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The spectacular photographs and 
data sent back to earth by Pioneer, 
Apollo, and Viking were only a part 
of the missions' contribution to scien
tific knowledge. Behind the scenes, 
new techniques were developed for 
making measurements and analyses 
at enormous distances from ear th 
and for studying the extraterrestrial 
materials retrieved from these mis
sions. The Analysis of Extraterrestrial 
Materials is the first single-source ref
e rence to these g roundbreak ing 
techniques. 

Written by NASA medalist Dr. Isidore 
Adler, this important work describes 
the far-ranging effects of early stud
ies of meteorites and the role their 
findings played later in the analysis of 
samples taken from over 800 pounds 
of rock, soils, and cores retrieved from 
the moon by the Apollo missions. It 
discusses t he many me thods for 
cosmochronology—the dating of ex
traterrestrial materials—including iso
topes, nuclear clocks, decay clocks, 
ratio clocks, accumulat ion clocks, 
and gross uranium-lead clocks. In de
tail, this book shows how the devel
opment of microwave, infrared, and 
x-ray astronomy helped scientists ac
quire analytical data from planets a 
billion miles away. 

Dr. Adler emphasizes the many ad 
vances following the development 
of remote analysis. He details experi
ments designed for in situ testing on 
extraterrestrial surfaces, like the Vik
ing surface measurement studies on 
Mars which searched for life in the 
form of organic substances, and the 
alpha-scattering, chemical analysis 
experiment on the Surveyor lunar mis
sions. He also covers a n a l y t i c a l 
equipment for performing surface 
analyses from orbit ing spacecraft , 
sensing by reflectance spectroscopy, 
and for testing the composi t ion of 
solar wind. 
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A respected chemist and geologist, 
Dr. Adler has been involved with the 
planetary explorat ion program for 
most of his professional life. In this fas
cinating work, he presents a collec
tion of techniques that are already 
shaping the direction of tomorrow's 
space age. 

About the author 
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PREFACE 

A reading of history tells us about revolutions in knowledge that have 
occurred in the past. All of these were remarkable and some, in fact, 
awesome because of the extraordinary vision displayed. In many in
stances the results were a quantum leap forward in our understanding of 
the universe in which we live. Now in our own lifetime comes a develop
ment which in many aspects exceeds in magnitude anything that went 
before. It is the period that will be long referred to as the space age. In an 
historical context the elapsed time has been compared to the blink of an 
eye, but the accomplishments will affect mankind forever. This has been 
colorfully summarized in the NASA publication A Meeting with the Uni
verse. 

Only a single generation separates the flight of Sputnik I from the first spacecraft 
pictures of Saturn's moons, and the first geologist to explore the Antarctic is still 
around to talk with the first geologists to go to the Moon! 

What has occurred in this astonishingly brief period? The catalogue of 
accomplishments would have easily exceeded anyone's belief as little as 
40 years ago. We have now sent a probe to examine, close up, the surface 
of Mercury. On Venus we have penetrated by radar the ever present 
cloud cover, to learn about the surface in amazing detail; we have also 
learned about the dense atmosphere of carbon dioxide and the sulfuric 
acid clouds. In the process, we have discovered what is now referred to as 
the "runaway greenhouse effect" leading to the surprisingly high surface 
temperature of over 450°C, an observation that gives one pause about the 
uncontrolled dumping of carbon dioxide into our own atmosphere. One of 
the most remarkable feats has been the analysis of the soil of Venus by a 
Russian Venera spacecraft that survived the extreme conditions long 
enough to do this. 

As remarkable feats go, however, the landing of men on the Moon will 
go down as one of the most extraordinary of all. Here, for the first time in 
recorded history, extraterrestrial materials were returned from identified 
locations elsewhere in the Solar System. By the end of the Apollo mis
sions, over 800 pounds of assorted rocks, soils, and cores had been re-
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turned to Earth. The examination of these materials will constitute part of 
the subject of this book. 

This is, of course, only part of the story. For example, we have now 
been able to examine Mars, the mysterious red planet of fable, in great 
detail. Both of the marvelous Viking spacecraft landed on widely sepa
rated parts of the Martian surface and then performed that most complex 
analysis of the Martian soil in an attempt to discover living organisms and 
organic matter. While we cannot say with certainty that Mars has neither 
life nor organic matter, we can lay to rest forever the perception by the 
astronomer Percival Lowell that Mars has canals, built by superior intelli
gence to carry water from the poles to irrigate arid areas. 

Among the spectacular achievements of the last decade are the won
derful photographs sent back by the Pioneer and Voyager spacecraft. The 
pictures of the Jovian and Saturnian systems are incomparable. Both 
Jupiter and Saturn are unusual in that they radiate more energy than they 
receive. Their atmospheres show an amazingly complex chemistry that 
warrants a great deal of study. We have not only discovered new moons 
around Jupiter and Saturn, but we also learned that each moon has a 
character all its own. As an example, the Gallilean satellite lo is now 
known to be the most volcanically active body in the Solar System, pour
ing out what appears to be unbelievable quantities of sulfur and sulfur 
dioxide. It has been observed that Jupiter itself is rotating in a torus of 
sulfur produced by lo. 

The flyby of Saturn has disclosed that the number of rings around the 
planet is in the thousands and it is thought that water is an important part of 
their composition. 

Titan, the largest moon in the Solar System, in orbit around Saturn, has 
been found to have an atmosphere even denser than the Earth's. Further
more, its composition of nitrogen and methane may perhaps represent the 
Earth's early atmosphere. It has been speculated that there are methane 
seas on Titan lapping at shores of frozen methane. 

This has been a period when spectroscopy has played a very important 
role. The development of microwave, infrared, and X-ray astronomy has 
opened up new windows into the cosmos. Numerous organic molecules 
have been discovered in the interstellar medium, a series of observations 
that can have a considerable bearing on the understanding of the origin of 
life. 

For the cosmochemist this has been a particularly exciting time. Such 
ventures as the lunar landings have offered the intriguing possibility of 
finding what Professor Wasserburg of Cal Tech has called the "Holy 
Grail"; samples of the primordial material from which our Solar System 
formed. 



This has also been an exciting time for scientists involved in measure
ments. New standards have been set for inventiveness, ingenuity, and 
reliability. In this comparatively brief period of time, we have been able to 
acquire analytical data from planets as remote as a billion miles away. To 
t)o this, it was necessary to turn on instruments after years of flight 
through a hostile environment and to receive signals from vast distances 
transmitted at just a few watts of power. There is no question that the 
space age has had a great positive effect on the development of methods, 
instruments, and techniques. Some of the influence is direct, as a function 
of the developing technology. In other cases the reasons are subtle, re
flecting the impetus provided, as Dr. Fletcher has stated, "by a steadfast 
mobilization of national will resources." 

In this text I shall deal with the impact of the planetary exploration 
program and the study of extraterrestrial materials, describing new meth
ods and their limitations. Part 1 of the book will consider extraterrestrial 
materials analyzed in terrestrial laboratories. Part 2 will involve the analy
sis of extraterrestrial materials under extraterrestrial conditions. 

Silver Spring, Maryland 
March 1985 

ISIDORE ADLER 



ACKNOWLEDGMENTS 

There are many colleagues and associates to whom I owe thanks for help 
in preparing this book. A number of these colleagues and associates lis
tened to me with great patience and made useful suggestions, all of which 
proved to be encouraging. Many were generous in supplying me with 
information such as reprints, references, and figures. The list is long and I 
tender my sincerest apologies if I fail to include all. Among these individ
uals are S. R. Taylor, B. H. Mason, R. Clark, J. A. Wood, T. B. McCord, 
G. J. Wasserberg, D. A. Papanastassiou, J. C. Laul, R. B. Singer, G. W. 
Lugmair, K. Keil, C. C. Schnetzler, L. Haskins, H. J. Rose. J. I. 
Trombka, L. I. Yin, B. C. Clark, J. A. Philpotts, and G. W. Wetherill. I 
want to particularly thank L. McFadden for her special efforts in scruti
nizing the chapter on reflectance spectroscopy, S. Marans for reading and 
commenting on the chapter on meteorites, Glenn Davison for his help in 
preparing the figures, and the excellent staff of the Lunar and Planetary 
Institutes library facilities, and Fran Waranius and Stephen H. Tellier. 
who so kindly supplied me with references. Finally, I must claim sole 
responsibility for any deficiencies in the text. 

1. A. 

xi 



CONTENTS 

PART 1 

CHAPTER 1 PLANETARY EXPLORATION: ITS IMPACT 
ON THE DEVELOPMENT OF 
ANALYTICAL METHODS 3 

Introduction 3 

CHAPTER 2 THE FIRST ET'S, THE METEORITES 5 

Significance of Meteorite Studies 6 
Classification of Meteorites 6 
Chemical Composition of Meteorites 10 
Analysis of Meteorites 18 
Electron-Probe Studies 23 
The Ion Microprobe 29 
Isotopic Anomalies 31 
Organic Compounds and Organized Matter 36 
Antartic Meteorites 37 
References 39 

CHAPTER 3 THE LUNAR RECEIVING LABORATORY 43 

Contamination Control 54 
Experimenter Teams 56 
Preliminary Chemical Analysis 56 
Preliminary Rare Gas Analysis 58 
Preliminary Age Determinations 59 
Gamma-Ray Measurements 59 
Preliminary Organic Chemistry 60 
Conclusions 60 
References 61 

X l l l 



Xiv CONTENTS 

CHAPTER 4 LUNAR SAMPLES: DETAILED ANALYSIS 62 

Introduction 62 
Major, Minor, and Trace Elements 63 
Chemistry of the Lunar Regolith 65 
Chemical Composition versus Grain Size 68 
Metallic Iron 69 
Volatile Elements 70 
The Meteoritic Component 72 
KREEP 73 
Hydrogen, Carbon, Nitrogen, and Sulfur 74 
Rare Gases 75 
Radionuclides 76 
Rare Earth Elements (REE) 77 
The Europium Anomaly 78 
Lunar Crust 79 
Highland Crust; Chemical Composition 80 
Elemental Correlations 81 
Highland Crustal Abundances 82 
Lunar Basalts 85 
Large High-Valence Cations 88 
Ferromagnesian Elements 89 
The Siderophiles 91 
Oxygen Isotopes 91 
Carbon 92 
Summary 92 
References 94 

CHAPTER 5 ISOTOPES AND COSMOCHRONOLOGY 96 

Nuclear Clocks 97 
Decay Clocks 97 
Ratio Clocks 98 
Accumulation Clocks 99 
Gross Uranium-Lead Clock 100 
Concordance 101 
Concordia 103 
Mixed Ages 104 
Rubidium-Strontium Clocks 105 



CONTENTS XV 

Lunar Chronology 109 
Isotopic Heterogeneities in the Solar 
System 114 
References 117 

PART 2 

CHAPTER 6 REMOTE ANALYSIS 121 

Solar Wind Composition 121 
Principles 122 
Instrumentation 123 
Initial Results 125 
Summary 126 
References 127 

CHAPTER 7 REMOTE SENSING BY REFLECTANCE 
SPECTROSCOPY 

Spectral Reflectance (Theoretical Basis) 131 
Absorption Band Strengths 136 
Measurement Techniques 142 
Recent Applications 144 
References 157 

CHAPTER 8 SURFACE ANALYSIS FROM ORBITING 
SPACECRAFT 160 

Lunar X-Ray Fluorescence Experiment 163 
Gamma-Ray Experiment 166 
Gamma-Ray Results 172 
X-Ray Fluorescence Experiment—Results 179 
References 189 

CHAPTER 9 REMOTE IN SITU ANALYSIS OF 
PLANETARY SURFACES 191 

The Alpha-Scattering Chemical Analysis 
Experiment on the Surveyor Lunar 
Missions 191 

128 



XVi CONTENTS 

Principles 192 
Instrumentation 198 
Results 200 
Lunokhod 1—Investigation of the Lunar 
Surface 208 
Lunar Operations 212 
Data 212 
Results 213 
References 217 

CHAPTER 10 MARS ATMOSPHERIC AND SURFACE 
MEASUREMENTS 219 

Atmospheric Studies 220 
Data Analysis 222 
Entry Science—The Martian Atmosphere 226 
Results 229 
Surface Science 231 
Molecular Analysis 234 
The Search for Organic Substances 237 
Results 240 
The Labeled Release Experiment 246 
Results 247 
The Viking Gas-Exchange Experiment (GEX) 252 
Results 253 
References 257 

CHAPTER 11 THE VIKING X-RAY FLUORESCENCE 
EXPERIMENT 

Instrument Description 260 
Prelaunch Calibrations 266 
Qualification of the XRFS 268 
Analysis Method 269 
Data Reduction 271 
Sampling and Results 272 
Errors 281 
Summary 283 
References 287 

259 



CONTENTS XVII 

CHAPTER 12 VENUS—THE CHEMISTRY OF ITS 
ATMOSPHERE AND SURFACE 288 

The Pioneer Venus Program 288 
The Lower Atmosphere of Venus 290 
Neutral Gas Composition of the Upper 
Atmosphere 290 
Results 293 
Composition of the Lower Atmosphere 295 
Results 297 
Pioneer Venus Gas Chromatographs 301 
X-Ray Fluorescence Spectrometry on the 
Surface of Venus 309 
Instrumentation 309 
Preflight Preparation 314 
Surface Operation 315 
References 317 

CHAPTER 13 A BRIEF LOOK AT THE FUTURE 319 

Mars Geoscience Climatology Orbiter 
(MGCO) 320 
Venus Atmospheric Probe 321 
Mars Network Mission 321 
Mars Surface Probes 322 
Lunar Geoscience Orbiter 322 
Comet Rendezvous 323 
Outer Planet Missions 325 
Return to Jupiter—The Galileo Mission 325 
Titan Flyby/Probe 327 
The Outer Planets Flyby/Probes (Saturn, 
Uranus, Neptune) 328 
Saturn Orbiter 329 
Summary 330 
Reference 330 

GLOSSARY 

BIBLIOGRAPHY 

INDEX 

331 

336 

341 



The Analysis of 
Extraterrestrial Materials 





*- . . . » ^ * : 

An extraordinary view of the Martian surface. The Viking sampler arm shown in 
the view at the left was used to move the rock adjacent to it so that the soil 
beneath the rock could be sampled. The subsequent view on the right skows the 
vacant site after the maneuver. This was a truly remarkable accomplishment. 
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CHAPTER 

1 

PLANETARY EXPLORATION; ITS IMPACT ON 
THE DEVELOPMENT OF ANALYTIC METHODS 

INTRODUCTION 

The planetologist or the cosmochemist who studies our Solar System 
faces a number of riddles that must be solved to understand it better. 
Beginning with the origin of the Solar System some 4.6 aeons (billion 
years) ago, what was the composition of the primordial solar nebula from 
which the Solar System evolved, and what was the sequence of events 
leading up to the formation of the Solar System we now inhabit? How 
does one explain the existence of the terrestrial planets like Mercury, 
Venus, Earth, and Mars, and the giant gaseous planets like Jupiter, Sat
urn, Uranus, and Neptune? Why is our own Moon depleted of volatile 
elements and enhanced in refractory elements? How did the Moon be
come depleted of the siderophile elements? Why are the moons around 
the giant planets so different? Why, for example, does Titan have an 
atmosphere and what sort of chemistry is going on in the atmosphere of its 
parent body, Saturn? What kind of atmospheric chemistry explains the 
colors of the Jovian atmosphere? 

These are just a few of the many questions. It is obvious that one can 
go on and on. Many of these questions have newly risen as a result of the 
successful flights to these bodies. 

Examining these questions points out the great significance of the anal
ysis of extraterrestrial materials. As we shall see, the meteorites, the 
lunar rocks and soils, and the composition of planetary surfaces are excel
lent recorders of the ancient history of the planets and the Solar System. 
The determination of the chemical composition of these materials can 
provide important comparisons to cosmic, solar, and terrestrial abun
dances. Radiometric and chemical analysis of particular nuclides and ele
ments produce accurate dates for important geological events. 

Detailed examination of the microstructures of the rocks and analysis 
of the coexisting minerals can yield definitive information about initial 
compositions and cooling histories. The lunar rocks, for example, were 
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4 PLANETARY EXPLORATION 

able to provide detailed information about radiation exposure histories 
leading to knowledge about the Sun's behavior. In brief, a reading of the 
rocks is similar to the discovery of ancient historical written records. 
Suitable analytical techniques can be said to supply the Rosetta stone for 
deciphering these records. 

If the planetary exploration program is unique regarding analytical 
studies, this singularity came from the fact that in some instances there 
were special demands for sensitivity and precision, and in other instances 
because the climate in which scientists operated was unique. For exam
ple, there was a need to deal with special materials, often never seen 
before, in which the search for anomalies was the key. It appears obvious 
that if this is true, it is necessary to establish their reality—that they are 
not artifacts of the method employed. Such requirements placed con
straints on investigators to evaluate the methods applied, in terms of 
reliability, sensitivity, and usefulness in the studies undertaken. 

A second factor that had considerable influence in the development of 
analytical methods was the nature of the planetary science community. 
As a class, these investigators came to the program through a rigorous 
selection process. As a group, they were unusually competent and very 
vocal. Many of them were engaged in similar studies. In a sense they were 
practicing science "in a fishbowl." Their work and their results came 
under rapid scrutiny and debate, which once again produced a great impe
tus for the refinement of their methods. 

There were interesting examples of feedback and interaction. The 
study of lunar samples borrowed heavily on methods that had been used 
traditionally in meteorite studies. In time, advances in techniques that 
evolved from the lunar sample program were then applied to improved 
examination of meteorites. 

The methods for radiometric dating improved in a spectacular way 
because of the need for establishing an evolutionary history of the Moon 
and meteorites. This led to advances in mass spectrometry and in stan
dards for operating under literally contamination-free conditions. Both 
have had a great impact on studies of trace elements. 

There were also substantial advances in methods for the remote analy
sis of Solar System bodies both from orbit and in situ, an aspect of the 
exploration program that created an interesting situation. We saw many 
instances of a too easy acceptance by the theorists of numbers quoted by 
the experimenters, particularly if the numbers appeared to fit some model 
that had been proposed. 



CHAPTER 

2 

THE FIRST ET'S, THE METEORITES 

The study of extraterrestrial material did not begin with the space pro
gram; rather, it began with the study of meteorites. The principal question 
from the very beginning was, where did they come from? Speculation 
about their origin can be found in the ancient Chinese, Greek, and Latin 
literature. It was not always recognized or accepted that these objects had 
fallen from the sky, and until the beginning of the nineteenth century the 
idea was greeted with considerable skepticism. However, the insight of 
the ancient Greek philosopher Anaxagoras is fascinating; he wrote that 
they were heavenly bodies that had become detached from their place in 
the heavens and then had fallen to the Earth. Equally perceptive was E. 
F. F. Chladni, a German lawyer and physicist. Chladni wrote a book 
published in 1794 with the title Observations on a Mass of Iron Found in 
Siberia by Professor Pallas, and on Other Masses of the Like Kind, with 
some Conjectures Respecting their Connection with Certain Natural Phe
nomena. The work drew a connection between fireballs and meteorites 
and emphasized that the only reasonable explanation for these objects 
would be extraterrestrial origin. As so often happens, these ideas were 
not immediately accepted, but the skepticism began to evaporate after a 
detailed report about the L'Aigle meteorite fall in April 1803. The ob
server, J. B. Biot, authenticated the event so thoroughly that little doubt 
was left about Chladni's hypothesis. As B. P. Glass (1) points out in his 
book, Chladni's work and the confirmation by Biot proved to be a land
mark in the history of meteoritics. 

Following the acceptance of extraterrestrial origin, the initial meteor-
itic research was concerned with the nature and chemical composition of 
the falls. Some gross chemical analyses were published by Berzelius as 
far back as 1806. It is noteworthy that some of his analyses, done by the 
classical wet methods of his day, are remarkably still valid today. 

With the development of the polarizing microscope in 1860 came one of 
the most powerful tools for examining the microstructure of the meteor
ites. Mason (2) has written that the contribution by G. Tschermak in 
Vienna of his book, Die Mikrokopische Beschaffenheit der Meteoriten 
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b THE FIRST ET S, THE METEORITES 

Erlautert Durch Photographische Abbildungen, in 1855, is still unequaled 
by any other book on the subject." 

There were also a number of very important analyses of minor and 
trace elements made by Goldschmidt and his co-workers (3) and by the 
Noddacks (4). 

Recent years have seen a tremendous increase in meteorite studies. 
These activities have included new methods of instrumentation, new 
methods of analyses, and a new understanding of the significance of some 
of the exotic elements. 

SIGNIFICANCE OF METEORITE STUDIES 

J. T. Wasson (5) in his book on meteorites has discussed the special 
relationship of the meteorites to any attempt to learn more about the 
origin and evolution of our Solar System. He points out that meteorites 
carry information about a number of Solar System processes. To begin 
with, they appear to carry clues to events that occurred in the solar nebula 
prior to the formation of the planets. Second, some meteorites may have 
come from a planetary interior and thus contain information about inter
nal processes similar perhaps to those that occurred in the interior of the 
Earth or other planets. Meteorites may also show evidence of the effect of 
collisional interactions, that is, shock and fragmentation processes, and 
finally, information about interactions with solar and galatic cosmic rays. 

Wasson goes on to say that, until the Apollo 11 mission to the Moon in 
1969, meteorites were the only extraterrestrial samples available for 
study. When they were examined, the lunar samples from the six Apollo 
missions and the Luna 16 and 20 probes proved to be products of igneous 
processes. In addition, many of the samples had obviously experienced 
additional alteration by shock and reheating as a result of bombardment of 
the lunar surface by the infall of meteorites and other objects. As a conse
quence, although the lunar samples provide important information about 
the early history of the Moon, it is still the meteorites that continue to be 
unique sources of data about processes occurring in the solar nebula. 

CLASSIFICATION OF METEORITES 

The accumulation, with time, of a large number of meteorites has led to 
various classification schemes, the object being to group them in a way 
that would make comparative investigations more systematic. One of the 
more commonly used classifications is that of Mason, which in turn is 
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based on a scheme of Prior (6), and further revised by Mason (2) in 1967. 
The search for effective classifications continues and new ones are being 
proposed. Mason himself has commented on classification schemes as 
being difficult to achieve because there is a lack of agreement on criteria 
and how to apply them. In general, the criteria that have been used 
include factors such as chemical composition, internal structure, and 
color. To quote Mason, "The possible permutations and combinations 
are many and meteorite classification becomes simple or complex de
pending on the inclination of the classifier." 

A clear and easily read treatment of what meteorites are has been 
prepared by J. A. Wood (7). Meteorites are divided into three broad 
classes: stones, irons, and stony irons. It is now apparent that about 90% 
of those seen to fall are the stony meteorites, although the bulk of the 
meteorites seen in museums are metallic. This simply reflects the fact that 
the metals are the specimens most likely to survive weathering on the 
Earth's surface and are also the ones most easily identified as meteoritic. 
Stony meteorites look like terrestrial rocks. In contrast to the stones, the 
proportion of irons is about 6% and the stony irons about 1.5%. 

The chondrites, so named because of the presence of chondrules in the 
rocks, are the most common. The chondrules have been described by 
Mason (2) as spheroidal bodies commonly about 1 mm in diameter and 
consisting of the minerals olivine or orthopyroxene. For the most part, 
the chondrules have microstructures and are made up of crystalline grains 
of varying composition. The olivine chondrules may consist of single 
crystals or numerous crystals and appear granular. There are also more 
exotic varieties such as barred chondrules, consisting of alternate layers 
of olivine and a dark interstitial material. In some instances the chon
drules are bordered by nickel-iron and troilite (Fig. 2.1). 

Since this class of meteorites is by far the most common, the existence 
of the chondrules is particularly significant. Any consistent theory of the 
origin of the meteorites must explain their origin. There are numerous 
views, but no general agreement. One viewpoint has the chondrules de
riving from the solar nebula. The other view is that chondrules are sec
ondary objects, formed in a planetary body. The one area of accord is that 
these are very early objects originating in the primordial planetary matter. 

Among the chondrites we find a subgroup called the carbonaceous 
chondrites. These are among the most valuable and interesting classes of 
meteorites. They are dark in appearance and often fragile. Some of the 
carbonaceous chondrites contain water and hydrocarbon compounds in
cluding amino acids and fatty acids (see the section on organic matter). 
The optical properties of the amino acids provide strong evidence for 
abiogenic origin. With the recent discovery by microwave astronomy of 
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Figure 2.1. Examples of chondrules found in meteorites. In this instance the meteorite is 
the Pueblito de Allende meteorite. The large chondrule is an example of a barred-pyroxene-
glass chondrule with a thin rim. The smaller chondrule is a fine-grained olivine, pyroxene, 
glass chondrule. 

interstellar organic molecules, it is possible that these carbonaceous 
chondites may contain traces of interstellar dust. 

Another class of stones is the achondrites, so called because they lack 
chondrules. They have been described as igneous rocks or planetary 
"soils." Some achondrites are basaltic both in composition and texture. 
They may, perhaps, represent lava flows on the surface of their parent 
bodies. Most of them are brecciated rocks (crushed and recemented angu
lar fragments in a finer grained matrix). 



Among the achondrites are subclasses called eucrites, howardites, and 
rare group, the ureilites. Until recently the eucrites were considered to 

be monomict breccias—derived from a single rock source. By compari
son, the howardites were denned as polymict breccias—derived from 
more than one source rock. A second distinguishing feature was the lower 
magnesium content of the pyroxene in the eucrites. These distinctions 
have become confused with the discovery of polymict eucrites in the 
recently discovered Antarctic meteorites—in fact, the polymict eucrites 
are now considered a new class of the stony meteorites. 

The rare ureilites (of which the number of specimens is 11, with 6 from 
Antarctica) appear to bear a resemblance to some ultramanc rocks from 
Earth's lower crust or upper mantle. Particularly interesting are the min
ute crystals of diamond and lonsdalite (hexagonal diamond). The pres
ence of the diamond is considered to be evidence of shock, resulting from 
collision in space. 

The iron meteorites, while smaller in number than the stones, are 
actually larger in terms of mass. They consist almost entirely of nickel-
iron metal and the siderophile elements (elements concentrating in the 
metallic phase). The lithophile elements—those elements concentrating 
in the silicate phases—are almost entirely missing. Wood (7), in his book 
Meteorites and the Origin of the Planets, poses the question "How could 
such objects have formed?" Because their composition is so highly spe
cialized and totally dissimilar to the abundance patterns of condensible 
elements in the Sun, they cannot be representative of the early condensed 
primordial material, but rather the products of some later fractionation 
process. A mechanism described by Wood has the following scenario. 

The first solid material formed in the Solar System would have a gener
alized composition, with some of the nickel-iron present as metallic al
loys and sulfide minerals (one sees these in chondritic meteorites). If such 
material experienced subsequent melting, it would not form a homoge
neous fluid. The silicates and oxides would have mingled to form a liquid 
or magma, while the metals and sulfides would have formed another, 
immiscible with the first. If there had been a sizable object having an 
appreciable gravitational field, then the denser metal-sulfide liquid would 
have sunk to the center of the object and coalesced into a molten core. 
The lighter silicate magma would have formed a mantle. Following this, 
cooling and crystallization and then a shattering collision could have left 
orbiting core fragments with the properties of iron meteorites. 

The iron meteorites are divided into three classes, based on the nickel 
content and the microstructures. The two major minerals making up the 
•rons are kamacite and taenite. There are also minor minerals such as 
troilite (iron sulfide); schreibersite (iron, nickel, phosphide), and cohenite 
(iron carbide). The three classes are: 
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1. The hexahedrites, which contain kamacite as the principal mineral; 
the nickel ranges from about 4% to 6%. A characteristic of these meteor
ites is that in polished sections they show fine linear striations called 
Neumann bands, which are thought to be the mechanically produced 
structures caused by shock, conceivably by collision. 

2. The octahedrites contain larger amounts of nickel, about 6% to 
14%, and both kamacite and taenite. These meteorites have a very char
acteristic pattern in cross-section, the Widmanstatten structure, an inter-
growth of the two minerals (Fig. 2.2). As a further distinction, these 
meteorites are also classified on the basis of the widths of the kamacite 
bands. 

3. The ataxites involve those irons where the percentage of nickel is 
quite high, 12% to 14%, and the Widmanstatten structure is replaced by a 
fine intergrowth of kamacite and taenite. 

The final group of meteorites are the stony irons, a minor group. The 
stony irons are divided into two major groups according to the nature of 
the silicate minerals. Detailed studies have convinced investigators that 
the stony irons are mixtures. 

CHEMICAL COMPOSITION OF METEORITES 

Although meteorites are no longer the only extraterrestrial matter avail
able, they are still a key source for yielding data on the elemental compo
sition of our Solar System. The story they have to tell has been neatly 
summarized by Wood (8) in his accounting of the Allende meteorite 
(found near Pueblito de Allende in 1969). 

To date, the Allende meteorite is the most intensively studied of all the 
meteorites. It is unique for the following reasons: 

1. Its fall was documented and the collection of specimens almost 
immediate. 

2. The Allende became available just as studies were about to begin 
on the returned Apollo samples, thus providing a very important 
training for the analysis of the lunar samples. 

In appearance, the meteorite was a dense, hard rock, made up of dark 
gray material, free of cavities or visible porosity. Its specific gravity of 
3.67 made it heavier than terrestrial rock. On a smaller scale, a broken 
specimen showed inclusions and chondrules ranging in size from about 1 
to a few millimeters across, embedded in a dark matrix. 



Figure 2.2. Widmanstatten pattern in an iron meteorite. Shown is an etched surface of the 
Carbo, Mexico meteorite. The bands are kamacite lamellae. The large inclusion is troilite. 
Courtesy of R. S. Clarke, Smithsonian Institution, Washington D.C. 

A comparison of its chemical composition with that of elemental ob
tained spectroscopically, abundances in the solar atmosphere, is shown in 
Figure 2.3. The scales are logarithmic, and the abundance of each element 
is normalized to 1 million silicon atoms. The line drawn is at 45°. Elements 
that fall to the left and above the line are more enhanced in the Sun 
relative to the meteorite, whereas the elements to the right and below the 
»ne are enriched in the meteorite relative to the solar abundances. Note 
that most of the 69 elements studied lie on this 45 degree line. To quote 

ood, "It is as if a mass of solar material had ripped out of the Sun and 
allowed to cool and condense." 
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ABUNDANCE IN ALLENDE METEORITE 

Figure 2.3. Concentrations of 69 chemical elements in Allende. plotted against their con
centrations in the solar atmosphere (using logarithmic axes). In both cases, abundances are 
relative to 1 million silicon atoms. 

There are, however, some departures from this relationship, but there 
is a cosmic rationale. For example, hydrogen, carbon, nitrogen, oxygen, 
and the noble gases (seen to the left of the 45° line) are either so volatile, 
or form compounds that are so volatile, that they were not likely to 
condense in the early, hot, inner Solar System. They would, as a conse
quence, be depleted in the condensed solar material. Lithium, seen to the 
right of the line, appears to be depleted in the Sun relative to the con
densed material, because of destruction by thermonuclear processes in 
the hot stellar interior. Again to quote Wood, "After 4.6 billion years of 
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tion in the Sun, this element has been depleted in the solar atmo-

SP Having established the elemental abundances and their relationship to 
lar abundances, can one determine the age of the meteorites? What do 

S mean by the age of a meteorite or a rock? The age is considered to be 
the time elapsed since the rock crystallized. It represents the time since 
the decay products (the daughter or daughters) began to accumulate. 
There are many radiometric methods to measure this time, and these will 
be discussed under age determination. In the case of the Allende, for 
example, the amount of argon-40 generated by the decay of the potas-
sium-40 yielded an age of 4.57 aeons, very close to the accepted age of the 
Solar System. 

Observations such as the age and the unfractionated chemical compo
sition of the Allende are taken as convincing evidence that it is a specimen 
of primitive planetary material. This is generally true of chondritic mete
orites, of which the Allende is an example. 

Wood goes on to say that most of the excitement of the Allende comes 
from the inclusions, particularly the calcium-aluminum rich ones. Close 
examination shows them to be separate mineral systems that have formed 
independently of the matrix material in which they are embedded. Based 
on the observations it is felt that these inclusions, initially distributed in 
space after formation, subsequently accreted together as mineral dust into 
planetary objects of some type. 

The refractory inclusions are interesting minerals that are not very 
common on the Earth. Furthermore, they had not, until recently, been 
recognized as abundant meteoritic phases. The minerals all have in com
mon high concentrations of calcium, aluminum, and titanium relative to 
the mean abundances in the bulk Allende meteorite. It is to be noted that 
these are the most refractory of the major elements in meteoritic or plane
tary matter. 

To understand the significance of this, one needs to go back to the early 
models for the formation of planetary matter. For example, in 1962 A. G. 
W. Cameron (9) proposed a model (later modified) for the formation of the 
Solar System, where the gravitational collapse of a cloud of intersteller 
gas and dust produced both the proto-Sun and a rotating accretion disk or 
nebula that was also of solar composition. 

As a consequence of the gravitational compression of the nebula, it 
eated to the point where temperatures in the region of the terrestrial 

Planets became sufficiently high to vaporize completely the interstellar 
ust incorporated into the plasma. Following this, the hot nebula began to 
oi by radiation and, as one might expect, the first grains to form were 
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those richest in the most refractory elements: calcium, aluminum, and 
titanium. 

There is an excellent correspondence between observations and the
ory. L. Grossman (10) employed assumptions based on the elemental 
abundances in the Sun and gas pressures in the range of 0.0001 to 0.001 
atm (as called for in the Cameron model). He was able to predict a con
densation sequence based on chemical thermodynamics. These predic
tions covered both the expected mineral species and the order in which 
they would appear (Fig. 2.4). The arrows in the figure show the direction 
in which the minerals, in continuous contact with the vapor, would trans
form as systematic cooling proceeded. On the other hand, if cooling oc
curred rapidly, then a complete transformation would not occur. Rather 
high-temperature minerals like a spinel (MgAl204), melilite [Ca(Al,Mg) 
(Si,Al)207], or perovskite (CaTiOj), would be frozen out. This is consis
tent with the occurrence of spinel, melilite, and perovskite in the calcium-
aluminum inclusions in the Allende. 

The Allende contains another class of minerals which one finds lower 
down in the condensation sequence. These are much more abundant. The 
minerals are olivine [(Mg,Fe)2Si04] and pyroxene [(Mg,Fe)Si03]. The 
major elements are magnesium, iron, and silicon, and their concentrations 
are more characteristic of the solar atmosphere. Generally, the minerals 
appear in the form of chondrules whose shape and texture show evidence 
of melting. It is widely accepted that they are frozen droplets of planetary 
material, melted and splashed onto the accreting parent body of the mete
orite as a result a collision. 

One of the most exciting developments in the study of the meteorites 
comes from the work of Clayton and co-workers (11) on the determination 
of the oxygen isotopes in meteorites. A review of this work is given by 
Wood (8). 

The three principal oxygen isotopes are oxygen-16 (99.756%), oxygen-
17 (0.039%), and oxygen-18 (0.205%). Each of these isotopes is stable and 
presumably the percentages quoted are primordial, going back to the very 
beginning of the Solar System. Clayton and co-workers have developed 
the Figure 2.5, which shows the proportions of the oxygen isotopes in 
various planetary and meteorites samples. Included are terrestrial, lunar, 
and meteoritic samples. 

The phenomenon that makes oxygen so interesting is the way in which 
the various isotopes partition themselves in mineral phases. It is known 
that the various isotopes do not enter mineral sites with the same ease. 
The vibrational energy of an oxygen atom depends on its mass, and it 
appears that a given mineral site prefers the isotope of oxygen producing 
the lowest vibrational energy at that particular position. This leads to a 
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'gure 2.4. A depiction of the sequence in which minerals would condense from a cooling 
gas of s o i a r composition. The arrows indicate that a continuing reaction with the cooling 

s,dual would transform the minerals from the upper boxes into those minerals in the box 
v- Rapid cooling would prevent complete transformation, accounting for the presence 

of the spinel, melilite, perovskite. and the like in the Allende CAl's (8). 
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Figure 2.5. Isotopic composition of oxygen in terrestrial, lunar, and meteoritic materials. 
The lower curve, pertaining to carbonaceous chondrite components, appears to require 
mixing of two oxygen components which predate the solar system. Source: R. N. Clayton et 
al., Science 182 (1973) (11). 

partitioning of oxygen isotopes between minerals and the vapor from 
which they condense or between the mineral and its melt. 

Because the partitioning is a function of the isotope mass, one would 
expect a greater effect for the oxygen-18/oxygen-16 ratio than the oxygen-
17/oxygen-16 ratio. In fact, the prediction is that the deviation of the 
isotope ratios from "normal" in the minerals would be twice as great 
because there is a mass difference of 2 units versus 1 mass unit. 

Such an effect is seen clearly in the upper curve of Figure 2.5. The 
variation in the oxygen-18/oxygen-16 ratio is twice as great as the varia
tion in the oxygen- 17/oxygen-16 ratio. This is not only true for terrestrial 
samples but for lunar samples as well, a very significant observation. 

The lower curve demonstrates a surprising relationship. The data for 
the curve comes from the analysis of the calcium-aluminum-rich inclu
sions chondrules and minerals from the Allende and similar meteorites. In 
the lower curve the slope is 1: 1, an observation not explainable by equi
librium partitioning. For the present, the most reasonable explanation is 
that mixing has occurred in various proportions of two different oxygens, 
each with their own isotopic composition. 

I 
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Wood offers the following as a mechanism to explain the lower curve. 
early Solar System contained two discrete components, each with 

n 0f a characteristic isotopic composition. The various other iso-
es including oxygen, were created in a variety of astrophysical set-
s such as the "Big Bang," fusion reactions in stellar interiors, super-

' va explosions, and the like. In the light of this, one can conceive of the 
rious components of intersteller gas and dust contributing to the early 

Solar System, each consisting of atoms from different astrophysical 
ources and therefore containing elements of different isotopic composi

tions. This is one reasonable explanation for two different kinds of oxygen 
in the primordial Solar System. 

But now, however, there is a surprise. Isotopic variability for the other 
chemical elements is not observed. With only a few exceptions, elements 
other than oxygen are quite invariable in their isotopic compositions in 
either meteorites or meteoritic components. It appears that the oxygen 
components of the early nebula did not come from batches of intersteller 
gas and dust that were never completely mixed. Rather, the two oxygens 
came to the nebula in each of two components that must have been well 
mixed. 

Note that oxygen is the only element in both the dust and gas, whereas 
the other elements were concentrated in one component or the other. 
About one-seventh of the Solar System's oxygen would occur as oxides in 
the dust and the remainder in the gas phase as water or carbon monoxide 
gas. Consider that the oxygen in the gas was close to terrestrial oxygen in 
isotopic makeup, and that the dust was enriched in oxygen-16. The con
densation process at high temperature, which produced the calcium-alu
minum inclusions, would lead to mixtures with varying proportions of the 
two oxygens. The other elements concentrated in the gas or dust would 
have remained isotopically homogeneous. 

The observations just discussed cast a new light on the high-energy 
events in the early nebula. It is now apparent that the nebula did not get 
not enough to totally vaporize and then recondense the dust. Had this 
occurred, the oxygen isotopic composition would have been completely 
homogenized. This is not the case, as the figure shows. It is intriguing that 
Cameron has recently modified his theory to state that the compression of 
the nebula did not heat it sufficiently to vaporize the dust particles after 
all. He now postulates a relatively cold nebula and local high-energy 

ents distilling off the more volatile components, leaving a residue en-
m calcium and aluminum. In the process this causes a partial 

ange of oxygen between the calcium-aluminum inclusions and the 
surrounding gas. 

r e is another highly significant development in meteorite studies 
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that will be mentioned briefly here and discussed in greater detail later. 
Like the oxygen isotope work, it not only bears on the early Solar System 
but carries information on pre-Solar System events and pre-Solar System 
raw materials. This new development comes from G. J. Wasserburg and 
co-workers, who in 1976 (12) published a report on the evidence of the 
presence of aluminum-26 at some time in the distant past in the Allende 
meteorite, in particular in the calcium-aluminum inclusions. 

Aluminum-26 has a relatively short half-life (720,000 y) as it decays to 
magnesium-26. For this nuclide to have appeared in the Allende means 
that it was created shortly before or at the time of formation of the Solar 
System. It is Wasserburg's contention that a supernova, which among 
other things would have created the aluminum-26, must have occurred 
sufficiently close to the forming Solar System to contribute freshly syn
thesized nuclides. It is the argument of Cameron and Truran that this is 
not at all coincidental. The supernova not only contributed the radioac
tive aluminum but also the shock wave that initiated the formation of a 
number of stars of which our own Sun is one. 

ANALYSIS OF METEORITES 

The analysis of meteorites is not a simple matter. This becomes particu
larly evident in the studies of more exotic elements and the determina
tions of those elements present in what appears to be diminishingly small 
concentrations. It is in these areas that the study of extraterrestrial mate
rials has contributed so much to advances in analytical chemistry. 

There are a number of practical difficulties in meteorites analysis like 
those encountered in rock analysis, except that in many instances the 
analysis of meteorites is even more difficult. The chondrites, for example, 
contain not only gray rockJike silicate material but other phases like sul
fide and metallic minerals as well. There are serious questions involving 
authenticating the meteorite, the effect of the external environment, and 
general representative sampling. 

Systematic studies of elemental abundances in meteorites began with 
the published work of V. M. Goldschmidt in 1923 (3). In the years follow
ing, Goldschmidt and co-workers made many determinations of specific 
elements in meteorites. His results and those of others such as Noddack 
and von Hevesey were summarized in a paper Geochemisch Ver-
teilungsgesetze der Elemente, published in 1937. Goldschmidt used these 
data to prepare the first comprehensive table of elemental abundances. 
Notably, he introduced the practice of referring atomic abundance to 
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j n order to relate terrestrial and meteoric elemental abundances to 
Jar abundances. This is still standard practice today. 

S° There have been numerous compilations since. To mention but a few, 
here are those of Ringwood (13), Urey (14), Cameron (15), Mason (16), 

1 d Goles (17)- Goldschmidt's tables are by now of great historical inter-
a n some of his values for the major elements are very close to the 
6 sently accepted values, while his minor and trace element values are 
either within an order of magnitude or closer. 

Many new and improved analytical procedures have been developed 
ince the early work. A brief list includes emission and X-ray spectrogra-

nhy colorimetry, and some of the more recent methods such as neutron 
activation and isotope dilution. One very important development is the 
electron-probe microanalyzer, which has truly added another dimension 
by providing the capability of in situ analysis of the microscopic phases 
making up the meteorite sections. 

Wood (7) states that even today the analysis of chondrites by wet 
chemical methods is considered more art than science. Currently, there is 
only a small number of analysts whose work is acceptable without ques
tion. 

In practice, the analysis of the stony material is customarily presented 
as oxides of the elements rather than in terms of elemental concentra
tions, similar to the practice followed in rock analysis. This is a conven
tion, because in actuality the elements are part of complex minerals in
volving several different elements. Table 2.1 shows a typical chondritic 
analysis determined by H. B. Wiiks (18) of the Geological Survey of 
Finland. 

Presenting the data in this way shows that iron occurs in three different 
forms. The FeO is part of the silicate minerals; the Fe is in the nickel-iron 
grains, and the remainder in the FeS. 

With the accumulation over time of more and more "good" analyses, 
with compositions expressed on a metals-only basis, the chondrites ap
peared to be nearly identical, differing only in the degree of oxidation of 
iron. In some instances, the ratio of metallic to FeO was high and the 
reverse true in other cases. 

Based on such analyses, the early conclusion was that all chondrites 
had a common origin. It was assumed that initially all the iron had been 

xi lzed and had then undergone various degrees of reduction. Wood 
states that today we know that not all chondrites are identical in composi-

and could not have been derived from a common parent. This follows 
om the fact that not only the degree of oxidation but also the absolute 

Sundance of iron is variable. 
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Table 2.1 Analysis of the Richardton, North Dakota Meteorite" 

Si02 

MgO 
FeO 
A1203 

CaO 
Na20 
CrA 
P205 

H20 
MnO 
C 
K20 
Ti02 

Species 

Total stony material 

wt % 

34.3 
22.2 
9.9 
2.6 
1.4 
1.0 
0.6 
0.5 
0.5 
0.4 
0.2 
0.1 
0.1 

73.5 

Species 

Fe 
Ni 
Co 

Metallic grains 

FeS 

Sulfide grains 

wt % 

18.3 
1.6 
0.1 

20.0 

6.0 

6.0 

I 

" From Wood (7). 

The situation is summed up in Figure 2.6. Plotted on the y axis is the 
ratio (Fe as metal)/(total Fe present). This is a measure of the degree of 
oxidation of the iron. Plotted along the x axis is the molar ratio of total Fe/ 
Si. This reflects the amount of Fe present (on a metal-only basis). We 
observe the following: The points representing individual chondrites fall 
into several clearly defined groupings. Some of the groups have the same 
average values of Fe/Si as the others, notably the C and H groups. These 
could have conceivably been derived from one parent material by differ
ent degrees of reduction. On the other hand, the L and LL groups seem to 
have come from another parent material. There are other small differ
ences in metals-only composition such as in Mg/Si and Na/Si. Thus it 
appears that chondrite group comes from different batches of planetary 
material (7). 

In addition to the major elements cited above, the rarer elements also 
play an extremely important role in connecting the meteorites to the early 
material of the Solar System. Some of the early trace element work was 
done by the Noddacks (4). While some of their values are no longer 
considered valid, their general conclusions still are. They showed that the 
meteorites have a more generalized composition than the Earth's crust, 
that is, close to the Sun's composition. 

The Noddacks found them to contain more elements, such as the litho-
philes, chalcophiles, and siderophiles. Wood tells us that the natural pro-
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Figure 2.6. Differences in the overall abundance (Fe/Si) and state of oxidation (Fe metal/ 
total Fe) in chondrites. On the basis of these and other chemical differences, chondrites can 
be separated into five groups (see circled groups). Source: J. A. Wood (8), Meleoriles and 
the Origin of Planets, 1968; permission. McGraw Hill. 

cesses operating in and on the earth, such as weathering, sedimentation, 
and metamorphism, strongly tend to differentiate the three groups from 
one another. Thus we find the crustal rocks generally are composed of the 
lithophile elements (Se, Sr, Rb, Ba, Thand U), while the chalcophile 
elements (Cu, Zn, Sn, Pb, Ag, Hg, Cd, In) concentrate in a few areas as 
ores. The siderophile elements (Be, Ga, Ru, Pd, Os, Ir, Rh) generally are 
missing from the crust and presumably are found in Earth's core. By 
contrast, these three groups of elements are found mixed together in the 
meteorites. The conclusion drawn therefore is that these chondrites show 
little evidence of differentiation, and so perhaps have remained un
changed since the early days of planetary formation. 

The undifferentiated character of the chondrites has been shown in 
igure 2.3, when we discussed the Allende meteorite. A comparison be

tween a differentiated and undifferentiated body is further enhanced by 
ser^ri™8 t h e E a r t n s c r u s t w i t h t h e s o l a r atmosphere. It has been ob-
r J I t h a t t h e siderophiles and the chalcophiles are enhanced in the Sun 
relative to the Earth. 

is 0 j - r y ' . r o r n lh e above discussion the chemical analysis of meteorites 
great importance. There are now a wealth of data and, as indicated 
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above, there have been a number of systematic efforts to sort out "supe
rior analyses." 

A very useful book was published by Mason in 1971 (19). Handbook of 
Elemental Abundances in Meteorites is the output of the activities of the 
working group on extraterrestrial chemistry of the International Associa
tion of Geochemistry and Cosmochemistry. The work on the elemental 
abundances was organized by Dr. Brian Mason (21) as part of an interdis
ciplinary effort. Not only does the volume include extensive data on the 
abundances of the elements in meteorites but also notations on the rela
tive quality of the data. The object of the book was to "provide a standard 
reference on the subject for years to come." 

The Mason compilation is very comprehensive, including discussions 
by some of the most prominent workers in the field, of some 63 elements, 
the rare gases and the rare earths. Also included is an index of meteorites 
listing over 400 meteorites that are referenced in the text. In the main, the 
Mason volume is an excellent source book for workers in the field of 
meteoritics. 

While a complete review of the Mason book is beyond the scope of this 
monograph, I shall give an example to demonstrate how the volume is 
arranged. For illustrative purposes I shall select one of the more common 
elements. 

Among the common elements is Si, which is discussed by C. B. Moore 
(20). As we have seen above, Si is a major element in stony and stony-iron 
meteorites. The major minerals present in these meteorites are silicates. 
In classical wet chemical methods silicon is normally determined by grav
imetric techniques. Recently, however, these methods have been re
placed by X-ray fluorescence and neutron activation, which provide di
rect analysis for silicon. Because of the high relative and constant 
abundance and the high-quality analyses, silicon is used as the basis of 
comparison of atomic abundances. The abundances of individual ele
ments are compared to 106 atoms of silicon. In general, the results ob
tained by conventional chemistry, X-ray fluorescence, and 14 MeV neu
tron activation agree quite well. The source for these data are Mason (21), 
Mason and Wiiks (16), von Michaelis and co-workers (22), Vogt and 
Ehmann (23), and Ehmann and Durbin (24). 

A list of findings based on systematic studies follows: 

1. Many elements show relatively small variations with respect to 
silicon abundances, but careful selection and evaluation of data indicate 
significant fractionation between chondrite groups. 

2. The question of Si/Mg, Si/Ca, and Si/Ti fractionation has been 
examined by Ahrens (25-27), Ahrens and Cameron (28), and DuFresne 
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A Anders (29) in some detail. They have reported that the Si/Mg ratios 
*" carbonaceous (1.11-1.16), ordinary (1.23-1.30), and enstatite (1.48-
' n

5 8 ) chondrites are significantly different. 
i The Si/Ca, Si/Al, and Si/Ti ratios show even greater variation. 

The agreement between Si values from wet analyses and instru-
ental techniques is also very good for the achondrites. 
5 The amount of silicon in iron meteorites is difficult to determine. 

Farly analysis, which reported as much as 1.2% of SiO, were in error. The 
large sample size taken (up to 100 g) could contain hidden silicates. In 
addition, silica was disolved from the soft soda-lime chemical glassware 
used at the time. 

6 Most modern instrumental methods for the detection of trace con
centrations of silicon in iron meteorites have not proved useful. Neutron 
activation methods have a phosphorus interference, and colorimetric 
methods are interfered with by germanium. 

7. The electron probe has proven to be a useful device for determin
ing low concentrations of silicon in metallic meteorites. The advantage is 
that it avoids including silicate inclusions in the sample being analyzed. 
Beaulieu and Moore (30, 31) have used a colorimetric method to detect 4-
100 ppm in iron meteorites. Some 145 iron meteorites were examined by 
them. 

8. Finally, the isotopic composition of silicon in the Melrose chon-
drite was studied by Reynolds (32) and Reynolds and Verhoogen (33). 
They found that this meteoritic silicon had a 8Si30 value of -1.0% as 
compared with an olivine standard. Epstein and Taylor (34) reported that 
silicon in a hyperstene achondrite and enstatite achondrite was generally 
lighter than silicon in most terrestrial and lunar rocks. 

ELECTRON-PROBE STUDIES 

No instrument has contributed more to the study of meteorites than the 
electron microprobe. K. Keil, in a review paper "Applications of the 
electron microprobe in geology" (35), states that 

n recent years, no other research tool has revolutionized geology as much as the 
j5 e c t r o n microprobe, and its impact on earth sciences can only be compared with 

introduction of the polarizing microscope to geology more than 125 years ago. 

etl cites the following figures: Until 1964, 14 years after the invention of 
e probe, only about 60 papers on the subject had been published, and 

1 0 r e t h a n half dealt with meteorite research and related topics. By 1971, 



2 4 THE FIRST ET 'S , THE METEORITES 

when his review article was written, there were some 600 papers dealing 
with the application of the microprobe to mineralogy, petrology, geo
chemistry, meteoritics, and other associated disciplines. Although I have 
not made a specific determination, it is safe to say that at this time the 
number has climbed to several thousand. Furthermore, a great deal of 
impetus has come from the lunar sample program and the increased activ
ity in the study of meteorites. 

In a general way, a major part of geochemical research concerns itself 
with an understanding of the distribution of chemical elements in multiple 
assemblages. To properly understand a naturally occurring system, it is 
necessary to establish the composition of coexisting phases as accurately 
as possible. 

Separating a rock mass or a meteorite into its component phases for 
analysis is often tedious and difficult. It is frequently very difficult to 
establish just how successful the separation procedure has been. Further
more, the very process of separating the various phases distorts or even 
destroys potentially useful information about the textures, the structures, 
gradients, and so on. Bulk analysis of separated phases can only give 
average compositions but little information about detailed variations 
within a phase. 

Reviews of the use of the electron microprobe in meteorite studies 
have been written by Fredriksson and Reid (36) and Keil (35). They point 
out that the electron probe is ideally suited for minimizing these prob
lems. Phases are examined in situ without the need for separations, thus 
the important spatial considerations are maintained intact. 

The history of electron probe studies in meteoritics is a very impres
sive one, having led to the discovery of a number of new minerals and an 
elucidation of the relationships between coexisting minerals and mineral 
formation. A few selected examples will be given. 

The electron microprobe analyzer is by now not a new instrument. It 
has undergone considerable development and, like so many analytical 
instruments, usually has a dedicated computer that makes the handling of 
large amounts of data and the problem of data reduction a routine matter. 
The basic instrumentation and its application to the analysis of materials 
has been described in numerous publications. A thorough treatment of the 
subject can be found in a recent text by K. J. F. Heinrich, Electron Beam 
X-Ray Microanalysis (37). 

The analysis of geological samples poses a number of problems that 
have been summarized by Keil (35) in his review. Most geological sam
ples are poor electrical and thermal conductors. It is necessary to deal 
with problems of electrical charging, and in some instances loss of ele
ments due to volatilization or even migration. It has been found that of the 



rious ultrathin coatings to be evaporated on the sample surface, carbon 
v a . j i e m o s t suitable. It increases the conductivity of the surface without 
' nreciably increasing the absorption of the incident electrons or the 
mitted X rays. Where there is danger of element loss by volatility, the 
roblem is dealt with by decreased exposure time to the electron beam, 
educed beam power, or even defocusing the beam to reduce the surface 

loading. 
Because rocks are generally complex mineral assemblages and often 

contain phases of different degrees of hardness, the preparation of a pol
ished totally flat surface, free of relief, is quite difficult. There are also 
problems with smearing and selective plucking of some phases. Thus 
special pains are required in sample preparation and, above all, an aware
ness of the possible errors introduced. 

One of the unique aspects of studying the rock-forming minerals, and 
this applies to terrestrial as well as extraterrestrial materials like lunar 
rocks and the stony meteorites, is that they are mainly made up of low-
atomic-number elements. For example, 98.5% of the earth's crust is made 
up of oxygen (46.6%), silicon (27.2%), aluminum (8.1%), iron (5.0%), 
magnesium (2.1%), calcium (3.6%), sodium (2.8%), and potassium 
(2.6%). Because of the low atomic numbers of these elements, their char
acteristic K lines have long wavelengths and are somewhat more difficult 
to measure than the harder X-ray lines of the heavier elements dealt with 
in many metallurgical problems or in the metallic meteorite studies. Thus, 
geological samples require instrumental capabilities that permit the detec
tion and measurement of soft X rays. A basic requirement is for a device 
that minimizes the absorption effects of these soft X rays, and uses detec
tors specially designed for soft X-ray measurements. 

Among the more significant advances in the area of microprobe appli
cations is the development of software programs for the performance of 
quantitative analysis. Such programs are not only suitable for dispersive 
analysis, but for the nondispersive mode as well. There are numerous 
programs that have been evaluated for general applicability and accuracy. 
For example, Beamann and Isai (38) have reported that there are some
thing like 40 programs available for converting raw microprobe X-ray 
intensities into chemical composition. Of these, there are at least two that 
are widely used in meteorite studies. The technique developed by Bence 

Albee (39) is highly empirical, depending on the determination of 
orrection factors based on the use of well-characterized simple minerals, 

oth C l aiK* s y n t n e t ' c components such as mineral end members. On the 
MATT • ' B e a tnan and Isai have concluded that the computer program 

QIC is the most generally applicable. MAGIC, which translates into 
•"oprobe Analysis General Intensity Corrections, was first described 
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by Colby (40) in 1967. It has by now achieved wide-scale use and has been 
modified by various users for many different computers. Such programs 
are continually being updated, and the contribution of such techniques in 
data handling and reduction has been quite revolutionary. 

The impact of the electron microprobe on meteoritics can be clearly 
demonstrated by the following table, which is abstracted from the review 
paper of Keil (29). There are a surprising number of new minerals that 
have been discovered, many of which are new species never observed 
before. From 1962 to the time of the Keil publication (1973), the number 
of meteoritic minerals had increased from 40 to more than 80. Of these, 19 
were new phases unknown on the earth. 

The ability to characterize the composition of these phases was due to 
the power of the electron microprobe. Many of these phases have been 
described as exotic, containing unusual components such as native ele
ments, phosphides, nitrides, carbides, silicides and rare sulfides, phos
phates, and silicates that originated due to the low oxygen partial pres
sures at the time of formation. A partial list of these new minerals is 
shown in Table 2.2. The list has grown since the Keil review. It is appar
ent that the electron microprobe analyzer has made the hunt for new 
minerals a fruitful and exciting area. It is apparent also that a better 
understanding of the formation of such a variety of minerals should lead 
to a better understanding of the chemistry of the early Solar System. 

The use of the electron microprobe in the hunt for new minerals in 
extraterrestrial materials is only a small part of the story. As I have 
stated, the composition of coexisting minerals in meteorites and lunar 
rocks can provide important clues to the conditions of origin: tempera
tures, pressures, oxygen partial pressures, cooling rates, and the like. A 
substantial number of studies have been performed on coexisting phases 
in meteorites. There are numerous literature references (see references at 
the end of this chapter). The following titles of recently published papers 
should supply some notion of the variety of electron microprobe studies 
being performed: 

"Elemental abundances in chondrules from unequilibrated chon
drites: evidence for chondrule origin by melting of pre-existing ma
terials" (41); 
"A 3.6-b.y.-old impact-melt rock fragment in the Plainview chondrite: 
implications for the age of the H group chondrite parent body regolith 
formation" (42); 
"The matrices of unequilibrated ordinary chondrites: implications for 
the origin and history of chondrites"(43); 



Kie 2.2 New Minerals (Meteoritic and Lunar) Discovered and Characterized 
with the Use of the Electron Probe Microanalyzer 

Mineral Class 

Elements, 
alloys, 
nitrides, 
phosphides 
and silicides 

Sulfides, 
arsenides. 
antimonides 
tcllurides, 
bismuthides 

Oxides and 
hyroxides 

Phosphates 
and arsenates 

Silicates 

• - _ 

Mineral 

Barringerite 
Carlsberite 
Haxonite 
Lonsdalite 

Perry ite 

Sinoite 

Brezinaite 

Djerfisherite 

Armalcolite 

Brianite 
Panethite 
Stanfieldite 

Krinovite 
Majorite 

Merrihueite 

Pyroxferroite 

Ringwoodite 

Roedderite 

Tranquillityite 

Ureyite 

Chemical Composition 

(Feo.58Nio.4:Co0.o()3 )P 
CrN 
Fe23C6 

C 

(Ni,Fe)5(Si,P): 

Si2N20 

Cr3S4 

K,(Cu,Na) (Fe,Ni),2S4 

(Mg,Fe)Ti205 

Na2CaMg(P04)2 

Na2(MgFe)2(P04)2 

Ca4Mg3Fe2(P04)2 

NaMg2CrSi3O,0 

(Mg2.wNa,,.i„)(Fe, .02 
Alo.23Cro.O3Slo.7s) 

SI3.00O12 

(K,Na)2(Fe,Mg)5Sil2O30 

(Feo.114Cao.13Mgo.02 
Mn„.02)SiO3 

(Mg,Fe)2Si04 

(Na,K)2Mg2(Mg,Fe)3 

Sii2O30 

Feg+(Zr+Y)2Ti3Si3024 

NaCrSi206 

Occurrence 

Ollague pallasite 
Iron meteorites 
Iron meteorites 
Canon Diablo, 

Goalpara iron 
meteorite 

Enstatite 
chondrite 
meteorites 

Enstatite 
chondrite 
meteorites 

Tucson iron 
meteorite 

Enstatite 
chondrite 
meteorite 

Mare Tranquilli-
tatis. Moon 

Meteorites 
Meteorites 
Mesosiderites and 

pallasites 
Iron meteorites 
Coorara 

meteorite 

Mezo-Madras 
meteorite 

Mare Tranquilli-
tatis. Moon 

Tenham stone 
meteorite 

Indarch stone 
meteorite 

Mare Tranquilli-
tatis and 
Mare Pro-
cellarum, 
Moon 

Iron meteorites 

http://Alo.23Cro.O3Slo.7s
http://Feo.114Cao.13Mgo.02


28 THE FIRST ET'S, THE METEORITES 

"Graphite-Magnetite aggregates in ordinary chondritic meteor
ites" (44); 
"Rare-earth and other trace elements in rim and interior portions of a 
peculiar Allende chondrule" (45); 
"On the distribution of Zn in Allende chondrules, inclusions, and ma
trix" (46). 

Obviously, these titles are only a fraction of the total, but they do illus
trate the importance of the probe studies. 

Zonal structure: The small size of the electron beam makes the instru
ment ideally suited for the study of zonal structures in the meteorite 
minerals. The method recommended by Keil is to maintain a static beam 
while the specimen is moved in preselected steps relative to the beam 
while recording the X-ray signals. 

A considerable amount of effort has gone into the study of metallic 
meteorites. For example, the zoning and the diffusion gradients between 
the low nickel alloy kamacite and the high nickel alloy taenite has been 
investigated. Some of the earliest quantitative analyses were done on the 
iron-nickel alloys in the iron meteorites. The diffusion gradient studies 
between the kamacite and the taenite were used to infer the cooling rates 
of iron meteorites. Such measurements led to estimates of cooling rates 
ranging from about 0.2 to 100°C/m.y. and the speculation that the maxi
mum depth of origin was about 200-250 km in the parent body. One 
particularly interesting example cited by Keil is the analysis of two early 
Chinese bronze weapons with blades made of meteoritic iron, showing 
the characteristic growth of kamacite-taenite (47). 

Geochemistry of elements in individual mineral grains: geochemical 
studies have usually involved the determination of elements in bulk rock 
samples. The attempts to determine geochemical relationships by deter
mining the elemental composition on separated minerals are very much 
less common. In large part, this arises from the difficulty of separating 
pure mineral phases. As in the other instances described, the electron-
probe microanalyzer makes it possible to do such analyses on polished 
thin sections without the requirement of separation. As Keil points out, 
the limitation comes from a limited sensitivity to trace elements. There 
are examples in meteorite studies where such investigations have been 
done. Goldstein (48) determined the distribution of germanium in the 
metallic phases of iron meteorites at concentrations ranging from about 9 
to 2000 ppm. Silicon and chromium distributions were determined in irons 
by Wai and Wasson (49). Titanium, a litophilic element in terrestrial 
rocks, was found by Keil (50) to be chalcophilic in highly reduced meteor-
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t s such as enstatite chondrites and achondrites (concentrated in the 
troilite). 

The large-scale use of the electron-probe microanalyzer in meteorite 
dies provided extensive experience for its application in lunar sample 

tudies, as we shall see in the section on lunar samples. 

THE ION MICROPROBE 

It had been recognized for some time that an in situ capability for per
forming precise isotope analysis would be a great boon to the geochemist 
and the geochronologist. With the advent of the ion microprobe it seemed 
that at last the in-place analysis of isotopes would become a reality, but it 
remained an elusive goal until recently. Now under the thrust supplied by 
the space program a development that offers some noteworthy successes 
and considerable hope for the future has occurred. 

A recent report by Huneke, Armstrong, and Wasserburg (51) titled Fun 
With Panurge: High Mass Resolution Ion Microprobe Measurements of 
Mg in Allende Inclusions, provides an excellent summary of the situation. 
It is pointed out that reliable and efficient isotopic measurements on min
erals by ion microprobe mass spectrometry require the following instru
mental improvements: 

1. sufficiently high mass resolving powers to minimize isobaric inter
ferences by molecular and multiply charged ions; 

2. adequate control of the electrostatic and magnetic fields for effi
cient and routine data acquisition at these high mass resolutions; 
and 

3. an ion detector and pulse-counting system with operating charac
teristics that enable accurate counting up to megaherz rates. 

Because of the need for precision and efficiency, operation occurs in a 
Peak jumping mode to maximize the useful yield of sputtered ions and to 
enable data acquisition on a time scale that is short compared to varia-
•ons in analytical conditions. This subject has been treated in another 

Paper by the same authors (52) in 1982. It is the viewpoint of the authors 
a t the above properties had not been demonstrated in toto for any ion 

microprobe to this point in time. 
mic N U R G E referred to in the paper is a modified CAMECA IMS3F ion 
sign rff C- a s e c o n c ' generation ion microprobe/ion microscope de-

o r high resolution mass spectrometry. The instrument as acquired 
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is unique in that the performance specifications were arrived at by consul
tation between the Cal Tech investigators and the officers of CAMECA 
Inc. Details about the instrument can be found in publications by Lepa-
reur (53) and Slodzian (54). Details about the performance of the en
hanced instrument are included in the papers by Huneke, Armstrong, and 
Wasserburg (50) and Armstrong, Huneke, and Wasserburg (51). In brief, 
these investigators have developed so precise an instrument and careful 
techniques that the only limiting factor to the precision is the counting 
statistics. 

The feasibility of using the ion microprobe for isotopic analysis of Mg 
at the microscopic level, using an instrument of low mass resolution, has 
been successfully demonstrated. In fact, the ion microprobe was em
ployed to verify the discovery of the excess of 26Mg in Ca-Al-rich inclu
sions in the Allende meteorite. Importantly, the ability to analyze selected 
10-fxm areas was used to demonstrate the existence of regions within 
crystals with 26Mg/24Mg enhanced by about 40%. and that the 26Mg con
tent in a single crystal was constant at 26Mg/27Al = 5 x 10"5 (55, 56). 

A large number of other studies have been done on the Mg isotopes 
using the ion microprobe. The references for these are included in 
Huneke, and associates (51). 

In view of the extensive prior work on the Mg isotopes, Armstrong and 
co-workers felt that a good test of the capabilities of the PANURGE/ 
IMS3F could be done by measurement of Mg and Si isotopic composition, 
as well as Mg/Al in single crystals from the Ca-Al-rich inclusions in the 
Allende meteorite. Two inclusions designated as WA and CI were chosen 
because it was possible to compare the ion probe measurements against 
the precise results obtained by conventional mass spectrometry per
formed by Lee and co-workers (57), Esat and associates (50), Wasserburg 
and co-workers (59), and Clayton (60). The measurements were reported 
as a demonstration of high resolution ion microprobe capability on spe
cific examples. 

As for results, the Allende WA and CI inclusions provided outstanding 
illustrations of the two major Mg isotopic effects that had been discovered 
in the Allende inclusions. The following observations have been reported: 
Mg in minerals where the Al/Mg is high is generally enriched in 26Mg, a 
daughter product of the 2f'AI decay (T,/2 = 7 x lO ŷ)-

The Mg/Al ratio in the Ca-Al inclusion varies from 0 to 7 x 10~5, and 
in WA equals 5.1 x 10"\ The correlation of 26Mg with Al in different 
minerals has been interpreted to provide evidence for the in situ decay of 
26Al, and thus for the presence of 26A1 in the solar nebula. The implication 
that follows is that 26A1 was produced in a nucleosynthetic event less than 
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feW million years before the formation the Ca-Al inclusion found in the 
Allende. 

Xhe second observation is that in a few inclusions, including the CI 
chondrule, Mg is very heavily fractionated and exhibits a minor nonlinear 
anomaly of unknown nuclear origin (61). The presence of strongly frac
tionated Mg, and the nuclear anomalies of unknown origin correlates with 
unusual iotopic compositions of nearly every other element studied. A 
particular example is the heavily mass-fractionated Si with a possible 
nuclear anomaly in 29Si (60). The origin of elements that are fractionated 
with unknown nuclear sources is not established; however, their presence 
demonstrates an isotopic heterogeneity in the solar nebula. 

These facts represent some important findings. The distribution of 26Mg 
and the fractionation of Mg and Si among different minerals of an inclu
sion and within a single crystal must relate to the origin of the isotopic 
components and the formation history of the Ca-Al inclusions. The con
tribution of the ion microprobe technique to these studies is considerable. 
It provides a means to study the spatial distribution of 26Mg and the 
fractionated compositions on a micron scale. This has made it possible to 
establish areal distributions on a microscopic scale using a 3-ju.m focused 
primary ion beam to sputter materials from selected regions and, by the 
appropriate use of instrumental apertures, to further restrict measure
ments to small regions within a larger sputtered area. 

The nature of the technique is such that simultaneous measurements of 
Mg and Si composition can be made on the same microvolumes. The 
investigators in this paper (51) report that their results are certain beyond 
experimental error. By a careful evaluation of the magnitude and variabil
ity of instrumentally produced mass fractionation, they have determined 
that the ion microprobe can indeed be used for the studies described 
above. 

ISOTOPIC ANOMALIES 

One of the more interesting stories to come out of the space exploration 
Period is that of the search for isotopic anomalies in the meteorites and 
lunar samples. The way in which the story has evolved is highlighted in a 
statement made by J. T. Wasson (5) in his book on meteorites published in 

robably the single most important conclusion resulting from the study of the 
otopic composition of relatively nonvolatile meteorite elements is that meteor-



32 THE FIRST ET'S, THE METEORITES 

ites are samples of normal solar system material. This conclusion is based on the 
fact that, as of now, all nonvolatile elements have the same isotopic compositions 
in meteorites as in terrestrial and lunar samples. In fact, the recent history of 
isotopic investigations of meteorites is a story of anomalies discovered and anom
alies lost. 

The point of this statement is that many of the early claims of anomalous 
isotope concentrations were subsequently discredited by more painstak
ing work. 

It is interesting to report, however, that since the Wasson statement 
was made there have been a number of highly significant discoveries of 
anomalous isotope abundances. This comes as the result of remarkable 
advances in mass spectrometry, refined chemical separation methods, 
refined mineral preparation procedures, and in mineral identification and 
analysis (62). 

An account of the search for isotope anomalies has been summarized 
in recent review articles by Lewis and Anders (63), Lee (64), Wasserburg, 
and Papanastassiou and Lee (65). By all estimates, our Solar System is 
considerably younger than the universe, some 4.5 aeons compared to 10 
to 15 aeons. Logically then, it must contain older matter with a prior 
history, but until recently no evidence for relict matter had been found, 
either in meteorites, the Earth, or the Moon. It was pointed out by Lee 
(64) that the degree of isotopic homogeneity of the various elements found 
in terrestrial, lunar, and meteoritic samples was indeed quite remarkable 
in view of the fact that the production of different isotopes of the same 
element often requires markedly different physical conditions and differ
ent sources. Thus the degree of homogeneity found can only indicate 
effective mixing processes in the early solar nebula, before the planetary 
bodies formed. 

Recognition of presolar matter is one of the major problems. Isotopic 
composition seemed to be a very promising approach. We know that stars 
are essentially sites where the chemical elements undergo transmutations, 
followed by the ejection into interstelier space, and that ultimately they 
find their way into the next generation of stars. It is also understood that 
the ejected matter can vary from star to star as a function of the star's 
mass, temperature, and evolution. Lewis and Anders make the important 
point that "isotopic composition is a particularly durable hallmark, since 
it can be changed by few processes (short of nuclear reactions) and then 
only to a limited predictable extent." 

Among the various areas of research in meteorites, the search for 
isotopic anomalies is being pursued with great vigor. This is evident when 
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one considers the number of recent literature references (66). One of the 
most significant findings previously discussed comes from the work of 
Clayton and co-workers (60) on the carbonaceous chondrites. They have 
reported that these meteorites have oxygen isotopic compositions substan
tially different from those found in terrestrial and lunar rocks. These 
anomalies are not explainable by nebular processes, and the suggestion 
has been made that they represent the injection of presolar material from 
outside the nebula early in its history. Thus, if nothing else, this offers a 
promise of providing insights into processes outside the nebula. 

Up to now, isotopic anomalies have been found in a number of other 
elements, such as Mg, Ca, Sr, Sm, Ba, and Nd. The noble gases have 
been particularly interesting and their relationships particularly complex. 
In their case, as Dodd points out (66), an extremely complex pattern is 
emerging; it will be a while before a comprehensive theory emerges. 

While it is beyond the scope of this volume to treat this subject in detail 
(it is quite extensive), some examples will be cited for illustrative pur
poses. 

The question of the oxygen isotopic anomalies has already been dis
cussed above (see section on the Chemical Composition of Meteorites). 
Let us examine the relationship between the oxygen and some of the 
other elemental isotopes. If the oxygen- 16-rich component did in fact 
enter the primordial solar nebula in discrete extrasolar grains, one might 
reasonably expect then to find a correlation between the oxygen anoma
lies and anomalies in the silicon and magnesium ratios. This has logically 
led to a study of silicon and magnesium isotopic ratios. There are, how
ever, as yet no conclusive findings. The few silicon data available suggest 
that silicon is generally isotopically normal. While considerable variation 
has been found in silicon-29/silicon-28 and silicon-30/silicon-28 ratios in 
the Allende meteorite, they have been attributed to mass fractionation 
rather than a peculiar nucleosynthesis. 

As for the magnesium, the situation is complicated by the fact that 
magnesium-26, which could have arrived in extrasolar grains, could also 
result from the decay of aluminum-26, a relatively short-lived radioiso
tope (half-life = 0.72 m.y.). It has been found that magnesium-26 excesses 
in the Allende aggregates correlate rather poorly with the oxygen-16 ex
cesses. The conclusion has been drawn that much of the magnesium-26 
came from the in situ decay of the aluminum-26. While these findings are a 
disappointment to those looking for extrasolar grains, it does provide a 
Powerful source of heat for the thermal metamorphism encountered in 
some meteorites (66). In recent work reported by Clayton and Mayeda 
(67) and Wasserburg and others (61), it was found that not all of the 
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magnesium-26 was radiogenic. Two particular Allende aggregates showed 
that magnesium-26 and oxygen-16 anomalies did correlate in detail. Fur
ther, these aggregates also showed significant anomalies in calcium. 

The situation continues to be complicated. If one focuses on the carrier 
or carriers of the isotopic anomalies, the data from the oxygen and the 
magnesium appear to point in different directions. Whereas the oxygen-16 
in the aggregates suggest that the extrasolar component entered the Solar 
System in discrete, solid particles, the isotopic composition of the magne
sium, though distinctive, shows no correlation with mineralogy. An ex
planation that has been offered by such investigators as Clayton and 
Mayeda and Wasserburg and co-workers is that the low oxygen-16 con
tent of the minerals melilite and anorthite in the Allende aggregates reflect 
an oxygen exchange with a resevoir of normal composition after the ag
gregates had formed in an oxygen-16 rich resevoir, an as yet unproved 
hypothesis. 

The noble gases have still another story to tell. They are unique in that 
they are affected by all the methods of isotopic fractionation that have 
been discussed. The isotopic anomalies that they display are associated 
with the matrices of carbonaceous chondrites rather than the high-tem
perature aggregates. The interpretation of rare gas isotopic data involves 
the evaluation of the isotopic contributions from numerous processes. To 
begin with, the noble gases are highly volatile and unreactive. Because of 
this, it is highly likely that they did not condense, not even in the most 
primitive of the meteorites. Their abundance in the meteorites is but a 
minute fraction of the solar abundance. What little gas there is is found 
tightly bound in the meteorites, and the release occurs only at high tem
peratures as the host minerals either melt or decompose. 

The various isotopes are analyzed by a process of controlled-step heat
ing, a method employed by Black and Pepin in some of the initial studies 
(68). In this manner, it was possible to separate the rare gases into several 
components. The radiogenic components were found to consist of the 
products of in situ decay of radioisotopes. Some of these components can 
only be found in very old materials. One noteworthy example is xenon-
129, formed from the short-lived isotope iodine-129 (half-life 17 m.y.). 
Another group of noble gas isotopes, the cosmogenic ones, are those 
generated by cosmic ray interactions with the elements in the meteorites. 

In addition to the components formed in the meteorite subsequent to 
its formation are those trapped in the meteorite during formation. These 
have been labeled the trapped or primordial noble gases and are divided, 
on the basis of isotopic composition, into the planetary and solar compo
nents. The planetary component is isotopically similar to the terrestrial 
atmosphere and is present in all chondrites in abundances that vary with 
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the petrologic type. The solar component is isotopically similar to solar 
s a nd is characteristic of brecciated chondrites and achondrites. There 

is strong evidence, such as a correlation with charged particle tracks, that 
suggest an implantation by either solar flares or the solar wind. However, 
this is not the entire matter. When the above components are subtracted, 
some materials show residual gases that are difficult to explain. There is, 
for example, a peculiar xenon component discovered by Reynolds and 
Turner (69) in the Renazzo chondrite. There is also an anomalous neon 
component "neon E," abundant in the silicate fraction of the Orgueil 
meteorite (70, 71). 

The question of which mineral phases carry these rare gases is a vital 
one and is the subject of considerable investigation. Some success has 
been achieved (72-75). 

The evidence is that certain of the various noble gas components in 
carbonaceous chondrites can be found in different phases from several 
sources. It has been proposed by Anders (76) that the neon E and an 
anomalous Kr-Xe component are extrasolar, coming from highly evolved 
stars. An unusual Xe component (heavy) may be indigenous or exotic and 
have come as a result of the fission of a now extinct superheavy element 
within the Solar System or as an alternative, nucleosynthesis in a super
nova. It is obvious that this is a very exciting and fertile field for investiga
tion. At this time there are more questions than answers. 

The discovery and study of anomalous isotopic distributions has had 
some very significant spinoffs, an example of which is the development of 
new rock dating methods. One particularly outstanding method based on 
Sm/Nd has contributed greatly to geochronology. In the brief period since 
its development it has proved to be a useful addition to the arsenal of 
methods for providing dates for some of the earliest events in the Solar 
System. The method not only has value in the study of extraterrestrial 
materials, but for terrestrial materials as well. 

The basis for Sm-Nd ages is as follows: Several investigators had 
shown that significant variations exist in Sm/Nd ratios between mineral 
Phases in various meteorites as well as in lunar rocks. For example, 
Tanaka and Masuda (77) found substantial differentiations of the rare 
earth elements in some inclusions in the Allende meteorite. In an abstract 
Published in Meterotics in 1974, G. W. Lugmair (78) stated that since both 
Nd and Sm are refractory elements with similar properties, the natural 
radionuclide l47Sm (half-life = 1.06 x 10" y) could yield important radio
metric age information, particularly where the Rb-Sr isochron is ill de-
ned because of subsequent metamorphic events or in samples with low 
b/Sr ratios. The successful application of the Sm/Nd ratios depended on 

areful analysis because the variations in Sm/Nd were quite small and the 
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corresponding variation in the radiogenic M3Nd was of the order of parts 
per thousand. Thus, using the information that 147Sm decays to M3Nd by 
the emission of an alpha particle at the rate given by the half-life constant, 
Lugmair was able to develop the method and perform isochron dating. 
(For additional details see Chapter 5.) 

The first application reported by Lugmair was the determination of an 
internal isochron for the basaltic achondrite called Juvinas. The ratios 
Sm/Nd were determined by isotopic dilution in liquid aliquot samples. An 
isochron age of 4.56 aeons was obtained, with a possible error of 0.08. 
This agreed closely with the Rb/Sr isochron age of this meteorite obtained 
by Allegre and co-workers (79). The results were quite significant, they 
demonstrated that on a sample that showed no evidence for any major 
metamorphic events after it had formed, the Sm-Nd and Rb-Sr methods 
agree very well. In the dating of rocks the finding of concordance by 
independent methods is particularly exciting. 

The Sm-Nd method is now widely accepted as a powerful dating 
method. There have been numerous applications to meteorites and lunar 
samples. Analytically, this potential could only be exploited by the devel
opment of greatly improved methods of sample handling and analysis. 

ORGANIC COMPOUNDS AND ORGANIZED MATTER 

The presence of organic matter in carbonaceous chondrites has been of 
considerable interest for a period extending over the last two decades. 
Considerable excitement was engendered when not only organic matter 
but organized elements were observed. This subject was introduced very 
briefly by Dodd (66) and discussed in greater detail by Wasson (5). 

Because these organic compounds were found to be of considerable 
complexity and because there was also evidence of organization, a ques
tion arose about the relationship between these compounds and biogenic 
origin. To some investigators, the question was whether or not this pro
vided evidence that life existed at the very beginning of our Solar System. 
There were numerous studies and considerable controversy. A summary 
given by Dodd is that "no irrefutable evidence of biogenic origin has been 
advanced." In fact, Anders and co-workers demonstrated that the suite of 
organic compounds in the carbonaceous chondrites could be duplicated 
by abiogenic processes (80). 

The interest in the organic compounds is a continuing one, with the 
major effect being directed towards understanding the mechanisms for 
formation. Early reports about the organized elements stated that the 
morphology suggested formation by organisms; to some investigators this 
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evidence of life in the primitive solar nebula. On investigation, some 
fthese objects were shown to be terrestrial contaminants such as pollen. 

Others had a chemical origin; at least one was shown to be a hoax. In no 
• stance was it possible to demonstrate extraterrestrial biological origin. 

With regard to the complex organic compounds, alternate mechanisms 
have been proposed to accommodate a nebular origin. A number of inves
tigators have proposed a Fischer-Tropsch synthesis involving a mixture 
of carbon monoxide, water, and ammonia heated to moderate tempera
tures in the presence of a catalyst. The products would be a mixture of 
stable and metastable organic compounds with the relative amounts de
pending on the reaction conditions. 

A second and competing concept is a Miller-Urey synthesis in which a 
mixture of methane, ammonia, and water is subjected to brief bursts of 
energy at relatively low temperatures. This latter mechanism involves hot 
atom chemistry with the products controlled mainly by kinetics rather 
than equilibrium. 

In the main, the determination of the synthetic processes that have 
produced meteorite organic matter is a difficult undertaking and as yet 
requires considerable further research. 

Among the more interesting observations is the presence of amino 
acids in the carbonaceous chondrites. Particularly exciting is their pres
ence in the recently discovered Antarctic meteorites, specimens that have 
survived relatively free of contamination. Ponnamperuma (81) has re
ported the presence of a number of nonprotein amino acids and their 
enantiomers, in almost equal amounts. In this instance, the conclusion 
has been drawn that there is strong evidence that they are prebiological in 
nature. The presence of bases that occur in nucleic acids and small 
amounts of dipeptides may have some bearing on the general question of 
whether processes of chemical evolution have occurred elsewhere in the 
Solar System. 

ANTARCTIC METEORITES 

0 acc°unt of the meteorites can be complete without reference to Ant
arctic meteorites. This development in the history of the meteorites has 

a d an impact nearly comparable to the return of lunar samples. An 
excellent review has been written by Ursula B. Marvin of the Harvard-

mithsonian Observatory for Astrophysics (82). The article points out 
at in the past decade the Antarctic ice cap has yielded more than 5000 

^agments of meteorites. These do not represent individual falls, however, 
ecause many are fragments of the same meteorite. 
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While the vast majority of these finds are stony, a few have proved to 
be entirely new species. Among these specimens, about 36 were frag
ments of metallic nickel-iron meteorites; of these one was found to con
tain diamonds, making it only the second of its kind in the world. One of 
the most intriguing aspects of the Antarctic meteorites was the discovery 
of specimens that may have come from the Moon and Mars, as opposed to 
the asteroid belt. 

On the basis of the evidence presented for the lunar meteorite, the case 
for lunar origin is unusually strong—so strong that when this finding was 
presented to a large group of scientists at the Lunar and Planetary Confer
ence held in 1983, the acceptance of the idea was essentially unanimous. 
Since this volume deals with analysis, let us examine the evidence. 

The particular specimen is known as the Allan Hills 81005 meteorite, 
named for the site in which it was found in 1982. The specimen as found 
was small (about 31 g) and partially covered with a frothy greenish-tan 
crust. A section of the sample revealed a remarkable similarity to the 
lunar highland breccias (welded soil). Prominently displayed were white 
clasts of anorthosite—a common highland rock, calcium and aluminum 
rich—making up the bulk of the lunar highland crust. Significantly, these 
minerals, which do occur on the Earth and Moon, are rarely seen in 
meteorites. The pyroxene minerals (calcium, magnesium iron silicates) in 
the clasts had lunar ratios of FeO/MnO, significantly different from those 
in achondrite meteorites. Another piece of strong evidence was the 
amount and distribution of the rare earth elements, the implanted noble 
gases as well as the isotopic ratios of oxygen, which were all typically 
lunar rather than meteoritic. 

The find of the lunar meteorite is not without mystery. There is at the 
moment no clear picture or viewpoint about the dynamic process that 
could remove a sample from the lunar surface without producing a highly 
shocked rock, something that is missing in the appearance of the sample. 

A second and perhaps even greater puzzle involves the "martian mete
orites," two of which have been found in Antarctica. These two are part 
of the class of meteorites known as the SNC meteorites, having been 
found in Shergotty, India in 1865; Nakhla, Egypt in 1911; and Chassigny, 
France in 1815. The find in Antarctic has now strengthened the proposal 
that these bodies originated on Mars. As in the case of the lunar meteor
ites, let us examine the evidence for a Martian origin, which in a dynamic 
sense is even more difficult to understand. The subject has been clearly 
reviewed by S. P. Maran in an article titled Do rocks fall from Mars? (83). 

The nine martian meteorites are igneous in nature and obviously 
formed from a molten rock or magma. When they were dated radiometri-
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a surprising crystallization age of 1.3 b.y. was obtained, in sharp 
Ca trast to the usual meteorite age of 4.6 b.y. 
C° A inference that was drawn from the crystallization age is that these 

les cooled from molten rock about 1.3 b.y. ago. Furthermore, cos-
S ' rav exposure ages tell us that these samples were exposed to cosmic 
™v bombardment as small fragments prior to landing on the earth. 

The question that arises is what planetary body could have been suffi-
ently hot internally to have produced magmas as recently as the SNC 

meteorites call for? The Earth is, of course, still volcanically active, but in 
view of the fact that the SNC meteorites had chemical and isotopic com
positions that were meteoritic, it was not likely that the Earth was the 
source. In addition, these SNC meteorites showed a history of extended 
flight through space. As for the Moon, all evidence is that it had stopped 
being volcanic about 3 b.y. ago. Mars, on the other hand, has immense 
volcanoes on its surface, disclosed by the recent Pioneer and Voyager 
flights. It is quite possible that Mars had active volcanism as recently as 
1.3 b.y. Thus attention is focused on Mars as a possible source. 

Adding to the evidence is the presence of an unusual glassy component 
called maskelynite, which could have formed from the feldspar minerals 
in the igneous rock in response to shock produced by impact. Finally, it 
has been reported that the noble gases trapped within the meteorites are 
similar in composition to the Martian atmosphere reported by the Viking 
researchers. 

As Marvin points out, 

despite all the theoretical and intuitive objections to a Martian origin—the uncer
tainties of the evidence and difficulties of proof—excitement is mounting at the 
possibility that, without waiting for a mission to return samples from Mars, we 
may already have Martian samples at hand. 
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CHAPTER 

3 

THE LUNAR RECEIVING LABORATORY 

One of the more interesting and unusual undertakings in the lunar sample 
program was the construction of the Lunar Receiving Laboratory (LRL), 
known as Building 37 at the Manned Spacecraft Center (now the Johnson 
Space Center in Houston). It became one of the most unique installations 
in the world, built to provide a central facility for performing the receiving 
functions for the men and materials returning from the Moon. The plan
ners were faced with the major problem of establishing an analytical 
protocol for completely unknown samples whose composition and physi
cal form could only be guessed at. 

The completed building was divided into three main functional areas: 
the sample operations area, the crew reception area (and its support labo
ratory), and the administrative area. We shall concern ourselves with that 
part of the laboratory devoted to the sample studies. Importantly, the 
LRL was also used for preflight preparations. The various functions in
clude the following: 

1. Preflight preparation of the geologic hand tools and the sample 
return containers. 

2. The opening and unpacking of the sample return containers. 
3. Preliminary physical chemical tests. 
4. Sample cataloguing. 
5. Biological quarantine clearance tests. 
6. Biological isolation of the crew and the material. 
''• Time-dependent studies. 
8- Repackaging and distribution of the samples to the investigators. 
9- Storage of undistributed samples. 

'0- Sample data storage and retrieval. 

Functions 5 and 6 were considered the most vital and seriously influ-
nced the design of the LRL, as well as the philosophy that guided its 
Peration. Based on a study of the National Academy of Sciences, 

43 
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NASA, working in cooperation with a number of government regulatory 
agencies, undertook to protect the terrestrial biosphere against the intro
duction of foreign pathogens, however remote the possibility. There was 
in fact, an International Treaty on Principles Governing Activities in the 
Exploration and Use of Outer Space, Including the Moon and Other 
Celestial Bodies, which dictated the nature of the steps to be taken. Thus 
the scientists and technicians were required to perform the preliminary 
studies of the samples behind biological barriers. 

Figure 3.1 is a diagrammatic sketch of the vacuum laboratory, one of 
the pivotal installations in the LRL. In addition to its use in the prepara
tion of the tools and containers for outbound flight, it was also employed 
for the reception of the extraterrestrial samples and to funnel the samples 
into other parts of the LRL and to the scientific community. The compo-

VACUUM lAIOUTOKY SCOND FLCXX FUN - HOOM 2-XO 

J"" V - l O ! " ^ ^ V - 1 0 2 

Figure 3.1. Vacuum laboratory: V-101 and V-102 are the transfer tubes for physico-chemi
cal test samples. F-201 is the 1 X 10 6 high-vacuum glove chamber; F-601 is the 1 x W 
ultrahigh-vacuum chamber; F-206 is the tool carousel; F-207 is a sample carousel; F-250 is * 
conditioning chamber. 
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cuum systems of this laboratory were quite likely the only ones of 
n e n V'nd in the world, having been designed entirely for the extraordi-
thelv function of dealing with the lunar samples. 
° i was a large installation occupying two floors. The first floor con-

d the rough pumps for the vacuum chambers, the electrical distribu-
t a " svstem, the power supplies for the instruments, and the utilities 
t , 0 | bution system. The second floor contained the vacuum chambers, 

' s t o r age carousels, the consoles, and the conditioning system. 
As an example of how this laboratory functioned, consider F-250, the 
nditioning chamber that was used for the preflight operations such as 

the outgassing of the sample return containers, as well as high tempera
ture vacuum sterilization (to prevent back contamination). Decontamina
tion was performed on the various items or tools prior to storage in the 
tool or sample carousels. All transport into and out of the conditioning 
chamber was through vacuum locks. 

The system used for atmospheric decontamination is shown in Figure 
3.1 by R-101, R-102, R-103, V-IOl, and V-102. The cabinet R-101, which 
served as an airlock for the vacuum system, was equipped with high-
intensity ultraviolet lamps. R-102 had a peracetic acid wash system for 
deconiaminating the outer surfaces of the various containers as they 
moved through the primary vacuum complex. The peracetic acid was 
removed by a sterile water wash while in R-103, and the containers were 
dried by a flow of warm, sterile nitrogen. 

Figure 3.2 shows the details of the chamber F-201 in which the sample 
containers were opened and the processing of the lunar samples begun. 
The chamber contained a residual gas analyzer, a Cahn electrobalance, 
load cells, six automatic cameras, a Leitz binocular microscope, a video 
monitor, and assorted instruments to facilitate sample handling. All oper
ations were performed by an operator working through arm gloves into 
the vacuum chamber, consisting of inner and outer Teflon gloves with the 
inner space pumped. 

We note in Figure 3.1 that there were two carousels attached to F-201. 
ne details of these carousels are seen in Figure 3.3. One of these was 

used to store tools and the outer containers for the samples moving to the 
lation laboratory. The other was employed in storing repackaged lunar 

int P K ^ e n a t u r e °f tne configurations was such that it was possible to 
erchange carousels without bringing either the carousel or the lock up 

° atmospheric pressure. 
divid'81"^ 3 4 s h o w s t n e ultrahigh-vacuum chamber that was used to sub-
Pressu s a m P | e s brought back from the Moon under lunar ambient 
lfj-nT

e" chamber was designed to operate at pressures of 10"" to 
orr. By the use of a mechanical manipulator and a rotary table, the 



Figure 3.2. High-vacuum glove chamber, F-201. 

operator was able to subdivide and store the samples in individual con
tainers that were appendages on the main chamber. The arrangement was 
such that the appendage containers had their own pumping system; thus 
the lunar samples could be shipped outside the LRL at pressures of about 
10-" Torr. 

Figure 3.5 demonstrates the arrangement of the Gas Analysis Labora
tory, built for the express purpose of effluent gas analysis on the returned 
lunar samples, both at ambient and elevated temperatures. Analyses were 
performed by a variety of mass spectrometers. The high-temperature evo
lution of gas involved programmable resistance heating, which took the 
samples from ambient to 600°C. Beyond that point, induction heating 
brought the samples to 2000°C. Temperatures were controlled to about 
1% of the indicated values. 

The LRL included a densely instrumented physical chemical test area 
consisting of a spectrographic laboratory, a chemical laboratory, and a 
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Figure 3.3. Carousel details; F-206. 
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Figure 3.5. Arrangement of the gas analysis laboratory. Room 3-302. 

dark room. Inside the installation were a large number of double-sided, 
gas-tight, positive-pressure, nitrogen atmosphere biological barrier cabi
nets, with glove ports for two operator positions. The samples were 
moved into this cabinet system through a transfer tube from the vacuum 
laboratory. 

The spectrographic facility included a specially built X-ray fluores
cence spectrometer designed to operate in one of the gas-tight cabinets 
and a 3.4-m Ebert stigmatic spectrographic. The excitation source for the 
emission spectrograph was housed in a gas-tight cabinet, while the spec
trograph itself was outside the gas tight enclosure. 

Among the various unique components of the LRL was the Radiation! 
Counting Laboratory (RCL) shown in Figure 3.6. The counting facility { 

itself was underground, while the support areas were aboveground. The ( 

first floor aboveground included offices for staff and visiting scientists, 
well as a standards preparation laboratory. Above the counting laborator 
was a system for removing the radon from the gamma ray counting room. 

The underground portion of the RCL was about 40 ft below the surface. 
It was estimated that this depth would essentially eliminate the cosmic ray 
nucleonic component and reduce the mu meson flux by about 80% inside 
the measurement room. In order to reduce the backgrounds, the countir 
room was surrounded on all sides by about 3 ft of material, carefully 
selected for low inherent radioactivity—in this instance the mineral di*| 
nite (olivine), supported by a steel liner plate. 
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Figure 3.6. The Radiation Counting Laboratory of the LRL is shown here in cutaway. It 
lies about 40 ft below the surface. 

The radon removal system was made up of chilled charcoal beds and 
absolute filters. The system was redundant, so that continuous operation 
was possible during filter regeneration or replacement. Entrance to the 
counting was through an airlock, with the room maintained at a positive 
pressure to prevent radon leakage into the counting room. 

An important aspect of the facility was the shielding, shown in Figure 
3.7. There were two internal shields, a main counter shield and an antico
incidence shield. The main counter shield had lead walls over 20 cm thick 
and an internal volume of 6 m\ The radiation detectors inside their antico
incidence shield are shown in Figure 3.8. There were two sodium iodide 
detectors oriented at 180° enclosed in a 25-cm-thick inner anticoincidence 
mantle of polyvinyl toluene. Surrounding these was an inner mantle of a 
ithiated lead shield and an outer coincidence mantle. In principle, the 
inner mantle was used to improve the peak to total ratio by rejecting 

vents in the main detectors where only a partial conversion of the gamma 
ys occurred. The outer mantle was sensitive only to meson interactions, 

to . P a s s i v e 'e ad shield contained a small concentration of lithium in order 
A t °

r * e n t ne lifetime of meson produced neutrons. 
hist • . p o i n t ' the author would like to point out that the RCL is of 
j n g / 1 C a l interest. It was at the time the most advanced low-level count-
t'«n ^H u t i l i z 'n8 a " the latest technology. Detection of gamma radia-

ay makes use of solid state detectors such as Ge-Li and intrinsic 
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Figure 3.7. Radiation counting laboratory; underground chamber floor plan. 
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Figure 3.8. Construction details on the anticoincidence shield. 
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both with energy resolution far superior to that of the sodium iodide 
Sectors of the RCL. 

The sample flow through the LRL makes an interesting story. It was 
ted above that the LRL's functions began before the actual Apollo 

fl'ehts. T n e A P o l l ° Lunar Sample Return Container (ALSRC) was pre-
red at the LRL for the outbound flight. The preparation was a serious 

ffair involving extensive cleaning, degassing, sterilization, sealing, and 
t ak checking. Upon the completion of the listed activities, the containers 
were delivered in protective coverings to the launch site. 

On return from the Moon during the early missions, the containers 
were placed into biological isolation containers aboard the recovery ves
sels. Once delivered to the LRL, the containers were immediately taken 
to the vacuum laboratory, introduced through an airlock, and the process
ing begun. Many of the investigators at the LRL doing the initial investi
gations were also the principal investigators performing the more detailed 
studies. Their initial observations, supplying very useful background 
data, were reported to the rest of the scientific community. 

The initial flow of the samples is shown in Figure 3.8. These proce
dures were based on the concern for biological barriers and quarantine. 
Many of the requirements were waived on later missions in response to 
the observations that no viable organisms existed. The key concern was 
for speed. Note that in step 3 of the flow special samples were removed 
for measurement. One of these went to the RCL, where the objective was 
to search for short-lived radionuclides produced by cosmis rays. In view 
of the great historic importance of the samples, they were thoroughly 
photographed from six different views. At this stage also, some chips 
were removed for biological and physicochemical studies. 

The procedure followed for the gamma-ray analysis is shown in Figure 
3.9. Gamma-ray analysis of irregularly shaped samples required standards 
that are as close as possible in size, shape, density, and radioactivity. 
furthermore, it is essential to orient the samples and standards in an 
'dentical manner. These requirements were met in the manner shown in 
tie figure. The need for biological isolation made the task more difficult. 
" e standards were fabricated by mixing rock and metal powder with 

•oisotopes, simulating the density and radioactivity of each lunar 
sample. 

he LRL was arranged to perform two types of gas analysis: the analy-
°t gas evolved at ambient temperatures from the lunar samples and 
r containers as they were opened in the vacuum glove box and the 

tup S U r e m e n t of occluded and interstitial gases generated at high tempera-
handi U r e ^ ' 0 is a schematic representation of the glove chamber gas 

>ng and collection system for ambient-temperature gas. 
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Figure 3.9. Procedure for fabricating the inner container for the radiation counting proce
dure. 
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• vstem was used to analyze the gases in the Apollo Lunar Sample 
•S- a Outer Container and the individually sealed field sample bags 

Receiv ^ e g e n e r a i purpose lunar samples. The various operations 
con ta in l

hedu |ecl to be performed manually at the glove chamber while in 
WCre SContact with the mass spectrometer console operator stationed in 
V°lCr s Analysis Laboratory. A typical procedure is outlined in Figure 
t h n The sample path selected depended on the nominal pressure ob-

d in the bag. T2 through T9 in Figure 3.10 are liquid nitrogen adsor-
s e r v e

 s which were attached to a removable manifold, so that where 
e sary a new manifold could be attached for additional sample collec-

neC The samples of gas trapped in this arrangement were transported to 
the gas analysis laboratory for detailed analysis on the large mass spec
trometer. 

The occluded and interstitial gases were evolved by heating the sam
ple. Analyses were performed for rare gases, inorganic gases, organic 
volatiles, and organic pyrolysis products as a function of temperature. 

The search for organic gas components, very important initially, be
came less so when it became evident that little or no organic matter was to 
be found. The plans were to use two different spectrometric techniques. 
In the first, the gas went directly to a medium resolution mass spectrome
ter (resolution between 3000 and 4000). The connecting lines were kept at 
temperatures of 300°C or higher. To minimize surface effects, the lines 
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figure 3.11. Glove chamber gas analysis procedure. 
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were coated internally with ceramic or other inert material. The second 
method used a combination gas chromatograph and mass spectrometer 
including a molecular separator. The purpose for the system was to obtain 
simplified mass spectra and more reliable qualitative and quantitative 
data. 

It is quite obvious that considerable care went into the design of the 
LRL. There was a great attention to detail, and a large effort was made to 
build a state of the art laboratory. The overriding philosophy, however, 
was to perform only preliminary or screening operations. 

CONTAMINATION CONTROL 

The matter of contamination control during and after the collection of the 
lunar samples was of particular concern. It was felt that, unless great care 
was taken, contamination would make some measurements difficult if not 
impossible to do; thus it was essential to list all possible contaminants. In 
practice, a contamination control program with the following objectives 
was established: 

1. To keep to a minimum the release of all foreign matter on the 
lunar surface. 

2. To control and identify all of the materials used in the hand 
tools, the sample containers, the laboratory systems, and ele
ments of the system likely to come into contact with the sam
ples. 

3. A thorough precleaning, sterilizing, and outgassing of the sam
pling tools, return containers, laboratory systems, and similar 
items. 

4. Maintenance of an environmental history on each sample in 
order to identify unavoidable contaminants. 

One major worry was the possible contamination produced by the 
spacecraft engine exhaust during touchdown. The nature of the exhaust, 
as well as its spatial distribution, became the subject of a special study. In 
a similar vein, the leakage from the space suit represented an even more 
serious problem, since it represented a moving source of contamination. 

Because the lunar samples were to be handled with tools and the sam
ples were to be returned in special containers, the materials from which 
these were made were selected with particular care. It was essential to 
minimize, or where possible to eliminate, all the elements of geochemical 
interest for example, those isotopes used in radiometric dating such as 
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A uranium, thorium, and potassium. Where elastomers were required, 
rocarbons such as Teflon or Viton-A were selected because they are 

HMinctly recognizable by mass spectrometry. 
The design of suitable containers for the return of the lunar samples 
olved considerable effort. The different types of vacuum containers 

' shown in Figure 3.12. There was, for example, the large "rock box" 
f returning samples under a modest vacuum of about 10-6 Torr. There 

also a high vacuum container designed to maintain the ambient lunar 
ressure (thought to be about 10 | : Torr). The large box had a double seal, 

the outer one an elastomer type and the inner one made with crushed 
indium. It w a s stipulated that, given enough time, the individual rock 
samples were to be enclosed in Teflon bags prior to being placed in the 
large containers. Should this not be possible because of time or difficulties 
in manipulation, the samples of rocks would be placed in the container 
directly. 
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after c I'I • V a r i o u s 'yPes of vacuum sample containers for containing the lunar samples 
Pressur e ? t l 0 n ' ^he small containers have been designed to maintain the lunar ambient 
for tran sample storage in the small containers, they are then stored in the larger box 

GAS ANALYSIS 
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EXPERIMENTER TEAMS 

Similar care was exercised in the choice of investigators. By the time of 
the return of the lunar samples, some 180 principal investigators had been 
selected by the NASA office of Space Science and Applications to per
form a great variety of measurements. Approval was contingent on a 
number of factors such as the merit of the proposal submitted, the estab
lished reputation and competence of the scientist, and the nature of the 
sample requirements. The ultimate makeup of the investigating teams 
included scientists from America, Canada, Japan, Finland, Switzerland, 
and Australia. The institutions represented included a number of major 
universities, research institutions, and a small number of companies. The 
variety and number of research proposals would take several pages to list. 
These have been described in detail by Adler and Trombka (1). 

The design of the LRL as described here evolved in large part in 
response to the advice of a series of committees. One well-recognized 
group was called the Lunar Sample Analysis Planning Team (LSAPT). 
LSAPT not only advised NASA on the LRL but also helped to develop 
plans for the distribution of the lunar samples. Another committee was 
designated the Preliminary Examination Team (PET). Their function was 
to obtain the basic data used to determine sample allocation. It was, on 
the whole, a well-coordinated effort, which can serve as a model for 
future programs. 

In view of the historic significance of the return of lunar samples, it is 
worthwhile reporting the results of the preliminary investigations. How
ever, because of the large amount of data that has become available, I will 
confine myself to the chemical results. 

PRELIMINARY CHEMICAL ANALYSIS 

Chemical analyses were performed principally by optical emission spec-
trography inside the biological barrier. The instrument was a Jarrel-Ash 
Ebert with a dispersion of 5.2 A/mm. The three separate methods em
ployed were as follows: 

1. Determination of Si, Al, Fe, Mg, Na, K, Ca, Ti, Mn, and Cr, using 
Sr as an internal standard element. 

2. Determination of Fe, Mg, Ti, Mn, Cr, Zr, Ni. Co. Sc, V, Ba, andj 
Sr, using Pd as the internal standard. 

3. Determination of Li, Rb, Cs, Pb, Cu, and other volatile elements 
using Na as the internal standard element. 
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stimate of the precision was given as about ± 10% of the amount 
The accuracy of the result was controlled by using international 

p l € f standards such as 0-1. W-l. Sy-1, BCR-1, DTS-1, PCC-1, G-2, 
roCV, I and GSP-1 for calibration. Additional calibration points came 

the analysis of terrestrial basaltic rocks from Hawaii and the Galapa-
^r0nl 'hondritic meteorites from Forest City, Iowa and Leedey, Mezb-
g ° S t as and achondrites from Sioux County, Nebraska, and Johnstown, 
r\ 'ado The spectrographic line identifications were checked against 

pectra of individual elements, the M.I.T. wavelength tables, and the 
n s Bureau of Standards tables. The spectrographic plates were exam-

d to establish the presence or absence of all elements that had spectra 
in the wavelength region covered. 

Three samples were sterilized and then brought out of the biological 
barrier for analysis by atomic absorption for Fe, Mg, Ca, Ti, Na, K, and 
colorimetricaliy for Si. 

The preliminary chemical analysis contributed the following interesting 
facts: 

1. There was a marked similarity in composition of the various sam
ples. The more significant variations were shown by some of the 
trace and minor elements such as Ni, Zr, Rb, and K. The major 
elemental constituents were Si, Al, Ti, Fe, Ca, and Mg. The minor 
elements were Na, Cr, Mn, K, and Zr. 

2. The lunar rocks showed an unusually high concentration of refrac
tory elements such as Ti, Zr, and Y. A comparison with the chon-
dritic meteorites showed the lunar material to have higher concen
trations of Ca and Al, but lower concentrations of Fe and Mg. 

3. Zr, Sr, Ba, Y and Yb were enriched by about two orders of magni
tude in the lunar samples relative to the chondrites. 

4- K and Rb were present in the lunar rocks in amounts similar to 
those in chondrites, whereas Ni and Co were depleted. Ni was not 
detected in some of the rocks (less than 1 ppm), although the Fe 
was high. 
1 he concentration of Zr was unusually high in the lunar rocks. 
The volatile elements such as Pb, Bi, and TI, if present, were below 

e limits of detection of the spectrographic technique. This was 
also true for the elements of the Pt group and Au and Ag. 

e ratios of Rb to Sr were low, similar to those found in terrestrial 
ceanic basalts. Ba, Cr, and Sc were relatively abundant. 

from t e r r " 1 ^ ' t h e ' U n a r r o c k s o n detailed analysis did show differences 
atrial or meteoritic samples. 
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PRELIMINARY RARE GAS ANALYSIS 

The gas analysis was done in the special facilities created for the purpose. 
The instrument employed was a 6-in. magnetic deflection mass spectrom
eter with a sensitivity of about 2 X 10~10 CC/mV for He, Ne, and Ar and 
about 3 x 10"13 CC/mV for Kr and Xe. The samples were prepared both 
under nitrogen and air in the following manner: chips of rock were taken, 
weighed, wrapped in aluminum foil, and sterilized by heating to tempera
tures between 125 and 150°C for periods of from 5 to 24 h. It was observed 
that the heating released less than \% of the gases present. 

The samples were melted by radiofrequency heating in a molybdenum 
crucible. The released gases were purified by the use of a hot titanium 
getter. The heavier noble gases were condensed, and the gases were 
introduced into the mass spectrometer for measurement under static 
vacuum conditions in three fractions: (I) He and Ne, (2) Ar and Kr, 
and (3) Xe. 

After each sample was analyzed, a second heating was done to make 
certain that all the gas had been released and to serve as a blank correc
tion. The entire procedure was standardized by introducing into the mass 
spectrometer a calibrated amount of different rare gases. 

The rare gases showed three patterns related to the three rock types: 
the breccias, the igneous rocks, and the fines. The breccias and the fines 
contained very high concentrations of rare gases, particularly in the sur
face and subsurface materials. From the determined isotope ratios and the 
amounts of rare gases, the conclusion was drawn that the solar wind was 
the principal source. The igneous rocks showed substantially smaller 
quantities of rare gases, due either to the loss during the formation of the 
rocks or because they came from within the surface where there had been 
little or no exposure to the solar wind. The temperature-release experi
ments on the breccias and the fines demonstrated that the noble gases 
were tightly bound rather than surface adsorbed. 

Based on the measurements of the Preliminary Observation Team the 
following conclusions were published. 

1. There was an accumulation of substantial amounts of rare gases of 
solar composition. 

2. There was an enrichment of :oNe relative to 22Ne, predictable on 
the basis of nuclear processes occurring in the Sun. 

3. The ratio of 4He to 3He in the soil and breccia was approximately 
2600, in accordance with theoretical estimates. 

4. The isotopic patterns for Xe in the fines and breccias was similar to 
that of the trapped Xe in carbonaceous chondrites, except for the addition 
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all amount of the lighter Xe isotopes (presumably due to spallation 
°faSkms) and a deficiency of 134Xe and l36Xe. The ratio of the i:9Xe to 
'•̂ Y n the lunar material was essentially the same as that in the carbona
ceous chondrites. 

* Data for the Kr in the fine lunar material was less precise, but again 
was a resemblance to that found in the carbonaceous chondrites. 

PRELIMINARY AGE DETERMINATIONS 

Because several of the crystalline rocks contained radiogenic 40Ar, noble 
eases produced by spallation reactions, and potassium, it was possible to 
nerform a K-Ar dating measurement and a determination of cosmic ray 
exposure. Seven of the rocks yielded consistent ages of 3.0 ± 0.7 x 109 y. 
The radiation exposure ages varied from 10 X 106 y to approximately 160 
x 106 y. 

GAMMA-RAY MEASUREMENTS 

Gamma-ray measurements were performed on eight lunar samples in the 
Radiation Counting Laboratory. Included was a sample of fines, a rock 
from the contingency sample, and five rocks from the documented sample 
box. 

In view of the newness and complexity of the operation, counting was 
not begun in the RCL for about 4 days after the samples reached the LRL. 
As a consequence, the radioactive species with short half-lives (less than 
4 days) became undetectable. In addition, the high activity from the ura
nium, thorium, and their daughter products caused considerable interfer
ence in the determination of the weak gamma-ray components. The 
results are summarized below: 

• Twelve radioactive species were identified, some tentatively. The 
•wvwf-f h a l f" l i ves among species observed were for "Mn (5.7 days) and v (16.1 days). 

ehond ' ^ COncentrations was variable and close to that found in the 

terrestriteiSK0'085 W t ' % ) ' T h e U a n d T h w e r e n e a r t h e v a l u e s f o r t h e 

differe" s ' w i t h t h e r a t i o o f U t 0 T h a b o u t 4A- 0 n e remarkable 
fact, tha^ WaS t h a t t h e r a t i ° o f K t 0 u w a s unusually low, much lower, in 

3- Th S l m ' l a r r a t i o s for terrestrial rocks and meteorites. 
COuPled v ? ° s r n o 8 e n i c 26A1 was generally high. These measurements, 

the rare gas analysis, indicated a cosmic ray exposure of 
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several million years. A more complete summary can be found in the 
text of Adler and Trombka (1) and in a preliminary report published in 
Science (2). 

PRELIMINARY ORGANIC CHEMISTRY 

The question of organic molecules in the lunar samples was a particularly 
significant one. Accordingly, a simple survey method, as well as a more 
elaborate one, was used to estimate the abundances in the lunar materials. 
For the screening, a pyrolysis-flame-ionization detector that was capable 
of supplying an estimate of the total organic matter in the samples, regard
less of the type and origin, was used. The second method involved a 
computer-coupled, high-sensitivity mass spectrometer capable of giving 
detailed mass spectometric data on the volatile or pyrolyzable organic 
matter. Based on the mass spectral data, combined with the vaporization 
characteristics, an assessment of the relative contributions of terrestrial 
contaminants, as opposed to indigenous lunar organic, was made. The 
published values obtained from the preliminary investigation gave the 
organic content as less than 10 ppm. 

CONCLUSIONS 

The major findings based on the preliminary examination are listed below. 
These are shown here: 

1. The mineralogy and texture of the rocks divides them into two 
genetic groups: fine- and medium-grained crystalline rocks of igneous 
origin and breccias. 

2. The crystalline rocks differ from terrestrial rocks and meteorites. 
3. The appearance of the rocks suggests a strong erosional process, 

but different from terrestrial processes. 
4. The chemistry suggests that the crystalline rocks were formed 

under highly reducing conditions (low partial pressure of oxygen, water, 
and sulfur). 

5. The absence of secondary hydrated minerals suggests the absence 
of surface water at the landing site during any part of the rocks' exposure. 

6. There is evidence of shock or impact. 
7. The rocks show glass-lined surface pits, due to impact by small 

particles. 
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The fines and the breccias contain large amounts of noble gases, 
the isotopic and elemental data indicate the solar wind as a source. 

a n t
 g j<VAr dates give crystallization ages of between 3 and 4 aeons. 
in Indigenous organic matter is very low (less than about I ppm). 
I The chemical composition of the rocks and fines is similar. 

I? There is an enrichment of such refractory elements as Ti and Zr 
• ' depletion of the alkali and some volatile elements. 
13 Elements normally enriched in iron meteorites such as Ni, Cd, 

d the Pt group were either absent or in very low abundance. 
14 The ratio of K to U is unusually low compared to terrestrial 

rocks. 
15 High :hAl abundances indicate a long exposure to cosmic-rays. 
16. There is no evidence of biological matter. 

The more complete picture that has emerged from the detailed studies 
will be described in the following chapters. 
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CHAPTER 

4 

LUNAR SAMPLES: DETAILED ANALYSIS 

INTRODUCTION 

A major point to keep in mind in the discussion of the detailed studies of 
the lunar samples is the feedback between the meteorite program and the 
lunar sample program. Initially, many of the analytical techniques were 
either borrowed or taken directly from the analysis of meteorites. In turn, 
the lunar sample studies have produced evolutionary developments in 
analytical techniques which are presently being applied to the analysis of 
meteorites. With regard to the lunar samples, it is fair to say that every 
variety of technique was applied in an effort to extract the maximum 
information from these invaluable samples. Furthermore, these studies 
continue as still more advanced methods become available. 

At present, such an enormous amount of data has emerged that it is 
sometimes difficult to develop a perspective. In an effort to do so, I shall 
go back to one of the early and important preliminary studies, the NASA 
1965 Summer Conference on Lunar Exploration and Science (NASA SP-
88). The geochemistry working group proposed a number of objectives for 
the manned landings and sample collection and detailed their scientific 
significance. This group recognized that the single most important objec
tive of the Apollo missions was the return of lunar samples. Although the 
scientific yields from the observation of the astronauts on early Apollo 
missions were of great importance, they would be less important than the 
yields from the investigations of scientists on the returned samples. The 
greatest limitations would be set by the amount of sample available for 
study after the completion of the mission. 

The objectives of the program of chemical, mineralogical, and isotopic 
studies were to acquire information on the nuclear processes in the early 
Solar System, the origin of planetary bodies, and the geological evolution 
of the Moon. The array of measurements on the lunar material called for 
would include the determination of the abundances of all the elements, 
their isotopes, and the nature of their coexistence in the various phases 
making up the lunar material. 

62 
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1. 

tailed list of some of the fundamental questions about the Solar 
inA the Moon posed by the working group are given below: System anu i'»-

The conditions under which the Moon and other planets formed in 
, Solar System could be inferred from the geochemistry of certain 
of elements. In particular, the abundance of relatively volatile 

g|" nts such as Hg, Tl, Zn, Cd, Bi, and Pb might provide an important 
to the temperatures during the Moon's accretion. The fractionation 

Cf Rb and Sr in the early Solar System could also be related to its high 
lemperature fractionation processes. 

2 The abundance of such elements as Li, Be, and B are sensitive to 
nuclear processes in the early Solar System. It was similarly important to 
determine whether or not the H/D and the 40K/4IK ratios are the same in 
all parts of the Solar System. 

3 The abundance of l29Xe in the lunar materials might indicate 
whether or not the Moon formed before or after the carbonaceous chon
drites. 

4. The distribution of Rb, Sr, U, Th, and Pb combined with isotopic 
data on Sr and Pb would provide information on the nature and sequence 
of events on the Moon's surface. 

5. The concentration of U, Th, and K would provide information for 
modeling the Moon's thermal regime. 

6. Rare-earth distribution patterns might help to clarify the differenti
ation histories of the lunar materials as compared to terrestrial and mete
orite samples. 

7. The analysis of the isotopic compositions of the rare gases such as 
Ne, Ar, Kr, and Xe and the radioactive and stable nuclides such as ,0Be, 

Cl, 59Ni, and 50V should provide useful data toward the understanding of 
solar wind history and nuclear bombardment. 

This is a partial list against which the analytical results are to be com
pared. It does provide a base line for evaluating the accomplishments of 
tne exploration program. 

MAJOR, MINOR, AND TRACE ELEMENTS 
Th 
n u , y s i s °f the lunar samples involved, for the most part, a large 
einiss' F c o n v e n t ional techniques such as classical wet methods, optical 
l'°n sn s p e c t r o s c o Py, X-ray fluorescence spectrometry, atomic absorp-
source C t romet ry> neutron activation methods, mass spectrometry, spark 

- mass spectroscopy, and the electron probe. There was from the 
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very outset a strong emphasis on the use of either nondestructive methods 
or methods requiring minimal samples. The objective was to preserve as 
much of these precious samples as possible to make them available either 
for other types of studies or for confirmatory analysis. For the most part 
these methods have been described in numerous publications. 

One of the more commonly used techniques was X-ray fluorescence 
spectrometry. Compston and co-workers (1) used the methods developed 
by Norrish and Chappell (2), where the matrix effects were corrected for 
either by direct measurement or the calculations of the absorption coeffi
cients. They used powdered samples directly, contrary to their usual 
practice of pelletizing so that the samples could be recovered intact. To 
deal with the problem of preparing the sample as a fine powder, pains 
were taken to minimize contamination. Thus the samples were carefully 
ground in agate, so that the only possible adventitious element added 
would be silicon, one of the ubiquitous and major components. 

Another approach was taken by the team at the U.S. Geological Sur
vey (3). In order to preserve samples, they worked with a sample of 60 mg 
and used the semimicro X-ray fluorescence equipment. They prepared 
their sample by fusing 60 mg of lunar material with 940 mg of lithium 
tetraborate. After the bead cooled, it was brought to 1200 mg with pow
dered cellulose and then ground to less than 350 mesh. 

Smales and associates (4) used the XRF method of Norrish and Hutton 
(5), which involves the use of a fusion mix consisting of lithium tetra
borate, lithium carbonate, and lathanum oxide, including 0.8% lithium 
nitrate. The XRF was only one of a large battery of analytical techniques 
employed by the Smales team. In addition to the X-ray emission method, 
they also used spark source mass spectroscopy (SSM) and emission spec-
trography (E). To obtain more accurate results for a smaller number of 
elements they used activation analysis (AA); instrumental neutron activa
tion analysis (INAA); radiochemical neutron analysis (RNAA); radio
chemical, high-energy gamma, activation analysis (RGAA); and mass 
spectrometric isotope dilution analysis (MSID). 

The use of independent methods made it possible to make comparisons 
among the methods. Their paper, for example, shows excellent agreement 
between XRF and INAA. The activation analysis proved to be particu
larly attractive in the lunar sample program because of the inherent ac
curacies and the nondestructive nature of the methods. A comprehensive 
review of the use of neutron activation analysis for geological materials 
can be found in a paper by J. C. Laul (6) published in 1979. 

In the general realm of small sample analysis and the ability to analyze 
samples nondestructively, the electron probe microanalyzer is ideal. It 
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ed to provide not only major and minor elemental data but also 
*aS ossible the accumulation of modal data. In fact, many of the sam-
1X1 mplied by the curatorial facility in Houston were in the form of 

S ted and polished specimens, which were moved from laboratory to 
^u atory for studies. Among the methods mentioned above, emission 

troscopy. activation analysis, and mass spectrometry were also used 
footrace element analysis. 

A complete account of the various methods cannot be given here in 
, . j | over 1000 pages of text were devoted to the analysis of the Apollo 
II samples alone. Reports have been published annually as proceedings 
c ( n e successive lunar conferences, as well as in various journals. 

Wherever ambiguities arose in the interpretation of the data, these did 
not come from weaknesses in the analytical results. They came, rather, 
from large problems in sampling and from the problems produced by the 
obvious mixing of materials from different sources. 

CHEMISTRY OF THE LUNAR REGOLITH 

The following picture of the lunar regolith is based on the description 
published by Papike, Simon, and Laul (7). It is defined as a thick layer of 
unconsolidated debris that forms the interface between the Moon and its 
space environment. It is formed from lithic sources by both destructive 
and constructive processes. The destructive process involves the continu
ing comminution of the rocks by ongoing bombardment of the lunar sur
face by infall from space. The constructive process is the formation of 
agglutinates consisting of comminuted rock, mineral, and glass fragments 
bonded together with glass, again as a consequence of impact. 

Papike and co-workers (7) point out that these processes can lead to a 
steady-state soil that can remain in dynamic equilibrium until the system 
ecomes disturbed either by burial or mixing with new soil. The mixing 

Process is considered to be fairly local in scale; the vertical dimension is 
ne order of meters and the horizontal dimension of the order of several 
meters. Lateral transport is generally accepted as being relatively 

e hcient, and thus most of the lunar soil is locally derived. The content 
c
 X o t l c components, which have been studied at some length (defined as 

lng from much greater distances), is under 1%. 
the n l n t e r e s t i n g observation is that the highland soils are distinct from 
Sarn , a r e s°ils, both chemically and petrologically. Furthermore, soils 
lj tn I s collected near mare-highland contacts are mixtures of both 
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S t i l l At this time the core samples, collected at a number of sites, are still 
not well understood. It has been difficult to establish how many deposi-
tional and erosional events occurred and over what time span. 

The average chemical compositions of the fine component regolith 
(less than 1 mm) are shown in Tables 4.1 and 4.2. These results were 
obtained by instrumental neutron activation. The errors cited based on 
counting statistics are ± 0.5-3% for Ti02, AUOi, FeO. MnO, Na20, and 
Cr203, and ± 5% for MgO, CaO, and K20. 

There are noticeable differences between the highlands as represented 
by the Apollo 16 samples 64501 and 67461 and the mare samples—for 
example, the Apollo 11 soils 10084. The mare sample is considerably 
richer in Ti than all the other samples except the Apollo 17 samples 70009. 
A second distinction is that the Apollo 16 sample from deep in the high
lands is relatively enriched in Al and Ca and has a low Mg and Fe content. 

When the chemistry and the petrological evidence is combined, it be
comes obvious that the fine soils reflect the nature of the underlying 
bedrock. As examples, the Apollo 11 soils with high Ti have a number of 
characteristics of the Apollo 11 basalts. Soil sample 12001 is similar to the 
Apollo 12 olivine and ilmenite basalts. Samples 64501 and 67461 are simi
lar to the anorthositic rocks characteristic of the highlands. There is an 

Table 4.1. Major Element Composition of Soils from the Apollo Landing Sites" 

Sample No. 

Si02 

Ti02 

A1203 

FeO 
MgO 
CaO 
Na20 
K20 
MnO 
Cr203 

2 

It 

10084 

41.3 
7.5 

13.7 
15.8 
8.0 

12.5 
0.41 
0.14 
0.21 
0.29 

99.8 

12 

12001 

46.0 
2.8 

12.5 
17.2 
10.4 
10.9 
0.48 
0.26 
0.22 
0.41 

101.0 

12033 

46.9 
2.3 

14.2 
15.4 
9.2 

11.1 
0.67 
0.41 
0.20 
0.39 

100.8 

Apollo Site 

14 

14163 

47.3 
1.6 

17.8 
10.5 
9.6 

11.4 
0.70 
0.55 
0.14 
0.20 

99.8 

15 

15221 

46.0 
1.1 

18.0 
11.3 
10.7 
12.3 
0.43 
0.16 
0.15 
0.33 

100.5 

15271 

46.0 
1.5 

16.4 
12.8 
10.8 
11.7 
0.49 
0.22 
0.16 
0.35 

100.4 

16 

64501 

45.3 
0.37 

27.7 
4.2 
4.9 

17.2 
0.44 
0.10 
0.06 
0.09 

100.3 

67461 

45.0 
0.29 

29.2 
4.2 
3.9 

17.6 
0.43 
0.06 
0.06 
0.08 

100.8 

17 

70<4 
40.4 

8.3 
li.I 
17.1 
10.7 
10.* 
A tf 
0$ 
0-23 
0.41 

|{XP] 

' Values given in wt.%. . git 
Sources: J. C. Laul and J. J. Papike. Proc. Illh Lunar Conf. (1980) (6a); J. C. Laul et al. Pr°c 
Lunar Conf. (1978) (6/>). 
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•,pte So-

Rb 
Ba 
Pb 
Sr 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Dy 
Ho 
Tm 
Yb 
Lu 
Eu/Eu 
Y 
Th 
U 
Zr 
Hf 
Nb 
V 
Sc 
Ni 
Co 
Cu 
Zn 
Li 
Ga 
Au, 
Ir, 

Ppb 
Ppb 

lla^ given 
purees; j . c 

11 

10084 

3.2 
170 
1.4 

160 
15.8 
43 
37 
11.4 
1.60 
2.9 
17 
4.1 
1.6 
10.0 
1.39 
0.37 
99 
2.1 
0.54 

320 
9.0 

118 
70 
60 
200 
28 
10 
23 
10 
5.1 
2.4 
6.9 

1 

12001 

23 
430 

140 
35.6 
85 
57 
17.3 
1.85 
3.7 
22 
5.0 
1.8 
13.0 
1.85 
0.30 
— 
5.40 
1.7 
— 
11.8 
—. 

110 
40 
310 
43 
7.2 
— 
18 
4.2 
2.6 
11 

12 

12033 

14 
600 
4.0 

160 
50 
133 
85 
22.8 
2.45 
4.9 
30 
7.2 
2.6 
17 
2.45 
0.30 

160 
8.50 
2.4 

760 
16.6 
44 
100 
36 
210 
34 
8 
14 
24 
3.1 

— 

Apollo Site 

14 

14163 

14.6 
800 
10 
170 
67 
170 
100 
29.1 
2.45 
5.9 
36 
8.6 
3.2 
21 
3.00 
0.22 

190 
13.3 
3.5 

850 
23 
46 
45 
22 
330 
33 
8 
34 
27 
8.3 
5.4 
14 

15221 

240 

120 
20.5 
54 
36 
9.7 
1.30 
2.0 
12 
2.9 
1.1 
6.9 
0.97 
0.38 
86 
3.0 
— 
— 
6.7 
— 
80 
21 
273 
41 
— 
— 

— 

— 

15 

15271 

5.7 
300 
2.8 

130 
25.8 
70 
45 
12 
1.50 
2.6 
— 
3.9 
1.4 
8.5 
1.20 
0.35 
— 
4.6 
1.2 

390 
8.6 
25 
80 
24 
220 
41 
9 
21 

4.4 
4 
9 

64501 

2.0 
130 

170 
10.8 
28 
19 
4.8 
1.05 
1.0 
6.0 
1.4 
0.55 
3.4 
0.49 
0.60 
— 
1.85 
0.4 
— 
3.3 
— 
20 
8.0 

380 
20 
— 
— 

—. 

14 
12 

16 

67461 

60 

170 
4.7 
12 
7.2 
2.0 
1.00 
0.45 
2.8 
— 
0.25 
1.6 
0.22 
1.38 
— 
0.83 
— 
— 
1.6 
— 
20 
7.8 
— 
9 
— 
— 

— 

— 

17 

70009 

120 

210 
7.9 
28 
23 
8.1 
1.76 
1.9 

11.4 
2.9 
— 
7.1 
1.1 
0.59 
— 
0.95 
0.23 
— 
6.6 
— 

100 
57 
— 
32 
— 
44 

6.3 
3 
— 

'n PPm except where noted 
Laul and J. j . P a p j k e , Proc 

|Q78) (66). 
11th Lunar Cimf. (1980) (6a): J. C. Laul et al, Proc. 9th 

67 
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example of an exotic component in the Apollo 12 sample 12033, where the 
pyroxene chemistry is similar to the Apollo 14 KREEP basalts. Parenthet
ically, we note that these two sites are geographically quite close. 

Attempts to explain the regolith as the result of melted or partially 
melted material from the lunar interior have been unsuccessful. It has 
been necessary to invoke a mixing process, but this is not simply done. In 
order to produce a consistent model, it is necessary to know the nature of 
the components (the end members). Other factors to be considered are 
the extent of lateral mixing and the addition of meteoritic components, 
both, however, thought to be small. 

From a practical point of view, one of the questions is how representa
tive was the astronauts' sampling of the surface in view of the sampling 
difficulties. Taylor (8) points out the remarkability of such a good match 
between the regolith and the whole rock components at the mare sites. 

In the following sections we will examine the chemistry in somewhat 
greater detail, and we will see how chemical analysis provides an insight 
into understanding the lunar surface. 

CHEMICAL COMPOSITION VERSUS GRAIN SIZE 

Papike and co-workers, (7) after an extensive survey, have reported that a 
major chemical discontinuity appears in the very fine soil fraction (less 
than 10 fj.m), which makes up some 10-15% of the bulk soil. This fraction 
appears to be enriched in a highland component, that is, it is more feld-
spathic than the coarse fraction of the soils. The relationship is shown in 
Figure 4.1 for A1203. We note that the Al203 is substantially higher in the 
fines than the bulk, except for the highland samples where the rocks are 
aluminum-rich to begin with. 

The presence of a highland component (about 20-30%) at the Apollo 11 
mare site is a question that begs explanation. It had been stated previ
ously that the lateral mixing is a small-scale effect. Further, the highlands 
nearest to the Apollo 11 site are some 50 km distant. To deal with this, an 
interesting suggestion has been made is that this component comes mainly 
from the excavation of bedrock having a highland composition, which 
underlies the mare basalts and which has been excavated by meteorite 
impact cratering. Such a process would require a thin basalt layer. Tay
lor (8) points out, based on published studies by Rhodes (9) and HorZ 
(10), that with the exception of Apollo 12, the lunar landings were near 
the edges of the basins where the basalt flows would be expected to be 
thin. 
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Figure 4.1. Size dependence of A120, in bulk, coarse (1000-90, 90-20, and 20-10 fan), and 
< 10 fine fractions of soils in the reference suite. Source: J. C. Laul et al. Proc. Lunar Plan. 
Sci. Conf. 9th (1978) (6b). 

METALLIC IRON 

wh' h ° f •h e r e g o l ' t n n a s disclosed the presence of components, some of 
r>J-C a r e '"digenous and others that have been described as "exotic." 

Pecially interesting element is iron, some of which has been found One 
•nthe •una m e t a m c s t a t e- The presence of metallic iron has a relationship to the 

, . "^gnetic properties (8). Lunar scientists generally agree on three 
Possibl e sources: 

1 ( "pi 

reduction of ferrous iron in the silicate and oxide due to expo-
Ure- Y'n and associates (11) have proposed that solar wind reduc-
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tion is, at least in part, responsible. Others have suggested mecha
nisms such as hydrogen implantation by the solar wind, causing 
reduction. 
Metal particles from micrometeorites. 
Metal particles from the source rocks for the soils. 

VOLATILE ELEMENTS 

There is a substantial amount of evidence that the volatile elements (8) are 
mobile on the lunar surface. There are some excellent SEM images show
ing vapor-phase crystals in the cavities and vugs in the brecciated rocks. 
Here again, there are a number of possible sources such as transport due 
to fire fountaining during the Moon's early active stage, solar wind sput
tering, and the redistribution of volatiles as a result of meteorite impact. 

The volatile elements like Zn, Cd, In, and Ga increase by factors of 10-
20 in the very fine-grained material (less than 5 fxm) relative to the coarse 
grains. This positive correlation to increasing surface area is evidence for 

m r 

i i i i i _L 
600 800 

-L _1_ 
1400 1000 1200 ^ ^ ^ 

TEMPERATURE, °C 
Figure 4.2. Thermal release profiles of Pb in the rock sample 66095. Most of the Pb in both 
fractions is released below I000°C, before the surface melts, and is therefore surface re
source: R. S. Taylor (8). 
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Figure 4.3. Thermal release profiles of Cd in anorthite grains and agglutinates in the fines 
sample 65701. The Cd in the anorthite fraction is on almost all grain surfaces. A_ fair amount 
of interior Cd as well as surface Cd is present in the agglutinates. Source: R. & . Taylor (8). 

the selected movement of the volatile elements during regolith evolution. 
An additional piece of evidence is the concentration of trace slderophile 
elements in the evolving agglutinates that appear to concentrate the si-
derophiles due to meteorite bombardment. 

Of course, the Moon's environment is somewhat unique. Taylor points 
°ut that Hg probably volatilizes during the lunar day when the tempera-
Ures c l i rnb to 130°C and then condenses out at night when the tempera-
" r e d r °Ps to -170°C. A number of the volatile elements are en_riched on 

, e surface of regolith grains. These elements are Au, Bi, Cd, G<*, Ge, Hg, 
dete>-m: ~-\ *f' a n d ^n- F '8 u r e 4.2 shows the method by which i t has been J^- .Sb . Te, and _ . , , 
tner fne" t n a t the volatiles are on the surface. The curves s hown are 
bef0r *"e,ease profiles for two different fractions. The Pb is- released 
Simiia

 samPle melts, showing that the Pb resides on the= surface. 
trastins ^ a v e been done on a number of volatile elements. A con-
a n Apoii X a m p ' e , s shown in Figure 4.3. This is a study of Cd r elease on 

16 sample 65701. The Cd in the anorthite grain is e ssentially 
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surficial. The agglutinate, on the other hand, shows not only surface Cd 
but a substantial amount of interior Cd as well. 

THE METEORITIC COMPONENT 

Morgan and co-workers (12) have written that it was evident even before 
the first lunar landing that three types of meteoritic material would be 
found on the Moon: micrometeorites and small meteorites on the regolith 
debris from postmare craters in the ejecta, and ray material and debris 
from the intense bombardment that occurred early in the Moon's history. 
While estimates of the amounts of meteoritic material had been made 
based on crater-scaling laws and the observed fluxes of interplanetary 
matter, there was no satisfactory procedure for determining the composi
tion, in view of the absence of samples in hand. 

The return of lunar samples changes the picture drastically. Suddenly it 
became possible to study the lunar samples using the most modern of 
laboratory techniques. 

The chemical investigation of the meteorite component was based on 
two geochemical factors. The first of these was the marked depletion of 
such siderophile elements as Ni, Ir, Au, and Re in the lunar rocks, a 
depletion expected on the surface of a differentiated planet. The second 
factor was the extreme depletion of the Moon in a number of volatile and 
chalcophile elements such as Ag, Bi, Br, Cd, Ge, Pb, Sb, Se, Te, Tl and 
Zn. Thus investigators such as Morgan (12), and others were able to use 
these elements, which are relatively abundant in CI meteorites, as indica
tors of a meteoritic component. 

Because many of these elements had very low abundances (10~9 to 
10"l2 g/g), radiochemical neutron activation analysis was the selected 
method. The results are shown in Figure 4.4. These represent mature soils 
with very long exposure ages. Significantly, the soils from all sites gave 
the same results. The comparison shown in the figure is relative to the 
crystalline rocks. The net meteoritic component is the result of subtract
ing the indigenous lunar contribution, which was estimated from the crys
talline rocks. The abundance pattern is observed to be relatively flat with 
the siderophiles and the volatile elements nearly equally abundant. While 
some variability among the volatile elements was observed, this has been 
attributed to their mobility in the soils as discussed in the preceding 
section. 

The meteorite component has been found to have a primitive CI chon-
dritelike composition and to make up about 1-1.5% of the mature soils-
To Morgan and co-workers it represents cometary debris. 
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Figure 4.4. All mare soils are enriched in "meteoritic" elements relative to crystalline 
rocks. The net meteoritic component is obtained by subtracting the indigenous lunar contri
bution estimated from crystalline rocks. The meteoritic component has a primitive CI com
position. Source: E. Anders (30). 

KREEP 

KREEP is an acronym for the unusual material first discovered during the 
Apollo 12 mission: a high potassium (K), high rare earth (REE), and high-
phosphorus material (P). As Taylor (8) has stated, it "has beguiled the 
lunar community since the first discovery during the Appollo 12 mission 
of a layer in the regolith of light gray fines and the rock 12013, picked up 
y Pete Conrad on an unscheduled traverse." 

ts discovery was a great surprise from a geochemical point of view 
-cause of the extreme concentrations of elements typical of the residual 

t'ho^h p r o d u c e d by fractional crystallization. This was on a Moon 
su

 g by some to be a primitive unfractionated body. As an additional 
lu

 s e; KREEP is now known to be a widespread component of the 
small - ^ e ^act ' ^ '* ' s s 0 widespread makes it unlikely that it is a 
'ntru ° r t n v i a l v o 'ume of residual melt from the crystallization of a local 

1 he Dr-r? 
**EE d' a r C V e r y ' m P o r t a n t geochemical elements. The pattern of the 
F'gure ? t

<.nbut ion ' °ased on the data shown in Table 4.2, is shown in 
drites T. ' T h e va 'ues are normalized with respect to the REE in chon-

e different curves are for the soils from the various Apollo sites. 
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Figure 4.5. Chondrite normalized REE patterns in soils from the Apollo 11, 12, 14, 15, 16, 
and 17 landing sites. There is a considerable diversity in the patterns. Source: R. s. 
Taylor (8). 

There is a considerable variation, the meaning of which will be discussed 
below in the section on the REE. 

HYDROGEN, CARBON, NITROGEN, AND SULFUR 

The presence of these elements in the lunar soil have been discussed by 
Taylor (8). Hydrogen is interesting for a number of reasons but, in this 
instance, particularly because it clearly shows the effects of the interac
tion between the lunar surface and the solar and galactic radiation. For 
example, the hydrogen in the lunar soil is essentially free of deuterium. 
Because deuterium is destroyed in nuclear reactions in the Sun, this 
points very strongly to a solar origin for the hydrogen. 

The initial great interest in carbon is easily understood because of the 
general question of the origin of organic matter and chemical evolution. 
The hunt for carbon and organic matter has been a disappointing one, 
however, The overall carbon content of the lunar rocks was about 30 
ppm. The soils were relatively richer, containing about 115 ppm. Of this 
amount, approximately 5-10 ppm was accounted for by meteoritic or 
cometary sources, and the remainder by solar wind implantation. 

The nitrogen in the regolith. like the carbon, proved to be mainly 
extralunar. The average concentration in the igneous rocks was less than 
1 ppm. The concentration in the soil was higher, ranging from 50 to 10 
ppm. The low concentration of the nitrogen in the lunar rocks is in accor 
with the overall depletion of the volatile elements. 

Sulfur, by contrast, is relatively abundant in lunar rocks (about 10 
ppm), particularly where it is present as the mineral troilite (FeS). ^ 
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p o n e n t has been identified in the soil, which shows about 
eXtraluna

 n(jatlCe level of the sulfur. Isotopic fractionation of sulfur in 
the same ^ a s k e e n found, producing a relative enrichmenat in the 
the luna l _ j n e proposed mechanism is sputtering by microsmeteor-
heavier >sotope"' 
i t e bombardment. 

RARE GASES 

f the surprises reported by the Apollo 11 Preliminary Examination 
T m was the large concentration of the rare gases in the lunar fines. The 

Cmbers were of the order of 0.1 to 1.0 cm3 STP/g. This was an unusually 
I ree value. Table 4.3 provides a detailed comparison of the isotopic 
composition of the rare gases trapped on the lunar regolith aga_inst the 
solar wind and the terrestrial atmosphere. The similarity between Mhe bulk 
lunar fines and the solar wind is rather striking. Investigations of the 
nature and location of the trapping of such large volumes of gas ha ve been 
published by Phakey (13). The gas was found to occur as bubbles.. 50-100 
A in diameter in the soil grains under very high pressures (abo-ut 5000 
atm). The gas content increased as the particle size was reduced. The 
noble gas was apparently being driven into the grains by the solamr wind. 
Estimates of solar wind penetration were reported as about 1000 A . More 
energetic solar wind ions penetrated to millimeter depths. 

Based on the above observations, there is no evidence that the rare 
gases are remains of a primitive atmosphere. The large quantities of rare 
gas found are thought to be of a secondary origin, coming from a variety 
of sources such as the solar wind, cosmic-ray interactions, fission prod
ucts, and radioactive decay. 

A comparison of the highland soils with the mare soils shows true latter 
to be richer in He and Ne. A likely explanation (8) is that the iron and 

A Isotopic Composition of Trapped Rare Gases in the Lunar Wegolith 
J ^ P j ^ c d j i v i t h Solar Wind and Terrestrial Atmospheric Values 

4He/'He 4He/-°Ne -*'Ne/"Ne --'Ne/ : ,Ne 2flCNe/-,6Ar 

Solar wind 6 " 6 " 2 m ~ 2 m 96 ± 18 12.4-12.8 31 * 1.2 
Terrestrial 2 3 5 ° ± 1 2° 5 7 ° * 7 0 '3-7 ± 0.03 3 0 + 4 2 8 ± 9 -strial 

- ^ P ^ e 7 x ,05 
S°urces: D. D 

0.3 9.8 ± 0.08 34.5 ± 1.0 0.5 

f?~3iS, i97,. D ° g a r d and L. E. Nyquist, Proc. tun. Conf. 2nd. 1972. J. Geiss et a_l. NASA 
Co"f. 3rd, 1972' H e y m a n - Pins- Chem. Earth, 10; 49(1977); P. Eberhardt et al. Pr~oc. Urn. 
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titanium minerals found in the maria are more effective traps. Furthe 
more, the He and Ne are generally depleted, relative to the heavier gas 

such as Ar, Kr, and Xe, compared to the solar abundances. This is aga" 
consistent with the general depletion of the volatile elements. 

Among the rare gases one finds an interesting anomaly in the 40Ar in th 
lunar soils. Heymann and Yaniv (14) have observed that there is an ex 
cess of 40Ar in the lunar soils when compared to predicted values by solar 
wind trapping and ^K decay. Several mechanisms have been proposed tc 
account for this phenomenon. Heymann and Yaniv have suggested that 
^Ar produced by 40K decay, escapes from the lunar surface, is ionized bv 
solar radiation, and then is driven back into the lunar surface by the 
magnetic fields associated with the solar wind. Those ions with impact 
energies greater than 1 KeV are then trapped in the fines. Those with 
lower energies are neutralized but not trapped and then are recycled. An 
alternative explanation is that 40K volatilized during impacts has coated 
grain surfaces and thus produced the excess '"'Ar. Finally, it has been 
suggested that the Ar was implanted 3-4 aeons ago, and thus calculations 
based on present day fluxes of solar wind are not applicable. It is the 
feeling of the lunar community that the earlier suggestions are the most 
acceptable. 

RADIONUCLIDES 

The airlessness of the Moon makes it an interesting place for the finding of 
radionuclides, produced by interactions of solar flare particles and cosmic 
rays with the surface. Some of these nuclides, such as 52Mn, have rela
tively short half-lives and, consequently, are of limited geochemical 
value. Other species, such as 53Mn, have much longer half-lives (3.7 m.y.) 
and are thus more valuable for geochemical studies. 

Because of limited penetration, the solar-flare protons account for 
most of the production at the surface. Below 1 cm. the predominant 
species are produced by the secondary galactic cosmic ray particles. W* 
vestigations on some of the larger rocks by Reedy and Arnold (15) were 
successful in separating the contributions of the solar radiation from tM 
galactic cosmic rays as a function of depth. Furthermore, although n 
plutonium was observed directly, Crozaz and co-workers (16) were ao 
to demonstrate from fission track studies in the uranium-rich minerals tfl 
it was there in the past. A list of the radionuclides found in the lufl 
samples and also in meteorites is given in Table 4.4. 

In addition to the above, there were also isotopic anomalies found 
elements with high capture cross sections for the low-energy neutro 
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Table 4.4. Radionuclides Commonly Detected in 
Lunar Samples and Meteorites 

Radionuclide" 

3H 
'°Be 
|4C 
"Na 
26A1 

*C1 
'7Ar 
?9Ar 

^Sc 
48y 
53Mn 
54Mn 
55Fe 
»Co 
"Ni 
o°Co 
8lKr 

Half-life (y) 

12.33 
1.6 x 106 

5730 
2.60 

7.3 x 105 

3.0 x 105 

0.095 
269 
0.23 

0.044 
3.7 x 106 

0.86 
2.7 

0.215 
8 x 104 

5.27 
2.1 x 105 

Targets 

0 , Mg, Si 
O, Mg, Si 
O, Mg, Si 
Mg, Al, Si 

Al, Si 
Ca, Fe 
Ca, Fe 

K, Ca, Fe 
Ti, Fe 
Ti, Fe 

Fe 
Fe 
Fe 
Fe 

Fe, Ni 
Co, Ni 

Sr, Y, Zr 

• l0Be, *C1, 39Ar, *Sc, and wCo are produced mainly by 
high-energy galactic cosmic rays: 56Co principally by solar 
cosmic radiation, the remainder are produced by both 
type of cosmic rays. 
Sources: Reedy, R. C. Ancient Sun, 1980. p. 370. Lai. D. 
Space Sci. Rev., 14, 25 (1972). 

produced by cosmic-ray bombardment. Examples of these are l58Gd from 
Gd, '56Gd from '*Gd, and l50Sm from l49Sm. 

RARE EARTH ELEMENTS (REE) 

The R p p 
Fin, a s w e n a v e s e e n i n the discussion of the meteorites and in 
chem- • a " e s P e c i a l , v interesting group of elements. Although their 
certai'Stry '" n e a r l y c o n s t a n t - they nevertheless will fractionate under 
cesses" 8 e 0 ' ° 8 i c a l 

circumstances and are good indicators of such pro-
Th 

tlie R g | e ° C h e m i c a l f actor, which is largely involved in the behavior of 
f for i i f l h e r e g u l a r decrease in ionic radii from 1.14 A for La3+ to 0.85 
^ and n . V+^hc t w P c o m m o n cations that are close in size are Na+ (0.97 

a~+ (1-02 A). While substitution between the trivalent REE and 
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Na does not occur, it does occur for Ca in many minerals. Howevp 
because of the valency difference, the REE tend to concentrate in resin' 
ual phases during crystallization. In the lunar rocks the REE occur in th" 
interstitial material. 

The REE patterns compared to chondritic meteorites is shown in Fjfi 

ure 4.5. One of the unusual features is the Eu depletion. In general, there 
is a diminishing Eu depletion with decreasing REE abundance, although 
the effect is not a systematic one. A second feature seen is that the 
patterns are roughly parallel to each other, although they vary in detail. A 
marked difference occurs at the large REE end, and the major variation is 
among the high Ti basalts of the Apollo 11 site, a pattern that is interest
ingly similar to the low K oceanic tholeiitic basalts. In general, terrestrial 
basalts show patterns or marked enrichment of the larger REE. The inter
pretation from these observations is that the lunar patterns demonstrate 
only a limited amount of fractional crystallization during cooling. 

THE EUROPIUM ANOMALY 

The following is a quotation from Taylor's Lunar Science: A Post Apollo 
View (17): 

Although many geochemical and geophysical problems have been posed by the 
study of lunar rocks, the europium anomaly exhibited by nearly all the lunar REE 
patterns has probably produced most controversy, conflicting explanations and 
interpretations of the geochemical, mineralogical and experimental penological 
results. 

The first observation of the unique behavior of Eu came from the analysis 
of the Apollo 11 rocks. The strong depletion of the Eu relative to the Sm 
and Gd is shown in Figure 4.5. 

Among the REE, Eu is distinct because under reducing conditions the 
divalent state is stable. The ionic radius of the Eu2+ is 1.25 A, some 28% 
larger than the 0.98 A characteristic of the Eu3+. The size and valence of 
the Eu2+ alters its geochemical behavior almost completely. The divalent 
Eu can enter larger lattice sites. In fact, divalent Eu is quite similar in size 
and charge to Sr2+ (r = 1.18 A). Thus Eu and Sr show a close geochemical 
association (coherence) and readily enter Ca, Na, and K sites in tn • 
feldspar lattice. 

This is a phenomenon of some significance because Sr is such an H» 
portant geochemical tracer. The coherence between Eu and Sr is c 'eaI/* 
seen in the lunar rocks by similar enrichments or depletions relative to tn« 
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The coherence between Sr and Eu depends on the abundance 
chondriteS' tQ Eu3+ jhis has been demonstrated to be a function of 
of EU"nerature and the oxygen fugacity (18). 
the temPe

 e s t a b | j s n e d that the Eu2+ will preferentially enter into the 
11 'S ^characteristic of the highlands), while the Eu3+ will remain with 

feldspafS l
 R ^ Xhis is clearly shown in Figure 4.5. The highland 

the t r i v a ,4^0 j an tj 67461 do not show the negative Eu anomalies found in 
samples s a |es_ when the anomalously low Eu was found in the early 
the man ^ ^ immediately suspected, based on terrestrial experience, 
m 'SS'hn highland regions would be feldspathic. It can also be added that 
* ~ t 70% of the Eu in the lunar samples was divalent. 

Numerous models have been proposed to explain the depletion of Eu 
• the maria basalts. Of all these, the greatest credence is given to the 
'" t h a t the Eu was concentrated in the highlands and depleted in the 
maria basalts source regions by early melting and differentiation. The 
model described by Taylor (17) involves a two-stage process. There was 
an initial melting at 4.6 by, which formed the highland crust. Europium 
(and Sr) was incorporated mainly in the plagioclase lattice sites. A com
plementary iron-rich cumulate underneath the early crust formed the 
source for the maria basalts. 

LUNAR CRUST 

Before discussing the chemistry of the highlands and the implications of 
highland chemistry for an understanding of the origin of the lunar crust, 
let us see what the highlands are like physically. The surface is covered by 
a large number of craters, some quite large, so densely distributed that 
they overlie each other to form a continuously cratered surface. The 
indications are of a period of intense bombardment by large bodies so that 
arge craters formed, and in the process either eliminating or subduing 

r l e r o r | es . Visually, all stages and degrees of crater degradation can be 

how b C e n e s t a b l i s n e d that the highlands are older than the maria; 
are a h ^ difference in age is relatively small. Since the oldest maria 
aPpe °.y. a nd the Moon's overall age is 4.6 b.y., the highlands 
exan/ ° h a v e b e e n exposed to bombardment for some 700 m.y. Further 
b«fore th ° f t h e h i 8 h l a n d s a n d t h e 

maria tells us that the bombardment 
II 's obv'C m a r ' a f o r m e d m u s t have been substantially greater than after. 
^een obl'tUS * a " ° r n e a r ' v a " °f the original highland morphology has 

Wh ! a t e d-
ls now known about the highlands comes from the highland site 
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visited, from a Surveyor landing, and from orbital data, all of which w'n 
be discussed subsequently. The nature of the highland samples fro 

which attempts have been made to reconstruct the early history hav 

been described by Taylor (8) in the following terms: "The complexity 
the highland samples constitutes a severe test for the scientific method of 
inductive reasoning." A detailed look at the various components makin 
up the highlands can be found in many sources and is particularly weji 
summarized by Taylor (8). The operating assumption in studying the 
chemistry of these components is that the major element chemistry has 
not been affected by the bombardment, whose dominant effect is melting 
and mixing. 

HIGHLAND CRUST; CHEMICAL COMPOSITION 

The existence of the highlands dates back to the early observations of 
Galileo (18). When observers began to speculate about the chemical com
position of the highlands, it was logical to base these speculations on what 
was known about the terrestrial continents in terms of the density and 
composition. As Taylor has written, the nature of the large craters was a 
key to a proper understanding of the highlands—were they, for example, 
volcanic in origin? The choice of the Apollo 16 landing site was, in large 
measure, an attempt to resolve the volcanism question. In any event, if 
the terrestrial analogue was emphasized, then the highlands would be 
expected to be granitic in composition (19). 

One of the earliest in-situ analyses of a highland surface was done by 
means of a remote analysis experiment—the Alpha Backscatter Experi
ment—on the Surveyor VII that landed on the rim of Tycho. The compo
sition was reported (20) to be like terrestrial high-AI basalts, quite differ
ent from granitic rocks. 

Some idea about the mineralogical character of the highlands arose 
from the discovery of anorthositic (feldspathic) fragments in the Apollo Hi 
soils. This, Taylor (8) states, suggested that the highlands represented a 
"sink" for the depleted Eu discussed above. 

A second highly significant find was light gray fines (12033) and a rocs 
sample (12013) at the Apollo 12 site. Both of these samples were highly 
enriched in large-ion lithophile elements. This was evidence of extrefl 
fractionation, and it was strongly enforced by Apollo samples returns 
from Fra Mauro. 

The presence of large areas of K-rich material containing K, REE, 
U, and Th (KREEPUTH) on the lunar surface was subsequently demc 
strated by an orbital gamma-ray experiment. All of the above obsef 
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zed into new notions or models of the or ig in of the 
tjons vvei ^ example, since the Fra Mauro site was on tz he ejecta 
highlandI c ^ \&rge and nearby Imbrium basin, the possible s ource for 
blankettr0 , e r j a | w a s either local or from within the Imbriurrm basin. 
the above ^ ^ e chemical composition of the crust witrm its high 

^XP bundance of refractory elements led to the development of con-
relative ^ involving heterogenous accretion versus homogezneous ac-
flicting ni h e t e r o g e n e o L l s accretion called for the late addition «f a layer 
c r e t ,?n ' fractorv elements. Ultimately, the homogeneous mode=3, involv-

h° ogenization after accretion, became the most popular. T~he major 
'"? for tnis was the determination that the ratios of volatile tto refrac-
CV1 lements were similar in mare basalts—from the deep intern or and in 
^highland crust. Here again, Taylor points out that this linkLzng of the 
h^hland chemistry and the source regions of the mare basalts pzrovided a 
ood explanation for the Eu anomalies and many other geochema cal ques

tions. 
As in the case of the regolith, there was the nagging problem of sam

pling—how representative of the crust were the surface samples., and how 
could they be related to the chemical results of the orbital experiments 
(see the section on Orbital Science). These questions will be examined in 
greater detail below. 

ELEMENTAL CORRELATIONS 

The significance of element correlations, particularly among trn e refrac
tory trace elements, has been described by Wanke (21) and Ta ^ylor (22). 
These elemental correlations for many of the distinctive elemenzits in the 
highland samples are important to the geochemist interested in time forma
tion mechanism of the lunar crust. 

'he major factor that determines the correlations is similarit y of geo-
C £m i c a ' behavior, which in turn is a function of the similarity/" in ionic 
a ius and valency or bond type. Some of the element pairs thaa_t show a 

o fEm ' C o h e r e n c e a r e K / R b ' Th/U, Zr/Hf, the REE (with the e xception 
made "' Rb/Cs, and Fe/Mn. A second group showing cohi-erence is 
This laf ° f i n c o m P a t i b l e elements such as K/U, Zr/Nb, K/Zn, armd K/La. 
second ^ g r ° u p t e n d s t 0 concentrate in residual melts. In addi «ion, this 

The ^ r ° U p s c°herence tends to be accidental to some degree . 
a n 'ndicat°ng p o s ' t ' v e correlation among the elements has been taken as 
between t.

 n l n e uniformity of the crustal processes, and the c-oherence 
a n d K/La i V ,° l a t i l e a n d refractory elements such as K/U, Ba/R_b, K/Zr, 

ne mare and highland regions shows that both regio-ns were, 
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Figure 4.6. Shown is the close correlation between many involatile elements in the hig 
land samples. The abundances are plotted against total REE abundances. The elements 
chosen here are selected to emphasize correlations between elements of dissimilar chemis
try. Source: R. S. Taylor (8). 

in the past, homogeneous with respect to the volatile and involatile ele
ments. The coherence described is considered very strong evidence fc>r 

either homogeneous accretion or homogenization after accretion. Figure 

4.6 clearly shows the close correlation observed for some involatile ele
ments. In this instance, the elements were chosen to emphasize the corre
lations between elements of dissimilar geochemical behavior. 

HIGHLAND CRUSTAL ABUNDANCES 

The question of representative sampling alluded to previously is O" , 
ously a serious problem. How then could the abundances of the 
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wished j n v j e w of the limited sites visited? One of the solu-
crust be es ^ ^ ^ a t ^ g j a s s S p n e r u i e s formed by impact -would be 
tjons prop0 ^ t j i e principa] components of the highland cr-ust. The 
representa ^ ^ t h e r e ^ ^ j ^ a g r o u p 0f g ] a s s composit ions, the 
jnvestiga c j a S ) which would be representative of the avera_ge crust, 
granulitic themselves very nicely to electron microprobe analy-
fhese glasses 
siS' 4 5 shows a highland crustal composition compared witrm the data 

d from the granulated breccia (78155). The agreement i s for the 
obtaine e x c e ] ) e n t ancj e v e n surprising, considering the assumptions and 
m°S-mjlation of the data required to produce the table (17). 
"^A" brief description of the assumptions used follows: Large-scale use 

made of observed interelement ratios. Since there was a relationship 
T tween the various ratios, measured ratios could be used to calculate 
thers Data for large regions of the highlands were obtained from orbital 

Table 4.5. Highland Crustal Composition, Compared with Data from Granulitic 
Breccia 78155 

Oxide 

SiO: 

TiO, 
AJ263 
FeO 
MgO 
CaO 
Na,0 

Cr,03 

Wt.% 

45 
0.56 

24.6 
6.6 
6.8 

15.8 
0.45 
0.075 
0.10 

J ' HubbarH a r n e r 

78155 

45.6 
0.3 

25.9 
5.8 
6.3 

15.2 
0.3 
0.08 
0.10 

etal./v 
• •"<-•• Lun. 

Element 

Cs 
Rb 
K 
Ba 
Sr 
l.a 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Th 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 

2REE 

PPm 

0.07 
1.7 

600 
66 

120 
5.3 

12 
1.6 
7.4 
2.0 
1.0 
2.3 
0.41 
2.6 
0.53 
1.51 
0.22 
1.4 
0.21 

39.3 

oc.Lun. Conf. 8th, 1977; 
Conf. 5th, 19 74. 

78155 

0.11 
2.1 

650 
59 

147 
4.0 

10.2 
1.5 
6.3 
1.81 
0.87 
2.3 
0.39 
2.6 
0.61 
1.69 
— 
1.73 
0.26 

34.3 

Element 

Eu/Eu 
Y 
U 
Th 
Th/U 
K/U 
Zr 
Hf 
Zr/Hf 
Nb 
Zr/Nb 
Ti 

Cr 
V 
Sc 
Ni 
Co 
Fe% 
Mg% 

H. Wankeetal. Proc. 

ppim 

1. 4 
13. 4 
0. 24 
0. 9 
3. 8 

2500 
63 

\M 
45 

4.r5 
14 

3350 

680 
24 
10 

100 
15 
5.13 
4.E 

Lun. Conf '. 7th 

78155 

1.3 

0.28 
1.0 
3.6 

2320 
54 

1.49 
36 
— 
— 

— 

680 
— 
13 
80 
14 
4.51 
3.8 

1976;N. 
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experiments (see the section on Orbital Science). Orbital X-ray fluore 
cence and gamma-ray data were used to obtain Al/Si, Mg/Si, and Tu 
values for large regions of the highlands (23, 24). The Al/Si and Mg/s-
average values were taken as 0.62(± 0.10) and 0,24(± 0.05), respectivelv 
The value of 45% for the Si02, 45% was considered relatively uniform i 
the highlands. 

Based on such values, the concentrations of the AI2O3 and MgO were 
calculated to be 24.6% and 8.6%, respectively. The value obtained for 

FeO was 6.6% on the basis of the MgO/FeO ratio in the highland soils and 
breccias. The Fe/Cr relationship was employed to determine the Cr203 as 
0.10%. Because of the meteoritic component, no estimates were made of 
the Ni and CO. The Na20 abundance was taken as typically 0.45%. On 
this basis the CaO, determined by difference, is 14.2%, a value consistent 
with the Ca/Al relationship. 

The thorium average for the highlands, in the range of 1-2 ppm, comes 
from the work of Metzger and associates (25). Assuming a ratio of 3.6, the 
U abundance has been determined as 0.4 ppm. In a similar way, using a 
K/U value of 1.5, the K value has been calculated to be 600 ppm. From 
the K/Rb = 350, Rb was calculated at 1.7 ppm and the Rb/23Cs, Cs has 
been determined as 0.07 ppm. Numerous other determinations have been 

10 M m 1 I M I I I I 1 I -

£1.0 
a 

Lunar highland 
crust 

Source regions 
mare basalts 

I I I I I I I I I I I 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

Figure 4.7. Rare earth element abundances in highland rock types. The average hig 
composition has a positive Eu anomaly. Source: R. S. Taylor (8). 
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. the relationships shown in Figure 4.6. The REE abundances 
111 ,i d rock types, shown in Figure 4.7, demonstrate a positive Eu 
in nig"1 ^ ^ j s j s m sharp contrast to the different Fra Mauro basalts. 
anoma y- ^ ^ consider the relationship between the highland surface 

I composition shown in Table 4.5 and the composition of the total 
CfUSl T I : , h a s hppn wpll s u m m a n V p H h v T a v l n r f&V T h e nilfts. 

he raises is how representative is this surface composition to that of 

C the estimates of crustal thickness? Does the crust vary laterally in 
. Ik highland crust down to depths of about 60-80 km. How reliable 

ui H crust This has been well summarized by Taylor (8). The ques-

tion 
the 

^mistry and in thickness? From what depths have materials been 
h ought to the surface by the large cratering events? How much mixing 

d homogenization has occurred. These are obviously difficult questions 
answer. However, the overall evidence is that the compositions deter

mined so far are representative of at least the upper 30 km of the crust. 

LUNAR BASALTS 

The lunar basalts (26) by their nature, more than any other lunar material, 
carry the key to an understanding of the source regions in the lunar 
interior for the lunar crust. Basalts, in general, can be considered as 
probes of planetary interiors. Further, the data on the major and trace 
element chemistry provide constraints on the processes producing the 
basalts. The problem, however, is recognized as being complex. 

Basalts are partial melts of planetary interiors, and their compositions 
are determined by many factors such as the preaccretionary history of the 
planetary materials, the planetary body's history, the nature of the partial 
melting and subsequent magmatic evolutionary processes, and the resid-
i mineralogy and phase chemistry of the source. Constraints can be 

P aced on the formation and evolution of a planetary surface by the chem-
' ' S ° t 0 p i c ' and experimental studies of the basalts. 

^ itnin the above as a background, let us examine the major element 
V a ^ p o s i t l o n s of the lunar basalts. To begin with, there is a considerable 
have y y l o r (8) writes of 12 distinct compositions, although others 
"ons i?Sed a n e v e n § r e a t e r subdivision. Basalts of different composi-
an exa*1" i f o u n d n o t o n ,y a t different sites, but even at a single site. As 
thatjnf e ' r e c e n t studies of the Apollo 11 low-K basalts have shown 
basalts ab l t h e r e a r e t h r e e d i s t i n c t low-K basalts. By contrast, the high-K 
sin8le fl0

 a S 6 d o n cr»emistry and isotopic data, seem to have come from a 

l 'nUe to b f ^ a s a ' t s ' l a v e D e e n recognized as a class, and samples con-
°und in the lunar sample collection. The newly found samples 
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tend to be small, so there is a question about sampling size; however th 
major element compositions all are characteristic of the high-Al basaltC 

The REE patterns of these basalts do resemble those of the high-Al b 
salts, but they show such differences in detail that they may come fr0 I 
separate source regions. As a reflection of the complexity of the problem 
the Luna 16 basalts from Mure Fecunditatis have high Al, moderate Ti' 
and high Mg/Fe. They have low abundances of Cr2Oj for lunar basalts and 
are not related to other basalt types. To quote Ma and co-workers (27) 
"No combination of fractionation of major mineral phases produces the 
observed compositional characteristics of Luna 16 basalts." 

Taylor (8) summarizes the above findings as follows: 

The variations among the major elements and the great variety of mare basalts 
argue for heterogeneous source regions within the lunar interior. Variations in 
degree of partial melting of a uniform or primitive unfractionated source region 
could produce the observed diversity. 

The behavior of the large cations is of interest because they nicely 
demonstrate the effect of geochemical constraints. It has already been 
indicated that the concentration of K is low in contrast to most terrestrial 
surface rocks. In fact, the concentration of the K is low enough to make it 
a minor or trace element. The closest resemblance to the lunar rocks in 
this regard is the low-K tholeiites or the chondritic meteorites. The K and 
other large cations are contained principally in the interstitial material in 
the lunar rocks (referred to as the mesostasis). They enter the lattice sites 
in the main rock-forming minerals only to a minor degree. 

Ba occurs in high concentrations in the mare basalts as a consequence 
of the high liquid/crystal distribution coefficients that cause it to enter 
partial melts. In addition, it does have a high intrinsic lunar abundance. 
Ba is refractory and K volatile, which is reflected in the high Ba/K ratio, 
compared with chondritic or terrestrial values. 

Strontium, another refractory element, is also enriched strongly (about 
15 times) in mare basalts relative to the chondrites. Because it readily 
substitutes for Ca, it is found mainly in the plagioclase feldspar. When Sr 
is compared to the Ba, it is less strongly enriched in the lavas than Ba. 
This follows from the difference in geochemical behavior. Because i 
readily substitutes for Ca, it enters the main mineral phases in the Moon 
interior. Thus it is less readily partitioned than Ba into the liquid phase- ] 
The Eu2+, because its radius is similar to the Sr+ , is also concentrated i 
the plagioclase feldspar. 

Na, in contrast to the heavier alkalis, K, Rb, and Cs occurs in relative y 
uniform abundance levels. Geochemically, because of its smaller size 
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more readily into the plagioclase—something the larger ions czan do 
ente 'with difficulty. However, in comparison to terrestrial basalt^s it is 

i ted by a factor of about 5. The overall consensus is that this d o ^ s not 
deP ,om volatile loss during extrusion but is, rather, an inherent f e ature 
COfl1 ting the overall content of volatile elements in the Moon. 
re r iherence in the basalts can be studied by examining the ra t io of 
ch/Ba respectively, a volatile and involatile element. The ratios a r e low 

l tive to the carbonaceous chondrites. The present evidence, bas e d on 
f topic studies, is that this depletion occurred before the Moon accrr-eted. 
The relationships are illustrated in Figure 4.8. Two characteristics show 
learly: (1) the lunar highland and mare basalts show similar volatile/ 

'nvolatile ratios, and (2) the ratio of involatile/to volatile (Ba/Rb) iss con
siderably higher on the Moon than in the chondrites. 

The implication, as previously stated in the discussion on the reg olith, 
is that this rules out a heterogeneous accretion of the highland crust :from 
a source enriched in the refractory elements relative to the lunar mat erial. 
If, in fact, heterogeneous accretion did occur, then homogenization must 
have occurred before the formation of the highland crust. 

r ,gUie 4 8 
She 

100 
Barium, ppm 

1000 

element n! • i l h o w n i s the correlation between the volatile element Rb and the refractory 
t,lemares- '" m a r e ^a s a ' t s- highland samples, and meteorites. Note that the highland! and 
" l e s e Port' S c o r U a m similar volatile/refractory element ratios. The possibilities ar-e: that 
!!l*ed foi|0 ' '^e k t° o n have accreted from homogeneous materials or were hoirnioge-

a>'or (8) m § acc re ' ion. The meteorites have distinctly different ratios. Source: J R . S. 
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LARGE HIGH-VALENCE CATIONS 

We now know that the Moon as a whole, relative to the Earth, is enriched 
in refractory elements. Analytical studies have shown that the large, high 
valency cations are enriched in the lunar basalts relative to the terrestrial 
basalts. Not only are these elements refractory, but they are also incom
patible, for reasons that will be made clear. For reasons of size and 
charge, during crystallization of the magma ocean, these elements were 
excluded from the major mineral phases such as the olivines, the pyrox
enes, and the plagioclase. Thus, increasing amounts were trapped in the 
interstitial liquids or the accessory minerals in the later stages of crystalli
zation. 

The concentration of the radioactive elements (K, U, Th) is of great 
significance because these elements could provide the energy for the par
tial melting leading to the formation of the mare basalts. There is, in fact 
a cumulate model of a mechanism for the concentration of these heat-
producing elements. Taylor (8) states that there are adequate amounts of 
K, U, and Th to provide enough energy for the secondary melting, involv
ing about 0.1% of the lunar volume. Based on such considerations, the 
source regions of the high-Ti basalts formed late in the magma ocean 
crystallization and, as a result, contained greater concentrations of the 
incompatible elements than the low Ti basalts. 

KREEP samples from the highland crust contain extreme concentra
tions of the large cation elements; a probable reason is the invasion of the 
highlands by the residual melts resulting from the crystallization of the 
magma ocean. 

Thorium and U are especially interesting. They are important for radio
metric dating and among the most significant sources of heat. It has been 
estimated that the abundance of these elements in the lunar rocks would 
produce sufficient heat to melt the entire Moon. However, in view of the 
Moon's shape and other geophysical parameters, which indicate that the 
Moon has probably been rigid for the past 3 b.y., the conclusion is drawn 
that the U and Th must have been concentrated near the surface. 

The K/U ratios for the mare basalts are quite low, about 2500. This is in 
marked contrast to many terrestrial rocks that have a nearly constant 
ratio of about 10,000, and the chondrites where the ratio is quite high, 
about 50,000-80,000. The K/U ratios distinguish the geochemistry °f 
the Moon from other Solar System bodies. In contrast, the Th/U ratios 
for the Moon, meteorites, and the Earth are quite similar (3.5-4.0). Tn 
exceptions, such as the Apollo 17 basalts and some highland feldspath' 
rocks, have slightly lower ratios of about 3. 



FERROMAGNESIAN ELEMENTS SSI 

/Nb is constant at about 13-15 in mare basalts as we LI a s the 
^hC H This strongly emphasizes that for many elements thMeme is a 

hjghlan s
t . o n s m p^ a fact that must be accounted for in any theory o»f~ lunar 

cloSC However, the high-Ti basalts, found by the Apollo 11 a n d 17 
° r 'g 'n show exceptions to the constancy of the interelemem-t ratios 
missions, ^ ^ ^ Zr/Nb, which are generally observed in the otba-e r lunar 
s a

 T h e variations show increased amounts of those e Jeanen t s 
S3IT1P ated with Ti4+ such as Zr4+. The Zr/K ratios increase w i t h the 
a S S°C tent. The evidence is consistent with the derivation o r tiigh-Ti 
T ' °lts from a source already enriched in Ti-Zr-Nb phase s . This 
Nervation is consistent with at least a two-stage origin for the= tnigh-Ti 
basalts (8). 

FERROMAGNESIAN ELEMENTS 

The ferromagnesian elements such as Ni, Cu, Ga, V, Cr, Sc, amd Ti 
present interesting problems to the lunar investigators. The ab'O-v-e ele
ments show extensive depletion and enrichment compared to eith-err -chon-
dritic meteorites or terrestrial basalts. Ni, Cu, Ga, and V are s t rongly 
depleted, while Cr, Sc, and Ti are enriched. The depletion in C u a n d Ni 
has been traced in part to special circumstances—the existence e r f strong 
reducing conditions during the partial melting and crystallizatio n of the 
lunar lavas. Under such conditions, the Cu and Ni could be exp ecf led to 
be sequestered by the metallic phases. Additionally, Ni and t t t e other 
siderophiles were quite probably depleted before accretion. '"The Ni 
problem is complicated, as we can see from the argument preseTnBed be
low (8). 

Ni is very strongly depleted in the aluminous mare basalts and t ln-e high-
fi basalts (1-2 ppm are common). The Fe/Ni ratios are extrenraes, with 
values of 15,000-20,000 in comparison to 100-500 in the terrestriaJ fc=asalts 
a n d 20 in the chondritic meteorites. The quartz normative b a s a l t s (28) 
r°m the source regions, which crystallize before those of the hLgh-Ti 

salts, contain 10-20 ppm Ni (very low by terrestrial standarcEs) . The 
tai 4° n o r m a t ' v e basalts (from even more primitive source regio n s D con-
of \j- p P m Ni. The soils, of course, have the highest concennte-citions 
luna ^ Ppm), but this reflects the meteoritic component. T h u s the 
trial S a m P ' e s show both lower Ni and higher Fe/Ni ratios than th ie terres-
" l ^ n t e r p a r t s . 

the 
in X ,Jla-'or 1Uestion is: does the above reflect an overall depleti-om of Ni 

- Moon? If the primitive basalts mentioned above come f r o m primi-



90 LUNAR SAMPLES: DETAILED ANALYSIS 

tive, unfractionated interiors, then the source regions are highly depleted 
in Ni compared to the accessible portions of the Earth's mantle. 

A second scenario has the mare basalts deriving from differentiated 
source regions (as proposed in the cumulate model (29). Then the Ni will 
already be depleted in Ni. The Ni enters the early crystallizing olivine and 
orthopyroxene lattice sites and thus becomes stored in the early cumulate 
phases in a crystallizing magma ocean. Taylor and Jakes (29) have devel
oped a model that predicts the existence of large volumes of olivine and 
orthopyroxene at depths below the source regions of the mare basalts. 
Thus in their view, whether the Ni content of the bulk Moon is inherently 
lower than that of the terrestrial mantle depends 'Lon the amount of Ni 
trapped in the deep and inaccessible olivine and orthopyroxene cumu
lates." 

The Cr story is also rather complex. Compared to the Ni, the Cr is 
strongly enriched in the mare basalts, relative to the terrestrial basalts by 
about an order of magnitude. In the section above, the low abundance of 
Ni was attributed to a combination of an inherently low lunar abundance 
and the removal of Ni2+ in the early crystallizing olivine in the magma 
ocean. 

Any attempt to explain the behavior of the Cr based on a terrestrial 
analogue would go as follows (8): Cr3+ would, like Ni, enter the early 
crystallizing phases and be retained in residual phases during partial melt
ing. The presence of Cr at levels of 2000-4000 in lunar basalts compared 
to terrestrial abundances of a few hundred ppm was considered remark
able. There is no known cosmological process known to enrich the bulk 
Moon in Cr relative to the other ferromagnesian elements. To resolve this 
paradox, the lunar investigators have invoked the highly reducing condi
tions in the Moon. A large portion of the Cr in the lunar interior is present 
as Cr2+ (31, 32). It is speculated that because of the large size of the Cr2+ 

ion, it concentrates in the melt relative to the olivine, so that during the 
crystallization of the magma ocean Cr will be selectively enriched in later 
pyroxenes. A consequence is the building up of large concentrations in 
the source regions of the mare basalts. During crystallization of the mare 
basalts, the Cr behaves mainly like the Cr3+, entering such phases as 
spinel and chromite. The unusual redox conditions on the Moon thus span 
the transition from divalent to trivalent Cr and provide a possible solution 
to the Cr paradox. 

Vanadium shows a similar distribution as the Cr, while Sc parallels the 
Ti content. Once again, the ferromagnesian elements, like some of the 
others discussed above, show a distribution that is consistent with a deri
vation of the mare basalts from source regions that have undergone prior 
crystallization of olivine, pyroxene, and plagioclase. 
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THE SIDEROPHILES 

The siderophiles (the elements that enter the metallic phases) have low 
abundances in the lunar basalts. Taylor (8) asserts that the basalt data is 
the key to our understanding of the siderophile elements in the Moon. The 
lavas come from deep source regions that have escaped the meteorite 
bombardment to which the surface has been exposed. 

Meteoritic bombardment has added a variable siderophile element 
component to the highland rocks, which makes them uncertain as a 
source for the establishment of the indigenous lunar abundances for the 
siderophiles. While the basalt rock samples do not have this problem, 
they are nevertheless derived from source regions that have a fractiona
tion history. Like a number of elements previously discussed, siderophile 
elements will also fractionate during the partial melting process and the 
formation of the metal phases. 

Gold and iridium range from 0.1 to 0.001 ppm. Rhenium is more 
strongly depleted (a factor of 10 lower). Nickel abundances range from 
less than 2 to 64 ppm, and silver abundances are typically about 1-0.1 
ppm. Germanium values are typically about 1-10 ppb. 

The relationship of the siderophile element content of the Moon com
pared to the Earth is an important component in theories of lunar origin. 
The extreme depletion of the siderophiles in the mare basalt region is once 
again traced to two causes: (1) a loss of the siderophiles before accretion, 
and (2) a possible depletion of the siderophiles of the interior by the 
formation of an Fe or FeS core. 

OXYGEN ISOTOPES 

The variation in the oxygen isotope oxygen-18 in the mare basalts is very 
small. Expressed in 8'80 values (30), the values range from +5.4 to +6.8. 
There is a variation in the minerals ranging from 8'80 of 3.8 to 7.2 in the 
sequence ilmenite, olivine, clinopyroxene, plagioclase, and silica miner
als. This range is the same for the minerals from different rocks. Clayton 
and associates (28) have stated, based on the study of the crystalline rocks 
from the Apollo 15 and 16 collections and the clasts in the breccia, that the 
mineral-pair oxygen isotopic fractionations are consistent with equilibra-
llon at temperatures near 1100°C. In general, the dispersion of the SIH0 
values for all the lunar rocks is so small as to lead to the conclusion that 
the oxygen isotopic composition of the lunar interior is now known with 
great certainty. Furthermore, the isotopic evidence favors a ferromagne-
s,an composition rather than a Ca-AI silicate composition for the interior. 
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CARBON 

The low carbon content in the lunar regolith has been described (8). The 
carbon found in the lunar basalts from the various sites range from about 
10 to 80 ppm. In general, however, these values are much lower than the 
values found in the soils. It is suspected that the carbon is present in the 
lunar rocks as carbides, although there is no direct mineralogical evidence 
of their presence. Their existence is inferred from the release of methane 
and other gases under acid treatment. The 8I3C values range from -20 to 
-30 in terrestrial basalts. By contrast, the lunar soils have values ranging 
from +10 to +20. 

SUMMARY 

The important role played by analytical chemistry in providing an under
standing of the lunar surface has been introduced. There are now substan
tial data that strongly reflects the intense effort that has gone into the 
study of the lunar samples. We have also seen how vital are some of the 
chemical results in producing a model of the Moon's formation and evolu
tion. It is a problem to synthesize this large amount of data. 

Taylor (8) has written that the composition of the bulk Moon is by now 
as well, if not better, understood than that of the Earth, particularly since 
the composition of the lower terrestrial mantle is controversial. In order 
to calculate the overall composition of the Moon, it is necessary to make 
some assumptions. On the Earth, the crustal composition is secondary to 
the estimates of the mantle's composition in terms of the major elements. 
The amounts of Si, Al, Mg, or Ca in the crust can be neglected in a first 
approximation of the Earth's mantle composition. By contrast, the abun
dance of the major elements such as Al and Ca in the lunar highland crust 
are considered critical for evaluating the whole Moon abundances. In 
addition, the crustal abundances of K, U, Th, Sr and Eu form a large 
percentage of the Moon's total content. A key element is the thickness 
and composition of the highland crust. 

With regard to the highland crust, it is now established that it contains 
data showing that the Moon is enriched in refractory elements relative to 
the primitive solar nebula abundances. The early viewpoint that the high
lands are made up of material that was directly accreted as a late-stage 
accumulation of a heterogeneous Moon has been disproved by the follow
ing chemical evidence: (1) there is a reciprocal relationship between the 
highland and mare basalt abundances derived from the deep interior, (2) 
there is a similarity in the volatile/involatile element ratios, and (3) the 
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geochemical evidence for crystal-liquid fractionation processes in the 
evolution of the crust. 

We have also seen that the elemental abundances in the mare basalts 
establish constraints on lunar processes. The basalts are, in fact, the end-
stage products of several processes. These have been tabulated (8) and 
are listed below: 

1. Preaccretion fractionation resulted in the loss of the volatile ele
ments and probably of the siderophile elements. 

2. Following the accretion of the Moon, widespread melting and frac
tionation occurred. Shortly after formation at about 4.4 b.y., the melting 
and fractionation led to zoned structures in which the source regions of 
the mare basalts were enriched in some elements and depleted in others. 
A noteworthy example, discussed previously is Eu. 

3. Estimates are that between 4.0 and 3.2 b.y., partial melting oc
curred, fired by radioactive heating, which produced element fractiona
tion in the source regions of the mare basalts. These basalts were then 
extruded to the surface. 

4. During and following extrusion, crystallization made it possible for 
some phases to be removed, which caused further fractionation. 

The importance of the incompatible element abundance was discussed. 
The proposal is that during the crystallization of the magma ocean and 
during the partial melting that generated the basalts, the elements became 
concentrated in the residual liquids or entered the early melts. Because 
there is a tendency for the ratios of these elements to remain constant, 
they may reflect the whole Moon abundance ratios. However, as pointed 
out by Taylor (8), the use of such correlated element ratios for estimating 
the composition of the Moon should be done only with care, keeping in 
mind that geochemical considerations, such as ionic radius, distribution 
coefficients, valency, and crystal field effects, may affect the picture. 
Correlating the bulk composition is probably better done employing the 
analyses or recognized, primitive undifferentiated samples, of which the 
glass, sample number 12001, is an example. 

Finally, an interesting comparison has been drawn between the lunar 
mare basalts and the euchrites, a class of basaltic achondritic meteorites. 
It has been observed that there is a good major element match between 
the aluminous mare basalts and the euchrites. The elements that match 
Particularly well are Cr, Na, and K. Such volatile elements as Tl, Bi, and 
siderophiles like Ir also match well. However, there are some distinctive 
differences like the refractory Ba, Zr, and Ti, which are consistently 
higher in the lunar basalts, showing the consistent lunar enrichment. Also 
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different are the oxygen isotopes. While the Moon is not a source for the 
euchrites, what is interesting is the idea that the euchrites show evidence 
of similar evolutionary processes and that the same kind of major element 
chemistry appears to be going on elsewhere. 
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CHAPTER 

5 

ISOTOPES AND COSMOCHRONOLOGY 

The developing picture of the origin and evolution of the Solar System is 
the result, in large part, of the contributions being made by the science of 
cosmochronology. The subject has been treated in a series of review 
papers by Wasserburg and associates (1), Lee (2), and Kirsten (3). The 
use of radiometric dating has made it possible to establish significant 
milestones along the evolutionary path to the present Solar System and to 
better understand the significant genetic relationships. 

In his review article Kirsten has stated that time is an important param
eter in clarifying the physical processes that have occurred in the evolu
tion of matter from the beginning—the nucleosynthesis stage—through 
the formation of the Solar System to the present. It is time that places 
boundary conditions on the physicochemical and geological processes 
that have led to the formation and evolution of the planets—processes 
such as condensation, accretion, differentiation, and metamorphism. In 
this chapter we shall examine advances in radiometric age determinations 
and the measurements of isotopes that provide new clues to Solar System 
formation. 

Among the accomplishments resulting from the impetus supplied by 
the planetary exploration program have been the development in the 
methods of absolute age determination. In order to better appreciate the 
advances in the field, let us begin with a brief review of the radiometric 
methods. 

It has been found that not all nuclei are stable. In general, the lighter, 
stable nuclei have equal numbers of protons and neutrons. Heavier stable 
nuclei have somewhat larger numbers of neutrons than protons. It is 
possible to plot a curve of the number of protons versus neutrons and to 
define a stability line showing this relationship. 

Nuclides falling to the right and left of this line tend to be unstable and 
are radioactive. It is also true that isotopes with atomic numbers greater 
than 83 are radioactive. The radioactive isotopes are known to undergo 
radioactive decay at various rates which are both specific and invariant. 
This process has become the powerful and precise basis for the dating of 
rocks. 

96 
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There are several routes by which the atom decays to achieve stability. 
It may, for example, emit an alpha particle consisting of two protons and 
two neutrons. This alpha particle (the nucleus of helium) is generally 
ejected at high velocity and with specific energy, so that an alpha spec
trum is a line spectrum. The process leaves an atom with an atomic 
number decreased by two and a mass decreased by four. A second form of 
radioactive decay is by the emission of an electron (beta particle) from the 
nucleus. In view of the fact that the nucleus does not contain electrons as 
such, we visualize this as the decay of a neutron into a proton and an 
electron, so that the original nuclide becomes the next higher one in the 
periodic table. Because of the interactions of the emerging electrons with 
the various atoms and the resulting energy losses, the beta particle can 
have a continuum of energies ranging between zero and the maximum 
available for the transition. 

Still another method for radioactive decay is the process of electron 
capture. The nucleus in some instances will capture an electron from the 
innermost shell of the atom (K capture). This process is the reverse of 
beta emission and results in the decrease in the atomic number by one. A 
proton combines with an electron to form a neutron. The resulting radia
tion is a characteristic X ray. 

Some nucleii may undergo competing types of radioactive decay, 
called a branching decay. For example, 40K may decay either by beta 
emission into 40Ca or by K capture into 40Ar. 

It is well known that some nucleii decay into daughter products that are 
also radioactive. In some instances the number of steps in the decay chain 
are substantial before the original element ends up as a stable, radiogenic 
nuclide. This process is known as series decay, and such a chain is said to 
be in secular equilibrium when all but the last member are present in 
inverse proportion to their decay constants. 

NUCLEAR CLOCKS 

There are a variety of nuclear clocks, of which a few illustrative examples 
will be discussed. Many of these techniques have been applied to extra
terrestrial materials to provide a historical background for important 
events in the history of the Solar System. 

DECAY CLOCKS 

In principle, when a radioactive nuclide is produced by any of the nuclear 
reactions operative in the universe and this production continues at a 
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constant rate, the amount of this nuclide builds up to a constant value as 
the system approaches secular equilibrium. If the radioactive nuclide is 
removed from the system and is stored, as so often happens in nature, the 
nuclide will begin to decay in accordance with its decay constant. The 
amount present after some time / is given by 

P(t) = P,e~Kl 

It is possible to solve for /, the time that has elapsed since the sample was 
set aside by the expression 

r = x l n 7 

where A is the decay constant and P is the number of atoms to which Fs 

(the original number of atoms) has decayed in time /. 
The decay clock has limits because the error in determining P becomes 

quite large as Pa gets small. Thus such a clock is limited to about 10 half-
lives. This is about the time required for the radioactivity to have decayed 
to about 0.1 the original value at secular equilibrium. 

An excellent example of such a decay clock is the MC clock. The 
nuclear process producing the 14C clock is a neutron reaction with l4N, a 
reaction occurring in the upper atmosphere due to cosmic ray interac
tions. The 14C decays by beta emission to 14N, with a half-life of about 
5700 y. 

RATIO CLOCKS 

Cosmic-ray interactions with intersteller matter will produce a number of 
radioactive nuclides such as l0Be, ~6A1,32Si, 16C1, and 53Mn. Such radionu
clides have relatively short half-lives but can yield very useful data about 
the residence time in space—a very useful parameter in dealing with 
meteorites. Many of these isotopes are to be found in the cosmic dust 
being swept up by the Earth in its orbit. The estimates run as high as 
10,000 tons a day. In view of the extremely low amounts of the radionu
clides, their determination requires maximum care and the best analytical 
techniques available. As we have seen in the chapter on the meteorites, 
many of these isotopes are now within reach and have been successfully 
used in cosmochemical studies. 

A serious problem complicates the use of radionuclides from secular 
equilibrium in age determinations. This arises from the difficulty in recon-
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structing their cosmochemical behavior between the time they were pro
duced and their time of deposition. Because local conditions are likely to 
affect their concentrations and rates of deposition, the secular equilibrium 
quantity is likely to vary from place to place. However, if one finds two 
nuclides that have been deposited side by side in fixed proportions (inde
pendent of absolute amounts), and if a sample of material containing two 
such nuclides is sealed off by some cosmochemical action at some time (?) 
so that neither nuclide is being added to, then one can write the ratio 

N, _ AW~A | ' 

where N\(s)/N2u) is the secular equilibrium ratio Rs. Therefore the above 
equation reduces to 

R = R%eiK2->^0' and t = T. — In — 
1*2 - A|) AS 

For the ratio R/R*, to change sufficiently with time to be useful for age 
determination, the decay constants should differ by at least a factor of 2. 
R is determined by measurement in the sample, but Rs may have to be 
assumed in some cases. 

ACCUMULATION CLOCKS 

A widely used and highly successful method of dating is the accumulation 
clock, based on the accumulation of a daughter product by the decay of a 
radioactive parent. The relationship between daughter and parent is given 
by the following: 

D = P0- P, 

and P, are the number of atoms of parent nuclide at t — 0 and / = 7, 
respectively. Two important assumptions are being made here: (I) The 
system is a closed one (neither parent or daughter is removed by any 
Process other than radioactive decay); and (2) no daughter atoms were 
Present at time t = 0. As Faul points out (4), rigorously closed systems 
Probably do not exist in nature: however, a surprisingly large number of 
rninerals and rocks satisfy these conditions well enough to be useful sub
jects for age determinations. 
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The problem of the daughter nuclide! having been present at t = 0 is 
dealt with in the following manner: 

D* - DM* - D„ 

where D0 is the original concentration. Then 

D* = P0 - P 

This tells us that D*, the number of radiogenic daughter atoms, equals the 
number of parent atoms that have decayed. Since P = P0 e~k!, 

£) = pe-M - p = p(eM _ 1) 

and therefore 

t = \ ln(prr) 

Until very recently, the major radionuclides used in accumulation 
clock studies were potassium-40, rubidium-87, uranium-238, and ura-
nium-235. Now improved analytical methods have made new radionu
clide systems available (e.g., Sm-Nd). These will be discussed later. 

GROSS URANIUM-LEAD CLOCK 

Historically, the earliest nuclear age determinations were performed on 
high-grade uranium ore minerals, such as uraninite and pitchblende, using 
wet chemical methods for the uranium and lead. Not all of the results 
made sense, and it became obvious that the discrepancies were caused in 
large part by the relatively high mobility of the uranium and lead in the 
natural environment. It was realized that not many of the uranium miner
als act as closed systems. There were, however, some exceptions. 

With the development of isotopic analysis, it became possible to deter
mine if a particular uranium system remained closed. Because uranium 
has two long-lived isotopes, it became feasible to calculate two entirely 
independent ages from the accumulation of lead-206 and lead-207. The 
two parent isotopes were uranium-238 and uranium-235. Both of these 
nuclides not only have different decay rates but also different intermedi-

t D* is (he radiogenic portion of the daughter nuclide. 
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ate members in their decay chain. Thus unless concordant ages were 
determined, it was concluded that the systems had not been closed and 
neither value represented the true age. The principle of concordancy is an 
important cornerstone in the science of cosmochronology. 

CONCORDANCE 

Fortunately, it is often possible to measure the age of a rock by an inde
pendent method or methods, using more than one-parent daughter sys
tem. The results that agree within experimental error are called concor
dant. Such agreement gives the investigator great confidence that the 
determined age is real in terms of actual time. 

There are, however, numerous reasons why two or more systems hav
ing a common origin will nevertheless show differences in determined 
ages and be discordant. For the most part, the errors do not come from 
the laboratory because in a modern, well-run laboratory errors in analysis 
should be insignificant. 

Errors in calculations may arise from an incorrectly chosen decay 
constant or uncertainty in the correction for some original abundance of a 
given nuclide. One example cited by Faul (4) is that while most of the 
common decay constants have assigned errors of 2% or less (std. dev.), 
the uncertainty in the decay constant of rubidium-87 is much greater, and 
the two values that were being used at the time of writing of the Faul 
volume differed by about 6%. Rubidium is mentioned specifically because 
the Rb-Sr scheme for dating is so widely used. Where analyses and 
calculations are done with care, the cause of discordance is in the rocks 
themselves, due to natural geochemical processes. As an example, the 
daughter products of the radioactive decay will find themselves in a crys
tal where they do not fit. As a consequence, these nuclides will tend to 
diffuse out of the crystal. This process can be accelerated by a rise in 
temperature, and such heating episodes are rather common in nature. The 
loss of a daughter product is the most frequent source of error. 

A particularly graphic example is the loss of argon-40, the daughter 
product of potassium-40 decay. Such losses from an assortment of miner
als have been systematically studied, and the conclusion drawn that the 
losses would be enhanced by heating and low ambient pressures. Figure 
5.1 shows the variation of the apparent ages of different minerals as a 
function of their distance from a source of heat (an intrusive contact). 
Both minerals and parent-daughter systems show substantial differences 
in response to the heating by the intrusive body. 

The potassium-argon system also demonstrates the problem of cor-
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Figure 5.1. Variations of the apparent age of three minerals as a function of the distance 
from a source of heat—in this instance, an intrusive contact. The different minerals and 
parent-daughter systems show wide differences due to the heating by the intrusive body. 
Source: S. R. Hart (5), H. Faul, Ages of Rocks, Planets and Stars, 1966; permission, 
McGraw Hill. 

recting for the quantities of original daughter abundances. It is to be 
expected that magmas will contain some argon-40, depending on the age 
and the potassium content of the material from which the magma derived, 
the time through which the magma was molten, the ambient pressure, and 
all the other factors that affect the outgassing from molten rocks. Thus 
one would expect a wide range of argon-40 in magmas of diverse origin. 

In some instances, minerals have crystalline structures that will ac
commodate noble gases. Such crystals as they grow would capture argon 
from the melt. Factors such as these place a burden on the investigator to 
determine the amount of original argon. These values can be estimated by 
comparing the measured potassium-argon age with ages determined by 
other methods. This is a difficult problem because it is necessary to decide 
whether the problem is due to "original argon" or the recent loss of 
potassium. 
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CONCORDIA 

Uranium-lead dating is a notable example of observed discordancies. In 
fact, except for some specific minerals, it is unusual for the uranium-238/ 
lead-206 and the uranium-235/lead-207 ratios to agree to within less than 
10%. Such disagreement occurs within rocks that have undergone com
plete metamorphism, and those rocks that are relatively undisturbed. The 
mechanisms for this discordancy have been extensively studied. 

The stable daughter products of uranium decay are lead-206 and lead-
207. Because they are chemically identical and the mass difference is less 
than 0.5%, even mass-dependent processes would separate them only to a 
negligible extent in nature. Thus, if lead is lost from a mineral, it is usually 
lost in the isotopic proportions in which it is present. 

The study of the uranium-lead system has contributed greatly to an 
understanding of discordant systems. The problem was treated by 
Wetherill (6) in the following manner: The half-life of the uranium-235 to 
lead-206 decay is small compared to the half-life of the uranium-238 to 
lead-206 decay. Thus, if a ratio plot is done with 206Pb/238U as the ordinate 
and 207Pb/235U as the abscissa, the curve will be shown as in Figure 5.2. In 
the younger rocks, the proportion of radiogenic 207Pb to 206Pb is high. The 
basic expressions are 

£),//>, = giiro - 1, £>,AP, = 2(*Pb/2?8U 

D2/P2 = eK^ - 1, D2IP2 = 207Pb/235U 

Pb 2 0 7 /U 2 3 5 

Figure 5.2. The Concordia Curve. Source: Wetherill (6). 
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Where the ages are concordant, for every age T0 = Tx = T2 there are 
unique values of D\IP\ and D2IP2 as defined by the above equations. The 
locus of these values for 0 < T0 < « is the curve named "Concordia" by 
Wetherill. He has shown that if a mineral of age T, underwent a loss of 
lead by some process at time T2, then the point obtained would lie some
where along a chord from T\ to T2, the location being determined by the 
fraction of lead lost. As shown in Figure 5.2, the fractional distance of 
L\IL of the point R from T equals the fractional amount of lead lost from 
the system. Where several events cause the loss of lead, the resulting 
a»Pb/23«u divided by the value 207Pb/:3,U fall on a chord that can be 
extrapolated back to time Ts when the system originated and T2 when the 
lead was lost. In this manner, Wetherill and others have been able to glean 
important age information from a set of discordant U-Pb data. 

It has been subsequently shown by other investigators that the loss of 
lead need not be episodic. Tilton (7) has proposed that continuous volume 
diffusion of the lead as a mechanism could also produce the observed 
irregularities. 

MIXED AGES 

The situation regarding the ages of rocks has been neatly summarized by 
Faul (4). He states that 

it is not unusual for an old rock to crystallize, cool and then remain thermally 
undisturbed through geologic time until the present. More often, the crystalline 
rock remains cool for some time, then becomes heated again by some geologic 
process, possibly recrystallizes in part, then cools again, heats again. The process 
may be repeated several times. It is almost always geologically interesting to try 
to unravel the history of such a rock and to interpret the discordant sets of ages 
measured. 

Where a rock contains several parent-daughter systems, the effect of 
some episodic reheating can be quite variable, depending on the resis
tance of a given system to the redistribution of the parent and daughter. 
The more resistant systems would tend to give the oldest age, while the 
least resistant system would yield the age at the time "the clock was 
reset." It is also conceivable that intermediate ages, which would be 
called a mixed age, would be observed. 

With this as an introduction, let us look at some specific clocks and 
examine some of the recent advances. 
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RUBIDIUM-STRONTIUM CLOCKS 

Rubidium-87 decays to strontium-87 by beta decay with a half-life of 
4.7 x 1010 y. This is so slow a rate that only about 7% of the terrestrial 
rubidum has converted to strontium since the Earth formed (about 4.6 
aeons ago). On the average, strontium is about four times more abundant 
than rubidium in the Earth's crust. Thus the radiogenic contribution by 
the rubidium-87 is very small, and the isotopic composition of common 
strontium has changed very little over geologic time. The variation in 
strontium-87 is generally reported as the ratio 87Sr/86Sr. 

The modern value is about 0.708 in the ocean today and close to 0.700 
in some of the oldest available ocean samples. This represents a change of 
only about 1% in a period of about 3 aeons. The lowest 87Sr/8hSr ratio is a 
very important value because it is presumably representative of the most 
primitive material in the Solar System. Such values come from the achon-
dritic meteorites and are considered to be the primordial ratio. The use of 
this value will be discussed in additional detail below. It is necessary to 
realize that all the present strontium evolved from the primordial stron
tium by the addition of the 87Sr from the 87Rb decay process as shown: 

87Sr = 87Rb(^' - 1) 

Since such quantities are usually expressed as a ratio to the constant 
isotope 86Sr, the expression becomes 

87Sr/86Sr = 87Rb/86Sr (eKl - 1) 

It is customary to plot 87Sr/86Sr as a function of 87Rb/86Sr in what is 
known as an isochron diagram or a Rb-Sr evolution diagram. As Faul has 
pointed out, this is one of the most useful concepts in geochronology. An 
isochron diagram is shown in Figure 5.3 for four hypothetical minerals. 
We note the following: 

1. At time / = 0, all the components of a crystalline rock will have the 
same 87Sr/86Sr ratio, independent of the Rb content. This value plots on a 
horizontal line, shown in the diagram by the solid circles. 

2. At some elapsed time t, proportional amounts of 87Rb will have 
decayed to 87Sr by beta decay, and now the points plot on a line forming 
an angle alpha with the horizontal where 

tan a = eK' - 1. 
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Figure 5.3. A strontium evolution diagram showing the development of the 87Sr/8<,Sr ratio 
in time T as a consequence of the rubidium decay in four hypothetical minerals of some 
crystalline rock. Source: Lanphere et al. (8), H. Faul, Ages of Rocks, Planets and Stars, 
1966; permission, McGraw Hill. 

This relationship enables one to calculate the time t from the slope of the 
line. 

3. The zero intercept remains unchanged because there is no addition 
of 87Sr to a system where 87Rb is absent. 

4. Thus, with two Rb/Sr systems of common origin, it is not only 
possible to calculate an age but also the composition of the original Sr. 

An important caveat expressed by Wasserburg and co-workers (1) with 
regard to the mineral isochron, is the need to establish whether a given 
linear data array is a true isochron representing several distinct phases 
rather than a mixture of two end members without a strict time relation
ship. If the data points do not define a precise line, then the system is 
complex and neither the age nor the initial Sr. are well defined. 

It can and often does happen that following a given time T, after the 
first crystallization, some geologic event may cause a rock to become hot 
enough to completely exchange and rehomogenize all the Sr. Such a 
process can take place under closed-system conditions, nothing being 
added or removed from the rock. Rubidium will also migrate as a function 
of the particular equilibrium conditions. As the rock crystallizes, a new 



set of minerals form. These minerals will once again lie on a horizontal 
line representing the "new-original" strontium (shown as solid circles in 
Fig. 5.4) and altered Rb/Sr ratios. 

The recrystallization of the rock is equivalent to the clock once being 
started. After a period of radioactive decay T? of the 87Rb to 87Sr, the 
mineral points will lie on a new line forming an angle beta with the hori
zontal line where 

tan /3 e*r2 1 

The situation described above not only applies to different mineral phases 
in a given rock, but to different igneous rock masses formed by differenti
ation from the same magma, each with a different Rb/Sr ratio. The second 
melting would be expected to produce a homogenized strontium composi
tion, which are shown as the ordinate intercepts of the internal isochrons 
as shown in Figure 5.5. In this same figure, we also see that the average 
samples of each whole rock (the open circles a, b, and c) fall on a line 
forming the angle gamma where 

tan y = eih+T2) 1 

5.0 

Closed system in interval 0 to Tl 

followed by rehomogenization of Sr 

Microcline Total rock Muscovite Biotite 

1.0 2.0 3.0 

Rb87/Sr 

4.0 5.0 6.0 7.0 

'gure 5.4. A strontium evolution diagram showing the effects of isotopic homogenization 
°r a two-episode model. Source: Lanphere et aJ. (8), H. Faul, Ages of Rocks, Planets and 

St"rs, 1966; permission. McGraw Hill. 
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Figure 5.5. A strontium evolution diagram for a two-episode model. In this instance three 
hypothetical rocks (open circles a, b, and c) were isolated from a common environment T, + 
T2 years ago. The initial "'Sr/^Sr ratio was ./?„• Each rock taken as a whole, remained a 
closed system, but T, years ago the strontium in each of them was homogenized by some 
metamorphic event. The mineral isochrons of each rock are drawn through the mineral 
points (solid circles) and intercept the vertical axis at the homogenized *7Sr/S6Sr values A, B, 
and C. Source: Lanphere et al. (8). 

The ordinate intercept at R gives the initial X7Sr/86Sr ratio in the original 
environment T\ + T2 years ago. 

It is possible to determine a "whole rock age" by using the entire rock. 
Figure 5.5 shows a whole rock isochron for three different rocks. Because 
each rock is homogenized, one obtains only a single point in the 87Sr/86Sr 
field. Th<; second point needed to obtain the isochron comes from the 
"best value" (assumed or determined by other studies) for the initial or 
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primordial isotopic ratio of 87Sr/86Sr. It is implicitly assumed that this 
primordial value represents the time that strontium and other elements 
fractionated in the nebula to form the Solar System of the parent plane
tary body. Until very recently, the value of the ratio agreed on was 
0.69898 ± 0.00003. This value known to the chronologists as BABI (basal
tic achondrite best initial) has been derived from numerous analyses of 
achondritic meteorites, assumed to be samples of the primordial solids 
that differentiated shortly after planetary accretion. The whole rock age is 
also known as a model age, an age that defines the origin of the initial rock 
materials independent of the subsequent history. 

The precision with which BABI has been determined and reported is a 
demonstration of the remarkable quality of the analytical work being 
performed in some of the dating laboratories. 

Wasserburg and associates (1) have recently pointed out that the tech
niques that permit the precise dating of lunar rocks are the result of a 
rapid development, over the last decade, in mass spectrometric tech
niques, refined chemical and mineral separation procedures, and in min
eral identification. While these methods have been applied most exten
sively to lunar materials, in the future they will be employed in a new 
generation of studies of the meteorites and terrestrial samples. 

LUNAR CHRONOLOGY 

Some applications of Rb-Sr evolution diagrams to lunar chronology are 
given below. It has already been stated that it is essential in every case to 
establish that the data represents a true isochron. It is also important to 
establish the initial 87Sr/86Sr ratio. If the point can be determined when the 
Moon was first formed, it then becomes possible to calculate model ages 
of samples relative to this initial lunar value. We have seen that events 
can occur at some time after the initial formation and produce isotopic 
homogenization and increased 87Sr/86Sr values for the whole rock. 

Such increased values over the initial value have provided useful esti
mates of the time spent in a lunar resevoir prior to crystallization. The 
calculation of a meaningful model age requires that the rock have a high 
enough ratio of Rb/Sr so that the enrichment in 87Sr relative to the 8ASr is 
more than the possible range in the initial lunar values. Where the rock 
has been a closed system since the Moon was formed, then the age of the 
model will be that of the Moon. 

Figure 5.6 shows an isochron for a typical mare basalt returned by the 
Apollo 11 mission. It can be seen that the data points lie on a straight line 
ar>d the slope defines an age of 3.71 aeons—a time substantially lower 
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Figure 5.6. Rb-Sr data for a mare basalt from Apollo 11. The initial value is above BABl. 
A 4.6-b.y. line is drawn through BABl. The fractional deviation in 87Sr/8(,Sr ratio of the data 
points from the best-fit isochron are shown in the inset in units of 10~*. Source: Wasserburg 
et al. (1). 

than that assigned to the Solar System. The intercept on the ordinate is 
above the value for BABl and ADOR (Angra dos Reis). Wasserburg et al. 
(1) attribute the 87Sr/86Sr ratio to the fact that the rock came from a magma 
source region some time after the Moon's formation. The steeper line in 
the figure is the 4.6-aeon isochron. The insert is described as the fractional 
deviation in the 87Sr/86Sr ratio of the data points from the best fit isochron. 

The determination of the ages of the lunar soils has had a considerable 
impact on the general understanding of the problems inherent in Rb-Sr 
geochronology. It was observed that the soils were made up of complex 
mixtures of components of varying ages. This became apparent from the 
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determinations that the mare soils had model Rb-Sr ages around 4.6 
aeons, although they were essentially derived from rocks whose crystalli
zation ages from mineral isochron studies and independent 40Ar/,9Ar data 
were 3.6-3.8 aeons. 

Figure 5.7 is a Rb-Sr evolution diagram for lunar soils. These data are 
without direct age significance because the soils are complex mixtures of 
varying ages. Three different lines are shown beginning at BABI and with 
slopes corresponding to 4.3, 4.6, and 4.9 aeons. There is a strong ten
dency for the soil data to scatter around the 4.6-aeon line, and it appears 
that the material had an initial 87Sr/86Sr ratio like BABI. From these model 
ages it appears that the principal fractionation of Rb from Sr occurred at 
about 4.6 aeons, and that the amount of subsequent fractionation during 
the partial melting to form the mare basalts was smaller. 

Strangely, during later missions it was found that some soils had model 
ages greater than 4.6 aeons. It has been observed that the apparent age 
increases with the amount of agglutination of the soil (a maturing process 
brought about by impacts). In view of the fact that there is such strong 
evidence that the Moon and Solar System were formed 4.6 aeons ago, 

L LUNAR SOILS 

7 w r « G » 

a72 

cm 
f 

0.70 

0.2 
"Rb^Sr 

Figure 5.7. Sr-Rb evolution diagram showing the data on the soils from all lunar missions. 
There is a good linear correlation for these highly varied materials, but not a precise isoch
ron. Source: Wasserburg et al. (I). 
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explaining the older ages of the soil required an alternate mechanism, 
particularly since there were no known rock types whose addition could 
explain the inordinately high model age. 

The relationship between agglutination and ages has led to the view
point that the "delicate" relationship between the 87Rb and the daughter 
87Sr might be occasionally disturbed, resulting in the small loss of the 
more volatile Rb relative to the Sr during glass formation. Such a phenom
enon could cause greater apparent ages. 

As Taylor states, "These problems with age dating of lunar soils pro
vide a salutary lesson, not appreciated before the Apollo missions." The 
experience has made it possible to obtain meaningful ages from such 
specimens as clasts separated from soils and has provided a valuable 
lesson to be employed in future sampling missions. 

The greatly enhanced interest in extraterrestrial materials experienced 
during the Apollo era and the development of new analytical techniques, 
as well as improvement in the existing techniques, has also led to the 
development of important alternate methods of geochronology. One such 
technique has already been referred to in the chapter on the meteorites— 
the Sm-Nd method. This approach to dating was first described by G. W. 
Lugmair in 1974 (6). The half-life for the decay of l47Sm to l44Nd by alpha 
decay is 1.06 x 10" y. In view of the fact that both Nd and Sm are both 
rare earths and refractory, with similar chemical properties, it was antici
pated that the two elements would be less susceptible to chemical frac
tionation than the Rb-Sr. Thus it was reasonable to assume that the 
parent-daughter relationship would yield useful radiometric ages, partic
ularly where the Rb-Sr isochrons were ill defined. 

In practice, the successful application of the Sm-Nd system did re
quire particularly careful analysis because the variations in Sm/Nd ratio 
were very small, and the corresponding variations in radiogenic l43Nd was 
only in parts per thousand. Figure 5.8 shows two internal isochrons deter
mined on a low-potassium basalt. A Rb-Sr isochron is shown in (A) and, 
for comparison, the Sm-Nd isochron in (B). The results are in good 
agreement. In this particular instance, it was felt that the Sm-Nd method 
yields a more precise age because of the wider range of the l43Nd/I44Nd 
ratio compared to the 87Sr/86Sr ratio. A third independent method, 
wAr/40Ar, yielded, within experimental error, further confirmation. 

In summary, the last two decades have witnessed a considerable ad
vance in the science of rock dating. This has resulted from advances in 
mass spectrometry, chemical separation procedures, and clean-room ca
pabilities, much of which has followed from the great interest in Solar 
System materials. In turn, the results of dating studies is not only making 
a large contribution to an understanding of the Solar System, but also to 
the general science of trace analysis. 
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ISOTOPIC HETEROGENEITIES IN THE SOLAR SYSTEM 

We have seen how the radioisotopes have been used in dating Solar 
System events. The study of isotopic abundances has a broader implica
tion because in the recent years isotopes have revealed new clues to the 
formation of our Solar System. It appears that nucleosynthetic events 
occurred almost at the time of Solar System formation. Such information 
is recorded in unusual isotopic abundances and referred to as isotopic 
anomalies. 

Prior to the discovery of these anomalies, the general impression of the 
Solar System was that there existed a very high degree of isotopic homo
geneity. This was considered to be the situation for many elements mea
sured in a variety of samples from the Earth, Moon, and meteorites. What 
made it so remarkable was the fact that the cosmic production of the 
different isotopes of the same element requires markedly different physi
cal conditions and thus different probable sources. The appearance of 
homogeneity therefore pointed toward an efficient mixing process, which 
homogenized the different nucleosynthetic components before the plane
tary bodies formed. 

Lee (2) in his review cites the case for barium, where l36Ba is thought to 
have been produced by slow neutron capture (s process), while most l35Ba 
is made by the more rapid neutron capture process (r process). The neu
tron densities required by these processes differ by 1020, which certainly 
implies production at different sites, and yet it has been observed that the 
ratio of !35Ba/!36Ba is homogeneous to within 0.01%. 

There are well-understood variations in isotopic abundances due to 
modifications in the normal composition by Solar System processes; for 
example, mass-dependent fractionation such as diffusion, chemical reac
tions, and so on. Other processes are radioactive decay and nuclear reac
tions with energetic particles, such as those in the cosmic rays. However, 
variations that cannot be explained by the above processes are referred to 
as isotopic anomalies and are attributed to incomplete mixing of nucleo
synthetic components. 

The discovery of the isotopic anomalies is very recent—1973. One of 
the very significant observations reported by Clayton (11) concerned 
anomalies in the oxygen isotopic ratios. It was an example of the fact the 
isotopic compositions of major elements were not homogeneous in the 
Solar System. A search for other anomalies provided evidence for the 
decay of 26A1 (half-life about 7.3 x 105 y) into 26Mg in the early Solar 
System. The relatively short half-life of the 26A1 implied that there were 
nucleosynthetic activities within about 3 x 106 of the formation of the 
Solar System. Recently, the discovery of )07Ag excesses has been attrib-



uted to the decay of l07Pd (half-life about 6.5 x 106 y) strengthens the 
above conclusion. 

Additionally, there is the discovery of a rare class of objects that show 
correlated isotopic anomalies in many and sometimes all their constitu
ents. This class of material has been given the whimsical acronym of 
FUN, F standing for large fractionation and UN indicating superposed, 
unknown nuclear effects. To date O, Mg, Si, Ca, Ba, Sr, Nd, and Sm 
anomalies have been found in the FUN samples. 

There are a number of reasons for the success of the isotopic studies. 
One very important factor is the present availability of interesting sam
ples, an example of which is the Allende meteorite, a 2-ton sample found 
in 1969. In particular, the refractory rich inclusions have proved to be a 
valuable source for study. 

A second and very important factor, previously mentioned, is the great 
improvement in the capability of measuring isotopic compositions with 
high precision and high sensitivity. Tera and Wasserburg and co-workers 
(12) have shown that with modern mass spectrometers one can measure 
isotopic ratios with a precision exceeding 0.005% on samples as small as 
10~7 g. For elements with high ionization efficiency, (Pb, for example) 
intermediate precision can be obtained on vanishingly small samples. 
Thus anomalies too small to be resolved 10 y ago can be detected today. 
Finally, a vital factor in such studies is the control of laboratory contami
nation. Such controls have been developed to an extraordinary degree, 
and some examples will be given below. 

Tera and Wasserburg (11) have described a procedure for the precise 
isotopic analysis of lead in picomole and subpicomole quantities. They 
were able to obtain high precision isotopic analysis of as little as 8 x 10" 
lead atoms. The level of lead contamination was reduced to as little as 4 x 
1010 atoms with a controllable blank fluctuation. Where no preliminary 
chemical separation was necessary, 4 x 1010 atoms were isotopically 
analyzed with a blank correction of 6 x 109 atoms. In particular, this 
procedure was applied to a lunar sample of 0.2-mg size that contained 2.5 
ppm lead and 1 ppm uranium. Finally, they were able to analyze lead on 
the surface of individual glass spheres about 150-300 //.m in diameter. 

In view of the substantial advance that the above work represents in 
the general area of trace analysis, it is worthwhile looking at some of the 
details of the procedure. Tera and Wasserburg determined the lead con
tent of all the reagents being used and observed that reagent quantities of 
the order of 10 g would produce blanks of the order of about 10" atoms. 
They concluded, therefore, that the only way to decrease the blank was to 
miniaturize the chemistry in order to minimize the amount of reagents 
employed. 
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In the chemical procedures, a study was made of the levels of lead 
contamination contributed by ion-exchange columns of different sizes. A 
comparison of the lead contamination contributed by the reagents with 
that found for the corresponding column procedures showed that the 
anion exchange resin itself contributed practically no lead blank, while 
the cation resin contributed a considerable amount of lead. Thus the 
principal reliance was on the anion resin in the lead separation procedure. 

Lead is absorbed from a CHiOH-HNOj solution on the anion ex
change resin under conditions where major rock-forming elements and U 
are not absorbed. Small traces of Fe, Ba, Ca, and Ti are retained with the 
lead and cause serious suppression of the lead signal in the mass spec
trometer. The lead is therefore further purified through the use of a micro-
cation column, which also separates the lead from the thorium. Where 
samples less than 1 mg were used, either the cation or anion separation 
could be omitted. 

More detailed descriptions of the microanion column and microcation 
column can be found in the original paper. For those practicing mass 
spectrometry, there is also a detailed description of filament loading. The 
authors have concluded that using the full microchemistry, good-quality 
data may be obtained on samples weighing as little as 10-4 g and contain
ing 2 ppm of lead and 1 ppm of uranium. The same quality data can be 
obtained on samples weighing 10~7 g and containing 200 ppm of lead and 
1000 ppm of uranium. The investigators also state that one can obtain data 
on a single particle weighing as little as 10"" g. 

Kelley, Tera, and Wasserburg (13) have reported on the isotopic deter
mination of silver in picomole quantities by surface ionization mass spec
trometry. Following separation from natural samples by anion exchange, 
they have mass-analyzed the concentrate using surface ionization mass 
spectrometry and silica gel as an emitter. They have measured isotopic 
compositions of 50 pmol of silver with a precision of 0.1%, using an 
electron multiplier detector. By employing stable isotope dilution 0.5 
pmol (3 x 10" atoms) was measured with a precision of better than only 
1% and with a 30% blank correction, thus making accurate determinations 
of silver in natural samples down to 1 pmol/g. 

The techniques and procedures touched on here have also been applied 
to the successful analysis of other heavy metals. Chen and Wasserburg 
(14) have described the isotopic determination of uranium in picomole and 
subpicomole quantities. Once again, careful attention was paid to such 
factors as contamination, chemical yields and purity, ionization effi
ciency, abundance sensitivity, instrumental fractionation, linearity of the 
detector, resolution shifts in the ratio of U-238/U-235, and reproducibil
ity. 



REFERENCES 11 / 

The message carried by this work is that the determination on ultra-
trace concentrations of elements can be performed with astonishing preci
sion and sensitivity, provided that extraordinary care is exerted. It is of 
paramount importance to understand the significance of all of the parame
ters that bear on the validity of the results. 
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REMOTE ANALYSIS 

The first part of this volume was devoted to the terrestrial analysis of 
extraterrestrial materials that have unambiguously come to us from outer 
space. On one hand, there are the meteorites, their source or sources the 
subject of considerable speculation. On the other hand, there are the 
samples returned from the Moon, an event of major magnitude in the 
history of science. The study of these samples has advanced our knowl
edge of the Solar System enormously—in fact, a quantum leap forward. 
Where the answers continue to elude us, the questions have been brought 
more sharply into focus and will serve as the basis for more refined 
investigations. 

Further, as we have seen, the study of extraterrestrial materials has led 
to noteworthy advances in analytical techniques. It is now reasonably 
obvious that our failure to resolve or solve some of the existing questions 
is not due to the limitations of analytical methods. The controversies that 
abound are in the interpretation of the often excellent results. The recon
struction of the past is not a simple matter. 

Part 2 of this volume will be devoted to extraterrestrial analysis. It will 
deal with remote analysis, frequently at enormous distances, as well as in 
situ analysis by a variety of unmanned probes. Unlike some of the meth
ods described in Part 1, we shall now venture into an area where the 
methods are far less precise, although remarkably ingenious and repre
sentative of extraordinary accomplishments. In some of the illustrations 
of these methods we shall see that a great deal of circumspection is 
required in interpreting the results, to avoid pushing the results beyond 
reasonable constraints. 

SOLAR WIND COMPOSITION 

The first experiment to be described here may be thought of as a hybrid 
experiment in that it involved a controlled and systematic collection of 
extratcrrestrial material on the lunar surface, followed by subsequent 
analyses in terrestrial laboratories. The experiment was called the Solar 
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Wind Composition Experiment by J. Geiss and co-workers (1). This was a 
unique experiment, frequently described as simple and elegant, which 
was deployed for a period of time on the lunar surface to collect and 
return a sample of the solar wind for subsequent study. 

The solar wind has been described as a stream of charged particles, 
mainly hydrogen, which moves out from the sun with velocities of the 
order of 300-500 km/sec. In the vicinity of the Moon, the average density 
is about 10 ions/c. During quiet Sun conditions the energies of these 
particles is modest (kilovolt range). Geiss has described the background 
for the experiment. It has been established that the helium ions are 
present in the solar wind, and the relative abundance of the ions is highly 
variable. He/H ratios of 0.01 to 0.25 had been observed, but the average 
He/H ratio in the solar wind was approximately 0.04 to 0.05. 

From plasma and magnetic field measurements during Explorer 35, it 
was established that the Moon behaved as a passive obstacle to the solar 
wind, and as a consequence, during the normal lunar day the solar wind 
particles could be expected to reach the lunar surface of the Moon with 
unchanged energies. It was expected that the grains of the fines on the 
lunar surface would contain large amounts of the particles, and the analy
sis of the lunar surface material would yield valuable information on the 
composition of the solar wind. However, as Geiss pointed out, the dust on 
the lunar surface would be a solar wind collector of uncertain properties. 
Accordingly, an experiment was designed to sample the solar wind for a 
defined period of time. The collector (described below) was a foil with 
well-understood trapping properties. Excitingly, such an attempt had 
never been made before. 

PRINCIPLES 

The experiment to be described is remarkable for its simplicity. A sheet of 
aluminum foil 30 cm wide and 140 cm long with an approximate area of 
4000 cm2 was carried to the lunar surface by the Apollo 11 crew and there 
exposed to the solar wind. The foil was placed so that its position was 
perpendicular to the solar rays. The total exposure time was 77 min, and 
then the foil was ultimately returned to the Earth. Like other lunar sam
ples, the foil was returned to quarantine in the Lunar Receiving Labora
tory before release for study. It was expected that the solar wind parti
cles, arriving with energies of a 1 keV/nucleon, would penetrate only the 
topmost portion of the foil (1/10,000 cm) and that a large percentage of the 
particles would be trapped. Upon release from the Lunar Receiving Labo
ratory, the foil was analyzed for trapped solar-wind noble gas atoms. 
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Parts of the foil were melted in an ultrahigh vacuum system, and the noble 
gases of solar wind origin were analyzed by mass spectrometry for both 
elemental abundance as well as for isotopic composition. Thus, if during 
the exposure period, the solar wind reached the foil with an intensity 
comparable to average flux values, the Solar Wind Collector Experiment 
would allow an assessment of the abundance and isotopic compositions of 
He, Ne, and Ar, despite the relatively short collection time. 

INSTRUMENTATION 

Figure 6.1 shows the nature of the hardware that was developed to deploy 
the foil on the lunar surface. The equipment consisted of a five-section 
telescopic pole and an aluminum foil screen rolled up on a reel. On the 
way to the Moon, the reel was stored inside the collapsed pole. The entire 
weight of the equipment was about 425 g. At deployment, the telescopic 
pole was extended and the five sections automatically locked. The reel 
was then pulled out and the foil unrolled and fastened to a hook near the 
lower end of the pole. For ease in rewinding, the reel was spring-loaded. 
On deployment, the pole was pressed into the ground as shown in Figure 
6.2. During the Apollo mission, the Sun was about 13° above the lunar 
horizon. Following a collection time of 77 min, the foil was rolled back on 
the reel. The foil was then detached from the telescopic pole and placed in 
a Teflon bag for transport back to the Earth in the Apollo lunar sample 
return container described previously (Chapter 3). 

The ever-present concern about the possibility of contamination, in 
this instance, the lunar samples by the Solar Wind Experiment, was dealt 
with in the following manner: All the materials used in the construction of 
the reel and foil assemblies were analyzed for 13 geochemically significant 
trace elements Li, Be, B, Mg, Rb, Sr, Y, La, Yb, Pb, Th, and U. All 
concentrations were found to be low enough to be geochemically accept
able. To avoid organic contamination of the lunar surface material in the 
container, the instrument was subjected to several heating cycles and the 
degree of contamination checked by mass spectrometry. Finally, prior to 
shipment to NASA's Kennedy Center for installation in the Lunar Mod
ule, the instrument was put into a double bag of Teflon and heat-sterilized. 

The details and dimensions of the exposed foil are shown in Figure 6.1. 
rhe assembly consisted of a 15-|ii,m-thick aluminum foil. The backside of 
°e foil was anodically covered with approximately 1-fi.m of aluminum 

°xide to keep the foil temperature below 100°C during the lunar exposure. 
Test pieces 1,3, and 5 were foils that were bombarded in the laboratory 

efore the mission with a known flux of neon ions having an energy of 15 
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..Reinforcing tape (P.T.F.E.) 

.-'Test piece 1 

..Test piece 4 on backside of 
/ ' f o i l (fixing tapes not shown) 

.Test piece 3 

/Test piece pocket 

..-P.T.F.E. tape on backside 

.-- Stiffener 

Figure 6.1. Dimensions and details of the exposed Solar Wind Experiment exposed foil 
assembly. Source: Geiss et al. (1). 

keV. The amounts of neon were large by comparison with the expected 
solar wind neon fluxes. Determination of the amount of neon implanted in 
these foils were used to determine if solar-wind noble-gas losses occurred 
during the mission by such processes as unexpected diffusion or surface 
erosion. Test piece 5 was mounted in a closed pocket and remained 
shielded during exposure on the lunar surface; test pieces 1 and 3 were 
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Figure 6.2. The Solar Wind Experiment deployed on the lunar surface. Source: Geiss 
et al. (1). 

exposed to the solar wind. Test piece 4 was a piece of foil taped to the 
backside of the main foil and used to distinguish a solar wind flux coming 
from a direction opposite to the Sun. Test piece 2 was mounted in a 
position that remained shielded from the solar wind. 

Before flight, the trapping properties of the foil for kiloelectron-volt 
ions were investigated in the laboratory. An example of the trapping 
probabilities were found to be 89% for He (3 keV), 97% for Ne (15 keV), 
and 100% for Ar (30 keV). The trapping probabilities were found to be 
independent of foil temperature, and they were not affected by simulta
neous bombardment with keV hydrogen ions. 

INITIAL RESULTS 

The Solar Wind Experiment was kept behind the biological barrier in the 
Lunar Receiving Laboratory until the quarantine was lifted. However, a 
Portion (1 ft2) was cut from the midsection of the foil and sterilized inside 
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a high-vacuum container at 125°C for some 39 h. It was then sent to the 
laboratory of the principal investigator for study. Mass spectrometric 
analysis of the gas content of the container revealed little air leakage, as 
shown by the very low Ar content. Small concentrations of He (10"l6 cc 
STP) and Ne (10~8 cc STP) were found. These were attributed to the lunar 
dust attached to the foil. While no dust could be seen with the naked eye, 
microscopic and scanning electron microscopic images did show that a 
substantial amount of fine dust was added to the procedure for handling 
the foils. The noble gases extracted from the foil were analyzed in the 
mass spectrometer. He, Ne, and Ar were found, and the isotopic compo
sition of these elements was determined. A preliminary report stated that 
the abundances were decidedly nonterrestrial and corresponded to abun
dance estimates for the Sun. 

The Solar Wind Composition Experiment proved so successful that it 
became a staple of the lunar landing program. A summary was written by 
Geiss and associates (2) immediately after the Apollo 16 landing at Des
cartes. The experiment was essentially the same on all the missions, 
except that on the Apollo 16 flight some platinum test foils were also 
flown. It had been found that for platinum only a small percentage of the 
implanted ions would be removed if the foils were washed for several 
minutes in 2-10% HF. Such treatment would, however, remove a high 
percentage of implanted noble gas from silicates and other constituents of 
the lunar fines. This procedure was used to eliminate any possible inter
ference from residual lunar dust adhering to the foils. 

SUMMARY 

The Solar Wind Composition Experiment, despite its basic simplicity, has 
provided a great deal of useful information with respect to noble gas 
abundances in the solar wind—such information as isotopic ratios and 
some idea about solar behavior. The measurements showed that the He/ 
H of the solar wind (0.04) is much lower than that found in the solar 
photosphere (about 0.1). It is apparent that some solar wind fractionation 
occurs with respect to the outer surface of the Sun, but the mechanism is 
unknown. 

A comparison of the solar wind data to the lunar surface and terrestrial 
atmosphere data is shown in Table 6.1. There is a difference between the 
solar wind and the lunar fines, which has been attributed to diffusive 
losses from the soil, although with some retrapping. There is also an 
observed difference in 20Ne/22Ne ratio between the solar wind and the 
terrestrial atmosphere. Finally, it has been observed that the deuterium/ 
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Table 6.1. Comparison of Weighted Averages of Solar Wind Ion Abundances Obtained 
from the Solar Wind Collection Experiment" 

Source 

Solar wind 
(average from 5 SWC 
experiments) 

Lunar fines 10084 
llmenite from 10084 
Ilmenite from 12001 
llmenite from breccia 

10046 
Terrestrial atmosphere 

4He/3He 

2350 ± 120 

2550 ± 250 
2720 ± 100 
2700 ± 80 
3060 ± 150 

7 x 105 

4He/:oNe 

570 ± 70 

96 ± 18 
218 ± 8 
253 ± 10 
231 ± 13 

0.3 

20Ne/22Ne 

13.7 ± 0.3 

12.65 ± 0.2 
12.85 ± 0.1 
12.9 ± 0.1 

22Ne/2lNe 

30 ± 4 

31.0 ± 1.2 
31.1 ± 0.8 
32.0 ± 0.4 

12.65 ± 0.15 31.4 ± 0.4 

9.80 ± 0.08 34.5 ± 1.0 

:oNe/3,iAr 

28 + 9 

7 ± 2 
27 ± 4 
27 ± 5 

— 

0.5 

•' Abundances of surface-correlated gases in lunar fines materials, and a breccia, and in the terrestrial 
atmosphere. Source: Geiss and associates (1). 

hydrogen ratio is quite low. The Sun appears to have very little deute
rium. Current steller models have the Sun converting the deuterium to 
3He. There is, however, still a large question in view of the deficiency in 
the 3He/4He in the solar wind. The ratio is at least four times less than that 
indicated for the Earth's deuterium/hydrogen ratio. An explanation of
fered by Geiss and Reeves (3) is that deuterium may have been enriched 
in the planets relative to the Sun early in the formation of the Solar 
System. 
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REMOTE SENSING BY REFLECTANCE 
SPECTROSCOPY 

One of the important challenges in the program of planetary exploration 
was the development of a method for obtaining chemical data from plane
tary surfaces over great distances. The answer obviously lay in spectral 
methods. The possibility of employing spectral analysis to obtain mineral-
ogical information from lunar and planetary surfaces had been proposed 
by a number of investigators such as Lyon (1), Hovis and Lowman (2), 
and Aronson and associates (3). An extensive study was done for NASA 
by Lyon (4) at the Stanford Research Institute and published as NASA 
Tech. Note D-1871. The study included absorption studies of 370 rock 
and mineral samples and reflection studies of about 80 rocks. The spectral 
region used was the infrared from 2.5 to 25 fim. 

Eventually, Lyon (4) published results for over 330 normal emittance, 
reflectance, and transmittance spectra of roughened rock and mineral 
surfaces covering the range from 2.5 to 25 fim. He drew the following 
conclusions from these studies: Rock and mineral types can be deter
mined from the wavelength position of the minima in the absorption or 
emission spectra. Further, the details of the shape, intensity, and position 
of individual maxima or minima could be used to infer differences be
tween mineral groups and mineral assemblages in rocks. Of the various 
kinds of spectra, absorption spectra had the highest spectral contrast and 
were the most definitive. On the other hand, he found the emission 
method most suitable to field operations, particularly from orbit. Aronson 
and co-workers proposed the use of the near and far infrared (15-500 fim) 
for the remote sensing of lunar and planetary surfaces. At the time, they 
attributed the neglect of this spectral region to the inherently poor signal-
to-noise and stated that the far infra region is exceedingly rich in informa
tion about silicate minerals. 

Hovis and Callahan (5) showed that the restrahlen (residual rays) of 
silicate minerals vary in frequency with the concentration of the silicates, 
and that the restrahlen peaks vary from 8.5 to 11 /urn, depending on the 
types of rocks. Goetz and Westphal (6) described a method for measuring 
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spectral emissivity differences between two points on the lunar surface in 
the 8-13-/i,m region from a terrestrial observatory. They published the 
results of a lunar survey involving some 22 lunar sites and reported that 
most of the lunar regions surveyed appeared to be homogeneous in this 
spectral range. This was attributed to a surface roughened by either mi-
crometeorite bombardment or radiation effects. Only two of these points, 
Plato and Mare Humorous, showed spectral contrasts that might be due 
to compositional differences. 

A further consideration of spectral techniques led Adams (7) and Mc-
Cord (8) to propose high-resolution visible and near infrared reflectance 
spectroscopy, a technique developed prior to the Apollo missions. This 
approach has proved to be particularly fruitful. The method has evolved 
steadily, and, with the passage of time, has become more effective, as 
improved instrumentation and laboratory methods have developed. Both 
investigators proposed that spectral reflectance data in the 0.3-2.5-jU.m 
region would yield geologically significant information. This has proved to 
be the case, particularly in lunar studies where not only the mineralogy 
and composition of the surface has been discerned but the effects of the 
soil-forming processes as well. 

The Moon proved unique in this general program because with the 
Apollo 11 landing and sample return Adams and McCord were able to 
obtain ground truth data (7,8) and demonstrate that the reflectance spec
trum of the soil collected by Armstrong and Aldrin matched the spectra 
obtained from telescopic observations of the Apollo 11 landing site and 
several surrounding areas. Adams and McCord's early results showed 
that there is a lateral compositional homogeneity on a kilometer scale: 
thus, they were able to extrapolate the conclusions, based on spectra 
from centimeter-sized samples to unvisited portions of the lunar surface. 

The advances in the spectral methods for obtaining data about plane
tary surfaces, in particular the asteroids, has been summarized in a paper 
by Gaffey and McCord (9). It was pointed out that in 9 y since the first 
Tucson Conference on asteroids, there has been a great expansion in the 
methods for characterizing asteroid surface materials. The data base has 
expanded in spectral range and resolution and the number of objects 
observed. They state that techniques and calibrations for interplanetary 
data have undergone a quantum jump in sophistication. 

In 1970, only color comparison photometry based on meteorite sam
ples was available. After 1970, spectral reflectance measurements of labo
ratory samples with broader spectral coverage and higher resolution be
came available for meteorites such as basaltic achondrites. In the early 
1970s, such investigators as Johnson and Fanale (10), Chapman and Salis
bury (11), and Gaffey (12) did a number of reflectance spectral studies on 
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meteorites. A number of investigators such as Adams (13,14), Adams and 
Goullaud (15), and Bell and Mao (16) related specific spectral properties 
such as absorption band positions to mineral composition. 

There has been a steady growth in the data base dealing with meteor
ites and other Solar System objects, in addition to the improved under
standing of the relationship between spectral observations and mineralog-
ical properties. Particular emphasis was placed on interpreting the data 
from asteroids. Gaffey and McCord (9) caution that "Care should be 
exercised in reading the early papers since subsequent improvements in 
techniques or observational data may have significantly modified their 
conclusions." There are numerous examples of the early efforts supplied 
to asteroids that have been summarized by Gaffey and McCord. A few of 
these are cited below: 

McCord, Adams, and Johnson (17) measured the 0.3-1.2-ju.m spectrum 
of the asteroid Vesta and identified an absorption feature near 0.9-ju.m as 
being due to the mineral pyroxene. They concluded therefore that the 
surface material was similar to basaltic achondritic meteorites. Chapman 
and Salisbury (11) found matches in the 0.3-1. l-fim spectra of asteroids 
and several meteorite types such as enstatite achondrites, a basaltic 
achondrite, an optically unusual ordinary chondrite, and perhaps a carbo
naceous chondrite. 

Johnson and Fanale (10) showed that the albedo and spectral charac
teristics of some asteroids are similar to CI and C2 carbonaceous chon
drites and others to iron meteorites. However, they noted the difficulty of 
defining a spectral match and raised the question of subtle spectral modifi
cation as a consequence of "weathering" of asteroid surfaces. In turn, 
Salisbury and Hunt (18) considered the effects of terrestrial weathering on 
meteorite samples and questioned the validity of matches between the 
spectra of such specimens and the asteroids. 

Chapman and associates (19) developed a scheme for classifying aster
oids based on spectral data, albedo, and polarization parameters. Most of 
the bodies fell into two groups, the first having low albedos, strong nega
tive polarizations at small phase angles, and a relatively flat, featureless 
reflectance curves in the 0.3-1. l-/xm region. The second asteroid group 
had higher albedos, and sometimes the spectral curves showed distinct 
spectral characteristics. Attempts have been made to relate these to dif
ferent meteorite types, but such arrangements have led to ambiguities and 
misunderstandings. 

Having discussed, at least briefly, the historical development of reflec
tance spectroscopy and its use in planetary studies, we shall now examine 
the principles and applications. 
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SPECTRAL REFLECTANCE (THEORETICAL BASIS) 

The spectral reflectance technique has been defined by McCord (8) as 
consisting of the measurement of the fraction of incident solar radiation 
which is reflected from an object as a function of wavelength. The method 
is based on the wavelength dependence of the spectral reflectance, and 
not the albedo or absolute amount of reflected radiation. The resultant 
reflectance spectrum contains optical absorption bands that are diagnostic 
of surface composition and mineralogy. 

It is obvious that when such measurements are made from terrestrial 
observatories, the useful wavelength range is governed by atmospheric 
transmission. A second constraint is that the wavelength be in a range 
where the reflected solar radiation is more intense than the emitted ther
mal radiation. In addition, there are practical limitations such as those 
imposed by detector technology and calibration techniques. 

Figure 7.1, published by McCord (20), shows the spectral flux from a 
square kilometer of a lunar mare region. The radiation is shown to consist 
of two components: the reflected solar radiation and radiation that has 
been absorbed and reemitted as thermal radiation. The intersection of the 
two curves and the relative magnitudes of the curves vary for different 
planetary bodies, depending on their orbits. 

McCord states that the material on the surfaces of Solar System ob
jects such as Mercury, the Moon, Mars, and the Asteroids are composed 
of randomly oriented fragments of crustal material. When these materials 
are observed in reflected light, the soils return two components of radia
tion: a specular first surface reflection and a diffuse component, com
posed of light that has entered at least one grain and then been scattered 
back toward the observer. It is this diffuse component that contains the 
most compositional information. 

The absorption phenomena involved in the formation of the spectral 
features that contain the characteristic compositional information being 
sought have been thoroughly described in a recent paper by McFadden 
and associates (21). Absorption in the LTV-visible region of the spectrum 
can be ascribed to four different phenomena: color centers, conduction 
bands, crystal field transitions, and intervalence charge transfer of ions. 
These will be described here based on McFadden's treatment of the 
subject. 

1. Color Centers. Trapped electrons in crystal structure lattice de
tects produce color centers. Naturally occurring color centers are com
monly found in high-symmetry crystals where lattice defects are easily 
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Figure 7.1. Radiation received from a 1-km2 mare area at the mean Earth-Moon distance. 
Source: McCord and Adams (20). 

produced. When an impurity is present, which produces a charge im
balance in a crystal lattice, the electrons are bound by the crystal fields of 
the surrounding ions to preserve electrical neutrality. Figure 7.2a (21) is a 
schematic representation of a point defect at a lattice site, a condition 
under which color center absorption may occur. In Figure 7.26 we see 
examples of color center absorption for some fluorite specimens. The 
unambiguous identification of a color center feature can be difficult, par
ticularly in studying a remote object. It requires eliminating other types of 
absorption and independent evidence that conditions promoting lattice 
defects exist. It must be added that as yet no color center absorptions 
have been observed on planetary surfaces. 
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2. Conduction Bands. The effect of the conduction band depends 
on whether one is dealing with a semiconductor or a conductor. The 
energy required for transitions between some valence and conduction 
bands (the forbidden gap) in semiconductors is equivalent to photon ener
gies in the UV-visible region. The wavelength of onset of the band de
pends on the particular conductor. The onset of the band is quite abrupt 
for pure semiconductors, but becomes less so with an increase of impuri
ties. Conductivity is proportional to temperature, so that a decrease in 
temperature leads to a lower conductivity and, consequently, a decrease 
in band intensity. 

In the case of conductors, the valence and conduction bands overlap; 
thus there is no forbidden gap and absorption is continuous. 

Opaque minerals are conductors or semiconductors which totally ab
sorb photons at all the wavelengths observed. The most common Solar 
System opaques include elemental carbon, magnetite (spinels), and fine
grained metallic particles, which have been reported to have oxide coat
ings (10, 11). These minerals yield important information about rock for
mation such as oxidation state. 

A mechanism that results in total absorption is the formation of energy 
bands at ions instead of discrete energy levels. As an example, when 
anions with a full orbital energy state interact with cations with empty 
adjacent orbitals, they overlap to form energy bands; therefore photons 
are absorbed at all optical wavelengths. This phenomenon is common to 
oxides. The opaque nature of magnetite is due to a highly efficient charge 
transfer (24). 

Figure 7.3 shows the absorption effect of increasing proportions of the 
opaque mineral magnetite on the crystal field absorption of olivine. Figure 
7.4 shows the effect of crystal field splitting of an ion in an octahedral 
field. The spectrum of elemental carbon and small-to-large grains of 
magnetite is featureless. Submicron-sized magnetite becomes transparent 
in the infrared. McFadden states that, unfortunately, existing interpretive 
techniques of visible and infrared cannot distinguish between opaque 
types. However, it is important to derive methods of remotely determin
ing the mineralogy and chemistry of the opaques because of their value in 
determining formation conditions, that is, the oxidation states and chem
istry. 

It has been found that the addition of small amounts of an opaque 
component, as little as 1-5%, such as carbon or magnetite to a mafic 
silicate assemblage drastically reduces the strength of any absorption and 
Us albedo. Such effects can also be caused by shock, but the effects of the 
opaques is much more marked. 
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Figure 7.2. Schematic representations of a point defect and the situation for a semiconduc
tor. Source: McFadden et al. (21). 
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Figure 7.2. {Continued) 

3. Charge Transfer Absorptions These absorption features origi
nate from the transfer of electrons between two valence states of adjacent 
ions. This type of absorption is the strongest and, in certain cases and 
with additional knowledge of spectral parameters, can be assigned to 
specific ion interactions. However, because of the short wavelength cut
off of Earth-based measurements, charge transfer absorptions are usually 
observed as absorption edges, making it difficult or impossible to deter
mine band centers and to assign specific ion interactions. 

With a decrease in temperature and increase in pressure, the charge 
transfer bands increase in intensity. Thus a reflectance spectrometer 
mounted aboard a spacecraft could measure the same area of a surface at 
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Figure 7.3. Spectra showing the effects of increasing proportions of an opaque material 
(magnetite) on crystal field absorptions in olivine. Source: McFadden et al. (21). 

different times during a diurnal cycle, looking for fluctuating band intensi
ties, and distinguish between conduction bands and charge transfer fea
tures. 

While the conduction band would increase in intensity with increasing 
temperature, the charge transfer feature would decrease in intensity. If 
both a conduction band and a charge transfer were present, the expected 
intensity variation would not be observed, and therefore the presence of 
both bands could be inferred. At present, charge transfer bands are identi
fied on the basis of position, bandwidth, and intensity. This is dependent 
then on mineralogy, temperature, and abundance. The charge transfer 
band is nonlinear and has a characteristically concave shape. 

ABSORPTION BAND STRENGTHS 

The proper interpretation of absorption band features depend strongly on 
an understanding of the factors affecting them. Such an understanding has 
flowed from laboratory experiments on "common" Solar System mate
rials combined with theoretical modeling based on physical scattering 
phenomena. The following factors have been observed to be significant: 
the nature of the crystallographic sites, chemistry (oxidation states and 
abundance), particle size of the samples, morphology, physical packing, 
and, finally, the viewing geometry. The alteration of crystal structure or 
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surface chemistry will be reflected in changed band positions and strength 
in the reflectance spectrum. 

As a case in point, a single spectrum of an asteroid surface will not 
permit the controlling factors of physical scattering to be determined. The 
mineralogical composition or physical state must be independently deter
mined. It was stated above that this has been done by laboratory measure
ments on Solar System materials, their mixtures, and naturally occurring 
Solar System assemblages such as meteorites (12,22) and lunar samples 
(23). In her review, McFadden points out that interpretation is not always 
unique and that the total number of possibilities need to be considered. 
Independent measurements of albedo, polarization, and radar can occa
sionally provide important constraints (21). In addition, combinations of 
data sets from different portions of the spectrum that measure different 
physical phenomena may serve to provide limits of physical parameters. 

Experimental observations have also shown the effects of viewing ge
ometry, packing density, particle size, shock, and temperature. Of the 
above, the first three are scattering processes. By contrast, temperature 
and shock produce changes in the structure of the minerals, though some 
shock effects are related to scatter. Significantly, examination of variation 
of the U V absorption band strength indicates that the maximum range of 
variation is no greater than 10%, with particle size and shock two excep
tions that are discussed later. 

UV band strengths of this magnitude have not been used to date for 
quantitative constraints on physical parameters of Solar System surfaces. 
The controlling factors of the UV band depth are multiple, and variations 
less than 5% cannot be separated from observational errors. Variations 
greater than 10% are attributed to compositional differences in the abun
dance of an absorbing species, particle size, or shock effects. These pa
rameters will be discussed in greater detail based on the McFadden re
view. 

The intensity of reflected and absorbed radiation depends on the mean 
optical path length (mopl) of photons through the sampled material, a 
value proportional to the probability of photon absorption. Composition, 
viewing geometry, individual grain morphology, and overall texture affect 
the value of mopl, which is also wavelength dependent. Almost all mate
rials show an increased reflectance relative to a standard wavelength 
(about 0.56-/j,m) with increasing wavelength and phase angle (24). Band 
depth values relative to 0.56-/xm vary nonlinearly with phase angle. To 
date, phase-angle effects have not been applied to the interpretation of 
reflectance spectra. However, measured UV absorption coefficients of Io 
and Europa have been used to place quantitative constraints on their 
relative porosities. 



ABSORPTION BAND STRENGTHS 139 

If a material has a preferred orientation, its particle shape will affect 
the mean optical path. Such situations are rarely expected in planetary 
surfaces, because few monomineralic surfaces are known. Effects of par
ticle shape should be randomized when looking at real surfaces. 

Effects of particle packing or porosity have been observed for a few 
materials (25). In the visible portion of the spectrum, a powder's albedo 
decreases with increased porosity (reduced density), but the opposite 
effect is seen in the near-infrared where reflectance increases with re
duced density. This behavior can be understood in terms of shadowing, 
but the material must be more transparent in the IR than in the visible. A 
wide range of materials have not been observed for packing-density varia
tions, due to a large extent to the difficulty in measuring packing density 
quantitatively. 

The particle-size effect is a substantial one, which has been explained 
in the following terms (22). As the particle size decreases, the number of 
grain boundaries increase relative to particle volume, and the reflectance 
increases. For a given mineral, there is a particle-size distribution where 
spectral contrast is maximum, that is, the specular scattering relative to 
the diffusely reflected component and wavelength-dependent absorption 
results in the largest difference between in band absorption and out-of-
band reflectance. With increasing particle size beyond the optimum distri
bution, specular scattering decreases, absorption increases, and the ap
parent band depth decreases. Figure 7.5a, b, and c show the effects of 
particle size on the spectrum of an enstatite pyroxene (22). It can be seen 
that between <30, 150, and 200-jU.m particle sizes, the albedo changes by 
more than 100% at 0.56-p.m, and the 0.9-/AITI relative band depth changes 
by 100%. The relative strength of the UV absorption changes by 50%. 

A functional relationship between albedo and band depth could deter
mine particle size. However, conditions on such bodies as asteroids do 
not lend themselves to the establishment of these relationships. The com
bination of more than one mineral component and particle size are not 
independent functions. Thus an independent method of determining parti
cle is necessary in order to maximize the interpretative potential of the 
spectral reflectance method. Progress towards developing such a method 
has been made and described by Clark and Roush (26). 

In addition to viewing geometry, the question of gross shape of the 
body being measured is also of concern. Gradie and Veverka (27) have 
shown that measurement of integrated reflectance from an asteroid sur
face depends on shape. Based on calculations of the effect of body shape, 
it has been shown that the spectral differences are only of the order of 
about 6% at the extremes of an ellipsoid, with a major to minor axis ratio, 
a'b = 3. It appears that anything but extreme shape differences would not 
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Figure 7.5. (a) Curve showing the ratios of the fluxes from extremes of particle size. Seen 
is the effect on the band strength, (b) Changes in albedo and band depth as a function of 
particle size, (c) Reflectance scaled to 1.0 at 0.56 /xm. Source: McFadden et al. (21). 

be detected in asteroid reflectance spectra. The conclusions drawn are 
that the interpretation of a spectrum at any rotational phase angle should 
not be significantly affected by scattering due to body shape, and that the 
effect is of secondary importance relative to the mineralogical influence 
on spectral reflectance curves. 

Temperature is another factor to be considered. As the temperature 
rises, the increased thermal motions lead to greater vibrations about the 
crystallographic sites, producing effectively a larger mean atomic dis
tance. Based on this, one would predict such effects as a larger bandwidth 
crystal field absorption band, depending on the range of motion of the 
vibrating metal and oxygen atoms. A shift of band center to longer wave
lengths, depending on the range of motion of the vibrating metal and 
oxygen atoms, would also be predicted. 
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On the other hand, charge transfer bands would decrease in intensity 
with increasing temperature. The probability of an electron transfer de
creases as the ion's amplitude of vibration increases. Sung and associates 
(28) and Singer and Roush (29) have observed shifts of the 2.0-jum band 
position and 1.0- and 2.0-/xm bandwidths in pyroxene with temperature. 
The change in strength of the UV absorption band is negligible, and the 
position of the 1.0-fim band does not change as a function of temperature 
for pyroxene. The width of the l.O-^m band broadens with increasing 
temperature (see Fig. 7.6). Thus a hot pyroxene spectrum might be incor
rectly interpretated as an olivine-pyroxene mixture. Because all of the 
above is related to temperature, it must be of concern when observing 
near Earth or inner belt Asteroids, measured up to the 2.5-̂ u.m region. 

The final parameter, shock, will alter a reflectance spectrum to the 
extent that a crystal structure is changed. It has been shown experimen-
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tally by Adams and associates (30) that only slight changes in the strength 
of the absorption bands of pyroxene occur after shock pressures of 597 
kbar, although the albedo is reduced by 33%. On the whole, the effects of 
shock are dependent on the strength of the bonds within each particular 
mineral. In a reflectance spectrum, the presence of the mineral pyroxene 
will dominate the signature given by shocked mixtures with plagioclase/ 
and or olivine. There are as yet no detailed studies comparing these two 
effects. Particle-size spectral variations and shock effects ae generally 
similar and cannot be differentiated by visible reflectance alone. 

With respect to asteroid studies, there has been some speculation that 
the presence of shocked phases or opaques can be defined by UV spec
troscopy. For example, in the vacuum UV, the position of reflectance 
maxima due to an interband energy gap in mafic silicates shifts to higher 
energy, perhaps showing a decreasing unit cell volume of shocked crys
tals. However, the existing vacuum ultraviolet Asteroid spectra do not 
cover the region of the spectrum containing this diagnostic absorption. 

In summary, we see that reflectance spectroscopy in the 0.33-2.5-ju,m 
region has been developed as a powerful tool for determining chemical 
and mineralogical information about distant Solar System bodies. The 
major effort has involved the Asteroids, although other objects like the 
Moon have also been studied. It is clear that generally the diagnostic 
features in the spectra are relatively diffuse in comparison to other types 
of spectroscopy. As a consequence, the interpretations can be beset by 
ambiguities, and a special burden is placed on the observer to understand 
those parameters that add to the uncertainties and to attempt to unfold 
them from the processed data. This is not always an easy task, and con
siderable research still needs to be done. 

Despite all of this, reflectance spectroscopy offers one of the more 
powerful analytical methods for the remote analysis of Solar System 
bodies at great distances. In the section that follows, I shall briefly de
scribe the practice and select some samples of results. A relatively com
plete survey would be voluminous and beyond the scope of this text. 

MEASUREMENT TECHNIQUES 

In general, the use of reflectance spectroscopy to study Solar System 
objects involves telescopic measurements from ground-based observato
ries, as well as spacecraft measurements. In the former category, spectral 
reflectance has been and continues to be measured at telescopes using a 
wide variety of spectrometers and imaging systems. The method of 
measurement has been described by T. B. McCord (41) and is as follows: 
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1. The flux from the object of interest is measured and represented as 
/o(A). 

2. The flux from a nearby star is measured at about the same time and 
labeled/S(X). 

3. By forming a ratio/0(X)//X(X), instrumental response as well as 
atmospheric effects are eliminated. 

4. The value of/X(G) is determined as the flux of a standard spectral 
type G, that is, a solar analogue, is based on the work of Hardorp 
(31). The reflectance is calculated as 

R(Xi = [/o(X)//s(X)][/s(X)//,(G)(\)] = /o(X)//s(G)(X) 

assuming /S(G)(X) = Fsun(X). Hardorp has shown this assumption 
to be valid for certain stars. 

The spectral reflectance is displayed as a function scaled to unity at 
0.56-ju.m in order to eliminate albedo effects and to concentrate on differ
ential reflectance spectra. McCord states that this technique has been 
used to obtain reflected spectra using the light from small areas on the 
Moon, the integrated light from Mercury, Mars, many Asteroids, and the 
Galilean satellites. 

In order to check the precision of the telescopic spectra, comparisons 
have been made to returned Apollo samples. Spectral reflectance curves 
of lunar soils measured in the laboratory have been compared with tele
scopic data of areas 10-20 km in diameter that contained Apollo and Luna 
landing sites. Adams and McCord (23) showed the agreement to be within 
a few percent. 

Significantly, the lunar sample spectral curves show the same subtle 
but important absorption features seen in the telescopic curves. Because 
the lunar sample studies have made it possible to understand what chemi
cal and mineral properties control the shape of the relectance spectrum, it 
is possible to obtain information from the entire front surface of the Moon 
to add to that obtained by direct sampling. The information consists of 
Pyroxene composition of the soil, the titanium dioxide concentration in 
the lunar glasses, soil maturity, the mare basalt types, and the distribution 
°f the dark mantle deposits. 

At this time there have been successful applications of ground-based 
telescopic observations of reflectance spectra to the determination of the 
surface composition of Mars (32) and of well over 300 Asteroids (33). On 
Mercury, an upper limit has been set on the FeO content of its lunarlike 
soil (34). In addition, a low-Ca pyroxene has been identified. 
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By far, the bulk of the spectral reflectance data has come from terres
trial observatories. There have been spacecraft measurements of low 
spectral resolution, and Galileo, an upcoming mission to Jupiter, will 
carry a near-infrared mapping spectrometer (N1MS). Spectral reflectance 
curves of Mars (35) and Venus (36) have been determined from Viking 
Lander and Venera photometric data. The curves are approximate be
cause of the use of broad-band filters; however, it has been possible to 
make comparisons with terrestrial soil analogues. 

RECENT APPLICATIONS 

What follows is a brief review of an extensive literature. The illustrations 
cited are the result of recent efforts and demonstrate the importance of 
these spectral methods in the remote analysis of the surfaces of Solar 
System bodies. 

At the end of 1979, Singer and co-workers (37) published a summary 
paper on the composition of Mars by reflectance spectroscopy. They 
obtained visible and near-infrared reflectance spectra of the martian sur
face, primarily by Earth-based telescopic observations. In addition, they 
acquired multispectral images both from spacecraft and Earth-based ob
servations. They observed that all the spectra from Mars show strong 
Fe3+ absorptions from the near-UV to about 0.75-^tm. 

The darker regions showed the effect to a lesser degree, leading to an 
interpretation of a lesser degree of oxidation. Dark areas were also ob
served to have a Fe2+ absorption near 1.0-/j,m, attributed primarily to 
olivines and pyroxenes. 

There was also observational data in the infrared region for highly 
dessicated mineral hydrates and for H?0 ice and/or absorbed water. Ex
amination of the north polar region showed a strong H20-ice spectral 
signature, but no evidence for CO^ ice. On the other hand, only CO? ice 
was identified on the south polar cap. 

The brightest materials on Mars were found to be widespread, and 
correlated with aeolian dust. By contrast, the darker materials showed 
greater mineralogic variability and were thought to be closer in petrology 
and physical location to their parent rock. The dark materials appeared to 
fit a model of somewhat oxidized basaltic or ultramafic rock, regionally 
variable in composition and details of oxidation. The bright materials 
appeared to be finer-grained assemblages of highly oxygen-sharing dessic
ated mineral hydrate, some ferric oxides, and other somewhat more mi
nor constituents, including a small amount of relatively unaltered mafic 
material. The conclusion was that the brightest materials might be pri-
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mary and/or secondary alteration products of basaltic or ultramafic dark 
materials. 

Figures 7.7-7.9 provide some idea of the nature of the observations. In 
Figure 7.7, a comparison is made between the Viking Orbiter II and 
Earth-based reflectance data for a few regions on Mars. All of the spectra 
have been scaled to a value of 1.0 at 0.56-yu.m. Figure 7.8 shows a compari
son of bright and dark region reflectance spectra scaled to unity at 1.02-
um. Figure 7.9 is a comparison of observed Mars bright and dark region 
spectra with laboratory spectra of weathered basalt. A single olivine ba
salt, oxidized in the laboratory, provided the best match for both bright 
and dark regions in this spectral range. The bright region requires a higher 
degree of oxidation and a finer grain size than the dark region spectrum. 

The detection of water is interesting, particularly the method of unfold
ing the data. Water was first reported on Mars by Sinton (38) after observ
ing a strong absorption near 3-yu.m. Pimental and associates (39) observed 
evidence for small amounts of water in or near the surface using the data 
acquired by the Mariner 6 and 7 infrared spectrometer in the 3-jiim region. 
McCord and co-workers (40) after analyzing an integral disk spectrum of 
Mars, showed absorptions in the 1.4-2.9-/u,m range that was attributable 
to water in the form of ice plus a highly desiccated mineral hydrate. This 
was followed by new data showing additional evidence for a mineral 
hydrate and/or solid H20 (41). Singer and associates (37) demonstrated 
that all Martian infrared spectra show a drop in reflectance from 1.3 to 
1.4-jum, which is independent of the Mars atmospheric C02 absorption. 
This effect was greater for bright areas than the dark ones. 

In an attempt to understand the drop, the investigators approximated 
the observed Martian reflectance with spectra typical of basalts and their 
oxidation products. The light areas were modeled with a spectrum consis
tent with heavy oxidation and the dark areas by a spectrum typical of a 
basaltic material covered with a thin oxidized layer. The spectra were 
scaled in the same fashion as the telescopic spectra, and have a smooth 
reflectance beyond l.l-/xm. 

An ice spectrum was added algebraically in small amounts to match the 
apparent 1.4-/xm drop found in the Martian spectra. The ratio of the 
Martian spectrum to the simulated one shows absorption features that 
correlate with the expected Martian atmospheric CO: bands. Such simu
lations fit the bright area spectra better than the dark area spectra and 
show that the relative band intensities are weaker and different for dark 
areas than the bright ones. 

The conclusions drawn are exciting. The results appear to show that 
water is present in the Martian surface in different forms such as frost ice 
sheets on the surface and ice mixed in the regolith or bound to it. It has 
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been shown that bound water bands that occur typically at 1.4 and 1.9-ju.m 
do not shift appreciably with temperature from 300 to 150°K and that 
bound water can be distinguished from free ice. The simulation of Martian 
spectra shows that free water ice is the primary cause of the 1.3-1.4-ju.m 
drop in reflectance and that there is more water in the bright areas than 
the dark. There is evidence at the 1.4- and 1.9-/u.m spectral region for 
bound water in the Martian surface. These are, however, difficult regions 
to observe from the Earth because of uncertainties in telluric water re
moval and the strong 2-/xm Martian atmospheric CO2 absorption. 

Finally, a spectrum of the north polar cap, taken in the northern spring 
showed very strong water ice bands. McCord, Clark, and associates (41) 
have successfully modeled this spectrum by assuming that 60% of the 
radiation is reflected by water ice and 40% by the gray material (flat 
reflectance at all wavelengths). Singer and associates (37) maintain that 
the actual amount of water present is difficult to determine because of 
grain size variations and/or hydration state. 

A second review of the application of spectral reflectance in Solar 
System exploration was published by McCord and co-workers in 1981 
(41). Figure 7.10 summarizes the situation in this type of spectroscopy, 
according to McCord. Prior to 1972, the scatter in the spectral data be
yond 10-/j,m made detailed interpretation very difficult. All that could be 
said was that the reflectance increases with wavelength throughout the 
region. In 1970, McCord and Johnson (42a) published spectra for six lunar 
areas (0.3-2.5-/xm), which were relative to an area in Mare Serenatatis. 
This comparison was able to show important subtle differences in the 
spectra (Fig. 7.11) and variations from area to area. These early results 
have been made more exact by improvements in instrumentation and 
techniques. 

An infrared spectrometer has been developed to obtain high precision 
Photometric spectra of planetary surfaces. The details have been de
scribed by McCord (42b). In general, the design was dictated by the 
special problems of looking at an object at great distance and by the 
^stabilities involved in examining Solar System objects. For example, 
the various components such as the indium antimonide detector and a 
continuously spinning circular variable filter were cooled to liquid nitro
gen temperatures. The spectral region from 0.62 to 2.5-/Ltm was scanned 
every lfj to 20 s. The object under observation was continuously viewed 
bV the use of a cooled, mirrored aperture plate at 45° to the optical axis 

gure 7.7. Comparison of Viking orbiter and ground-based spectrophotometry for identi-
'areas on Mars. The data are scaled to unity at a wavelength of 0.56 /xm. Source: Singer et 

al- (35). 
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Figure 7.9. Comparison of observed Mars bright and dark region spectra with laboratory 
spectra of a weathered basalt. Source: Singer (35). 

and an image transfer lens. The spectral resolution, SA/A, was about 1.5% 
throughout the spectral range. The incoming signal was compared to the 
signal from a black reference source 240 times per revolution of the con
tinuously variable filter. The signal difference between the black reference 
and the object was counted, computer, and stored in the instrument data 
system memory. The 0.6-2.6-/xm spectrum was divided into 120 data 
channels so that the sun of two complete chop cycles correspond to one 
spectral channel. 

The instrument was developed to cover the spectral range of 0.6-2.5-
Mm, which included the 1.4- and 1.9-,um telluric bands (both quite in
tense). Thus there was a requirement for a special program and site for 
observation. The lunar area under observation was compared with a 
nearby "standard object" (usually a standard lunar area). The time be
tween the target measurement and the standard area was kept small 
(about < 20 min). Each area was measured for 5-10 revolutions of the 
circular variable filter, and the data from each revolution was added to the 
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et aJ. (41). 

Figure 7.11. Lunar spectral reflectance for six small lunar areas plotted as relative spectral 
reflectance (see text). This relative technique allowed more precise measurement and for the 
first time showed the presence of absorptions in the lunar spectrum and variations between 
lunar areas. Source: McCord et al. (41). 
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previous one. The sequence was generally repeated three or more times. 
Also, the standard was followed for several hours and measured fre
quently each night so that accurate atmospheric extinction coefficients 
could be obtained for each spectral channel. 

The investigators, McCord and co-workers, (426) agree that while the 
method was tedious and inefficient (there was a frequent need to reposi
tion the telescope), they obtained high-quality photometric data even in 
the regions of the telluric water bands. A key element in the measure
ments was the use of the Mauna Kea observatory in Hawaii, which was 
particularly well situated because of the high altitude and low water va
por. 

It is worthwhile examining the method of lunar data reduction in a little 
detail. The measurements and spectral reflectance were calibrated using a 
computer program developed by Clark (43). For each run, a background 
reading was subtracted for the target area as well as for the standard area. 
Following this, the standard area measurement was plotted as a function 
of air mass through which the observation was made, thus calculating the 
extinction per air mass per spectral channel. The measured extinction was 
then used to correct all measurements to equal air mass. The calibrated 
target area measured was divided, spectral channel by spectral channel, 
by the calibrated standard area measurement, to produce a relative spec
trum. However, before the relative spectrum could be determined, it was 
necessary to remove the thermal flux contribution coming from the hot 
lunar surface, so that only the reflected radiation remained. The proce
dure followed was developed by Clark (44). 

Figure 7.12 demonstrates this for an Apollo 16 soil sample. The top 
reflectance spectrum (a) is of a soil sample measured in the laboratory and 
convolved to 1% spectral resolution. The spectrum was fitted with several 
polynomials. The smoothed spectrum shown is assumed to be the spec
trum of the standard reference area near the Apollo 16 landing site used to 
calibrate all other lunar measurements. The bottom spectrum (c) is a 
relative reflectance spectrum measured at the telescope. It is the flux of 
the observed standard area in Mare Serenatatis divided by the Apollo 16 
standard area flux after removal of the thermal contribution. This relative 
reflectance spectrum (c), when multiplied by the standard Apollo 16 re
flectance spectrum (b), gives a standard reflectance spectrum (a). The 
error bars are 1 SD of the mean of several independent telescopic obser
vations. 

Figure 7.13 shows spectral reflectance for five lunar regions about 10-
20 km in diameter: (a) Mare Serenetatis, (b) J. Herschel, (c) Apollo 11 
site, (d) Apollo 16 (smoothed), and (e) Aristarchus. In Herschel, the 
water absorption bands at 1.4 and 1.9 jum have not been completely 
removed. 
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Figure 7.12. The reflectance spectrum of Apollo 16 soil sample is shown as measured in the 
laboratory (top) and convolved to 1% spectral resolution. The results of this spectrum after 
fitting with several polynomials to yield a smoothed spectrum is shown in the middle. This 
smoothed spectrum is assumed to be the spectrum of the standard reference area near the 
Apollo 16 landing site which is used to calibrate all other lunar spectral measurements. The 
bottom spectrum is a reflectance spectrum measured at the telescope. It is the flux of the 
more easily observed standard area in Mare Serenetatis. Source: McCord et al. (50). 

The absorption features shown in Figure 7.13 have been analyzed in 
the following fashion (45,46). First the continuum was estimated and re
moved, leaving only the absorption bands. The residual absorption bands 
were then fit simultaneously by mathematical Gaussian functions to spec
ify their characteristics quantitatively. An example of this is shown in 
Figure 7.14 for three areas. 

Based on the techniques described, it has been possible to establish the 
identification of the minerals olivine, plagioclase, and several types of 
Pyroxene at several locations on the lunar surface. The crater Aristarchus 
was found to have an average pyroxene composition of augite, and plagio-
c'ase was present. A dark mantle deposit in the crater J. Herschel was at 
least in part composed of a mixture of 70% olivine and 30% pyroxene. 

All of the above identifications became possible because the reflec
tance spectra for 10-20-km diameter lunar features were observed for the 
"rst time in the infrared spectral region (0.65-2.5 /am) with sufficient 
^solution and precision to define mineral electronic bands. Absorption 
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Figure 7.13. The spectral reflectance for five lunar regions approximately 10-20 km in 
diameter; a, Mare Serenetatis; b, J. Herschel; c, Apollo 11 site; d, Apollo 16 (smoothed); e, 
Aristarchus. Terrestrial atmospheric water absorptions not completely removed from the 
telescopic measurements are evident for Herschel near 1.9 and 1.4 jttm and at shorter 
wavelengths. Source: McCord et al. (42a,b). 

features in some spectra were quantitatively analyzed using newly devel
oped computer processing techniques, including thermal flux removal and 
absorption band fitting making mineral identification more accessible. 

A very interesting application of reflectance spectroscopy has recently 
been reported by C. M. Pieters (47). The study involves the central peak 
of the crater Copernicus. Originally, there were Apollo plans to visit this 
particular feature because of the possibility of finding deep-seated lunar 
materials. However, the Apollo program came to a halt before such a 
mission could be mounted. As Pieters has pointed out, the only way then 
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Figure 7.14. Part of the treatment of the spectral reflectance curves used to extract quanti
tative information is shown here for the crater Aristarchus. The top spectrum is shown 
corrected for thermal flux. The straight line through the top spectrum approximates the 
continuum. The bottom plot is the upper spectrum with straight line continuum removed and 
fitted by Gaussian functions. The middle plot is the difference between the Gaussian func
tion and the fitted spectrum. Source: McCord et al. (42a,b). 

to obtain compositional information was through remote sensing tech
niques. Although there were a number of well-tested orbital techniques 
available, after 1972 the principal technique was the use of Earth-based 
telescopic measurements. 

The measurements showed that olivine was the major mafic mineral in 
the central peak. This information was obtained by the use of the near-
infrared reflectance for the region from 0.7 to 2.5 ^m. The composition of 
the deep-seated materials comprising the central peak of Copernicus was 
unique among the various measured areas. 

Another particularly interesting study was to attempt to find the lunar 
s»urce area of the Antarctic meteorite ALHA81005. This meteorite has 
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been described as a regolith breccia, which appears because of physical 
characteristics and composition to have originated from an impact event 
in the lunar highlands. In a paper published in 1983, Pieters and associates 
(48), the investigators employing near-infrared spectroscopy, claimed a 
nearside limb or a farside source area—a surface unit on the Moon that 
had not been previously sampled by any U.S. or Soviet mission. 

The final examples to be given here are extraordinary because of the 
great distances over which compositional information has been obtained. 
R. N. Clark (49) has measured the reflectance spectra from the Galilean 
satellites Ganymede, Europa, and Callisto, and Saturn's rings. Based on 
laboratory studies of water frost, water ice, and water and mineral mix
tures, he concluded that the spectra of the icy Galilean satellites are 
characteristic of water ice (e.g., ice blocks or, conceivably, crystals larger 
than about 1 cm, or frost on ice, rather than pure water frost). The de
crease in reflectance at visible wavelengths is caused by mineral grains on 
the surface. The spectra of Saturn's rings were more characteristic of 
water frost, with mineral grains mixed in, but not on the surface. 

The impurities on these objects are not in spectrally isolated patches 
but, rather, appear to be intimately mixed with the water. The impurity 
grains seemed to have reflectance spectra typical of minerals containing 
Fe3+. Clark states that some carbonaceous chondrite meteorite spectra 
show the necessary spectral shape. With regard to the Jovian moons, 
Ganymede was found to have more water ice on the surface than previ
ously supposed (about 90 wt.%). A similar finding was made about Cal
listo, where the estimates are about 30-90%. Europa's surface is a vast 
frozen water surface, with only a small percentage of impurities. 

The reflectance spectra indicated that Saturn's rings also have only a 
small percentage of impurities. Estimes of the bound water or bound OH 
for these objects was about 5-15%, averaged over the entire surface. A 
new absorption feature was identified in the spectra from Ganymede, 
Callisto, and Europa at 1.15 fim. This feature has also been seen in the 
spectra of Io, but not in Saturn's rings. However, this feature has not 
been seen in the laboratory and, as a consequence, its cause is unknown. 

The final illustration of the determination of chemical information at 
extreme distances has been given by Cruikshank (50). The data involves 
the study on Triton, the largest of the two Neptunian moons, by reflec
tance spectroscopy in the near infrared. They have reported that the near-
infrared spectrum of Triton is characterized by strong absorption bands of 
methane, probably in the solid state. They also found an additional ab
sorption band at 2.16 /xm, which was tentatively identified as the density-
induced band of molecular nitrogen in the liquid state. 

The investigators, however, express some reservation about not being 
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able to observe the fundamental and additional overtones of this band 
system because of limitations due to the terrestrial atmosphere or the low 
precision of measurements of the spectral signal. 

Based on the absorption coefficients for this band, derived from labora
tory studies and from the literature, they have calculated that Triton has a 
layer of nitrogen at least 10 cm deep over most of its surface, a quantity 
they consider plausible in terms of the cosmic abundance of nitrogen and 
by comparison with Saturn's moon Titan, where a massive nitrogen atmo
sphere exists. The investigators modeled the Triton spectrum combining 
liquid nitrogen and solid methane and found that, by adding a spectral 
component corresponding to fine-grained water frost, they were able to 
account for the shape of the continuum in two spectral regions. They have 
also speculated that still another component, a dark solid, a photochemi
cal derivative of methane may occur as a contaminant of the surface 
material. 

In summary, we have seen some interesting illustrations from analyti
cal chemistry over vast distances and under difficult conditions. The ap
plication of the technique of near-infrared reflectance spectroscopy has 
required careful laboratory calibrations to produce the necessary matches 
to the observed spectra. It is obvious that there are pitfalls to be guarded 
against and that considerable investigative work still needs to be done; 
however, the results to date are quite remarkable. 
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CHAPTER 

8 

SURFACE ANALYSIS FROM 
ORBITING SPACECRAFT 

The orbital experiments and measurements described in this chapter were 
designed around the concept that an understanding of the origin and de
velopment of a planetary body requires a knowledge of the overall chemi
cal composition and the chemical distribution through that body. As al
ready pointed out, it is generally accepted that planetary composition is 
related to the particular mechanisms of condensation and accretion, as 
well as the nature of the chemical abundances that existed in the primor
dial clouds of gas and dust. There is also a consensus that, subsequent to 
formation, large chemical and physical processes exerted a considerable 
influence on the distribution of the elements in the various bodies of the 
Solar System. 

The focus in this chapter will be largely on the Moon, because in every 
sense the effort was so large and so highly successful, and because the 
results have produced an important precedent for future exploration ef
forts. Our knowledge about the Moon prior to 1960 came from Earth-
based telescopic studies. Attempts were made to infer something about 
the Moon's surface chemistry from observed optical albedos, light scat
tering, and infrared measurements. Lunar studies began to pick up mo
mentum in the last decade under the impetus supplied by the space pro
grams initiated by the United States and the Soviet Union, all of which 
provided a great deal of new information. The programs were varied, 
including Ranger flybys, Surveyor landers, Lunas, Orbiters, and, most 
recently, Apollo and Lunakhod flights. 

The earliest in situ chemical analysis of lunar surface materials was 
done using instrumented Surveyor soft landers (1) (see Chapter 9). Chem
ical analysis was performed by means of an alpha backscatter experiment 
deployed to the lunar surface from the Surveyor spacecraft. An impres
sive number of sites were visited. Surveyor V landed at Mare Tranquilh' 
tatis, Surveyor VI at Sinus Medii, and Surveyor VII on the rim of the 
crater Tycho. The reported chemical results were subsequently and spec
tacularly confirmed by the analysis of the returned lunar samples. 

160 



SURFACE ANALYSIS FROM ORBITING SPACECRAFT 161 

The first successful attempt at orbital analysis came with the Russian 
Luna 10 flight (2), which orbited the Moon carrying a gamma-ray experi
ment. Analysis of the gamma-ray spectra from the lunar surface con
vinced the investigators that concentrations of K, Th, and U were compa
rable to those found in terrestrial basalts and inconsistent with granites, 
ultrabasic rocks, or chondrites. The results were in fact consistent with 
reports published by the Surveyor investigators that the maria were simi
lar but not identical in composition, and the highlands, though related, 
clearly contained less iron and more aluminum, that is, were more feld-
spathic. 

The first lunar landings began with Apollo 11 to Mare Tranquillitatis 
and resulted in the return of a substantial variety of materials consisting of 
crystalline rocks, breccias, and soils (see Chapter 4). The samples were 
essentially basalts, although small fragments of rock were found that were 
obviously not indigenous to the mare site. Rather, they appeared to come 
from elsewhere, perhaps the highlands. The fragments were feldspathic in 
character, ranging from gabbroic anorthosites through anorthositic gab-
bros to anorthosites. These, interestingly, appeared similar in composi
tion to the analysis reported by the investigators for the alpha backscatter 
measurements for the Surveyor VII landing in the Tycho highlands. 

The Apollo 12 mission proved exciting for a number of reasons, one of 
which was the return of a type of rock identified as KREEP a rock type 
enriched in potassium (K) rare earths (REE), phosphorus (P), thorium, 
and uranium. 

With Apollo 14 came an attempt to sample rocks associated with a 
major cratering event—the production of the enormous Imbrium basin. 
The Apollo 14 rocks proved to be mainly breccias, with compositions 
closely allied to the KREEP-type rocks. 

The orbital science experiments that will be described below began 
with the Apollo 15 mission and continued through Apollo 17, when the 
Program was halted. The value of an integrated experiment for performing 
a remote geochemical survey of the lunar surface was recognized in a 
Published report by Carpenter and associates in 1968 (3). The central idea 
was that some atomic and nuclear radiation, characteristic of the elements 
comprising the surface layer, is naturally emitted from the Moon, and that 
flese radiations could be used to determine the chemical composition of 

e lunar surface. Further, by means of an integrated experiment, one 
u'd hope to obtain complementary information that would yield a more 

0rnprehensive picture of the distribution of the key elements. 
A picture of the radiation environment at the lunar surface is shown in 

Sure 8.1. From such a model, it appears that the Moon is uniquely 
ted for remote chemical surveying. Examining the figure, we see that 



162 SURFACE ANALYSIS FROM ORBITING SPACECRAFT 

O, No, Mg, A l , 

Si, K, Co, Mn 

Fe, — ( U , Th) 

PROTON 
i PRIMARIES 

RADON 
SOLAR X RAYS 

/SCATTERED) IFLOURESCENT 
J RAY 

i r 
Figure 8.1. The radiation environment at the lunar surface. 

both natural and induced sources of radiation are present. The principal, 
naturally occurring radioactive constituents are the long-lived nuclides 
^K, 238U, and 232Th, as well as their decay products. The presence of 
these elements was suspected before the active exploration of the Moon 
occurred, this was subsequently borne out by the Russian orbiters and the 
returned lunar samples. These elements emit alpha, beta, and gamma 
radiation of various energies. As a further consequence of the existence of 
these elements in the Moon, one might also expect the appearance of 
special processes such as radon diffusion (4). 

Because of the Moon's special environment (absence of an atmo
sphere), it was reasonable to expect that cosmic rays and energetic solar 
protons bombarding the lunar surface would also produce a variety of 
shorter-lived nuclides, resulting in induced radioactivity with the produc
tion of gamma rays. In addition, one might also expect the prompt emis
sion of charged particles, neutrons, and protons. 

A number of studies of the Sun had shown it to emit copious quantities 
of soft X rays even under quiet Sun conditions. These were expected to 
produce fluorescent X rays characteristic of some of the elements making 
up the lunar surface, the yield depending on the intensity and spectral 
character of the solar flux as well as the relative abundance of the ele
ments in the lunar surface. 

Finally, as we see in the figure, radon and thoron diffusion through the 
surface—should it occur—would be expected to produce alpha particles 
characteristic of the various decay processes. The lunar ambient just 
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described led to the development of a series of experiments built on the 
utilization of the various types of radiation. These are described below. 

LUNAR X-RAY FLUORESCENCE EXPERIMENT 

As we have seen, the lunar surface is bombarded by substantial fluxes of 
soft X rays even under "quiet" Sun conditions. Further, numerous calcu
lations had shown that a typical solar X-ray spectrum was energetically 
capable of producing measureable amounts of characteristic X rays from 
all the abundant elements with atomic numbers of about 14 (Si) or smaller. 
Observations had shown that during enhanced solar activity, such as flare 
conditions, the intensity of the X-ray output increases, and the spectrum 
hardens (becomes more energetic), so that one might also expect to see 
characteristic X rays from some higher atomic number elements. 

A typical X-ray output from a quiet Sun is shown in Figure 8.2. The 
energy distribution decreases markedly with increasing X-ray energy and 
becomes quite small at energies of about 3 keV. Based on a strictly 
thermal mechanism of production, the observed spectrum leads to calcu
lated coronal temperatures that range between 106 and 107 K. Variations 
of temperature produce changes in fluxes and spectral composition. 
These changes are reflected in variations of fluorescent intensities from 
the lunar surface, as well as the relative intensities from the various 
elements in the lunar surface. As an example, a hardened solar spectrum 
would produce an enhancement of the X-ray intensities from the heavier 
elements relative to the lighter ones. To deal with this problem, an X-ray 
solar monitor was employed during the mission to follow the variations in 
solar X-ray intensities and the spectral output. In addition, simultaneous 
measurements of the solar X-ray flux were obtained during the mission 
from various Explorer satellites in flight at the time. 

The spectral distribution shown in Figure 8.2 was based on satellite 
observations. This is a calculated distribution based on a combined coro
nal temperature of 1.5 x 106K, with a hot-spot temperature of 3 x 106 K in 
Proportions determined from Solrad data using a model developed by 
Tucker and Koren (5). The K shell absorption edges for Na, Mg, Al, Si, 

nd K are superimposed on this curve along the energy axis. Only those X 
aYs with greater energy than the absorption edge energies are capable of 
Xciting these elements. The intensities of the fluorescent X rays would 

Us depend on the incident flux and the ionization cross sections. It is 
v.ious that under quiet Sun conditions the solar flux is most suitable for 
citing the light elements, in particular the major rock-forming elements 

Ucn as Si, Al, and Mg. 
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By using the calculated solar X-ray fluxes and spectral distributions, 
and assuming some typical terrestrial rock compositions, such as those 
corresponding to basalts and granites, it was possible to calculate the 
expected yields of fluorescent X rays. Such calculations were done by 
Gorenstein and co-workers, (6) and Eller (7) using an assumed effective 
temperature of 4 x 106 K, and a region from 1 to 8 A. 

The numbers determined corresponded to a low lunar X-ray bright
ness, thus making it obvious that high-resolution devices such as crystal 
spectrometers with their low inherent efficiency were not feasible. Ac
cordingly, the X-ray experiment was designed around large area propor
tional counters with thin, high-transmitting window,. The sensing assem
bly consisted of three gas-filled proportional counters, mechanical 
collimators, calibration sources for in-flight calibration, a temperature 
monitor, and the associated electronics. 

Figure 8.3 shows a close-up of the arrangement of the detectors, cali
bration rod, and the collimators. Each individual detector had an approxi
mate window area of 30 cm2 and a window thickness of 3.8 x 10~2 mm 
beryllium. The gas fill was 90% Ar, 9.5% C02 , and 0.5% He. The collima
tors were designed to provide a nominal ± 30° field of view. The calibra
tion sources, two for each detector, emitted characteristic Mn and Mg K 
radiation in order to cover the spectral range of interest. These calibration 
sources, one set for each detector, were programmed to periodically ro
tate toward the detectors during flight, while the spacecraft electronics 
provided a signal indicating that the experiment was in the calibrate 
mode. 

Two methods of X-ray energy resolution were used. The energy output 
of the detectors was analyzed by eight discriminator channels, covering 
0.5-2.75 keV in equal intervals. One of the subsystems involving a bare 
detector (Fig. 8.3) was programmed to change automatically and periodi
cally to a low-gain mode, thus covering a spectral range of 1.5-5.5 keV (to 
look for heavier elements should the Sun flare). As an additional method 
of energy resolution, one of the detectors was operated bare, and the 
other two with selected X-ray filters. A magnesium foil covered one win
dow and an aluminum foil covered the other. The magnesium foil filter 
Preferentially filtered aluminum and silicon K radiation, while the alumi
num filter was more selective for silicon radiation. 

The X-ray detector was designed of a nominal 60° field of view, but in 
actual practice it proved to be closer to 50°. At the mission altitudes of 
about 110 km, the instantaneous area was approximately 100 km on edge. 

!u'e 8,2. Calculated typical X-ray output from a "quiet" Sun. 
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Figure 8.3. FunctionaTconfiguration of the X-ray spectrometer flown on the Apollo 15 and 
16 missions. 

The X-ray processing assembly was designed to both sort energies and 
to discriminate against unwanted pulse shapes, thus rejecting non-X-ray 
events that would contribute background noise. This mode of operation 
produced a marked improvement of signal-to-noise ratios under circum
stances where gamma rays and cosmic rays produce unwanted back
grounds. 

An important component of the X-ray fluorescence experiment was the 
solar X-ray monitor, a small proportional counter detector mounted on 
the opposite side of the spacecraft. This detector continuously provided 
data about the Sun's X-ray flux falling on the lunar surface. The data 
obtained from the solar monitor was important in interpreting the X-ray 
fluorescence data. 

GAMMA-RAY EXPERIMENT 

The importance of gamma-ray measurements to an understanding of the 
Moon's evolution was appreciated from the beginning of the planning for 
lunar exploration. It was assumed that K, Th, and U would be among the 
key elements. In terrestrial processes, the radioactive decay of these 
elements is considered as one of the primary sources of energy leading to 
volcanism and magmatic differentiation. In turn, the distribution of these 
elements is used as a measure of the degree of chemical differentiation; K, 
Th, and U tend to concentrate in the late stage crystalline rocks such as 
the granites. 



The chemical information about these elements is shown in the gamma-
ray spectra by discrete lines that have energies characteristic of the indi
vidual elements. Two groups of such lines exist. 

The first group results from natural radioactivity due to the spontane
ous decay of 40K and the radioactivity products of Th and U. Examples of 
these are the 1.46-MeV line emitted by the 40K decaying to 40Ar and the 
2.62-MeV line of 208T1, a daughter product of Th. The second group of 
lines results from galactic cosmic ray interaction with the lunar surface, 
producing secondary particles and excited nuclei. 

Typically, these cosmic ray particles are protons with energies of the 
order of 109 eV. They react with the lunar surface to produce a cascade of 
lower-energy particles—most importantly, neutrons. These neutrons, in 
turn, produce excited nuclei, which in turn emit radiation. 

Three processes are involved, all of which in turn lead to characteristic 
gamma rays. Neutrons may scatter inelastically, leaving the target nu
cleus in an excited state. The deexcitation process yields gamma ray lines 
characteristic of the elements. One such example is Fe, which under these 
conditions produces a 0.84-MeV line. Another major process is neutron 
capture. Neutrons emitted in the initial interactions lose energy by suc
cessive collisions. Some neutrons escape, while others are captured. The 
binding energy of the neutron, approximately 8 MeV, is emitted from the 
product nucleus by a complex decay scheme, leading to a spectrum that 
may contain a few strong lines. An example of this is the Fe line at 6.4 
MeV. The third process, which is generally a less important one, is the 
formation of radioactive nuclides by nuclear reactions, which leads to 
radioactive decay, again with emission of gamma rays. An example of this 
is 26A1, produced from Al and Si. 

A less common source of interaction involves the solar cosmic rays 
and the lunar surface. During major solar flares, the Sun becomes a 
source of particles, with energy in the range of 10-100 MeV. Most of 
these particles lose energy by ionization, but some undergo nuclear reac
tions. During quiet Sun conditions, these solar particles are of little conse
quence. 

Importantly, the expected intensities of the gamma-ray lines as a func
tion of concentration can be calculated from a knowledge of the physical 
processes involved. For the natural radioactivities, the calculations are 
simple and straightforward. The situation is, however, more complex for 
the cosmic-ray-induced lines, requiring a knowledge of the fluxes, cross-
sections and backgrounds, although the problems have been solved in a 
satisfactory manner. 

For the Apollo 15 and 16 missions, the gamma-ray detector consisted 
of a 7 x 7-cm, right-cylindrical Nal (Tl) crystal detector surrounded by a 
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plastic anticoincidence mantle for suppressing events due to charged par
ticles (see Fig. 8.4). The electronic processor consisted of a 512-channel 
pulse-height analyzer, including an amplifier but no memory. The infor
mation was transmitted to ground control, channel by channel, in real 
time. When away from a direct communication link, the information was 
stored on tape for subsequent transmission. Spectra were obtained by 
sorting the received pulses for various time periods. Additional instru
mental details may be found in papers by Arnold and co-workers (8) and 
Harrington and associates (9). The detector was deployed at the end of a 
boom some 8.25 m from the spacecraft in order to minimize the back
ground gamma radiation produced in the spacecraft by cosmic-ray inter
actions. The arrangement of the gamma-ray instrument and the X-ray 
instrument described above are shown in Figure 8.5, mounted in the 
Science Instrument Module (SIM). 

Two types of data analysis were performed on the measured gamma 
rays. Integral counts in the 0.6-2.7-MeV region were used to determine 
the variation of the natural emitters, K, Th, and (J. Detailed spectral 
analysis was also performed, making it possible to obtain quantitative 
analysis for Th, K, Fe, Ti, Mg, Si, and O. The methods and models 
employed have been described by Reedy and co-workers (10). The results 
of the integral method showed that about 90% of the counts in the discrete 
spectrum in the 0.6-2.7-MeV region were due to gamma-ray emission 
from the K, Th, and U. This integral count procedure made it possible to 
study the distribution of the natural radioactive elements all along the 
flight path. 

Quantitative analyses were performed using an interactive matrix in
version procedure, which has been detailed by Reedy and others (10). The 
most difficult part of the analysis was the derivation of the lunar gamma-
ray continuum, the portion of the flux in the 0.5-10-MeV region that does 
not contain characteristic lines. This was a very significant part of the data 
reduction because the continuum was found to produce about 85% of the 
counts in the detector. Further, the shape as well as the magnitude was 
not constant and had to be derived from the data below 3 MeV. It was also 
found that the lines of the K, Th, and U made a significant contribution to 
the continuum by Compton scattering in the lunar surface. 

To treat the continuum problem, it was necessary to separate it into 
two components, one portion relatively constant over the entire lunar 
surface and the second a variable, as a function of the K, Th, and U. The 
constant part of the background was derived from an analysis of those 
regions of the Moon where the overall natural radioactivity was a mini
mum. Empirical methods were developed for determining the magnitude 
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Figure 8.5. The instruments mounted on the Science Instrument Module (SIM) of the 
Apollo Spacecraft. 

and shape of the scatter build-up as a function of the Th, U, and K 
concentrations. 

Some very useful results were obtained both from the Apollo 15 and 16 
flights (Table 8.1). The backgrounds were derived from the Apollo 15 
data. Because there was an overlap in the flight paths during both mis
sions, it was possible to compare the results for the overlap regions. It 
was gratifying to find that the agreement was good. The results, some of 
which will be described below, were obtained from the analyses of dis
crete line spectra obtained during the Apollo 15 and 16 flights. 

The determination of the concentrations of the individual elements 
from the discrete line spectra was done sequentially. In the first stage, the 
spectrum from the 5-9-MeV region was analyzed. This is the region 
where only the Fe, O, Si, and Ti contribute significantly. The component 



Table 8.1. Lunar Regions Analyzed 

No. 

34 
35 

36 

37 
38 
39 
40 
41 
42 
43 
44 

26 
22 
28 
20 
19 
17 
14 

12 
10 
23 
8 
5 
3 
2 

29 
1 

27 

Assigned Name 

Apollo 15 

Van de Graaff region 
Highland east farside 

Highland east nearside 

Mare Fecunditatis 
Mare Tranquillitatis 
Mare Serenitatis 
Archimedes region 
Mare Imbrium 
Aristarchus region 
Oceanus Procellarum (north) 
Highland west farside 

Apollo 16 

Highland east farside 
Mendeleev 
Highland east limb 
Mare Smythii 
Highland east nearside 
Mare Fecunditatis 
Intermediate Mare-Eastern 

Highlands 
Highland nearside center 
Ptolemaeus-Albategnius 
Fra Mauro region 
Mare Cognitum 
Oceanus Procellarum (south) 
Grimaldi region 
Orientale rings 
Highland west limb 
Hertzsprung region 
Highland west farside 

Coordinates 
Boundary Regions 

168°W-168°E' 
168°E-82°E (south 

of 10°S) 
168°E-88°E (north 

of 10°S) 
From (Region 35) 

to 60°E 
60°E-42°E 
42°E-21°E 
21°E-6°E 
6°E-15°W 
15°W-39°W 
39°W-54°W 
54°W-81°W 
81°W-168°W 

180°E-142°E 
142°E-138°E 
138°E-92°E 
92°E-83°E 
83°E-55°E 
55°E-44°E 

44°E-21°E 
21°E-5°E 
5°E-5°W 
5°W-20°W 
20°W-30°W 
30°W-50°W 
50°W-76°W 
76°W-105°W 
105°W-119°W 
119°W-136°W 
136°W-180°W 

Source: I. Adler and J. I. Trombka (10). 
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intensities were derived by a matrix inversion procedure, and were then 
subtracted from the spectrum. The second step involved the analysis of 
the difference spectra, which then determined the remaining components 
in the low-energy region. 

The iron proved to be a particularly interesting element. It has a line 
spectrum in the 1-MeV region due to the inelastic scatter of neutrons (n, 
n', gamma). In addition, iron emits high-energy gamma rays (>5 MeV) as 
a result of prompt neutron capture (a, gamma). Each of these reactions is 
differently dependent on the energy distribution of the neutron flux. The 
(n, gamma) ray flux is for the most part proportional to the thermal neu
tron flux, while the («, n'', gamma) is proportional to the fast neutron flux. 
Thus ratio of the (n, gamma) to the (n, n\ gamma) can be used as a 
measure of the presence of strong thermal neutron absorbers, such as Gd 
or other rare earths. Their presence will markedly attenuate the flux of the 
thermal neutrons and produce a change in intensity of the corresponding 
spectral lines. Such effects have been observed. 

Where possible, data was normalized using "ground truth," conform
ing the orbital data to returned lunar data at one or more points. The two 
sites selected as particularly useful were Mare Tranquillitatis and the 
Apollo 16 region near Descartes. 

In the main, the sources of error were statistical uncertainties associ
ated with the low count rate, the continuum correction, the correlation 
between library components, and uncertainties in "ground truth" normal
izations. 

GAMMA-RAY RESULTS 

The orbital science program proved to be remarkably successful. As an 
example, the gamma-ray and X-ray experiments yielded many hours of 
useful data from a large number of orbits. The lunar surface coverage of 
the Apollo 15 flight was greater than the Apollo 16 because of the higher 
orbital inclination. The X-ray experiment continuously monitored the 
Sun's X-ray output, and for most part the sun proved to be a relatively 
stable excitation source. The initial results of the X-ray fluorescence ex
periment were used to produce relatively coarse maps showing the gross 
chemical variations for Al/Si and Mg/Si ratios across the lunar surface. 
The first results available from the gamma-ray experiment gave the distri
bution of the natural radioactivity (K, Th, and U as a group) (11). Because 
of satisfactory statistics, it was possible to map the radiation distribution 
on a relatively fine scale, 2° x 2°, corresponding to a square area on the 
lunar surface about 60 km on edge. The results of the analysis is shown in 
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Figure 8.6a and b. Based on these early measurements, the investigators 
were able to state the following: 

1. All the 5° regions within and bounding the western maria showed a 
higher level of radioactivity than any other regions on the lunar surface 
covered by the Apollo track. There was a striking contrast between the 
western maria and the rest of the Moon, particularly the eastern maria. 
An inference was drawn that those portions of the western mare regions 
not overflown were also highly radioactive in comparison with other parts 
of the Moon. 

2. There is a detailed structure in the distribution of radioactivity 
within the highly radioactive regions mentioned above. The highest con
centrations observed were in the Aristarchus region in the high ground 
west of the Apollo landing site and south of Archimedes, and in the areas 
south of the Fra Mauro crater. The Fra Mauro area overflown was about 
7° south of the Apollo 14 landing site. The soil from the landing site 

'gure 8.6. The integrated intensities from the K. Th. and U plotted on a 2° x 2° scale. 
°urce: I. Adler and J. I. Trombka (24). 
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showed levels comparable to the orbital data. The data from this area 
indicated that the Fra Mauro area is surficially related to the western 
maria, rather than the adjacent highlands, as has sometimes been inferred 
from the albedo and topography. 

3. The eastern maria were found to show evidence of local enhance
ment, although the overall radioactivity was lower than the western ma
ria. Higher intensities relative to the surrounding highlands were visible in 
Mare Tranquillitatis, Mare Fecunditatis, Mare Smythii, and Mare Cri-
sium. 

4. The highland regions were observed to show relatively low radio
activity, except on the borders of the western maria where lateral mixing 
seems to have occurred. The eastern farside highlands (180-90° E) are 
measureably more radioactive than the western highlands (90-180° W). A 
small maximum in activity was found near the feature Van de Graaff, 
where a major magnetic anomaly was also found. 

A correlative study that proved fruitful was a comparison of the laser 
altimeter profiles, obtained from an instrument mounted on the Apollo 
spacecraft, against the radioactivity for both the Apollo 15 and 16 flights. 
By superimposing the observed values for the natural radioactivity on the 
altimeter profiles, it was found that, in general, there was an inverse 
relationship between the natural radioactivity and the elevation. The rela
tionship appears to reflect the nature and extent of major lunar differentia
tion processes. If the Moon is isostatically equilibrated, then the more 
extensive the early anorthositic differentiation was, the higher the ex
pected elevation and the lower the radioactivity. 

The crater Van de Graaff, a farside crater, is an interesting example of 
the relationship described above. There is a major depression in the vicin
ity of Van de Graaff, which shows the sharpest contrast in elevation to the 
adjacent highlands, a difference of about 8 km. This same area is also the 
site of the only major, farside enhancement in natural radioactivity. The 
depression covers some 30° in longitude on either side of 180° lattitude. 
The gamma-ray feature is of comparable extent. The gamma-ray investi
gators have stated that this Van de Graaff area is notable and, to date, a 
singular exception to the general conditions prevailing on the lunar far-
side. When it is understood, it may contribute significantly to an under
standing of lunar evolutionary processes. 

With regard to more detailed chemical analysis, a major problem was 
the obtaining of adequate statistics. To deal with this, the ground track 
was divided into a series of regions, chosen by considering major topo
graphic boundaries, the density of high-quality data in a given region, and 
the contrasts observed in the radioactive maps. 
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The actual regions are shown in outline form in Figure 8.7. The small
est area, such as Mendeleev (region 22), was selected in order to deter
mine the minimum area for which useful data could be derived. However, 
the errors in these regions were so large that no statistically valid or 
meaningful concentrations could be derived. In the version of the analysis 
being described, only data with sufficient total counts above' background 
giving significantly low statistical errors were used. Complex border re
gions were assigned to either the mare or highland regions, unquestiona
bly reducing the real chemical contrasts in some regions. 
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The results of the early analysis are shown in Tables 8.2 and 8.3. As 
described above, the Fe, Mg, and Ti values were normalized by using 
"ground truth" values (Table 8.4), the conforming of the orbital data to 
returned surface samples at one or more points. A second method was the 
comparison of results from the Apollo 15 and 16 missions in the area of 
overlap. The values in parentheses are the ground truth data used to 
normalize concentrations for these elements in all the regions. The values 
for Fe are weighted means for the two modes of analysis. Also identified 
are regions where the values determined from neutron capture (low-en
ergy neutrons) are well below those obtained from inelastic scatter (MeV 
neutrons). These regions appear to have high concentrations of K, REE, 
and P, presumably due to KREEP (see Chapter 3). It is expected that the 
presence of rare earths would depress the flux of the thermal neutrons and 
thus lead to results for iron, which may be slightly low. 

In a similar way, Table 8.3, shows some Apollo 16 results, again by 
region. The Apollo 15 continuum was used for this work, with good 
consistency, except for Ti results, which are omitted. Here again, Fra 
Mauro gives evidence of a depressed, thermal neutron flux. There was 
also an apparent depression in a few highland regions, which is not yet 
understood. 

Some instructive comparisons are presented in Table 8.4. for regions 
where the flight paths crossed each other. The regions analyzed on the 

Table 8.2. Apollo 15: Element Concentrations by Regions 

Region 

34 
35 
36 
37 
38" 
39 
40 
41 
42 
43 
44 

All data 

Fe(%) 

7.7 
6.5 
9.3 
11.3 
(12.1) 
10.7 
8.4* 
13.6 
9.6* 
10.5 
5.7 

8.7 

Mg (%) 

3.8 
4.5 
5.7 
7.0 
(4.8) 
6.6 
6.3 
6.2 
4.9 
4.6 
3.5 

4.8 

Ti(%) 

0.1 
1.3 
0.8 
2.2 
(2.9) 
2.6 
0.8 
1.4 
2.2 
2.0 
1.5 

1.45 

Th (ppm) 

2.3 
1.0 
1.4 
1.2 
1.7 
2.3 
6.8 
5.8 
6.9 
3.9 
0.4 

2.2 

K (ppm) 

1600 
940 
1200 
1400 
1200 
1700 
3100 
1700 
2500 
1700 
950 

1230 

" Values in parentheses are ground-truth data used to normalize concentrations for these 
elements in all regions. 
' Region of apparent depressed thermal neutron flux (see text). 
Source: 1. Adler and J. 1. Trombka (24). 
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Table 8.3. Apollo 16: Element Concentrations by Regions 

Region 

26 
22 
28 
20 
19 
17 
14 
12 
10 
23 
8 
5 
3 
2 
29 
1 

27 

All data 

Fe(%) 

6.2 
4.3 
7.2 
8.8 
8.6 
9.0 
9.0 
5.9 
4.8" 
9.7" 
12.1 
12.2 
4.4" 
4.7 
3.5" 
3.6" 
5.2 

7.2 

Mg (%) 

3.4 
3.0 
2.9 
2.8 
4.5 
4.6 
3.5 
4.0 
5.2 
5.7 
4.9 
5.0 
3.6 
2.9 
2.1 
3.6 
2.7 

3.6 

Th (ppm) 

0.6 
0.5 
0.5 
1.3 
1.3 
2.1 
1.5 
2.1 
5.0 
10.5 
8.4 
5.0 
2.4 
0.8 
0.4 
0.6 
0.5 

2.1 

K (ppm) 

920 
960 
840 
1900 
980 
1100 
1300 
1400 
2700 
3900 
3600 
2300 
1100 
1000 
1200 
720 
730 

1300 

" Region of apparent depressed thermal neutron flux (see text). 
Source: I. Adler and J. I. Trombka (24). 

two missions were roughly the same and the comparisons were expected 
to give good agreement, which in fact was observed. Also shown are 
comparisons to the ground truth numbers. 

There were two landing sites that were not overflown, where a reason
able comparison was possible (Table 8.4). Apollo 14 observed the north
ern end of the Fra Mauro formation, while Apollo 16 overflew the south
ern end. Whatever the origin of this feature, similarities were expected 
throughout. Apollo 12 sampled an area of Oceanus Procellarum not far 
from, and topographically similar to, the area overflown by Apollo 16. 
These comparisons are shown in parts (c) and (d) of the table. In the 
cross-over region near the east limb, the regions analyzed on the two 
missions are roughly the same, and the comparison should give good 
agreement. The highland region from 5 to 21° east longitude, which in
cludes the Descartes region, is compared with the soil analysis. The devi
ations seen are in the expected direction if more mare and KREEP mate-
r|al are mixed in near the margins of the region. 

All of the comparisons discussed seem generally satisfactory and con
firm the validity of the analysis. While further work is underway, no 
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Table 8.4. Comparisons of Orbital Data with Returned Lunar Samples 

Some Comparisons 
(a) East Crossover (/>) Ground Truth 

Apollo 15 Apollo 16 Apollo 16 Descartes 
Region 36 Region 19 Region 12 Soil" 

Fe (%) 9.3 8.6 5.9 4.0 
Mg(%) 5.7 4.5 4.0 3.3 
Th(ppm) 1.4 1.3 2.1 2.0 
K (ppm) 1200 980 1400 940 

Ground Analogies 
(c) Fra Mauro (d) Oceanus Procellarum 

Apollo 16 Apollo 14 Apollo 16 Apollo 12 
Region 23 Soil'' Region 5 Soil' 

Fe(%) 9.7 8.1 12.2 12.5 
Mg(%) 5.7 5.6 5.0 6.2 
Th(ppm) 10,5 11.6 5.0 7.6 
K(ppm) 3900 4400 2300 2600 

0 Fe and Mg: average of soil analysis, taken from five papers. Third Lunar Sci. Conf. and 
PET report. K and Th from Eldridge et al. (1973). 
b Fe and Mg: average of soil analysis, taken from five papers. Third Lunar Sci. Conf. and 
PET report. K and Th from Eldridge et al. (1972). 
c Fe and Mg: average of analyses of bulk soil 12070 and related samples in five papers, 
Second Lunar Sci. Conf. K and Th from O'Kelley et al. (1971). 
Source: 1. Adler and J. I. Trombka (24). 

substantial modification of the values reported is expected. An important 
implication stemming from the results is that the contrasts between the 
mare and highlands are as expected nearly everywhere. 

Iron, and less obviously magnesium, are relatively enriched in the 
maria. The radioactive elements show the same pattern with one impor
tant exception: the backside feature, the Van de Graaff region already 
mentioned. It shows a chemical composition different from any thus far 
observed on the Moon. The major elements are like those of the highland, 
though the iron is a little high. The concentration of K and Th are very 
similar to Mare Tranquillitatis and typical for a mare. The interpretation is 
that such a composition could not be formed by mixing of major compo
nents observed elsewhere. 
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X-RAY FLUORESCENCE EXPERIMENT—RESULTS 

The X-ray fluorescence experiment, like the gamma-ray experiment, 
proved to be equally successful and, in fact, complementary in providing 
an integrated picture of the chemistry of the lunar surface. The results 
have been summarized by Adler and co-workers in a number of publica
tions (12-16). The compositional information v/as limited, supplying data 
on Si, Al and Mg; however, in the case of the Moon these proved to be 
highly significant elements. The data compared to the gamma-ray infor
mation were more detailed in a spatial sense because the X-ray spectrom
eter had superior spatial resolution. Figure 8.8 shows an example of an 
Al/Si and Mg/Si profile made during the Apollo 15 flight. Similar profiles 
were made during the Apollo 16 flight. 

The method of calculation of the Al/Si and Mg/Si concentration ratios 
was previously discussed. The results are shown in Tables 8.5, 8.6, and 
8.7. Table 8.5 shows the consistency in measurements between both 
Apollo missions. Tables 8.6 and 8.7 give results for a number of specific 
lunar features. It should be pointed out that there were a number of 
fortuitous circumstances that operated to make the X-ray experiment 
successful. The first factor was the constancy of the Si concentration on a 
Moonwide basis, which made it possible to normalize the Al and Mg data. 
The second favorable factor was that all three elements are adjacent to 
each other in the periodic chart, which makes their response to the solar 
flux nearly independent of the nature of the matrix. Although their excita-

Table 8.5. Overlap in Chemistry between the Apollo 15 and 16 Ground Tracks 

Apollo 16 Concentration Apollo 15 Concentration 
Ratios Ratios 

! ! ^ r e " Al/Si ± 1<T Mg/Si ± Icr Al/Si ± \cr Mg/Si + la 

M a re Fecunditatis 0.41 ± 0.05 0.26 ± 0.05 0.36 ± 0.06 0.25 ± 0.03 . » ' ~ ' -UI lUUai lS U. '+l J- \J.\JJ U.Z.U — U.VJ-> U . J U — U.UU KJ.4.J — \I.SJJ 

, a r e Smythii 0.45 ± 0.08 0.25 ± 0.05 0.45 ± 0.06 0.27 + 0.06 
La 
H, 
J^grenus area 0.48 ± 0.07 0.27 ± 0.06 0.48 ±0 .11 0.24 ± 0.06 
g l a n d s west of Smythii 0.57 ± 0.07 0.21 ± 0.03 0.55 ± 0.06 0.22 ± 0.03 
j . estern border of Smythii 0.58 ± 0.08 0.22 ± 0.04 0.52 ± 0.06 0.22 ± 0.06 
- ^ " b o r d e r of Smythii 0 .61+0 .09 0.20 + 0.06 0.60 ± 0.10 0 .21+0.03 

diff 0Verlap between corresponding areas of the Apollo 16 and 15 ground tracks is not exact, so that 
\ i e n c e s f°r 'he same area may be real. 

Ce; 1 Adler and J. I. Trombka (24). 
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Table 8.6. Concentration Ratios of Al/Si and Mg/Si for the Features 
Overflown during the Apollo 15 Flight 

Concentration Ratios 

Feature Al/Si ± lo

west of Diophantus and Delisle 
North-east of Schroters Valley 
Mare Serenitatis 
Diophantus and Delisle area 
Archimedes Rille area 
Mare Imbrium 
Mare Tranquillitatis 
Mare east of Littrow (Maraldi) 
Faius Putredinus 
Mare Fecunditatis 
Apennine Mountains 
Haemus Mountains, west border of 
Serenitatis 
Mare Crisium 
Tsiolkovsky 

Haemus Mountains, south-
southwest of Serenitatis 
Littrow area 
Mare Smythii 

Taruntius area, between Tranquillitatis 
and Fecunditatis 

Langrenus area, east of Fecunditatis 
to 62.5°E 

Highlands between Crisium and 
Smythii (Mare Spumans and Mare 
Undarum area) 

Highlands east of Fecunditatis, 
Kapteyn area 68-73°E 7.5-15°S 
Highlands west of Crisium 

Highlands east of Fecunditatis 
62.5-68°E4~12.5°S 

West border of Smythii to 4-5° out 
from Rim 

South of Crisium, Apollonius area, 
to Fecunditatis, 50-60°E 

East border of Crisium out to 6° 
from Rim 

Tsiolkovsky—Rim 
Highlands between Crisium and 
Smythii, 2.5°S 69°E, 5°S 76°E, 
12°N 80°E, 10°N 83°E 

0.21 + 0.06 
0.21 ± 0.06 
0.26 ± 0.07 
0.19 ± 0.05 
0.21 ± 0.06 
0.25 ± 0.04 
0.22 ± 0.04 
0.30 ± 0.03 
0.25 ± 0.03 
0.23 ± 0.05 

0.25 ± 0.05 
0.26 ± 0.05 
0.18 ± 0.02 

0.26 ± 0.13 
0.28 ± 0.08 
0.29 ± 0.10 
0.29 ± 0.08 
0.30 ± 0.10 
0.34 ± 0.06 
0.35 ± 0.08 
0.35 ± 0.09 
0.36 ± 0.06 
0.36 ± 0.09 

0.38 + 0.10 
0.39 ± 0.08 
0.39 ±0.11 

0.40 ± 0.07 
0.42 ± 0.10 
0.45 ± 0.06 
0.45 ± 0.07 

0.48 + 0.11 0.24 + 0.06 

0.51 ± 0.06 0.22 ± 0.05 

0.51 ± 0.10 0.22 ± 0.05 
0.51 ± 0.10 0.23 ± 0.05 
0.52 + 0.10 0.22 + 0.05 

0.52 ± 0.06 0.22 ± 0.03 

0.53 ± 0.06 0.23 + 0.03 

0.54 + 0.09 0.22 + 0.04 
0.54 ±0.12 0.16 ±0 .02 
0.55 ± 0.06 0.22 ± 0.03 
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Table 8.6. {Continued) 

Concentration Ratios 

Feature Al/Si ± lo- Mg/Si ± lo-

Highlands west of Tsiolkovsky, 
110-124°Eto9-2rS 

Highland east of Fecunditatis 
73-85E 10~19°S 

South and southwest of Sklodowska, 
86-101°E 18-23°S 
Pirquet, 135-145°E 18-23°S 
East border of Smythii, out to 4-5° 

Pasteur Hilbert highlands area 
101.5-110°E 7-18°S 

Hirayama, highlands east of 
Smythii, 89°E 12°S, 100°E 15°S, 

98°E 2°S, 103°E 5°S 
Highlands around Tsiolkovsky 

South part of Gagarin, 144-153°E 
21-23°S 

0.57 ±0.11 

0.58 ± 0.13 
0.59 ± 0.14 
0.59 ± 0.15 
0.60 ± 0.10 
0.60 ± 0.10 

0.62 ± 0.07 

0.62 ± 0.12 
0.65 ± 0.24 

0.19 ± 0.04 

0.21 ± 0.05 
0.19 ± 0.07 
0.16 ± 0.05 
0.21 ± 0.03 
0.18 ± 0.04 

0.19 ± 0.04 

0.15 ± 0.06 
0.14 ± 0.05 

Source: 1. Adler and J. I. Trombka (24). 

<76cps 76-79.5 79.5-83 83-86.5 86.5-90 90-93.5 > 93.3 

H ffl m m • a n 

•gure 8.8. Al/Si and Mg/Si ratio profiles along a northerly track during the Apollo 15 
"'Shi. Source: I. Adler and J. I. Trombka (24). 
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Table 8.7. Concentration Ratios of Al/Si and Mg/Si for the Sites Overflown 
during the Apollo 16 Flight 

Concentration Ratios 

Feature Al/Si ± la Mg/Si ± la-

Mare Cognitum 0.38 ±0.11 0.40 ± 0.29 
Upper part of Sea of Clouds (9°-13°W) 0.39 ± 0.12 0.20 ± 0.05 
Mare Fecunditatis (42°-57°E) 0.41 ± 0.05 0.26 ± 0.05 
South of Fra Mauro (13°-19°W) 0.45 + 0.07 0.26 + 0.04 
Mare Smythii (82°-92.5°E) 0.45 + 0.08 0.25 ± 0.05 
Southern edge of Mare Tranquillitatis, 0.47 ± 0.09 0.23 ± 0.05 

Torricelli area (26°-30°E) 
Eastern edge of Fecunditatis, 0.48 ± 0.07 0.27 ± 0.06 

Langrenus area (57°-64°E) 
Ptolemaeus (4°W-0.5°E) 0.51 ± 0.07 0.21 ± 0.04 
Highlands west of Ptolemaeus to 0.51 ± 0.11 0.25 ± 0.12 

Mare Nubium (4°-9°W) 
Highlands west of Mare Fecunditatis 0.52 ± 0.07 0.24 ± 0.05 

(37.5°-42°E) 
Highlands west of Smythii (72°-77°E) 0.57 ± 0.07 0.21 ± 0.03 
Western border of Smythii (77°-82°E) 0.58 ± 0.08 0.22 + 0.04 
Highlands east of Descartes 0.58 ± 0.07 0.21 ± 0.04 

(20.5°-26°E) 
South of Mare Spumans (64°-72°E) 0.58 ± 0.07 0.25 ± 0.04 
Isidorus and Capella (30°-37.5°E) 0.59 ±0.11 0.21 ± 0.05 
Highlands west of Descartes (3°-14°E) 0.59 ±0.11 0.21 ± 0.05 
Eastern borders of Mare Smythii 0.61 ± 0.09 0.20 ± 0.06 

(92.5°-97.5°E) 
Farside highlands (106°-118°E) 0.63 ± 0.08 0.16 ± 0.05 
Descartes area, highlands, Apollo 16 0.67 ± 0.11 0.19 ± 0.05 

landing site (14°-20.5°E) 
East of Ptolemaeus (0.5°-3°E) 0.68 ± 0.14 0.28 ± 0.09 
Highlands (97.5°-106°E) 0.68 ±0.11 0.21 ± 0.05 
Farside highlands west of 0.71 ± 0.11 0.16 ± 0.04 

Mendeleev (118°-14PE) 

Source: 1. Adler and J. I. Trombka (24). 
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tion was not completely insensitive to variations in the solar flux, it was 
sufficient to provide good quantitative estimates of the ratios. 

The final results shown in the tables were obtained by integrating the 
spectra from a number of passes over the same feature. The following 
picture emerged from the X-ray measurements: 

The Al/Si ratios were highest in the eastern limb highlands, and considerably 
lower in the mare areas. The extreme variation was a factor of 2, the lowest value 
occurring in the Imbrium basin region. The Mg/Si concentration ratios generally 
showed an inverse relationship to the Al/Si. If the gamma ray results for the Fe 
concentrations were considered, it was found that Fe is high in the low Al regions 
and low where the Al is high. The Al/Si and Mg/Si chemical ratios for the high
lands corresponded to that for anothositic gabbro through gabbroic anorthosites 
or feidspathic basalts. By contrast, the chemical ratios for the mare areas corre
sponded to mare basalts. This result was consistent with the gamma-ray results on 
Fe, Th, U, and K previously described. 

Early reports to the Apollo 16 astronauts (while the mission was in progress) of 
very high Al/Si ratios in the Descartes area, obtained by the orbital experiment, 
were subsequently confirmed by the analysis of the lunar samples returned from 
the site. It appeared from the data that some material samples at Descartes were 
similar to that of the eastern limb and far side highlands. This conclusion was 
further justified by the fact that the Mg/Si concentration ratio was about 0.18 for 
the returned material, close to the 0.19 reported by the orbital X-ray measure
ments. The Eastern limb highlands and the far side highlands were about 0.16-
0.21. 

In both the Apollo 15 and 16 the Al and Mg values derived showed an inverse 
relationship to each other in most instances, a finding consistent with the mineral
ogy. The inverse relationship between the Al and Fe, obtained from both the X-
ray and gamma ray measurements was even more striking. 

There were distinct chemical contrasts between such features as the small 
mare basins and the highland rims (note for example the crater Tsiolkovsky in 
Fig. 8.8). 

A fruitful use of the X-ray fluorescence data was in comparing the Al/ 
Si ratios against measurements of the optical albedo. These observations 
were particularly significant in view of the long-standing discussions 
about whether these albedo differences represent solely topographic dif
ferences or also compositional differences among the surface materials. 

Early workers such as Whitaker (17) and others recognized convincing 
evidence for compositional changes where sharp contrasts in albedo oc
curred. However, it remained for the later Surveyor, Apollo. Lunar, and 
Lunakhod missions to provide quantitative compositional data. Chemical 
differences related to albedo variations were first confirmed by the alpha 
"ackscattering experiment carried on the Surveyors V, VI, and VII (18). 
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The Surveyor V and VI experimental data were used to analyze widely 
separated mare sites and chemically similar surface materials were re
ported for each site. The Surveyor VII experiment, on the other hand, 
observed a highland site, and data analysis showed a significant chemical 
difference between that region and the two mare locations. The Surveyor 
results and the analysis of returned lunar samples confirmed that albedo is 
indeed affected by composition as well as topographic features. The X-
ray experiment on Apollo 15 and 16 provided data for the correlation of 
regional albedo with surface composition on essentially a global scale—at 
least for those elements determined by the X-ray experiment. 

The data from both Apollo flights exhibited an excellent correspon
dence between Al/Si and optical albedo values. An example from the 
Apollo 16 flights is shown in Figure 8.9. There is a positive correlation 

20 30 

LONGITUDE 

Figure 8.9. Comparison of Al/Si ratios versus optical albedos for several Apollo 
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between the albedo and the Al/Si values, although the rate of change is 
not always similar. In the Apollo 15 data, the main anomalies were ob
served where small Copernican-type craters (young, rayed, bright albe
dos) occurred and produced abnormally high albedo values. This anomaly 
was attributed to highly reflective, finely divided ejecta, rather than to 
compositional changes. A similar anomaly was noted in the Apollo 16 
data around 27° west longitude in a Tranquillitatis embayment north of 
Theophilus. Four Apollo 16 orbits are plotted. Orbits 58 and 60 show the 
expected decrease in Al/Si with decreasing albedo. Orbits 55 and 59, on 
the other hand, show an occasional decrease in Al/Si ratio, although the 
albedo also decreases. This may record the existence of an old "weath
ered" ray consisting of Al-rich, highland-derived ray material that has lost 
its high reflectivity. 

The X-ray fluorescence experiment was particularly well suited for a 
study of the general problem of the horizontal transport of lunar material 
on the surface. In particular, a significant question was whether or not the 
material in the mare was of highland origin and carried there by electro
static forces. To appreciate why the X-ray experiment was so useful in 
casting some light on this problem, consider that the X-ray measurements 
were shallow, a 100-ju.m layer of basalt or feldspar would effectively rep
resent infinite thickness. 

In a paper published by Gold in 1973 (19), it was reported that horizon
tal transport by a mechanism like electrostatic charging and levitation had 
played a large role in the formation of the flat mare basins. However, it 
appears obvious that if highland material had drifted into the basins to any 
extent, the difference between the mare and the surrounding highlands 
seen by the X-ray measurements would have been either totally extin
guished or certainly greatly obscured. In actual fact, marked differences 
were observed. 

One outstanding illustration is the crater Tsiolkovsky (see Fig. 8.8). 
The ratio of the AI in the rim area to that of the basin is about 2:1. 
further, real differences can be seen in such relatively homogeneous sites 
as the Serenetatis-Tranquillitatis zones and in the Tranquillitatis basin 
"self. These findings were substantiated in a paper by Kochariv and Vic-
torov (20) based on the observations obtained with Lunakhod 2 in the 
crater Le Monnier. Based on the analysis of the returned samples, it was 
found that the soils of the highland regions are generally like the highland 
r°cks, and in the mare regions the soils are like the maria rocks. 

While the X-ray fluorescence experiment provided relatively unambig-
uous data about large-scale features such as contrasts between the mare 
dn<l the highlands, the measurements also were employed in looking at 
small lunar features. Because of the spacecraft's motion, short time (8-
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and 16-s) X-ray data were analyzed in order to determine their applicabil
ity for mapping these relatively small features. It was understood that 
fluctuations in solar spectral shape and variations of the look angle with 
spacecraft altitude made this type of analysis rather difficult; however, 
some analysis did prove possible and some results of a preliminary nature 
were obtained (21). Using a technique of trend surface analysis, it was 
possible to demonstrate that a usable signal could be abstracted from Al/ 
Si ratios compiled for short time periods. The details of the analytical 
method have been published by Podwysocki in 1974 (21). 

As a demonstration, a portion of Mare Serenitatis and Tranquillitatis 
and their adjacent highlands, observed during the Apollo 15 flight, were 
chosen. Based on the analysis of 16 second Al/Si data, a fourth-order 
surface was found to be the highest order that showed a proper level of 
significant improvement. Podwysocki and associates were able to extract 
an amazing amount of detailed information about the chemistry of the 
area, which agrees well with geological observations. 

Andre and co-workers (22) used the Al/Si X-ray orbital data to study 
the chemical character of the Smythii basin. The variations in the surface 
chemistry in the Smythii region were particularly interesting because: (1) 
the basins appeared, from photography, to be only partially filled with 
basalt, and (2) the topographic relief was the greatest measured for any 
lunar feature. 

The purpose of the investigation was to determine the following: How 
the Al/Si values of the mare soils compared with those for other nearside 
mare soils; whether the seemingly unflooded western third of the basin 
consisted of reworked basalt; the explanation of the differences between 
the Al/Si values for the adjacent terra units to the east and west of Mare 
Smythii; and finally, how did the ratios compare to those for the other 
highland areas flown over. 

By the time this particular study was undertaken, a number of methods 
for the processing of the X-ray data had been developed. First, a trend 
surface was produced using the procedure described by Podwysocki (21). 
The method was used to depict broad chemical changes in the Smythii 
region using 409 8-s data points obtained from the Apollo 16 mission. The 
trend surface showed sharp chemical differences between the extremely 
high Al/Si values east of Smythii and low values in the northeastern 
quadrant of the basin where mare basalts had flooded topographic lows. 
These low values were confirmed by a cluster of low Al/Si ratios from the 
three Apollo 15 orbits that crossed the area. By contrast, the Al/Si values 
increased gradually across the western section of the basin into the west
ern terra adjacent to Smythii. 

A second approach was to use an Al/Si profile (Fig. 8.10), which em-
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Al/Si variation on the surface 

Basin material 
Terra west + small mare Terra east 
ofSmythii patches Mare basalt ofSmythii 

75% of field of view 

Figure 8.10. Profile of the mean 16 sec Al/Si intensity ratios from the five Apollo 16 orbits 
versus longitude. Source: Andre et al. (22). 

phasized more subtle chemical variations between the flooded and un-
flooded areas of the basin and between the highlands to the east and west 
of Smythii. The profile shows that the terra east of Smythii has an Al/Si 
ratio that is considerably higher than the western terra. The mare regolith 
was clearly distinguishable from the regolith in the western third of the 
basin and from the eastern highlands. 

Significantly, the differences in Al/Si ratios between the western basin 
and highlands could not easily be resolved, despite an extremely abrupt 
change in elevation—an observation consistent with that portion of the 
basin's actually being uncovered highland material. There were 16-s data 
points plotted on the profile. These are the average of data points from the 
same approximate longitude from five orbits where the latitude range was 
no greater than 2.5°. Such averaging improved the signal-to-noise ratio 
and resulted in greater precision. Shown are error bars, which are the 
regional average standard deviation of the mean calculated for each of the 
average data points on the graph. 

The third procedure involved averaging individual data points for each 
region, excluding points with a composite signal for highland-basin, ba-
s'n-mare, and mare-highland contacts. The results ae shown in Table 
°-8. The difference of 0.21 in Al/Si intensity ratio between the eastern and 
Western highlands adjacent to Smythii represents 15% of the total range of 
Va'ues in the study area from 24 Apollo 16 orbits. 

The fourth method consisted of applying imaging techniques to the 
Ur>ar data sets. These methods have been developed by the U.S. Geologi
cal Survey in Flagstaff, Arizona, and are very effective in integrating a 



Table 8.8. Comparison of Al/Si Intensity Ratios Averaged for Each of Four Regions" 

Highlands west of 
Smythii (75E-80E) 

Basin material 
(81E-85E) 

Mare basalt soils 
(85E-92E) 

Highlands east of 
Smythii (93E-98E) 

Average Al/Si 
Intensity 

1.26 

1.22 

0.90 

1.47 

Approx. Al/si 
Concentration 

0.55 

0.53 

0.38 

0.65 

Data 
Points 

39 

13 

47 

47 

Std. Dev. of 
Mean Intensity 

±.03 

±.04 

±.04 

±.04 

" These four regions are defined in Figure 8.10. 
Source: Andre et al. (22). 
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Figure 8.11. Bimodal frequency distribution of Al/Si intensity ratios and (concentrations) 
after near neighbor smoothing (to achieve the best balance between statistical reliability and 
spatial resolution). The letters indicate the average values for four regions in the Smyth 
region. Al/Si ranges from chemical analysis of soils from the Apollo (A) and Luna (L) 
missions are shown by the horizontal bars. Source: Andre et al. (22). 
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very large number of data points into a composite image. In this particular 
study some 9000 data points from Apollo 15 and 16 were used. The nature 
of the technique has been described by Bielefeld and associates (23). A 
useful product of this imaging technique was the disclosure of a bimodal 
frequency distribution of Al/Si intensity ratios as shown in Figure 8.11. 
The two peaks of this bimodal distribution represent typical Al/Si values 
for mare regolith and highland regolith in the areas overflown by both 
missions. 

There are numerous other examples of the application of the X-ray 
fluorescence experiment to the study of small lunar features where the 
chemical data provided information about processes and subsurface com
positions. A study of the small basins and craters was able to provide 
information on the depth of penetration and the degree of overturning and 
whether the crust had been breached. In most instances the interpreta
tions required a careful analysis of the data using methods of data reduc
tion like those described above. To compensate for the basically crude 
precision (compared with analysis in a terrestrial laboratory), it was fre
quently necessary to "use every trick in the book." However, the reader 
must bear in mind that we are here dealing with truly remote chemical 
analysis. 
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CHAPTER 

9 

REMOTE IN SITU ANALYSIS OF 
PLANETARY SURFACES 

THE ALPHA-SCATTERING CHEMICAL 
ANALYSIS EXPERIMENT ON THE 

SURVEYOR LUNAR MISSIONS 

The experiments to be described in this chapter represent the height of 
scientific ingenuity and imagination and accomplishments that are truly 
remarkable. Among these was the series of lunar investigations employ
ing alpha backscatter and proton spectroscopy for the performance of in 
situ chemical analysis. The alpha backscatter experiment was carried for 
the first time on the Surveyor V spacecraft, and it represented the first 
successful in situ compositional analysis on the surface of a planetary 
body other than the Earth. This was then followed by similarly successful 
efforts deployed by the Sureyor VI and VII spacecraft. 

The history of the alpha scattering technique has been summarized by 
Turkevich and associates in their final report to NASA (1). The large-
angle scattering of alpha particles by matter was initially reported by 
Geiger and Marsden in 1909 (2). Rutherford (3) used this phenomenon as 
the basis for his nuclear model of the atom. 

The use of scattered alpha particles for obtaining chemical analyses of 
surfaces was originally proposed by Professor S. K. Allison of the Enrico 
Fermi Institute for Nuclear Studies. The technique was then investigated 
by A. Turkevich (4) who presented experimental data confirming that the 
energy spectra of the backscattered alpha particles were characteristic of 
the elements present in the scattering material. As an outgrowth of these 
results, a proposal was made that a rugged, compact, analytical instru
ment could be designed and built for obtaining the chemical composition 
°* the lunar surface under the flight conditions being considered for the 

urveyor Lunar Landing missions. The main features of the proposed 
e*Periment was summarized by Patterson in 1965 (5). The principles are 
a s follows. 

191 
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PRINCIPLES 

In 1960, Rutherford, Chadwick, and Ellis were able to demonstrate that 
scattered energetic alpha particles carry off some fraction of their original 
kinetic energy. The maximum fraction of this remaining initial energy 
could be calculated from the relationship 

To 
4 t O 5 0 

+ 
t 1 6 • 2 a 1 - -ra sin- & 1 + (1) 

where 0 is the scattering angle, A the mass number of the scatterer, and 
Tm&JTo the fraction of kinetic energy remaining in the scattered alpha 
particle. For scattering angles close to 180°, the backscatter direction, the 
above expression reduced to: 

1 max 
To * A + 4 

(2) 

where now 7"max/7o represents the high-energy cutoff or the minimum 
energy loss associated with a single backscatter collision. 

The role of target thickness is shown in Figure 9.1. Where the elemen
tal sample is only a few atoms thick, the energy spectrum of the backscat-
tered alpha particles would consist of a narrow peak whose energy is 
determined by Eq. (1). For thick samples, the alpha particles scattered at 
various depths below the surface suffer a loss of energy in the material 
before and after the scattering event. The distribution is seen to be a 

Thin 
scatterer 

SD 

1 m> * c\ 

Thin scatterer 
at depth X 

S D 

L # 
Thick 

scatterer 
S D 

Figure 9.1. Comparison of spectra of alpha particles scattered from thin and thick samples. 
The scattering geometries are shown in the upper diagram and the lower diagram shows the 
corresponding spectral shapes. Source: A. L. Turkevich (1). 
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Figure 9.2. Dependence of the ratio of the maximum energy of scattered alpha particles to 
the initial energy, Tm/Tf); on the laboratory angle of scattering, 6: and on the mass number A. 
Source: A. L. Turkevich (1). 
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continuous spectrum terminating sharply at the energy Tm, determined by 
the mass number of the element. 

Figure 9.2 shows a series of plots of TJT{) as a function of scatter range 
for various mass numbers in accordance with Eq. (1). We see the follow
ing: 

• • The greatest resolution between mass numbers is at a scattering 
angle of 180° (although there is little change above 160°). 

2. The resolution decreases rapidly with increasing mass number. 

tactically, the resolution limit for distinguishing individual elements for 
the Surveyor instrument package ended at about atomic number 40. 

Some examples of alpha spectra (referred to as the library elements) 
°r some light elements and some of the heavier ones are shown in Figure 
•3. The shape, typically, for elements heavier than calcium is a relatively 

"a* plateau terminating in a sharp dropoff to zero at Tm, as required by Eq 
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(1). The intensity depends on the scattering cross-section for alpha parti
cles of the target nuclei and energy loss of the alpha particles caused by 
ionization in the sample. In view of the fact that the spectral shape of the 
heavier elements was nearly constant, it was necessary to include only a 
few representative spectra in the library. This was, however, not the case 
for the light elements. 

The regularity of the relationship between the endpoint energy frac
tion and the mass number of the scattering element is shown in Figure 9.4. 

Hgure 9.4. Agreement of observed and theoretical endpoints of the scattering spectra of 
various elements as obtained with research apparatus. The straight line drawn through 
'ma,/7"0, | at channel 224 (the channel of peak energy of the incident particles) indicates how 
well the experimental end points agree with the predictions of Eq. 1. The negative intercept 

m̂ax/To = 0 is consistent with the positive energy threshold of the analyzer. Source: 
'ytterson et al. (6). 
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The experimentally observed data points are in excellent agreement with 
the mathematical relationships described above. Significantly, the end-
point dispersions are large for the low-atomic-number elements and com
pressed for the higher atomic number elements. The technique is thus 
most effective for the low mass ranges. It was found that, with an instru
mental resolution of about 3%, it was difficult to resolve elements of 
atomic number greater than 25. Coupled to this was an additional compli
cation caused by the presence of several isotopes of different elements 
with the same mass number. 

For the high-atomic-number elements, the shape of the spectra and the 
intensities depend on Rutherford scattering of the incident alpha particles. 
Given a known geometry, it is, in principle, possible to calculate intensi
ties from the theoretical coulomb scattering cross section and the energy 
loss characteristics of the scattering substances. However, in practice 
complications are introduced by an incomplete knowledge of the loss 
cross sections and multiple scattering phenomena, both effects being 
most pronounced at low energies. 

The geometrical relationships in alpha particle scattering are shown in 
Figure 9.5. Based on the work of Patterson and co-workers, the following 
expression has been developed for the scattered at a given angle 8 as a 
function of energy: 

dl/dh = lontriTi) dyildTj (3) 

The intensity of the backscattered particles per steradian, at a given 
energy J per unit emergent energy is a function of /0, the intensity of the 
incident particles; n, the number of scattering nuclei per cubic centimeter; 
a{T), the alpha scattering cross section for the nuclei of interest at some 
emergent energy T; and dySdJi, variation in depth at which the scattering 
occurs with a change in emergent energy. The scattering cross section in 
turn is defined as 

5.184 x 1Q-2722 i 
a( ' ' 7V(MeV) sin40/2 W 

and thus depends on the atomic number Z of the scatterer, the energy Tof 
the alpha particle at the point of recoil, and the scattering angle 8. 

This expression tells us that it is essential to know the nature of the 
energy loss by the alpha particle due to ionization and to define the trajec
tories of the alpha particle in the target. Patterson and associates (5) have 
pointed out, in regard to the spectral shapes, that the observed character 
of the spectra for high Z elements are "consistent with Rutherford scat-
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Figure 9.5. Geometrical relationships in alpha par
ticle scattering from a thick target. The distances 
from the source and detector are assumed to be very 
large (centimeters) in comparison with the penetra
tion of the alpha particles into the sample (microme
ters). Source: Patterson et al. (6). 

tering cross section and the stopping powers of the target to the extent 
that they are known. Comparisons of the intensities of Rutherford scatter
ing is best done near the high-energy endpoints of the respective scatter
ed." It has been shown that in this region of the spectrum, the intensities 
of the alpha particles entering the detector (in the backscatter direction) 
has a Zm dependence. For element lighter than Na, however, the regular
ity disappears and the scattering intensity actually becomes higher than 
predicted. Furthermore, the scattering varies irregularly from element to 
element. 

The structure in the spectra of the low-Z elements is apparently due to 
the departure from the Zm dependence. This has been attributed to nu
clear interactions with the target nuclei. 

The alpha scattering also offers an additional mode for obtaining ana
lytical information. It is known that the energetic alpha particles will 
produce characteristic proton spectra as a consequence of (alpha, proton) 
reactions with a number of elements. B, N, F, Na, Mg, Al, and Si yield 
protons with a useful range of energies for measurement consistent with 
known nuclear masses and energy levels. The energy spectra and proton 
yields depend on the cross sections for these reactions. The method is 
imited. For incident alpha energies up to 6 meV, such nuclides as ,0Be, 
C, 160, 170, and ,R0 do not yield protons. In addition, for elements with 

nuclear charges greater than 20, the coulomb barrier becomes great 
enough to greatly lower the (alpha, proton) cross-sections. 

the alpha-proton method is a useful supplemental approach to the 
Pha scatter mode. In general, the proton intensities are frequently much 

°Wer than that of the scattered alpha particles. The sensitivity can be 

Sample 
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improved, however, by using a detector system sensitive only to protons. 
It has been observed in the analysis of rocks, for example, where there is 
a relatively low abundance of Al and Na relative to Si and Mg, that the 
scattered alpha spectra are insensitive to variations in AI and Na concen
trations. On the other hand, because they extend to higher energies, the 
proton spectra have characteristic shapes and provide a superior differen
tiation for these two elements. 

INSTRUMENTATION 

Having examined the principles of the alpha scattering experiment, let us 
now look in some detail at how the actual implementation was done in the 
series of flight experiments flown on the Surveyor V, VI, and VII. These 
experiments have been described by Turkevich (1). The equipment, 
shown in Figure 9.6, included a sensor head deployed to the lunar surface, 
a digital electronics package kept in a thermally controlled compartment 
on the Surveyor spacecraft, a deployment mechanism, and a standard 
sample assembly. The total weight of the assembly, including the mechan
ical and electrical interface substructures and cabling, was 13 kg. Power 
dissipation was remarkably low, about 2 W, increasing to 17 W during 
heater use. 

Figure 9.6 shows internal construction of the alpha scattering head in 
cutaway view. The important details include the alpha detectors, the 
proton detectors, and the radioactive source of alpha particles. The appa
ratus was a box approximately 17 x 16.5 x 13 cm in size. The bottom of 
the box was a plate 30.5 cm in diameter, a device intended to keep the box 

Alpha detectors (2) identify lunar surface 
atoms by measuring energy of alpha particles 

reflected from nuclei of atoms 

Radioactive 
sources (6) 

of alpha 
particles 

Proton detectors (4) 
identify lunar surface 

atoms by measuring enen 
of protons split off 
nuclei of atoms by 

alpha particles 

Alpha particles penetrate surface 

Figure 9.6. Diagrammatic view of alpha-scattering sensor head internal configuration 
Source: Turkevich et al. (1). 
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from sinking into the lunar soil should it prove to be soft. The bottom of 
the sensor head had a sample port about 11 cm in diameter. Six 1-cm 
alpha sources were recessed 7 cm above the opening. These alpha sources 
were collimated so that the alpha particles were directed to the surface 
material through the opening in the sensor head. In order to prevent the 
alpha particles, recoiling from the sources themselves, from reaching the 
surface of the sample area, each source was covered by a thin aluminum 
oxide film. The two alpha particle detectors were arranged to detect the 
backscattered alpha particles at an angle of about 174° from the original 
direction. These alpha particle detectors were silicon-surface barrier 
types, 0.2 cm, with evaporated gold front surfaces. In addition, thin films 
were mounted on the collimation masks to prevent the detectors from 
excessive light and alpha contamination. 

Four proton detectors were also included. These were lithium drifted 
silicon detectors, 1 cm2 each. The detectors were protected from the 
alpha particles by 1 1-jiim-thick gold foil. In order to measure only those 
events associated with the sample, the proton detectors were backed by 
guard detectors in anticoincidence mode. Solar events registering in the 
guard and primary detectors were rejected by the electronics. 

Two techniques were used to provide calibration of the electronics. 
One was a pulser supplying electronic pulses of two known magnitudes at 
the input stage of the alpha and proton detectors on command from the 
earth; the other was a small amount of the element einsteinium, an alpha 
emitter, located on the gold foil facing each proton detector and on the 
thin films located in front of the alpha detectors. 

The device for deployment is shown in Figure 9.7. The deployment 
mechanism, in addition to its use for translating the sensor head to the 
surface, was also used to stow the sensor during flight and to provide both 
background and calibration measurements prior to the surface measure
ments. As the figure shows, there was a standard assembly covering the 
circular opening in the bottom of the sensor head during flight and land-
lr>g. In addition to serving as a dust and light barrier, their assembly also 
helped to evaluate the instrument performance immediately after landing. 
Before deployment to the surface, the sensor head was held suspended 
about 50 cm above the lunar surface in order to obtain background data. A 
typical operational sequence consisted of: 

'• Measurements were made in the stowed position, the data being 
c°mpared to prelaunch numbers. 

2- The supporting platform and standard were moved aside and the 
ensor head suspended about 50 cm above the lunar surface to obtain 
ckgrounds (cosmic ray, solar protons, and possible surface radioactiv-
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Figure 9.7. Deployment mechanism for the alpha backscatter experiment. Source: 
Turkevich et a!. (1). 

3. Finally, the sensor head was lowered to the lunar surface for the 
accumulation of surface data. 

RESULTS 

The first Surveyor spacecraft (Surveyor V) to carry the alpha experiment 
landed in the southwest portion of Mare Tranquillitatis on September 11, 
1967. The spacecraft landed on a slope of about 19.5° on a crater wall. In 
an account of the mission, Turkevich and co-workers (6) summarized the 
data accumulation times. This is shown in Table 9.1. 

Table 9.1. Science Data Accumulation 

Operational Configuration 

Transit 
Stowed (standard sample) 
Background 
Lunar surface sample 1 
Lunar surface sample 2 
Calibration 

Accumulation Time (min) 

20 
75 
170 

1056 
4005 
281 

Total 5607(93.5 h) 



Two sets of measurements were made of the standard sample (an ana
lyzed glass) referred to above. The first measurements were made during 
lunar transit and the second after touchdown on the lunar surface. The 
data shown in Figure 9.8 were taken on the Moon over a 60-min measure
ment period. The error bars displayed are for a lcr statistical error. The 
calculated results are shown in Table 9.2. A comparison with the standard 
chemical analysis shows a remarkable agreement. 

i i i i — i i i 

w% 
W« 

Alpha mode 

60 80 
Channel number 

figure 9.8. Measurement of a standard glass sample on the Moon after landing. The time 
interval was 60 min. The error bars on the observed points are for a \cr statistical error. The 
Peaks on the right are due to :ME. Source: Turkevich (1). 
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Table 9.2. Analysis of the Standard 
Glass Sample on the Moon in Atomic % 

Element 

0 
Na 
Mg 
Al 
Si 
Fe 

Surveyor V 

56.4 
7.3 
7.6 
2.0 

20.2 
8.5 

Standard 

58.6 
7.7 
8.5 
1.5 

17.2 
6.5 

The first lunar sample data taken in both the alpha and proton modes is 
shown in Figure 9.9. The total accumulation time was 900 min (15 h). The 
curves are plotted with the number of events per channel on a logarithmic 
scale as a function of channel number (energy). The prominent peaks in 
both modes at approximately channel 110 are due to the einsteinium. 
There are a number of distinct energy breaks identified by the arrows at 
the top of the diagram. Figure 9.10 shows computer-analyzed data for 
both modes. The observed lunar sample spectrum has been broken down 
into eight components: C, O, Na, Mg, Al, Si, "Ca," and "Fe." Turkevich 
has stated that "Ca" represents elements 28 < A ss ~ 45 and "Fe" 

Table 9.3. Chemical 
Composition of the Lunar 
Surface of Surveyor V Site 

Element 

Carbon 
Oxygen 
Sodium 
Magnesium 
Aluminum 
Silicon 
28 < A < 65'' 
(Fe, Co, Ni) 
65 < A 

Atomic %° 

< 3 
58.0 ± 5 

< 2 
3.0 ± 3 
6.5 ± 2 

18.5 ± 3 
13.0 ± 3 

> 3 
>0.5 

" Excluding hydrogen, lithium, and 
helium. These numbers have been 
normalized to approximately 100%. 
h This group includes, for example. 
S. K, Ca, and Fe. 
Source: Turkevich et al. (1). 



RESULTS 203 

'o 2D 40 60 80 100 BO 
Channel number 

Figure 9.9. First lunar sample data taken on the Moon for a 900-min measurement time. 
The experimental points are crosses and the error bars a )a statistical error. The peaks at 
about channel number 110 are due to ; M E . Source: Turkevich et al. (1). 

represents elements 45 ss A < 65. The computer fit was performed by first 
subtracting the background and possible heavy element contribution. The 
resolution of the spectra into only eight elements provides an excellent fit 
to the observations with very few systematic deviations. The one region 
°f questionable fit is between channels 63 and 74 in the alpha mode. For 
this reason, the elements were reported as a composite. Table 9.3 shows 
tne estimates of the chemical composition at the lunar surface of the 
Surveyor V site. 
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Figure 9.10. Computer analysis of the first lunar samples. The smooth curves are calcu
lated spectra based on an eight-element library. Source: Turkevich et al. (1). 

The alpha-scattering experiment flown on Surveyor VI was a duplicate 
of the one flown on the Surveyor V. A report of the results was made by 
Turkevich and associates (7). Once again, a flat area along the equatorial 
zone was chosen as a site. In this instance, the landing site was Sinus 
Medii. The equipment, except for minor problems, functioned as well, 
and it was possible to obtain a comparison of the chemical compositions 
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Table 9.4. Comparison of Chemical Composition 
at the Surveyor V and VI Sites in atomic T" 

Element 

Carbon 
Oxygen 
Sodium 
Magnesium 
Aluminum 
Silicon 
"Calcium"' 
"Iron"'' 

Surveyor V* 

< 3 
58 + 5 
< 2 
3 ± 3 

6.5 ± 2 
18.5 ± 3 

13 ± 3 

Surveyor VI 

< 2 
57 ± 5 
< 2 
3 ± 3 

6.5 ± 2 
22 ± 4 

6 ± 2 
5 ± 2 

" Excluding elements lighter than Be. 
' Surveyor V results were for the total of atoms heavier 
than Si; a lower limit of 3% was set for "Fe." 
c "Ca" denotes elements with mass numbers between ap
proximately 30 and 47 and includes, for example, P. S, K, 
and Ca. 
d "Fe" denotes elements with mass numbers between ap
proximately 47 and 65 and includes, for example, Fe, Ni, 
and Co. 

at the Surveyor V and VI sites. These results are shown in Table 9.4. The 
constancy of results was an important observation. 

The Surveyor VII mission was distinct from the Surveyor V and VI in 
that the landing site was in a highland region near the rim of the Crater 
Tycho rather than in the equatorial mare region. A specific intent was to 
sample material considered to be part of the Tycho ejecta blanket. The 
mission was also somewhat different in that the surface sampler (8) pro
vided a means of moving the alpha-scattering instrument from one posi
tion to another, thus making it possible to obtain data from three types of 
samples: undisturbed soil, small rock, and finally a disturbed soil area. 

As an interesting sidelight, the surface sampler played a key role when 
the alpha experiment deployment device failed to function properly. It 
was used to force the sensor head to the lunar surface and to provide the 
critically needed shade when the sensor head showed signs of exceeding 
the specified values of operational temperatures. 

While the alpha-scatter experiment was essentially the same as the two 
previous ones, there were small differences. The preparation of the alpha 
sources was modified. The plates containing the curium were coated with 
carbon by vacuum evaporation in order to prevent aggregate recoil. The 
technique proved to be partially successful. The new alpha sources were 
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also more intense than those flown previously, thus making it possible to 
use shorter accumulation times. 

The Surveyor VII touchdown occurred in January 1968 in an area less 
than 1 diameter north of the rim of Tycho. Ultimately, three different 
samples were measured. The first sample was undisturbed soil near the 
spacecraft. The second sample was an exposed rock described as 5 x 7 
cm in size, visible in the TV display prior to the beginning of the surface-
sampler operation. The third sample was in a trenched area previously 
prepared by manipulating the surface sampler. 

c 
1 

10 

0 Mo Si Ca Fc 

4 4 4 4 4 

• ' — i i i_ 

Alpha spectra 

Surveyor Y 
Surveyor TH 

J Surveyor VE 
(Sample I) 

60 80 
Channel number 

Figure 9.11. Comparison of Surveyor V. VI. and VII lunar sample data. Source: Turkevich 
et al. (1). 
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An interesting observation reported by Frangrote and co-workers (9) is 
that the overall counting rate for the alpha mode for the rock sample was 
about double that for sample one. This fact and the TV return demon
strated that the rock sample was well centered in the sample area of the 
sensor head and, in fact, probably intruded slightly into the sensor head. 
By contrast, the intensity from sample 3, the trenched area was lower 
than nominal, leading to the inference that the sample under examinations 
was partially surface material and partially within the trench. 

While there were some problems such as delay in deployment and 
some instrumental drift because of the higher operating temperatures, the 
program of chemical analysis was much broader and more productive 
than the previous missions due to the greater sample variety. 

An interesting comparison of the spectra for the three missions is 
shown in Figure 9.11. This diagram includes only sample one from the 
Surveyor VII effort. In addition to the background corrections, the curves 
have been normalized by multiplication factors that make the curves 
match in the oxygen region of the alpha mode. The only significant differ
ence between the highland samples and the mare samples is the lower 
content of the iron group of elements (see Chapter 8 for a discussion of the 
orbital experiments). Table 9.5 shows a comparison of the chemical com
position at the various landing sites. 

Some interesting and valuable inferences were drawn from the Sur
veyor VII analyses, which were subsequently reenforced by the orbital 
measurements and the returned samples. The investigators speculated 

Table 9.5. Chemical Composition of the Lunar Surface at the 
Surveyor Landing Sites in Atomic % 

Element" 

Carbon 
Oxygen 
Sodium 
Magnesium 
Aluminum 
Silicon 
"Ca" "J 

" F e " J 

Mare Sites 
Surveyor V 

< 3 
58 ± 5 
< 2 
3 ± 3 

6.5 ± 2 
18.5 ± 3 

13 ± 3 

Surveyor VI 

< 2 
57 ± 5 
< 2 
3 ± 3 

6.5 ± 2 
22 ± 4 
6 ± 2 

5 ± 2 

Highland Sites 
Surveyor VII 

< 2 
58 ± 5 

< 3 
4 ± 3 
8 ± 3 

18 ± 4 
6 ± 2 

2 ± 1 

° "Ca" includes mass numbers between 30 and 47. "Fe" includes mass numbers 
between 47 and 65. 
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that the lower content of the "Fe" group elements were a contributing 
factor to the higher albedos of the highland regions; the lower "Fe" group 
concentrations, if truly characteristic of the highlands (we now know this 
to be true), could mean a bulk density of subsurface, highland rocks 
smaller than those of comparable maria material. As a terrestrial ana
logue, the continental highlands are less dense that the basaltic ocean 
bottoms. 

In summary, these alpha-scatter experiments were a truly impressive 
example of the application of known physical principles to the solution of 
a particularly difficult and challenging problem. They yielded excellent 
analytical results, in situ from inaccesible regions of the Moon. These 
experiments have demonstrated the potential for applications to future 
Solar System exploration. 

LUNOKHOD 1—INVESTIGATION OF THE LUNAR SURFACE 

Among the various remarkable accomplishments making up space age 
exploration was the landing of an automatic roving vehicle by the Soviet 
Union to investigate the lunar surface (10). The rover called Lunokhod 1 
successfully performed a variety of studies for a period of 7 lunar days 
(equivalent to 7 terrestrial months). The automated station, active during 
the lunar day, was quiescent during the lunar night because of its use of 
solar power. 

The vehicle had an Earth weight of 756 kg and consisted of a self-
propelled chassis and a hermetically sealed instrument. The instrument 
package contained TV cameras, as well as a number of scientific devices 
to perform a variety of functions. The instrument complement consisted 
of a means for the determination of the physical properties of the lunar 
soil: an X-ray fluorescence instrument, RIFMA (the Soviet acronym for 
an X-ray fluorescence device using radioactive sources) for determining 
the chemical composition of the surface layer; a corner reflector for opti
cal location of the vehicle; a patrol dosimeter to determine the radiation 
environment in the vicinity of the Lunokhod; an X-ray telescope for 
astronomical observations; and an instrument for low-energy gamma-ray 
measurements. Of these devices, emphasis will be placed here on the X-
ray fluorescence measurements. 

The Luna 17 carrying the Lunokhod landed on the lunar surface in 
November 1970 in Mare Imbrium, and shortly thereafter it began to rove 
the surface, transmitting data. Figure 9.12 shows the construction of the 
Lunokhod 1. Shown are the hermetically sealed equipment bay and the 
position of the various instruments. The Lunokhod was designed so that it 
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Figure 9.12. A schematic diagram of the Lunokhod 1: 1, the hermetically sealed instrument 
bay; 2, the cooling radiator; 3, the solar batteries; 4, television porthole; 5, TV cameras; 6, 
the wheel units; 7, the driving mechanism for the high gain antenna; 8, the high gain antenna; 
9, the low gain antenna; 10, the spike antenna; 11, radioisotopic heat source: 12, the ninth 
wheel; 13. equipment for the physical-mechanical soil properties; 14. the corner reflector. 
Source: Petrov (8). 

could be moved forward and backward at two different speeds, and turn 
either on the spot or while in motion. The performance of the vehicle was 
monitored by a set of sensors that continuously measured the roll and 
pitch of the Lunakhod, the currents to the driving motors, and number of 
revolutions and temperature of the wheels. The length of the path tra
versed was determined by the number of revolutions of the driving 
wheels. To quote G. I. Petrov (10), 

The geometrical parameters of the working parts of Lunokhod, its specific pres
sure on the soil, its driving characteristics, parameters of elastic suspension and 
the shape of the supporting surface of the wheels, all these factors allowed the 
Lunokhod to move confidently over a surface with quickly crumbling soil, to 
overcome steep upgrade slopes, to override craters and obstacles such as single 
rocks or ridges of rocks comparable with the size of its working parts. 

Figure 9.13 is a sketch of the Lunokhod's route on the fourth, fifth, and 
sixth lunar days (about a 3-month period). The distance covered was over 
3 km. The points at which chemical analyses were performed are shown 
oy the letters P. The RIFMA instrument was used to perform a rapid 
analysis of the soil at these sites. By using the acquired data, it was 
Possible to determine the amounts of Al, Ca, Si, Fe, Mg, Ti, and other 
^Jements. The RIFMA instrument is described below in greater detail. 
£nis description is based on that given by Kocharov and co-workers (11). 
'he details can be seen in Figure 9.14a and b. The sensor head of the 
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Lunohod-1 movements route 
Chemical studies of lunar 
soil composition 
Separate stones 
Stone fields 

Craters and holes 

Direction of movement 

Figure 9.13. The route of the Lunokhod I. Shown is the nature of the terrain and the points 
at which analysis was performed. Source: Petrov (8). 

RIFMA spectrometer is shown in Figure 9.14a, with the relationship 
between the radioactive sources and the sensor head containing the X-ray 
detectors. The radioactive source was tritium with a high specific activity-
Because of the range of energy emission they were able to excite fluores
cence X rays with an energy of less than 10 keV, a spectral region contain
ing the K spectral lines of the main rock-forming elements (see Table 9.6). 



fa) 

(b) 
Figure 9.14. (a) Schematic view of the RIFMA spectrometer sensor head. 1, The radio
isotopic source; 2, the lunar surface; 3, the sensor head; 4, the X-ray detector; 5, the 
m°unting. Source: Petrov (8). (b) Lunakhod 1 (a generalized view). 1, the sensor head of the 
RIFMA; 2, the radioactive source. Source: Petrov (8). 
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Table 9.6. K X-ray Fluorescence Energy of Rock-Forming 
Elements 

Element 

Mg 
Al 
Si 
S 
K 

Energy (keV) 

1.254 
1.487 
1.740 
2.308 
3.313 

Element 

Ca 
Ti 
Fe 
Ni 

Energy (keV) 

3.691 
4.510 
6.403 
7.477 

The detectors consisted of gas-filled, sealed proportional counters with 
thin windows for soft X-ray transmission (the details were not supplied). 
Several of these detectors were contained in the RIFMA and were 
pointed at the surface (see Fig. 9.14). Because proportional counters can
not resolve the X rays of adjacent elements, selective filters were used in 
the nondispersive mode. 

The RIFMA electronics consisted of a number of components nor
mally used in conventional spectrometry, such as a charge-sensitive pre
amplifier, an amplifier, a multichannel pulse-height analyzer, and a stable 
high-voltage supply for the proportional detectors. The multichannel ana
lyzer was a 64-channel instrument. While the analog to digital processor 
was on the Lunokhod, the memory and display was on Earth, thus in
creasing the reliability of the system, while decreasing the weight and 
volume. 

LUNAR OPERATIONS 

The Lunokhod roved about the lunar surface crossing or passing craters 
of various ages. Along the way, details of large craters such as floors, 
slopes, and rims were studied. The Lunokhod crossed crater ejecta, rock 
fields, and so on, and the RIFMA was turned on. In the process, features 
like nondisturbed regolith, the subsurface layer, and separate rocks were 
analyzed. As a technological study, RIFMA was used with the Lunokhod 
in motion to demonstrate that analysis could be performed while the 
Lunokhod was moving. 

DATA 

Some hundreds of spectra were accumulated. Because of the peculiarities 
of the spectrometer and the ability to record and play back the spectra in 
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Figure 9.15. Spectrum (without filter); peaks numbered in order from left; 1st, group of 
light elements (Mg, Al, Si); 2nd, a line seen in spectra of all counters, including those 
shielded from the surface; 3rd group of Ca and K; 4th (around channel No. 23), Fe range. 
Source: Kocharov et al. (9). 

real time, it was possible to control and, in some cases, to increase the 
quality of the spectra. Figure 9.15 is an example of a typical spectrum. A 
number of features are shown, which have been identified as follows: 
Numbering the peaks from left to right, the first peak is an envelope for 
the light elements (Mg, Al, and Si). The second peak was seen in the 
spectra of all the counters, including those shielded from the surface. This 
second peak was considered as coming from dEld.x of the cosmic rays. 
The third peak contains the elements Ca and K, and the fourth peak, 
around channel 23, is from the Fe range of elements. 

The proper evaluation of the spectra obtained required consideration 
of a number of parameters, such as the thermal regime of the sensor head, 
the orientation of the Lunokhod relative to the lunar surface and the Sun, 
and the nature of the lunar surface being analyzed. 

RESULTS 

^he Lunokhod continued to function for several months, accumulating a 
Sreat many experimental data. A set of results was obtained for the chem-
lcal composition of some relatively flat areas of the lunar plains. These 
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results are practically the same for several zones of analysis of nondis-
turbed surface regolith outside the crater zones. The investigators applied 
the term fines to these materials and concluded that these data were 
characteristic of this part of Mare Imbrium. 

The results obtained by the Lunokhod 1 are shown in Table 9.7, com
pared with the chemical composition results obtained at other sites by 
other missions. The investigators have reported that the Lunokhod data 
and results affirm the general opinion that the regolith originated through 
the mechanical reduction of mainly basaltic rocks. 

A second Lunokhod was sent to the Moon in January 1973 (12). This 
one was used to map the chemical composition of the lunar surface in a 
"mare-highland" boundary, again using an X-ray fluorescence spectrom
eter. The Lunokhod was put down into a region situated in the eastern 
part of Mare Serenitatis near the southern part of an ancient, 55-km 
crater, Le Monnier. The principal objective was to examine the lunar 
surface chemistry in the contact zone between the mare and the highland. 
In addition to the chemistry, the optical characteristics of the surface and 
the magnetic fields were also explored. With regard to the chemical com
position, an attempt was made to establish a correlation between the 
morphological peculiarities and the nonhomogeneity of the chemical com
position. 

The X-ray fluorescence spectrometer on this second mission was des
ignated as RIFMA-M. It was, according to the investigators, modified and 
improved. Special attention was given to the determination of iron, be
cause they felt that it was the clearest indicator of differences between the 
highlands and the mare. The concentration of Fe in the highlands was 
about 3-5%, while the mare values were about 12-15%. The ratios of 
values found for various elements, when the highlands were compared to 
the mare, were: Mg = 1.1, Si = 1.4, Ca = 1.2, and Fe = 2.4; thus the 
selection of iron as the best indicator of the transition from mare to 
highlands. 

The improvements in the RIFMA spectrometer for Lunokhod 2 had as 
a special objective the optimization of the determination of Fe. This in
volved a radioactive source to more efficiently excite the Fe. A new type 
of radioactive source was used, consisting of a combination of tritium, 
ziroconium, and tungsten. In addition, a detector was mounted in the 
sensor head, which efficiently measured X rays in the 5-30-keV region. 

Figure 9.16 shows the track of the Lunokhod 2. The circled numbers 
are the points at which analyses were done. Table 9.8 shows the chemical 
composition along the route. In brief, the Lunokhod effort demonstrated 
that there were considerable variations in the abundance of some chemi
cal elements in the upper layer of the regolith. The iron content in the 



Table 9.7. Chemical Composition of the Lunar Surface 

Element 

Si 
Fe 
Ca 
Al 
Mg 
Ti 
K 
Na 

Mare Tranquillitatis 

Surveyor 5, 
Fines 

21 
9 

10 
8 
3 
4 
— 
0.5 

Apollo 11 

Fines 

20 
12 
8 
6 
5 
5 
0.1 
0.4 

Rocks 

20 
14 
7 
6 
5 
6 
0.2 
0.4 

Sinus Medii, 
Surveyor 6, 

Fines 

23 
10 
9 
8 
4 
2 
— 
0.6 

Oceanus 
Procellarum, 

Apollo 12 

Fines 

20 
13 
7 
7 
7 
2 
0.3 
0.3 

Rocks 

19 
17 
8 
6 
7 
2 
0.05 
0.3 

Tycho Rim, 
Surveyor 7 

Fines 

21 
4 

13 
11 
4 

< 0.4 
— 
0.5 

Rocks 

21 
3 

13 
14 
< 2 

< 0.7 
— 
0.3 

Mare 
Foecunditatis. 

Luna 16 

Fines 

20 
13 
9 
8 
5 
2 
0.08 
0.3 

Rocks 

20 
15 
7 
7 
4 
3 
0.12 
0.2 

Mare Imbrium, 
Lunokhod 1, 

Fines 

20 
12 
8 
7 
7 

< 4 
< 1 
— 
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bottom of part of the crater LeMonnier was about 6 wt%, but it fell to 
about 4.0 ± 0.4 wt% in the highland region. The vehicle did encounter a 
20-km tectonic break where the underlying rock on the slopes appeared to 
be exposed, and the Fe value was about 8 wt%. 

The surface points 1, 2, 3, 5, and 6 listed in the table appear to be 
intermediate between highland and mare surfaces, evidence for mixing of 
highland and maria materials. 

As the investigators point out, the Lunokhod 2 activity was the first 
and, as yet, only detailed examination of a mare-highland contact zone. 

Table 9.8. Lunar Surface Chemical Composition (wt.%) along the Route 
of Lunokhod 2" 

Point 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

Place of Analysis 

Rim of crater 40 
m diam. on 
plain near 
landing site 

Plain; near crater 
13 m in diam. 

4.5 km to S of 
landing site 

Place of the 
deepest 
penetration into 
hilly highland 
region 

Plain; bottom of 
crater Le 
Monnier 

Plain; bottom of 
crater Le 
Monnier; 5.5 
km to E of 
point 5 

Western slope of 
tectonic break 

Eastern slope of 
tectonic break 

Aluminium 

8.8 ± 

11.6 ± 

1.0 

0.9 

Silicon 

24 ± 4 

22 + 3 

Elements 

Potassium 

< 1 

< 1 

< 1 

< 1 

< 1 

< 1 

<1 

< 1 

Calcium 

8.0 ± 1.2 

7.8 ± 0.8 

8.3 ± 0.9 

9.1 ± 1.2 

8.5 ± 0.9 

8.1 ± 1.1 

7.8 ± 1.0 

7.8 ± 0.9 

Iron 

6.1 ± 0.7 

6.2 ± 0.6] 

4.9 ± 0.4 

4.0 ± 0.4 

6.1 ± 0.6 

6.5 ± 0.7 

7.6 ± 0.9 

8.2 ± 0.*i 

__^-

* Measurements were carried out in various modes, so that in a number of places the light elemeWj 
contents were not determined. 
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Lunar Surface Chemical Composition in Contact Zone "Mare-Highland" 

Figure 9.16. The Lunokhod 2 route. The circled numbers are the points where analyses 
were performed. The dashed line is the highland region. Source: Kocharov et al. (10). 

They have compared their results to those reported by the Apollo 15 and 
16 investigators (13, 14) and found that if one makes allowances for the 
difference in spatial resolution, the two investigations yielded consistent 
results. 
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CHAPTER 

10 

MARS ATMOSPHERIC AND SURFACE 
MEASUREMENTS 

The extraordinary character of the Martian exploration program, even 
prior to the Viking landers, was summarized by K. F. Weaver in his 
article "Journey to Mars" (National Geographic, Feb. 1973). 

No human traveler has yet gone to Mars. But thanks to a little blue-winged 
satellite named Mariner 9,1 can write about the red planet's cold and tortured face 
almost as confidently as if its landscape lived in my memory. The details are all to 
be found in a flood of information gathered by the first spacecraft to orbit Mars. 
Circling twice each day since Nov. 13, 1971, Mariner 9 has photomapped the 
planet's entire surface, probed its atmosphere, taken its temperature and assayed 
its chemistry. 

The accomplishments became even more remarkable with the Viking 
spacecraft, which provided a closeup view of the Martian planet, exam
ined the surface for evidence of life, and performed XRF analysis of the 
Martian soils. 

Some of the earliest observational data came via the earth-based reflec
tance spectroscopy already discussed in Chapter 7. As we have seen, the 
results led to a deduction that the regions observed were combinations of 
ferric oxide and mafic silicate rocks. 

During the Mariner 9 mission, thermal emission spectra of Mars were 
measured by the infrared interferometer-spectrometer (IRIS), which sup
plied data for the 5-50-ju.m region. The spectra recorded during the first 
100 orbits showed strong absorptions, which the investigator team re
ported as characteristic of a Si02 content of 60 ± 10 wt.%. Based on these 
observations, Hunt and co-workers (1) and Logan and associates (2) sug
gested that the clay mineral montmorillonite could be a major component 
of the Martian dust clouds (montmorillonite is a common weathering 
product of mafic minerals and would be consistent with basalts on Mars). 
They also reported that hematites and carbonates were excluded as major 
components of the Martian dust clouds but that salts, such as sulfates, 
could be present in substantial amounts. These interpretations were borne 
out by the subsequent Viking XRF results, which will be discussed later. 
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ATMOSPHERIC STUDIES 

An important study performed during the Viking mission involved the 
observations of the behavior of water vapor in the Martian atmosphere 
(obviously one of the more significant substances). These were done from 
the orbiting component of the Viking mission. Prior to the Viking mission, 
the only knowledge of the behavior of atmospheric water vapor came 
from Earth-based observations. This information was limited with regard 
to the spatial and seasonal dependence. It was known that the atmo
spheric vapor varied seasonally, apparently reaching a maximum in each 
hemisphere at some time after the summer solstice. There also appeared 
to be a diurnal variation of the water-vapor column abundance at midlati-
tudes during at least a part of the season of maximum vapor content. 

The basic questions involving the present day behavior of Mars con
densates and the extent to which the planet has retained its primitive 
fraction of water have been too difficult to answer from terrestrial obser
vations because of a number of factors. These have been the inaccessibil
ity of the extreme polar regions from the Earth, the poor resolution of the 
measurements, and limitations in sensitivity. 

Both Viking spacecraft carried instruments for mapping the water va
por. These provided a capability for measurements with sufficient spatial 
and temporal resolution and coverage to give the investigators insight into 
answers to the questions listed above. The instruments and results have 
been detailed by C. B. Farmer and associates (3). 

Figure 10.1 shows the flight instrument and the optical configuration. It 
was designed to measure the absorption of solar radiation using the strong 
lines at the center of the l.4-fitxi combination vibration-rotation bands of 
water vapor. The instrument was a grating spectrometer of five channels, 
which in the normal (locked) mode of operation was centered on three 
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mirror „ . collimating 
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Figure 10.1. Optical configuration of the instrument used for the Mars atmospheric water 
detection (MAWD). Source: Farmer et al. (3). 
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absorption lines and two nonabsorbing or continuum regions between the 
lines. The exit apertures were defined by the PbS detectors, which were 
operated at low temperatures (200 K). The cooling of the detectors was 
accomplished by means of a flexible copper strap connected to a plate 
radiating out into space. The grating (1200 lines/mm) was operated in the 
first order for the five water vapor channels, the second-order diffraction 
being rejected by a silicon-cut filter. In order to maintain the precise 
frequency location of the water vapor channels against possible shifts due 
to the thermal distortion of the instrument optical alignment, a neon refer
ence system was employed. This involved operating the grating in the 
second order, using a set of silicon photodiodes as detectors. Motion of 
the neon-lamp exit-plane image relative to the silicon reference detectors 
was sensed and used to drive a cam, which repositioned the grating to 
preserve the correct wavelength alignment. 

While the instrument was used as a five-channel monochromator in its 
normal mode, it also had the capability, by the use of a wavelength servo-
system, to scan the grating through a small angular range. The second 
mode was used occasionally to record the continuous spectrum of the 
atmosphere. The spectral range was 8 cmH on either side of the nominal 
position of each of the five channels, thus yielding a composite spectrum 
of about 40 cm-1. 

The purposes of the second mode were: 

1. To verify that the Martian atmospheric spectrum in the region of 
water vapor absorption was not contaminated by absorptions due to other 
constituents, for example, weak transitions of CO2. 

2. To validate the theoretical spectrum generated for Martian condi
tions, based on extensive laboratory measurements of the 1.4-/xm region 
water vapor transition strengths, frequencies, and pressure-broadened 
half-widths, on which the quantitative interpretation of the received data 
was based. 

3. To determine to what extent, if any, absorption of lines of solar 
origin might affect the distributed continuum radiation at the nominal line 
and continuum frequencies. The solar spectrum was obtained by orienting 
the scan platform to view the Sun's radiation falling on a small, diffusely 
reflecting plate mounted on a structural member of the spacecraft. 

Farmer and co-workers (3) in their description make clear that in view-
"ig the planet, the spectrometer obtains a measurement of radiance, in 
each of the five channels, of reflected solar radiation that has passed twice 
through the Martian atmosphere. To determine the absolute radiance val
ues, the channel responses were corrected by means of periodic calibra-
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tions done by inserting a mirror into the input beam so that the detectors 
viewed an illuminated cavity. The ratios of the radiances in the line chan
nels to the continuum radiance yielded three values of absorbance from 
which the Iine-of-sight water vapor content was derived. It was found that 
the contribution of surface emission to the received radiation was negligi
ble at the chosen wavelengths of operation. 

DATA ANALYSIS 

A characteristic of many of these remote observations so far described is 
that, unlike many laboratory measurements, there are a number of param
eters that cannot be controlled but, rather, must be corrected for, fre
quently on the basis of laboratory studies. In the Mars atmospheric water 
detection study (Mawd), the scattering by atmospheric particulates repre
sented a difficulty to be dealt with. In the absence of scattering by these 
particulates, the vertical-column abundance of water vapor W was ob
tained from the measured line-of-sight abundance along the optical path 
W and acknowledge the Sun-Planet-spacecraft geometry. The relation
ship used was W = W'li), where the airmass factor of the observations 
was t\ = sec i + sec e, and i and e were the incidence and emission angles, 
respectively. It was observed that particulates in the Mars atmosphere did 
affect the formation of the absorption spectrum of the selected wave
lengths, the general result being an underestimate of the water content. 
However, for most of the regions of the planet, the effects of scattering 
could be ignored for observations made at 17 < 4 (3). 

The line-of-sight water vapor content of the Martian atmosphere could 
be determined directly from the observed channel absorptions by employ
ing an empirically derived calibration, made with the flight instrument, 
prior to launch. The operating assumption was that the absorption was 
dependent only on the abundance of water vapor along the optical path. 
This assumption was beset with some difficulty because, as indicated by 
Farmer, the absorption is dependent on pressure (and to some extent 
temperature). Laboratory simulation of Martian water vapor quantities 
under representative conditions of partial pressure and temperature 
would require prohibitively long absorption paths. 

As a consequence of the above, the method chosen was to compare the 
measured channel absorption values with the theoretical values generated 
for a wide range of conditions of pressure and temperature. The set of 
theoretical curves developed was stored in the form of a three-dimen
sional table (Av versus W, P, and T) as part of the routine Mawd data 
processing. The table was generated by using standard algorithms for the 
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spectral extinction coefficients of lines mixed with collision and Doppler 
profiles and the known (measured) instrument spectral response function. 
The molecular parameters, such as transition strengths, collision-broad
ened widths, ground-state energies, and foreign and self-broadening coef
ficients, were determined from laboratory measurements. A total of 81 
transitions arising from the five vibration-rotation bands that occur in the 
1.38-/i.m water vapor spectrum were included in the final computation. 
The resultant theoretical spectra and the corresponding channel absorp
tion values were verified in the laboratory over the limited range of pres
sures and temperatures that could be achieved. Figure 10.2 shows the 
calculated spectra. It was found that there was a good fit between ob
served and computed spectra. The investigators state that this provides 
strong evidence, although not proof, of the validity of the application of 
the spectral calculations to the physical conditions of the Mars atmo
sphere. 

To report all the results in detail are beyond the scope of this text. 
Some of the observations, however, will be reported because they are so 
interesting from an analytical point of view. Figure 10.3 is one such exam
ple. A number of scans were taken of the solar diffusion plate during a 
series of revolutions of the Voyager 1. The principal purpose for these 

Channel no. 1 2 3 4 5 

70 I 1 1 I I I I I 
7200 7210 7220 7230 7240 1.38/i 7250 7260 

Frequency (cm ) 

•gure 10.2. Theoretical water vapor spectra in the frequency range 7200-726 cm '. The 
"umbers 1-5 show the spectral positions of the five detectors. The curves are for vapor of 3. 
'"• 30, and 100 precitable nm (pr) at a total pressure of 6.9 mbar and a temperature of 225 K. 
s°urce: Farmer et al. (3). 
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Figure 10.3. Solar spectrum obtained from wavelength scans of the diffuser plate on VO-1 
revolutions 55, 107, 124, and 210. Source: Farmer et al. (3). 

scans was to monitor the spectral distribution of the continuum radiation 
covered by the water vapor measurements. Farmer and co-workers re
port that they revealed a number of solar absorption which had not previ
ously been observed. Each of the observations on revolutions 55, 107, 
124, and 210 represent four repeated scans. These have been combined 
and averaged to produce the solar spectrum. In order to combine the 
individual scans, the relative channel gain levels and the frequency offsets 
were normalized to channel 3 (arbitrarily chosen) and the detector radi
ance level variations from observation to observation, were normalized to 
the revolution 55 data. The detector radiances were then grouped in fre
quency intervals of 0.2 cm"1 over the total range 7215-7250 cm"1. The 
frequencies, intensities, and identification of solar absorptions appearing 
in the spectra are shown in Table 10.1. 

A second example is shown in Figure 10.4. The spectra shown come 
from a number of wavelength scans of the planet taken with the Voyager 1 
instrument during the first period of synchronous orbit. A typical spec
trum is shown in the figure (second from the top). The observation was 
made from Voyager 1 (revolution 45) viewing an area of Mars centered at 
10° W, 82° N, at about 2 h from periapsis. The planet scan data was 
analyzed in a similar manner to that for the solar spectra described above. 
Because the wavelength scan was only 12 min in total duration, the result
ing spectrum was noisier than the solar spectrum. In order to estimate the 
water content, it was necessary to correct for the pressure, temperature, 
and solar spectrum. The corrected atmospheric spectrum is shown in the 
same figure. A spectrum fitting program was used to determine the values 



Table 10.1. Identification, Frequency, and Intensity of Solar 
Absorptions on Mars 

Line 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Identification 

Cr 
Mn 

S 
Cr 
Mn 
Si 
Mn 

S 

Frequency (cm ') 

7218.38 
7219.46 
7222.08 
7224.57 
7227.88 
7230.05 

7231.58 
7236.42 

7240.35 
7245.66 
7249.57 

Intensity (cm"') 
(xlO3) 

30 
53 
14 
5 

45 
51 

23 
47 

4 
34 
30 

Source: Farmer et al. (3). 

7215 7220 7225 7230 7235 7240 7245 7250 
Wave number (cm"-1) 

F'gure 10.4. Spectra of the Sun (top), Mars (at 10°N, 83°W) (second curve), and Mars 
corrected for the solar features (third curve). The bottom curve is the theoretical spectrum 
°r the conditions giving the best fit to the atmospheric spectrum. The curves have been 
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onset for clarity. Source: Farmer et al. (3). 
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of W, P, and T, which gave the best fit to the corrected Mars spectrum. 
The theoretical spectrum calculated for these conditions is shown as the 
bottom curve in Figure 10.4. 

The differences between the theoretical and corrected observed spec
tra were 0.5% or less. No absorption lines other than the expected water 
vapor lines appeared in the Martian atmospheric spectrum. As was previ
ously pointed out, the close agreement between the observed and com
puted spectra, under Martian atmospheric conditions, was taken as an 
important verification of the algorithms and molecular parameters used to 
generate the transmittance tables on which the analysis of the Mawd 
locked grating mode data was based. 

The water measurements thus far described led to interesting and im
portant results about the Martian atmosphere. The summary offered by 
Farmer (3) includes the following. 

During the seasonal period from the northern summer solstice to the 
following equinox, the water vapor undergoes a gradual redistribution. 
The latitude of maximum column abundance moved from the northern 
polar area to the equatorial latitudes. The total global vapor content re
mained approximately constant at the equivalent of about 1.3 km3 of ice. 

The peak vapor abundances observed were found to occur over the 
dark circumpolar region, an area inaccessible to Earth-based observers. A 
maximum vapor column abundance of about 100 pr-^m were measured. 
These results and corresponding measurements of the local surface tem
perature showed that the residual polar caps are composed of water ice 
and at the season of maximum polar vapor content, the atmosphere above 
the ice is at or close to saturation. 

High-resolution observations suggest that local variations in vertical 
column abundance of vapor occurs only where there are known topo
graphic features characterized by abrupt elevation changes. 

There are still outstanding questions about the mechanisms that con
trol the seasonal redistributions of water vapor and its possible hemi
spheric migration, and the presence of a major subsurface reservoir of 
water ice at other than polar latitudes. At the time of writing their report, 
the investigators felt that additional measurements during the extended 
flight would provide additional insights. 

ENTRY SCIENCE—THE MARTIAN ATMOSPHERE 

Among the scientific payloads of the Viking 1 and 2 landers were mass 
spectrometers that were designed to measure the composition of the mar-
tian atmosphere at high altitudes. The experimenters, A. O. Nier and 

• 
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Figure 10.5. Schematic diagram of the Viking upper atmosphere mass spectrometer 
mounted on the aeroshell of the lander. Until descent to the planet, the instrument was 
sealed by a cap covering the ion source and pumped continuously. Source: Nier and 
McElroy (4). 

M. B. McElroy, have described these investigations in detail (4). The 
mass spectrometer was mounted at the apex of the Viking aeroshell; as 
the vehicle descended toward the Martian surface, the spectrometer be
gan to make measurements at altitudes over 100 km in the range of 1-50 
atomic mass units (amu). 

The compositional measurements employed a double focusing mag
netic deflection type spectrometer, which has been described in detail 
elsewhere (5). The Mattuch-Herzog geometry (6) employed had special 
advantages for space flight because it permitted efficient use of the avail
able space, weight, and power, and yet offered good performance charac
teristics. The electron bombardment ion source used in the Viking instru
ment was similar in design to sources previously used with success in the 
study of the Earth's atmosphere by rockets and satellites. A schematic 
drawing of the instrument is shown in Figure 10.5. In principle, the ambi
ent gas entered the ionizing region of the spectrometer through three high-
transmission grids. The ions were formed by a well-collimated electron 
beam (M in the figure). Once formed, the ions in the source region were 
directed to the right by an electric field, due in part to the repelling voltage 
0 n grid 3, and in part to field penetration through the slit to the right of the 
electron beam. Grid 1 was maintained at the same potential as the instru
ment housing, grid 2 was held at negative potential, selected to cancel 
"elds produced outside by the positive potentials of the ion box sh and the 
'°n repeller grid. The potentials on grids 2 and 3 were varied in a linear 
Way in response to a change in the potential of the ion box sh. A similar 
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linear relationship applied to the focusing potentials on the focusing plates 
Jj and J2 and for the electric analyzer plates, positive and negative. 

Mars scans were obtained by varying the potentials applied to the ion 
box exponentially with time. The limits were chosen to ensure that ions 
reaching the high-mass collectors would have masses in the range 7-49 
amu. The field of the magnetic analyzer was provided by a permanent 
magnet. The mass of the ions reaching the collector varied inversely as a 
function of the voltage V applied to the ion box. In order to restrict the 
range of voltages required, a second collector was used to capture ions in 
the 1-7-amu-mass range. Thus high and low mass numbers were sampled 
simultaneously. A complete spectrum for the range 1-49 amu was accu
mulated in a 5-s interval. 

The ions were detected using conventional electrometer type amplifi
ers—the input stages using field-effect transitors. The use of electrome
ters was in response to the weight restrictions imposed by the Viking 
project (electron multipliers would have given significantly enhanced sen
sitivities). The actual sensitivity was such that the nitrogen (amu = 28) 
gave a signal better than 2 x 10~5 A/Torr of pressure in the ion source. 
Background fluctuations of the amplifiers were of the order of 1-5 x 
1(T14 A. 

The calibration procedures were built on the experience on the earlier 
Atmospheric Explorer. The instrument, with an exposed ion source, was 
pumped by a liquid helium pump separated from the spectrometer by an 
orifice of accurately known dimensions. Gas was admitted to the chamber 
through a molecular leak of known conductance from a reservoir of high 
but known pressure. Thus the equilibrium pressure of gas in the chamber 
surrounding the mass spectrometer ion source could be computed accu
rately by using the known rate of flow into the chamber and the known 
rate of removal through the orifice to the liquid helium-pumped chamber. 
Calibration runs were made for C02, N2, Ar, CO, 0 2 , He, and H2. The 
C02 runs covered the pressure range of 2 x 10~7 to 3 x 10~4 Torr. 
Reduced pressure ranges were employed for the other less abundant 
gases. 

Once calibrated, a cap was installed over the ion source and the mass 
spectrometer evacuated through a small tube attached to the cap. The 
tube was pinched off after the instrument was evacuated and baked. A 
small Ti sputter ion pump, permanently attached to the analyzer portion 
of the instrument vacuum housing, was operated almost continuously for 
the remaining life of the instrument. The procedure was designed to en
sure an instrument pressure of less than 10"8 Torr for the almost 2-y 
period between calibrations and entry into the Martian atmosphere. 
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The cap was cut off flush with the surface of the aeroshell, exposing the 
ion source (Fig. 10.5) immediately following the separation of the lander 
from the orbiter. The cutting device has been described by Thorness and 
Nier (7). 

The instrument was additionally pumped by the essentially zero-pres
sure environment during its 21 h descent to a measurable atmosphere. The 
mass spectrometer was turned on 60 min prior to the expected encounter 
with the measurable atmosphere to enable it to warm up. The useful 
measurements were made over an approximate height range of 100-200 
km. The lander was moving at a speed of 4.5 km s and the normal to the 
instrument ion source was within 10° of the velocity vector. Thus, as 
Figure 10.5 shows, the instrument practically was seeing a high-speed gas 
beam from the normal direction.' 

Nier and McElroy (4) write that there are problems and complications 
associated with the measurement of ambient gas densities by using instru
mentation on high-speed spacecraft. It has been observed that a stagna
tion effect, resulting in a substantial increase in particle density, is known 
to occur in the ion source of forward-looking instruments. The stagnation 
ratio can be calculated in terms of the ambient and instrument tempera
ture and the spacecraft velocity for instruments with ideal pinhole open
ings. A correction factor must be employed for the more open source used 
on the Viking. This factor depends on the geometry of the ion source. 
Because of the complexity of the electrode and grid structure of the 
Viking instrument, the correction factor was determined experimentally, 
using a molecular beam simulation. In the Viking instrument a correction 
factor of 1.17 was determined and applied to the data. 

RESULTS 

As we shall see, the instrumental design was a sound one. After about a 
year in transit to Mars, the mass spectrometer provided useful data. The 
range of height over which data was collected was 120-200 km for the 
Viking 1 and down to 115 km for Viking 2. Twelve spectra were analyzed 
for each entry. Results were derived for C02 , N : , Ar, CO, and 02 . 
Carbon dioxide was observed to be the major constituent for all altitudes 
below 180 km. The variation with altitude of the density of CO was used 
t o obtain relatively direct information on the temperature of the upper 
atmosphere over the height range studied. 

A typical mass spectrum at an altitude of about 140 km taken by the 
Viking 1 lander is shown in Figure 10.6. The spectrum includes all the 
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14 „ isc «e 

Decreasing Mast -

Figure 10.6. Mass spectrum observed at the 140-km altitude during the descent of Viking I. 
Source: Nier and McElroy (4). 

important fragments that came from the ionization and dissociation of 
CO2 (note the mass peaks at 44, 28, 22, 16, and 12 amu). These were 
associated with CO+

2, CO+, C 0 2 \ 0 + , and C+. The spectrum also in
cluded peaks, associated with Ar+ and Ar2+, at 40 and 20 amu. The 14-
amu peak was attributed to N+ formed by the dissociative ionization of 
N2. Molecular nitrogen was also found to make a significant contribution 
to the peak at 28 amu. The peak at 32 amu was due to 0 2 . The mass 
numbers 17 and 18 amu were probably due to terrestrial water released 
from the surface of the ion source by interaction with the incident gas 
stream, a phenomenon that is known and was invariably seen on the mass 
spectrometer carried on sounding rockets and earth orbital satellites. 

The mass spectrometric data was used to arrive at a number of impor
tant conclusions with regard to the isotopic compositions of carbon, oxy
gen, and nitrogen in the Martian atmosphere. There were some 13 useful 
spectra, 8 from Viking 1 (taken between 120 and 180 km) and 5 from 
Viking 2 (taken between 125 and 150 km). Some of these isotopic features 
are shown in Figure 10.6. The information on the isotopic composition 
was derived on the basis of the data at mass numbers 46, 45, and 44 amu. 
The results are shown in Figure 10.7. 

In summary, the C02 was found to be the major constituent of the 
Martian atmosphere at all heights below 180 km. The thermal structure 
was found to be complex and variable, with the average temperature 
below 200°K for both the Viking 1 and 2 flights. The atmosphere was 
observed to be mixed, to heights over 120 km. The isotopic composition 
of carbon and oxygen in the Martian atmosphere is similar to that in the 
terrestrial atmosphere. Nitrogen-15 was enriched by a factor of 1.62 ± 
0.16 relative to the terrestrial atmosphere. 
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Figure 10.7. The Viking Lander descent profile. 

SURFACE SCIENCE 

In order to establish an appropriate framework for an understanding of 
the Viking surface science, it is essential that we examine the Viking 
spacecraft and something about the Martian mission. An excellent sum
mary has.been provided by G. A. Soffen (8), which will be briefly summa
rized here. With regard to the spacecraft, each Viking consisted of an 
orbiter and a heat-sterilized lander within its capsule. The function of the 
orbiter was to transport the lander to Mars; to carry reconnaissance in
struments for aid in the selection of suitable landing sites; to perform as a 
relay station for the lander data and to perform a number of scientific 
investigations. The periapsis (defined as the orbital point nearest the cen
ter of attraction) was located over candidate landing sites to permit maxi
mum viewing resolution and relay of lander data. Three reconnaissance 
•nstruments of the orbiter were mounted on a scanning platform. These 
consisted of a pair of high-resolution TV cameras, an infrared spectrome
ter for water vapor measurements, and an infrared radiometer for thermal 
Measurements of the surface and atmosphere. All of these instruments 
were sighted along a common axis to permit mapping of a common area of 
n e planet. They were employed during the first 4 wk for landing site 

Election. Subsequently, they were used to investigate the Martian atmo-
sPhere and surface over a large part of the planet and its satellites. 
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Once the landing site was chosen, a ground command was given to the 
spacecraft for separation and landing. Because the round trip telemetry 
signal required about 40 min, it was essential to have a completely auto
mated system on board for the landing maneuvers. The thin Martian 
atmosphere made it necessary to use three sequential braking systems to 
assure a soft landing. The sequence of events is shown in Figure 10.8. 
Because the final braking stage involved the use of retro-rockets, there 
was concern about changes produced in the chemical and physical char
acter of the Martian surface in the vicinity of the lander. This was a 
special problem because the analytical measurement required samples 
from the upper layers of the surface. 
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Figure 10.8. The Viking Lander showing the surface subsystems. 
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Thus a great deal of effort went into the development of a retro-rocket 
engine that would have a minimum of chemical and mechanical effects on 
the surface. The retro-rocket selected used purified hydrazine as a propel
lent. This type of fuel obtains its energy from the exergonic breakdown of 
NH3 into hydrogen and nitrogen, thus avoiding the contamination of the 
surface by uncombusted hydrocarbons. In addition, to avoid overheating 
and excessive erosion of the surface, the rockets used an 18-nozzle design 
to spread the impacting gas over a broad area. 

Numerous tests were conducted in the Mars simulation chamber to 
examine the chemical, thermal, and mechanical influences on various 
models of a Marslike surface. It was ascertained that this design would 
cause the surface to be heated no more than 1°C at the hottest place, and 
that no more than 1 mm of surface would be stripped away by the exhaust 
gases. 

One important concern was the injection of nitrogen (or NH3) into the 
Martian soil. This was related to the intention to analyze the atmosphere 
soon after arrival at the surface. Several test of the residence time of gases 
suggested that the analysis of the atmospheric constituents should be 
delayed for the first 3 days to allow soil outgassing to come to equilibrium. 

As an interesting sidelight, the first Viking landed within 1° of the 
horizontal. The second lander apparently landed with one leg on a rock 
and was tipped about 8° to the horizontal. 

The lander shown in Figure 10.8 was an extraordinarily complex and 
sophisticated vehicle. It was a horizontal platform structure 0.5 m thick 
and 1.5 m across. It weighed about 600 kg and housed the scientific 
instruments and their attendant computers, tape recorder, data system, 
power system, transmitter, and receiver. The three analytical instru
ments; biology, X-ray fluorescence spectrometer, and gas chromato-
graph-mass spectrometer (GCMS), were mounted within the structure. 
Two identical facsimile cameras were mounted on top, along with a three-
axis seismometer and a meteorological boom with weather sensors. The 
electric power came from two radioisotope thermoelectric generators us
ing 238Pu that could provide 70 W of continuous power. Peak power loads 
were supplied by rechargeable batteries. A sampling arm and scoop were 
mounted on the front side for delivering samples to the analytical instru
ments. 

The transmission and receiving antennas for communication to the 
earth were also mounted on top of the lander. The lander was able to 
communicate directly with the Earth through the large movable parabolic 
" band antenna or through the orbiter. The linkage time changed with the 
geometry of the Earth and Mars, but characteristically was several hours 
each day. The distance between the Lander and the Orbiter determined 
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the data rates, which were either 4000 or 16,000 bits/s, and the linkage 
time varied from 15 min to a little less than 1 h. Thus, on a single pass the 
total data that could be returned from the lander was between 10 and 50 
million bits. This was a serious constraint on the photography, which 
required 106— 107 bits for every image. Other investigations such as seis
mology and meteorology were also limited, but the analytical experiments 
were usually accommodated. 

The lander was constructed so that it could operate with complete 
autonomy. At the time of the landing, the on-board computers were pro
grammed to perform many days of operation if the lander could not be 
commanded from the Earth. It would have carried out a complete mission 
of picture taking, obtained samples from a preselected site, analyzed 
them, recorded the weather and seismic activity, and relayed the data to 
the Earth. However, both landers operated without flaw, and so the pro
grammed mission was overwritten beginning with the first command link. 

One of the very important requirements was the ability to respond to 
data. Essentially nothing was known in advance about the local surface 
topology, chemistry, or biology. Thus it was necessary to be able to 
modify the experiments as they progressed. The ability to make changes 
based on received data required about 2 weeks because of the need to 
prepare software, to check for errors that might have disastrous conse
quences, and for sending and verifying commands. As Soffen (8) points 
out, the automated laboratory was over 400,000,000 km away, and it was 
possible to command it once a day at best. 

With this rather brief description of the Viking Lander we shall now 
examine some of the analytical studies. 

MOLECULAR ANALYSIS 

The composition of the atmosphere in the vicinity of the Viking lander 
was determined by means of a combined gas chromatograph-mass spec
trometer combination. A summary of the effort has been written by T. 
Owen and co-workers (9). A description of the original instrument, subse
quently somewhat modified, was published previously by D. M. Ander
son and associates (10). Figure 10.9 is a schematic block diagram of the 
entire instrument package. The gas-flow path is shown by the oblique 
parallel lines. The solid lines represent the power, control, and data cir
cuits. GC denotes the gas chromatographic components, while MS repre
sents the components of the mass spectrometer. 

The mass spectrometer was the key component of the system, and for 
a number of reasons the Nier-Johnson double focusing was selected. Its 
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Figure 10.9. Functional block diagram of the gas-chromalograph-mass-spectrometer 
system. The gas-flow path is shown by the solid lines. Sources: Owen et al. (9). Anderson 
et al. (10). 

intrinsically high resolving power was traded off for compactness. Small 
radii of deflection (3.8 cm for the magnetic sector and 4.7 cm for the 
electric sector) were selected, which led to a compact and relatively light 
instrument. By scanning the accelerating voltage rather than the magnetic 
field, the designers were able to use a constant magnetic field, furnished 
by a permanent magnet. This, in turn, led to simpler electronics. The use 
of a variable accelerating field facilitated the mass identification from the 
values of the accelerating voltages, which could be readily monitored and 
transmitted to the Earth. 

The choice of a magnetic deflection spectrometer over other instru
ments such as time-of-flight and quadrupole analyzers followed from the 
fact that is best understood in terms of design and performance. Its reso
lution and sensitivity is not so dependent on complex electronic circuitry, 
some of which requires relatively high power levels. There were, how-
ever, limitations due to the relatively limited ratio of high to low mass 
covered in a single sweep with a fixed magnetic field. A range of elm of 
12-200 was selected. At the low end, it was necessary to sacrifice the 
detectability of hydrogen and helium. However, it was desirable to cover 
the range of the majority of the simple organic molecules, including those 
'ormed in the thermal degradation of the more complex ones. 

The resolution of the spectrometer was such that it could differentiate 
between mle 199 and 200 when their relative intensities differed by less 
than a factor of 10. 

Where soil samples were to be studied by heating the soil sample into 
the carrier gas stream, there was a set of eight pairs of cylindrical ovens of 



236 MARS ATMOSPHERIC AND SURFACE MEASUREMENTS 

0.015- and 0.150-mL capacity arranged on a circular motor-driven holder. 
Any one of the ovens could be switched into a working position, where it 
then formed part of the gas line between the hydrogen supply and the gas 
chromatographic column. A pressure regulator and valves assured that 
gas flowed through the oven when it was energized for about 30 s prior to 
gas chromatographic separation. 

The chromatograph consisted of two columns in series, a packed 
(152 x 0.127 mm i.d., 10% SF 96 on Chromosorb W), followed by an open 
tubular column (61 m x 0.5 mm i.d. stainless steel capillary coated with 
10:1 SF 96: Igapal CO 880). The combination was selected to assure that 
the permanent gases and water would be separated as far as possible from 
the organic compounds of interest—difficult to detect in the presence of a 
large amount of another constituent. Such a large component would trig
ger an overload protective device. 

The overload protective device was actuated by one of two redundant 
systems, the total ion monitor and the ion pump current. The redundancy 
was necessary because a failure would permit a large amount of gas, other 
than hydrogen, such as CO? or H20, to pass through the palladium separa
tor and enter the mass spectrometer at a rate far beyond the pumping 
speed of the ion pump. The protecting device consisted of a stream split
ter, which vented a large fraction (> 99.9%) of the gas chromatographic 
effluent to the martian atmosphere. Finally, the detector selected was of a 
type that responded to a wide variety of gas species. Thus, although its 
sensitivity was not as high as the total ion monitor of the mass spectrome
ter, it still provided a reasonable gas chromatogram to back up the mass-
spectrometer results. 

There were three options for analyzing the Martian atmosphere: 

1. the admission of the atmosphere directly to the mass spectrometer, 
2. the use of chemical scrubbers to reduce CO and CO :, and 
3. repeated scrubbing procedures, progressively admitting fresh sam

ples to the gas reservoir in order to build up the partial pressure of 
the trace gases. 

By the fourth and fifth days after the landing of the Viking 1 Lander, a 
total of six atmospheric analyses were performed at approximately 6-h 
intervals. In the first four analyses, CO and CO? were removed, while in 
the last two, samples of unaltered atmospheres were used. Analysis of 
these spectra confirmed the presence of nitrogen and argon in the Martian 
atmosphere. This had been reported by Nier and led to the discovery of 
36Ar (11). The ratio of 36Ar/40Ar was found to be 3.34 x 10'4 (one tenth the 
terrestrial value of 3.43 x 10~3). The total abundance of 36Ar and 40Ar in 
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the Martian atmosphere relative to the planet's mass were 0.0075 and 
0.08, respectively, of comparable terrestrial values. 

As a summary of the observations, the investigators have reported that 
they confirmed the discovery of N? and 40Ar by the Entry Science Team 
(previously described). They also detected N : , Kr, Xe, and the primordial 
isotopes of Ar. The noble gases were found to exhibit an abundance 
pattern similar to that found in the terrestrial atmosphere and the primor
dial component of meteoritic gases. The isotopic ratios of ,4N/I5N, 40Ar/ 
36Ar, and 129Xe/B2Xe were distinctly different for terrestrial values, thus 
implying different evolutionary histories for the volatile elements on the 
two planets. Based on the noble gas abundances, it is felt that at least 10 
times the present atmospheric amount of N2 and 20 times the C02 abun
dance were released by the planet over geologic time. Similarly, the out-
gassing of large amounts of H20 must also have occurred. This was used 
as an explanation for the higher surface pressure and the abundance of 
water required in some earlier period to have produced the dendritic 
channels observed on the Martian surface. 

THE SEARCH FOR ORGANIC SUBSTANCES 

Another and highly significant application of the GCMS was to look for 
the presence of organic compounds in the Martian surface material. If 
such compounds were found, the objective then was to determine their 
structure and abundances. This question was ultimately tied to the gen
eral question of life on the planet. The structure of organic molecules, if 
they did in fact occur, might provide clues to the nature of the biotic or 
abiotic synthesis occurring on Mars (Biemann and associates, 12). 

To achieve the goal, a technique that was both sensitive and of high 
specificity and broad applicability was required. Accordingly, the gas 
chromatograph coupled to a mass spectrometer was chosen (see previous 
section). The usual terrestrial approach would have been a digestion of 
the surface material to be analyzed by wet chemical processes, followed 
by solvent extraction and, possibly, chemical separations. For technical 
reasons, such an approach was beyond the capability of the Viking 
lander. In this framework of the Martian mission, where nothing was 
known prior to the landing, a general or group identification could be 
considered a major advance were there an encounter with a complex 
fixture. 

For these reasons, thermal volatilization (with or without thermal deg-
radation) of the possible organic compounds was chosen as the most 
Pliable approach. The expectation was that by identifying the degrada-
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tion products one could then identify the parent compounds in the 
sample. 

The original instrument plans, previously described, included a sample 
oven directly monitored by the mass spectrometer so that it was possible 
to detect more complex and less volatile substances that would not pass 
through the gas chromatograph. However, this was eliminated during the 
design and testing, to simplify the final instrument package. In addition, 
the number of ovens connected to the GC was reduced from 8 to 3. This 
did reduce the flexibility, since each oven could only hold one soil sample. 
It was also discovered during transit to Mars that one oven in each instru
ment was not operable. However, because of the apparently uniform 
surface composition, this did not prove to be a problem. 

The final version of the GCMS as described by Biemann (12) is shown 
in Figure 10.10. The sample ovens were in a circular holder that could be 
positioned in preset sequence on command from the instrument's internal 
logic system—modifiable within limits by ground command where the 
experimental results suggested a change. 

There were two positions for the ovens, the load position and the 
analysis position. In the load position, the oven was directly under the 
sampling system, which was programmed to deliver 1-2 cm3 of surface 
material that had been previously ground and passed through a 0.3-mm 
sieve. A mechanical poker pushed the material through a funnel into the 

Figure 10.10. Schematic diagram of the Viking Lander GC-MS. Source: Biemann 
e ta l . (12). 
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oven. Terrestrial tests with soils such as finely ground basalts showed that 
the oven would fill. In the Mars case, there was no monitor of this pro
cess, but the assumption was made that the ovens were filled. Once 
"filled," the oven was moved to the analysis position, where the lines 
leading to the valves VI and V3 were clamped to both ends of the oven. A 
gas-tight seal was achieved by pressing circular knife edges, into gold 
rings, into which the gas lines terminated, at each end of the oven. 

Each oven could be heated to 50°, 200°, 350°, or 500° in 1-8 s and held 
there for an elapsed time of 30 s. The valves VI and V3 were opened for 
30 s prior to the heating of the ovens and then closed immediately after the 
heating period. Any volatile material evolved from the sample was swept 
into the GC column with 2-3 mL of C02 labeled with 13C (99+% isotopi-
cally pure). C02 was used rather than H2 as the carrier gas for the GC in 
order to avoid catalytic or thermally induced reduction of the possible 
organic material in the sample. 

The performance of the instrument was demonstrated prior to the mis
sion by the use of a laboratory version, which corresponded closely to the 
flight instrument. A sample of Antarctic soil was heated to 200° and 500° 
and analyzed. The chromatogram (a total ion current plot) is shown in 
Figure 10.11. A large number of compounds were identified. The code in 
the figure and the corresponding compounds are listed in the accompany
ing tabulation. AR represents the aromatic hydrocarbons, O the oxygen-
containing compounds, N the nitrogen-containing compounds, and HC 
the alliphatic hydrocarbons. With respect to the sensitivity of the instru
ment, the quantities of benzonitrile and benzofuran (based on the peaks 
observed) were estimated to correspond to 150 and 43 ppb, respectively. 

Code 

AR-1 
AR-2 
AR-3 
AR-5 
AR-9 
AR-10 
AR-11 
O-l 
0-2 
0-4 
0-5 
0-6 
0-7 

Compound 

Benzene 
Toluene 
Xylene (benzene-C) 
Benzene-C 
Naphthalene 
Methyl naphthalene 
Biphenyl 
Furan 
Acetone 
Methyl vinyl ketone 
Methyl furan 
Furane-C 
Benzofuran 

Code 

0-8 
O-10 
N-l 
N-2 
N-3 
N-4 
N-5 
S-l 
S-2 
S-3 
S-4 
S-5 
HC-1 

Compound 

Phenol 
Dibenzofuran 
Acetonitrile 
Propionitrile 
Pyridine 
Benzonitrile 
Toluonitrile 
Thiophene 
Methylthiophene 
Thiophene-C 
Benzothiophene 
Sulfur dioxide 
Cyclohexene 
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Figure 10.11. Gas chromatogram obtained with a sample of Antarctic soil. Source: 
Biemann et al. (12). 

RESULTS 

Four samples of the Martian surface and subsurface were analyzed for 
both organic and inorganic volatiles. Two samples were obtained at each 
landing site. The Viking Lander 1 sampled Chryse Planitia and Viking 
Lander 2 was landed at Utopia Planitia. The results of the analysis at the 
site of Viking Lander 1 is shown in Figure 10.12, where all the gas chro-
matograms are plotted to the same scale. 

The chromatograms are shown as the summed intensity of all ions 
above mle Al (to eliminate the effects of water and carbon dioxide) in 
each scan versus scan number along the abscissa. The chromatogram at 
the top represents a blank or background achieved by measurements 
during the cruise to Mars. The sharp peak observed in the first chromato
gram from the Martian site was identified as methyl chloride. The identifi
cation was based on the mass spectrum recorded at that point and the fact 
that in the mass chromatograms all the ions characteristic of CHjCl 
showed the same sharp maxima. 

Calculations by the investigators (12) showed the concentration to be 
about 15 ppb with respect to the sample. This proved to be the only 
clearly identifiable peak in the chromatogram. Ultimately, this peak was 
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attributed to terrestrial sources such as chlorinated solvent or adsorbed 
traces of methanol and HC1. 

In summary, a total of four Martian samples, one surface and one 
subsurface at each of the two Viking Lander sites, were analyzed by the 
GCMS. In none of the samples could any organic matter be detected—the 
detection limits being generally of the order of parts per billion for a few 
substances closer to parts per million. The evolution of water and carbon 
dioxide was observed, but not other organic gases. The absence of or
ganic molecules was a very significant occurrence on silicate and other 
mineral surfaces irradiated with UV shorter than 320 nm. The use of the 
xenon lamp during the experiment was optional and under command from 
the Earth. Also commandable from the Earth was the injection of approx
imately 80-/u,g of water vapor (or some multiple) into the test chamber at 
the start of the experiment. 

The atmosphere in the test chamber was labeled by the injection of 
14C02 and l4CO (92:8 by volume) with a total radioactivity of 22 ^Ci at the 
start of the experiment. The resulting pressure increase was 2.2 mbar over 
the initial ambient of 7.6 mbar at both landing sites. Since the Martian 
atmosphere contained about 95% C02 and 0.1% CO, the injection of 
radioactive gases increased the partial pressure of C02 and CO by 28% 
and 23-fold, respectively. 

The sample was incubated for 120 h at temperatures that ranged from 
8° to 26°C in the experiments. The lamp was then turned off and the 
chamber brought to 120°C while the radioactive atmosphere was vented. 
The next step involved the heating of the chamber to 635CC to pyrolyze 
the organic matter in the sample. The volatile products with a large 
amount of 14C02 and l4Co desorbed from the soil grains and walls of the 
chamber were swept by a stream of He into a column packed with a 
mixture of 25% cupric oxide and 75% Chromosorb-P (a form of diatoma-
ceous earth). This column, operated at I20°C, retained organic matter 
larger than CH4, but allowed all but a small fraction of the C02 and CO to 
pass into the radiation counter where their radioactivity was measured. 
The investigators refer to this as peak 1. 

The column temperature was then raised to 640°C, this higher tempera
ture causing the release of organic compounds and their oxidation to C02 

by the CuO in the column. The radioactivity of this gas was identified as 
peak 2. It represents the organic matter, if any, synthesized from l4CO or 
14C02 during the incubation. Peak 2 also contained a small fraction of CO 
and C02 , which failed to elute with peak 1. The radioactivity of this 
fraction, designated as peak 2(0), was subtracted from peak 2 in order to 
estimate the amount of C fixed in the organic matter. The size of the peak 
2(0) was known from prior laboratory tests carried out on heat-sterilized 
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soils (or with soils absent) in test chambers by using flight-configured 
columns. 

A total of 10 experiments were performed on Mars, six at the Chryse 
site (numbered CI to C6) and four at the Utopia site (Ul to U4). Of these 
experiments, U4 was not usable because of apparent valve failure. A 
summary and statistical analysis of all the usable results can be seen in 
Figure 10.13 and Table 10.2. Experiment C5 was performed on a surface 
sample acquired before solar conjunction and stored in the hopper of the 
soil distribution assembly for 69 sols before the C5 measurements were 
begun (1 sol = 1 Martian day = 24.65 h). Since three test chambers of the 
Viking Lander 1 had already been used, the experiment was run in what 
has been described by the investigators as a soil-on-soil mode. The C5 
experiment was run to determine the effect of water vapor injection, 
followed by the evaporation of the water at an elevated temperature, on 
the soil activity. Because the test chamber contained two soil aliquots, 
two injections of water vapor were made. After 4 h the chamber was 
vented and the temperature brought to 120°C for 1-2 min, and then it was 
dropped to about 90°C for about 112 min. Beyond this, the temperature 
was lowered to 17°C + 1° for the remainder of the experiment. 

Wi 10* 

Sure 10.13. I4C fixation results from Mars (open circles) compared with laboratory data 
tamed with heat-sterilized soils or no soils (solid circles). Source: Horowitz et al. (14). 



Table 10.2. Carbon Fixation Statistics" 

£ 

Experi
ment 

CI 
C2 

C3 
C4 
C5 

C6 

Ul 
U2 
U3 

Sample 

Sandy Flats 1, fresh 
Sandy Flats 1, 

stored 19 sols 
Sandy Flats 2, fresh 
Sandy Flats 3, fresh 
Sandy Flats 3, 

stored 69 sols 
Sandy Flats 3, 

stored 139 sols 
Beta 1, fresh 
Beta 2, fresh 
Under Notch 

Rock, fresh 

Conditions 

Light, dry 
Light, dry, 175°C 

heat treatment 
Light, dry 
Light, dry 
Light, H 2 0 , 90°C 

heat treatment 
Light, H : 0 

Dark, dry 
Light, H.O 
Dark, dry 

Incubation 
Temperature 

(°C) 

17 ± 1 
15 ± 1 

13-26 
16 ± 2 
17 ± 1 

15 ± 2.5 

15 ± 3 
18 ± 1.5 
10 ± 2 

Disintegrations per Minute ± 

Peak 1 

67,464 ± 536 
69,536 ± 545 

61,027 ± 527 
18,545 ± 381 
20,295 ± 395 

193,803 ± 864 

64,845 ± 527 
113,845 ± 690 
118,309 ± 400 

Peak 2 

873 ± 10 
136 ± 12 

245 ± 8.9 
318 ± 15 
304 ± 11 

289 ± 15 

209 ± 15 
25 ± 8.4 
68 ± 23 

Peak 2(0) 

30.7 ± 27 
30.8 ± 27 

30.5 ± 27 
29.3 ± 27 
29.4 ± 27 

34.3 ± 27 

30.6 ± 27 
32.0 ± 27 
32.2 ± 27 

Standard Error 

Peak 2 -
Peak 2(0) 

842 ± 29 
105 ± 29.5 

214.5 ± 28 
289 ± 31 
275 ± 29 

255 ± 31 

178 ± 31 
- 7 ± 28 
36 ± 35 

P 

~0 
2 x 10-" 

10.-14 

6 x 10-21 

io-21 

1 0 -I6 

5 x 10"9 

0.5 
0.15 

* Samples are identified by sampling location, acquisition number, and age at the start of the experiment. Conditions indicate whether the lamp was on or 
off, whether water vapor was injected, and whether the sample was heated before starting incubation, P is the conventional one-tailed probability that a 
positive deviation from peak 2(0) as large as or larger than that found would be obtained by chance. 
Source: Horowitz et al. (14). 
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It was also necessary to compensate for the reduced pressures in the 
lander gas bottle, which after 160 sols of use and normal leakage dropped 
to about 10% of the initial value. Thus three 20-fi\ injections were used. 
As the table shows, the results of C5 were not very different than those 
for C4. The low first peaks were attributed to the depletion of the radioac
tive gas. The second peaks of C4 and C5 were statistically identical. The 
investigators (13) felt this to be an important result, considering the differ
ent thermal histories. 

Another type of experiment is shown by C6. This one tested the effect 
of water vapor injection without heating or evaporation. It repeated U2, 
which appeared to suggest that water vapor inhibits the fixation reaction 
(14). The procedure differed from U2 and C5 in that the order of addition 
of water vapor and radioactive gases was reversed. 

Based on the data described above, Horowitz and associates (13) have 
concluded that a fixation of atmospheric carbon occurs in the Martian 
surface materials under conditions that approximate the Martian ones. 
The highest activity (see Table 10.2) was seen in experiment CI, where 
about lOpmolof CO (or 30pmol of C02) was fixed. The activity, although 
small be terrestrial standards, was significant. As Horowitz el al. state, 
(13) "indeed, when it is recognized that the only identified non-biological 
organic synthesis, the surface catalyzed photoreaction referred to earlier, 
has been eliminated in designing the experiment, the results are star
tling." 

However, a biological interpretation of the results was considered un
likely in view of the thermostability of the reaction. The second peaks of 
the experiments C4, C5, and C6 were not significantly different from each 
other, even though the thermal histories were very different. The three 
samples were aliquots from the same scoopful of surface material. In C4 
the material was examined fresh. In C5 it had been stored for 69 sols at 
temperatures between 10 and 24°C before testing and, furthermore, it had 
heated for nearly 2 h at 90°C before the incubation began. In C6 the 
sample had been stored for 139 sols at temperatures from 5°C before the 
experiment began. Thus with these histories and the observation that the 
ground (the habitat of possible organisms), temperatures do not reach 0°C 
at any time of the year at either site, it was not reasonable to assume that 
the constancy of response could have a biological origin. 

As an additional piece of evidence found in C2, a sample from the same 
sPot that had supplied the CI sample was heated to 175°C for 3 h before 
the start of incubation. The activity was considerably reduced, but not to 
n e level of sterile soils. Thus while it appears that the agent reacting is 

somewhat heat labile, it is not as labile as one would expect a living 
0r8anism to be. 
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THE LABELED RELEASE EXPERIMENT 

The Viking Labeled Release Experiment (G. Levin and P. A. Straat, 15) 
proved to be one of the more fascinating investigations performed on the 
Martian surface. The effort has been described in summary by Soften (8) 
as being by far the most complex of all the investigations. The results of 
the experiment showed no unambiguous observation of any recognizable 
life and, as we will see, some of the results appear to show an absence of 
biology in the samples tested. However, the experiments did yield signifi
cant results about the chemical nature of the Martian surface. Of the 
various measurements, one at least might have a biological explanation. 
One of the experiments showed that the Martian soil had an agent capable 
of rapidly decomposing the organic chemicals used in the medium. One 
thing was certain-the surface of Mars was obviously highly reactive, 
containing at least one and probably several highly oxidizing substances. 
While inorganic reactions might be involved to explain the data seen, the 
possibility of biological processes is still a subject for debate. 

The labeled release (LR) life detection experiment was developed to 
detect heterotrophic metabolism. It involved monitoring radioactive gas 
evolution following the addition of a radioactive nutrient containing seven 
14C-labeled organic substrates to the surface material. A detailed descrip
tion has been furnished by H. P. Klein (16). Two modes of activity were 
tested, involving two different concepts of Martian biology. In one in
stance, the fundamental assumption made was that the only limiting fac
tor to the growth of a Martian organism was water. It was assumed that 
the nutrients, possibly as simple organic compounds, formed photochemi-
cally were already present in the Martian surface and that any organism 
present would be dormant under the Martian environment. It was felt that 
once sufficient moisture was supplied, the dormant organisms would be 
stimulated into metabolic activity. Such activity was to be measured by an 
analysis of the atmosphere above the incubator system by means of gas 
chromatography. 

For the second mode, the basic assumption was that a significant frac
tion of the Martian biota was composed of heterotrophic organisms and, 
therefore, that the addition of organic compounds was considered neces
sary to initiate a metabolic response. It was also felt that this response 
would be found only in an aqueous environment. The presence of a large 
number of different organic and inorganic compounds was assumed not to 
inhibit this metabolism. 

The first assumption (the nonnutrient mode) was tested in the following 
manner: The martian samples were incubated in the presence of the Mar
tian atmosphere to which additional carbon dioxide, krypton, and helium 
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were added to bring the total pressure to approximately 200 mbar to 
facilitate subsequent gas handling. Approximately 0.5 cc of nutrient solu
tion was introduced into the incubation cell in such a manner that the 
nutrient did not come into contact with the samples. The atmosphere 
became saturated with water at the incubation temperature of 8-15°C. 
After an incubation period of about 7 days for this phase of the experi
ment, it was terminated. The experiment was performed twice, once at 
each landing site, and the observations were the same for each site. There 
was physical desorption of some gases and chemical generation of oxygen 
observed, but nothing in the data suggested metabolic activity. Thus the 
results were deemed negative with regard to biological activity. 

Klein (16) in a review has outlined some of the constraints that exist in 
the interpretation of the data. If the initial assumptions were valid, one 
could only conclude that the assayed samples contained no metabolizing 
organisms. However, if the assumption was incomplete because it did not 
consider that some source of energy was necessary to stimulate metabolic 
activity, then under the conditions of the experiment a negative result 
would not preclude the presence of a living organism. There were other 
questions about the experimental conditions and whether they prevented 
the development of biological signals. These questions involved incuba
tion temperatures and whether the incubation period was long enough. 

The second series (wet nutrient methods) of experiments were done as 
follows: The experiment was performed three times for periods of 200 
(Viking 1), 31 (Viking 2), and 116 (Viking 2) sols. The Martian atmosphere 
was present for only a portion of these incubation periods: 13, 19, and 78 
sols, respectively. The rest of the time the atmosphere was approximately 
200 mbar and the incubation temperatures were in the 8-15°C range. 
Again, while some gas changes were observed in the three trials, none of 
these fit the criteria for biological activity. As Klein reported, on the basis 
of the original assumptions for the experiment and provided the condi
tions of testing were adequate, it is possible to conclude that no viable 
organisms were present in the samples. However, a negative finding did 
not rule out the presence of chemosynthetic organisms. It was possible 
that even if the original assumptions were correct, some of the experimen
tal conditions such as temperature, pressure, and artificial atmosphere 
tiay have precluded positive biological findings in the experiments. 

RESULTS 

in and Straat (17) published results of the LR experiment that had 
n performed prior to conjunction. These experiments were reported as 



248 MARS ATMOSPHERIC AND SURFACE MEASUREMENTS 

showing a rapid increase in radioactive counts on the addition of the 
radioactive nutrient (14C-labeled organic substrate) to a fresh surface sam
ple. This response was similar at both landing sites, and the magnitude of 
the evolved counts was consistent with utilization of one of the labeled 
carbon atom positions available in the nutrient. While the radioactivity 
evolved continuously, even over a incubation period of over 60 sols, there 
was no evidence of an exponential growth. In one cycle, involving a 
surface sample obtained from under a rock, the initial labeled response 
was essentially identical in kinetics and magnitude with those of other 
active samples. Levin has stated that if a chemical reaction is responsible 
for the LR results, its activity did not depend on recent ultraviolet activa
tion. Further, the active agent(s) in the Mars sample appeared to be stable 
to 18°C but was completely inactivated by 3 h of heating at 160°C, and its 
activity was also substantially reduced following similar treatment at 
50°C. According to Levin, this behavior is consistent with biological re
sponse although, as we have seen, others have proposed that a limited 
number of nonbiological reactions could produce such results. 

An example of the observations is shown in Figure 10.14. This is a plot 
of the labeled release data from third sample analysis on VL-2. This 
particular sample was collected from the Martian surface after the sam
pler arm had been used to push aside a rock. Figure 10.15 shows the LR 
data following a second injection to the sample. 

The extraordinary release of radioactive gas has proved both exciting 
and puzzling. There are conflicting interpretations, leaving open the vital 
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Figure 10.14. Plot of LR data from third sample analysis on VL-2. An active sequence was 
used on a fresh sample that was acquired from surface material exposed by pushing aside a 
rock. Radioactivity was measured at 16-min intervals throughout the cycle except for the 
first 2 h after each injection, when readings were taken every 4 min. "Radioactivity data 
include a background count of 659 cpm prior to the onset of the cycle. Data obtained in the 
single-channel counting mode between sols 53 and 60 have been corrected to the dual-
channel mode of operation for comparison with the remainder of the cycle and with data 
from previous cycles. Data from sols 61 and 62 were lost. Detector and test cell tempera
tures were measured every 16 min. Source: Levin and Straat (15). 



RESULTS 249 

12,000 

1 1 , 0 0 0 -

"1 1 1 1 1 r~ 

VL-2 CYCLf 3 

- i 1 1 r 1 1 1 1 i 1 r 
fOW« OfF—, fu«G£ 

G£X VAlVf ilOCK STtHILIZATION — 

8,000 

—i rune 

SOLS FROM SOL 63 

Figure 10.15. Plot of LR data following second injection to third sample analyzed on VL-2. 
Data after second injection on sol 60 were expanded from data presented in Figure 1. The 
pronounced drops in radioactivity occurring between sols 66 and 74 correspond to sharp 
drops in test cell temperature resulting from brief periods in which the power was turned off 
or during which the valve block in the Gas Exchange (GEX) experiment was sterilized. 
Throughout the indicated period, radioactivity was measured at 16-min intervals. Source: 
Levin and Straat (15). 

question regarding the existence of life on Mars (16). There have been a 
number of subsequent studies in terrestrial laboratories in which an at
tempt has been made to produce models and mechanisms to imitate the 
behavior observed on Mars. 

Banin and Rishpon have examined the question (18) and stated that the 
intrinsic complexity of the biology package of the Viking landers, origi
nally considered as necessary to recognize the complex phenomena asso
ciated with viable life forms, may in actuality make it very difficult to 
reach definite conclusions. The prevailing opinion, they state, is that, 
almost certainly, biological activity of the type recognized on the earth 
Was not the cause, and the behavior observed was due to chemical reac
tions. As for the mechanisms, they are still far from being established. It 
was possible, for example, that the Martian minerals might play a role, 
out the nature of the Lander experiments provided no direct clues to the 
minerals in the Martian surface. A number of hypotheses have been pro-
Posed, of which Banin and Rishpon discuss the following three: 

1- The soil contains a variety of oxidized compounds, including su
peroxides, which release oxygen upon contact with water (based on the 
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gas exchange experiment), gamma iron oxide (or a similar metallic oxide), 
and hydrogen peroxide, which cause the release of CO? by the catalytic 
oxidation of organic acids (the LR experiment) and possibly carbon sub
oxide polymers, accounting for the second peak in the Pyrolytic Release 
Experiment. This hypothesis presumes that the surface of Mars is essen
tially anhydrous and self-sterilizing (19). 

2. The unweathered fraction of the soil contains OH" and C02~3 

formed by some photochemical weathering process (20). Once water is 
added to the soil, the adsorbed OH is released to the solution, forming 
H2O2 that then decomposes releasing 0 : . The CO? release in the Gas 
Release experiment is then apparently due to formate oxidation by the 
H202 in the solution. This is presumably also the case for the LR experi
ment. The source of the H20 in the soil is water frost acting on a freshly 
weathered surface of primary mineral. 

3. The soil contains a substance whose grains are permeated with 
micropores that were formed, perhaps by migration and accumulation of 
gases released from the crystal itself by radiation. The gases, oxygen and 
CO2, are occluded in the pores and can only be released after the samples 
are wetted (21). On release, these gases can oxidize the organics in the LR 
medium and thus account for the gas release measured in the Gas Ex
change experiment. 

Common to the first two assumptions, results are explained by the 
presence of small amounts of active chemical ingredients in the Martian 
soil, but no account is taken of the major mineral components in the soil. 
In addition, all three hypotheses involve a completely waterless, self-
sterilizing Martian soil. 

In 1978, Banin and Rishpon (22) presented experimental evidence to 
support their own view that the Viking biology results might be explained 
by the presence of clay minerals of the montmorillonite family as a major 
component of the Martian soil. As a consequence of their extensive and 
active surface area, they were capable of adsorbing and releasing gases 
and catalyzing the decomposition and/or synthesis of organics, as the 
Viking measurements disclosed. In their 1979 paper (18), Banin and 
Rishpon attempt to establish the presence of smectite clays (nontronite 
and montmorillonite) from the results of the elemental chemical analysis 
determined by the X-ray fluorescence spectrometry (XRFS), which will 
be discussed below. Although direct mineraiogical identification was not 
possible on the landers, a computerized search of the terrestrial mineral 
mixtures showed that a best fit could be obtained for a mixture of weath
ered ferrosilicate minerals, with the clays nontronite and montmorillonite 
as major components, mixed with soluble sulfate salts. A representative 
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mineral assemblage, which appeared likely, contained about 50% non
tronite, 17-20% montmoriilonite, 13% kieserite, 7% calcite, and 1% 
rutile. Banin and Rishpon emphasized that only a direct mineralogical 
characterization of the soil itself could establish the correctness of this 
suggestion. 

There were additional observations supporting the presence of the 
smectites. Light absorption and light scattering were done in the IR, 
visible, and UV, measured during the 1971 and 1973 Martian dust storms. 
Following these were analyses of soil reflectance and atmospheric absorp
tion in the visible and UV by the Viking Landers. In 1973, Hunt (23) 
showed that montmoriilonite provided the best match to the spectra ob
tained from the Martian dust obtained by the Mariner orbiters in the 6—12-
pim region. Pollack and co-workers (24) determined from the UV and IR 
measurements of the Mariner 9 orbiter data, obtained during the 1971 
global dust storm, that the solid particles suspended in the atmosphere 
were mainly silicates. Banin and Chen (unpublished data) found that the 
general shape of the absorption index curves of clays is similar to Martian 
dust. The shoulder in the Mars dust absorption curve at 240-260 nm 
coincides with a typical absorption peak of montmoriilonite at 245 nm 
(25), and nontronite at 260 nm (26), and some indication of the absorption 
band at 200-210 nm appears as well for the two clays and their mixtures. 
Bragg (27) analyzed the visible and near-IR spectral reflectance of the soil 
around the Viking landers and compared it with reflectance characteris
tics of various minerals. Based on these comparisons and additional data, 
he identified nontronite as a major constituent of the soil. 

Banin and Rishpon (18) have also examined the geological scenario. 
They point out that smectite clays are the product of alteration of volcanic 
materials and basic igneous rocks. They conclude that, while such weath
ering would not occur under present Martian conditions, observations do 
appear to indicate that there was considerable water in the past. This 
leads to the inference of early formation in the Martian history (the period 
of intensive fluvial activity). The uniformity of composition at the two 
widely separated Viking sites is due to rock abrasion and then transport 
by the large-scale atmospheric wind storms. 

The consequences of the presence of the martian smectite clay miner
als is due to the fact that they have platy, thin particles with a high specific 
surface area of 800 m2/g. As a consequence of isomorphous substitution 
during their formation, they carry excess negative charge on their surface 
and act as a cation exchanger with capabilities in the range of 80 to 120 
"iEq/100 g. Oxygen atoms arranged hexagonally are exposed to the min
eral's surface, which intensively absorbs water. Water is bound also as 
solvation shells on exchangeable ions. Intensive adsorption phenomena 
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of ions and neutral molecules are characteristic of these clays. The min
eral surface is also active in various catalytic reactions such as oxidation, 
dehydrogenation, and polymerization. On the Earth, smectite minerals 
are extremely active, and thus their presence in the Martian soil could 
lead to a host of reactions with the addition of water or solutes to the soil. 

Banin and Rishpon undertook to simulate the Viking Biology Experi
ment results using smectite clays. To do this experiment, they used the 
smectite clays nontronite and montmorillonite, which contained iron and 
hydrogen as adsorbed ions. They found that radioactive gas was released 
from the medium solution used in the Viking LR experiment when it was 
reacted with the clays at rates and quantities similar to those measured by 
the Viking landers on Mars. When the active clay mixed with soluble salts 
was heated to 160°C in a CO2 atmosphere, the decomposition activity was 
reduced considerably, in accord with the Martian observations. They 
have postulated that the decomposition reaction in the LR experiment is 
an iron-catalyzed formate decomposition on the clay surface. 

The main features of the Viking Pyrolytic Release (PR) experiment 
were also simulated, with the iron-clays giving a relatively low "1st peak" 
and a significant "2nd peak." They have concluded, therefore, based on 
various Martian soil properties and the simulation experiments, that the 
smectite clays are a major and active component of the Martian soil. It 
appears that many of the results of the Viking Biology Experiment can be 
explained on the basis of the surface activity in catalysis and adsorption. 

THE VIKING GAS-EXCHANGE EXPERIMENT (GEX) 

The GEX was one of three experiments making up the Viking Lander 
biology instrument complement (Oyama and Berdahl, 19). Its function 
was to periodically sample the head space gases above a Martian surface 
sample incubating under dry, humid, or wet conditions,- and to analyze 
the gases using the gas chromatograph. The GEX was engineered to 
distinguish between gas changes due to microbial metabolism and those 
produced by purely chemical reactions or physical phenomena such as 
sorption and desorption, by a recycling of the soil sample. The premise 
was that chemical or physical reactions would be reduced or even elimi
nated in subsequent cycles. A biological system, on the other hand, would 
either continue or increase. The recycling was accomplished by flushing 
the test chamber of gas and nutrient and then adding fresh nutrient and 
test gas and continuing the incubation. 

Five surface samples were tested by the GEX experiment, two from 
the VL-1 Chryse site (Sand Flats area) and three from the VL-2 Utopia 



RESULTS 253 

site. The first sample from Chryse was tested as received, the second 
sample was heated at 145°C for 3.5 h before testing. In the Utopia sam
ples, the first and second were tested as received, while the third was 
heated at 145°C for 3.5 h before testing. 

A 1-cc soil sample was placed in the 8.7-cc test cell and the cell was 
sealed. Following the addition of test gas (91.65% He, 5.51% Kr. and 
2.84% C02), which brought the cell pressure to about 200 mbar. Three 
options were exercised: (1) no moisture was added, (2) enough nutrient 
was added to humidify the soil (about 0.5 cc), and (3) sufficient nutrient 
was added to wet the soil (about 2 cc). The nutrient was a complex 
mixture of organic compounds and inorganic salts. 

The recharge system was performed as follows: At the end of the test 
cycle, the test cell was flushed of test gas and nutrient by passing helium 
through the cell and out of the drain valve (approximately 0.5 cc of nutri
ent remained in the cell sump and 0.35 cc remained in each cubic centi
meter of soil.) Following this procedure, the test gas and fresh nutrient 
were then added. 

The experiment then called for a termination sequence prior to receiv
ing another soil sample (the GEX had only one test cell). The cell was 
flushed of test gas and nutrient (as in the recharge sequence described 
above), except that the drain valve was left open and with no helium flow, 
for 3 or more sols in order to dry the soil. With the drain valve open, the 
inside of the test cell was open to the Martian environment. 

After termination, a fresh surface sample was added to the test cell. 
The cell was sealed and heated to 145°C for 3.5 h, with 1 cc of helium 
flowing through the test cell and out of the drain valve. The test cell was 
allowed to cool, the drain valve closed and the helium flow stopped. 

The GC system had the capability of measuring H2, Ne, N2, Ar or CO, 
NO, CH4, Kr, C02 , N20, and H2S. Ar could not be separated from CO by 
the GC column employed. It was assumed, however, that the Ar/CO 
peaks measured were Ar, because the Ar abundance had been estimated 
to be at least an order of magnitude greater than the CO in the martian 
atmosphere, and the CO contribution considering the Ar concentration, 
was not measurable by the instrument. 

RESULTS 

r,gure 10.16 is an example showing the gas changes that occurred in the 
^e'l head space throughout the four cycles of incubation of the first Sandy 
flats' sample. Trapped Martian atmospheric gases and the test gases 
^ere present in the cell before the humidification performed in cycle 1. 
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Figure 10.16. VL-1, Chryse Sandy Flats sample, gas changes in GEX headspace. The 
corrected total nanomoles were calculated as follows. The GC detector data were sampled at 
1-s intervals, digitized, and fitted to a skewed Gaussian distribution from which peak heights 
were obtained. The gas in the headspace was obtained from the radio of the sample loop 
volume to the total headspace volume. The gas composition was corrected for cumulative 
sampling losses by referencing absolute changes in the krypton values for successive sam
ples. Corrections were made for pressure sensitivity in this flight instrument caused by a 
partial restriction in the gas sampling system, which prevented total evacuation of the 
sample loop to ambient pressure before filling (three times) from the test cell. Source: 
Oyama and Berdahl (19). 
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The quantities of these gases were calculated to be 61 nmol of N2, 4 nmol 
of 0 2 , 40 nmol of Ar, and 3600 nmol of C02 . Oyama and Berdahl com
pared these values to those obtained from the sol 9 analysis. Without 
exception, the concentration of all gases proved to be greater than ex
pected upon humidification of the soil sample. The greatest change in 
concentration was in the 0 2 , from an expected 4 nmol, it actually went to 
520 nmol. Virtually all gas production ceased by sol 11. 

Based on laboratory studies, Oyama and Berdahl (19) concluded that 
the early, rapid gas changes produced by the humidification were associ
ated only with physical and chemical phenomena; as a consequence, they 
were unreliable indices of biological activity. To add to this, the investiga
tors had never seen native terrestrial soils evolve 02 in the dark. The 
suggestion made was that the extremely fast production of gases indicated 
either desorption processes or unusually rapid chemical reactions. One of 
the questions raised was whether the physical and chemical processes 
observed were caused by bringing the cold Martian soil to a warmer 
environment. However, as Oyama has pointed out, the soil after aquisi-
tion had been exposed to a temperature of 9°C for at least 0.28 h, so that 
most of the thermal degassing had already occurred prior to the soil being 
dumped into the test cell. Thus it seemed more likely that humidification 
rather than desorption was the driving mechanism. 

From Figure 10.16, it can be seen that the 02 production ceased be
tween sol 11 and 15, and after the injection of additional nutrient on sol 16, 
the concentration of 02 began to decrease. This was attributed to the 
uptake of 0 2 by the ascorbate ion in the nutrient. It is apparently well 
known that ascorbate ion has the capacity to react with 0 2 . In contrast to 
the 02 changes, the N2 and Ne continued to slowly increase. N2 had been 
shown to be desorbed very slowly from sterile terrestrial soils in the same 
way it appeared to be desorbed from Martian soils. 

The wet mode data showed that only C02 evolution persisted beyond 
the first cycle. Generally, all of the C02 curves were similar except for the 
first wet cycle. In that cycle, a decrease lasting for I sol occurred after the 
addition of more nutrient—thought to be caused by a reabsorption of C02 

into an alkaline Martian sample. Following this, there was an accelerated 
increase, which lasted for a few sols, followed by a slower log linear 
increase persisting to the end of the cycle. The first few gas analyses 
following a recharge were made before the bulk of the carbonate reserve 
in the wet soil had equilibrated with the atmosphere in the head space. 
The relatively large swing observed for C02 equilibrating in the beginning 
of the cycle was in contrast to the slow log linear increase in C02 in the 
head space for the rest of the cycle. To the investigators, the persistence 
of the C02 log linear increase over 4 wet cycles suggested a slow oxida-
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tion of the organics of the nutrient by an oxidant in the Martian soil. It is 
apparent that the oxidant was not very soluble, because it had not washed 
out by three recharges of aqueous nutrient. From a kinetic standpoint, the 
log linear CO2 production would be expected from a diffusion-limited 
system in which the movement of organics in the liquid phase was the 
rate-limiting step. 

Figure 10.17 is a demonstration of the remarkable achievement of the 
Viking program, The astonishing ability to vary a scientific experiment 
over the enormous distances involved and in response to prior observa
tions. It shows the gas changes in the head space over two incubation 
cycles on a sample collected at the Utopia site. In this instance, the 
nominal sequence was changed to test the thermal hypothesis of the im
mediate gas release when the Martian sample was placed in the test cell. 
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Figure 10.17. Viking Lander 2, Utopia Beta sample, gas changes in the head space. 
Source: Oyama and Berdahl (19). 
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The experiment protocol was modified so that the option in the initializa
tion sequence involved the analyses of the dry soil before humidification. 
No significant changes in the head space gases were observed. Within 
2.8 h after humidification, however, C 0 2 , Ar, N2 , and 0 2 were already 
being released. 

In summary, Oyama and Berdahl state that 

the response of the Martian surface samples of water vapor resulting in 0 2 output 
is ascribed to superoxides in the Martian surface materia!. The desorption of most 
of the C02 , Ar, and N2, from the Martian surface samples is inversely related to 
previous water exposure of the soil surface. The reactions of superoxide and 
water vapor at low temperature in the Martian environment could account for 
presence of superoxides that form H20 when exposed to liquid water. The resid
ual superoxide suggests a very active atmosphere, likely to give rise to a whole 
variety of C-0 combinations. The slow log linear production of C02 is attributed 
to the direct oxidation of organics by gamma Fe20, which has been shown to 
produce the catalytic oxidation of organics by H202. 

Thus all the gas changes observed can be most easily explained by chemi
cal reactions that require no biological processes. 
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CHAPTER 

11 

THE VIKING X-RAY FLUORESCENCE 
EXPERIMENT 

Clark and co-workers in their 1977 paper (1) have pointed out that the 
original science payload was heavily oriented to the exobiological aspects 
of the Martian mission. No XRF instrument was included among the 
instruments in the early stages of planning. In 1969, Baird and Clark (2) 
proposed the incorporation of an XRF geochemical analyzer, which led to 
a feasibility study supported by NASA headquarters. A successful dem
onstration test and the support of the planetary science community, inside 
and outside of NASA, led to a broadening of the science base of the 
Viking mission, and the XRF experiment was added to the payload in the 
spring of 1972. A science team was selected, designated as the inorganic 
chemical analysis team, and given the responsibility for the development 
of the experiment, including the instrument, the data analysis methods, 
and mode of operation. 

The team had to face some special problems because the inorganic 
experiment was being added to the mission some 2 y later than the other 
experiments, and thus had a considerably shorter time for developing 
instruments. The spacecraft design was already firm, which imposed seri
ous constraints on the instrument size and configuration. There was, as 
Clark tells us, no opportunity to influence the design of the surface sam
pling system or schemes for sample processing or instrument deployment. 
Multiple sample handling had to be dealt with by retaining analyzed mate
rial within the volume alloted to the instrument, and at that time it was not 
possible to include a multichannel analyzer because of weight limitations. 

However, as we shall see, the experiment developed by the team met 
the scientific objectives of detecting and permitting quantitative analysis 
of about a dozen major, minor, and trace elements in the Martian soil. In 
addition, the investigators have analyzed what appears to be duricrust 
fragments, determined an upper limit for Ar in the Martian atmosphere, 
measured the soil-bulk density, established a new upper limit for thick
ness of iron oxide coatings on mineral grains, and demonstrated the highly 
adhesive nature of the Martian soil. 
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INSTRUMENT DESCRIPTION 

The Viking Lander XRF experiment involved the measurement of the 
fluorescent X rays from a sample irradiated by two radioactive sources, 
the analysis being performed in the energy dispersive mode using four 
miniature proportional detectors. The instrument is shown in the follow
ing three figures. Figure 11.1 is a photograph of a spare flight unit. Some 
of the salient features to be seen are the delivery funnel, in practice 
capped with wind spoiler baffles (to deal with high winds during sample 
loading), the sample analysis cavity, the soil dump cavity, and the as
sorted electronics. Figure 11.2 shows a cross section of the analysis sec
tion showing the radioactive sources, the proportional counters, detec
tors, and the analysis section with the flag calibrator in the activated 
position. Figure 11.3 shows the details of the sample cavity and calibra
tion targets. The cavity is shown filled with lithic and crustal fragments in 
the 2-12-mm size range. Also shown are the plaque target for the l09Cd 
source and the flag target for the 5SFe source. 

The characteristics of the proportional counters (PC) are given in Table 
11.1. These miniature PC's were custom designed for the instrument. The 
gas compositions listed in Table 11.1 were selected to minimize escape 
peak interferences and to optimize spectral response for the typical ele
ment abundances for geologic samples. The PC windows were unsup
ported beryllium foil, with the exception of PCI, which had a 5-p.m pure 
Al foil on an aluminum supporting grid to transmit Mg and Al fluorescent 
X rays and to filter out the interfering Si fluorescence signal. The only 
reliable method for sealing these thin windows to the counter body was 
epoxy binding, but this produced some problems. All other counter parts 
were joined and sealed either by welding, brazing, or cold welding. 

The proportional counters proved to be a serious problem in the design 

of the equipment. It was found early in the developmental testing that the 

prototype detectors showed an unfortunate change in gain in response to 

temperature variations. It appeared that the stability required by the mis-

Table 11.1. Characteristics of Proportional Counters 

PC Gas Composition Window Material 

1 20% Ne, 75% He, 5% CO, 5-fim Al 
2 10% Xe, 73% Ne, 10% He, 7% C02 25-^m Be 
3 40% Xe, 47% Ne, 10% He, 3% C02 50-Aim Be 
4 40% Xe, 47% Ne, 10% He, 3% C02 25-Mm Be 

Source: Clark et al. (I). 
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Figure 11.1. Photograph of the spare XRFS flight unit. Source: Clark et al. (1). 
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Figure 11.2. Analysis section of the XRFS. Shown are the radioactive sources, the propor
tional counter detectors, and Sample cavity. The flag calibrator is shown in the calibrate 
position. Source: Clark et al. (1). 

sion was beyond the state of the art in proportional counter design. A 
study of the emission of the bonding epoxy showed that a partial decom
position occurred during the extended bakeout used for outgassing the 
counters. This required numerous changes in the manufacturing proce
dures to improve the gas purity of the sealed detectors. These procedures 
proved successful, and the temperature sensitivity was reduced to accept
able limits. 

A second difficulty was encountered when during final testing one of 
the PC detectors suddenly failed to produce output, but revived after a 
few hours with the power turned off. This phenomenon was traced to the 
gradual charge-up of the thin epoxy surface on the inside of the counters, 
to the point where pinhole emissions were stimulated. The detectors were 
then redesigned in such a way that the thin windows were mounted out
side the tube wall, rather than inside. With this done, the detectors then 
behaved in a satisfactory manner and no failures were observed. 
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Figure 11.3. Details of the sample cavity and calibration targets, (a) Sample cavity filled 
with lithic and crustal fragments, (h) Plaque target for the l09Cd. (c) Flag target for the "Fe 
source. Source: Clark et al. (1). 

The radioactive sources 55Fe and l09Cd were fabricated from accelera
tor grade material with specific activities of > 500 Ci/g. After additional 
purification, they were electroplated onto suitable backing foils, heat dif
fusion bonded, and sealed into a beryllium-windowed capsule by the use 
°f metal sealing techniques. The radioisotope size was kept below 5 mm 
diameter. A 180-/am foil filter attenuated the Cu radiation (from the braz
ing alloy used in the ,09Cd source). Source holders and radiation collima-
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tors were designed to protect the detectors from direct radiation and to 
avoid the use of material that would produce unwanted fluorescence radi
ation. The l09Cd holder was a composite assembly of tungsten alloy and 
high-purity silver with a thickness calculated for optimum attenuation of 
the 87.7-keV gamma ray—necessary to prevent a detectable increase of 
background counting rate in the ,4C radioassay detectors of the integrated 
biology instrument adjacent to the XRF. The excitation energies were 5.9 
22.2, and 87.7 keV due to the S3Fe electron capture process and the l09Cd 
nuclear gamma emissions, respectively. Fluorescent emission from all of 
the elements between Mg and U were within the excitation and detection 
range of the instrument, provided, of course, that their concentrations 
exceeded their maximum detection limit and were not interfered with by 
emission from other elements. 

The XRFS was mounted within the thermally controlled compartment 
of the Viking Lander body. Samples were delivered to the analyzer by the 
surface sampler scoop in several ways. These have been described by 
Baird and associates (3). A convex screen with 12.5- x 12.5-mm openings 
was mounted inside the XRFS inlet funnel to prevent the entrance of large 
rocks or clods that might clog the instrument. The analysis sample was 
contained in a cavity 25 x 25-mm in cross section and was irradiated by 
the radioactive sources through two 20-mm diameter analyzing ports at 
right angles. To fill the cavity to the top of the ports required about 25 cc 
of material. While analyses could be done on lesser amounts of material, 
the concentrations determined would have a greater degree of uncer
tainty. 

The thin film windows of the ports to the sample chamber represented 
a considerable problem. The films had to be very thin, so that they were 
reasonably transparent to the low-energy Mg X rays, heat resistant, and 
strong enough to withstand the impact from rock fragments falling into the 
sample cavity from the surface sampler. It was also essential that the film 
be radiation resistant because of continued exposure to the X radiation 
from the 55Fe source. An estimate of the dosage was about 3 x 107 rads 
over the 2-y exposure time. Beryllium foil, the first choice, was ruled out 
because of susceptibility to fracture due to rock impact. The final choices 
were special organic films. Polycarbonate film was selected at the 55Fe 
port, although the commercial film had to be stretched by radiatively 
heating it to the softening point under controlled tension. Specially cast 
polymide films proved to be acceptable for the 109Cd port. Both films were 
supported by high-purity metallic grids (Ni for the 55Fe window and Al for 
the l09Cd window), (see Figure 11.3). 

Operational stability was an important consideration, considering the 
duration of the mission. A considerable effort went into the design and 
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testing of the XRFS electronics, with particular emphasis on the amplifi
ers and the high-voltage detector supplies. The bias supply for the detec
tors had a commandable output, in 5-V intervals from 75 to 1350 V, which 
permitted an adjustment of the PC detector gain over a range of 10,000: 1, 
from the Earth. All four detectors were connected through signal isolation 
networks to a single high-voltage supply. 

The procedure for the electronic data encoding and transmission was 
complex and beyond the scope of this text. Great pains were taken to 
assure that the dozen or so components in the data chain on Mars, in 
space, and on the Earth did not introduce unknown errors into the data. 
Clark and co-workers (1) have stated that the error detection/correction 
scheme developed resulted in at least 99.99% of the data being a perfect 
replica of the data generated by the XRFS instrument, and that all sources 
or error originated only in the instrument rather than in the data handling. 

The calibration procedure selected was end-to-end, which determined 
the overall system response. This was accomplished by building calibra
tion targets into the far walls of the sample analysis cavity (Fig. 11.3 a and 
b), so that with the sample absent the target elements would fluoresce. 
With the geometry of the system fixed, and since X-ray emission energies 
are independent of environmental parameters, the use of the fluorescence 
targets provided an absolute method for establishing the energy scale, 
element response function, and relative source strength level for each 
detector-source combination. 

The targets were referred to as calibration plaques, the one opposite 
the 55Fe was aluminum, and the one opposite the 1(WCd was a pure silver 
plaque. The silver plaque had a recessed triangular stripe of ZnO pig
mented paint, as shown in Figure 11.3 b. The ZnO stripe was oriented 
downward so that as the material filled the cavity, the stripe became 
progressively hidden, and the Zn peak detected in PC3 and PC4 dimin
ished to a negligible level. 

The point of this particular scheme was that the Ag/Zn intensity ratio 
diminished as the chamber filled. Figures 11.4 and 11.5 are the calibration 
spectra for a clean cavity showing the Al, Ag, Zn, and the excitation 
source backscatter peaks. It was pointed out that the Ag line in Figure 
H.4 in the PCI spectrum is due to the PCI being able to "see" the Ag 
Plaque. The 55Fe backscatter peak from the plaques is also seen in Figure 
11.5. The signal reaches these detectors when the sample cavity is empty, 
by scattering of the plaques and interior walls of the chamber. The small 
Al tab shown in Figure 11.3 prevented a direct path of the -5Fe source to 
the PC3, and also partially blocked the path of the Zn stripe radiation to 
the PC4, thus accounting for the lower Zn intensity shown by that detec
tor. 
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Figure 11.4. Typical calibration plaque spectra for an empty and clean sample cavity. Due 
to geometrical factors the detector PCI "sees" the Ag plaque, while PC2 does not. Source: 
Clark etal. (1). 

As an additional method of calibration for detectors PCI and PC2, to 
improve the determination of Mg/Al and K/Ca ratios, a mechanism with 
Ca and Al targets could be inserted between the ,5Fe source and the 
sample by means of a solenoid activated lever. This "flag" calibrator had 
the following advantages: it could be used even when the cavity was filled 
with soil, it remained clean, and it produced a relatively high counting rate 
leading to adequate counting statistics in a single scan. 

PRELAUNCH CALIBRATIONS 

The constraints imposed by the nature of the Viking Mission made it 
necessary to devise many special approaches to preflight calibration. For 
example, reliability considerations required that all the Viking hardware 
be carefully protected from dust or other particulate contamination before 
flight. As a consequence, it was not possible to calibrate the XRFS with 
well-analyzed soil and rock powders. As an alternate, some 29 solid rock 
specimens were chosen and shaped by sawing and grinding to fit snugly 
into the sample cavity. 
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Figure 11.5. Calibration plaque spectra for the mCd detectors. The "Fe signal reaches 
these detectors when the sample cavity is empty by scattering off the plaques and interior 
walls. The lower Zn peak for detector PC4 is due to a small Al tab which partially obscures 
the path from the Zn stripe. Source: Clark et al. (1). 

Four such standard materials were selected to test the instrumental 
analytical capabilities. These "performance standards" consisted of well-
analyzed rocks of the following types: a Columbia River Plateau basalt, 
an andesite and a quartz latite from Lake County, Oregon, and a rhyolite 
from Glass Mountain in California. 

In addition, 25 standards covering various other rock types and mate
rials were chosen so that the performance could be evaluated for a large 
variety of rock compositions. Pure element standards for Mg, Al, Si, S, 
K, Ca, Ti, Fe, Rb, Sr, and Zr were also developed either by machining 
pure elements or by mixing an appropriate powder with epoxy in a special 
mold. The elemental concentrations in the molded standards was adjusted 
to yield an overall counting rate of about 1000 counts per second in the 
detector being tested. 

Typical response functions for the pure elements are shown in Figure 
11.6. These functions were produced by a least-squares fit of Gaussian 
curves to the peaks and by hand-fitting over non-Gaussian regions. These 
data were used to extrapolate response functions for elements not directly 
measured using the fact that peak resolutions are to a first approximation 
Proportional to the theoretical inverse square root of the energy law. 
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Figure 11.6. Pure element response functions for PC2. The overlap between adjacent 
elements mandates accurate gain knowledge. The "Fe backscatter peak provides an internal 
calibration for the gain. Source: Clark et al. (1). 

On completion of the assemblies, they were tested by taking spectra of 
each of the 4 standards and reducing the data to determine if the analysis 
for some 10 elements were within acceptable error limits. An important 
follow-up test was for sterilization compatibility, because heat steriliza
tion of the spacecraft was a vital requirement. Thus the XRFS was heated 
in a dry nitrogen atmosphere for 54 h at a temperature of about 112°C. 

The instrument was also subjected to thermal cycles at a reduced CO2 
atmosphere, and, finally, it was retested against the four standards to see 
if it passed the performance specifications. Immediately before the final 
installation into the Lander, the radiations sources were replaced with 
freshly prepared flight level sources, and 225 spectra were recorded to 
characterize the response of the unit. These spectra included 25 solid rock 
standards, pure Ar, and the various plaques and flags described above. 

QUALIFICATION OF THE XRFS 

Clark (1) has described the intensive testing that the XRFS underwent 
during development. Numerous quasiblind, blind, and double-blind tests 
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vvere performed. An early breadboard stage was evaluated using four 
powdered rock samples supplied by NASA. With the instrument at 
a spacecraft system level, samples of Pike's Peak granite, Pierre shale, 
and an unknown sample were analyzed during the science end-to-end 
test. 

A good demonstration came when a deviation in the apparent granite 
composition was observed. This was traced to a particularly large micro-
cline fragment, whose natural cleavage face covered a major fraction of 
the viewing port window. The unknown sample supplied by NASA was 
successfully identified as a rhyolite from a suite of five selected candidates 
of diverse composition. 

In one test, a Chattanooga shale was found to contain relatively high 
concentrations of sulfur—conventional analysis had shown only a high 
ignition loss. Subsequent laboratory analysis confirmed the high sulfur 
(4.6%). With regard to trace concentrations, the analysis of a Riverside 
nontronite showed low but approximately equal amounts of Sr and Y. 
This was confirmed by later laboratory analysis, which showed 80 ppm Sr 
and 57 ppm Y. In further testing, a field portable version of the instrument 
was successfully used to identify a nontronite occurrence at Riverside, 
California, to detect a high Zr content in a Nevada rhyolite, and to iden
tify sulfate salts in Utah lake samples. 

ANALYSIS METHOD 

From the 25 standards, 3 were selected for detailed calibration studies. 
Two of these, a syenogabbro and a biotite peridotite were, like the Mar
tian soil, relatively high in iron, with a high Mg/AI ratio. The third sample, 
a Chattanooga shale, was important for quantitatively determining sulfur 
because it was the only prefiight material containing appreciable amounts 
of this element. Figures 11.7a, b, and c show a comparison of the Mars 
spectra to the prefiight spectra of the standards. The figures are for PCI, 
PC2, and PC4, respectively. It is obvious that none of the standards gives 
a close match to the Martian spectra. It has been found since that a 
comparison to several hundred different geological materials prior to and 
S|nce landing has failed to yield a close match in all respects (3,4). In fact, 
a s Clark and others indicate (1), the natural material that most closely 
match are the first Martian sample from the Lander 1 site and the first 
sample at the Lander 2 site, although the two sites are separated by 6500 
km. 
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Figure 11.7 Comparison of Lander I spectra of the three stan
dards selected as the most useful in studying the Martian samples, 
(a) PCI spectra and Mars sample SI. U>) PC 2 spectra and sam
ple S5. (c) PC 4 spectra and sample UJ. Source: Clark et al. (I). 
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DATA REDUCTION 

A detailed method of the methods of data analysis has been published by 
Clark and co-workers (I). A summary has been written in a more recent 
paper by the same research team (5). Each XRFS contains four propor
tional counters, with sensitivities optimized for different elements. Detec
tor PCI was optimized for Mg and Al; PC2 for Si, S, and CI; both had 
good response for K, Ca, and Ti. The remaining two detectors, PC3 and 
PC4, were for the analysis of Fe and certain trace elements. In the initial 
report (1) K, Ca, and Ti were derived from the PC2 data alone. Based on 
the observed performance on Mars, it was found that the PCI detector 
was superior to the PC2s both in terms of gain and resolution stability. 
Thus the final reported results were based on K, Ca, and Ti values derived 
from the PCI spectra. The concentrations for these elements were also 
calculated from the PC2 data and found to be in good agreement. Final 
values for Si, S, and CI were obtained from the PC2 data, while Fe was 
obtained from the PC4. 

The spectra were adjusted to a standard energy scale by the use of a 
two-point energy calibration. The procedure, named STRETCH, is based 
on a linear model and applies gain and offset corrections so that the 
number of counts per unit energy increment is exactly preserved. For the 
PCI, the two energy points were the Al peak obtained from the built-in 
calibration flag and the radiation backscatter peak in the sample spectra. 

For the PC2 detector, the calibration flag Ca peak was combined with 
the sample backscatter peak to get the gain-to-offset ratio. This ratio was 
then assumed constant and used with the backscatter peak location to 
establish the energy scale. 

Thus the STRETCH'ed spectra were tied to key reference points. In 
the case of PCI, the results showed that Mg is detected in the samples 
because the composite peak was always shifted toward Mg from the Al-
calibrator tie point. It was observed that the K/Ca peak was not shifted 
toward the K from the Ca-calibrator reference peak position as a result of 
the fact that the Ca/K ratio was very large for the Martian samples. 

The processing of the data required correction for the background 
continuum produced by cosmic rays, the on-board radioisotope thermo
electric generators (RTG's), and induced radioactivity in the lander struc
ture. The spectral form used was that of the dominant component, the 
RTG background. The increases in level with time were determined from 
analysis of the background measured by the 14C detectors in the biology 
experiment and analysis of PC4 calibration plaque spectra. The absolute 
background intensity was assumed initially was the level predicted for the 
tending date, based on prelaunch measurements. Subsequently, the value 
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was adjusted slightly to form a self-consistent data set between the earlier 
and later samples. 

A final necessary correction involving the PCI and PC2 detectors was 
for a stray radiation component due to the sample support structure. This 
component was determined from calibration plaque measurements. In the 
case of PC2 in Lander 1, a one-point empirical adjustment was made so 
that the Ca and Ti values were consistent with the PCI results. 

With the Martian spectra in hand, an extensive program was under
taken to simulate the results on Mars using the spare flight instrument. A 
large number of analogue samples were prepared from geologic materials 
and chemical oxides. The components were dried in a vacuum oven, 
weighed, and blended together in a roller mill. The components were then 
mixed intimately by grinding with a motorized pestle. 

Significant effects were found on the relative intensity of the X-ray 
peaks for some of the elements, particularly the sulfur and chlorine, in 
response to the grinding time. For most of the elements, a grinding time of 
8 h or more served to stabilize the intensities. The elemental concentra
tions calculated from preflight rock calibrations resulted in analogues 
whose spectra matched the Martian samples. Concentrations are reported 
based on the calibrations. The grinding experiments were used to estab
lish the limits of absolute error due to matrix effects. An exception is the 
element aluminum. This element is difficult to deal with in the mathemati
cal model because of uncertainties in the influence of the secondary fluo
rescence from the PCI aluminum entrance window. Thus the final AI1O3 
values were based on correlations with laboratory measurements of ana
logue samples run in the spare flight unit. 

SAMPLING AND RESULTS 

While a number of preliminary reports were written describing the XRFS 
experiments, the following represents a recent accounting by Clark (5). 
The camera observations, which were spectacular, disclosed that at both 
lander sites there were blocks, boulders, and cobble-sized rocks (to 1 tn 
diameter) sitting in and on an apparently fine reddish material, either in 
distinct drift forms or as irregular hummocky masses. Most of the rocks 
gave the impression of being vesicular volcanics (3,4), although there is 
terrestrial evidence of vesiculated blocks that are due to erosion to igne
ous or sedimentary material. An attempt was made to scratch or mar their 
surfaces with the sampler boom but the effort failed, leading the investiga
tors to conclude that the rocks were not coated with soft weathering 
rinds. 
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The view of the surface also showed that pebble-sized particles as well 
as grit and coarse sand sizes (these last below the best camera resolution) 
appeared to be scattered about the surface at both lander sits. At some 
locations, these appeared to have high concentration. These materials 
were of great interest to the investigators because they might be samples 
of Martian rock that could be collected and analyzed by the XRFS. How
ever, they turned out to be duricrust rather than rock the durifrost frag
ments were plate-shaped fragments, 0.5 cm or so in thickness, lying on 
the Martian regolith much as "caliches" on the Earth. 

At the Lander 1 site these fragments had the same composition as the 
fines, except for a higher content of S and CI, (this apparently due to the 
cementing salts that led to the durifrost). The experimenters were not 
equally successful in collecting durifrost at the second site. They have 
speculated that this was due to a weaker cementation, which caused the 
crust to break up during sampling. They have also concluded that pebble-
sized rocks do not exist at the landing sites, for unknown causes. 

The fine material collected for analysis came from a number of micro-
sites at the lander locations. These resulted from various operations such 
as surface skims, direct penetrations of a few centimeters, trenches dug 

180° HEAD ROTATION 

Figure 11.8. The Viking Lander surface sampler head. The jaw solenoid operates at 4.4 or 
"•8 Hz. The backhoe is shown in its extended position. In its stowed position it folds 
backward toward the knuckle joint. Source: Baird et al. (2). 
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Figure 11.9. Sampling field and locations of samples taken for analysis in the XRFS. 
Source: H.J. Moore (7). 

by the backhoe, tailings from the trenching operation, and from beneath 
rocks moved by the collector boom. 

The retractable boom proved to be a remarkably flexible device. It was 
capable of sweeping a semicircular area about 3 m wide and 170° in 
azimuth. At the end of the boom was a collector assembly with one fixed 
and one movable jaw, which provided an opening of 4 x 2 cm and which 
could be inserted into the ground with considerable thrust. Once a sample 
was collected, it could be delivered to the XRFS in one of three ways: (1) 
upright collector, movable jaw (the upper) could be vibrated and the 
entire contents delivered to the XRFS; (2) inverted collector, the lower
most jaw vibrated and only material smaller than 2 mm was delivered 



Table 11.2. Sampling Survey" 

Sample No. 
Location Sol 

No. of 
Acquisi

tions Acquisition Sample Type Depth (cm) Delivery 

Sample 
Level in 
Chamber 

C-l Sandy Flats 

C-2 Rocky Flats 34 

C-3 Rocky Flats 

C-4 Sandy Flats 

40 

91 

Two normal mode Fines 
scoops into front 
of preexisting 
trench 

Two normal mode Crust 
scoops into 
undisturbed 
surface 

Two normal mode 
scoops into 
preexisting 
trench 

One normal mode 
scoop into 
undisturbed 
surface 

Crust; 
fragments 
2-5 cm 

across 
Fines 

Oto 
7.5-9.5 

0-6 

0-6 

0-5 

Two fines 
deliveries: 60-s 
HF vibration 
through sieve 

Two deliveries of 
coarse material: 
60-s HF vibration 
through sieve; 
delivered by 60-s 
LF vibration 
through jaw 

Two deliveries of 
coarse material: 
90-s HF vibration 
through jaw 

Spill of fines from 
biology 
experiment 
delivery 45-s HF 
vibration through 
sieve 

Full 

Full 

Partial 

Partial 



Table 11.2. {Continued) 

Sample No. 
Location Sol 

No. of 
Acquisi

tions Acquisition Sample Type Depth (cm) Delivery 

Sample 
Level in 
Chamber 

C-5 Atlantic City 177-180 

C-6 Sandy Flats 
(Deep Hole) 

229, 250 

ON 

C-7 Jonesville 285, 286 

One normal mode 
scoop into 
undisturbed 
surface; three 
normal mode 
scoops in same 
trench 

Two skim scoops 
into bottom of 
deep hole after 
backhoeing 

Two scoops into 
undisturbed 
surface 

Crust frac
tion of 
blocky 
material 

Fine 
material 

Fines 

0 to 6-7 

22 

1-2 

Two deliveries of 
coarse material: 
120-s HF 
vibration through 
sieve; delivered 
by 60-s LF 
vibration through 
jaw 

Two fines 
deliveries: 
delivery 1 by 
120-s vibration 
through sieve 
purge 1 by 60-s 
LF vibration 
through jaw; 
delivery 2 by 60-s 
HF vibration 
through sieve 
purge 2 by 60-s 
LF vibration 
through jaw 

Two fines 
deliveries: 60-s 
LF vibration 
through jaw 

Full 

Full 

Full 



C-8 Rocky Flats 311, 312 Two normal mode 
scoops into 
undisturbed 
surface 

C-9 near Bashful 
Rock 

C-ll Rocky Flats 
" (Deep Hole 2) 

378 

C-10 Angie's Place 430,431 

468 

One normal mode 
scoop from area 
behind Bashful 
Rock 

Four skim mode 
scoops into 
undisturbed 
surface 

One normal mode 
scoop after 23 
backhoe strokes 

C-12 Rocky Flats 502 
(Deep Hole 2) 

C-13 Deep Hole 2 581 
tailings 

16 

Two normal mode 
scoops after 24 
backhoe strokes 
on SOL486 

16 Normal mode 
scoops into 
tailings pile 

Material 0-4 

Fines 0-3 

Coarse 0-2 or 3 
material 

Bulk 1-6 

Bulk 1-6 

Rocks and 0 to 11-14* 
beneath 

Two fines Full 
deliveries: 60-s 
H F vibration 
through sieve, 
30-s L F vibration 
through jaw 

One bulk delivery Full 
with jaw open 

Four deliveries of Partial 
coarse material 

One bulk delivery Partial 
with jaw open 
using rotating 
head 

Two bulk deliveries Partial 
with jaw open 
using rotating 
head 

16 Deliveries of Full 
coarse material 
with jaw open 
using rotating 
head after 90-s 
H F vibration 
through sieve to 
eliminate all but 
crust 



Table 11.2. (Continued) 

Sample No. 
Location Sol 

No. of 
Acquisi

tions Acquisition Sample Type Depth (cm) Delivery 

to 
00 

U-l Bonneville 29, 30 

U-2 Notch Rock 131 
(under) 

U-3 SpaUing Valley 161 

U-4 Badger Rock 
(under) 

185 

Two normal mode Fines 
scoops into 
undisturbed 
surface 

One normal mode Fines 
scoop into 
undisturbed 
surface 
previously 
covered by rock 

Two normal mode Fines 
scoops into 
previously dug 
trench made by 
two norma) mode 
scoops 

Two normal mode Fines 
scoops into 
previously dug 
trench; sample 
from area 
originally under 
rock 

0 to 4-6 

0 to 4-6 

0 to 3.5-4.0 

0-3 

Two fines 
deliveries: 90-s 
HF vibration 
through sieve 

One fines delivery: 
90-2 HF vibration 
through sieve; 
purge by 120-s 
LF vibration 
through jaw 

Two fines delivery: 
90-s HF vibration 
through sieve; 
purge to rock 
pile using 60-s 
LF vibration 
through jaw 

Two fines 
deliveries: 90-s 
HF vibration 
through sieve; 
purge using 60-s 
LF vibration 
through jaw 

Full 

Full 

Full 



U-5 Physica 
Planitia 

388 

U-6 Spalling Valley 417 
(Intermediate 
Deep Hole) 

U-7 Spalling Valley 442 
H (Deep Hole) 

U-8 Bonneville 595, 596 10 

Two skim mode Bulk 
scoops into 
undisturbed 
surface. Each 
skim scoop make 
trench, first 
trench partly 
superposed on 
second 

One normal mode Fines 
scoop into deep 
hole after 24 
backhoe strokes 

Two normal mode Fines 
scoops into deep 
hole after 24 
additional 
backhoe strokes 
(48 total strokes) 

10 normal scoops Bulk 
into existing U-l 
trench 

0-2.3 

5.5-6.0 

12 

6-8 

Two bulk Full 
deliveries: 60-s 
LF vibration at 
45° collector 
head position 

One fines delivery: Full 
60-s LF vibration 
through sieve; no 
purge 

Two fines 
deliveries: 60-s 
LF vibration 
through sieve; no 
purge 

10 Bulk deliveries Full 

" Sol, solar days at Mars, post landings; normal mode, insertion of jaw at angle into surface; fines, uncemented drift material; crust, cemented duricrust; 
bulk delivery, delivery mode 2, see text; coarse delivery, delivery mode 3, see text; HF vibration, high-frequency jaw vibration (8.8 Hz); LF vibration, 
low-frequency jaw vibration (4.4 Hz); skim: sampler subparallel ground surface; purge: sample dump outboard of lander. 
Source: Clark et al. (5). 



Table 11.3. Summary of Elemental Compositions (Expressed as Oxides) 

Sample C-l 
C-2 
C-5 
C-6 
C-7 
C-8 
C-9 
C-ll 
C-13 
U-l 
U-2 
U-3 
U-4 
U-5 
U-6 
U-7 
U-8 

Uncertainty estimates 
Instrument precision 
Calibration uncertainty 
Total uncertainty 

Type 

Fines 
Crust 
Crust 
Deep fines 
Fines 
Fines 
Bulk 
Deep fines 
Crust 
Fines 
Under rock 
Fines 
Under rock 
Bulk skim 
Deep fines 
Deep fines 
Bulk 

Si0 2 

(43) 
(42) 
42 
44 
44 
43 
45 
— 

(43) 
42 
43 
44 
44 
43 
42 
42 
41 

±2 
±3 
±6 

A1203" 

7.5 
— 
6.9 
7.3 
7.4 
7.1 
7.5 
7.2 
7.0 

±0.4 
±2.5 
±4 

Fe 2 0 , 

17.6 
17.3 
17.4 
17.3 
19.0 
18.8 
18.9 
17.7 
18.2 
18.9 
17.6 
18.3 
16.9 
16.3 
17.1 
17.5 
— 

±0.5 
±2 

- 2 to +5 

MgO" 

6 
— 

7 
6 
5 
6 
5 
6 
7 

±1 
±1 

- 3 to +5 

CaO 

6 
5.5 
5.6 
6.0 
6.0 
5.8 
6.0 
5.4 
5.4 
5.8 
5.8 
5.95 
5.7 
5.3 
5.5 
5.5 
5.6 

±0.2 
±1 
±2 

K2Ob 

0 
0 
0 
0.04 
0 
0 
0 
0 
0 
0.03 
0.02 
0 
0 
0 
0 
0 
0 

±0.15 
±0.1 
±0.5 

T i0 2 

0.65 
0.57 
0.60 
0.61 
0.63 
0.71 
0.71 
0.64 
0.59 
0.60 
0.63 
0.64 
0.52 
0.44 
0.48 
0.51 
0.47 

±0.1 
±0.1 
±0.25 

SO3 

7 
9 
9.5 
6.7 
6.8 
5.9 
7.2 
— 
9 
8.4 
8.1 
7.6 
7.9 
8.3 
7.9 
7.6 

(8.5) 

±0.7 
±2 

- 2 to + 6 

CI 

0.7 
0.7 
0.9 
0.8 
0.6 
0.65 
0.8 
— 
0.9 
0.3 
0.6 
— 
0.45 
0.6 
0.3 
0.4 
— 

±0.25 
±0.2 

- 0 . 5 to + 

" Magnesium and aluminum values for all Utopia samples are consistant with Chryse sample values, but details are not reported because of noise bursts in 
data. 
b All K20 values are as calculated form the data. Nonzero values are. however, all below the estimated intrinsic instrumental precision limit of ±0.15% 
and therefore should be considered as insignificant values. 
c Absolute errors which could result if the Martian soil matrix strongly deviates from the assumed fine-grained homogeneity. Also includes precision and 
calibration uncertainties. 
Source-. Ctart. el «i. <R. 1 • r . , r • ^ ^ ^ . . ^ 
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through a screen in the jaw; (3) the vibration as described in mode 2 was 
performed outboard of the lander, then the collector was returned to an 
upright position and the delivery conducted as in mode 1, delivering only 
particles larger than 2 mm. 

Figure 11.8 shows the details of the sampling arm. Figure 11.9 and 
Table 11.2 is a summary of the sampling that demonstrates the variety of 
sites, samples, and conditions. This represents in every way an extraordi
nary accomplishment considering the distances, the communication lag, 
and the duration of time over which these operations were carried out. 
The results of the chemical analysis are shown in Table 11.3. Clark et al. 
(5) tell us that, although the analyses were elemental, they are expressed 
as oxides. Most of the values cited are close to those reported earlier in an 
interim report (6). 

Some of the data have been revised somewhat. The titanium content 
has been revised downward as a consequence of refinements in the 
knowledge of the electronic gain of the instruments. This was the result of 
the long-term operation on the Martian surface and more extensive use of 
the calibration flag later in the mission. Also, a result of better knowledge 
of the gain, laboratory simulation experiments, and a better understand
ing of the window fluorescence correction for detector PC 1, it is now 
believed that the aluminum value is higher and the magnesium value 
somewhat lower than had been previously reported. 

Table 11.3 shows concentrations that are reported only to the number 
of digits having relative significance. The numbers in parentheses are less 
certain because of temporary fluctuations in detector resolution. The 
missing values are due to missing data because of such factors as the 
servicing of the Voyager by the Deep Space Net. Several of the samples 
such as C3, C4, CIO, and C12, were of inadequate volume to allow analy
sis to the precision limit of the instrument. However, all four of these 
samples were of the same compositional family as the samples listed. 

ERRORS 

The analytical uncertainties are obviously of importance. It is also clear 
that precision and accuracy in such undertakings, particularly where sam
ple preparation is an enormously difficult problem, must generally be 
inferior to that of a carefully operated terrestrial analytical laboratory. 
These factors need to be considered in drawing conclusions about the 
relationships being sought. Clark and associates (1) have discussed the 
uncertainties of the XRF experiment. 

Three levels of uncertainty are cited. These are tabulated in Table 11.3 
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and represent their best estimate of the 90% confidence limit for each 
error. Remarkably, the instrumental precision was such that the uncer
tainty was the lowest of the three categories. The instrument stability and 
"repeatability" as determined on Mars was found to be excellent. The 
exceptions were in the measurements of Mg, where the sensitivity was 
poor, and the determinations of Si, which was interfered with by the 
presence of unexpectedly large amounts of sulfur in the Martian samples. 

The second level of uncertainty has arisen from the calibration proce
dures. We remember that only solid rock slabs were permitted in the 
instrument prior to flight, and also that none of these calibration standards 
were close in composition to the Martian samples. The uncertainty for the 
aluminum values were high because of the detector-window fluorescence 
effects. 

Finally, matrix uncertainties were a source of absolute error in the 
results because of the possible heterogeneities that could lead to absorp
tion or enhancement effects in the measured X-ray intensities. The heter
ogeneities could involve different particle size distributions for different 
mineral constituents, large particles, and discontinuous coatings on the 
particles. It has already been stated that Clark and co-workers (5) found 
marked changes in the S and CI peaks on extended grinding. 

In addition, they observed a moderate increase in the Al and moderate 
decreases in the Si, Ca, and Fe peaks. It took 6-8 h of mortar-pestle 
grinding before no further changes were observed. They also found that 
much more dramatic effects were observed optically; only 1% of a 
strongly colored material such as hematite could dominate a natural soil 
color when the two were ground. On the other hand, tumbler mixing 
required 10 times as much hematite to produce the same effect. Thus 
many of the effects observed could be traced to a superficial coating of 
larger grains by smaller grains of different composition. 

In the initial mixtures, the relatively coarse crystallites of the S and CI 
salts were apparently obscured by a coating of superfine SiCK and Fe203 
powders. As a consequence, the S and CI peaks were barely visible in the 
X-ray spectra of these mixtures. Translated to the Martian situation, if 
these were relatively coarse salt grains within the Martian soil samples, 
then the true salt content could be higher than the nominal value (5). 
Therefore the S03 content reported may be a lower limit, and the matrix 
uncertainty was given limits of - 2 % to +6%. On the other hand, if the S 
and CI minerals were sufficiently fine, they could coat the other grains, 
and the estimates for these samples would be high. 

The errors assigned to the MgO and the A1203 values due to matrix 
effects were based on the following: Even thin, superficial coatings (for 
example, iron oxide stains) could suppress the low-energy X rays emitted 



SUMMARY 283 

by the Mg and Al. If Fe was present as coarse particles, about 100-/xm in 
diameter, the true Fe content could be as high as 30% Fe203. This was not 
consistent with the total summation. The investigators felt that the Mar
tian soil had been subjected to an extensive abrasion history, leading to 
fine-grained material which was homogeneously distributed and free of a 
uniform stain. If this were so, then the absolute errors could be smaller 
than stated. 

The X-ray spectra yielded no unambiguous evidence for potassium. 
Based on various limitations, the experimenters assigned an upper limit of 
0.5% K20. While their 1982 paper (5) does not report on trace elements, 
they state that except for ultramafic minerals, most terrestrial and lunar 
igneous rocks contain far larger abundances of the trace elements Sr, Zr, 
Y, and Rb then any of the Martian samples. 

SUMMARY 

Clark (5) concluded that the results of the XRFS are important in that they 
at least demonstrate what Mars is not chemically. A number of pre-Viking 
concepts, which included such ideas as a color due to pink feldspars, 
limonite beds, and 60% Si02 (based on orbital infrared observations) have 
to be discarded. The element profile determined, is not consistent with 
highly differentiated source material, such as continental siliceous igne
ous rocks on the Earth, for example. It is conceded that the deduction of a 
unique, exclusive model for the origin of the Martian fines may not be 
possible from the X-ray data alone. Nevertheless, conclusions can be 
reached, no matter which model is selected for interpretation. 

One of the more remarkable observations is the "striking" similarity in 
composition of the samples at two widely separated sites. The C-9 sample 
at Chryse was observed to be nearly indistinguishable from the U-3 sam
ple at Utopia for all the elements. The averages for the samples from deep 
trenches or from under the rocks, referred to as the protected samples, 
were also close to being identical for the two landing sites. This is demon
strated clearly in Table 11.4. The only detectable differences were the S, 
CI, and Ti, and here even the assumed salts differed by only about 10% on 
a combined anion basis (CI" + SOf*). If the salts entered the soil by a 
mechanism such as aqueous transport, then it becomes very difficult to 
explain how soils such great distances apart would have become enriched 
to the same degree. A second requirement is that the soil had been glob
ally mixed and homogenized in the silicates before invasion by the salt. It 
has been proposed that eolian transport has either blended the various 
mineral components (including the salts), or by its abrasive action has 
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Table 11.4. 

Samples 

SiO 
A10 
FeO 
MgO 
CaO 
K20 
TiO 
SO 
CI 
Other* 

Total 

Average Composition 
Samples 

Chryse: 
C-6, C-ll 

44 
7.3 

17.5 
6 
5.7 

<0.5 
0.62 
0.8 
0.8 
2 

91 

U-2, 

of "Deep" 

Utopia: 
U-4, U-6, U-7 

43 

or 
17.3 
(6)* 
5.7 

<0.5 
0.54 
0.4 
0.4 
2 

90 

" Mg and Al assumed as at Lander 1 site. 
* Includes such elements as P, Mn, and Na, none of which 
could be unambiguously detected by the XRFS. 
Source: Clark et al. (5). 

produced homogeneity down to and below the scale of transportable 
grains. 

One of the consequences of the X-ray analysis, when combined with 
spectroscopic observations of widely distributed bright regions on Mars 
(7), is the possibility that much or all of Mars has a blanket of fine material 
of uniform composition. It is not likely that this is the result of igneous 
activity that has been so homogeneous in a chemical sense. It appears 
rather that the "universal" fines are a composite of the original material 
or the products of chemical weathering of several different igneous rocks 
that have been widely distributed by Martian eolian processes. 

The concentrations of Si, Fe, and Ca in the protected fines were con
stant for both sites, but the Viking 1 landing site appeared to be slightly 
richer in Ti and CI and to contain somewhat less S than the Viking 2 site. 
Four crust samples from site 1 (C-2, C-3, C-5, and C-13) all contained 50% 
more S than the loose fines. These were the duricrust samples which were 
interpreted as sulfate salt-enriched and cemented forms of the fines mate
rial. By contrast, the sample C-8, of fines collected in the same area where 
the C-5 crusts were samples, contained less S than any other sample, at 
either site. 

The XRFS team has sought correlations in the data but has offered the 
following cautions: (I) the samples were similar; (2) there were only 17 
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samples for which high-precision analyses were done; and (3) the sam
pling technique was not appropriately designed. Despite the above, they 
feel that there were some trends: 

1. The protected fines contained Fe203 in the 17% range, but the 
exposed surface fines contained 18%, except for C-l and U-5. This could 
perhaps indicate a slightly higher iron content for the surface fines. How
ever, statistical limitations in the number of samples collected and the 
measurement precision of the instrument (±0.5% concentration by weight 
for the iron) prevent a firm conclusion. 

2. There was no apparent correlation between the sulfur content and 
depth at which the sample fines were taken. Sample C-6, collected at the 
greatest depth (23 cm), contains about the same sulfur as neighboring 
surface materials, the samples C-l and C-7. 

3. Three candidate cations Ca, Fe, and Al are uncorrelated or nega
tively correlated with sulfur. Mg trends in the same direction as the S, but 
the instrument precision is too poor to establish this with any certainty 
(this bears on any conclusion about the salt type). 

C-l C-? C-S C-6 C-7 C-l C-9 C-ll C-I31H U-! U-J U-4 V-i U-t U-7 U-8 

figure 11.10. Analytical results plotted on the same logarithmic scale for oxide against 
sample numbers; C: samples from Chryse Planitia; U from Utopia Planitia. Source: Clark et 
al. (3). 
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Figure 11.11. Correlation of Ti versus Fe. Data from both landing sites show a positive 
correlation. Source: Clark et al. (3). 

4. The elements Si, Al, and Ca appear to be connected, and to a 
lesser extent the Fe. There is a strong correlation between Ti and Fe. 

5. Sample variabilities were as great within a few meters as between 
Lander locations, implying the existence of a universal Martian regolith 
component of constant average composition. Figures 11.10 and 11.11 
show the correlation studies. 

Finally, the XRFS results have been summarized by the investigative 
team: 

1. The analysis of major and minor element chemistry of the samples 
of Martian surface materials during the Viking missions has been com
pleted. 

2. The analyses have been made at high precision for many elements. 
Absolute accuracies are model dependent. The nominal results depend on 
the assumption of a fine-grained homogeneity on the scale of /xm. 

3. Based on the analysis at two widely dispersed sites, the composi
tions seem identical. Thus there appears to be a widespread uniform soil 
unit. 
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4. One cannot provide a unique interpretation for the origin of the fine 
materia], but it appears to require that the source materials be predomi
nantly mafic to ultramafic in nature. 
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CHAPTER 

12 

VENUS—THE CHEMISTRY OF ITS 
ATMOSPHERE AND SURFACE 

For many years prior to its exploration, Venus had been called the 
Earth's twin. This was due, in large part, to the fact that Venus is almost 
the same size as the Earth. Eternally cloud covered, Venus represented, 
until recently, a great scientific mystery that has now begun to yield to the 
scientific probes of the United States and the U.S.S.R. We now know that 
Venus is anything but a sister planet of the Earth. To quote Bevan French 
of NASA from his article in the volume A Meeting With the Universe (1), 

Venus is a strange and hellish inferno. Its thick atmosphere is composed mostly of 
carbon dioxide with little nitrogen and traces of water, oxygen and sulfur dioxide. 
At the surface the pressure of Venus's atmosphere is 90 times that of the Earth's, 
equal to the pressure a half mile down in the ocean! The thick atmosphere traps 
the Sun's heat producing a "green house effect" that keeps the surface of Venus 
at a scorching 480°C, literally hot enough to fry eggs. 

It is these conditions that have made probing Venus such a difficult 
undertaking. Developing scientific probes and their associated electronics 
that could survive such extreme conditions has been a considerable task. 
Yet both the United States and Russia have succeeded. The Russian 
Venera spacecraft have actually made it to the surface and survived long 
enough to send back pictures of a rugged rocky surface from two different 
sites. Furthermore, a cleverly designed X-ray fluorescence device sup
plied the first chemical analysis of the surface of Venus. These efforts will 
be described in the following sections, beginning with the atmospheric 
studies and going on to the surface investigations. 

THE PIONEER VENUS PROGRAM 

The Pioneer Venus program (2) involved two scientifically related space
craft missions, an orbiter, and a multiprobe bus, managed by NASA's 
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Ames Research Center. Both missions achieved a successful encounter 
with Venus in December 1978. A brief review of the effort follows: 

Both Pioneer flights, launched within a short time of each other, were 
intended to explore the planet's atmosphere, to study its surface by radar, 
and to examine a number of geophysical parameters. The objectives 
called for 8 months or more of direct and remote sensing measurements. 
One spacecraft was a Pioneer Venus Multiprobe spacecraft designed to 
separate into five atmospheric entry craft about 12.9 million km from 
Venus. Each probe craft was intended to make measurements of the 
atmosphere from its highest region to the planet's surface. The second 
spacecraft, the orbiter separately launched, was scheduled for an ellipti
cal orbit with a 24-h period and oriented about 75° to the equator. 

The four probes were not meant to survive an impact with the surface. 
On arrival at Venus, the large probe was scheduled to take about 55 min 
to descend to the surface and the three small probes about 57 min. The 
bus (carrier for the probes) was scheduled to follow the probes into atmo
sphere about 80 min after. While the probes were equipped with heat 
shields, the bus was not. Thus, unlike the probes, it was designed to 
supply only data on the highest part of the atmosphere. 

Both missions achieved a successful encounter with Venus. There 
were numerous findings, which have been published in various publica
tions and summarized in a special issue of the Journal of Geophysical 
Research under the title "Pioneer Venus" (Vol. 85, No. A 13, Dec. 30, 
1980). Some of the results of the compositional studies will be described 
here. 

L. Colin (2) has summarized many of the key scientific questions that 
spurred the mission. Those related to chemical studies are listed here: 

1. In addition to the C02 , what does the lower atmosphere consist of 
and how are these constituents distributed? 

2. What are the clouds made of? 
3. What does the atmosphere tell us of the planet's surface and inte

rior? 
4. Why is the lower atmosphere so hot? 
5. What role do phase changes play in the thermal structure? 
6. Why does the atmosphere of Venus differ so much from that of the 

Earth? 
7. How deep do the H2S04 clouds extend? 

These are but a small fraction of all the questions, and I shall here deal 
with only a few of these. 
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THE LOWER ATMOSPHERE OF VENUS 

J. H. Hoffman, V. I. Oyama, and U. von Zahn (3), based on results from 
Pioneer Venus and the Venera 11 and 12 space craft, have obtained data 
on the chemical composition of the Venus atmosphere from 700 km to the 
surface. These investigators point out that since 1978 no less than seven 
gas analyzers provided in situ measurements of the chemical composition 
of the Venus atmosphere. Three mass spectrometers and two gas chro-
matographs have sampled the lower atmosphere (0-65 km), and two mass 
spectrometers have sampled the upper atmosphere above 130 km. The 
result has been a wealth of information about the atmosphere's composi
tion. Table 12.1 is a summary of the instrumentation. 

Hoffman and co-workers have reenforced an earlier statement about 
the difficulties of the exploration of Venus. 

The study of the composition of a planetary atmosphere a quarter of an A.U. 
[astronomical unit] away from the earth necessarily imposes constraint on a sys
tem employed for measurements, and when the atmosphere itself is as hostile as 
that of Venus, the task becomes a double challenge. 

The Venus experiments succeeded in producing data on the composi
tion of the atmosphere from about 700 km to the surface itself. Over this 
altitude the instruments experienced a pressure change of 17 decades. 
The pressure range samples by the instruments varied from 0.1 to 100 
bars. This produced special problems in sampling the atmosphere for the 
mass spectrometric determinations. While the sampling of the upper at
mosphere was direct—the atmospheric gases entering directly into mass 
spectrometer ion source—the measurements of the lower atmosphere 
required a pressure-reducing device, such as a calibrated leak. This was 
used to reduce the atmospheric pressure by 8-10 orders of magnitude (the 
mass spectrometer operated at about 10"5-10~6 mbar.) It was, for exam
ple, essential to avoid alteration of the chemical composition of the sam
pled gas stream as it passed through the leak. By contrast, the GCs were 
able to sample the atmosphere directly. The various experiments will be 
discussed below. 

NEUTRAL GAS COMPOSITION OF THE UPPER ATMOSPHERE 

The composition of the upper atmosphere was investigated by a team 
headed by H. B. Niemann. The results were reported in 1980 (4). The 
experiment involved the use of a quadrupole mass spectrometer as part of 



Table 12.1. Pioneer Venus and Venera 11 and 12 Gas Analyzers" 

Instrument type 
Mission 
Spacecraft 

N> 
VD 

Sampling 
Altitude range 

(km) 

LMNS 

Mass spec. 
NASA 
Pioneer venus 

sounder 
probe 

LA 
0-60 

LGC 

GC 
NASA 
Pioneer venus 

sounder 
probe 

LA 
22-52 

VNMS 

Mass spec. 
USSR 
Venera 11 and 

12 landers 

LA 
2-23 

VGC 

GC 
USSR 
Venera 12 

lander 

LA 
0-42 

BNMS 

Mass spec. 
NASA 
Pioneer Venus 

multiprobe 
bus 

UA 
> 130 

ONMS 

Mass spec. 
NASA 
Pioneer Venus 

orbiter 

UA 
> 145 

• LA, lower atmosphere; UA, upper atmosphere; LNMS, large-probe mass spectrometer; LGC, large-probe gas chromatograph; VNMS, Venera 
mass spectrometer; VGC, Venera gas chromatograph; BNMS, bus neutral mass spectrometer; ONMS, orbital neutral mass spectrometer. 
Source: Hoffman et al. (3). 
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Figure 12.1. Schematic of the Venus Pioneer Orbiter mass spectrometer. Source: Niemann 
et al. (4). 

the instrument payload of the Pioneer Venus Orbiter. Inserted into the 
Venus orbit on Dec. 4, 1978, the orbiter has continued to operate and 
supply scientific data. Initial data on the upper atmosphere were obtained 
once a day near periapsis at an altitude of 150-200 km above the surface, 
although as time goes on and due to the abandonment of orbit adjustments 
in an effort to save fuel, the periapsis has been rising due to solar gravita
tional effects. 

A schematic view of the instrument is shown in Figure 12.1. The major 
components are the ion source, the quadrupole analyzer, and the second
ary electron multiplier used as an ion detector. The ambient gas is intro
duced into the ion-source chamber through the entrance aperture, where 
it reaches thermal equilibrium with the surfaces through multiple colli
sions before being reemitted through the aperture to the atmosphere. The 
analyzer section and the secondary electron multiplier enclosures are 
vented to the atmosphere by a separate path. The connection between the 
two chambers is through a tiny aperture in the injection nozzle. Because 
of the speed of the spacecraft near periapsis was approximately 10 km/s 
(much higher than the thermal velocity of the gas), the gas density in the 
ion source greatly exceeded the ambient density. For COj this density 
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enhancement factor was about 100 when the aperture was pointed in the 
direction of spacecraft motion. The problems of making such measure
ments involving the relationship between ambient gas density and cham
ber density and the techniques employed for measurements from high-
velocity spacecraft had been worked out previously. 

Ions are formed by electron impact, and the energy of the ionizing 
electrons could be selected by ground control to be either 70 or 27 eV. The 
ionizing volume is located behind the entrance aperture, so that the enter
ing gas could be ionized directly without prior surface collisions. The 
number of particles ionized directly was small relative to all the ions 
produced, but they were separable, because of their large velocity, from 
the ions produced from thermalized particles by means of a retarding grid 
(see Fig. 12.1). Incoming reactive gases that might be adsorbed on the 
walls or react with other adsorbed species could be measured directly. 

The retarding mode of operation was under ground control. Measure
ments in the retarding mode were optimized by mounting the instrument 
on the spacecraft (which was spin stabilized) so that at the point of mea
surement, in the periapsis region, there was a minimum angle of attack for 
the aperture. The ions formed in the ion source were focused into the 
quadrupole mass filter. Mass peaks produced by the mass filter have flat 
tops, allowing a single measurement per peak without scanning. The in
strument could be directed to operate in a stepping mode, where as many 
as eight masses between 2 and 46 amu are selected, or the instrument 
could be commanded to step sequentially 1 amu at a time through the full 
mass range from 2 to 46 amu. 

RESULTS 

By the time of the 1980 publication (4), data from 270 periapsis passes had 
been processed. For most of the passes, the masses 4, 14, 28, 44, 16, 32, 
and 30 amu were chosen with measurements being made in both the 
retarding and nonretarding modes. On nearly every seventh pass, the 
complete mass range from 2 to 46 amu was measured in unit-mass steps. 
On special occasions, diagnostic modes were selected. Some typical 
pulse-counting data, obtained in the nonretarding mode, for about 2.4 min 
at periapsis, are shown in Figure 12.2. 

The instrument was operated in unit-mass stepping, and so the full 
mass range was sampled sequentially, requiring 8 s. The maximum pulse-
counting rate is at periapsis with a drop on both sides (periapsis represent
ing the highest atmospheric density). The modulation seen on the peaks is 
due to spacecraft rotation. The peaks seen, which come from major atmo-
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Figure 12.2. Summary of the pulse counts measured at ±1.2 min about periapsis with the instrument 
in the peak stepping mode. Starting at the left of each 2.4-min time interval marked on the abscissa, the 
altitude is 161 km on the ingoing leg. After passing through periapsis altitude at 141 km, the interval 
end at 160 km on the outgoing leg. The mass numbers are shown above each trace, and some 
constituents are noted. Source: Niemann et al. (4). 
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spheric constituents, are mass 4—He; mass 28—the sum of the ambient 
molecular N2 and Co; mass 32—atomic oxygen recombined to molecular 
oxygen on the ion-source surface; and mass 44—ambient C02 and some 
contribution of surface-recombined CO and atomic oxygen. The other 
peaks are identified in Figure 12.2. 

In general, the principal gases encountered were C02 , CO, N2, O, N, 
and He. Atomic oxygen was the major constituent above 155 km on the 
dayside and about 180 km on the nightside, where He became the major 
constituent. The average value of C02 , CO, N2, 0 , and N were found to 
remain nearly constant during the day, but an abrupt change was ob
served across the terminator from a high dayside value to a low nightside 
value. The density was observed to vary in the opposite way, with a 
distance bulge at night near the morning terminator. Large variations in 
density on the nightside, from orbit to orbit, suggested possible strong 
turbulent motion in the atmosphere below. 

COMPOSITION OF THE LOWER ATMOSPHERE 

In the following description of the experiment it will be obvious what a 
difficult undertaking it was. The study of the lower atmosphere was per
formed with a neutral mass spectrometer designed by Hoffman and asso
ciates (5), and flown as one of the instruments on the Pioneer Venus 
sounder probe. One of the major problems was the sampling of the atmo
sphere over a pressure range of 0.1-100 bars while measuring concentra
tions of the order of 1 ppm of the dominant gas, C02 . Because the instru
ment was operated in a pressurized spacecraft, a gas removal or pumping 
system had to be included with the instrument to maintain the mass spec
trometer at its operating pressure of < 10~5 torr and to remove the gases 
previously sampled to avoid contamination. A constraint on the sampling 
system was to minimize alteration of the chemical forms of the gas species 
sampled from the atmosphere. 

The sampling of the atmosphere was done through two small micro-
leaks, each a 3.2-mm diameter passivated tantalum tube whose outer end 
was forged to a flat plate configuration with a conductance of about 10"7 

cm3/s for the primary leak and 10~6 cm3/s for the secondary leak. These 
leaks extended from the sounder probe into the atmosphere. 

The analysis of the gas flowing in through the leaks was done by a 
miniature magnetic sector field mass spectrometer that covered a mass 
range of 1-208 amu with a dynamic range of over 6 orders of magnitude. 
The removal of the atmospheric samples was done by a combination of 
chemical getters and a sputter ion pump. In order to preserve the large 
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dynamic range of the instrument (to enable measurements of substances 
in the Venus atmosphere at the 1 ppm level of C02 , as the atmospheric 
pressure varied over the 3-decade range while the probe descended), the 
larger conductance leak was closed at about 47 km. A variable conduc
tance valve, between the instrument ion source and the primary getter 
pump, was opened pneumatically by the increased atmospheric pressure, 
causing the conductance from the ion source to the getter pump to be 
increased at a rate that approximated the increased throughput of the 
atmospheric sample leak, thus maintaining a nearly constant pressure in 
the instrument ion source. 

A detailed description of the mass spectrometer has been given by 
Hoffman (5). The instrument had a high mass resolution capable of sepa
rating many mass doublets such as ^Ar and C3H4 at mass 40, where the 
mass difference was one part in 580. Hoffman has reported that one of the 
problems of the operation of a mass spectrometer for the analysis of 
complex gas spectra is the overlapping of ion peaks, either as parent ions 
or as ion fragments formed in the instrument by the dissociative ionization 
of complex molecules. Thus the high resolution capability proved useful 
in separating many nearly overlapping peaks, for example, doubly 
charged 38Ar from 18OH at the mass 19 position; Cl80 and C2H6 at mass 
30. In addition to the instrument's high resolution, another feature that 
helped in the identification of species was the availability of three differ
ent electron energies for ionization. The normal electron energy was 70 
eV but, three times in flight during the descent, the ionization energy was 
cycled on successive scans of the mass spectrometer to 30 and 22 eV. 
This technique was used to remove all doubly charged ion species from 
the spectrum, and the fractionation patterns of complex molecules were 
significantly altered, making their identification simpler. 

The mass spectrometer was controlled by an on-board microprocessor. 
The data acquisition involve a peak top-stepping routine and a data com
pression algorithm that led to a reading of the mass spectrum from 1 to 208 
amu, obtaining a set of 232 measurements in 64 s (including a 5-8 period 
for reading backgrounds and returning of the peak stepping routine). Only 
40 bits/s were required to return the data to Earth. There was no scan or 
sweep of the mass spectrometer, as is the mode in conventional mass 
spectrometric operation. The use of the microprocessor in the peak step
ping routine eliminated the time that is usually spent sweeping the valley 
between peaks. Information stored in the microprocessor defined posi
tions in the mass spectrometer of a preselected set of mass peaks. These 
included several sequential positions around key mass numbers such as 
15, 28, 40 and 136 amu, and mass defect positions for all known gas 
species to be measured. Two or more peak positions were set at some 
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mass numbers. These were 16 (O and CH4), 32 (02 and S), and 34 (34S and 
H2S). The microprocessor directed the instrument to measure only the 
amplitudes of the preselected peaks. 

In practice, 45 scans were completed after entry into the Venus atmo
sphere. Surface impact came during the 46th scan. The instrument pro
vided four scans prior to entry, which were used to obtain background 
information. The mass spectrometer's high mass resolution made it nec
essary to do the measurements with closely controlled ion acceleration 
potential—the tolerance was about 0.02%. To do this required a periodic 
finetuning of the program parameters, done by the positions of spectral 
peaks from two calibration gases that produced peaks at the following 
amu's: 136(136Xe+), 68(136Xe2+) and 15(CHJ). 

The preflight calibration of the flight instrument was carried out in a 
high-pressure-high-temperature chamber called the Venus Atmospheric 
Simulator (VAS). The chamber was capable of reproducing the Venus 
descent profile, temperature, and pressure conditions down to surface 
values of 740°K and 90 atmospheres. The instrument inlet was inserted 
into the VAS chamber to sample its gases, simulating the Venus opera
tion. In the VAS mixtures of gases (e.g., N2, S02 , COS, Ar, Xe, Hg, 
C2H6, HC1) with C02 as the principal gas were admitted in a stepwise 
manner in accordance with a model Venus atmospheric profile, while 
measurements were made with the mass spectrometer. 

RESULTS 

In order to interpret the results properly, the behavior of the instrument 
had to be taken into account. A consequence of the gas-pumping system 
of the mass spectrometer was that chemically active and chemically inert 
gases were pumped by different mechanisms. The gases flowed through 
different paths, with different conductances within the instrument enve
lope. The active gases flowed principally through the variable conduc
tance valve to the main chemical getter, which maintained a vacuum in 
the ion source. 

It had been mentioned previously that the throughput of this pneumati
cally operated valve continually increased with increasing pressure. The 
chemically inert gases were not pumped by this getter, and their only path 
of evacuation was through the narrow ion optics slit that connected the 
ion source with the mass analyzer. The difference in conductance, slower 
for the inert gases, resulted in the partial pressure of the inert gases 
increasing more quickly than the active gases, thus producing an artifi
cially larger signal for the inert gases. As an example, the ratio of the Ar 
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Log counting rate 

Figure 12.3. Altitude profile of 36Ar, a nongettered gas, and C02, a gettered gas. The 
decrease in counting rate at 50 km is due to the leak blockage by H2S04 droplets. The leaks 
reopened near 28 km. The dashed portions of the curves show the times when low-energy 
data were taken (not plotted). Source: Hoffman et at. (6). 

peaks to the C02 peaks continually increased with time and was always 
greater than the atmospheric mixing ratio. 

Figure 12.3 shows a flight profile of CCh and 36Ar from the point at 
which the probe began making measurements. This occurred at an alti
tude of 62 km and after the heat shield had been ejected and the parachute 
deployed. The observation was made that, on initial entrance of the atmo
sphere into the mass spectrometer, the ratio of 36Ar to C02 decreased. 
This was traced to the fact that COT was pumped by the clean walls of the 
vacuum envelope and the electrodes faster than the Ar. Thus the ratio of 
36Ar and CO2 decreased until the surfaces came to equilibrium inside the 
instrument, at about 60 km. 

It was also observed that there was a sudden decrease in density (see 
Fig. 12.3) at about 50 km. The suspected cause was a blockage of both 
inlet leaks by sulfuric acid droplets from the middle or low cloud region in 
the atmosphere. The secondary leak had been programmed to be valved 
off at about 3 km below where the blockage occurred. Thus the inflow of 



ambient gas was effectively stopped, at which point the investigators feel 
the overcoating of the primary leak evaporated and the flow of ambient 
gas began again. 

Beyond this point and to the surface of the planet, the profiles with 
altitude were characteristic of nongettered and gettered gases. The differ
ences observed in the slopes were instrumental because of the pumping 
phenomena described above. Hoffman states that any gas having a con
stant mixing ratio over this altitude would have a profile lying between the 
two curves as limits. To determine the mixing ratio of the inert gas rela
tive to that of the CO, it was necessary to know the conductance paths for 
each type of gas in the instrument. The mixing ratio was determined by 
the following relationship: 

M = -**- CA [C°2] 
Mx RCQ2 P CV + CA [C02 + N2] 

where M\ is the volume mixing ratio of gas X, Rx the counting rate for gas 
X, p the instrument sensitivity ratio of C02 to gas X CA the conductance 
from ion source through instrument ion optics slits to analyzed ion pump, 
CV the conductance of variable conductance valve, a function of atmo
spheric pressure, [C02]/[C02 + N2] the factor that converts MX to a 
mixing ratio since N2 is a nonnegligible part of the Venus atmosphere. 
Because C\ICy is very small (about 10"2), the counting rate ratio of Ar to 
C02 as shown in Figure 12.3 was much larger than the mixing ratio. 

The measurement of CA and Cv were straightforward and were done in 
the laboratory. The uncertainties in these values came from the unknown 
pumping speeds of the getters and pumps. 

The inlet valves, blocked by the overcoating of sulfuric acid droplets 
caused a loss of data from about 50 to 30 km. In this period, the peaks 
given by the mass spectrometer at 64, 48, and 18 amu showed a marked 
increase, which indicated that the material on the leak was forming S02 

and H20 vapor, apparently due to the dissociation of sulfuric acid. No 
parent molecules of sulfuric acid were observed, and S03 was not seen 
either. Laboratory tests confirmed that S03 would not pass through the 
inlet leaks without dissociation. In order to determine how H2S04 dissoci
ates during flight conditions, a laboratory simulation of the leak blockage 
was performed. The inlet leaks were coated with a solution of 85% H2S04 

and water until the flow of gas was blocked. The leaks were then inserted 
into the Venus Atmosphere Simulator, the chamber filled with C02 , and 
the temperature in the chamber raised in correspondence with the temper
ature profile observed on the Venus desent. It was observed that the leak 
reopened and the flow of C02 began at about the same temperature 
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Table 12.2. Volume Mixing Ratios of Gases Found in the Venus 
Atmosphere 

Gas0 

20Ne 
22Ne 

Total Ne 
36

 AT 
38

 AT 

^Ar 
Total Ar 

^Kr 
N2 

0-2 
S0 2 55 km 

Below 24 km 
COS Above 24 km 

Below 20 km 
H2S 
C2H6 

H20 
CI 
Hg 

Venus Atmosphere 
Mixing Ratio 

(ppm) 

9 
1 
10 
30_10

+20 

6 
31 
40-20 
< 0 . 2 
4 ± 2% 
<30 
< 10 
<300 
< 3 
<500 
3 
2 
< 1000 
< 10 
< 5 

Earth Atmosphere 
Mixing Ratio 

(ppm) 

16 
2 
18 
31 
6 
0.93% 
0.93% 
0.5 
78% 
21% 

• In those rows where the altitude is unspecified, result is the average value from 
24 km to the surface. 

(250°C) as in flight. Furthermore, during the period of blockage, water 
vapor, SO and SO3, and several reaction products of H2SO4 and vacuum 
sealant were observed in the mass spectrum in approximately the same 
ratios seen in the Venus data. Based on these studies, the team concluded 
that it was clear that the blockage material in flight was H?S04 from the 
Venus clouds. 

A summary of the results of the determination of the atmospheric 
composition from the mass spectrometric data is given in Tables 12.2 and 
12.3. Table 12.2 gives the volume abundances of gases relative to C02 . In 
many cases the uncertainties of measurement relative to C02 are large— 
traceable to the pump speed problem already mentioned. Relative iso-
topic abundances of some elements are shown in Table 12.3. For a de
tailed discussion, element by element, the reader is referred to Hoffman 
and associates (6). 
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Table 12.3. Isotopic Ratios of Some Substances Found in the 
Venus Atmosphere 

Venus Atmosphere Earth Atmosphere 
Gas Isotopic Ratio Isotopic Ratio 
3He/4He < 3 x 10-" 1.4 x 10~4 

22Ne/20Ne 0.07 ± 0.02 0.097 
2oNe/36Ar 0_3 ± 0_2 0.58 
38Ar/36Ar 0.18 ± 0.02 0.187 
"OAr/̂ Ar 1.03 ± 0.04 296 
,3C/I2C < 1.19 x 10"2 1.11 x 10"2 

,80/ ,60 2.0 ± 0.1 x 10"3 2.04 x 10"3 

Source: Hoffman et al. (6). 

In summary, the major constituents reported by Hoffman are C02 and 
N2, where N2 is about 3% by mass. Because of the excessive amounts of 
Venus atmosphere compared to the Earth, the amount of atmospheric 
nitrogen on Venus is about 3 times that in the Earth's atmosphere. How
ever, if one adjusts the calculations to account for the 2 or 3 atmospheres 
of nitrogen fixed in the Earth's crust, then the total mass mixing ratio of 
nitrogen becomes similar for both planets. All the other constituents of 
the Venus atmosphere have volumetric mixing ratios of less than 100 ppm 
except for water vapor, COS, and S02 , for which higher upper limits are 
given. A particularly significant finding is a hundredfold excess of nonra-
diogenic Ar and Ne on Venus relative to terrestrial abundances. There is 
also a small deficit of radiogenic 40Ar. Other minor constituent are He and 
ethane. "There is strong but inconclusive evidence for H2S" (6). 

PIONEER VENUS GAS CHROMATOGRAPHS 

The sounder probe of the Pioneer Venus mission also carried a gas chro-
matograph (SPGC) to measure the chemical composition of Venus' atmo
sphere in the altitude range of from 64 to 22 km. Like the mass spectrome
ter, the instrument was mounted in the pressure vessel with a sampling 
probe extended outside the vessel and beyond the aeroshell. The experi
ment and results have been described by Oyama and associates (7). The 
investigators state that the special attributes of the GC make it an ideal 
instrument for obtaining accurate in situ measurements of the chemical 
constituents of the atmosphere of Venus, as well as other planets. One of 
the important aspects of the instrument is that it is rugged and uncompli-
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cated, and in many laboratories GC instrumentation has been used con
stantly over periods of years without service downtime. 

Some of the unique analytical features that make GC so useful for 
planetary missions is that it offers a direct method for simultaneously 
identifying and determining the abundances of each molecular species of 
interest. Further, the capability of accepting relatively large samples at 
the ambient pressure and temperature of Venus directly into the sample 
path reduces contamination of the sample. In addition, the SPGC was 
engineered to provide a continuous flow of atmosphere through the sam
ple path. It takes advantage of the increasing pressure during descent to 
keep the sample path constantly equilibrated with the atmosphere being 
sampled, thus preventing selective sorption, which may occur in low 
pressure devices. 

GC has a marked advantage in that it is possible to measure distinct 
molecular species without the need for any disruption of the original 
sample component. As a consequence, there is no need to do calculations 
on the contribution of fragments to a total measurement. Finally, the GC 
typically does not separate isotopes. However, it readily separates iso
bars which, for example, permit the resolution and measurement of CO 
and N2 while providing a total value for all Ar isotopes. 

Figure 12.4 is a schematic of the mechanical subsystem of the SPGC. 
This instrument is a modified version of the GC used in the Viking gas 
exchange experiment (see Chapter 11). The figure shows the atmospheric 
sample path, temperatures to be obtained for the sampling assembly be
fore each sample point, retention time internal standard, helium carrier 
gas flow path, gas sample valves, columns, and detectors. 

In detail, the qualitative separations of gases were carried out by two 
sets of columns arranged in parallel to the carrier gas stream. The long 
column pair (stainless steel reference and sensing columns, 15.85-m long, 
1.1-mm i.d.) were packed with Porapak N 100/120 mesh material. The 
columns were maintained at 18.3°C. Helium carrier gas pressure was 
maintained at 17 bars by means of a pressure regulator referenced to 
probe pressure, which maintained a flow of 35 cm3/min. 

The tubing for the short column set was 2.13-m long, 1.1 mm-i.d., and 
packed with 180/220 mesh polydivinyl benzene porous polymer beads, 
prepared specifically for the mission. The column was maintained at 62°C 
in an insulated shell. The flow through the column at the same head 
pressure was 45 cm2/min. 

Quantitative analysis was carried out by two thermal conductivity de
tectors using matched thermistor beads, one in the sensing column flow 
path and the other in the reference column flow path. The detectors were 
maintained at temperatures slightly above those of their associated 
columns. 



PIONEER VENUS GAS CHROMATOGRAPHS 303 

-Sample inlet 

Probe interface fitting 

RTIS 
tank IV-2 

^ - " C.(( ' — ' T a c t Fill 
valve 

Reference gas supply 

Regulator He 
tank tank IV-1 

Fill 
valve 

Test 
port 

Hel ium carrier gas supply 

FR Flow restrictor 
H Heater 
IV Isolation valve 
0 Orifice 
S Solenoid valve latching 
TS Temperature sensor 

Figure 12.4. Schematic of the mechanical subsystem of the sounder probe gas chromato-
graph (SPGC). Source: Oyama et al. (7). 

Just before entry into the Venus atmosphere, the columns were rejuve
nated by priming them with 1% by volume of O2 and SO2 in helium. This 
was necessary for the sensitive measurement of these gases. Preflight 
tests had shown that long-term storage under vacuum caused trace 
amounts of injected O2 and S02 to be irreversibly adsorbed on the long 
and short columns. The sampling plenum provided a way of storing this 
gas mixture. By proper sequencing of the valve operations, the rejuvenat
ing gas was introduced into the head of each column, followed by a helium 
purge to sweep the sampler and columns of loosely held residual gases. 
The rejuvenating gas that remained in the plenum was exhausted to the 
atmosphere through the inlet port. As the probe descended, the atmo
spheric pressure began to exceed the plenum pressure and the flow was 
reversed, moving the ambient atmosphere through the gas sample path. 

The sampling has been described in detail by Oyama (7). The first 
sample acquired by the SPGC occurred at about 9 min after entry. This 
involved the closing of the valves S-2 and S-3. A second later, S-l and S-4 
were opened simultaneously with the closing of S-5, diverting the gas flow 
through the sample loops into the splitter, which divided the gas sample 
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into the long and short sensing columns. Seven seconds later, the valves 
were switched to their sample-receiving positions with S-l and S-4 closed 
and S-5, S-2, and S-3 open. 

The second and third samples were collected at 18:35 min and 29:05 
min after entry. Immediately before the third sample acquisition, the 
thermal isolation valve (IV-2) was opened and the contents of the reten
tion time internal standard (RTIS) entered the flow path. The RTIS was a 
mixture of Freon 14 and 22 in helium. Freon 14 was used to provide a 
reference peak for the long column, giving a retention time for a known 
material. Freon 14 and 22 provided markers for the short column. The 
choice of these two materials was dictated by the fact that they offered 
peaks well separated from other gases in the Venus atmosphere and were 
themselves not expected to occur naturally. 

Calibrations were done before flight on the actual flight and spare in
struments, using certified primary gas standards over the expected flight 
ranges. Calibrations involving water vapor were performed using perme
ation tubes, controlled temperatures, and flow conditions. The water va
por content loss from these permeation tubes was determined gravimetri-
cally. Calibrations were also done for H2S, COS, and S02 . 
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Figure 12.5. Raw data chromatogram of the first sample (long column), showing composite 
N2, 02 , Ar, and CO peaks. 
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The actual chromatograms obtained by Oyama are shown in Figure 
12.5-12.10. The blocked-out portions of the chromatographs show the 
peaks on an expanded scale. Figures 12.5 and 12.7 show the reconstruc
tions of the 0 2 peaks used to obtain the quantitative results. 

The identification of peaks in the reconstructed chromatograms was 
based, first, on retention indexes and, second, on peak shape characteris
tics. The confidence in these techniques was based on 

1. the limited number of small-molecular-weight species, 
2. the complete chromatographic separation of the gases, and 
3. the degree of redundancy provided for some gases by the dual 

column approach. 

Once the raw data were obtained, absolute retention times were used 
for preliminary identification of the constituents in the lower atmosphere. 
While these data were considered reliable (the absolute retention time 
data of calibration gases closely matched the flight data), further analysis 
showed that the best fits could be achieved by using the relative retention 
data. These were based on the internal retention time standards, Freon 14 
and 22, released into the third sample (see Figs. 12.9 and 12.10). 

There was a deviation in the absolute retention time data from the 
prediction that was based on the calibration retention time for all gases. 
This resulted from the overall higher pressure and mass flow rates in the 
GC due to higher than expected internal probe pressure. The effect was a 
consequence of an early design decision that has been documented by 
Oyama as follows: Due to the need for the prevention of high-voltage 

"0 20 40 60 80 100120140 160 180 200220 240 
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Figure 12.6. Raw data chromatogram of first sample (short column), showing composite 
N2 , O j , Ar, and CO, COi and anomalous rejuvenation SO; peaks. 
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Figure 12.7. Raw data chromatogram of the second sample (long column) showing Ne, N2, 
02 , Ar, and CO peaks. Source: Oyama et al. (7). 
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Figure 12.10. Raw data chromatogram of the third sample (short column) showing Ne, a 
composite N2, 02 , Ar, CO, and Freon 14 (internal standard) C02 , H20, and Freon 22 
(internal standard) and S02 peaks. Source: Oyama et al. (7). 
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breakdown in the electrical portion of the sounder probe neutral mass 
spectrometer, the Pioneer Venus project office selected one atmosphere 
of N2 as the initial probe pressure inside the pressure cell that housed the 
instruments. However, the likelihood that the probe pressure vessel 
might lose pressure during deep space transit was considered, and so an 
additional source of N2 was provided to insure at 0.6 atmosphere by entry 
time. 

Because the pressure vessel maintained its pressure, it actually arrived 
at entry with an added N2 pressure so that the total was 1.3 atm. This 
pressure rose to 1.8 atm as the probe temperature rose during descent. 
The helium regulator and detector vents were referenced to the probe 
interior, and the pressure drop was maintained by the regulator. Thus the 
final pressure in the GC columns produced a larger carrier gas mass flow. 
Because the partition coefficient remains relatively constant over this 
pressure change, gas solute molecules would be dissolved in the carrier 
stream to a greater extent and arrived sooner at the detector. 

There was an anomaly (Fig. 12.6) in that a large peak was observed 
from the short column. Its shape was identical with S02 , but it appeared 
at 126 s after the injection of the first sample and so, because of band
width-retention time, relationships could not be associated with SO or 
any other constituent in the first injection. The investigators now believe 
that this peak is associated with the rejuvenation gas retention in one of 
the valves during the warmup sequence just prior to entry. The argument 
they present is that the first injection occurred 545 s after entry, and it is 
assumed that a total of 671 s passed before the peak emerged. This is 90 s 
later than the S02-absorbed retention time at an isothermal temperature of 
62°C. However, the temperature of the column, after the end of the warm-
up sequence prior to instrument turnoff, is expected to be less than 62°C, 
with power off and with flow terminated. This resulted in an extended 
retention time for S02 . The 02 peak associated with the S02 in the rejuve
nation gas was not recorded from the long column because of the loss of 
data during the warm-up period. Since no measurable amount of S02 

appeared after injection at the retention time for this gas, no further S02 

retention in the valves was expected to occur. 
The investigators have concluded that GC has been successfully ap

plied to the measurement of chemical species in the atmosphere of Venus 
and Mars. They believe that as an analytical technique it should be very 
useful in the study of other planetary atmospheres and cometary comas. 
In fact, they strongly recommend its use for measuring the chemical 
constituents of the hydrogen-rich atmospheres of the outer planets. It is 
likely, they feel, that trace amounts of organic species other than methane 
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are likely. Such trace quantities can be measured to an accuracy of parts 
per billion with the use of sensitive ionization detectors. 

X-RAY FLUORESCENCE SPECTROMETRY ON THE 
SURFACE OF VENUS 

One of the remarkable efforts to come out of planetary exploration has 
been the performance of X-ray fluorescence spectrometry on the surface 
of Venus (8). In March 1982, a descent module launched by the Venera 13 
touched down on the surface of Venus. Its primary purpose was to per
form the first analysis of the rocks on the surface of Venus. Although 
Russia had hoped for about 30 min of data collection before the instru
ment failed under the unbelievably harsh conditions, the craft actually 
continued to transmit signals for over 2 h. A second probe from Venera 14 
landed about 600 miles from the first site, where it too performed analyti
cal and physical testing. 

These probes were asked to operate at temperatures of over 500°C and 
at pressures of 90 atm. Obviously, delicate analytical equipment could not 
operate under such harsh conditions; therefore, the samples were trans
ported into the landing module where they were analyzed by the analyzer 
under conditions which were relatively normal. The problems that had to 
be dealt with were: (1) the absence of suitable rock standards, (2) the 
absence of a fixed geometry for analysis, and (3) the short time period for 
the analysis. A description of the experiment has been furnished by 
Surkhov and associates (8). 

While X-ray spectrometry has been used on other occasions for the 
analysis of extraterrestrial materials, the use of X-ray fluorescence for the 
analysis of rocks on Venus required the production of a fundamentally 
new device and program of testing under conditions approximating those 
on the Venus surface. 

INSTRUMENTATION 

The surface sampling was done by means of a sampling device mounted in 
the shock-absorbing torus of the landing module. The claim of the investi
gative team was that "like a miniature drilling rig, the device is capable of 
drilling rock of practically any hardness corresponding to terrestrial types 
of rocks." As for the drilling depths and the mass of rock sample col
lected, it depended on the prevailing conditions under which the device 
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Figure 12.11, Location of X-ray fluores
cence spectrometer on the landing module 
of Venera 13 and 14: (a) pulse height ana
lyzer, (b) lid of detection unit, (c) casing of 
the detection unit, (d) counters, (e) air lock, 
(f) hull of the landing module, (g) sample 
under study, (h) rock receiver, (i) radioiso
topic sources, (j) electronic section. Source: 
Surkhov et al. (8). 

operated. Experiments performed under conditions approximating those 
on the planets surface showed that the sampling procedure always re
sulted in a sufficiently representative sample adequate for the accurate 
determination of the elemental content. 

The location of the X-ray fluorescence spectrometers on the Venera 13 
and 14 landing modules, as well as some of the details of the instrument 
are shown in Figure 12.11 

The instrument consisted of a detection unit and a multichannel pulse-
height analyzer. Both of these units were located inside a sealed and 
thermostatically controlled portion of the landing module. The analysis 
sample taken by the drilling device was fed into the chamber, which was 
then isolated from the external medium. Following this, the Venus atmo
sphere was pumped out and the sample carried through the airlock di
rectly into the measuring cell of the detection unit. Once inside, the sam
ple in the rock receiver (see Fig. 12.11) was excited into X-ray 
fluorescence by the radioactive sources. The fluorescent X rays were 
measured by the detectors and the amplified signals processed by the 
pulse-height analyzer. The accumulated data were periodically sent to 
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Counters 

4, 

Figure 12.12. Diagram showing the relative loca
tion of the sample being analyzed, the radioisotopic 
sources, and the proportional counters. Source: Sur-
khov et al. (8). 

telemetry for transmission to the Earth. The detection unit was built of a 
double titanium body designed to withstand the pressure of 100 atm. For 
temperature control, there was a coolant liquid between the walls of the 
body. The high-strength titanium was used to guarantee adequate perfor
mance of the analytical instrument in the event of the hot atmosphere 
breaking through the air-lock channel. 

The rock receiver was built entirely of fluorocarbon plastic, as were all 
the walls of the measuring cell. The detection unit had a sealed body 
separated into compartments. The lower compartment housed the mea
suring cell, the middle compartment contained the electronics such as the 
preamplifiers, amplifiers, and power sources, and the upper compartment 
housed temperature-sensitive elements and pressure sensors. The ar
rangement of the sample, radioactive sources, and detectors is shown in 
Figure 12.12. 

Surkhov and co-workers in describing their experiment, have stated 
that the radioactive sources and radiation detectors were the key ele
ments of the experiment. Their selection and location determined the 
capability of the entire experiment. Because the basic rock-forming ele
ments are in the atomic number range of 12-27, radiation sources were 
chosen to most efficiently excite the elements in this range and at the 
same time to minimize backgrounds. The radioactive sources were a :38Pu 
(50 mCi) and two 55Fe sources (250 mCi). 



312 VENUS—THE CHEMISTRY OF ITS ATMOSPHERE AND SURFACE 

Table 12.4. Characteristics and Parameters of Radiation Detector 

Mass 
Power consumption 
Size of detection Unit 
Number of analyzer channels 
Channel capacity 
Range of energies 
Energy resolution 
Range of elements 

8 kg 
9W 
400 mm high x 107 mm max. diam. 
256 (2 x 128) 
2 I 6 -1 
1.1-8 keV 
20-25% at 5.9 keV 
Mg to Fe 

Alpha radiation from the B8Pu is very effective in exciting fluorescence 
from the lightest elements such as Mg, Al, and Si. Iron-55 was used to 
excite the heavier elements such as K, Ca, and Ti. The X rays from the 
238Pu were useful for exciting the elements with atomic numbers between 
24 and 35. It has been shown that the yield of characteristic X rays for the 
Mg-Al-Si group is two to three times higher with the 238Pu source, com
pared to that generated by the 55Fe sources. Plutonium-238 alone would, 
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Figure 12.13. Fluorescent radiation of granite excited by a, mPu and b, "Fe. Source: 
Surkhov et al. (8). 
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Figure 12.14. Spectra of fluorescent radiation of some Earth rocks as measured by the 
spectrometer. Source: Surkhov et al. (8). 

however, not have allowed the determination of the elements in the K-
Ca-Ti group for concentrations of the order of a fraction of a percent. To 
reduce backgrounds, collimators were mounted on the sources in order to 
reduce scattering, while maintaining a large area of irradiation on the 
sample. 

The proportional counters were filled with 90% Kr and 10% C02 to a 
pressure of 220 mm of Hg. The beryllium window was 6 mm in diameter 
and the X-ray absorption path length was 15 mm. The energy resolution 
for the 5.9 keV Mn line was 20-25%. A summary of the characteristics 
and parameters are shown in Table 12.4. 

Some examples of the instrument performance are shown in Figures 
12.13 and 12.14. These were acquired with the Venera X-ray fluorescence 
spectrometer. In Figure 12.13, we see the spectra of granite excited by 
238Pu and 55Fe. Note that the characteristic radiation of the light elements 
in channels 10-30 is weakly excited by the 53Fe, but more intensely ex
cited by the 238Pu. The situation is reversed for the heavier elements in the 
higher channels (K, Ca, and Ti). Thus the use of both sources together 
made it possible to excite the fluorescent X rays more effectively in the 
range of rock-forming elements. 
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PREFLIGHT PREPARATION 

Among the critical components that required evaluation were the propor
tional counters and their input windows, since the counters were among 
the main elements that determined the instrument measurement charac
teristics. To maximize the sensitivity of the instrument, it was necessary 
to increase the window transmission, by reducing the window thickness 
without compromising window strength. Instrument failure could occur if 
microholes were present in the windows, or if the windows inadequately 
resisted the large pressure changes. Consequently, a great deal of effort 
went into the choice of a suitable window material. Counter tests had 
shown that for long-time performance of the instrument the counter win
dows had to be absolutely leakproof and maintain their mechanical 
strength under pressure changes from 0.05 mm up to 1 atm. For this 
reason, a beryllium window of about 40-/xm was selected, although it did 
cut the efficiency of the detector due to limited X-ray transmission. 

The 238Pu was another component that determined the performance of 
the instrument. The source's protective film had to be sufficiently thin so 
it would be adequately transparent to the alpha particles (for exciting the 
soft X rays, and yet radiation resistant to the environment). To check the 
safety of the source under conditions similar to those in space flight and 
on the surface of Venus, an attempt was made to simulate the chemical 
and physical effects of the environment to be encountered. The results of 
these tests were a more effective film and source construction. Similar 
tests were performed on the 55Fe, although the requirements were far less 
demanding. 

The detection unit that housed the rock powder receiver was filled with 
dry nitrogen at a pressure of 40-mm Hg in order to avoid the violent 
release of gas when the sample was introduced. The effect of this gas on 
the alpha-particle energy reaching the sample was very small. With regard 
to the attenuation of the low-energy X rays, this was accounted for in the 
instrument efficiency curve, as shown in Figure 12.15. 

Before flight, comprehensive systems and subsystems tests showed the 
instrument to be stable over its normal operating range of -10 to +50°C. 
The gain factor variation was within 4%. Tests were performed under 
normal operating conditions, and in a chamber simulating the conditions 
on the surface of Venus. Tests of the instrument and the sampler were 
also done. These test were done in order to learn about the sample distri
bution in the rock receiver so that model experiments could be per
formed, and so that a library of rock standard spectra could be obtained. 
Tests in the chamber simulating the Venus surface made it possible to 
completely simulate rock sampling, the transportation of the sample to 
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Figure 12.15. Efficiency (AT) of the proportional counters for the fluorescent X rays as a 
function of energy. The factors attenuation by the nitrogen cover gas and beryllium window 
and absorption by the Kr counter gas. Source: Surkov et al. (8). 

the rock receiver, the recording of spectra, and the determination of 
elemental concentrations. 

SURFACE OPERATION 

On the surface of the planet the X-ray fluorescence spectrometer was 
operated under commands from the on-board program/timing device. The 
first 4 min were used to obtain background, with the rock receiver empty. 
Simultaneously, information was acquired from the temperature-sensing 
elements, the pressure pickup, and the count-rate signal. Four minutes 
after the landing, the collected sample was transported to the rock re
ceiver and a series of spectra obtained. 

The X-ray spectrometers on both landing modules performed reliably 
during the active life of the module. Venera 13 survived for 127 min and 
Venera 14 for 53 min. Venera 13 delivered 38 spectra, as compared to 20 
spectra from Venera 14. The accumulation, as reported by Surkhov and 
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Figure 12.16. Fluorescent X-ray spectrum of venusian rock obtained by Venera 13. 
Source: Surkhov et al. (8). 

others, was 384 s (counters IB and 3D) and 192 s (counters 2B and 4D). 
The measured spectra for each of the four detectors on each instrument 
were reduced to a single scale and summed. 

The results are shown in Figure 12.16 and 12.17. These are spectra of 
the Venus rocks. The spectra were processed on a computer by means of 
a special program (8) and a library of spectra from 200 rock samples. The 

Table 12.5. Chemical Composition of the 
Venusian Rocks (Wt.%) 

Elements 
(Oxides) 

MgO 
A1,03 

Si02 

K20 
CaO 
Ti02 

MnO 
FeO 

Venera 13 

11.4 ± 6.2 
15.8 ± 3.0 
45.1 ±3.0 
4.0 ± 0.63 
7.1 ± 0.96 
1.59 ± 0.45 
0.2 ±0.1 
9.5 ± 2.2 

Venera 14 

8.1 ±3.3 
17.9 ± 2.6 
48.7 ± 3.6 
0.2 ± 0.07 

10.3 ± 1.2 
1.25 ± 0.41 
0.16 ± 0.08 
9.1 ±1.9 

Sum 95 96 
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Figure 12.17. Fluorescent X-ray spectrum for venusian rock obtained by Venera 14. 
Source: Surkhov et al. (8). 

investigators claim that it was possible to determine the concentrations of 
the basic rock-forming elements from Mg to Fe at both landing sites. 
Some of the results are shown in Table 12.5. 

The investigators have drawn the following conclusions: The composi
tion of the rocks from the different landing sites differed sufficiently to 
indicate different geomorphological provinces. The rock at the Venera 13 
site is close in composition of potassium alkaline basalts on Earth. This is 
a type of rock not widespread on the Earth. It is found mainly on the 
oceanic islands and rift zones. The sample at the Venera is similar to the 
oceanic basalts of the Earth's crust. 

In summary, this was truly a remarkable effort. Although the results 
and interpretations represent large-scale extrapolations from relatively 
small amounts of data taken under extreme conditions, they are to date 
the only compositional data from an in situ measurement on the surface of 
Venus. The accomplishment of this objective is a very impressive scien
tific act. 
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CHAPTER 

13 

A BRIEF LOOK AT THE FUTURE 

Although many exciting discoveries have occurred in our search for 
knowledge about the universe, there is promise of still further exciting 
scientific adventures. An examination of efforts to be made in the near 
future in connection with planetary exploration was mandated by the 
Solar System Exploration Committee (SSEC) of the NASA Advisory 
Council. Their recommendations were published in a comprehensive doc
ument, Planetary Exploration Through the Year 2000. The introduction to 
the report contains a well-written summary of what has already occurred. 

The exploration of the solar system by spacecraft has now spanned more than two 
decades and produced an avalanche of exciting discoveries and wealth of data. 
More than two dozen unmanned spacecraft have transformed our view of the 
planets from one of shimmering, telescopic images to one of crisp global perspec
tives. 

In the past 20 years or so, spacecraft such as the Rangers, Surveyors, 
Pioneers, Mariners, Vikings, and Voyagers have visited every planet 
known to the ancients: Mercury, Venus, the Moon, Mars, Jupiter, Sat
urn, its rings, and many of its moons. There have been numerous sur
prises and as yet no Rosetta Stone. 

In this volume we have examined a particular phase of the planetary 
exploration program, concentrating on the chemical studies of extrater
restrial materials and the implications of the findings. The early chapters 
dealt with materials studied in Earth laboratories, such as meteorites and 
returned lunar samples. The later chapters were devoted to the observa
tions of materials at large distances by remarkable instruments and meth
ods that have demonstrated extraordinary imagination and ingenuity. 

Obviously, the account in this text is abbreviated. Actually the pub
lished information runs to many thousands of pages. It should be apparent 
that many of the developments described here will have a considerable 
impact on analytical chemistry. 

But now, turning to the future, the SSEC was empowered to develop a 
mission strategy for Solar System exploration through the end of the 20th 
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century. Based on scientific priorities established previously by the Space 
Science Board (SSB) of the National Academy of Sciences, and an as
sessment of technical capabilities as well as fiscal constraints, the SSEC 
has drawn the following conclusions. "In order to maintain U.S. leader
ship in solar system exploration and to realise any reasonable progress 
towards the scientific goals recommended by the SSB, NASA should 
immediately initiate a Core planetary program." (1) 

The core program will be described in part. Since this text is devoted to 
chemistry, the portion of the core program that deals with compositional 
studies will be emphasized. An important aspect of the core missions is 
further exploration of the inner planets, so we shall examine some of the 
components of the core mission's program. 

MARS GEOSCIENCE CLIMATOLOGY ORBITER (MGCO) 

The MGCO is presently in an active planning stage with a possible launch 
in 1990. As we have seen. Mars, along with Venus and the Earth, are 
parts of a related triad of the inner Solar System planets that have an 
atmosphere. To understand their origin and evolutionary history is an 
important goal of the planetary exploration program. Knowledge of Mars 
is by now quite extensive, but there are still conspicuous gaps. The con
sensus of the SSEC is that there are a number of first-order questions that 
can be investigated from an orbital platform such as the MGCO can 
provide. Among the compositional questions to be investigated are the 
following: 

1. What is the global elemental and mineralogical character of the 
surface? 

2. What are the sinks for volatile materials and dust over a seasonal 
cycle? 

3. What is the distribution of condensed or trapped volatile material? 
What is the character of the underlying residual polar cap, and is 
there at present a net transport of water between the hemispheres? 

4. What is the escape rate of atomic hydrogen and how does the rate 
vary? What is the interrelationship between the atomic hydrogen, 
ozone, and water? 

To answer some of these questions, the instruments to be used and the 
results expected are: 

1. Gamma-ray spectrometer—elemental abundances of K, U, The, 
Fe, Ti, Si, O, C, and H. 
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2. Infrared radiometer—profiles of temperature, water, and dust. 
3. UV spectrometer—ozone profiles. 
4. UV photometer—atomic hydrogen column abundance. 

The present plan for this mission is a launch in 1990 (other opportuni
ties in 1992, 1994, and later). After a year's flight, the spacecraft would be 
inserted into a polar orbit around Mars, with observation times of about a 
year. 

VENUS ATMOSPHERIC PROBE 

The Pioneer Venus and Venera missions have raised questions about the 
Venusian atmosphere that will require an atmospheric probe instru
mented for in situ analysis. It will be necessary to verify the Pioneer 
Venus findings of large Ne and 36Ar abundances and large Ar/Kr, Ar/Xe, 
and D/H ratios. Precise values for 22ne/20ne, 84Kr/S6Kr, and '"Xe/129Xe 
are needed to supply constraints for theories of the origin of the planetary 
atmospheres. Other major questions concern the oxidation states of the 
lower atmosphere, H2 and H20 abundances, and density profiles for sul
fur compounds H2S, COS, and S02 . 

The proposed instruments for this mission and the expected results 
are: 

1. Neutral mass spectrometer: to yield the composition and physical 
state of the atmosphere as a function of altitude. 

2. Gas chromatograph: to measure the profiles of trace constituents, 
including the noble gases (Ne, Ar, Kr), sulfur compounds such as 
H,S, COS, S02 , and H20. 

3. Differential thermal analyzer: composition of the aerosols. 
4. X-ray fluorescence spectrometer: composition of the dust within 

the aerosols. 
5. Visual spectrophotometer: water abundances. 

MARS NETWORK MISSION 

The general objective of the Mars Network Mission is to establish a global 
network of seismic stations, meteorological stations, and geochemical 
and geophysical observation sites that would operate for an extended 
period of time. The concept calls for the release of a series of surface 
penetrators as the parent spacecraft approaches the planet. Each penetra-
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tor would be directed towards an appropriate preselected target. The 
projection is for the penetrators to enter behind a deployable heatshield 
and descend on parachute. Each probe would bury itself in the Martian 
surface to an extent that would leave some instrumentation and an an
tenna at the surface. Transmission to the Earth would be via an orbiting 
spacecraft. 

Among the various questions to be answered are those related to the 
chemical composition of the Martian near-surface material. The plans for 
obtaining such compositional information include a gamma-ray spectrom
eter for the analysis of the naturally occurring radioactive elements such 
as K, La, Lu, Th, and U, and the elements activated by cosmic rays such 
as Fe, Mg, Ti, O, and Si. A second instrumental technique involves a 
pulsed neutron spectrometer for determining the major rock-forming ele
ments, plus carbon, oxygen, and hydrogen. The nature of the method 
would permit analysis of material up to 1 m from the penetrator. 

MARS SURFACE PROBES 

The plans for Martian Surface Probes closely resemble those for the Mars 
Network missions. The spacecraft near Mars would launch penetrators 
that would be targeted for volcanic areas or ice caps identified on existing 
images. Location could be determined from tracking, nested entry im
ages, or after body imaging. The objective is a determination of bulk 
chemical composition, including key trace elements. Information such as 
this is considered by the community of planetary scientists to have im
mense cosmochemical significance. 

To achieve these objectives, the plans call for a gamma-ray spectrome
ter and a pulsed neutron spectrometer. As in the Mars Network mission, 
the elements called out for determination are the radioactive elements 
such as K, La, Lu, Th, and U, and those excited by cosmic ray interac
tions such as Fe, Mg, Ti, O, and Si. The pulsed neutron spectrometer 
should make it possible to analyze the major rock-forming elements plus 
C, O, and H up to distances of about 1 m from the penetrator. 

LUNAR GEOSCIENCE ORBITER 

Our present knowledge of the Moon is substantially more comprehensive 
than that about Mars. Our analysis of samples acquired directly from the 
Moon makes it unique among the Solar System bodies explored (except, 



COMET RENDEZVOUS i l l 

of course, the Earth). Despite the intensive study of the Moon, there are 
still a number of compelling questions: 

1. What is the compositional heterogeneity of the Moon, and what 
was the time sequence of lunar differentiation? What is the rela
tionship between theories of lunar origin and its thermal history? 

2. How do the detailed surface elemental and mineralogical phase 
compositions vary globally? 

3. How do surface composition and gravity variations relate to mag
netic variations? 

4. Are there volatile materials such as water-ice trapped in polar 
regions of the Moon? 

5. What is the nature and time distribution of explosive volcanism on 
the Moon? 

In order to accomplish these scientific objectives, instruments such as 
a mapping spectrometer and gamma-ray spectrometer are being consid
ered. The mapping spectrometer would be employed to determine surface 
mineral composition, while the gamma-ray instrument would be used to 
answer questions about cold trapped volatiles in the polar regions, and 
about surface elemental composition—Si, Al, Mg, Fe, Ti, Ca, Na, U, K, 
and Th. Both of the devices would be used for a global resource survey. 

A Lunar Geoscience Orbiter could be launched at any time. Initially, 
the orbit would be an elliptical orbit with a low periapsis (less than 30 km) 
on the anti-sunward side for the Gamma-Ray Spectrometer calibration 
and magnetic measurements, followed by a 1-yr observation period at a 
50-100-km circular polar orbit. 

It is likely that identical instrumentation could be employed to study a 
near-Earth Asteroid. One possibility, which is attractive financially, is to 
send the Lunar Geoscience Orbiter to a near-Earth Asteroid after the 
completion of the lunar mission. 

Having discussed proposed inner planet missions, let us now examine 
the plans for some small bodies missions. 

COMET RENDEZVOUS 

Comets are thought to be the most primitive bodies in the Solar System, 
and quite possibly carry some of the most important clues to the forma
tion of the Solar System. The close-up study of a comet is one of the most 
important challenges in space exploration. The SSEC has outlined a mis-
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sion of the following character. A comet rendezvous spacecraft will be 
launched using the shuttle-centaur configuration. After about a five-year 
cruise period, propulsive maneuvers will match the trajectories of the 
spacecraft and comet several months before the comet's perihelion pas
sage. Following this, only a slight propulsive maneuver will be required 
for station keeping, and it will be possible to examine the comet from any 
selected distance and direction. Remote sensing measurements will begin 
immediately and as the comet approaches the Sun, the in situ instrumen
tation will measure the increasingly active expulsion of dust and gases. 
The mission would be expected to last for about 6 mo after initial rendez
vous. Among the many questions to be answered are the following: 

1. What is a cometary nucleus like? Is it, as often described, a dirty 
snowball? Does material boil off from all parts of the comet or only 
in discrete jets? 

2. What atmospheric and surface changes occur as the comet ap
proaches and then moves off from the Sun? 

3. What is a comet made of? What are the abundances of the various 
elements in the nucleus? What materials and ices lie on the comets sur
face? What volatile molecules escape from the comet? 

4. What are the physical structure and chemical composition of com
etary dust grains? Are they all similar or are there different types? How 
abundant are dust particles of various sizes? 

5. What is the generic relation of comets to interstellar dust grains, to 
meteorites, to Asteroids, and the planets? Are comets pristine samples of 
the solar nebula or have they undergone some processing? Are comets the 
building blocks of the outer planets? Did comets contribute measurably to 
the atmosphere of the terrestrial planets? 

The instruments under consideration are X-ray and Gamma-ray spec
trometers for determining the elemental composition of the nucleus; neu
tral and ion-mass spectrometers to analyze for elemental, molecular, and 
ion composition and density of the coma as a function of time and posi
tion; a dust collector and analyzer to provide elemental composition and 
physical character of the dusts; and finally an IR reflectance spectral 
mapper to study the mineral phase and composition of the nucleus and 
composition of the coma as a function of time. 

An alternative mission scenario involves the collection of samples of 
volatile and nonvolatile material during a fast fly through of a comet, with 
a return to Earth of the samples for subsequent analysis. The scheme calls 
for a launch of a shuttle-IUS, which travels on a ballistic trajectory and 
thus reaches the comet after about two years. Remote sensing equipment, 
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if carried, would be turned on about 60 days before encounter, close to 
perihelion. The proposed flythrough would take place at 10-15 km/s and 
last only minutes, but would allow for the collection of atomized grains 
and gases. After encounter, the dust collector panels would be stored in 
an on-board capsule. By means of a small propulsive maneuver, the 
spacecraft would be placed on an impact trajectory with the Earth. The 
sample capsule would enter the atmosphere directly and parachute to the 
Earth for recovery. 

Aside from a sample collection module, the possible instruments under 
consideration are a neutral and ion mass spectrometer, a dust collector, 
an IR reflectance spectral mapper and an imaging device. Such instru
ments have already been discussed. 

OUTER PLANET MISSIONS 

Among the outer planet missions for which plans are presently being 
drawn are those to explore Jupiter, Saturn, Titan, Uranus, and Neptune, 
although the time frame for some of these missions lies well into the 
future. 

RETURN TO JUPITER—THE GALILEO MISSION 

The amazing discoveries about Jupiter and the Jovian system that have 
flowed from the Voyager flybys have spurred a great interest in a return to 
Jupiter. Accordingly, NASA has begun the preparation of a Jupiter mis
sion, called Galileo, tentatively scheduled for a 1986 launch. 

The plans involve a multiple-vehicle system made up of two elements, 
a probe for the Jupiter atmosphere investigation, and an orbiter to explore 
Jupiter, its satellites, and magnetosphere. Flybys of the Jovian satellites 
will be used to alter the orbit of the Galileo spacecraft so that a tour of the 
Galilean satellites will occur and the moons will be examined at different 
geometries, and a deep penetration into the magnetosphere, in an as yet 
unexplored region in the space behind Jupiter, will take place. 

The science to be done is divided into two groups of experiments: 
probe science and orbiter science. The main emphasis in the study of 
Jupiter is on direct measurements with the probe. If the mission succeeds, 
it will, for the first time, be possible to examine the atmosphere of this 
giant planet directly. The hope is that by measuring the temperature and 
pressure as the probe descends through the clouds, it will be possible to 
determine the structure of the atmosphere with higher precision than has 
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been achievable by any remote measurements. In addition, the probe 
would be able to make direct measurements of the composition of the 
gases—in some cases, with the sensitivity of parts per billion using a 
neutral mass spectrometer. 

Direct studies of Jupiter's clouds will be done by means of a nephelo-
meter on the probe. Estimates will be made of the sizes and compositions 
of the individual aerosol particles. Infrared instrumentation will be used in 
the measurements of the cloud layers and the amount of U V deposited in 
different regions of the atmosphere. 

The composition and structure of Jupiter's upper atmosphere as well as 
its moons will be done with a UV spectrometer carried on the Orbiter. A 
near-IR mapping spectrometer will be employed to determine the compo
sition and structure of the upper atmosphere. In addition, there will be a 
large variety of other instruments for the measurement of a number of 
physical and geophysical parameters. 

The Galileo Orbiter and Probe are scheduled to be launched with 
NASA's new Space Shuttle and Inertial Upper Stage. In order to maxi
mize the payload carried to Jupiter, the mission will depend on achieving 
a boost from Mars. It is anticipated that the Galileo will approach Jupiter 
sometime in the mid-1980s. The initial trajectory will take the spacecraft 
within five Jupiter radii, at which point by firing its rocket engines it will 
shed velocity sufficiently to be captured by Jupiter. During this first pass 
there will be a close flyby of lo. 

Because Jupiter is known to have an intense radiation belt, the Orbiter 
will not be permitted to spend too much time in the inner magnetosphere 
near Io's orbit. The extended exposure to the intense radiation could be 
destructive to the electronics and bring about a premature conclusion to 
the mission. Thus it is contemplated that an additional thruster firing 
during the first orbit would boost the periapsis to about 10 Jupiter radii. 
While no further close-up observations of lo would be possible, studies of 
this satellite could be made on each subsequent orbit with sufficient reso
lution to study the details of the volcanic eruptions and to observe those 
changes in the surface produced by the volcanic activity. 

Galileo will also be programmed for a close flyby of one of the outer 
moons. Several passes each of Callisto, Ganymede, and Europa are possi
bilities. The description of the mission in the NASA document Voyage to 
Jupiter (NASA SP-439), states that the satellite tour does not need to be 
fully planned in advance. By adjusting the spacecraft's trajectory with 
small bursts of the thruster motors, navigation engineers can modify the 
orbits to meet scientific needs. 

The total duration of the mission is planned for about 20 months. It will 
be possible to add to the basic mission if the spacecraft continues to 
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function and the fuel reserves are adequate. By contrast to the orbiter, the 
Galileo probe mission would last only a few hours. 

TITAN FLYBY/PROBE 

The Voyager flyby has demonstrated that Titan is a particularly fascinat
ing Solar System body. The atmosphere of Titan is uniquely interesting 
from the standpoint of planetary chemical evolution. The organic chemis
try observed to be occurring on Titan provides the only planetary scale 
laboratory for a study of those processes that may have occurred on the 
Earth in the prelife terrestrial atmosphere. The compelling questions iden
tified by the SSEC are: 

1. How did Titan develop its present atmosphere? 
2. What gases and aerosols exist at different heights in the Titan 

atmosphere? 
3. What are the chemical processes taking place in the atmosphere? 

What organic molecules are present and what can they tell us 
about the origin of life on the Earth? 

4. What are the nature and structure of the clouds in the Titan atmo
sphere? 

5. What is the energy source for the UV dayglow? 
6. What is the chemical composition of the Titan orange haze? 
7. How much sunlight reaches Titan's surface, and what is the extinc

tion profile in the atmosphere? 
8. What does Titan's surface look like? Are there lakes and oceans of 

methane? What are the major geologic features? Are they land 
features or ice masses of some sort (perhaps frozen methane)? 

9. What was the condition of the protoplanetary solar nebula in the 
region in which Titan formed? 

The instruments proposed for the Titan planetary science study are: 

1. Ion mass spectrometer to determine the composition of the iono
sphere. 

2. Neutral mass isotopic spectrometer for a number density identifi
cation and ratios of neutral upper atmosphere constituents and 
electron temperatures. 
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Instruments proposed for the descent module are: 

1. Neutral mass spectrometer for determining the number density, 
vertical profile, identification, and isotopic ratios of the atmo
spheric constituents. 

2. Nepelometer to study the physical structure and location of the 
cloud layers. 

3. Gas chromatograph for profiles of trace constituents including no
ble gases (Ne, Ar, and Kr); HCN, propane, acetylene, carbon 
monoxide, and so forth. 

4. Descent imager/radiometer to determine the vertical distribution 
of atmospheric constituents such as methane, ammonia, and aero
sols by measuring relative light levels at the near IR and visible 
wavelengths. 

The mission profile involves a Galileo-like probe (see Jupiter section) 
carried to Titan aboard a flyby spacecraft or on a Saturn orbiter. Trip 
times are expected to be of the order of 3.5 y for a Probe/Flyby or about 
6.4 y for a Probe/Orbiter mission. 

THE OUTER PLANETS FLYBY/PROBES 
(SATURN, URANUS, NEPTUNE) 

The giant outer planets differ from the terrestrial planets in many ways, 
and they offer an opportunity to investigate their internal structures and 
bulk compositions through a detailed study of the compositions of their 
atmospheres. In situ determinations of isotopic and molecular composi
tions in the outer planet atmospheres can also provide diagnostic informa
tion on the protoplanetary conditions and radial properties of the solar 
nebula as they existed in that particular region of the Solar System. In 
addition, regions of the atmospheres of the Outer Planets have clouds of 
aerosols of an interesting chemical nature; further, the transport of energy 
within the atmosphere is important for understanding the internal struc
ture and evolution of the planet. A list of the major driving questions 
follows: 

1. What is the reason for the significant variation of the chemical and 
thermal properties of Jupiter and Saturn as a pair versus Uranus 
and Neptune as a pair, and why are Uranus and Neptune so differ
ent from each other? 



SATURN ORBITER 329 

2. What are the abundances of helium and hydrogen and trace con
stituents? What are the isotopic ratios of the major elements? 

3. What is the structure and composition of the cloud and aerosol 
layers? 

4. What is the transport and energy deposition mechanism in the 
atmosphere? 

5. What are the relative isotopic abundances in the atmosphere? 
6. What was the condition of the protoplanetary nebula in these areas 

of the Solar System? 
7. How did the planet evolve? 
8. What is the nature of the moons, rings, magnetic fields, and atmo

spheric dynamics? 

The instruments to achieve the above objectives are a neutral mass 
spectrometer, nephelometer, He abundance detector and, if possible, a 
gas chromatograph. 

The base-line mission would include a Galileolike probe and a Probe 
Carrier spacecraft. The mission to Saturn would require about 3.5 y. To 
arrive at the very outer planets would take about 5.5 y to Uranus and 
about 9.5 y to Neptune. 

SATURN ORBITER 

The spacecraft for this mission would be launched using the Shuttle Cen
taur and would arrive after a 3.5-y flight. On arrival at Saturn, the space
craft would be propulsively decelerated, taking advantage of Titan's grav
ity field. During an orbital phase of about 2 y, many flybys of the 
Saturnian moons would occur. The rings of Saturn would be studied from 
a complete range of observational phase angles, including numerous stel
lar and radio occultations. Imaging of the Saturnian clouds would take 
place on each orbit from high altitudes, while IR soundings of the atmo
sphere would be done from periapsis. 

The objectives are many. They involve the developing of an under
standing of the behavior of the assembly of moons, field phenomena, the 
rings, and the planet itself. Included in the plans are orbital changes over 
the duration of the mission in order to do detailed mapping of Titan. I 
have already mentioned that it is an aerosol-shrouded body, perhaps very 
like our own prebiotic Earth. 

Some of the specific scientific objectives are: 
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1. Determination of the composition of the satellite surfaces (miner
als and ices) and geological history of each object. 

2. Determination of the nature and origin of the dark material on the 
moon Iapetus' leading hemisphere. 

3. Determination of the time variability of Titan's clouds/hazes? 

4. Characterization of Titan's surface on a regional scale. 

Among the compelling scientific questions are: 

1. What is the three-dimensional fine structure of Saturn's rings? 
2. What causes the transient spokes observed in the rings? 
3. What are the size distribution, chemical composition, and physical 

state of the ring particles? 
4. What does the surface of Titan look like? Are there actually lakes 

or oceans of methane? 
5. What are the compositions of the moons of Saturn? What minerals 

and ices are present on their surfaces? 
6. What is the composition of Saturn's atmosphere? 

The proposed instruments for such a mission would be an imager, IR 
radiometer, UV radiometer, dust particle detector, and radar. 

SUMMARY 

I have briefly described a core program for planetary exploration through 
the year 2000. This program represents the best judgment of the Solar 
System Exploration Committee, which is made up of 25 members of the 
space science community with an impressive record of accomplishment in 
the area of manned and unmanned exploration of the planets. Much of 
what I have written here would have appeared, not many years ago, to be 
grist for the mill of writers of science fiction, were it not for the actual 
accomplishments discussed in this volume. It has been a period of ex
traordinary achievement and an exciting scientific adventure. 
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GLOSSARY 

In view of the fact that this is a volume in a monograph series devoted to 
analytical chemistry and will most likely be read by chemists, there are a 
number of terms with which the reader may be unfamiliar. Accordingly, 
this glossary is appended to make some of these terms clear. A number of 
the terms come from geology and mineralogy, and some are characteristic 
of the space program. Many of the definitions are brief and, necessarily, 
not complete. Additional information can be found in standard geological 
glossaries, space dictionaries, and other reference materials. 

ACCESSORY MINERALS: Minerals occurring in small amounts in a rock. 
ACCRETION: A process by which small particles and gases come to

gether to form larger bodies, eventually of planetary size. 
ACHONDRITES: Stony meteorites lacking chondrules. 
AEON: One billion years. 
AGGLUTINATE: A common particle type in lunar soils. Agglutinates are 

made up of comminuted rock, mineral, and glass fragments cemented 
by glass. 

ALBEDO: Refers to the percentage of the incoming radiation reflected by 
a natural surface. 

ANORTHITE (AN): CaAl2 Si2 0 8 , the most Ca-rich member of the plagio-
clase (feldspar) series of minerals (see plagioclases). 

ANORTHOSITE: An igneous rock made up almost entirely of plagioclase 
feldspar. 

APHELION: The point in the orbit of a planet, asteroid, comet, or satel
lite farthest from the sun. 

BAR: The international unit of pressure (= 0.987 atm) 
BASALT: A fine-grained, dark-colored igneous rock, composed mainly 

of plagioclase (feldspar) and pyroxene; usually contains other miner
als such as olivine or ilmenite. 

BASALTIC ACHONDRITE: Calcium-rich stony meteorites, lacking chon
drules and nickel-iron. They show some similarity to terrestrial and 
lunar basalts; examples are euchrites and howardites. 

BRECCIA: A rock consisting of angular, coarse fragments embedded in a 
fine-grained matrix. 
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CARBONACEOUS CHONDRITES: The most primitive of the stony meteor
ites. The abundances of the nonvolatile elements are thought to most 
closely approximate those in the primordial solar nebula. 

CHALCOPHILE ELEMENT: An element that preferentially enters sulfide 
minerals. 

CHONDRULE: Small, rounded bodies in meteorites (generally less than 1 
mm in diameter) commonly composed of olivine and/or orthopyrox-
ene. 

CLAST: A discrete particle or fragment of rock or mineral usually found 
included in a larger rock. 

CLINOPYROXENE: Minerals of the pyroxene group (e.g., augite, pi-
geonite), which crystallize in the monoclinic system. 

COSMIC ELEMENT ABUNDANCES: The abundances of the chemical ele
ments in the solar nebula before the formation of the Sun, planets, 
and meteorites. 

CUMULATE: A plutonic igneous rock composed mainly of crystals accu
mulated by sinking or floating from a magma. 

CURIE TEMPERATURE: The temperature above which a ferromagnetic 
material becomes nonmagnetic. 

DUNITE: A mineral (peridotite) that consists almost entirely of olivine 
and contains accessory chromite and pyroxene. 

ECLOGITE: A dense rock consisting of garnet and pyroxene, similar 
chemically to basalt. 

EJECTA: Materials ejected from the crater by meteorite impact or vol
canic action. 

EUCRITE: A meteorite composed essentially of feldspars and augites 
(pyroxene group). 

EXPOSURE AGE: Period of time during which a sample has been at or 
near the lunar surface, determined on the basis of cosmogenic rare 
gas contents, particle track densities, short-lived radioisotopes, or 
agglutinate content in the case of soil samples. 

EXTRUSIVE: An igneous rock that solidified at the surface. 
FINES: Lunar material arbitrarily denned as less than 1 cm in diameter, 

in the lunar case synonymous with the soils. 
FRACTIONATION: The separation of chemical elements from an initially 

homogeneous state into different phases or systems. 
GARDENING: The process of turning over of the lunar soil or regolith by 

meteorite bombardment. 
GRANITE: An igneous rock made up mostly of quartz and alkali feld

spar. 
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GROUNDMASS: The fine-grained rock material between the larger min
eral grains; synonymous with matrix. 

HALF-LIFE: The time interval in which a number of radioactive atoms 
decay to half their number. 

IGNEOUS: Applied to rocks or processes involving the solidification of 
hot molten material. 

ILMENITE: A mineral FeTi03, slightly magnetic, abundant on the Moon; 
common but less abundant on the Earth's surface. 

INTERSERTAL: A term used to describe the texture of igneous rocks in 
which a base or mesostasis of glass and small crystals fills the inter
stices between unoriented feldspar lathes. 

ISOCHRON: A line on a diagram passing through plots of samples with 
the same age but different isotope ratios. The line connects points of 
equal time or age. 

IRON METEORITES: A class of meteorites composed chiefly of iron or 
iron-nickel. 

KREEP: Potassium, rare-earth elements, and phosphorus. 
LAVA: Fluid rock coming from the Earth's interior (or Moon) from vol

canoes and the like; on solidification it forms extrusive igneous 
rocks. 

LIL: Large-ion lithophile elements. Those lithophile elements (e.g., K, 
Rb, REE, U, and Th) having ionic radii larger than common lunar 
rock-forming elements and which usually behave as trace elements in 
meteorites. 

LITHOPHILE ELEMENT: An element tending to concentrate in oxygen-
containing compounds, particularly silicates. 

LM: Lunar Module. 
LRL: Lunar Receiving Laboratory, NASA L. B. Johnson Space Cen

ter. 
KAMACITE: Naturally occurring body-centered-cubic a iron, occurs 

commonly in meteorites. 
MAGMA: Term applied to molten rock in the interior of a planet. 
MAGMATIC DIFFERENTIATION: production of rocks of differing chemi

cal composition during cooling and crystallization of silica melt 
or magma by processes such as removal of early formed mineral 
phases. 

MANTLE: The solid region of the Earth extending from the base of the 
crust (10-60 km depth) to top of the core (2900-km depth); principal 
constituents are iron, magnesium, silicon, and oxygen, which occur 
as mineral phases of increasing density with depth. 
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MARE (PL. MARIA): The dark, generally flat areas of the Moon formerly 
thought to be seas. 

MASCON: Mass concentration. 
MASS SPECTROMETER: Analytical instrument used to determine the 

amounts of various isotopes and molecular species in a sample by 
separating them according to their mass to charge ratio. 

MATRIX: The fine-grained material in which larger mineral or rock frag
ments are embedded (used interchangeably with groundmass). 

METAMORPHIC: A term used to describe rocks that have recrystallized 
in solid state as a result of drastic changes in temperature, pressure, 
and chemical environment. 

MESOSTASIS: The interstitial, generally fine-grained material, between 
larger mineral grains in a rock; may be used synonymously with 
matrix or groundmass. 

MICROCRATER (ZAP PIT): Crater produced by impact of interplanetary 
particles generally having masses of less than 10"3 g. 

NORITE: A type of gabbro in which orthopyroxene is dominant over 
clinopyroxene. 

NUCLEON: Subatomic nuclear particles (mainly protons and neutrons). 
NUCLIDES: Atoms characterized by the number of protons (Z) and neu

trons (A/). 
OCEANIC THOLEITE: Basaltic rock characterized by low concentrations 

of potassium and related elements; probably the most common lava 
erupted at the midoceanic ridges. 

OPHITIC: A rock texture composed of elongated feldspar crystals em
bedded in pyroxene or olivine. 

ORTHOPYROXENE: An orthorhobic member of the pyroxene mineral 
group. 

PERIDOTITE: An igneous rock characterized pyroxene and olivine (but 
no feldspar). 

PHENOCRYST: A large, early-formed crystal in igneous rock, surrounded 
by a fine-grained groundmass. 

PHOTOSPHERE: An outer layer of the sun, about 350 km thick—the 
source of most solar radiation. 

PLAGIOCLASE: A subgroup (or series) of the feldspar group minerals. 
PLUTONIC: A term applied to igneous rocks that have crystallized at 

depth usually with coarsely crystalline texture. 
PORPHYRITIC: Having larger crystals set in a finer groundmass. 
ppb: Parts per billion. 
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ppm: Parts per million. 
PYROXENE: A closely related group of minerals that includes augite, 

pigeonite, and the like. 
RADIOGENIC LEAD: Lead sisotopes formed by the radioactive decay of 

uranium and thorium (206Pb from 238U; 207Pb from 235U; 208Pb from 
232Th). 

REGOLITH: Loose surface material, composed of rock fragments and 
soil that overlies consolidated bedrock. 

REMANENT MAGNETIZATION: The component of rock magnetization 
"frozen in" to an igneous or impact melt as its ferromagnetic miner
als were cooled through their Curie points. 

RESIDUAL LIQUID: The material remaining after most of the magma has 
crystallized; it is sometimes characterized by an abundance of vola
tile constituents. 

T-PROCESS NUCLIDES: Those nuclides produced under conditions of in
tense neutron flux associated with a supernovae explosion. 

SOIL (LUNAR): Fine-grained lunar material arbitrarily defined as less 
than 1 cm in diameter. 

SOLAR NEBULA: The primitive disk-shaped cloud of dust and from 
which all bodies of the solar system are thought to have originated. 

SOLAR WIND: The stream of charged particles (mainly ionized hydro
gen) moving outward from the sun with velocities in the range of 300-
500 km/sec. 

TAENITE: Naturally occurring face centered cubic gamma iron; com
monly occurs in meteorites. 

TEKTITES: Small, glassy objects of wide geographic distribution. Their 
origin is controversial. One viewpoint holds them to be due to the 
splashing of melted terrestrial country rock as a consequence of me-
teoroid, asteroid, or cometary impact. Another viewpoint is that they 
are extraterrestrial in origin, perhaps from the Moon. 

TERMINATOR: The line separating illuminated and dark portions of a 
celestial body. 

TRACE ELEMENT: An element found in very low (trace) amounts, gener
ally less than 0.1%. 

TROILITE: A mineral composed of FeS. A common accessory mineral in 
iron and most stony meteorites. 

VOLATILE ELEMENT: An element volatile at temperatures below 
1300°C. 
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