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FOREWORD

This is a compilation of abstracts of reports from Principal
Investigators of NASA's Office of Space Science, Division of Lunar
and Planetary Programs Planetary Geology Program.

The purpose is to provide a document which succinctly summarizes
work conducted in this program. Each report reflects significant
accomplishments within the area of the author's funded grant or
contract.

No attempt has been made to introduce editorial or stylistic
uniformity; on the contrary, the style of each report is that of the
Principal Investigator and may best portray his research. Biblio-
graphy information will be included in a separately published document.

Full reports of selected abstracts were presented to the annual
meeting of Planetary Geology Principal Investigators at The University
of Arizona, Tucson, Arizona, May 30, 31, and June 1, 1978.

S. E. Dwornik J. M. Boyce
Discipline Scientist Staff Scientist
Planetary Geology Program Planetary Geology Program
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CHAPTER 1 - CONSTRAINTS ON SOLAR SYSTEM FORMATION




Nonaxisymmetric Models of Collapsing, Rotating Protostars,
A. P. Boss and S. J. Peale, Univ. of California, Santa Barbara
Ca. 93106

The problem of the origin of the solar system and of
planetary systems in general is intimately connected to the ques-
tion of the distribution of angular momentum in collapsing gas
clouds. As previous numerical work has shown (Larson, 1969,
1972; Black and Bodenheimer, 1976) it appears that a full three
spatial dimension gravitational hydrodynamical calculation is
needed to determine the dynamical evolution of a rotating, non-
uniform, collapsing protostellar gas cloud. Indeed there is
even a question as to whether or not a ring or a disk forms in
the restricted axially symmetric calculation (Kamiya, 1977). A
comprehensive theory of planetary formation is dependent upon
the results of these calculations of the formation of rings/disks
and of their subsequent fragmentation to provide a realistic
estimate of the initial conditions in the solar nebula.

A three spatial dimension hydrodynamical code has been
developed to follow the early stages of protostellar collapse.
The code employs explicit time differencing on an Eulerian
spherical coordinate grid, based on the two-step Lax-Wendroff
hydrodynamics scheme. A tensor artificial viscosity is included,
and the usual viscous terms may be included as well, though they
are negligible unless a turbulent viscosity is assumed. The dif-
ference formula are written for a non-uniform grid and the grid
itself can be adjusted in the radial direction in order to fol-
low the collapse. The Poisson equation for the gravitational
potential is solved using an expansion in spherical harmonics.
An A.D.I. (Alternating Direction Implicit) method for solving
the Poisson equation is under development and may be employed
in the future. Radiative transfer is at present handled by the
diffusion approximation. Eventually a more exact treatment of
radiation involving the equation of transfer in the Eddington
approximation is planned, though radiative transfer is probably
not of great importance during the initial, nearly isothermal
phases of protostar collapse. Subroutines for the opacity at
low temperatures (10°9K-10,000°K), the equation of state, and the
internal energy have also been constructed.

The Poisson solver has been checked on various test
mass distributions such as centrally condensed spherically sym-
metric objects and constant density oblate spheroids in differ-
ent orientations. With a coarse grid involving twenty radial
points, eleven in declination (north-south hemisphere symmetry
is assumed) and twenty in azimuth, accuracy of the gradients of
the gravitational potential of the order of one percent or bet-
ter is indicated.




The hydrodynamics code has been run for one, two, and
three dimensional test cases and analysis of the results is in
progress. The code so far has succeeded in matching previous
results (Bodenheimer and Sweigart, 1968) for isothermal dynamic
collapse of spherically symmetric stars, as well as passing an
equilibrium test of the isothermal Bonnor-Ebert sphere. With an
adiabatic pressure law the cloud collapses down and then bounces
back and forth indefinitely, indicating that the scheme has very
little implicit viscosity. The sensitivity of the hydrodynamic
scheme to the initial conditions is studied by varying the initial
temperature (T) of a given uniform density (p) configuration of
fixed radius (R). This amounts to varying the critical Jean's
radius (Bonnor, 1956)

Ry = akT/(Gpmgas) / 0=0.89 (for spherical geometry).
A collapsing cloud must have its radius R>RJ. It is found that
for a lMG cloud of radius l.63x1017cm the cloud collapses for

T.510.7 OK and oscillates for higher temperatures, indicating an

o of 0.73 (Larson (1969) obtained ¢=0.72).

The choice of treatment of the energy equation and
radiative transfer was found to have important effects on the
dynamics of the collapse in the nonisothermal regime. When the
energy equation without radiative transfer is advanced explicitly
while the radiative transfer terms are separated out and treated
implicitly (Black and Bodenheimer, 1975) the temperature-density
response of the code is close to that of Black and Bodenheimer
(1975) but the first bounce does not occur. When the energy
equation, including radiative transfer, is treated fully im-
plicitly, the collapse is halted at central densities and
temperature roughly equal to those found by Black and Bodenheimer
(1975) and Larson (1969) for spherically symmetric collapse of
2M@ and lM9 clouds respectively. The velocity and density

profiles compare favorably throughout the cloud at the time of
the "bounce".

For the case of isothermal axially symmetric collapse
calculations there remains a controversy over the eventual forma-
tion of a ringlike or disklike structure in the inner regions.
Larson (1972) and Black and Bodenheimer (1976) always obtain
rings, while Nakazawa et al. (1976) obtain rings for low tem-
perature models and disks for high temperature models.

Tscharnuter (1975) did not obtain rings until he changed his
difference scheme to conserve angular (CAM) momentum instead of
angular velocity (CAV) (Black, private communication). Kamiya
(1977), using the only Lagrangian hydrodynamics code employed

so far, did not obtain rings, and claims that this is due to the
superior ability of a Lagrangian code to conserve angular momentum.
The Santa Barbara code was run with Black and Bodenheimer's

(1976) case 1A initial conditions to test how well the code



conserves angular momentum. In this slow rotation case the cen-
tral region collapses uniformly conserv1ng its mass and angular
momentum; hence the angular velocity w « p 2/3 for the inner
plateau. With CAV differencing it was found that w « pl- 9/3
whereas with CAM differencing w « p 2.0/3, indicating that CAM
differencing does indeed ensure local conservation of angular
momentum. Furthermore, with this initial value condition the CAV
code did not produce a ring while the CAM code did produce a ring
of the same size as that found by Black and Bodenheimer (1976).

The analysis of two and three dimensional test cases 1is
currently being continued. 1In all test cases integral conserva-
tion checks are performed for the total mass, energy, and angular
momentum.
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PROTOSTARS AND PLANETS, JANUARY 3-7, 1978
The University of Arizona, Tucson, Arizona 85721

FROM DARK CLOUDS TO PLANETS AND SATELLITES, H, Alfvén
University of California, San Diego, Dept. of AP&IS, La Jolla, CA 92093
An intermediate state in the evolutionary chain from dark clouds to
planets-satellites is reconstructed. Two independent methods are used:
A. Reconstruction from solar system data
In order to reduce speculation to 2 minimum, the problem is ap-
proached in 2 new way which is characterized by the following principles
(see ref. (1)):
1. The actualistic principle

This avoids arbitrary assumptions about the early state of the
solar system, which instead is reconstructed from a detailed analysis of the
present state and of the possible experimentally verified processes which
may have led to it,

2. The hetegonic principle

This could also be called '"comparative planeto-satellitology'.
As has been demonstrated in ref, (1), this is a very powerful method for
discriminating between probable and improbable processes and for reducing
speculation,

3. The principle of extrapolation of mechanisms

The study of plasma physics has given us the sobering exper-
ience that it is almost impossible to predict the actual behavior of a plasma
through purely theoretical calculations starting from basic principles. The
properties of 2 plasma can be understood only by very sophisticated diag-
nostic studies based on in situ measurements. Such measurements are now
possible in the laboratory and in the magnetosphere-heliosphere.

However, neither for phenomena in distant regions of space
which are inaccessible to spacecrafts, nor for cosmogonic phenomena is in
situ diagnostics possible. Under such conditions the most reliable method
of approach seems to be to compare phenomena in non-accessible regions
with similar phenomena in the magnetosphere or in the laboratory and treat
them as extrapolations of well-known phenomena. Examples are: The trans-
fer ~f angular momentum from a spinning central body can be studied by
comparing it to similar mechanisms in the magnetosphere. The band struc-
ture of the solar system may be clarified by laboratory studies of the criti-
cal velocity phenomenon.

An analysis of solar system data, largely supplied by space re-
search, has resulted in the reconstruction of an intermediate statc in the
evolution of the solar system as shown in Fig. 1. Instead of a thin flat disg,
which is hypothetically introduced in some theories, our reconstruction re-
sults in two toruses containing accreting grains and planetesimals which do
not necessarily rrot e in circular orbits but in orbits with eccentricities up
to e = 1/3 and inchnations up to about 30°,




FROM DARK CLOUDS TO PLANETS AND SATELLITES

H. Alfvén
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B. Reconstruction from dark cloud observotions

It is very hkely that solar systems of the same type as ours are
formed in dark interstellar clouds., Magnetic fields are of decisive impor-
tance for their evolution but electromagnetic effects do not necessarily
counteract the contraction of a cloud; they may just as well "pinch' the
cloud. Magnetic compression may even be the main mechanism for forming
interstellar clouds and keeping them together (see ref. (2)). .

Further, star formation is likely to be due to an instability, but it is
unlikely that it has anything to do with the Jeans instability. A probable
mechanism is that the sedimentation of dust (including solid bodies of dif-
ferent sizes) is leading to a rapid gravitationally assisted accretion. A
"stellesimal' accretion analogous to the planetesimal accretion can be ex-
pected to lead to the formation of a star surrounded by a low density cavity
in the cloud. Matter falling in from the source cloud towards the star is
stopped when the critical velocity is reached, and constitutes the raw ma-

terial for the formation of planets and satellites.

The study of the evolution of a dark cloud leads to a2 scenario of
planet formation which is reconcilable with the results obtained from studies
based on solar system data. In fact Fig.l can just as well be presented
as a result of the evolution of a dark cloud according to ref. (2).
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C. Conclusion
An analysis of the processes in dark interstellar clouds studied in
ref. (2) together with the processes studied in ref. (1) lead to a consistent
framework for theories describing the evolutionary chain starting from the
formation of a cloud and ending with planets and satellites with the present
properties,

The sequence of processes is illustrated in Fig. 2-

1. .Interstellar medium in galaxy
Galactic magnetic field and observed spectra of ionized atoms
show that its behavior must be dominated by plasma effects. There is
probably a general galactic current system analogous to the heliospheric
current system (3)(4).

2., Formation of interstellar clouds
Probably dominated by hydromagnetic effects (''pinch''), but
gravitation may assist. With increasing density the gas temperature in
large regions may go down (analogous to the formation of prominences in
the solar corona) but hydromagnetic effects till dominate. Condensation
of grains increases (2).

3. Star formation (''collapse' of cloud)

May be due to pinch, possibly sometimes assisted by currents
associated with shock fronts, Sedimentation of grains is probably important,
which means that the formation of stars may b2 a non-hydromag 12tic prccass
("run-away accretion'). However, the source cloud surrounding it is still
dominated by plasma effects (2).

4, Formation of planetesimals around a star
The formation of the band structure and the transfer of angular
momentum are plasma phenomena, The magnetic field of the star is not
a frozen-in field from the source cloud but produced by dynamo effects in
its interior (5).

5. Accretion of planetesimals to planets
This is essentially a non-hydromagnetic process. Jet streams
are essential as an intermediate state, There is no indication of massive
protoplanets which later explode or evaporate. The interplanetary medium
is still dominated by plasma effects (6).
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6. Formation of regular satellites
The same process which generates planets also generates

satellites, The only difference is the mass and spin of the central
body (7).

7. Capture of irregular satellites
The retrograde satellites of Jupiter and Saturn are due to the

capture of planetesimals, probably during the accretional phase. Triton
and the Moon were originally planets which were captured by similar

processes (8).

As there are a number of theories which do not introduce plasma

effects, those regions in which a neglect of hydromagnetic forces is
allowed are marked in black, They are:

1. The accreting dust ball up to the point when it heats up enough

to be ionized. (But its surroundings are still governed by hydromagnetic

effects.)

2. The accretion of dust which has condensed from the partially

co-rotating plasma, the formation of planetesimals, and jet streams
leading to the formation of planets (and satellites).
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COMMENTS ON THE DISCUSSION

1. Origin of the satellites

For reasons given in details in SP-345 it is at least as important
to clarify the origin of the satellites as the origin of the planets. The way
the meeting was programmed made it impossible to focus the attention on
this very important 1ssue,

2 . The band structure of the solar system

The solar system exhibits a band structure (see Fig. 2), a fact which
is neglected in most theories. To explain this empirical fact must be a
challenge to any cosmogonic theory.

3. Discovery of the Uranian ring

From the band structure follows that matter should have been emplaced
very close to the surface of Uranus. See Fig. 1 which was made long before
the discovery of the ring. The discovery of the Uranian ring fills the last
empty box in the band structure diagram.

4, Non-hydromagnetic theories

At the meeting a number of theories--starting with Cameron’'s theory--
were presented which did not include any hydromagnetic effects. It 1s
utterly remarkable that it 1s possible 29 years after the break-through of
magnetohydrodynamics. At the meeting, convincing observational arguments
were given for the decisive role of plasma effects. Most of the presented
theories are highly speculative and it is difficult to believe that they have any
connection with reality. They are based on a gravitational collapse starting
when the Jeans criterion is satisfied. There are no convincing observational
arguments for such a collapse and alternatives should be seriously considered

(2).
E. Summary

The topic of the meeting was very well chosen. In fact this important
field is now ripe for a scientific brecakthrough. The observational papers were
good but much of the most important and relevant material was not included
(e.g., the filamentary structurc of the interstellar medium, and the inverted
V events). The theoretical discussion did not fully exploit the valuable observa-
tional material, Much of the time was spent on side 1ssues. The number of
papers was much too large to permit satisfactory discussion of the central issues.
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Structure and Evolution of Giant Gaseous Protoplanets, A.G.W. Cameron,
Harvard College Observatory, Cambridge, MA 02138.

In my report for a year ago (NASA TM X-3511) I described my calcula-
tions on the evolution of model sequences of the primitive solar nebula, lead-
ing to a basic conclusion that large axially-symmetric 1nstabilities should
have occurred repeatedly during the evolutionary history of the primitive
solar nebula., As these rings contract upon themselves, they will become un-
stable along their length against a breakup into individual gaseous blobs.
Many of these blobs will merge together by collision; others will be sent into
eccentric orbits which may allow the blobs to avoid collision for significant
periods of time. I refer to these blobs as giant gaseous protoplanets.

During the past year substantial progress has been made i1n under-
standing the structure and evolution of giant gaseous protoplanets. William
DeCampli has used a stellar evolution code to study the evolution of these
protoplanets. 1In these studies the interaction between the protoplanet and
the surrounding solar nebula has been ignored, so that we refer to the objects
which have been evolved as i1solated protoplanets.

As a preliminary to these studies, it was necessary to improve esti-
mates of opacity for mixtures of gas and dust at temperatures below 3000 K.
The center of a giant gaseousprotoplanet can hardly exceed this temperature
without hydrodynamic collapse occurring; on the other hand, the surfaces of
ordinary stars rarely fall below this temperature. Therefore, relatively
little work has been done on the relevant opacities. The main sources of the
opacity are metallic iron at temperatures below about 1500 K, and ice at temp-
eratures below about 150 K. There are also substantial contributions to the
opacity from the silicates at the lower temperatures and from molecules such
as water at temperatures above 1500 K. Some preliminary work was done by
Cameron and Pine in 1973 using estimated opacities for iron and ice, with the
Opacity at higher temperatures being primarily due to the negative hydrogen
ion. Substantial increases in these opacities in some temperature ranges were
found by DeCampli due to molecules and non-metallic solids, and these were used
in his early calculations. Recently, J. Pollack at the NASA Ames Research Cen-
ter has re-examined many of the particle opacities and has proposed higher opa-
cities due to 1ron, silicates, and ice. DeCampli repeated some of his evolu-
tionary studies using these larger opacities.

Evolutionary studies have been carried out for a number of models
ranging from about the mass of Saturn to nearly 5 times the mass of Jupiter.
The initial radius of the models ranged from about one astronomical unit to
substantially greater. The surface temperatures of the models lay below 20 K.

When the central temperature in a giant gaseous protoplanet rises
sufficiently to dissociate hydrogen molecules (above about 3000 K) a hydrodyna-
mic collapse ensues. All of the models were followed to approximately the
threshold foronset of the hydrodynamic collapse; some of them were followed
through the collapse using a one-dimensional hydrodynamic code. The radii at
the threshold for collapse varied from a few percent of an astronomical unit
for the Saturn mass object to several tens of percent of an astronomical unit
for the largest protoplanetary mass. The track in a density-temperature dia-
gram traversed by the center of a protoplanet appeared not to depend signifi-
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cantly on the opacity which was used for the model, but the surface tempera-
ture and luminosity did. However, even for the low opacity models the sur-
face temperature hardly rose above 100 K. The uncertainty in the opacity
only allows us to state that the evolution time for a Saturn mass lies in

the range 10° - 107 years. This evolution time decreases rapidly as the mass
of the protoplanet increases; a model having one Jupiter mass takes of the
order of one or a few times 10° years; the heaviest masses evolve in just a
few thousand years. When collapse does occur, the radius of the protoplanet
decreases by almost two further orders of magnitude, if we neglect effects
due to rotational flattening.

The uncertainty in the opacity and hence the evolution time leads in
turn to a large uncertainty in the tidal stripping of the protoplanet. Early
in the evolution of the primitive solar nebula, there is relatively little
mass near the center, and the protoplanets which are formed have a large vol-
ume in which they can move around. However, as the central mass grows the
protoplanets, conserving their angular momentum, will spiral closer to the
center, and their inner Lagrangian point relative to the Sun and the solar
nebula will move closer to the surface of the protoplanet. There is a race
between the motion of this point and the evolutionary shrinkage of the proto-
planetary radius to the point of gravitational collapse.

The difference in evolution times between the high and low opacity
models for a two Jupiter mass protoplanet becomes crucial. Such a protoplanet
can survive without envelope stripping at the position of the Earth orbit 1if
the opacity is low, but the envelope will be stripped away at the orbit of
Jupiter if the opacity is high. A model with one Jupiter mass is stripped at
the Earth orbit with low opacity, and at the Jupiter orbit with highopacity.
In each of these two cases, it is the onset of hydrodynamic collapse which
saves a low opacity model from stripping at the position of Jupiter. In the
case of a Saturn mass object, the evolutionary lifetime 1s sufficiently long
that this effect is not important, and such a model is stripped at the
position of Jupiter but not at that of Saturn.

One 1tem of particular concern for planet formation is the ability
of the giant gaseous protoplanet to form a core of condensed material. In my
evolutionary sequence of solar nebula models, the giant gaseous protoplanets
are formed out of gas that has never been significantly heated, so that the
condensed materials in the interior will be interstellar grains or clumps of
such grains, which will gradually lose volatiles as the temperature 1s raised.

Such grains are not in a vacuum. They should have a surface layer
of gas from the primitive solar nebula and are likely to have relatively
little tendency to stick together when they bump into one another. However,
1f the temperature rises above the melting point of common rocky materials in
such grains, and 1f the materials are still in a condensed phase, then such
liquid or partially liquid grains will coalesce upon collision. This will
lead to a growth process in which the grains become progressively larger and
fall out more and more rapidly towards the center of the protoplanet. It is
therefore of some interestto learn under what conditions such rocky material
can be condensed but molten in the interior of a protoplanet. We found that
all protoplanets having about two Jupiter masses or less do pass through a re-
gion of temperature and density in which such molten condensed material can
exist. The evolutionary tracks of the protoplanets subsequently pass through

14

-



a region in which the condensed materials evaporate prior to reaching the point
of hydrodynamic collapse; a major portion of the evolutionary time is spent in
this subsequent regime. However, 1f a substantial rainout of liquid materaials
occurs to form a core of condensed materials, the later evolutionary history of
the protoplanet would be drastically altered.

This rainout process has been studied in some detail by Wayne Slatte~
ry. He has applied theory describing the rainout from water clouds 1n the
Earth's atmosphere to a similar process which would involve materials of arbai-
trary density and surface tension representing metallic iron and rocky mate-
rials in protoplanetary interiors. As long as a particle 1is not too large, it
falls through the protoplanetary gas obeying Stoke's law. However, when the
size becomes comparable to a centimeter or larger, major deformations of the
fluid in the drop can occur at terminal velocities, and significant departures
from Stoke's law occur. Furthermore, the coalescence of colliding droplets be-
comes modified by the hydrodynamics of the gas flow. Thus, for two droplets of
very unequal size, the larger will fall faster and will overtake the smaller.
However, unless the encounter is very nearly head-on, the motion of the gas
w1ll carry a small droplet around the periphery of the larger one, thus preven-
ting a collision and slowing the rate of growth of the larger droplet. If the
two droplets are not very different in size, a collision may occur, but it is
then reasonably likely that the combined droplet may fragment into several pie-
ces. All of these effects result in a maximum droplet size being obtained du-
ring the fall. For liquid iron, this maximum size is just over 10 cm radius.
For rocky materials, a maximum size of a few centimeters radius 1s likely. Once
such large sizes are reached, the time required to fall out to the center of
the protoplanet is quite short. The entire fallqut period including growth
from very small size may take of the order of 10 years.

These liquid droplets in the size range below a centimeter, where the
terminal velocity is not too high, are of potential interest in connection with
tidal stripping. These are candidates to become chondrules, and the protopla-
netary mechanism may produce very large numbers of them. At the same time, a
significant fraction of the condensed mass of the protoplanet may have rained
out to form a condensed core, a process that will change the central structure
and release a significant amount of gravitational energy. An obvious next
step in our investigations is to carry out evolutionary studies in which the
rainout of condensed materials is taken into account.

It must be pointed out that the study of these isolated giant gaseous
protoplanets is only an initial exploration. The interaction of such protopla-
nets with the surrounding praimitive solar nebula is likely to modify the be-
havior in significant ways. The protoplanets will have a continuous gaseous
connection to the surrounding primitive solar nebula, and this 1s something
that can lead to the gain or loss of mass,depending upon the circumstances. We
call such objects embedded protoplanets, and their evolutionary study 1s a goal
for the future.

If a protoplanet forms a core of condensed materials, that core will
remain after tidal stripping. The chemical composition of the core may depend
upon the degree of rainout which has occurred at tidal straipping. There are
likely to be many more cores in the inner solar systems than there are planets
today, so that a significant number of coalescing collisions is to be expected.
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Evidence for a Primordial Magnetic Field During the Meteorite Parent Body Era,
C.P. Sonett, Department of Planetary Sciences, Univ. of Arizona, Tucson, AZ
85721.

Remanent magnetism appears to be a property of all or nearly all
meteorites. Part of the magnetization is ancient and likely about the age of
the solar system. Individual experiments upon selected meteorites have been
carried out by a number of investigators during the past two decades and at
least for some, the magnetization is reliably associated with cooling through
a blocking temperature spectrum.

The total magnetic moments and susceptibilities of meteorites in
Russian collections as reported by Gorshkov et al.l and by Gus'kova and
Pochtarev? in various papers has been recompiled by Herndon et al.3 We have
assembled these data on a plot of moment/gm vs. susceptibility/gm (Figure 1)
which shows a remarkable linear relation covering a range of nearly five
orders of magnitude in each variable and includes meteorites from all classes
except the irons.* (These are also included in Figure 1 but not in the cal-
culation of the regression curve.)

This relation, given by

log = (-0.75 % 0.07) + (0.99 T 0.04) 1log X
P = (0.18 ¥ 0.03) ¥

where p is the moment/gm and Y the susceptibility/gm, has a correlation coef-
ficient of 0.78. The linear relation is especially surprising because a sub-
stantial component of the magnetization is expected to arise from "soaking"
in the Earth's field (VRM or viscous magnetization), from entry into the
Earth's atmosphere, and possibly other causes. However, internal tests on
the data do not support the idea that a strong bias exists due to these arti-
fact sources. For example, a subset of 38 pieces of Pultusk from different
Russian collections shows a normal distribution of p/¥ and the values of each
variable give the small standard deviations shown in the inset box of Figure
1, indicating that the natural spread is far less than that for the larger
sample; the suggestion is that the approximate 100 years of storage on Earth
and diverse handling has not caused major changes. Figure 3 shows the
effects of entry heating for irons. The boxed values are reentry heated
according to the Hey catalog. Thus entry heating also does not appear to
spread the natural distribution of P and Y.

One possible conclusion from the linear relation is that these
meteorites were exposed to a common field at a very early time period. The
strength of the field is a strong function of the size and shape of the grain
carriers of magnetization. Qualitative calculations place the tentative
value between the low of 0.04 oersted found by Brecher and Ranganayki® for
ordinary chondrites and 0.24 oersted, near the mean of 0.29 T 0.06 reported
by Stacey and Banerjee® for twelve ordinary chondrites.

or
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Figure 1. Log-log plot of P
(magnetic moment/gm)vs. ¥
(susceptibility/gm) for 200
meteorite sample measurements.
The superimposed straight line
is the regression line
described by Eq. 1 in the text.
It has a slope of 0.99 ¥ 0.04,
thus representing a linear re-
lation. The rectangular box
indicates o_ and o_ for
Pultusk. X
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CHAPTER 2 - ASTEROIDS, COMETS, SATELLITES




Near-Earth Asteroids as Targets for Exploration, E, M. Shoemaker and E, F.
Helin, Division of Geological and Planetary Sciences, California Institute of
Technology, Pasadena, California 91125

The term near-earth asteroid is used here to designate small bodies of
stellar appearance which pass near 1 AU at perihelion or at aphelion or are
on orbits with semi-major axes near 1 AU. A few of the known near-earth
asteroids are the easiest bodies to reach by spacecraft, beyond the Moon.
Physical observations of these objects suggest that they have a broad range
of composition; some probably are the most primitive solid objects that are
readily accessible for detailed study. Thus they are of special interest for
exploration.

At least two different kinds of bodies probably are represented among the
known near-—earth asteroids: 1) objects or fragments of objects which reside
in or were derived from the main asteroid belt, and 2) non-volatile residua
or cores of the nuclei of extinct periodic comets. The former category may
include objects which were on Mars~crossing orbits to start with or were
initially close to regions of secular resonance or of low order commensur-
ability with Jupiter. The second category of bodies is derived ultimately
from much more distant parts of the solar system. Periodic comets are cap-
tured from the Oort cloud by close encounters with Jupiter, and a small
fraction of the periodic comets are trapped in very short period orbits by
non-gravitational forces. An example of a very short period comet is P/Encke.
Whatever non-volatile residue may remain from such an object after 103 to 10%
years will be asteroidal in appearance. As a consequence of encounters with
the terrestrial planets, further evolution of the orbits of both "asteroidal"
and the "cometary'" near-earth objects, particularly of earth-crossers, result
in an extensive overlap of the orbital characteristics of the two classes of
objects.

The number of Mars-crossing asteroids appears to be sufficient to sus-
tain no more than about 10% of the earth-crossing asteroid population in
steady-state (by perturbations of Mars-crossers during close encounters with
Mars). Furthermore, the ratio of the number of earth-crossers to Amor aster-
oids (1.02 AU < q < 1.30 AU) appears to be an order of magnitude higher than
that expected, if all near-earth objects were derived from Mars-crossers.
Hence, although Amor asteroids are apparently in equilibrium with and derived
mainly from shallower Mars-crossers, the earth-crossing asteroids are inferred
to be primarily of different origin. The supply of extinct short period
comets seems to be adequate to sustain the population of earth-crossers, but
little is known about the ultimate state of degassed comet nuclei.

Precise physical observations have been made on somewhat more than a
dozen near-earth asteroids; about half of these are Amors and half, earth-cros-
sers. Observed Amors occupy a broad region in the U-B versus B-V color domain,
whereas the observed earth-crossers have a more restricted range of color.

The UBV fields of observed Amors and earth-crossers exhibit only a small
overlap. Spectrophotometry of the best observed Amor and earth-crosser (Eros
and Toro), on the other hand, suggest that these two bodies are similar in
composition to common stony meteorites.
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It is widely believed that extinct cometary nuclei should resemble C-type
asteroids, but only one apparent C-type object, (1580) Betulia, has been dis-
covered so far, among the near-earth objects. If earth-crossers are predomi-
nantly of cometary origin, it appears likely that either the expectations con-
cerning the color and other properties of extinct comets is in error or that
there is an unusually strong observational selection effect which decreases
the chances of finding C-type objects.

Primary goals for the exploration of near-earth asteroids would be to
determine their chemical and mineralogical composition and especially to
determine their structure. Objects derived from the main-asteroid belt are
likely to be fragments of larger bodies. As such they would provide direct
evidence on the intermal structure, processes, and history of the larger par-
ent asteroids. Non-volatile cores of extinct comets, on the other hand, may
yield the most direct evidence obtainable concerning the early stages of
accretion of solid matter in the solar system, specifically in the outer part
of the system. Return of samples would be essential to develop and decipher
this evidence. Because the known near-earth asteroids are small (a few hun-
dred meters to a few kilometers in diameter), their regoliths should be very
thin. Sufficient bedrock may be exposed, in crater walls and elsewhere, to
determine the structure of these objects from a combination of remote and on
site observations and samples.

Study of unmanned missions shows that between 5% and 10% of the near-
earth asteroids can be reached by low AV ballistic trajectories (AV from low
earth orbit less than the 6.4 km/sec required for redezvous with Mars). Two
of the best candidates, from the trajectory standpoint, are 1977 VA, discov-
ered by us this past year, and (1943) Anteros. Both of these are Amor aster-
oids. Rendezvous is achieved near aphelion, and the minimum AV required for
sample return to earth is very low —- of the order of 1 km/sec. Because the
AV for landing and escape from these small asteroids is of the order of
1 m/sec, many landings could be made to visit and sample different parts of
an asteroid in the course of a single mission. As shown by Niehoff (1977), a
sample return mission to (1943) Anteros is well within the launch capability
of a single space tug. An aggressive astronomical search for more near-earth
asteroids will undoubtedly yield many more promising candidates for this type
of exploration.

Our discovery of 1976 AA, (a=0.97, e=0.18, i=19°) indicates that there
probably exist at least a few asteroids which are extremely close neighbors
of the earth. The extreme near-earth objects are expected to be earth-
crossers with semi-major axes mear 1 AU that have acquired small e and i as
a consequence of repeated close encounters with the earth. Typically, these
objects would be accessible by low AV missions of 6 months or a year duration.
Manned missions to explore such bodies might well be within the realm of both
technological feasibility and the NASA budget within the next 15 years.
Roughly about 1% of the earth-crossing asteroids might be sufficiently close
neighbors of the earth to be considered candidates for manned missions in
this time frame. The discovery rate for earth-crossers would have to be
increased by a factor of about 5, however, in order to achieve a 507 expec-
tancy of finding a suitable target within 10 years.

Reference Cited

Niehoff, J. C., 1977, Round-trip mission requirements for asteroids 1976 AA
and 1973 EC: Icarus, v. 31, p. 430-438.
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PLANETARY CLOSE ENCOUNTERS: CHANGES IN A PLANET-CROSSING POPULA-
TION, A. Carusi, Lab. Astrofisica Spaziale, CNR, Frascati (Ita-
ly), F. Pozzi, Univ. Rome (Italy), G. Valsecchi, Univ. Rome (It-
aly).

About 3000 close encounters have been computed between
Jupiter and three random populations, in order to investigate
the effects due to a close approach to a giant planet on the e-
volution of minor object orbits in the Solar System.

The first population, ASTRID, was an asteroid-like
group of objects; the second one, COMET, a comet-like group, and
the third, RANDUN, an intermediate one.

These populations were generated with the primary aim
to test a new method of treatment of a very close approach to a
planet. Only one close encounter for each object has been compu-
ted, but the populations were so numerous to allow a statistical
analysis of the orbital elements variations,

This kind of analysis has been performed, and it gave
many interesting results (1,2).

In the original data sets a great number of objects
has been recognized as pleanet-crossers, in the sense that their
perihelion distances were smaller than the aphelion distances of
the inner planets, or their aphelion distances were greater than
the outer planets perihelion distances. However, these conditi-
ons are necessary but not sufficient to ensure & close encounter
with the planet. In evaluating the possibility that the late st-~
ages of inner planets cratering were caused by asteroid-like o-
bjects, 1t 1s necessary to know 1f a close encounter can happen.
If we define close encounter only the passage into a suitable
sphere of influence around the planet, the number of objects that
we can consider as planet-crossers becomes much smaller.

As a matter of fact the orientation and the lying of
the orbit in the space can inhibit the actual crossing of the
planetary sphere of influence.

The values of the radii of these spheres have been cal

culated from the
R = 2(m')%

where m' is the planet's mass in unit of the solar maess, and a
is the semi-major axis of the orbit.
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A test of appurtenance to the inner-planet-crossing po

pulation has been performed en initial and final data sets obta-
ined collecting together the three initial populations.

Results obtained using the first mentioned planet-cros

gsers definition (geometrical) are shown in Tab, Ia, while Tab.
Ib contains the results obtained taking into account the possi-
bility of a close encounter with the planet.

Tab, Ia MERCURY

A

B

C
C/(C+A)

C/(C+B)

Tab. Ib

A

B

C
C/(C+A)

Cc/(C+B)

<55

.83

VENUS

24
.80

.83

1
.20

«33

EARTH

65
.88

.90

1
10

17

MARS

25

21
202

.89

.91

14
4
1

.07

«20

A; Planet-crossers only before the enceunter with Jupiter
B: Planet-crossers only after the encounter with Jupiter
C: Planet-crossers before and after the encounter with Jupiter



The total number of planet-crossers before and after
the encounter with Jupiter can be obtained adding C to A, and C
to B respectively for each planet. It 1s interesting to note
that the ratios C/(C+A) and C/(C+B) are much greater im Tab., Ia
than in Tab. Ib. This means that the planet-crossers definition
is very important in order to evaluate the changes in a planet-
crossing population. In fact, using the first geometrical defi-
nition, the planet-crossing populations are mainly formed by ty-
pe C objects, showing that the efficiency of the close encounter
with Jupiter is low. On the contrary, using the sphere of in-
fluence definition, the close encounter with Jupiter 1is very ef-
fective in diminishing and renewing the planet-crossing popula-
tion,

All but one the B and C objects reported in Tab. Ib
may experience a second encounter with Jupiter: therefore, if
further analyses on & more conspicuous population will confirm
the mentioned depletion effect, it will be possible to conclude
that close encounters with the outer planets preovide much less
material to the inner regions of the Solar System than what they
subtract,

REFERENCES

(1) Carusi A., Pozzi F., 1978a; In preparation.
(2) carusi A., Pozzi F., 1978b; In preparation.
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Asteroids as Geologic Materials: Collisions and Fragmentation. Clark R.
Chapman, Donald R. Davis, and Richard Greenberg, Planetary Science Institute,
2030 East Speedway, Tucson, Arizona, 85719, and John Wacker, Department of
Planetary Science, University of Arizona, Tucson, Arizona 85721.

Asteroids have been substantially altered by collisions, dominantly
among themselves, but also with other interplanetary populations, subsequent
to their formation early in solar system history. It is necessary to under-
stand collisional evolution and fragmentation processes in order to address
questions regarding the size distribution of the original asteroid population,
or why a planet failed to form in this region, or to interpret the structure
of the observed asteroid size-frequency distribution. We have developed and
continue to refine a computer model to simulate asteroid collisional evolution
over the 4.5 b.y. age of the solar system. In an earlier work, Chapman and
Davis (1) argued on the basis of preliminary computer models that the present
asteroid belt was possibly the remnant of a much larger population and, based
on a genetic model for the "C" and "S" types of asteroids developed by Chapman
(2, 3), the initial C population was estimated to be about 300 times its pre-
sent value.

Subsequent to our preliminary study, there has been considerable new data
on the size frequency distribution of separate asteroid compositional classes
(4) together with an improved understanding of fragmentation processes and
more sophisticated modelling of the relevant physical processes. Our present
model is capable of tracing the collisional evolution of two distinct popula-
tions composed of different geologic materials over the age of the solar sys-~
tem. Our fragmentation algorithm considexrs both material strength and gravi-
tational binding in calculating the energy requirements to disrupt and disperse
an asteroid of a given size and composition. The size distribution of frag-
ments from a catastrophic collision 1s calculated from available experimental
results. Figure 1 depicts the collisional evolution determined by the Chapman-
Davis program for one initial population of C and S type asteroids that evolves
rather closely to the present distribution of these asteroids. The evolution
is found to be very sensitive to physical properties, particularly material
strength.

Our current collision program treats only catastrophic collisions and
neglects the erosive effects of cratering events; an approximation originally
suggested by the present asteroid size frequency distribution which has most
of the mass contained in the largest bodies. However, this condition may not
have held throughout solar system history. BAlso, the asteroid orbital distri-
bution is constrained such that the mean encounter speed is constant; a condi-
tion which also may not have been satisfied at all times. We are able to
assess the effect of these assumptions on the collisional evolution of a
single population by comparing with a program developed by Greenberg et al (5)
to model planetary accretion and evolution which incorporates both orbit evo-
lution and cratering collisions. Preliminary runs to date indicate little
change in the mean encounter speed while the importance of cratering erosion
depends on the population distribution. Further comparisons currently in
progress will provide an assessment of the overall validity of the collision-
al evolutional model together with an evaluation of the effect of the above
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noted approximations.

For large asteroids, gravitational binding is the dominant cohesive mech-
anism. Hence, there will be many collisions imparting sufficient energy to
fracture the body without dispersing the fragments before there is a catastro-
phic collision involving sufficient energy to overcome the gravitational bar-
rier. A plausible model for many large asteroids is that they are thoroughly
fractured, gravitationally bound, "rubble piles." When such a body experien-
ces a catastrophic collision, the size of the largest fragment will be only a
minute fraction of the size of the original body, resulting in a large popu-
lation of small bodies. This contrasts with earlier models in which barely
catastrophic collisions resulted in a largest fragment containing roughly 50%
the mass of the original body. One consequence of such a hypothesis is that
most large asteroids are not collisional fragments from catastrophic disrup-
tion of even larger obiects, but rather are bodies which have been only eroded
throughout solar system history.

Our studies of asteroid collisional evolution lead to the following con-
clusions: (1) Asteroids presently impact each other with sufficient frequency
that most large asteroids must be expected to have been catastrophically frag-
mented within the last several billion years. Provided that 5% to 10% of the
kinetic enexrgy is available for fragment dispersal, most large asteroids have
lifetimes against disruption shorter than the age of the solar system. Thus,
those that we see now must be either (a) rare individuals that have chanced to
escape disruption and are remnants of larger bodies that have been whittled
down by gradual erosion; or (b) fragments of rare larger bodies that chanced
never to have been converted into a "rubble pile" by earlier fragmenting im-
pacts prior to catastrophic disruption. All small asteroids must be regarded
as being multi-generation and/or recent fragments of larger bodies. These
expectations are in accord with several observations: asteroid spins are those
expected for a collisionally evolved population (7) and asteroid shapes seem
to be irregqular except for asteroids sufficiently large and weak that gravity
induces sphericity. (2) Asteroid size~frequency distributions are not expected
to be linear on a log-log plot. It had been argued previously that all aster-
oids (6) or at least collisionally-evolved C-type asteroids (2) should exhibit
such a linear distribution. But two effects lead to non-linearities: (a) the
effects of gravity holding together fragmented objects until supercatastrophic
collisions disrupt them and (b) the interaction of populations of different
strengths; Fig. 1 illustrates the non-linear asteroid frequency distributions.
(3) The present asteroid population may be a remnant of a much larger early
population (1). The arguments listed above regarding the present population
of large asteroids support the augmented initial population hypothesis. Fig.
1 is typical of most runs of the ccllision evolution model in that input popu-
lations orders of magnitude greater than the present belt (such as "input C"
in Fig. 1) always decay to distributions approximating the present belt {in
both slope and intercept) after several billion years. The only initial large
populations that fail to evolve to the present belt are those in which most of
the mass is originally stored in bodies substantially larger than Ceres, ap-
proaching lunar size. Note that result (1), that asteroids are highly frag-
mented, does not depend on the early asteroid population being more populous
than today; present impact rates are sufficiently high to lead to high frag-
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mentation rates, even if the asteroid belt originally contained only a fraction
more mass than it does today.

Several sources of uncertainty require emphasis. First, because of the
relatively large ratio of target to projectile diameters sufficient for catas~
trophic fragmentation, the evolution of main-belt asteroids of observable sizes
depends on the frequency of very-much-smaller asteroids - those too small to
have measured surface compositions and often so small as not to be observable
at all. Thus observations pertaining to the frequency and probably bulk com-
positions of asteroids in the 100 m-10 km size range would be very important.
Second, more experimental and theoretical work is necessary to understand how
projectile kinetic energy is partitioned into comminution energy and especially
into ejecta or fragmental kinetic energy. Large quantities of energy could be
partitioned into heat without necessarily melting major amounts of rock. Should
much less than 1% of the energy be available for kinetic energy, asteroid life-
times might be much longer than we have estimated. Should smaller fractions of
energy be available for comminution throughout the asteroidal volume than is
true at laboratory scales, asteroids might be less fragmented than we have sug-
gested.

References: (l)C.R. Chapman and D.R. Davis, Science 190, 553 (1975); (2)C.R.
Chapman, Geophys. Res. Lett. 1, 341 (1974); (3)C.R. Chapman, Geochim. Cosmochim.
Acta 40, 701 (1976); (4)B. Zellner and E. Bowell, in Comets, Asteroids, Meteor-
ites-Interrelations, Evolution and Origins (A.H. Delsemme, ed.), 185-197, Univ.
of Toledo (1977); (5)R. Greenberg, J.F. Wacker, W.K. Hartmann, and C.R. Chapman,
Icarus, in press (1977); (6)J.S. Dohnanyi, Icarus 17, 1~-48 (1972); (7)A.W.
Harris, Icarus, submitted (1977).

Figure 1: Comparison of Chapman/Davis evolution
model with observations. For this particular

run, initial size-distributions were chosen 1000

(solid lines) to model the type of scenario MODEL EVOLUTION
described by Chapman (3). C and S asteroids AFTER 4x10° YR
were tgken to havelSrushing strengths of 300

5 x 10’ and 2 x 107 dynes cm “, and densities

of 3 and 5 gm cm~3, simulating carbonaceous and
iron-rich asteroids respectively. Impact 100
strengths were taken to be 6% of crushing
strengths. The mass of the largest fragment
involved in a supercatastrophic disruption

was taken to be 1/8th the original mass; much
smaller fractions, depending on energy density,
might be more appropriate and would result in
diminished production of middle~sized asteroids.
The dashed curves show the evolved C and S pop-
ulations after 4 x 10° years. Plotted for com-
parison are bias-corrected frequencies of C and 3
S asteroids observed today by Zellner and Bowell
(4).' The frgquencles are per interval of width s s Py w50
0.1 in log diameter. DIAM (KM)
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Gravitational Interaction Between Fragments of a Split Comet, %Z. Sekanina,
Harvard-Smithsonian Center for Astrophysics, Cambridge MA 02138.

The n-body computer program by J. Schubart and P. Stumpff (1966,
VerS8ff. Astron. Rechen~-Inst. No. 18, 1-31) has been modified to study the
gravitational interaction between two fragments of a split comet nucleus in
the sun's gravitational field. All calculations refer to the orbit of Comet
West (1975n), the velocity of separation of the fragments is assumed to be
equal in magnitude to the velocity of escape, and the numerical integration
of the relative motion of one fragment (called the companion) with respect
to the other (called the principal fragment) is carried over the period of
200 days from separation. The motion of the companion is investigated as a
function of the following circumstances at splitting:

(1) Position of the comet in heliocentric orbit at the time of
splitting. Considered are three locations, whose true anomalies are —90°,
0°, and +90°, corresponding, respectively, to heliocentric distances of
0.393 AU prior to perihelion, 0.197 AU (perihelion), and 0.393 AU subse-
quent to perihelion.

17 (%é The mass of the principal fragment. Two cases are considered:
10 and 10 grams.

(3) The mass ratio of the principal fragment to the companion.
Calculations are done for ratios 1:1 and 100:1.

(4) The average bulk density of the fragments. Densities used
are 1 and 0.1 g cm™3, same for both fragments.

(5) Direction of separation of the companion from the principal.
Considered are six cardinal directions: sunward; forward, i.e., perpendicu-
lar to the sunward direction in the orbit plane in the sense of the direc-
tion of the comet's orbital motion; northward, i.e., in the direction of
that orbital pole from which the comet is seen to orbit the sun counter-
clockwise; and the respective opposite directions: anti-sunward; backward;
and southward.

(6) Area of separation of the companion on the nucleus surface.
Again, six basic locations are investigated: subsolar area; leading-side
area, oriented in the forward direction from the center of the nucleus;
north-pole area; and the areas located opposite these: anti-solar area;
trailing-side area; and south-pole area.

The possible combinations of the six variables represent a total
of 720 patterns. Fortunately, symmetries with respect to the orbit plane
reduce the number of independent patterns by 216, and other symmetries that
lead to virtually identical patterns reduce the number by additional 240 to
leave a total of 264 patterns. Furthermore, the only measurable effect of
the mass of the principal fragment is that on the dimensions of the compan-
ion's orbit, which scale with the cube root of the mass. This brings the
number of patterns under consideration down to 132.
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On computer generated plots of the results the variations with time
in the separation between the fragments, in their relative velocity, and in
the angle subtended by the separation and velocity vectors have been examined
for similarity in appearance, separately for each of the three positions in
heliocentric orbit. It has been found that the differential gravitational
effect of the sun becomes noticeable about 0.5 to 1 day after separation for
the breakup taking place at perihelion, and about 1 to 2 days after separa-
tion for the heliocentric distance at breakup twice the perihelion distance.
It has further been found that the visual appearance of the plots is not af-
fected fundamentally by the bulk density and by the fragment mass ratio (al-
though the outcome of the dynamical solution may so be affected). Consequent-
ly, it has been possible to categorize the patterns in terms of only the di-
rection of separation and the area of separation by considering the following
eleven standard patterns: separation sunward from (1) subsolar area, (2) lead-
ing-side area, (3) north-pole area, (4) trailing-side area; separation forward
from (5) subsolar area, (6) leading-side area, (7) north-pole area; separation
northward from (8) subsolar area, (9) leading-side area, (10) north-pole
area; and (1l) separation.backward from subsolar area.

For the splitting at true anomaly -90° the calculated patterns can
be divided into 7 categories:

Category Aj encompasses separations from the leading-side area sun-
ward, forward, and northward, and from the trailing-side area sunward. The
separation increases monotonically. The companion escapes along a very
strongly hyperbolic orbit; inclination to the comet's orbit plane is zero or
very low; prograde motion.

Category Bj includes separations from the north-pole area sunward
and forward. Except for a shallow minimum shortly after perihelion the se-
paration increases monotonically. The companion escapes along a high-incli-
nation, strongly hyperbolic orbit; prograde motion.

Category C; is represented by a separation forward from the sub-
solar area. The separation distance increases monotonically but at rather a
slow rate. The velocity surges at perihelion, then follows a profound de-
crease and a moderate upswing. The companion appears to escape in a slightly
hyperbolic orbit; zero inclination; retrograde motion.

Category D; is a separation northward from the subsolar area. The
separation curve has a complicated shape; the velocity curve, after a sudden
upswing near perihelion, displays a downward trend. The companion gets into
a highly elongated quasi-stable elliptical orbit with a period 240 days; high
inclination; retrograde motion.

Category Ej, a separation sunward from the subsolar area, exhibits
a separation curve that gradually levels off, and a velocity curve with a very
deep minimum about 30 days after splitting. The companion gets into a highly
elongated quasi-stable elliptical orbit with a period of 226 days; zero incli-
nation; retrograde motion.
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Category F), a separation backward from the subsolar area, displays
very complicated separation and velocity variations. The companion pursues
a retrograde orbit, whose eccentricity is just slightly less than unity. The
patterns with the bulk density 0.1 g cm~3 show the fragments crashing into
each other 120 days after breakup for the mass ratio 1:1, 129 days for 100:1.

Category Gi, a separation northward from the north-pole area, is
characterized by a crash of the fragments 15 days after breakup regardless
of the mass ratio and the density.

For the splitting at perihelion there are 5 categories of patterns:

Category A, contains the four patterns of Category A;. The compan-
ion's motion displays similar but still noticeably more vigorous escape char-
acteristics (prograde motion).

Category Bs includes the patterns of Categories C;, D) and E;. The
companion's motion differs from that in Category A, by appreciably milder
hyperbolic excess (prograde motion).

Category C» is represented by the pattern of Category F]. Escape
is still more hesitant, and in the case of the high mass ratio combined with
the low bulk density the hyperbolic motion is replaced by an elliptical one;
zero inclination; prograde motion.

Category D3, comprising the two patterns of Category B;, shows the
companion to get into a high-inclination elliptical orbit that looks rather
stable. The eccentricity and the revolution period depend strongly on the
mass ratio and on the density; prograde motion.

Category Es contains the pattern of Category G; and is again char-
acterized by a crash of the fragments, this time 16 days after breakup.

Finally, for the splitting at true anomaly +90° we have the follow-
ing categories:

Category A3, encompassing the patterns of Categories Cj, D;, E; and
F;, shows the companion's behavior reminiscent of that in Category B (pro-
grade motion).

Category By is identical in contents with Category A; except for a
separation sunward from the trailing-side area. The companion escapes almost
exactly radially and the sense of motion changes from retrograde to prograde;
zero or low inclination.

Category C3 is the separation sunward from the trailing-side area.
The companion gets into a high-eccentricity elliptical orbit; zero inclina-
tion; retrograde motion.

Category D3 contains the patterns of Category B;. The companion's
motion is elliptical, somewhat similar to that in Category D;, but less de-
pendent on the mass ratio and the density; high inclination; prograde motion
for the separation sunward, retrograde for the forward.
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Category E3, identical in contents with Category Gj, shows again
the two fragments crashing into each other, this time 90 days after breakup.

The presented results, especially the great variety of the compan-
ion's dynamical behavior depending strongly on the circumstances at breakup,
have implications for the observed split comets. Some of the problems will
be subject of the continuing study, including the investigation of the inter-
relation between the gravitational and the nongravitational perturbations,
the interpretation of the time of splitting and the velocity of separation
as derived from observations of the split comets (Z. Sekanina 1977, Icarus
30, 574-594; 1977, Astrophys. Lett. 18, 55-59; 1977, Proc. IAU Collog. 39,
51-56; 1978, Icarus 33, 64-71), and the exploration of the possibility of
the existence of binary and multiple comet nuclei.

This work has been supported by Grant NSG 7082 from the National
Aeronautics and Space Administration.
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The Rotation of Comet Nuclei

F. L. Whipple, Smithsonian-Harvard Center for Astrophysics,
60 Garden St., Cambridge, Mass. 02138.

Methods have been developed and applied for the deter-
mination of a)the axis of rotation and b) the period of rotation
of a comet nucleus.

The first method(for axis)involves asymmetry of coma
ejection from active areas on the nucleus. Analysis is made of
the displacement direction on the sky or position angles of the
coma as displaced from the observed nucleus. The method is
particularly applicable to comets of large perihelion distance,
q, and was applied to P/Schwassmann-Wachmann 1 with q=5.5 AU,
aphelion distance, Qv7 AU, Period=16%5 (Whipple 1977). The
figure portrays the relationship between the mean directions of
coma ejection and a model rotating comet nucleus (see Fig. cap-
tion). Outbursts of this comet are usually from specific limited
areas but can increase its brightness by more than 100 times.

The outbursts appear to take place near the meridian and in the
afternoon, not too far (<W50°§from the subsolar point. Of partic-
ular interest is the lag in migration of old active arears shown
by a persistence towards the East or receding limb of the nucleus
in the sense of orbital not rotational motion. Correspondingly,

new active areas resist development towards the West or approach-
ing limb.

The second method (for rotation period) depends upon
measurement of coma halo diameters, produced by the wide-angle
ejection of dust and/or gas by gas from active areas as they are
periodically rotated toward the solar meridian of the nucleus.
The velocity of ejection, v, follows very closely a law derived
from Bobrovnikov's data, v=5357r-0.6ms-1 yhere r is the solar dis-
tance in AU.

Because r and geocentric distance are known from orbital
data, the halo diameters and v provide a value of the time since
ejection, At. In turn, the observed date minus At provides the
moment of halo initiation or zero date, ZD. If the halos arise
from a single or major active area, the ZD's should be spaced at
intervals which are multiples of the period. If two or more
halos occur concurrently, the differences in successive At's
should equal one period. Hence the method is self checking. Once
the period is known approximately, giving a count on the revolu-
tion numbers, a further check can be made on the assumed velocity.
A least-squares solution for a multiplying factor to At as well
as for the period provides a correction to 1/v. From experience
with six comets, the correction factor is ~1.1. Thus the velocity
as derived from the equation appears to be about 10% too high.
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Figure: Mean directions of coma asymmetries for P/Schwassmann-
Wachmann 1 at 30° intervals in orbital longitude () over nearly
3 revolutions (1927-1970); r: solar distance, AU; below: number
of observations combined; the spheres represent a trial of polar
orientation for the comet nucleus; period of rotation, 121h,

pro-grade; obliquity of equator to orbit plane ~65°; longitude
No. Pole ~28(°.

- - - - - - - - - - - - - - - - - -

The Table presents the current status of rotation-
period determinations for 8 comets, of which 6 are new determin-
ations by the writer. It will be noticed that none of the
comets are new (in the Oort sense) nor, indeed, very young. Ap-
parently older comets develop theick crusts, presumably o% mete -
oroidal debris, that inhibit activity over much of their surface.
Thus only the older comets are apt to show single active areas
to make solutions possible for rotation vectors. Perhaps an-
other dozen comets can be so analysed.

A number of deductions concerning amorphous ices in
comets, details of their physical and chemical structure and
certain limits on the conditions of cometary aggregation follow
from this research (Whipple, 1977, 1978a,b,c).




Comet Nuclei Rotations
(as of Mar. 1, 1978)

Period Comet Source
4h62  Donati 1858VI (P~2000 y) F.L.W. (1978a)
Comment: Lﬁke a clock for a month! (J.F.J. Schmidt got
44127, in 1863)
sh11  P/D'Arrest (P=6.2 y) Fay § Wisniewski (1976)
Comment: Probably correct.
o1 Coggia 1874II1 (P~14000 y) F.L.W.
Comment: Close to final value
11"1  p/Halley (P=76 y) F.L.W.
Comment: Probably correct (small probability of 1/2 this
period).
1378 Daniel 1907IV (P~8000 y) F,L.W.
Comment: G. Horn's 1908 value of 16.0 not confirmed.
Axis?
33 Swift-Tuttle, 1862I1I (P=120 y) E.L.W.
Comment: One-half value of J,F.J. Schmidt in 1863.
350 (?) Bennett, 197011 (P~1600 y) Larson § Minton (1972)
Comment: F.L.W. has not had success with their method.
121h P/Schwassmann-Wachmann 1 (P=16Y5) F.L.W. (1977)
Comment: No. Pole, Longn280°; obliquity equator to orbit
~65°; Prograde. Active regions migrate slowly.
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Phobos Globe/Mars Topography, T. C. Duxbury, Jet Propulsion

Laboratory, California Institute of Technology, Pasadena,

CA 91103

Arrangements have been made to obtain a globe of
Phobos which was developed using Mariner 9 imaging of Phobos.
The globe will be used in conjunction with the Viking imaging
data of Phobos to interpret the alignment and orientations
of the grooves and crater chains on Phobos. Computer programs
have been modified to process Viking pictures of Mars taken
during the approach to Mars to identify possible topographic
variations from the outline of the lit limb. Three pictures
of Mars taken with the violet, green and red filters are

being processed.
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Phobos: Photometry and Origin of Dark Markings on Crater Floors. J.
Goguen and J. Veverka, Laboratory for Planetary Studies, Cornell Univer-
sity, Ithaca, New York 14853 and T. C. Duxbury, Jet Propulsion Labor-
atory, California Institute of Technology, Pasadena, California 91103.

High resolution images of Phobos obtained during the 1977 close
flybys by Viking Orbiter 1, reveal conspicuous dark patches on the floors
of many craters (eg. frame 248A05). These dark patches are especially
prominent at large phase angles.

By measuring the contrast of these dark markings relative
to the adjacent "average' surface on images obtained at different phase
angles, we have constructed a relative phase curve and found that:

(a) While the contrast may reach more than 507 at phase

angles o > 70°, it is £ 10% at phase angles close to zero.
(b) The normal reflectance of the '"dark" material does not
differ by more than 10% from that of the surroundings,
but the phase coefficient is at lease 257 larger than
that of the surroundings. (At phase angles o < 40° the
phase coefficient is 0.007 mag/deg larger; the difference
increases for a > 40°).
These facts suggest that the "dark' material differs from its surround-
ings much more in its texture than in its normal reflectance: it appears
conspicuously darker at large phase angles because its rougher surface
produces more shadows.

A simple model of surface roughness shows that the observed
phase dependence can be reproduced by a surface covered with parabolic
holes of a depth/diameter ratio 2 %. Such a rugged texture is sugges-
tive of a vesicular material, but we note that this interpretation is
non-unique since roughness elements of positive relief (bumps rather
than holes) will yield comparable phase curves. Nevertheless, we find
it significant that pools of vessicular impact melt have been reported
at the bottoms of the ejecta voids produced during the formation of
a) terrestrial impact craters (Dence, 1968; in Shock Metamorphism of
Natural Materials, p. 168), b) nuclear explosion craters (Short, 1965;
Ann. N.Y. Acad. Sci., 123, 573), c) experimental craters produced in
the laboratory (Stoffler et al., 1975; JGR, 80, 4062), and suggest that
the patches of texturally rough, 'dark" material on the floors of many
Phobos craters are exposures of impact melt. The low value of g and
the consequent small amount of fallback ejecta would account for the
prominence of this phenomenon on Phobos.

A possible alternative explanation is that the dark patches
represent evidence of near horizontal layering in the outer portions of
Phobos. 1In this case one would expect the exposures of the coarse
material to occur at concordant depths, at least locally, but Lhis docs
not appear to be the case. Another possibility is that the dark patches
are accumulations of coarse debris, preferentially collecting at the
bottoms of craters. Since g is very small, this preference may not be
significant. Nevertheless, it is possible to test this hypothesis since
it predicts that, other things being equal, older crater should have
more conspicuous dark markings than younger craters (since they have
had more time to accumulate coarse debris). On the other hand, the
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impact melt hypothesis which we favor predicts that the youngest
craters should exhibit dark patches best, since micormeteroid erosion
and blanketing by ejecta from neighboring impacts will eventually
obliterate the contrast between the impact melt and its surroundings.
The available evidence supports the impact melt hypothesis: the dark
markings are most conspicuous in the fresher-looking (hence probably
younger) craters.

Our hypothesis suggests that analogous dark markings may be
visible at large phase angles on the surfaces of other low g bodies
(Deimos, small asteroids, etc.). However, we now know that they are not
prominent on the surface of Deimos — possibly because most of the
craters imaged at high resolution on the surface of the outer satel-
lite appear to have been blanketed by several meters of fine-grained
material having many of the characteristics of ejecta.
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A Comparative Study of Surface Features on Phobos and Deimos. ©P. Thomas,
J. Veverka and A. Bloom, Cornell University, Ithaca, N.Y. 14853 and

T. C. Duxbury, Jet Propulsion Laboratory, 4800 Oak Grove Drive, Pasadena,
California 91103.

High resolution Viking Orbiter images have shown that the
surfaces of the two small satellites of Mars have significantly dif-
ferent morphologies. For example, although both Phobos and Deimos
are heavily cratered, the craters on Deimos appear to be partially
filled in by what seems to be ejecta, whereas on Phobos no comparable
infilling is conspicuous. Also, the surface of the inner satellite is
covered by sets of very extensive linear depressions (grooves) that have
no counterparts on Deimos.

The general pattern of grooves on Phobos is shown in Figure
1 with the large crater Stickney included for reference. The pattern
is clearly related to Stickney. No other crater has separate associated
groove patterns and no crater deforms or enlarges grooves in its vicin-
ity. The grooves define planes cutting much of Phobos, and occur in
several sets of many parallel members. The most prominently developed
grooves define planes with normals that lie near the a - ¢ plane of
Phobos (the plane which includes the sub-Mars point and the poles), but
there are grooves which define planes with normals at large angles to
the a - c plane.

Relief inside the grooves ranges from 5 to 90 meters, widths
are between 40 and 700 meters, and continuous grooves are up to 14 km
long; grooves with small gaps are as much as 25 km long. Most grooves
are best described as strings of coalesced depressions (pits) and have
beaded outlines. Profiles across the grooves are usually smoothly
concave-up; profiles along grooves have smooth concave-up depressions.
Many of the pits are very subtle and groove walls may appear very straight.
Only the largest grooves near Stickney have floors that are distinct from
the groove walls. These floor have an irregular hummocky topography,
and the adjacent walls are nearly straight. The maximum and average
widths and depths of grooves decrease away from Stickney.

Some grooves grade into linear zones of hummocky topography
with ill-defined margins at the same level as the surrounding surface.

The grooves are intepreted as surface expressions of frac-
tures cutting much of Phobos. The smooth slopes of groove walls imply
formation in material of low cohesion that has no significant layering.
The association of the pattern and size of grooves with Stickney indi-
cates that the fractures were formed or enlarged by the impact which
formed Stickney. The beaded appearance of the grooves is best explained
either by drainage of regolith into fractures or by ejection of material
from the fractures by impact released volatiles. Evidence for raised
rims along some groove segments is ambiguous, but it is clear that
raised rims are not essential features of groove morphology.

The 60% of Deimos imaged at resolution 100 meters or better
does not show any grooves. The absence of grooves on Deimos may be due
to lack of a very large crater (the largest known is about 3 km across),
or to a different composition and stronger mechanical strength than
Phobos.
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The freshest craters on Phobos have depth/diameter ratios of
about 0.2, close to the value for the Moon (Pike, 1974). Crater rims
are about half as high on Phobos as on the Moon. With the exception of
some blocks (20-50 meters wide) near craters, a few ''rays', and some
hummocky "ejecta' near Stickney, ejecta deposits are not conspicuous on
Phobos. However, the surface of Deimos is conspicuously blanketed by
material having the characteristics of ejecta. Blocks are abundant in
high resolution images; most craters have considerable sediment fill
easily distinguished from the crater walls, and bright streaky albedo
markings, some forming streamlined tails behind craters, suggesting move-
ment of debris close to the surface. Obvious secondary craters are rare
or absent on both satellites.

It is puzzling how so much apparent ejecta gets retained on
the surface of as tiny a satellite as Deimos, and why this retention
process is so much more efficient on Deimos than on Phobos. It is
conceivable that the close proximity of Phobos to Mars makes it easier
for impact ejecta to escape from the inner satellite, but the mechanics
of such a preferential process remain to be worked out.

Pike, R. J. 1974, Depth/Diameter relations for fresh lunar craters:
revision from spacecraft data. Geophys. Res. Lett., 1, p. 291-294.
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Characteristics of the Cratering Process on Small Bodies: Phobos and Deimos,
M. J. Cintala, J. W. Head, Dept. of Geological Sciences, Brown University,
Providence, RI 02912; and J. Veverka, Laboratory for Plametary Sciences, Cor-
nell University, Ithaca, NY 14853.

Natural impact craters preserved on the Moon and terrestrial planets
have provided an opportunity to study the cratering process under a wide vari-
ety of conditions of formation and -preservation. Because of their small size,
Phobos and Deimos offer a potentially significant end point in the study of
the effects of gravity, target strength, and curvature in the cratering pro-
cess. In addition, they may provide important information on the surface his-
tory and present characteristics of other small solar system bodies such as
asteroids. In this study both moons (Table 1) were taken to be spheres as
opposed to the more accurate but correspondingly more complex triaxial ellip-
soid approximations, and the gravitational effects of Mars on crater ejecta
were ignored.

Several major parameters will be significant in causing differences in
the cratering process and resulting landforms on Phobos and Deimos. The ex-
tremely small (and variable) radii of curvature (Fig. 1) will play an impor-
tant role in shock wave and cavity geometry, and in the distance that ejecta
will travel (Fig. 2). In addition, the exceedingly low gravitational acceler-
ations!’? imply that much ejecta from a single event should reach escape ve-
locity and the remainder should be much more widespread over the target body
(Fig. 3) than for a similar size impact on a larger planet. Gravitational
modification2’® of the transient cavity should be minimal, and strength scal-
ing laws" should govern final crater morphologies and geometries.

Cratering Process (Excavation Stage:) — A qualitative evaluation of ejec-
ta ballistics on small bodies was obtained by extrapolating laboratory experi-
mental results® (where impact velocity is 1.57 km/sec, "V25% that calculated
for Phobos and Deimos). Observed ejection velocities and angles were utilized
in calculating ballistic ranges over spherical surfaces (Figs. 2,3). Ejecta
which was transported approximately 1 m under terrestrial laboratory condi-
tions® would have traveled on the order of 1.4 km on Phobos and more than 3 km
on Deimos. If larger scale events at higher impact velocities are considered®’
7, the low escape velocities (Table 1) would imply that a large majority of
ejecta would be placed into escape trajectories. These paths are velocity-de-
pendent only, as long as they do not intersect the surface of the target body
on the way out. Since material nearest to the rim of the transient cavity is
subjected to the lowest peak shock pressures and is transported the shortest
distances’, the largest fragments created during an impact event should come
from the rim region and, at the same time, have low ejection velocities. Boul-
ders and relatively large fragments should constitute a sizeable fraction of
non-escaping ejecta on both bodies, assuming relatively coherent target mate-
rial. (Modification Stage:) The sizes and masses of the two moons essentially
rule out gravitationally driven modification of impact craters®’®. Both lith-
ostatic pressure and ejecta fallback effects® (e.g., rim loading, cavity shal-
lowing, etc.) should be virtually nonexistent in light of target strength and
ejecta transport distances. For example, if an "average' lunar soil (p = 1.6
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gm/cm®, cohesion = 0.006 bars)® is taken as a model for Phobos' strength, co-
hesion effects alone would not be overcome until depths on the order of 50 m
were attained. Obviously, a thin regolith overlying more cohesive materiall?
19 ' a more realistic model, would increase this depth substantially, Any ob-
served fresh crater morphologic wariations, then, should be primarily consid-
ered in light of dynamic modifications which take place during the formation-
al events themselves; formation times of various features would be governed
by strength scaling laws". Long-term modifications would be dominated by
non-gravitational processes (e.g., impact erosion, outgassing, etc.). Mar-
tian tidal effects, although small, should be relatively more significant
than gravitational effects attributable to the moons themselves.

Ejecta: As the approximately hemispherical shock wave of a major (km
scale) event is driven through the target, the rapid lateral falloff of the
surface due to the small effective radius of curvature keeps the free surface
closer to the impact point. This effect may enhance rapid lateral cavity
growth in the upper part of the cavity. Material ejected early in the event
should escape. As rarefaction waves begin to dominate event dynamicst!,
ejection should take place at higher angles (measured from the horizontal),
but escape velocity should still be exceeded by the vast majority of ejecta.
Only late-stage ejecta (that subjected to the lowest shock levels and having
the least velocity) would be emplaced on the surface. Although the scaling
relationships for craters formed by low-velocity impact in a regolith in a
low-g environment are uncertain, the most energetic of the returning ejecta
should be able to form secondary craters. The lowest velocity fraction of
this ejecta should consist of the largest fragments. Their extremely low em-
placement velocities would not be conducive to large crater formation; rather,
the fragments may land intact, or break up (but not be totally destroyed),
upon impact. This phenomenon could explain the presence of abundant boulders
on the surface of Deimos. Upper bounds on the minimum cohesive strength nec-
essary for these fragments to survive emplacement (on the basis of stagnation
pressure considerations for normal incidence at escape velocity) are "0.5 bars
for Deimos and V1.7 bars for Phobos, well below average rock strengths.

Mechanisms have been postulated by which a considerable fraction of
escaped ejecta is swept up by Phobos and Deimos after a number of orbits!?,
creating relatively find-grained regoliths®. This would not be possible for
asteroids, implying that a large portion of the surface material on these
bodies would consist of blocky ejecta as opposed to fine-grained debris. This
is consistent with spectral reflectance observations of asteroids!® which
suggest immature surfaces with low glass content'*’!%, 1Increasing gravity
would tend to decrease the average particle size in the regolith and increase
its apparent maturity by preventing the escape of more highly shocked, com-
minuted, and vitrified material.

Réeferences: !'J. Pollack et al. (1973) JGR, 4314; 23. Veverka and T. Duxbury
(1977) JGR, 4213; 3J. Veverka et al. (1977), BAAS, 517; “D. Gault and J. Wede-
kind (1978) in Impact and Explosion Cratering, in press; °V. Oberbeck and R.
Morrison (1976) PLSC 7, 2983; ®E. Shoemaker (1962) in Physics and Astronomy of
the Moon, Z. Kopal, ed. 538 pp.; ’V. Oberbeck (1975) RGSP, 337; °W. Quaide et

al. (1965) A.NYAS, 563; °J. Mitchell et al. (1972) NASA SP-315,8-1; '®. Thomas
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et al. (1977) BAAS, 517; ''D. Gault et al. (1968) in Shock Metamorphism of
Natural Materials, 87; 12S. Soter (1972) Rep. CRSR 462, Cornell U.;’°T. McCord
et al. (1970) Science, 1445; *D. Matson et al. (1977), PLSC 8, 1001; '°R.
Schaal and F. Horz (1977) PLSC 8, 1697; !°T. Duxbury (1974) Icarus, 290.
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F1g 2 The effects of target curvature on ballistic ranges
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angles. The calculated ranges over the sphere are normal-
Fig 1 Comparison of curvatures of vari- yzed to the calculated range for a plane with Phobos'
ous solid bodies D represents the drop- gravitational acceleration
off (1n meters) of a sphere from a plane
target at a point 15 (linear) km distant
At this scale, the dropoffs are of the
same order as the line thickness. The
parabolic profile below the lunar Timb
segment represents an 1dealized 10 km
crater profile (neglecting rim topography)
For impacts at similar velocity on Moon
and Phobos a constant effective depth of
burst would cause more extensive lateral
excavation on Phobos. The observed cra-
ter would occur below the dashed chord
n the figure
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Crater Densities on Phobos and Deimos: Summary of Viking Results.
P. Thomas and J. Veverka, Laboratory for Planetary Studies, Cormell
University, Ithaca, N. Y. 14853, and T. C. Duxbury, Jet Propulsion
Laboratory, 4800 Oak Grove Drive, Pasadena, California 91103.

The high resolution Viking Orbiter images of the Martian
satellites allow determinations of crater densities on different parts
of Phobos and a comparison of average crater densities on the two
satellites with those on other solar system bodies. All of Phobos
and about half of Deimos have been imaged at resolutions better than
100 meters. The best resolution for Phobos is about 6 meters; for
Deimos, 3 meters.

The composite incremental crater density curve for Phobos lies
within a factor of two of Hartmann's (1973) extrapolation of lunar
upland crater densities from large crater diameters. A straight line

fit to the composite curve has a slope of -1.88 + 0.03. The composite
curve for Deimos is very similar, but slightly lower (0.8 of the Phobos
density), and has a slope of -1.90 + 0.15.

Different areas on Phobos have crater densities differing by
as much as a factor of three, but most are within a factor of two.
Because craters on the satellites are seen at a variety of emission
angles and becasue of the limited numbers of craters, differences of
a factor of two may not be significant. No extensive areas on Phobos
are extremely young relative to the average age of the surface of Phobos.
The area opposite the crater Stickney which is devoid of grooves and
which could be interpreted as a spallation scar appears to have a
crater density greater than that on the inside of Stickney, and thus
may not be a scar related to the Stickney event. The grooves themselves
are old — more than half as old as the average Phobos surface (Thomas
et al., 1978).

Estimates of absolute ages for the surfaces of Phobos and
Deimos based upon the techniques of Hartmann (1977) range upward from
8x108 years. These calculated ages, most at or above 3x109, depend
upon values used for crater production rates at Mars and gravity scaling
of crater diameters.

We are confident that our counts do not contain a significant
fraction of secondaries because: (1) the satellites have very small
escape velocities, (2) none of our curves shows a steeper slope at smal-
ler crater diameters indicative of an added secondary component, (3)
the highest resolution images do not show clusters of irregular craters,
strings of impact craters or herringbone patterns. (Herringbone patterns
suspected in some of the early Viking coverage have been resolved into
sets of grooves by subsequent better imagery).

We conclude that the surfaces on Phobos and Deimos are well
over 109 years old, and are at or near a maximum, or "equilibrium"
crater density. Different mechanisms of crater obliteration may be
capable of producing similar equilibrium crater densities. If the cra-
ter densities on the Martian satellites are not equilibrium densities,
the slopes of -1.9 of the incremental crater density plots do not sup-
port a crater production curve with a slope of about -2.5 (Neukum and
Wise, 1976).
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It is interesting that while Phobos and Deimos have similar
crater densities, the surface of Deimos appears to be smoother than that
of Phobos. High resolution images indicate that the realtively smooth
appearance of Deimos is related to the fact that craters on the outer
satellite typically show considerable sediment fill (while their rims
remain prominent); the craters on Phobos, on the other hand, do not
show any distinguishable fill.

Hartmann, W. K., 1973, Martian cratering, 4: Mariner 9 initial analysis
of cratering chronology. Jour. Geophys. Res., 78, p. 4096-4116.

Hartmann, W. K., 1977, Relative crater porduction rates on planets.
Icarus, 31, p. 260-276.

Neukum, G. and Wise, D. U., 1976, Mars: a standard crater curve and a
possible new time scale. Science, 194, p. 1381-1387.

Thomas, P., Veverka, J., and Duxbury, T. C., 1978, The origin of grooves
on Phobos. Nature, in press.
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Processes Effecting the Surfaces of the Galilean Satellites, J.B.
Pollack, Space Science Div.,, NASA-Ames Res. Cntr., Moffett Field,
CA 94035.

A number of processes have effected the surface charac-
teristics of the Galilean satellites of Jupiter, especially their
composition. These include the physical conditions in the circum-
Jovian nebula at the time of their birth, their subsequent inter-
nal differentiation, near-surface convective motions, and the
exposure of their surfaces to bombardment by meteoroids and mag-
netospheric particles. Below, we discuss each of these processes
and indicate the constraints placed upon them by our aircraft
observations of the satellites' near infrared reflection spectra
(Pollack et al., 1977 and 1978).

In the case of the outer three satellites, a sequence
of events has tended to create surfaces rich in water ice.
First, Jupiter's early high luminosity may have inhibited the
condensation of water ice during the early phases of satellite
formation so that free water concentrated towards their surfaces
(Pollack and Reynolds, 1974). Second, subsequent differentia-
tion would have segregated much of the rocky material towards
their center (Consolmagno and Lewis, 1976). Finally, rupture of
the icy crust by meteoroid bombardment or mantle convection as
well as solid state convection within their icy crust (Reynolds,
private communication) may have provided fresh coatings of water
ice across localized areas of their surfaces.

In the case of Europa, the above processes appear to be
the dominant ones since analysis of the aircraft data indicates
that the fractional water ice cover is at least 85%. However,
water ice constitutes only a fraction of Ganymede's surface and
very little, if any, of Callisto's surface. According to the
aircraft results, the fractional ice cover on the leading and
trailing sides of Ganymede equal about 657 and 50%, respectively,
while the fractional ice cover on Callisto is much less than 50%.

The lack of a complete water ice cover on Ganymede and
Callisto can be understood in several ways. First, if the icy
crust is thick enough, as may be the case for Callisto, the sur-
face could consist of primordial material, which contains a rocky
component. Second, extra-satellite dust may be continually
covering over a portion of the surface. Dust grains derived from
meteoroid bombardment of the irregular satellites represent a
source of low velocity dust, which could be more effective in
covering the surface than higher velocity interplanetary dust.
The former displaces less mass upon impact.

The low fractional content of water ice on Callisto's
surface appears to be in conflict with the amounts expected for
a primordial surface (Pollack et al., 1977 and 1978). Hence,
extra- satellite dust is probably responsible for the non-icy
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component of Callisto's surface. The variation of fractional ice
cover among the outer three Galilean satellites with distance
from Jupiter is more in accord with dust originating from the
irregular satellites than from interplanetary space. This con-
clusion is further supported by the compositiomal similarity
between the dark areas on Ganymede and Callisto's surfaces, as
indicated by modelling of the aircraft spectra.

Particularly the inner Galilean satellites are exposed
to bombardment by high energy, magnetospheric particles. Their
effect of damaging the crystal structure of surface materials
may be indicated by the muted character of the 1.5 and 2.0 um
water ice bands on Europa's trailing side as compared to those
of its leading side. If this deduction is correct, the trailing
side of Europa is preferentially bombarded, a result consistent
with the larger angular velocity of Jupiter's magnetic field
lines as compared with that of the satellite's orbital motion.
Such a broadening needs to be factored into analyses of Io's
spectra.

The innermost Galilean satellite, Io, has long been
thought to have an unusual, perhaps unique, surface composition.
Candidate materials for its surface composition range from low
temperature materials, such as ices (Pilcher et al., 1972;
McElroy and Yung, 1975); to medium temperature material, such
as the salts of an evaporite deposit (Fanale et al., 1974);
to high temperature substances, such as anhydrous, feldspar-rich
material (Fanale et al., 1977). The first two candidates repre-
sent products of intermal differentiation, while the third may
be primordial material.

The aircraft observations indicate that the fractional
ice cover is at most 10%Z and hence rule out the first model. The
evaporite model is consistent with all three spectral features
seen in the aircraft spectra (1.35 pym, 2.55 um, and 4.05 um),
while the feldspar model is apparently consistent with only the
shortest wavelength feature. Furthermore, the components of
the evaporite deposit implied by the spectral features--ferrous
bearing salts and nitrate salts-—combine to give a reflection
spectrum in the visible that is consistent with the observed
behavior. However, it is not entirely clear that an evaporite
deposit would be as anhydrous as the gircraft data indicate
(fractional amount of bound water <10 ~), although sputtering by
magnetospheric particles may preferentially remove an initial
bound water component.

References:

G.J. Consolmagno and J.S. Lewis (1976). 1In "Jupiter" (T. Gehrels,
ed.), pp. 1035-1051, U. of AZ, press.

F.P. Fanale, T.V. Johnson, and D.L. Matson (1974), Science, 186,
922-925,
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PHYSICAL PROCESSES AFFECTING WATER ON THE GALILEAN SATELLITES. Carl B.
Pilcher and Norman G. Purves, Institute for Astronomy, University of Hawaii,
Honolulu.

An extensive investigation of the characteristics of and processes
affecting water ice on the Galilean satellites is underway. To date, a study
of the stability of water ice under conditions prevailing on the Galilean
satellites has been completed and a study of the thermal migration characteris-
tics of ice is in progress. Both of these investigations will be discussed.

In the stability study, loss of water from a Galilean satellite due
to Jeans escape, photolysis, atmospheric charged particle interactions, and
sputtering was considered. It was found that little water is lost in the
first three processes, but that sputtering is probably an important water loss
mechanism on at least Io. This conclusion was based on recent laboratory
experiments (1) that indicate sputtering yields for water ice orders of magni-
tude higher than those anticipated from conventional sputtering theories.
Sputtering of a frozen saturated salt solution, suggested by Fanale, et al.
(2,3) to be the precursor of the present Io surface, would rapidly yield a
thin salt layer, accounting for the satellite's unusual optical properties.

It was also shown that gravitational focussing of meteoroids by Jupiter will
produce a surface turnover (''gardening") rate on Io that is much larger than
that on the moon. The actual rate of water loss from Io may thus be deter-
mined by the rate at which water-bearing material is exposed on the surface by
gardening. The surface of Io should be heavily cratered, perhaps resembling
morphologically the lunar highlands.

The study of thermal migration of water on the Galilean satellites
has been approached by means of a computer model. The distribution of water
resulting from evaporation from a single point on a satellite was first calcu-
lated under the assumptions of unit accommodation coefficient and ballistic
motion. If no other atmospheric components are present, the latter assumption
will be valid for water vapor pressures below that of an ice at 140 K. This
is the temperature reached by material of albedo 0.6 in equilibrium with the
insolation at the sub-solar point. This distribution function was then used
with a temperature distribution calculated under the assumption of thermal
equilibrium to determine the water migration characteristics at a particular
rotational phase angle. The calculations were then repeated with a spatial
offset introduced into the temperature distribution function to simulate
satellite rotation. Repetition of this process at appropriate offset inter-
vals yields the thermal migration characteristics averaged over a satellite
rotation. The results of this study will be presented and the implications
for the surface characteristics of the Galilean satellites discussed.
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X-Ray Spectroscopy of the Galilean Satellites, R.H. Parker,
A.E, Metzger, J.L., Luthey, all of Jet Propulsion Laboratory, California Insti-
tute of Technology, Pasadena, California 91103, R. Pehl, Lawrence Berkeley
Laboratory, Berkeley, California 74720, asnd H.W. Schnopper, Harvard-Smithsonian
Center for Astrophysics, Cambridge, Massachusetts 02138

Determination of the surface composition of Jupiter's Galilean Satellites
will provide a basic constraint for models of this mini-solar system (l1). Re-
mote observations of chemical composition can best be performed by X-ray and
gamma-ray spectroscopy similar to that performed on the Apollo 15 and 16 mis-
sions (2,3). Although the intense radiation belt around Jupiter has led pre-
liminary studies to-a pessimistic conclusion for a gamma-ray experiment, the
picture for X-ray spectroscopy is quite promising. X-rays produced by electron
bombardment give characteristic emission lines from 0.055 keV for lithium (Z=3)
to 88.23 keV for lead (Z=82). By measuring the X-ray intensity at each char-
acteristic energy, the abundances of the various elements generating the X-ray
flux can be determined.

The four Galilean satellites orbit within the Jovian magnetosphere. As a
result, the large fluxes of high energy electrons and protons trapped in the
Jovian magnetosphere dictate the concept and design of an X-ray spectrometer
for satellite observations (4). Figure 1 shows the expected electron fluxes at
Io (~6RJ) and Ganymede (~16Rj). On impacting the satellite surface, these
charged particles create X-rays by (a) direct ionization, (b) photoionization,
and (c) the bremsstrahlumng process. Processes (a) and (b) contribute to the
signal while process (c) contributes to the background. The charged particle
flux also creates background by interacting with instrument and spacecraft ma-
terials. This environment introduces the following constraints for an X-ray
spectrometer: (1) shielding to reduce the flux of charged particles, (2) a
detector which is small and has good resolution (<300 eV FWHM from 1-7 keV) to
minimize the count rate and optimize the selectivity of signal to background,
and (3) fast electronics, capable of handling counting rates on the order of
2-3 x 104 per second.

To properly evaluate the prospects of performing compositional X-ray anal-
ysis, these interactive processes must be modeled with an accuracy limited
primarily by present knowledge of the radiation field at the satellites. We
have developed computer codes to calculate the X-ray spectrum emerging from the
satellite surfaces and the shields of the X-ray spectrometer as a result of the
electron and proton fluxes near the Galilean satellites. The bremsstrahlung
generated in the satellites and shielding around the instrument is computed
from the production cross-sections of thin targets for electrons with energies
between 1 keV and 500 MeV (5,6). The probability of an interaction in the de-
tector is the summation of the bremsstrahlung spectrum per electron folded into
the response efficiency of the detector. The bremsstrahlung spectrum through
a 1 cm tungsten shield peaks broadly at about 800 keV, an energy at which a
thin detector will be relatively inefficient and therefore able to minimize
this background component. The flux through the shield will also include a
smaller contribution from the energetic electrons whose range exceeds the thick-
ness of the shield.
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The bremsstrahlung from the satellite surface is computed, using a thin
target formulation, for sequential 1 pym thick layers to a maximum depth of 0.15
mm or until the contribution to the integral bremsstrahlung flux at depth x+
1 um is less than 1% of the total contribution. The characteristic emission
produced by photoionization of the target atom of interest is also computed for
the bremsstrahlung produced at each step in depth. To simplify, this emission
is divided into just two solid angles and the incident electron flux is taken
normal to the surface.

The major portion of characteristic emission from the satellite surface is
produced by electron ionization. The incident electron flux is assumed to be
isotropic and divided into ten equal incoming solid angles. The emission is
computed as a function of depth, the electrons being retarded through a 'mate-
rial'" of Z equal to the average surface composition, using a modified Bethe K-
shell ilonization cross-section (7). The characteristic emission is summed
over the contribution of incoming electron energies from the ionization energy,
Eyx, to 30 MeV in incremental steps. The photons are attenuated through an
assumed composite surface material and summed over ten outgoing solid angles.

Since active shielding would increase the dead time to ~1007%, the design
uses a passive tungsten (19 g/cmz) shield. Since proportional counters are
difficult to miniaturize and have relatively poor energy resolution, we have
chosen to use an array of 2mm x 2mm diffused junction Si detectors operated at
a temperature between 150 K and 200 K. Four 2mm X 2mm x 100um diffused junc-
tion silicon solid state detectors have been fabricated at the Lawrence Berke-
ley Laboratory as part of these studies. They have near state-of-the-art
energy resolution (~250 eV at 5.9 keV) and are thinner than any of this type
previously developed for high resolution X-ray spectroscopy. Not only is the
depletion width nearly ideal in terms of the response efficiency for the energy
range of interest but a diffused junction detector has much greater radiation
resistance than the conventional Li-drifted X-ray detector commonly used in
laboratory work. A multiple plate X-ray imaging system with aperture shield-
ing will be placed in front of the detector array in order to allow line-of-
sight shielding of charged particles in the direction of the satellite. The
imaging system will have an X-ray reflection efficiency ranging from about 5%
at 7 keV to 50% at 1 keV.

Figure 2 presents the calculated signals from A{ and Fe, together with the
bremsstrahlung emitted from surfaces assumed to have the compositions of a
carbonaceous chondrite-50% water ice at Ganymede. Folding these spectra plus
the calculated local background into the expected instrument characteristics
(preliminary for the X-ray imager) yields 30 minimum detectable limits for Al
of 0.15% at Io and 0.97% at Ganymede, and for Fe of 0.5% at Io and 0.87% at
Ganymede. The calculation is based on a single flyby of each satellite as
velocities and distances typical of planned JOP trajectories. Multiple passes
will substantially improve the semsitivity. The results indicate that sensi-
tivities of a percent or better for Af, Si, K, Ca, Ti, Fe, and Ni can be met.
The possibility exists of including Na, Mg, S and Cl in the list of elements
abundant enough to be observed. Below Na (E, = 1.08 keV) absorption in the
dead layer of the detector becomes a concern although it may be pratical to
observe as low as carbon (284 eV). Present theories indicate that Ganymede
and Callisto are partially covered with ice while Europa is heavily ice cov-
ered. Other candidate surface materials are carbonaceous, chondritic and
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evaporite salts (8). The capability of observing carbon and oxygen would be
an obvious advantage.

Our results show that X-ray spectroscopy can provide a determination of
the surface composition of the Galilean satellites. A more complete exposition
of the model will soon be submitted for publication.
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An Observational Test for the Origin of the Titan-Hyperion

Orbital Resonance, S. J. Peale, Univ. of California, Santa
Barbara, Calif. 93106

The theory of the origin of the commensurabilities
among the orbital mean motions of the satellites of Saturn by the
differential expansion of originally random orbits by tidal dis-
sipation in Saturn has been remarkably successful in the sense
that a long list of constraints on the resonances demanded by the
theory are in fact satisfied (Peale, 1976). The notable excep-
tion is the excessive age of the Titan-Hyperion resonance (~6x10lO
years) if Saturn's tidal Q appropriate to the tidal evolution of
Titan's orbit is not less than the lower bound (Qg 2 6x10%4) im-
posed by the proximity of Mimas to Saturn (Goldreich and Soter,
1966). Colombo et al. (1974) propose that Q be sufficiently
frequency and amplitude dependent that a low Qg(<5000) be
appropriate to Titan orbital evolution and thereby salvage the
tidal hypothesis. These bounds on Q are illustrated in Fig. 1.
Alternatively, it is possible that the Titan Hyperion resonance is
primordial in the sense that Hyperion was left in the 4:3 orbital
resonance with Titan after numerous companions were cleared from
a cluttered region of space about Saturn. Such a primordial
origin almost certainly applies, for example, to the Trojan and
Hilda asteroids in resonance with Jupiter.

If Hyperion is near the upper bound of its possible
range of radii 80 km < Ry < 480 km and if it is found to be
rotating in the 3:2 spin-orbit resonance, there has been little
tidal evolution of Titan's orbit and a primordial origin of the
Titan-Hyperion orbital resonance can be inferred. The large
radius for Hyperion is necessary in order that its spin be re-
tarded to the 3:2 spin-orbit resonance by tidal dissipation in a
time short compared to the growth of its orbital eccentricity e
within the orbital resonance with Titan (Fig. 2). The probabil-
ity of capture into the spin-orbit resonance is large only if e
is large (Fig. 3). But a rapid decay of Hyperion's spin
together with its occupancy of the 3:2 spin-orbit resonance means
that e was large very early in history when Hyperion approached
the 3:2 spin resonance. This in turn means little increase 1in e
due to tidal evolution of Titan's orbit while Hyperion is locked
in the orbital resonance. Little tidal evolution precludes a
tidal origin for the orbital resonance and the orbital mean
motion commensurability must be primordial.

If Hyperion is found rotating synchronously with its
orbital motion, a primordial origin for the orbital resonance
is still not ruled out. This follows from Fig. 3 which shows
that it is more probable to escape the 3:2 spin resonance even
under the best of circumstances. If Hyperion is near the lower
bound of the range of possible radii, finding it in the 3:2 spin
resonance also place no constraints on the origin of the orbital
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resonance. In this case most of the age of the solar system is
required to slow Hyperion's spin from a reasonably high initial
value (Fig. 2). This allows plenty of time for e to grow within
the resonance by tidal evolution, and e would have been large, as
would possibly the capture probability (Fig. 3) when Hyperion
reached the 3:2 spin resonance regardless of the origin of the
orbital resonance

Figure Captions

Fig. 1. Age of the Titan-Hyperion orbital resonance as a function
of Saturn's effective tidal Q.

Fig. 2. Times required for the tidal retardation of Hyperion's

spin angular velocity from a corresponding period of 10
hours to a period of 21 days as a function of QH and

radius.

Fig. 3. Probability of capturing Hyperion into the 3/2 spin
resonance vs. eccentricity for two tidal models.
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CHAPTER 3 - CONSTRAINTS ON PLANETARY INTERIORS




Comments on the Magnetic Field and Internal Heat of Saturn, Uranus and
Neptune, R. Smoluchowski, Princeton University, Princeton, N.J. 08540

(after Sep. 1, 1978: Dept. of Astronomy, U. of Texas, Austin, TX. 78712)

The generation of a magnetic field by the hydromagnetic dynamo
mechanism requires a sufficiently high Reynolds number in which the electri-
cal conductivity is the major factor. On Jupiter the dynamo can operate not
only in the metallic interior but also in the inner part of the H, layer (1)
thereby increasing the volume of the high conductivity region by a factor of
about two. Four recent models of Saturn have been examined from this point
of view. It appears that in Saturn the volume of the high conductivity H,
layer is 3 to 6 times greater than that of the metallic H region and that it
is in the H, region that the Saturnian field is most likely generated (2).
On Saturn the highly conductive H, layer is, however, more than twice as deep
below the planets surface as on Jupiter and thus one does not expect the ex-
ternal field to show as high quadrupole and octupole components as has been
observed by the Pioneers. The internal heat of Saturn is easily accounted
for by the He-precipitation mechanism (3) in the metallic H(He) layer.

The sizes, masses and rotation periods of Uranus and Neptune differ
much less than those of Jupiter and Saturn and thus it was not surprising that
for a long time these two planets were considered to have very similar internal
structures. In fact there was less difference in the radial dependence of den-
sity, pressure and temperature of Uranus and Neptune than there was between the
results obtained by various authors using somewhat different models and approxi-
mations. Recently this situation has been drastically changed because of the
discovery that Uranus has a magnetic field (4) while Neptune has probably none
and that Neptune has a huge internal heat source (5) while Uranus has probably
none (6). On top of that indications are that both planets have appreciably
longer periods of rotation than those used before. In spite of this doubt
several semi-quantitative conclusions can be drawn from these models. One of
the most important is that the essential difference between Uranus and Neptune
on the one hand and Jupiter and Saturn on the other is the absence of metallic
hydrogen and the presence of huge cores in the former two especially in Nep-
tune. It seems thus that the main theoretical difficulty in developing good
models 1ies in our limited understanding of the composition, state and proper-
ties of these cores which in Jupiter and Saturn play a relatively small role.
On the other hand the H,(He) mantles should not present more serious theoreti-
cal difficulties than they did before.

In most of the models of Uranus and Neptune the temperature, pressure
and density at all radii is lower for Uranus and the difference in temperature
will be undoubtedly increased when the presence of an internal heat source on
Neptune is taken into account. These differences have an important effect on
the cores because, at least in some models, their temperature lies very closely
to the calculated melting temperature of certain oxides at high pressures. In
other models it is low enough to be comparable even to the high pressure melt-
ing temperatures of water ice. It appears that while the core is almost
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certainly solid in Uranus it may be, at least partially, liquid in Neptune.

At present one does not know whether the internal heat of Neptune is of pri-
mordial origin or whether it has to be generated by one of the many mechanisms
which have been proposed. In any case its huge partially liquid core may be
the source of heat produced by a precipitation (differentiation) reaction
analogous to that active on Saturn and probably also on Jupiter. The absence
of a magnetic field on this planet could be related to a too low electrical
conductivity of the liquid core and a too shallow H, mantle.

In Uranus the absence of internal heat follows directly from the
absence of a sufficiently rapid precipitation reaction in the solid core. The
presence of the magnetic field may be related to the availablilty of a deep
H,(He) mantle which, at lower radii, could reach pressures high enough to pro-
duce the required metallic conductivity (1).
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Cooling Histories of Terrestrial Planets, G. Schubert, Dept. of Earth and
Space Sciences, Univ. of Calif,, Los Angeles, Calif., 90024, P. Cassen and
R. E. Young, NASA Ames Research Center, Moffett Field, Calif., 94305.

Subsolidus mantle convection and the thickening of a rigid litho-~
sphere play significant roles in the thermal evolutions of terrestrial planets
cooling from hot initial states. While convection promotes efficient cooling
by bringing hot material from the deep interior near to the surface, the
growth of a lithosphere inhibits cooling by making the surface inaccessible
to the convection. Heat must be conducted across the lithosphere which thus
acts as a blanket to insulate the interior and retard its cooling. We have
developed a procedure for quantifying the effects of these competing process-
es in planetary cooling histories.

The model includes a temperature-dependent mantle viscosity which
self-regulates the vigor of subsolidus convection. The convecting part of the
mantle is nearly isothermal except for thin layers at its upper and lower
boundaries. A spatially uniform time-dependent temperature is used to char-
acterize the thermal state of the convecting region. The surface and the
base of the lithosphere are held at fixed temperatures, but the temperature
within the lithosphere nevertheless changes with time as well as depth be-
cause the lithosphere is allowed to thicken or thin. The constant temperature
at the lithosphere base is the maximum temperature at which mantle material
will remain essentially rigid over geologic time. Decaying radiogenic heat
sources are uniformly distributed throughout the rigid and convecting parts
of the mantle.

An energy balance of the convecting region provides an eguation for

the time-rate of change of its temperature. The heat flux out of the

60




convecting region and into the lithosphere and the heat flux (if any) into the
mantle from a core are calculated from semi~empirical correlations which re-
late these quantities to geometrical, thermal and mechanical characteristics
of the convecting region. In this regard, a most important property of the
convecting part of the mantle is its viscosity. We allow this to change with
time through its dependence on the exponential of the inverse absolute temper-
ature of the convection. Even the thickness of the convecting region is time-
dependent since our model assumes a mantle with a constant overall thickness
and the lithosphere thickens or thins with time.

If, the heat flux into the base of the lithosphere from the under-
lying convection differs from the heat which the lithosphere itself carries
away from its base by conduction, the lithosphere is allowed either to thin
by using the excess heat brought to its base to raise the temperature of a
lithospheric layer to the temperature of the convecting region or to thicken
by reducing the temperature of a convecting layer to the base temperature of
the lithosphere.

The equation of heat conduction in the lithosphere, together with
differential equations for the thickness of the lithosphere and the temper-
ature of the convecting part of the mantle form a highly nonlinear coupled
system. We will integrate this system of equations for a number of hot
initial states and follow the resulting cooling histories determining, for
example, temperature and viscosity, lithosphere thickness, surface heat flux
and core solidification time. The rapidity with which subsolidus convection
can cool a planet and solidify its core is important for our understanding

of planetary magnetic fields, especially in the cases of the smaller
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terrestrial planets such as the Moon. The parameterization of the upward heat
transport by subsolidus mantle convection is what makes it possible to include,
in a self-consistent manner, the all-important processes of lithosphere thick-
ening and convective cooling in a mantle with temperature-dependent viscosity.
It is also what makes it practical to calculate thermal evolutions for many

different initial conditions.
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CONTRIBUTION OF TIDAL DISSIPATION TO LUNAR THERMAL

HISTORY, S. J. Peale, Dept. of Physics, Univ. of Calif., at
Santa Barbara 93106 and P. Cassen, Theoret. and Planetary
Studies Branch, NASA-Ames Res. Ctr., Moffett Field, Calif. 94035.

The dissipation of mechanical strain energy associated with
the tidal flexing of the moon as it librates and follows its
eccentric orbit is frequently mentioned as a possibly important
means of heating the lunar interior. Although it is generally
recognized that such dissipation is not important at the present
time, this may not have always been the case, since the Moon was
much closer to the Earth in the past. Recently several investiga-
tors have proposed that tidal heating could have provided heat
for producing mare lavas (Wones and Shaw, 1975; Schultz et al,
1976) , complete melting of the moon (Turcotte et al., 1977) or
that tidal stresses could have triggered basin flooding, (Schultz
et al., 1976). Kaula and Yoder (1976) discuss several ways in
which tidal heating might contribute to lunar thermal history,
but conclude that such contributions are unlikely from order of
magnitude calculations; they in fact anticipate some of our con-
clusions. The purpose of this paper is to define as precisely as
possible within the bounds of the uncertainties the conditions
under which tidal heating could have been an important factor in
the evolution of the moon. The tidal dissipation is determined
as a function of position in a homogeneous, incompressible moon
and as a function of the Earth-Moon separation. The lunar
obliquity as a function of Earth-Moon separation was assumed to
be that corresponding to the stable equilibrium Cassini states
(Wward, 1975), and results are given for two values of eccen-
tricity e=0.0 and e=0.055, which are maintained throughout the
orbital evolution.

Figures 1 and 2 illustrate the distribution of the tidal
dissipation throughout an incompressible, homogeneous moon with
0=100, for the cases where the tidal variations are caused by a
non zero obliquity or a non zero eccentricity respectively.
Dissipation is maximal at the center. Fig. 3 shows the total
dissipation and the dissipation at the -center as a function of
the Earth-Moon separation again with a lunar Q=100. In order to
compare the tidal dissipation with heating by nuclear decay
(Reynolds et al., 1972), a simplified orbital evolution is
assumed, where the moon regresses from a semimajor axis a=3
(ag = Earth radius) to its present location in 4.6 x 10° years
with a constant dissipation factor Q for the earth. The increase
in dissipation at a/ag =~ 34 results from large values of the ob-
liquity when the moon transfers from Cassini state 1 to state 2
(Ward, 1975). Although tidal heating exceeds the radiogenic
heating when the moon is sufficiently close to the earth, its

total contribution to lunar thermal history is negligible in the
above model. The cumulative energy deposition is shown in Fig. 4
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CONT. OF TIDAL DISS. TO LUNAR THERMAL HISTORY

with Q@ =100 for the simplified orbital evolution,and it is seen
that the high dissipation rate for the small Earth-Moon separa-
tion is not effective in heating the moon since the Moon is
pushed away from the Earth too rapidly. For this model of orbit-
al evolution and lunar properties an average temperature increase
not exceeding 409K would result over a 4.6x10° year history.
Hence, for this model tidal friction has been a negligible con-
tributor to lunar thermal history.

Kaula and Yoder (1976) discuss the possible existence of
two orbital resonances between the Sun and Moon and Jupiter and
Moon as a means of keeping the Moon close to the Earth while
increasing the orbital eccentricity. The increased eccentricity
could easily lead to melting the moon in these resonances, but
for distinct reasons, each is likely not to have occurred.

Figure 5 shows the tidal dissipation as a function of Earth-
Moon separation which would have occurred in a solid lunar mantle
over a molten core. The local dissipation in this two layer
model exceeds that for the homogeneous Moon by a factor of 5 if
the core radius r. is 0.5 ae(ae=lunar radius) and a factor of 100

C

if rc = 0.95 ae. If the Moon remained within about 45 a® for

more than 108 years with r, 2 0.5 g the above heating rates are

sufficient to cause a runaway melting of the outer portion of
the moon. However, the interior of the Moon would have had to
have been melted by some other energy source prior to such a
runaway.

As circumstances must be very special for significant heat-
ing by tidal friction, we conclude that lunar thermal historv
was essentially controlled by radiogenic sources and initial
accretional heating. Whereas a previously molten interior or a
more exotic orbital history involving large eccentricities
(Turcotte et al., 1977) would drastically increase the importance
of the tides, we see no compelling reasons for assuming either
state of affairs ever existed. Details of the calculations and
further discussion of assumptions, uncertainties and conclusions
are given by Peale and Cassen (1977).

FIGURE CAPTIONS

Fig. 1. Distribution of tidal energy dissipation in the moon
when inclination terms are dominant. Contours are
labeled in ergs cm~3 sec™il.

Fig. 2. Distribution of tidal energy dissipation in the moon
when eccentricity terms are dominant. Contours are
labeled in ergs em™3 sec—l.

Fig. 3. Central and total tidal dissipation as a function of
lunar orbit semimajor axis. Q=100 is assumed.

Fig. 4. Cumulative energy deposition by tidal dissipation and

_ nuclear sources as a function of time.
Fig. 5. Dissipation in the solid mantle at the core-mantle
interface for A = 0°. 64
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The Tectonics of Filled Basins on the Terrestrial Planets, Sean
C. Solomon, Dept. of Earth & Planetary Sci., Massachusetts Insti-
tute of Technology, Cambridge, MA 02139 and James W. Head, Dept.
of Geological Sci., Brown University, Providence, RI 02912.

The crustal tectonics within and near major basins on
the terrestrial planets are closely related to the sites of vol-
canic eruption and to the loading of the basin by volcanic fill.
The style and timing of tectonic events also reflect the large-
scale or global state of stress in the planetary lithosphere.
For the terrestrial bodies Moon, Mercury, and Mars, a major and
perhaps dominant global stress-producing mechanism is the thermal
expansion and contraction of the deep interior associated with
planetary thermal history. 1In this paper we show that the loca-
tion and formation time of linear rilles and 'mare' ridges in
the vicinity of major basins on the Moon, Mercury, and Mars can
be explained as the product of a superposition of basin-related
stress and the global thermal stress generated by each planet's
unigque thermal evolution.

On the Moon the circular mare basins show evidence for
continued vertical subsidence but for a time variation in the
style of tectonic activity during the history of mare emplacement
(1-4). 1In Mare Serenitatis in particular, the oldest basalt
deposits, exposed at the surface in a belt around the southern
rim, were downwarped and faulted subsequent to emplacement. The
faults consist of a series of basin-concentric rilles or graben
which extend to the adjacent highlands. These graben were
flooded by later stage lava flows, themselves subsequently down-
warped toward the basin center. The central portion of Sereni-
tatis was filled with a third stage of basalts which postdates
virtually all graben formation. This youngest unit contains
extensive mare ridges, which appear to be compressional features
(1-3,5-7) associated with downwarping. Subsidence and ridge
formation continusd past the emplacement time of the youngest
lavas. On the basis of this history, rille formation appears to
have been limited to the period 3.5-3.7 AE, while downwarping
and mare ridge formation continued to a later period.

This tectonic history can be explained by considering
both the local and global stress fields. The local stress field
may be modeled using the theory for stress in a spherical, liquid-
filled, elastic shell (the lunar lithosphere) due to a surface
load (mare basalt) with cylindrical symmetry (8). The horizontal
stress component o, radial with respect to the basin is shown in
Fig. 1 for a model of the basalt load in Serenitatis taken from
gravimetric determination of the excess mass (9) and from the
expected geometry of the pre-fill circular basin (10). The
stress 0, at the surface is compressional beneath the load center
and extensional outside the load, with the amplitude and shape of
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the radial variation strongly dependent on the elastic shell
thickness T.

The global stress field we consider is that due to
differential heating and cooling of the lunar interior, subject
to the constraint that planetary volume and stress changes since
4 AE have not been large enough to produce global-scale tectonic
features (11,12). A thermal history model that matches this
constraint and gives peak lunar volume at 3.6 AE starts with
initial melting to 300 km depth and an initial central tempera-
ture of 300°C. From 4 to 3.6 AE for this model, a superposition
of the global extension (280 bars accumulated stress) with the
local stress field (Fig. 1) will accentuate the tensional stress
at the edge of the mare basin, leading to graben formation at
the appropriate radial distance for T = 25 to 50 km. After 3.6
AE, the global compressive stress (540 bars accumulation between
3.6 and 2.6 AE) will reduce the extensional stress outside the
mare fill margin and accentuate the horizontal compression
beneath the load, accounting for later formation of mare ridges.

The tectonic history of basins on Mercury and Mars
similarly reflects a combination of vertical basin movement and
global stress, the latter predominately compressive for most of
Mercury's history and extensional for most of Martian history
(11,12). Mare-like ridges are abundant on Mars, particularly in
the oldest clearly volcanic plains (13), and likely represent
plains subsidence and local compression in excess of global
extensional thermal stress. Mare-like ridges are also prominent
in many of the smooth plains units on Mercury, especially within
the Caloris basin (14). The absence of basin-concentric graben
on Mercury may be attributed to global compression associated
with planetary contraction. The younger extensional features in
the Caloris floor, if due to uplift following smooth plains
emplacement (14,15), may reflect a volcanic history for Mercury
unusual in its short duration and perhaps in its eruption
mechanism.

References: (1) K.A. Howard et al. (1973) NASA SP-330, 29-1;
(2) W.R. Muehlberger (1974) PLSC 5, 101; (3) B.K. Lucchitta
(1977) PLSC 8, 2691; (4) J.M. Boyce (1976) PLSC 7, 2717; (5) K.A.
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Head (1974) Moon 9, 355; (7) T.A. Maxwell et al. (1975) GSAB 86,
1273; (8) J.F. Brotchie (1971) Mod. Geol. 3, 15; (9) R.J. Phil-
lips et al. (1972) JGR 35, 7106; (10) J.W. Head (1974) Moon 11,
327; (11) S.C. Solomon and J. Chaiken (1976) PLSC 7, 3229; (12)
S.C. Solomon (1977) PEPI 15, 135; (13) M.H. Carr et al. (1975)
JGR 78, 4031; (14) R.G. Strom et al. (1975) JGR 80, 2478; (15)
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Figure 1.

Radial horizontal stress o,

at the lunar

surface due to the excess mare basalt load in Serenitatis. See
text for discussion.
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Topical Problems in Martian Geophysics, R, J. Phillips, Jet Propulsion
Laboratory, California Institute of Technology, Pasadena, California 91103

Elastic Lithosphere The question of martian lithospheric thicks
ness bears strongly on (a) constraints on the crustal thermal gradient and
(b) the finite strength support of the Tharsis gravity anomaly, Previous
considerations of elastic lithospheric thickness are based on several
approaches, Thermal gradients from theoretical thermal models (e,g., (1))
may be used in the converse sense of (a) above as a guide to the finite
strength question (2). Tensional features surrounding shield volcanoes
may have resulted from lithospheric failure to the superincumbent loads. If
so, the location of these fracture systems, radially outward from the vol-
canoces, is a function of elastic lithospheric thickness, assuming failure
occurs at the point of maximum stress, For Pavonis Mons, a solution thick-
ness of 50 to 90 is obtained (2), Other considerations of lithospheric
thickness are based on maximum shear stress (3) and the height of the shield
volcanoes (4,5), In the latter case, consideration of the thermal 1itho-
sphere is more appropriate, which on Earth is several times thicker than
elastic 1ithosphere,

On Earth, the question of elastic lithosphere thickness has been
most readily attacked with the use of gravity data as, for example, the
flexure resulting from seamount loading (6). Low altitude orbiter gravity
data from the extended Viking mission clearly show the gravity signature of
the volcano Olympus Mons, A spacecraft pass at 300 km altitude just west
of this feature shows a peak compressed line-of-sight free-air gravity
anomaly of 158 mGals, Flexure resulting from surface loading depends mainly
on lithospheric thickness and rigidity. This flexure may provide a measur-
able Bouguer anomaly, provided a significant density contrast exists at a
depth less than approximately the horizontal extent of the load. Our pre-
vious study (7) regarding the isostatic state of martian topography, when
considered with possible crustal isopach models, indicates that the crust-
mantle boundary is no deeper than 200 km, and thus the depth constraint is
satisfied,

We have undertaken a systematic study of the Olympus Mons gravity
anomaly in order to isolate a possible component due to lithospheric flexure.
In the presence of finite errors in the gravity and topography data and un-
certainty in the appropriate density distributions, bounds are being placed
on the flexural rigidity of the martian lithosphere and hence the litho-
spheric thickness,

Elysium Gravity Anomaly  Support of the Tharsis doming is either
by the finite strength of the lithosphere or by a dynamic mechanism in the
mantle. |If the latter is operative, then it may be related to geologically
recent volcanism, and support of the Tharsis dome and the corresponding
gravity anomaly may exist only as long as the dynamic mechanism is effective.
The Elysium volcanic province provides an interesting test of this idea,
because the shield volcano construction is old (8), perhaps contemporaneous




with the early plains and fracturing on Tharsis. The gravity of Elysium was
not resolvable with Mariner 9 gravity data, but low altitude tracking of
Viking reveals a 66 mGal free-air anomaly at 310 km altitude. This anomaly
is presently being tested against isostatic models; of particular interest
is a Pratt model (9) which may be more nearly isostatic for both Tharsis and
Elysium than previously proposed Airy models (7).

Global Stress Patterns The relationship between the doming and
gravity anomaly at Tharsis and tectonic features on the martian surface
can be studied by calculating the principal deviatoric surface stresses
for an assumed global elastic model, Preliminary calculations have been
completed, adopting the nominal model of Phillips et al. (2), assuming a
100 km elastic lithosphere, and using only the dominant Tharsis spherical
harmonic, Joa. The results show horizontal tensile stress of 1 kbar ortho-
gonal to Valles Marineris, suggesting that this feature is a result of
extensional tectonics associated with the Tharsis uplift (10) and that the
region is still in a tensile stress state, An analogy to terrestrial lith-
ospheric doming and fracturing, but not breakup, is warranted.

This study is being extended by including all of the important
spherical harmonics and retaining longitudinal phase information among the
various harmonics, Detailed relationships with a variety of linear features
will be analyzed and placed in context with martian tectonic history.
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EVOLUTION



REVIEW OF MERCURIAN GEOLOGY, R. G. Strom, Lunar & Planetary Lab., U. of Ariz-
ona, Tucson, AZ 85721.

The importance of Mercury as a comparison with other terrestrial planets
lies in the fact that its surface is similar to that of the Moon yet its
interior must be quite different. Mercury's high mean density (5.44 g/cm3)
must mean that it is composed of 65 to 70 percent by weight of metal phase
(probably iron), and only some 30 percent of silicate phase. Evidence for
volcanism and the detection of an intrinsic dipole magnetic field indicate
the planet is chemically differentiated with a core and mantle. If most of
the iron is concentrated in a core, then the core volume is about 50 percent
of the total volume, and its radius is between 70 and 80 percent of the radius
of the planet. A large fraction of the core may be molten or partially
melted at the present time.

Mercury's surface can be broadly divided into three major terrain units:
(1) heavily cratered terrain, (2) intercrater plains, and (3) smooth plains.
The origin of the plains units is still a subject of debate. Smooth plains
are the youngest unit and primarily occur within and surrounding the larger
basins (Caloris and Northern). They are characterized by smooth rolling sur-
faces, often display wrinkle-like ridges, and have an albedo similar to the
intercrater plains and cratered terrain. Both a volcanic (1, 2) and impact
(3, 4) origin have been proposed for these plains. According to an impact
origin the smooth plains are either impact melt if occuring within basins,
and partially melted basin ejecta (3) or the result of ballistic erosion and
sedimentation (4) if exterior to the basin. This interpretation is based
largely by analogy with the lunar smooth basin ejecta facies associated with
the Orientale and Imbrium basins. The volcanic hypothesis proposes that most
of the smooth plains within and surrounding the large basins are lava deposits
erupted in a manner similar to the lunar mare basalts. This argument is based
on the similar distribution of lunar mare basalts and mercurian smooth plains,
their large volume, stratigraphic relationships which indicate the plains are
younger than the basins in which they lie, color differences, and the fact
that some large fresh basins display only fields of secondaries without smooth
exterior deposits. The intercrater plains are the most widespread surface
unit on Mercury, covering about 1/3 of the surface viewed by Mariner 10. They
occur in regions between craters and are characterized by a high density of
small craters <15 km in diameter. Geologic mapping and the identification of
very old craters and basins embayed by intercrater plains indicate they were
emplaced over a range of times during the period of heavy bombardment (5, 6).
They may be an older equivalent to the smooth plains. As with the smooth
plains, both a volcanic and impact origin have been proposed for the origin of
intercrater plains. The impact origin is basically the same as that proposed
for the smooth plains. The main argument against an impact origin is the
apparent lack of source basins to account for such a widespread distribution
of these plains. A volcanic origin supposes a widespread (possibly global)
episode(sg of volcanism occurred during the period of intense bombardment,
possibly related to a period of heating and global tension during core forma-
tion.
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The tectonic framework of Mercury is characterized by the widespread
distribution of lobate scarps which are probably thrust or reverse faults re-
sulting from compressive stresses (1). The scarps transect cratered terrain,
intercrater plains and smooth plains, and are presumed to have a global dis-
tribution. Only relatively fresh craters are superposed on scarps and no-
where do intercrater plains embay the scarps. Therefore, scarp formation
probably spans the time period from intercrater plains formation through the
emplacement of the smooth plains. If the lobate scarps are global in dis-
tribution then Mercury was probably subjected to a period of global com-
pression lasting from intercrater plains formation through the time of empla-
cement of the youngest surface units. This period of global compression may
be the result of contraction due to cooling of the 1ithosphere following core
formation (7). Alternatively, the period of compression may be due to a
combination of compressive stresses in the equatorial regions from tidal des-
pinning, and contraction during cooling of the lithosphere (8).

The diameter/frequency distribution of the mercurian heavily cratered
regions, the lunar highlands, and the heavily cratered regions of Mars are
very similar, This suggests that all three bodies were impacted by the same
population of objects early in their history. Presumably this intense
period of bombardment took place at about the same period of time on each
body, i.e., during the first 1 or 2 billion years after their formation. The
mercurian "highlands" show a paucity of craters between 15 and 50 km diameter
compared to the lunar highlands which may be due to obliteration of a frac-
tion of these craters by the emplacement of the intercrater plains. The
mercurian "highlands" also show an overabundance of craters <15 km diameter
compared to both the Moon and Mars (6). This may be due to the high density
of smaller craters superposed on the intercrater plains and which are pro-
bably secondaries from many of the craters and basins of the heavily cratered
terrain.

The peculiar hilly and lineated terrain antipodal to the Caloris basin
has been interpreted to be the result of the focusing of seismic waves from
the Caloris impact (9). This interpretation is based on analogous terrain
at the antipodal areas of the lunar Orientale and Imbrium basins (9) and on
theoretical studies (10). If this interpretation is correct then this ter-
rain serves as a time horizon contemporaneous with the formation of the
Caloris basin. In many cases crater rims have been disrupted by the process
which formed the hilly and lineated terrain,but the smooth plains filling
these craters has not. These smooth plains are highly localized and must be
younger than the craters in which they 1lie, and presumably younger than the
Caloris event, which suggests a volcanic origin (2).

The geologic and thermal history of Mercury is highly dependent upon the
presence or absence of volcanism. Although the question of volcanism should
be kept open pending more conclusive observational evidence or theoretical
arguments, the following scenario presumes as a working hypothesis that at
least large tracts of both smooth and intercrater plains are of volcanic
origin., Shortly after accretion Mercury was subjected to a period of in-
tense bombardment possibly contemporaneous with that which occurred on the
Moon and Mars. Early in this period a large iron core formed leading to an
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increase in temperature and consequently an increase in radius of about 17

km (7). During this period of extension volcanism occurred along fractures
caused by the increase in volume to form large tracts of intercrater plains.
This early period of volcanism occurred during the period of intense bom-
bardment. Following core formation the lithosphere cooled and contracted

(7) producing global compression leading to the formation of major thrust or
reverse faults. The formation of thrust faults may have been aided by com-
pression in the equatorial regions due to tidal despinning of the planet.
Near the end of heavy bombardment the Caloris impact occurred to produce the
basin and the hilly and lineated terrain antipodal to it. Shortly thereafter
another period of volcanism produced much of the smooth plains in and around
the major basins at a time when the heavy bombardment was ending. At this
time the cooling of the 1ithosphere was almost complete and produced the last
scarps which transect the smooth plains and other terrain. Since then only
occasional impacts have scarred the surface to produce the rayed craters and
other post-smooth plains craters.
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The Stratigraphy of the Caloris Basin, John F. McCauley, U.S. Geological
Survey, Flagstaff, AZ 86001; John E. Guest, Univ. of London Observatory,
London, EngTand; Newell J. Trask, U.S. Gedlogical Survey, Reston, VA
22092; Gerald G. Schaber, U.S. Geological Survey, Flagstaff, AZ 86001;
Ronald GreeTey, Arizona State Univ., Tempe, AZ 85281; Donald E. Gault,
Murphys Center of Planetology, Murphys, CA 95247; and Henry E. Holt,
U.S. Geological Survey, Flagstaff, AZ 86001

The Caloris basin is surrounded by an extensive ejecta blanket
that has been described by Trask and Guest (1), Strom and others (2),
McCauley (3), and Guest and 0'Donnell (4). As on the Moon where the
ejecta sequence from the better preserved basins such as Imbrium and
Orientale was used to establish a regional stratigraphy, the ejecta from
the Caloris basin also can be used as a marker horizon despite the
different gravitational environments. McCauley and others (in press)
have proposed a formal rock-stratigraphy for the Caloris basin that has
been adopted in geologic mapping of the Tolstoj (H-8) quadrangle by
Schaber and McCauley and the adjacent Shakespeare (H-3) quadrangle by
Guest, Greeley and Gault. This stratigraphy is patterned after that used
in and around the Orientale basin on the Moon (5) and should be useful
in the recognition of pre- and post-Caloris events over a broad expanse
of the surface of Mercury. Crater degradation chronologies and correla-
tions between plains units on the basis of crater frequency may aid in
tying much of the remainder of the surface of Mercury to the Caloris
event.

The rock stratigraphy proposed for the Caloris region includes
all the morphologically distinct materials formed during the impact event
that produced the basin. The terminology subsequently presented is
considered informal and tentative pending publication in a format con-
sidered acceptable under the Code of Stratigraphic Nomenclature.

The rock-stratigraphic term Group is conceived of as an assembl-
age of formations that have something in common and it has been employed
by McCauley and others (6) to include the various mappable units around
the Caloris basin. The formations within the Caloris Group from the basin
rim outward are: 1) the Caloris Montes Formation (Type area: The region
around +18°, 184.5°, FDS-229), 2) the Nervo Formation (Type area: The
region near +40° 177.5°, FDS-193), 3) the Odin Formation (Type area:

The region around +30.5, 164°, FDS-108), = 4) the Van Eyck Formation,
lineated facies (Type area: ‘The southwestern edge of the crater Van Eyck
near +40°, 163°, FDS-189) and the secondary crater facies (Type area:
Crater cluster at -7°, 166°, FDS-0529131).

The Caloris Montes Formation was first recognized by Trask and
Guest (1) and informally called the Caloris mountains terrain. It consists
of a jumbled array of smooth appearing but highly .segmented mountain
massifs that rise several kilometers above the surrounding terrain. These
massifs mark the crestline of the most prominent scarp or ring of the Caloris
basin and grade outward into smaller blocks and lineated terrain. The
Caloris Montes Formation is very similar in its morphology and is considered
the analogous to the massif faces of the Montes Rook Formation around the
Orientale basin (5). The Caloris Montes Formation is interpreted as basin
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i onsisting of ejecta from deep within Caloris that is mixed
C}?Ldﬁﬂgsagﬁeﬁally oveg]ies and covers uplifted and highly fractured pre-
basin bedrock (3). ) . .

The Nervo Formation cons1sts.of rolling to Tocally hummocky
plains that lie in intermassif depressions. These plains generally lie
within the annulus of rugged terrain marked by the Caloris Montes Formation
and locally appear to drape and overiie same of the lower lying massifs.
The Nervo Farmation bears some resemblance to parts of the Montes Apenninus
around the Imbrium basin (7); its closest counterpart in Orientale is the
Knobby Facies of the Montes Rook Formation (5). The Nervo Formation or
the intermontane plains as originally described by Trask and Guest (1)
was interpreted as fallback ejecta which seems to explain its distribution
pattern, relative roughness and the fact that it is generally perched
above the smacther plains that encompass the Caloris basin.

The Odin Formation was originally called the Hummocky plains by
Trask and Guest (1) and described as closely spaced scattered, smooth hills
about 1 km across. The distribution pattern of the Odin is highly depend-
ent on resolution and lighting but in general appears similar to that of the
Alpes Formation on the Moon. The Odin like the Alpes occurs in broad lobes
beyond the main basin scarp such as that seen in Odin Planitia. The 0Odin
Formation ¥s irterpreted as part of the Caloris ejecta sequence, but its
mode of origin is less clear than for some of the other formations within
the Caloris Group. It may consist of blocky, coherent, late arriving
ejecta from deep within the Caloris cavity later partly buried by smooth
plains.

The Van Eyck Formation is the most distinctive of the circum-
Caloris stratigraphic units. Like the other formations in the Caloris
Group it also was first recognized by Trask and Guest (1) and called Caloris
lineated terrain. The inner boundary is generally coincident with the weak
outer Caloris scarp. The unit is made up of radial ridges and grooves
that are extensively embayed by smooth plains. The Van Eyck Formation is
similar in character but somewhat more degraded than the Fra Mauro Formation
around the Imbrium basin on the Moon. Secondary cratering and the ballistic
deposition of ejecta from Caloris undoubtedly played an important role in
its emplacement. It is difficult to define individual secondary craters
within the Van Eyck but at a distance of about one basin diameter there
are numerous clusters and chains of moderately well preserved craters that
are interpreted as far flung Caloris secondary craters. These have been
included as a separate facies of the Van Eyck Formation because of their
regional stratigraphic significance.

The plains in the floor of Caloris are a special problem and they
have not been included in the Caloris Group. These plains have some fea-
tures in common with the Maunder Formation in the floor of Orientale (3,5),
but they do not show the radial and circumferential ridges characteristic
of the Maunder which led to its interpretation as a basin floor unit.

The Caloris plains have a more open and coarser fracture pattern than does
the Maunder Formation on the Moon. In addition, the Caloris ridges and
the fractures which cut them have a crude rhombic pattern that led Strom
and others (2) to conclude that the floor of the basin subsided and then
was gently uplifted to produce the open tension fractures observed. The
ridges present in the floor of Caloris lack the crenulated crests that
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are commonly observed on lunar ridges. Regardless of the origin and

tectonic history of these plains it seems clear that they represent a

gEeg basin fill unit that obscures the original floor of the Caloris

asin.

The main Caloris Montes scarp is thought to approximate the edge
of the basin of excavation of Caloris and to be the structural and strati-
graphic counterpart of the Montes Rook scarp around the Orientale basin
on the Moon (3). A weak outer scarp is present around most of the visible
part of Caloris but it is best seen in the Shakespeare quadrangle to the
north. This scarp is generally coincident with the transition between the
massifs of the Caloris Montes Formation and the lineated facies of the
Van Eyck Formation. The roughly rectilinear outlines of massifs within
the Caloris Montes suggests structural control by a pre-basin fracture
pattern. The much lower and discontinuous outer scarp is considered to
be the feeble equivalent of the Montes Cordillera scarp around Orientale.
Like the Cordillera it is thought to lie outside the limit of the crater
of excavation. Its poor development and much closer relative spacing
with respect to the edge of the basin may be due to gravitational effects
as described by Gault and others (8).
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Geologic History of the Victoria Quadrangle (H-2) Mercury. Elbert A. King,
Department of Geology, University of Houston, Houston, Texas 77004, and
George E. McGill, Department of Geology and Geography, University of Mass-
achusetts, Amherst, Massachusetts 01003.

The portions of Victoria Quadrangle that are covered by Mariner 10
imagery have been photogeologically mapped at the scale of approximately
1:4,623,000 on a Lambert Conformal shaded relief base map provided by the
U. S. Geological Survey. Three basic types of materials units have been
mapped: terra materials, plains materials and crater materials., only one
terra unit has been mapped, but two plains materials units, cratered plains
materials and smooth plains materials, have been recognized. Crater mater-
ials have been subdivided into four morphologically different types that
are believed, in general, to correlate with relative crater materials ages.
Multiringed basins are included with the crater materials, as these are
formed by the same fundamental process.

The geologic history that emerges from the mapping of these units is
a rather familiar threefold pattern that seems common in the inner portion
of the Solar System, The earliest history of the quadrangle is characterized
by heavily cratered terra materials and very large craters, including a few
multiringed basins. A declining total flux, especially of large impacting
bodies, has resulted in younger materials units of moderately cratered plains
with mostly intermediate size craters., The most recent identifiable mater-
ials units are identified by fewer and, in general, smaller craters and
smooth plains.

We have no reason to believe that any process other than impact has
been responsible for producing the mapped materials units. We do not see
evidence for the volcanic origin of any of the plains units, but we cannot
rule out the possibility that these units may contain some volcanic materials,
No craters of volcanic origin have been identified during the course of the

mapping.
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Structural Lineament Pattern Analysis of the Caloris Surroundings: a pre-
Caloris Pattern on Mercury, Pierre Thomas (*), Laboratoire de Géologie Dyna-
mique Interne, Université de Paris-Sud, 91 405, Orsay Cedex, France.

Preliminary studies of the Caloris Basin exterior structure showed
extensive system. This system compound of valleys and ridges radiating from
the Caloris Basin is especially expressed in the N.E. and S.E. areas (1).

A preliminary study of the quadrangles near Calori (H3 and H8)
demonstrated a strong Caloris related origin. These lineaments are mostly
radially or tangentially oriented to Caloris (2).

This study intends to detail the distribution of the lineament system
in the Caloris surrounding, and it is an attempt to interpret their distri-
bution.

METHODOLOGY

This study was made with the Mariner 10 medium and high resolution
images. Each lineament was plotted on a photo-mosaic of Caloris basin. A
general lineament map of Caloris surroundings was drawn (Figure la). The all
map, and its detailed quarters were optically filtered with a laser beam ana-
lyzer, using the Fourier transform technique.

RESULTS

The general lineament map (Figure 1a) shows several orientations.
Four main trends are well separated after optical filtering: N. 15-25, N.
45-55, N. 125-135, and N. 150-160 (Figure 1b).

The lineament distribution in this area of Mercury appears to be un-
homogeneous. The geographic distribution of these directions is detailed in
each particular area with their lineament spectrum (Fourier transform).

+ In the NE part (between the N.53 and N.38 parallels), four
directions are visible (Figure 1c):

- The N. 45-55 system is only radially oriented in the southern
part;

- The N. 15-25 system is mainly radially oriented in the western
part;

- The N. 125-135 system is only tangentially oriented in the
northern part;

- The N. 150-160 system does not show any evident radial or
tangential orientation.

+ Similar observations can be made in the two other areas:
The E part (between the N.38 and the N.23 parallels);
and the SE part (between the N.23 and the N.10 parallels).

It is noticeable that in the eastern area, none of the observed
lineament shows a radial orientation (Figures 1d and 1le).
Structural maps of the Caloris surrounding area drawn separately for
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each lineament system (Figures 2a, 2b, 2c, and 2d).

These four maps show that the N.29, N.50, and N.155 lineament systems
are well visible in the entire area around Caloris; but the N.130 lineament
system is locally expressed.

It is noticeable that:

-The N.50 system is mainly expressed in the area where it is

near radially oriented (Figure 2b);

-The N.20 system is mainly expressed in the area where it is

near tangentially oriented (Figure 2a);

-The N.155 system is homogeneously represented (Figure 2c);

-The N.130 system is only represented in the areas where it is

near radially or tangentially oriented (Figure 2c).

This less represented direction is also nearly oriented to the sun
direction (about N.10).

DISCUSSION

It is clear that the origin of this structural pattern could not be
only related to the Caloris formation. This grid must not be considered as
the result of a radial and tangential pattern, but as a consequence of the
superposition of four different regular patterns.

If all of these lineaments have a structural origin, we could assume
that they were preexisting to Caloris formation. Caloris was formed in a
region where the fractured system was already existing. This preexisting
pattern was rejuventated during Caloris basin formation. The rejuvenation
was particularly important where the preexisting lineaments were in radial
or tangential position; which could explain that these lineament systems are
the best morphologically expressed. It could be also assumed that new frac-
tured systems were induced during the Caloris basin formation; this new
fracture system was superimposed to the old pattern.
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The Nature and Origin of the Martian Planetary Dichotomy (is still a Problem),
M. C. Malin, R. J. Phillips and R. S. Saunders, Jet Propulsion Laboratory,
CA 91103

One of the most remarkable and least discussed observations of Mars
derived from Mariner 9 data is the so-called 'planetary dichotomy' - a
strikingly abrupt change in physiography separating a low-lying lightly-
cratered plains hemisphere from a high-standing heavily cratered hemisphere.
The boundary runs along a very crude great circle inclined some 30 - 40° to
the present martian equator, intercepting that equator at about 230°W, and
ascending westward from there. The southern pole of this great circle is near
60°S, 330°W. ) '

The most noteworthy characteristics of the dichotomy are the ero-
sional landforms manifested along the boundary. Sharp (1973) first dis-
cussed these "fretted" terrains (most lying between 200° and 350°W) and sur-
veyed their implications. Later reports (Malin, 1976; Mutch et al 1976)
described in somewhat greater detail portions of the geomorphology of the
erosional forms along the boundary, but in general only reiterated Sharp's
findings.

Two results were, however, important in stimulating the current
effort. Numerous authors (e.g. Sharp, 1973; Malin, 1976; Mutch et al 1976;
Soderblom and Wenner, personal communication 1973) reported the observation
of a "'base-level' to which erosional landforms developed within the heavily
cratered terrains. Malin (1976) further noted that the erosional landforms
of the northern plains developed to this same base-level. He suggested that
the intercrater plains materials seen in the heavily cratered regions of Mars
were derived in part from materials redistributed from the north. The second
result was Saunders' (1974) finding, reported in Mutch et al (1976), that a
mantle phase change could have produced a thin and intensely fractured north-
ern hemispheric crust.

We are attempting to evaluate several alternative models for the
formation of the dichotomy, using geomorphological and geophysical observa-
tions. A zeroth order model was evaluated, based on the observation that the
center of figure - center of mass offset was nearly aligned (within 30°) with
the pole of the dichotomy:

CF - CM: r = 2.501 km
(Bills and Ferrari, 1978) 8 = 62.0°S
6 = 272.3°W

Thus over 80% of the CF-CM offset can be explained by the dichotomy.

A series of crustal models with varying degrees of isostatic com-
pensation can be tested against the offset:




p
cr-cnz-%AhA" 1+ ¢ —

Ap

mcC

where Ah is the height difference between the two hemispheres, Ap is the
difference between the crust (p.,) and interior (p,.) densities, and C is a
constant ranging from 0 (antisostatic) to 1 (isostatic).

In the anisostatic case (c = 0) we envision that some unknown pro-
cess may have removed Ah/2 material preferentially from the north and redis-
tributed Ah/2 debris, during the tail of heavy bombardment, among the
materials of the massive equatorial blankets within the intercrater plains
(without accompanying isostatic adjustment). To find an upper bound on the
CF-CM offset resulting from this process, we take the maximum value of Ah as
7 km (actual mean valug Ah = 4.7 + 1.7 km) and representative values of p.
and p., (4 and 3 gm/cm”, respectively). The predicted maximum CF-CM offset
is ~ 1.3 km or about 1/2 the observed value (- 9 km for mean Ah, or about 3/8
the observed offset). We thus conclude that formation of the dichotomy
without an accompanying process in the planetary interior is not a valid
hypothesis.

The other "end-number' model states the dichotomy is in complete
isostatic equilibrium (C = 1). Here the requirement from inverting equation
(1) is that Ah = 3 km, short of the observed mean value of 4.7 km (about lo
off). We are thus left with two problems. First, either the observed Ah has
been biased by observational technique by ~ 50%, or the global dichotomy is
not fully compensated, or a simple Airy or Pratt mechanism for isostasy is
not appropriate. Second, we are left with a causal paradox: is the
dichotomy a product of a surface process acting in response to an internal
mechanism, or did the erosion trigger internal adjustment processes which
eventually over-shadowed the surface processes in terms of geophysical
observables? Observations of the detailed morphology, chronology, and
gravity/topography data in the transition areas between the hemispheres
will hopefully provide us constraints on these relationships.
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Geological Implications of Regional Color Variations in the Martian
Equatorial Regions, L. A. Soderblom, U.S. Geological Survey, Flagstaff,
Arizona 86001

An effort was started during the Tast year to assemble digital
maps of existing geological, geophysical and geochemical data for Mars
on a global scale. The format and methodology used in this project is
similar to that employed, in collaboration with the La Jolla Geochemical
Consortium, to develop a collection of digital maps of lunar orbital and

earth-based measurements of the Moon (Frontispiece, Proc. Lunar Sci. Conf.

VIII, 1977; Eliason and Soderblom, 1977; Soderblom et al., 1977; Arnold
et al., 1977; Metzger et al., 1977; Bielefeld et al., 1977; Russell et
al., 1977). The overall aim of such studies is to establish genetic
correlations between physical and chemical parameters related to evolu-
tion of the planetary surfaces through geologic time. In the case of
Mars a variety of Mariner 9 and Viking Orbiter data are or will become
available for such a global data synthesis program. The potential data
sets include global topography, gravity, thermal properties, geologic
maps, lava flow maps, relative ages from crater density, and a variety
of atmospheric data. These data are being compiled by a variety of
investigators. The purpose of this paper is to describe an important
component of this global collection, i.e. a colorimetric or spectral re-
flectivity map (0.4u to 0.6u) generated from images acquired by the
Viking Orbiter Images Systems. Described here are the computer generation
digital maps and preliminary results of their comparison with digital
global geologic and crater density maps.

Colorimetric maps were generated for surface materials exposed

throughout the martian equatorial regions from images acquired by the
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Viking Orbiter II vidicon cameras. Television frames acquired during the
approach to the planet in martian summer in three colors (0.45 * .03um,
0.53 + 0.05um and 0.59 * 0.05um) were mosaicked by computer. The mosaics
cover the latitudes 30° to 60° with resolution varying from 10 to 20 km
per line pair. Image processing included geometric transformation to map
format and removal of an average martian photometric function to produce
albedo maps at three wavelengths.

The classical dark region found in the southern equatorial region
and situated in the martian highlands is divided into two units on the
color map. The older unit consists of topographic highs including ancient
ridges, crater rims, and rugged plateaus with abundant small dendritic
channels. This dark unit is among the reddest on the planet (.59%m/.45um
= 3). The younger unit is intermediate in age and consists of smooth
intercrater plains displaying numerous ridges similar to those found in
the Tunar maria. These dark plains are among the least red on Mars
(0.59um/0.45um ~ 2). The relatively young volcanic shields are, like
the older unit, dark and very red. Two probable eolian deposits are pre-
dominant in the bright northern equatorial regions. The stratigraphically
lower unit is intermediate in both color (.5%um/0.45um ~ 2.5) and in
albedo. The upper unit, the highest albedo, is very red (0.59um/0.45um
~ 3), and is probably the major constituent of the annual dust storms as
based on ground-based observations; its areal extent changes from year to
year. The south polar ice cap and condensate clouds dominate the southern-

most part of the color map.
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Viking Contributions: Martian Highland-Lowland Stratigraphy,
D. H. Scott, U. S. Geological Survey, Flagstaff, Arizona 86001

The northern lowland plains of Mars encircle the planet
within a broad zone centered near 45° N within the Vastitas
Borealis region. Highland terrain bordering the plains on the
north has a highly mottled appearance on Mariner images. The
mottling results from a combination of atmospheric haze and high-
sun angle photographs, producing large albedo contrasts and ob-
scuring even gross lithologic features and stratigraphic relations
with adjacent units. On the south, the plains,are also bordered
by highland rocks that form an extensive plateau marked in many
places by a high frontal scarp. Along this boundary, Mariner 9
images are generally clear but A-camera resolution is not detailed
enough for the stratigraphic placement of plains and adjacent
highland rock units.

This represents the first part of a continuing study
using Viking photographs to determine stratigraphic and relative
age relations between lowland plains and highland rocks and is
concerned with the plains - plateau boundary on the south. Al-
though in its simplest aspect the problem relates to the relative
times of emplacement of the geologic units that make up these
terrains, it is complicated because both the lowlands and highlands
consist of several different units having a wide range in relative
age (1,2,3). Thus it is conceivable that younger lava flows of
the plains could embay and overlap highland rocks in some areas
whereas older plains material might represent basement surfaces
exposed by erosional retreat of the highland plateau in others.

Viking orbital images studied at several localities
along the southern boundary of the plains have not unequivocably
contributed to the solution of the problem. This is not so much
the fault of picture resolution but mostly because of the covering
of the plains - highland contact by detrital materials mass wasted
along the base of the scarp. In the Protonilus Mensae area (44°
N, 320°W) for example, photos that show the plains consist of two
units: 1) old plains scarred by numerous secondary craters and,

2) young smooth plains, products of debris flows from the adjacent
plateau that obscure stratigraphic relations between the older
plains and highland rocks. Some pictures do show, however, that
large areas of the old erosional surface left by scarp retreat and
characterized by numerous projecting knobs, hummocks, and mesas
have been covered by subsequent lava flows. In these areas sharp
contacts between plains and remnants of highland materials are
visible.

In the Acidalia Planatia region of Mars near the north-
east margin of Tempe Fossae (53°N, 60°W), large re-entrants in the
highlands frontal scarp are embayed by lava of the plains. Here,
the older surface of the plateau is cut by grabens that terminate
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sharply at the plains boundary. The plains have a relatively dark
tone, lobate scarps, and small cratered cones indicative of a vol-
canic origin. A similar stratigraphic relation exists in places
between highland material and plains material around the Isidis
basin. In the Isminius Lacus, Casius,and Aeolis quadrangles the
front of the plateau is highly dissected and remnants of the high-
lands are interspersed with plains over a width of 400 km or more
and for a distance of several thousand kilometers. Ridges and flow
fronts on the plains have a topographically fresh appearance and
appear to be younger than adjacent highlands; also crater den-
sities are lower on the plains. Stratigraphic relations at their
boundary are not everywhere clear, but flow fronts occur in Utopia
Planitia (34°N, 288°W) within a few kilometers of the dissected
plateau and have overlapped some of the remanent hills. It thus
seems probable that the highland plateau front may have retreated
nearly 400 km before or during the emplacement of these lava flows
on the old erosional surface. Comparison with terrestrial scarp
retreat (4) suggests that a minimum time of about 200 million years
would have elapsed between the start of lateral erosion of the
highlands and the extrusion of plains basalt lying close to the
present plateau.
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Stratigraphy of Amenthes gquadrangle and vicinity, K. Hiller and
G. Neukum, Institut fir Allgemeine und Angewandte Geologie,

Ludwig-Maximilians-Universitdt, 8000 Minchen 2, Germany.

Viking and Mariner 9 pictures of Amenthes and vicini-
ty have been investigated with respect to the Martian surface
history. The pictures have been interpreted photogeologically
(stratigraphy, morphology , albedo). Quantitative measurements
of crater frequencies have been carried out for relative and
absolute age determination. The crater frequency data have been
reduced to a 1 km-value by application of the Martian standard
crater curve (crater production size-frequency distribution) of
Neukum and Wise (1976?(1).

The stratigraphy as inferred from our data reduction
is displayed in figure 1. The relative ages in form of the 1 km
cumulative crater frequencies can directly be converted to ab-
solute ages in this diagram. The conversion is based on an up-
dated version by Neukum et al. (1978)(2) of the Martian crate-
ring chronology by (1). Emphasis was given to the study of the
transition zone from the highland area to the Elysium Plains,
(displayed in fig. 2) and to the Isidis basin area.

We draw the following conclusions from our data

(fig. 1) for the different geologic domains:

a) Highlands : The oldest features visible in this area date
back to > 4.2.10% years. The crater size-frequency distribu-
tions show resurfacing activity between 3.7 and 4.0-10
years.

'b) Knobby terrain : This border between highland and plains has
retreated more than 400 km by erosional activity. The origi-
nal highland crater population shows up in_the size-frequen-
cy data of the large craters (4.1 - 44,2109 yesrs) that have
survived the resurfacing process before 3.7+107 years ago.
They show up in fig. 2a and b as intensely eroded ring struc-
tures.

c) Elysium Planitia : The crater size-frequency data show dif-
ferent ages at different crater sizes indicating successive
resurfacing. We distinguish begween two main periods:

4,0 - 3,7.109 and 3.7 - 3.0:10° years. In some cases remnants
of older surfaces (4.0 - 4.1°109 years) are detectable.

d) Isidis basin rim area : The southeastern basin rim (high-
lands) is part of the oldest crust (> 4,2.109 years) and shows
resurfacing younger than approximately 3.9.109 years. The
graben structures, associated with Isidis (Nili Fossae),show
a similar age record as Elysium Planitia.

The age relationshipsof the investigated geologic
units show some general features. In both the highlands and the
plains areas resurfacing by large scale volcanic activity took
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place contemporaneously at the time between 4,0.109 and 3.6°+109
years ago. This was also the time when most of the aeolian and/
or fluvial activity in this part of the Martian Surface occur-
red, causing the retreat of the highland edge and resulting in
the formation of the knobby terrain (Nepenthes Mensae). The
presence of wrinkle ridges extending from the plains into the
knobby terrain (fig. 2) and the age correspondence discussed
above suggest flooding of the interknob regions by lavas from
Elysium., This indicates that large scale aeolian and/or fluvial
activiss in this part of Mars was essentially terminated around
3.7°107 years ago.

The Elysium/Isidis plains crater frequency data show
a second stage of volcanic activity at 3.7 -~ 3.0-107 years ago.
This activity is not detectable in the highland crater frequen-
cy data except in Nili Fossae.
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Structural Evolution of the Claritas-Fossae Area of Mars, Philippe Masson (*),
Laboratoire de Geologie Dynamique Interne, Université Paris-Sud, F-91405
Orsay (France)

The Valles Marineris - Noctis Labyrinthus - Claritas Fossae areas of
Mars are apparently some of the most dramatic tectonic features of this planet.
Since 1974, despite the Mariner-9 image resolution, the Valles Marineris ori-
gin was clearly interpreted as a consequence of lateral widening (i.e. exten-
sive movements), (1, la, 1b). This conclusion was brightly confirmed with
the interpretation of the Viking Orbiter 1 Primary Mission imagery (2). On
the southern flank of the large domical structure centered in the Noctis
Labyrinthus area, the Claritas Fossae system contrasts with the wide opened
canyon of Valles Marineris. This system appeared on the Mariner-9 A and B
frames and on the Geologic Map of the Phoenicis lLacus Quadrangle of Mars (3)
to be an intensely fractured and faulted zone, roughly oriented North-South-
ward.

The Claritas Fossae system can be divided into three main geomorphic
units (Figure 1): the Northern curvature, the Central "sigmoidal" zone, and
the Southern "en échelon" faulted zone.

This area was entirely covered with Viking Orbiter 1 images. Four of
these images were intensely photo-interpreted (056A49) 056A50, 056A52) in
order to understand the mecanisms which generated or at least modified this
major structure.

In the Northern curvature, a system of parallel grabens extends re-
gularly from the Labyrinthus Noctis area (North) to the sigmoidal zone
(South). This system seems to continue through the central sigmoidal zone
where it is intersected by another system of grabens extending transversely
(E/W). These two zones (curvature and sigmoid) are separated by a large
dextral strike-slip fault oriented N.NW/S.SE. The first described system
(curvature) outlines the circular Syria Planum area. Its grabens could be
due to extensional movements related to an old stage of updoming of the Syria
Planum area.

In the Central (sigmoidal structure) and southern ("en échelon" fault)
zones, three main groups of trends are distinguished: N/S trends essentially
expressed in the southern part of Claritas Fossae where dextral strike-slip
faults are seen; N.NW/S.SE structures appearing to be the southern extension
of the system observed around Syria Planum. These structures show some hori-
zontal displacements (sinistral); E/W graben system intersecting the two
other groups of structures described above.

These groups of structures seem to be the result of several tectonic
episodes. The N/S trends may be the consequence of an old extensional period
which influenced the entire area of Syria Planum - Noctis Labyrinthus -
Claritas Fossae before the updoming episode or during the first steps of this
episode.
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Then a major updoming step occurred giving the curvature trends and
their southern continuation ?N.NN/S.SE structures). A new episode of up-
lifting with axial deformations took place: final updoming with opening of
tensional factures in the Noctis Labyrinthus area; extension of the Valles
Marineris system; and compressive movements (oriented W.SW/E.NE) giving the
dextral and sinistral strike-slip faults in the southern part of Claritas
Fossae, and N/S perpendicular extensive movements which generated the E/W
grabens of the sigmoidal zone.

Finally the Claritas Fossae structures could proceed of extensive
forces due to a regional updoming, as described by Carr (4), and compressive
forces due to crustal expension in other parts of the dome flanks (Valles
Marineris, for ex.). These assumptions have to be confirmed with further
detailed studies of the stress fields in the Solis Planum - Sinai Planum
areas (work in process).
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Polygonal fractures of the martian plains, E. C. Morris, U. S.
Gleological Survey, Flagstaff, Arizona 86001, and J. R. Underwood,
ﬂansas State University, Manhattan, Kansas 66506.

Polygonal patterns consisting of fractures which form
individual polygons up to 20 km across are commonly found through-
Qut martian plains in the 40°-50° N latitude belt. These fracture
patterns are well displayed in the high resolution (<100m/line pair)
Viking Orbiter pictures. Their origin has been difficult to explain
mainly due to their scale. Polygonal-patterned ground is common in
flerrestrial periglacial regions but individual polygons rarely

dchieve dimensions of more than 100 m. Various origins for the

ﬁartian polygonal fractures which have been suggested include ice
wedging (1), contraction cracks in cooling lava (2), desiccation cracks
(3), or tectonic fractures (l). On the basis of observations made
#n this study the following characterize the martian polygonal
ﬁractured plains:
él) The polygonally fractured plains occur mainly in the 40°-50°
N latitude band.
(2) The polygonal fractures are formed in older or exhumed surfaces
from which a younger layer of plains material has been stripped.
(3) Younger material overlying polygonal fractured surfaces do
not show the fracture pattern. This is true of remnants of
overlying material that has been stripped off or younger
material that has subsequently blanketed fractured surface.
(4) The edges of the fractures are rounded and do not have rims

or ramparts, such as those associated with terrestrial ice
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wedges polygons. ’

(5) A few blocks or polygons appear to have been displaced
vertically or tilted in relation to adjacent blocks.

(6) Many of the polygons are incomplete or not closed, i.e.,

Lol

one or more sides are not developed. Circular fractures . are

RS
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common and often closed.

(7) Most of the fracturing is randomly orthogonal, i.e., primary
fractures with random secondary orthogonal systems.

(8) 1Individual polygons vary in size from several kilometers to

about 20 kilometers. Fractures widths vary up to 2 km and

are typically a few hundred meters deep.

An origin of the polygonal fractures which is favored here

PSSR e
PRECAS R E S SN Sl

and satisfies most of the above observations is contraction
cracking of cooling lava. Initial fracturing occurred after em-
placement of relatively thick volcanic flows which, in turn, were

buried by other plains—forming material. The fracture pattern

may have been attenuated by compaction or desiccation of lesscom-

petent underlying material. The fractures were subsequently' etched out

in strong relief, probably "by eolian processes that stripped off

the overlying plains material. The problem of scale arises with

cooling fractures of this magnitude, as is also the case for all

other explanations for the fractures. Contraction cracks of this “wﬂ

magnitude would require lava flows of several km thick. ;
The largest polygonal fractures on earth are

associated with desiccation of thick playa sediments
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(possibly 300m thick) where polygon diameters are up to 1 km (4).
On the basis of scale alone an alternate explanation of the Mars poly-
gonal fractures would be desiccation of a thick layer of ice or water
saturated sediments.

Tectonic fractures responding to a regional stress field
would probably exhibit a more regular geometry than that displayed
by the polygonal fractures of the martina plains.
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Graben Geometry and Crustal Structure, George E., McGill, Dept.
Geology/Geography, Univ. of Mass., Amherst, MA 01003.

Both the mechanical properties of rocks and the stres-
ses that have acted on them are reflected in the attitudes of
fractures, and the attitudes and movement histories of faults.
The major problems encountered in attempts to infer mechanical
properties and stress histories from faults and fractures derive
from the multiplicity of possible causes for even a simple frac-
ture or fault pattern. Sorting faults and fractures in the field
according to various objective criteria, such as size, roughness,
and chronology, is motivated by the hope that the additional con-
straints will eliminate many hypothetical causes for the observed
pattern of orientations and movements.

Grabens and, in particular, graben systems are poten-
tially more useful than sets of individual faults and fractures
for inferring rock properties and stress history because they
contain more geometrical information. Thus kinematic and mechan-
ical interpretations are constrained by the three-dimensional
geometry of an individual graben and by the plan-view geometry of
a graben system as well as by the attitudes of the individual
faults bounding the grabens. We have developed this concept for
a specific example, the grabens of the Needles District, Canyon-
lands National Park, Utah, in a series of papers and reports
(e.g., McGill and Stromquist, 1974, 1975, in review; Stromquist,
1976).

In detail, the geometries of grabens must be highly
variable. However, if we consider only relatively simple grabens
without significant transverse rotation or extensive secondary
faulting of the down-faulted block, it is possible to envisage
three basic styles of cross-sectional geometry (Figs. 1-3). Very
little information concerning crustal structure can be gleaned
from even simple grabens if they have cross sections such as
shown in figure 1. On the other hand, the grabens illustrated in
figures 2 and 3 require that the faults bounding them meet at
some depth beneath the surface, and that the mode of deformation
or failure in the rocks beneath the line of intersection is dif-
ferent from that in the rocks nearer the ‘surface. The basic as-
sumption underlying the use of graben geometry to infer crustal
structure is that the intersection line of the faults bounding a
graben marks the contact between crustal materials with contrast-
ing mechanical properties. Commonly, grabens on the Moon and
Mars occur in systems in which the individual grabens tend to
have similar widths and in which the distances between grabens
are nearly constant. Such regularity strengthens the inference
that the depth to fault intersection coincides with some sort of
material boundary within the crust. Also, the constancy of gra-
ben widths and spacings reduces the probability that the geometry
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of individual grabens is as illustrated in figure 1 (although we
cannot prove this contention, it seems unlikely to us that fault-
ing on vertical fractures that do not intersect or otherwise
interact at depth will result in facing pairs of faults producing
grabens of systematic width and spacing).

FIGURE 1 FIGURE 2
Vertical bounding faults. Inward-dipping bounding faults.
Little or no information Graben~forming stresses due to
about crustal structure. bending (either elastic or

"viscous"). Minor secondary
faulting or marginal breccia-
tion needed to avoid open gaps
along the faults.

\/\/\\\\///\\
/ — \ ~

FIGURE 3a FIGURE 3b

Inward-dipping bounding faults. Graben-forming stresses due

to simple extension of crust. Rocks below depth, T, more brit-
tle than shallower rocks in 3a, more ductile than shallower
rocks in 3b.
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If w, d, and o (Figs. 2 and 3) can be determined inde-
pendently, it is possible to calculate the thickness, T, of the
faulted layer unambiguously. It is commonly very difficult to
measure all three of these in the field, and generally verges on
the impossible to measure all of them on photographic images of
planetary surfaces., However, reasonable approximate solutions
are possible in some instances if o can be constrained within
close limits (Golombek, this volume). Alternatively, if w and d
can be measured and if the increase in w due to crustal extension
and graben formatiom can be estimated, the thickness of the
faulted layer can be determined approximately (Stromquist, 1976;
McGill and Stromquist, in review). Although other data generally
will be required to determine the specific nature of the boundary
implied, the areal variability of graben geometry permits corre-
lation of the depth to the boundary with other crustal character-
istics, such as gross topography and areal geology.

McGill, G.E., and Stromquist, A.W., A model for graben formation
by subsurface flow; Canyonlands National Park, Utah, Univ.
Mass., Dept. Geology/Geography, Contr. No. 15, 79pp.,

1974.

MecGill, G.E., and Stromquist, A.W., Origin of graben in the
Needles District, Canyonlands National Park, Utah, Four
Corners Geol. Soc. Guidebook, 8th. Field Conf., Canyon-
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Stromquist, A.W., Geometry and growth of grabens, Lower Red Lake
Canyon area, Canyonlands National Park, Utah, Univ. Mass.,
Dept. Geology/Geography, Contr. No. 28, 118pp., 1976.
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Geometry of Lumar Grabens: Implications for Shallow Crustal
Structure, Matthew P. Golombek, Dept. Geology/Geography, Univ.
of Massachusetts, Amherst, Mass. 01003.

The geometry of grabens can be a useful indicator of
crustal structure (Stromquist, 1976; Golombek and MecGill, 1977;
McGill, this volume). This abstract will describe the geometry
of lunar grabens, possible models for graben formation, and some
inferences concerning the shallow crustal structure of the Moon
derived from graben geometry.

Extensive work on the attitude of shear fractures boun-
ding lunar grabens indicates that they dip “60° and are inclined
towards one another. Knowing this, two models of graben forma-
tion are possible; faulting may be the result of arching (Fig. 2)
or simple extension (Fig. 3). In either case, faults are assumed
to originate at a depth, T, which marks a major mechanical dis-
continuity, and to propagate upwards at some angle, oagp (Fig. 1).

Bending or arching of layer T can produce a graben if
stresses exceed the fracture strength of the rock (Fig. 2). The
volume of the graben wedge is assumed to remain constant between
initiation of faulting (Fig. 1) and graben formation (Fig. 3)
(i.e., bulk dilatancy negligible). The final width, w, and the
depth to intersection of faults directly beneath the graben, D,
are obtained from graphical models of graben geometry resulting
from successive finite rotations. Values for the final dip of
the faults, o), and the amount the graben floor has dropped, d,
can be calculated for initial graben width, wg, and ag by utiliz-

ing the following equations: T = .5wgtanag; aj = tan'l(ZD/w); A=
.5wyT (where A = cross-sectional area of the graben wedge);
(w-2d4/tana;)= 2/A/tana;; (D-d) = 2A/(W-2d/tana;); d = D-(D-d).
These data can be summarized in a plot of a; versus d. For mea-

sured values of d and w, o1 must have decreased such that ag-oa;=
10°. But the slopes of the surfaces away from the graben also
equal ag-a; (Fig. 2). Slopes such as these are not associated
with lunar grabens; hence this model is not applicable.

The simple extension model begins as did the rotation
model (Fig. 1) and opens a distance, Aw, at the bottom of layer T
(Fig. 3). Stromquist (1976) derived the following relation by
equating the space above the graben floor plus the initial area
of the wedge with the final total space: 0 = 2T2Aw-2dT (wog+Aw) -d?
wg (bulk dialatancy negligible). This equation can be solved for
d in terms of Aw and tanag for specific values of wy because T =
.S5wptanag. A family of curves can be generated (each curve for
a different wg) which relates d with Aw and tanog. Specific so-
lutions for lunar grabens (0g=60°) indicate that for observable d
and wogt+Aw, Aw is commonly 50 to 100m. So this model results in
reasonable Aw values for observed d, wg+Aw, and ap.

The walls of lunar grabens do not retain the ~“60° dips
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or bending) model.
aj<og, D<T.

FIGURE 3

Simple extension model.
wo+Aw = final width.

op and T are the same
as in Fig. 1.



FIGURE 4

Mass wasted graben walls, a_=18°. Model
. . s

assumes point N is located at 1/2 wg and

1/2 d on the graben wall. 2X = d/tanag

wotAw = wy-wg + d/tanog.

of the bounding fractures (Fig. 4). Best available topographic
data indicate average wall slopes of “18°. The true width, wo+
Aw, may be estimated using the model in Fig. 4. Therefore, an
unbiased determination of T is possible if agp can be determined
within reasonable limits.

The depths to intersection of the bounding fractures of
lunar grabens correlate with 1) areal geology, 2) theoretically
predicted thicknesses of total ejecta, and 3) the major seismic
discontinuity at the Apollo 17 site. These data support the con-
tention that faults bounding lunar grabens originate at the base
of a layer of fractured or brecciated rock. Thus this major
mechanical discontinuity probably corresponds to the base of the
megaregolith.

Golombek, M.P., and McGill, G.E., Straight and arcuate lunar
rilles as indicators of shallow crustal structure (abst.),
EOS, 58, 1180, 1977.

Stromquist, A.W., Geometry and growth of grabens, Lower Red Lake
Canyon area, Canyonlands National Park, Utah, Univ. Mass.,
Dept. Geology/Geography, Contr. No. 28, 118p., 1976.
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Application of Anisotropy of Magnetic Susceptibility Measurements to Transport
Mechanisms on Planetary Surfaces, J. Hatten Howard III and Brooks B. Ellwood,
Dept. of Geology, Univ. of Georgia, Athens, GA 30602

Numerous transport mechanisms have been proposed to explain emplace-~
ment of distinctive materials observed on the surfaces of the Moon, Mars, and
Mercury, Some transport processes (lava flow, wind) are readily identified by
the morphology of the features produced. The real nature and mechanics of
emplacement mode of many planetary materials~-such as crater ejecta, smooth
plains, landslide deposits, patterned ground--are not known, however.
Suggested transport mechanisms are varied and include impact with base-surge
and/or ballistic transport, flow or "rain' of impact melt, several types of
lava flow, ash flow, fluvial braided and channel flow, gelifluction, surface
flow of impact ejecta, and landslide (debris or mudflow, rockfall avalanche).

Such transport mechanisms vary as a result of the proportion of solid
to intermixed gas or liquid; mechanical properties and velocity of the flow;
the type of flow (laminar or turbulent); and the manner of flow cessation
(cooling or settling of material). Final orientation of elongate or flat
components, which result in the rock fabric, are due to transport effects and
may be characteristic of a specific transport mode, so that analyses of sample
fabric may serve both to identify the transport mechanism and to understand
the dynamics of particle movement.

Anisotropy of magnetic susceptibility (AMS) in rocks, which is
related to magnetic mineral shape and orientation, is a useful measure of the
magnetic fabric and results from inhomogeneity of magnetic properties in the
rock. The magnetic susceptibility, K (volume susceptibility), or x (the more
easily determined mass susceptibility), measured for any rock sample is a
second-rank tensor which relates an inducing magnetic field ﬁg to an induced
intensity of magnetization J{, so that

Ji = KlJHJ or Js = X—JEI_'I; . (D
For low magnetic fields the AMS can be represented by an ellipsoid, with
orthogonal axes of maximum, intermediate, and minimum susceptibility magnitude
Ka, Kp, and K., respectively, and corresponding azimuthal directions. The
data are commonly derived from measurements using a low-field torque magne-

tometer (9) and susceptibility bridge (1).

AMS parameters, derived from ellipsoid magnitudes, permit analysis
and interpretation of the magnitude and orientation of the magnetic properties
within one or more oriented samples from a specific rock body. K (or x) is
also an indication of bulk ferrimagnetic content of the sample; representative
values are 10-3 volume cgs units for basalts and 10~ mass cgs units for some
loosely consolidated sediments.
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Percentage anisotropy (% AN), given by the function
% AN = (Ky=Ko)Kp™1 x 100 , (2)

describes the magnitude of total anisotropy, that is, of the AMS ellipsoid,
and shows departures from randomness in orientation of ferrimagnetic mineral
grains. A more useful parameter, E (8), describes the shape of the AMS
ellipsoid, where

E = Kp2(KK)™L . (3)

For E > 1.0, the ellipsoid is oblate (flattened); for E < 1.0, the ellipsoid
is prolate (elongated). Since in an individual sample the AMS reflects the
integrated effect of magnetic-grain shape, values of E increasing from 1.0
indicate increasingly planar orientation of magnetic grains, and values of E
decreasing from 1.0 indicate increased grain elongation or alignment.

An AMS parameter which is very sensitive to differences in long-axis
magnetic-grain alignment is F, where

F = K} (KHKL) ™2 (4)

(2); K3, K, and K are, respectively, the maximum, intermediate, and
minimum AMS magnitudes recalculated for a standardized K (representative of
the material being examined) so that variation of F between samples is not
affected by simple variations in K. This F value, therefore, emphasizes the
linear magnetic fabric in the rock.

Grain orientation--resulting from crystal growth or grain settling--
is controlled by major forces: gravity; the planet's magnetic field (for
small particles); currents; and stresses resulting from cooling and compaction.
For example, planar grain fabrics may result from particle settling and/or
from compaction, whereas linear fabrics are due to the action on elongated
grains of forces tangential to the bed, such as drag of depositing currents.
AMS techniques have been applied to several geologic proglems, including:

(1) the effect of cooling stresses on mineral orientation during
formation of basalt columns (3);

(2) distinction of mode of occurrence of basalt layers (2, 6) and of
relative abundance of intrusive and extrusive basaltic units (5);

(3) the effect of currents on particle alignment (7, 4);

(4) particle alignment in turbidites (unpublished data); and

(5) AMS variations in an ash-flow unit (unpublished data).

AMS measurements are now being made on terrestrial deposits formed

by different transport mechanisms, including those deposits which are possible
analogues of processes operating on other planetary surfaces, in order to
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determine the variability of AMS parameters throughout units of known origin
and to understand the mechanisms by which the AMS parameters develop. Types
of deposits being studied include fluvial deposits, coastal dunes and beaches,
lava flows, ash flows, and impact/explosion ejecta. Analyses will be extended
to dune forms and ash falls.

The AMS measurements represent both magnitude and direction of the
induced magnetic properties and as such have several applications to plane-
tary studies. AMS analyses of lunar samples could be used to distinguish
intrusive and extrusive basaltic rocks and to determine stress orientations in
breccias and glasses, Many useful interpretations could be made from the rock
stratigraphic relationships observed in core samples, especially should core
orientation become known; in addition to identifying emplacement modes of the
layers, the direction of movement may allow source identification (crater or
vent of origin) and thus aid in interpreting local geologic history.

The instrumentation for measuring AMS could be miniaturized for use
on planetary lander, or perhaps penetrator, missions. Such data for cores
obtained from a planetary surface could serve to identify the mode of occur-
rence and emplacement mechanics of features such as those observed on Mars and
Mercury by Mariner and Viking missions, as well as aiding in the interpretation
of stratigraphic variations found in core samples. Such a magnetometer could
measure the remanent magnetic properties as well as the AMS.
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Mars: Near Infrared Spectral Reflectance and Compositional
Implication, T.B. McCord and R.N. Clark, Univ. of Hawaii, Honolulu, HI 96822,
R.L. Huguenin, Univ. of Mass., Amherst, MA 01003.

Several distinct absorption features, some recognized for the first

t1me, %Ee evident in a newly obtained reflectance spectrum (AA = 0.62 - 2.6
83) of the integral disc of Mars. The new observations were made

on Aprz§-21 - 23, 1976 at the 2.24 meter telescope on Mauna Kea, Hawaii,

using a newly developed infrared circular variable filter spectrometer.

The reflectance spectrum of Mars (Figure 1, bottom) contains fea-
tures due to both martian atmospheric and surface constituents. Since we
are concerned primarily with surface mineralogy, we attempted to remove the
strong contribution by atmospheric CO,. We divided the Mars spectrum by the
laboratory spectrum of 100 m-atm CO, gas at 0.01 atm and 250°K as measured by
Kieffer (1968). The resultant Mars“ spectrum, with CO, artificially removed,
is shown as the upper curve in Figure 1. The CO, remGval is, of course, ap-
proximate and neglects variations in surface topGgraphy, path length, non-
linear line growth, temperature, and suspended dust.

There are several apparent absorption features that remain in the
Mars spectrum after the gaseous CO, contribution is removed (Figure 1, top).
There is a strong drop in reflectance at the shortest wavelengths and an
asymmetric (composite) absorption between 0.75 and 1.15 um. These features
were interpreted previously (Adams and McCord, 1969; Huguenin et al., 1977).
The drop in reflectance shortward of 0.75 pym was attributed primarily to ab-
sorption by an Fe®+ electronic transition band near 0.62 ym. Also contribut-
ing in part are absorptions from limbs of Fe®' bands near 0.5 ym.

The feature between 0.75 and 1.1 ym in the full disc spectrum is
domlnated b absorption by bright area dust attributable to the °A;g(°S) -

"Tl (*6)Fe®" transition in Fe,03-FeOOH at 0.87 um Other contributions to
thlS feature could be due to absoprtion by Fe2*[?2 Tog ( D)+2Fg( D)] in dark
areas. Small differences between 1973 reflectance spectra (Huguenin et al.
1977) and the present spectrum could be due to different contributing 5111—
cate Fe? bands between 0.9 and 1.1 um or, alternatively, to a higher average
hydration state of the surface dust on the visible disc in 1976 than in the
bright areas observed in 1973.

The 1.22 ym band was not reported previously, although it can be
seen in earlier Mars spectra (Kuiper, 1964; McCord and Westphal, 1971). This
1.22 ym band is seen weakly in spectra of Kolinites 9 and 218B by Hunt and
Salisbury (1970) and in a warm ice spectrum by Kieffer (1968). Thus, the
1.22 um band is probably due to Hy0 ice or mineral hydrate and the strength
of the feature may be due to "intensity-borrowing" from mineral hydrate and
water bands [1.15 ym (mineral + 1.16 ym (mineral) + 1.20 um (water) + 1.23 pm
(water)]. The 1.58 um feature is asymmetric, with a long-wavelength limb
extending beyond 1.75 ym. The feature is very similar to the 1.5 ym feature
in the spectrum of laboratory ice but is shifted to longer wavelengths. The
shift is possibly due to incomplete removal of the CO2 or different phases of

109



water and a mineral hydrate.

The 1.95 um feature is difficult to interpret due to large error
bars due to thermal fluctuations of the circular variable filter, and possible
incomplete removal of the CO, bands. This band position does indicate, how-
ever, that it may be due to mixtures of H,0 and mineral hydrate.

Assignment of the Mars features to ice + dessicated mineral hydrate
is consistent with current models of martian surface composition. H,O ice has
been identified as a principal constituent of the polar caps, and it occurs at
numerous other locations on the planet as ground ice, frost, haze, and clouds
(Farmer et al., 1976, 1977; Kieffer et al., 1976, 1977). The occurrence of
hydrated minerals on the surface was deduced by Houck et al. (1973) and
Pimentel et al. (1974) from 2-4 um spectra. Using Mariner 9 IRIS spectra,
Hunt et al. (1973) deduced that the hydrated clay mineral montmorillonite was
the principal constituent of the 1971 dust clouds, while Aronson and Emslie
(1975) and Toon et al. (1977) included hydrated clays as possible constituents
of the dust. Evidence for highly dessicated mineral hydrate in the soil was
provided by the Viking molecular analysis experiments (Biemann et al., 1976,
1977), which showed that no detectable H,0 evolved from samples heated to
200°C, while 0.2% H,O was driven off whén the samples were heated to 350°C
and 500°C. These obServations support the proposal by Huguenin (1974, 1976)
that a large fraction of the martian surface is composed of mineral hydrate
dust produced by photochemical weathering of basalt, and that these weathering
products undergo subsequent photodessication by exposure to UV sunlight
(Huguenin et al., 1977; Andersen and Huguenin, 1977).
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Characterization of Mars Surface Units, T.B. McCord and R.B. Singer,
University of Hawaii, Honmolulu, HI 96822 and MIT, Cambridge, MA 02139.

Recently, Soderblom et al. (1) prepared the first Mars global multi-
spectral map using Viking IT orbiter imaging data. Surface unit boundaries
and extents can now be defined. We attempt to characterize these units using
information on martian surface mineralogy obtained with groundbased telescopes
and reflectance spectrescopy (2). We combined these two data sets also to
check for agreement and to suggest the future direction of observing programs.

Viking images were taken in three bands covering a limited spectral
range in the visible: 0.45%.03 um, 0.53+.05 um, 0.59+.05 uym. In the false
color multispectral map, blue has been assigned to the ratio .45/.53 um, red
has been assigned to the ratio .59/.53 um, and green represents the albedo at
.59 um. Figure 1 is a black and white reproduction of our combination of the
Soderblom et al. multispectral map and a 1975 USGS Shaded Relief Map, showing
as well the location of the groundbased observations.

Normalized telescopic reflectance spectra are shown in Figure 2.
Table 1 gives .45/.53 um and .59/.53 um ratio values from the reflectance
spectra for comparison to the multispectral map. Spectra are listed in order
of decreasing slope (red color) given by the ratio .59/.45 pum.

The bright area spectra show great similarity to each other while
the dark area spectra show greater regional variation, especially in the 1 um
Fe?t absorption region, indicating a variety of compositionms (3). Bright
areas are redder in color.

The multispectral map and the reflectance spectra generally agree.
The bright areas, with greater spectrum slope, appear on the map as yellow-
green with varying small amounts of blue. The dark areas, with lower spec-
trum slope, show generally as dark blue, with varying small amounts of
orange. Orange regions on the map imply a relatively low albedo and steep
positively-sloped spectrum. These regions, the largest of which are centered
near (0°, 32°S) and (250°, 30°S), are a high priority for future observations.

The multispectral maps cover only a narrow region of the spectrum
(Figure 2) where complex charge-transfer absorption features appear in the
reflectance spectra. These intense blue-uv absorptions cause slope changes
in the spectrum and are due to electronic transitions characteristic of
ferric oxides (3).

The existence of a variety of mineralogically distinct basaltic
bedrock units has also been pointed out, based primarily on the variety of
Fe?t absorptions near 1 um in the dark area spectra (3). Even for the dark
areas the charge-transfer absorption features dominate in the spectral region
covered by the multispectral map and the color characteristics shown in the
map are probably strongly influenced by the weathering products of the base-
ment rock. Our ability to characterize the units defined in the dark area
is hindered by the limited telescopic data available for homogeneous units
and the limited spectral coverage of the multispectral map.

Future studies may derive more information from these data but it
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MARS SURFACE UNITS

McCord, T.B. et al.

is clear that more information is
needed. Telescopic reflectance
spectra of more homogeneous areas
can be obtained now that the multi-
spectral map exists. Laboratory
and theoretical studies can be
directed at this problem. Future
Mars spacecraft missions should
carry multispectral mapping experi-
ments covering a broader spectral
region, particularly including the
mineralogically important 1 um
region. The first opportunity

may be the JOP spacecraft swingby
of Mars in 1982.
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Fig. 1 - Viking II multispectral map modified from Soderblom et al. (1).

Regions of questionable validity have been masked by diagonal stripes.

Numbered ellipses show spots where reflectance spectra have been

Because the original

map is a false color presentation, light and dark areas in this black

and white reproduction represent color units in the Martian surface,

obtained in the reliable portions of the map.

but not necessarily albedo units.
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TABLE 1
Bright
Spot or Dark 0.59/0.45pum 0.45/0,53um 0.59/0.53um Color on Map
73-2 B 3.34 0.52 1.74 patches
73-3 B 3.28 0.53 1.72 of
73-4 B 3.22 0.53 1.70 yellow-green
713-17 B 3.11 0.54 1.67 and
73-6 B 3.10 0.55 1.69 blue
69-1 B 2.97 0.56 1.67 well mixed
69-2 B 2.91 0.57 1.63 blue-yellow-green
73-20 D 2.58 0.62 1.60 blue w/orange patches
73-21 D 2.53 0.60 1.51 mainly blue
73-25 D 2.41 0.61 1.47 mainly blue
73-26 D 2.38 0.63 1.50 blue w/orange patches
69-6 D 2.37 0.61 1.44 yellow-orange w/slight blue
69-7 D 2.31 0.64 1.47 blue
69-5 D 1.95 0.69 1.35 blue
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Martian Surface Composition: Comparison of Remote Spectral Studies and
In Situ X-Ray Fluorescence Analysis, 0.B. Toon*", B.N. Khare¥,
J.B. Pollackt and Carl Sagan®

X-ray fluorescence spectrometry (XRFS) by Viking has determined
many of the major elements composing the surface materials on Mars, but
does not directly specify the mineralogy of the Martian surface, although
it may allow mineralogy to be inferred. Many minerals have characteristic
spectral features in the ir (0.7 to 50 ym). Analyses of Mariner 9 ir
transmission spectra of dust in the great 1971 Martian dust storm, and
analysis of Viking near-ir broadband spectrophotometry of atmospheric
dust are informative about mineralogy. Here we compare mineralogy in-
ferred from the Viking XRFS with mineralogy indicated by spectral data.
The comparison is done both by taking laboratory spectra of Viking analog
minerals and by calculating spectra of Viking analog mineral mixtures.

We find XRFS and ir data are consistent with clays as the dominant SiO,-
containing minerals on Mars. The X-ray fluorescence data might also bé
consistent with the dominance of certain mafic SiO, igneous minerals, but
the spectral data are probably inconsistent with stich materials. Sulfates,
inferred by XRFS, are consistent with the spectral data; indeed inferences
following Mariner 9 that high-SiO, minerals were important on Mars may
have been biased by the presence Of sulfates. Calcium carbonate, in the
quantities indirectly suggested by XRFS (R 7%), are inconsistent with the
spectral data, but smaller quantities of CaCO, are consistent, as are large
quantities of other carbonates. Spectral data do not exclude maghemite,
but they do require opaque minerals with a near ir band structure closely
resenbling that of magnetite. The quantities of magnetite thus required
equal those observed as soil components by the Viking magnetic experiments.
Hence the spectral and magnetic data suggest magnetite as the dominant
magnetic iron compound, rather than maghemite as inferred by X-ray
fluorescence studies.

*Laboratory for Planetary Studies, Cornell University
+Theoretical Division, Ames Research Center
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The Composition of Mars, Kenneth A. Goettel, Dept. of Earth and Planetary
Sciences, and McDonnell Center for the Space Sciences, Washington University,
St. Louis, MO 63130

The observed mean density of Mars places a fundamental constra1nt
on models for the bulk composition of Mars. The mean density, ~ 3.94 g/cm3,
is determined accurately from mass and radii data (Anderson, 1974).

Correction of this mean (i.e., compressed) density to zero pressure (i.e.,
STP conditions) is s]1ght1y model-dependent; however, the zero pressure
density of Mars, ~ 3.7 g/cm3, is d1st1nct1y Tower than the zero pressure
density of the Earth, ~ 4.0 g/cm3. Thus, Mars is composed of material of
intrinsically lower dens1ty than the Earth. The most plausible causes for
this Tower Martian density are: (a) lower total iron content, (b) greater
oxidation of iron to iron oxides in silicates, or (c) a combination of these
causes.

The moment of inertia factor, C/MRZ, constrains the density distribution
within Mars, and thus places additional constraints on the internal
composition. Reasenberg (1977) revised previous estimates of the moment of
inertia factor by considering the non-hydrostatic contribution of the Tharsis
gravity anomaly to Jp. His estimate of the moment of inertia factor, 0.3654
+ 0.001 is significantly lower than previous estimates which were near 0.376.
Thus, an increase of density with depth which is substantially greater than
previous estimates is now indicated. The core of Mars must be larger and/or
denser than previous estimates. The density contrast between the mantle and
core must be increased. To be compatible with the moment of inertia value,
without violating the constaint of Mars' mean density, the density of the
mantle must be Towered.

Unfortunately, even for simple models in which core and mantle composi-
tions are not a function of radius, knowledge of Mars' mean density and
moment of inertia factor is sufficient to specify only two of the three basic
model parameters: mantle density, core density, and core radius. Additional
constraints on the composition of Mars must be obtained from models for the
formation of planets or from data on the magnetic field, photogeologic
evidence for planetary evolution, mass and composition of the atmosphere,
composition of surface soils, etc. However, interpretation of such data
in terms of the bulk composition of Mars is strongly model-dependent.

Over the past several decades, many previous authors have produced models
for the bulk compos1t1on of Mars. Pre-Mariner models were severely limited by
major uncertainties in the opt1ca11y determined radius of Mars and the
resulting major uncertainties in the mean density. In the early 1970's,
several quantitative models were based on accurate mean density data and on
values near 0.376 for the moment of inertia factor. Ringwood and Clark (1971)
and Anderson (1972) considered Mars models based on meteorites. Binder and
Davis (1973) and Johnston et al. (1974) considered models based on analogies
to terrestrial core and mantle materials. In all of these models, Mars had
a smaller core and a much higher density mantle than the Earth.

Recently, two models consistent with the downward rev1s1on of the moment
of inertia factor have been proposed. Johnston and Toks6z (1977) found that
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nodels fitting the mean density and moment of inertia data had mantle
densities ranging from 3.47 to 3.58 g/cm3, with corresponding core radii
ranging from 1500 km (Fegs5Sy5) to 2050 km (FeS). McGetchin and Smyth (1978)
considered the petrologic implications of model Martian mantles with a
Hensity of 3.55 g/cm3.

Goettel (1977) calculated a bulk composition for Mars, based on the
chemical equilibrium model for condensation in the solar nebula. The
requisite assumptions, and resulting limitations of this approach have been
discussed in detail by Goettel and Barshay (1978). Goettel's previous Mars
nodel, based on the solar proportions of major rock forming elements, had no
netallic Fe, an Fe-Ni-S core constituting about 12% of Mars' mass, and a very
Fe0-rich mantle (31 wt. %). The downward revision of the moment of inertia
factor necessitates revision of this model.

A model Mars composition (Table 1) which is consistent with the mean
density and moment of inertia data, and has the identical (i.e., solar)
relative proportions of Fe, Mg, Si, S, and other major non-volatile
constituents as the previous model is possible if significant amounts of
netallic Fe are allowed in Mars. In this model, the mantle constitutes 77%
bf the mass of Mars, and the core 23%. Without changing the bulk composition,
these model mantle and core compositions could be modified by incorporating
nodest amounts of FeS in the mantle, or modest amounts of Fe0 in the core.

Table 1
Composition of Mars (wt. %)

mantlel: Si0, 30.96  Al,05 3.14

Mg0 43.49 Ca0 2.93

Fe0 18.15 Nao0 1.34

core: Fe 73.98 S 19.23
Ni 6.78

1inc]udes crust

In Goettel's 1977 model, all Fe was assumed to be oxidized to FeS and Fe0. In
the present work, models with various ratios of Fe0 to metallic Fe were
considered; the model (Table 1) in which 50% of the Fe0 was reduced to Fe was
found to be in good agreement with the mean density and moment of inertia data.
Decreasing the FeQ content and increasing the metallic Fe content of Mars
is possible in several ways: (a) increasing the postulated formation tempera-
ture of Mars, such that metallic Fe is only partially oxidized to Fe0,
(b) mixing a large fraction of higher temperature condensates (i.e., low Fe0)
nith oxidized material condensed at Mars' formation temperature, or
(c) allowing a limited amount of disequilibrium during condensation in the
solar nebula. The compositional effects of these three mechanisms are
essentially indistinguishable; all three many have occurred to some extent.
Increasing the postulated formation temperature of Mars would produce
the required increase in metallic Fe, although this mechanism is somewhat ad
hoc. However, as noted by Goettel and Barshay (1978) the hypothesis that
planets accreted material formed at only one temperature is clearly an over-
simplification. Mars may well have accreted material with a range of degree
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of oxidation of Fe. Hartmann's (1976) calculations suggest that a significant
fraction of the late-accreted mass of Mars probably came from the regions of
Earth and even Venus. This mixing may account for some of the metallic Fe in
Mars, but probably not for all of it; the fact that the terrestrial planets
retain distinct differences in composition suggests that mixing was not too
extensive. The third mechansism, limited disequilibrium during condensation
in the nebula, may be the most viable. Kinetic 1imitations will probably
preclude complete attainment of equilibrium, especially at lower temperatures.
Thus, kinetic lTimitation of the oxidation of Fe to FeQ may account for much
of the postulated metallic Fe in Mars.

The present model suggests that a viable Mars model can be generated
without requiring differences in Fe:Mg:Si ratios between Earth, Venus and
Mars. Other models for the composition of Mars, with core and mantle
densities varying within the Timits outlined by Johnston and Toksoz (1977),
are also compatible with the present mean density and moment of inertia data.
However, compositions significantly different from the present model require
either substantial revisions in solar system abundances of major rock forming
elements, or substantial metal/silicate fractionations during the planet-
forming process. The present approach of attempting to understand the compos-
ition of Mars in the context of a model for condensation in the solar nebula
is perhaps somewhat more fundamental and less ad hoc than models based on
arbitrary proportions of various types of meteorites or on addition of
arbitrary amounts of Fe0 to Earth mantle materials.
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Mars: Petrologic Units in the Margaritifer Sinus and Coprates Quadrangle,

R. L. Huguenin, Planetary Chemistry Lab, U. Mass Dept. of Physics and Astron-
omy, Amherst, MA 01003 and Brown U. Dept. of Geological Sciences, Providence,
RI 02912, J. W. Head, Brown U. Dept. of Geological Sciences, Providence, RI
02912, and T. R. McGetchin, Lunar and Planetary Institute, Houston, TX 77058.

Earth-based reflectance spectra (0.3-1.1 um) of 200-400 km diameter
areas (1) and spectral vidicon images (200 km resolution (2) reveal that a
large fraction of the martian surface is covered with a mantle of high albedo
dust. This dust is remarkably uniform in composition everywhere, and it is
apparently composed of weathering products of basaltic to ultrabasic material
(3). The dust does not mantle the entire surface of Mars, however. Reflec-
tance spectra show that the martian dark areas are windows through the dust
mantle to crustal rocks, and that surface mineralogy in these areas varies
from region to region (1,2).

Most of the dark areas for which both spectra and vidicon coverage have
been obtained are located in the Margaritifer Sinus (0 to -30° latitude, O to
45° longitude) and Coprates (0 to -30° Tatitude, 45 to 90° Tongitude) Quadran-
gles of Mars. Spectra for some areas were measured with a photometer (1)
while spectra for other areas were derived from vidicon ratio images (2). The
vidicon ratio images were formed by dividing each of the images measured at
20 wavelengths (0.35-1.03 um) by the 0.566 um image, thus providing 20-point
spectra for each spatial resolution element. In addition to providing spec-
tra, the ratio images also revealed the spatial extents of numerous geochemi-
cal units on the surface, particularly in the dark areas of the Margaritifer
Sinus and Coprates quadrangles (2).

Ten distinct units are visible in the two quadrangles and they are pre-
sented in Fig. 1. Interpretations of unit mineralogy are primarily those of
Huguenin et al. (3), and are still being refined by laboratory modeling.

Units 1 and 2. Unit 1 corresponds closely in spatial extent with the
dark area Margaritifer S. Unit 2 corresponds to a higher albedo region,
Pyrrhae R, that lies between Margaritifer S to the north and a dark region,
Erythraeum M, to the southwest. The spectrum of Unit 2 shows absorption bands
at 0.87-0.90 um, 0.93-0.97 um, and beyond 1 um. The band at 0.87-0.90 um is
stronger than the other two and it is probably due to a mixture of enstatite
and ferric oxide (contaminant dust) (3). The band at 0.93-0.97 is of rough-
ly equal strength to the band longward of 1 ym, and it can be attributed to a
pigeonite or augite (3). The band beyond 1 um is probably due to olivine or
basaltic glass (3). It could also be due to an Fe®*-bearing diopside, but
the absence of the diopside Fe?* » Fe ® charge transfer band at 0.75-0.8 um
argues for olivine (or glass) as the dominant phase (4). Opaques cannot exceed
10 wt%, since the bands are relatively unmasked (3). Since olivine and glass
produce weaker bands than pyroxenes, we conclude that olivine (or glass) is the
dominant phase in Unit 2, followed by the orthopyroxene (enstatite), and then
clinopyroxene (pigeonite-augite). Unit 2 has weaker absorption features be-
tween 0.93 and 1.03 ym and slightly stronger features between 0.45 and 0.65 um
than Unit 1. The stronger absorption at 0.45-0.65 um indicates contamination
by ferric oxide in Unit 2, but probably not enough to account for the weakness
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(by band masking) of the absorptions beyond 0.93 um (2). With the similarity
of band strengths at 0.87-0.90 um and the differences beyond 0.93 um, it ap-
pears that Unit 1 contains more olivine (or glass), slightly more clinopyrox-
ene, and less orthopyroxene than Unit 2. In summary, for Unit 1 ol (or glass)
> cpx >opx while for Unit 2 ol (or glass) >opx >cpx (pigeonite-augite).

Unit 3 corresponds to a region in the eastern part of Erythraeum M.

Unit 3 has weaker absorptions longward of 0.93 um, while shortward of 0.93 um
there are no differences from the Unit 1 spectrum. This suggests that Unit 3
contains less olivine (or glass), less clinopyroxene, and more orthopyroxene
than Unit 1. Comparison with spectra of Units 1 and 2 suggests that ol (or
glass) >cpx R, Opx.

Unit 4 occurs in the central part of Erythraeum M. The spectrum shows
absorption characteristics of titaniferous augite or diopside with bands at
0.96-1.00 um and a strong 0.6-0.77 um Fe?* » Ti** charge transfer band. Con-
sidering the strength of the 0.6-0.77 um absorption, the Ti0, content of the
pyroxene is probably at least 1% (4). There is also strong absorption beyond
1 um, indicating that olivine and/or glass is again the dominant phase. Ab-
sorption at 0.87-0.93 um is conspicuously absent, suggesting a low orthopy-
roxene-pigeonite content. In summary ol (or glass) > cpx (Ti-augite or Ti-
diopside; Ti0, > 1 wt%) >> opx.

Unit 5. Unit 5 is in the western third of Erythraeum M, and its spectrum
shows strong absorption between 0.87 and 1.1 um that is apparently due to
bands at 0.87-0.93 um (orthopyroxene or pigeonite); 0.93-0.97 ym (augite); and
beyond 1 um (olivine or glass) (3). A1l bands have approximately equal
strengths, while the pyroxenes characteristically absorb more strongly than
olivine and glass; thus olivine and/or glass are again most abundant, and the
two pyroxenes are probably present in roughly equal amounts. In summary, ol
(or glass) >cpx (augite) % opx.

Unit 6. Spectra in the dark areas Solis Lacus and Meridiani Sinus are
quite similar; thus both regions have been assigned to Unit 6. Both spectra
show strong absorptions at 1 um due probably to diopside-salite. Olivine or
basaltic glass may be present, but relatively less than in Unit 5 (1,3).

There are no apparent bands corresponding to orthopyroxene, pigeonite, or
augite; thus cpx (diopside-salite) > ol (or glass) >> opx and/or pigeonite.

Units 7, 8, and 9. Each of these units is a distinct albedo and spectral
unit, but masking of silicate absorption bands by contaminant dust precludes
identification of any of the phases present.

Unit 10. This is part of the global dust mantle, which Maderazzo and
Huguenin (6) proposed is composed of 72-78% silicate clay, 13% MgSO,, 6-10%
FeOOH, 3-5% lag magnetite, and minor amounts of carbonates, salts, and oxides.

It has been proposed independently by McGetchin and Smyth (5) and
Maderazzo and Huguenin (5) that Martian primary magmas should be picritic
olivine basalts ?normative: 37-38% ol, 20-32% plag, 20-29% cpx, 4.4-7% mt,
2.5-5% neph, 0.6-2.4% or, trace il, and no opx). The unit mineralogies de-
rived here are consistent with differentiation of the proposed primary melts
by any of several possible mechanisms, including ol or ol + mt separation and/
or partial melting. The ol + 2px mixes suggest a possible differentiation se-
quence of ol + opx -+ cpx, with progressive Si-enhancement, and such differen-
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tiation of ultramafics can lead to Tate stage melts enriched in cpx and Ti0,
(S. Haggarty, personal comm.), which is consistent with the observations here.

The petrologic units correlate closely with albedo units in these two
quadrangles. Units 7, 8, and 10 are covered with dust and have medium high to
high albedos, while Units 1-6 have exposed Fe?*-silicates and are medium dark
to dark. Unit 9 (Aurorae S) is normally dark, but it was obscured by a dust
cloud during our observations (2). Within Units 1-6 there is a further corre-
lation with albedo: the darkest units (Units 1, 4, and 6) have the Towest opx/
cpx + ol (or glass) ratios, while the Tightest of the dark units (Unit 2)
has the highest opx/cpx + ol (or glass) ratio. The medium dark units (Units 3
and 5) have ratios that are intermediate to these extremes. This suggests
that differentiation may possibly involve ol separation and not ol + mt sepa-
ration. If true, this suggests that the magmas may have formed in low fo,
environments. A low fo, combined with the possibility of a high magmatic
sulfur content (high observed soil sulphate content) further suggests the pos-
sibility that the opaque phase could be a sulfide rather than magnetite.

Correlations with geologic units are not straightforward. The boundaries
of Unit 5 correlate with those of a densely cratered plains unit (pc), while
Unit 6 comprises both densely cratered plains (Solis Lacus) and cratered up-
lands (Meridiani S.). Units 1-4 are within cratered uplands; with Units 1 and
4 containing major channels and chaotic terrain and Units 2 and 3 not. It may
or may not be significant that Units 1 and 4 (with channels) have Tow opx/cpx
+ o1 (or glass) ratios (late stage differentiates), while Units 2 and 3 (no
channels) have high opx/cpx + o1 (or glass) ratios.

Acknowledgment. Contribution No. 6 of the Planetary Chemistry Laboratory.
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CHAPTER 5 - RADAR STUDIES OF PLANETARY SURFACES




Comparative Imaging Radar Planetology, Charles Elachi and R. S. Saunders,
Jet Propulsion Laboratory, Pasadena, CA 91103

Airborne imaging radar data are commonly used by geologists as part
of a large set of remote sensing data for geologic mapping and exploration in
many areas around the world, especially in the equatorial regions. The radar
sensor provides high resolution images independent of cloud cover or sun
illumination. Because of its geometric configuration, the radar is particu-
Tarly useful for planimetric and topographic mapping provided such aspects as
viewing and illumination angles are judiciously chosen.

Most of the radar image data presently available were taken with
X-band or K-band sensors at very large incidence angles (i.e., small depres-
sion angles), used mostly for planimetric mapping and owned by private ex-
ploration companies or foreign aovernments. On the other hand, planned
spaceborne imaging radar missions (Seasat-A, SIR-A, VOIR) wi]& use Laband
frequency and will have small to medium Took-angles (i.e., 20" to 60" ). These
choices are imposed by the tight restrictions on spaceborne systems or by the
global planetary environment (Venus atmosphere has high microwave absorption
at frequencies equal to or higher than X-band).

A four-year program for comparative imaging radar planetology work
was started in FY-78 as a joint JPL/USGS effort. The objective of this pro-
aram is two-fold: 1) To develop the data base necessary for planning and
Tater for analysis of data obtained with planetary orbiting imaging radars,
in particular VOIR. 2) To develop a better understanding of the imaging
radar signature of a variety of cgeologic surfaces which would allow a good
interpretation of future spaceborne radar data. This effort will capitalize
on ongoing work for the use of Earth orbiting spaceborne radars in conjunction
with Landsat for Earth resources (including geologic) evaluation and monitor-
ing.

The data base is being acquired using the JPL airborne dual polari-
sation L-band imaging radar. This system has been operated since 1970, and
is one of the two systems available (the other is at ERIM) in that frequency
band. Radar imaging of interesting regions will also be obtained with the
Seasat-A (1978) and SIR-A (1979) spaceborne radars. This set of data will be
compiled with Landsat data, garound imagery and geologic information of the
same regions. A data center for this purpose has been established for this
purpose under this program and the SIR-A program.

In conjunction with this effort, work is ongoing at JPL and USGS
for the understandina of the radar signature of different geologic surfaces.
Schaber, et al. (1976) and Dajly, et al. {1978) have conducted extensive work
in Death Valley, and they have shown that the radar data can differentiate
all the geologic units in that region. This year, our emphasis is on the
study of the signature of volcanic lava fields. Ue mapped and studied the
data from the Snake River Plain, Mt. Lassen region, Kelso lava field, Amboy
lava field, the SP flow and Askija caldera flow. Our conclusion is that the
radar imagery gives planimetric information and discerns surface configura-
tions equally as well as photooraphy. We also found that, at L-band frequency,
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lava flows of different ages can be discriminated unambiguously, in most cases,
using direct polarization and even better if we use cross-polarization. If
dual polarization data is used, the type of lava flow can be determined with
some degree of confidence. At X-band the discrimination is marginal in most
cases. The addition of K-band data allows the determination of the blockiness
of the lava field. These effects can be explained using wave scattering
theories, and have been checked in detail by field investigations.

Another area under study this year is the capability of radar to see
major stratigraphic layers in the Grand Canyon. Our preliminary results
show that a spaceborne radar has a better capability than photoaraphy to
show stratigraphy in major canyons if it is reflected in abrupt, large
changes of the slope as is the case in the Grand Canyon. This can also be
explained by the geometric configuration of the radar sensor.
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Spectral or Time Series Analysis of Surface Roughness: Correlation with
Radar Backscatter Cross-Section Measurements, Gerald G. Schaber, U. S.
Geological Survey, 2255 N. Gemini Drive, Flagstaff, AZ 86001

Synthetic aperture radar (SAR) image data of the type expected
from the proposed Venus Orbital Imaging Radar (VOIR) mission (1983 period)
will contain basically two categories of geologic information: (1) simple
morphologic and structural data enhanced by surface slope and radar shadow-
ing and (2) surface roughness information.

The first category of data is obtained primarily by standard
radar-photogeologic, visual inspection and is very analogous to conven-
tional photogeologic techniques. The second, surface roughness, is much
more difficult to interpret as it can be disguised by higher than average
surface dielectric constant and slopes. Surface roughness values on
relatively flat natural terrain surfaces can be ascertained from radar
backscatter measurements (qualitative or quantitative) only if backscatter
models are empirically derived for a variety of terrain types.

Early in the studies related to instrumenting an imaging radar
system to orbit the planet Venus and map the surface through the dense
cloud cover, the question arose as to how the radiometric radar image
returns could be interpreted with a minimum of equivocation; that is,
if an area is relatively radar-bright (lighter grey tone on the image), is
it because the surface has a greater roughness (height variance), a more
favorable slope, and/or a higher dielectric constant? As part of this NASA
funded study, radar images of Death Valley, CA at X- and L-bands (3 cm and
25 cm wavelength) were obtained as a basis for detailed study and roughness
calibration. It is anticipated that a L-band radar will be used for the
VOIR mission. We have reported on earlier results (1, 2, 3, 4) that show
there is a correlation between the size of the surface scatterers and the
relative image brightness on L-band images. Therein, the Rayleigh scatter-
ing model that predicts a break in the scattering cross-section at scatter
radii between A/5 and A/6 was observed at L-band (A = 25 cm wavelength).

During the funding period 1977-1978 we have concentrated on
verifying earlier radar image observations using high resolution surface
relief statistics (including mean relief, variance in relief and variance
in the spectral frequency of relief) and quantitative measurements of
actual radar cross-section values obtained from aircraft platforms.

Spectral or time series analysis enables examination of the
frequency content of topographic or surface roughness profiles. In
natural terrain surfaces, profiles are generally statistically random
functions that can only be represented by the continuous variance spectrum.
Elevation amplitudes that contribute to variability of a random isotropic
surface above its mean height value are thus associated with a continuum
of wavelengths. Separating a random profile into wavelength bands yields
the spectral density of the relief variance which is given as the square
of the amplitude per unit bandwidth of the contributing wavelength bands
(5). This value has been called the power spectral density (PSD) or more
correctly the "variance spectral density."

Figure 1 shows example surface profiles obtained for rough,
intermediate and smooth geologic units within Death Valley and figure
2 illustrates the least squares best fit values of the variance spectral
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density functions. The "variance" of power spectral density graphs are
sloping lines representing continuous functions of topographic (spatial)
wavelength. Since the greatest relief within a surface profile (natural
terrain) is generally associated with the longer wavelengths, the spectral
density decreases rapidly with decreasing terrain wavelengths. The slopes
of the PSD curve describe a relation between the relief content of the long
and short wave features. An overall slope of -3 is thought to indicate a
"uniformity" of topographic slope for all relief features in the sample
area, regardless of their size. A slope less steep than -3 indicates that
small topographic features (high frequency) are rougher than large (low
frequency) features. This is a common aspect of the surface profiles of
the Death Valley salt pan surfaces. Likewise, a spectrum slope steeper
than -3 suggests more rough coarse grain features and less smooth, fine-
grained relief forms. The PSD curve slopes for the Death Valley salt pan
geologic surfaces range from -1.6 to -3.00 and average -2.34, indicating

a surplus of high frequency small scale relief (see figure 1).

Figure 3 shows preliminary radar cross section values (c°) as
measured with the Johnson Space Center airborne 1.6 Ghz radar scatterometer.
Note the reduced backscatter power at all incidence angles for surfaces of
descending topographic relief (Figure 1)-and decreasing PSD value (Figure
2). Backscatter models are currently being derived from these calibration
data with the ultimate goal of using them to calculate the surface rough-
ness (including PSD value) of relatively flat Venus surfaces following
acquisition of data from the proposed Venus Orbiting Imaging Radar mission.
A discussion of backscatter models derived from the surface variance spectra
and scatterometer measurements is in preparation for publication during 1978.
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Radar Backscatter from Martian-type Geologic Surfaces , M. Kobrick, Jet
Propulsion Laboratory, Pasadena, Ca. 91103

The attempted use of Earth-based radar to aid in defining the small
scale properties of the Martian surface for Viking landing site selection
(Tyler, et al, 1976, Simpson, et al, 1978) has underscored the difficulty
that exists in the interpretation of radar backscatter from real geologic
surfaces. In particular, the scattering law that was applied to the Mars
data is derived in terms of the RMS slope of a smoothly undulating surface,
and may not be the optimal one to describe the response of a more complicated
surface with unknown subsurface characteristics. It is especially interest#
ing to determine whether radar can be useful in differentiating between a
relatively smooth, flat surface, and a similar one strewn with scatterers
such as the Viking landing sites.

To this end the Radar Science Group at JPL has undertaken a series
of experiments to measure the radar signature of sites on the Earth similar
to the Viking landing sites and to compare the data with that from other
geologically different areas. The experiments will consist of overflying
each region with the JPL L- and X-band radars on board the NASA Convair 990.
These are imaging radars and the entire radar return is recorded on photo-
graphic film for interpretation later. In addition to measuring the falloff
of the quasi-specular component with angle (as was done with the Earth-based
data), the effects of polarization and multiple frequencies will be studied
to evaluate just which parameters are most useful in determining the proper=
ties of an unknown surface.

Actual data flights are due to begin in April, 1978, concurrent
with a program of ground truth collection. It is anticipated that some pre-
lTiminary results will be available by June of that year.

Tyler, G.L., Campbell, D.B., Downs, G.S., Green, R.R.,and Moore,
H.Jd., Radar Characteristics of Viking I Landing Sites, Science, 193, 812,
1976.

Simpson, R.A., Tyler, G.L. and Campbell, D.B., Aricebo Radar

Observations of Martian Surface Characteristics Near the Equator, Icarus,
33, 102, 1978.

127



Radar Topography of The Arsia Mons - Claritas Fossae Region of Mars,

R. S. Saunders, L. E. Roth, C. Elachi, Jet Propulsion Laboratory, Pasadena,
Calif. 91103, G. Schubert, Dept. of Earth and Space Sciences, University of
California, Los Angeles, Calif. 90024.

Radar observations of Mars are taken at each opposition at the Jet
Propulsion Laboratory's Goldstone Deep Space Network Tracking Station (see for
example, Downs et al., 1975). The data include determination of the time dela)
between the transmitted and the return signal at about .16 degree intervals.
These data provide elevation profiles with uncertainties of less than 100
meters.

These topographic profiles were used to determine the slopes in a
region south of Arsia Mons and including a part of the Claritas Fossae. The
local topography of this region is important for studies of slope control of
lava flow morphology (Hulme, 1974). The findings strongly suggest that pub-
1ished maps of martian topography should not be used for studjes that require
a quantitative measure of heights or slopes.

The general outline of the behavior of Tava flows on the south flank
of Arsia Mons can be understood. We observe that flow directions on the
Arsia flanks, (see Carr et al., 1977) are everywhere consistent with the radar
topography, that is the apparent flow direction is in the direction of maximum
slope. This observation supports the validity of the radar topography. In
general, the Claritas Fossae form a sharp ridge of broken terrane with a
distinct radar signature (Simpson et al., 1977?. This ridge provides a natural
barrier for the flows.

In addition to the excellent correspondence of flow direction and
radar topography, the flow morphology may also be related to topography. Carr
et al. (1977) mapped zones within the flows on the flanks of Arsia Mons. The
inner zone extends out for about 400 km from the summit and consists of 3 km
and narrower flows often with central channels. The second zone, about the
same extent outward, has 4-7 km wide flows. Beyond this the flows are broad
and irregular. Carr et al. (1977) correctly surmised that slopes in the inner
zone are steeper than indicated on the topographic map (USGS Map 1-984). 1In

fact, we find these slopes to have gradients of 0.01 to 0.03 compared to 0.008
measured on the published map.

As a further confirmation of the photogeologic techniques applied by
Carr et al. (1977) we see a distinct break in slope between Carr's inner zone
and the second zone. Radar topography gradients in the second zone range from
0.002 to 0.006 while no break at all is seen on the published topographic maps.

The steeper slopes well out on the flanks of Arsia Mons suggest to
us that the shield itself extends much further south than previously thought.
The radar topography indicates that the change in slope probably bounds the
Arsia shield, extending both the total relief and the diameter of Arsia to
dimensions that are more similar to those of Olympus Mons. This has important
implications for the volcanicvolumes involved and the interpretation of the
gravity anomalies being obtained by Viking Orbiter.
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Crater density data published by Carr et al. (1977) show that
average crater density increases outward from the summit of Arsia. We would
interpret this to indicate that the average age of the surface in the central
regions is younger, just as on many large shields of the Earth (M. C. Malin,
personal communication). If most of the eruptions came from the summit region,
those frequent flows of Tow volume and low eruption rate would form the upper
region and the apparent age of the region would be young. The less fregquent
flows of high volume and high extrusion rate extend far out onto the flanks.
Although perhaps this mode is more significant in terms of total volume, the
average surface age would be greater.
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Radar Profiles and the Depth/Diameter Ratios of Large Martian Craters,

L.E. Roth, C. Elachi, R.S. Saunders, Jet Propulsion Laboratory, Pasadena,

CA 91103; G. Schubert, Department of Earth and Space Sciences, University of
California, Los Angeles, CA 90024

The data obtained during the 1971 and 1973 r?dgr ranaing of Mars by
the Jet Propulsion Laboratory's Goldstone radar System'®“ have been used to
produce altitude Brof11es of the planet's surface w1th1n a str1p extending from
from -140 to - 22° to -220 in latitude, and from 0° to 360° in longitude. Each
individual profile runs along an arc of constant latitude and spans up to 100°
in Tongitude.

Detailed morphometric evaluation of the radar altitude profiles,
currently under way, has yielded information on the general shape of the
largest Martian craters located along the path of the subradar point, and on
the depth/diameter ratio of over 100 craters encompassing diameters from 18 to
475 km. The depth/diameter data sgt compiled in this study revises and aug-
ments the data reported previously>’" and complements the data obtained through
the use of other techniques.2®s9,9;

The following observations have been made:

(1) The Martian craters are systematically shallower than fresh
lunar and Mercurian craters, in agreement with previous in-
vestigations.

(11) Radar prof11es of large craters (Figure 1, Wislicenus (-18.0°%;

348.0 )) show subdued crater rims (rarely higher than 300-
400 meters), shallow interior walls; and, along the exterior
walls, very Tittle structure of the magnitude detectable by
the Earth-based radar. These observations confirm the visual
impressions gained from the Mariner 9 and Viking Orbiter
photography.

(II1) Floors of the large flat-bottomed craters display a topo-
agraphic relief larger than the uncertainties caused by a
possible error in the range measurement. In addition, the
floors often appear to be tilted with respect toothe hori-
zontal p1ane The maximum observed tilt was 0.6~ (un-named,
(-13. 7°, 317. 0)).

(1V) Basin boundaries were determined in those cases where the
photographic 8v1denc8 was inconclusive or insufficient, e.o.,
(Ladon (-17.0", 28.07)).

(V) The accuracy of the radar crater-depth determination is
restricted by a number of factors, most notably by the size
of the radar footprint on the Martian surface. Higher-
accuracy, higher confidence depth measurements were grouped
together. The smoothed plot of the depths vs. diameters for
this group of craters shows only a weak dependence of depth
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on diameter, in contrast to the conclusion reached from ana-
lysis of the Mariner 9 UVS data.® The smoothed Mariner 4
photoclinometric data set/ also shows little dependence of
depth on diameter for large craters.

(vI) The averaged depths of the largest craters are essentially in-
dependent of djameter and may even show a decrease with in-
creasing diameter. This latter dependence may be real since
the depths of the largest basins were determined with the
highest accuracy.

Downs, G.S., Goldstein, R.M. Green, R.R., Morris, G.A., Reichley, P.E.
(1973). Icarus 18, 8-21.
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Mars Bistatic Radar, R. A. Simpson, G. L. Tyler, and H. T. Howard, Center
for Radar Astronomy, Stanford University, Stanford, CA 94305.

The Viking Bistatic Radar Experiment is being conducted to deter-
mine the radio wave scattering properties of the Martian surface. Consider-
able work on this problem has already been carried out using earth-based
radar systems. The bistatic geometry, however, permits us to study parts of
Mars (e.g., the polar regions) which are inaccessible to earth-based systems.
It also allows us to vary the scattering geometry in ways which are impos-
sible when transmitter and receiver are co-located.

As of this writing, 25 of the 29 bistatic observations planned have
been executed. Except for two upon which we are awaiting word, all but two
have produced good quantities of usable data. These include tracks near se-
veral proposed Viking landing sites (as well as Chryse), Tharsis, and Hellas.
There is an abundance of data from tracks above 60°N, including one which
goes within kilometers of the North Pole. We hope to obtain funding for re-
duction of these runs now that the data have been acquired. In the meantime
we have examined a half hour segment from one of the two Hellas runs to see
what can be done with the data using a relatively unsophisticated analysis.

The segment chosen runs approximately linearly from 47°S, 296°W to
40°S, 300°W. It was selected because the incidence angle of the wave on the
surface decreased from 60° to 57°. In previous studies of Mars and the moon,
reflectivities corresponding to dielectric constants of about 3 have been
inferred. If this were the case for Hellas, we would expect equal received
power in our right and left circularly polarized channels at the Brewster
angle, 60°. In fact, the data show considerable variation (aside from being
noisy) and there are three separate locations where received power is equal
in the two channels. A subjective straight Tine fit to the data points leads
to an effective dielectric constant of e = 3.4. Though there were several
sources of possible error which we could not account for in this preliminary
analysis, it would appear, at least, that the dielectric constant of the sur-
face material in this part of Hellas (and therefore probably its density) is
somewhat higher than has been inferred for the planet as a whole.

Estimates of surface roughness are less susceptible to measurement
errors. The results show surprisingly little variation over this 500 km long
track (in spite of the noise), suggesting that Hellas may be more uniform in
its scattering than many of the near-equatorial regions studied with earth-
based radar. Our analysis shows an rms surface roughness on the order of 3°
near the northern end of the track; this would be about "average" for equa-
torial regions studied from earth. Our roughness estimates decrease to about
2° at the northern end of this half-hour sampie. The slow drift, combined
with our knowledge of the changing experimental geometry over this period,
implies that the restricted areal illumination of the spacecraft antenna may
be artificially 1imiting the roughness estimate. This source of error, and
that of a noisy signal will cause our estimates to be low, so we conclude
that (on horizontal scales of 10-100 meters) Hellas has at least a 3° rms
surface roughness. This makes it "average" or above in comparison with equa-
torial regions.
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In spot checks of North Polar data we have obtained prelminary di-
electric constant estimates of 3 + 1 and roughness estimates from less than
1° to 3° (or more). These were obtained at latitudes above 60°N and are be-
Tieved to be in regions covered by at least seasonal frost, if not permanent
ice.

Further analysis will be performed as time and resources allow. We
hope to begin a fairly large scale data reduction program in October 1978.
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Radar Backscatter From Sand Dunes, W. E. Brown, Jr. and R. S. Saunders, Jet
Propulsion Laboratory, Pasadena, Calif. 91103.

Radar images of the Algodones dunes in Southern Califronia illustrate
an interesting phenomenon in the backscatter characteristics of the dune sur-
face. The backscatter intensity in the images goes from a maximum at vertical
incidence (aircraft nadir) through a somewhat lower value and then at about
339 incidence it reaches another maximum and then drops off sharply St higher
incidence angles to very Tow values. We feel that the maximum at 33" is
backscatter from slip faces of dunes at the angle of repose. The reflectivity
above 33° incidence drops sharply because there are no natural surfaces in the
dunes with facets having this orientation, that is, greater than the angle of
repose for dry sand. Two perpendicular flight paths that illustrate the
phenomenon are shown in the figures. The dunes rise 100 to 200 feet with slip
face irregularly oriented. There is Tittle small scale roughness.

This observation has implications for interpretation of radar images
of planetary surfaces where eolian phenomenon may be encountered. A natural
experiment for VOIR, for example, would be to search for backscatter depen-
dence on angle of repose.

The work is done in conjunction with field observations that include
plane table mapping of slip face orientations, stereo photography and
measurement of ripple size and orientation, and laboratory determination of
electrical properties of the sand.
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Venus Tristatic Radar Status, Raymond Jurgens, Jet Propulsion Laboratory,
California Institute of Technology, Pasadena, California 91103

In March and April of 1977, radar observations were made on 9
days of which 7 appear to be adequate to give high quality radar images.
The effort in processing these data has been divided into three areas so far,
there are: (1) preliminary processing; (2) algorithm research and simula-
tion; and (3) mapping software. Each of these areas are described below,

Preliminary processing is composed of several areas in that differ-
ent types of operations were done, Initially, a sampling of the raw radar
types was processed by a modified 2-station program to ascertain the proper
operation of all three radar sites. These tests primarily checked the phase
stability of the three stations relative to each other, A computer program
was written to check the radar sensitivity and measure the radar cross
section variation during the day. This program was also used to develop
the power calibration and data editing software used in the mapping programs
that follow,

A second program was designed to do the three station data pre-
processing and incorporates algorithms to automatically start up the pro-
cessing with no external data except for the ephemerides of the day and the
edit files. This program aligns the frequency and phase between the sta-
tions and provides either phased-corrected voltage spectra or power and com-
plex cross spectra summed for a time-of-flight. The latter mode gives a
data reduction of about 10 to 1. Program 2 has been used to process one
data tape from each day of operation to be sure that the program operates
properly with differing data configurations and to provide radar ranging
data for another program.

The algorithm research can be divided into three general areas as
follows: (1) procedures that attempt to solve the voltage equations
directly; (2) sub-optimum procedures using the cross spectra; (3) optimum
procedures based on maximum likelihood estimators. Attempts to solve the
voltage equations directly have not been very successful unless the signal-
to-noise ratio is very large, however, reflectivity maps can be made without
loss if the spherical heights are used. The sub~optimum procedures of Type
2 generally yield good reflectivity maps but inadequate height measurements.
Considerable effort was spent on these procedures primarily because they
deal only with one spectrum at a time or a short span of data, for example,
one time-of-flight. The optimum procedures require a global data approach,
i.e., all data for any point being mapped must be available in memory,

This creates several difficult problems, i,e., only a small number of
points may be mapped at a time and many passes must be made through the
data, the point being mapped moves through the delay-doppler grid and must
be focused, the point being mapped does not have a fixed conjugate point so
the northern and southern hemispheres cannot be solved simultaneously. In
spite of these complications, simulations indicate that improved height
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measurements can be made. The extent of the degradation caused by the motion
of the conjugate point has not been considered in the simulation and is pre-
sently unknown. The effect of the varying fringe frequency during the day
has not been simulated, however, this would seem to help not hinder.

The mapping programs which are under development convert the 3
station delay-doppler data into north-south separated delay-doppler grids
that can be mapped by existing programs into planetary coordinates. The
third processing program is designed for non-global procedures and gives ade-
quate reflectivity maps. This program is essentially finished and could be
used to do a production mapping run within a few weeks. The primary use
of this program has been to develop and test routines for the fourth program
which is being designed to do the global mapping procedure. This program
is about 50% complete.

Presently, a few projects remain to be completed. These are:

1, Program 4 as described above.

2. Testing of the global height determination algorithm using
simulated data.

3. A small interface program to convert the maps formed by
programs 3 and L4 into data acceptable by the planetary
coordinate conversion program,

L, Production mapping runs.

Programs to deal with data recorded on the high density
recorder, These are most likely modifications of existing
programs,
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ON PREDICTING DENSITIES OF DOUBLET CRATERS, A. Woronow,
Lunar & Planetary Lab, University of Arizona, Tucson, Az. 85721.

Doublet craters could be created by three classes of pro-
cesses:

Class I: random doubling. Two impact events occur in close
proximity to one another, but the events are unrelated.

Class II: constructional doubling. Two craters are created
in close proximity to one another through a nonrandom process.
Examples of such processes are secondary cratering, disruption
of a single parent meteoroid, and the formation of volcanic
craters.

Class III: destructional doubling. Local obliteration of
craters can cause large variations in the crater density with
the result that more doublets are observed than would have been
expected if the crater density distribution were uniform.
Examples of such processes are crater and ejecta blanket overlap,
aeolian and fluvial erosion and deposition, and isostatic rebound.

In order to determine the contribution a particular class
of processes makes to an observed population of doublets, the
other two classes of processes must be accurately modeled. The
nature of Class I processes allows them to be modeled analytical-
ly. To varying degrees, however, analytical treatment of Class
II and Class III processes are difficult to construct. For
these classes a Monte Carlo approach is easiest.

We have produced a low-order Monte Carlo model which in~
cludes Class 1 processes and crater overlap from Class III--no
Class II processes were modeled. 1In attempting to apply this
model to the data of Oberbeck and Aoyagi (1972), we found that
the number of doublets produced was sensitive to the details of
the assumed production function (crater size-frequency distri-
bution). We could produce either significantly more, or signifi-
cantly less, doublets than were observed depending only on the
assumed production function. Unmodeled processes aggravate the
problem. Until all pertinent processes can be reliably modeled,
we can not expect to resolve the contributions made by one par-
ticular process. Therefore, we find no justification for the
assertion made by Oberbeck and Aoyagi (1972) that a Class II
process has significantly contributed to the martian doublet
population, Pparticularly so because their model included no
Class III processes, a production function which assigned the
same diameter to all craters, and contained an erroneous defini-
tion of their parameter &.

REFERENCE:
Oberbeck, V. R. and M. Aoyagi (1972) J. Geophys. Res. 77,
2419-2432,
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Crater Production and Erosion on Mercury, W. P, O'Donnell, University
of London Observatory, Mill Hill Park, London, NW7 2QS,

A crater-counting exercise was undertaken of the Intercrater Plains (and
largely superposed Heavily Cratered Terrain (11), (2).) of Mercury. The
incoming side of the planet was used since it provides a particularly
homogenous outcrop of this unit. The count was carried out using the RT-5
resolution set and involving different degradation groups after the method
of Guest and Gault (2), except that the number of groups was expanded
experimentally from 3 to 12. The 12 classes are based approximately on the
lunar crater degradation groups of Pohn and Offield (9). A small region of
Hilly and Lineated Terrain covered by the RT-5 set was also crater-counted.

The total crater-count curves for both terrains are shown in Fig. 1. The
surface is saturated for craters up to about 200km diam. and deficient in
craters below about 7Okm where the curves leave the 10% saturation line (1),
(5), (2). Oberbeck (7) has suggested that the deficiency is due to the larger
impacting bodies having a different population to the smaller ones. Fig. 2.
shows that the deficiency increases with age. The state of the craters
composing the oldest curve is such that it is difficult to see how all (or
many) of the small craters in this group have survived in recognisable form.
Thus, it is clear that the extreme 'kink' in this curve is at least partly
due to erosion. Lessening impact flux with time correspondingly decreases the
erosional effect on the other curves. Primary population deficiences are
therefore unnecessary to explain the shape of the total curve (Fig. 1.) and
are inadequate alone to explain the changing shape of the group curves with
time. The Hilly and Lineated Terrain total curve (Fig. 1.), has a more
pronounced curve than that for the Intercrater Plains. This is consistent
with the theory that it suffered heavier erosion during the Caloris impact due
to its position at the antipode to this basin (10), (2), (3), (8). Thus, the
'oldest! curve for the Hilly and Lineated Terrain (Fig. 3.) contains a much
larger proportion of the total number of craters thereon, than does the
appropriate Intercrater Plains curve.

The 'o0ldest' Intercrater Plains curve in Fig. 2. has a more accentuated 'kink'
than the preceeding curves and indeed cuts across two of them. This could
indicate an erosional unconformity and is seen more clearly in between groups
3 and 2.5 in Fig. 4. Large time differences between these groups, as compared
to other group transitions, corresponding only to degradational criteria are
discounted since no other transitions display a similar 'jump'. The diagram
which contains approximate Mercury-mapping crater age groupings (Cl - C5,

J. E. Guest, personal communication) for futtre reference, is interpreted as
follows. Overall: regularly increasing number of impacts going back in

time until the unconformity (3 - 2.5) from which time small numbers of mainly
larger craters are preserved. This is consistent with a tail-off in terminal
accretional bombardment rather than a catastrophic episode (6).
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Group 5: Slight decrease in small craters recorded due to the seismic (and
other) disturbances accompanying the formation of the lobate scarps.

Group 4.5: Marked decrease in small craters corresponding roughly to time of
Caloris and the Guest/Gault (2) deficiency.

Group 3.5: Deficiency in larger craters. Possibly due to a fluctuation in
primary crater production or a chance dearth in the sample area.

Group 3 - 2.5: Marked unconformity in number of craters of all sizes recorded,
due to;.a) isostatic adjustments in an early, thin, plastic crust, affecting
large craters especially; b) ejecta from Tolstoj sized basins (500 km);

c) end of formation of most Intercratér Plains. Formation of this unit
corresponds roughly to groups 2.5, 2 and 2>. The existence of craters
containing Intercrater Plains is consistent with this (4), (3); d) some form
of atmospheric weathering may be considered. The proposed widespread volcanism
at this time is in accord with this suggestion.

Finally if ¢) and a) do not apply to the Moon then the erosional theory
predicts the absence of a comparable unconformity in any similar study of the
Moon.

Gault, D. E. Radio Sci. 5, (2), 273291 (1970).

Guest, J. E. and Gault, D. E. Geophys. Res. let. 3, (3), 121-123 (1976).
Guest, J. E. and O'Donnell, W. P. Vistas in Astron. 20, 273300 (1977).
Malin, M. C. Geophys. Res. Let. 3, 581-584 (1976).

Murray, B. C. Science 185, (U4146), 169-179 (1974).

Murray, B. C. et al 80, (17), 2508 (1975).

Oberbeck, V. K. NASA Tech. Memo. 3511, 39-41 (1976).

O'Donnell, W. P. in press. (1978).

Pohn, H. A. and Offield, T. W. Geol. Surv. Res., 153162 (1970).
Schultz, P. M. and Gault, D. E. Moon 12, 159-177 (1975).

Trask, N. J. and Guest, J. E. J. Geophys. Res. 80, (17), 2461-2477 (1975).
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Crater Shape-Size Profiles for Fresh Craters on the Moon and
Mercury. Eugene I. Swith and Jill Ann Hartnell, Division of
Science, Univ. Wisconsin-Parkside, Kenosha, WI 53141

Past interplanetary comparisons of fresh crater mor-
phology have lead to conflicting results (1,2,3,4,5,6). This
situation is mainly due to the lack of reliable size-shape pro-
files for the freshest craters on each planet. Previous size-
shape studies were either incomplete, used a large number of
craters below 10 km in diameter (D) or did not follow rigorous
criteria for choosing fresh craters. We present here refined
size-shape profiles for fresh lunar and mercurian craters that
may be used for interplanetary comparisons. Even though our
sample size is small when compared to other size-shape studies,
our data are based on the examination of all craters on each
planet, and include all craters that meet strict criteria for
freshness (most bowl-shaped craters with D<10 km were not
selected). Also we show that there are significant differences
in the crater size-shape characteristics for different lunmar
terrains, and that differences in crater shape between the Moon
and Mercury may reflect differences in g between these planets.

Refined Lunar Crater Shape-Size Data- For the Moon, we
refined the crater data of Smith and Sanchez (7). Each crater
selected by them was re-examined for freshness and shape index,
and each Lunar Orbiter frame was searched for additional fresh
craters. The revised data include fresh craters on the Moon's
farside. Criteria for crater selection are the presence of a
sharp unbroken rim and the lack of obvious volcanic or impact
modification. A size-shape profile for fresh lunar craters
constructed using these data (fig. 1D) shows that terraces and
central peaks develop initially in the diameter range 10-20 km.
All studied craters above D=65 km are terraced and have central
peaks. Swirl-floor texturing is most common in craters in the
diameter range 20-30 km, but it occurs less frequently as
terraces become a dominant feature of crater interiors.

Terrain Effects on Crater Shape- To study the effects
of terrain type and substrate properties on the shape of lunar
craters, the Moon was divided into 4 major terrain types, 1)
highlands, 2) mare in the central part of the circular basins
(""thick mare'"), 3) mare on the margins of the circular basins
("thin mare"), and 4) farside basins. Terraces and central peaks
are more abundant in craters with D<60 km on the mare than on the
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highlands (fig. 1A & 1B). Also craters with swirl-like floor
texturing are more common on mare material than on the highlands.
Differences in target materials (thick regolith and breccia in
the highlands versus thin regolith and unbrecciated volcanic
flows in the maria) probably account for these differences. Also
craters with D<35 km on the '"thick mare' are more complex in
shape for a given crater diameter than are craters on the ''thin
mare" (fig. 1C). Substrate and/or target properties may cause
these differences.

Interplanetary Comparisons-Mercury and the Moon- A
higher percentage of craters on Mercury have central peaks than
do lunar craters in the diameter range 5-75 km. Above D=75 km,
all fresh craters on the Moon and Mercury have central peaks
(fig. 1lE). A higher percentage of craters on Mercury are ter-
raced than are lunar craters up to a diameter of 45 km (fig. 1F).
These differences are significant (up to 60% difference for some
diameter intervals) and support the suggestion of Gault et al.
(1), Smith.(2), and Smith and Hartnell (8) that g plays an im-
portant role in affecting crater shape.

References: (1) Gault et al., Jour. Geophys. Res., 80,
2444-2460 (1975); (2) Swith, E.I., Icarus, 28, 543-550 (1976);
(3) Wood et al., Comparisons of the Moon and Mercury, 38 (1976);
(4) Cintala et al., Lunar Science VIII, 181-183 (1977); (5) Malin
M.C. and Dzurisin, D., Comparisons of the Moon and Mercury, 21,
(1976); (6) Carr et al., Jour. Geophys. Res., 82, 4055-4065
(1977); (7) Smith, E.I., and Sanchez, A.G., Modern Geology, 4,
51-59 (1973); (8) Swmith, E.I., and Hartnell, J.A., Paper pre-

Table 1- Revised Crater Data for the Moon and Mercury

(%) MOON(221 craters) (%) MERCURY(152 craters)
D Terraces C. Peaks Swirl- Terraces C. Peaks
like floor

0-9 0 0 0 0 0
10-19 12 30 16 29 62
20-29 26 50 23 59 79
30-39 67 72 9 79 97
40-49 83 87 5 81 100
50-59 95 95 0 91 100
60-69 100 92 0 100 93
70-79 100 88 0 100 100

7 80 100 100 0 100 100

(km)
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Figure 1. A) Central peak frequency-size data for craters on the
mare and highlands, Moon. B) Terrace frequency-size data for
craters on the mare and highlands, Moon. C) Left: Central peak-
size data for craters on '"thin mare" and '"thick mare'", Right:
Terrace-size data for craters on ''thin mare" and "thick mare'.
D) Size-shape profile of fresh lunar craters, CP=central peaks,
domes refer to dome-like floor texturing. E) Comparison of cen-
tral peak-size data between Mercury and the Moon. F) Comparison
of terrace-size data between Mercury and the Moon.

149



IN SEARCH OF ANCIENT ASTROBLEMES: MERCURY, R. A. De Hon,
Department of Geosciences, Northeast Loulsilana University, Monroe,
LA 71209.

Double ringed basins and filled basins with raised
outer rings 150 km to 300 km diameter are relatively commonplace
on Mercury (1,2). The largest basin, Caloris, is 1340 km in
diameter, but between diameters of 300 km and 1000 km basins are
apparently rare in initial surveys of the surface. Either the
impact flux on Mercury was such that there was a paucity of impact-
ing bodies of the size required to produce large basins (3) or
these basins have not survived in easily recognizable form to the
present day. A search has been initiated to delineate possible
and probable large basins that may exist on the surface in a high-
ly degraded form.

Recognition of the oldest basins presents itself as a
search for the last stages of highly degraded basins. The term
"pasin" is used here in the general sense because many structures
are too degraded to exhibit inner ring structures. In the final
stages of degradation the outer rim ejecta is no longer preserved;
the rim crest is reduced to incomplete low, rounded, raised
topography or none at all; and the inner wall is, in like manner,
low, incomplete or missing entirely. The basin interior is rough-
ly circular and shallow, having been battered by repeated impacts
and filled by volcanic material and/or ejecta debris from impact
craters and basins beyond the depression. The task of identifying
large impact basins is primarily one of recognizing large shallow
depressions which may have a slightly reduced crater count or
contain circular or irregular patches of interior fill (volcanic
or ejecta plains). The presence of plains-forming material within
basins enhances recognition by accentuating the basin outline.

The oldest basins may be somewhat similar in appearance to the
Australe basin on the moon if filled by volcanic materials or to
the oldest lunar far side basins if unfilled. Identification of
basins in exfremely advanced stages of degradation becomes largely
problematical.

A preliminary search of the mercurian surface reveals 42
basins greater than 250 km in diameter with varying degrees of
degradation and varying degrees of certainty (Table I and Fig. 1).
As work presently in progress continues it is expected that this
number will increase. Caloris remains the largest basin and the
general distribution of basins appears to be uniform within the
constraints imposed by surface illumination and resolution by the
Mariner cameras. The newly identified basins fill the apparent
gap in basin population between 300 km and 1000 km diameter. Most
of the largest basins are highly degraded, and consist as crudely
circular patches of plains materials within topographic depressions
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In most filled basins, partially buried craters indicate that the

total thickness of the plains~forming material is not great and

that the basins are shallow. The preliminary search used a

subjective rating system to rank basins as (1) possible, (2)

probable, or (3) certain. There are currently 18 basins, greater

than 250 km in diameter, rated as certain; 11 rated as probable;

and 13 rated as possible. Generally, the older a basin, the less

certain its identification. Most, but not all, of the "certain"

basins are named features and fall in to Trask's categories 1 to

4 (4). PFew of the rank 1 and rank 2 basins are named features

and most are unclassifiable (category 6) features. Current studies

are designing a more rigorous system of basin identification as

well as a relative age assignment based on the degradation of

specific features. Comparison of basin production rates on the

planets are premature as such comparisons require identification

of all basins on all planets or identification of a time equiva-

lent datum on each of the planets.

References

1. Wood, C. A. and Head, J. W. (1976), Abs. Lunar Science VII,
L3I, p. 950-952.

2. Malin, M. C. (1976), Abs. Lunar Science VII, LSI, p. 533.

3. Schaber, G. G. and Boyce, J. M. (1976) Conf. on Comparisons of
Mercury/Moon, LSI, p. 28.

b, Tras%, N. J. (1976), Conf. on Comparisons of Mercury/Moon, LSI,
p. 36.
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TABLE 1
LOCATION
30N; 194w

6N; 156W
168, 164w

798,
47S; 163W

48N;
8N; 191W
56N; 105W

2N;
208;
23N;
19N

0
32N
14N
63N
558
27N
62S
27N
28s,
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1S;
16S;
158;
10N;
22N,
45N;
43N; 159w
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Beethoven
Shakespeare
Monet
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The Significance of Buried Craters Associated with Basins on the Moon and Mars.
John S. King, S.U.N.Y. Buffalo, Amherst, N.Y. 14226, and David H. Scott, U.S.G.S.
Flagstaff, Arizona 86001.

As planetary geology is broadened by studies of photographs and remote
sensing data from satellites, it is possible to extend analog studies between
the earth and planets to direct comparisons between features of the planets
themselves. During the geologic mapping of the Arabia quadrangle (15° N,
340° W) on Mars (1), numerous circular features were observed around the
north margin of the Schiaparelli Basin that were interpreted to be the outlines
of buried crater rims. Many of these buried craters lie well within the
inferred outer ring of the basin and thus constrain the size of the original
cavity, provided they predate the impact that formed Schiaparelli. Geologic
studies of the Orientale Basin on the Moon (2) also revealed circular outlines
within the outer major ring of this basin which, although less distinct than
those of Schiaparelli, are believed to be pre-Orientale craters buried by
ejecta originating from the impact that formed the basin.

The Orientale Basin (Fig. 1) is located on the west limb of the Moon and
is the youngest and freshest appearing lunar basin. Orientale is unique in that
it is defined by a series of four concentric mountain ranges or rings. The
diameter of the outermost ring, known as the Cordillera Mountains, is about
900 km. Many craters buried and partly buried by ejecta are visible beyond
the Cordillera ring. Between the Cordillera Mountains and the next inner
ring (Rook Mountains), however, are several indistinct circular outlines from
20 to 60 km in diameter which have been interpreted to be prebasin craters
deeply buried by ejecta from the impact that formed this basin about 3.5 -

4.0 billion years ago (2). The presence or absence of these buried craters is
important to the current controversy regarding the size of the original crater
of excavation of Orientale.

Some investigators believe that the original or transient cavity of
Orientale lies well within the third ring formed by the Rook Mountains and
recent data including gravity (3) seem to support this. However, other
investigators favor the interpretation that the original crater was larger
and is delimited by the scarp bounding the Cordillera Mountains. If indeed
the first hypothesis is correct, then buried craters would be expected within
the annulus between -the Rook and Cordillera Mountains, inasmuch as this surface,
though covered by ejecta, would otherwise remain a relatively undisturbed part
of the prebasin crust. Alternatively according to the second hypothesis,
no pre-Orientale craters could exist inside the Cordillera Mountain ring as
that surface was excavated by impact.

The reported presence of buried craters adjacent to the Schiaparelli
Basin on Mars can possibly be used as an analog to aid in resolving the
Orientale controversy. The Schiaparelli Basin is located astride the equator
about 15° east of the prime meridian. Although most of the Schiaparelli Basin
is within the Sabaeus Sinus quadrangle (15° S, 340° W) located south of the
equator, the buried ring structures lie wholly within the Arabia quadrangle
which is north of the equator.

Schiaparelli displays two identifiable rings. The outermost ring has a
diameter of 650-700 km and the inner ring, about 400-450 km. Both rings,
although readily visible, are much less prominent and less continuous than
those of the Orientale Basin. The circular structures, which are interpreted

153



as buried craters, lie between the two rings around the northern part of the
basin (Fig. 2). They appear to be buried by a map unit identified as "ridged
and grooved material," originally described as "a 'scaly' surface made up of
many overlapping, intersecting, and extremely subdued crater rims ranging from
20-50 km in diameter (1)." This map unit was interpreted to be the most ancient
surface in the map area. If this material is analogous to the smooth and
hummocky ejecta visible between the Rook and Cordillera Mountains of the
Orientale Basin, then it too was formed as a result of impact, and the visible
buried craters predate the Schiaparelli Basin lending credence to the existence
of pre-Orientale craters within the Cordillera ring. An alternative interpreta-
tion is, of course, that the material may be volcanic in origin as other ridged
material has been interpreted elaewhere on Mars (4, 5). If this were the case,
the surface would probably be younger and not necessarily genetically related

to the Schiaparelli Basin and the buried craters could either postdate or
predate the basin. The lack of any visible volcanic source for lava flows in
the region lends some support to the first hypothesis, but vents are often
difficult to recognize, and this evidence is qualified.

Interpretation of the Schiaparelli Basin structures was made entirely
from images having a resolution less than half that of photographs of the
Orientale Basin. However, the two impact basins are sufficiently similar to
be compared, and the indistinct -ut discernible buried craters that occur in
both examples seem to predate basin formation, in each case supported by
different criteria. Comparison of details of the two features works mutually
to help define the size of the original impact structures and could be
generalized to large impact craters on other planets provided the same
criteria are present.
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Figure 1. Eastern half of Orientale Basin on the Moon. Dashed lines show
location of four rings of basin. Outer ring (4) has diameter of
about 900 km. Relict pre-basin craters shown as circles or parts
of circles.
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Figure. 2. Schiaparelli Basin on Mars. Two rings shown by dashed line. Outer
ring diameter about 650-700 km. Pre-basin crater outlines shown by
circles or parts of circles. 6




Topographic Confirmation of 500 km Degraded Crater North of Ladon Valles, Mars,
R.S. Saunders, L.E. Roth, C. Elachi, Jet Propulsion Laboratory, Pasadena, CA
91103; G. Schubert, Department of Earth and Space Science, Univ. of Calif.,

Los Angeles, CA 90024

The occurrence in Margaritifer Sinus Quadrangle of a system of radiat-
ing channels and an approximately circular ring of mountainous topography (Fig.
1) led earlier to the conclusion that a large crater had been obliterated by
erosion of some kind early in Martian history (R.S. Saunders, Preliminary Geolo-
gic Map of MC-19). By analogy with the crater degradation sequence observed on
the Moon, the isolated mounds were interpreted to be the erosional remnants of
a crater rim. The radial channels were thought to result from flow into a local
depression.

This interpretation is confirmed by traces of radar topography across
the feature (see references in Roth, et al., this volume). The maximum observed
relief is about 2 km and the depression is approximately 500 km across. The
northern rim is at about 140 south latitude where 1ittle relief is seen. The
basin center is at 300 west longitude and 18° south latitude.

Although the isolated mounds may be interpreted as remnants of the
crater rim by the Tunar analogy, the mechanism of erosion is quite different on
Mars. In the lunar case the mechanism is impact cratering. On Mars, with this
particular example, the crater density on the present surface is far too low to
have contributed significantly to the destruction of this crater. We would in-
fer that the erosional process responsible for modifying this terrain was
gravity driven and related to the formation of the small radiating channels.

As 1in other areas, runoff of liquid water remains a strong condidate for the
agent.

It should be noted that this particular basin lies on the axis of the
so-called Chryse Trough and contributes to the valley-like form of that feature.
That the trough may have, in part, an impact origin has been suggested previous-
1y by M.C. Malin (Pers. Commun.). We would only note that Nirgal Vallis and
Samara Vallis also conform to a broad trough in this region and are themselves
far outside the influence of this crater.
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Figure 1: Abstracted from the preliminary geologic map of Margaritifer
Sinus quadrangle by R.S. Saunders. The solid areas are
isolated mounds interpreted to be remnants of an originally
continuous ring of mountainous crater rim deposits. The

dashed lines indicate small channels. Based on Mars Mariner 9
data.
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Figure 2: Radar topography across the crater (see Roth, et al., this volume,
for references).
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Areal Distribution of Rampart Craters on Mars, Carlton C.
Allen, Department of Planetary Sciences, University of Arizona,
Tucson, AZ 85721

Mariner IX and Viking orbital imagery have revealed
a host of geologic features on Mars which appear to be unique
to that planet. Among these are "rampart craters"”, ie craters
displaying ejecta blankets characterized by lobes of material,
often in layers, showing raised distal edges and often exten-
ding from 1-2 crater diameters from the parent crater rim.

The mode of emplacement of the electa appears to lnvolve
entrained volatlles, and the source of these volatiles is a
subject of continuing debate.

Rampart craters were recognized on Mariner IX
imagery, but the morphology of their ejecta blankets was
generally thought to be the result of wind erosion (1).
However, some aspects of the size, shape and interactions
of the ejecta blankets were suggestive of impact-related
emplacement (2). The improved resolution of the Viking
imagery has disclosed many rampart-type ejJecta blankets
not previously recognized, and has permitted detalled study
of their morphologles. Such examination has led to the
conclusion that many rampart crater ejecta blankets are indeed
primary features, with morphologies resulting from ground flow
facilitated by volatiles (3).

Two sources have been suggested for these volatiles:
entrapped atmospheric gases, posslibly from a denser early
atmosphere, or water and/or ice in the target material. A
study of the areal distribution of rampart craters, searching
specifically for correlations between the presence or absence
of such craters and distinct geologic units, might serve to
differentiate between these possible sources. If rampart
craters were found to be restricted to only certain geologic
units, a strong case could be made for the dependence of the
ejecta blanket morphologles on volatiles within those units.
Rampart craters might thus be used as indicators of the
presence of subsurface water and/or ice.

A search of the Viking orbital imagery was carried
out to map the areal distribution of rampart craters. All
frames taken from a range of less than 20,000 kilometers prior
to October 21, 1977 were examined, and rampart craters were
located within 59x50 latitude and longitude blocks. ILimit-
ations on Viking coverage and atmospheric clarity restricted
the areas on which rampart craters could be identified to
approximately one-fourth of the 2592 5°x5 blocks on the planet,
and in many of these only a portion of the area was clearly
pictured. Thus, a definitive statement of the absence of
these features within a particular block was generally
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difficult to make. The presence of at least one rampart
crater within any 5°x5° block was obviously a much easier
determination.

As a result of this study, the following statements
can be made:

A. BRampart craters are common on nearly every
geologlic unit recognizable on Mars.

B. The units where no rampart craters were iden-
tified include the polar caps, the slopes and fresh-appearing
flows of some of the large shield volcanoes,*sand the floors
of some of the large channels and canyons. In many of these
areas very few impact craters of any size are visible, so the
absence of rampart craters does not necessarily imply the
lack of conditions suitable for their formation.

C. Small rampart craters are visible on the floors
of several larger craters and basins.

D. Rampart craters occur in all longitudes and
from aprroximately 75°N - 85°S latitude.

E. Rampart craters have formed at altitudes ranging
from aprroximately 2 kilometers below the 6.1 millibar
reference level, within the Hellas Planitla, to around 9 kilo-
meters above the reference level, on Tharsis.

F. The two most widespread g=2ologic units on Mars,
namely the southern heavily-cratered terrain and the northern
plains, display rampart craters in all areas where suitable
Viking lmagery exists.

G. Rampart craters invariably appear fresh, based
on rim morphology. Most, but not all such craters, possess
central peaks. Few, 1f any, very fresh craters do not
exhibit at least some suggestion of rampart structure in
their ejecta blankets.

Based on this study, no correlation between the
presence or absence of rampart craters and major geologic
units exists which can be used to distinguish the source of
the volatiles entrapped in their ejecta blankets. If rampart
craters are indicators of subsurface water and/or ice, such
material exists presently, or at least existed in the recent
geologic past, beneath almost the entire surface of Mars.
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Martian Rampart Craters: Crater Processes that May Affect Diameter-Frequenc
Distributions, J. M. Boyce* and D. J. Roddy, U. S. Geological Survey, Flag-
staff, Arizona 86001.

The high quality images returned by the Viking Orbiters show several
types of impact crater and ejecta morphologies that appear unique to Mars.
One type, called a rampart crater by McCauley (1973) from the earlier Mariner
photography can be seen in the high-resolution Viking imagery to commonly
exhibit massive central peaks and a surrounding ejecta blanket with a pro-
nounced flow-1ike character (Carr et al., 1977). This type of crater
appears widely distributed on Mars, ranging in size from a few kilometers
across with little or no central peak evident, to multi-kilometer diameter
craters with rim terracing and multiple central peaks, each surrounded by an
ejecta blanket exhibiting one or more flow characteristics, such as lobate

extensions,and an abrupt rampart-like terminal end. Allen (1978) indi-
cates that these types of craters have not been identified in certain areas
on Mars such as the Polar region, but appear common over most other areas
photographed to date.

Another type of crater morphology, common to the Earth, Moon and Mer-
cury (Shoemaker, 1962; Gault et al., 1975) has a normal ejecta blanket
without pronounced flow-like patterns. This type of crater also occurs
over most of Mars, and locally is in association with the rampart craters
in some areas.

An accurate description of the distributions, ages, and parameters
of martian craters, however, is not yet defined. Consequently, the crater
morphologies have not been generally used to interpret regional material
properties and stratigraphy. It has been suggested, however, by Carr et
al. (1977) and others that the flow-like pattern of the ejecta of the ram-
part craters indicates that the impacts may have occurred in permafrost
material or that entrained atmospheric gasses were instrumental in induc-
ing the ejecta flow process. Cratering data from experimental explosions,
however, suggest that only a limited amount of water in the target media

* Present address: NASA Headquarters, Washington, D. C.
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is necessary to produce significant flowage in the ejection process (Roddy,
1976). The crater diameters in such experiments are commonly increased by
a factor of 2 or more in saturated targets and volumes can increase as much
as a factor of 4. A second consequence of a net target media is that the
continuous ejecta blanket will normally not be distributed as for in an iden-
tical dry target media (Roddy, 1978). The percentage of water saturation
(and consequent strength reduction) was far more critical, in these explo-
sion experiments, than entrained atmospheric gasses in terms of inducing
ejecta flow mechanisms. On Mars, we would also not envision any met con-
tributions from the atmosphere, especially due to its very rarefied state.
We would suggest that martian impacts accompanied by instant shock melting
of a thick permafrost zone with partial vaporization could produce ejecta
blankets with flow characteristics.

0f a number of conclusions that can be drawn from the explosion and
impact analog data, two are of interest here. One centers on the potential
problems created in crater diameter-frequency distributions by impacts in
Tow strength target media and then attendent increase in diameters versus
dry media. The explosion cratering data indicates that diameters of flow-
related craters may be increased by as much as a factor of 2 versus the lu-
nar or mercurian craters. Assuming comparable (though not identical para-
metric) increases on Mars, and a crater diameter-frequency of the form,

N = kDY

where N is the number of craters/unit area with diameters greater than D,
k is a constant, and y is an exponent with a value of approximately -1.5
to -3.5, one would expect small changes in D to yield large changes in N.
That is, the diameter-frequency distributions for different areas, even the
same areas for mixed crater types, may not be directly comparable and may
yield abnormally high flux values for a given D range. Our point is that
diameters enlarged by a lTow material strength property are not directly
comparable with diameters in adjacent media of higher strengths and smal-
ler diameters. An obvious consequence of not incorporating this effect
is to derive an erroneous crater production function.
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Another interesting consequence is suggested by the reduction of
ranges for the terminal edge of the continuous ejecta blanket formed by an
impact in a permafrost or fluidizable target media. A preliminary study
by ourselves suggests that the ratio of the range from ground zero to the
outer edge of continuous ejecta vs the rim crest diameter (corrected for
terracing) is about 1.0 to 1.5 for wet-type events. This ratio appears
to increase to about 2.0 to nearly 3.0 for lunar, mercurian, and dry
explosion cratering experiments. Basically, this argues that impacts in
dry target media have a wider distribution (although thinner) of continu-
ous ejecta than does a wet-type event. From this, one might conclude that
the Viking 2 landing site, some 200 km from the rim of the 100 km diameter
crater Mie, may not be on the continuous flow ejecta as suggested by Mutch
et al. (1977) and Arvidson (1978). It is certainly permissable, however,
that the region may represent part of the discontinuous ejecta blanket or
a discrete continuous flow Tobe. A detailed topical photogeologic map and
scaling study would be useful for the Mie crater area.
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Interior Morphometry of Fresh Martian Craters: Preliminary Viking Results, C.
A. Wood, M. J. Cintala, and J. W. Head, Dept. of Geological Sciences, Brown
University, Providence, RI 02912.

Viking imagery provides high resolution views of martian craters
permitting improved statistics of the occurrence of central peaks and wall
failure. Similar statistics for Mercury and the Moon have demonstrated a de-
pendence of interior morphology on terrain type!. To test for possible ter-
rain effects in martian craters, data for wall failure, central peaks, and
central peak pits were collected for 107 craters on 3 surfaces mapped as
plains units (PU) and interpreted as volcanic flows by the USGS? (Viking 1
landing area, Lunae Planum, and a region SSE of Arsia Mons) and for 68 cra-
ters in 3 areas mapped as cratered terrain (CT) (SW of Apollonius Patera,
eastern lapygia quad., and W of Hesparia Planum). The CT sample does not in-
clude areas with lunar mare-like ridges, and no data were collected from mid-
dle or high latitude zones suspected of being mantled®. A1l fresh, shadow-
free craters in a sample area were measured. Freshness was based solely on
rim sharpness and continuity, but the presence of ramparts and/or other ejecta
around 80% of the craters provides independent confirmation of the pristine
nature of most of the craters. Although the data set presently consists of
only 175 craters, the preponderance have diameters of 1 to 15 km, the criti-
cal transition zone from simple to complex interior morphology. The new re-
sults differ significant]y from all previous Mars crater statistics*®®, in-
cluding our own®. Central peaks and wall failure are much more prevalent
(at least in the sample areas) than previously thought. The high resolution
of Viking imagery is probably responsible for the increased detection of peaks
and wall failure compared to surveys based on Mariner 9 records“’®. An ad-
ditional reason for disagreement with Mariner statistics stems from a unique
feature of martian central peaks. Pits that occur on many peaks often oblit-
erate all but small remnants of the peak, and poor resolution or slight unde-
tected degradation of crater morphology would readily mask the peaks. The
poor agreement between our data and that of Carr et al.’>may be due to their
sample selection, inclusion of degraded craters, or small data set (n=59).
Wall Failure. Wall failure in martian craters is characterized by slump
blocks on the floors of smaller craters and by more massive terrace develop-
ment in intermediate and large craters. The smallest crater with detected
slumps in the PU sample is 4.9 km in diameter (D) vs. ~7 km for the CT sam-
ple, and wall failure is consistently more abundant in PU craters, reaching
100% in the 10-15 km D interval (Fig. 1). A1l sampled CT craters with D >20
km exhibit wall failure. More than 99% of the craters examined have flat
floors with a clear break in slope at the contact with the crater wall; bowl-
shaped craters probably result from slight degradation’.

Central Peaks. Central peaks are very common in the martian craters examined
(Fig 2): 25% of the CT craters <5 km D have peaks (vs. 6% in PU). Peaks oc-
cur in 100% of CT craters >15 km and in all PU craters inspected >10 km.
Central Peak Pits. Smith* recognized that many martian craters have central
pits in place of peaks as well as occasional summit pits on central peaks.

Our data confirm that pits are a fundamental characteristic of martian cra-
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ters and suggest that there is a morphological sequence in pit development.
About 50% of craters with peaks have no pits; 28% have tiny summit pits in
relatively massive peaks, 16% have a low incomplete ring of peaks surrounding
pits, and 6% have rimless pits lacking any evidence of peaks. There is no ob-
vious diameter or terrain dependence in this sequence, except that rimless
pits appear to be 3 times more common in CT than PU craters. If pits are
considered as peak equivalents Fig. 2 would show that all CT craters >10 km
have central structures. Pits are somewhat more abundant in CT craters (59%)
%han in)PU craters (50%), but PU pits are systematically larger than CT pits
Fig. 3).
Floor Diameter. Diameters of crater floors (F) steadily increase with D, with
no obvious difference for CT or PU craters (Fig. 4). There is an inflection
in the F-D relation at D 4 km, confirmed by least squares analysis. The
lunar F-D relation inflects at 22 km’.
Simple-Complex Transition. The diameter of transition from simple craters
Tacking wall failure and abundant central peaks to complex craters with these
features has been used for interplanetary compar1sons Wood and Andersson’
have shown that, for lunar craters, wall failure is the most important mor-
phological change relating to the simple-complex transition, which occurs at D
n17 km®*7. For martian craters the transition is completed between 5 and 15
km, with 50% wall failure near D ~7-9 km, compared to the F-D inflection at
D 4 km. Based on the 50% wall failure criterion the transition on Mercury
occurs at D 20 km!, although depth-D data place the break at D ~10 km®.
Discussion. The data presented here demonstrate that the occurrence of wall
failure, central peaks, and central pits are all modulated by the type of ter-
rain in which a crater formed. Similar results have been documented for the
Moon and Mercury!, and martian terraces using Mariner 9 datal®. Our results
for Mars shown that central peaks are more abundant on CT than on PU, whereas
wall failure is more common on PU. This is intermediate between the case for
Mercury (both peaks and wall failure are more prevalent in CT) and for the
Moon (both peaks and wall failure are more common in maria). Comparison of
the diameter dependence of peaks and wall failure (Fig. 5) reveals that both
crater interjor features attain maximum development (100%) at lower D for Mars
than for the Moon or Mercury. This argues that the development of crater in-
terior morphology is not a simple function of either gravitational accelera-
tion (Mars Mercuryqy = 2.3 Moon,) or impact velocity (Moon, ~Mars, = % Mer-
curyv) 8wever the observed tegraln effects on each planet suggest that the
major d1fferences between planets could also reflect differences in their up-
per crusts. Indeed, abundant evidence from crater exterior morphology!!®5 and
other features (channels, chaotic terrain, etc.) imply that Mars is unique
among terrestrial planets in having significant amounts of volatiles imprison-
ed in permafrost or ice layers beneath the surface. Smith and Hartnellle¢ have
speculated that martian central pits are due to interaction with such a layer.
We propose that explosive decompression of subsurface volatiles after near-
adiabatic compression!? and addition of irreversible heat during the impact
event could account for the formation of at least some of the central pits.
If this were the case, the relative sizes of the pits between the PU and CT
would imply that the explosions are more violent in the PU for a given D cra-
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ter, possibly indicating (a) a greater volatile concentration traoped under
impermeable Tava flows, (b) that volatile layers are closer to the surface in
the PU, and/or (c) that target strength differences cause smaller craters in
the PU for a given eneragy event.
trained dust could result in localized snowstorms; however, these would prob-
ably occur too late in the event and be too small a volume to significantly
affect the final crater ejecta morphology.
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Central Pit Craters, Peak Rings, and the Argyre Basin. Carroll Ann Hodges,
U.S. Geological Survey, Menlo Park, CA 94025.

Impact craters having a crater-in-crater configuration with distinct
central pits -~ either instead of peaks or at the summits of peaks =-- are
relatively common on Mars. Rims of most of these inner pits are blocky but
continuous rings, uplifted above the surrounding crater floor, although some
are simply benches in the floor. Craters with central pits so far observed
range in size from about 15 km to as much as 90 km across and vary from ex-
tremely fresh to degraded; the inner pit corresponds to the surrounding
crater in degree of degradation. Except for the greater continuity and
smaller size of the upraised central-pit rims, they strongly resemble the
blocky peak rings in such basins as Schrodinger and Compton on the Moon and
Lowell on Mars. More specifically they appear to duplicate the morphology of
Australia's Gosses Bluff, a 5-km circular ring of sandstone blocks uplifted
at the center of a 20-km impact crater. As interpreted by Milton et al. (1),
the core of the doughnut-shaped bluff was evacuated during rebound, so that
the central peak assumed a ring morphology.

Analogy has been drawn previously between Gosses Bluff and the peak
rings of lunar two-ring basins (2,3,4), but the enormous scale differences
(Schrodinger is 320 km across) and the obscuration of internal morphology
(Schrodinger is nearly filled with plains material) precluded conclusive in-
terpretation. Further, the Milton et al. (1) interpretation of Gosses Bluff
has been disputed (5,6). The size of central pit craters on Mars, however,
is in the same order of magnitude as that of Gosses Bluff, and the nearly
pristine morphologies of some martian examples compel the interpretation that
the central-peak core was excavated during cratering, independent of analogy
with Gosses Bluff. In many fresh craters, the inner depressions surrounded
by uplifted rims are '"clean'" and bowl-shaped, not irregular with blocky floors
as would be expected if they had formed by collapse. These craters appear to
provide the transitional link (largely lacking on the Moon) between central
peaks and peak rings, supporting the hypothesis that peaks expanded and
"grew' into rings as material was ejected from their cores(2,3,4,7,8); indeed,
the martian craters offer persuasive support for the hypothesis formulated at
Gosses Bluff., Lithologic properties facilitated the process of core excava-
tion at Gosses Bluff; the deepest rocks uplifted at the center were less re-
sistant to excavation (as well as to subsequent erosion) than the overlying
sandstone that formed the surrounding bluff (1)." On Mars also, lithologic
properties of the substrate may have influenced the configuration of craters;
not all craters of the same size display this nested-crater morphology, sug-
gesting that kinetic energy of impact is not the sole controlling factor.

The tendency for central pit craters of different sizes to be somewhat clus-
tered in specific areas may be indicative of subsurface discontinuities in
the target materials that promote excavation of the central peak core.
Craters of th1s typg are prominent, for example, in the reglons of lat 0°
30 long 60° to 80° , and of lat -20° to -35 ,» long 110° to 130°. The depth
to a less resistant stratum may be indicated by the diameter of the smallest
crater with a central pit configuration.
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Central pit craters (as here interpreted) appear to support the
origin of central peaks by dynamic rebound (1,9) rather than by uplift due to
peripheral gravitationally-induced collapse (10,11,12), which would seem un-
likely to cause ejection of central-peak cores.

A few martian craters have an arcuate ridge outside the central pit
rim, suggesting the beginnings of an intermediate ring, and several craters
have poorly-defined rings surrounding peaks, much like the lunar basin
Antoniadi; but well-defined three-ring basins, similar to Orientale, are
lacking on Mars. Multiple rings on the Moon possibly result from interaction
of the shock wave with crustal stratigraphic discontinuities (2,3,4,13,14);
the scarcity of such rings on Mars may also be attributable to subsurface
characteristics. Argyre, probably the youngest of the large martian basins
(15), is notably ambiguous with respect to rings (16). An outer concentric
scarp (1600 km across) is distinct in places, nonexistent in others. The
rugged materials bounding the central plain form an inner ring, although its
exact delineation is uncertain. Where Viking pictures reveal detail on the
central plain, it is relatively featureless, with only a few small craters
and a couple of long narrow ridges. The initial cavity, after rebound and
isostatic adjustment, was likely inundated by non-impact debris; remmants of
small, stream-like channels are visible among the massifs surrounding the
plain. The configuration of Argyre may possibly be due to stripping during
excavation of a poorly cohesive surface layer, composed partly of ground ice,
across a diameter of about 1600 km, and uplift of the more resistant bedrock
beneath to form the rugged massif materials -- the peak ring -- surrounding
the plain. A few remmants of concentric graben are evident in the rugged rim
materials, but rings between the inner massifs and the outer scarp are not
readily defined.

Although the interpretation of multiple basin rings appears to be
as elusive for Mars as for the Moon, the double-ring basins seem clearly ex-
plained as expansions of central pit craters. These well-developed martian
features, the apparent small end-members in a gradational series, provide
strong support for the rebound hypothesis of central peak origin and for the
transitions of peaks to peak rings by excavation of their cores.
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Mars Chronology, G. Neukum, K. Hiller, J. Henkel, J. Bodechtel,
Institut fir Allgemeine und Angewandte Geologie, Ludwig-Maximi-
lians-Universitdt, 8000 Minchen 2, Germany.

The cratering chronology relationship given by Neukum
and Wise (1976) (1) has been updated in reconsidering the gravi-
tational cross-section effect of Mars on bodies at encounter.

In addition, the relationship between the lunar production size-
frequency distribution and the Martian one has slightly been mo-
dified. The resulting cratering chronology is shown in figure 1
in comparison with models by Soderblom et al. (1974)(2) and
Hartmann (1973) (3). Contrary to the display given by (1), the
data by (2) have here been reduced to Martian conditions by ap-
plication of the standard Martian crater curve of (1). As in (1),
some ages of Martian provinces have been inserted into the dia-
gram (data partly taken from Carr (1976) (4)). This modi-
fication results in shifting the Martian chronology of (1) to
slightly younger values at old ages (= 3,107 years) and having

a somewhat greater effect at ages =<3,109 years (e.g. Olympus
Mons now 1.8¢109 years instead of 2.5109 years before).

The application of different Martian model crater chro-
nologies given in fig. 1 results in substantially different hi-
stories of the Martian crust. Masursky et al. (1977)(5) have
pointed out that Mars has been active until very recently (less
than 200 mio years on the basis of the crater chronology of (2).
We do not agree with this view because of the following:

a) the chronology by (2) has to be reexamined and should not be
used without great caution as pointed out by (1). Arguments
for its validity quoting agreement with asteroid impact rate
calculations by Shoemaker (1977)(6) seem to be inconclusive
to us because of the immanent high uncertainties.

b) Aside from plausible arguments given for the validity of our
chronology (1),the investigations of the history of the Mar-
tian atmosphere (7) and the measured seismic non-activity (8)
exclude in our opinion, that erosional and volcanic proces-
ses took place as recent as 200 mio years ago (or even less).

We have reexamined published Mars crater size-frequen-
cy data (5) and have also carried out a number of measurements
in various Martian provinces (9). Contrary to (5), we applied
the standard Mars crater curve of (1) to all data. This curve
(the Mars impact crater production size-frequency distribution)
is shown in fig. 2 in comparison with the one (average lunar mare)
used by (5). It is obvious that the application of the two dif-
ferent curves to the same data may yield very different values
at a reference crater diameter (here 1 km), especially for data
obtained for craters with diameters =210 km. Orders of magnitude
error may result in .such cases. Thus, the precise determination
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of the Martian production size-frequency distribution and its
relationship to the lunar one, is an important matter for rela-
tive and absolute age determinations of Mars.

The Martian stratigraphy as inferred from our data re-
duction is displayed in fig. 3. The relative ages in form of
cumulative crater frequencies taken at 1 km crater diameter can
directly be converted to absolute ages in this diagram. We draw
the following conclusions:

1. The oldsst crust investigated shows ages in excess of
4.15-107 years, the bulk lying between 4.2 and 4.3:109 years.
These ages are given by the frequencies of large craters
(diameters > 10 km) which survived successive resurfacing
processes..Such processes are commonly visible in irregula-~
rities of the highland crater size-frequency distributions
at smaller crater sizes from which resurfacing ages can be
deduced in many cases and which are also given in fig. 3.

2. The resurfacing activity began at about 4+109 years ago_with
most of the processes taking place between 3.9 and 310
years ago, bgt seeming to have occurred as recently as
(0.5 - 1)+107 years ago in a few places.

3., In the period of (3 - 3.9).109 years ago, two major episodes
of resurfacing can tentatively be determined. These resurfa-
cing effects also show up in irregularities of the respecti-
ve crater size-frequency distributions at the small crater
sizes. A more detailed study of those effects for the Ely-
sium/Isidis region is given by (9) (part of the data of (9)
are incorporated in fig.3).

4, The resurfacing is clearly due to large scale volcanic acti-
vity in most areas (e.g. Elysium/Isidis Planitia, Nepenthes
Mensae, Nili Fossae, N. E. Alba Patera). In part, however
this volcanic activity was intermixed with aeolian and/or
fluvial processes (e.g. Nepenthes Mensae). A detailed di-
scussion is given in (9).

5. Piling up the large shield volcanoes was the final stage of
volcanic activity, starting probably before 3+.109 years and
ending approximately 1109 years ago (data partly in fig.1).

6. The main aeolian and/or fluvial activity seems to have taken
place between 4 and 3.7.109 years ago. Most of the resurfa-
cing activities in the time < 3°10° years ago seems to have
been volcanic with possibly few exceptions like Hrad Valles.
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Intermediate Diameter (2-10 km) Crater Density Maps of Mars

C. D. Condit and D. A. Johnson

Crater density data have usually been assembled and presented in the
form of crater frequency curves. Such plots are used to estimate the
relative ages of small areas on the surfaces of the solid planets. 1In
contrast, several workers (1, 2, 3) have attempted to use crater density
data as a mapping tqol for definingﬁglobal geologic units on Mars. In
this method the frequency of occurrence of craters in a limited diameter
range is mapped continuously. Because of the poor resolution of the
Mariner 9 images of Mars on which such studies were based, these early
efforts were limited. New photomosaics of Mars generated from much
higher quality Viking images, provide the opportunity for a much more de-
tailed application of this technique for mapping units of varying relative
age.

One of the disagreements in mapping areal crater demsity has been the
choice of the diameter size range which best reflects the relative age of
the surface. The craters must be large enoughlghnbiaso that they represent
a complete accumulation since the surface was formed; they cannot be in or
approaching steady state due to erosion or saturation. To insure this we
use the criterion that the craters be fresh, steep, and bowl-shaped. On
the other hand the craters must be small enough so that they clearly post-
date the surface whose age is being estimated. Craters older than martian
plains which show highly degraded morphologies (flooded flat floors, absence
of ejecta blankets) are generally larger than 15 to 20 km. Therefore, we
use an upper limit of 10 km. Craters smaller than this are almost univer-
sally fresh and bowl-shaped. The lower limit must be as small as possible

to maximize statistics and thereby provide best resolution of unit boundaries.
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The new maps were generated from the Viking 1:1.25 million sub-quad mosaics,
hence the lower limit was based on the resolution of those mosaics (about

1 km). To insure completeness we selected a lower limit of 2 km. Addition-
ally, Soderblom et al., (1) suggest the break between primary craters and
secondary craters on Mars appears to be a 1 km. Examination of craters on
the Viking images revealed that secondary clusters are uncommon above this

2 km diameter limit.

The 250 new Viking 1:1.25 million sub-quad mosaics were used as the
data base in this study to map crater density in the diameter of 2-10 km.
Only the Mercator zone *30° were included as crater populations at higher
latitudes are apparently altered by erosional and depositional processes
(4). Within the #30° latitude zone, new coverage is available for roughly
25 percent of the area so far. The majority of mosaicking has been done in
54 subquadrangles of Mars Quadranges MC 8, 9, 10, 16, 17, and 18 where
coverage is roughly 50 percent. In general the crater density data collected
for these areas agree well with those of Condit (3). The increased statis-
tical strength, however, allows much better definition of geologic unit
boundaries. A comparison of the new crater density maps with detailed vol-
canic flow maps, generated by Schaber et al., (5) for the Tharsis volcanic
region, reveals good agreement between the two data sets. Several major
contacts, for instance in the central part of MC 17 between cratered plains
and ridged plains material, have been redefined. This redefinition of unit
boundaries, along with the increased statistical strength of the data, will
permit a much clearer and concise classification of relative age for geo-

logic units on the whole-wide planet of Mars.
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CRATER DENSITY DETERMINATION IN THE THARSIS REGION OF MARS. R.S. Saunders
and Therese Gregory, Jet Propulsion Laboratory, Pasadena, CA 91103

As part of the continuing program to study the nature and origin of
the Tharsis region of Mars (see R.J. Phillips, this volume) we are document-
ing the relative ages of the various surface types. The primary data source
is Viking Orbiter images. All crater diameters are measured and recorded.
Most pictures can be divided into geologically homogeneous areas. These
areas are combined in various ways to display the data in either cumulative
or incremental plots. The data are obtained using a Hewlett Package digitizer
and are displayed with a plotter that is peripheral to the H-P programmable
desk calculator. To date 800 pictures have been analyzed representing a
large number of surface units.

Table 1 contains a selection of the data for some areas of the
Tharsis region to give an idea of the data available. Many more regions
have been reduced and are being tabulated for easy reference. The range of
values of number of craters per 106 Kkm?2 equal to or larger than one km dia-
meter represents a weighting by the inverse of the square root of the number
of craters. This is only one way to compare relative ages, but the method
has the advantage that it can potentially be reduced to a single number.

Table 1
yo. Craters
Surface No. Craters “ 1 km/106Kkm2
Lava flows south of Arsia Mons 180 630-830
Arsia Mons flows (near summit) 26 275-480
Arsia Mons flows (Southern most) 157 790-1000
Plains south of Arsia flows 1383 2512-3160
Western Sinai Planum 436 1585-2140
Eastern Labyrinthus Noctis (Plateaus) 133 1200-2000
Eastern Labyrinthus Noctis (Canyon Floors) 26 250-500
Olympus Mons Scarp 26 16-80
Plains adjacent to Olympus Mons 128 20-63
Olympus Mons, Shield 33 Lo-110
Plains NE of Olympus 694 3470-4570
Fractured terrain N. of Olympus 699 1150-1660
E. of Ceraunius Fossae 214 6390-1000
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fhe Viking I landing site cratexr diameter-frequency distribution,
A. L. Dial, Jr., U. S. Geological Survey, Flagstaff, Arizona 86001l.

The recent acquisition of very high resolution images
(15m/line pair) of Mars by the Viking Orbiter Imaging Systems
1as made it possible to extend crater diameter frequency distri-
>utions to diameters 27 meters. New images of the Viking I
landing site acquired during the extended mission by the Viking
[I Orbiter cameras from an altitude of 500 km (resolution 25m/
line pair) allow crater frequency distributions to be measured for
craters down to about 25 m diameter. High resolution images
included in the crater counts cover an area of about 221 km?
centered on the landing site. All of the craters counted appeared
fresh and bowl-shaped, having raised rims. The lack of degraded
forms suggests that this distribution represents the production
function or complete accumulation since the surface was formed.
A crater frequency distribution roll off between 25 m and 100 m
(Fig 1) is observed which is typical of resolution "cut off;"
although it is possible that some of the effect is real.

Craters in the size range between a few hundred meters
and a few kilometers were counted on images acquired by Viking
Orbiter I during Rev 20 (1). Three craters in the Viking I site
area (Yorktown, Lexington, Bristol) are larger than 3 km in
Jiameter exhibit fresh well-defined ejecta deposits. These craters
are bowl-shaped, displaying sharp distinct rims, smooth bowls and
rough floors (2). All the other craters counted were fresh and
bowl-shaped, having raised rims and smooth appearing walls and
floors. Flooded or filled craters, such as Clough crater were not
counted (3).

In order to determine the crater size frequency distri-
bution for craters in the size range from 1 to 20 km diameter, a
larger region was studied with images of similar resolution (75 m-
150m/line pair). A controlled mosaic of western part Chryse
Planitia was used to obtain this data. Only craters larger than
1 km in diameter were counted in an area of 211900 km? surrounding
the Viking landing site. Again, all craters appear fresh and
pristine. Distinction was clear between the pristine craters and
the few flooded or buried craters which were counted. No gradation
in morphology was apparent.

Because all craters counted exhibit fresh morphologies
with raised rims it is concluded that the population of craters
counted from 25 m to 20 km diameter represents the complete average
production function. Because the diameter frequency distribution
of different size ranges join each other well within the statistics
(1 Sigma error bars) of overlap regions, it is inferred that all the
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three areas counted, although different in total area, represent
a single surface age.

An important characteristic of the production function
seen in Figure 1 is a sharp break in slope near a diameter of 1
km. Craters larger than 1 km show a cumulative slope of -1.0 to
-1.5; small craters <1 km diameter display a steeper slope of
-2.5 to -3.0. Shoemaker (4) noted a similar break in slope for
lunar crater populations at 3 km diameter based on Ranger VII
photography. He explained this break as the point where the
production function for secondary craters exceeded primary
production for craters smaller than this diameter. Similarly,
Soderblom (5) predicted that the background secondary populations
produced by primary impacts in the range of 1-50 km on Mars should
exceed the production function of primaries near 1 km. Further-
more, those authors showed that the slopes of the production
function should change from roughly -1.5 (estimated for bowl-
shaped craters a few kilometers in diameter) from Mariner-9 data
to a slope near -3.0. Results of this work support that inter-
pretation. On the contrary, Neukum and Wise (6) suggested that
the steep parts (-2.5 to -3.0 slope) of the standard curves at
D<km are not due to an admixture of secondary craters, but
represent the original primary production size-frequency distri-
bution based on morphological criteria. 1In any case, the average
production function seen in Figure 1 represents both primary and
secondary crater populations.
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Preliminary Study of North Tesihim Butte, Navajo County, Arizona,
T. L. Burmeier, Department of Geology, State University of New
York at Buffalo, Amherst, New York, and H. E. Holt, U. 8.
Geological Survey, Flagstaff, Arizona 86001.

Area of Study. North Tesihim Butte is a diatreme of

Early Pliocene age located in the Hopi Buttes volcanic field in
Northeastern Arizona at 35° 34' N and 110° 5' W. It is somewhat
triangular in plan view, about one mile in length and stands 200
feet above the surrounding plain. Exposed at the base of the
structure is a 60 foot sequence of lacustrine clay and siltstones.
Overlying this unit is a 50 foot thick sequence of flat lying
bedded tuffs, agglomerates and crudely bedded tuffs. Capping the
structure are flows of alkali basalt with a gently domical topo-
graphy.

Ultramafic Xenoliths. Numerous rounded black and green

ultramafic xenoliths, up to eight inches in length, are contained
in the basalt and tuff. These rocks consist mainly of mica-clino-
pyroxenite and to a lesser extent clinopyroxenites, hornblende
pyroxenites, websterites and hornblendites. Petrographic exami-
nation of these inclusions reveal igneous textures, with a large
percentage of these being cumulus textures. Amphibole, biotite
and magnetite are intercumulus phases. Augtite is the cumulus
phase, commonly subhedral in shape and often shows resorption
along the grain boundaries. Poikilitic textures are common and
extensively developed in some samples. Although the rocks exhibit
cumulus textures it is not possible to say if they are cumulate

rocks, that is, those derived from a layered igneous body.
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Formation of North Tesihim Butte. Four separate basalt

flows have been mapped at North Tesihim and several small dikes
and a thin, three foot thick sill are intruded into these units.
An intrusive tuff dike, 3400 feet long borders North Tesihim
Butte. A very small intrusive tuff dike intrudes basalts in
North Tesihim. It appears that a mixture of gas and basalt
fragments was injected into pre-existing fractures in the bedrock
forming these unusual features. Fluidization or the mobilization
of particulate material by upward moving, high velocity gas is

the mechanism suggested by a number of field investigators for the
formation of diatremes (Shoemaker and others, 1962; McGetchin,
1968). The large deposits of pyroclastic ejecta, intrusive tuffs,
rounded sedimentary blocks and rounded ultramafic xenoliths suggest
fluidization played a majorrole in the formation of North Tesihim
Butte.
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Mosby Butte, A Volcanic Shield of the South-Central Snake River Plain, Idaho.

Paul W. Foster and John S. King, State University of New York at Buffalo,
Amherst, New York 14226

Mosby Butte 1s a volcanic shield of Pleistocene-Holocene age located
within the southwestern portion of the eastern Snake River Plain. The Butte
encompasses an area of approximately 36.3 square kilometers and lies 50
kilometers northwest of American Falls and 7.9 kilometers east of the Great
Rift System.

The Mosby Butte shield displays a typical low broad profile on its
distal surfaces with a slope of 2°. Its vent area, with a slope of 12° rises
about 36.6 meters above the local surface and is the most prominent topographic
feature within a radius of 4.8 kilometers. This high relief vent is character-
istic of a divergent group of shields located in the eastern Snake River Plain.

The Butte is composed of a locally unique Snake River Plain basalt
characterized by abundant lath-shaped plagioclase phenocrysts which distinguishes
this rock type in outcrop. Initial petrographic analysis indicates that the
basalt contains 25%Z to 30% plagioclase phenocrysts as compared to the typical
Snake River basalt which contains less than 10% plagioclase phenocrysts (Karlo
and King, 1977).

Field relations indicate that Mosby Butte is flanked by eight vents
from which lava flows erupted. All of these flows are younger than the Mosby
flow as indicated by their overlap relations. Preliminary chemical data, based
on the silica trend exhibited by a differentiating magma, applied to the observed
overlap relationships suggests that the Wild Horse Corral flow whose vent 1s
located to the southwest of Mosby Butte, 1s one of the youngest flows within
the area.

Over 200 basalt samples were collected from Mosby Butte and the
adjacent flows. Since Mosby Butte was the primary object of this study, it
was imperative that representative samples of the entire flow be obtained.
To accomplish this, three different traverse patterns were established with
an average sampling interval of 460 meters. These patterns were as follows:
(1) a circular pattern within the vent area, (2) a series of four radiating
traverse lines from the vent area to the contact zone, and (3) a final traverse
pattern conforming to the border of the entire contact zone. Sampling of the
surrounding flows entailed a single traverse line which extended from the vent
area to the respective contact zone with the Mosby Butte flow.

The present objectives of this study, in the process of being conducted,
are to petrographically and chemically analyze these samples to determine if
any variations exist within the Mosby Butte flow and, if so, whether they are
related to obvious changes in slope of the shield. Further it will be determined
whether any differences exist between this flow and the adjacent ones.

Reference:

Karlo, John F. and John S. King, 1977, Controls of Physical Properties of Snake
River Plain Lavas on Surface Morphologies (Abs.), NASA Technical Memo #TM X-3511,
p. 132-133.
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Characteristics of Terrestrial Cinder Cone Fields, Mark Settle, Dept. of
Geological Sciences, Brown University, Providence, RI 02912.

On the earth, cinder cones occur in two distinctive types of geolog-
ical provinces. Cinder cones are found along the flanks and near the summits
of large volcanoes such as Mauna Kea, Hawaii (i.e., volcano cone fields). In
this geological setting cinder cones are commonly concentrated within radial
or arcuate zones that are interpreted to be the surface expressions of major
fractures within a volcano's edifice(1). Cinder cones also occur in relative-
1y flat-lying volcanic terranes in association with extensive lava flow de-
posits as observed in the San Francisco volcanic field in Arizona (i.e., vol-
canic field cone fields). In this geological setting small subgroupings of
cones may be locally aligned along a linear or arcuate lineament but the over-
all distribution of cones within volcanic fields appears to be random. Few
comparative studies of the shape and distribution of cinder cones occurring in
different cone fields have been conducted. As a result, the structure of ter-
restrial cinder cones has been largely inferred on the basis of observations
of a few individual cones considered to be representative examples, such as
Northeast Crater at Mt. Etna(2), and Sunset Crater within the San Francisco
Mts. volcanic field(3,4). Similarly, although past investigators have com-
mented upon the relationship between regional structural trends and the areal
distribution of cinder cones within specific volcanic provinces, the physical
factgrs governing the emplacement of cinder cone fields are not well under-
stood.

The distribution and relative sizes (volumes) of the youngest cinder
cones within a field reflect the configuration of the subsurface system of
conduits and dikes connecting the regional surface to a magma reservoir at
depth. Future studies of extraterrestrial volcanic provinces may employ ob-
servations of the morphology, structure and spatial distribution of cinder
cones on other planetary surfaces in order to (a) identify areas of current or
recent volcanic activity, ébg determine crustal structural trends within spe-
¢ific volcanic provinces, (c) classify different types of volcanic terranes,
(d) classify different stages in the evolution of a specific type of volcanic
province on another planet, or (e) investigate the nature of explosive vol-
canic processes operating on other planets. In order to conduct interplanet-
ary comparisons of cinder cones, however, it is first necessary to better
understand the morphological and morphometric characteristics of terrestrial
cinder cones. This abstract partially summarizes the results of a larger
study(5) that seeks to: (a) characterize the dimensions of terrestrial cinder
cones found within volcano cone fields and volcanic field cone fields in a
statistical manner, (b) determine if the shape or spatial distribution of
cinder cones is uniquely correlated with the type of volcanic province in
which cinder cone fields occur, and (c) explore the mechanics of the volcanic
processes responsible for the construction of cinder cone fields.

Three volcano cone fields, Mauna Kea (Hawaii), Mt. Etna (Italy) and Kili-
manjaro (Tanzania), and three volcanic field cone fields, the San Francisco
Mtn. field (Arizona), the Paricutin region (Mexico), and the Nunivak Island
field (Alaska) were investigated. The location, basal diameter, and, if pos-
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sible, the height of each cinder cone within these fields were measured. The
majority of cinder cones within the six cone fields examined in this study
were constructed over a roughly contemporaneous period of time extending over
the past 0.3-0.5 million years. The average areal density of cinder cones
within these fields ranges from 3-11 cones/100 km?. However, maximum values
of local cone density are consistently greater within the volcano cone fields
(4-5 cones/10 kmz) in which cinder cones are preferentially aligned or clus-
tered. Cinder cones constructed on the flanks of volcanoes have been emplaced
over an elevation range of 2500-4000 m, whereas cones formed within relatively
flat-1ying volcanic fields were emplaced over a 300-1100 m elevation range.
The advent of coneforming eruptions does not appear to signal a unique stage
in the evolution of these volcanic provinces. In some cases the eruptive
phase in which cinder cones are constructed represents one stage in the con-
tinuous evolution of a province (e.g., Mt. Etna and Nunivak Island cone fields),
whereas in other provinces coneforming eruptions represent a recommencement of
basaltic volcanic activity after a period in which more silicic magmas were
erupted (e.g., San Francisco Mtn. and Paricutin cone fields).

Median values of cone basal diameter determined within individual cone
fields range from 369 m for the Mt. Etna cone field to 1158 m for the San
Francisco cone field. Although the range of values of cone diameter measured
within the two types of volcanic provinces are similar, the median basal diam-
eter of cinder cones occurring within each of the three volcanic fields is
consistently greater than the median diameter of cinder cones found within
each of the three cone fields situated on the flanks of volcanoes.

Median values of cone height determined within individual cone fields
range from 53 m for the Nunivak Island cone field to 111 m for the San Fran-
cisco cone field. These two cinder cone fields have both been emplaced within
a volcanic field, indicating that there are no systematic differences between
the average height of cinder cones occurring within volcanic fields and those
cones constructed on the flanks of volcanoes. Differences in the average
height of cinder cones found in two or more cone fields cannot be attributed
to the relative ages of the cone fields due to limited understanding of: (a)
the variability of coneforming eruptions, (b) the morphometric response of
cinder cones to various erosive processes, and (c) the nature of the weather-
ing environment within a cinder cone field throughout its geologic history.

Median values of cone separation distance range from 780 m for the Mt.
Etna cone field to 1547 m for the Nunivak Island cone field. In general, the
average spacing between cones occurring within volcanic fields is greater than
the average spacing between cones formed upon the flanks of volcanoes, al-
though median cone separation distances determined for the Paricutin and Kili-
manjaro cone fields are not significantly different.

On the basis of the data compiled for the six cone fields examined in this
study there appears to be a general association between the type of volcanic
province in which a cinder cone field forms and the average separation distance
and basal diameter of cones within the field. Cinder cone fields emplaced
within relatively flat-lying volcanic fields are characterized by larger basal
diameters and greater separation distances, on average, than cone fields formed
on the flanks of volcanoes.
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Fracture zones exposed upon the flanks of volcanoes commonly extend over
a wide range of elevation, encompassing several km of vertical topographic
relief. There are numerous examples of eruptive activity moving to higher or
lower elevations along such fracture zones in response to variations in mag-
matic pressure during a particular eruption (e.g., 1971 Mt. Etna eruption{6}).
The comparatively smaller average size and spacing of cinder cones formed upon
the flanks of volcanoes may reflect the relative ease with which eruptive ac-
tivity can shift to higher or lower elevations along a continuous fracture
zone in response to variations in magmatic pressure during periods of active
eruption. Such a mechanism would tend to limit the growth of individual cones
and result in smaller separation distances between cones, as is observed with-
in volcano cone fields.

In contrast, volcanic fields are typically crosscut by multiple sets of
fractures and consequently the mechanical force required to initiate an erup-
tion at an adjacent site would generally be greater than the effort required
in the case of a continuous fracture zone. 1In addition regional topographic
variations across volcanic fields are typically much less than elevation dif-
ferences encountered along the flanks of a volcano. Consequently, variations
in subsurface overburden pressure, which might serve to redirect the flow of
magma to the surface, are small. Under these circumstances, variations in
magmatic pressure during a period of eruptive activity would more 1likely be
accommodated by variations in the rate at which magma is discharged at the
surface rather than by a change in the site of eruptive activity. Such a
mechanism is consistent with observations of larger cone diameter and greater
cone spacing, on average, within volcanic field cone fields.
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Evolution of Composite Volcanoes, C.A. Wood, Dept. of Geol. Sci., Brown Univ.,
Providence, RI 02912,

Composite volcanoes (stratovolcanoes), composed of layer deposits of
pyroclastics and lavas, are the characteristic volcanic landform of subducting
plate margins, and are the most common type of large volcano on Earth. A few
composite cones have been studied in sufficient detail to provide general mod-
elsf%heir structure and eruptive behavior. In this note, observations of er-
uption characteristics and chemical/petrologic trends for a number of compos-
ite cones are synthesized with newly determined measurements of cone morph-
ometry to document statistically the evolution of composite volcanoes. Atten-
tion is also devoted to comparisons with cinder cones.

Morphometry. Ideally, to determine a volcano's original or constructional geo-
metry, only uneroded isolated cones should be considered, yet the eruptive
process itself erodes flanks and modifies vents. Practically, the availabil-
ity of topographic and bathymetric maps determines which volcanoes can be
measured, and only those with obvious calderas or other major modifications
are excluded. Preliminary data for 26 composite cones (most historically
active) from the circum-Pacific belt document systematic relations in cone
morphometry (Figs. 1-3) and, since the cones are at different stages of gro-
wth, evolutionary development. The cones have the following ranges of dim—
ensions (km): basal width (Wco) = 0.6-~22; summit crater width (Wer) = 0.03
-0.7; crater depth (Dcr) = 0.03-0.45; cone height (Hco) = 0.2-3. Within

these limits there are consistent linear variations that suggest geometrically
uniform cone growth:

Hco = 0.122Wco + 0.45 (n=17; r=.95) @D
Wer = 0.027Wco + 0.048 (n=14; r=.91) (2)
Wer - 0.222Hco - 0.054 (n=18; r=.92) (3

There is no significant (r=.62) relation between Dcr and Wcr. Volcano volume
can be calculated from the equation for for a come (V = GT/3)(Wco/2)2(Hco))
or, if either Hco or Wco is unknown, incorporating (1):

V = (Weo)2(0.032Wco + 0.117) %)
\' Hco(l7.6(Hco)2 - 15.88Hco + 3.58) (5)

or

The sampled cones range in volume from 0.17 - 395 km3. Equation (1) may be
used to estimate original heights of composite cones that have collapsed to
form calderas. For example, Wco for Mt. Somma, the ancestrial cone of Vesuv-
ius, is~15 km, implying a pre-collapse height of ~2.3 km, in good accord
with the estimate of 2.5 km based on extrapolation of slopes (Imbo, 1965).
Eruption Characteristics. Eruptions of composite volcanoes are variable in
style, duration and frequency. Many composite cones exhibit nearly continuous
mild strombolian activity, occasionally interrupted by paroxysmal eruptions

of greater violence and volume (e.g. Izalco, Fuego, Stromboli). Average mild
strombolian explosions at Stromboli produce about .065-.005 m3 of ejecta once
every~1l minutes (Chouet et al., 1974). At this rate ~1011 explosions (1.7

x 106 yrs) would be necessary to construct Izalco, a cone that was born in
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1770. Thus, mild strombolian activity is insignificant in cone construction.
Intense explosive activity ejecting both juvenile and non-juvenile material
(vulcanian eruptions) often results %n small pyroclastic flows (Fuego, Cerro
Negro, Ngauruhoe) with volumes of 10 -107 w3 (Rose et al., 1973). More import-
ant changes in cone morphology occur during cataclysmic peléean eruptions
(Pelée, Santa Maria) that produce rapidly moving nu€e ardentes often assoc-
jated with formation of viscous domes (Roobol and Smith, 1975). The least
frequent, but most extreme, style of activity is plinian eruption with caldera
collapse and voluminous (km3) pumice deposition (Krakatoa, Coseguinia). Al-
though caldera formation often appears to be the final stage of volcano evol-
ution, in numerous cases activity resumes with a new cone rebuilting the des-
troyed summit (Vesuvius, Fuji).

Growth Rates. Only a few composite volcanoes have formed within recent cent-
uries and generally few details are known for these eruptions. Since Izalco
was born in 1770 a cone of~0.76 km3 has been constructed, for an average er-
uption rate of 0.41 km3/100 yrs, although during periods of intense activity
(e.g. 1951-56) the rate is 10X greater. In the first 121 yrs of its lifetime
Cerro Negro has averaged 0.15 km3/100 yrs. For comparison, Kilauea, a basaltic
shield volcano, has averagedl.2 km? /100 yrs for the 51 years ending in 1969.
Repose Periods for 20 Central American composite cones listed by Mooser et al.
(1958) are most frequently 1 year or less; this statistic is biased, however,
by separate entries for frequent mild eruptions at Fuego and Izalco which
really represent persistent activity. Excluding repose periods€ 1l yr yields
a median value of 7 yrs. Longer repose periods are common (the longest being
302 yrs for Santa Ana); a number of volcanoes regularly active in the 17th
century (Chichigalpa, Santa Clara, El1 Viego) have been in repose nearly 400
yrs, while other cones with no historic activity have erupted unexpectedly
(Santa Maria, Ceboruca, Acatenango). Suggestions that repose periods incre-
ase with volcano age (e.g. Rose et al., 1977) are reasonable, but no system-
atic relation has been found between repose period and Wco/(arage).
Petrological/Chemical Trends. Although some composite volcanoes are formed

of basaltic materials (Fuji, Fuego, Izalco) the majority are predominately
andesitic (Kuno, 1969). Only a few volcanoes have been sampled at close en-
ough intervals to document systematic changes in composition, although gross
changes (e.g. andesitic cone with dacitic summit plug) are well known. Gen-
erally, tephra and lavas become more silicic as a volcano grows - this is
well documented for Santa Maria and the Myoko volcanoes. At Santa Maria $i0jp
increases up a 240 m section from 52% to 57% at the summit and there are as-
sociated systematic increases in K70, Rb, and Zr, and decreases in Mg0O and
Ca0 (Rose et al., 1977). These variations were interpreted in terms of in-
creasing crystal fractionation due to cone growth and increasingly long rep-—
ose periods. Similar chemical changes are observed in the Myoko cones, with
petrology changing with eruption stage (cone growth=pyr-ol-bst, pyr and;
caldera formation=hbd-pyr-and; inner cone/dome growth=hbd-and, dacite) (Hay-
atsu, 1977). The rate of SiOy enrichment at Izalco and Cerro Negro is~2.2%
ASi07/100 yrs, but at Santa Maria is only 0.03%/100 yrs. The differences
between these two rates may reflect the periods represented (200 yrs vs. s
13000 yrs, respectively), but faster crystal settling in the more mafic magma
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of Cerro Negro and Izalco (49-547% SiOy vs. 52-57% for Santa Maria) may also be
important. Major evolutionary changes: within composite cone magma chambers
are indicated by (1) the common occurrence of hornblende in late stage erup-
tions (Shastina, Santa Maria, Myoko) (2) late stage satellitic eruptions of
basaltic magmas while acidic eruptions continue at the summit (Shasta, Rainier;
Condie and Swenson, 1973), and (3) the common construction of composite cones
on basaltic shield volcanoes (Thielson, Makalia).

Comparison of Composite and Cinder Cones. Crowe (1977) proposed that cinder
cones (CC), strengthened by dike and sill emplacement, evolve into large com-
posite volcanoes (CV); Mt. McLoughlin, a strongly dissected CV in the Cascades
built around a large CC (Harris, 1976) is a possible example. Although the
two types of cones may be related there are a number of significant differen-
ces. Cinder cones are considerably smaller (ave. Weo = 0.9 km) than CVs (8 km),
and have different Wco-Wer-Hco relations (Porter, 1972). The principal mor-
phological difference is in Wer: for Wco = 2km, Wer = 0.8 km for CCs vs. 0.1
km for CVs. The wide craters of CCs are principally formed by ballistic depo-
sition of of ash (McGetchin et al., 1974) and are enlarged by slumping and
reaming (Wood,,1977). Composite volcano craters are eruption vents built by
lava flows and pyroclastic deposits with enlargement due to collapse and rea-
ming during violent eruptions (Vesuvius, 1906). Commonly, CCs are basaltic
whereas CVs are typically andesitic. Complete eruptive histories for CCs ran-
ge from a few days (Monte Nuovo) to ~10 yrs (Paricutin), whereas CVs have
lifetimes of 104-~10 yrs. CCs typically result from a single eruptive epis-
ode with later volcanism producing new cones with separation distances of a
few km (Settle, this vol.). CVs are built by thousands of eruptions from the
same vent with prolonged repose periods being common. Strombolian eruptions
dominate CC growth, whereas all styles of eruptions occur in CV activity, and
frequently a succession of CVs form with only slight vent offsets (Vesuvius).
These differences indicate that if CCs and CVs are related, fundamental chan-
ges in morphometry and eruption style occur at Wco ~ 2 km.

B. Chouet et al (1974) JGR 79, 4961. K.Condie and D. Swenson (1973) BV 37, 205. B. Crowe (1978) Abst. Com—
posite Volc. Symp , GSA, Tempe. K. Hayatsu (1977) Mem. Fac. Sci. Kyoto Univ. Ser. Geol. Min. 43, 1. G. Imbo
(1965) Cat. Active Volc., Pt. 18-Italy. H Kuno (1969) Ore. Dept. Geol. Min. Ind. Bull 65, 185. F Mooser
et al (1958) Cat. Active Volc , Pt. 6-Central Am. §S. Porter (1972) BGSA 83, 3607 M Roobol and A Smith
(1975) BV 39, 214. W. Rose et al (1973) BV 37, 365. W. Rose et al (1977) J. Geol 85, 63. C. Wood (1977)
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Planetary Studies of Kilauea Volcano, Hawaii: The Role of
Satellitic Shields in Xilauea's Recent Evolution, Daniel
Dzurisin, Hawaiian Volcano Observatory, Hawaii Volcanoes
National Park, HI 96718

The Tharsis volcanoes on Mars are generally considered
on the basis of gross morphology to be basaltic shields similar
in most respects except size to the younger shields of the
Hawaiian Islands. Nevertheless, the unambiguous identification
on Mars of many structures and landforms characteristic of
Hawaiian shield volcanoes (e.g., rift zones, pit craters, vent
structures) has proved difficult. A primary goal of the ongoing
pPlanetary research program at the Hawaiian Volcano Observatory
is therefore the identification and study of terrestrial forms
and processes of potential relevance to martian volcanism.

Carr and others (1977) have recently argued for the
existence of rift zones on Arsia and Pavonis Xons on Mars. They
cite as evidence the non-random distribution of pits on both
volcanoes, and note that the implied rift direction is consist-
ent with a line of low domes, inferred to be satellitic shields,
on the floor of Arsia Mons caldera. Satellitic shields are a
common feature at Xilauea Volcano on Hawaii, and their impor-
tance in the growth of Xilauea may not previously have been
fully appreciated.

Perhaps the most direct Hawaiian analog of the Arsia
Mons domes is a low shield built around Halemaumau, the central
collapse crater within Xilauea Caldera which has served as the
principal summit vent during historic time. Halemaumau shield
is roughly 2 km in diameter and attains a maximum height of 20
meters. It is composed primarily of thin, prehistoric basalt
flows emplaced during overflows of recurrent Halemaumau lava
lakes.

More prominent satellitic shields exist along both
Kilauea Rift zones. Two have formed during the twentieth
century: Mauna Ulu on the East Rift (1969-1974) and Mauna Iki
on the Southwest Rift (1919-1920). The Mauna Ulu and Mauna Iki
eruptions contributed roughly 40% and 60% of the total volume of
material erupted from the East and Southwest rifts, respectively,
since 1800 A.D. Other prominent satellitic shields include
Thurston, Kane Nui O Hamo, and Heiheiahulu shields along
Kilauea's East Rift zone (Table 1). Field work in progress is
intended to assess the roles played by these shields in the late
prehistoric growth of Kilauea. Preliminary results suggest that
shield-building eruptions have been an important, and perhaps
primary, mode of growth at Kilauea during the past few centuries.
If martian and Hawaiian eruption rates have been comparable,
more detailed studies of Hawaiian satellitic shields may shed
light on the eruptive mechanisms responsible for construction of
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similar features on Mars.

Site

Mauna Ulu
Mauna Iki
Heiheiahulu
Halemaumau

Kane Nui O Hamo Prehistoric

Thurston/

TABLE 1

Kilauea Shield-Forming Eruptions

Date Aporoximate Shield Height

Shield Diameter (m)

(km)
1969-1974 2.0 120
1919-1920 1.6 30
~1750 1.3 70
Mostly 2.0 20

prehistoric

1.2 75
Prehistoric 3.4 65

Kilauea Iki

Reference:

Carr, M. H., R. Greeley, K. R. Blasius, J. E. Guest,
J. B. Murray, 1977, Some Martian Volcanic Features

as Viewed From the Viking Orbiters, J. Geophys. Res.,
82, 3985-4015.

193



Subglacial Volcanism - Terrestrial Landforms and Implications

for Planetary Geology, Carlton C. Allen, Department of
Planetary Sciences, University of Arizona, Tucson, AZ 85721

Volcanlie eruptions beneath glacial ice have produced
large-scale landforms highly dlagnostic of theilr source.

The recognition of such features on a planetary surface should
provide important information about the history of volatiles
on that body.

Recent eruptions of the Icelandic volcanoes Katla
and Grimsvotn, located beneath the Myrdals and Vatna glaciers,
respectively, have resulted in devastating meltwater floods,
or Jjokulhlaups. These are thought to be the largest floods
Presently occurging on earth, with recorded peak flow rates
in excess of 10”7 mJ/sec (1). The sandur plains of Iceland's
southern coast are scarred by Jjokulhlaup channels which
clearly exhibit morphologies associated with chatastrophic
flooding.

Central-vent eruptions beneath Fleistocene ice
sheets resulted in flat-topped, steep-sided forms called
table mountains (2). These have been recognized in Iceland
and British Columbia. The form of the table mountains 1is
controlled by the glacial ice, which provides both lateral
confinement and rapid cooling of the lava. The subserial
equivalents to the Icelandic table mountains are shield
volcanoes.

Pleistocene subglaclal fissure eruptions within
Iceland's central graben produced narrow, serrated ridges
directly above or ad jacent to the fissures. The ridges, and
the table mountains as well, are composed of palagonite and
pillow lavas in a combination known locally as the mdberg
formation (3). The material is the subglacially-erupted
equivalent of basalt. Subaerial fissure eruptions 1in
Iceland produce widespread lava flows, such as the Lakl
flows of 1783.

This suite of features is highly diagnostic of the
interaction of volcanism with ice layers hundreds of meters
thick, and the features will remain long after the ice has
melted. They are large enough to be identifiable at Landsat
resolution, approximately 80 meters, If such features exist
on other bodies in the solar system they may be similarly
recognizable on spacecraft lmagery. Their recognition would
provide strong evidence of the past existence of massive layers
of surface or subsurface ice, even if that ice had subsequently
been lost.

A search for these indications of the interactions
of ice and volcanism on the planet Mars is presently underway,
using Mariner IX and Viking orbital imagery. All Viking
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frames taken from a range of less than 20,000 kilometers have
been examined, and the locations of flood channels, flat-
topped mountains and ridges noted. Innumerable flood channels
have been noted by other investigators (4). This study has
algo located several dogzen features, scattered across the
planet, which resemble the Icelandic ridges and table
mountains. Detailed examination of regional geologic
relationships will be undertaken in an attempt to establish
which, if any, of these features are the result of Martian
volcano~-ice interactions. Positive results should be very
useful in understanding the history of water and other
volatiles on Mars.

Water ice is a major planet-forming compound at
temperatures such as those thought to have existed during
pPlanetary formation beyond the orbit of Mars. The Galilean
satellites of Juriter are of particular interest in this
regard. These lunar-sized bodies are thought to have been
formed with varying compliments of water ice, in accord with
their distances from a radiant proto-Jupiter (5). Each is
thought to be differentiated, with a rocky core and an ice
mantle. The ice layers on Callisto and Ganymede are thought
to be hundreds of kilometers thick, while that of Europa
1s probably less than a few tens of kilometers and on
Io the ice, if ever rresent, may have been completely lost (6).
Icelandic-type features indicative of volcano-~ice interactions
may have been formed on these satellites, and may be visible
at the surface on Io and Europa. If so, they will provide
important constraints on models of the thermal histories
of these bodies. Predicted resolution of the Voyager
imaging systems indicate that features of the scale occurring
in Iceland should be clearly recognizable on Io and marginally
so on Europa.
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Multi-Stage Evolution of the Tharsis Shield Volcanoes of Mars from Viking
Orbiter Imagery, L. S. Crumpler,1 Jayne C. Aubele,1 and Wolfgang E. Elston,
Dept. of Geology, Univ. of N. Mex., Albuquerque, N.M. 87131

Arsia Mons, Pavonis Mons and Ascreus Mons seem to have had similar
histories. Arsia Mons developed by (1) construction of a main shield vol-
cano, (2) eruptions from parasitic centers on the northeast and southwest
flanks, (3) volcano-tectonic subsidence of the summit and formation of con-
centric fractures and grabens, possibly by evacuation of an underlying magma
chamber during parasitic eruptions, and (4) continued volcanism along a fis-
sure or rift that bisects the main shield, resulting in flooding of the
floor of the volcano-tectonic depression and inundation of the northeast and
southwest flanks of the main shield by voluminous lavas from parasitic
shields. Pavonis Mons developed to stage (3) and Ascreus Mons to stage (2).
This interpretation is supported by frequency-diameter distributions for
superimposed impact craters between 0.1 and 3.0 km. Impact craters can be
distinguished from volcanic pit craters by raised rims, ejecta blankets,
and random distribution. Volcanic pit craters lack raised rims and ejecta
blankets and tend to be aligned on ring fractures and associated with the
heads of late flows and with rille-like channels.

Counts of impact craters on the three volcanoes (Figs. la,b,c)
indicate that the main shields are of about the same age but that differ-
ences in impact-crater densities for different areas on the flanks of
Pavonis and Ascreus Mons may be real (Figs. lb,c). The crater frequency
for the floor of the summit depression of Arsia Mons is much lower than for
the flanks of its shield. Impact crater frequencies on lava flows from a

zone of volcanic pits on the south flank of Arsia Mons vary (Fig. 2). Some
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flows were impacted as densely as the main shield, others as little as the
floors of the summit depressions of Arsia Mons and Pavonis Mons (Fig. 3).
The sumnit depressions may have formed as a result of collapse during late-

stage outbreaks from flank pits.

1Current address: Lunar and Planetary Lab., Univ. of Ariz., Tucson, Az.
85721
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RHEQOLOGIC PROPERTIES OF ARSIA MONS LAVAS. Plescia, Jeffrey B. and R. S.
Saunders, Jet Propulsion Laboratory, Pasadena, CA 91103

Investigation of the lava flows on the southern flank of Arsia
Mons was undertaken to determine both the lava rheologic properties and to
generate a model to predict slopes from lava flow morphology.

Radar data from Goldstone were used to construct a topographic map
of the section between 14°S and 21°S across the southern flank of the volcano
(see Saunders et al., this volume]. Using this map slopes were calculated
for regions in which clearly defined lava flows were present. Using the Model
of Hulme (1974), yield stresses and several other parameters were calculated
for these flows. The equations that relate surface morphology to rheologic
properties are:

Sy = 29pa2wb m
logn = 0.266p - 8.06 (2)
W = w/2wb (3)

<7
where \3

where S = yield stress, g = gravitational acceleration, p = density of lava,
a = slope, w, = width of bank, w = lava flow width, n = viscosity, p = percent
silica, W anB F are dimensionless parameters.

2w5/2/15 + wz/z + W6 - 1/20 (4)
F (gp)3d“/sy“ (5)

The above equations were applied to the flows where radar deduced
slopes were available. The results are listed in Table 1. [t can be seen
that the silica contents are in the low 50% range, which corresponds to
basalt-andesite. These results are compatible with those of Hulme (1976) for
a flow on Olympus Mons. These results are, however, not compatible with those
of Carr et al, (1977). Carr et al, (1977) citex/ values for smaller flows
which are an order of magnitude lower than those calculated here. This sug-
gests that the same assumptions regarding bank formation do not apply over a
large range of flow widths.

The viscosity and yield stress of a magma is not only related to the
silica content but also depends on extrusion temperature, water and other
volatile content and amount of Fe. Considering the multitude of variables
and the state of theoretical modeling the method of Hulme (1974) at least
provides a way to intercompare Martian lavas.

Using the data generated in this study an average yield stress was
computed and assumed to be constant over the surface of Arsia Mons.
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Measurements of flow width and bank width were made and a slope calculated
from those measurements for areas outside of radar control. Slopes calcula-
ted from the model range from < 0.02 at 600km to' >0.06 at less than 100 km
from the center of the caldera. Carr et al, (1977) recognized 3 zones
influenced by lava. Zone | corresponds to a slope of 0.04, Zone 2 to a slope
of 0.03 and Zone 3 to a slope of 0.02. Slopes calculated in this model are
an order of magnitude larger than those reported by Carr et al, (1977).

Flow widths were measured and plotted against distance from the
caldera, figure 1. 1[It can bBe seen that for the region surveyed there is a
roughly linear relation between the two. The equation best representing the
distribution is y = 7.31(x) + 114.26 with an r2 of 0.68. A wide scatter can
be expected as many measurements will reflect local topographic control.
The plot does somewhat support the dependence of flow width on slope, and
hence adds confidence to the extrapolation of slapes from morphologic proper-
ties. However, the relation between effusion rate and length also needs to
be factored in. For example, Walker (1973) reports a log-log relation between
flow length and average rate of effusion. Our next stage of work will incor-
porate this additional information.

Reference:
Carr, M.H., Greeley, R., Blasius, K.R., Guest, J.E., and Murray, J.B., 1977,
Some Martian Volcanic Features as Viewed from the Viking Orhiters:

J. Geophys. Res., Vol. 82, p. 3985-4015.

Hulme, G., 1974, The Interpretation of Lava Flow Morphology: Geophys. J.R.
Astr. Soc., Vol. 39, pp. 361-383.

Hulme, G., 1976, The Determination of the Rheological Properties and Effusion
Rate of an Olympus Mons Lava: lcarnus, Vol. 27, pp. 207-213.

Walker, G.P.L., 1973, Lengths of Lava Flows: Phil. Trans. R. Soc. Lond. A.,
Vol. 274, p. 107-118.
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Tabhle 1
w Wy o log Sy Sioz% W {? n
12.5 + 1.3 4.3+ 1.2 0.05 4.38 52.23 1.45 1.05 6.8 X 10°
13.1 + 2.1 4.9+ 1.7 0.0 4.24 51.15 1.34 0.90 3.5 X 102
19.4 + 1.6 7.3 +0.9 0.04 k.41 52.46 1.33 0.88 7.8 X 10°
25.3+ 2.8 8.5+1.8 0.03 4.23 51.08 1.49 1.11 3.4 X 10°
41.7 +11.4 16.4 + 4.1 0.03 4.52 53.31 1.27 0.08 1.3 x 106
20.1 +10.3 7.2 £ 2.1 0.03 4.16 50.54 1.40 0.98 2.k X 10°

Parameters for several flows calculated from the equations of Hulme (1974).
w = flow width in dm., wb = bank width in km., a = slope, Sy = yield stress,
W and F are dimensionless parameters, and n = viscosity.




Small Volcanic Constructs in the Chryse Planitia Region of Mars, Ronald
Greeley and Eilene Theilig, Dept. of Geology and Center for Meteorite
Studies, Arizona State Univ., Tempe AZ 85281.

Viking Orbiter pictures taken of the southeastern part of Chryse
Planitia during the search for the landing site for Viking Lander I reveal
a field of about 60 small, low-profile structures tentatively identified
as volcanic constructs, termed low shields. The field is in a major channel
of probable fluvial origin. The low shields appear to post-date both the
channel and the plains on which they occur, making them among the youngest
features on the planet, as well as the smallest vent-type feature observed
thus far. The low shields average 2.5 km across; many have summit knobs -
giving a two-part profile - and summit craters. Three possible terrestrial
analogs are suggested: 1) eroded vent structures, similar to the Hopi
Buttes of Arizona (B. Lucchitta, pers. comm.), 2) low-profile basaltic
shields of the type in the Snake River Plain, Idaho, and 3) 'pseudocraters,'
which are structures in Iceland that formed when lavas poured over water-
saturated ground and formed hundreds of small phreatic constructs. In size
and morphology, the martian features most closely resemble the low shields
of Idaho; however, in morphology and relation to local geology (the martian
low shields are in an area where ground water and/or permafrost may have
occurred), the Icelandic features may be the best analog.
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Tharsis Province of Mars: Deformational History and Fault Sequence, D.U.
Wise, M.P. Golombek, G.E. McGill, Dept. Geology, U. Mass., Amherst, MA 01003.

The Tharsis Province of Mars is characterized by a variety of topo-
graphic, volcanic, and structural features. However, the unifying element of
the Province and the one that also defines its outer limits is a system of
semiradial faults, crater chains, grabens, and structurally controlled can-
yons. These faults and fractures reach some of their most complex develop-
ment at the north and south ends of the Province where detailed geologic map-
ping and crater counts on small geologic units provide partial control on the
sequence of faulting and deformation.

Crater counts were performed on areas which by visual inspection
seem to have a homogeneous crater fabric. (Homogeneous in this context does
not necessarily imply a single age but rather a seemingly uniform density of
craters within comparable size ranges. Where several ages of superimposed
units were present, the bumps in the crater curves caused by survivor craters
were used to read different ages for the different units.) Cumulative plots
of the crater data were prepared and the data were projected to a 1 km value
by the standard curve of Neukum and Wise (1976). A crater density number was
read for the cumulative frequency of craters >1 km diameter per 108 km2. This
number is used here as an indicator of relative age for the various events.

The Thaumasia Quadrangle, at the south end of the Province, has a
large arcuate scarp more or less concentric to Solis Planum and marking the
southward disappearance of the topographic rise of Tharsis. This scarp, here
informally called the Thaumasia lobe of Tharsis, seems to be formed by one or
more monoclinal crustal flexures with the north or Tharsis side uplifted. The
frontal edge of this upwarp apparently tilts and distorts at least one crater
in the manner of a southward moving lobe. Four distinct fault events can be
recognized in the lobe; all seem to die out southward. (A) An E-W system of
subdued lineaments and diffuse scarps appears in terrains yielding crater
numbers of 70,000 or older. An ENE (B) and a NE (C) fault system both appear
much fresher than (A). Members of these fracture systems have distinct gra-
ben-like cross-sections and well defined fault scarps. At their intersec-
tions the ENE (B) set appears older than the NE (C) set. A fourth fault sys-
tem is approximately radial to Solis Planum and the lobe (McGill, in press).
This fanning system (D) cuts all the older fractures of the lobe and extends
into the foreland to the south of the lobe. It is generally covered by a
number of plains units with crater numbers between 3000 and 5000, but these
units locally are slightly disturbed by minor late reactivation of the fan-
ning system. The lobe front is locally covered by units as young as crater
number 7500, thus placing a minimum limit on its age. The fanning fracture
system (D) is for the most part older than the 7500 unit but a few fractures
of that system cut the unit. This fault system also appears to curve through
an angle of 10-15 degrees of strike as it passes through the edge of the lobe
suggesting a warping of the stress trajectories by local stress fields or an-
isotropy near the lobe front. Gross bending of the faults seems to be pre-
cluded by the lack of similar curvature in some of the older faults in the
same area. Other fault systems show an abrupt change in strike at the
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front of the lobe. The precise dating of these intermediate age Thaumasia
faults is still under investigation with the Viking imagery systems but (B)
and (C) seem to be associated with units of crater number approximately 20,
000. Some of the later fanning faults may be associated with gross south-
ward motion of the Syria-Sinai-Solis Planae block in the time span 7,500-
10,000. These dates are derived from intensely faulted areas on the Claritis
Fossae anticline and by some of the older areas of ridges on Melas Dorsa.

At the northern end of Tharsis, the Tempe Fossae fault system post-
dates the Lunae Planum of crater number 15,000-20,000 with most of the fault
activity at 10,000-15,000 (Wise, in press). As in the southern areas, hints
of older fault systems appear to be associated with the pre-20,000 units
which define what is now the Mareotis Fossae. Later northern events included
the development of early lava flows yielding crater numbers of 5,000-10,000
in the region west of Alba. (These Viking numbers for the western Alba apron
are considerably older than those derived from the Mariner imagery). The cen-
tral cone of Alba yields a crater number of 2000 and predates some of the in-
tense fault development which splays around the cone. Locally some of the
faulted surfaces surrounding the central cone yield numbers as low as 1000.

Throughout the Tharsis Province, particularly in the vicinity of
the great volcanoes, local intense faulting disrupted small areas in the time
span of crater numbers 2,000-4,000. Examples include the Ceraunius Fossae and
the faulted region 500 km SE of Olympus Mons. Other lesser fault movements
as young as crater number 800 occurred on the westward extensions of Noctis
Labrinthus, most likely as minor extensions of the Valles Marineris zone.

The history of the Tharsis movements suggests an early development
of Province-wide semiradial fault systems in the time span represented by
crater numbers 10,000-30,000. This was probably a time of doming of the re-
gion and of extensive resurfacing of many areas. Some of the resurfacing ma-
terials, as for instance those of Lunae Planum, probably included extensive
volcanic flows. During the span of crater numbers 5,000-10,000 many of the
more local stress systems began to break the region into smaller blocks and
sub-provinces, such as the Tempe Plateau and the Syria-Sinai-Solis regionm.
Most of the faults of these regions are now covered with plains materials of
crater numbers 2,000-4,000, showing only local, minor signs of fault reacti-
vation. In the vicinity of the great volcanoes, small, local areas were in-
tensely faulted in the time span 4,000-1,000. These areas are now largely
covered with the young volcanic edifices, their debris aprons; or young
eolian plains. The great young volcanoes may be the most impressive topo-
graphic features of the Province but it is the older semiradial fracture
systems which provide the tectonic glue to hold the Tharsis Province into
a _single entity.

McGill, G.E., (in press), Geologic map and text for the Thaumasia quadrangle
of Mars, U.S. Geol. Survey.

Neukum, G., and Wise, D.U., 1976, Mars: A standard crater curve and possi-
ble new time scale, Science, v. 194, n. 4272, p. 1381-1387.

Wise, D.U., (in press), Geologic map and text for the Arcadia quadrangle
of Mars, U.S. Geol. Survey.
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Possible Intrusive Activity on Mars, P. Schultz, Lunar and Planetary
Inst., 3303 NASA Road 1, Houston, TX 77058.

On the moon, impact craters provide significant conduits for volcanism
via shock-induced fractures that inmediately or -- more typically -- subse-
quently tap magma reservoirs. Such craters are clearly represented by un-
breached mare-filled and floor-fractured craters. On Mars, lava-filled and
floor-fractured craters also exist and prompt analogies with the eruptive
style and sequence for the Moon (1, 2). Significant morphologic differences
between many lunar and martain craters, however, suggest that other
additional processes may be operative.

The global coverage of Mars by Mariner 9 revealed over 70 floor-
fractured craters that exhibited concentrations both along the boundary
between the plains of the norther hemisphere and in association with Vallis
Marineris and the complexly modified terrains eastward (1). The placement
along the margins of the plains is similar to the distribution of lunar
floor-fractured craters (3). The identification of basalt-filled craters
with exposed central peaks and structurally modified rims on Mars strengthen
the analogy with the sequence of volcanic modification of lunar impact craters.
Specifically, a tabular intrusion of fluid magma accumulates beneath the old
impact crater within the zone of extensive fracturing and brecciation. As
the intrusion grows, the old crater floor is uplifted as much as Zkm, carry-
ing with it the central peak complex. Lavas first extrude along the margins
of the floor into an annular graben created by floor uplift. If extensive
eruptions occur, the old, uplifted floor may be capped by a relatively thin
(less than 1lkm) layer of lavas. The same sequence appears to be applicable
to numerous martian craters, thereby strengthening the similiarity in their

early eruptive histories.
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However, martian craters with fractures exhibit several significant
differences. From Mariner 9 imagery, both the polygonal fracture patterns
and the development of wide moats between the floor and wall are more than
twice as common as on the Moon. The characteristic concentric fracture
pattern on the Moon probably reflects the effects of floor uplift with
multiple periods of subsidence. The characteristic polygonal fracture
pattern and wide moat on Mars is also probably related to intrusions beneath
the crater floor but may be influenced by the presence of accumulated water/
ice. Several examples exhibit little evidence for floor movement yet wide,
deep discontinuous moats have developed. In several instances, such moats
have been breached with braided channels extending down the rim. Such
features could be understood if intrusions along ring fractures -- in a
manner analogous to lunar floor-fractured craters -- melt and evaporate
water/ice-rich sediments.

Magma/ice interactions may be expressed on a grand scale along Vallis
Marineris where entire sections of craters are commonly removed with exten-
sive and closely spaced polygonal fracturing of the old crater floor. Here,
the polygonal fracture pattern probably develops as lateral fluid release
removes support from beneath the crater and portions of the floor collapse
or are rafted. Regardless of the specific style of modification, many of
these craters correspond to sites of localized endogenism related to the
development of Vallis Marineris and the chaotic terrains eastward. This is
illustrated by clustering along the equatorial canyon system but exclusion
along the north-trending channels that empty in Chryse(1).

The possible significance of endogenically modified craters on Mars
are listed below.

1. Modification may provide a very sensitive indicator for the
timing and distribution of the internal thermal activity of
Mars.

2. The interaction between mafic intrusions and trapped water/ice
deposits within craters may result in hydrothermally altered
samples as interpreted from Viking Lander results (4).

3. The evolution of the old cratered uplands may provide signi-
ficant clues to the evolution of terrestrial impact craters
and in particular the ore concentrations in volcanically
modified impact craters such as the Sudbury structure as
interpreted by French (5).
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The Yardangs at Rogers Playa, California, A. Wesley Ward, Department of
Geological Sciences, University of Washington, Seattle, Washington 98195,
John F. McCauley, U.S. Geological Survey, Flagstaff, Arizona 86001,
Maurice J. Grolier, U.S. Geological Survey, Flagstaff, Arizona 86001

A series of wind-streamlined hills or yardangs occurs along the
northeastern edge of Rogers Playa, Edwards Air Force Base, California.
The yardangs, first described by Blackwelder (1934), are up to 8 m high,
300 m long, and spaced about 50 m apart. They have been sculptured by the
wind in the strandline deposits of pluvial Lake Thompson, the ancestral
Rogers Lake, which consist of loosely cemented quartz and alkali-feldspar
sands and fine gravels in a matrix of clays. Granule ripples with grains
up to 1 cm and lengths up to 10 m occur in the yardang troughs.

These yardangs show moderate to good aerodynamic shapes marred
only by qullying of the flanks produced by infrequent rain storms. The
yardangs have length versus width ratios which range from 16 to 1 to 2 to
1, with most forms at approximately 3 to 1 (this 3 to 1 ratio is also
common to drumlins and streamlined fluvial features from the Channeled
Scablands of Washington State). This tendency of Rogers Playa yardangs
towards a common length versus width ratio may indicate that, even with
episodic water erosion, these yardangs are in dynamic equilibrium with
the wind. Yardang development probably was initiated by wind erosion of
interfluves between the incised channels of small ephemeral streams enter-
ing Rogers Lake. The yardangs are shaped primarily by strong regional
westerly and southwesterly winds. Deflation or aerodynamic plucking of
loose grains on the yardangs themselves appears to be an important pro-
cess in developing and maintaining their overall streamlined shape.

Variations in nose geometry appear to be related to position in the yardang
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cluster. Monitoring of the wind flow with a hot wire anemometer indicates
acceleration near the bow, fall-off of velocity at the beam, and reaccel-
eration near the stern. Comparisons of pictures in 1932, 1975, and 1977
suggest an average erosion rate on the yardangs of 2 cm per year at the

bow and <1 cm per year laterally.

Reference

Blackwelder, Eliot, 1934, Yardangs: Geol. Soc. America Bull., v. 45,
p. 159-166.
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GARNET HILL EOLIAN STUDIES. R. S. Saunders and W. A. Hunter, Jet Propulsion
Laboratory, Pasadena, CA. 91103

Garnet Hill, a few miles due north of Palm Springs, California is
providing a remarkable natural laboratory for studies of transport and erosion
by wind-borne sand. The small hill is an upwarped block of Pleistocene and
Pliocene bouldery conglomerates. The boulders that have weathered out of the
conglomerates display an intensity of pits, flutes, and grooves that is
matched by few other localities. Detailed description of this process is
found in Sharp (1949, 1964).

The purpose of the present studies is to extend earlier work in the
area by Sharp and develop a better understanding of eolion transport and ero-
sion. The source of the abrasive sand in the area is primarily the White-
water River that drains the eastern end of the San Bernardino Mountains.

This mountain stream descends more than 10,000 feet in a little over 10 miles
carrying angular debris from the granitic rocks over which it flows. These
coarse angular sands are then transported by strong winds that blow up
through the San Gorgonio Pass. The sand is transported for at most four
miles before it reaches Garnet Hill.

The current studies Tnvolve:

1. Documentation of the nature of wind erosion on Garnet Hill.
The morphology of wind carved features are noted (pits, flutes, grooves) and
their position and orientation and the lithology and orientation of the rock
face is recorded. To date 80 stations have been studied. These include only
those that appear not to have moved from their original position. Prelimin-
ary analysis of the directional data show that all ventifacted boulders
formed in a wind regime consistent with the current wind (figure).

2. Samples have been taken along the outwash plain of the White-
water river from the base of the mountains to points well past Garnet Hill.
The purpose of these samples is to study the evolution of the sand population
from an immature grus-like sand under conditions of eolian transport.

3. The rate of sand transport in sand driving winds is being
measured. Many weeks of wind velocity records have been taken in the study
area and are presently being analyzed and correlated with longer term records
of the Palm Springs Airport five miles to the southeast. The Airport
records cannot be used directly since they are just inside the wind shadow
of the San Jacinto Mountains.

L., The wind test plot that was operated by R. P. Sharp for more
than fifteen years until it was washed out by floods in 1969 has been re-
established. .This is a rather simple long-term experiment that seeks to
determine rates of erosion on natural and manmade rock materials. We are
attempting to relate actual sand flux measured or calculated from the wind

211



records to the rates of erosion.

The goal of these field studies s to help relate theoretical and
laboratory work to wind abrasion under natural conditions. This will lead to
a better evaluation of the importance and improve our ability to identify
these processes on other planets with atmaspheres, particularly Mars and
Venus.
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Planetary Studies of Kilauea Volcano, dawaii: Wind Action in
the Kau Desert, Daniel Dzurisin, Hawaiian Volcano Observatory,
Hawaii Volcanoes National Park, HI 96718

The Kau Desert on the island of Hawaii is a 350 km?2
wedge-shaped area bounded by the summit region of Kilauea Volcano
on the northeast, the Kaoiki fault zone on the northwest, and
Hawaii's coastline on the southeast. The area is cut by
Kilauea's Southwest Rift Zone and by the southwestward extension
of the Hilina fault system. Surface exposures consist primarily
of thin basalt flows ranging in age from prehistoric to very
young (December, 1974), and bedded accumulations of pyroclastic
debris (primarily ash) produced by phreatic eruptions of Kilauea,
the most recent in 1790 and 1924 A.D. Mean annual rainfall
varies from roughly 130 cm/yr near the summit (1247 m elevation)
to less than 30 cm/yr at the coast. Areas of intermediate to
high elevation are occasionally subject to local torrential
rains. High evaporation and percolation rates combine to inhibit
vegetation growth in most areas. Prevailing tradewinds typically
blow from the northeast at 15-35 km/hr, although short-duration
winds in excess of 50 km/hr are not uncommon. Sub-freezing tem-
peratures may occur for a few nights per year in the highest
portions of the desert. The setting in a dynamic volcanic
environment, easy accessibility, relatively unidirectional winds,
and availability of wind-transportable fine materials in the form
of primary ash and basalt-derived weathering products combine to
make the Kau Desert a favorable site for planet-related studies
of eolian processes.

Field work to date has been directed toward identifying
major zones of deflation and accumulation, specifying the source
and character of windblown materials, and describing the more
prominent landforms and surface features produced by wind action.
Five gradational zones have been mapped based on the degree and
character of surface disturbance by wind. Zone A consists of a
continuous deposit of 1790 and 1924 A.D. pyroclastic debris
beginning at the rim of Kilauea Caldera and thinning southwest-
ward. This deposit is locally mantled by thin basalt flows
produced during the September, 1971 eruption along the upper
Southwest Rift Zone. The pyroclastic blanket has suffered wide-
spread fluvial erosion by ephemeral streams fed by occasional
heavy rains, but nowhere has erosion proceeded to bedrock. Its
surface is well-armored by pebbles and small cobbles embedded in
a crust of fine-grained material a few millimeters thick.

Zone B is characterized by occasional surface exposures
of basalt excavated by streams and wind, surrounded by primary
pyroclastic deposits. The continuous surface crust of Zone A
becomes patchy here, and wind erosion has therefore been relative-
ly more effective than in Zone A. Roughly 1 cm has been removed
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from the windward faces of some exposed boulders, presumably
through abrasion by saltating sand-sized particles. Zone C
consists of occasional remnants of primary, bedded pyroclastic
materials generally occurring in swales on a primarily bedrock
surface littered with small oebbles from the pyroclastic unit.
The pahoehoe surface in Zone D has been completely stripped of
primary pyroclastic materials, but exhibits wind-blown accumula-
tions of ash and both glass and lithic fragments derived from
weathering of nearby basalt flows. Finally, Zone E is an area of
accumulation completely engulfed by wind-blown fine materials
from the Kilauea summit region. An active field of poorly-formed
dunes is currently migrating southwestward through sparse to
moderate vegetation. Farther to the south of Kilauea Caldera,
Zone E is characterized by marginal dunes 2-10 m high and
enclosed, flat-lying deposits 0-2 m thick. In olan view, the
contact between Zones D and E in this area consists of a series
of lobes with snouts pointing northeastward into the prevailing
tradewinds. Blowouts along dune crests indicate continuing move-
ment of material locally, although much of the area has been sta-
bilized by vegetation.

These observations suggest that large shield volcanoes
on Mars may have been a significant source for wind-blown
material in the form of primary ash and secondary weathering
products derived from lava flows. Continuing work at Kilauea is
intended to evaluate the relative importance of abrasion and
accumulation in the production of large wind streaks on pahoehoe
lavas south of Kilauea Caldera, and to better guantify the time-
averaged rate of production of ash by Kilauea Volcano.
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Field Studies of Sand-ridge Dunes in Central Australia and Northern
Arizona. Carol S. Breed, U.S. Geological Survey, Flagstaff, AZ 86001
and William J. Breed, Museum of Northern Arizona, Flagstaff, AZ 86001

About half the total area of sand seas on Earth is occupied by
dunes of the linear type, yet the wind processes that produce this type
of dune are incompletely understood. Unlike barchanoid dunes, which are
transverse to effective winds, linear dunes grow "longitudinally" along
an axis that is parallel to the direction of the effective wind. Also
unlike transverse or barchanoid dunes, linear dunes have slopes of approx-
imately equal steep