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PREFACE

This document was first prepared in the late
1960’s at the request of the NASA Planetology
Program Office and was published under the
title, ““A Strategy for the Geologic Exploration
of the Planets,” edited by M. H. Carr (1970).
The objectives were to define the goals of plane-
tary geology and to set forth the methods of
meeting those goals. The report has been used
by the planetary geologist as a reminder of the
relationship of his specialized pursuits to the
long-term objectives of planetology and by non-
geologists as a means of understanding the
rationale for and the limitations of planetary
geologic data. The primary intended use for such
a ‘“‘strategy,” however, was its use as a planning
document to help define the kinds of missions
that should be developed and the priorities of
those missions in the geologic context and to aid
in identifying the supporting research require-
ments.

The objectives of the original strategy have
not changed, nor have the long-term objectives
of planetary geology and their relation to space
science. The general approach in geology has
evolved over several hundred years and the
approach appears to work as w/ell on other
planets as it does on Earth. However, the orig-
inal exploration strategy document was written
essentially in pre-Apollo times; since then there
have been six manned and three unmanned
Moon landings, two flybys and one orbiter of
Mars, two flybys of Jupiter (and “‘fly-throughs”
of the asteroid belt), a flyby of Venus and
Venus landers, and a flyby (actually three
flybys, or encounters, by the same spacecraft) of
Mercury. Additionally, a great deal of Earth-
based data has been acquired, such as radar
images for parts of the surface of Venus. Instru-
ment development, especially miniaturization
and on-board data processing, has increased the
number of experiments that can be performed
during each mission. In light of these tremen-
dous advances in space science, there is a need to
re-examine the specific objectives of the field
and the methods for achieving those objectives.

il

This report considers the geologic aspects of
solar-system studies by first showing how
geologic data are related to space science in
general and, second, by discussing the approach
generally used in planetary geology. Planetary
geology is the study of the origin, evolution, and
distribution of matter condensed in the form of
planets, satellites, comets, and asteroids. It is a
multidisciplinary effort involving, among others,
investigators with backgrounds in geology,
chemistry, physics, and astronomy. More than
any other endeavor, exploration of the solar
system requires close communication among all
disciplines. The term “‘geology’ is used here in
its broadest sense and is considered to mean the
study of the solid parts of the planets. Geo-
physics, geochemistry, geodesy, cartography,
and other disciplines concerned with the solid
planets are all included in the general term.

Planetary atmospheres are not covered,
except in relation to their evolution by the
release of volatiles through geologic processes
and in relation to surface processes such as dust
storms and fluvial processes. Consequently,
much of the discussion is limited to the terres-
trial planets and to the solid satellites of the
outer planets. Jupiter and Saturn, in particular,
are difficult to consider in geologic terms
because they probably have no solid surfaces in
the usual sense; however, their satellites are con-
sidered to be of prime importance.

This report is not concerned with any one
mission, or series of missions, nor does it outline
a sequence of planet exploration. Rather, it is
restricted to the kinds of experiments and obser-
vations made through unmanned missions.
Because planetary mission planning is compli-
cated by the necessary interactions of scientific
objectives, fiscal constraints, and the limited
opportunities for exploration caused by the
planets’ orbital peculiarities (e.g., the optimum
alignment of the outer planets for missions from
Earth occurs only once in each 180 yr), it is
imperative that future mission planners have
inputs from a broad spectrum of scientists.



The sections that follow were written by con-
tributors (Appendix 1) who typically are experts
in their particular discipline. In many cases, the
contributor has had on-board spacecraft experi-
ments and is thus in a position to know the
advantages, as well as the limitations, of the
data. While we recognize the impossibility of
obtaining complete agreement by the geologic
community on the methods of planetary geol-
ogy, we do feel that this document represents a
consensus within the framework presented.

The report has been written partly within the
framework of the recommendations of the
Woods Hole Conference (National Academy of
Sciences, 1966) and the MacDonald Committee
on Space Research (National Academy of
Sciences, 1968). We have relied on several other
reports for guidance, particularly those of
Adams et al (1967a,b); Mutch and Soffen
(unpublished report); Wetherill et al. (1973);
and Goody et al. (1974). This report differs
from most of the others, however, in its empha-
sis on geologic problems.
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CHAPTER |. INTRODUCTION

R. Greeley and M. H. Carr

RELEVANCE OF PLANETARY GEOLOGY

Exploration has always been held in fascina-
tion; geographic exploration of unknown terri-
tory engenders excitement in even the most
casual observer. Exploration of unknown areas
today requires the efforts of many specialists,
each contributing a part to the whole and each
sharing the rewards. As the third decade of the
space age is approached, the exploration of the
solar system is becoming a reality (Tables 1.1-
1.3; Fig. 1.1).

This report considers the geologic aspects of
solar-system exploration by first showing how
geologic data are related to space science in
general and, second, by discussing the approach
generally used in planetary geology. Planetary
geology is the study of the origin, evolution, and
distribution of matter condensed in the form of
planets, satellites, comets, and asteroids. It is a
multidisciplinary effort involving, among others,
investigators with backgrounds in geology,
chemistry, physics, and astronomy. More than
any other endeavor, exploration of the solar
system requires close communication between
all disciplines. The term ‘“‘geology’’ is used here
in its broadest sense and is considered to mean
the study of the solid parts of the planets. Geo-
physics, geochemistry, geodesy, cartography,
and other disciplines concerned with the solid
planets are all included in the general term.

Planetary atmospheres are not covered,
except in relation to their evolution by the

release of volatiles through geologic processes
and in relation to surface processes such as dust
storms and fluvial activity. Consequently, much
of the discussion is limited to the terrestrial
planets, comets, and asteroids, and to the solid
satellites of the outer planets. Jupiter and
Saturn, in particular, are difficult to consider in
geologic terms because they probably have no
solid surfaces in the usual sense; however, their
satellites are considered to be of prime impor-
tance.

The National Academy of Sciences (1966)
placed three goals before the scientific com-
munity: (1) to determine the origin and evolu-
tion of the solar system, (2) to determine the
origin and evolution of life, and (3) to clarify
the nature of the processes that shape man’s ter-
restrial environment. These goals form part of
NASA'’s basic charter of space exploration, and
planetary geology figures prominently in all
three of these ambitious goals.

Origin and Evolution of the Solar System

There are two ways of looking at the origin
and evolution of the solar system: one way is to
attempt to model the solar system by following
a series of stages in its development to the pres-
ent condition; the other is to examine the pres-
ent state of the solar system and to interpret its
history by moving backward in time. Although
both methods are valuable, it is the latter one
with which the geologist is concerned.




TABLE 1.1. SUCCESSFUL PLANETARY MISSIONS LAUNCHED BY THE UNITED STATES AND THE
SOVIET UNION (AFTER SAGAN 1975)

NEAREST

NAME OF DATE OF DATE OF APPROACH

SPACECRAFT LAUNCH DESTINATION ENCOUNTER (KILOMETERS) STATUS OF MISSION

MARINER 2 8/26/62 VENUS 12/14/62 35,000 First flyby of another planet; found high temperature
(400 degrees Celsius) arises from surface not atmosphere;
no evidence of magnetic field.

MARINER 4 11/28/64 MARS 7/14/65 10,000 First flyby of Mars; returned 22 television pictures of
Martian surface, other data.

VENERA 4 6/12/67 VENUS 10/18/67 LANDED First on-site measurements of temperature, pressure and
composition of Venusian atmosphere; probe transmitted
data during 94-minute parachute descent.

MARINER 5 6/14/67 VENUS 10/19/67 4,000 Measured structure of upper atmosphere of Venus during
flyby.

VENERA 5 1/5/69 VENUS 5/16/69 LANDED Probes transmitted data on pressure, temperature and

1on of atmosphere during parachute descent;

VENERA 6 1/10/69 VENUS 5/17/69 LANDED missions similar to that of Venera 4. First successful
landing on another planet.

MARINER 6 2/25/69 MARS 7/31/69 3,390 Flyby obtained infrared and ultraviolet spectra of atmo-
sphere; returned 76 pictures of surface, other data.

MARINER 7 3/27/69 MARS 8/5/69 3,500 Mission identical with that of Mariner 6, returned 126
pictures of surface, 33 of south-polar region.

VENERA 7 8/17/70 VENUS 12/15/70 LANDED Mission similar to those of Venera 4, Venera 5 and
Venera 6.

MARS 3 5/28/71 MARS 12/2/71 LANDED Orbiter achieved Mars orbit and returned data; descent
module soft-landed and transmitted 20 seconds of
featureless television data before failing.

MARINER 9 5/30/71 MARS 1/13/71 1,395 First spacecraft to go into orbit around another planet;
returned 7,329 pictures of surface, atmosphere, clouds
and satellites, together with other data.

PIONEER 10 3/3/72 JUPITER 12/4/73 131,400 Successfully traversed asteroid belt; investigated inter-
planetary ium, Jovian mag sphere and atmo-
sphere; returned more than 300 pictures of Jovian
clouds and satellites; first spacecraft to use gravity-
assisted trajectory; first man-made object to escape solar
system

VENERA 8 3/26/72 VENUS 7/22/72 LANDED Survived Venusian surface conditions for 50 minutes; de-
termined radioactive content of surface; on entry measured
winds and sunlight penetrating clouds.

PIONEER 11 4/6/73 JUPITER 12/3/74 (J) 46,400 (J) Second Jupiter flyby; now en route to Saturn, then to

SATURN 9/79 (S) leave solar system.

MARS 4 7/21/73 MARS 1/74 ? Went into orbit around Mars; returned photographs of

MARS 5 7/25/73 MARS 1/74 ? surface and other data.

MARS 6 8/5/73 MARS 2/74 LANDED Descent module failed at touchdown; entry data suggest
high argon content of atmosphere.

MARINER 10 11/3/73 VENUS 2/5/74 5,800 (V) First probe of Mercury; returned more than 8,000 pictures

MERCURY 3/29/74 (M) 700 (M) and other data from Venus and Mercury; re-encountered
Mercury 9/21/74 and 3/16/75.
Survived 53 minutes; returned panoramic picture of

VENERA 9 6/8/75 VENUS 10/22/75 LANDED surface; measured surface pressure of 90 atm; and
temperature of 485° C.

Survived 65 minutes; returned panoramic picture of

VENERA 10 6/14/75 VENUS 10/25/75 LANDED surface; measured surface pressure of 92 atm; and
temperature of 465° C.

VIKING 1 8/75 MARS 6/76 TO LAND Orbiter to study atmosphere and photograph surface;
lander to study atmosphere at surface, investigate surface

VIKING 2 9/75 MARS 8/76 TO LAND geology and chemistry and test soil for signs of extra-
terrestrial life.

MARINER 11 8/77 JUPITER 1979 (J) ? To conduct comparative studies of two outer planets

SATURN 1981 (S) ? and their 23 satellites; to investigate nature of Saturn’s

MARINER 12 9/77 JUPITER 1979 (J) ? rings; to measure interplanetary medium out to Saturn’s

SATURN 1981 (S) ? orbit; 20,000 photographs planned.

PIONEER 12 5/78 VENUS 12/78 TO LAND Orbiter to study interaction of atmosphere with solar
wind over one 243-day period; “bus™ to drop three

PIONEER 13 8/78 VENUS 12/78 TO LAND small probes toward surface, then relay data to earth
as they enter atmosphere.
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TABLE 1.3. CHARACTERISTICS OF THE SATELLITES (AFTER ALLEN 1964)

’ Distance | |
from planet, Sidereal Synodic Orbit Orbit
| thousands period,* period,**  inclination,*** eccen- Radius Mass
| Planet Satellites of km days ‘ h m | deg 1 tricity km 10%% g
1 Earth Moon 384 27.321661 1 291244 | 23 0.054 9 1738 73.5
| Mars 1 Phobos | 9 0318910 | 739 | 1 0021 | 14by10 |
| 2 Deimos 23 1.262441 | 106 21 [ 2 0.0028 7by 6
| Jupiter 1 lo | 422 1.769 138 ‘ 11829 ! 0 small 1810 73
[ 2 Europa | 671 3.551 181 | 31318 ' 1 and 1480 48
[ 3 Ganymede | 1070 7.154 553 | 7 0400 0 | vari- 2600 154
1 4 Callisto ‘ 1883 16.689018 | 161805 | 0 ‘ able 2360 95
5 Amalthea | 181 0.418 178 1157 0 | 0.003 80
[ 6 Himalia | 11476 250.566 265 23 1 28 | 0158 50
| 7 Elara 11737 259.65 | 276 05 26 0.206 12
| 8 Pasiphae ; 23 500 737 ‘ 634 33R | 040 10
| 9 Sinope 23 600 758 | 645 | 24 R 027 9
| 10 Lysithea 11 700 259.22 | 27517 29 0.135 8
| 11 Carme 22 600 692 | 297 | 17 R | 0207 9
‘ 12 Ananke | 21200 630 | 551 | 3R | 016 8
13 Leda | 12400 282 \
| 14 [ | [ [
‘ Saturn 1 Mimas 1 186 0942422 | 2237 2 | 00201 270 0.04
2 Enceladus | 238 1.370 218 | 10853 | o] | 0.0044 300 [ 0.08
[ 3 Tethys | 295 1.887 802 | 12119 | 1 | 0.0 500 0.64
‘ 4 Dione 1 377 2736915 | 21742 | 0 | 00022 480 | 1.1
5 Rhea | 527 4.417 503 | 41228 0 . 00010 650 | 23
1 6 Titan 1222 15945449 | 152315 0 0.029 0 2440 137
| 7 Hyperion | 1481 21.276 657 | 270739 1 | 0.104 220 0.1
‘ 8 lapetus ‘ 3560 79.330 84 1 792205 15 | 00283 550 1.1
[ 9 Phoebe | 12 950 550.33 523 1336 30R | 0.1633 120
| 10 Janus | 159 0.7490 1759 0 0.0 150
J 11 Rings ‘ 73 to 137 l 10 <28
| | | thickness
| Uranus 1 Aeriel 192 2.52038 21230 | 0 | 0003 350 13
2 Umbriel | 267 4.144 18 40328 | 0 0.004 250 0.5
| 3 Titania 438 8.705 88 81700 0 0.002 4 500 4.3
| 4 Oberon 586 13.463 26 131116 0 | 0.0007 450 26
5 Miranda ‘ 128 1.414 ' <0.01 120 0.1
Neptune 1 Triton ‘ 353 5.876 83 52103 20R 0.0 1900 140
2 Nereid l 5600 359.88 362 01 28 0.76 120 0.03

*Sidereal period is the time between two successive returns of the satellite to the same point in the heavens as seen from the planet.
**Synodic period is the time between two successive returns of the satellite to the same i//lumination (phase) as seen from the planet.

***“R" indicates retrograde motion.

Adams et al. (1967a,b) examined the problem
of the origin and evolution of the solar system in
the geological context and reduced it to these
questions:

1. Are the individual terrestrial planets and
satellites chemically uniform or non-
uniform?

2. Did the final accretion result in the present
array of planets and satellites, or in an
array that was subsequently altered?

3. Was the cloud chemically homogeneous at
the time of final accretion?

4. What was the state of the Sun-cloud system
when it first appeared as a recognizable
unit?

5. Were there large-scale elemental and iso-
topic nonuniformities in the contracted
nebula?

These questions concern the determination of
the stage (or stages) in solar-system evolution
when chemical fractionation took place, so
answers must depend ultimately on chemical
measurements as well as mineralogy and petrol-
ogy. Many of the necessary measurements will
be made on planets and their satellites, and their
interpretation will confront us with the problem
of chemical inhomogeneity. Clearly, we cannot
assume a priori that a planet is chemically homo-
geneous and that a given analysis is representa-
tive of the whole planet; this is not true of the
Earth and Moon but appears to be true for Mars
and Mercury (see section on ‘“‘Heterogeneities
of Planetary Surfaces,” Ch. II). Neither can we
simply assume random variability and sample
a planet statistically. The only accessible part
of a planet — its near-surface — may be totally




nonrepresentative of the planet as a whole. We
must have a general understanding of the planet,
and this can be achieved effectively only by
studying the possible processes that may have
caused —and may yet be causing — redistribution

Lick Observatory Photo L-9

Figure 1.1. Lunar exploration via successful manned and unmanned landings. Roman numerals in circles are
unmanned U.S. Surveyor spacecraft, numbers in circles are U.S. manned Apollo landing sites, triangles are Soviet
unmanned Lunokhod sites, and squares are Soviet unmanned Luna sites. Not shown are “hard’’ landings such as
the U.S. Ranger impact areas (modified from Lunar Science Institute map ).

of materials within the planet. Only if the pro-
cesses are understood can valid general conclu-
sions be made regarding the significance of
specific measurements. The sampling or type of
measurement made on a planet therefore should

5




be guided by geologic priorities, based on this
need to understand geologic processes.

Planetary geophysics is concerned largely with
documenting and interpreting internal hetero-
geneities and conditions. Chemical determina-
tions of materials from the interiors obviously
cannot be made directly; nevertheless, inferences
are possible from measurements of physical prop-
erties. The value of any particular physical
parameter is not important in itself since it
depends on local conditions; its importance lies
in the fact that it places limits on chemical com-
position and internal conditions and provides
data on internal processes. Stratigraphy is con-
cerned directly with documentation of crustal
heterogeneity. Even though the surface rocks
constitute a minute part of the total mass of the
planet, it is the part on which a great many mea-
surements are made. For this reason, an under-
standing of surface materials is crucial. We must
know how variegated the surface rocks are and
how they were formed. The mode of formation
is particularly important, for different processes
vary in the extent to which they cause chemical
change. Consequently, to understand the
broader implications of surface analyses, we
should know the distribution and mode of for-
mation of the rocks analyzed, as well as the
degree to which they typify all the materials of
the planet.

Origin and Evolution of Life

The geology of planetary surfaces bears
directly on the origin of life. This report has
been written largely on the assumption that, in
our solar system, life will not be found on other
planets. But if life is found elsewhere, then the
significance of geology will be enhanced and this
strategy will need drastic revision. With life on a
planet, such factors as the mode of rock forma-
tion, the physical conditions of deposition, and
the relative age will take on new significance.
Not only will these factors reflect past condi-
tions and events, but they will reveal the evolu-
tionary path of life on the planet and the

conditions under which life thrived. Paleontol-
ogy, which has been ignored in this strategy,
would become a study of paramount impor-
tance, and different types of missions would be
required to meet its needs.

Man’s Terrestrial Environment

One important result of planetary exploration
will be increased knowledge of the Earth. Many
fundamental geologic problems could be solved
by detailed comparison of the Earth with other
planetary bodies. The relative effects of size,
original composition, and the presence of an
atmosphere and hydrosphere on the evolution of
the Earth are of particular geologic importance;
comparison of the Earth with other bodies will
allow these effects to be assessed.

Probably the most important result of plane-
tary exploration from the point of view of man’s
terrestrial environment will be an improved
understanding of the early history and deep
interior of the Earth. Because evidence of events
and processes that took place early in Earth’s
history rarely survives, very little is known of
the first two aeons of the Earth’s history. Fea-
tures on the Earth’s surface are subject to rela-
tively rapid destruction and modification,
largely as a result of the erosive action of water,
but also as the result of tectonic and volcanic
activity. We now know that the early surface
history of both the Moon and Mercury has been
preserved, partly because they have been rela-
tively inactive internally through much of their
later existence; moreover, because neither has an
atmosphere or free water, erosion has been
gradual. The situation on Mars is similar,
although the surface of Mars has been locally
modified by both internal activity and surface
processes. Because all these planets appear to
have had a similar early history, the analogy
between them and the early history of the Earth
is strengthened. Indeed, the only way to arrive
at an understanding of the Earth’s early history
may be by analogy with what is learned of these
more primitive planets.




ASTEROIDS AND COMETS
C. R. Chapman

Asteroids, comets, and other small bodies
have importance for ‘solar system studies pro-
portionately far greater than their cumulative
mass. Whereas the planets and larger satellites
have experienced geochemical differentiation,
volcanism, weathering, geomorphological modi-
fication, and accumulation of vast impact rego-
liths that all serve to modify and bury the rocks
originally present, comets and asteroids are more
likely to have retained solar nebular condensates
and other early materials in relatively unmodi-
fied form. Furthermore, these materials are
likely to be more readily accessible for analysis
because the low surface gravity means that deep
regoliths cannot accumulate so that fresh mate-
rials are continually being exposed on the sur-
faces of these bodies.

Current models consider the planets to have
accreted from smaller “planetesimals’ of which
the asteroids and comets may be leftover exam-
ples. There are increasing indications that many
early planetesimals that formed in the vicinity of
the major planets (especially Jupiter) were scat-
tered into other parts of the solar system during
and subsequent to planetary accretion. There-
fore, the surfaces of other planets (especially
Mars) may consist of material that condensed
originally in a different part of the solar nebula.

The volatile-rich comets are presumably the
most pristine examples of early planetesimals.
They arrive in the inner solar system from time
to time from cold storage in the “Oort comet
cloud,” a cloud postulated to encircle the outer
fringes of the solar system. In that environment,
they have been protected both from significant
bombardment as well as from proximity to the
Sun. As they approach the Sun for the first
time, the outer layers of “new” comets begin to
vaporize, forming the characteristic comae and
tails composed of neutral and ionized gases and
dust. From astronomical observations of these
released components, inferences are made about
the nature and composition of cometary nucleii
(probably they are assemblages of ices and
rocks).

Geological interest in comets bears on the
nature of the nucleus, which is a small object
and cannot be examined closely until there is a
spacecraft rendezvous with a comet. It is not yet
known which meteorites, if any, have come
from comets; Type I carbonaceous chondrites
are the most likely candidates. The chief advan-
tage of studying comets is that they are so
obviously composed of unaltered, “primitive”
material. But the same orbital processes that
have preserved these materials for 4.5 aeons and
then brought them back to our vicinity also have
destroyed any clear record of where the comets
first formed. So we do not know if the materials
contained in comets first condensed near Jupi-
ter, near Neptune, or elsewhere in the solar
system.

The best evidence suggests that the asteroids,
on the other hand, are located in orbits rather
similar to those in which they were formed —
mostly between Mars and Jupiter. Thus the geo-
chemical sampling of asteroids at different semi-
major axes can provide information on solar
nebular condensates that accreted between the
Earth and Jupiter. But the asteroids have paid a
price for their proximity to the inner solar
system. At least a few of them, notably Vesta
(McCord et al. 1970) and probably the 10 per-
cent of the larger ones classified as stony-iron
objects (McCord and Gaffey 1974; Chapman
1974), have undergone geochemical differentia-
tion. Moreover, the latest models for the colli-
sional evolution of asteroids suggest that nearly
all of the asteroids observed today are collisional
fragments of precursor planetesimals (Chapman
and Davis 1975). Still, most asteroids appear to
be mineralogically similar to the relatively unal-
tered carbonaceous chondrites and a few others
seem similar to the ordinary chondrites and
other meteorite types (Chapman 1975).

In addition, the collisions have probably not
altered the asteroidal rocks appreciably and, in
fact, serve to place some fragments into Earth-
crossing orbits to fall as meteorites. The orbital
processes that transfer asteroidal fragments to
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Earth are not equally efficient for all asteroids,
however, so many other asteroidal rocks must
await examination from spacecraft (Wetherill
1974). Meanwhile much progress is being made
from ground-based astronomical observations in
determining which asteroids may be the parent
bodies of the known meteorite classes (Fig. 1.2).
Once this is accomplished, the “main limitation
of the record from meteorites” described by
Bunch in Chapter 6 will be overcome and
meteoritical analyses will have much more well-
defined implications.

The asteroids apparently were interrupted in
the process of accreting into a planet by the
collisional effects and orbital perturbations of
nearby Jupiter (Safronov 1972; Kaula and
Bigeleisen 1975; Weidenschilling 1975). The
subsequent evolution of these innumerable aster-
oidal planetesimals has been controlled by colli-
sional fragmentation and by the orbital
dynamical removal of asteroids from resonances
with Jupiter and from the vicinity of Mars. The
asteroidal dust produced by comminution in the
belt has been redistributed by radiation pro-
cesses such as the Poynting-Robertson effect and
may have accumulated on Mars or other
planets. The asteroids physically ejected from
the belt have cratered the surfaces of Mars, the
Moon, Earth, Mercury, and presumably Venus
and some outer planetary satellites. A detailed
understanding of the source bodies for planetary
cratering, both during the heavy bombardment
period about 4 aeons ago and subsequently, may
enable us to establish an alternative standard for
absolute geologic time; so far, absolute chronol-
ogies have been established through radiogenic
decay only for bodies from which we have rock
samples to date (the Earth, the Moon, and some
unidentified meteorite parent-bodies). Although
the asteroids have certainly been responsible for
some planetary cratering, an as yet undeter-
mined fraction of craters have been created by
impact by comets and other hypothesized popu-
lations of planetesimals, especially from the
vicinity of Uranus and Neptune (Wetherill
1975).

Beyond the implications inherent in small
bodies for nebular condensation, planetary

accretion, and early planetary cratering, the
asteroids are interesting to study in their own
right. Standard geologic techniques, ranging
from stratigraphic and structural studies of a
whole body down to detailed analysis of
samples, may reveal an interesting interplay of
processes peculiar to small bodies in this transi-
tion zone in the solar system between rocky and
ice-rich composition. The meteorites suggest
that many individual asteroids may exhibit com-
positional layering, ranging from relatively
modest thermal metamorphism with depth to
complete melting and differentiation. Detailed
geologic studies should be able to demonstrate
conclusively what combination of the proposed
sources of heat (short-lived radionuclides,
T-Tauri solar wind, solar Hayashi phase, colli-
sional heating, etc.) has predominated in the
asteroid belt.

Thus the geologic rationale for studying small
bodies in the solar system lies in their great prom-
ise (1) for elucidating conditions in the early
solar system, beginning with the condensation of
the solar nebula, and (2) for understanding the
nature of the processes that may have predomi-
nantly shaped the original surfaces of the ter-
restrial planets, both compositionally (from
infall of asteroidal and cometary dust) and topo-
graphically (from impact cratering and basin
formation).

PLANETARY GEOLOGY APPROACH

In the preceding sections, we have attempted
to show the relation of planetary geology to the
three main goals set before the space science
community by the National Academy of
Sciences in 1966. The question becomes one of
how to meet those objectives and what the
approach of planetary geology is to be
(Fig. 1.3). In the geological exploration of the
solar system, certain basic questions are asked,
regardless of the planet. These questions relate
to the following: (1) the present geologic state
of the planet, (2) how the present state of the
planet differs from its past state, and (3) how
the present and past geologic conditions of the
planet differ from those of other planets.
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Figure 1.3. General strategy for exploring the solar-
system progress from reconnaissance missions to pro-
gressively complex missions, and from the inner
planets to the outer planets. It is unlikely that this
exploration matrix will be completed in the twentieth
century, particularly in regard to manned missions.

Present Geologic State

The present state of a planet concerns knowl-
edge of its surface morphology, the composi-
tion of the surface and interior, the physical
nature of the interior, and whether or not there
are active processes, such as volcanism. These
topics obviously are interrelated and knowledge
of one topic often provides clues to the others.
Surface morphology involves the identification
of the type and distribution of individual land-
forms, such as basins, mountain chains, and vol-
canoes, as well as structural elements such as
fault scarps. The presence of these features often
signals specific geologic processes. For example,
the identification of obvious volcanoes, as was
done on Mars, would indicate not only the
effect of volcanic processes on surface mor-
phology, but would also indicate melting in the
interior, thus placing constraints on various

10

models of the planetary interior and giving some
indication of geochemical differentiation. Obser-
vations of ‘“‘variable features” that can be related
to specific landforms, such as the wind-blown
streaks on Mars, provide clues to dynamic sur-
face processes. An ability to determine surface
compositions and to map their distribution as
has been partly accomplished for the Moon can
lead to decisions concerning planetary chemical
differentiation. Sometimes morphologic features
may be difficult to reconcile with current atmo-
spheric conditions. This may reveal past varia-
tions in those conditions.

Geologic Evolution of Planets

One of the primary goals in geology is to
derive the geological history involving the
sequence of events and processes from the time
of formation of a planet to its present state.
Specific questions in this derivation include:

1. How have the previous geologic processes
such as volcanism, faulting, and erosion dif-
fered from recent processes in terms of
type or magnitude, or both? For example,
were there periods when impact cratering
dominated?

2. Is there an imprint of earlier processes on
the present surface morphology?

3. If the planet appears to be geochemically
differentiated on a planetary scale, when
and why did differentiation occur?

4. What has been the evolution of the plane-
tary interior?

5. How has the atmosphere evolved?

These questions are extremely difficult and,
in some cases, probably impossible to answer.
However, geochemical data, geological mapping,
and analyses of specific surface processes such as
impact cratering can lead toward such answers.

Comparative Planetology

Comparative planetology is the study of the
differences and similarities exhibited among the
planets. Questions involving comparative plane-
tology tend to be answered and re-asked with
each newly observed planet. The last 12 years




have seen a tremendous expansion of knowledge
of the inner solar system through successful
lunar and planetary missions in the form of
flybys, orbiters, and landers. We are beginning to
see Earth at one end of the scale of the inner
planets as an extremely dynamic planet with a
thin, rigid lithosphere that slides over a plastic
asthenosphere. At the other end of the scale is the
Moon with its very thick static lithosphere. Mars
seems more Earth-like while Mercury shares
many attributes with the Moon. Venus, because
of its dense cloud cover and hostile surface
environment, remains virtually unexplored; less
is known about its present state and evolution as

a solid body than any other inner planet,
although a preserved cratering record is indi-
cated by Earth-based radar images.

The chapters that follow address the major
subdivisions of planetary geology and discuss
means for obtaining data relevant to those sub-
divisions. It is not the intention here, however,
to discuss the advantages and disadvantages of
the various instruments that could be employed
on planetary missions, but rather to present the
types of measurements that should be made and
their relevance in understanding planetary
objects.
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CHAPTER II.
STRATIGRAPHY AND STRUCTURAL GEOLOGY

M. H. Carr, D. E. Wilhelms, R. Greeley, and J. E. Guest

PRINCIPLES
Introduction

Stratigraphy is the study of the characteris-
tics, distribution, and chronologic succession of
rocks. Structural geology is the study of rock
deformation and the features that result from it.
Both stratigraphy and structural geology con-
tribute to the determination of the mode of a
planet’s formation and the history of internal
and external processes that have operated upon
it. Planets are not static and unchanging; rather
their constituents constantly are rearranged to
form new rocks with new distributions. Changes
may result from endogenic processes such as vol-
canism and tectonism or from exogenic mecha-
nisms such as meteoroid impact and erosion.
Whatever the processes, a partial record of suc-
cessive events is preserved in the surface rocks
and structures and can be reconstructed to a
considerable extent by appropriate stratigraphic
and structural analysis.

The significance of any event on a planetary
surface is clearest if viewed in its historical con-
text. If, for example, volcanism ceased soon
after the planet formed, then the implications
for thermal history and the composition of the
near-surface layers are far different from those
applying if volcanic processes are still active.
Stratigraphy is largely concerned with placing
rock units in historical sequence and relating

them to specific events in the past. This histori-
cal perspective distinguishes stratigraphy and the
discipline of geology in general from most other
sciences. Geometric relations between rock units
are the principal source of the data used to
derive relative sequences of events.

Derivation of the sequence of events involved
in the evolution of a planet’s surface leads to the
establishment of a generalized geological time
scale. Such a time scale was established for Earth
only after years of detailed field work. A simpli-
fied time scale has been derived for the Moon
and a preliminary time scale is currently being
derived for Mars and Mercury. These time scales
provide a framework for placement of rock units
in terms of age. Rocks are “‘age-dated’ in two
ways — relative ages and ‘“‘absolute” ages. Rela-
tive ages indicate the sequence of rock units,
that is, one unit is older or younger than another
unit, without any indication of how much older
or younger. Absolute ages are based on the
actual time (expressed in years) since the rock
unit was formed and are derived from various
radiogenic dating methods. On Earth, sequences
of events are correlated from one area to
another by means of fossils, lithologies, isotopic
dates, etc., thus providing a global time-
stratigraphy. In the absence of these tools, other
methods of time correlation must be found. On
the Moon, geometrical methods have been
highly successful in establishing a global stratig-
raphy, largely because the ejecta blankets and
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secondary impact deposits of basins are exten-
sive marker horizons in relation to which other
units can be dated. These extensive deposits
appear to have formed in a geological instant. In
some cases, lunar stratigraphic units have been
dated so that the geological time scale is partly
keyed to radiogenic time. Extensive marker hori-
zons may be absent or are more difficult to
detect on planets where degradational processes
are constantly modifying the surface, as on
Mars.

Heterogeneities of Planetary Surfaces —
A Stratigraphic Problem

The immediate goal of stratigraphy and struc-
tural geology is to reduce the enormous com-
plexity of a planetary surface to comprehensible
proportions by dividing the near-surface rocks
into units and mapping their distribution and
attitude. The complexity of Earth’s crust is well
known, but the complex nature of other bodies
in the solar system has been less widely appre-
ciated. The Moon was the first extraterrestrial
body whose surface was studied in any detail
and the heterogeneity of even this relatively
small, inactive body is now well established. The
basic distinction between mare and terra has
long been recognized. Gilbert (1893) pointed
out the existence of a blanket of material sur-
rounding Mare Imbrium. Several additional
widespread terra units, such as the Orientale
blanket (McCauley 1967) and the Cayley For-
mation (Morris and Wilhelms 1967) were later
recognized and mapped from telescopic observa-
tions. Subtle differences in the color and reflec-
tivity showed that the maria also are heteroge-
neous and susceptible to subdivision (Whitaker
1966; McCord and Johnson 1969). The return
of lunar samples not only confirmed these ear-
lier inferences but also revealed widespread dif-
ferences that were previously unsuspected and
demonstrated that the Moon has had a complex
geologic history recorded in the surface rocks.
Stratigraphic studies are therefore essential for
orderly scientific lunar exploration. Strati-
graphic techniques used on the Moon, as origi-
nally derived from Earth-based telescopic data
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(Shoemaker and Hackman 1962; Wilhelms
1970) are now well-established.

Although considerable information about the
Moon can be derived from Earth-based tele-
scopic observations, this is not true of the other
terrestrial planets. Telescopic observations of
Mars and Mercury show faint surface markings
resulting from albedo contrasts, but this infor-
mation is of limited geologic value. Mariner 10
data have shown Mercury to be similar in many
ways to the Moon. Geologic mapping (Trask and
Guest 1975) shows that the oldest surfaces are
densely cratered and contain large impact basins.
Basin formation was followed by emplacement
of large tracts of plains materials on at least one
face of Mercury. These plains materials are con-
sidered by many workers to be in part volcanic
and analogous to maria (Strom et al. 1975). The
youngest units are fresh impact craters, the
freshest of which have ray patterns. Mercury
therefore shows heterogeneities similar to those
of the Moon and must also be studied by strati-
graphic methods. The similarity between the
Moon and Mercury has allowed direct use of the
lunar techniques so that an appreciation of mer-
curian stratigraphy was achieved very soon after
the planet’s exploration (Trask and Guest 1975).

Mars (Carr et al. 1973) has had a much more
complicated history than the Moon. Internal
activity appears to have continued for a longer
time, and the surface has been modified by
erosional processes that have operated in differ-
ent ways in different parts of the planet. It is
clear that, to be significant, chemical measure-
ments on the surface of Mars depend strongly on
our understanding of the stratigraphy and geo-
morphology. This is important because, not only
has igneous differentiation occurred on Mars,
but also the processes of weathering, erosion,
and transport have probably modified the chem-
istry of deposited sedimentary rocks. The strati-
graphic techniques evolved for use on the Moon
are currently being used to unravel the history
of the martian surface, although allowances have
had to be made for the different processes that
have operated there.

The surface of Venus is little understood at
the present time; however, radar data show sur-




face relief including large craters and canyons.
Results from Venera 8 (Vinogradov et al. 1973)
indicate that, in the landing area of Venera 8,
the uranium, thorium, and potassium contents
of surface materials are high, implying the pres-
ence of highly differentiated rocks. Again the
significance of this is somewhat limited by the
lack of knowledge of the degree of heterogene-
ity of the venusian surface, and landers such as
the Venera spacecraft could provide information
that would be of much greater value if the infor-
mation could be set in a regional context derived
from stratigraphic studies.

The Jovian satellites, Europa, Io, Ganymede,
and Callisto, show surface markings that would,
based on our present experience with planetary
bodies, cause us to expect that they, too, will
exhibit chemical heterogeneities; the same may
be true for some of the other outer planet
satellites.

Thus, for all solid surface planets for which
data are available, surfaces are composed of
heterogeneous rock units and are amenable to
geologic mapping. Planetary surfaces must be
interpreted in light of the internal and external
geologic processes that resulted in their present
configuration. Stratigraphic studies will indicate
which of these two broad classes of geologic pro-
cesses have operated and the relations between
them. If the planet has experienced internal
activity, then chemical fractionation is likely
and the significance of the surface chemical data
will depend directly on the local nature of the
internal zonation, and on the regional geology as
learned from stratigraphic studies. For a planet
that has had no internal activity, stratigraphic
studies will be limited only to determining the
nature of the planet’s external environment
throughout its history.

Geologic Framework

Because of planetary heterogeneity, the stra-
tigraphy and structure of a planet are fundamen-
tal in that they provide a framework within
which other measurements may be evaluated.
Chemical analyses, heat-flow measurements, seis-
mic profiles, etc., can be planned and inter-

preted far better if the geologic setting of the
place of measurement is known. Without such
knowledge, chemical and physical measurements
can be misleading. For example, a chemical anal-
ysis of a salt dome in Texas does not give the
composition of the surface of the Earth in the
south-central part of the United States, nor can
a value for heat flow in Yellowstone National
Park be extrapolated to the whole of the
western United States. Although these are
extreme cases, they serve to show that the geo-
logical context is critically important to the
interpretation of geochemical and geophysical
data. This is so fundamental to geologic thinking
that to state it appears trite and obvious, yet it is
a concept that has found only slow acceptance
with regard to the exploration of other bodies in
the solar system. Without geologic analysis, the
surface of the planet is in danger of being
treated as a homogeneous unit, a chemical analy-
sis is likely to be considered as indicative of the
chemistry of the whole surface, and the mineral-
ogy of one part might be considered as the min-
eralogy of the whole. Such interpretations are
demonstrably nonsensical for the Earth, Moon,
and Mars, and there is little reason to think that
they will prove any more valid on other planets.
Only the smallest asteroids and satellites pos-
sibly have been inert and homogeneous through-
out their history. Measurements made on the
surface of a planet must be interpreted in light
of the local stratigraphy; to do otherwise could
lead to gross errors of interpretation.

Methodology

Because of dependence on remote-sensing
data, the techniques of stratigraphic and struc-
tural analysis of the planets differ from those
normally used on the Earth. Terrestrial rock
units are defined on the basis of lithology, chem-
istry, and mineralogy as seen in outcrop or
derived in the laboratory. Their relative ages are
determined largely by relations observed in verti-
cal sections or in outcrop patterns; correlations
are made by comparison of successions of lithol-
ogies, by tracing specific horizons on the
ground, by diagnostic fossils, and by isotopic
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dating. In general, the stratigrapher proceeds
from particular observations seen as specific out-
crops to a synthesis of general patterns. The
reverse procedure must be used in studying the
geology of a remote surface. General patterns
are observed from remote-sensing data, including
Earth-based measurements, and the significance
of the patterns is later checked and supple-
mented by orbital measurements and later by
observations at a restricted number of ground
sites.

For stratigraphic purposes, photography has
been the most valuable source of remote-sensing
information. Nearly all basic lunar stratigraphic
units and relations have been determined by
superposition and intersection relations, and a
Moon-wide chronology has been established by
dating units with respect to the extensive marker
horizons. Variations in gravity, emissivity in the
infrared spectrum, radar reflectivity, and color
have had value largely as interpretative aids; they
have not had similar value in defining and map-
ping units because they have not been deter-
mined with the same linear resolution as visual
black and white images.

Stratigraphic techniques are successful on the
lunar surface because the external environment
does not vary regionally. In contrast, the surface
of the Earth is greatly affected by external con-
ditions produced by its diverse climate and vege-
tation. As a result, a specific rock unit may
exhibit a variety of surface properties. On the
Moon, the principal external process modifying
the surface is bombardment by meteoroids and,
because this is essentially isotropic, differences
in properties of the lunar surface must reflect,
along with age of exposure, differences in the
properties intrinsic to the surface materials. Sim-
ilar conditions appear to hold for Mercury. On
Mars and Venus, regional atmospheric erosion
may affect surface forms, and geologic interpre-
tation must be made in light of these atmo-
spheric processes and their regional variations.

Once the geologic units have been defined and
their relations to one another determined, the
results can be portrayed on geologic maps.
Although the geology of the Moon, Mars, and
Mercury has been interpreted largely from
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studies of surface landforms and albedo, the
resulting maps are truly geologic, for they incor-
porate the three basic ingredients of a geologic
map: rock units, age relations, and geometric
position. They are quite distinct from topo-
graphic maps, terrain maps, and physiographic
maps, which are concerned only with surface
form. Even where the surface topography is
strongly controlled by surficial effects, as it is by
wind action on Mars, we can still make geologic
maps sensu stricto, providing we first understand
the nature of the surficial processes that have
operated. Unless the surface topography is con-
trolled entirely by surficial effects, we can
expect to make geologic maps of several addi-
tional planets and satellites.

Complete characterization of the rock units
recognized from the images will require measure-
ments on the surface. Thus a major goal for
landed experiments is to determine the mineral-
ogy and petrology of rocks at the landing site.
The choice of a site for establishing ground con-
trol clearly will be important. In the initial
stages of exploration, sites should be on geologic
units that have wide distribution and in areas
where there is a minimum stratigraphic ambi-
guity. Apollos 11, 12, and 14 were so sited on
the Moon. Subsequently, as on Apollos 15, 16,
and 17, sites were chosen to clarify specific
scientific problems, such as presence of volcanic
activity, or they were in areas where vertical sec-
tions are accessible, as near a fresh crater or
steep vertical wall. In late stages of exploration,
surface units and their mutual relations will be
most efficiently studied using some kind of tra-
versing vehicle, such as the Apollo 15, 16,
and 17 Lunar Roving Vehicles.

Rigorous geological mapping of extraterres-
trial surfaces was first demonstrated by
Shoemaker and Hackmann (1962) for the Moon.
Their work continued with systematic mapping
of the Moon through the U.S. Geological Survey
and led to the completion of 1:1,000,000 scale
maps for the entire nearside (Fig. 2.1), numer-
ous large-scale lunar site maps, and a composite
1:5,000,000-scale geologic map of the nearside
(Wilhelms and McCauley 1971). Lunar geologi-
cal mapping continues on the 1:250,000 series



80

— \ "
1 12 13
J. HERSCHEL PLATO ARISTOTELES
1-604 1-701 1-725

48’
23 2 25 26 27
RUMKER / SINUS IRIDUM CASSINI EUDOXUS GEMINUS
1-805 1-602 1666 1705 1-841
7o° 30° 10” 10° 0’
41 42 44
39 40 a3
seLE. MONTES MARE CLEO-
ucus “'SIT:;C”US T'M?SQ:R'S APENNINUS SERENITATIS MAf_“,gg'Us MEDES
1-527 1-463 1-489 1-707
16°

56 57 58 59 60 61 MTRE
HEVELIUS KEPLER COPERNICUS MARE VAPORUM | JULIUS CAESAR TARUNTIUS | oo
1-491 1-355 1515 1-548 1510 1722
1-837
w 0 E
75 RIPH72EUS - 78 s Vo
GRIMALD' LETRONNE MOUNTAINS PTOLEMAEUS THEOPHILUS coLomBo | LANGRE-
1-740 1-385 1-566 1-546 1-714 NUS
1-458 1739

16
93 98
MARE b 85 PETA-
BYRGIUS PITATUS PURBACH RUPES ALTAI FRACASTOR!US
1755 i 1.485 1822 1-690 1720 vius
1-495 i 1-794
30° 10°

110 11 112 13 1 'M
SCHICKARD WILHELM TYCHO MAUROLYCUS RHEIT
1-823 1-824 1-713 1-695 I- 694
125 126 127
SCHILLER CLAVIUS HOMMEL
1-691 1-706 1-702
M

s
NUMBER ABOVE NAME = LAC CHART, AVAILABLE WITHOUT GEOLOGY FROM
e DEFENSE MAPPING AGENCY, AEROSPACE CENTER
25 ST. LOUIS, MISSOURI 63118
CASSINI
1-666

NUMBER BELOW NAME = UNITED STATES GEOLOGICAL SURVEY MAP
NUMBER
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Figure 2.2. Index to 1:5,000,000-scale geological mapping of Mars, published by U.S. Geological Survey.

maps that were prepared from Apollo orbital
photography and on a 1:5,000,000 scale for the
entire Moon.

The Mars geologic mapping program was
initiated in the early 1970’s by the NASA Office
of Planetology Programs to generate a complete
set of 1:5,000,000 geological maps for Mars.
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Using Mariner 9 images, geologists from the U.S.
Geological Survey, universities, and NASA field
centers have nearly completed the mapping pro-
gram (Fig. 2.2). In addition, several large-scale
geological maps have been generated for various
Viking and Soviet landing sites on Mars.
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On the same pattern as the systematic Mars
mapping, the Mercury geologic mapping pro-
gram began in 1975 using Mariner 10 images.
Geologic mapping at a scale of 1:500,000 will
be completed for about 55 percent of the planet

180~

Figure 2.3. Index to 1:5,000,000-scale geological mapping of Mercury published by U.S. Geological Survey.

(Fig. 2.3).

Map scales and required accuracies vary with
their intended use (landing site maps vs. regional
maps, etc.), the planet under consideration, and
the available images. The generation of carto-
graphic products (see Ch. V) requires close work-
ing relations among cartographers, geologists,
and other planetologists.
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DATA REQUIREMENTS

The first stage in the geologic exploration of a
planet is to identify, characterize, and outline
the distribution of the major geologic units
exposed at its surface. In the second stage, field
information must be obtained at critical loca-
tions in the form of chemical, mineralogical, and
petrological data from landers. Sufficient data
must be obtained in the first stage so that land-
ing sites can be chosen effectively and the
obtained data related to a regional framework.
No matter how many landers are deployed,
determination of the geologic environment at
each site and interpolation between the sites will
depend on knowledge of the local and regional
geology. This is most readily achieved by means
of images, with other remote sensing data pro-
viding supplementary information. Normally,
imaging will be in the visible spectrum, but cir-
cumstances may dictate other wavelengths.

Image Parameters

Photographs, or the more general term
images, are at the same time both simple and
complex pieces of data. They are simple in the
sense that anyone can appreciate and have some
understanding of the scene recorded by the
image. For this reason, imaging experiments are
valuable in conveying the excitement of plane-
tary exploration to the general public. At the
same time, however, images (especially when
electronically processed) may be exceedingly
complex and require great caution and under-
standing for proper interpretation. The various
aspects of images as “links in the communica-
tion system” are discussed in detail by Davies
and Murray (1971). Among the more important
factors in image acquisition are resolution, illu-
mination, color, and stereoscopic coverage;
polarimetry is less important.

Spatial resolution— The value of spatial reso-
lution is easily understood (Fig. 2.4). One of the
goals of planetary image analysis is the deter-
mination of surface processes — higher resolu-
tion provides more information upon which to
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base interpretations. In addition, different pro-
cesses tend to produce different scale features,
so that high resolution permits observation of
the effects of a wider range of processes. For
example, on Mars the dark markings within
craters were identifiable as wind-blown dune
fields only from the high-resolution frames of
the “B” camera of Mariner 9. Similarly, the flow
lobes, lava channels, and levees, indicative of low
viscosity lava, are also visible only in the high-
resolution frames. Although better resolution is
generally beneficial, the cost effectiveness of
increased resolution is variable. On the Moon,
increasing resolution beyond approximately 5 to
10 m produces very little new geologic insight
because variations on the regolith rather than
the underlying rock units control the fine-scale
topography. The value-function for resolution
must be determined from previously acquired
reconnaissance images and will be different for
each planet. In practice, resolution will be
restricted by the areal coverage required, space-
craft performance, terrain characteristics of the:
planet, and so forth. Choice for each mission
must be made individually.

lllumination— Images are sources of informa-
tion for two basic properties of the surface of a
planet — relief and reflectivity (albedo). Albedo
differences are best seen at or near vertical illu-
mination, whereas relief is best observed at
lower angles of illumination where relative
change of brightness for a given change in sur-
face slope is greatest and where shadows make
relief more visible (Fig. 2.4). The desirability of
low illumination is true only in general and must
be balanced against camera performance. Lower
illumination angles mean lower absolute bright-
ness, longer exposures, and increased shadows.
On planets with atmospheres, morning and even-
ing haze may actually lower contrast and dis-
criminability of landforms. The choice of
illumination will depend on the terrain charac-
teristics and the camera sensitivity. With digital
imaging systems, contrast enhancement tech-
niques can do much to bring out surface detail
so that choice of illumination is less critical.
Generally, if enhancement procedures are to be
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Figure 2.4. Resolution required to detect various lunar features and structures. Results from missions to Mars and
Mercury show that each planet appears to have unique requirements for image resolution, dependent upon the
processes that have been dominant through its geological history (from Masursky et al., 1970).

applied, illumination angles up to 45° can be
tolerated for landform discrimination.

Color— Color has enormous potential as an
aid in geologic interpretation. Telescopic multi-
band photometry of the Moon has permitted the
discrimination of a large number of units on the
lunar surface, thereby allowing confident extrap-
olation of the sample site results to other areas.
Much important information about rock compo-
sition can be obtained in this way. The multi-
band capability of ERTS transformed the
experiment from one of passing geologic interest
to one of substantial geologic potential. Image
processing techniques to capitalize on multiband
capability have advanced greatly over the last
few years, mainly because of the ERTS applica-
tions. These factors have brought about an
increased awareness of the value of color as part
of any imaging experiment.

Color can be used in a variety of ways. First,
it can be used as an enhancement tool; for
example, atmospheric phenomena can be
enhanced or suppressed, as can albedo varia-
tions. Second, color variations, being indicative
of compositional and mineralogical variation,
can be emphasized. Its main value over other
geochemical techniques is that chemistry and
mineralogical differences at the surface are por-
trayed at the same scale as the visual image and
therefore can be correlated directly with topo-
graphic information.

Color has been downplayed in planetary imag-
ing experiments up to now, and for good rea-
sons: the greater the number of color bands, the
greater are the telemetry requirements. Most
imaging experiments are telemetry-limited, and
it must be decided whether one wants, say,
three-color imaging or three times the area
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covered. In the early stage of exploration, areal
coverage will and should take priority over
colorimetry. As coverage increases, however, the
balance should move toward color.

Another factor has worked against color: all
cameras flown to planetary bodies other than
the Moon have been vidicon systems, and vidi-
con systems flown thus far are notoriously poor
photometers. Not only does the sensitivity vary
over the field of view on the vidicon screen, but
the light-transfer characteristics change with
time, invalidating much of the ground-based cali-
bration data. If color is to become a significant
factor in an imaging experiment, then either
vidicons cannot be used or a major breakthrough
is required in vidicon technology, as discussed
by McCord and Frankston (1975).

Stereoscopic coverage— As for color, the
advantages of stereo coverage are initially less
important than areal coverage; but as more
monoscopic coverage is acquired, the relative
value of stereo increases. Limited stereo samples
of selected features should, however, have a high
priority early in the exploration program. Once
a representative coverage of a variety of features
has been acquired with stereo coverage, color
should take precedence, providing that an imag-
ing system is being used that is photometrically
credible.

Polarimetry— The usefulness of photography
through polarizing filters has been marginal for
the Moon and the Earth, and even for experi-
mental surfaces under laboratory conditions.
The present state of knowledge and techniques
dictates that polarimetry should not be
attempted at the expense of other potentially
more useful techniques.

Types of Missions

Detailed comparisons of flight hardware lie
outside the scope of this report. Davies and
Murray (1971) and Murray et al. (1971) provide
comparisons of various imaging systems. Thus
far, all United States planetary missions have
used vidicon cameras. Film was used in the Lunar
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Orbiter missions and in subsequent manned
flights, but it has yet to be used on a nonlunar
mission. Complexity (size, weight, power), life-
time of film and chemicals, vulnerability of film
to radiation, and poor enhancement capability
have militated against the use of film, despite its
capability of providing wide-area coverage at
high resolution. However, the main disadvan-
tages of vidicons that have been flown thus far
are that they have small format, low sensitivity,
poor geometry (image distortion), and poor
photometry,

Recent vidicons are substantially improved in
geometry, sensitivity, and photometric calibra-
tion. Recent developments in the field of solid-
state cameras hold great promise for future
imaging systems. Monolithic phototransistor
arrays at least as large as 500 X 500 appear
feasible. Although existing charge-coupled
devices (CCD) have low resolution, high-density
arrays are being developed. The inherent advan-
tages are low power, low maintenance costs, and
long lifetimes. From a scientific standpoint, they
have the additional advantages of stable
geometry and excellent photometry. Such
devices could thus provide true multiband capa-
bility at imaging resolutions, thus adding a new
dimension to imaging experiments. Clearly,
development of CCD’s should be vigorously
pursued.

Flyby missions— The initial images of planets
have been obtained from flybys, missions that
have been of varying utility. Mariners 6 and 7
(Mars 1969) were reconnaissance in nature and
no systematic coverage was expected; rather the
purpose largely was to determine crustal style
and to identify general problems. These missions
gave an imbalanced view of the planet geologi-
cally because of the limited coverage resulting
from a low data return rate. For optimum util-
ity, an early reconnaissance mission should strive
for images at a wide range of scales and broad
coverage at moderate resolution. The ideal plan,
achieved by Mariner 10 by use of a high data
rate and long-focus telescopes (Murray et al.
1971), results in photographs of the whole disk
with scattered photographs of higher resolution



located within the regional frames. This has two
advantages over a plan in which all photographs
are taken at the highest resolution: first, the
broad geography of the body is established and,
second, the nature of the terrain at different
scales is determined. The second advantage is
important as there is no way of knowing in
advance the optimum scales for obtaining infor-
mation on landforms. Systematic stratigraphic
studies are possible from the Mariner 10
fly-by-type of photography; however, orbital
coverage is required for a complete global stra-
tigraphy.

Orbital missions— Orbital imaging is the single
most important source of geologic information
for planetary bodies. Acquisition of images from
orbit of Mars by Mariner 9 transformed our con-
cepts of the planet. One can only speculate on
the bizarre interpretations that could have
resulted from orbital geochemical measurements
and geophysical data on Mars without the sup-
porting images. Orbital images provide the infor-
mation base against which all other data are
compared and interpreted. Its usefulness
depends mainly on resolution, areal coverage,
and continuity. Other factors such as stereo
overlap, photometric fidelity, color, and polar-
ization are of secondary importance in the early
stages of exploration, but gain in importance as
exploration progresses.

Orbital images also provide the opportunity
to acquire repetitive data over selected regions
of the planet. For example, during the Mariner 9
mission, many regions on Mars were imaged
repetitively, and variable features, such as dark
streaks associated with craters, were observed to
change in size and shape with time, indicating
the presence of active surface processes.

Landing missions (E. Morris)— Although not
strictly a technique for stratigraphic and struc-
tural analysis, lander imaging (Figs. 2.5 and 2.6)
is discussed here because of its close ties with
orbiter imaging. A landed imaging system should
have the capability of several resolutions: a low-
resolution, wide-angle mode for an overall view
of the surface and a high-resolution, narrow-

angle mode for detailed examination. In addi-
tion, color and infrared capability would provide
information on the composition, oxidation, and
weathering states of surface materials. A landed
imaging system serves three main geologic func-
tions: (1) to examine in detail the lithology, tex-
ture, and attitude of the surface rocks at the
microscale and mesoscale, (2)to determine
topography in the vicinity of the spacecraft, and
(3) to provide a setting for other experiments on
the spacecraft.

Lithology, texture, and attitude of surface
rocks: One of the main tasks of a landed imaging
system is the detailed examination of the lithol-
ogy, texture, and structure of surface rocks to
determine the processes most active in the
formation of the surface. A texture of interlock-
ing crystal forms may indicate a crystallization
stage during rock formation, either as a result of
derivation from a melt or as a result of post-
depositional recrystallization. Euhedral pheno-
crysts may point to a magmatic origin, rounded
grains to a sedimentary origin. However, even
when samples are available in hand, grain tex-
tures can be difficult to interpret. Textures of
this type are generally visible at 1-mm resolu-
tion, and high-resolution imaging systems can
achieve this resolution without additional optics.
The ability to discern these fine-scale textures
will depend largely on lighting, and repeated
imaging of the spacecraft environment at differ-
ent lighting conditions will bring out many
observable features. A stereoscopic imaging
system, however, is far superior to a monoscopic
system for detecting and measuring fine-scale
textures and features.

The gross features of rocks in place are also
related to origin. Observations of bedding, cross-
cutting relations, faults, and folds are all neces-
sary to understand sequential relations, yet they
cannot be made adequately from a stationary
vehicle or from an orbiter. Some mobility is
required because of the scale of the features
involved and because a sufficiently large number
of relations must be observed to confidently
interpret them. Therefore, an automated mobile
vehicle to test the heterogeneity inferred from
the orbital images and to sample a variety of
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Figure 2.5. Diagram of the Viking lander imaging system. Onboard camera scans the scene and transmits the image in
much the same way as the facsimile process transmits newspaper pictures.

Figure 2.6. Image of the surface of Venus taken by the Soviet Venera 9 lander in late 1975. Image system is similar
to the U.S. Viking lander facsimile camera. Before this image was acquired, virtually nothing was known of the
Venusian surface. Several geological facts are evident: (1)the surface is rough and bouldery, (2)rock size is
bimodal (i.e., large blocks and rather fine grains), (3)rocks are subrounded, although some are also angular,
(4) many blocks appear to be platy, and (5) there appear to be different rock textures. These and other observa-
tions combined with data from other experiments yield a great deal of information on surface processes and local
geological history (Tass photograph and caption information, courtesy M. Malin, Jet Propulsion Laboratory ).
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geologic units for chemical and physical study
must be considered for advanced missions.

Surface topography: The conditions necessary
for deriving topographic data for planetary sur-
faces are given in Chapter V. The topography of
any planetary surface is likely to be changing as
a result of destructional and constructional pro-
cesses; evidence of the character of the processes
will be preserved in the landforms. All features,
regardless of origin, will be modified by impact
and surface processes, and their state of preser-
vation will indicate something about the rate of
landform development. Detailed photography of
the surface therefore provides basic information
on the rate and nature of the fine-scale surface
modifying processes. Topographic maps of the
surface, constructed from data returned by a
lander photographic system, provide means to
determine quantitatively the changes of surface
features and also provide accurate bases for plot-
ting and assembling the scientific data.

Analytical support: An important function of
a lander imaging system is to provide support for
other analytical instruments and experiments.
The geologic environment around the spacecraft
is potentially very diverse. Rocks of various
types may be present both in the regolith and in
the bedrock. An imaging system provides the
essential means of monitoring the surface being
analyzed. When used in conjunction with a sur-
face sampler, the imaging system will greatly
improve the versatility of many analytical instru-
ments onboard inasmuch as it changes the sam-
pling from a random process to one of intelli-
gent control and selection. This applies to
geological, biological, and engineering instru-
ments. Imaging system support for meteorologi-
cal experiments on planets with atmospheres is
provided by observations of the formation of
clouds, movements of dust storms, and particle
transport by wind. An imaging experiment also
can provide an estimation of aerosol particle dis-
tribution from observations of the solar aureole,
brightness of celestial objects, and distribution
of sky brightness. Astronomical measurements
can be made using an imaging system from the

surface of a planetary body by observing satel-
lites and other celestial objects, and the axis of
rotation of the planet can be determined from
these observations. Support for biological exper-
iments could be provided by searching for visible
evidence of life and for fossils.

Radar images (G. Schaber)— Venus is com-
pletely enveloped by clouds so its surface is
obscured from conventional imaging systems.
The only way to obtain images of the surface of
Venus, or any other planet with a thick cloud
cover, is to use a part of the electromagnetic
spectrum with wavelengths capable of penetrat-
ing the clouds. In practice, the long wavelengths
characteristic of radar systems offer this ability,
and several types of radar imaging systems have
been developed toward that end. Limited Earth-
based radar images of the surface of Venus have
been obtained, as illustrated and discussed in
Chapter VI.

Side-looking airborne radar (SLAR) measures
the reflectivity of the scattering medium as a
function of position and, from this information,
constructs an image of the surface. SLAR was
first developed for military applications and is
currently being used in various Earth resources
programs (Fig. 2.7). The application of radar
imaging systems in the exploration of Venus has
been discussed in several reports (MacKay et al.
1973; Colin et al. 1975, and others). In space-
craft use, the transmitter and receiver are both
onboard and a signal is transmitted to the target
surface at a fixed angle. The reflected signal
varies in intensity, largely according to the rela-
tion between surface slopes and the spacecraft.
The signal is measured as a function of track
position, azimuth, and range. The positional and
intensity information is combined to construct a
radar image that strongly resembles an optical
image of a surface under oblique illumination.
Use of synthetic aperture techniques permits
high-resolution images to be formed from orbital
altitudes without the need of impossibly large
antennas. The images can be interpreted by stan-
dard optical techniques provided the appropriate
images are obtained. Several techniques unique
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Figure 2.7. Radar image of the Chiman coastal area, adjoining the Gulf of Panama, showing primarily the Chiman
igneous plug (a) and remnants of its caldera ring (b). Also displayed are nearby coastal igneous dikes (c); another
caldera (e) and an adjacent small plug. This image also shows the Chiman fault (e), the West Ipeti fault (f), and the
West Ipeti block (g), together with its component Huevito syncline (h). Radar layover and foreshortening in the
near range (near the top) are illustrated. (from Wing 1971)

to radar image processing can also be applied,
such as those developed for the Lunar Sounder
radar experiment (Phillips ez al. 1973).

In addition to images, nadir surface (topo-
graphic) profiles can be obtained simultaneously
with the SLAR image by use of nearly normal
(0° to 45°) look-angles and the process of coher-
ent altimetry similar to that proposed for the
Pioneer-Venus radar altimeter in 1978.

Several studies (MacKay etal. 1973;
Friedman and Rose 1973; and others) have
shown that between 80 and 90 percent of the
planet Venus can be covered by SLAR images at
100- to 200-m resolution and 2 to 4 percent
covered at 50 m or better resolution. This can be
accomplished, according to the studies, during a
baseline mission of 120 days in orbit (half a
venusian day).

Use of spacecraft radar-imaging systems will
depend on the rate and refinement of Earth-
based radar techniques. Moderate-resolution
(about 2 km) radar images of Venus must be
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obtained during the next 3 to 4 years and,
although it appears that the terrestrial radar
observatories may possibly reach this resolution
level (see Ch. 6), the percentage of the planet
covered at that level will be far too small to
characterize the geologic processes and materials
of the surface. As such, an orbital sidelooking
radar mission must be seriously considered.

IMAGING STRATEGY
B. Murray

The typical sequence in planetary exploration
progresses from flyby (Fig.2.8) missions to
landers, with each type of mission having charac-
teristic capabilities. In addition to this general
mission strategy, there is a more specific strategy
for image acquisition that must be considered. It
includes tradeoffs between areal coverage and
resolution, and the advantages of full-disk
images, contiguous coverage, and nested high-
resolution frames.
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Figure 2.8. Diagram showing the trajectory of the Mariner 10 mission to Venus and Mercury. Spacecraft trajectory
and orbit of Mercury was such that Mariner 10 effectively had three “flybys” of the planet, with useful data

collected on each encounter.

Areal Coverage

The study of stratigraphy and structure from
images hinges on recognition of regional pat-
terns. Contiguous coverage of large areas is
therefore essential. Images of restricted areas,
even if of excellent quality, have limited useful-
ness unless the general context of the areas is
known. For example, the Mariner 9 high-
resolution frames (B camera), being widely scat-
tered, cannot be used to delineate surface units
or determine superposition relations. Their use-
fulness is restricted to characterizing units recog-
nized at low-resolution scales (A-camera frames).
The importance of areal coverage results from
the fact that the distribution of a unit and its
relation to adjacent units often tells more about
its origin and age than does its surface mor-
phology. For example, the fact that the Fra

Mauro Formation on the Moon occurs all the
way around the Imbrium basin is far more indic-
ative of its origin than is its surface texture.
Again, very detailed photography of a particular
scarp in the Southern Highlands might reveal
very little about its origin, whereas wide photo-
graphic coverage could show it to be part of a
system of linear features radial to Mare Imbrium
and therefore related in origin to the Imbrium
basin. Distribution patterns are an essential ele-
ment in geologic analysis; without them, image
analysis is reduced to inefficient and undisci-
plined exercises in comparative geomorphology.

The interplay of resolution and coverage can
be demonstrated by a review of the photo-
graphic exploration of the Moon, Mars, and Mer-
cury. In Figure 2.9a, the history of lunar
photographic exploration starting from ground-
based coverage preceding the space age and
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continuing through the Lunar Orbiter series is
illustrated in semiquantitative form. Data
returned by Lunar Orbiter IV very substantially
increased our knowledge of the lunar surface,
both in resolution and coverage. That increase in
surface knowledge was sufficient to permit the
understanding and rather complete documenta-
tion of the effects of endogenic processes as
distinguished from those of external origin (such
as impact). Figure 2.9b is a similar comparison
done for Mars and shows the results of
Mariners 4, 6, 7, and 9. In this case, the knowl-
edge gained from Mariner 9 also permitted a
significant breakthrough in the recognition of
endogenic processes, as well as documentation
of various erosional features. The breakthrough
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came about not so much due to the increase in
resolution, but because of the much greater areal
coverage that included large volcanic features
not shown in the earlier coverage of limited
areas. Figure 2.9c¢ illustrates the resolution and
coverage of data obtained for Mercury by
Mariner 10. Finally, Figure 2.9d compares the
resolution and coverage data for the Moon, Mer-
cury, and Mars. It can be seen that even after
Mariner 9 and Mariner 10, we have barely
attained the photographic coverage available for
the Moon before the space age. For Mars, how-
ever, this has been sufficient to disclose some-
thing about endogenic processes, whereas for the
Moon it was not. In addition, the Mariner 9
coverage was sufficient to unravel the puzzling




TABLE 2.1. IMAGING EXPERIMENTS FOR PLANETARY SURFACES

Observational technique

Scientific objectives

Full-disk images

Contiguous coverage

Nested high-resolution frames

Geometric and Bond albedo; polarization vs. phase; albedo and color mark-
ings; gross shape and radius; frost deposits; horizontal and vertical structure

Evidence of impact, erosion, and internal activity; regional color and polariza-
tion; control net and maps; radii and figure of planet; slopes and heights

Recognition of small-scale characteristics of impact, erosion, and internally
caused features; atmosphere studies

variable markings, which have to result partly
from atmospheric effects and partly from local
variations in the interaction of surface winds and
topography. These graphs are important in gaug-
ing directly the value of various coverages and
resolutions in the exploration of the large satel-
lites in the outer portion of the solar system.

A threefold categorization is presented here
which is appropriate for the observation of
planetary surfaces from distant or close flyby
encounters, or from an orbiter: (1) full-disk
images, (2) contiguous coverage, and (3) nested
high-resolution frames. An overview is presented
in Table 2.1.

Full-Disk Images

The term full-disk images refers to synoptic
coverage regardless of whether the illumination
is nearly full-Sun, 0° phase angle, as character-
izes global photography, or higher phase angle
where the terminator region can be viewed.

Trajectories of flyby missions often have slant
ranges (spacecraft to planet distance) on the
order of 10* — 10% km, except where an inten-
tional close approach is possible and realized.
Even a very small satellite, such as the martian
satellite Phobos, can be studied meaningfully at
such distances. In 1969, Phobos was photo-
graphed at a range of 1.3X10% km by Mariner 7.
Although the image of the satellite was only
about 6X8 picture elements in size, it was pos-
sible to determine that the object was elongate
in the martian equatorial plane, and that it was
much larger than previously supposed. Thus, it

was recognized to have a geometric albedo of
0.06, the lowest then known for any object in
the solar system (Smith 1970). These inferences
were confirmed in 1971 when Mariner 9 photo-
graphed Phobos from as close as 5540 km. A
good deal of additional information on surface
structure and history then became accessible
(Pollack et al. 1972). However, even when satel-
lites are barely resolvable, the Bond albedo may
be determined. Due to the very limited phase
excursions by the major planets observable from
Earth, it is not possible to measure directly the
visible phase function nor therefore the Bond
albedo. Hence the radiation balance can never be
ascertained directly from Earth. A most impor-
tant objective of outer planet imaging (and an
essential complement to infrared radiometry) is
to acquire this phase function information by
observation by satellites through a wide range of
phase angles. Also, the variation of polarization
versus phase angle may be useful in distinguish-
ing between alternative models of surface par-
ticle composition and size, especially for the
generally nonlunar satellite materials evident
from ground-based results (Johnson and McCord
1970; Hansen!).

Full-disk images also can be most useful for
recognition and mapping of albedo markings,
especially on the lunar-sized bodies. For satel-
lites of the outer planets, any variation in mark-
ings with time may be indicative of a tenuous
atmosphere and associated frost deposits.

'"Hansen, O. L., 1972. Ph.D. thesis (unpublished),
California Institute of Technology.
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Contiguous Coverage

In the photographic exploration of Mars and
Mercury, it has been possible to proceed beyond
the full-disk observation possible with Earth-
based telescopes, and to use Mariner spacecraft
to acquire groups of contiguous pictures with
resolution approaching 1 km (Masursky et al.
1970; Murray et al. 1971). This capability has
played a decisive role in the recognition of both
exogenic and endogenic features on Mars and
Mercury, and has significantly altered opinions
about both planets. Accordingly, contiguous
coverage approaching 1-km resolution should be
a primary objective for Venus and for close
encounters with lunar-sized satellites in the
outer solar system. It would be expected that
there will be impact craters and it will be desir-
able to compare their abundances and morphol-
ogy and thus their histories with those on the
Moon, Mercury, and Mars.

On the other hand, it would be exciting to
find totally unexpected surface features as well.
In this regard, the studies of Lewis (1971) sug-
gest the possibility that within the Galilean satel-
lites, water and ammonia could exist in a
magma-like form. Thus, one cannot rule out a
surface igneous activity of a type totally unfa-
miliar and perhaps even unimaginable to scien-
tists whose only previous experience is with
silicate magmas of the inner solar system. It is
difficult to predict what kinds of features will be
seen. Contiguous coverage of large surface areas
is required to resolve such possibilities. Yet, if
previously unrecognized surface features were
found, it might be possible to infer totally dif-
ferent interior conditions for these objects. Also,
there may be evidence of interaction with the
intense magnetic fields and perhaps radiation
belts that surround these planets. There is indi-
cation already from ground-based observations
in the visible and infrared that these surfaces
differ significantly from those of Mars and the
Moon in both composition and structure. In
addition to morphological studies, contiguous
coverage permits study of regional color and per-
haps even polarization variations.
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Finally, a major application of contiguous
images is the establishment of a geodetic con-
trol net, the basis for those maps whose develop-
ment guides further exploration and analysis, as
discussed in Chapter V.

Nested High-Resolution Frames

In addition to contiguous coverage approach-
ing 1 km in resolution, it is generally possible
during a close flyby encounter, or from an
orbiter, to acquire isolated frames of up to
10 times higher resolution located within lower-
resolution coverage. These have additional value,
both in the detection of significant topographic
features, and for certain special applications
such as slope and height determination from
stereo, shadow measurements, geometric paral-
lax, photoclinometry, and photometric func-
tion studies of selected features. Finally, even
tenuous atmospheres may be detected by tar-
geted cusp and limb photography.

SUMMARY

1. Stratigraphic and structural geology
studies are concerned with documenting the
nature, extent, and mutual relations of surface
rocks to determine the history of a planet’s sur-
face and the nature of the processes that control
its evolution. Moreover, such studies provide a
framework for the interpretation of surface
measurements.

2. The basic data requirement is imaging,
visual or radar, at a wide variety of scales and
with substantial, contiguous areal coverage. The
initial requirement is for global coverage at
ground resolutions no less than about 1 km,
then contiguous coverage of selected areas con-
stituting approximately 10 to 20 percent of the
planet and with ground resolutions no less than
50 to 100 m. These resolutions will depend to
some extent on the relief and the nature of the
surface. Imaging also should be obtained at high-
angle illumination for albedo characterization.

3. Colorimetric, photometric, and polariza-
tion demands on the imaging system initially



should be secondary to the requirement for wide
areal coverage at useful resolutions, but colori-
metric characterization of the surface should fol-
low acquisition of the initial imagery, or be done
concurrently, if resolution and areal coverage are
not jeopardized.

4. Once moderate resolution global coverage
and higher resolution coverage of selected areas
have been acquired, emphasis should shift
toward remote-sensing techniques other than
imaging, particularly those such as visual and

infrared spectroscopy that are sensitive to chem-
ical and mineralogical differences.

5. Lander images and direct chemical and
mineralogical determinations on the surface, or
preferably on returned rocks, are essential for
the interpretation of the composition and origin
of units identified from orbital imagery. The
stratigraphic value of the lander experiments is
greatly enhanced if there is the capability of
mobility or drilling or both.
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CHAPTER IIl. GEOCHEMISTRY

M. H. Carr and P. Toulmin III

Investigations of the elemental and mineralog-
ical composition of a planet bear on several
important questions: (1) What were the solar-
system conditions under which the planet
formed? (2) What processes have altered or
modified the early chemical and physical state
of the planet? (3) What is the present chemical
and physical state of the planet? Ideally, to
answer the first question, one must know the
bulk starting composition of the planet, from
which estimates can be made of the tempera-
ture, pressure, and composition of that part of
the solar nebula from which the planetary mate-
rial condensed. In practice, one cannot deter-
mine the bulk starting composition because the
initial state has been modified and because we
can investigate directly only the geologic unit
now exposed on the surface. The problem of
modification is addressed by investigating the
composition and the formative processes of the
various surface units, after which inferences can
be made regarding the primordial material. By
such methods, for example, lunar material can
be shown to be depleted, on a planetary scale, in
the low-temperature, volatile-rich components
of the solar-system starting material. The Moon
must have formed, at least in part, from material
initially formed in the hotter regions of the neb-
ula than did material making up the more
volatile-rich Earth or from another body (e.g.,
the Earth) in which fractionation had taken
place.

The investigation of the surface rock composi-
tion and processes relates more directly to the
evolution of the planet (Fig. 3.1). First, analysis
of surface units leads to knowledge of the actual
formational process. Clearly, sampling will be
critical. One cannot do this statistically on the
assumption of random variability. The plan must
be highly selective, guided by an assessment of
which samples will yield the greatest geologic
insight, and based on an understanding of the
geochemical regularities and geologic relations
among the various rock types of the body. We
should begin by determining the mineralogic and
petrologic relations in order that the processes
by which the major rock units have been formed
can be inferred and the relative proportions of
different rock types can be deduced. Only when
we have a fairly detailed understanding of the
geochemical and petrogenetic processes that
have operated on the planet, and the history of
their action, together with a satisfactory model
for the internal structure of the planet, will we
be in a position to arrive at a reasonable evalua-
tion of the chemical evolution of the planet.

The most effective strategy for the geochemi-
cal study of a planet is to proceed systematically
with the mineralogical and chemical character-
ization of its materials in accordance with
geologically determined priorities. It is insuffi-
cient merely to analyze chemically the surface
rocks. To appreciate the meaning of a chemical
analysis, some assessment must be made of the
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geologic history of the sample — what its source
and mode of origin are and what processes have
operated upon the sample to cause chemical
fractionation.

Determination of mineralogy, texture, lithol-
ogy, and other properties of the rock that might
be relevant to origin is, therefore, necessary.
Mineralogic composition is particularly impor-
tant; the mineral assemblage reflects both major
element chemistry and conditions of formation
and is, therefore, far more diagnostic of rock
types and formative processes than chemical
composition alone. Indeed, if a choice must be
made between a mineralogic and a chemical
analysis, many geologists will opt for the miner-
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alogic analysis because it provides much more
than just chemical information. Such a choice
should not be necessary, however, because
mineralogical and chemical experiments can be
integrated readily to provide a complete analy-
sis. Furthermore, the choice would depend on
the breadth of each analysis, the number of ele-
ments determined (and with what precision),
and the sophistication of the mineralogic
determination.

The exploration strategy for the planets, satel-
lites, and asteroids must be more comprehensive
than that for the Moon, whose early exploration
was conducted with the expectation of early
return of lunar samples to the Earth. Difficult




experiments could be deferred until a sample
was available on Earth. Because the acquisition
of samples from any of the planets will be far
more costly and technologically more difficult
than similar lunar missions, the maximum pos-
sible scientific explorations should precede
sample return missions. Difficult experiments,
such as age determinations, petrologic character-
ization, and isotopic and trace-element analyses,
should not be delayed until samples are returned
to Earth; the instruments necessary for perform-
ing these experiments remotely (including
landers) must be developed and deployed.

The success of any geochemical exploration
program will depend largely on how intelligently
sites are chosen for analysis. A chemical analysis
on the surface of a sand dune on Mars, for
example, would not be expected to reveal much
about petrologic processes. Information from
orbiters and Earth-based instruments will be cru-
cial in selecting sites. Photography is likely to be
most valuable but other techniques more sensi-
tive to chemical composition, such as multiband
photometry, also should be used. The usefulness
of these techniques depends not so much on the
precision with which they can determine surface
chemistry, but on their ability to detect differ-
ences. Because orbital measurements are impor-
tant in giving areal dimension to specific surface
analyses, the orbital and landing programs
should be planned in concert and strategies
employed such that each mission plan can be
modified by information gained from the pre-
ceding program.

Acquisition sites must be chosen to provide
maximum return of planetary knowledge. For
this reason, careful preparatory study will be
required to determine the variability of surface
materials, areal geologic units, and their modes
of origin. The importance of adequate documen-
tation at sample sites cannot be overemphasized.
Enormous scientific return can be expected
from any returned sample, but much potential
information of a truly planetary significance will
be lost in the absence of a detailed geologic con-
text.

In summary, data from a lander should
include both chemical and mineralogical infor-

mation supplemented by information of petro-
logic importance such as texture, lithology, and
structural position. The general significance of
such information gathered at a restricted num-
ber of landing sites should be evaluated in light
of all available geologic information, including
geophysical measurements on properties of the
interior, and orbital measurements of the varia-
tion in surface properties. The following sections
contain more specific discussions that evaluate
different methods of acquiring the necessary
fundamental data.

ELEMENTAL COMPOSITION
Sampling

Some of the regional aspects of sampling pro-
grams were discussed in the previous section, but
local problems are to be expected in the imme-
diate vicinity of the spacecraft. Because of pos-
sible local variations, analytical instruments
must have the capability of making measure-
ments on any nearby object of interest and of
visually monitoring such measurements. This
requires that sampling tools be available and that
the analyses be conducted in close conjunction
with an imaging system, as was done successfully
with Surveyor on the Moon.

The importance of a chemical analysis, includ-
ing both minor and major elements, cannot be
overemphasized. The present chemistry of a
rock is the end result of a wide variety of frac-
tionation processes that have operated on the
constituent materials during the time since the
solar nebula was formed. Many of these pro-
cesses have left their imprint on the ratios of the
different elements present. Rarely is evidence of
a previous fractionation process completely
destroyed by a later process. For example, all
the lunar samples preserve evidence of an event
early in lunar history that resulted in partial
separation of volatile and nonvolatile elements.
One task of the geochemist therefore is to
unravel the sequence of fractionation steps using
the present proportions of elements present in a
rock. This task ideally requires that all elements
be determined. A second task is to define the
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rock type being analyzed so that petrologic argu-
ments and inferences can be pursued. Generally,
for the second task, only major elements need to
be determined.

Accuracy and Precision

It serves very little purpose at this time to
specify accuracies and precisions for possible
chemical determinations. That determination
will depend on what is technologically feasible
and also on the variability in surface chemistry
of the planet under consideration. Efforts to
achieve extreme precision with relatively few
analyses should be balanced against the desirabil-
ity of many analyses to account for the natural
chemical variability of the rocks present. In
Table 3.1, the precisions listed are those ade-
quate to characterize most terrestrial rock types.
For even the most homogeneous terrestrial
rocks, the natural chemical variability generally
exceeds the listed precisions so that, to more
accurately define the chemistry of the rock,
multiple analyses are required as well as
increased analytical precision.

Table 3.1 serves only as a guide to precisions
needed to define rock types. This, however, is
only one, and perhaps only a minor, function of
a chemical analysis. Its more important function
as a record of chemical fractionation requires
that as many elements be determined as is prac-
tical, for all elements participate in a fractiona-
tion event.

The relevance of specific elemental ratios to
conditions of accretion and subsequent differen-
tiation of planetary bodies has long been recog-
nized. In 1967, the geochemistry group at the
NASA-sponsored Santa Cruz conference noted
the importance of many such ratios and sug-
gested intensive study to evaluate the usefulness
and interpretive value of these and other elemen-
tal relationships. Subsequent research has but
emphasized this basic message (see, e.g., the
recent review by Grossman and Larimer (1974)
for a discussion of chemical fractionations in the
early history of the solar system). Relationships
among elements that differ markedly with
respect to volatility, refractoriness, oxidation-
reduction behavior, crystal-chemical behavior, or
other specific processes of chemical fractiona-

TABLE 3.1. PRIORITIES AND PRECISIONS FOR
ELEMENT DETERMINATIONS

Precision needed to
Expected range, define most terrestrial
First priority weight percent rocks, percent of

amount present

Na 05- 5 10

Mg 0.5-20 10

Al 2.5-20 10

Si 15 -35 3

K 05- 5 5

Ca 0.5- 6.5 10

Fe 0.5-20 5

U

H,0 -

CO,

Elements of secondary importance are S, Sr, Ni, Pb, Cr, and
Li. Next in order of interest would be Ba, Cu, Mn, P, B, Cl, F,

and Zn.
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tion may reveal much about the history of a
planetary body. As an example, the constancy
of the ratios of volatile to nonvolatile elements
in lunar materials has been used to support the
argument that the Moon accreted homoge-
neously (Brett 1973; Philpotts et al
Duncan et al. 1973).

The cosmically abundant light elements C, O,
and H are of great chemical interest as well,
though the principal concern is with their molec-
ular, rather than elemental, chemistry. In prin-
ciple, independent oxygen analysis can be used
to estimate the oxidation-reduction state of a
sample, but in practice the ambiguities intro-
duced by hydration and the presence of several
elements of variable valence restrict it to a cor-
roborative role. Abundances of H, O, CO,, CO,
and CH,, their modes of occurrence as simple
condensed phases, clathrates, or adsorbed and
occluded gases in planetary materials, as well as
in planetary atmospheres, are obviously very
important to both geologically and biologically
oriented investigators.

Analytical Techniques

A detailed evaluation of different analytical
techniques is beyond the scope of this report,
and the following discussion is included more to
illustrate problems than to suggest solutions. No
one technique can be used to determine all the
necessary major elements satisfactorily; different
techniques may have to be combined if we are
to have an adequate analysis. Since a mineralogi-
cal analysis is absolutely essential for under-
standing any chemical analysis, compatibility
with phase-detecting devices is a principal cri-
terion in evaluating the relative merits of the
different techniques.

The alpha-backscatter was used successfully
on the Surveyor program (Turkevich 1973). The
technique gives good results for the light ele-
ments — especially O, Mg, Al, and Si, which are
common in rocks most likely to be found — but
it is imprecise for heavier elements. Lack of pre-
cision for the heavy elements is particularly
limiting for the highly diagnostic elements — Ca,
K, and Fe. However, the inclusion of an x-ray
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mode would allow greater sensitivity and resolu-
tion for the heavier elements. The alpha-
backscatter technique would encounter prob-
lems on Venus because of atmospheric absorp-
tion, but it might be appropriate for Mercury
and Mars. Since its use in the Lunar Surveyor
program, alpha-backscatter instruments have
been reduced considerably in size and offer good
potential for small landed spacecraft.

X-ray fluorescence is a versatile technique
with a high degree of compatibility with various
methods of phase analysis and one by which
most elements other than those with Z <11 can
be examined, depending on the excitation
source. The standard technique of using a high-
energy primary x-ray beam to excite the sample
is sensitive for all elements heavier than Al'3.
To determine the lighter elements, advantage
can be taken of the rising alpha-particle excita-
tion function with decreasing atomic number.
An alpha emitter such as Cm?42? or Po?'? can
be used to excite the sample. The excited x-rays
may be analyzed dispersively by means of
goniometers or nondispersively by solid-state
detectors. Continuing development of small
multichannel analyzers and higher resolution
detectors makes the nondispersive methods
potentially very attractive because the instru-
ments are mechanically simple and because the
resolution of present detectors (<200 V) already
permits unambiguous determination of adjacent
elements heavier than Mg!?. The Viking x-ray
fluorescence spectrometer makes effective use of
radioactive x-ray sources and energy-dispersive,
sealed gas proportional counters (Toulmin ef al.
1973).

Neutron activation may be of value in deter-
mining elements whose determination is not pos-
sible by one of the more general techniques, or
in low-level determinations of specific elements.
The technique is particularly sensitive for Na,
Al, Si, Ca, K, and Mn and could be combined
conveniently with an x-ray fluorescence unit
using the same analyzer. The only additional
requirement would be some form of neutron
source. The sensitivity of neutron activation
depends on the particular element and on the
flux available to excite the sample, but poten-
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tially the technique can be used for trace-
element analysis not possible by either scatter or
x-ray fluorescence.

Optical emission spectrometry, the traditional
method of trace-element analysis, is poten-
tially adaptable for remote applications. The
development of linear arrays of closely spaced
photodetectors may have provided the key to
utilization of this technique in space, but
photography with subsequent photometric scan-
ning is still a possibility. The method is sensitive
to a large number of elements, it can deal with
very small samples, and it has a wide range of
response. Calibration to provide quantitative
data may be the main problem with the
technique.

Recent advances in scanning electron micros-
copy (SEM) and energy dispersive analysis
(EDA) have considerable promise for future
space missions. The SEM-EDA allows identifica-
tion, observation, and analysis of individual
components in the regolith, thereby permitting
the analysis of many geologic units in one
sample. Analytical techniques recently devel-
oped for pollution studies which involve the
minimum of sample manipulation may well be
applicable to planetary exploration. Small,
simple, desk-top SEM’s now on the market are
logical prototypes for flight instruments and it
appears technically feasible to develop flight
instruments by straightforward modification of
existing instruments.

It is evident from this brief discussion that no
single technique will fulfill all geochemical
needs. Emphasis should be placed on integrating
various methods and exploring the commonality
of different components so that a complete geo-
chemical package can be assembled, similar in
concept to the Apollo Lunar Surface Experi-
ment Package (ALSEP) for the Moon.

ISOTOPIC COMPOSITION
R. Zartman

Any nuclear or thermodynamic process that
affects the isotopic proportions of an element
may be considered for isotopic composition
study. Areas of interest to planetary science
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include (1) radioactive decay, including age
determination and heat production, (2) interac-
tion phenomena with solar and cosmic radiation,
(3) primordial isotopic abundances and hetero-
geneities of the original solar system, and
(4) mass fractionation among stable isotopes. In
this section, only mass ratio measurements that
are not dependent on detecting emission from a
radioactive species are considered. Gamma-ray
spectroscopy (subject of a later section) offers a
much more satisfactory method of determining
certain radioisotopes by remote-sensing or
instrument-landing spacecraft.

Perhaps the single most fundamental contri-
bution of isotope research is in providing infor-
mation about the chronology of geologic
processes. Only by placing rocks into the con-
text of both proper time sequence and absolute
age can we achieve order out of the complexity
of a planet’s surface and arrive at some under-
standing of its evolution. Vastly different impli-
cations concerning the chemistry and internal
conditions of a planet arise, depending on
whether its surface formed 4.5 billion years ago
and has remained virtually unchanged, or is still
undergoing endogenetic change. The isotopes of
main interest for dating long-lived events are
those of (*°K—-)*°Ar, (3?Rb—>)%7Sr, and
(238U, 235U, and 232Th—))206pb, 207Pb, and
208pp, Several other isotopic systems have
potential for dating, depending on the chemical
nature of the sample, but necessary developmen-
tal work must precede their general application.
The enrichment in radiogenic isotope(s) to be
expected for each dating method will depend on
the integrated chemical history of a particular
sample. The -original chemical composition of a
planet and the extent of its differentiation can
have a major impact on how meaningful a chron-
ology can be established by instrument-landing
spacecraft. Certainly, in such a situation, the
great precision possible with elaborate chemical
processing and mass spectrometry in a special-
ized laboratory would not be available.
However, even if the required elemental and iso-
topic ratios were known to 10—50 percent,
extremely valuable time constraints might be
placed by each of the dating methods. Because




the isotopic composition also bears on the geo-
chemical relationship of parent to daughter ele-
ment, these data find additional use in under-
standing the petrogenetic history of a planetary
body. The ability to establish broadly a time
framework and to delimit gross chemical evolu-
tion would, of course, be enhanced by a careful
selection of landing sites that would sample
across the available stratigraphic succession of
rocks.

Many nuclear transformations are induced by
interaction of solar and cosmic radiation (domi-
nantly high-energy protons with some contribu-
tion of heavier charged particles) with planetary
surfaces, atmospheres, or both. In the complete
absence of a protective atmosphere, as on the
Moon, solar radiation will penetrate to depths of
several millimeters and cosmic radiation to
depths of several meters in silicate rock before
its energy is spent, mainly by spallation and
secondary neutron reactions. Depending on the
nature of a surrounding atmosphere, this radia-
tion may be partially, or completely, absorbed
before reaching the surface. In addition to pro-
ducing radioactive species with half-lives ranging
from seconds to millions of years, the nuclear
reactions can effect permanent changes among
the stable isotopes from contributions of spallo-
genic and cosmogenic components. Studies of
such anomalies, particularly in the noble gases,
certain rare earths, and in the D/H ratio, can
provide useful information about processes and
mixing rates among the regolith, hydrosphere,
and atmosphere.

Strong differences in bulk chemistry exist
among planets and satellites of the solar system.
These may reflect the conditions of condensa-
tion from the solar nebula or be caused by late
events such as fission of protobodies. Isotopic
distinctions also have been found recently
among certain classes of meteorites, suggesting
that not all such objects derive from one original
homogeneous reservoir of chemical elements. If
primordial isotopic variations are characteristic
of the major bodies of the solar system, allow-
ance for this nonuniformity must be included in
theories of nucleosynthesis and in cosmic mixing
models. At present, the isotopic effects attribut-

able to primordial heterogeneities have been
small and would require very sophisticated
instrumentation on a spacecraft to detect.

In contrast to the mechanisms discussed
above for bringing about differences in isotopic
composition by nuclear means, an important
area of research is based on the thermodynamic
properties of nuclides, which cause them to be
mass-fractionated physiochemically. Thus, pro-
cesses of evaporation, crystallization, chemical
reaction, and diffusion will result in a variable
distribution of isotopes of an element between
phases or across a phase gradient. The fractiona-
tion effect is greatest for the lighter mass ele-
ments (D/H, '3C/'2C, !'5N/'4N, '80Q/!¢0,
348/328) which could be especially useful in
the study of volatile movements, magmatic
activity, geothermometry, and provenance.

The primary instrument for making isotopic
composition measurements is the mass spec-
trometer, although certain other techniques such
as neutron activation and proton backscattering
may be applied to specific isotopes. Currently
available flight instruments that utilize gas or
sputtering ion sources allow only the crudest
determination of isotopic ratios and generally
have been designed instead to measure elemental
abundances. Recently, efforts have concentrated
on the development of a miniature ion micro-
probe as the single most useful chemical and iso-
topic measuring instrument. Again, the ion
microprobe would probably find far greater
application in elemental analysis, but it is hoped
that broad constraints may also be made on
some critical isotopic parameters.

MINERAL COMPOSITION

X-ray diffraction is a promising technique for
determining mineralogy. No other technique can
provide the same combination of generality,
specificity, and quantitative data. X-ray diffrac-
tion patterns of polycrystalline material can be
interpreted: (1) to identify, with little or no
ambiguity, most phases present, (2) to deter-
mine quantitatively the composition of most
solid-solution series, and (3) to determine quan-
titatively or semiquantitatively the modal pro-
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portions of phases in aggregate. The phase
compositional data can be recalculated into an
elemental analysis which, though less precise
than that obtained by direct methods, is never-
theless useful for most interpretive purposes.
(Interpretation of an elemental analysis involves,
at least implicitly, calculation of a hypothetical
mineralogical composition.)

Several different diffraction techniques are
possible. The most commonly used procedure in
terrestrial laboratories employs a movable
detector whose angular position relative to the
sample and primary x-ray beam is varied to mea-
sure the angular dispersion of the diffracted
x-ray energy. Although this technique has been
adapted for spaceflight applications, the neces-
sity for maintaining precise geometrical align-
ment is a limiting factor. Other techniques, such
as position-sensitive detectors, photographic
methods, and energy-dispersive diffractometry,
should be thoroughly investigated.

Another technique of mineralogical deter-
mination that deserves mention is differential
thermal analysis (DTA). This technique,
although of limited use for systematic mineral-
ogy, can provide very useful mineralogical data.
It is particularly important in identifying clay
minerals, carbonates, and other minerals that
undergo low-temperature transformations. The
devices are compact and lightweight and have
low power and transmission requirements; there-
fore, they may still be feasible when a more
comprehensive mineralogical experiment is not
possible. Addition of effluent gas analysis, for
example, by mass spectrometry, greatly enhances
the scientific return of this technique.

ORGANIC CHEMISTRY
K. A. Kvenvolden

A major objective in planetary exploration
should be to understand the chemistry of the
organogenic elements, C, H, N, and O, the most
abundant of the reactive elements in the uni-
verse. One important consequence of the inter-
action and evolution of compounds formed
from these elements is life, and the search for
extraterrestrial life is one significant part of this
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objective. The ultimate goal is to know the
organic chemistry of the planets (and biochem-
istry, if life is present). This goal includes under-
standing the origin, distribution, and fate of
organic material in our solar system and, by
extrapolation, in other regions of the cosmos.
Such an understanding could also lead to an
increased understanding of the origin of life on
Earth and possibly elsewhere.

Organic compounds can form in several ways:
(1) they can form during the early evolution of
the planet and may represent material similar to
that from which life arose on Earth, (2) they can
be generated by interactions, promoted by
natural energy sources, between constituents of
planetary atmospheres and surfaces, and thus
can reflect the results of past or present pro-
cesses, (3) they can come from external sources
such as carbonaceous meteorites, (4) they can
result from biological processes and be in the
form of morphological and molecular (chemical)
fossils, and (5) they can be the result of living
organisms such as much of the organic material
observed currently on Earth. One challenge in
planetary exploration will be to differentiate
among these and perhaps other possibilities. Dis-
crimination between the results of biological and
abiological processes is of obvious importance.

Wherever organic material is found during
planetary exploration, it should be examined in
the context of the inorganic material with which
it occurs. Microscopic examinations are neces-
sary to show relationships between organic
material and the associated inorganic environ-
ment; such studies will yield a visual history of
the organic material and will be especially
important if extant or extinct (fossil) life is
present. Determinations of both the molecular
and isotopic compositions of the organic mate-
rial are important to fully characterize the
material. For example, the various kinds of
molecules, their structure, stereochemistry, and
distribution provide evidence for mechanisms
and processes; isotopic compositions (*3C/*2C,
ISN/14N, 180/160, D/H) reveal where the pro-
cesses have involved isotopic fractionation.
Investigation of the organic chemistry of the
planets should start with reconnaissance and be



followed by exploration and detailed studies.

Reconnaissance involves examination by
means of orbital and probe missions utilizing
spectroscopic and analytical techniques such as
infrared spectrometry, mass spectrometry, and
gas chromatography. Reconnaissance will be par-
ticularly effective for determinations of com-
positions of atmospheres. Exploration can be
accomplished on planetary surfaces by remotely
operated, miniaturized chemical laboratories
that utilize, for example, gas chromatography-
mass spectrometry, and remote biological labo-
ratories. Detailed studies require that samples be
returned to Earth for examination in labora-
tories where all relevant analytical tools and
approaches can be used.

Because of the difficulties in designing and
fabricating remotely operated laboratories that
can provide unequivocal results, prime consider-
ation should be given to returning samples to
Earth. A returned sample mission is especially
important for the study of Mars, although pos-
sible back-contamination problems would have
to be thoroughly investigated. For the other
planets and satellites, the constituents of the
atmospheres of Venus, Jupiter, Saturn, and par-
ticularly Saturn’s satellite, Titan, should be
analyzed for organic constituents by probe or
orbiter or both. The return of samples from an
asteroid for study on Earth should follow.

PLANETARY VOLATILES
F. P. Fanale

Investigation of the history of solar-system
volatiles should involve seeking the answer to
three broad, central questions, the second of
which may be subdivided into three
subquestions:

1. What are the differences in bulk volatile
content and composition among planetary
objects, and how did those differences arise?

2. How has the volatile component of the
material that formed each planetary object been
subsequently redistributed within each object
and partitioned between its interior and
atmosphere?

a. What is the total inventory of degassed
volatiles that has been supplied to each
planetary surface environment?

b. When did the supply occur and what were
the dominant energy sources responsible
for the degassing?

c. What was the geochemical fate of each
volatile constituent supplied?

3. What is the influence of volatile content
on internal differentiation and tectonic
processes?

The main points made in this section are:

1. Initial differences in bulk volatile content
among planetary objects has been one of the
main reasons, along with differences in mass, for
divergence of the thermal and differentiation
histories of planetary objects.

2. Some ‘“‘small’”’ bodies, including the outer-
planet satellites and certain asteroids, have
experienced intense surface differentiation and
devolatization despite the fact that some of
these objects cannot have differentiated exclu-
sively as the result of decay of long-lived radio-
nuclides. The devolatization history of these
objects should rank high in any list of subjects
for comparative planetological studies. What are
the nonradiogenic or short-lived radiogenic heat
sources and did they likewise affect the evolu-
tion of other planetary objects?

3. In any meaningful study of atmospheric
history, it is necessary to treat the totality of all
geochemical sinks for volatiles. The atmosphere
and condensed surface volatiles that are in evi-
dence on planetary objects constitute (in most
cases) only a trivial and compositionally mislead-
ing fraction of their degassed volative inventory.
Comparison of degassing histories of objects can
be meaningful only when sinks such as volatile-
containing phases in planetary regoliths and
exospheric escape have been properly assayed.

4. The rare gases constitute a partial excep-
tion to the preceding statement. They do not
generally have histories severely complicated by
chemical interactive effects and, with the for-
tunate exception of He, are essentially conserved
in planetary atmospheres. Studies of radiogenic
and nonradiogenic rare gas nuclides in planetary
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atmospheres will allow significant statements to
be made about the time history of planetary
degassing as well as its overall intensity.

The study of planetary volatiles can provide
profound insights into the geologic evolution of
planetary objects. First, we have every reason to
believe that the largely systematic variation in
the uncompressed densities of planetary objects
throughout the solar system reflects a systematic
variation in bulk composition among planetary
objects. Among nongaseous objects, this sys-
tematic variation encompasses a range from
dense objects such as Mercury, rich in metal and
refractory elements, to ice-rich objects such as
the outer planet satellites. Thus the variation in
bulk composition of planetary objects may be
thought of as a variation in the ratio of volatile
elements and compounds to the refactory ones,
as the result of differences in the effective tem-
perature and pressure at which nebula gas and
dust equilibriated, prior to planetary accretion
or loss of gas from the preplanetary nebula. In
turn, these differences in temperature and pres-
sure probably result from differences in helio-
centric distance in the nebula (Cameron 1973;
Lewis 1974).

Given such differences in initial bulk composi-
tion (and mass), planets will then proceed on
diverse tracks of geologic evolution. For
example, all other parameters being equal, and
assuming steady state, the thermal gradient
inside a planetary object is essentially propor-
tional to its radius, which determines its thermal
lag time. The central temperature of a planetary
object may be considered to be the product of
its thermal gradient and radius. Thus (all other
things being equal) the ability of a planet to
develop a molten interior and volcanism depends
very sharply on its mass. However, volatile/
refractory fractionation among planetary objects
is also important. Potassium is a semivolatile ele-
ment, while uranium is a refractory one. This
means that refractory-rich planets such as Mer-
cury may be depleted in K and thereby deprived
of a heat source. On the other hand, this same
volatile depletion process carried to the extreme
may result in enrichment in U relative to major
mass fraction components, thus enhancing the
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ability of the object to differentiate. The later
mechanism has often been invoked to explain
the Moon’s apparently high level of heat flow.

The ability of an object of a given mass and
given content of radionuclides to differentiate
also depends on the melting point as a function
of depth. For example, the Galilean satellites
Ganymede and Callisto are clearly depleted both
in U and K because volatiles such as H,O ice
constitute more than 2/3 of their mass. How-
ever, this also lowers their melting point so that
even 1/3 or less of chondritic abundances could
be sufficient to result in melting at depth in
these objects (Lewis 1971). In fact, thermal
models of Ganymede and Callisto suggest that
these objects probably possess silicate cores,
liquid water mantles hundreds of kilometers
thick, and crusts consisting of either relatively
pure ice or a primordial conglomorate of ice and
silicates (Fanale et al. 1975). These objects may
prove to be among the most geologically active
in the solar system.

In compositional contrast, Io, the innermost
Galilean satellite, appears to be an ice-free object
with a bulk density of 3.5 g/cm?. Studies of its
optical properties suggest that lo has exper-
ienced considerable degassing and defluidization,
resulting in enrichment of volatile and semivola-
tile elements on its surface (Fanale ef al. 1974).
It seems clear, therefore, that global differentia-
tion and devolatilization can be intense even on
the small bodies of the solar system, despite the
fact that most of these bodies are incapable of
retaining substantial atmospheres (> 107 bar).
Moreover, it seems safe to say that the chances
of observing plate tectonic phenomena on Gany-
mede are as good as they are for any other
object in the solar system.

Even more striking examples of differentia-
tion and volatile loss on small bodies are pro-
vided by the asteroids. Although most objects in
the asteroid belt appear to have surfaces covered
by exceedingly volatile-rich carbonaceous chon-
dritic material (Johnson and Fanale 1973) as
predicted by Lewis (1972), the asteroid
(4) Vesta clearly possesses a refractory-rich sur-
face with a mineralogy similar to that of achon-



dritic meteorites (McCord et al 1970; Veeder
etal. 1975). However, there is also evidence sug-
gesting the possible presence of hydrated com-
pounds on its surface (Larson and Fink 1975).
Since Vesta is so small that volcanism or differ-
entiation induced by radioactive decay of U, Th,
and K is virtually inconceivable, the following
question arises: Are there other heat sources
such as Joule heating or impact heating which
could explain the fact that Vesta’s surface
appears to be differentiated? The larger, more
important, question is, of course: Did similar
processes affect the differentiation and degassing
history of other objects in the solar system and,
if so, how were still other objects (such as the
carbonaceous chondritic asteroids) protected?

The importance of these considerations for
the temporal history of differentiation and
degassing of the terrestrial planets should be
obvious; each energy source for differentiation
has its own built-in time table. For example, if
collision-induced melting occurs, it must take
place at the very outset of planetary history,
whereas melting induced by U, Th, and K must
await accumulation of a sufficient amount of
radiogenic heat per gram of material, which
(even with no heat loss) requires hundreds of
millions of years. Obviously, the often used
anthropomorphic analogies (planets in their
infancy, old age, etc.) are ill conceived when
applied to systems that may have several energy
sources, each with its own inherent chronology
and effect on planetary evolution. Equally ill
conceived is the concept that evidence for con-
tinued degassing (as a high atmospheric *°Ar
content or a high % He flux) constitutes evidence
against catastrophic early degassing (Fanale
1971). On the contrary, the only connection
between the two is a synergistic one: the greater
the initial buried heat, the more likely it is that
any given subsequent contribution of radiogenic
heat will be able to produce melting at any given
depth and hence degassing and volcanism.

Next we shall consider those objects that have
retained substantial planetary atmospheres. In
such cases, we may be tempted to hope that
comparison of the mass and composition of

atmospheres and condensed phases on surfaces
of planetary objects can provide insights into
differences in their bulk composition and the
intensity or the time history of their differentia-
tion and degassing. While detailed exploration of
planetary atmospheres and surfaces ultimately
will provide information of this type, our hopes
should be tempered by our experiences with the
two best studied surface-volatile inventories in
the solar system — those of the Earth and Mars.

It has long been recognized that almost all the
Earth’s degassed volatiles are contained in the
oceans or chemically bound in sediments
(Rubey 1951). The Earth’s atmosphere repre-
sents only a small fraction of its total volatile
inventory and its composition is almost com-
pletely an artifact of the combined chemical
effects of biological activity, exospheric escape,
etc. In the case of Mars, some investigators had
suggested that the ostensible atmospheric CO,
content (together with the CO, in the perennial
caps) represented a substantial fraction of the
total degassed martian volatile inventory and
that, moreover, the entire amount could have
been a late arrival, supplied by the volcanic
episodes associated with the development of
Olympus Moons. But this now seems unlikely in
view of the fact that the thermochemical frac-
tionation models discussed here all predict that
martian material, in bulk, is more volatile-rich
than terrestrial material. In addition are the fol-
lowing evidence and interpretations:

1. The martian atmosphere is saturated much
of the time with H, O at its base over much of
the disk (Schorn et al. 1969).

2. Given (1), theoretical calculations show
that hard-frozen H,O permafrost is likely to
occur in global lenses thickening toward the
poles (Leighton and Murray 1966), and perhaps
elsewhere in the regoliths as well.

3. Given (1), the regolith is theoretically
expected to contain large amounts of absorbed
H, O and CO, (Fanale and Cannon 1974).

4. Even larger amounts of bound H, O (up to
3 percent by weight) are suggested by infrared
observations at 3 um made from high-altitude
aircraft (Houck et al. 1973).
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5. Other visible and near-infrared reflectance
spectra of Mars suggest coatings of hydrated iron
oxides on regolith grains (Adams 1968).

6. The ratio of the 0.3 to 2.5 um reflectance
spectra of the light and dark regions on Mars
shows residual water bands in the light regions
(McCord ef al. 1971).

7. The mid-infrared transmission spectrum of
dust levitated in the great 1971 duststorm has
led to tentative identification of montmoril-
lonitic clay as a major constituent (Hunt et al.
1973).

8. Both hydrated iron oxides and montmoril-
lonite have been effectively produced (from
magnetite and silicates, respectively) under simu-
lated martian conditions by UV irradiation in
the absence of liquid H, O but in the presence of
adsorbed H, O (Huguenin 1974).

9. No useful upper limit has yet been placed
on the regolith’s content of nitrates, carbonates,
and other volatile-containing phases from the
visible and infrared reflectance spectrum of
Mars.

10. The unconsolidated regolith to which all
the above remarks apply may extend to a depth
of 1 km or even more (e.g., see Chapman et al.
1969; Hartman 1973).

11. Permanent surface and near-subsurface
polar caps of both H,O and CO, have been
inferred which are much larger than the seasonal
caps (Murray and Malin 1973).

12. Analysis of the exospheric energy balance
deduced from Mariner 1971 orbital data suggests
equal 4% Ar and CO, concentrations at 120 km
altitude on Mars; this is compatible with the
limits on 4°Ar that can be deduced from com-
parison of the CO, abundance in the atmo-
spheric column and the total pressure at the base
of that column (Levine and Riegler 1974), and is
also compatible with Mars 6 planetary probe
data (Sokolov 1974) suggesting a 4°Ar content
of 35 £10 percent in the lower atmosphere. If
true, this would require burial in the regolith of
a huge inventory of chemically active volatiles.
It would also provide a means to compare the
total amount of (continuing) degassing, as
deduced from the *° Ar content with the present
rate as deduced from the *He content, which
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represents an equilibrium between current degas-
sing and exospheric escape. Ultimately, identifi-
cation of volatile-containing minerals in the
regolith will provide clues as to the nature of the
chemical environment on Mars’ surface during
its history, that is, with regard to Eh, Ph, pres-
ence or absence of an aqueous phase, etc.

Thus, the most important parameters to be
measured with regard to the history of martian
volatiles are (1) the abundance of rare gas
nuclides in the atmosphere, and (2) the identity
and abundance of volatile-containing phases in
the regolith.

In a study of the temporal history of degas-
sing of planetary objects, the Earth should not
be neglected. The Earth’s degassing and atmo-
spheric history is still poorly understood. This
comment applies, in particular, not only to the
relative importance of catastrophic early degas-
sing versus gradual and continuing degassing, but
also to the chemical state of the early
atmosphere.

Some frontiers are as follows: first, the
thermal history of the Earth is still poorly
understood. We need interpretation of petro-
logic and seismic data that will allow us to better
define the K content of the Earth. We also need
to establish the proportions of fossil (accretion)
versus radiogenic heat in the present heat flow.

Second, we need to interpret, with detailed
computational models, the elemental and iso-
topic composition of the rare gases in the
Earth’s atmosphere in terms of the transfer func-
tion of juvenile volatiles from the interior. This
effort involves quantitative models to explain
the degree of apparent enrichment of ' 22 Xe and
fission Xe nuclides in well gas and old anortho-
sitic rocks. These nuclides are radiogenic, they
have different generation functions, and they
have parent nuclides with radically different geo-
chemical affinities. It also involves explaining
the mass fractionation of nonradiogenic rare-gas
nuclides between the Earth, the solar wind, and
meteorites.

Third, the aeronomic problem of the 4He
balance between crustal input and exospheric
escape must be solved if the differential (pres-
ent) degassing rate is to be compared with the




integrated average degassing rate associated with
volcanism during Earth history as deduced from
the *°Ar content of the atmosphere. Estimates
of the rate and mechanisms of *He escape are
currently questionable. The claimed flux of 3He
also needs to be investigated further because it is
of great importance to degassing models and
because fluxes from different oceanic stations
appear to be very different.

Fourth, additional ways to identify the juve-
nile (vs. recycled) component of chemically
active gases (H,0O, CO,, SO,, CH,, H,S, etc.)
issuing from volcanoes and thermal springs are
needed. At present, only broad limits on the
juvenile component can sometimes be set from
isotopic data.

Thus, even for those bodies that have retained
substantial atmospheres, it is unlikely that
reliable information concerning the intensity or
time history of planetary degassing can be
obtained by directly studying chemically active
gases in the atmosphere and in surface conden-
sates. What is required is a profound understand-
ing of the present and past role of al/l geochemi-
cal sinks for surface volatiles, from chemical
recombination into volatile-containing phases in
regoliths to the most ephemeral of sinks — exo-
spheric escape. A single exception is the rare
gases, the histories of which generally do not
suffer from the complexities of c¢hemical inter-
action or (except for *He) exospheric escape.
The latter exception is fortunate because it
allows for comparison of present and past degas-
sing rates.

Some final recommendations concerning
exploration strategy are:

1. The investigation of planetary atmospheres
should be linked firmly with the investigation of
chemically bound volatiles in planetary regoliths
and exospheric escape phenomena so that mean-
ingful comparisons of evolved volatile inven-
tories among planetary objects can be made.

2. To maximize value per dollar, a balanced
program is required. In such a program, theoreti-
cal studies, laboratory studies, and ground-based
telescopic observations are not regarded as ancil-
lary, but are elevated to the same status as space-
craft observations, although the latter necessar-

ily must be funded at a higher level. Such a
program would be problem-oriented in fact as
well as by charter.

3. Foremost among planetary atmospheric
measurements is a set of measurements that
must be made by either probes or landers — the
measurement of the abundances and elemental
composition of the rare gases. No other single
set of direct atmospheric measurements will pro-
vide such definitive information regarding atmo-
spheric history.

4. There is now every indication that many
outer-planet satellites and even certain asteroids
have experienced differentiation and devolatil-
ization histories as interesting as those of the
terrestrial planets. Moreover, it appears unlikely
that accretional heating or heating from decay
of long-lived nuclides can entirely explain this
phenomenon. In addition to investigation by
spacecraft, support for investigating these bodies
by means of ground-based, laboratory, and
theoretical studies should be broadened in keep-
ing with the spreading recognition of their
fundamental importance for comparative plan-
etological studies. The key problem to be
investigated is the possibility of energy sources
other than decay of long-lived radionuclides that
can contribute to evolution of both large and
small bodies.

WATER
D. M. Anderson

Water is now known to be widely distributed
throughout the solar system. Earth-based spec-
troscopic observations and space probes have
confirmed its existence on Mars and on several
other planets and their satellites (Owen and
Mason 1969; Pilcher efal 1972; Houck et al.
1973; Fanale et al. 1974). Because it is essential
to life, the presence or absence of water on plan-
etary bodies is a question of great importance.
Water plays many roles in various physical and
chemical processes of geochemical interest as
well as in biological and atmospheric phenom-
ena. The significant questions of immediate
interest deal with its modes of occurrence, distri-
bution, and movement, its exchange with the
atmosphere, and its role in the contemporary
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Figure 3.2. Physical and chemical states of water expected on planetary bodies shown in relation to a temperature
scale and in relation to geological, meteorological, and biological processes in which they are important.

TABLE 3.2. EXPECTED FORMS OF REGOLITH WATER

Ices |Liquids| Adsorbed phases | Mineral hydrates

Mercury No No No ?

Venus No ? Yes Yes

Earth Yes Yes

Mars ? y y
| Jupiter No No No

Saturn

Uranus

Neptune

Pluto \{

geochemical evolution of the body under investi-
gation. Answers to these questions provide the
information necessary to assess the availability
of water for biological and geological processes.

If water is present on a planetary surface or in
the regolith, it will nearly always be present in
detectable quantities in the planetary atmo-
sphere and vice versa. Detection of water in the
atmosphere therefore answers the question of
first priority. However, because no single general
relationship between the quantities of atmo-
spheric, surface, and subsurface water exists, the
identification and measurement of soil water in
its various forms at all locations of interest
becomes an objective of high priority in all plan-
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etary missions. This discussion considers the
detection and measurement of water from
landed spacecraft.

The general types of planetary water that
landed spacecraft may be expected to encounter
are illustrated in Figure 3.2 relative to a nominal
temperature scale. This representation illustrates
the ranges of temperature over which a given
form of water is likely to exist. The diagram
emphasizes the forms expected on Mars; how-
ever, if one bears in mind the fact that the low-
est temperature forms include clathrate and
other complex ice-containing mixtures, it repre-
sents the general aspects of the problem on
other planetary bodies as well.



The forms in which water may appear in the
regoliths of the principal planets are listed in
Table 3.2, although some of the entries will be
recognized as conjectural. For Venus and
Jupiter, crucial data still being acquired bear
directly on the question. Nevertheless, in spite
of some of its controversial aspects, Table 3.2
conveys several important facts. Water vapor,
although not shown explicitly, is the most
ubiquitous. In the regolith, solid forms, includ-
ing gas hydrate ices, and mineral hydrates rang-
ing from adsorbed and nonstoichiometric asso-
ciations through crystalline hydrates and
secondary minerals containing ‘‘lattice” water,
predominate. Apart from Earth, the liquid phase
is rare and it is expected only in some of the
venusian clouds and possibly as an ephemeral
phase on Mars.

Gas hydrates are nonstoichiometric, clathrate
structures composed of gaseous molecules
frozen within cagelike configurations of water
molecules. In discussing the possible occurrence
of these substances throughout the sclar system,
Miller has pointed out that, although it is
uncommon on Earth, an air hydrate appears to
exist as a constituent of the Antarctic ice cap
(Miller 1961; Miller 1969). Carbon-dioxide
hydrate is a possibility on Mars (Milton
1974). Ammonia and mixed methane-hydrogen-
benzene hydrates are possible on Jupiter,
Saturn, and Uranus, and perhaps also on some
outer-planet satellites.

The ideal planetary soil-water measuring
instrument would (1) be specific for water,
(2) be able to discriminate among the various
possible forms of water, and (3) be capable of
quantitative assay of both quantity and, if bio-
logical aspects are to be addressed, of availabil-
ity. By international convention, the biological
availability of soil water is discussed in thermo-
dynamic terms. A potential function ¢, called
the water potential, has been defined for this
purpose. It expresses, in terms of an energy dif-
ference, the availability of water held within a
substance, supporting medium, or substrate rela-
tive to that of pure water in its natural liquid
form or to that of vapor or ice. Figure 3.3 illus-
trates the various units and methods of mensura-

tion in common use. The ideal instrument would
be relatively simple and direct in concept and
implementation to minimize problems of com-
patibility with potentially available space
vehicles. In considering deployment, the
amounts of ice, frost, snow, liquid phases,
adsorbed, and chemically combined forms of
water should be measured as functions of loca-
tion, depth, and time throughout the planetary
regolith.

Typical of the most important geochemical
questions associated with planetary missions are
those that have been raised in connection with
the Viking mission to Mars. For example, if the
martian regolith has not reacted to an appre-
ciable extent with the planetary atmosphere, the
endogenic rock-forming processes will likely pro-
duce anhydroussilicate and oxide minerals. If, on
the other hand, chemical weathering has
occurred in the direction of equilibrating with a
water-containing atmosphere, significant accum-
ulations of hydrates, carbonates, and other
volatile-containing minerals may have been
formed (Anderson etal. 1972; Fanale etal
1974). Similar mineral forms may have formed
by chemical precipitation from a pre-existing
hydrosphere. Detailed determinations of the
water content of the materials forming planetary
regoliths thus would yield valuable information
bearing on rock type, degree of hydrothermal
alteration and weathering, and position in the
magmatic differentiation or the extrusive
eruption cycles.

It was suggested some years ago that perma-
frost may be present on Mars (Otterman and
Bonner 1966; Anderson et al. 1967; Wade and
DeWys 1968; Briggs 1974). Permafrost is
defined in terms of a temperature regime only,
without reference to whether a soil or rock is
ice-rich or dry; thus permafrost is soil that
remains perpetually below 0° C. Since the mean
temperature of Mars over the entire planetary
disk is of the order of —50° C, it follows that
permafrost surely exists (Opik 1966). Critical
questions (Leighton and Murray 1966; Anderson
etal. 1972; Murray and Malin 1973; Sharp
1973) relate to the permafrost material: is the
regolith ice-free or ice-rich? Do hygroscopic or
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Figure 3.3 Common methods of measuring soil water.

deliquescent salts create unfrozen brines? To
what degree does intergranular ice affect the
bearing capacity and strength of the soils and
rocks?

More than 200 established analytical methods
for water analysis have been developed. Of the
various analytical approaches, four are particu-
larly promising: thermal evolution with an anal-
ysis of the evolved volatiles for water vapor,
several spectroscopic methods, a radiochemical
method, and several chemical methods involving
solvent extraction and chromatography or titra-
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tion. Methods that can be considered candidates
for soft landers are (1) differential scanning
calorimetry (DSC), in which the energy asso-
ciated with any phase change in the sample is
detected and measured, combined with an analy-
sis of the evolved gases (EGA) for water; (2) sol-
vent extraction coupled with a water analysis by
chromatography; and (3) neutron moderation/
gamma ray attenuation techniques.

The DSC-EGA method is well known in the
laboratory and a science breadboard design
adapted to soft landers has been developed. A



1- to 10-mg sample of surface material which has
passed a 400-um sieve is introduced into a small
metal container. A vented lid is sealed to the top
of the container, which is then placed into one
of a pair of thermally balanced ovens. The ovens
are covered and a purge gas is passed through the
assembly. The ovens are heated at a constant
rate of temperature rise and the differential
power required to keep the two ovens at the
same temperature is measured. This differential
power is a measure of the energy of phase
change occurring in the sample. During heating,
any evolved gases are swept by the purge gas
stream through a P,Os electrolytic hygrometer
which is specific for water and provides a quanti-
tative measure of the amount evolved during the
programmed temperature rise.

Solvent extraction and subsequent analysis by
chromatography is also a well-established labora-
tory technique for water analysis. This method
has been examined for compatibility with plane-
tary vehicles and is considered feasible. Also
promising are neutron moderation and scattering
techniques. Science or engineering breadboard
designs suitable for planetary soft landers based
on these techniques, while considered feasible,
have yet to be developed.

For hard landers, the choices seem limited at
present to thermal evolution combined with
effluent (evolved gas) analysis, by the P,Oq
hygrometer, for example, or possibly by neutron
moderation or neutron gamma-ray scattering
techniques. The latter are possibilities only if
suitable detectors can be hardened sufficiently
for flight qualification. At present, these
approaches are in the tentative, early stages of
consideration. The principle of thermal evolu-
tion, followed by a specific detection and mea-
surement of the water evolved on heating, is
easily within reach. Adapted to a planetary
penetrator, the instrument would consist of a
suitably configured heater and a hardened P, Oq
electrolytic hygrometer. Such a device is con-
sidered capable of accomplishing semiquantita-
tive analyses of the regolith for water and ice as
a function of longitudinal and latitudinal posi-
tion and depth. It therefore closely approaches
the criteria required to define the fundamental

aspects of planetary hydrology. An instrument
of this type could easily detect ambient water-
vapor contents at the part-per-million level and
detect the presence of regolith water at levels of
less than 1 percent by weight.

Summary

The measurement of regolith water and ice
should be an important scientific consideration
in all planetary, satellite, asteroidal, and com-
etary missions. In many instances, it will be
important to address such questions as: the pres-
ence or absence of frozen, adsorbed, or chem-
ically bound volatiles in the regolith; the
characteristics of past surface environments and
the mechanisms of weathering; the diurnal and
seasonal exchanges of atmospheric and regolith
water; and, in some instances, the availability of
planetary water resources to living organisms.
Three promising techniques have been identified
to this end so far: DSC-EGA, solvent extraction/
chromatography, and neutron, moderation/
gamma-ray attenuation. One of these, the
DSC-EGA technique, has been developed to the
science breadboard stage for soft landers. A
variant of this technique, thermal evolution with
effluent gas analysis by electrolytic P,Os4
hygrometer, is judged suitable for early plan-
etary penetrator vehicles.

ORBITAL MEASUREMENTS
M. H. Carr

Many precise chemical mineralogical deter-
minations are difficult to obtain from orbiting
vehicles (Fig. 3.4). Nevertheless, extremely use-
ful geochemical information can be gained from
orbit. To evaluate the general implications of a
few precise analyses from landers, we must have
some knowledge of the geochemical variability
of the planet’s crust, and this is obtained prac-
tically only from orbital vehicles. By utilizing a
variety of remote-sensing devices, geochemical
variations can be mapped, geochemical anoma-
lies identified, and limits placed on chemical and
mineralogical compositions over wide areas.
Unique chemical and mineralogical determina-
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obtaining data by remote sensing.

tions cannot be expected from such measure-
ments; in precision and generality, the results
will be more like the determinations of terres-
trial gravity and magnetic maps and thus subject
to a limited set of interpretations.

Gamma-Ray Spectroscopy (A. Metzger)

A gamma-ray spectroscopy experiment to
measure the composition of surface material to a
depth of about 0.5 m can be undertaken from
orbit around any planet or satellite body pos-
sessing little or no atmosphere. The gamma-ray
spectrum coming from a planetary surface is
composed of narrow discrete line spectra super-
imposed on a continuum. The line spectra are
produced by gamma-ray emission associated
with the decay of naturally radioactive elements
(K, Th, and U), and from nuclear transitions in
many other elements induced by the secondary
neutrons derived from cosmic-ray bombard-
ment. A polar or near-polar orbit will allow the
entire surface to be mapped for those elements
that provide a sufficient flux of characteristic
gamma rays for detection. Besides the Moon,
which has already been orbited by gamma-ray
spectrometers, the technique is attractive for use
at Mars (since gamma rays are only moderately
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attenuated by the martian atmosphere), Mer-
cury, those outer-planet satellites that are not
immersed in a strong radiation belt or atmo-
sphere, asteroids and cometary nuclei. At Mer-
cury, the enhanced solar-particle flux during
flares will provide an additional mechanism for
the production of characteristic gamma rays that
may be observed during and after the flare.

The energy and intensity of the line spectra
carry the information needed to identify ele-
ments and to determine their concentration. The
spectral resolution of the gamma-ray spectrom-
eter is therefore important because this resolu-
tion defines the ability to separate spectral lines
from each other and from the underlying con-
tinuum. The gamma-ray spectrometers that
orbited the Moon as part of the science payloads
on Apollos 15 and 16 were equipped with
sodium iodide scintillation detectors with an
approximate spectral resolution of 0.06 MeV at
1 MeV. Despite the relatively limited spectral
resolution of this instrument, it was possible to
detect and measure K, Th, Ti, Fe, Mg, and Si
with useful accuracies (Metzger etal. 1974).
Offering great potential for the future is the
high-purity germanium detector that typically
has a spectral resolution of about 0.002 MeV at
1 MeV, representing an improvement of a factor
of 30 with respect to the scintillation detector.
This translates into the expectation of measuring
Al, Ca, U, O, H, C, and possibly Na, Mn, and S,
along with improved sensitivity for those also
detectable by a scintillation crystal.

Elemental distributions are directly related to
the evolution of planetary bodies within the
solar system. A knowledge of composition will
reveal whether bulk accretion and magmatic dif-
ferentiation have taken place in the formation
and subsequent evolution of the body. If differ-
entiation has been a factor, the regional distribu-
tion and abundance of certain of these elements
will indicate its nature and extent. For the Earth
and Moon, the composition of rock materials on
or near the surface has been relevant to the aver-
age composition of the entire planetary body.
There is therefore reason to suppose that remote
measurements of the surface chemistry of other
bodies will also be pertinent to their composi-



tions. Gamma-ray measurements of the relative
abundance of volatile elements (potassium and
sodium) and refractory elements (uranium,
thorium, and titanium) will provide a test of the
hypotheses of a volatile-rich Mars and a volatile-
poor Mercury. Information on the near-surface
presence and the regional distribution of signifi-
cant abundances of water and solid carbon diox-
ide will be obtained by measuring concentra-
tions of H, C, and O. For Mars, this could be a
dynamic measurement in which the changes in
polar-cap composition would be monitored
during the martian year.

Germanium detectors must be cooled during
operation and this may be done with a passive
radiative system. The useful energy range of
measurement is 0.2-10 MeV. Spectra would be
accumulated simultaneously over this entire
energy range. Sufficient coverage is required to
provide the discrete characteristic features with
adequate statistics for quality analyses. This
amounts to about 1 hr of data for each resolu-
tion segment of area. The spatial resolution is on
the order of the altitude above the planetary
body for an isotropic detector; this can be
improved by a factor of 5 if desired by the use
of an active anticoincidence collimator.

X-Ray Spectroscopy (A. Metzger)

The interaction of solar x-rays with a plan-
etary surface gives rise to characteristic x-ray
emission. In this way, composition may be
mapped for major elements whose K-shell transi-
tion lines are sufficiently low in energy to
respond to the solar x-ray spectrum. Considering
the shape of that spectrum, and the efficiency of
gas proportional counters — which are currently
the most suitable for such an experiment — Mg,
Al, and Si are the elements most readily measur-
able. The successful Apollos 15 and 16. x-ray
fluorescence experiments demonstrated the dif-
ferentiated nature of the lunar highlands and
pointed up the distinction between highland and
mare regions by determining Al/Si and Mg/Si
ratios over the entire portion of the ground
track illuminated by the Sun (Adler efal
1972a, b). Inferences regarding major rock types

can be derived from this information. The spa-
tial resolution of the Apollo instrument was on
the order of 50 km.

Application of this technique to other plan-
etary bodies requires the absence of an absorb-
ing atmosphere. Orbiting x-ray spectroscopy
cannot be used at Mars; it can be used at Mer-
cury and (based on what is known of their atmo-
spheres) at any of the outer planet satellites with
the exception of Titan. Asteroid missions are
another potential application.

The observed solar flux varies in intensity
according to distance from the Sun; conse-
quently, the signal at Mercury will be greater
than at the Moon. This can be taken advantage
of in terms of greater sensitivity and improved
spatial resolution. Conversely, experiments at
greater distances from the Sun will see lower
fluxes for a given amount of observing time; this
will be a sizeable effect at Jovian distances and
greater. A special opportunity for an orbiting or
encounter x-ray experiment exists for the
Galilean satellites that pass within the Jovian
radiation belts. In this case, the exciting flux will
consist of electrons. Their intensity and rela-
tively high-energy spectrum should produce a
measurable response from all abundant elements
on the surface having an atomic number greater
than oxygen or sodium, with the use of a silicon
or germanium solid-state detector as the sensor.
Good collimation against the background would
be necessary. Alternatively, this experiment
could be performed outside the radiation belt
with a sensor of substantial detecting area
(10—-100 cm?) and a spacecraft pointing
capability.

The Sun’s x-ray flux varies over a time scale of
minutes to days due to the creation of active
regions on its surface. As the intensity increases
over that of the quiet Sun, the spectrum gener-
ally contains a greater proportion of more ener-
getic x-rays. Under these conditions, the
prospects for detecting elements heavier than Si,
such as Ca, K, and Fe, on Mercury, in addition
to Mg, Al, and Si, will be favorable. The number
and strength of these enhanced periods increases
toward the maximum of the 11-yr solar cycle,
which will next peak in 1979. Whereas the

51




Apollo experiment yielded Al/Si and Mg/Si
ratios, results in terms of element concentrations
should be possible with improved techniques for
directly monitoring the solar x-ray spectrum and
its temporal variations.

Far-Ultraviolet Radiometry (M. A. Steggert)

Far-ultraviolet radiometry is a technique,
until recently neglected, which has the potential
of providing some chemical information. Com-
positions can be inferred from values of the
refractive index as derived by measurements of
variations in the far-ultraviolet albedo. Measure-
ments conducted with the Apollo 17 ultraviolet
spectrometer (Fastie ef al. 1973) have partially
verified the applicability of this concept.

Briefly, the far-ultraviolet albedo of planetary
surfaces is primarily determined by the refrac-
tive index of the material. As the majority of
minerals are opaque in this spectral region, the
far-ultraviolet albedo depends not on the volume
reflectivity (hence body color) but rather on the
surface reflectivity.

Lucke et al. (1973) noted that the lunar
albedo increases with decreasing wavelength.
This is to be expected because the imaginary
part of the complex index of refraction of sili-
cates also increases in this spectral region. In
addition, the maria display a higher ultraviolet
albedo than the lunar highlands; it is thus con-
cluded that the mare material has a higher com-
plex refractive index than the highland material.

A comparison of albedo ratios for two wave-
lengths would result in a determination of color
differences. In principle, mineral species could
be identified by comparing the refractive index
and the spectral variations in the refractive
index. Differences in refractive index could
therefore provide information that would com-
plement visible and near-infrared spectro-
photometry.

One potential for the use of far-ultraviolet
radiometry is its application to lava flows.
Undegraded lava flows have a form and structure
evident in photographs. However, if the flows
occurred in the early stages of lunar surface
evolution, subsequent processes such as meteor-
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ite bombardment and day/night thermal process-
ing will blur the structural forms, while the solar
wind, which acts on the body color, will blur the
optical color distinctions between the flow and
its surroundings. The refractive index and hence
the far-ultraviolet albedo should remain
unchanged for longer periods, thus enabling the
flow to be delineated.

in the Visible and
T. McCord, and

Multiband Photometry
Near-Infrared (J. Adams,
R. Huguenin)

Multiband photometry in the visible and near
infrared is a technique for determining surface
mineralogy and chemistry. The technique has
already been applied with considerable success
in studies of the Moon.

Reflection spectra are measured (0.3 to
2.5 um) using Earth-based telescopes; the
absorption bands present are interpreted from
laboratory and theoretical studies of the optical
properties of lunar, terrestrial, and meteoritic
materials. The restriction of Earth-based tele-
scopes limits the spatial resolution and wave-
length range, mainly because of atmospheric
turbulence and absorption. The most logical
next step is the development of planetary
orbiter spectroscopic experiments.

By placing a spectrometer in polar orbit
around a planet or satellite, high-spatial-
resolution (1—10 km) data of the spectral reflec-
tance properties of the entire surface could be
obtained, and these spectra would be free of the
intense and variable terrestrial atmospheric
absorption in the complete spectral region of
interest (0.3 to 4.0 um).

For the Moon, spectra from telescopic obser-
vations and laboratory studies of returned
samples indicate that spectral reflectance mea-
surements with 100-200 A resolution and 0.1 to
0.5 percent intensity precision over the 0.3 to
2.5 um wavelength range would permit the
determination of (1) regional variations in the
average pyroxene, olivine, plagioclase, and glass
compositions of rocks and (2) regional variations
in the pyroxene/olivine, pyroxene/feldspar, and
pyroxene/ilmenite abundance ratios. Techniques




have been developed that will permit the deter-
mination of the FeO and TiO, content of
mature mare soils to about *1 percent. Soil
maturity and relative exposure ages of surface
material can be mapped. The spectra of fresh
craters, which expose less altered material, con-
tain information about the subsurface rocks.
Earth-based telescopic reflectance spectra, of
200- to 400-km-diameter regions on Mars, and
laboratory data reveal that the bright surface
material is composed in large part of oxidized
weathering phases of fine-grained size, whereas
the dark areas are relatively less weathered,
coarser-grained, crustal material. The bright sur-
face material is relatively uniform in composi-
tion across the surface, due probably to mixing
by the intense global eolian activity. The dark
area soils display regional variations in composi-
tion, which probably reflect regional variations
in crustal composition. Clearly, high spatial
resolution mapping of the surface would provide
a great deal of information about regional and
local variations in surface composition.
Ground-based and Mariner 6 near-infrared
spectra of Mars reveal that reflectance spectra in
the 1 to 4 um region with an intensity precision
of 0.1 to 0.5 percent and a spectral resolution of
100 to 200 A should be able to resolve H,O
vapor abundances of 3 to 5 precipitable microns
or greater, and they should be able to separate
water of hydration from water ice. The experi-
ment should be able to detect ice or adsorbed
H, O layers greater than 0.1 um thick and solid
CO, layers greater than a few millimeters in
thickness. Repeated spectral mapping of the
polar regions could monitor seasonal variations
in the condensed phase H,O and CO, on the
surface of the polar caps. Moreover, diurnal and
seasonal variations in the amounts of H,O con-
densed on the surface in the equatorial and mid-
latitude regions could be monitored.
Ground-based reflectance spectra of Mercury
indicate a Moon-like soil composed of iron-
bearing and probably titanium-bearing glasses.
Regional variations in optical properties and
terrain, revealed by Mariner 10 images, prob-
ably correspond to regional variations in compo-
sition, as they do on the Moon. The use of

Earth-based telescopes permits only near-full-
disk spectra. An orbiting reflectance spectrom-
eter operating in the 0.3 to 2.0 um region would
obtain high spatial resolution data on the com-
position of these terrain units.

A spacecraft reflectance spectroscopy experi-
ment also would be very useful in asteroid
reconnaissance missions. From Earth-based tele-
scopes, the spectra of over 100 asteroids indicate
that almost all mineral assemblages found for
asteroids exist among meteorites, although the
frequency distribution of compositional types is
different among the asteroids than among
meteorites. Asteroids appear to be mostly
homogeneous over their surfaces, displaying
little variation in optical properties with rota-
tional phase. Inner-belt asteroids appear to be
more commonly of high-grade iron silicate com-
position, whereas outer-belt asteroids are more
often of a primitive carbonaceous chondrite
nature.

A spacecraft reflectance spectroscopy experi-
ment would provide compositional information
about the surfaces of the satellites of Jupiter and
Saturn and Saturn’s rings as well. From the
Earth, only the four largest of Jupiter’s satellites
are bright enough to be studied easily and only
full-disk spectra can be obtained. Europa, Gany-
mede, and Callisto all display absorption bands
characteristic of H,O ice in the 1to 2.5 um
region, but the visible portion of the spectra
contains strong, unidentified absorption, unlike
that for ice.

Each of these applications could be carried
out with a single instrument: a multi-dispersing-
element spectrometer with a useful wavelength
range of 0.3 to 4.0 um, a spectral resolution of
50—200 A across the spectrum, and an intensity
precision of 0.1 to 0.5 percent. Preliminary
design indicates that this can be accomplished
with an instrument that weighs just over 10 kg,
consumes approximately 10 W of power, and
has a bit transmission rate lower than
10% bits/sec’!. Detectors would not need to be
cooled and onboard calibrations would not be
necessary, although they would be desirable. No
developments beyond the present state of the
art appear necessary.
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Far-Infrared Spectroscopy (4—100 um)

Spectroscopic studies of the emission charac-
teristics of rocks and soils can provide diagnostic
compositional information not available by any
other remote-sensing technique. Silicates, for
example, have characteristic emission minima in
the 8—12um region (Reststrahlen features),
which occur 4t the short-wavelength side for
felsic rocks and at progressively longer wave-
lengths for mafic and ultramafic rocks. One
limitation of the spectral studies has been the
diminished spectral contrast that accompanies
reduced grain size (Lyon 1964). Recent labora-
tory and theoretical studies hold some promise
for extracting information from shifts in the
emission maximum that occurs on the short-
wavelength side of the strong Reststrahlen fea-
tures. The position of this maximum is related
to the Christiansen frequency (at which the
index of refraction is unity and the extinction
coefficient small) and is somewhat diagnostic of
composition (Conel 1969; Logan and Hunt
1970).

Spectral studies of the Moon from Earth-
based telescopes have been limited by the low-
resolution, atmospheric absorption in diagnostic
spectral regions and the fine-grained nature of
the surface (Goetz 1968; Salisbury et al. 1970).
Terrestrial studies of limited areas of good
exposure have been more promising. Spectral
emission curves have been used by Lyon and
Patterson (1966) to discriminate various rock
types by comparison with reference spectra.
Because of the high data rates, this system is
impractical for planetary mapping of an
extended area. A mapping technique has been
developed for spectral information that uses the
ratio of adjacent bands measured by a dual-
element detector (Vincent and Thompson
1972). The ratio, which is reasonably insensitive
to moderate temperature variations, provides a
measure of changes in position or shape of the
emissivity minimum.

Bodies distant from the Sun receive less solar
flux and consequently emit at lower tempera-
tures, with maximum emission occurring at
longer wavelengths. A consequence of this
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reduced solar flux is that, for bodies of the same
albedo, the crossover wavelength at which
reflected and emitted energy are equal also shifts
to longer wavelengths.

Useful application of the thermal inertia and
spectral emissivity mapping techniques to plan-
etary bodies beyond Jupiter is problematical. At
such distances, the reduced thermal emission
imposes severe instrumentation constraints that
require a tradeoff between ground resolution
and thermal resolution. Spectral emission mea-
surements in the 10-um region will be difficult
not only because of the reduced emission but
also because of the measurable contribution of
reflected solar energy. Reststrahlen features
occur in quartz in the 20—30 um region and for
other silicates out of 100 um (Aronson et al.
1967). Thus diagnostic information exists at
these longer wavelengths that can be used for
geologic unit discrimination if the spectral fea-
tures can be measured from orbit.

Recent laboratory studies have illustrated the
importance of grain-sized distribution and tem-
perature gradient on the appearance of emission
spectra. Current theoretical models qualitatively
predict some of the spectral features, but an
adequate quantitative model has not yet been
developed. Averaging spectral emission differ-
ences over heterogeneous terrain of varying com-
positions, surface temperatures, and temperature
gradients is an imposing problem. The initial
success of the ratio technique in terrestrial
studies provides an example of the benefits
gained when higher spatial resolution is obtained
by sacrificing spectral resolution. This type of
tradeoff may be necessary to obtain maximum
geologic information for a given spacecraft data
rate.

The spectral emissivity technique appears to
be the most promising technique for composi-
tional identification of materials from orbiters.
But its current state of development and instru-
mentation constraints (e.g., higher data rates
and lower signal/noise ratio for the same spatial
resolution as the thermal mapper) generally
make it a lower priority experiment. A lunar
orbiter experiment could provide many of the
answers as to the feasibility of the technique of



granular materials. If the results obtained are
positive, the experiment would provide justifica-
tion for a dedicated mission that the high data
rates presumably dictate. Another alternative
might be to use the image ratio technique.
Again, good spectral data obtained from lunar
orbit could be used to evaluate the feasibility of
this technique for planetary exploration.

Comparison of the results from the Viking
IRTM, which consists of several broad thermal
bands, with the Mariner IRIS, which had good
spectral resolution from 6 to 50 um, will help
determine the reliability of chemical identifica-
tions by comparatively broadband thermal
radiometry.

Infrared Radiometry (H. Kieffer)

Measurement of the amount of thermal emis-
sion from a planet can provide information
about the physical properties of the surface, the
general chemistry of the surface, the composi-
tion of condensates, and indications of internal
activity if large heat flows are found.

Broadband infrared measurements are usually
expressed as brightness temperatures, which are
a lower limit on the physical temperature of the
object sensed. For geologic materials, whose
emissivity is near unity, the brightness tempera-
ture is a good approximation of the surface
temperature, and this information is directly
useful in chemical or biologic theories.

Because infrared radiation penetrates less than
a millimeter in geologic materials, the tempera-
ture measured represents a natural instantaneous
balance between (1) the absorbed insolation,
(2) emitted radiation, (3) surface heat flow, and
(4) if there is an atmosphere, conductive and
radiative phase transfer with the atmosphere and
possibly latent heat of condensate phase transi-
tion. For the Moon, Mercury, and the Galilean
satellites, only the first three are important and
the direct analysis of brightness temperature in
terms of thermal inertia, which governs the mag-
nitude of the “daily’’ temperature variations, has
been extremely useful (Pettit and Nicholson
1930; Murray 1967; Hansen 1973). The diurnal
temperature variation, not readily sensed by any

other method, can be related to the surface par-
ticle size. The average value and surface distribu-
tion of particle size is very useful in determining
the erosional history of a surface.

The sizes of many asteroids and satellites have
been determined by measuring both their
reflected and emitted energy (Matson 1971;
Morrison 1973). Methodical observations of
such telescopically unresolved objects will con-
tinue to improve our knowledge of the sizes of
the smaller bodies in the solar system.

The subsurface heat diffusion is generally
dominated by the diurnal term except near the
poles, where the ‘“annual’ term is the largest.
Heat flow from the interior is expected to be
less than both of these terms except in local
volcanic (in the general sense) areas. Thus the
search by remote sensing for indications of cur-
rent volcanic activity has an inherently small
probability of success. Extensive, high-resolution
coverage would be required to expect positive
heat-flow indications even for the Earth (Kieffer
etal. 1973). Thus far, no positive indication of
heat flow from the interior has been found,
although some lunar observations suggest either
locally increased heat flow or unusually high
thermal inertia (Hunt ez al. 1968). The Galilean
satellites have very small obliquities so that the
poles received very little insolation. Their polar
regions are probably the best place in the solar
system to measure internal heat flow by infrared
means.

There appear to be major differences in com-
position of the satellites of the major planets
(Morrison and Cruikshank 1974; Kieffer and
Smythe 1974). They are likely to have conden-
sate surfaces, at least in their polar regions, and
systematic infrared observations by spacecraft
may represent the only way to determine the
composition of the condensate and “rock”
surfaces.

For rocks, the gross spectral emissivity deter-
mined by broadband infrared radiometry relates
to the average chemical bond lengths and is
therefore directly related to the bulk chemistry;
while reflectance spectra are perhaps more
readily obtained, many of these spectral features
are electronic and can be strongly influenced by
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minor components or by oxidation state.

For spacecraft observations, which avoid the
attenuation of the Earth’s atmosphere, broad-
band infrared measurements should be accom-
panied by broadband reflectance measurements
so that the amount of heat diffusing from the
surface material can be directly determined from
a single measurement. Where the bolometric
albedo is not well known beforehand, this com-
bination represents a much more positive
analytic tool for determining surface physical
properties.

Infrared measurements of the Moon, com-
bined with imaging and radar data of the same
areas, have provided a much better geologic
picture than can be obtained with these methods
individually (Zisk et al. 1971). Measurements of
this type are planned for Mars, where some radar
coverage is available, and should be considered
for the other accessible planetary surfaces.

Spacecraft instrumentation for infrared radi-
ometry is already well developed. The main
weight is in the collecting optics and the major
design decision will be on the spatial resolution
required. For exploratory missions, resolution of
about 1/20 the object’s diameter is desired so
that latitude and diurnal variations can be
observed and so that the temperatures of con-
densates covering only part of a body (as
appears to be the case for the Galilean satellites)
can be determined. Missions that plan to do geo-
logic mapping, as do the martian orbiters, should
have a resolution of about 5 to 20 km, which
will allow discrimination of major geologic fea-
tures, such as floors and rims of craters, tectonic
scarps or rift valleys, volcanic constructs and
flows.

Infrared radiometry has thus far been
obtained from flybys and an orbital mission for
Mars and the first flyby of Mercury. This has
provided a single line of measurements or mea-
surements that are widely spaced in the direc-
tion perpendicular to the orbital motion of the
spacecraft. A large increase in the geologic inter-
pretation of infrared radiometry is expected for
systems that map approximately uniformly in
two dimensions, as is planned for the Viking
missions. This scanning capability should be
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included for missions that anticipate resolution
smaller than a tenth of the object’s diameter.

Microwave Radiometry

Microwave radiometry is potentially a diag-
nostic remote-sensing technique. However, the
complex interrelationships among the many
parameters that control radiant energy have
impeded fruitful application of the technique.
Studies of thermal radio emission of the planets
(Meyer 1970) and of the Moon (Weaver 1965),
the quantitative determination of moisture con-
tent in soils (Poe ef al. 1971), the determination
of ice thickness (Adey etal. 1972), and the
recognition of general potential for mapping
layer thicknesses (Blinn et al. 1972) suggest that
the situation may be changing.

In addition to its dependence on the four
properties controlling radar reflections (see
Ch. IV, “Radar Studies of Surface Properties’)
— dielectric constant, geometry, internal scatter-
ing, and absorption — microwave emission
depends on the physical temperature and
thermal gradient. A planet undergoes both diur-
nal and seasonal variations in surface tempera-
ture. A thermal wave communicates these
temperature fluctuations to subsurface layers,
but with depth the wave becomes progressively
damped in amplitude and retarded in phase.
Unlike radar, where most sensed energy comes
from surface reflections, all of the thermal
microwave energy originates at depth within the
body. Because the overall microwave opacity of
solids generally decreases toward longer wave-
lengths, microwave radiometers tuned to lower
frequencies can observe at progressively greater
depth. With increasing wavelength, we should
therefore expect a decrease in the amplitude of
the diurnal temperature oscillations and an
increase in the phase lag.

The geologic interest in passive microwave
measurements results from the possibility of
determining internal heat flow and from deter-
mination of near-surface properties. Theoreti-
cally, the internal heat flow can be measured
from the variation in mean surface temperature
as measured at different wavelengths, provided




the thermal conductivities of the near-surface
materials are known. In practice, surface prop-
erties rarely may be sufficiently well known to
permit the unambiguous measurement of ther-
mal gradients. Passive microwave measurements
accurately predicted the lunar thermal flux of
about 3 uW/cm? as early as 1968.

The radar reflectivity varies with angle of inci-
dence and polarization as well as with dielectric
constant which is a function of rock type, mois-
ture content, and in general, depth. The depth
variation may introduce further view-angle varia-
tions. For a specular surface, power as a func-
tion of incidence angle may be used to obtain
the dielectric constant. However, if knowledge
of the brightness temperature is limited to a few
view angles, or if the surface is nonspecular, then
ambiguity arises between the determinations of
thermal temperature and of dielectric constant.

The geometry of the surface (e.g., its rough-
ness) strongly influences the absolute value, the
polarization, and the angular dependence of the
emissivity. Even if both  polarizations are
recorded as a function of incidence angle, it is
difficult to distinguish between effects caused
by roughness and those caused by dielectric con-
stant for cases which are neither clearly specular
nor clearly diffuse. In addition, the problem of
interpretation would be compounded if inter-
ference caused by reflections between layers
occurred.

Briefly, thermal microwave radiometry may,
in particular instances, be used to infer any one
of the following physical properties: physical
temperature, temperature gradient, dielectric
constant, or geometry (roughness and layering).
The qualification for an appropriate application
is that, for a quantitative result, five of the six
parameters (temperature, temperature gradient,
dielectric constant, geometry, absorption, and
internal scattering) must be reasonably well
known. They must be measured independently
or assumed as part of a coherent physical model.
This can rareiy be achieved, but in view of the
importance of internal heat flow, the develop-
ment of microwave measuring techniques at
several wavelengths and their possible

Figure 3.5. Comparison of the sensor heads of the lunar
Surveyor alpha scattering instrument (A) and of the
“mini-alpha” instrument (B). The alpha scattering
instrument was flown on the Surveyor spacecraft in
1967-1968 and obtained the first chemical analysis of
the lunar surface. The “mini-alpha” is an improved
and miniaturized instrument developed for lander-
type missions to obtain the chemical composition of
extraterrestrial bodies. It operates in alpha, proton,
and x-ray modes. The x-ray detector is cooled by a
Joule-Thomson cryostat (gas supply not shown),
which can provide an almost complete chemical analy-
sis of a sample, with sensitivities down to the ppm
range for many elements. (Courtesy of A. Turkevich)

applications to planetary problems should be
supported.

SUMMARY

1. Geochemical work should begin with a
determination of the mineralogical and petro-
logical relations so that the processes by which
major rock units formed can be inferred and the
relative proportions of different rock types
deduced.

2. Mineral assemblage is as important as bulk
chemical composition because the mineralogy
reflects both chemical composition and condi-
tions of formation and is far more diagnostic of
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rock type and formative processes than composi-
tion alone.

3. Difficu': measurements such as isotopic
and trace-element composition cannot be
deferred with the expectation of early sample
return to Earth, but must be performed
remotely. The necessary hardware should be
developed.

4, Since no single analytical technique can
make all the necessary chemical and mineralogi-
cal determinations, emphasis should be placed
on exploring the commonality of different sys-
tems so that an integrated chemical package can
be assembled.

5. Orbital chemical measurements, such as
infrared spectroscopy, although imprecise and
subject to a variety of interpretations, are essen-
tial for interpolation between ground stations
and for choosing the best places for ground mea-
surements. Detailed chemical mapping from an
orbiter should follow acquisition of surface
images.

6. Concurrently with instrument develop-
ment (Fig. 3.5), theoretical studies on stability
relations under planetary conditions should con-
tinue, both to aid in instrument design and to
ensure correct interpretation of the resulting
data.
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CHAPTER V. GEOPHYSICS

M. H. Carr and P. Cassen

Geophysical investigations of the planets seek
solutions to some of the most fundamental
problems of planetology (Fig. 4.1). Necessarily
interrelated, these problems include determina-
tion of a planet’s structure and bulk composi-

MERCURY

MERCURY

tion, the present physical state of its interior and
the nature of the processes that have shaped it,
the degree and timing of differentiation, and,
ultimately, by synthesis of aspects of all of the
above, the thermal evolution of the planet.

Figure 4.1. Cross-sectional views of Mercury and Earth scaled to the same diameter to show proportionately how
much larger Mercury’s iron core is thought to be than Earth’s core. Disk at the left is Mercury drawn at the same
scale as Earth. Knowledge of planetary interiors is derived from data on the figure, mass, geochemical properties,
etc., and is fundamental in understanding the origin and evolution of the solar system (after Murray 1975).
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Some of these questions can only be answered
by in situ measurements. However, many geo-
physical properties, such as size, shape, dynam-
ical figure, gravity field, global magnetic charac-
teristics, and some surface properties can be
determined remotely, either from spacecraft or
from the Earth. Mapping of regional provinces
by reconnaissance photogeologic methods and
the determination of global topography, gravity,
and magnetism provide a basic framework from
which exploration can proceed. Later in situ
measurements of seismicity, heat flow and
thermal properties, local magnetism, and com-
position can then provide essential information
that cannot be obtained by remote means.

Four areas of investigation, each dealing with
the measurement of a particular geophysical
property, are discussed in the following sections.
These properties are the gravity field, seismicity,
magnetism, and heat flow (see Kaula, 1968, for
a general discussion). All are strongly affected
by conditions, past or present, in the planetary
interior; their measurement is our primary
source of information about planetary interiors.

GRAVITY
S. Saunders

Because the external gravity field of a planet
is determined solely by the distribution of mass
within it, knowledge of the field puts strong
constraints on the internal structure of the
planet and provides data for models of composi-
tion and degree of differentiation. Composi-
tional models must reproduce the measured
mean density and moments of inertia. The
moments of inertia indicate the degree to which
mass is concentrated toward the center. If the
planet is rotating rapidly (like the Earth) and is
in hydrostatic equilibrium, the polar moment is
given by the Radau-Darwin formula. If the pre-
cession of the axis of rotation caused by the Sun
or other planets can be measured, the absolute
values of the moments of inertia can be deter-
mined without recourse to the Radau-Darwin
approximation. Deviations of the actual moment
from this formula indicate departure from the
hydrostatic state and may be related to the
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degree of mechanical support or dynamic pro-

‘cesses that exist in the interior. However, preces-

sions are not presently known for planets other
than the Earth and Moon.

The gravitational attraction of a planet can be
ascribed to the sum of the attraction of a refer-
ence spheroid plus an anomalous component.
The anomalous component can be related to
effects of surface topography plus a contribu-
tion from internal mass variations. The Bouguer
correction is the removal of topographic effects
and the resultant Bouguer gravity is the
anomalous gravity due to internal density varia-
tions only.

The Bouguer gravity distribution carries a
number of geophysical implications. First,
lateral variations are highly indicative of plane-
tary differentiation. Correlation of the Bouguer
gravity with topography will lead to an estimate
of the degree of isostatic compensation — the
tendency for the internal mass to rearrange itself
to balance topographic loads. If a topographic
feature can be dated by crater statistics, then the
age of a feature combined with the Bouguer
gravity can lead to an estimate of the time-
averaged viscosity of the shallow interior. The
viscosity, in turn, can be related to temperature
and it may thus be possible to place constraints
on thermal evolution. Comparison of Bouguer
gravity with topography may also suggest the
action of other physical processes such as plate
tectonics and interior convection.

The radial distribution of density that satisfies
the Bouguer gravity is, of course, not unique,
but useful constraints may be applied. For
example, interior density models may be con-
structed that minimize shear-strain energy. If the
planetary crust is in a state of isostasy, and the
Bouguer gravity is dominantly due to lateral
variations in crustal thickness, then the absolute
crustal isopach may be mapped. With or without
an isostatic assumption, the combination of seis-
mological constraints and gravity data is very
powerful. With the Bouguer gravity (but not iso-
static) assumption stated above, crustal thick-
ness determined at a single point seismically will
allow mapping of the crustal isopach. With the
crustal isopach mapped independently by




seismic techniques, then with neither of the
assumptions, the crustal contribution to the
global Bouguer gravity may be removed. In turn,
deep density variations may then be mapped,
which might possibly shed light on inhomoge-
neous accretion or deep convection.

Gravity data may be obtained by observing
the motions of spacecraft as they fly by or orbit
a planet. Planetary flybys are limited in the reso-
lution they can provide since they are in the
vicinity of the planet for such a short time —
about 1 hr for a small planet and perhaps 10 hr
for the giant planets. The second-degree terms in
the spherical harmonic expansion of the gravity
potential is about the limit for flybys of the
terrestrial planets. For the giant planets, the
zonal spherical harmonics up to Jg¢ can be deter-
mined. Orbiting spacecraft can yield much
better resolution of the gravity field because
they provide extensive surface coverage, so local
mass anomalies are readily detected and easily
associated with particular topographic locations.
Present technology is such that polar orbiters of
Mars and Mercury at 100-km altitudes can pro-
vide complete detailed gravity maps with global
resolution better than that for the Earth. These
mappings would furnish first-order data for com-
parative planetology.

The limiting resolution of the gravity-field
measurement is approximately equal to the alti-
tude of the spacecraft. The best orbit is a close,
circular, polar orbit; if this is impossible, several
different orbits with various inclinations would
be desirable.

The actual gravity determinations are made
by observing the Doppler shift of a radio signal
transmitted from the spacecraft relative to the
receiver on Earth. In practice, a signal of known
frequency is sent from the Earth to the
spacecraft where it is given a precise frequency
shift and relayed back by a transponder. The
effects of primary orbital motion, Earth rota-
tion, atmospheric drag, spacecraft outgassing,
and the gravitational perturbations of other
planets, the Sun, and satellites must be modeled
well enough that they may be subtracted from
the data. The global field can then be modeled
with spherical harmonic fits, or the local field

may be determined by inversion of Doppler
residual data. Gravity observations taken in this
manner are routinely reduced for orbit deter-
mination during mission operations; that is, the
gravity experiment is a refinement of procedures
that must be done in the course of mission navi-
gation.

There are other methods for determining the
gravity field of a planet. Orbits of the natural
satellites may be analyzed in the same way as
those of artificial satellites, but, because of limi-
tations in the accuracy of observations and the
generally unfavorable (low) inclinations of the
orbits, information obtained in this way is
severely restricted. Information on the shape of
the gravity field of Mars was obtained, or can be
derived, from the spectral experiments involving
atmospheric CO, absorption of light performed
from Earth and onboard the Mariner 9 space-
craft. It has been proposed that analogous mea-
surements can be made of the venusian field at
microwave frequencies using Earth-based
delay — Doppler interferometry.

Global gravity-field determinations of the
planets are available for the Earth, Moon, and
Mars. Local resolution is extremely good for the
Earth because of widespread surface obser-
vations; however, since the oceans and polar

_regions do not have dense samplings, the global

field needs refining. The resolution for the near-
side of the Moon within the 30° north and south
latitude band varies from 50 km to 200 km, and
for Mars is about 1000 km in the latitude band
near the Mariner 9 periapsis, about 23° S.

Venus, Mercury, and Jupiter have been
observed from flyby missions. The Mariner 10
flyby of Venus and Mercury yielded data up
through the second-degree terms in the spherical
harmonic expansion of the gravitational poten-
tials. These are of great interest with regard to
questions of the spin stability and spin-orbit
coupling of Venus. The Pioneer 10 and 11 celes-
tial mechanics experiments have obtained good
values of J,, J,, and J4 for Jupiter. As expected,
the observed values of J3 and Js are approxi-
mately zero (if the planet is in hydrostatic equili-
brium).
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Gravity data are usually presented on planet-
wide charts (typically 1:25-million scale) on
which lines of equipotential are drawn. In this
way, correlations with topography can be
observed and interpreted (see Ch.V, Geodesy
and Cartography).

MAGNETOMETRY

Planetary magnetic fields may be divided into
three types: internal dynamo fields, induced
fields, and remanent fields. The Earth’s magnetic
environment is dominated by an internal
dynamo field, and it appears that at least two
other planets, Jupiter and Mercury, possess such
fields. Recent reports of synchrotron radiation
from Saturn suggests a dynamo for that planet
also. Although the theory of dynamos is far
from complete, the minimum requirement for a
planetary dynamo certainly can be taken as
motion within a fluid region of high electrical
conductivity. Thus, for a terrestrial planet at
least, the existence of a dynamo is a strong indi-
cation of a molten metallic core, presumably
composed mainly of iron since this is the most
abundant metal. Whether the motion sustaining
the dynamo is due to coupling of the fluid core
(or layer) to the mantle, and thus to the planet’s
overall motion, or due to the release of thermal
energy within the core is not yet clear. It is
widely held that rotation of the planet is neces-
sary. But the recently discovered field of Mer-
cury indicates that the spin requirements may be
minimal since Mercury rotates very slowly. A
thermal source of energy would have far-
reaching implications for planetary evolution.
Whether the thermal source is heat of fusion
from a solidifying core or the decay of radio-
active elements, transport of this energy through
the planetary mantle presents problems that
have not yet been resolved for the Earth. For
instance, a core that is thermally convecting will
provide a heat flux to the mantle equal to at
least the product of the thermal conductivity of
the core and the adiabatic temperature gradient
of the core at the core-mantle boundary. For the
Earth, this corresponds to a considerable frac-
tion of the heat flow from the surface; the impli-
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cation is that much of the Earth’s heat sources
may be in the core despite the fact that the crust
is enriched in radioactive elements. Clearly, com-
parative studies of other planets with dynamo
fields are desirable.

An ordered, dipolar field within a solar-wind-
induced bow shock and magnetopause is charac-
teristic of a magnetosphere caused by an internal
dynamo. Such a field can be detected by a
spacecraft-borne magnetometer directly, as for
Mercury, or by reception of synchrotron radia-
tion originating in the magnetosphere, as for
Jupiter and possibly Saturn. In either case. a
magnetometer onboard a spacecraft with an
eccentric orbit is required to map a magneto-
sphere. For planets with significant induction
fields such as Venus (see below), this may be the
only way to distinguish intrinsic dynamo fields
from those associated with solar-wind atmo-
sphere interactions.

Induced fields result from electric currents
generated within a planet or its ionosphere as
the changing magnetic field in the solar wind
sweeps past. They may also occur in satellites of
planets with dynamos as the satellite moves
within the planetary magnetosphere. Measure-
ment of the induced field permits inferences to
be made about the current-carrying region; if it
is within the planet, the electrical conductivity
of the planetary material will affect the response
induced by fluctuations in the solar-wind (or
other external) field. Simultaneous measurements
of the driving and induced fields then yield
information on the conductivity-depth relation,
which, in turn, can restrict the thermal profile of
the interior of the planet. This experiment has
been performed for the Moon (Dyal ef al. 1974),
where the driving field was measured by a mag-
netometer on an orbiting spacecraft, while the
total field, including the induced component,
was measured by magnetometers placed at the
Apollo landing sites. The practicality of this
experiment depends to a large degree on the
magnetic and plasma environment of the plane-
tary body. The interaction of the Moon with the
solar wind is substantially simpler than that of
most planets since the Moon possesses neither a
significant atmosphere nor dynamo field. Thus




the driving field is easily identified with the
solar-wind field, which, to a certain approxima-
tion, may be taken as homogeneous over the
entire Moon. This is not the case for Venus, for
instance, where there is a direct interaction of the
solar wind with the atmosphere, and induced cur-
rents exterior to the planet are expected to be
strong, local, and variable. Similarly, Earth-based
studies have required the accumulation of
magnetic field data spanning many years in
order to calculate the mantle electrical conduc-
tivity. Further studies of the magnetic and
plasma environments of the terrestrial planets
are necessary to assess the possibility of using
induced fields as probes of the interiors of these
planets. Low-frequency or steady-state induc-
tion can also be used to measure the magnetic
permeability and iron content of the outer
regions of planetary bodies similar to the Moon
(Dyal et al. 1974).

Measurements of remanent magnetism can, in
principle, provide clues to the intensity and
nature of ancient magnetizing fields and the
temperature regime experienced by the magne-
tized specimen. The Moon exhibits considerable
remanent magnetism (Fuller 1974); in fact, the
source of the magnetizing field is one of the
outstanding problems in lunar study. If an inter-
nal dynamo is required, severe constraints on
thermal evolution are implied, as mentioned
above.

Detailed analyses of returned samples would
be necessary to extract the maximum paleo-
magnetic information for a planet because only
in this way could the process and epoch of mag-
netization be directly established. However,
detection of remanent fields can be accom-
plished by spacecraft, as has been done for the
Moon. First, they may be measured directly by
surface magnetometers or by low-orbiting
spacecraft-borne instruments. Secondly, the
effects of regions of relatively strong magnetiza-
tion may be detected from an orbiting space-
craft if they interact with the solar wind. It has
been found, for instance, that regions of
enhanced remanence on the Moon produce
shock waves in the solar wind when they appear
at the limb. Finally, identifiable components of

the solar electron flux may be reflected by rema-
nent fields, as happens for the Moon (Lin
et al. 1976). An orbiting spacecraft with a
plasma detector can then map regions of “‘elec-
tron reflectivity’ and effectively determine areas
of remanent magnetization. All of these
methods rely heavily on the absence of strong
induced and dynamo fields and are therefore
best suited to Moon-like objects, such as aster-
oids, and perhaps the martian satellites.

The outer planets present important and, in
some cases, unique problems for magnetometry,
but the detection and mapping of their magneto-
spheres are prerequisites for inferring properties
of their interiors. It is likely that techniques
developed for the magnetic exploration of the
terrestrial planets will also be useful for the
exploration of the outer-planet satellites.

SEISMOLOGY

A seismoiogy experiment provides informa-
tion on three basic properties of a planet: its
seismicity, internal structure, and composition
(Fig. 4.2). Seismicity concerns the level of

MANTLE
(LITHOSPHERE)
60 km

-

o ST
o L - RN
£ S-WAVES I
L ATTENUATED: )\

5 E 706 wr )

20 km

HIGH
VELOCITY

Figure 4.2. Cross section of the Moon showing the crust
(thickness exaggerated), Ilunar mare areas (black),
lithosphere, and asthenosphere. Moonquake foci are
shown with stars. Data are derived primarily from
seismometer stations established during Apollo mis-
sions (from Dainty et al. 1974).
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seismic activity, the location of events, their cor-
relation with geologic features, the nature of the
stresses acting, and so forth. Knowledge of a
planet’s seismicity allows assessment of the
dynamic state of the planet, places limits on
thermal conditions of the interior, and con-
strains models of the evolution of the planet.
Seismology is the principal means of deter-
mining internal structure — where discon-
tinuities exist, whether the planet has a core,
and how thick the crust is. The absolute values
of seismic velocities also provide the most direct
evidence on internal compositions and physical
conditions. A seismic experiment should accord-
ingly be given a very high priority in any explor-
ation program.

The ideal seismic experiment requires a global
network of seismic stations, each with a wide
variety of seismic detectors and the necessary
power and facilities for data handling. The pos-
sibility of establishing such a network on any
planet other than the Earth is exceedingly
remote, but this does not rule out a meaningful
scientific experiment. Much can be learned from
a relatively simple seismic experiment which
would not only provide basic scientific data but
enable better subsequent design of more com-
plex and comprehensive systems.

The simplest experiment involves placing a
single seismic detector on the surface of the
planet, preferably a short-period (1 sec) single-
axis-type seismometer; or, if telemetry and
weight restraints permit, a three-axis type. From
such a detector, the seismicity or aseismicity of
the planet could be established and estimates
made of the magnitude and frequency of seismic
events. The general level of seismic noise could
be measured, and from the separation of the S
and P waves, approximate distances of events
from the station could be inferred. In addition
to its intrinsic scientific worth, the data would
permit an accurate assessment of the advisability
of more complex seismic stations for future mis-
sions and provide design constraints on such
systems. A simple seismometer should be
deployed at the earliest possible opportunity,
preferably on the first lander to any planet.
Other considerations, however, may dictate
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deployment by later missions.

A second-generation seismic station should
include both long- and short-period three-
component seismometers. From such a station, a
far more complete picture of the seismic prop-
erties of the planet can be obtained than from
records of a single short-period instrument.
Comparison of the amplitude and separation of
surface and body waves enables distances and
focal depths to be estimated. Distances and
directions can be established with far greater
accuracy than with a single short-period instru-
ment, and better determinations of attenuation
rates are possible. In addition, the seismic prop-
erties of the crustal materials can be deduced
from the dispersion of surface waves resulting
from the wave-guide effect.

A broad-band or long-period instrument can,
in addition, give information on free oscillation
periods and density. In principle, a single broad-
band instrument, with response out to about
20 min for Mars and Mercury and 60 min for
Venus, could provide detailed information on
the structure of the planet in the spherically
symmetric first approximation if a single large
event were to occur during its operation. These
events are rare on Earth (one every 3 or 4 yr),
but moderate-sized events can generate long-
period surface waves that can be used to deter-
mine structure and composition of outer layers
(crust, upper mantle, lithosphere). Because of
the large stresses on Mars (from considerations
of its shape and gravity field), it may be a very
active planet and, in fact, have large Marsquakes.

The effectiveness of a seismic station is vastly
enhanced by the simultaneous operation of a
duplicate station. Many of the ambiguities of
interpretation are removed by having duplicate
records, and seismic events can be more accu-
rately located by using widely spaced stations.
Far better estimates can be made of the varia-
tion of seismic velocity with depth than from a
single station and, under certain conditions,
shadow zones can be detected and the presence
of a core determined. Consideration therefore
should be given to the simultaneous operation of
two distantly spaced stations early in the explor-
ation program. Gravity-, tilt-, and



strain-variometer experiments to examine free
oscillations, tidal effects, and secular
deformation should be deferred until at least
two stations have been established on the planet.

The use of penetrators, if feasible, would be
an attractive way to install a seismic array on a
planet. In addition to multiple coverage, essential
for meaningful seismic experiments, the subsur-
face environment of the planet can considerably
increase the signal/noise ratio and sensitivity of
the instrument. The Viking experiment, for
example, is limited — not only because two
instruments will be emplaced, but also because
the lander resonances decrease the sensitivity. In
addition, wind noises are a problem on Mars,
particularly if the lander has resonances in the
seismic band, which seem unavoidable except in
the case of penetrators.

Deployment of two three-axis, short-period
seismometers is already planned for Mars. These
should be followed by several six-component
seismometers and long-period instruments, pos-
sibly deployed by penetrators. Particular empha-
sis should be given to long life.

The internal constitution of Mercury is of
special interest because of the planet’s high den-
sity. Although no landers are planned at present,
a lander is feasible, and a simple seismic experi-
ment should have high priority on the first
lander.

A thorough comparison of Venus and Earth is
necessary for an understanding of what factors
control planetary evolution. A primary objective
is to determine whether Venus, like the Earth, is
divided into core, mantle, and crust. This is a
problem that can be solved by seismic experi-
ments, and the feasibility of designing a seismic
experiment to survive in the ~700°Kand 100 atm
pressure that prevail on Venus should be
explored.

Development of lightweight, compact, low-
noise seismometers is well advanced. Instru-
ments have been designed that weigh less than
~2 kg and that can withstand large loadings. The
primary advance in recent years has been in elec-
tronics. It is now possible to design a lightweight
seismometer with its own computer so that the
pass band, gain, trigger thresholds, etc., can be

modified after landing to take advantage of
information gained while on the surface. The
principal problem in establishing a seismic sta-
tion is not in detecting and recording the signal
but in transmitting the information. Most of the
seismic experiments on the Moon were based on
technology of data analysis derived from our
Earth-based experience. To obtain relatively few
numbers, we analyze thousands of data bits
from a seismogram. There are many possible
ways to reduce the quantity of information
required for transmission such as event-triggered,
and these ways should be explored.

A seismic station must of necessity operate
for a considerable length of time before a statis-
tically significant number of events is recorded.
No estimate can be made of this time until the
level of seismicity of each individual planet is
obtained. A minimum 6-month operation time
should be aimed for, and the appropriate power
sources for such lengthy operation should be
developed.

Active seismic experiments are normally used
to study near-surface discontinuities and near-
surface seismic velocities. These are considerably
less important than analysis of natural seismic
events, and this type of active seismic experi-
ment is given low priority on a seismically active
planet. However, active seismic experiments can
be used to study the interiors of planets where
the number of natural seismic events is not ade-
quate for analysis.

HEAT FLOW
M. Langseth

The energy escaping from a planet in the form
of heat provides one of the fundamental con-
straints on the nature and composition of its
interior. The heat flux from the interior is com-
prised of several components. The two principal
ones are: (1) the integrated heat production of
long-lived radionuclides in the interior, which
sets an upper limit on the abundance of
uranium, potassium, and thorium in the planet,
and (2) transient cooling of the planet since its
formation, which in the two cases examined, the
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Earth and Moon, appears to make a very small
contribution to the present-day flux.

The very near-surface thermal regime of
planets and satellites with transparent atmo-
spheres is controlled primarily by periodic solar
flux on the surface. Gradients associated with
the flow of heat from the interior form only a
very small component of the total flux at any
given time. To reliably detect heat flow, it is
necessary to do one or more of the following:
(1) measure temperatures and conductivities
deep in the subsurface where the effects of sur-
face fluctuations are greatly attenuated,
(2) make in situ measurements over a suffi-
ciently long period to permit removal of peri-
odic variations from the data, and (3) set up an
artificial layer, on the surface, of known thermal
properties (a thermal blanket) and allow it to
come to equilibrium with the heat flow from
below.

In situ measurements by method (1) or (2)
requires that thermometers be emplaced in a
vertical array in the subsurface. Sufficient pene-
tration may be possible by hardened probes
driven into the surface by free fall or rocket
propulsion, provided the near-surface layers are
not solid crystalline rock. Probes can also be
vibrated or drilled into a powdery soil by an
emplaced station. The depth of burial required
for method (1) depends on the thermal proper-
ties and the period and amplitude of surface
variations. On Mars, for example, a depth of
about 5 m is required to avoid the annual wave,
whereas on the Moon a depth greater than 0.5 m
will suffice. To employ method (2), probes need
not be buried as deeply. Method (3) uses a rela-
tively thin layer with a large surface area. It has
the advantage of not requiring penetration of the
surface layer, but it can produce a sizable
anomaly in surface temperature which will cause
a long-duration transient heat flow and a steady-
state distortion of the local heat-flow field.
These effects must be accounted for with some
precision. This method cannot be used on
planets where radiative heat transfer is signifi-
cant in the upper few centimeters of soil.

Measurements of heat flow made by in situ
instruments (method 2) apply to a very small
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area and consequently are subject to a number
of possible near-surface disturbances, such as
refraction at dipping interfaces between bodies
of different conductivity, surface topography,
and local variations in surface temperature.
Some of these effects can be corrected for if the
topography and geology are well known. Conse-
quently, it is important to make several measure-
ments of heat flow on a given planet to reduce
effects of local distortion on the flux. In addi-
tion, global variations of heat flow are expected.
Correlation of heat flow with regional variations
of morphology and surface chemistry can pro-
vide constraints on the causes of these
variations.

Regional variations might best be detected by
remote techniques. For planets and satellites
with transparent atmospheres, indications of
subsurface temperatures can be obtained from
measurements of microwave emissions in the
range from 5to 50 m. To determine tempera-
tures, it is necessary to know the dielectric
properties of the near-surface materials; to
deduce heat flow from temperature gradients,
knowledge of thermal conductivity is required.
Our present knowledge of dielectric properties
of possible surface materials in this range of
wavelengths is scant. Further experimental data
and Earth-based observations could increase con-
fidence in the interpretation of microwave
spectra. Note that radiometric measurements
from the orbit of microwave emission spectra
could provide global maps of the variability of
heat flow over a planet’s surface, even though
absolute determinations may be rather inaccu-
rate. It would therefore provide a valuable com-
plement to a few in situ measurements. The
applicability of microwave radiometry to the
determination of heat flow varies greatly from
planet to planet, depending on the electrical and
thermal properties and the surface-temperature
fluctuations. It would be most effective on
planets with virtually no gaseous atmosphere.

For interpretation of microwave results, in
situ measurements of near-surface thermal prop-
erties and temperature variations would be
extremely valuable. Such measurements could
be made by relatively simple probes on




emplaced stations that monitor the attenuation
and phase shift of surface fluctuations as they
propagate downward.

Lastly, subsurface temperature and thermal
property determinations by means of subsurface
probes are also an effective and inexpensive way
to detect the existence of condensed or frozen
volatiles in the soil layer.

RADAR STUDIES OF SURFACE
PROPERTIES
L. Tyler, T. Howard, A. W. England, and J. Cuzzi

The study of planetary surface structure using
radar techniques has been a goal of radar astron-
omers since the early days of radar (Evans 1969;
Hagfors 1970). The scattering theory necessary
to interpret reflected signals in geologic terms
has reached a stage of maturity where both the
limitations and capabilities of radar and the
directions for future exploration are fairly well
understood.

Radar studies may be divided into two modes
of procedure: monostatic, in which the trans-
mission and reception are done with the same
antenna, and bistatic, in which the transmitting
antenna and the receiving antenna are separated.
Monostatic observations may be Earth-based
(Muhleman 1966) or spacecraft-based. In the
bistatic mode utilizing a spacecraft, radio signals
transmitted from an orbiting vehicle are received
by an Earth-based antenna after reflection from
the planet’s surface. Most, but not all, of the
incident power is reflected specularly owing to
first-order smoothness of the surface, the
reflected power decreasing rapidly as the reflec-
tion angle deviates from the incidence angle. A
small amount of energy is reflected into all
angles, however, because of surface roughness,
multiple scattering effects, or both.

This behavior has given rise to the terminol-
ogy quasi-specular component and diffuse com-
ponent. The quasi-specular component is the
power reflected according to the Fresnel reflec-
tion coefficients, which are functions of angle
and sense of polarization of the incident radia-
tion (Stratton 1941) and the dielectric constant,
€, of the reflecting surface.

Determination of the dielectric constant of
the reflecting surface, elevation determinations,
and surface roughness estimates are the primary
goals of radar studies excluding radar imaging.
The dielectric constant (e¢) of aregolith is deter-
mined by the porosity and by the intrinsic
dielectric constant of the solid material (e,) of
which the regolith is constructed. A good indica-
tion of the variation of €, with rock type is
given by Campbell and Ulrichs (1969), Troitskii
et al. (1970), and Olhoeft and Strangway
(1975). Typically, more basic rock types have
higher dielectric constants than acidic types, and
a regolith dielectric constant decreases as poros-
ity increases. For typical regolith porosities, the
variation of € with rock type is not large and,
consequently, in most planetary applications,
remote-sensing reflectivity determinations of €
indicate mostly porosity variations (i.e., rock or
dust).

The dielectric constants of natural silicates,
oxides, and carbonates are varying functions of
frequency at VHF, UHF, and microwave fre-
quencies. Unlike complex hydrocarbons, they
have no distinguishing absorption bands. Conse-
quently, there is little hope of separating the
effects caused by variations in composition from
those caused by porosity by the sole use of
remote-sensing techniques analogous to visible
and infrared reflection spectroscopy. However,
radiation in these wavelength regions is not able
to penetrate the dense atmosphere of Venus.
Thus the relationship between € and ¢, as deter-
mined by porosity (Campbell and Ulrichs 1969;
Dukhin 1971), and the dependence of €, on
rock type may make possible a potential appli-
cation for Venus of a combination of radar-
determined dielectric constant values and in situ
measurements of porosity in the same surface
region, perhaps by penetrators or other surface
landers. The dielectric constant of water is an
order of magnitude greater than that of most
dry rock or soil, and water has a strong absorp-
tion band near the 3-cm wavelength. If free
water is present, it will determine the microwave
emissivity and strongly influence radar
reflectivity.
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The fact that there is diffuse scattering at
regions separated from the specular point per-
mits the construction of range-Doppler intensity
maps over large regions of a planet. Such maps
show clear relationships between features or
units of similar scattering properties, but no
completely satisfactory theoretical solution for
the unambiguous determination of surface prop-
erties has been found. In a qualitative sense,
however, range-Doppler mapping has produced
useful images of the Moon comparable to tele-
scopic optical photographs (Thompson ef al
1974). Instrumentation recently completed
should produce similar, but lower, resolution
images of the surface of Venus. Most of the
nearside has been mapped by Earth-based radar
at 100-km resolution (Rogers and Ingalls 1969;
Campbell et al. 1970), and excellent images with
resolutions in the tens of kilometers range have
been produced for limited surface areas
(Rumsey et al. 1974). These developments will
soon culminate in striking images of the surface
of Venus, and it is important that theoretical
development leading to the geologic under-
standing of the signals be strongly supported.

The irregularities present in any real planetary.
surface also broaden or blur the sharpness of the
quasi-specular peak in a way that is now well
understood. Thus, in a quantitative sense, one
important feature of such observations is that
they permit the inference on a statistical basis of
very small-scale surface structures — much
smaller than those typically revealed by orbital
photography — and thus permit the determina-
tion of e. The geological worth of such data
when combined with images of the surface has
been demonstrated for the moon where multi-
frequency observations have been used to cate-
gorize geologic units and may be indicators of
relative ages of the units (Moore ef al. 1975).

In all spacecraft-implemented bistatic observa-
tions, power and antenna gain limitations permit
sufficiently sensitive measurements of only the
quasi-specular component where most of the
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reflected power lies. This component of the scat-
tering originates from a small region around the
point of reflection on the mean surface. The
location of this point moves as the position of
the spacecraft changes along its orbit, giving rise
to a scanning action that permits study of large
regions on the Earth side of the planet. Success-
ful systematic observations have been carried
out using bistatic spacecraft techniques for the
Moon (Tyler 1968; Tyler and Simpson 1970;
Tyler et al. 1971; Tyler and Howard 1973) and
for Mars (Fjeldbo ef al. 1972). In the case of
monostatic Earth-based observations of the
specular component, the scattering arises from
a small region surrounding the sub-Earth
point. For these observations, the scanning
action originates from the relative motions of
the Earth and the planet and is generally limited
to equatorial regions. This type of observation
has been useful for Mars where rapid rotation
and large distance produce a sensitivity limited
situation (Downs et al. 1973; Pettengill et al
1969, 1973; Evans 1969). By observing the
specular component of the sub-Earth region
with a resolution of several kilometers, varia-
tions in reflectivity and surface roughness may
be mapped. Simultaneous range measurements,
in which the return time of a pulsed signal is
measured, allow altitude variations to be
mapped for the same region (Goldstein et al.
1970). Using a correlation of observations of
this type, Pettengill et al. (1973) suggest that
the higher regions of Mars were more compacted
and the lower regions were covered with rela-
tively thick (meters) regolith layers. The earliest
quantitative radar determinations of slope and
altitude variations showed that Mars is topo-
graphically interesting and has significant relief
(~15 km). More recent comparisons of Mari-
ner 9 imagery with Earth-based radar observa-
tions (Simpson ef al. 1974) clearly demonstrate
the sensitivity of radar-reflectance to
wavelength-scale surface structure.
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CHAPTER V. GEODESY AND CARTOGRAPHY

R. Batson and D. Arthur

Geodesy involves the determination of the
size and shape of a planet and the location of
points on its surface. It also involves the study
of gravitational fields and temporal variations
such as planetary rotation. Cartography involves
map-making operations, from the acquisition of
appropriate study data through the final printing
of the map. Geodesy and cartography provide
the geometric framework on which most investi-
gations of planets are ultimately based. Specif-
ically, the products of these disciplines provide
information on the following:

1. The dimensions of the planet

2. A mathematical figure of reference for the

planet

3. The orientation of the body in the celestial

coordinate system

4. The rotational constants
. A defined system of coordinates

6. The location of surface points in the

defined coordinate system

7. The gravity potential expressed in spherical

harmonics

8. Topographic and thematic maps:

a. At small scales for synoptic coverage

b. At intermediate scales for regional cover-
age

c. At large scales for spacecraft landing
areas and other sites of particular scien-
tific value

9. Surface albedo in various wavelengths

In this chapter, the relevance of geodesy and
cartography to planetology is discussed and the

W

requirements of data acquisition and mission
design are considered. Many of the techniques
used in planetary geodesy and cartography were
derived from mapping the Moon, as discussed by
Kopal and Carder (1974).

GEODESY

The literal meaning of geodesy is to “‘divide
the Earth.” In application, it has come to mean
the determination of the size and shape of the
physical Earth and the location of a network of
control points on the Earth’s surface in fixed
coordinate systems. Because of the instrumental
techniques used for measurements on the
Earth’s surface, geodesists have had to concern
themselves with the positions of celestial bodies
and with the gravity field. Their activities and
interests overlap those of astronomers and geo-
physicists and, as a consequence, geodesy has
been divided into three nearly distinct subjects:
geometric geodesy, geodetic astronomy, and
gravimetric (physical) geodesy. Detailed discus-
sions of these aspects of geodesy can be found in
Bomford (1962).

Generally, the size, shape, and rotational con-
stants contain geophysical information about
moments of inertia, internal composition, and
rigidity. The harmonics of the gravity field con-
tain information about anomalous mass distribu-
tion within the body (see chapter entitled “Geo-
physics’). Geodesy provides coordinate systems

75



and point locations that are necessary to cor-
relate all other data. In addition, geodesy pro-
vides the control for site locations and for navi-
gation and guidance of landers and
surface-mobile vehicles. Geodetic studies are
therefore essential for the study of any plane-
tary body with a solid surface.

For most of its history, geodesy has had to
depend on observations made from the surface
of the Earth. The restricted range of these obser-
vations made possible the preparation of highly
detailed and precise maps of localized areas, but
expansion of dimensions and reference systems
to continental and global areas was accom-
plished only with great difficulty, and some
unresolved ambiguities still exist. The capability
of observing from and to artificial satellites,
available only in the past 15 years, has com-
pletely revolutionized geodesy. When applied to
the planets, these techniques make feasible the
scientifically preferable approach of proceeding
from the general to the specific in an orderly
fashion.

CARTOGRAPHY

Cartography, or map-making, involves three
main phases: (1) data acquisition, (2) computa-
tion of controls, and (3) map compilation. Tra-
ditionally, these phases are perfofmed in serial
order, but the pressures of spaceflight mission
operations and of short-lived project funding
requires that these three phases progress almost
simultaneously.

Data Acquisition

Data acquisition is the single most important
phase because it generally cannot be repeated,
and lost or non-useful planetary data are nearly
impossible to recover later. For this reason, on
missions in which interaction with the spacecraft
data-gathering systems is possible, much prelim-
inary cartographic work is performed in ‘“‘near
real-time” to ensure that planned sequences are
actually gathering adequate information to map
the planet. The requirements of data acquisition
systems are discussed below.
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Computation of Controls

Computation of controls for making maps of
planetary surfaces is derived from geodetic anal-
yses that include definition of coordinate
systems (deVancouleurs et al. 1973), derivation
of the gravitational figure of the planet as data
for map projections and elevation reference
(Jordan and Lorell 1973), and computation of
latitudes and longitudes of a set of identifiable
map images to which all map features are refer-
enced (Davies and Arthur 1973; Davies and
Batson 1975). The latter is performed by analyt-
ical photogrammetric methods.

In fact, planetary mapping relies heavily on
photogrammetry, the science of measuring
objects from photographic images. The measure-
ments generally utilize stereopsis, wherein an
object is viewed simultaneously from two points
of a perspective so that two two-dimensional
images are fused into a single three-dimensional
image. Photogrammetric instruments normally
consist of (1) a binocular viewing apparatus for
examining stereoscopic pairs of pictures, (2) a
cursor, or “floating mark,” appears to the opera-
tor to float in the three-dimensional image, and
(3) an analog (mechanical) or digital computer
linked to a plotting table on which a stylus
traces the x and y coordinates of the “floating
mark” in the stereoscopic image viewed by the
operator. The ““z”, or vertical, coordinate of the
floating mark is visible to the operator as a
number on a mechanical or electronic counter.
When used with high quality photographs taken
specifically for stereophotogrammetry, extra-
ordinary accuracies are possible. Horizontal loca-
tions of features can be determined within the
limits of resolution of the image. Measurement
of vertical positions within 1/10,000 of the
distance between the camera and the surface
being mapped is common.

Analytical photogrammetry is a mathematical
technique for computing a relatively small set of
locations of objects as a function of the coor-
dinates of their images on two or more pictures.
Stereopsis is used primarily to identify conjugate
images, but not as an essential part of the mea-
suring process. The computation is not limited



Figure 5.1. Airbrush rendition of Olympus Mons, the ~600 km-diameter shield volcano on Mars. Maps of planetary
surfaces typically are portrayed either as photomosaics or as airbrush renditions. Each product serves unique
functions. Airbrush versions show the terrain under uniform lighting, and contrast can be enhanced or subdued as
needed. For example, as a base for geological maps, the terrain should be subdued; on the other hand, topical
studies of specific areas would require a more prominent version, as shown here. Images from which the airbrush
versions are prepared are often obtained with lighting from the opposite direction than desired. Consequently,
regions that will be “lighted” in the airbrush version may actually be in shadow, but must be portrayed.
Computer-processed photomosaics show the maximum detail and are therefore more useful for compilation of
data and interpretation of results. Irregular lighting (often from the “wrong” position ) and nonuniform resolution
pose problems for use as final products. (Courtesy of U.S. Geological Survey.)
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to human physiological constraints, and any
number of overlapping pictures may be used for
optimum determination in the computations.

Map Compilation

Map compilation includes the geometric trans-
formation of pictures to appropriate map projec-
tions, the assembly of photomosaics, and final
rendition as finished map products (Fig. 5.1) by
illustrators and draftsmen (Batson 1973a.b).
Where appropriate data exist, it also includes the
compilation of contour lines by stereophoto-
grammetry (Wu ef al. 1973) or by interpolation
between spot elevation control points derived by
other methods (Christensen 1975; Wu 1974).

A limited set of map scales differing by
factors of 4 or 5 can be devised to portray all
useful cartographic detail on a planet. Limiting
the number of scales reduces the cost of map
plotting and general formatting and, more
importantly, reduces confusion involved in the
study of geologic features. For example, maps of
a volcanic field at slightly different scales may
induce misleading comparisons, whereas if the
scales are either exactly the same or distinctly
different, then the true size, structures, and tex-
tures of features will be immediately apparent.

For the Moon, a map series was recommended
by the Geology Panel at the 1967 Conference on
Lunar Science and Exploration at Santa Cruz, as
follows:

Orthographic, Mercator, and polar stereo-
graphic projections of the whole Moon at a
scale of 1:5,000,000.

Complete topographic coverage of the Moon
at a scale of 1:1,000,000.

Coverage of approximately 20 areas of scien-
tific interest for landing sites and traverses
at a scale of 1:250,000.

Coverage of central parts of 20 areas of
special interest at a scale of 1:50,000.

Coverage of landing locations in the central
part of the areas of science interest at a
scale of 1:5,000.

For Mars and Mercury, the following series

were selected by experiment team members of
Mariners 9 and 10:
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o

Mercator projection from 65°N to 65°S and
polar stereographic projections north and
south of 55° at a scale of 1:25,000,000 for
the entire planet.

Mercator, Lambert conformal, and polar
stereographic projections of the entire
planet at 1:5,000,000.

Selected areas of special scientific interest
(including spacecraft landing sites) at
1:1,000,000 on transverse Mercator projec-
tions.

Selected areas of special scientific interest at
1:250,000 on transverse Mercator projec-
tions.

These map series appear to be useful for maps
of any planet likely to be mapped in the fore-
seeable future and satisfy most of the require-
ments for map bases in geologic mapping (see
chapter entitled “Stratigraphy and Structure”).

Under ideal conditions, map accuracy require-
ments would be as shown in Table 5-1.

These requirements assume an abundance of
data, permitting rejection of excessive detail.
Such a wealth of material has not yet become
available to planetary cartographers, so they
have taken the alternate course of selecting the
smallest map scale that will accommodate the
highest density of detail available (other than
that in specific small areas such as Mariner 9
B-camera pictures) and using that scale for an
entire series. In the mapping of Mars, for exam-
ple, scales were selected that would permit
uncluttered cartographic protrayal of all avail-
able pertinent material larger than 0.5 mm in
diameter at map scale, whether horizontal and
vertical standard errors were commensurate with
the map resolutions or not. The resolution of
map data by this criterion was high enough to
justify systematic 1:5,000,000 mapping in the
southern hemisphere of Mars, but not in the
north. The 1:5,000,000 scale was nevertheless
retained in the north for consistency.

DATA-ACQUISITION SYSTEMS

The basic data for planetary geodesy and car-
tography are provided mostly by spacecraft




TABLE 5.1

Horizontal Optical Contour Vertical
Map scale standard error, m | resolution, m interval, m standard error, m
5,000,000 1,520.0 250.00 1,000 300
1,000,000 300.0 50.00 500 150
250,000 76.0 12.50 100 30
50,000 15.0 2.50 25 8
5,000 1.5 .25 3 1

imaging systems and are reduced by methods of
photogrammetry. Given unlimited resources, a
photogrammetrist would request that images to
be used in planetary mapping be taken with
wide-angle lenses (50-120° frame diagonals),
that they be recorded on dimensionally stable
film at least 100 mm wide and with resolution
of at least 50 lines/mm. He would further
request that the image of a star field, or other
data for determining precise camera altitude, be
recorded at the instant the cartographic picture
is taken and that all film be returned to Earth.
Although such a system has been used during
the late Apollo missions for lunar mapping, its
weight and sophistication (including the require-
ment that film taken in orbit around a planet be
returned to Earth) make the system impractical
for planetary mapping, at least for the present.
Since each element of the above specifications
must be compromised to some degree in plan-
ning planetary missions, it is important to con-
sider the reasons for these ideal specifications
when planning alternative approaches. Failure to
do so can have serious consequences. For exam-
ple, the Lunar Orbiter program was designed to
provide surface photographic coverage at
medium and high resolution. That function was
performed very well, but image geometry in
Lunar Orbiter pictures has such large random
variations that when landmark positions, eleva-
tions, terrain slopes, and control geometry were
required, the system was grossly inadequate.

If the preferred imaging system specified
above is used, camera position and altitude can
be determined photogrammetrically more
accurately than by any other means. For wide-

angle photography, the necessary conditions for
reconstitution are that five points must be iden-
tified on two photographs and that no three of
these should lie in one plane containing the two
camera positions (Fig. 5.2a) — this is the well-
known Fourcade correspondence theorem.
Base:height ratios of 0.2-1.5 are usable, 1.0
being about the optimum. The Fourcade corre-
spondence theorem cannot be applied to
narrow-angle photography, but pure photogram-
metric reconstitution is possible if a minimum of
three pictures with considerable convergence
(<30°) is acquired, with the same four points
measured and identified on all three pictures
(Fig. 5.2b). Reconstitution is possible from two
strongly convergent photographs provided
accurate orientation and positional information
on the camera is available from spacecraft-
tracking data, so that the correspondence set-
tings can be introduced (rather than derived),
and provided the camera’s internal geometry is
appropriately calibrated. Other geometric condi-
tions are illustrated in Figures 5.2¢ and 5.2d.
Despite their disadvantages for geodetic pur-
poses, narrow-angle cameras have been used on
previous lunar and planetary missions and will
continue to be used on planetary missions pres-
ently planned because they allow acceptable
ground resolutions to be achieved from normal
orbital altitudes.

The critical point in planetary mapping is that
the image geometry of the data-acquisition
system be accurately calibrated. That is, it must
be possible to define mathematically the geom-
etry of images gathered by the system. Systems
in which the geometric parameters of acquired
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WIDE

A.RECONSTITUTION GENERALLY POSSIBLE

C. RECONSTITUTION GENERALLY POSSIBLE

NARROW NARROW AND WIDE

NARROW

B. RECONSTITUTION NOT POSSIBLE
WITHOUT EXTERNAL DATA

D. RECONSTITUTION GENERALLY POSSIBLE

Figure 5.2. Various spacecraft imaging arrays related to photogrammetric reconstitution.

images are not precisely repeatable should not
be used in planetary exploration.

For planets with atmospheres that are trans-
parent to visible wavelengths, conventional
images will be the basis for most of the cartog-
raphy. Generally, relative elevations and posi-
tions can be obtained satisfactorily from visual
images, but absolute values are difficult to
obtain. For Mars, terrestrial radar and spacecraft
occultations have proved invaluable for calibrat-
ing the ultraviolet spectrometer elevation data.
They could perform a similar control function
for photographic data once extensive stereo is
acquired, as was done for a study of Olympus
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Mons on Mars by Davies (1974). For planets
with atmospheres that are opaque in the visible
wavelengths, radar will be the only means to
obtain cartographic data. Fortunately, radar and
visual data can be portrayed in essentially the
same manner. Discrete radar elevation measure-
ments and profiles, such as would be acquired
from terrestrial observations, can be integrated
and portrayed as shaded relief with any chosen
Sun angle. Computer programs already exist for
doing this routinely. Similarly, images from side-
looking radar can be readily transformed into
any appropriate map projection and used as a
cartographic base.



In addition to radar, other non-imaging sen-
sors can provide important geodetic and carto-
graphic data. For example, atmospheric
pressures measured by infrared and ultraviolet
spectroscopy provided valuable surface eleva-
tions for mapping Mars with Mariner 9 (Hord
etal. 1974;Conrath et al. 1973). Spacecraft track-
ing provides data required for determination of
an equilibrium surface (or ‘“topographic
datum’) to which surface elevations must be
related if they are to be meaningful to geologists
and geophysicists. Generally, however, all non-
image data must be related to a much more com-
prehensive set of image data before detailed car-
tography can begin. Even for Venus, where
preliminary mapping is being done with radar
soundings resulting in terrain elevations, a suffi-
cient number of points must be measured to
allow creation of an image of the surface if
meaningful maps are to be made.

MISSION DESIGN

Geodesy

Both orbital and flyby photography are useful
for geodetic purposes. Approach photography
that encompasses all or most of the disk can be
very important. In addition, the photographic
period should be extended to provide continuity
in scale between full-disk and detailed photog-
raphy of the surface. The main aims of approach
photography are:

1. Measurement of the profile of the disk to

determine ellipticity

2. Determination of the relative three-

dimensional positions of surface markings

3. Fitting of the surface markings to an oblate

spheroid and fixing the axis of rotation
with respect to surface markings

4. Determination of the position of the axis

of rotation with respect to the celestial
sphere
The aims are pertinent to all sizable bodies in
the solar system except those that have no solid
surface. Two general situations are encountered:
rapidly rotating planets (e.g., Mars) and rela-
tively slow-rotating planets (e.g., Mercury). For

rapidly rotating planets, it is possible to make
good use of long-focus imaging systems that are
generally desirable in other fields of study.
Long-focus systems depend on the rotation of
the planet to provide a baseline. In this case, the
inclination of the vehicle trajectory to the plane
of the equator is important. Clearly, if the space-
craft is on a polar axis during approach, then as
viewed from the surface of the planet, it is not
displaced by rotation. Instead, the position of
the spacecraft remains fixed and a three-
dimensional triangulation is not possible. To
utilize the planet’s rotation, the trajectory must
be in a plane near the equatorial plane of the
planet.

To establish a baseline for triangulation on a
slowly rotating planet, the rotation is of no assis-
tance and image displacement must be caused
entirely by spacecraft motion. Since this motion
is almost directly toward the planet, the position
in the sky of the spacecraft, as seen from the
planet, will change slowly and poor geometry
will result until near encounter. At encounter,
the direction of spacecraft motion is at a signif-
icant angle to the line joining the spacecraft and
the center of the planet, and so the spacecraft
moves rapidly across the sky and good geometry
is possible.

A similar geometric problem is encountered in
establishing the position of a rotation axis with
respect to the celestial sphere from approach
photography. Since the approach trajectory is
nearly a straight line, the position of the space-
craft on the line alone is insufficient to define
the geometry because the planet and the
cameras can be rotated as one around the trajec-
tory without violating the tracking data or the
photographic measures. To rigidly define the
geometry, the orientation of the camera must be
known. The best way to obtain this orientation
is by simultaneous photography of the star field
with a secondary camera with a wide-angle lens.

Map Control and Cartography

Uniform distribution of map data over the
entire planetary surface is the ultimate goal of
planetary mapping. This goal remains unrealized,
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even for the Earth. The traditional approach to
planetary exploration is to send a spacecraft
with an imaging system on a trajectory as a
flyby that takes it near the planet or planets
under investigation. The flyby missions are then
followed by more expensive and sophisticated
orbiters and finally with landers. Maps can be
made with data from all of these missions, but
extreme variation in data resolution in flybys or
orbiters with highly elliptical orbits can result in
misleading maps because, at a given scale, they
depict data with variable resolution. For exam-
ple, the footprint of a Mariner 9 picture element
is about 0.5 km square at lat 20°S on Mars, but
is about 1.5 km square at lat 60°N. Yet the
1:5,000,000-scale Mars map series portrays all
areas as if the density of map data were uniform
over the entire planet. Furthermore, widely differ-
ent mission sequences often must be used to
gather various kinds of data. For example, albedo
data should be gathered from high-altitude with
high-Sun illumination. Computation of a net of
horizontal control points is best done with
high-altitude, low-Sun pictures. Planimetric
maps of surface detail are best made with mono-
scopic low-altitude pictures taken under low-Sun
conditions, whereas surface detail to be mapped
stereoscopically should be photographed at low-
altitude under intermediate (20-40°) illumina-
tion. Obviously, all of these different require-
ments cannot be met during a single mission and
various compromises must be derived.

If it were not for conflicts with other experi-
ments, cartographic data for albedo and plani-
metric maps could be gathered fairly easily with
existing Mariner-type spacecraft. Ideally, two
spacecraft would be used. The first would be
placed in a high-altitude, high-inclination orbit
synchronized with the rotation of the planet to
permit high-altitude, high-Sun angle and high-
altitude, low-Sun coverage of the entire planet.
The second spacecraft would be placed in a
polar orbit synchronized with the planetary
rotation in such a way that overlapping strips of
high-resolution pictures could be taken near the
terminator during each revolution until high-
resolution coverage of the entire planet were
obtained. This approach was, in fact, the one
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attempted with the Mariner Mars 1971 mission,
but the loss of a spacecraft and the presence of a
planet-wide dust storm required that mission
sequence compromises be made that were fully
acceptable to no one.

DATA REDUCTION

The camera focal lengths and picture formats
useful for planetary exploration from spacecraft,
whether flyby, orbiter, or hard- or soft-lander,
are different from those used in conventional
terrestrial mapping and they are more or less
incompatible with the photogrammetric pro-
cedures and equipment generally available. In
addition, information about camera position and
attitude — available through orbital tracking and
attitude sensors or star pictures — provides geo-
metric constraints on triangulation not available
to usual aircraft situations. This means that com-
puter programs designed for conventional aerial
control extension are inadequate for planetary
missions. Consequently, consideration must be
given, from the initiation of a planetary explora-
tion program through complete system design,
to not only the spacecraft, the sensors, and the
mission, but also to the hardware and software
for extracting the maximum geodetic and carto-
graphic information from the records obtained.
Unfortunately, this has not always been the case
through the Ilunar program and the planned
planetary flights.

SUMMARY

1. Geodesy and cartography provide a refer-
ence system for navigation and guidance and for
correlation and compilation of all data about the
surface of planets and satellites.

2. The basic requirement for geodesy is geo-
metrically true, low-to-moderate-resolution,
wide-angle photography of the whole planet.
For cartography, the basic requirement is high-
resolution, wide-angle photography of areas of
interest, the resolution depending on the
intended map scale.

3. Resolution demands and weight constraints
have forced and are likely to continue to force



the use of narrow-angle camera systems for
which reconstitution requires accurate knowl-
edge of external data, such as camera orientation
and position. The narrow-angle cameras demand
more stringent calibration procedures, a more
restrictive imaging strategy, and more precise
knowledge of camera orientation and position
than wide-angle cameras; these factors must be
considered in total system design at the initia-
tion of any imaging experiment.

4. The most necessary attribute of the
imaging system, without which no metric anal-
ysis is possible, is geometric fidelity. The widely
used vidicon systems are notoriously prone to

distortion. New imaging systems, under devel-
opment for planetary missions, should be
designed to ensure geometric reliability.

5. Useful photogrammetric determinations of
elevations with narrow-angle cameras from
orbital altitudes is possible only with convergent
stereophotography, and then only with preci-
sions of the order of several hundred meters for
most of the camera systems now being con-
sidered for planetary exploration.

6. Nonvisual data can be used for geodetic
and cartographic purposes, and with radar, the
additional ranging capability can be used for
elevation measurements.
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CHAPTER VI. EARTH-BASED STUDIES

S. Dwornik

The goals of planetary geology are to under-
stand the origin, evolution, distribution, com-
position, and interrelationships of condensed
matter in the form of comets, asteroids, and
planets and their satellites. These goals are
directly related to the basic objectives of space
exploration discussed in the introductory chap-
ter of this report.

To achieve these goals, it is necessary to
understand the basic geologic processes that
have been involved in the evolution of planetary
bodies. From previous lunar and planetary mis-
sions, it is now clear that we are dealing with
essentially the same geologic processes on all
planets, but the intensity and time factors of
individual processes vary with the environment
of the planet; at the same time, environment
itself often varies as a function of surface pro-
cesses. To understand the general processes, it is
necessary to perform a variety of tasks involving
laboratory experiments and simulations, theoret-
ical modeling studies, telescopic observations,
and comparative geological field work. These
types of studies are required to expand our fun-
damental knowledge of the planets and to help
interpret space-mission data that might appear
to be ambiguous or seemingly in conflict with
past observations or data. Theoretical under-
standing of geologic processes of all planets and
satellites is the ultimate goal of comparative
geologic studies, simply because it is not possible
to sample and study all bodies in the solar sys-
tem insitu. Theories must make verifiable

predictions, be able to test the aptness of terres-
trial analogs, and ultimately should provide
direction for future planetary research.

For example, let us examine the general pro-
cess of wind erosion which can be present
wherever an atmosphere and solid surfaces exist.
On Earth, wind is a rather effective erosive pro-
cess in dry climates. Without present knowledge
of the near-surface atmosphere conditions on
Venus, we cannot say with certainty if wind
erosion is occurring there, but it appears to be
within the realm of possibility. Even before
Mariner-Mars, telescopic observations of Mars
led many investigators to conclude that wind
processes were active on the martian surface.
Mariner 9 confirmed these observations by
revealing numerous features that seemed to be
directly linked to the great dust storm of 1971.
Most of these features were associated with
craters and many of them were observed to
change in shape, size, and position as the dust
storm subsided. In fact, wind erosion appears to
be one of the dominant surface processes on
Mars acting in the recent geologic history.

Thus, we are concerned with the same general
geologic process — wind erosion — operating
under a variety of conditions on three planets.
The atmospheric pressures range over about five
orders of magnitude (Venus surface pres-
sure ~100 bar, Earth ~1 bar, Mars ~0.005 bar).
To understand the nature of wind erosion on
any one planet, it is first necessary to under-
stand wind erosion in general by knowing the
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Figure 6.1. Wind-tunnel simulations of flow over a raised-rim crater to determine zones of aeolian erosion and
deposition, and comparisons with aeolian phenomena on Mars. (A to C) Sequential photographs (light from upper
left, wind from left to right as indicated by the arrow) of a 17.8-cm crater modeled in loose sand and placed in
the wind tunnel with a wind velocity of about 420 cm/sec. The crater became ovoid in outline, pointing upwind
and developed two erosional depressions corresponding to the trailing components of a horseshoe vortex.
(D) Small martian crater in Mare Tyrrhenum showing similar outline and dark zones off the leeward edge of the
crater rim that are interpreted to be the result of erosion. (E to G) Sequential photographs of a 17.8-cm crater
modeled in solid wood (nondeformable), partly buried by loose sand (E) and subjected to a 850-cm/sec wind
until relatively stable conditions ensued (G) in which the model surface was swept free of loose sand except in
zones of relative deposition, shown by the white trilobate pattern and the white patch on the windward rim.
(H) A 2-km martian crater in the region northwest of Memnonia showing a similar trilobate pattern in the
immediate lee of the crater and a white zone on the windward rim that are interpreted to be aeolian deposits, and
a large dark zone in the crater wake area interpreted to have resulted from erosion (Mariner 9 shading-corrected

image) (from Greeley et al. 1974 ).

parameters involved and the effects of varying
the values of those parameters.

Laboratory wind-tunnel simulations provide
the opportunity to single out the parameters
involved in wind erosion and to vary their mag-
nitude to determine their relative importance.
Thus the fundamental process of wind erosion
can be better understood. Next, the environmen-
tal planetary conditions can be duplicated (to
some degree) to physically model the particular
planet under study. For example, the Martian
Surface Wind Tunnel at NASA-Ames Research
Center developed by Greeley permits particle
threshold experiments to be conducted at true
martian pressures.

In addition to parametric analyses, modeling
studies in the wind tunnel enable the determina-
tion of the flow field over various topographic
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models, such as craters and dunes, to determine
zones of wind erosion and deposition. A first-
order determination has been completed for
raised-rim craters which appears to explain cer-
tain dark and light streaks associated with
martian craters (Fig. 6.1). Although certain
modeling laws would indicate that these results
are valid, a natural reluctance on the part of
some investigators is understandable in compar-
ing 30-cm wind-tunnel models with full-size
(1 km and larger) craters. In this respect, at least
to a qualitative degree, field studies of full-size
craters are important. Large natural and man-
made craters having associated aeolian features
are currently being sought as a test of the model-
ing results obtained in the wind tunnel. Several
examples have been found. Wolf Creek Crater
(Australia), Tememichat Crater (Africa), and




Figure 6.2. Comparative volcanology. Photograph in upper left shows part of Olympus Mons, a ~600 km-diameter
martian shield volcano, lower left, high-resolution photograph of the flank of Olympus Mons showing numerous
thin flows and a sinuous depression interpreted to be a lava channel. Compare the texture of the martian features
with those observed on the flank of Mauna Loa shield volcano, Hawaii. The morphological similarities suggest
that essentially the same process was involved in the formation of the martian shield as in the terrestrial analog,
that is, construction by repeated eruptions of relatively fluid lavas.

Aouelloul Crater (Africa) are all raised-rim
craters of similar geometry as the wind tunnel
models. In all three cases, there occurs a distinc-
tive pattern of wind erosion and sand deposition
that is related to the general wind direction and
that is essentially the same as reproduced in the
laboratory.

Using the results from the wind-tunnel simula-
tions and field studies of terrestrial analogs,
theoretical modeling then permits an application
to Mars where predictions can be made for the
wind speeds needed to set particles in motion
and thus the rates of wind erosion and deposi-
tion. Finally, taken in combination, the labora-

tory simulations, the field work, and the
theoretical analysis permit the interpretation of
spacecraft data toward the solution of one
aspect of martian geology.

The example cited above serves to illustrate
the interplay of several types of Earth-based
investigations. The study is a multidisciplinary
effort involving a geologist, a fluid dynamicist,
and a planetary physicist. The complexities of
planetary geology often require a multidisciplin-
ary approach because seldom does any one
investigator have sufficient background in all the
required fields or in the combination appro-
priate for the solution of specific problems.
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Figure 6.3. Crater vent and associated lava channel in the Snake River Plain, Idaho (left photograph; from Greeley
and King 1974) compared with sinuous rilles near the Crater Prinz on the Moon. Although the lunar features are
an order of magnitude larger, considerations of their morphology and the basaltic composition of the mare lavas
indicate a similar origin.

In the sections that follow, specific details of
the types of Earth-based studies involved in
planetary geology are discussed.

FIELD STUDIES
D. U. Wise and G. E. McGill

Geologic exploration of other planetary
bodies requires that a maximum amount of
uniquely interpretable information be derived
from available data. The interpretation of plane-
tary history requires the identification of the

88

major and minor geologic agents that have modi-
fied planetary surfaces, the sequences of events
on those surfaces, the ages of those events, and
the rates at which geologic processes have oper-
ated. This requirement is the same as that faced
by terrestrial geologists for several centuries in
studies of the Earth, and one might assume that
the only requirement for planetary geology is
the simple application of terrestrial criteria to
other bodies. However, terrestrial geologists have
the ability to return to the field again and again
to collect masses of data for their interpreta-
tions. Rarely have they had to concentrate on



Figure 6.4. Elongate fissure-vent on the Moon (left), Hawaii (middle), and the Snake River Plain, Idaho (right).
Observations of the Hawaiian structure during eruptions over a period of several years show that such features
evolve through a series of complex stages of multiple eruptions. Examination of the similar feature in Idaho
suggests a similar history and enables interpretation of the lunar features. All three structures have lava tubes and
channels associated with them.

finding characteristics that permit unique inter-
pretations solely from remotely sensed data.
Thus, the planetary geologist must re-examine
many of the most obvious terrestrial landforms
for criteria that lead to unique identifications,
and for the details of landform evolution
(Figs. 6.2—6.5).

Craters constitue one of the most common
landforms found on planetary surfaces. The
separation of impact craters from other circular
depressions — mainly volcanic craters — is
extremely important in planetary geology
because many interpretations of planetary his-
tories are based on impact crater frequency dis-
tributions. For example, heavily impact cratered
surfaces are believed generally to be older than
lightly cratered surfaces. Clearly, if nonimpact
craters are mixed with the general crater popula-
tion and cannot be identified, then an erron-
eously old age would be surmised.

Thus, the need arises for criteria that can be
obtained remotely to identify various types of
craters. Field studies of craters on Earth offer
one means for deriving the desired criteria. It
was through this approach that Shoemaker

studied Meteor Crater in Arizona and found
ground features diagnostic of impact craters.
Subsequent studies by many investigators of
other impact craters, of volcanoes, and other
types of craters have gradually built a body of
knowledge that allows tentative crater identifica-
tion. Unfortunately, the identifications still are
not definitive, especially where planetary data
are scant or where image resolution is poor, and
field studies of terrestrial analogs must continue.

The fracture and stress history of planetary
surfaces is recorded in some degree in the com-
plex faults, linear volcanoes, and topographic
lineaments that abound on the surfaces of all the
planets, including Earth. On Earth, the origins of
these fracture-related phenomena are poorly
known and it is difficult to separate their origins
from plate-tectonic phenomena. It is particularly
difficult to separate the inherited effects of early
fracture anisotropy of a planetary crust from
fracture effects produced directly by younger
stress fields. On planets with near-global rock
exposures, longer preservation of topographic
details, and no apparent continental drift, the
answers to those problems may be more
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Figure 6.5. Composite of an ERTS picture and Mariner 9 frame to the same scale. The Mariner frame is DAS 6823253
from the southern Amazonis region of Mars and is about 50 km wide. The ERTS frame covers part of intensely
wind eroded Lut Desert in Iran (from McCauley, in press).

obvious. At the very least, the fracture patterns
of the other planets are forcing us to ask more
sophisticated questions about terrestrial frac-
tures and to seek the answers by field examina-
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tion. In this area, a good possibility exists for
making contributions to the understanding of
terrestrial problems from comparative
planetology.



Planetary geology, like many of the other
planetary sciences, must have a laboratory in
which to experiment and test various ideas.
Physicists and astronomers often test many of
their instruments and interpretations using ter-
restrial samples of rocks and minerals in labora-
tory experimentation. The planetary geologist
has equally pressing requirements for laboratory
testing of his ideas, particularly in that his inter-
pretations commonly have less well-defined
boundary conditions than those of the physicist
or astronomer. This “laboratory’” of Earth
analogs is a key to the development of criteria
for deriving the optimum amount of informa-
tion from planetary surfaces.

Geologic interpretations of remotely sensed
data provide a framework for planetary surface
exploration. The study of terrestrial field
examples, or Earth analogs, as laboratories for
planetary geologic interpretations constitutes
one of the least expensive but most important
foundations of the planetary exploration pro-
gram.

LABORATORY EXPERIMENTATION
A. Howard

Laboratory experimentation is a necessary
companion to the development of theoretical
models and comparative field studies in planetol-
ogy. The analysis of the geologic framework of
other planets by comparison with terrestrial
environments and processes is handicapped by
the vastly different environments and the lower
resolutions, limited scope, and indirect nature of
most of the data from other planetary bodies.
Laboratory testing of theories in planetology is
particularly difficult because of the problem of
obtaining the controlled measurements neces-
sary to validate theories. In some cases, terres-
trial field observations can substitute for direct
observation of planetary processes but only if
analog environments occur on Earth. Even
where these occur, quantitative observations may
be difficult or impossible because of the multi-
plicity of active processes. Problems of logistics
or instrumentation include the rarity or low
intensity of certain processes, the complexity of

natural environments, large physical scales, or
long time scales of the processes involved.

Laboratory experimentation often overcomes
these limitations, forming a necessary link
between field or planetary observations and
theory construction. Experiments offer the
advantage of providing quantitative analysis
under controlled conditions because single pro-
cesses may be isolated and chains of cause and
effect unravelled. Under special circumstances,
experimentation may be part of a field research
program if the processes involved can be isolated
and readily observed; that is, if nature provides
the controlled conditions necessary for experi-
mentation. For example, McGetchin and Head
(1973) made photographic observations of vol-
canic ejecta forming cinder cones, thus providing
empirical data that were combined with pre-
dicted trajectories under different gravity attrac-
tions and atmospheric resistances to form cinder
cones on Earth, the Moon, and Mars. In a quite
different context, Greeley et al. (1974) dug a
crater in an Iowa cornfield to observe the depo-
sition pattern of windblown snow and compared
it with aeolian deposits around wind-tunnel
models, around large terrestrial impact craters,
and ultimately around martian craters.

However, suitably controlled natural experi-
ments are rare. Laboratory experimentation
often can overcome this problem, however, by
providing isolated, idealized, and controlled
environments and processes, and by allowing
observations to be made on a reduced physical
and temporal scale. In addition to the testing of
formulated theories, laboratory and model
experiments can be used to demonstrate effects
of complex processes.

Meteoroid cratering is a dominant process in
the evolution of solid-surface bodies in the solar
system, as evidenced by the cratered surfaces of
the Moon, Mars, Mercury, and the satellites of
Mars, as well as the scars of large ancient impact
events on Earth. Earth-based radar images
shows that parts of Venus also are cratered. For
atmosphere-free bodies, such as the Moon and
Mercury, impact appears to have been the major
agent of erosion and metamorphism. A thorough
knowledge of cratering mechanics at all scales
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Figure 6.6. Vertical gun facility at Ames Research Center, used for simulating impact-cratering processes.

(Courtesy of D. Gault.)

and the influence of variables controlling crater
formation and geometrics are absolute require-
ments for interpreting physical properties and
structural details of the surfaces exposed to the
meteoroid environment.

The impact-cratering process is controlled
primarily by projectile properties (velocity,
mass), target properties (strength, structure), and
environmental properties (gravity, atmosphere).
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These are parameters that can be duplicated, to
a degree, in laboratory simulations. Because the
conditions can be controlled and varied, each
parameter can be assessed individually as to its
role in the cratering processes. The cratering
mechanics experiments by Gault (1974), using
the Vertical Gas Gun at NASA-Ames Research
Center (Fig. 6.6), classically illustrates the value
of laboratory simulations. This facility is
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Figure 6.7 Diagrams illustrating the typical growth of an impact crater, compiled from analyses of hundreds of
“stop-motion”’ photographs acquired during experiments using the facility shown in Figure 6.6. (Courtesy of

D. Gault.)

capable of firing projectiles at speeds to
7.5 km/sec into targets under low atmospheric
pressures suitable for simulating conditions on
the Moon. At the time the projectile is fired, the
target can be dropped at a controlled rate,
reducing the effective gravitational acceleration
to any desired value. The entire sequence of
crater formation can be photographed by high-
speed stereo motion picture and still cameras to
provide detailed information on the various
stages in crater formation (Fig. 6.7). Modeling
techniques permit cautious extrapolation of
various scaling laws from impact simulations to
full-scale planetary structures.

The laboratory results are compared with ter-
restrial impact craters, both natural and man-
made, and the ““coordinated’ results are applied
to the interpretation of extraterrestrial craters.
In some cases it is possible to separate exogenic

(impact) craters from those formed by endo-
genic processes, using a combination of mor-
phological and distributional criteria. The
impact craters then provide a baseline for inter-
preting the geomorphological evolution of a
planetary surface as it is subjected to landform-
ing processes, deposition, and erosion. Exogenic
craters are formed almost at the same rate
regardless of location on a planet, and if the
source of cratering for all planets is the same,
then the crater formation rate may have been
varied the same. Statistical analysis of subse-
quent degraded crater morphologies then serve
to elucidate the form and relative efficacy of
various geomorphological processes on different
parts of a planet’s surface. The areal densities of
craters of different sizes and degradational states
further serve to date these processes relative to
the cratering rate.
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Laboratory experiments may proceed in two
ways: (1) they may attempt to duplicate
directly the environment and processes postu-
lated to be present on a planetary body, such as
studies of mineral stability and planetary inter-
iors in alien surface environments, or (2) they
may be performed in an environment, on a scale,
or at an intensity different from the assumed
planetary conditions and the results extrapo-
lated by suitable scaling. Most laboratory studies
of surface geologic processes, such as the aeolian
transport of material on Mars, adopt the latter
approach, owing to the difficulty in simulating
the alien environment in the laboratory. For
example, the reduced gravity and lower atmo-
spheric pressure on Mars are difficult to simulate
in the laboratory.

Whenever an exact duplication of a planetary
environment is impossible, laboratory experi-
ments should be conducted so that the results
can be quantitatively extrapolated. Extrapola-
tion is generally possible by appropriate analysis
of a physical dimension of the materials and of
the magnitudes of the processes in the labora-
tory and on the planetary body. Through the
use of dimensionless ratios of physical quanti-
ties, laboratory experiments often can be per-
formed so that, with proper combinations of
velocities, pressures, temperatures, densities,
physical dimensions, and other quantities, the
experimental results can be appropriately
extrapolated to the planetary environment.
Often, however, certain physical effects, for
example, the differences in atmospheric pressure
between the laboratory and the planetary atmo-
sphere, can be shown by experiment or theory
to be unimportant to the process under study
and therefore need not be scaled exactly. Where
it is impossible to scale all relevant processes or
environments, experiments still may provide
qualitative or semiquantitative analogs of extra-
terrestrial processes, although more caution is
necessary in the interpretation of results.

In addition to physical modeling of planetary
processes, laboratory studies such as photo-
metric and polarimetric analyses of samples and
studies of ices and ice clathrates for the investi-
gation of the surfaces of satellites in the outer
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solar system are important aspects of laboratory
experimentation in planetology.

Laboratory experimentation thus has an
important role in studies of planetary geology
and provide quantitative evaluation of geologic
processes that supplement observations made by
telescope, by space probes, and by terrestrial
field studies. Laboratory studies allow a degree
of control over processes and materials not
otherwise possible and are therefore invaluable
in testing theoretical models.

EXPERIMENTAL PETROLOGY
M. C. Gilbert

Introduction

Experimental petrology is the laboratory
investigation of chemical systems thought appro-
priate in the understanding of petrogenesis. This
means that chemical systems much simplified
over natural ones can be studied as well as direct
experimentation on representative natural
samples. The goal of experimental petrology is
generally elucidation of (1) the physiochemical
conditions under which a rock formed, these
being temperature, total pressure, fugacities of
the various participating gaseous species, and
activities of other components in the system, and
(2) the specific reactions and reaction paths
actually followed in rock formation. This goal is
accomplished by duplicating, in heated pressur-
ized vessels, the assemblage of minerals found
significant in a particular natural setting. The
value of experimental petrology thus lies pre-
cisely in the fact that it quantifies petrology.

Relevance of Experimental Petrology to
Planetology

This topic is best approached by realizing first
the contribution provided by experimental
petrology to understanding the planet Earth.
The following is a partial but representative list
of these contributions:

1. Definition of the pressure-temperature
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Figure 6.8. Selected silicate equilibria. Basalt melting curves as determined to 40 kbar under reducing conditions.
Mg- and Ca-silicate melting curves represent univariant conditions. Data are compiled from various sources.

(P-T) fields of stability of common and diagnos-
tic crustal mineral assemblages. This has allowed
metamorphic petrology to advance beyond the
concepts of isograds and facies to now include
facies series (Miyashiro 1961 ; Hewitt and Gilbert
1975). The same approach is being extended to
higher pressure assemblages thought characteris-
tic of the upper mantle (MacGregor 1970).

2. Implicit in (1) is that the fossil geothermal
gradient for a terrain can be estimated. Once this
is known, tectonic models and thermal profiles
can be discussed, all of which reflect more fun-
damental, deep-seated behavior in the upper
mantle (Richardson 1970; Boyd 1973).

3. Mantle compositions have been inferred by
partial melting experiments on various bulk
compositions until liquids matching the range of
natural lava types were obtained. This has also
allowed determination of (a) the effect of differ-
ent volatile constituents on melting behavior and
(b) the fractionation of elements such as K, U,
and Th between the participating solid phases

and liquid. The measured silicate melting curves
are used to place constraints on the thermal
state of the Earth’s interior. Thus, the general
processes of formation of differentiated crust,
ocean, and atmosphere can now be quantita-
tively modeled (Boettcher 1975).

4. Relating seismically defined discontinuities
to possible chemical and physical changes. All
common rock-forming minerals of the Earth’s
crust undergo transformations to denser forms
at high pressure. Only through laboratory exper-
imentation can petrology and geophysics be
merged into viable models of Earth structure
and chemistry (Ringwood 1970).

5. Lava viscosities affect the form of volcanic
edifices, and viscosity is a direct function of
chemistry.

In principle, all of the points outlined are
applicable to the terrestrial planets and to rocky
satellites of the Jovian planets. The crucial ques-
tion is, “To what extent can the laboratory
studies of chemical systems be transferred to
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Figure 6.9. Selected equilibria involving metallic phases. Melting curves for the free metals, Fe and Ni, and their
oxides and sulfides are shown. Data are from various sources.

other planets?” This question involves estima-
tions of both the relevant bulk compositions and
the appropriate physical conditions. It seems
clear that much additional work will be neces-
sary simply because evidence is abundant that
bulk compositions are different from one plane-
tary body to the next. Highly oxidizing condi-
tions have rarely been investigated for Earth
materials at high temperatures and pressures
because such conditions were not applicable
here. Yet such studies may be appropriate for
other planets. In a similar vein, highly reducing
conditions were not investigated before the
advent of lunar studies as there was no clear
reason to do so for the Earth. On the other
hand, a substantial body of phase equilibrium
data exists for many common minerals. Where-
ver these data have been determined for a wide
range of physical conditions, they will probably
be directly useful in planetology.

Experimental petrology has provided some
interesting results for lunar interpretations
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(Ringwood and Essene 1970; Green et al. 1971;
Hays and Walker, in press, and others). Figures
6.8 and 6.9 depict some of the available melting
equilibria that may prove applicable to the
Moon and planets. The curves in Figure 6.8 are
of materials representative of the stony mantles
of the terrestrial planets. The curves in
Figure 6.9 bear on possible core states and place
limits on how early differentiation may have
proceeded during planet heating. It is note-
worthy that few good data are available at pres-
sures over 50 kbar. Some of the data shown here
have already been used by workers integrating
geophysical constraints, thermal calculations,
and petrology to give planetary models (e.g.,
Johnston et al. 1974).

For Mercury, different approaches to under-
standing the internal structure have led to con-
flicting ideas. Interpretation of the magnetic
field based on Mariner 10 results points to a
liquid core. Bulk geochemistry as inferred from
some accretionary models points toward a




sulfur-free, Fe-rich core. The pressure at the
core-mantle boundary is approximately 60 kbar.
From Figure 6.9, melting temperatures would
have to be above 1600° C. However, if sulfur
were present, a liquid outer core could be main-
tained at ~1000° C. Thus, thermal and differen-
tiation models are critically dependent on the
bulk composition chosen. The choice of a
mantle silicate geochemistry rich in Ca and Mg
and low in Fe requires very high melting temper-
atures (Fig. 6.9).

For Mars, where some geochemical models
imply high sulfur, a liquid core could be main-
tained at moderate temperatures. On the other
hand, the basalt melting interval shown in Fig-
ure 6.8 may not be appropriate because of the
possibility of higher oxidation state for the
planet. If the higher oxidation state hypothesis
were true, other consequences follow. Higgins
and Gilbert (1973) have argued that Ni will then
be released into the silicate system and be
housed in the “ferromagnesian’ minerals. Signif-
icant changes in melting temperatures, element
fractionation, and phase stability are then pos-
sible. The higher volatile content postulated for
Mars as compared with the Earth might render
most of Figure 6.8 useless, in which case, other
studies (e.g., Eggler 1974) are more pertinent.

METEORITES
T. Bunch

In the pre-Apollo era, much information
about meteorites was gathered as an aid in the
possible interpretation of the returned lunar
samples. At that time, meteorites were the only
extraterrestrial samples available for study, and
most speculations about the origin of the solar
system and the planets were based on informa-
tion gained from meteorites and astronomical
observations. Several investigators speculated
that basaltic achondrites, because of their mag-
matic temperatures and Earth-like composition,
came from the Moon. We have since learned that
this is not the case, although the interest in
meteorite research has not diminished, nor have
we learned all that we can from meteorites

about the processes of the solar system
(Fig. 6.10).

This section will briefly review the important
role that meteorites have played in our quest for
understanding the origin and nature of the solar
system and what we can gain from the con-
tinued study of meteorites and their relatives,
the asteroids. This discussion is based primarily
on the geologic and chemical data from meteor-
ites. Other important factors (isotope composi-
tions, element distributions, rare gas contents,
crystallization ages, geophysics, astronomical
observations and measurements) are discussed
elsewhere in this report.

Meteorites provide tangible samples of solar
system material that has undergone composi-
tional changes through differentiation and
chemical fractionation. These changes probably
occurred before and during emplacement of
matter around the Sun, in the course of conden-
sation of primitive solids from the early solar
nebula gas cloud, and during changing magmatic
and metamorphic processes in a parent body.
Collisional shock events have also aided in alter-
ing the compositions of small planetary bodies.

Three types of meteorites are important for
this discussion: (1) carbonaceous chondrites,
which contain organic compounds, inclusions
composed of refractory elements, and water;
(2) ordinary chondrites, which contain chon-
drules formed by supercooling; and (3) basaltic
achondrites, which have textures and mineralogy
closely akin to lunar and terrestrial basalts and
imply magmatic crystallization. The refractory
element inclusions in carbonaceous chondrites
may be an important clue to the condensation
of the solar nebula. In discussing conditions of
the solar nebula gas cloud, it is assumed that the
composition of the cloud was heterogeneous,
that is, the highest temperature refractory ele-
ments were concentrated closer to the proto Sun
and decreased in abundance with increasing dis-
tance away from the Sun. Necessarily, the tem-
perature gradient fell from highest temperature
near the Sun to low temperatures near the outer
portions of the primitive solar system. Because
of the temperature gradient and the heterogene-
ous distribution of elements, it follows that all
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Figure 6.10. Comparative planetary evolution processes. Photomicrographs (crossed polarizers) of terrestrial (a),
lunar (b), and meteoritic (c) basalts. All three are very similar in texture and mineral contents, although they are

dissimilar in

bulk composition and isotopic ratios.

Terrestrial basalt age = 6X10° yr, Ilunar basalt

age = 3.7X10° yr, and meteoritic basalt age = 4.4X10° yr. Width of field is 2 mm. Observational and experimen-
tal data demonstrate that many of the planetary bodies underwent similar geologic processes through time.
Studies bearing on basalt generation from partial melting of primitive pre-existing materials can give insight on the
composition of the parent bodies which, in turn, can be used to model the formational processes of the solar

system.

elements were completely in the vapor state.
Theoretical models and observational considera-
tions imply that the individual planets change in
composition from high concentrations of refrac-
tory and transitional elements near the Sun
(terrestrial planets) to high concentrations of
light, volatile elements in the colder environ-
ments farther from the Sun.

The presence of organic compounds in car-
bonaceous chondrites also indicates that low-
temperature processes must have been involved

98

during certain phases of the history of these
meteorites. The distribution of hydrocarbons,
amino acids, and fatty acids suggests that these
compounds have been formed by random,
abiotic, chemical processes (Kvenvolden et al
1970; Kvenvolden 1974). Stereochemical con-
siderations of amino acids and fatty acids have
now confirmed the idea that the processes were
random and that the compounds do not result
from extraterrestrial life. The physical condi-
tions, time scales, and mechanisms of these low-




temperature processes remain to be determined,
however, and this is an important direction for
future research. Knowledge of the organic chem-
istry of meteorites will be critical in planetary
exploration, especially in the interpretation of
results from samples of the martian surface
where organic compounds could be present from
a number of sources including meteorites (see
the section on organic chemistry in Ch. III).

A sequence of mineral condensation during
the cooling of the nebular gas cloud has been
calculated from thermodynamic data (Grossman
and Larimer 1974) and is consistent with
meteorite compositions, particularly refractory
element inclusions in carbonaceous chondrites.
In essence, the results suggest that the Ca-Al-rich
inclusions are aggregates of highest temperature
condensates. These condensates were followed,
at lower temperatures, by crystallization of
nickel-iron, forsterite (Mg, SiO,4), and enstatite
(MgSi0O3). With increasing oxidation state, iron
substituted for magnesium in these minerals in
ordinary chondrites. Thus, increasing the oxida-
tion state and trends of decreasing abundance of
siderophile elements appear to reflect formation
at monotonically increasing distances from the
Sun. The refractory condensates may have been
transported by solar radiation pressure to other
parts of the solar system before lower tempera-
ture condensation. This process may account for
the admixture of both high- and low-
temperature fractions in meteorites and for the
inferred refractory element concentration of the
Moon. Heterogeneous accumulation models may
account for the apparent stratified nature of the
Earth and possibly other terrestrial planets,
where planetary interiors are enriched in refrac-
tory elements and iron, with the more volatile
materials concentrated in the outer layers.

Ordinary chondrite compositions have long
been regarded to represent at least an average
meteoritic composition for the Earth. Chon-
dritic abundances for major, minor, and trace
elements have been used for standards of geo-
chemical calibrations for the Earth and Moon. In
addition, chondritic meteorites were formed
very early in the history of the solar system.
Precise crystallization ages of chondrites and

other meteorites from the 87 Rb—87Sr method
provide the best available measure of the age of
the solar system.

Lunar studies strongly infer a post-accretional
surface melting and differentiation stage that
separated the Moon into an outer layer of refrac-
tory material (anorthositic rocks) and an under-
lying residuum that subsequently gave rise to
massive basalt flows through partial melting.
These events may not have been restricted to the
Moon, but may have occurred on some or all of
the terrestrial planets by rapid buildup of heat
from concentration of extinct radionuclides or
an exterior heating event during the T-Tauri
solar wind (Sonnett et al 1968) or the highly
luminous Hayashi phase of the early Sun. The
meteorite record shows that basaltic achondrites
have magmatic textures and probably originated
through partial melting of parent-body mate-
rials. Basaltic achondrite breccias (howardites)
contain fragments of anorthositic composition,
in addition to many kinds of basaltic fragments
(Bunch 1975). Crystallization ages for two
basalt fragments were determined by
Papanastassiou et al (1974) and they corre-
spond to crystallization events of 3.6X10° and
3.9X10° years ago, events that are distinctively
younger than ages for simple basaltic achondrite
samples that average 4.4X10° vyears. These
“young’ magmatic events, together with tex-
tural studies, suggest that the parent body was
geologically active for at least 1 aeon after accre-
tion. The Nakhla meteorite is a highly differen-
tiated rock that has an inferred crystallization
age of 1.34X10° vyears (Papanastassiou and
Wasserberg 1974). Nakhla also shows evidence
of magmatic crystal settling and partial altera-
tion by water (Bunch and Reid 1975; Reid and
Bunch 1975). These conditions are similar to
terrestrial processes and dissimilar to those of
other extraterrestrial bodies, as we know them.
From these cases, we can see that meteorite
parent bodies have been geologically active for
considerable periods of time, and we can gain
tremendous insight into planetary processes by
continued study of the many meteorite samples
available.

Recent spectral reflectivity measurements of
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asteroids (McCord and Gaffey 1974; Chapman
1975) show that many of the meteorite classes
are represented in the surface materials. Most of
the larger asteroids appear to have a Moon-like
regolith. Meteorite breccias also appear to be
similar to the lunar regolith and suggest that the
parent bodies suffered severe surface modifica-
tions through impact events and mixing of mate-
rials. In addition, petrographic studies of these
breccias (chondrite and achondrite breccias)
indicate that each meteorite compositional and
petrographic class probably originated as sepa-
rate bodies because fragments of different mete-
orite classes are not found within other meteor-
ite breccias; that is, H-group chondrites are not
found in L-group chondrite breccias and ordi-
nary chondrite fragments are not found in
achondrite breccias as would be expected if
these meteorites originated from the same par-
ent body.

Summary

Meteorites have provided us and will continue
to provide us firsthand knowledge of the geo-
logic processes of the solar system. The ques-
tions raised by Adams efal (1967 a,b) about
the origin and evolution of the solar system can
be dealt with, at least for the terrestrial group of
planets, by applying our present knowledge of
meteorites and the Moon, together with Earth-
based observations and unmanned space probes.
Continuing attempts to refine the answers to the
Adams group questions will depend on our
efforts to initiate more detailed and sophisti-
cated studies of meteorites and the Moon and to
develop space missions for further geologic
study to substantiate the conclusions based on
meteorite studies alone. The main limitation of
the record from meteorites is that the source
regions cannot yet be identified. Moreover, the
relationship of meteorites among themselves in
time and space also cannot be fully understood.
Meteorites give us only fragments of information
about the geologic evolution of the solar system
on which we have based many models. We need
to fill in the gaps by geologic missions to the
planets, their satellites, and the asteroids.
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GROUND-BASED TELESCOPIC
OBSERVATIONS
E. Helin, D. Matson, and T. Johnson

Major advances to be made in the future con-
cerning the geologic and geophysical aspects of
the planets, satellites, and other solid bodies in
the solar system will come from spacecraft
observations; however, a great deal remains to be
learned from ground-based telescopic observa-
tions. Both optical and radio telescopes have
been used to lay the groundwork for most of
what we know about the solar system today.
The advantage of ground-based observations lies
in the fact that they are vastly more economical
than those conducted from spacecraft and can
be extended over long periods of time. Further-
more, new ideas and new techniques can be
exploited independently of the increasingly long
lead times and planning that must go into the
execution of a planetary spacecraft mission.
Thus, any sound strategy to explore the planets
should take full advantage of ground-based
observations, both to add to the broader under-
standing of each solar system object and to aid
in the selection, development, and refinement of
the best achievable spacecraft experiments.

The selection of those ground-based tele-
scopic observations that should be pursued most
vigorously depends on the given states of the art
of telescopic instruments and observing tech-
niques. Emphasis should be placed on proven
techniques that will provide a foundation of reli-
able knowledge and that will supplement, in
critical ways, the data already obtained from
spacecraft or the measurements expected to be
obtained from spaceflight missions in the near
future. Some of the most important telescopic
observational programs needed for each type of
solid body are listed in Table 6.1. The listing is
necessarily incomplete because it is impossible
to foresee all the observations that would be
most rewarding.




TABLE 6.1. EARTH-BASED TELESCOPIC OBSERVATIONS OF THE SOLAR SYSTEM

Mercury
1. Radar astronomy to obtain altimetry profiles
2. Spectrophotometry in the wavelength region of 0.3 to 2.2 um to study surface composition by the
spectral reflectance method.
3. Infrared and radio wavelength observations of thermal emission to investigate the temperature and
physical properties of near-surface materials

Venus
1. Radar astronomy for mapping of solid surface of the planet

Apollo/Amor Asteroids
1. Systematic photographic search to discover new Apollo/Amor asteroids to improve estimates of the total
population, types of orbits, and collision rates with the Moon and terrestrial planets
2. Polarimetry and UBV photometry to determine albedo, size, period of rotation, and axial orientation
3. Spectrophotometry to study surface composition
4. Infrared spectrophotometry to obtain albedo, size and emissivity information
5. Radar to study size, shape, and surface characteristics

Mars
1. High-resolution imaging for synoptic weather observations
2. Spectrophotometry in the 0.3-5 um wavelength region to study composition of the surface, particularly
distribution of bound water in the surface material

Martian Satellites
1. Spectrophotometry to determine composition of surface material
2. Infrared radiometry to determine thermal and physical properties of the near-surface materials

Main-Belt and Trojan Asteroids.— These objects probably represent remnants of original planetesimals. Their
compositional differences are largely unstudied. These small bodies may not have been altered by endogenic
processes and therefore may provide basic information on primoridal matter and conditions extant in the early
solar system.

1. Photographic search for new asteroids of unusual or specially interesting families

2. Lunar occultation observations to determine diameters

3. Spectrophotometry (0.3-2.2 um) to study surface composition

4. Infrared wavelength radiometry and visual wavelength polarimetry to determine albedo and size

5. Radar observations, which are now becoming feasible, to determine size, rotational periods, and posi-

tional data for the computation of precise ephemerides

Jupiter

Galilean Satellites

1. High-resolution spectroscopy of lo and other satellites (e.g., measurement of sodium D line and its
distribution and the search for other species)

2. Spectrophotometry (0.3-5 um) to study composition and distribution of water frost.

3. Radar observations to obtain size, altimetry, and surface roughness

4. Radio wavelength thermal emission observations to extend thermal data to depth and investigate model
of thermal emission

5. Theoretical studies to examine all data yielded by the various investigative techniques and produce
models for thermal evolution and surface composition variation

6. Laboratory studies of the effects of proton bombardment on minerals and rocks so the surface proper-
ties and the surface interaction with Jupiter’s magnetosphere can be understood

Outer Satellites (Observational goals are similar to those for asteroids)
1. Polarimetry

2. Spectrophotometry

3. Radiometry
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TABLE 6.1.— Concluded.

Outer-Planet Satellites

Rings of Saturn

Pluto

Comet Nuclei

oidal objects. The problems relate to:

surfaces of the Moon, Mars, and Mercury
. Origin of meteorites and their parent bodies
. Evolution of satellite systems
. Origin of comets
. The unusual orientation of Uranus’ rotation axis

wnhwN

1. Spectrophotometry to study surface composition in the 0.3-2.2um wavelength region
2. Infrared photometry and radio emission to derive albedos and sizes and surface characteristics
3. Lunar occultation observations to determine diameters and possibly limb darkening

1. Spectrophotometry (0.3-5 um) to examine distribution of color and composition over rings
2. Radio and radar observations to investigate particle-size distribution and composition
3. Infrared radiometry to determine albedo, radii, and temperature distribution

Spectrophotometry (0.3-2 um) to obtain surface compositional information

An integrated effort employing all observational techniques to investigate comets that no longer show
activity, and comets at large heliocentric distances should be undertaken to study the physical and chemical
properties of cometary nucleii (Comet Arend-Rigaux is one possibility in the next few years).

Orbit-Evolution.— These studies provide the time-history relationship between planetary satellites and aster-

1. Origin of the bodies providing the early heavy bombardment in the solar system as recorded by the

TERRESTRIAL RADAR OBSERVATIONS
G. Schaber

From a geological viewpoint, the most impor-
tant aspect of radar is that it provides a means to
map the topography of a planet whose surface is
obscured by an atmosphere. This is particularly
important for Venus (Fig. 6.11), which is very
similar in radius and density to the Earth and so
might reasonably be expected to have followed a
similar evolutionary path. We know, however,
that the atmosphere of Venus is drastically dif-
ferent from the Earth’s, and it is essential to
know whether the solid parts of the planets
exhibit comparable contrasts. Comparison of the
topography of Venus with that of the Earth is
an essential first step in evaluating the nature
and causes of difference between the two
planets. The presence on Venus of orogenic
belts, rift zones, and sedimentary basins similar
to those on Earth will have particular geologic
significance. The necessary images could be
obtained from either terrestrial measurements or
orbital measurements (see chapter entitled Stra-
tigraphy and Structural Geology). It is impor-
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tant, however, to obtain both types of image
data. (See section on Radar Images, Ch. 2.)

Delay-Doppler radar images, with spatial reso-
lution comparable to telescopic optical photog-
raphy (approximately 2 km) have already been
obtained of the Moon. With improved receivers
and data-handling techniques, comparable reso-
lutions are achievable for a small portion of
Venus from terrestrial observations. Images for
some areas have been obtained with existing
radar interferometer techniques down to
10—15-km resolution (Rumsey et al. 1974). The
large Arecibo radar dish in Puerto Rico, recently
upgraded with a new dish netting, shorter wave-
length transmitter (12.5 cm), and refined elec-
tronics, is expected to obtain greatly improved
2—10-km resolution images for parts of Venus in
the future. Resolution is limited primarily by
the signal/noise ratio, and it is expected that this
ratio can be significantly improved for all plane-
tary radar dishes in the near future.

Support of terrestrial radar observation of
Venus with particular emphasis on improving
spatial resolution is highly recommended. This
has higher priority than any other measurement
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Figure 6.11. Radar image of the surface of Venus acquired at the Goldstone Tracking Station. The image shows an
area approximately 1500 km in diameter. A large, trough-like feature (~1500 km long by 150 km wide by
2-4 km deep) is seen near the center of the frame. The main linear branch of the trough extends some 650 km
trending NNE-SSW and is centered ncar the equator and —76° east longitude. North of this linear branch the
single-channel form deteriorates into several north-trending, roughly parallel troughs, the largest of which has
scalloped walls, suggesting a crater-chain-like appearance. To the south, the trough divides into two branches,
each about 100 km wide. A ridge or septum appears to run the length of the linear portion of the trough system.
Surrounding the trouphs are essentially featureless plains. By analogy with the East African/Ethiopian rift system
on Earth and the Valles Marineris canyon system on Mars, the Venusian feature could be interpreted to be the
result of extensional tectonics. Whether the trough is associated with spreading center phenomena or simply an
extension of the crust cannot be determined at this time. The possibility of studying plate tectonic phenomena in
a nonaqueous and possibly pristine form makes Venus an exciting candidate for future exploration (radar image
courtesy of R. Goldstein, Jet Propulsion Lab., caption by M. Malin, Jet Propulsion Lab. ).




of Venus. A necessary supporting effort is to
improve knowledge of the rotation and orbital
constants of the planets, particularly of Venus.

THEORETICAL STUDIES

Because it is unlikely that enough definitive
data will ever be in hand to fully understand the
complex geology and history of solar system
objects, we must be able to extrapolate from the
known to the unknown. Such extrapolations are
done through theoretical studies, that is, numeri-
cal modeling, simulations, and so forth. Given
certain values for various parameters obtained
by measurement or from ‘“‘best case” estimates
as a starting point, theoretical modeling pro-
duces possible solutions. Through numerical
simulations, individual parameters can be varied
to determine cause and effect relations. As more
observations are made and measurements
obtained, constraints are placed on the models
and the number of possible solutions is reduced.
As we have discussed in this chapter, measure-
ments for these constraints come from many
sources — spacecraft, terrestrial field studies,
laboratory simulations, rock samples, and so
forth.

For example, for many years, planetologists
have derived models for planetary interiors using
known values such as planetary diameter and

mass as starting points. When compositional data
for the Moon became available, constraints were
placed on lunar interior models. Additional data
from seismometers, magnetometers, and heat-
flow experiments placed further constraints on
theoretical models and the number of possibili-
ties was reduced. Similar exercises have been
performed for Mars and Mercury and although
the type and amount of data are not nearly as
extensive as for the Moon, the knowledge gained
from the Moon itself places some constraints on
models of other terrestrial objects.

Another topic of high interest among plane-
tologists is the manner in which lavas of essen-
tially the same composition behave under differ-
ent planetary conditions. Using measurements
obtained from studies of both active and cooled
lavas on Earth, several investigators, through
theoretical modeling and substitution of appro-
priate parametric values, have applied the results
to interpret lava flow characteristics on the
Moon (e.g., Schaber 1973) and the formation of
sinuous rilles (Hulme 1973; Carr 1974).

It is not the intent to discuss here all the rami-
fications of theoretical studies. In practice,
nearly all aspects of planetology require theoret-
ical solutions to some degree. Geological
measurements provide the necessary constraints
that ultimately limit the solutions derived from
theoretical studies.
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