systems at IW+2, the melts are 
even higher in silica than are the silica-saturated 
IW-1 melts, diopside is present at the solidus, and 
volatiles (Na an P) were retained in the melt This 
leaves two problems to resolve : why the melts differ 
from other IW+2 melts, and why the 

melts differ from IW-1 melts. 
The explanation mvored by [21 for 

producing silica-undersaturated melts in other IW+2 
charges, is that the iron metal in the starting 
material oxidiud, increasing the FeO in the melt 
and changing the phase equihl>ria so that melts plot 
in the spinet field. In the case of the high fOi 
experiments in this study, it is posstl>le that there 
simply was not enough iron in the bulk St Severin to 
change the phase equihl>ria. This would cause the 
IW+2 melts to continue to plot near the IW-1 
charges; however, it might change the minor silicate 
phases present, such as nucleating diopside, rather 
than plagioclase [Figure 31 

Another explanation is that the St Severin 
system is very sensitive to sodium, in which case the 
presence of approximately two percent Na2O will 
shift the phase fields so that the system continues to 
crystallize near the peritectic point defined by the 
'IW-1 experiments on eucrites and chondritic 
materials rather than shifting to the cotectic point 
defined by the IW+2 experiments on CM and CV 
chondrites. 

If the low iron content of the bulk St 
Severin is what makes the high «>2 melts behave 
with low «>2 systematics, then the unusually high 
silica content of St Severin 'IW+2 melts relative to 
analogous IW-1 melts may be explained in several 
ways. One posstl>ility is that it may just be because 
bulk St Severin has an intrinsically higher silica 
content, due it its initially low iron. In this scenario, 
the sodium has marginal effect on the phase 
equihl>ria. Instead, the high silica content (ranging 
from 54-59 wt%) would retain the volatiles 
metastably because the higher viscosity of a siliceous 
melt would not allow volatiles to escape as easily, or 
perhaps the melt is more retentive and the volatility 
is decreased. Another possibility is that the amount 
of sodium retained in the melt affects the phase 
equihl>ria. This could happen by making the melt 
more thermodynamically stable with respect to 
pyroxene in comparison to partial melts at IW-1. 
Supporting this last hypothesis is the lower 
percentage of pyroxene in 'IW+2 sample [Table 11, 
indicating that the pyroxene components (especially 
silica) are not crystallizing from the melt, even 
though a similar amount of olivine is present 
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Figure I. Phase proportions in weight 
percent, calculated using mass balance. 
Dashed arrows reflect extrapolations visually 
estimated from SEM Photos. 

IW-1 IW+2 IW+2/IW-1 

1220 1200 
SiO2 48.93 57.36 1.17 
rno2 0.44 0.31 0.72 
~1203 11.86 10.16 0.86 
FeO 21.23 16.16 0.76 
MnO 0.35 0.26 0.74 
MgO 8.54 6.22 0.73 
CaO 8.59 6.91 0.80 
Na2O 0.03 2.20 70.28 
1<20 
Cr2O3 0.44 0.12 0.28 
NiO 0.07 
P2O5 0.40 0.64 1.62 
Total 100.80 100.42 
%melt 19.0 19.7 
%pyx 14.7 8.1 
%olivine 62.6 65.2 

Table 1. Comparison of St. Severin at 1200 
0c and IW+2 melt and phase assemblages to 
that of St. Severin at 1220 °c and IW-1. 
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Figure 2. Ternary diagram showing the 
dramatic differences between previous IW+2 
experiments on CV, CM, and H chondrites 
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Figure 3. Adaptation from [5] of partial 
melt experiments from [2] and this study. 
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INTRODUCTION 
Angrite meteorites are a type of basaltic achondrites that are noted for their very old 

crystallization ages (4.55 b.y.)[1] and unusual chemical and mineralogical properties. In spite of 
great interest, only four angrites have been found yet. The first angrite, Angra dos Reis (ADOR), 
which fell near Rio de Janeiro in 1869, had been the only one of its kind for more than one 
century. Since 1986 three additional angrites were discovered in the Antarctic and they have 
offered an opportunity to reevaluate their origins. 

LEW87051 is one of them which weighs only 0.6g. It is a fine-grained porphyritic rock 
with coarse subhedral to euhedral olivines (-0.Smm) set in a groundmass of anorthite, fassaite, 
Fe-rich olivine, kirschsteinite and minor minerals[2]. The groundmass clearly represents a 
crystallized melt. The largest uncertainty about the petrogenesis ofLEW87051 is the relationship 
between the large olivine crystals and the groundmass. If the olivine crystals are phenocrysts 
which were produced by fractional crystallization, the melt from they grew has direct infonnation 
about differentiation on its parent body. On the other hand, if the olivines are xenocrysts whose 
origin is thought to be impact melt, we can know little about their igneous process about angrites. 

Prinz et a/.[3] suggested the olivines are xenocrysts, while McKay et a/.[4,5] proposed a 
fractional crystallization model based on experimental work, whose data indicate that major 
portion of the large olivine crystals can be fonned by fractional crystallization from an olivine-
rich melt in a closed system. However, the crystals have Cr-rich, Ca-poor cores (Fig.1) which do 
not fit the experiments. To make clear the origin of these Cr-rich cores, we have been perfonning 
experiments using LEW87051 analogues to measure the effects of oxygen :fugacity (/02) on Cr 
distribution coefficient in angritic system. We analyzed major elements and Cr in olivines and 
melts of charges obtained by a series of melting experiments as a :function of both temperature 
andj02. 

EXPERIMENT AL PROCEDURES 
We prepared two different materials for the experiments. One is the composition of 

LEW87051 to which we added 1 wr'/o Gd2O3 and 1 wr'/o EwO3 (L 7) and the other is a similar 
composition from which we removed ca.10% olivine (L7A). For each experiment, a 125 mg 
pellet was made from each of materials, placed on Pt4oRh60 wire holder and suspended in a 
Deltech furnace for 96 hours at the appropriate temperature andj02. We ran experiments for both 
compositions from one log unit below the iron-wustite buffer (I.W.-1) to four log units above it 
(I.W.+4). For L 7, at first the pellet was held in the furnace at 1430°C to melt it completely for 48 
hours, then quenched to room temperature. Then, it was put back in the furnace for 48 hours at 
1400°C to grow olivine crystals. For L 7 A, the holding times (48 hours and 48 hours) were the 
same, but the temperature was first 1300°C, then 1225°C. CO/CO2 flowing gas was used for 
obtaining the desiredj02 as measured by a zirconia cell[6]. We analyzed the run products by 
wavelength dispersive analysis (WDS) at 20 kV and 30 nA using a Cameca electron microprobe. 

RESULTS 
L7: Fig.2 shows the distribution coefficient of Cr between olivine and glass (Derovo~ at 

various values ofj02. Derovoi ofL7 is almost homogeneous for eachj02. Derovm for each 
temperature andj02 is listed in Table 1. As stated before, we estimated the temperature to grow 
olivine crystals at 1400°C for L7. Olivines were obtained at that temperature from I.W.-1 to 
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I.W.+3. However, the charges were all glass and had no olivine for I.W.+4. That's why we ran 
the experiments at 1395°C again and gained olivines. In Fig.3 our new data are compared with 
the data from the previous study for L7[4]. Derovo, at I.W.+1.3 in this study is in good agreement 
with the earlier data. 

L7A: Although L7A has large error bars compared with L7, Derovo, is also almost 
consistent againstj02. However, it is slightly higher from I.W.+2 to +4 than from -1 to+ 1.3. As 
for L 7, the temperature at which olivine is formed is lower for higherj02, so a couple of 
experiments were performed at different temperature for eachj02 from I.W.+ 1.3 to +4. The 
difference of temperature is larger than that of L 7. Under oxidizing conditions a lot of small 
spinel grains were formed with olivine. In our experiments spinel was formed at higherj02 than 
I.W.+2. This might be one major reason why Derovo, from I.W.+2 to +4 is a little higher. If spinel 
is formed after olivine grows, the Cr content of the melt gets much lower because oflarge 
amount of Cr in spinel, and the apparent value of Der ovo, will get high. Originally L 7 A has less 
content of Cr (0.08wt°/o) than L7 (0.17wt%). Der ova, ofL7A would be very much affected by the 
presence of spinel. In Fig.3 the plots of DcrovG1 L 7 A are a little lower than the best fit curve, but 
within range of the error. 

DISCUSSION 
This experiment indicates that Derovo, is almost constant from I.W. -1 to +4 if temperature 

is the same. It means Der ovo, is little affected by }02. The Cr-rich core observed in LEW8705 l 
olivine and the variation of Cr content from core to rim would be mainly a result of changes of 
Der ave;,. If so, one explanation is that the changes of Der ova, depend only upon temperature. Higher 
temperature gives lower Der ova, as is clear from Fig.2 and Table 1, and thus gives lower content 
of Cr in olivine. According to this hypothesis, the large olivine crystals in LEW8705 l were 
formed at lower temperature at first, then experienced higher temperature and cooled. To realize 
these condition, it seems to be likely that olivines are xenocrysts once crystallized at low 
temperature, then mixed with the melt of groundmass. Another explanation is that Cr content of 
the melt was first high, thus olivine core which grew at early stage was rich in Cr. In this case it 
will be also desirable to consider that large olivine was brought from the other source whose melt 
was rich in Cr. In any case, Cr-rich core seems to be xenocrysts and have no relationship with 
groundmass. 

CONCLUSION 
It is an interesting result that Der ovGI does not change as }02 differs. This result denies an 

effect ofj02 changes to produce Cr-rich core olivines in LEW87051, and indicates the origins of 
Cr-rich cores would be unrelated to the groundmass. Perhaps they are xenocrysts which formed 
at low temperature or from Cr-rich melt. However, it is unlikely that zoning profile of 
xenocrysts agrees so well with that of predicted model (Fig. I). So it is controversial and the 
origin of the cores remains unclear. Further experiments will be needed to unravel these puzzling 
igneous history. 
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Table 1. Average Values for Der 
f02 T (deg C) L7 L7A 

-1 1400 0.6244+-0.014 
0 1400 0.6229+-0.007 

1.3 1400 0.6233+-0.038 
2 1400 0.6415+-0.010 
3 1397.5 0.6371 +-0.038 
4 1395 0 .5602+-0.054 

-1 1225 0 .9074+-0.074 
0 1225 0.8588+-0.071 

1.3 1220 0.8645+-0.136 
2 1215 1.0042+-0.131 
3 1210 0.9404+-0.207 
4 1210 1.067 4+-0.643 
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Carbon and Oxygen Isotopes from Carbonates in Precambrian 
Sediment; Victor E. Millings, III, Department of Geology, College of Charleston, 
Charleston, SC 29424; Advisor: Everett K. Gibson, Jr., Planetary Sciences Branch, NASA, 
Houston, TX 77058; Special Assistance: C. S. Romanek & R. A. Socki, SN2, NASA-JSC, 
Houston, TX 77058 

Introduction This is a study of carbon and oxygen isotopes extracted 
from six well-characterized Precambrian sediments previously collected by 
members of the Precambrian Paleobiology Research Group (PPRG). These 
sediments are unique in that the grade of metamorphism they were subjected 
to is rather low; with the highest grades of metamorphism being 
subgreenschist and prehnite-pumpellyite facies (1). Metamorphism as low as 
greenschist facies can lead to decarbonation reactions and the release of CO2 
and subsequent depletion in 6 C-13 values from the original values 
incorporated at the time of deposition (2). This work is an effort to augment 
the sparse database on Precambrian carbon and oxygen isotopic values. It is 
hoped that the study of Precambrian sediments will reveal possible changes in 
the carbon and oxygen isotopic compositions during the period of study. 

Experimental Procedures Six Precambrian sediments were ground using a 
Diamonite™ mortar and pestle, passed through a 115 mesh sieve, weighed and 
analyzed by XRD to determine carbonate content, purity and contamination 
levels of the sediments. Three samples of approximately 7 mg from each 
sediment were then placed in reaction vessels containing 100% 
orthophosphoric acid. Before sediment and acid were allowed to react, 
reaction vessels were evacuated for three hours. Samples were reacted with 
the acid overnight in a 50°C constant temperature water bath. Evolved carbon 
dioxide was then collected in a liquid nitrogen cold trap and separated from 
water and non-condensable gases cryogenically. The CO2 yield was measured 
with a capacitance manometer to +0.01 torr. 

All CO2 was analyzed on a Finnigan MAT 251 gas source mass 
spectrometer. All isotope data are reported relative to the standard PDB (3) and 
SMOW (4). The machine standard was NASA-1 (o 13C (PDB) = -7.85 permil). A 
carbonate standard extracted on the same line included NBS- I 9 . 
Reproducibility of this standard was generally better than + 0. 15 permil for o 
C-13 and + 0.30 permil for o 0- I 8. 

Results and Discussion Pertinent data for isotopic analyses are tabulated 
in Table 1. 

In all the figures to follow, the values for the individual runs of the 
same sediment plot very close to one another. This precision indicates that the 
reproducibility of the method is quite good. 

Figure 1 is a plot of o C-13 content versus 6 0-18 content of the sediments 
analyzed in the study along with additional data from Socki et al (5). Although 
o 0-18 values differ from sample to sample as much as I 5 permil, the o C- I 3 
shows less variability, with most 6 C- I 3 values falling between O and -2 permil. 
The data can be spatially grouped into two separate sets. The grouping in these 
sets do not appear to be related to the mineralogy or age of the samples. 
Cherts, limestones and dolomites of various ages occur in the same set. The 
isotopic composition of the isotopically most depleted group and the sample 
from the Fortescue Group is likely a function of meteoric diagenesis (6) or 
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decarbonation reactions (7) which would explain the depletion in a C-13 
values. 

Figure 2(a) is a plot of a 0-18 versus age and figure 2(b) is a plot of a C-13 
values versus age for the six samples studied plus additional data from Socki et 
al (5). With the exception of one sample, which has been subjected to 
metamorphic alteration, data from my study are generally more enriched in a 
C-13 than previous samples (5). Enrichment is not so evident in comparison of 
a 0-18 values. Only samples from this study that are mostly calcite or dolomite 
(Transvaal Supergroup and Manitounuk Group) demonstrate this enrichment. 
This enrichment may result from the fact that they were reacted at 50°C 
whereas samples in the Socki study were reacted at 25°C. The increase in 
temperature could have allowed for more of the isotopically heavy carbonates 
to be released, thus affording a more accurate assessment of the total 
carbonate content in the sediments. Enrichment may also be a function of 
greater original carbonate content of the study samples versus the Socki 
samples. But analysis of 296-1-RTS by both studies and enrichment of a C-13 
(by 8 permil) and a 0-18 (by 4 permil) in this study tend to support the first 
assertion. 

In figure 2(a) a 0-18 values become more negative with increasing age. 
Even when a 0-18 values from metamorphosed samples are disregarded, the 
negative trend remains. This negative trend with increasing age supports 
previous data (8). On the other hand, in figure 2(b), if the two samples with 
prehnite-pumpellyite facies are disregarded (on grounds of diagenetic or 
metamorphic alteration,) the a C-13 values are relatively constant. 
Specifically the range of a C-13 values is O to 2 permil over the 2 Ga study 
period. For this reason, deviance from this narrow range of a C-13 values 
might be a legitimate indicator of metamorphic influence upon the original 
composition of the sample. 

Conclusions Carbon isotopic analyses of Precambrian sediments reveals that 
a C-13 values tend to remain within a O to -2 permil range over the 2 Ga period 
of study. This constancy of a C-13 values may serve as an indicator of 
metamorphic alteration. Oxygen isotopic analyses indicate a depletion of o 0-18 
values with increasing age. This depletion over time supports previous 
studies. An increase in reaction temperature from 25°C to 50°C allowed for an 
enrichment of o C-13 values and o 0-18 values especially for high carbonate-
bearing sediments. 
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Table 1. Data from isotopic analvses. 
Sample Mineral 6 13c PDB 6 180PDB 5 l8osMOW 

Content* (± lo) (± lo) (± lo) 
027-1-RF quartz+/- calcite n.d. n.d. n.d. 
Fortescue -2.21 (.02) -19.86 (.01) 10.39 (.01) 

Group -2.27 (.05) -19.51 (.06) 10.75 (.06) 
296-1-RTS calcite +/- dolomite -0.65 (.02) -9.14 (.02) 21.44 (.02) 
Transvaal -0.66 (.01) -8.90 (.01) 21.69 (.01) 

Supergroup -0.69 (.01) -8 .87 (.02) 21.72 (.02) 
309-1-RTS quartz + dolomite -0.30 (.03) -19.10 (.02) 11.17 (.02) 

Insuzi Group -0.55 (.02) -19.45 (.03) 10.81 (.03) 
-0.37 (.02) -19.06 (.03) 11.21 (.03) 

340-1-RTS quartz + calcite n.d. n.d. n.d. 
Kahochella -0.28 (.02) -15.05 (.02) 15.34 (.02) 

Group n.d. n.d. n.d . 
344-1-RTS dolomite -1.80 (.01) -5.38 (.02) 25.31 (.02) 
Manitounuk -1.81 (.02) -5.15 (.02) 25.55 (.02) 

Group -1.80 (.01) -4.98 (.02) 25.73 (.02) 

369-1-RTS quartz+/- dolomite -7.41 (.03) -10.84 (.04) 19.69 (.04) 
Harnersley -7.45 (.02) -10.96 (.04) 19.56 (.04) 

Group -7.50 (.02) -10.96 (.05) 19.56 (.05) 
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CALORIMETRIC THERMOBAROMETRY OF SHOCK-METAMORPHOSED QUARTZ. 
Katherine D. Ocker, Dept. of Physics, Sam Houston State University, Huntsville, Texas. 

INTRODUCTION. Shock metamorphism describes changes that occur in rocks and minerals that are 
exposed to high-pressure shock waves. Natural shock metamorphism is associated with impact cratering. 
Quartz happens to be a very sensitive indicator of such impact-induced shock waves. Quartz is known to display 
a wide variety of shock-induced mechanical deformations and transformations. Petrographic observations have 
shown refractive indices and planar features to appear in quartz only when it has been shocked. Electron 
microscopy has shown basal deformation lamellae [1], while X-ray diffraction has measured crystal destruction 
[2]. Other documented effects at the atomic level are reported by X-ray spectroscopy, TEM, IR, and phase 
changes [3]. A possible alternative method of studying shocked metamorphosed quartz is differential scanning 
calorimetry (DSC). DSC quantitatively measures the heat energy flow into or out of a sample that is heated or 
cooled at a controlled rate. Minerals that have heat-capacity changes, phase transitions, or decrepitation 
reactions during heating can be examined by the DSC [4]. DSC can directly measure the strain energy present 
in quartz, as well as polymorphic phase changes such as the cr//3 transition. A correlation between the shock 
pressure and the change in strain energy could yield another tool for studying shock metamorphosed quartz. 

EXPERIMENTAL PROCEDURE. Two different grain sizes were used in the experiment, 125-250 µm for 
the fme grains and 250-500 µm for the coarse grains. The grains were shocked using a gas gun to accelerate a 
projectile of either aluminum, stainless steel, or fan-steel n onto a container made of either aluminum or 
stainless steel holding the sample [5]. Specimens for each grain size were shocked with different pressures 
ranging between 9.8 GPa to 33.5 GPa. After impact, the shocked quartz was removed from the containers. For 
the optical investigation, thin sections were made from each grain size and were studied with a petrographic 
microscope. For the DSC, two 5-10 mg samples were removed from each shocked specimen and placed into 
aluminum oxide containers. 

Petrographic analysis noted characteristics usually found in shocked quartz such as degrees of extinction, 
fractures, and planar features [2, 5]. Calculation of percentage of metal contamination from either the 
projectile or container was also performed by means of point-count of quartz crystal to metal. 

The samples in the aluminum oxide containers were individually tested in the DSC. The samples were 
programmed to heat at 10 K/min from 300 K to 1000 K, in the presence of argon gas with a flow of 20 
cm3 /min. A base line of the DSC environment with aluminum oxide containers inside was used with each 
heating to correct for instrument effects. The samples were cooled in the same environment and temperature 
range. Before, during, and after the collecting of data, standards were tested to check the DSC performance. 
The temperature and enthalpy were corrected by using indium, zinc, tin (ICTA/NIST) standards. The starting 
quartz materials and the projectile/container materials were run separately. 

RESULTS. Petrographic observations are listed in Table 1. Notice that the increasing shock pressure is 
correlated with the degrees of extinction. Another feature of interest is the frequency and orientation of the 
planar features, as it increases with the coarse-grained sizes compared to the fine-grained sizes. 

The raw data from the DSC yielded graphs as seen in Figure 1. The graphs show how thecr//J peak seems 
to diminish as the pressure increases, for both the fine grained (Figure la) and for the coarse grained (Figure 
lb). 

Using the DSC peak analysis and the calibration from the standard materials, the graphs were examined 
more closely. The strain energy over temperature range of 650-900 K was plotted against the shock pressure for 
both grain sizes and all cycles. The strain energy for the fine grained samples is being estimated to .1 J/g for 
the 33.5 GPa in the "A" heatings and coolings as well as in the "B" cooling (Figure 2a). For the coarse grained 
samples, the strain energy was again estimated to be a maximum level of .1 J /g when the strain energy could 
not be determined (Figure 2b ). 

Advanced analysis of the DSC data is in progress. This includes: subtraction of model continuum from 
calibrated heat-flow curves, use of non-linear curve fitting, and lastly correlating the curve-fit models with 
experimental shock pressure. 
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Table 1: Petrographic observations of shock-recovered quartz in thin sections. 
(PF = planar feature; Proj = projectile; Contr = container; gr = grain) 

Sample Pressure Pro.V Contom. Normal Undulotory Mosaic Isotropic Groins Mox. PF 

Number (GPo) Contr (Vol. ,i:) Extinction Extinction Extinction Extinction with PFs Sets/gr 

1740 9.8 AJ/f,J 5.0 yes-few yea-rnajorl1y none none 0 ......... ________ .. __ 

1741 17.5 AI/FS 3.0 none yea-mojorl1y yes-few yea-minute 0 

1743 33.5 SS/FS 4.0 none none yes-few yea-majority 8 2 
·····································································································--------······························· ... ····---

1744 24.4 

1745 9.9 

1746 10.2 

1747 32.0 

1748 24.8 

1749 17.2 

1.0 none yes-majority yes-few yes-few 8 

5.4 yes-few yes-majority none none 0 

SS/FS 

Al/Al 

Al/Al 6.0 yes-minute yes-majority none none 0 

SS/FS 3.3 none yes-minute yes-few yes-majority 15 

SS/FS 4.5 none yes-majority yes-few yes-minute 10 

AI/FS 3.4 none yes-half yes-half yes-few 0 

3 

3 

3 
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Figure 1: Raw data from DSC showing effects of shock pressure. The "O" curve is for unshocked quartz. 
Each curve represents a spline drawn through approximately 1000 data points. The curves have been 
artificially offset from each other along the y-axis to improve the clarity of display. The curves show that 
broad peaks are superimposed on smoothly rising continua over the 650-900 K range and that the o/ f3 peak 
decreases with increasing pressure. 
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Figure 2: Simple parameterization of DSC data 
for tine- and coarse-grained samples. Each data 
point represents integration or the total 
endoenthalpic peak at 650-900 K as shown in 
Figure 1. First- and second-heating analyses are 
distinguished by "l" and "2," respectively. The 
points plotted at 0.1 J/g represent upper limits for 
the corresponding peaks. 

DISCUSSION. The results of this experiment at this 
time do indeed show that shock-metamorphic effects are 
measurable by DSC as energy absorbed by strained 
crystals during experimental heating. In both the fine 
grained and in the coarse grained samples, it is noted 
that the maximum strain is observed during the first 
heating. There are also heterogeneous strain effects at 
the five milligram scale in experimentally shocked 
charges. The fine grained samples show poor correlation 
between the shock energy and shock pressure. However, 
the coarse grained samples showed coherent 
correlations, indicating the strain energy declines with 
increasing shock pressure at 10-33 GPa. The sharp 
decline in strain energy noted, in both grain sizes at 25-33 
GPa, indicates vitrification. 

Measurable indices that could be found above 1000 
K, such as devitrification, are unaccessible to our 
instrument. Devitrification is known to occur at 1000-
1300 K [3) and the steep rise in the DSC heat-flow curves 
near 1000 K (Fig. 1) is indicative of the enthalpic signal 
for that process. 

The advanced parameterization of the data could 
lead to more detailed results. Therefore, further study of 
DSC as a calorimetric thermobarometer for shock-
metamorphosed quartz is required. 
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Characterizing Miranda's Surface: Voyager Image Processing 
Carol A. Oliver, Stanford University 

Advisors: Drs. Deborah Domingue and Renu Malhotra, Lunar and Planetary Institute 

Voyager images have made it possible to characterize the surfaces 

of the satellites of the outer solar system with some detail. These 

surfaces can be described in terms of their geomorphology, their spectral 

characteristics, and their photometric behavior. 

Miranda's surface consists of an old, relatively bright, heavily 

cratered terrain broken by much younger and more complex regions that 

are called coronae. The coronae are roughly concentric, ovoidal features 

characterized by bright and dark bands, scarps, ridges, and volcanic flows 

(Smith et al. 1986 and Croft and Soderblom 1991 ). 

Color ratio maps by Hillier et al. 1989, Buratti and Mosher 1991, and 

Bell and McCord 1991, reveal gray, or flat, spectral behavior for Miranda. 

Despite the obvious geological and albedo differences, there appear to be 

no significant differences in color between these features and surrounding 

terrain. My own color ratio maps (violet to green, clear to green, and clear 

to violet) agree with these results. 

The color ratio maps also verified my registration of the medium-

resolution Voyager images (FDS# 26844.09, .11, .13). Maximum error for 

this registration was 0.9 pixels, with an average error of 0.5 pixels. 

Registration of the images to <2 pixels is essential for disk-resolved 

photometric studies of individual terrains, because it is necessary to be 

able to locate the same area from image to image in order to successfully 

examine the changes in brightness with phase angle. 

The high-resolution images of Miranda (FDS# 26846.08, .11, .14, .17, 

.20, .23, .26, .29) were also registered to each other. Maximum error for 
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this registration was 1. 7 pixels, with an average error of 0.8 pixels. These 

images are being used to construct a mosaic map of Miranda with phase 

angle coverage from l 8° to 43°. Once completed, data can be extracted 

from the mosaic for disk-resolved photometric studies. The phase angle 

range is not sufficient to permit study of individual areas, although it 

does allow the study of individual terrain types. The following terrains 

will be examined: heavily cratered terrain, dark coronal plains (both 

ridged and banded), light coronal plains, dark impact crater/ejecta, and 

light imact crater/ejecta (as defined by Smith et al. 1986 and Bell and 

McCord 1991 ). 

The raw images of Miranda were obtained from the National Space 

Sciences Data Center / Planetary Data System CD-ROM data set. The 

United States Geographical Survey (USGS) Planetary Image Cartography 

System (PICS) was used to process these images, which were updated 

with event information from the Supplemental Experimental Data Record 

(SEDR) for the Uranus encounter and also updated with geometric and 

radiometric correction parameters from the PICS/RMB files from USGS. 

Images were registered to each other using the TVMA TCH program in PICS 

and the camera angles were updated using the JIGSAW program. All work 

was done on a DEC MicroVAXII computer. 
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SPECTRAL ANALYSIS OF MARS' DARK RED REGIONS Rick L. Saylor, Western 
Kentucky University, Bowling Green, KY. Advisor: Scott Murchie, Lunar and Planetary 
Institute, Houston, TX. 

Introduction. The surface materials of Mars (excluding the polar caps) can basically be 
divided into 3 categories based on their visible-wavelength color and albedo: dark gray materials, 
thought to be pyroxene-bearing, relatively unaltered rock particles that are probably basaltic in 
composition; bright red materials, thought to be fine-grained alteration products containing ferric 
iron; and dark red materials, which are intermediate in albedo, but just as red as the bright red 
materials [1,2,3]. Arvidson et al. [3] hypothesized that Mars' surface materials are physical 
mixtures of relatively homogeneous bright red and dark gray end members. If this hypothesis is 
correct, then intermediate albedo materials including those in the dark red regions should have 
compositions intermediate to those of the bright red and dark gray regions. This prediction can 
be tested using data from the ISM instrument (Imaging Spectrometer for Mars) [4]. The ISM 
instrument returned 9 high resolution (~22x22 km per pixel) images of Mars' equatorial regions 
in 128 near-infrared wavelengths between 0.76 and 3.16 µm. This wavelength range contains 
absorption features due to water and iron in minerals, and thus provides important information on 
the occurrence and abundances of significant soil-forming materials. 

Analysis. Six of the ISM images covering the Eastern Tharsis, Valles Marineris, Arabia, 
Syrtis Major, and Southern Isidis regions were chosen for this investigation. These 6 images 
contain examples of most of the color and morphologic variations we can see in Viking images, 
and are free of evidence for optically thick clouds. Data calibration and removal of absorptions 
due to atmospheric gases were performed using previously described methods [5,6). The ISM 
images were then overlain onto the Viking digital topographic map [7] so that spectral 
absorptions can be correlated with particular geologic features. Most of the variance in the data 
can be represented by using a portion of the 128 available channels and calculating a few of the 
basic properties of the spectra: reflectance at 1 micron, depth of the 3.0-micron absorption due to 
water, and depth of the 2.1-micron absorption due to iron in pyroxene. Values of these were 
represented as false-color images to aid in the comparison of these parameters. Here, they are 
shown in black and white in Figures 1 and 2, overlain on the digital topographic map. 

Results. The areas of bright red material covered by ISM data include Tharsis, Eastern 
Arabia, Isidis, and Amenthes. In general, these bright red regions exhibit intermediate to high 
strengths of the absorption due to water. However, the absorption due to iron in pyroxene is 
either extremely weak or absent. The dark gray regions covered by ISM data include most 
canyon floors in the Valles Marineris complex, Syrtis Major, parts of the Tharsis plateau, and 
isolated patches in Western Arabia. These dark gray regions exhibit an almost perfect 
correspondence between lower albedo and increased strength of the pyroxene absorption. 
However, the strength of the absorption due to water varies from the lowest among the data to 
the upper-intermediate range. 

Border areas between the bright red and dark gray materials and the layered materials of 
central Candor Chasma correspond with regions of intermediate albedo and visible color. These 
areas exhibit intermediate strengths of absorption due to water and to iron in pyroxene. Other 
intermediate albedo regions have different characteristics. These are areas of dark red material. 
The dark red regions covered by ISM data include Lunae Planum, western Arabia, and the 
eastern and western regions of Candor Chasma. These regions exhibit water absorptions stronger 
than the intermediate-albedo margins, and in fact stronger than in almost any other region 
observed by ISM. Eastern and western Candor Chasrna and western Arabia both exhibit 
intermediate strengths of absorption due to iron in pyroxene. However, Lunae Planum is unique 
in that, although it is intermediate in albedo, the absorption due to iron in pyroxene is nearly as 
weak as in the bright red regions. A scatterplot was made using reflectance versus strength of the 
absorption due to iron in pyroxene, and a distinct separate population was found that 
corresponded with the Lunae Planum dark red region. 

Discussion. Spectral properties of the bright red-dark gray border regions and the central 
Candor Chasma layered materials are consistent with mixing of bright red and dark gray 
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materials [cf. 3] based on intermediate strengths of the absorptions due to water and to iron in 
pyroxene. The layered materials of eastern and western Candor Chasma differ from those in the 
central region based on strength of the water absorption; it is much stronger in the eastern and 
western regions. The Lunae Planum and western Arabia dark red materials also show a similar 
strong water absorption. This may lend support to the idea that these materials are salt-cemented 
mixtures of bright red and dark gray materials [3,8,9, 10]; hydrated salts such as gypsum show 
very strong absorptions due to water [11]. However, with Lunae Planum, there simply isn't 
enough evidence for pyroxene to conclude that it causes the lower albedo in this region. This is 
strong evidence for the existence of one or more other dark minerals, possibly other iron-
containing phases such as magnetite or ilmenite. 

Figure 1. Digital topographic maps of Mars' western equatorial regions showing overlays of 
images based on ISM data. 
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Figure 2. Digital topographic maps of Mars' eastern equatorial regions showing overlays of 
images based on ISM data. 
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ORIGINS AND EVOLUTIONARY TRENDS OF MARTIAN OUTFLOW CHANNELS; Selina Tribe, University 
of British Columbia, Canada and Stephen M. Clifford, Lunary and Planetary Institute, Texas. 

Introduction: Observational evidence of outflow channel activity on Mars suggests that water was abundant in the 
planet's early crust. However, with the decline in the planet's internal heat flow, a freezing front developed within the regolith 
that propagated downward with time and acted as a thermodynamic sink for crustal H20. One result of this thennal evolution is 
that, if the intial inventory of water on Mars was small, the cryosphere may have grown to the point where all of the available 
water was taken up as ground ice. Alternatively, if the inventory ofH2o exceeds the current pore volume of the cryosphere then 
Mars has always possessed extensive bodies of subpennafrost groundwater. We have investigated the relative age, elevation, 
geographic distribution, and geologic setting of the outflow channels in an effort to identify possible modes of origin and 
evolutionary trends in their fonnation, to gain evidence regarding the vertical and geographic distribution of groundwater in the 
crust, and to better constrain estimates of the global inventory ofH2o. 

The channels studied in this survey were identified from both the examination of photomosaics and citations in the 
literature. Channel ages were detennined by examining superpositional relationships, impact crater densities and consulting 
published geologic maps. Cited elevations refer to that of the source region where visible, or the highest elevation attained by 
the channel in those instances where the source is obscured. All elevations were determined from the USGS Digital Terrain 
Model [l). Global maps were constructed for latitudes between± 65° that summarize channel activity during the following five 
periods of Martian geologic time (from oldest to youngest): Upper Noachian, Lower Hesperian, Upper Hesperian, Lower 
Amazonian, Upper Amazonian. Maps for the three most active of these periods are reproduced in Figure 2 and show features 
referred to herein. 

Discussion: A graph of mean elevation versus age (Fig. I) shows that Lower Hesperian channels formed at the 
highest (mean) elevations and Upper Amazonian channels formed at the lowest (mean) elevations. The trend to lower 
elevations in more recent times is interpreted to mean that all channels formed by basically the same mechanisms at similar 
elevations but subsequent endogenic or exogenic processes altered their elevations. Younger channels exhibit lower elevations 
because less geologic activity has occured which could add to their elevation. Channels starting from fractures appear more 
frequently at lower elevations and at later times (Amazonian), whereas channels with chaotic source regions generally appear at 
higher elevations and occur earlier (Upper Hesperian). However, a large number of sources are obscured thus their real 
character may invalidate this trend. 

Outflow channel activity reached a conspicuous peak in the Upper Hesperian with the development of the Chryse 
system. Valles Marineris and the Tharsis uplift are also considered to have been active at this time [2) and the temporal and 
spatial association of these tectonic features with the outflow channels suggests they are some way related. The following 
hypothesis is proposed to account for this relation. As the Tharsis bulge grew tension fractures broke the confining ground ice 
layer and propagated toward the east. Eventually the fractures intersected the level of the water table at which point hydrostatic 
head was sufficient to allow outflow of water onto the surface through the conduits provided by the fractures. The removal of 
subsurface water would reduce the buttressing force supporting the overlying regolith and cause subsidence resulting in chaotic 
terrain. 

Much of the channelling during the Lower Amazonian appears to be related to geothermal activity associated with 
local volcanism. Dao, Reull, and Harmahkis Valles are located close to the Lower Hesperian volcano Hadriaca Patera and 
volcanic flows from Upper Hesperian Lower Amazonian Tyrrhena Patera [3). On the flanks of Elysium Mons, a Lower 
Amazonian volcano, several channels emerge from fractures. The geologic setting and chronology of these areas suggests that 
the water discharged from the channels may have resulted from the increased heat flow, which accompanies volcanism, that 
may have melted existing ground ice from the subsurface upwards. Hydrostatic head in the groundwater beneath the ice 
increased because melting of the ice would occur faster than the migration of water through pore spaces to establish a surface of 
constant geopotential Thus a local groundwater mound would develop [4] and when hydrostatic head exceeded the tensional 
strength of the overlying ice the ice would fracture allowing water to flow out onto the surface. 

Upper Amazonian time saw scattered channelling events. The most obvious event is Amazonis channel, a broad 
swath of dominantly featureless and sparsely cratered terrrain lying in a basin with a few small to moderately sized areas which 
exhibit sinuous markings. Morphologically it resembles a ponding feature such as a lake bed more than an extensive, erosive 
channel formed by fluvial action as exhibited by the Chryse channels. Water probably emerged from a fracture in Cerberus 
Rupes [5) which acted as a conduit for groundwater to reach the surface. Smaller Amazonian age events include the Tharsis 
channels, located at the base of the Olympus Mons escarpment [6) whose geologic setting suggests they were initiated by 
increased heat flow associated with volcanism which melted ground ice, a similar mechanism as described above for the Hellas 
and Elysium channels; and two channelled areas in Valles Marineris which may be water-rich debris flows [2,7]. 

The numerous occurences of chaotic terrain adjacent to and east of Valles Marineris suggests that the crust in this 
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region experienced widespread subsidence as a result of the removal of groundwater. Pore water at depth counteracts 
lithostatic pressure and serves to support some of the weight of the overlying crust. It is possible that chaotic terrain formed in 
those regions where large volumes of groundwater were removed greatly reducing regolith support and causing collapse. Large 
scale ground subsidence due to groundwater removal is observed in many areas on Earth. For example, in the San Joachim 
valley of California ex1ensive groundwater pumping has resulted in subsidence of up to 9 mover an area 13,500 1an2 [8J. Areas 
of chaos in the Chryse channel system range from I 000 1an2 for the source of Shalbatana Vallis, I 0,000 krn2 for Aureum Chaos 
up to over 25,000 km2 for Capri Chasma which are the same order of magnitude as terrestrial examples. 'This suggests that the 
morphology of an outflow channel source region may be a function of how much water was released. Fracture sources by 
definition do not exhibit chaotic terrain thus may be due to the removal of amounts of groundwater insufficient to cause ground 
collapse. 

Estimates of the volume ofH20 present in the cryosphere range from a global ocean 370 m deep to one 940 m deep 
[4]. Outflow channel activity initiated by the buildup of hydrostatic pressure in a groundwater system has probably occured 
throughout Martian geologic time from the Upper Noachian to the Upper Amazonian, which may have been as recent as I 
billion years ago [9] . The global inventory of water must therefore exceed the volume locked up in the cryosphere. 

Conclusions: Geomorphological evidence exists for outflow channel activity from the Upper Noachian to the Upper 
Amazonian. Channelling was most \\idespread during Upper Hesperian time in the Chryse system. Propagation of fractures, 
associated with the Tharsis uplift, through ground ice eventually intersected the water table allowing water to flow out onto the 
surface driven by hydrostatic head. Lower Amazonian channels were initiated by increased geothennal activity melting ice and 
increasing the hydrostatic pressure in the underlying watertable. Again fracturing of the overlying regolith allowed water to 
flow out driven by hydrostatic head. Chaotic source regions may have been sites of larger groundwater discharge than fracture 
source regions. From the above considerations groundwater has existed throughout Martian geologic time and probably exists 
today. The global inventory of water on Mars exceeds the volume of a global ocean 340 m deep. 

Future Work: Intended future work includes closer examination of the Chryse channel system involving relative 
dating of the individual channels in order to better understand the relationship between these features and Valles Marineris 
rifting. Data from Mars Observer \\ill allow more detailed dating and mapping and provide more accurate topographic data. 

References: (I) USGS (1991) Map 1-2160. (2) Witbeck. N.E .• Tanaka, K.L, and Scott. D.H. (1991) USGS Map 1-2010. (3) Crown. D.A, Price. 
K.H., and Gl"ecly, R. (1992) Icarus, JOO. 1-25. (4) Clifford, S.l\.f. (1993)JGR. 98, 10973-11016. (SJ Tanaka. KL. and Scott. D.H. (1986) LPSC 
)(VII, 865-866. (6) Mouginis-Mark. P.J. (1990) Icarus, 8-1, 362-373. (7) Lucchitta, B.K (1987)/carus 72, 411-429. (8) Coates, D.R. (1983) in 
Mega-Geomorpholgy, Oxford, pp. 240. (9) Tanaka. K.L. (1986)JGR. 9/, E139-El58. 
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Figure I . Graph of mean elevation of outflow channel source regions versus age with error bars of one standard 
deviation. Up=Upper, Lo=Lower, No=Noachian, Hesp=Hesperian, Am=Amazonian. 
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Figure 2. Global maps of Mars sho\\~ng locations of outflow channel activity (filled) for Upper Hesperian, Lower Amazonian, 
and Upper Amazonian time. All maps show same area. C=Chryse channel system, T=Tharsis bulge region, VM=Valles 
Marineris, E=Elysium Mons, e=Elysium channels, RDH=Rcull, Dao, Harmahkis Valles, A=Amazonis channel, t=Tharsis 
channels. 
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PETROLOGICAL CHARACTERIZATION OF MELT ROCKS AT THE CHICXULUB 
MUL TIRING IMPACT BASIN; P. Vera-Sanchez, Universidad Nacional Autonoma de Mexico, 
Mexico City, V.L. Sharpton, and B.C. Schuraytz, Lunar and Planetary Institute, Houston 

Background. The Chicxulub structure Figure 1: Location Map of Chicxulub Structure. Basin rings shown are 
derived from gravity anomaly data. Well site Y6 is located on the is a 65 Ma multiring impact basin buried southern portion of the central peak ring. 

beneath 300 - 1100 m of carbonate 
sediments in northernmost Yucatan, Mexico 
and is widely considered as the source of the 
ejecta distributed worldwide at the 
Cretaceous-Tertiary (KT) boundary [1-5]. 
Recent analysis of gravity anomaly data over 
the structure indicate the crater may be as 
large as 300 km in diameter and 
consequently may record one of the most 
energetic impact events in the inner solar 
system in the last 3.8 Ga [6]. Because of its 
great size and its temporal link to the mass 
extinction event at the KT boundary, the 
crater is a center of substantial scientific 
inquiry. 

Objective. Direct evaluation of the 
rocks involved in the Chicxulub event 
currently is limited to a few drill core samples 
recovered from three Pemex well near the 
center of the structure (Fig. 1 and [3,6, 7]). 
Preliminary studies of the samples from the 
Yucatan 6 (Y6) well show a well-sorted, 
apparently graded breccia sequence, 
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containing impact melt rocks, extending from ~1,100 m below sea level (m b.s.l.) to >1,400 m 
b.s.l. (Fig. 2 and [3]). These rocks were formed during impact by crushing and melting the 
carbonate-evaporite platform sequence and the underlying crystalline rocks of the Yucatan 
Peninsula and contain important information about the impact process and its relation to the 
KT extinction event. Furthermore, the extent and nature of post-impact geochemical 
overprinting bears directly on the interpretation of these rocks [e.g. 8,9]. The purpose of this 
study was to characterize two representative samples from the Y6 sequence: one breccia 
sample (Y6-N14-2A; 1,208-1,211 m b.s.l.) and one melt rock sample (Y6-N17-1A; 1,295-1,299 
m b.s.l.) to derive information about their origin and evolution. 

Technique. Large scale photomicrographs were used to develop petrographic maps of 
each thin section. Using the petrographic microscope and the Scanning Electron Microscope, 
the mineralogy and textural relationships were determined in both samples. We used standard 
point counting techniques to derive the proportion of various constituents in the samples. A 
total of 1,236 and 1,127 points were·counted for Y6-N17-1A and Y6-N14-2A, respectively. 

Y6-N14-2A: Compositional Results. This sample is a impact breccia consisting of 
coarse-sand-to-pebble sized clasts in a clay-sized matrix, itself containing abundant clasts as 
large as 0.5 mm2• For the purposes of this study all fragments with a surface area greater 
than 0.075 mm2 are considered to be clasts (Fig. 3). The most abundant clast type in this thin 
section is a fine-grained crystalline rock composed of feldspar microlites in a glassy 
mesostasis with variable proportions of undigested quartz and feldspar xenocrysts. Planar 
deformation features in the xenocrysts, as well as textural indications of chemical 
disequilibrium (e.g., pyroxene coronae) indicate that these are fragments of impact melt rocks. 
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There are also numerous clasts of partially altered, partially devitrified impact glass. A 
previous study concluded that these glasses are compositionally similar to the feldspar 

Figure 2: Stratigraphic columns from well data in vicinity of Chicxulub Impact Basin. Wells are ordered according to radial distance from the basin 
center. Samples studied here are shown by stars. 
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observed in unmelted basement clasts within this sample [3]. The presence of such relict 
mineral glasses suggests that these clasts were quickly melted under the influence of impact 
pressures and the breccia unit was subsequently cooled rapidly, possibly under the influence 
of sea water. Unmelted basement fragments constitute~35% of the sample. The dominant 
rock type is a medium-grained alkali-feldspar gneiss with fine-grained quartz-mica schist 
represented by one small clast. Only ~4% of the thin section consists of clasts of limestone or 
anhydrite from the sequence of Mesozoic platform sediments. This suggests that either the 
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Figure J. platform sediments were preferentially partitioned 
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into the matrix (because of their easy 
comminution or low melting points), or that 
breccia formation involved considerably more 
deep crust than sediments. The cryptocrystalline-
microcrystalline matrix is composed of micrite, 
gypsum, phyllosilicates and quartz, and forms 
~21 % of the thin section. Secondary veins and 
pores filled with CaS04 constitute ~1 % of the 
sample. 
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Y6-N17-1A: Compositional Results. Clasts within the Y6-N17 melt rock are 
exclusively unmelted silicate basement lithologies and mineral crystals (Fig. 3). Recrystallized 
and highly-deformed mosaics of quartz and feldspar probably represent the granitic gneiss 
basement shocked and partially melted by the impact process. Isolated feldspars with angular 
to subrounded borders, some with poikilitic textures, are also observed. These clasts are 
typically partially digested and surrounded by coronae of pyroxene similar to those observed 
around xenocrysts witin melt rocks of other terrestrial impact craters [1 OJ. Within the matrix, 
there are also equidimensional domains of microcrystalline quartz, feldspar and iron oxides, 
sometimes containing vesicles filled with calcite or anhydrite that may represent the vestiges of 
basement clasts almost completely assimilated by superheated melt. The matrix itself is 
composed predominantly of microlitic pyroxene and feldspar in a glassy mesostasis. 
Ferromagnesian and iron oxide minerals are heterogeneously distributed throughout the 
matrix. Secondary CaSO4-filled veins comprise ~8.5% of the thin section. 

Grain Size Distribution. Fig. 4 Figure 4. 

summarizes the grain size distribution of Y6-N14-2A Breccia 
clasts within sample Y6-N14-2A. There is 00 

a clear bimodal distribution of the 
measured clast sizes with the fine grain 
(matrix) component smaller than ~0.5 .. 40 

mm2 and a component of larger clasts f 30 

ranging from ~1.0 mm2 up to nearly 30 j 
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50 

mm2 (Fig. 4). The skewed peak at the 20 

smallest clast sizes suggests that the 
matrix is predominantly unmelted elastic 

10 

debris. The bimodal distribution apparent 0003 0.1 o.3 1 3 

in Y6-N14 is also evident in the melt rock Cla5t Size (mm2) 
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30 100 

sample Y6-N17 (Fig. 5), although the falloff in clasts <0.3 mm2 indicates preferential 
assimilation of this fraction. Because the break in ctast size occurs at the same size interval in 
both samples, the small clasts in the melt rock cannot simply be more completely digested 
large ctasts. Consequently, retention of a Figures. 

<0.5 mm2 clast fraction in N17 in the Basement Clast Size Distribution 
presence of partially digested clasts up to 60 

~30 mm2, indicates highly variable 50 

cooling rates in the solidifying melt rock 
sequence. Although the bimodal ; 40 

distribution might be a characteristic 30 

inherited from the target rocks (coarse 
grained rocks yield large clasts, etc.) it is 20 

10 

Bimodal Trend 
Y6-N14-2A 

Y6-N17-1A 

observed in other clast types as well (Fig. 
4). As the predominant clast type in N14 0 ........... ......... -~~~-~~_,_...-,........___...~~ ........ 
is impact melt rock, it would seem that the o.03 0.1 o.3 1 3 10 30 100 

bimodal distribution is a characteristic ctast Size (mm2> 
imparted to breccias and melt rocks during their violent transport and emplacement. 
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