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PREFACE 

_ After more than twelve years of scouring the scientific and semiscientific literature for 
anomalies, my major conclusion is that this is an amazingly fruitful activity. In fact, or- 
ganized science should have been doing the same searching and compiling for the past 200 
years. It is simply astounding that a Catalog of Scientific Anomalies does not already exist 
to guide scientific thinking and research. It is at least as important to realize what is not 
known as it is to recognize the well-explained. With this outlook, here is the fifth volume 
in such a Catalog. It is largely the product of one person's library research, carried for- 
ward without grants, contracts, or donations. 

Under the aegis of the Sourcebook Project, I have already published 20 volumes, totalling 
well over 7,000 pages of source material on scientific anomalies. (See page iv for a list of 
titles.) As of this moment, these 20 volumes represent only about 25% of my data base. New 
material is being added at the rate of about 1, 200 new articles and items per year, about 300 
of which are from the current literature. These rates could be easily multiplied several 
times over by spending more time in libraries. Even after twelve years, only the scientific 
journals of the United States and England have received my serious attention. There remain 
the English-language journals of the rest of the world, those journals in other languages, uni- 
versity theses, government reports, the publications of scientific research facilities, con- 
ference papers, untold thousands of books, and an immense reservoir of newspapers. The 
cataloging task has just begun. The anomalies residing in the world's literature seem nearly 
infinite in number. 

Given this rough assessment of the magnitude of the anomaly literature, one can understand 
why the planned Catalog of Anomalies will require at least 25 volumes of about the same size 
as the one you now hold. I visualize a shelf of 25 volumes, with master indexes, to be only 
the initial step in providing scientists with ready access to what is not, in my opinion, well- 
explained. 

Will the Catalog of Anomalies revolutionize science? Probably not---at least not immediate- 
ly. Quite often the initial reaction to the books of anomalies already published has been dis- 
belief. The data must be in error; the data are mainly testimonial; the data are too old; the 
supposed anomaly was explained long ago. Germs of truth reside in all these complaints. 
But for every anomaly or example that can be legitimately demolished, ten more take its 
place. Nature is very anomalous or, equivalently, Nature is not yet well-understood by 
science. Much remains to be done. 

William R. Corliss 

P.O. Box 107 
Glen Arm, MD 21057 

June 1, 1985 



“ROUND ABOUT THE ACCREDITED AND ORDERLY FACTS OF EVERY SCIENCE THERE EVER 
FLOATS A SORT OF DUST-CLOUD OF EXCEPTIONAL OBSERVATIONS, OF OCCURRENCES 
MINUTE AND IRREGULAR AND SELDOM MET WITH, WHICH IT ALWAYS PROVES MORE EASY 
TO IGNORE THAN TO ATTEND TO .... ANYONE WILL RENOVATE HIS SCIENCE WHO WILL 
STEADILY LOOK AFTER THE IRREGULAR PHENOMENA. AND WHEN THE SCIENCE IS RENEW- 
ED, ITS NEW FORMULAS OFTEN HAVE MORE OF THE VOICE OF THE EXCEPTIONS IN THEM 
THAN OF WHAT WERE SUPPOSED TO BE THE RULES.” William James. 



HOW THE CATALOG IS ORGANIZED 
_ Purpose of the Catalog - 

The Catalog of Anomalies is designed to collect and categorize all phenomena that cannot be 
explained readily by prevailing scientific theories. Following its definition, each recognized 
anomaly is rated in terms of: (1) its substantiating data; and (2) the challenge the anomaly 
poses to science. Next, all examples of the anomaly discovered so far are noted, some of 
more interesting ones in more detail. Finally, all examined references are listed. Thus, 
the Catalog is a descriptive guide as well as a compendium of examples and references. 
Scientific researchers have a substantial foundation for beginning further studies of these 
intriguing phenomena. This is the basic purpose of the Catalog: the collection and consoli- 
dation of the unknown and poorly explained to facilitate future research and explanation. 

Genera! Plan of the Catalog 

It was tempting to organize this Catalog alphabetically, making it an "encyclopedia" of anoma- 
lies."’ But many of the phenomena have obscure names or, even worse, no names at all. 
Under these circumstances, access to the data base would be difficult. Therefore, a system 

of classification was designed based upon readily recognized classes of phenomena and the 
means by which the observer detects them. Subject matter is first divided into nine general 
classes of scientific endeavor, as illustrated in the diagram on the following page. Few would 
have difficulty classifying a phenomenon as biological, astronomical, etc. The second, third, 
and fourth levels of classification are also based on generally recognized attributes. The 
similarity of this kind of categorization to those employed in natural history field guides is 
quite intentional. Like bird identification, phenomenon classification soon becomes second 
nature. In fact, many of the phenomena described in the Catalog are accessible to anyone 
with normal senses and, especially in astronomy, a little optical help. 

Most catalogs boast numbering systems, and this one is no exception. Rather than employ a 
purely numerical system, the first three classification levels are designated by letters. The 
triplets of letters selected have some mnemonic value. Thus, an AVO anomaly is easily 
recognized as being in the astronomy class (A), involving the planet Venus (V), and being de- 
tected through telescopic observation (O). The number added to the triplet of letters marks 
the fourth classification level, so that AVO83 signifies the Venusian ashen light phenomenon, 
the third type of Venusian telescopic anomaly. Every anomaly type has such a unique alpha- 
numeric code. All indexes and cross references are based on this system. Catalog additions 
and revisions are also made easier with this scheme. 

The Catalog codes may seem cumbersome at first but their mnemonic value to the compiler 
has been significant. The codes are simple, yet flexible enough to encompass the several 
thousand anomalies identified so far in many diverse disciplines. 

A glance through this volume will reveal that each example of a specific anomaly bears an 
X-number, and each reference an R-number. AVO3-X3 therefore specifies the third example 
of the ashen light phenomenon; and AVO3-R7 the seventh reference to the ashen light. Indexes 
and cross references can consequently be made more precise than page numbers. 

How Data and Anomalies Are Evaluated 
Each anomaly type is rated twice on four-level scales for data ''validity" and "anomalous- 
ness, '' as defined below. These evaluations represent only the opinion of the compiler and 

are really only rough guides. 

Data Evaluation Scale | 

Many high-quality observations. Almost certainly a real phenomenon. 

Several good observations or one or two high-quality observations. Probably real. 

Only a few observations, some of doubtful quality. Phenomenon reality questionable. 

Pm © DD Unacceptable, poor-quality data. Such phenomena are included only for the purposes 
of comparison and amplification. 
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Anomaly Evaluation Scale 

Anomaly cannot be explained by modifications of present laws. Revolutionary. 

Can probably be explained through relatively minor modifications of present laws. 

Can probably be explained using current theories. Primarily of curiosity value. 

mh wo DD Well-explained. Included only for purposes of comparison and amplification. 

Anomalies that rate "1" on both scales are very rare. Such anomalies, however, are the 

most important because of their potential for forcing scientific revolutions. As additional 

Catalog volumes are published, the relative proportion of ''double-1s" will increase. es- 
pecially in the fields of biology and psychology. 

Catalog Coding Scheme 

First-order Second-order Third-order Fourth-order 
classification classification classification classification 

(A) Astronomy G Earth B Celestial 1 Cusp 
mechanics phenomena 

B Biology H Mercury E Geological 2 Ring of light 
phenomena 

C Chemistry & J Jupiter F Radiation (3) Ashen light 
physics phenomena phenomenon 

E Earth sciences L Moon (©) Telescopic 4 Phase anomaly 
phenomena . 

G Geophysics M Mars W Atmospheric 
phenomena 

L Logic & math N Neptune X Transit & occul- 
tation phenomena 

M Archeology P Pluto Z Magnetic 
phenomena 

P Psychology R Saturn 

X Unclassified U Uranus 

(V) Venus 10 Terminator 

irregularities 



| 

3 How the Catalog Is Organized 

Anomaly Examples 

Examples of anomaly types are designated by the letter X in the body of the Catalog. All ex- 
amples discovered so far are listed. If the example is of the event type, time and place are 
specified where available. Such data are the foundations of the Time-of-Event Index, which 

' could in principle lead to the discovery of obscure cause-and-effect relationships. Where 
library research has unearthed many examples of a specific type of anomaly, only the most 
interesting and instructive are quoted in detail. Direct quotations from eye-witnesses and 

scientific experts are employed frequently to convey accurately the characteristics of the 
phenomena. 

The References and Sources 

Each anomaly type and the examples of it are buttressed by all references that have been 
collected and examined. Since some references describe several examples, each reference 
includes the X-numbers of the examples mentioned. When a reference covers more than one 
type of anomaly, it is repeated in the bibliography following each anomaly type. Actually, 
there is little repetition of this sort in the Catalog. 

Perusal of the Source Index will demonstrate that the great majority of the references comes 
from the scientific literature. Heavily represented in this volume of the Catalog are such 
journals as: Nature, Science, Journal of the British Astronomical Association, and Monthly 
Notices of the Royal Astronomical Society. Several less technical publications are also men- 
tioned frequently: Popular Astronomy, Sky and Telescope, and the English Mechanic. The 
English Mechanic was for many years an important English technical magazine, with a strong 
astronomical content. All of the serials mentioned above are generally very reliable, though 
one must always be wary when unusual events are reported. In addition to these often-refer- 
enced publications, there is a wide spectrum of other journals and magazines. In this con- 
text, it should be remembered that anomalous phenomena do not seek out scientists, and that 

the laymen who observe many anomalies do not have access to the scientific journals. 

The time span covered by the sources ranges over 150 years. Many excellent reports come 
from the latter half of the Nineteenth Century. Although many scientists frown on such old 
reports, the quality is often good, and they should not be discarded arbitrarily. Not only 
were the observers of a century ago competent but they were unbiased by modern dogmas 
about what should be observed. They also lived in a less-polluted time when observing con- 
ditions were usually better than today. It should also be mentioned here that modern astro- 
nomical literature tends heavily toward theory and mathematical modelling as opposed to 
eye-witness accounts of strange phenomena of the skies. A possible exception to this gene- 
ralization is the Strolling Astronomer, published by the Association of Lunar and Planetary 
Observers. Even so, the reader will find a strong concentration of event-type observations 
in the 1870-1910 period. 

The Indexes 

Each Catalog volume concludes with five separate indexes. At first glance this may seem to 
be too much of a good thing. But in the context of a science-wide catalog of anomalous 
events and unusual natural phenomena, each indexhasits special utility. 

The subject index is essential in any work of this type. It is placed last for easy access. 
The time-of-event and place-of-event indexes are analytical tools for the anomaly research- 
er. They help identify phenomena that are reported separately (perhaps in widely different 
journals) but are really different aspects of the same event. This integrating feature will 

become more apparent as additional Catalog volumes appear. To illustrate, the effects of 
large solar flares may be felt throughout much of the solar system. It is possible that judi- 

cious indexing will reveal many synchronicities. It is the intent of the Catalog effort to gene- 

rate a composite set of indexes that will link astronomy to geophysics, to biology, and so on. 

The source index shows immediately the dependence of this Catalog upon scientific literature 

rather than newspapers and other popular publications. Its real purpose, though, is the 
rapid checking to determine if a specific reference has or has not been caught already in the 
fishing nets of this Catalog project. The source index is doubly valuable because many foot- 
notes and bibliographies in the scientific literature display sources only; that is, titles and 
authors are omitted entirely. The researcher also comes across many vague references to 
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such-and-such an article by so-and-so back in 1950 in Nature. The exhaustive and rather 
ponderous source and first-author indexes can help pin down many references lacking spe- 
cifics. 

All five indexes use the catalog codes described above rather than page numbers. The codes 
are permanent whereas the page numbers will change as addenda and revised volumes are 
produced. The mnenonic value of the catalog codes is useful here, too, because the approxi- 
mate nature of each index entry is readily apparent, while page numbers give only location. 

Supporting Publications of the Sourcebook Project 

The Catalog volumes currently being published are actually distillations of huge quantities of 
source material. The Sourcebook Project has already published 20 volumes of this source 
material, as detailed on p. iv. Phase I of the Sourcebook Project resulted in 10 looseleaf 
notebooks called "sourcebooks."' To meet the objections of librarians, Phase II supplanted 
the sourcebooks with a series of 6 "handbooks, " which are hardcover and much larger and 
more comprehensive than the sourcebooks. Phase III, now in progress, is the cataloging 
phase, which involves the systematization of a data base comprising some 30, 000 articles. 
The Sourcebook Project also publishes a bimonthly newsletter, SCIENCE FRONTIERS, which 

informs customers about scientific anomalies appearing in the current literature. 

Catalog Addenda and Revisions 

Over 1, 200 new reports of anomalies are collected from current and older scientific jour- 
nals each year. New anomaly types and additional examples of types already cataloged are ~ 
accumulating rapidly. When sufficient new material has been assembled, Catalog volumes 
will be revised and expanded. 

Request for Additions and Corrections 

The Sourcebook Project welcomes reports of new anomalies and examples of recognized 
anomalies not yet registered in extant Catalog volumes. Reports from scientific journals 
are preferred, but everything is grist for the mill! Credit will be given to submitters in 
revised volumes of the Catalog of Anomalies. Send data to the Sourcebook Project, P.O. 
Box 107, Glen Arm, MD 21057. 



AG INTRODUCTION TO THE EARTH 

Key to Categories 

AGB ANOMALIES IN THE EARTH’S ROTATION 
AGL EARTH SATELLITE PHENOMENA 
AGO OBSERVATIONS OF EARTH FROM SPACE 

The earth itself is an astronomical object only for astronauts and extraterrestrial beings. 
Nevertheless, we can make a few useful astronomical observations from the earth's surface 
that bear on the earth's own motion and its halo of gases. Sightings on the fixed stars have, 
for example, revealed the still unexplained Chandler Wobble. Through the precision tracking 
of artificial earth satellites, astronomers have deduced the superrotation of the earth's upper 
atmosphere and the presence of hitherto unappreciated drag forces. There is also observa= 
tional evidence that dust and other space debris have collected at two of the earth-moon La- 
grangian points, creating in effect dust-cloud satellites of the earth. Another curious aspect 

_ of astronomy restricted to the earth's environs focusses on ephemeral natural satellites of 
theearth.’ Does the earth actually have small moonlets in orbit around it? Some data say 
"ves", but there seems to be unusual scientific resistance to the idea. 

In this volume's chapters on the moon and other planets, considerable space is devoted to 
the "geophysics" and ''geology" of each object. In the earth's case, seeing we know so much 
more about our own planet, the Catalog of Anomalies includes four separate volumes on geo- 
physics and four additional volumes on geology are projected. 



AGB ANOMALIES IN THE EARTH’S 
ROTATION 

Key to Phenomena 

AGBO __ Introduction 
AGB1___—sCOVVarriations in Latitude 

AGBO Introduction 

This short section is devoted to astronomical observations that provide us with knowledge 
about the earth's orientation in space and, in consequence, its spin rate, precession, nu- 
tation, wobble, and other dynamical data. With the advent of geodetic satellites and high- 
precision clocks, our scientific understanding of the earth's motion has advanced rapidly. 
Two decades ago, there would have been more anomalies in this category than registered 
below. 

Finding no data to the contrary, it is assumed that the earth's precession and nutation and 
the forces that cause them are well understood. So too with the earth's spin rate---or, 
equivalently, the length of the day. Variations in the length of the day, although they are 
measured only in milliseconds, have been the subject of intense investigation recently. Al- 
though a few minor discrepancies still exist, it seems quite sure that these variations can 
be linked to meteorological variables. No significant scientific anomalies seem to exist 
here any more. (R4, R5, R7) 

The variations of latitude measurements do not seem to be as well understood. That latitude 
measurements based on observations of the fixed stars vary with time has been recognized 
for over a century. One of these variations, the 14-month Chandler Wobble, is still the 
subject of much controversy. No one is positive as to which natural forces sustain this 
wobble and keep it from damping out. Earthquakes are widely blamed, but there remains 
enough doubt to list it here. 

Finally, it was tempting to include as bona fide anomalies historical references to what 
seem to have been gross changes in the length of the day, such as the Biblical accounts of 
Joshua's commanding the sun to stand still and the curious tale of the Dial of Ahaz, on 
which the shadow of the sun behaved erratically. (R1-R3) In a similar vein, some claim 
that ancient gnomon records and the orientations of ancient buildings; viz., the Temple at 
Karnak; suggest a radical change in the orientation of the earth's axis circa 2500 B.C. (R6) 
However, these data are so vague that it was decided to exclude them until they could be 
substantiated in other historical records; say, those of China and Mesoamerica, where 
avid astronomers would certainly have been amazed at the purported motions of the earth. 



7 Latitude Variations AGB1 

Ancient historical records have a place in this Catalog, but here we do not have enough high 
quality accounts of the purported events. 

References 

Rl. Bird, Alfred; 'Joshua Commanding the 
Sun to Stand Still,’ Astronomical Regi- 
ster, 1:186, 1863. 

R2. Garrett, E.L.; "Joshua and the Sun," 
Knowledge, 3:331, 1883. 

R3. Morrison, J.; ''The Sun Dial of Ahaz, "' 
Popular Astronomy, 6:537, 1898. 

R4. Challinor, R.A.; "Variations in the 
Rate of Rotation of the Earth, ''Science, 
172:1022, 1971. 

R5. Gribbin, John, and Plagemann, Stephen; 

AGB1 

"Discontinuous Change in the Earth's 
Spin Rate Following Great Solar Storm 
of August 1972," Nature, 243:26, 1973. 

R6. Bowden, M.; ''The Recent Change in 
the Tilt of the Earth's Axis," Creation 
Science Movement, Pamphlet 236, 1983. 

This item claims to be based on the work 
of the highly regarded Australian astro- 
nomer, George F. Dodwell. 

R7. Carter, W.E., et al; "Variations inthe 
Rotation of the Earth," Science, 224:957, 
1984. 

Variations in Latitude 

Description. Variations in the latitudes of fixed points on the earth's surface as measured 
by observations of the fixed stars. 

Background. The measurements of the Chandler Wobble (X2 below) actually represent 
changes in the angular distance between the point of measurement and instantaneous pole 
of rotation. A non-rigid earth is implied. 

Data Evaluation. The effects noted here are supported by many thousands of latitude :mea- 
surements the world over. Rating: 1. 

Anomaly Evaluation. Geophysicists have not agreed upon any specific cause for the latitude 
variations, although earthquakes are thought by many to sustain the Chandler Wobble. It 
seems very likely that some prosaic geophysical or astronomical phenomenon, such as one 
of those listed below, will ultimately be proven to be the cause of latitude variations. In 
this light, a low anomaly rating seems in order. Rating: 3. 

Possible Explanations. Earthquakes (GQS10); changes in liquid core motion; wind friction; 
solar wind interactions with the earth's magnetic field. 

Similar and Related Phenomena. Earthquakes correlated with the Chandler Wobble (GQS10); 
the well-known precession and nutation of the earth's spin axis. 

Examples 

X1. Latitude variation with the moon's alti- 

tude. ''Recent investigations of this labora- 

tory (Astronomical Laboratory, Harvard) 

have suggested a possible connection between 

the variation in latitude of a given place on 

the earth's surface and the position of the 

moon in the sky at the time observations 

for latitude are made. An analysis of the 

whole series of latitude observations, which 

were made by Ross at Gaithersburg from 

1911 to 1914, has revealed a striking cor- 

relation between the moon's hour angle and 

the value of the latitude obtained. The data 

were restricted to results obtained with the 

photographic zenith telescope, thus elimi- 

nating all personal equation...... The stri- 

king rise in the value of the latitude with in- 
creasing altitude of the moon is shown in 

the altitude-latitude curve, Fig. 2, which 

again was plotted from the running means. 

The maximum latitude occurs at altitude 

30°, or when the observer was 60° from the 
sublunar point. It should be stated that the 
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extreme range of variation of latitude due 
to this lunar effect was 0.''08 for the 1913- 
1914 series and about 0.''09 for the whole 
series 1911-1914. On account of the rela- 
tively greater degree of precision obtained 
in the 1913-1914 series and the larger num- 
ber of observations included, double weight 
was given this series in plotting the final 
graph as exhibited in Fig. 2. The fact that 
the total variation is about twenty times the 
probable error of each point on the curves 
leaves little ground for interpreting the 
curve as a chance phenomenon. The curve 
of observations for the moon below the hori- 
zon is radically different. A marked fall in 
the value of latitude follows the negative alti- 
tude of 30°.'' The author eliminates meteoro- 
logical causes for this phenomenon, stating 
that they were averaged out because several 
thousand observations were used for each 
point. Changes in refraction due to the lunar 
atmospheric tide were considered too small. 
(R1) No further reference to this work has 
been found in the literature examined to date. 
The moon does, of course, affect the earth's 
precession and nutation, but this seems to 
be a different phenomenon. (WRC) 

LATITUDE 

10) 10 20 30 40 50 60 70 80 

ALTITUDE 

Variation of latitude with the altitude of the moon, 
according to H. T. Stetson’s measurements. Each 
circle represents 600 observations. (X1) 

X2. The 14-month variation of latitude or 
Chandler Wobble. Seth Carlo Chandler was 
not an accepted member of the scientific 
community. Because of this and the dogma 
that the earth was a rigid body, no one be- 
lieved Chandler when he claimed that the 
earth's crust moved with’ respect to the 
earth's spin axis in a 14-month cycle. His 

: 

analysis had to be incorrect. But Chandler 
persisted, ignoring the idealization of a 
rigid earth. He did not use a telescope, he 
simply collected latitude measurements, 
which were available in abundance. These 
data showed clearly that the latitude of all 
locations varied with time. The earth was 
plastic, because the angular distances hbe- 
tween points on the earth's surface and the 
planet's spin axis changed as much as 0.2 
arcsecond during a 14-month cycle. Rec- 
koned in terms of distance, this is only a 
21-foot change in the apparent distance to 
the geographical pole. 

The 14-month period of the Chandler 
Wobble is difficult-to-explain because no 
natural potential driving force has a simi- 
lar period. Yet, the wobble seems to have 
persisted for over 200 years, even though 
calculations show that friction should damp 
it out in about 23 years. The only possible 
external force is the solar wind, but it does 
not have the proper period. Looking inward, 
earthquakes have been a popular stimulus 
used to account for the Chandler Wobble. 
Although earthquakes do inject considerable 
energy into the earth's crust, there are 
many drawbacks to this theory. Geophysi- 
cists are now considering internal waves 
and convection phenomena in the earth's 
liquid core. (R2-R11) 

For a much more detailed account of 
the possible connection between earthquakes 

and the Chandler Wobble, see GQS10 in 
another volume of this Catalog, entitled 
Earthquakes, Tides, Unidentified Sounds. 
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AGL EARTH SATELLITE PHENOMENA 

Key to Phenomena 

AGLO Introduction 
AGL1 Slow Changes in Satellite Inclination 
AGL2 Sudden Perturbations of Orbital Elements 
AGL3 Slow, Unexplained Descent of Satellites 
AGL4 _siDirect Visual Observation of Natural Earth Satellites 
AGL5 ~~ Radio Propagation and Natural Earth Satellites 
AGL6~ Correlation of Geophysical Events with Perigee 

Passages of Natural Earth Satellites 

AGLO Introduction 

Earth satellite anomalies fall basically into two classes. The first deals with artificial earth 
satellites, which can be tracked with high precision from the earth's surface. Tracking data 
demonstrate that the orbits of artificial satellites (and, presumably small natural earth satel- 
lites) are forever perturbed by their environment. This is hardly a surprise. Aerodynamic 
drag is well understood, as are the effects of solar radiation pressure and the nudgings of 
gravitational and electromagnetic fields, and soon. There are, though, perturbations of 
artificial earth satellites that have not yet been explained by appealing to known physical 
forces acting in orbit. These perturbations constitute the first group of anomalies. 

The second class of earth satellite anomalies centers on smallnatural satellites of the earth. 
The mere existence of such satellites is questioned by many. In fact, some astronomers 
seem to go out of their ways to debunk those observations suggestive of their existence. One 
is reminded of those savants of 1800 who ridiculed the possibility of stones falling from the 
sky. In addition, very few astronomers dabble in this byway of science. Despite such pro- 
blems, a few interesting observations have accumulated, many of which are the product of 
one man's research. The future of this field is very limited because man-made debris now 
envelopes the earth is a sort of satellite smog that hides the comings and goings of natural 
earth satellites. 
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AGL1 Slow Changes in Satellite Inclination 

Description. The slow change in the plane of inclination of artificial satellites relative to 
the plane of the equator. The total change of inclination for a low-altitude satellite (100- 
200 mile altitude) is about 0. 1° during its lifetime. 

Data Evaluation. An immense amount of satellite tracking data confirm this effect for all 
low-altitude satellites. Rating: 1. 

Anomaly Evaluation. High-altitude winds or atmospheric superrotation are usually presumed 
to be the cause of this phenomenon, but no acceptable driving force has been found for super- 
rotation. If superrotation does not in fact exist (as some experiments show), there is no 
ready explanation for the inclination changes. Rating: 3. 

Possible Explanations. Drag by high-altitude winds blowing west-to-east at about 100 meters/ 
second nudge the orbital planes of satellites. These presumed winds suggest that the whole 
atmosphere is moving faster than the earth's surface or "superrotating". Some satellite 

experiments show no indications of winds of such magnitude. 

Similar and Related Phenomena. The superrotation of the Venusian atmosphere (AVW1) 

Examples 

X1. Analysis of the orbits of nine early satel- 
lites. ''Because the atmosphere rotates, a 
close Earth satellite is subjected to small 
lateral aerodynamic forces which have the 
effect of slightly changing the inclination of 
the orbit to the equator. For an eastbound 
satellite the inclination decreases, some- 
times by as much as 0.19, and the amount 
of the decrease is a measure of the angular 
velocity of the atmosphere at heights near 
that of the satellite's perigee. Such a de- 
crease was first noted in 1958 with Sputnik 2, 
and it was pointed out that the decrease was 
rather greater than would be caused by an 
atmosphere rotating at the same rate as the 
Earth.'' Using Sputnik-2 data and similar 
measurements of eight other satellites, it 

was inferred that at heights of 200-300 kilo- 
meters, the atmosphere rotates west to east 
with a mean wind speed of 100 meters per 
second at midlatitudes. (R1) 

X2. Analysis of satellite 1968-59A. The so- 
called superrotation of the earth's atmosphere 
was found to extend down to heights of 150- 
170 kilometers. (R2) Note that the basic 
anomaly is the change of satellite inclination, 
and that atmospheric superrotation is infer- 
red. (WRC) 

X3. General observations. "Observations of 
small changes in the orbital inclinations of 
artificial satellites have shown that the 
Earth's upper atmosphere (at altitudes of 
150-400 km) is rotating about 20-30% faster 
than the Earth itself. This phenomenon has 
become known as super-rotation. Even 
though it was discovered by King-Hele inthe 

early 1960s, the cause of this 100 m s71 west 
to east wind is still a subject of considerable 
debate. The change of inclination because of 
super-rotation is only about 0. 1° during the 
satellite lifetime, and so spatial variations 
and short term effects are very difficult to 
detect. No clear evidence has been found of 
year to year variations, such as might be 
caused by the 1l-yr-periodicity in solar ac- 
tivity, but over daily periods the wind seems 
to maximise between 2100 and 2400 local 
time. '' After this preamble, various causes 
of superrotation were considered and found 
wanting. Included were: (1) Horizontal pres- 
sure gradients set up in the atmosphere by 
the thermospheric heating from solar radi- 
ation and energetic particle bombardment; 
(2) Ionospheric or magnetospheric motions 
that are coupled to the neutral atmosphere; 
(3) The moving flame effect created by the 
rotation of the earth with respect to solar 
heat input; (4) The momentum imparted by 
atmospheric waves; and (5) The Scott Effect 
in which a magnetic field applies a torque 
to a low-pressure gas. (R3) 

Despite the general acceptance of super- 
rotation as the cause of satellite inclination 
changes, the direct measurement of high 
altitude winds by an experiment on the Dy- 
namics Explorer 2 indicate average velo- 
cities of only 18 meters per second west-to- 
east along the equator and a westward wind 
of the same magnitude at midlatitudes. (R4) 
This lack of direct evidence of superrotation 

may mean that some other phenomenon is 
changing the inclinations of earth satellites. 

(WRC) | 
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AGL2 Sudden Perturbations of Orbital Elements 

Description. Sudden changes in the inclination, perigee, line of nodes and other orbital para- 
meters of artificial satellites. The changes may be temporary or permanent. 

Data Evaluation. While the published elements of some artificial satellites do indeed show 
sudden perturbations, such changes could be the consequence of faulty tracking, incorrect 
data processing procedures, the use of erroneous physical constants, and a-variety of other 
human and equipment artifacts. (R3) For example, some so~«called "perturbations" are sus- 
picious because the elements return to their original values---something unlikely if there 
have been real orbital changes. Rating: 3. 

Anomaly Evaluation. Sudden orbital perturbations could easily be attributed to collisions or 
near-collisions with orbital debris or even satellite propulsion system malfunctions. 
phenomenon, therefore, is not highly anomalous. 

This 
Rating: 3. 

Possible Explanations. Collisions and near-collisions with natural and artificial orbital de- 
bris, involving actual contact, gravitational forces, electrostatic forces, and/or electro- 
magnetic forces. Equipment malfunction could cause orbital perturbations if propellant from 
maneuvering engines or the attitude control system were vented. 

Similar and Related Phenomena. The suddenly perturbed paths of comets and natural meteors 
in the upper atmosphere (ACO and AYO). 

Examples 

X1. Survey of published orbital elements. 
"From an analysis of the considerable amount 
of published data on the orbits of artificial 
satellites, I have recently found that many 

sudden anomalies have been occurring in the 
orbital elements of a large number of the 
artificial bodies. These changes are often 
quite drastic and of a semipermanent nature. 

To my knowledge, they have not been pre- 
viously noted or discussed. Inclinations have 
changed by up to tenths of a degree, apogees 
and perigees have fallen and increased from 
tens to hundreds of kilometers, and the lines 

of nodes and apsides have changed their ori- 
entations by-up to + 50% of the normal rate. 
These anomalies are most easily seen by 
plotting the published tabular data. A typical 
example is shown in Fig. 1 for the orbit of 
Telstar 1. The curious thing about such sud- 

den anomalies is that so far as is known 
over 90% have taken place at epochs when 
one or more of the orbits of the proposed 
natural satellite subgroups was intersecting 
the orbits of the artificial bodies affected. 
Under these conditions, one or more close 
passages of natural and artificial bodies 
could take place. This would be possible 
if the natural and artificial satellites intheir 
own orbits were to reach the common inter- 
section point at the same time." The author 
theorizes that these perturbations of artificial 
satellites were caused by a group of natural 
moonlets which broke off a larger parent 

. body on December 18, 1955; because, when 
projected back in time, the moonlet orbits 
converge to a common point. (Rl, R2) See 
AGL4 for possible direct observations of 
the proposed moonlets. (WRC) 
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Behavior of some Telstar satellite orbital param- 
eters in early 1963. (X17) EPOCH— DAYS SINCE JANUARY |, 1963 

AGL3 Slow, Unexplained Descent of Satellites 

Description. The slow, sometimes erratic descent of artificial earth satellites at rates 
much faster than can be accounted for by aerodynamic drag and other known forces. 

Data Evaluation. The literature reviewed to date deals only with the Lageos satellite, but 
the data are of high quality, coming from laser tracking stations over a period of several 
years. Rating: 1. 

Anomaly Evaluation. The anomaly probably owes its existence to the interaction of satellites 
with the surrounding medium which, despite the high altitudes involved, is still present, be- 
ing derived from gases escaping from the earth and the action of solar radiation and wind. 
There are doubtless several unappreciated aerodynamic and plasmadynamic effects at work. 
Rating: 3. 

Possible Explanations. A so-called "plasma drag" caused by the interaction of an electrically 
charged satellite with the thin surrounding plasma. Other possibilities are: the presence of 
unexpected quantities of gases, such as helium, escaping from the top of the earth's upper 
atmosphere; and radiation pressure from the earth's albedo. 

Similar and Related Phenomena. Lower altitude satellites always encounter appreciable aero- 
dynamic drag, which ultimately leads to their reentry to the earth's atmosphere. The moon, 
however, slowly recedes from earth due to the tidal dissipation of energy. 

Examples 

X1. The Lageos case.  Lageos: (an acro- 
Scientists were understandably perturbed 
when shortly after launch, tracking stations 

nym for Laser Geodynamic Satellite) was 
orbited in May 1976. It is a 2-foot alumi- 
num sphere spangled with 426 mirrors that 
reflect laser beams aimed at it from trac- 
king stations around the world. The core 
of Lageos is a 386-pound cylinder of brass. 
Lageos's orbit is known with great accuracy 
for it is intended to be an orbital benchmark. 

reported that Lageos was losing altitude at 
the rate of 1/25 of an inch per day---roughly 
ten times the rate attributable to aerodyna- 
mic drag and other known forces at its alti- 
tude of about 3700 miles. The Lageos pro- 
blem is made more perplexing by its chan- 
ging rate of fall. From late 1978 through 
late 1979, its rate of descent was 60% grea- 
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ter than the 1982 value of 1/25 inch per day. References 
In 1983, however, Lageos seemed to stop 

falling and had possibly started to regain R1. Maran, Stephen P.; ''Fall from Space," 
altitude. (R1, R2) Natural History, 91:74, December 1982. 

nse, (X1) 
R2. Smith, David E.; "Acceleration on 

Lageos Spacecraft, '' Nature, 304:15, 
1983. (X1) 

AGL4 Direct Visual Observation of 

Natural Earth Satellites 

Description. Visual and photographic observation of small, moving points of light or nebu- 
lous luminous clouds, which can be shown to be in earth orbit from tracking data. 

Background. Several types of objects may mimic natural earth satellites. Some meteors, 
for example, may be observed over tracks thousands of miles long, as in the case of the 
famous 1913 meteor procession (AYO). Today, with many thousands of artificial satellites 
and pieces of man-made debris in orbit, observations of natural earth satellites are diffi- 
cult to separate from artificial objects, although NASA and other agencies do try to keep 
track of most objects in orbit. 

Data Evaluation. The visual and photographic evidence for accumulations of dust and debris 
at two of the earth-moon Lagrangian points (L/4 and L/5) seems quite convincing. It has 
been possible to repeat observations of the same clouds and ascertain that they move at the 
same velocity as the moon itself. The existence of ephemeral earth satellites of a more 
palpable nature is suggested by dozens of recent observations. However, it has been diffi- 
cult to convince many astronomers that these fleeting glimpses represent true earth satel- 
lites. No purported natural satellite has been observed repeatedly by a large group of ob- 
servers. Rating: 2. 

Anomaly Evaluation. Most astronomers will acknowledge that the solar system teems with 
miscellaneous debris from dust to 1000-mile chunks. It seems inevitable that some ofthese 
bits and pieces would be captured by earth in temporary orbits. Nevertheless, the reactions 
to observations supporting such a situation are often treated with much disdain. Although 
physically reasonable; small, natural earth satellites seem anomalous to some. Rating: 3. 

Possible Explanations. The temporary capture by earth of space debris, with occasional 
gravitational assists by the moon. 

Similar and Related Phenomena. The sudden perturbation of the orbits of artificial earth 
satellites (AGL2); radio and radar anomalies associated with natural earth satellites (AGLS); 
long-distance meteor processions (AYO); observations of the (supposed) intramercurial 
planet and other enigmatic objects (AEO). 

Examples to the earth. Its orbit is about 5,000 miles 
X1. Typical older claim of observations of from the surface, and, therefore, 9, 000 
other natural earth satellites: ''M. Petit, miles from the centre, or: about 25 times 
Director of the Observatory of Toulouse, nearer than the moon. It makes a complete 
made observations and calculations which revolution in three hours and 20 minutes, 
induced him to conclude that there is at and, therefore, revolves around the earth 

least one meteoric stone of considerable about seven times per day." (R1, R2) Note 
magnitude which is attached as a satellite that there are a great many other observa- 
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tions of objects which were thought at the 
time to be earth satellites. Usually, these 
were one-time sightings, and no satellite 

orbit could be obtained. Such observations 
-are filed in Category AEO, in another vol- 
ume of this Catalog, along with other "enig- 
matic objects". (WRC) 

X2. Cloud satellites in lunar orbit. For 
two centuries, astronomers have realized 
that there are several points in space where 
the gravitational fields of the earth and moon 
combine in such a way that small particles 
can collect at these points and remain in 
fairly stable orbits around the earth. These 
points are called Lagrangian points. Some 
have supposed that dust and rubble might 
collect at these points and be visible from 
earth, even though perturbations from the 
sun's gravitational field might eventually 
smear out such concentrations into bands. 

The Polish astronomer K. Kordylewski 
was apparently the first to actually observe 
these so-called cloud satellites. "Beginning 
in October, 1956, on a number of occasions 
Dr. Kordylewski saw with the naked eye 
slight brightenings in the sky near the L4 
and Ls points. These difficult sightings 
were made in the very dark, pure sky of 
high mountain stations in Czechoslovakia, 
on Mts. Lomnica and Kasprowy Wierch, 

and at Skalnate Pleso. ‘The luminous pat- 
ches appeared to be at least two degrees in 
diameter, and were a magnitude or two fain- 
ter than the central part of the gegenschein. 
In a few cases, the Polish astronomer could 
observe such a patch on consecutive nights, 
confirming that it was moving at the same 
rate as the moon.'' Kordylewski also photo- 
graphed these faintly luminous patches. 

(R3-R5) 

Kordylewski's discovery was confirmed 
in great detail photographically from air- 
craft by J. W. Simpson and his colleagues” 
at Lockheed. However, as Simpson testi- 

fied, many uncertainties remained: ''At. 
present we have a considerable number of 
confirmed multiple observations of both 
L/4 and L/5. We have found that they do 
not fall precisely at the lunar sextile libra- 
tion points but are displaced from these 
points by varying distances and directions. 
We do know that they can not be seen at the 
time of the new moon or when in conjunction 
with the earth and moon. This reaffirms 
the previously stated opposition or phase- 
angle criterion. It is quite possible that 
the orbit of the libration points around the 
earth is not identical with that of the moon, 
and orbit analysis is now underway... The 
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size of the particles and the dynamics of 
the individual areas are presently unknown. 
These properties are of interest because 
they will determine what mechanisms could 
inject particles into the cloud and how stable 
they are. The answers to these questions 
will in turn determine to what extent the 
libration areas are reservoirs of interesting 
cosmic rubble... At present, however, de- 
spite educated guessing, the true nature of 
the clouds remains to be determined." (R7, 
R8) 

Despite the publicity given these data 
and the apparent general acceptance of the 
reality of the cloud satellites, some astro- 
nomers were unconvinced. The supposed 
observations of cloud satellites might in 
reality be sightings of clouds of particles 
not in lunar orbit at all. ''The observational 
problem is that of detecting a cloud of dust 
particles at a libration point against a back- 
ground brightness arising from a large and 
bright zodiacal 'cloud' of particles distri- 
buted throughout the solar system. This 
cloud causes the zodiacal light, probably 
also the gegenschein, and in fact produces 
diffuse brightness over the entire sky. There 
is no reason to expect that this zodiacal 

cloud will be completely homogeneous; bright 
patches of the size that have been observed 
might be seen as a result of several causes. 
Although much more work must be done on 
this subject, we suggest as one possibility 
that, when seen ‘end on, ' the orbits of many 
old comets may still contain enough diffuse 
matter to produce enhanced sky brightness. 
Also interaction of the interplanetary gas 
and dust grains with the filamentary solar 
wind might produce observable effects. '' (R9) 
To which the Lockheed group responded: 
"Apparently the Texas-group investigation 
covers areas of 'patchy brightness' over the 
‘entire sky.' Our own investigation is con- 
cerned only with those areas of 'patchy bright- 
ness' in or near the plane of the lunar orbit, 
at or near the libration points, moving ata 

rate approximating that of the moon. In the 
cases of Kordylewski, his ten scientist as- 
sociates, the writers and NASA personnel, 
the clouds have been observed with their ex- 
pected departure from their predicted posi- 
tion. In numerous cases we have observed 
their movement from night to night at adaily 
rate closely approximating the daily motion 
of the moon when it occupied that portion of 
its orbit during the same revolution. Air- 
glow patches and loosely distributed material 
along the lunar path would hardly be expected 
to have this daily motion, which have all ob- 
served for the libration clouds." (R9) 
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A recent telescopic search for "objects" 
as opposed to "dust" in the vicinities of the 
Lagrangian points yielded negative results. 

(R15) 

In sum, nebulous luminous patches seem 
to have been observed visually and photo- 
graphically near the Lagrangian points L/4 
and L/5, although they are sometimes dis- 
placed from the theoretically ordained points, 
they move as if they were in lunar orbit. The 
data are confused, however, by the frequent 
appearance of similar luminous patches of 
various pedigrees. (WRC) 

MOON 

The L4 and L5 Lagrangian points form equilateral 
triangles with earth and moon. Kordylewski’s 
clouds were observed near L5. (X2) 

X3. The Glenn Effect. A field of luminous 
particles observed by John Glenn in 1962 
while in orbit was publically attributed to 
material from the space capsule itself. How- 
ever Glenn's testimony is so at variance with 
this interpretation that this event must be ad- 
ded here as possible evidence of an orbiting 
dust cloud. "The strangest sight of all came 
with the very first ray of sunrise as I was 
crossing the Pacific toward the U.S. I was 
checking the instrument panel and when I looked 
back out the window I thought for a minute 
that I must have tumbled upside-down and 
was looking up at a new field of stars. I 
checked my instruments to make sure Iwas 
right-side-up. Then I looked again. There, 
spread as far as I could see, were literally | 
thousands of tiny luminous objects that glowed 
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in the black sky like fireflies. I was riding 
slowly through them, and the sensation was 
like walking backwards through a pasture 
where someone had waved a wand and made 
all the fireflies stop right where they were 
and glow steadily. They were greenish yel- 
low in color, and they appeared to be about 
six to 10 feet apart. I seemed to be passing 
through them at a speed of from three to 
five miles an hour. They were all around 
me, and those nearest the capsule would oc- 

casionally move across the window as if I 
had slightly interrupted their flow. On the 
next pass I turned the capsule around so that 
I was looking right into the flow, and though 
I could see far fewer of them in the light of 
the rising sun, they were still there. Wat- 
ching them come toward me, I felt certain 
that they were not caused by anything ema- 
nating from the capsule. I thought perhaps 
I'd stumbled into the lost batch of needles 
the Air Force had tried to set up in orbit 
for communications purposes. But I could 
think of no reason why needles should glow 
like fireflies, nor did they look like needles. 
As far as I know, the true identity of these 

particles is still a mystery.'' (R6, R16) 
If the "fireflies" truly came from Glenn's 
‘capsule, why did he think he was flying 

through an immense field of them spread 
out ahead of the capsule? And why are there 
not many similar observations from other 
manned space flights ? (WRC) 

X4. Modern visual sightings of possible 
ephemeral earth satellites. Transitory 
moving luminous objects resembling earth 
satellites are occasionally picked up by 
astronomers and other sky observers. As 
mentioned above most of these are seen so 
briefly that true satellite status cannot be 
confirmed and orbits computed; they thus 
end in in Category AEO, enigmatic objects. 
John P. Bagby, however, has tried to cor- 
relate some of these observations and trans- 
late them into evidence for temporary natu- 

ral earth satellites. Data from three of his 
papers are summarized below. 

In preparation for the launching of the 
first American satellites in the mid-1950s, 
the Smithsonian Institution established Pro- 
ject Moonwatch. Groups of amateur astro- 
-nomers formed teams and set up special 
‘telescopes all across the country to help 
compute the orbits of the first artificial 
satellites. Scanning the sky frequently, the 
Moonwatch teams inevitably saw unidentified 
moving points of light. For example, in 1960 
six Moonwatch teams from New York to Cali- 
fornia tracked a mysterious object across 
the continent. From the telescopic fixes it 
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seems to have been a small natural satellite 
in retrograde orbit. Bagby has collected 
additional evidence for a family of such retro- 

_ grade satellites orbiting beyond the moon. 
He also suspects that these objects may have 
produced the many observations of Vulcan, 
the lost intramercurial planet, recorded in 
the nineteenth century. (R14) 

Next, quoting Bagby's 1966 paper in Nature: 
"During the mid-fifties, I analyzed evidence 
of two swarms of such objects in retrograde 
orbits. However, it has never been conclu- 
sively proved that such an ephemeral satellite, 
with a perigee in the upper atmosphere, has 
been observed while in orbit and before its 
final revolution. I now suggest that the Earth 
has had such a satellite and that it was obser- 
ved at least eight times during the period 
1956-65. Fortunately, these eight known ob- 
servations were recorded with sufficient ac- 
curacy to permit the determination of an or- 
bit. These observations are listed in Table I. 
The first three observations were accidentally 
made by Metcalfe and forwarded to me as pos- 
sible evidence of an inner planet. The brilli- 
ance of the objects to the naked eye caused 
most persons contacted to doubt that they were . 
astronomical despite the fact that this was 
confirmed with optical aids. However, when 

Table 1 

Long. Lat. Date Time 
87.7 W. 39.6 N. Nov. 17 01:20 

1956 01:33 
87.7 W. 39.6 N. May 24 01:20 

1991 “Oisa t 
87.7 W. 39.6 N. Nov. 10 23:30 

1957, 23:58 
118.5 W. 34.0 N. Dec. 9 03:32 

1964 03:35:40 
118.5 W. 34.0 N. Dec. 29 02:20:39 

1964 02:22:24 
118.5 W. 34.0 N. Jan. 10 02:16:48 

1965 02:16:56 
118.5 W. 34.0 N. Oct. 25 02:08 

1965 
tp 

118.5 W. 34.0 N. Dec. 14 02:57:09 
1965 03:00:10 

Kayser and I made the fourth observation (al- 
so with optical aid) I computed an approximate 
orbit, assuming all four observations to be of 
an Earth satellite. Continued surveillance 
over the next 60 days during every possible 
evening twilight period resulted in the fifth 
and sixth observations being made. The fifth 
observation.was made with optical aid, but 
the sixth was by naked eye only. These fur- 
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ther observations made it possible to improve 
the determination of the orbits, and osculating 

orbits were distributed to about twenty in- 
dividuals and astronomical agencies. During 
most of 1965, no one else reported to me~ 
that they had seen the object. Then Hart- 
mann and I made the seventh observation, 
and this further extended the orbit descrip- 
tion. It also led to another period of evening 
twilight surveillance, which resulted in an 
eighth observation being made and further 
orbital refinement." Bagby believes the ob- 
ject may have reentered in January 1966. 
(R13) 

Bagby's third set of visual observations 
of possible ephemeral satellites is pre- 
sented in the accompanying table. Bagby 
believes that these are direct observations 
of the the parent satellite and its fragments 
discussed in AGL2-X1, where unaccounted 

for perturbations of artificial satellites are 
offered as evidence. (R10) Meeus, in his 
critique of Bagby's work, claims that the 
observations Bagby employed are insuffici- 
ent for orbital computations. He ventures 
further that objects in the orbits Bagby 
claims would be bright enough near perigee 
to attract wide attention---which they didn't. 

(R12) 

Azi- Eleva- Magni- 
muth tion tude Observer 

248 20 E. Metcalfe 

242 0 E. Metcalfe 
291 20 E. Metcalfe 
291 0 E. Metcalfe 

287 40 E. Metcalfe 

287 0 E. Metcalfe 

233 ute) B. Kayser 
260 5 Fac o J. P. Bagby 

250 12.5 2 J. P. Bagby 
280 5 2 J. P. Bagby 

21S) a GAS 3 J. P. Bagby 

280 5 3 J. P. Bagby 
pn it | 23 2 R. M. Hart- 

mann 
281 4.5 2 J. P. Bagby 
303.5 30 3.5 J. P. Bagby 

296 13 3.5 J. P. Bagby 
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Rl. Proctor, Richard A.; 'Intralunar Satel- 
lite, '' English Mechanic, 20:94, 1874. 

(X1) 
R2. King, S.R.; ''Has the Earth More Than 

One Satellite?" English Mechanic, 61: 
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R3. ''Earth's Natural Satellites, '' Science 
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Table 1. Direct Observations of Proposed Natural Satellites? 

Observation: I II III IV Vv VI 

Year 1947 1952 1956 1956 1957 1957 

Date, UT Sep 23 1 Jan 21 Jan 31 Jan 31 May 4 May 4 
Universal Time (hr) 06.0 1.0 15.78 11.63 11. 73 03. 83 03. 83 
Latitude, N (degrees) 47.58 33. 96 42.33 42.33 42.03 42.03 
Longitude, W (degrees) 122.33 118.35 83.12 83.12 87.75 87.75 
Right ascension (degrees) 304.5 302. 76 180.51 180. 56 194.3 T9775 

Declination (degrees) -24.7 -20. 04 -5.55 $5257 17.5 14.3 
Position angle (degrees) No record 57.8 5 45 8 45 8: Ambiguous Ambiguous 
Rate of motion (deg/min) Ey Vos 6 9 aan | 1. Bip els a Li Grn O08 1: en 0.9. 00 21. 
No. of objects a 1 6 4 4 4 
Aperture of instrument (cm) 8.9 10 ye 15. 2 8.5 8.4 
Observer J. M. TVA D. D. uP, J: P? 

Hammond Cragg Craig Craig Bagby Bagby 

a The position angle (of travel) is the stellar direction in which the objects appeared to be moving, where 
stellar "north" would be 0 degrees and stellar ''east'' would be 90 degrees, etc. 

News Letter, 80:82, 1961. (X2) rus, 10:1, 1969. (X4) 

R4. "New Natural Satellites of the Earth," R11. Bagby, John P.; Terrestrial Satellites: 
Sky and Telescope, 22:10, 1961. (X2) Further Evidence and Possible Terrestrial 

R5. 'More about the Earth's Cloud Satel- Effects, '' Privately published report, 1978. 
lites, '' Sky and Telescope, 22:63, 1961. R12. Meeus, Jean; 'Bagby's Phantom Moon- 
(X2) lets, Icarus, 19:547, 1973. (X4) 

R6. Ley, Willy; 'What Was the Glenn Ef- R13. Bagby, John P.; “Evidence of an Ephem- 
fect ?"' Science Digest, 52:5, July 1962. eral Earth Satellite, '' Nature, 211:285, 
(X3) 1966. (X4) 

R7. ''Rubble' Orbits Earth, "' Science News R14. Bagby, J.P.; 'Natural Earth Satellites, '' 
Letter, 90:232, 1966. (X2) British Interplanetary Society, Journal, 

R8. Simpson, J. Wesley; ''Dust-Cloud 34:289, 1981. (X4) 
Moons of the Earth, '' Physics Today, R15. Valdes, Francisco, and Freitas, Ro- 
20:39, February 1967. (X2) bert A., Jr.; "A Search for Objects near . 

R9. Roosen, R.G., et al; Doubt about Li- the Earth-Moon Lagrangian Points, '' Ica- 
bration Clouds, '' Physics Today, '' 20:9, rus, 53:453, 1983. (X2) 
May 1967. (X2) R16. Glenn, John; "If You're Shook Up, You 

R10. Bagby, John P.; ''Terrestrial Satellites: Shouldn't Be There, "' Life, 52:29, 
Some Direct and Indirect Evidence, "' Ica- March 9, 1962. (X3) 

AGL5 _ Radio Propagation and Natural Earth Satellites 

Description. Periodic enhancements of radio signal strengths that can be correlated with the 
regular perigee appearances of hypothesized natural earth satellites. 

Data Evaluation. A single series of regular enhancements of signal strength has been repor- 
ted. (More cases may exist in the unexplored literature of radio propagation.) Rating: 3. 

Anomaly Evaluation. Radio propagation anomalies of various sorts are rather common; and 
temporary natural earth satellites are not unreasonable, given the large population of debris 
in the solar system. Finally, meteor trails in the upper atmosphere are known to reflect 
radio waves. This phenomenon is in itself more of a curiosity than an anomaly, but if veri- 
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fied does support the existence of natural earth satellites. 

Geophysical Events and Satellites AGL6 

Rating: 3. 

Possible Explanations. Ion mirrors created by the perigee passages of natural earth satellites 
through the upper atmosphere periodically enhance the propagation of some radio signals. 
Periodic variations in the height or density of the ionosphere might also explain the effect. 

Similar and Related Phenomena. Radio whistlers caused by the reflection of radio waves 
from the ionized trails of meteors. 

Examples 

X1. Occasional occurrence. John P. Bagby, 
a hunter of natural earth satellites, has found 
several cases where anomalous enhancements 
of radio signals seem to have been caused by 
ion mirrors created by small satellites atthe 
perigees of their orbits. For example, the 
high frequency timing signals broadcast by 
station CHU, in Ottawa, at 7.33 megahertz, 

were regularly enhanced at his receiver in 
Pacific Palisades, California in the early 
1960s. Bagby thinks that the patterns of in- 

creased signal amplitudes can be best ex- 
plained by assuming that a natural satellite 
created ion mirrors when it periodically 
dipped into the fringes of the upper atmo- 
sphere between Ottawa and Pacific Palisades. 
(R1) 

References 

Rl. Bagby, John P.; "Radio Anomalies As- 
sociated with an Ephemeral Satellite Still 
in Orbit, '' Nature, 215:1051, 1967. (X1) 

AGL6 Correlation of Geophysical Events with Perigee 
Passages of Natural Earth Satellites 

Description. The synchronicity of geophysical events, such as earthquakes, volcanic erup- 
tions, and variations in the Chandler Wobble, with close approches of natural earth satellites. 

Data Evaluation. Although the dates of major geophysical events are well known, the data 
supporting the existence and orbital parameters of natural earth satellites is weak and not 
widely verified. Rating: 3. 

Anomaly Evaluation. The ability of a dimensionally small natural earth satellite to trigger 
major geophysical events would be remarkable, for gravitational and other effects would ap- 
pear to be negligible. Indeed, to overcome these kinds of objections, the analyst reporting 
this correlation had to invoke a mini-black hole in orbit to establish a cause-and-effect link. 
Rating: 2. 

Possible Explanations. Orbiting mini-black holes gravitationally or electrostatically trigger 
earthquakes and other geophysical events. 

Similar and Related Phenomena. Lunar tidal triggering of earthquakes and the terrestrial 
tidal triggering of moonquakes. 

Examples 

X1. Statistical analysis. Abstract. ''At the 
1972 and 1974 annual meetings, I presented 
evidence of correlations between the orbit 

elements of certain natural earth satellites 
and the Chandler Wobble's variation, and 
also with the times of triggering of earth- 

quakes and volcano eruptions. The latter 
two correlations were of a ‘last straw' type 
of influence on stresses already near the 
point of strain release. When the satellites 
are considered to consist of meteoric mat- 
erial, their angular size in transit across 
the sun or moon and their magnitude in the 
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dark sky both suggest dimensions around 
300 m. Although massive, this dimension 
has caused some to doubt that the satellites 
are large enough to cause the observed cor= 
relations. Additionally, the amount of elec- 
tric charge implied by correlations given in 
Nature and Icarus, regarding ionospheric 
and other effects, has been criticized. All 
of these objections can easily be satisfied 
by considering some or all of the satellites 
to be mini-black holes, surrounded by ephem- 
eral clouds of particles picked up during 
each perigee passage through the ionosphere. 
The apparent size is thus due to the cloud of 
particles and the radar cross section would 
vanish. This might explain the large number 
of visual and photographic observations rela- 
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tive to the few radar ones, as only two ob- 
jects are carried regularly by the NASA 
Goddard ‘Satellite Situation Report'. Re- 
cent confirmation of my orbit computational 
method and observational evidence has been 
obtained through one of the tracking agency's 
good offices. These and other reasons sup- 
porting the mini-black hole hypothesis are 
explored." (R1) 

References 

Rl. Bagby, J.P.; "An Explanation for Cer- 
tain Dochotomies Associated with the Ob- 

servational Evidence for, and Terrestrial 
Effects of, Recently Discovered Natural 
Earth Satellites, '' Eos, 58:374, 1977. (X1) 
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AGO OBSERVATIONS OF EARTH 
FROM SPACE 

Key to Phenomena 

AGOO __ Introduction | 
AGO1 __—s— Periodic Changes in Earth’s Brightness 

AGOO Introduction 

Observing earth from a great distance, as if it were one of the other solar system planets, 
is a relatively unexplored branch of astronomy. We assume that by living on the earth's 
surface and sending up satellites with cameras we see all there is to see. But we have seen 
in the cases of Mercury and Venus that what one sees through a distant telescope is often 
a bit different from what we see close up. Does the earth, for example, display a phase 
anomaly like Venus, or cusp blunting, or linear markings that do not seem to be correlated 
with ''ground truth" surveys? Research in this area is almost nonexistent, with just one 
potential anomaly to contribute to the Catalog. 

AGO1 Periodic Changes in Earth’s Brightness 

Description. A 6-day variation in the brightness of the earth as measured by spacecraft in- 
struments. 

Data Evaluation. An experiment on the Mariner 2 spacecraft bound for Venus. Rating: 3. 

Anomaly Evaluation. A daily variation in the earth's brightness, when seen from afar, is 
easily attributable to the rotating cloud cover; but there is no obvious explanation for a 6- 
day period in albedo. Rating: 3. 

Possible Explanations. An unappreciated cyclic change in cloud cover, associated perhaps 
with the natural generation of storm systems at certain times of the year. 



AGO1_—_ Earth’s Brightness Changes 

Similar and Related Phenomena. None. 

Examples 

X1. Mariner 2 data, 1962. "Mariner 2 kept 
an electronic eye on the earth as it flewpast 
Venus back in 1962. In order to keep its 
orientation in space, the satellite eye repor- 
ted via radio the brightness of the earth's 
image at increasing distances. Meaningful 
signals came back to earth for 52 days inthe 
middle of the flight. Analysis of this data 
revealed two cycles in the earth's brightness. 
One cycle is daily, the other requires five 
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or six days. In the analysis which was pub- 
lished in the Journal of Geophysical Research, 
Robert L. Wildey of the Mount Wilson and 
Palomar Observatories in California says 
there is no obvious explanation for that six- 
day cycle." (R1) 

References 

R1. "Our Blue Planet's Light Rhythm," 
Cycles, 24:143, 1972. (X1) 
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AH INTRODUCTION TO MERCURY 

Key to Categories 

AHB MERCURY’S ORBITAL AND SPIN ANOMALIES 
AHE GEOLOGY AND FIGURE OF MERCURY 
AHF INTRINSIC RADIATION SOURCES 
AHO ANOMALOUS TELESCOPIC OBSERVATIONS 
AHX ANOMALIES OBSERVED DURING TRANSITS 
AHZ MERCURY’S ANOMALOUS MAGNETIC FIELD 

Mercury is an unusual planet in many ways. Its small size and heavily cratered surface 
give it a distinctly moon-like appearance. Yet, its high density (5.44) is radically differ- 
ent from that of our moon (3.34), rather it is more like that of earth (5.53). Mercury's 
orbit is scarcely better behaved. Only Pluto's orbit is more eccentric and more highly in- 
clined. These facts suggest to some that Mercury may not have been formed in the orbit 
it now occupies. The curious 2:3 resonance between Mercury's yearly revolution around 
the sun and its axial spin only strengthens the suspicion concerning the planet's pedigree. 
One of the greatest surprises about Mercury has been its apparently intrinsic magnetic field. 
It is the only inner planet besides the earth to have a self-generated magnetic field. Given 
Mercury's small size and low density, most astronomers dismissed the possibility of 
a magnetic field before the 1974 Mariner 10 flyby. 

With Mariner 10's close-up photographs and experimental data, few scientists attend to the 
many telescopic anomalies of Mercury, which keep on accumulating. Over the years, Mer- 
cury has displayed---to some observers at least---blunted cusps, irregular terminators, 
spots, systems of lineaments, and a ring of light around its dark limb. And during transits, 
bright spots and halos appear. These observations often have highly subjective content, be- 
cause some astronomers see phenomena that others cannot. No wonder modern planeto- 
logists prefer to work with the sharp pictures and hard numbers from the Mariner 10 flight. 
Through the telescope, one requires an experimental psychologist to help unravel what is 
real and what is illusory. 
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AHB MERCURY’S ORBITAL AND SPIN 
ANOMALIES 

Key to Phenomena 

AHBO Introduction 
AHB1 ‘The Residual Advance of Mercury’s Perihelion 
AHB2 = Mercury’s High Eccentricity and Inclination 
AHB3 Short Transit Times across the Sun 
AHB4 # £Mercury’s Spin Resonance 

AHBO Introduction 

Mercury is a wayward planet. Its orbit is uncomfortably eccentric; its spin is locked ina 
curious way to its yearly voyage around the sun; and its perihelion advances at a rate that is 
at variance with Newtonian celestial mechanics and, possibly, relativistic celestial mechan- 
ics, too. Most critical to science is Mercury's potential for undercutting the General Theory 
of Relativity, in contrast to its present fame as one of the "convincing proofs" of Einstein's 
famous theory. Beyond this, Mercury's orbital anomalies may indicate past solar system 
upheavals involving our moon and perhaps Venus. 

AHB1_ The Residual Advance of Mercury’s Perihelion 

Description. The difference between the observed advance of Mercury's perihelion and the 
value predicted by prevailing theory; i.e., the General Theory of Relativity. 

Background. That a discrepancy exists between observations of Mercury's perihelion advance 
and that predicted by Newtonian celestial mechanics has been recognized for over 150 years. 
The widely published value of 43.0 arcseconds per century for the discrepancy or residual is 
believed by most scientists to be fully and triumphally accounted for by Einstein's Theory of 
General Relativity. Recent measurements of solar oblateness (departure from a uniform 
sphere) substantially alter the value of the residual of 43.0 arcseconds per century, which 
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was computed assuming a perfectly spherical sun. In other words, the additional advance in 
Mercury's perihelion caused by an oblate sun changes the value of the residual so much that 
General Relativity's prediction may be far off the mark. Newtonian celestial mechanics 
might, in fact, completely explain Mercury's orbit around an oblate sun! 

Data Evaluation. The modern value of 574.1 arcseconds per century for the advance of Mer- 
cury's perihelion is considered very accurate. The measurements of solar oblateness, how- 

ever, are still highly controversial. Since these are crucial in determining whether a real 
anomaly exists here, the overall rating for the data is low. Rating: 3. 

Anomaly Evaluation. If solar oblateness is large enough to change the residual so that the 
predictions of the General Theory of Relativity are far off the mark, one of the major suppor- 
ting pillars of General Relativity will be shattered. Rating: 1. 

Possible Explanations. Solar oblateness may be sufficiently great to explain the residual ad- 
vance of Mercury's perihelion with Newton's Law of Gravitation. 

Similar and Related Phenomena. All of the planets, especially the inner ones, display peri- 
helion advances with residuals, although they are less than Mercury's. 

Examples 

X0. General observations. The discrepancy 
between observed and computed values for 
the advance of Mercury's perihelion has 
been explained in several ways in addition 
to relativistic effects. (R4) Some of these 
are now listed as a matter of general in- 
terest: (1) The exponent of distance in New- 
ton's Law of Gravitation differs slightly 
from -2; viz., -2.0000001574. (R1-R3); 
(2) The magnetic field of the sun is the 
cause of the residual. (R1); (8) Perturba- 
tions of an intramercurial planet or dust 
ring. (R38, R9; see AEIO.); and (4) Electro- 
static force between the sun and Mercury 
in effect changes the distance exponent in 
Newton's Law of Gravitation. (R3) 

X1. Permanent feature. Solar oblateness 

is sufficient to reduce the residual to a 
value significantly below that accounted for 
by the General Theory. In 1967, R. Dicke 
of Princeton observed solar flattening 
which would reduce the residual to 39.6 
arcseconds per century. (R5, R6) Even 
this change of 3.4 arcseconds is considered 
a serious blow to the General Theory. (WRC) 

X2. Permanent feature. Measurements of 
the sun's flattening by P. Goode and col- 
leagues at the University of Arizona indi- 
cate that the prediction of the General The- 
ory is off by about 1%---but this is felt to 
be significant. (R7) 

X3. Permanent feature. Using estimates 
of the sun's internal rotation based upon 

global solar oscillations, the quadrupole 
moment of the sun is large enough to ex- 
plain Mercury's perihelion advance more 
accurately than the General Theory of Rel- 
ativity. (R8) 
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AHB2 Mercury’s High Eccentricity and Inclination 

Description. Mercury's orbital eccentricity is 0.206; its inclination to the plane of the ecliptic 
is 7°. These values, especially the eccentricity, are anomalous in the inner solar system. 
Only Pluto has a higher eccentricity, and it is thought by many to be an escaped satellite of 
Neptune rather than a bona fide planet. 

Data Evaluation. Orbital data for Mercury are very accurate. Rating: 1. 

Anomaly Evaluation. Except for Mercury and Pluto, the other planets have orbits of low ec- 
centricity and low inclination. Some astronomers therefore conjecture that Mercury's orbit 
was somehow disturbed in the past, breaking the pattern it once shared with the other planets. 
This conjecture is grounded in the belief that Mercury was formed in the same way and at the 
same time as the other planets (except Pluto). Since Mercury's orbit implies such substantial 
solar system disturbance, the anomaly rating here is high. Rating: 2. 

Possible Explanations. (1) Mercury could have condensed in its present orbit, although most 
theories of solar system formation do not favor orbits with high eccentricities and inclinations; 
(2) Mercury could be an interloper from another part of the solar system that was captured in 
its present orbit; (8) Mercury's orbit could have been disturbed when the earth captured the 
moon from a position between Mercury and Venus (R1) or inside Mercury's orbit (R2); (4) Mer- 
cury was once a satellite of Venus and escaped into solar orbit as a consequence of tidal in- 
teraction with Venus (R3). 

Similar and Related Phenomena. Pluto's orbital eccentricity and inclination are also high and 
are taken as an indicator of past disturbance in the outer solar system. 

Examples 

X0. Permanent feature. Mercury's orbital 
elements are to be found in many reference 
works. The figures quoted above come 
from R4. 

R2. Cameron, A.G.W.; "Orbital Eccentri- 
city of Mercury and the Origin of the 
Moon, "' Nature, 240:299, 1972. (X0) 

R3. Van Flandern, Thomas C., and Har- 
rington, Robert S.; 'A Dynamical Inves- 
tigation of the Conjecture That Mercury 
Is an Escaped Satellite of Venus, ''Icarus, Ref eferences 
28:435, 1976. (X0) 

Rl. Bailey, J. Martyn; ''The Moon May Be R4. "Mercury, ' McGraw-Hill Encyclopedia 
a Former Planet, '' Nature, 223:251, of Science and Technology, 8:292, 1977. 
1969. (X0) (X0) 

MERCURY (POSITION B) 

@ MERCURY (POSITION A) 

nO AIRY PREDIC TEP! Orbital velocities of the planets, illustrating how 
Mercury defies the trend at A, its present position. 
The fit is better if Mercury is located at B, which im- 
plies the past existence of another planet (luna). 

(R71) 

~.APLANET LUNA (PREDICTED) 

ORBITAL VELOCITY (AU/ YEARS) 
NEPTUNE 

PLUTO 

PLANETARY ORBIT 
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AHB3_ Short Transit Times across the Sun 

Description. Shorter than computed solar transit times. 

Data Evaluation. This phenomenon has been reported for only one transit, although many ob- 
servers confirmed the anomaly. It should be remembered in this context that the times of 
transit commencement and termination are very difficult to pin down precisely. Rating: 3. 

Anomaly Evaluation. Given our precise knowledge of Mercury's orbit and the sun's diameter, 
large discrepancies in transit times are very surprising, providing they cannot be written off 
as due to observational errors. Rating: 2. 

Possible Explanations. Observational errors in timing. 

Similar and Related Phenomena. The so-called "black drop" phenomenon (AHX0), which illus- 
trates the difficult of timing transits. 

Examples in good agreement with the Mercury tran- 
X1. November 11-12, 1940. Over 200 ob- sit value. The shortness of the transit is 
servers cooperated in studying the transit not wholly accounted for. Observational 
of Mercury. ''They found that the transit difficulties may readily account for part of 

happened 36 seconds later than expected and Mercury 8 apparent saa eiuee the discor 7 
lasted 18 seconds less. The tardiness is dance between observation and theory is too 
assumed to be caused by irregularities in large to be entirely attributed to this cause. '" 

the rotation of the earth, which lead to er- (R1) 
rors in the reckoning of astronomical time. 
The accuracy of the observed time devia- References 
tion in this instance could be checked by Rl. Hoffleit, Dorrit; "Tardy Mercury Hur- 
observations of the moon, which yielded a ried, '' Sky and Telescope, 1:17, August 
value of the 'fluctuation' of 35.3 seconds, 1942. (X1) 

AHB4 Mercury’s Spin Resonance 

Description. The sidereal period of Mercury's revolution around the sun is 87. 969 earthdays, 
whereas the planet's spin period is 58.646 days, exactly 2/3 of its sidereal year. 

Background. Mercury's spin period was long recorded in the textbooks as 88 days; that is, a 
1:1 resonance with its revolution around the sun, like the earth's moon in its motion around 
the earth. Details of Mercury's surface are difficult to follow through the telescope. Most 
observers who thought they caught glimpses of planetary detail proclaimed that Mercury 
always kept the same face toward the sun. Because Mercury orbits so close to the sun, this 
situation seemed reasonable and was universally adopted. The 88-day period was not ques- 
tioned until 1965, when radar measurements found the spin to actually be 58.646 days. 

Data Evaluation. The radar measurements of Mercury's spin period are considered very 
reliable and accurate. Rating: 1. 

Anomaly Evaluation. Ordinarily, astronomers would expect a 1:1 resonance rather than the 
observed 2:3 resonance. However, the seriousness of the situation is mitigated by Mercury's 
highly eccentric orbit and the possibility that the planet may be a prolate rather than an ob- 
late sphere. Rating: 3. 

Possible Explanations. Mercury's anomalous orbit and possible prolate shape may be suffi- 
cent to account for the 2:3 resonance, although no proofs of this have been found as yet. 
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Another possibility is that Mercury is a recently escaped satellite of Venus. Calculations 
indicate that at its hypothetical escape from Venus Mercury's spin period would be something 
over 40 days---not too different from its present spin period. (R1) 

Similar and Related Phenomena. The resonance of Venus with the earth (AVB1) and the many 
other solar system resonances (AB); Mercury's possible prolate shape (AHE2). 

Examples 

X0. Permanent feature. Mercury's spin 
period of 58.646 days came from R2. 

X1. Permanent feature. In 1927, the 
famed planetary astronomer E.M. Anton- 
iadi completed a long series of Mercury 
observations, particularly the motion of 
the markings. His conclusion: Mercury 
definitely has a period of 88 days, thus 
confirming the results of many other astro- 
nomers. (R3) Even the best astronomers 
have had their problems with Mercury's 
elusive markings. (WRC) 

References 
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AHE GEOLOGY AND FIGURE 
OF MERCURY 

Key to Phenomena 

AHEO __ Introduction 
AHE1 The Asymmetry of Mercury’s Topography 
AHE2 Mercury’s Possible Prolate Shape 
AHE3 Swirl Markings 

AHEO Introduction 

Mercury is a difficult object through the telescope. It is small and hugs the sun. Planetary 
surface markings are vague at best. Before March 1974, when the spacecraft Mariner 10 
swept past Mercury taking close-up pictures and making other measurements, astronomers 
knew virtually nothing of Mercury's geology. In fact, the surface markings are so poorly 
defined that those who studied them declared, almost-to-a-man, that Mercury turned once 
on its axis every 88 days. The correct figure is about 59 days. Obviously, Mercury's great 
distance and the vicissitudes of the terrestrial atmosphere also hid the fact that Mercury has 
a heavily cratered surface---an asymmetrically cratered surface at that. Mercury's craters 
were a great surprise to almost everyone. 

It is pertinent to mention early in this book, which deals heavily in elusive phenomena, that 
some astronomers see planetary markings that other astronomers, equally capable, cannot 
discern at all. Sometimes these controversial apparitions turn out to be physically real, 
sometimes not. In the case of Mercury, the rather colorful astronomer T.J.J. See reported 
seeing craters on Mercury in June 1901. His drawing resembles the photos Mariner 10 
snapped as it flew past 73 years later. Until Mariner 10, See's observation was never taken 
seriously. It was well-known that the surface details of Mercury were beyond the reach of 
telescopic observation. The precocious observations of Martian craters were pooh-poohed 
for similar reasons. (R1-R3) 

References 
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AHE1 

AHE1 

The Asymmetry of Mercury’s Topography 

Description. One hemisphere of Mercury is characterized by the presence of large basins, 
similar to the lunar mares, but the opposite hemisphere is devoid of these features and 
pockmarked with many craters. 

Data Evaluation. High-quality, close-up pictures from the Mariner 10 1974 flyby. Rating: 1. 

Anomaly Evaluation. The asymmetry of Mercury's topography calls attention to the postulated 
ancient bombardment of the inner solar system by meteors.that somehow afflicted only one 
hemisphere of Mercury, Mars, our moon, and perhaps the earth as well. Since the asym- 
metric bodies occupy different locations in the solar system and possess radically different 
rates of rotation on their axes, the nature of the hypothetical bombardment is difficult to 
model. If it lasted for more than a few hours, rapidly spinning Mars would have been uni- 
formly cratered. Rating: 2. 

Possible Explanations. If Mercury had been a moon of Venus during the hypothetical meteor 
bombardment, Venus might have shielded it from the bulk of the meteor flux. The same 
argument is employed to explain the moon's asymmetry. (R2-R5) | 

Similar and Related Phenomena. The asymmetric hemispheres of the moon (ALE1) and Mars 

(AME }). 

Examples 

X1. Permanent features. A description 
based on the Mariner 10 flyby. "The ter- 
rain viewed on the inbound segment resem- 
bles lunar highlands and is marked by an 
absence of large basins, Gault said. There 
is some evidence of faulting or other de- 
formational activity, but not of terrestrial, 
global plate motion. No evidence of Mars- 
like shield volcanism was seen during the 
Mariner 10 flyby. . 

Outbound, Mariner 10 saw a totally dif- 
ferent terrain. There is a strong sugges- 
tion of albedo variation, and at least three 
large circular basins are visible, the lar- 
gest about 1,300 km. (806 mi.) in diameter, 
on the scale of the moon's Mare Imbrium. 
The smallest of the three, approximately 
500 km. (310 mi.) across, is peculiarly 
marked by a dark ring that surrounds the 
lighter center material. There definitely 
is mare-like filling in the largest basin, 
suggesting flooding, Gault said. Mare- 
like material extends about 1, 000 km. 
(620 mi.) beyond the basin rim. 

Two prominent ray craters were obser- 
ved on the outbound flight---one in the nor- 
thern hemisphere, surrounded by a dark 
halo, which Gault compared to the moon's 
Tycho, and one in the southern hemisphere, 
surrounded by a bright halo. 

The terrain differences observed on 

Mercury are comparable to the differences 
observed between the near and far sides of 
the moon, the northern and southern hemi- 
spheres of Mars, and even the Atlantic and 
Pacific basins on earth, Gault said. These 
phenomena indicated that planets---or at 
least the inner, or terrestrial ones---tend 
to evolve asymmetrically. The formation 
of large basins also seems to be a basic 
phenomenon of planetary formation, Gault 
said." (R1) 
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AHE2 Mercury’s Possible Prolate Shape 

Description. Mercury is a prolate sphere; i.e. , football-shaped. 

' Data Evaluation. No direct measurements of Mercury's prolateness have been found. Rather, 
this unusual geometry is inferred from the existence of the 2:3 resonance between the plan- 
et's spin period and the length of its year. (AHB4) This type of resonance, rare among the 
denizens of the solar system, is favored by objects with certain moments of inertia, such 
as that possessed by a prolate sphere. (R1) Rating: 3. 

Anomaly Evaluation. All rotating, planet-sized objects should respond to centrifugal force 
and be slightly flattened at the poles; that is, they should be oblate rather than prolate 
spheres. Since Mercury may not conform to this expectation, it may have a different origin 
than the rest of the planets. Rating: 2. 

Possible Explanations. Mercury might have been a close satellite of some other, much 
larger planet (Venus?). Locked in a tight orbit with one face perpetually facing this planet, 
its shape could have been gravitationally drawn out into a prolate shape. 

Similar and Related Phenomena. None. 

Examples References 

X0. Permanent feature. Mercury's pro- Rl. Van Flandern, Thomas C., and Har- 

lateness is only an inference. See Data rington, Robert S.; "A Dynamical In- 
Evaluation above. (R1) vestigation of the Conjecture that Mer- 

cury is an Escaped Satellite of Venus, "' 
Icarus, 28:435, 1976. (X0) 

AHE3 Swirl Markings 

Description. A variety of ribbon-like patterns, open loops and closed loops, and swirls of 
bright and dark material. The swirls may be nearly 50 kilometers across. 

Background. Swirl patterns were first identified on the moon (ALE5), where they are associ- 
ated with concentrations of remanent magnetism. (ALZ3) 

Data Evaluation. The photographs of Mercury's surface do not have the high resolution of 
those taken of the moon. Nevertheless, the gross characteristics of Mercury's swirls are 
very similar to those on the moon. No magnetic exploration of Mercury's surface has been 
made, so we do not know if this planet's swirls are colocated with magnetic patches. Rating: 2. 

Anomaly Evaluation. Swirl patterns are rare in geology; and generally indicate fluid action of 
some kind---liquid, gaseous, magnetohydrodynamic. Even with this hint, the origin of the 
lunar swirls and those analogous structures on Mercury remains enigmatic. Rating: 2. 

Possible Explanations. The magnetohydrodynamic action of a colliding comet is the most 
popular explanation of the moon's swirls. Other suggestions are: nue ardente deposits, 
volcanic sublimates, secondary impact effects, albedo effects modified by local magnetism, 
antipodal effects of impact basin formation. 

Similar and Related Phenomena. Lunar swirl patterns. (ALE5) 



AHE3 Swirl Markings 

Examples 

X1. Permanent features. In reference to 
lunar swirl patterns: "Similar patterns 
are recognized on Mercury near latitude 
20°N, 47°W and 4°N, 35°W. Because 
different phase angles and high-resolution 
images of these regions are unavailable, 
it is impossible to verify this identification 
in detail. Nevertheless, the bright loops 
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and swirls noted at these locations are 
very similar to the gross patterns found 
on the moon." (R1) 
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AHF INTRINSIC RADIATION SOURCES 

Key to Phenomena 

AHFO Introduction 
AHF1 ~~ Extreme-Ultraviolet Emissions from Mercury 

AHFO _ Introduction 

Mercury is seen by reflected sunlight. If intrinsic sources of visible light exist, no one has 
reported them. But Mercury's magnetic field, which apparently is derived from an active 
core dynamo, suggests that volcanic action and lava flow, along with the visible radiation 
they might produce, are not impossible. Mercury's magnetosphere, detected by Mariner 10, 
may generate radio signals; but, here too, nothing has been detected at earth. The only 
possible intrinsic source of radiation (other than infrared) was a fleeting ultraviolet source 
detected by Mariner 10. This observation is remarkable and rather suspect. If confirmed, 
it would certainly be an important anomaly. 

AHF1 Extreme-Ultraviolet Emissions from Mercury 

Description. Extreme-ultraviolet radiation emitted by Mercury. 

Data Evaluation. A single observation of a transitory nature. Rating: 3. 

Anomaly Evaluation. No natural sources of extreme-ultraviolet radiation seem likely on 
Mercury's surface or in its very tenuous atmosphere. Rating: 2. 

Possible Explanations. Instrumental error, or perhaps a strong stellar ultraviolet source in 
the same direction as Mercury. 7 

Similar and Related Phenomena. None. 



AHF1 _—srU/Itraviolet Emissions 

Examples 

X1. March 27, 1974. Two days before 
Mariner 10 flew past Mercury, one ofthe 
ultraviolet detectors on the spacecraft 
began registering strong radiation at short 
ultraviolet wavelengths coming from Mer- 
cury's dark side. The next day, the emis- 
sions had disappeared. However, after 
the flyby, when the instruments were look- 
ing back at Mercury, similar ultraviolet 
radiation was detected. The latter sig- 
nals were ultimately attributed to a star 
located in almost the same direction as 
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Mercury. However, the first observa- 
tions have never been explained, except 
in terms of possible instrument malfun- 
tion. (Rl, R2) 
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AHO ANOMALOUS TELESCOPIC 
OBSERVATIONS 

Key to Phenomena 

AHOO __ Introduction 
AHO1 # Mercury’s Occasional Blunted Cusps 
AHO2 _ Terminator Irregularities 
AHO3 White Projections and Spots 
AHO4 ss Dark Linear Markings 
AHO5 Anomalous Brightness Temperatures 
AHO6 _ Ring of Light around Mercury’s Dark Side 

AHOO _ Introduction 

Telescopic Mercury is quite different from the planet photographed by the space probe Mari- 
ner 10. Rather than a finely etched profusion of craters, the telescope reveals only a tiny 
crescent of light shimmering in the eyepiece. The surface features are vague; some people 
see markings that others cannot no matter how hard they study the planet. Chief among the 
telescopic anomalies are Mercury's blunted southern cusp and terminator irregularities. 
These anomalies come and go, tantalizing the observer at the limits of his seeing. Certainly 
the Mariner 10 pictures show no planetary features that can be associated with the cusp and 
terminator phenomena. Even more puzzling are the systems of lineaments claimed by afew 
observers of Mercury. Like the Martian canals, these lines are simply not on the close-up 
photos. The anomalies in this section are all frustrating to the telescopic observer. Per- 
haps some or all of them are illusory; that is, subjective in the main. The reader will find 
that all of the planets and the earth's moon as well are plagued like Mercury with elusive 
phenomena that depend on good seeing, a good eye at the telescope, and not infrequently a 
touch of imagination. 
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AHO1 Mercury’s Occasional Blunted Cusps 

Description. The frequent blunting of Mercury's southern cusp. The amount of blunting 
varies; and not all observers perceive the phenomenon equally. In contrast, the northern 
cusp is invariably sharp. Cusp blunting is often associated with terminator irregularities 
(AHO2) and may actually be a localized example of this more general phenomenon. 

Background. Some nineteenth century astronomers thought the blunting to be periodic and 
therefore a measure of the length of Mercury's day. From careful observations of the blun- 
ting's waxing and waning, Mercury was estimated to spin once on its axis every 24 hours, 50 
minutes. (R1) The modern, radar-derived figure is about 59 days. 

Data Evaluation. Many observations of Mercury's blunted southern cusp, including photos, 
are on file (R4). We have here an objective phenomenon in which visual acuity and seeing 
conditions play key roles. Apparently, not all astronomers can discern the blunting. Rating: 1. 

Anomaly Evaluation. The frequent blunting is almost certainly an optical effect, involving 
shadows and/or surface reflectivity. In this sense, blunting is a curious but rather mild 
anomaly. The Mariner 10 pictures give no hint as to why the southern polar region might be 
different from the rest of the planet. Rating: 3. 

Possible Explanations. Since Mercury also displays terminator anomalies and brightness 
variations outside the south polar region, it is probable that some unappreciated reflectivity 
or perhaps fluorescent factors are to blame. Beyond these thoughts the literature is mute. 
Many observers comment that the region surrounding the blunted cusp is unusually bright; 
so contrast phenomena cannot be ruled out. : 

Similar and Related Phenomena. Terminator irregularities (AHO2); blunted cusps of Venus 
(AVO1-X2). 

Examples was confirmed by Burton, Noble, Franks, 
Trouvelot, Denning, and Antoniadi. The 
Jarry-Desloges observers (V. and G. Four- 
nier) also noted this aspect from time to 
time, as well as small terminator defor- 
mations. Of this phenomenon, Schiaparelli 
says, 'I must confess...that I have always 

X1. Frequent occurrence. April 19, 1864: 

southern horn blunted, northern horn sin- 
gularly sharp. Early May 1923: blunted 
southern cusp associated with terminator 
irregularities; viz., an extremely bright 

bulge near the southern cusp, making the seen the entire southern cusp very well 
entire terminator look like a reversed S. though its light was weaker (than the north); 

(R3) and only once (June 5, 1882) I found that 
X2. General observations. ''For many years cusp so little luminous, that from time to 

observers have reported that the south cusp time, during the least distinct moments of 
of the crescent Mercury occasionally ap- vision, one could suppose it truncated. 
pears blunted as opposed to the usually sharp That unequal splendor of the polar regions 
north tip. Schroeter noted this in 1800 and is the real cause of the apparent truncation 
1801; and, according to Antoniadi, the effect of the southern cusp...' Because of the 

NORTH 

Four drawings of Mercury, all showing blunted 
southern cusps. Some terminator irregularities are 
also shown. (X2) 
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brightness diminution at the cusps approxi- 
mately according to the Lambert cosine 
law of diffuse reflection, usually imperfect 
seeing conditions, and general low surface 

- surface brightness of the image, one ex- 
pects to find the cusp tips on the limit of 
visibility. '' (R4) 

X3.1963."Fig. 1 (not reproduced) shows 
four drawings of Mercury made in a nine- 
day period in 1963. Drawing A was made 
with a 36-in. reflector and the remainder 
with a 12-in. reflector, all in fairly good 
seeing conditions. Between the first and 
last drawings in Fig. 1, a darkening at 
the south cusp is apparent. Later drawings 
made as the crescent waned show the south 
cusp darkening further until it was the dar- 
kest region on the planet." (R5) Solar-wind- 
induced fluorescence was suggested as the 
cause of these variations. 

X4. March 20, 1912. ''There was a very 
brilliant area extending some distance along 
the limb from the S. cusp, which appeared 
to project considerably, the north one being 
normal." In the accompanying drawing, the 
terminator forms a forward S, with the 
southern cusp extended abnormally. The 

Terminator Irregularities AHO2 

terminator line was displaced appreciably 
from the theoretical terminator in the di- 
rection of the sun-lit side. (R2) This ob- 
servation is obviously the opposite of cusp- 
blunting, underscoring the great variability 
of reflection from Mercury's surface. 
See the preceding illustration, sketch 2, for 
the more usual reversed-S terminator phe- 
nomenon. (WRC) 
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AHO2_ Terminator Irregularities 

Description. Bulges, cavities, and sundry irregularities along Mercury's terminator (the 
line separating night from day). Mercury also displays occasional departures from theoreti- 
cal phase; that is, the entire terminator leads or lags the theoretically computed line divi- 
ding night from day. The planet's frequently blunted southern cusp is treated separately 
(AHO1), although it is a terminator irregularity in a sense. 

Data Evaluation. Few papers on terminator irregularities have been uncovered in the scien- 
tific literature if the blunted cusps are excluded. However, such ''miscellaneous" effects 
are rarely reported formally, even though noticed rather regularly. For example, the re- 
cords of the Association of Lunar and Planetary Observers (ALPO) contain about as many 
cases of terminator irregularities as blunted cusps. (R4) Rating: 1. 

Anomaly Evaluation. As in the blunted-cusp phenomenon (AHO1), surface reflectivity and 
fluerescence may play important roles. Surface reflectivity may vary with the sun-Mercury- 
earth angle. Fluorescence stimulated by the solar wind would change with solar activity. 
Attractive as these possibilities are, they are merely guesses. Rating: 3. 

Possible Explanations. See above. 

Similar and Related Phenomena. Mercury's blunted cusp (AHO1); the phase dichotomy of 
Venus (AVO4). 



AHO3 sw Projections and Spots 

Examples 

X1. April 19, 1864. A gentle reversed-S 
terminator with a blunted southern cusp. (R1) 

X2. March 20, 1912. Significant departure 
of actual phase from theoretical phase. See 
AHO1-X4. (R2) 

X3. Early May 1923. A gradual change over 
a period of five days from a nearly straight 
terminator to a reversed-S. (R3) 

X4. General observations. Many deformed 
terminators recorded in the records of the 
Association of Lunar and Planetary Obser- 
vers. Several drawings from these records 
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are shown in the illustration in AHO1. (R4) 
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AHO3 White Projections and Spots 

Description. White spots on the golden, sunlit side of Mercury. Sometimes these spots 
project beyond the planet's disk. The shapes and positions of the spots change slowly. 

Data Evaluation. A single series of observations by an amateur astronomer. Rating: 3. 

Anomaly Evaluation. Similar spots appear on Mars, where they are readily identified as 
clouds. 

Possible Explanations. None. 

Given Mercury's very thin atmosphere, clouds are most unlikely. Rating: 2. 

Similar and Related Phenomena. White spots and projections on Mars. 

Examples 

X1. July 17-25, 1885. A series of obser- 
vations from Rolfontein, South Africa. See 
illustration. "July 17. Observed Venus and 
Mercury soon after sunset, before 'glow' 
appeared, and as soon as eye Settled to 
eyepiece, I thought to see a small white, 
horn-like point, near or on bright limb of 
Mercury, some 30° from (inverted) south 
cusp on terminator. Thinking it an illusion, 
I observed bright limb all around, but no 
other similar object was seen; slightly 

averted vision also always distinctly re- 
vealed it. A more careful examination 
placed it at about 55° from (inverted) south 
cusp. A few minutes later fancied to see 
a whitish patch deeper on bright limb, and 
perhaps a little further S. (inverted); it 
narrowed towards bright limb, and widened 
slightly on the bright disc. Planet's colour 
a reddish golden yellow.'' Similar obser- 
vational notes follow for six more days, 
during which the spot changed shape. (Rl, 
R2) 

ys, s = 
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Series of sketches showing the development of a 
white spot on July 17, 19, and 21, 1885. (X71) 
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AHO4 Dark Linear Markings 

Description. Long, dark streaks running in various directions and often intersecting in knot- 
like spots. 

Background. Some nineteenth and early-twentieth century astronomers claimed that they saw 
networks of streaks and lines on Mars and many other solar system objects, Giovanni Shia- 
parelli and Percival Lowell are the best-known of the streak observers. . 

Data Evaluation. Apparently only Shiaparelli, Lowell, and Poor (also at Lowell Observatory) 
discerned extensive networks of lineaments on Mercury. A few others saw vague streaks; 
most observers saw no linear features. One cannot contest that linear patterns were thought 
to have been seen on Mercury, for the honesty and ability of the observers is beyond reproach. 
Whether the lines are physically real is another question. See below. Rating: 1. 

Anomaly Evaluation. Systems of lineaments have been reported on several planets by many 
honest, qualified astronomers; but they are not verified by most other observers and, even 
more importantly, by spacecraft. This is an important perceptual anomaly, because science 
is based on all observations being accessible to all normal people. Rating: 1. 

Possible Explanations. A slight possibility exists that Mercury possesses some subdued sur- 
face patterns that some people can discern while others cannot. Mercury is a difficult tele- 
scopic object; and observer's eyes do vary considerably when it comes to slight shadings and 
patterns. But it seems more likely that the lineaments are generated mentally; that is, they 
are illusory. Why some people see such apparitions is an unanswered question---a psycho- 
logical anomaly. 

Similar and Related Phenomena. The Martian "canals" (AMO1); Venus' "spoke marks" (AVO6). 

Examples quarter of one hemisphere of the planet." 

X1. General observations. ''Schiaparelli (R1) 
has discovered many marks upon the disk 
of the planet which had not been noticed 
before, and he has made a little map or 
diagram which shows that these marks 
strikingly resemble some of the features 
discovered in recent years on Mars. They 
are elongated streaks running in various 
directions, and frequently presenting at 

X2. September 23, 1896. 'In 1896 Pro- 
fessor Lowell published in the Monthly 
Notices (vol. lvii, p. 148) a series of 
drawings of Mercury, showing extremely 
curious markings on the planet, which he 
speaks of as much more distinct than the 
Martian canals, and, in fact, quite easy 
to see. They appear to have been observed 

their points of junction the appearance of 
an enlargement or knot. Similar streaks 
on Mars have been assumed to be long 
narrow seas or watercourses. The geo- 
metrical figures formed by the intersec- 
tion of these streaks on Mercury strikingly 
resemble those on Mars. In one place 
there is a shape of this kind that roughly 
resembles a huge figure 5, covering a 

when the planet's surface was not more 
than half illuminated, and the drawings 
show them as linear in nature, though 
otherwise they bear little resemblance to 
the canals of Mars. I give as an example 
Professor Lowell's drawing of September 
23, 1896, in which the markings appear 
mostly as stripes projecting from the ter- 
minator or running parallel with it. There 
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Surface markings on Mercury as seen by Percival 
Lowell. (X2) 

is also a slight shading off of the cusps." 

(R2) 

X3. General observations. A drawing of 
Mercury prepared by Professor Poor, at 
Lowell Observatory, is reproduced. It 
portrays many long and slightly arcuate 
lines, many intersecting in common junc- 
tions. "It will be noticed that many of the 
markings on Mercury---their straight- 
ness and the oases---have a striking re- 
semblance to those on Mars. In some 
cases the lines are exactly parallel to the 

parallels of latitude, and equally distant." 
(R3) Drawing not reproduced. (WRC) 
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AHO5 Anomalous Brightness Temperatures 

Description. Unexpectedly low radio brightness temperatures of Mercury coupled with alack 
of variation with Mercury's phase. Brightness temperatures of about 200°K were measured 
rather than the expected 500°K. 

Data Evaluation. A single series of observations over a three-month period. Confidence in 
these measurements is increased by the fact that observations of the brightness tempera- 
tures of other planets were consistent with those of other observers. Rating: 3. 

Anomaly Evaluation. Reasonable models of Mercury's surface and atmosphere do not come 
close to explaining these data. Rating: 2. 

Possible Explanations. None. 

Similar and Related Phenomena. None. 

Examples 

X1. July 16 through October 17, 1965. 
"Radio observations of Mercury at 3.4 mil- 

limeters from July to October 1965 showed, 
contrary to expectation, brightness temp- 
eratures of only about 200°K, even when 
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major fractions of Mercury's illuminated 
hemisphere were observed. There was 
no significant variation with phase. '"' (R1) 

Ring of Light AHO6 

References 

Rl. Epstein, Eugene E.; 'Mercury: Anom- 
alous Absence from the 3.4-Millimeter 
Radio Emission of Variation with Phase, " 
Science, 151:445, 1966. (X1) 

AHO6 Ring of Light around Mercury’s Dark Side 

Description. Dark side of Mercury surrounded by a halo or aureole of light. 

Data Evaluation. One occurrence by two different observers. Rating: 3. 

Anomaly Evaluation. Optical refraction seems excluded by the planet's negligible atmosphere. 
Again, we must fall back on psychological effects, which are themselves poorly understood. 
Rating: 2. 

Possible Explanations. A contrast effect. The type of explanation would also apply to the 
similar phenomena seen around Venus and the moon. Unfortunately, these rings of light or 
"annular phases" are not always observed under identical conditions. 

Similar and Related Phenomena. Annular phase of Venus (AVO2); the moon seen as a ring 
(ALO9Q);. the ashen light of Venus (AVO3); the illumination of Mercury during transit (AHX3); 
the ring around Mercury during transit (AHX2). 

Examples 

X1. May 18, 1896. "Observing Bieeot on 
the 18th May, between 224 and 235 G.M.T., 
I was astonished to see not only spots.... 
but even the dark side surrounded by an 
aureole, just like the appearance of Venus 
in July 1895. Fearing to be the victim of 
an optical illusion, I tried various eye- 
pieces (powers 146, 196, 242, 310, 410), 
changed the position of the planet in the 
field and shook the telescope, but both phe- 
nomena remained unchanged (respectively 
dancing with the illuminated disk in the 
same manner), so that there remained no 
doubt. Besides, ree having made the 
drawing (at 22 1/2) I called Mrs. Manora, 
who believed for the first moment that it 

was Venus, as the appearance was so simi- 
lar. She pronounced the dark side and the 
aureole to be very conspicuous objects, 
saying that she saw them at the first look, 
whilst she saw the spots on the illuminated 
disk later. The dark side was darker than 
the sky, just as I (with one single exception) 
have always found it in the case of Venus, 
so that Ishare now M. Flammarion's views 
on the explanation of this strange phenome- 
on." (R1) 
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AHX ANOMALIES OBSERVED DURING 
TRANSITS 

Key to Phenomena 

AHX0 Introduction — 
AHX1__—s Bright Spots on Mercury during Transit 
AHX2___— Ring around Mercury during Transit 
AHX3 Illumination of Mercury’s Disk during Transit 

AHX0 _ Introduction 

The transits of Mercury are much more frequent than those of Venus. They are to be ob- 
served only in May and November, a fact suggestive of orbital resonance between Mercury 
and earth (AB). Mercury, as it creeps across the sun's face, is usually a vivid black, but 
on occasion a bright spot appears just south of the planet's center. A halo of bright light 
around the black disk is sometimes seen, too. The halo may accompany the bright spot, 
but not always, and vice versa. These optical and/or psychological phenomena have not been 
reported in the general scientific literature for many decades. Presumably, they still occur 
but no one bothers with them. They are merely miscellaneous data. 

The "black drop" effect is a transit phenomenon occurring with both Mercury and Venus. It 
is not considered anomalous but should be mentioned here. As Mercury begins its transit 
of the solar disk, its black circle invades the sun's bright limb, but does not quickly and 
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sharply detach itself from the inner edge of the sun's disk. A black ligament usually ex- 
tends, for afew moments, from Mercury's black disk to the edge of the sun. The ligament 
quickly disappears as Mercury further invades the sun's disk. This is evidently a trick of 
optical diffraction that is analogous to the ligament formed when one's thumb and forefinger 
are held almost touching in front of a bright light. The black drop phenomenon seems to be 
closely related to the observations of bright stars "hanging" on the moon's limb (ALX8). 

AHX1 Bright Spots on Mercury during Transit 

Description. One, rarely two, small bright points of light seen on the black disk of Mercury 
as it transits the sun. Sometimes, the spot appears grayish. It is rarely centered, being 
mostly south of the center of the disk. The spot(s) does not appear at every transit. | 

Data Evaluation. Mercury's bright spot has been observed many times by many different 
astronomers utilizing various telescopes. The abundancy and consistency of these reports, 
coupled with multiple observers and instruments, argue against telescopic ghosts and other 
instrumental aberrations. Rather strangely, the last observation of the spot recorded in 
the literature examined occurs in 1914, although it was reported often before that date. 
Rating: 1. 

Anomaly Evaluation. Although some astronomers have joked about Mercury “having a hole 
in it'', the appearance of the bright spot is genuinely puzzling. As mentioned above, instru- 
mental effects seem to be ruled out. Neither does ordinary refraction seem to be the cul- 
prit, for the spot is invariably off-center and sometimes doubled. Rating: 2. 

Possible Explanations. Mercury surface phenomena can probably be eliminated; that is,fluo- 
rescence and white mineral deposits can be ruled out. Rather, some sort of optical effect 
seems indicated. Refraction by Mercury's miniscule atmosphere does not appear to be in- 
volved. Perhaps most likely of all is optical illusion. The small black disk against the 
blindingly bright sun may trigger some contrast effect, or something akin to those optical 
illusions where gray images appear out of nowhere amid geometrical designs. 

Similar and Related Phenomena. The halo around Mercury during some transits (AHX2); 
lineaments seen on Mercury (AHO4). 

Examples 

X1. November 1697. First record of the 
bright spot found so far. (R1) 

X2. May 1799. Schroeter and Harding at 
Lilienthal, and Koehler at Dresden, saw a 

small luminous spot on the dark disk. The 

spot was not stationary, for Harding saw 
it change its position, and later in theday 
Schroeter saw it sometimes on one part of 

the disk, sometimes on another. Other 
observers saw, not one, but two small 
spots of a greyish colour. '"' (R5) 

X3. 1802. Spot observed by Schroeter and 
Harding. (R1) 

X4. May 5, 1832. "In the transit of May 
1832 Professor Moll observed a spot, the 
periphery of which was not well defined, 

but was always situated in the same position, 
a little south of the center of the planet, and 
preceding the centre.'' (Rl, R5) 

X5. November 8, 1848. A single grayish 
spot. (R5) 

X6. November 11, 1861. "J.W. Jeans saw 
a slight ashy light on the eastern limit or 
following the centre of the planet on its 
way to perihelion." (R5) 

X7. November 4, 1868. Spot recorded. 
(R1, R5, R7) 

X8. May 6, 1878. "A bright spot was seen 
on Mercury's disk. It appeared to me per- 
fectly central and of sensible magnitude. 
My eldest daughter, who observed with me, 
described it as a mere point, and quite cen- 
tral, as if the disk were a round piece of 
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black card, and the bright spot were a hole 

pierced through with the compass point in 

striking out its circular outline. I noticed 
one feature in the bright spot which seemed 
to me decisive as to its subjective nature; 
when a small cloud passed over part of the 
sun's face, nearly the whole of which was 
in the field of view, the bright spot percep- 
tibly waned in brightness, though not cros- 
sed by the cloud. This I noticed distinctly 
three times. Another feature---perhaps a 
mere illusion---was that it seemed to me, 
as the spot thus waxed and waned in bright- 
ness, that it was triangular in shape. I 
could not distinctly recognize this peculi- 
arity when the luster of the spot was steady. 
The aspect of the spot was not perceptibly 

modified when the telescope was released 

from the driving clock and Mercury allowed 

to approach the edge of the rather wide 

field of view." (R2-R4, R7) 

Mercury in transit with bright halo and off-center 
white spot. (X10) 
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X9. November 7, 1914. White spot seen 
during transit. Attributed to the telescope 
optics. (R8) A hasty conclusion. (WRC) 

X10. General observations. A summary. 
"Ist. That in the May transits, when Mer- 
cury is near its aphelion, the luminous spot 
is in advance of the planet, preceding the 
centre; in the November transits, when 

Mercury is near its perihelion, the lumi- 
nous spot follows the planet. 2nd. The lumi- 
nous spot has never been seen at the centre, 
but always south of it, and therefore cannot 
be due to diffraction, as Professor Powell 
suggests. 3rd. Sometimes in the same 
transit two spots have been seen close to- 
gether, where shortly before only one was 
observed." (R5) The account in X8 contra- 
dicts the claim that the spot is never cen- 
tered. (WRC) 
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AHX2_ Ring around Mercury during Transit 

Description. A bright or dark ring sometimes seen around the black disk of Mercury during 
transit. The bright rings are brighter than the adjoining surface of the sun. Dark rings are 
nebulous and occasionally tinged with purple. Double concentric rings of different bright- 
nesses have been recorded. A bright spot on the planet itself often accompanies the ring 
phenomenon (AHX1). 

Background. In the late nineteenth century, astronomers interpreted the bright ring seen dur- 
ing transit as indicative of a substantial planetary atmosphere. The Mariner 10 flyby in 1974 
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found no atmosphere of consequence. 

Data Evaluation. Many old observations, often by noted astronomers, exist up to and inclu- 
ding the transit of 1878. No records have been found since then. As with the bright spot ob- 

- served during transit, we are dealing here with a phenomenon that is (was?) observed widely 
through a variety of telescopes. Instrumental effects seem precluded. Rating: 1. 

Anomaly Evaluation. Since instrument effects and atmospheric optical phenomena, such as 
diffraction and refraction, are apparently eliminated, a psychological contrast phenomenon 
may be to blame. However, we have found no laboratory experiments to bolster this suppo- 
sition. Even though the cause of the ring may be psychological, it is still an anomaly. 
Rating: 3. 

Possible Explanations. A psychological contrast effect. 

Similar and Related Phenomena. The so-called "annular phase" of Venus (AVO2); and the moon 
seen as a ring (ALO9). 

Examples X10. May 6, 1878."'A bright halo of some- 
X1. May 1707. The Astronomer Royal saw what irregular outline, and having a breadth 

"Mercury in transit encompassed by athick of 3" to 4" was seen round the planet with 
an inner and much brighter ring about 1" in 
breadth. The halo was much brighter than 

X2. November 1736. A bright ring was ob- the ordinary surface of the Sun. It may 

served surrounding Mercury. (Rl, R4) have been an effect of contrast. It was last 
X3. May 1753. Another bright ring. (R1, R4 seen when the light was reduced to extreme 

2 tp Ha faintness by turning the Nicol (sic) of the 

haze or atmosphere." (R4) 

X4. May 1786. Bright ring. (R1, R4) direct-vision solar eye-piece." (R5, also 

X5. November 1789. A ring of unspecified R2, R3) 

type. (R4) 
References 

X6. May 1799. A dark or nebulous ring, 
with a purplish tinge toward the planet. (R1, Rl. "Mercury," English Mechanic, 10:397, 
R4) 1870. (X2-X4, X6, X8, X9) 

R2. English Mechanic, 27:261, 1878. (X10) 
X7. November 1802. A ring of unspecified R3. "Transit of Mercury," Scientific Ameri- 
type. (R4)- can Supplement, 6:2099, 1878. (X10) 

° a ? e 

X8. May 5, 1832. 'In May 1832 the planet R4. Jenkins, B.G.; "The Luminous Spot on 
Mercury during Transit, '' Royal Astro- 

was seen at the Royal Observatory sur- ; : : ; 
rounded by a dusky tinge. In this transit (Oe ens Rae ao Monthly Notices, 38: 
also the ring has been described as of 'a , 1878. (K1-X9) 

: ; R5. "Observations of the Transit of Mer- violet hue, th 1 b : A: aisha: L: if a ee eing strongest near cunysed 87846 Maye; iMadetaithe Raval 

Observatory, Greenwich, '' Royal Astro- 
X9. November 4, 1868. An aureola of light nomical Society, Monthly Notices, 38: 
a little brighter than the sun's disk. (R4, R5) 397, 1878. (X10) 

AHX3_ Illumination of Mercury’s Disk during Transit 

Description. The very faint illumination of the entire disk of Mercury just as it encroaches 
on the sun's disk at the beginning of transit. 

Data Evaluation. Only two observations uncovered so far. In one of these cases, an indepen- 
dent observer using the same telescope failed to see the effect. Rating: 3. 

Anomaly Evaluation. Once again we have a probable contrast phenomenon; again substantia- 
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ting laboratory experiments are wanting. The low anomaly rating assumes a psychological 

rather than a physical cause. Rating: 3. 

Possible Explanations. Mercury's atmosphere is so slight that atmospheric refraction seems 

a very unlikely source of the planet's illumination. Mercury possesses a magnetosphere, but 

one cannot specify a mechanism by which it could radiate visible light. More reasonable is 

an optical illusion where the eye-brain combination responds to the intense contrast by bright- 

ening the encroaching planetary disk. 

Similar and Related Phenomena. The black drop effect (AHOO); bright spots seen during tran- 

sit (AHX1); ring or halo seen during transit (AHX2); the ashen light of Venus (AVO3). 

Examples 

X1. May 6, 1878. Philadelphia Observatory. 
"T wish to acknowledge the kind attention of 
astronomers, observing the last transit of 
Mercury, to the phenomenon of the com- 
plete illumination of the planet's disk when 
half of it was projected on the chromo- 
sphere. The observations as a whole, 
while not as decisive as could be wished, 
seem to point to the reality of the pheno- 
menon as originally observed by me May 
6, 1878. The illumination mentioned seems 
to be a very delicate phenomenon, and per- 
haps visible only at a critical moment. I 
should therefore deem it worth the while 
of observers to make the attempt to see 
this phenomenon at future transits of the 
planet Mercury..... While the planet was 
approaching the solar edge I noticed a 
grayish illumination of the following semi- 
disk of Mercury, and, without describing 
the phenomenon, asked Dr. Heyl to see if 
he noticed any difference of illuminationin 
the planet. He reported no difference, and 
at subsequent trials could not see what I 
saw then, and subsequently. My faith in 
the reality of the semi-illumination of the 
planet while approaching the solar edge 

was somewhat staggered by this negative 
decision of my friend, and hence I made 
up my mind that I would make no report 
of the phenomenon, although I saw this 
grayish illumination change position as the 
planet approached the limb of the Sun. 

On reading the detailed description of 
the observations of Professor G.A. Hill, 
as reported by Dr. W.S. Eichelberger in 
No. 601 of the Astronomical Journal, I 
decided to state that I had verified, in its 
essential elements, Professor Hill's physi- 
cal observations of the dull illumination of 
the following half of the planet early inthe 
approach to the limb, and the change of this 
illumination to the preceding side. It was 
all so evident and yet so puzzling to me, 
and so completely unverified by the col- 
league who so kindly agreed to try to verify 
anything seen, but that for the excellent re- 
port of Dr. Eichelberger the appearance 
would never have been mentioned. '' (R1) 
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Ril. Snyder, Monroe B.; "Physical Phe- 
nomena of the Transit of Mercury, " 
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AHZ MERCURY’S ANOMALOUS 
MAGNETIC FIELD 

Key to Phenomena 

AHZO _ Introduction 
AHZi  Mercury’s Unexpected Magnetic Field 
AHZ2 # Mercury’s Offset Magnetic Field 

AHZO Introduction 

Mercury's magnetic field is weak compared to the earth's; but it is there, and it is intrinsic. 
This was a great surprise in 1974, when it was first measured by Mariner 10. In those days, 
Mercury was not expected to have any field at all. 

We have now sent spacecraft magnetometers to Mercury, Venus, and Mars; and we can dis- 
cern no consistency in what they measure. Venus and Mars have no magnetic fields of con- 
sequence; that of Mercury is weak, the earth's is strongest of all. If these four planets all 
formed in the same way, at the same time, one would expect field-generating core dynamos 

to be operating in Venus and perhaps Mars. Venus is comparable to the earth in size and 
orbits between two planets with intrinsic fields. Conclusion: the inner planets may not have 
formed at the same time or in the positions we now see them. This would be a radical de- 
parture from prevailing thoughts about solar system evolution. 

AHZ1 Mercury’s Unexpected Magnetic Field 

Description. The Mariner 10 spacecraft measured a maximum magnetic field strength of 98¥ 
at its closest approach to the planet (704 kilometers altitude). 

Data Evaluation. The only direct measurements come from a single spacecraft that made only 
a single pass. Rating: 2. . 

Anomaly Evaluation. Since Mercury appears moon-like, rotates slowly, and emits no radio 
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signals detectable at earth, the pre-1974 expectation was that the planet had no magnetic 
field. In the context of prevailing wisdom, the discovery of what is believed to be an intrinsic 
magnetic field adds another anomaly to Mercury's list. Given the planet's small size and 
very slow rotation, conventional dynamo action---which itself is not really understood---is 
difficult to imagine. Mercury's core under present solar system scenarios should have 
solidified long ago. If the field is a remanent one, where did it come from? Rating: 2. 

Possible Explanations. (1) Mercury"'s magnetic field is not intrinsic; i.e. , dynamo-generated; 
but is created by some unappreciated solar plasma induction process; (2) Contrary to expec- 
tations Mercury still has a fluid core and active dynamo; (3) Mercury's field is remanent or 
frozen-in-place. 

Similar and Related Phenomena. The earth has a much stronger intrinsic magnetic field. A 
typical value for the earth's field at the surface, in the United States, is 5500¥%. 

Examples 

X1. Permanent feature. ''The data still do 
not force one to conclude that there is an 
intrinsic magnetic field, but the case is 
strong. Mariner 10 found that the solar 
wind passing Mercury formed a detached 
bow shock. If it is not the result of a 
complicated process that induces a mag- 
netic field around the planet, then Mer- 
cury has a significant intrinsic field. That 
field is apparently not tilted more than 10° 
away from the pole, but it seems to be off- 
set by 47 percent of the radius of the planet. 
Perhaps it is the remanent of an extinct 
dynamo." (R1) 

"The magnetic field intensity on Mer- 
cury's surface is approximately 1% of Earth 
but because of its small size, the magnetic 

moment of 4.9+ 0.2 x 10“4 G cm” is only 
6 x 1074 of the Earth's magnetic moment. 
There is no question that the observed mag- 
netic field is intrinsic to the planet, but its 
origin is uncertain. Possible sources are 
either remanent magnetization after cooling, 
with the magnetizing field due to either an 

internal dynamo or an external source, or 
a present day active internal dynamo such as 
on Earth and Jupiter. Which of these sour- 
ces is indeed the main source, depends upon 
the thermal history of the planetary interior. 
It is not possible to uniquely distinguish be- 
tween the two mechanisms, from either the 
available magnetic field data or from models 
of the planetary interior." (R3, R4) - 
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AHZ2 Mercury’s Offset Magnetic Field 

Description. Mercury's magnetic field is offset from the planet's center by 47% of the planet's pescription 
radius. 

Data Evaluation. The only direct measurements come from a single spacecraft that made only 
a single pass. Rating: 2. 

Anomaly Evaluation. If Mercury's field is generated by a core dynamo, one would expect that 
the field would be roughly centered on the planet due to convection-cell symmetry. Thus, 
some asymmetry in the planet's interior or mode of formation is implied. Rating: 2. 
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Possible Explanations. Mercury's interior may be nonuniform in composition, and the core 

dynamo correspondingly offset. On the other hand, if the field is actually the product of 

some unknown plasma induction effect, its offset character would be easier to understand 

because of deformation by the outwardly streaming solar wind. 

Similar and Related Phenomena. The axis of the earth's magnetic field does not coincide with 
the axis of rotation (EM); Jupiter's offset magnetic field (AJZ1). 

Examples References 

X1. Permanent feature. See summary de- Rl. Metz, William D.; "Mercury: More 

scription in AHZ1-X1. (Rl) Surprises in the Second Assessment, "' 
Science, 185:132, 1974. (X1) 
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AJ INTRODUCTION TO JUPITER 

Key to Categories 

AJB JOVIAN ORBITAL ANOMALIES 
AJF INTRINSIC RADIATION FROM JUPITER 
AJL JUPITER’S REMARKABLE GALILEAN SATELLITES AND RING 
AJW JOVIAN ATMOSPHERIC PHENOMENA 
AJX TRANSIT AND OCCULTATION ANOMALIES 
AJZ JUPITER’S MAGNETIC FIELD 

The giant planet of the solar system is Jupiter. The naked eye sees Jupiter as a bright 
jewel in the night sky; some observers claim they can even see the four Galilean satellites 
without a telescope. With a little optical help these four large moons become bright planets 
circling a miniature sun---a solar system within the solar system. 

The mysteries of Jupiter are many. Is it a huge sphere of ices or an aspiring star with an 
internal energy source? What is the Great Red Spot, and does its character and position 
vary with solar activity ? How do Jupiter's satellites modulate radio emissions from the 
planet? What are the lineaments on Europa and the strange grooved terrain of Ganymede. 
Terrestrial radio telescopes and the modern visits ofthe Pioneer and Voyager spacecraft have 
helped understand some of these problems, but they have also found new anomalies. There . 
are many perplexities left over from the days when the telescope was king. The frequent 
observation of double satellite shadows on Jupiter's disk does not yet have a good explanation. 
Apparent physical distortion of satellites in transit and the hanging of stars on Jupiter's limb 
during occultation are typical of the unsolved optical enigmas. Jupiter is truly an alien planet 
---a huge reservoir of anomalies, most of which we probably don't even know about yet. 
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AJB JOVIAN ORBITAL ANOMALIES 

Key to Phenomena 

AJBO Introduction 
AJB1 Cyclic Disturbances of Jupiter’s Orbit 

AJBO Introduction 

The only celestial mechanics anomaly associated with Jupiter's orbit around the sun is a 
cyclic discrepancy between computed and observed positions. Other astrodynamic problems 
are found in predicting occultations of Jupiter's satellites (AJL15). 

AJB1 Cyclic Disturbances of Jupiter’s Orbit 

Description. The cyclic discrepancy between Jupiter's calculated and observed positions. On 
occasion, Jupiter is ahead of its computer position; at other times, behind; with a maximum 
angular discrepancy of 0.0007°. The discrepancy is cyclic with a 12. 4-year period. 

Data Evaluation. Astronomical data from the last 160 years confirm the phenomenon. However, 
the effect is so small that some systematic error might creep in. Despite recent spacecraft 
missions to Jupiter, the phenomenon has not been mentioned in the literature surveyed since 
1959. Rating: 2. 

Anomaly Evaluation. Assuming there is no observational error, this small error implies that 
Newton's Law of Gravitation needs a minor modification. Rating: 2. 

Possible Explanations. Systematic errors in observations. Since relativistic effects are not 
important here, Newton's Law of Gravitation may be slightly in error. 

Similar and Related Phenomena. Whenever astronomical situations like this occur, Newton's 

Law is always blamed; viz., the advances of the perihelions of the inner planets (AHB1, AVB2). 
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Examples 

X1. General observations. "Jupiter some- 
times appears to be ahead of where it should 
be, sometimes behind. The difference 
changes regularly with time and goes through 
a complete cycle once every 12.4 years. The 
magnitude of the effect is small; Jupiter ne- 
ver gets out of place in its orbit by more 
than 600 miles. Jupiter is so far away that 
this 600-mile shift, when observed by astro- 
nomers here, puts the planet out of position 
by only 0.00007 degrees, an angle barely 
measurable..... The cycle in which Jupiter 
departs from its predicted position has re- 
peated every 12.4 years for the past 160 

52 

years. This is slightly longer than the 11.9 
years required by Jupiter to revolve once 
around the sun. Since these two time peri- 
ods are nearly equal, the error may be con- 
sidered due to a steady but gradual change 
in the shape and orientation of Jupiter's 
orbit. However, there is at present no 
known reason for such a gradual change to 
occur." (Rl) 

References 

Rl. "Query Newton's Theory, '' Science 
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AJF INTRINSIC RADIATION 
FROM JUPITER 

Key to Phenomena 

AJFO Introduction 
AJF1  Jupiter’s Intrinsic Radiation 
AJF2 Variations in Jovian Decametric Radiation 

AJFO Introduction 

Jupiter is an alien planet in comparison to the inner "terrestrial" planets. Its density is not 
much higher than that of water. Instead of rock, we must deal with swirling gases, liquids, 
and ices. At the center of Jupiter, where pressures and temperatures may be very high, we 
may have to core of a star that could not ignite because of its small size. We do not really 
know what lies far beneath the colorfully banded surface of this giant planet. The gist ofthese 
observations is that bizarre physical and chemical processes may make Jupiter the source of 
a variety of radiation---electromagnetic and particulate. 

Two types of Jupiter-generated radiation are considered anomalous at this writing: (1) the 
totality of the planet's electromagnetic radiation, which exceeds that received from the sun 
several-fold; and (2) the apparent modulation of Jupiter's decametric radio noise by the orbital 
motions of its large Galilean satellites. While the latter phenomenon does not turn out to be 
particularly anomalous, the former implies an internal energy source of some kind; perhaps 
nuclear or chemical or gravitational, or some combination thereof. There is something cook- 
ing at Jupiter's core. 

AJF1 Jupiter’s Intrinsic Radiation 

Description. The radiation by Jupiter of more energy than it receives from the sun. 

Data Evaluation. Modern analyses of Jupiter in the infrared and close-up observations by 
the Pioneer spacecraft. Rating: 2. 
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Anomaly Evaluation. The nature of Jupiter's implied internal energy source is unknown. 

Rating: 2. 

Possible Explanations. Astronomers have long speculated that Jupiter might be a star that 

failed to make the grade; i.e., ignite thermonuclearly. However, there are other possibili- 

ties beyond a smoldering nuclear core, such as gravitational energy, phase-change energy, 

and even chemical energy. 

Similar and Related Phenomena. Saturn also radiates more heat than it receives from the 

sun (ARF2); also Neptune (ANF1). 

Examples 

X1. September 27, 1879. Most spectra of 
Jupiter so closely resemble those of the 
sun that significant intrinsic radiation from 
the planet seems unlikely. However, on 
September 27, 1879, a spectrogram of the 
equatorial region showed considerable ab- 
sorption of incident sunlight and its sub- 
sequent reradiation with a spectrum dif- 
ferent from that of sunlight. (R1) 

X2. A study of planetary brightness. This 
study showed that the brightness of Jupiter 
was much greater than could be accounted 
for by incident solar radiation. (R2) This, 
though, was a subjective analysis with no 
instrumental measurements of brightness. 

(WRC) 
X3. Brightness of satellite shadows. If 
Jupiter is self-luminous due to incandes- 
cence, the shadows of its satellites should 
be relatively bright when photographed in 
the red region of the spectrum. This does 
not happen; rather, the satellite shadows 
seem unusually bright in the ultraviolet. 

The author also comments that if Jupi- 
ter were self-luminous, its satellites would 
be illuminated by this light when in Jupi- 
ter's shadow and all sunlight cut off. In 
fact, Jupiter's satellites become totally in- 
visible when they pass into the planet's 
shadow. (R3) 

X4. Infrared analysis. "Abstract. The 
most accurate infrared photometric obser- 
vations (8 to 14 microns) to date of the 
average limb darkening of Jupiter have 
been combined with the most refined de- 
duction of jovian model atmospheres in 
which flux constancy has been closely main- 

tained in the upper regime of radiative 
equilibrium and a much more accurate ap- 
proximation of the 10- and 16-micron vi- 
bration-rotation bands of ammonia has been 
incorporated. The theoretically predicted 
emergent specific intensity has been multi- 
plied by the spectral response function and 
folded (mathematically convolved---inter- 
smeared) with the spatial response function 
of the atmosphere-telescope-photometer 
combination. The resulting comparison 
indicates that Jupiter is radiating from 
three to four times as much power as the 
planet is receiving from the sun." (R4, R5) 

X5. Computation of core temperature from 

theory. The temperature of Jupiter's nucleus 
came out to be 196,000°K, which would re- 
sult in a surface thermal flux comparable to 
that measured during the flybys of Pioneers 
10 and 11. (6) 
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AJF2 Variations in Jovian Decametric Radiation 

Description. The correlation of the intensity of Jupiter's decametric radio emissions with 
the positions of its Galilean satellites. 
fluence. 

The innermost satellite, Io, exerts the greatest in- 

The frequencies involved run from about 8 to 40 MHz. 

Data Evaluation. Jupiter's decametric radiation has been monitored by terrestrial receivers 
for over 20 years. Rating: 1. 

Anomaly Evaluation. Although the details of the physical interactions of the Galilean satel- 
lites with Jupiter's magnetosphere still need to be worked out, there does not seem to be any 
serious confrontation with electromagnetic theory. Rating: 3. 

Possible Explanations. When the Galilean satellites disturb Jupiter's magnetosphere, deca- 
metric radiation generated within the magnetosphere is modulated. The satellite disturbances 
are mechanical and/or electromagnetic, with the latter probably being the more important. 
Since Io is known to be surrounded by a cloud of electrically conducting sodium, it would nat- 
urally be more effective electromagnetically than the other satellites. 

Similar and Related Phenomena. The correlation of solar activity with planetary positions 
(ASF); the correlation of terrestrial radio propagation with planetary positions (GER11). 

Examples 

X1. Analysis of radio signals received from 
Jupiter. In 1964, E.K. Bigg discovered a 
striking dependence of the intensity of the 
decametric radio emission from Jupiter on 
the angular position of Io, the closest of the 
Galilean satellites. He reported that he had 
not yet found similar correlations for the 
other three Galilean satellites. (R6, R1) 
This correlation was confirmed in 1965 by 
G.R. Lebo and his colleagues, although they 
also found that Europa and Ganymede did ex- 
ert some influence, too. (R1) 

Io's control is limited. ''The stimulation 
by Io of some fraction of the jovian decame- 
tre-wavelength radio emission was recogni- 
zed in 1964. Since then many observations 
have indicated that strong Jo control is lim- 
ited to frequencies between about 22 and 40 
MHz. At lower frequencies, that is 8-10 
MHz, the degree of Io modulation declines 
markedly. Recent low-frequency RAE 1 
satellite, Voyager 1, and ground-based stu- 
dies have shed some doubt on the conclusion 
that Io control predominates only at high fre- 
quencies. Data from the Earth-orbiting 

RAE 1 satellite revealed a strong dependence 
of emission detection probability on Io orbital 
phase at frequencies in the range 6. 5-22 
MHz. These apparently conflicting results 
lead to two different conclusions: (1) Io con- 
trol decreases markedly in the 10-20 MHz 
regime but reappears near 6 MHz, or (2) 
observations above 8 MHz require that the 
emission intensity be taken into account. 
We demonstrate here that the latter is the 
case and offer a reinterpretation of these 
data which is consistent with the recent low- 

frequency satellite and ground-based re- 
sults. '' (R5) 

X2. Profferred explanations. Io disturbs 
the orbits of particles trapped in Jupiter's 
magnetosphere. (R2) The Galilean satellites 
have magnetic properties that distort Jupi- 
ter's magnetic field, so that charged parti- 
cles are trapped in these distorted regions 
and emit synchrotron radiation. (R38) If Io 
has a conducting ionosphere, a large vol- 
tage would be generated as it moves through 
Jupiter's magnetic field, and this voltage 
could drive a plasma process which gene- 
rates the observed radio noise. The sodium 
cloud around Io provides just such a conduc- 
tor. (R4) 
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AJLO Introduction 

Jupiter is orbited by four planet-sized moons---the Galilean satellites---named after their 
discoverer. The other Jovian satellites are much smaller and, as far as we can tell at pre- 
sent, not nearly as interesting as Io, Europa, Ganymede, and Callisto, the four Galilean 
satellites in order of increasing distance from Jupiter. When the Voyager spacecraft neared 
the Jovian system, planetologists expected the photographs radioed back to earth to reveal 
heavily cratered spheroids much like Mercury and the earth's moon. The expected did not 
occur. The Galilean satellites turned out to be quite different from one another, and all were 
apparently cast in different molds than Mercury and the moon. There are craters, it istrue, 
but Ganymede also boasts a tapestry of meandering systems of grooves quite unlike anything 
seen elsewhere in the solar system. There are curious lineaments marking Europa's icy 
crust that bear an amusing resemblance to the Martian canals drawn by Lowell. Then there 
is Io with its huge clouds of sodium and sulphur, and powerful volcanos spewing out still 
more sulphur. The word "bizarre" is employed often in this book, but it can be applied to 
Io with emphasis. 
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AJL1 

Ring Discovery AJL1 

Pre-Voyager Sightings of Jupiter’s Ring 

Description. The pre-Voyager detection of a ring of material surrounding Jupiter using tele- 
scopic data. 

Background. The scientific literature generally attributes the discovery of Jupiter's ring to 
the Voyager flights to that planet. Yet, the work of S.K. Vsekhsvyatskii, pre-dating Voya- 
ger by some 20 years, clearly anticipates the ring photographed by the Voyager cameras. 

Data Evaluation. 8S. K. Vsekhsvyatskii, and possibly others, collected evidence from tele- 
scopic observations that Jupiter possesses a ring---all well before the Voyager flights. The 
literature is emphatic on this point. Of course, the Voyager data are superior. Rating: 1. 

Anomaly Evaluation. There is no scientific anomaly here. Researchers often ignore the 
early literature, especially if it is in a foreign language. Rating: 4. 

Possible Explanations. None needed. 

Similar and Related Phenomena. Pre-Mariner sightings of craters on Mars (AMO2) and Mer- 
cury (AHOO). 

Examples 

X1. Pre-Voyager evidence for Jupiter's 
ring. "A ring of comets and meteorites 
probably circles around the planet Jupiter, 
a Russian scientist reports. A dark band 
girdling Jupiter at its equator is actually 
the shadow cast by the huge halo, Dr. S.K. 
Vsekhsvyatskiy, astronomer at Kiev State 
University in Russia, emphasizes. The 
‘shadow' shifts position as the planet rota- 
tes around the sun in a manner expected for 
a shadow, Dr. Vsekhsvyatskiy notes. The 
ring of comets and meteorites supposedly 
formed many millions of years ago when an 
explosion on Jupiter sent huge masses of 
rock hurtling into space. '' (R1) The above 
material was published in the United States 
in 1961. 

This from England, 1964: ''Vsekhsvyatsky 
has made a close study of drawings of Jupi- 
ter done by experienced observers in many 
countries, and believes that a very thin, 
broken streak in the region of the planet's 
equator indicates the existence of a ring. He 
considers that it has been formed as a re- 
sult of gigantic outbursts in Jupiter itself, 
and that its composition is identical with 
that of the ring-system of Saturn. These 
conclusions are likely to be hotly challenged. 
There is no theoretical bar to a Jovian ring, 
but if it exists it is extremely elusive, and 

confirmation is likely to prove a very diffi- 
cult matter." (R2) 

X2. General observations. The great pre- 
ponderance of literature about Jupiter attrib- 
utes the discovery of the ring to the flights 
of the Voyager Program of NASA. "A ring 

was discovered surrounding Jupiter." (R3) 

So goes the "official Voyager documentation. 

(WRC) 

Further information on the work of Vsek- 

hsvyatskii (spelling varies) may be found in 

Kronos, a journal supporting the hypotheses 

of Velikovsky. The work of Vsekhsvyatskii 

has been of great interest to supporters of 

Velikovsky because Vsekhsvyatskii, like 

Velikovsky, believes that great eruptions 

have occurred on Jupiter. (R4) 

References 
Rl. "Jupiter's Dark Band Is Shadow of Co- 

met Halo, '' Science News Letter, 80:56, 
1961. (X1) ‘ 

R2. "A Ring round Jupiter ?"’ NewScientist, 
21:363, 1964. (X1) 

R38. Smith, Bradford A., et al; ''The Jupiter 
System through the Eyes of Voyager 1," 
Science, 204:951, 1979. (X2) 

R4. Vsekhsvyatskii, S.K.; "The Ring of Co- 
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AJL2  lo’s Bizarre Physical Makeup 

Description. The presence of large quantities of unusual materials, such as sodium and sul- 
phur, on the surface and in the atmosphere of Io. Not only are the high concentrations of 
these materials anomalous for planet-sized objects in the solar system, but their ejection 
into Io's atmosphere makes this moon unique in the solar system. 

Data Evaluation. The Voyager encounters with Jupiter and recent telescopic study. Rating: 1. 

Anomaly Evaluation. The simple presence of sodium and sulphur is not surprising because 
these elements are rather common in carbonaceous chondrites. It is the segregation and con- 
centration of these materials that is hard to explain. Rating: 2. 

Possible Explanations. The sodium and sulphur may be the remnants of water-leached car- 
bonaceous chondritic material---the basic stuff of the primordial planets. Since Io has no 
water now, the leaching process, which is not well-defined, must have transpired long ago. 
Io's unique atmosphere is probably created when sodium is sputtered by solar particulate 
radiation and when Io's volcanos spew out sulphur compounds. 

Similar and Related Phenomena. None. 

Examples 

X1. The sodium cloud. ''The strange cloud 
of sodium that envelopes Jupiter's moon Io 
has fascinated planetologists ever since it 
was first detected in spectral studies sev- 
eral years ago. Apparently sputtered up 
from the surface by the impacts of charged 
particles riding in on the lines of the Jovian 
magnetic field, it is invisible to the eye, in 
large measure because the much brighter 
light reflected from Io and Jupiter simply 
drowns it out. Thus it has heretofore been 
recorded only as bright lines through the 
narrow slits of spectrographs and spectro- 
meters. But now, apparently for the first 
time, a group of researchers has taken 
its picture.....The photo and the map show 
only a portion of the cloud about six times 

the width of Io's disk. The entire cloud is 
believed to be as large as the whole Jovian 
system, but most of it is too dim, relative 
to the sunlight reflected from Jupiter, to 
show up in such an image." (R3, R4) 

X2. The exotic surface materials. ''There 
are several other puzzling questions re- 
garding the surface of Io, a principal one 
being of course why it has such strong so- 
dium emissions. Also, why is Io as bright 
as if it were covered by ice, yet shows no 
ice absorption features in its spectrum? 
And why has Io dark poles? Fanale et al. 
(Science, 186, 922; 1974) suggest that Io's 
surface composition involves evaporite 
salt deposits which are rich in sodium and 
sulphur. (This would both provide asource 
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cated behind the occulting disk. (X1) 
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of sodium and explain the brightness of 
the planet.) They believe that unlike the 
other Jovian satellites, Io never had large 
amounts of ice, yet it apparently was not 
totally devoid of water like our Moon. As 
a result of internal degassing, much of 
Io's water may have seeped to the surface, 
where it would quickly evaporate as a re- 
sult of the satellite's proximity to Jupiter 
and its low surface gravity....Salt-rich 
assemblages that Fanale et al. propose 
for the surface of Io are easily derivable 
from the leaching of carbonaceous Chon- 
dritic material.'' (R2) Reflectivity mea- 
surements also suggest considerable sul- 
phur on Jo's surface. (R1) 

X3. General observations. “Io's unique 
character among the planet-sized bodies 
of the solar system was eminently demon- 
strated during the Voyager encounters with 
the Jupiter system. Embedded deep within 
Jupiter's magnetosphere, bombarded by in- 
tense radiation, and characterized by bi- 

AJL3 

lo’s Volcanos AJL3 

zarre surface properties, Io is the source 
of remarkable extended clouds of sodium, 
sulfur, oxygen, and other species. These 
atomic and ionic clouds extend great dis- 
stances from Io, and their appearance and 
behavior provide useful insights into the 
physical conditions of its surface, atmo- 
sphere, and plasma environment." (R5) 
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lo’s Anomalously Energetic Volcanos 

Description. The ejection from Io's volcanos of material at velocities of up to 1 kilometer/ 
second. Thermal heat sources may not be adequate to produce such velocities. 

Data Evaluation. Voyager photographs of the volcanos in action. Rating: 1. 

Anomaly Evaluation. The high ejection velocities derived from the heights of the volcanic 
plumes seem to rule out thermal propulsion. Only exotic energy sources remain. Rating: 2. 

Possible Explanations. The supposed great age of Io requires a perpetual energy source. 
Tidal flexing of Io's crust does not seem to generate enough heat through friction to create 
the required temperatures. More promising is electrical heating, created when Io orbits 
in Jupiter's powerful magentic field. 

Similar and Related Phenomena. None. 

Examples 

X1. Energetic volcanism on Io. ''Probabiy 
the most spectacular discovery of the Voy- 
ager mission has been the existence of ac- 
tive volcanoes on Jo, erupting materials to 
heights of several hundred kilometers above 
the surface. The first discovery of anactive 
volcanic eruption is described by Morabito 
et al; it appeared as an enormous umbrella- 
shaped plume rising 270 km above the bright 
limb. Since this discovery, six additional 

volcanic plumes have been found; most have 
been seen several times. In the likely case 
that the trajectories are ballistic, the alti- 
tudes measured on images taken in the clear 
filter, imply eruption velocities of several 
hundred meters to ~ 1 km/sec.... What 
causes such violent volvanic activity ? (R3) 

X2. Possible explanations. Heat from radio- 
activity can probably be ruled out because 
Io has probably been active throughout geo- 
logical time, and an unreasonable amount 
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of long-lived radionuclides would be re- 
quired. (R3) Tidal flexing as Io orbits in 
Jupiter's powerful gravitational field could 
generate an enormous amount of frictional 
heat in Io's interior. This perpetual heat 
source could power Io's volcanos. (R3, R4) 

Gold, however, has rejected tidal heating 
as inadequate. He calculates that to pro- 
duce such high velocities (up to 1 kilometer/ 
second) in the expelled material, tempera- 
tures around 6,000°K would have to be gen- 
erated, assuming the plumes are sulphur 
and/or sulphur compounds. Instead, Gold 
proposes electrical heating, caused when 
electrically conducting Io orbits through 
Jupiter's strong magnetic field. Such elec- 
trical heating could attain much higher tem- 
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peratures than tidal heating. (R1, R2, RA) 
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AJL4 Ganymede’s Grooved Terrain 

Description. A mosaic of systems of grooves criss-crossing Ganymede. Each system con- 
sists of several grooves, 5-15 kilometers apart, all running approximately parallel to each 
other, for distances of 10-1000 kilometers. 

fans and wedges of grooves. 
kilometers. 

Most systems are arcuate, but there are some 
The width of the typical groove systems varies from 10-100 

Data Evaluation. Voyager photography. Rating: 1. 

Anomaly Evaluation. Ganymede's systems of grooves seem to be unique in the solar system. 
Obviously, terrestrial analogs are absent, forcing scientists to guess at what happened long 
ago to Ganymede's icy crust. Why do the grooves form families; and how did the complex 
interweaving of systems originate? It is probably only a matter of working out fault patterns 
and interplays of tectonic forces. Rating: 3. 

Possible Explanations. Various types of faulting have been proposed; and one can conceive of 
Ganymede's crustal plates, like the earth's, colliding and pushing up wrinkles. 

Similar and Related Phenomena. Systems of ridges on Mars (AME7); many terrestrial ranges 
of mountains consist of roughly parallel ridge systems. 

Examples 

X1. General observations. ‘Most of the 
grooved terrain is a mosaic of discrete sys- 
tems of grooves, with the grooves of one 

system ending abruptly at the boundary of 
an adjacent system. In some places one sys- 
tem transects another. Where the grooved 
terrain meets the older cratered terrain, 
the grooves are parallel to the lines of con- 
tact. Each system contains a few to several 
tens of grooves. Systems are ~10 to ~100 
km wide and range from ~10 to ~1000 kmin 
length. Individual grooves are a few hun- 

dred meters deep, as determined by mea- 
surement of shadows near the terminator, 

and ~5 to ~15 km wide. They are generally 
arcuate in plan and some have sharp bends; 
therefore the grooves and intervening ridges 
cannot have been produced by strike-slip 
displacement of the crust. Also where one 
groove system transects another, grooves 
of the older system do not appear to be la- 
terally displaced along grooves of the youn- 
ger.'' (Rl): 

Another overview. "In detail, grooved 
terrain consists of alternating ridges and 
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grooves, spaced 3 to 10 km apart, and typi- 
cally 300 to 400 m deep. In near-termina- 
tor pictures, ridges appear to be sharp- 
crested and groove floors appear to be wide, 
flat bottomed, and somewhat hummocky. 
Ridges and grooves occur in straight or 
curvilinear sets. Some sets are narrow 
and long; others are short and wide; some 
are shaped like fans, bundles, or wedges. 
A few ridge-and-groove sets are nearly 
smooth and bounded by deeper grooves." 

(4) 
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Europa’s Lineaments AJL5 

Systems of grooves on Ganymede. (X1) (Courtesy 
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AJL5 Europa’s Lineaments 

Description. Lineaments, tens of kilometers wide and thousands long, appearing in the icy 
shell encasing Europa. These lines may be straight, curved, or segmented. They appear 
to be extremely shallow, perhaps only 100-200 meters deep. Some show white lines running 
down their centers. 

Data Evaluation. Voyager photography during Jupiter encounters. Rating: 1. 

Anomaly Evaluation. Europa's ice lineaments are apparently unique in the solar system; 
there seem to be no analogous phenomena in terrestrial ice fields. 
pletely mapped, we can only guess their origin. 
the same reason. Rating: 2. 

Since they are incom- 
This anomaly rating has to be a guess for 

Possible Explanations. Ice cracks due to tidal and/or tectonic stresses; the upwelling and 
subsequent freezing of water from Europa's interior, perhaps along cracks in the crust be- 
neath the ice. 

Similar and Related Phenomena. None. 



AJL6 Disappearance of Ganymede Ge 

Examples — while in other cases this aspect is lacking. 
Also he says, from the ways in which some 
of the streaks cross over and under one 
another, ‘it's clear that you can divide 
these things into families with different 
ages.'’ Many of these lines appear to 
be tens of kilometers wide. They appear 

to be cracks in the icy crust of Europa. 
One theory is that they were created by 

X1. General observations. ''Making a map 
of a map would seem to be a redundant en- 
deavor, and although the object in question 
is certainly no mere map---it is an ice- 
clad ball of rock nearly as large as earth's 
moon---it does have that appearance. Like 
a particularly convoluted roadmap, its light- 
colored surface is laced with a tangle of dark : ; 
lines, lone ones and short, some straight, tidal stresses; another by the upwelling and 
others curved or segmented, some embel- freezing of water from Europa's interior. 

lished with light streaks that run alongtheir § "4 R4) 
centers. And, maplike, the lines are flush 
enough with the terrain to appear almost 
printed on, departing no more than 100 to References 
200 meters from the skin of a globe more Rl. Smith, Bradford A., et al; "The Gali- 
than 3, 100 kilometers through. ...Close lean Satellites and Jupiter: Voyager 2 
looks at Voyager photos indicate that some Imaging Results, '' Science, 206:927, 
features cross others at characteristic 1979. (X1) 
45° angles, suggesting that they resulted R2. Eberhart, Jonathan; "Europa: Tracings 
from torsional stresses, says Lawrence in the Ice, "' Science News, 117:283, 1980. 
Soderblom of the U.S. Geological Survey, (X1) 

Map of the lineaments seen on Europa from R17. 

(X1) 

AJL6 Temporary Disappearance of Ganymede 

Description. The sudden, brief disappearance of Ganymede. Period of disappearance: less 
than a second. 

Background.Ordinarily, such an obscuration would be classified with the "enigmatic objects" 
(AE), for an unrecognized astronomical object is the likely cause. In Ganymede's case, how- 
ever, we have a history of occasional jet-black transits of Jupiter. Could black transits and 
Ganymede's temporary disappearance have the same cause? 
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Data Evaluation. A single example is on record. Rating: 3. 

Anomaly Evaluation. Two obvious explanations, birds in the earth's atmosphere and more 
distant solid objects (asteroids ?), present difficulties, as mentioned below. But there are 
many other possibilities for such a poorly defined, very brief, one-of-a-kind event; viz., 
dust clouds and negative hallucinations. In this context, a high anomaly rating is out-of-the- 
question. Rating: 3. 

Possible Explanations. An occultation by a bird would probably have been much more brief. 
Any distant, solid body capable of occulting Ganymede would probably have been visible by 
reflected light. Other possibilities: low-reflectivity dust clouds in space, meteor trails in 
the earth's atmosphere, negative hallucinations (P), etc. The intriguing question, though, is 
whether this phenomenon is related to dark transits. 

Similar and Related Phenomena. Dark transits of Ganymede (AJ X3). 

Examples 

X1. December 1, 1915. "...at 8 hrs. 37 
min. C.S.T., the aspect of Jupiter and his 
satellites was about as on the inclosed 
sketch. The distance from III to Jupiter 
was estimated by eye to be about 3 1/2 dia- 
meters of the planet, which would make it 
about 140", and from II to III was about 15" 
to 20''. Within a very few seconds of 8 hrs. 
37 min. 15 sec. C.S.T., as the satellites 
were being watched with 300 power on our 
five-inch refractor, with Jupiter himself 
in the field, III entirely or almost entirely 

winked out. II and Jupiter were not affected. 
The disappearance and reappearance seemed 
gradual, and extended over a space of at 
least half a second; more probably 3/5 or 
3/4 second---much longer than it takes to 
wink the eye. The seeing was very good--- 
9 on my scale." (R1) III is Ganymede. 

References 

Rl. Truman, O.H.; "Peculiar Disappear- 
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Unexplained eclipse of Ganymede. 
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AJW JOVIAN ATMOSPHERIC 
PHENOMENA 

Key to Phenomena 

ALWO _ Introduction 
AJW1_s«~Perriodicities of Jovian Atmospheric Features 

ALW0O _ Introduction 

The variable features of Jupiter---the cloud patterns, ephemeral spots, changing colors--- 
confirm for us watching from earth that Jupiter has a form of ''weather", alien weather per- 
haps, but gross atmospheric changes analogous to the earth's. Scientists do not understand 
all the dynamics of the Jovian atmosphere, but even terrestrial weather cannot be predicted 
with certainty after centuries of close observation. We don't know how well the laws of 
terrestrial atmospheric physics will work on Jupiter. The strong Jovian magnetic field may 
play an important role, as might also bizarre chemical reactions. From all the telescopic 
and spacecraft observations of the restless atmosphere of Jupiter, only one class of data 
seem worth focussing on at the present time: the apparent cyclic behavior of the planet's 
surface features, particularly the size, color, and motion of the Great Red Spot. Many have 
suggested that solar activity modulates Jovian weather. The solar effect is hard enough to 
discern in terrestrial weather; at Jupiter's distance a strong solar effect would indeed be 
surprising. Perhaps there is an unrecognized force that affects both Jupiter and the sun and 
forces them to dance to the same tune. 

AJW1_ Periodicities of Jovian Atmospheric Features 

Description. The cyclic behavior of: (1) General activity on the visible disk of Jupiter (the 
appearance of new spots, color changes, etc.); (2) The size and brightness of the Great Red 
Spot; (3) The brightness of the planet-as-a-whole; (4) The physical motion of the Great Red 
Spot. 
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Data Evaluation. Much of the data involve subjective determinations of "activity" and "pro- 
minence". Moreover, the correlations with solar activity and other phenomena are often 
weak. In general, the data are abundant but lack precision. Rating: 3. 

Anomaly Evaluation. Considering the weakness of solar effects at Jupiter's distance, the 
strong correlation of Jupiter's "activity" with solar activity would be startling. Rating: 2. 

Possible Explanations. Solar activity (ultraviolet intensity, particulate radiation flux, etc.) 
may only trigger Jovian atmospheric processes rather than force changes directly. Since 
Jupiter's orbital period and the length of the solar cycle are rather close, the supposed cor- 
relations with solar activity may be merely a consequence of Jupiter's changing distance 
from the sun. But here, too, the changes in solar effects seem much too small to control 
Jupiter's activity. Finally, Jupiter and the sun may both be affected by an unrecognized ex- 
ternal force that controls both their '‘activities'. 

Similar and Related Phenomena. The correlation of terrestrial weather with solar activity 
(GWS); the correlation of solar activity with the positions of the planets (AS). 

Examples 

X1. Analysis of the periodicity of the sur- 
face markings of Jupiter. M. Lamey,".... 

from a series of 583 drawings of this planet, 
covering a space of six years, concludes a 
periodic variation of about five and one-half 
years. As in the case of sun spots, the 
bands of Jupiter are subject to the same law 
of distribution in latitude. These bands--- 
ordinarily two in number---are to be found 

near the equator and near each other at an 
epoch which seems to precede the maximum 
of activity. Then follows a separation, and 
the formation of numerous secondary bands, 
until the motion of the bands in latitude leads 
to their disintegration, and, particularly in 
the northern hemisphere, to an absence at 
times of almost all markings. The period 
in its oscillation about a mean, is expressed 
in years as 5.43 + 0.07, just as in the case 

of the sun we have 11.11 + 0.287. The last 
equatorial concentration appears to have at- 
tained its maximum the twenty-third of March 
1885. '"' (R2) 

However, others found the period of ac- 
tivity to be considerably longer. "In the Mon- 
thly Notices, vol. lix, p. 76, there is anim- 
portant paper by Mr. W.F. Denning dealing 
with the subject of periodically recurrent 
disturbance in the region of the north tem- 
perate belt of Jupiter. In 1880, and again in 
the years 1891-92, there occurred great cut- 
breaks of spots on this belt, perhaps the 
most remarkable fact connects with them be- 
ing the enormous velocity of the spots rela- 
tive to other markings, this velocity being 
very considerably greater than that of the 
great equatorial current. In the paper above 
cited Mr. Denning discusses some previous 
occasions upon which spots had been obser- 
ved in former years in this region, and 
comes to the conclusion that outbreaks of 

the kind recur at intervals of a little more 
than 10 years, and calls the attention of ob- 

servers to the importance of examining Jupi- 
ter in February 1901, in order to ascertain 

if there is any trace visible of a similar 
outbreak of spots. "' The author, A.S. Wil- 
liams, then asserts that his analysis points 
to a 12-year period. (R5) W.F. Denning 
reponds with data that supports his estimate 
of a 10-year period. (R6) 

A more recent study of Jupiter's color 
variations. "When the short-period varia- 
tions were compared with sunspot activity, 
it was found that when sunspots were num- 
erous, the belts were generally a dark brown; 

when they were not numerous, the belts had 

a tendency to be orange. Because of the sim- 
ilarities of sunspot activity to the short- 
period color fluctuations, it is suspected 
that the color changes may be influenced by 
solar corpuscular emissions, the effects of 
which have been detected by other investiga- 
tors at radio wavelengths." (R8) 

Correlation of solar activity and the ro- 
tation of surface features. Abstract. "The 
relation between solar activity and the ro- 
tational periods of surface features on Jupi- 
ter were investigated over the period 1880- 
1968. Chree's superposition analysis shows 
that the mean rotational periods of the fea- 
tures display a double-maximum relation- 
ship in the course of the 1l-year solar cycle." 

(R16) 
Correlation of Jupiter's activity with its 

orbit. "Abstract. Analysis of features lying 
between the South Temperate Belt and the 
North Temperate Belt shows that the atmo- 
spheric activity of Jupiter is higher near 
and past the perihelion of its orbit than at 
the aphelion. " (R19) 
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X2. Correlation of solar activity and the 
brightness of the Great Red Spot. "Interest 
in Jupiter has been stimulated by recent in- 
vestigations. A correlation between solar 
activity likely to affect the ultraviolet radi- 
ation in the solar system and the activities 
of the Jovian great red spot would be of some 
significance for those interested in the pla- 
net. In fact, examination of the sun-spot 
cycle and the relative brightness of the Jo- 
vian red spot reveals just such a correlation. 
Fig. 1 Mot reproduced) shows the curves 
for both Zurich sunspot numbers and the rel- 
ative brightness of the Jovian red spot be- 
tween 1892 and 1947. The data for the rela- 
tive brightness of the red spot have been 
taken from Peek and his techniques for in- 
dicating the intensity of the spot, based on 
observations, has been adopted. Fig. 1 

shows there is a pronounced correlation be- 
tween the cyclic maxima and minima of the 
two curves during the period for which data 
were compared. In conclusion, it may be 
worth noting that a maximum in the current 
sunspot cycle is now anticipated, and also 
that recent observations have revealed ahigh 
intensity of the Jovian red spot.'' (R10) In 
reponse to this paper, E. Argyle calculated 
the actual, rather than apparent, correlation 
presented in R10, concluding that it was not 
significant and that a causal relationship be- 
tween the two phenomena had not been esta- 
blished. (R11) Other investigators confirmed 
Argyle's conclusion. (R12) 

But a more refined analysis by Basu re- 
versed the situation. ''Examination of the 
curves for the visibility of Jupiter's red spot 
and the solar cycle given by Graf et al. shows 
no apparent correlation because of the pre- 
sence of some irregular fluctuations in the 
visibility function. In the analysis here the 
irregular fluctuations have been removed by 

5 YR MOVING AVERAGE OF V 
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evaluating 5 yr moving averages of the values 
of V. To achieve uniformity in data the val- 
ues of R, were also subjected to the 5 yr 
moving average. The modified curves for 
the entire period 1894-1965 are shown in Fig. 
1. A striking feature of the curves is the 
close correspondence between the two phe- 
nomena from 1894 to 1945. For this period 
the correlation coefficient (with moving ave- 
rage values is r = 0.5714 and the standard 

error for the 52 values compared iso;=0.14, 
which shows that r is more than four times 
the value of o-,. This correlation is clearly 
significant and indicates that the variation of 
the visibility of Jupiter's red spot does have 
a component dependent on solar activity. It 
is interesting, however, that subsequent val- 

ues of V exhibit a completely different cor- 
respondence which does not fit into the pre- 
vious period and consequently the correlation 
coefficient for the whole period 1894-1965 is 
reduced to r= 0.24383. Nevertheless, con- 
sidering the behaviour of the red spot from 
1894 to 1945, as revealed by the present 
analysis, it is difficult to conclude that there 
is no correlation between Jovian and solar 
activities. The apparent discontinuity around 
1947 in the cyclic variation of the 5 yr moving 
agerages of V raises a second problem. Be-~ 
cause the values of V provided by Peek (1892- 
1947) and Reese (1948-67) have been scaled 
by the same criteria, it must be admitted that 

Jupiter's red spot begins to show a clear in- 
consistency around 1947. It is interesting to 
note in this connexion that this is also the 
time when the Sun shows an unexpected large 
enhancement in sunspot numbers. It is per- 
haps worth investigating whether the two 
might have a common cause external to both, 
such as local variation in density of inter- 
stellar medium." (R13) 

A confirming analysis. ''Abstract. A new 
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Sunspot numbers (solid line) versus Red Spot 
prominence index (dashed line) from R13. (X2) 
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inquiry has been made into the question of 
whether Jupiter's Great Red Spot shows a 
solar activity dependence. From 1892 to 
1947 a clear correlation was present. A 
dearth of sightings in the seventeenth cen- 
tury, along with the Maunder Minimum, fur- 
ther supports the relation. An anticorrela- 
tion, however, from 1948 to 1967 removed 
support for such an effect. The old observa- 
tions have been reexamined and recent ob- 
servations have also been studied. The au- 
thor reexamines this difficult question and 
suggests a possible physical mechanism for 
a Sun-Jovian weather relation. Prinn and 
Lewis' conversion reaction of Phosphine gas 
to triclinic red phosphorus crystals is a re- 
action dependent upon solar UV radiation. It 
may explain the dependence found, as well 
as the striking appearance of the Great Red 
Spot in the UV." (R20, R21) The Maunder 
Minimum was a period when few if any sun 
spots were apparent. (WRC) 

X38. Correlation of Jupiter's brightness with 
solar activity. "Conclusions. The avaflable 
data strongly imply the existence of a real 
relationship between the relative brightness 
of Jupiter and the relative sunspot number. 
..-- Lhe observed relative brightness vari- 
ations of Jupiter may possibly be directly 
related to variations in the sun's ultraviolet 
energy output, but this possibility appears 
unlikely because of the small amount of en- 
ergy available. The relative brightness 
variations cannot be accounted for by vari- 
ations in the total energy output of the sun, 
since variations of Jupiter's distance from 
the sun appear to have little effect on the 
relative brightness of Jupiter. '' Some sort 
of triggering effect of solar radiation is 
suggested. (R7) 

X4. Periodic motion of the Great Red Spot. 
"One of the most notable properties of the 
behaviour of the Red Spot and other features 
in Jupiter's atmosphere has been their com- 
plete unpredictability. It is thus both some- 
thing of a surprise and a significant obser- 
vational breakthrough that Dr. H.E. Solberg, 
working at the Observatory of New Mexico 
State University, has found a periodic oscil- 
lation in the longitude of the Red Spot. This 
motion has remained regular for over five 
years. The programme on which Solberg is 
working began in 1963, and has produced 
1200 photographic plates of Jupiter on which 
the position of the Red Spot is shown with un- 
precedented accuracy. Earlier observations 
had shown the variation in position of this 
feature without being able to reveal any peri- 
odicity in its motion. The new plates, how- 
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ever, clearly show that the Red Spot under- 
goes semi-regular oscillations in its longi- 
tude, with an average amplitude of 0. 8° and 
period close to 90 days. The mechanism 
causing this motion is not known, but its ob- 

servation is certainly one of the most signifi- 
cant events in the entire history of Jovian ob- 
servation, and a rash of theories attempting 
to explain it will inevitably follow shortly." 
(R14, R15) 

More correlations of Spot motion. 'Con- 
clusions. The observed long and short term 
fluctuations in longitude of the Red Spot are 
indeed the actual phenomena, as well as the 
fluctuations of the B-term and of cometary 
discoveries. However, we leave the realm 
of strict reality and enter into that of prob- 
ability if we show several relationships be- 
tween them: (a) The quasi-simultaneity of 
rises and falls of long term fluctuations of 
the R.S., of terrestrial rotation and of co- 
metary discoveries with periods approach- 
ing that of the period of great aurorae. (b) 
The coincidence of the period and the phase 
of the three-monthly oscillations of theR.S. 
with inferior conjunctions of Mercury and 
the indirect relationship of their amplitude 
with the degree of the alignment of Mercury 
on the Sun-Jupiter axis. All of these multi- 
ple coincidences may be purely fortuitous 
even if the probability of that is very small. 
Alternatively there may be an internal link, 
perhaps the solar activity, but we cannot 
propose provisorily any mechanism of this 
action. This lack, however, should not im- 
pede us from drawing attention to these 
facts and related speculations. '' (R18) 
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AJX TRANSIT AND OCCULTATION 
ANOMALIES 

Key to Phenomena 

AJX0O Introduction 
AJX1 _—_— Distorted Shapes of Galilean Satellites in Transit 
AJX2__— Hot Satellite Shadows 
AJX3 _—sODark Transits of Galilean Satellites 
AJX4 Double Shadows of lo 
AJX5 Limb Phenomena during Occultations and Transits 
AJX6 _=—~Post-Eclipse Brightening of lo 
AJX7 Discrepancies in Predictions of Eclipses and Transits 

AJXO_ Introduction 

Strange things happen when the large Galilean satellites slip behind Jupiter or pass across 
its face. Most of the odd phenomena transpire during transits. Some satellites, particularly 
Ganymede, seem grossly distorted as they cross Jupiter's disk. Instead of perfect circles, 
they may appear elliptical, with a strong tendency toward doubling. In this vein, the shadow 
of Io, when cast upon the planet below, has occasionally been seen doubled. All the satellites 
cast shadows; and they are usually black and circular as expected, but sometimes they are 
definitely gray. A gray shadow implies that Jupiter's surface is emitting intrinsic radiation, 
not reflected sunlight. Back to the satellites themselves during transit; one would expect 
them to be seen as bright against the planet's background due to reflected sunlight---they 
usually are; but rarely they will be jet black. Just why no one knows. 

The Galilean satellites also pass behind Jupiter in eclipses and occultations. As they touch 
Jupiter's limb at the commencement of an occultation, they sometimes hang there or are pro- 
jected onto the limb for several minutes. The same thing may happen with occulted stars, 
just as it does when our own moon occults stars. An intriguing eclipse phenomenon is the 
erratic brightening of Io as it emerges from Jupiter's shadow. Some astronomers have sug- 
gested that when the planet's shadow cools Io, some white chemical, perhaps SO9, covers Io 
with a temporary layer of strange snow. 
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70 

Distorted Shapes of Galilean Satellites in Transit 

The occasional elliptical or dumbbell appearance of the Galilean satellites. 
Ganymede is often seen to be elliptical; Io has been observed doubled in transit. 

Data Evaluation. Many noted astronomers have remarked on the elliptical tendencies of the 
Galilean satellites, particularly Ganymede. Io has been seen double only once. Rating: 2. 

Anomaly Evaluation. Contrast effects (see below) seem reasonable explanations of Gany- 
mede's occasional elliptical shape. The doubling of Io, however, is more mysterious, par- 
ticularly because its shadow on Jupiter is sometimes doubled (AJX4), while Io itself remains 
single. Rating: 2. 

Possible Explanations. The contrasting dark and light areas of a satellite, especially Gany- 
mede, may make it appear irregularly shaped against the backdrop of Jupiter. In the case 
of Io, its emissions of sulphur and sodium may create clouds that appear dark in transit, 
thus distorting the satellite's figure. Another possibility is that Io's shadow on Jupiter's 
face may overlap the image of the satellite itself, although an experienced astronomer should 
not be fooled by this. 

Similar and Related Phenomena. Double shadows of the Galilean satellites as they transit 

Jupiter (AJX4). 

Examples 

X1. September 8, 1890. "On Sept. 8, 1890, 
with the 12-inch this satellite (Io) presented 
a remarkable aspect while in dark transit. 
I noticed that it appeared elongated in a di- 
rection nearly perpendicular to the belts of 
Jupiter. With high powers (500 and 700) 
and perfect definition the satellite appeared 
distinctly double, the components clearly 
separated. At my request Mr. Burnham 
kindly examined the satellite with me, and 
we both distinctly saw the phenomenon of 
apparent duplicity (see Ast. Nach. 2995). 
In reference to the appearance of the satel- 
lite---whatever may be the explanation--- 
Mr. Burnham has no hesitation in stating 
that it was as distinctly double as any dou- 
ble star that he has seen. The distance be- 
tween the centres of the two images was 
about 1", and the position angle at transit 
1739 - . The south component was very 
slightly the smaller.'' (R2, R1, R3) 

X2. March 23, 1895. Io was observed in 
transit to be obviously elliptical, with the 

long axis perpendicular to Jupiter's equator. 

(R4) 

X3. April 17, 1896. Antoniadi confirms W. 

Pickering's 1893 claim that Ganymede's 
shape changes in transit. ''On 1896, April 
17, I accidentally had the opportunity of con- 

firming the accuracy of the American astro- 
nomer's observations. The third satellite 
appeared, in spite of myself, and at the first 
glance, with a tendency to duplicity. The 
longest dimensions made, when I started 
observing, an angle of some 45° with the 
planet's orbital plane; but the value of this 
angle was slowly and steadily decreasing. 
This appearance lasted for about an hour, 
when the elongation gradually subsided into 
the circular form. At first I thought I was 
witnessing an occultation of a satellite by 
another, but reference to the 'Connaissance 
des Temps', showed that this was not the 

Antoniadi’s drawings of Ganymede in transit on 
April 17, 1896. (X3) 
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case; so I thought myself victim of some il- 
lusion, though of what kind, of course, I 
could not say." (R5) 

X4. May 24, 1913. J. Guillaume, at the 
Lyons Observatory, reports that Ganymede 
in transit has an irregular shape. (R6) 

X5. General observations. "The Occasional 
Elongated Appearance of the HlIrd Satellite 
(Ganymede) and Its Cause.---This pheno- 

menon must have been remarked by Herschel 
in 1797, when he suggested that the bodies of 
the Jovian satellites might not be spherical. 
On one occasion in 1850, Lassell found the 
IlIrd satellite certainly not round, and this 
was noticed also by Secchi, Burton and many 
others since. But, in 1921, the Rev. T.E.R. 

Phillips solved admirably and completely the 
mystery, by demonstrating that the apparent 
distortion was simply due to the spots of the 
satellite, and not to a really flattened figure, 
still less to a swarm of meteorites, as had 
been so startlingly asserted beyond the At- 
lantic. " (R8) 

Ganymede has often been described as el- 
liptical during transit. The shadows of the 
Galilean satellites also appear elliptical on 
occasion. (R7) 

W.H. Pickering maintained that the Gali- 
lean satellites were in fact elliptical, as dem- 
onstrated by his micrometer measurements 
from 1892 on. These measurements were 
not made during transits. (R9) 

X6. Radar observations of the Galilean satel- 

lites. The effective radar cross sections--- 

and therefore the strengths of the echos--- 

Hot Satellite Shadows AJX2 

of these satellites vary with time. This does 
not necessarily imply an actual change in 
physical cross section; rather a change in 
reflectivity as the satellite rotates. (R10) 
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AJX2 Hot Satellite Shadows 

Description. The occasional enhancement of radiation from the shadows of the Galilean satel- 
lites cast on Jupiter, as determined by the lightness of the shadows and/or infrared measure- 
ments of the shadows. 

Background. The shadows of the Galilean satellites on Jupiter are normally inky black, so 
that a light or invisible shadow is thought to indicate high energy production in the region of 
the shadow. 

Data Evaluation. The data are very skimpy. The visual observations are always compro- 
mised by contrast effects. Rating: 3. 

Anomaly Evaluation. Are temporary enhancements of radiation from Jupiter's visible sur- 
face anomalous? In the context of our general ignorance of the physical and chemical pro- 
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cesses underway in Jupiter's atmosphere, the answer has to be yes. Rating: 2. 

Possible Explanations. Contrast effects against Jupiter's variegated background might ac- 

count for some light shadows, but enhanced intrinsic radiation is also a reasonable explana- 

tion. 

Similar and Related Phenomena. Dark transits of the Galilean satellites (AJX3); the post- 
eclipse brightening of Io (AJX6). 

Examples 

X1. October 18, 1880. Io and Europa were 

both in transit; both cast shadows on Jupi- 
ter. The shadow of Europa was dark brown 
while that of Io was jet black. (R1) 

X2. November 23, 1905. The shadow of Io 
in transit was practically invisible, with only 
a shred of it being seen during moments of 
good definition. (R2) 

X3. October 26 and December 15, 1962. 

"Abstract. On the evenings of 26 October and 
15 December 1962, while the disk of Jupiter 
was being scanned for thermal emission in 
the 8- to 14-micron wavelength region, a 
large enhancement was discovered in the 
emission from shadows cast on Jupiter by 

the Jovian satellites Ganymede and Europa. 
However, on the evening of 14 December 
1964, the shadow of Io was observed and no 
enhancement was detected. The effect is 
thus variable with time." (R3) 
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AJX3 Dark Transits of Galilean Satellites 

Description. The occasional dark, sometimes inky black, appearances of the Galilean satel- 
lites Io, Ganymede, and Callisto, during transits across Jupiter. When not in transit these 
satellites are quite bright. But during transit, Io is often gray; Ganymede is usually white 
but can be jet black; Callisto often begins white but changes to black. Europa is always white. 

Data Evaluation. Dark transits have a substantial literature, although it is generally from the 
last century. Nevertheless, no systematic study of this engaging phenomenon has appeared, 
even though it is unquestionably real. Rating: 1. 

Anomaly Evaluation. No good explanation of this peculiar phenomenon has yet been found. 
Rating: 2. 

Possible Explanations. Albedo and contrast phenomena have been invoked. Unfortunately, the 
same satellites have been seen both white and black, during different transits, over the same 
region of Jupiter's disk. Changes in Jupiter's brightness have also been proposed. 

Similar and Related Phenomena. Post-eclipse brightening of Io (AJX6); hot shadows of the 
Galilean satellites (AJX2); multiple shadows of the Galilean satellites (AJX4); anomalous oc- 
cultations and eclipses of the Galilean satellites (AJX5); the temporary disappearance of Gany- 
mede (AJL6). 
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Examples 

X1. January 28, 1848. Bond observed Io, 

Europa, and Ganymede all in transit. Gany- 
mede itself was as black as the shadows of 
Io and Europa. (R5) 

X2. May 18, 1848. Bond saw Ganymede -be- 
gin transit as very bright, 20 minutes later 
it was hardly perceptible, then it was a per- 
fectly black, round spot for 2 1/2 hours. 
(R5) : 

X3. December 30, 1871. Lassell observed 
Callisto to be as dark as its shadow while 

transiting Jupiter. (R1) 

X4. February 18, 1872. Callisto began its 
transit as a dusky spot, but gradually became 
darker as it progressed across the disk. It 
did not fade at the other limb. (R1) 

X5. March 25, 1873. The transit of Callisto 
was remarkable for its absolute blackness. 
The phenomenon was observed widely. (R2, 
R5) 

X6. March 25, 1874. A dark transit of Gany- 
mede. (R3, R4) 

X7. Some time in 1884. "At the Almanac time 
of II occultation disappearance (8h 52m L. 
M.T.), Mr. W.H. Lowden took the instru- 
ment to observe the phenomenon, and he at 
once announced that there was a shadow of 
a satellite on the planet. Thinking he must 
be mistaken, I again looked and found, as 
he had said, a black spot 'as black as adrop 
of ink,' and I then noticed that this spot oc- 
cupied about the position of the satellite then 
in transit. I then thought I must have made 
an error, but upon referring to the Ephem- 
eris, I found that no shadow should be on at 
that time, and that consequently it must be 
the fourth satellite projected on the diskas 
a black spot instead of the usual bead of 
light. This phenomenon so occupied our at- 
tention that the occultation disappearance 
was allowed to pass unnoticed. Thereafter 
we watched the spot, at intervals for nearly 
an hour, during which time it remained ab- 

solutely black."' (R5) Callisto is Jupiter's 
fourth Galilean satellite. (WRC) 

X8. July 21, 1890. "On the evening of July 
21, 1890, I observed the most intensely black 

transit of a Jovian satellite that it has ever 
been my fortune to witness. Both satellite II 
and its shadow were on the face of the planet, 
the former showing a round disc of dense 
blackness, its limb sharp and well defined, 
while the shadow was less black in hue, being 
brownish in tint, and apparently not exactly 
circular in form, with definition of the limb 
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somewhat less distinct." (R8) See AJX1 for 
noncircular apparitions of Jupiter's satellites. 
(WRC) 

X9. September 2, 1890. Another black tran- 
sit of satellite III (Ganymede). "I turned my 
5-inch telescope with power of 120 upon Jupi- 
ter and saw what appeared to be the shadow 
of a satellite on the lower belt and near the 
center of the disc of the planet, and on refer- 
ring to the ephemeris I found it to occupy the 
position of satellite No. 3. A steady look 
showed it to be a jet black dot which I was un- 
able to distinguish by appearance from a sha- 
dow. On applying the 200 power E.P. fifteen 
minutes later the image appeared elongated 
transversely with the belts (north and south). 
I observed it closely during the remainder of 
the transit, could detect no change during the 
entire time until within eight minutes of egress 
when the inky blackness became less intense. 
On the satellite's emerging and with the dark 
sky background, it appeared with its usual 
brightness." (R7) 

X10. September 8, 1890. Dark transit of Io, 
during which it appeared elongated. (R10) 

X11. December 27, 1894. Ganymede was of 

a dusky hue during its transit and elliptical 
in shape. Its shadow was intense black. 

(R11) 
X12. February 14, 1921. A dark transit of 
Callisto. It appeared as a dark, round spot 
even when crossing the dusky north polar 
region. (R14) 

X13. March 22, 1920. Ganymede during its 
transit was intensely and uncompromisingly 
black. (R12, R13) 

X14. General observations. Comments of 
the reknowned E.E. Barnard: 'In reference 
to the abnormal or black transits of the third 
and fourth satellites, from an experience of 
many years in actually observing the pheno- 
menon I should feel much hesitation in en- 
dorsing the theory that they are due alone to 
contrast. I have seen these satellites cross 
the same regions of Jupiter's disc in bright 
transit and again like drops of ink. Assuming 
the albedo of the satellite to be approximately 
constant, that of Jupiter would need to vary 
so vastly that it must rank as a variable star." 

(R10) 

An overview, circa 1888, by E.J. Spitta" 
"It appears that notably the fourth---the far- 
thest from its primary--~-as it approaches 
the disk of Jupiter, becomes rapidly and in- 
creasingly fainter until it arrives at contact. 
When once on the limb, it shines with a mod- 
erate brilliancy for about ten or fifteen min- 
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utes, then becomes suddenly lost to view for 
another period of about the same duration, 
and lastly reappears, but as a dark spot which 
grows darker and darker until it equals the 
blackness of its own shadow on the planet. 
The appearance presented by the second sat- 
ellite (Europa), however, is entirely differ- 

ent, for it never seems to have been seen 
otherwise than pure white during transit, 
whereas the first and third (Io and Ganymede) 
differ yet again from the preceding two. The 
former is sometimes a steel gray, and at 
others a little darker, whereas the latter has 
been seen perfectly white, and yet so black 
as to be mistaken for the fourth." Spitta be- 
lieves the different albedos of the four satel- 
lites may be the cause. (R6) 
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AJX4 Double Shadows of lo 

Description. The rare, transitory appearance of a second shadow of Io on Jupiter's disk. The 
second shadow is often very dark and similar to the true shadow in size and shape. 

Background. Multiple shadows are common on earth when two or more light sources are in 
operation. With Jupiter's moons, however, the sun is the only light source available. 

Data Evaluation. A handful of reports from the last century, augmented by a more recent set 
of photographs showing the transitory phenomenon clearly. Rating: 1. 

Anomaly Evaluation. All of the explanations presented below have weaknesses. Nevertheless, 
one anticipates that some simple optical effect will ultimately account for the doubling of Io's 
shadow. Rating: 2. 

Possible Explanations. The two-cloud-layer theory has the second shadow appear on a lower 
deck of clouds, the necessary light having been transmitted through an upper layer upon which 
the first shadow appears. As pointed out in X4, this explanation has difficulties. 
to be surrounded by clouds of sodium and sulphur, which might cast separate shadows. 

Io is known 
But 

one would expect such shadows to be quite different from the satellite's true shadow. Actually, 
the true and second shadows are usually similar. Some sort of birefringence or optical duc- 
ting in the Jovian atmosphere might cause a double shadow. 

Similar and Related Phenomena. The doubling of Io itself (AJX1). 
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Examples 

X1. April 24, 1877. Observations of M. 
Trouvelot. "The shadow of the first satel- 
lite had entered Jupiter's disc 39 minutes 
before at 14h.58m.42s., and had not quite 
described a quarter of its course on the pla- 
net's disc. The shadow was black and sen- 
sibly elliptical in form, and nearly touched 
by its most northern point the northern edge 
of the rose-coloured equatorial zone. It was 
preceded on its western side by a dark spot 
of exactly the same shape, which was sepa- 
rated from the shadow by an interval not ex- 
ceeding one third of the equatorial diameter 
of the shadow. This singular spot was not 
exactly on the same horizontal line with the 
shadow of Jupiter's first satellite, but was 
situated a little south, about one-third ofthe 
vertical diameter of the shadow. At 16h.6m. 
the shadow and the spot arrived at the cen- 
tral meridian of Jupiter; nothing was changed 
in its appearance. M. Trouvelot observed 
the phenomenon for the last time at 16h. 45m. 
At that moment the shadow had described 
three quarters of its course on the Jovian 
disc, and was always preceded by its com- 
panion. The relative distance of the two ob- 
jects had not varied during the observation. 
The most natural way of explaining this phe- 
nomenon is by supposing that the second spot 
was the continuation of the primary shadow 
formed on a layer of Jupiter's surface suf- 
ficiently thin and transparent to allow it to 
filter through its interstices, to pass then 
through a transparent medium, and to fall 
finally on a second deeper and solid surface 
of Jupiter's globe." (R1) 

X2. September 29, 1891. "Satellite I (Io) was 
in transit, showing a well-defined white disk 
against the darker background of the south- 

ern equatorial belt. Following this was the 
customary shadow, and following this at an 
equal distance was a second shadow. This 
secondary shadow was a trifle smaller and 

considerably fainter than the true shadow 

and seemed to be surrounded by a faint pe- 

numbra. This secondary shadow disappear- 
ed simultaneously with the egress of the 
true shadow. The seeing was very good 
and the air very steady.'' (R3) This obser- 
vation was connected to Barnard's réport 

of Io's doubling on September 8, 1890, in 
an attempt at explaining the phenomenon. 
(R4) See AJX1-X1 for Barnard's observa- 
tion. (WRC) 

X3. November 14, 1891. "On the night of 
Nov. 14, after the egress of Jupiter's Satel- 

Double Satellite Shadows AJX4 

lite I (lo), I was watching the shadow as it 
hung on the edge of the great red spot, and 
while intently observing, the round shadow 
seemed to become oblong, in which form it 
stayed for at least thirty minutes and then 
the shadow seémed to open and presented a 
double shadow, both round and black, the 
one much smaller than the other." (R2) 

X4. October 26, 1963. P.R. Glaser took 

three photographs of Jupiter on this date. 
The first shows Io's shadow black and round, 
with good planetary detail. The second pho- 
tograph, taken 16 minutes later, reveals a 
clearly doubled shadow. Again, definition 
was good so that instrument bumping can 
be eliminated. Three minutes later, the 
third photo was taken; but it showed no sha- 
dow doubling at all. 

Acknowledging previous observations of 
this phenomenon, the author doubts that the 
favorite explanation of two shadows on two 
cloud layers can hold up under scrutiny. If 
a cloud layer is dense enough to form adark 
shadow, it will not transmit enough light to 
form a second dark shadow. (R5) 

Commenting on the double shadow photo- 
graph, K.J. Delano suggests that Io's sur- 
rounding clouds might cast the second sha- 
dow. (R6) Io has an extended atmosphere 
of sodium and sulphur. (WRC) 

X5. March 22, 1966. At three different times 
during Io's transit, its shadow appeared mo- 
mentarily doubled. It was not as dark or as 
large as the true shadow. (R6) 

References 
Ri. "A Double Shadow of Jupiter's First 

Satellite,’ English Mechanic, 46:252, 

1887. (X1) 
R2. Hoffman, H.O.; 'Double Shadow of Jup- 

iter's Satellite I, '' Sidereal Messenger, 
10:517, 1891. (X3) 

R3. Hurlbert, Henry S.; ''Unusual Phenome- 
non Observed on Jupiter, Sept. 29, 1891," 
Astronomical Society of the Pacific, Pub- 
lications, 3:380, 1891. (X2) 

R4. Hulbert, H.S.; 'Double Shadow of Jupi- 
ter's Satellite I, '' Astronomy and Astro- 
physics, 11:87, 1892. (X2) 

R5. Wend, Richard E.; ''The Doubling of Jo- 
vian Satellite Shadows," Strolling Astro- 
nomer, 19:79, 1965. (X4) 

R6. "Another Doubled Jovian Satellite Sha- 
dow, "' Strolling Astronomer, 19:143, 1965. 
(X4, X5) 



AJX5 Limb Phenomena 76 

AJX5 Limb Phenomena during Occultations and Transits 

Description. (1) The apparent projection of the object being occulted onto Jupiter's limb for 

several minutes; (2) The "hanging" of the occulted object of the edge of Jupiter's disk for 

several minutes; (3) The temporary reappearance of a transiting satellite outside Jupiter's 

disk. The occulted objects may be satellites or stars. 

Data Evaluation. Many instances of anomalous occultations have been acquired, although 

they are all almost a century or more old. Except for the bizarre transit anomaly (X1, X17), 

the data are good. Rating: 1. 

Anomaly Evaluation. One is tempted to write off this phenomenon as a minor problem of op- 
tics and possibly human’perception. But seemingly ideal opportunities for the phenomena to 
occur are available frequently, yet the phenomena do not oblige. As with the analogous lunar 
occultations (ALX8), the phenomena are not well understood. Rating: 2. 

Possible Explanations. Jupiter possesses a dense atmosphere, so abnormal refraction seems 
a likely explanation, except for the fact that the same phenomena occur when the airless moon 
occults objects. Diffraction effects, which seem instrumental in producing the "black drop" 
effect (AHOO), may also be useful here. 

Similar and Related Phenomena. The projection of stars on the moon's limb (ALX8); the 
black drop effect (AHOO). 

Examples . 

X1. June 26, 1828. Transit. phenomenon. 
"On the evening of June 26th, in the year 
1828, the celebrated Piazzi Smyth satdown 
to the telescope, applied his practiced eye 
to the ocular, and began a survey of Jupi- 
ter. At about the same time a certain Mr. 
Maclear, 12 miles from Bedford, was simi- 
larly engaged, while yet another observer, 
a Mr. Pearson, 35 miles from Bedford, 
was also examining the planet. And this is 
what all three of them independently obser- 
ved: A transit of J II (Europa) was in pro- 
gress. Whether the beginning of the tran- 
sit was observed we are not told by Webb, 
from whom the above particulars were ta- 
ken, but after the satellite had ‘fairly en- 
tered on Jupiter’ it was subsequently found 
outside the limb 12 or 13 minutes later 
‘where it remained visible for at least 4m, 
and then suddenly vanished.'"'' (R5) The 
Webb mentioned above is T.W. Webb, the 
author of the celebrated Celestial Objects 
for Common Telescopes. (WRC) 

X2. January 3, 1857. Occultation phenome- 
non. Hodgson saw Io projected on the disc 
of Jupiter for nearly one minute, witha 
clear space around it. (R4) 

X3. April 26, 1863. Occultation phenome- 
non. Wray saw Europa projected distinctly 
within Jupiter's limb for nearly 20 seconds. 
(R4) S. Gorton, reporting the same occul- 

tation stated, 'the occultation occupied near- 
ly seven minutes, during which time, owing 

apparently to the movement of the atmos- 
phere, the satellite seemed to disappear and 
appear again several times.' (R3) 

X4. June 9, 1877. Occultation phenomenon. 

Ganymede seen through Jupiter's limb at 
reappearance. (R2) 

X5. June 19, 1877. Occultation phenome- 
non. Europa seen within Jupiter's limb at 
disappearance. (R2) 

X6. July 2, 1877. Occultation phenomenon. 

Io observed through the southern dark belt 
for one minute. (R2) 

X7. August 29, 1877. Occultation phenome- 
non. Europa seen within Jupiter's limb at 
disappearance. (R2) 

X8. September 20, 1878. Occultation phe- 
nomenon. Carlisle saw Europa within the 
planet's limb for 45 seconds after last con- 
tact. (R4) 

X9. October 5, 1878. Occultation phenome- 

non. Callisto temporarily disappeared seve- 
ral times during occultation commencement. 

(R3) 

X10. September 14, 1879. Occultation ofthe 
star 64 Aquarii. ''At the moment of contact 
the star did not instantly disappear, but 
seemed to possess a visible disc, the limb 

of Jupiter seeming to advance gradually upon 
it, the star, by-and-by, appearing to be bi- 
sected and then gradually disappearing alto-— 
gether. The time of final disappearance was 
10h. 7m. 47.68.M.M.T., at which instant the 
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circle of Jupiter's limb appeared perfect; 
previous to this the star appeared as a small 
protuberance upon the limb, which gradually 
got smaller until final disappearance... For 
about 10 sec. after disappearance the star 
could be seen through Jupiter's atmosphere 
as a speck of light seen through ground glass." 
the protuberance also preceded the star's 
reappearance. (R3) 

X11. April 14, 1883. Occultation phenome- 
non. Callisto disappeared slowly, flashing 
up again at intervals. (R3) 

X12. February 25, 1893. Occultation pheno- 
menon. Ganymede hung on Jupiter's limb 
for about 2 minutes. (R4) 

X13. March 22, 1895. Occultation phenome- 
non. Io appeared on the limb for fully 2min- 
utes as a faint white projection. (R4) 

X14. February 23, 1896. Occultation pheno- 
menon. Io seen through Jupiter's limb for 
4 minutes. (R4) 

X15. April 12, 1898. Occultation phenome- 
non. Europa seen as a bright point of light 
just inside Jupiter's limb by Molesworth. 

(R4) 

X16. October 3, 1903. Occultation phenome- 
non. "On Friday, October 3, the third satel- 
lite (Ganymede) was due to be occulted at 10h 
25m. I watched it carefully, but without 
thought of this question. After occultation 
began, it appeared to pass entirely within the 
limb, and took exactly the appearance of a 
transit before it finally vanished. It was visi- 
ble with 12-1/4 in. and power of 226 for at 

lo’s Post-Eclipse Brightening AJX6 

least one full minute after it was clean within 
the apparent outline of the planet. It was con- 
siderably brighter than the edge, upon which 
it appeared as if projected, and looked mere- 
ly as if slightly obscured." (R4) 

X17. No date given. Transit phenomenon. 
Europa approached Jupiter and seemed to re- 
main in contact for some minutes on the edge 
of the disk before moving onto the planet it- 
self. Exactly 12 minutes later, the same 
satellite was again seen outside the disk. It 
remained there for precisely 4 minutes and 
then vanished. (R1) This phenomenon was 
attributed to Schroeter, who was not men- 
tioned in X1, which is almost identical in 
content to the above account. (WRC) 
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AJX6 _ Post-Eclipse Brightening of lo 

Description. The occasional, temporary brightening of Jupiter's first satellite, Io, as it 

emerges from Jupiter's shadow after an eclipse. The effect lasts for about 20 minutes and 

amounts to a 10% brightness increase over Io's normal brightness. 

Data Evaluation. The phenomenon has been noted many times with photometers and other 

scientific instrumentation. The effect is erratic, however, and many astronomers have 

doubted its reality. Rating: 2. 

Anomaly Evaluation. This is a marvelous anomaly, though perhaps not one of great impor- 

tance. Very likely an explanation exists in terms of a thermally controlled precipitant. 

Rating: 2. 

Possible Explanations. Albedo increases caused by the precipitation of a substance, such as 

SO9, on Jo's surface during eclipse-cooling. The brightening is reduced to normal levels 

as the sun vaporizes the "snow". Solar particulate radiation may contribute a warming ef- 
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fect. The brightening might possibly be an emission effect, as opposed to an albedo change. 
In this case, emission might be stimulated by solar-flare particles. 

Similar and Related Phenomena. Terrestrial cooling during solar eclipses. 

Examples 

X1. General observations. Occasional er- 
ratic phenomenon. ''The post-eclipse bright- 
ening, first noted in 1962, is an unpredic- 
table anomaly.... Brian O'Leary of the Uni- 
versity of Massachusetts and Ellis Miner of 
JPL, Pasadena, add another observation to 
the pot. The graph shows brightness mea- 
surements after an Io eclipse, taken quite 
independently at the Kitt Peak and Table 
Mountain observatories. A bump in the curve, 
when levels off after about 20 minutes is evi- 
dent. These are ultraviolet measurements, 
and O'Leary and Miner suggest that all fu- 
ture monitoring be done in this waveband 
where the effect shows greatest contrast. In 
a companion paper, University of Hawaii 
astronomers D.P. Cruickshank and Robert 
Murphy describe how they saw Io brighten 
on some occasions in 1971-72, but not on 
others. Satellites Europa and Ganymede 
never showed the anomaly." (R3, R2) 

In 1983, Lane et al monitored three Io 
eclipses; two showed no brightening, but the 
third found Io 30% brighter 3 minutes after 
the end of the eclipse than it was 6 minutes 
after. (R9) 

During 1970, Fallon and Murphy studied 
four Io eclipses, three of Europa, and one 
of Ganymede. No post-eclipse brightenings 
were seen for any of the satellites. (R1) 

Three eclipse reappearances of Io were 
observed by Voyager instruments during the 
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two encounters with Jupiter. No post-eclipse 
brightenings occurred. (R7) 

X2. Spectrophotometric observations. In 
1978, Witteborn et al monitored Io's bright- 
ness between 1.2 and 5.4 micrometers. At 
one phase angle, Io's brightness at 4.7 to 
5.4 micrometers was found to be three to 
five times greater than it was 5.5 hours be- 
fore and 20 hours after. They concluded 
that the observed transient must have been 
the consequence of an emission mechanism. 
The interaction of Io with Jupiter's magneto- 
sphere was considered a possible explana- 
tion. (R6) 

X3. Correlation with major solar flares. In 
6 out of 7 reported brightenings of Io, a ma- 
jor solar flare had occurred within 10° of 

the sub-Jovian longitude in the 100-day peri- 
od prior to the observation. In none of the 
18 cases of no posteclipse brightening was 
there such a flare. Thermoluminescence of 
Io's surface material was considered a pos 
sible mechanism. Also suggested: the war- 
ming of Io's surface by trapped solar parti- 
cles around Jupiter, which in turn released 
gases, which precipitated during eclipse 
cooling, and then vaporized after the eclipse. 
The temporary atmosphere would change Io's 
brightness. (R5) 

X4. Additional explanations. Ammonia or 
some other heavy gas falls as snow during 
eclipse cooling, brightening Io after it emer- 
ges from Jupiter's shadow for the few min- 
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Typical brightening curve of lo after emerging from 
Jupiter’s shadow. (X1) 
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utes it takes to vaporize the snow in the sun- 
light. (R38, R4) More recently, after Io was 
found to host sulphur volcanos, the conden- 
sation of sulphur dioxide during eclipse cool- 
ing has been considered the most likely pre- 
cipitation involved in Io's anomalous bright- 
ening. (R8) 
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AJX7 Discrepancies in Predictions of 

Eclipses and Transits 

Data Evaluation. Relatively large discrepancies between observed and predicted times of 
transit and eclipse of the Galilean satellites. 

Data Evaluation. Few specifics have been found so far, although general comments in the 
century-old literature imply that the discrepancies are frequent. 
the existence of large residuals. Rating: 2. 

A 1910 study confirmed 

Anomaly Evaluation. It is not known if modern celestial mechanics has resolved this residual 
problem, although it seems to be too large to be merely the consequence of poor calculations 
or theoretical deficiencies. 

the beginnings of eclipses and transits due to atmospheric effects. 
More likely, the problem is with the precise determination of 

Rating: 3. 

Possible Explanations. The atmosphere of Jupiter makes the precise timing of eclipses and 
transits difficult. 

Similar and Related Phenomena. Discrepancies in the prediction of solar eclipses (ASX); also 
transits of Mercury (AHB3); the projection or hanging of satellites on Jupiter's limb (AJX5); 
the physical distortion of Jupiter's disk (AJO1). 

Examples 

X1. March 25, 1874. Transit phenomenon. 
"It will be seen that the III. satellite was a 
few minutes 'behind time.' I believe thisis 
nearly always the case with III. and IV. (R1) 
IIL is Ganymede; IV, Callisto. 

X2. 1884. Transit phenomenon. "Last night 
I observed the transit of Jupiter's fourth 

satellite (Callisto); the first contact was” 
about two minutes later than the Almanac 

time. "' (R2) 

X38. Theoretical analysis. Eclipses. Using 
refined photometric observations of the 
eclipses of the Galilean satellites, Professor 
Sampson, of Harvard Observatory, predic- 
ted eclipses between 1850 and 2000. He dis- 
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covered, however, residuals so large that 
he believed some physical cause was re- 
quired to explain them. His conclusions fol- 
low: ''(1) The photometric method of obser- 
vation of the eclipses gives the instant of 
half brightness with an accuracy distinctly 
greater than the residuals from gravitational 
theory would indicate. (2) The anomalies no- 
ticed in the observations are real features 
due to the departure of Jupiter's figure from 
a perfect spheroid. (3) These departures are 
probably of an irregular and transient char- 
acter; on the average they may amount to 
1/500 of the radius, but exceptionally to 
about three times as much. We see there- 
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fore, that there is a certain amount of indi- 

rect evidence in favour of the 'humpiness' 
of Jupiter. '' (R3, R4) 
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AJZ JUPITER’S MAGNETIC FIELD 

Key to Phenomena 

AJZO = Introduction” - 
AJZ1 Offset Magnetic Field 

AJZO_ Introduction 

Jupiter possesses a powerful magnetic field estimated at 0.16 gauss at a distance of three 
radii, according to Pioneer spacecraft measurements. It rises to several gauss near the 
planet's surface. This field results in an extensive magnetosphere with intense fluxes of cap- 
tured charged particles, which generate the Jovian radio noise. At this time, the only anom- 
aly that seems worth recording here is the offset axis of Jupiter's magnetic field---it does 
not coincide with the axis of rotation. 

AJZ1 Offset Magnetic Field 

Description. The failure of Jupiter's magnetic axis to coincide with the planet's axis of ro- 
tation. The magnetic axis is offset by about 30,000 miles. 

Data Evaluation. The unusual position of the magnetic axis was determined by terrestrial 
radio astroncmical observations. So far, no reports from the Pioneer and Voyager space- 
craft programs have been found to confirm this observation. Rating: 3. 

Anomaly Evaluation. The implication is that the supposed dynamo generating Jupiter's in- 
trinsic magnetic field is not centered on the planet itself. The convection cells constituting 
the dynamo must then be asymmetrical---a situation hard to account for. Rating: 2. 

Possible Explanations. Some of all of the field distortion may be induced by charged particles 
in the solar wind. 

Similar and Related Phenomena. Mercury's offset magnetic field (AHZ2). 



AJZ1 Offset Magnetic Field 

Examples 

X1. General observations. ''The magnetic 
poles of Jupiter are in a strange position, 
far to one side of the axis about which the 
planet rotates every ten hours, radio astro- 

nomers have found. Dr. David Morris, a 
research fellow in radio astronomy, and 
Glenn Berge, a graduate student, both at the 
California Institute of Technology's Owens 
Valley Radio Observatory, located the mag- 
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netic axis some 30, 000 miles from the cen- 
ter of Jupiter, which is 89,000 miles in dia- 
meter. The center of the axis, they found, 
is 40,000 miles above the equatorial plane." 

(R1) 

References 

Rl. "Jupiter's Magnetic Poles Found in Un- 
usual Position, '' Science News Letter, 
86:331, 1964. (X1) 
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AL INTRODUCTION TO THE MOON 

Key to Categories 

ALB THE MOON’S ORBITAL ANOMALIES 
ALE LUNAR GEOLOGY PROBLEMS 
ALF LUNAR LUMINOUS PHENOMENA 
ALL THE MOTION OF LUNAR SATELLITES 
ALO ANOMALOUS TELESCOPIC AND VISUAL OBSERVATIONS 
ALW LUNAR “WEATHER” 
ALX LUNAR ECLIPSE AND OCCULTATION PHENOMENA 
ALZ THE ENIGMA OF LUNAR MAGNETISM 

Down the centuries, astronomers have lavished more effort of the moon than any other astro- 
nomical object. This is natural, for the moon is close-by, intriguing, and a spectacular ob- 
ject on a clear night. We know a lot about the moon by virtue of all this attention; but this 
same scrutiny has uncovered a wide array of lunar anomalies and curiosities. 

One class of anomalous phenomena apparently involves the play of light on the moon, transi- 
tory venting of lunar gases, the earth's atmosphere, and the eye-brain combination of the 
observer. Included in this class are such phenomena as variable spots and streaks on the 
lunar surface, which may be either dark or bright. And, as in the cases of Mercury and 
Venus, curious lineaments can be detected by some (not all) human observers, although they 
seem to disappear under telescopic scrutiny. The moon also exhibits an ''annular" phase 
like Venus in which a thin ring of light seems to encircle the dark limb of the new moon. This 
kind of phenomenon may arise in the observer's eye-brain complex, for the moondoes not pos- 
sess enough atmosphere to refract sunlight all the way around the sphere. 

The moon also plays host to a wide range of transient luminous phenomena (TLPs). These 
may be starlike points of light or gentle reddish glows covering several square miles. They 
may also be mists or obscurations that veil lunar detail on occasion. Almost a thousand of 
these ephemeral lunar phenomena have been recorded. They occur all of the time. 

Lunar eclipses seem to multiply the anomalies. Many of the eclipse phenomena suggest the 
presence of a lunar atmosphere. Chief among these is the frequent hanging or projection of 
a star or planet on the edge of the moon during an occultation. Even the radio signals of 
spacecraft well behind the moon have been picked up on earth. What medium bends these 
electromagnetic waves ? 

One of the major Space Age lunar enigmas came with the discovery of a patchy magnetic field 
on the lunar surface and remanent magnetism in the lunar samples returned to earth. It is 
unclear how lunar magnetism originated, for the moon is too small and cold (at least it seems 
to be) to conceal a hot core of molten metal; and it doesn't spin rapidly enough to set up dyn- 
amo action. But the presence of lunar magnetism is undeniable. Lunar magnetism in just 
one of over 50 lunar anomalies ‘described in this section. 
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ALB THE MOON’S ORBITAL ANOMALIES 

Key to Phenomena 

ALBO Introduction 
ALB1 ~=Earth-Moon Instability 
ALB2 Discrepancies in the Moon’s Ephemeris 
ALB3 Nongravitational Forces and Earth-Moon Acceleration Discrepancies 
ALB4_~_Earth-Moon Acceleration Incompatible with Moon’s Origin in Earth Orbit 

ALBO Introduction 

The moon's orbit exhibits several ostensibly small deviations from theory. One class of 
discrepancies involve differences between the moon's measured position and the computed 
ephemeris. These deviations seem to indicate the presence of unidentified, long-period 
gravitational perturbations. The most serious anomalies center on the often-discussed re- 
treat of the moon from the earth, which is classically attributed to tidal forces. Not only does 
this earth-moon acceleration show unexplained short term variations but, when projected 
far back into solar system history, suggests that the prevailing theory of the moon’s for- 
mation is inerror. Perhaps not surprisingly, some recent theoretical studies predict 
long-term solar system instability, thus permitting controversial scenarios involving earth- 
moon fission and the capture of the moon from a nearby solar system orbit. 

ALB1_ Earth-Moon Instability 

Description. The mathematical/theoretical determination that the earth-moon system is now 
unstable and, by inference, that the moon may have originated somewhere besides its present 
orbit and may eventually either escape or impact earth. 

Background. The stability of a multi-body astronomical system is most difficult ascertain. In 
the case of the solar-system-as-a-whole, the assessment of stability is almost guesswork 
(ABB), for the variables are many. The earth-moon system is much simpler, but even here 
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the sun's influence must be included for realism. The gravitational influences of the other 
planets are usually neglected. 

Data Evaluation. The classical astronomical claim is that the earth-moon system is stable--- 
meaning stable over a long, but unspecified period of time. Only one modern study has been 
found so far that disputes this claim. Rating: 2. 

Anomaly Evaluation. Since other astronomical and geological research has led scientists to 
suspect that the moon was either captured or fissioned from the earth, it is not surprising to 
find that the projection of the moon's orbit backward and forward in time shows the possibili- 
ties of escape or collision with earth; i.e., the earth-moon ‘system is still evolving. Rating: 3. 

Possible Explanations. Previous stability assessments have involved simplifying assumptions. 

Similar and Related Phenomena. Earth-moon acceleration due to nongravitational forces 
(ALB3); solar system instability (ABB). 

Examples 
calculation may support a history in which 

X1. Theoretical analysis. ''Earlier studies the moon was originally part of the earth, 

had concluded that the earth-sun-moon sys- then became detached and went into orbit 
tem is stable, but they had ignored certain and will eventually fall back."' (R1, R2) 
of the smaller dynamic variables (the ec- 
centricity of the earth's orbit and the effect References 
of the moon's mass). Including these vari- Spar oe oret 
ables leads (Victor) Szebehely and (R.) Mc- R1. "Moon, June: Gone Balloon," Science 
Kenzie to conclude that the system is in fact News, 111:361, 1977. (X1) 
slightly unstable. Someday in the future R2. Szebehely, V., and McKenzie, R.; "Sta- 
the moon may come loose and become a bility of the Sun-Earth-Moon System, " 
planet in its own right. Alternately, the Astronomical Journal, 82:303, 1977. (X1) 

ALB2 Discrepancies in the Moon’s Ephemeris 

Description. Discrepancies between the measured position of the moon and its theoretically 
computed position, taking into account all known gravitational perturbations. Earth-moon 
acceleration due to nongravitational forces is treated in ALB3 and ALB6. 

Data Evaluation. As in the case of earth-moon instability (ALB1), the preparation of the 
moon's ephemeris requires various assumptions and simplifications. However, the discre- 
pancies discussed here are the perturbations that suggest the existence of real, unidentified 
physical forces and are presumably not the consequence of inaccurate mathematical modelling. 

Several rather old articles refer to some significant, long-period discrepancies. Despite 
their age, these articles are given considerable weight, because precision observations of 

the moon and mathematical descriptions of its orbit predate them by a century or more. 

Still, it is strange that no recent discussions of this subject have been found in the large 
volume of literature examined to date. Rating: 3. 

Anomaly Evaluation. Solar system perturbing forces of the proper periods are not known, 

but the discrepancies could be artifacts of the computational methods used. Rating: 3. 

Similar and Related Phenomena. Discrepancies in the earth-moon acceleration (ALB3). 



ALB3 Nongravitational Forces 

Examples 

X1. General observations. "Referring to 
a lunar problem, a note from Professor 
Newcomb's ‘Investigations of Inequalities 
in the Motion ofthe Moon,' 1907, published 
in the Carnegie Institute, Washington, reads 
as follows: 'The representation of the moon's 
mean longitude during the period from 1650- 
1875 showed a discrepancy between existing 
theory and observation which might be indi- 
cated by a term having a period of two or 
three centuries, and a co-efficient of about 
15", There must be some term of long 
period still undiscovered in the actual mean 
motion of the Moon.' The question then oc- 
curs, might not the 'term of long period 
still undiscovered' be looked for in the mo- 
tion of the Earth's magnetic poles." (R1) 

'!, .. the Moon exhibits two oscillations from 
unknown sources, one with a period between 
250 and 300 years and a coefficient of 10" 
to 15", the other with a period of 60 to 70 
years and a coefficient of some 3''. Other 
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' differences are more doubtful: the secular 

acceleration of the Moon's mean motion ap-~ 
pears to be greater than its theoretical 
value by about 2" per century in a century, 
while there is evidence that its node or the 
mean motion of the Earth shows a similar 
change, besides these greater changes, 

small terms of much shorter period in the 
Moon's motion which are not quite satis- 
factorily accounted for, but some of which 
have lately yielded to a more careful com- 
parison between theory and observation. " 

(R2) 

References 
Rl. Mumford, N.W.; ''Mercurial and Lunar 

Perturbations, '' Popular Astronomy, 18: 
319, 1910. (X1) 

R2. Brown, Ernest W.; ''The Problems of 
the Moon's Motion, '' Observatory, 37: 
206, 1914. (X1) 

ALB3 Nongravitational Forces and Earth-Moon 

Acceleration Discrepancies 

Description. Discrepancies between recently observed earth-moon accelerations and those 
calculated from known gravitational and nongravitational forces. 
historical times. 

"Recent" here means within 

Background. George Darwin, son of Charles, was one of the first scientists to estimate the 
effect of tidal friction on the moon's orbit. He projected the acceleration back in time and 
concluded that the moon had been created by fission from earth. 

Data Evaluation. Radar can accurately measure the instantaneous rate of the moon's recession 
from earth. To estimate the recession rate throughout historical times, one relies upon eclipse 
data, which becomes less accurate in antiquity. Rating: 2. 

Anomaly Evaluation. Both radar and the analysis of eclipse data reveal unexplained variations 
in the moon's recession rate. Some of these variations are secular but others are sudden and 
temporary. Scientists can only guess at the reasons for these variations. Rating: 2. 

Possible Explanations. Unappreciated dissipative forces inside the earth, perhaps involving 
core-mantle interactions; the general expansion of earth due to the progressive weakening of 
gravity; the shrinking of earth due to phase changes in the core. 

ee and Related Phenomena. The long-term consequences of earth-moon recession. 
(ALB4) 
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Examples 

X1. Radar-derived discrepancies. ''Ab- 
stract. Precise measurements of the Dop- 

_ pler shift of radar waves reflected from 
Moon disclose unexpectedly large discrepan- 
cies---averaging about 0.6 centimeter per 
second---between the radial velocities and 
the predictions based on the Eckert-Brown 
lunar ephemeris. These residuals have a 
rapidly changing component corresponding 
to a relatively large, variable, and unex- 
plained discrepancy in radial acceleration 
of about 10-4 centimeter per second, per 
second, in magnitude and about 1 day in 
period."' The authors could not identify any 
specific cause for these discrepancies. (R1) 

X2. "Sudden" perturbations in nongravitational 
forces. "The parameter [D"], which is a lin- 
ear combination of the accelerations of the 
Earth and Moon, can be followed as a func- 
tion of time with high confidence from about 
700 BCE to the present. From its behavior, 
we are apparently forced to conclude that 
there was something like a 'square wave' in 
the non-gravitational forces that began about 
700 CE and that lasted until about 1300 CE. 
During the time of this square wave, the ac- 

celerations apparently changed by factors of 
around 5. 

We are seriously lacking in mechanisms 
to explain the non-gravitational forces. The 
only mechanism of tidal friction (the 'shallow 
seas' model) that has been evaluated quanti- 
tatively provides only about one fourth of the 
necessary amount of friction, and it does not 
provide for much change with time within a 
period as short as historic times. Forces of 
non-tidal origin, which are of the same or- 
der as the tidal forces, may be due largely 
to core-mantle interactions. There are no 
quantitative theories of these interactions; 
there are only models whose parameters 
are uncertain within many orders of magni- 
tude. '' (R2) CE equals Christian Era. 

X38. Discrepancy between the observed rate 
of the moon's recession and that attributable 
to tidal action. ''Now Thomas Van Flandern 
of the U.S. Naval Observatory reports that 
he has discovered such evidence for a wea- 
kening of gravity. He told the meeting ofthe 
American Geophysical Union in Washington 
this week that the evidence comes from a 
study of the motions of the moon. 

If gravity is weakening, the orbits of 
planets around the sun or of satellites around 

planets will expand, and the orbital period 

Nongravitational Forces ALB3 

of these bodies will correspondingly increase. 
Some such expansion is provided by tidal 
forces in these systems, and the trick is to 
subtract out the tidal part and see if there is 
any left over. 

Working with the calculations of two other 
observers, Van Flandern reports he has found 
there is an increase of four centimeters a 
year in the radius of the moon's orbit that is 
not accounted for by tidal action. 'This is 
the first numerical result which appears to 
have as its most probable explanation that 
gravity is decreasing." (R3) 

X4. 'Nongravitational" drift of the moon's 
longitude. ''(Ray) Lyttleton's view cannot be 
dismissed out of hand. The argument starts 
out from observational evidence that the ~ 
Moon, as viewed from Earth, seems to be 
subject to an 'extra' acceleration apart from 
the expected influence in line with Newton's 
laws of motion. The result is a drift of the 
longitude of the Moon compared with New- 
tonian predictions, amounting to 0.5 degrees 
of arc per thousand years, and 3 or 4 degrees 
for the dates of the oldest eclipses on record 
(Quarterly Journal of the Royal Astronomi- 
cal Society, vol. 20, p. 243). 

Lyttleton says that calculations based on 

Newtonian mechanics suggest that a certain 
eclipse two or three millenia ago would have 
been visible only in America. But contem- 
porary records report sightings from Eu- 
rope. '' Lyttleton takes these figures as evi- 
dence that the earth is slowly shrinking and 
that its moment of inertia is likewise chan- 
ging. (R4) In contrast to Lyttleton's view, 
some astronomers believe the earth is ex- 
panding. (WRC) 

References 
Rl. Smith, Carl R., et al; "Discrepancies 

between Radar Data and the Lunar Ephe- 
meris, '' Science, 160:876, 1968. (X1) 
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ALB4_ Earth-Moon Acceleration Incompatible with Moon’s 

Origin in Earth Orbit 

Description. The incompatibility of the prevailing theory of the moon's accretion in earth 
orbit with the projection of the earth-moon acceleration backward in time. Instead, the fol- 
lowing scenarios are suggested: earth-moon fission, geologically recent close approach of 
earth and moon, the earth's capture of another solar system planet, and the outright impos- 
sibility of the moon's formation in terrestrial orbit. Some of these alternate moon histories 
are not supported by terrestrial geological evidence. Very succinctly, something is wrong 
some place. 

Data Evaluation. The present earth-moon acceleration is observable (ALB3), but its accu- 
rate projection backward and forward over geologically long time spans depends upon good 
estimates of terrestrial ocean basin configuration, sea level, the earth's spin rate, the in- 
fluence of other planets, etc., as a function of time. This sort of information is not well 
known. Rating: 3. 

Anomaly Evaluation. The mode, place, and time of the moon's origin are in serious doubt, 

as underscored by the debate over several alternative scenarios. Most competing scenarios 
deny the current hypothesis that the moon accreted while in terrestrial orbit. Considering 
the fact that the moon is our closest celestial neighbor of appreciable size, this anomaly is 
considered very important. Rating: 2. 

Possible Explanations. Earth-moon fission and the gravitational capture of the moon, per- 
haps from a nearby planetary orbit, are possible alternatives to "in situ'' accretion. Both 
of these hypotheses possess theoretical and geological problems. 

Similar and Related Phenomena. Mercury's large eccentricity and inclination (AHB2); 
_ earth-moon instability (ALB1). 

Examples the fact that he continued the calculation be- 
X1. Moon a captured former planet. "About yond the point where Darwin interrupted it. 
a century ago George Darwin showed that the He thus found that, when the moon was close 
tides made the moon's distance from earth to the earth, the inclination of the moon's 
increase and that, consequently, the moon orbit was much greater than it is now, indeed 
earlier must have been much closer to the so great that the moon passed over the poles 
earth. He calculated the orbit of the moon of the earth. Still earlier the moon moved 
back to a period when it was only a fewtimes in a retrograde orbit. Gerstenkorn has tra- 
the earth's radius away. Darwin had deve- ced the moon's orbit back still farther and 
loped a theory according to which the moon has found that once the orbit was so eccentric 
was formed by tidal friction from an elonga- that it was a parabola. In this way he has 
ted, rapidly rotating earth. However the co- demonstrated that the moon may have been 
ordination of this theory with his calculations, an independent planet which was captured by 
just mentioned, led to difficulties concerning the earth in a parabolic retrograde orbit. 

the inclination of the lunar orbit relative to The tidal action explains the development of 

the plane of rotation, at least in the case of the earth-moon system to its present state." 
low viscosity. In the popular literature Dar- (R1) 
win's hypothesis has been ‘developed, ' and 
it is often claimed that when the moon was J. Martyn Bailey explores possible conse- 
thrown out it left a hole which is now the quences of Mercury's high eccentricity and 
Pacific Ocean. This idea, of course, does inclination. (See also AHB2.) "The capture 
not stand a serious scientific criticism..... of Planet Luna would explain a number of 
H. Gerstenkorn, a high school teacher in anomalies in the Earth-Moon system. The 
Hannover, Germany, has taken up the pro- closeness of the two bodies and the relatively 
blem again and has repeated Darwin's cal- large mass of the satellite are unlike those 
culations, using modern values for some of of other planetary satellites. In the Jupiter 
the parameters. Especially important is system, for example, the mass ratio is of 
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the order 1:10,000. The Earth-Moon system 
is best described as a double planet. But 
the present rates of tidal friction, if exten- 
ded into the past, predict a maximum age 
for the system which is less than half that 
of the Earth itself. This has been interpre- 
ted by many, therefore, to mean that the 

Moon was derived relatively recently, either 
by fission from the Earth or by capture. The 
much greater inclination (23 1/2°) of the 
earth's spin axis to the plane of the ecliptic 
than that of the orbit of the Moon (5°) sup- 
ports origin by capture rather than by fission. 
It has also been noted that origin by fission 
would require that the primitive Earth had 
an unusually high rotation rate compared 
with the other planets. 

The capture of Planet Luna in a direct 
orbit by the process described can be com- 
patible with both the observed rotational an- 
gular momentum of the Earth-Moon system, 
and the time scale proposed on the basis of 
tidal friction rates. The orbit of the former 
Planet Luna and the pre-encounter orbit for 
Mercury are in accord with the Bode-Titius 
law. The hypothesis accounts for the devia- 
tion in the present orbital velocity of Mer- 
cury, and predicts an eccentricity for the 
orbit of Mercury which is close to the ob- 
served value. It is concluded therefore that 
the Moon may be the former Planet Luna 
which once occupied an orbit between those 
of Mercury and Venus at a mean distance 
of 51,000,000 miles from the Sun." (R2) 

X2. Moon created by fission from earth. 
"Several major criticisms commonly claim- 
ed to invalidate theories of lunar origin by 
fission from earth are shared by other lunar 
theories or are answerable by mechanisms 
associated with fission. Arguments based 
on the present rate of retreat, which require 
the moon to be a newcomer to the earth about 
1.8 b.y. ago, are in direct conflict with the 
geologic record; MacDonald's calculations 
of the amount of tidal energy to be dissipa- 
ted by lunar capture would require, in mid- 
dle Precambrian time, surface tempera- 
tures of earth approaching those of the sun. 
One interpretation of his method of many- 
moon capture to extend the time scale fails 
by at least two orders of magnitude. The 
simplest conclusion is that something is 
wrong with present rate-of-retreat deter- 
minations or projections. Discrepancies 
of present angular momentum of the earth- 
moon system versus pre-moon values for 
earth are almost as great for the retrograde 
capture theory as for the fission theory. The 
angular momentum at fission can be halved 
from earlier estimates by using a gravity- 
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stratified ellipsoid plus Chandrasekhar's 
calculation that all Jacobian ellipsoids are 
in unstable rotation. The entire remaining 
angular momentum discrepancy can be ac- 
counted for by escape of an incandescent sili- 
cate atmosphere volatized by the huge tidal 
frictions immediately following fission. By 
the use of a reasonable set of assumptions, 
escape of 4% of the mass of the earth using 
3/4 of the available tidal energy can account 
for the entire angular momentum discrepancy. 
Goldreich's calculation of the history of the 
lunar orbit, with which he argues strongly 
against fission and against all other lunar 
theories as well, omits one significant pos- 
sibility, that the earth's equator had been 

tilted about 10° to the ecliptic prior to the 
time of fission. If this is true, the inclina- 
tion of earth's equator and of the lunar orbit 
to the ecliptic fit nicely into Goldreich's 
curves. It is concluded that there are fewer 
outstanding criticisms of the hypothesis of 
lunar orbit by friction than of other hypothe- 
ses. The average lunar density and the re- 
sults of the Surveyor chemical analyses lead 
us to argue that fission from the earth trig- 
gered by the earth core formation is the most 
probable origin of the moon, considering the 
data available now." (R3) 

Evaluation of the fission theory by T. A. 
Van Flandern. ''Previously, this breakaway 
theory was condemned because of dynamical 
difficulties. If the moon (about 1 percent of 
the earth's mass) broke off, figured scien- 
tists, its angular momentum would have been 
so great that it would have flown away. (The 
angular momentum of an orbiting object is 
the product of its mass, speed and distance 
from the center of rotation. ) NASA geophysi- 
cist John O'Keefe has shown that more ofthe 
earth's mass---perhaps 10 percent---may 
have split off. The bulk of this mass did 
escape into space. Only the moon remains. 

Another criticism deals with the moon's 
orbit throughout its past. Since scientists 
know the moon's current orbit and the rate 
at which the orbit is slowing down and in- 
creasing in diameter, they can trace the evo- 
lution of its orbit backward in time. By thus 
method, it was once calculated that the moon's 

initial orbit could not have been in the plane 
of the earth's Equator if the earth were semi- 

molten. But a chunk of the earth could have 
broken off only from the Equator. Yet, re- 
cently, along with Robert Harrington at the 
U.S. Naval Observatory, I traced the moon's 
orbit backward and discovered an instability 
point. Before that time, the orbit could have 
been either in or out of the equatorial plane. 
We then traced the orbit forward, assuming 
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the moon broke off from the Equator, and 
we arrived at the moon's current orbit." (R7) 

X3. Impossibility of the moon's formation in 
orbit around the earth. "Abstract. A new 
method for determining the early history of 
the Earth-Moon system is described. Called 
the study of lunar paleotides, it describes a 
method for explaining features of the rem- 
nant lunar gravity field, and the generation 
of the lunar mascons. A method for the de- 
termination of Earth-Moon distances com- 
pared with the radiometric ages of the maria 
is developed. It is shown that the Moon un- 
derwent strong anomalous gpavitational tidal 
forces, for a duration t =10° yr. prior tothe 
formation of the mascon surfaces. As these 
tidal forces had not been present at the time 
of the formation of the Moon, this shows that 
the Moon could not have been formed in orbit 
about the Earth." (R4) 

X4. Moon's close approach to earth was too 
recent. The usual extrapolations of the 
moon's orbit back in time lead to close ap- 
proaches of 1.5 billion years ago (R5) and 
1.8 billion years ago (R3) and similar esti- 
mates, all of which are about one-third the 
earth's actual age according to present thin- 
king. There seem to be no indications in 
the geological record of such a devastating 
encounter. However, the calculation of tidal 
effects is very sensitive to assumptions about 
the character of the earth's ocean basins 
during geological times. Some ocean-basin 
models, such as that of D.J. Webb, do not 
lead to such anomalous consequences. (R8, 
R9) 

X5. Possible conflict between contributions 
to earth-moon acceleration from tidal effects 
and the general expansion of the universe. 
"A remarkably close agreement between the 
rate of increase of the Earth's radius and 
that of the universe, according to Hubble's 
law, was recently pointed out by MacDougall 
et al. Extending this line of investigation to 
the recession of the Moon from the Earth, 
assuming the same expansion rate, Hubble's 
constant H = 100 km/s megaparsec. We 
then arrive at a recession rate for the Moon 
of 3.9 cm per annum, whereas the observed 
recession, found as far back as 1878 by G. 
H. Darwin, amounts to 13 cm per annum. 

This recession is usually ascribed to atidal 
effect. Does perhaps part of this recession 
stem from the general expansion of the uni- 
verse ?" (R6) If this "local" application of 
universal expansion is valid, it changes all 
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the ground rules used in the above discus- 
sions of earth-moon history, as moderated 
by tidal effects. (WRC) 

X6. Modification of prevailing earth-moon 
history by the changing rate of the earth's 
rotation. 'Kirk Hansen of the University of 
Chicago (now at Shell Development Company, 
Houston) suggested recently that it is not so 
much the changing ocean basins but the chan- 
ging rotation rate of Earth that determines 
the rate of tidal dissipation over geologic 
time.'' As Hansen's model is projected 
backward in time, the earth spins faster 
as it regains energy lost to the moon, the 
rate of tidal dissipation lessens, and the 
moon's inward march slows. In this model, 
the moon's closest approach is 225, 000 kilo- 
meters. Hansen says that, 'The apparent 
dominance of rotation rate over basin con- 
figuration argues against a fission origin 
for the moon, a recently revived theory, or 
capture by Earth during a near miss...The 
alternative is simultaneous accretion of 
Earth and the moon from the solar nebula 
as a ‘double planet. '" (R10) : 
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ALE LUNAR GEOLOGY PROBLEMS 

Key to Phenomena 

ALEO Introduction 
ALE1 Asymmetrical Distribution of Maria and Large Basins 
ALE2 Sinuous Rilles and Formations Resembling Terrestrial Water-Formed Features 
ALES The Lunar Rays 
ALE4 Lunar Features Seemingly Shaped by Ice 
ALE5 Swirl Markings 
ALE6 Anomalous Red Formations 
ALE7 Layered Structures 
ALE8 _— Lunar Glasses 
ALE9 Nonrandom Distribution of Lunar Craters 
ALE10 Unexplained Minor Surface Features 
ALE11 Large-Scale Asymmetries in Composition 
ALE12 Dark-Haloed Lunar Craters 
ALE13 Local Concentrations of Radioactivity 
ALE14 Scarcity of Dust and Meteoric Material 
ALE15 Young Lunar Surface Ages 
ALE16 Local Concentrations of Volatiles 
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ALE18 Problems in Dating Lunar Rocks and Soils 
ALE19 Compositional Differences between Earth and Moon 
ALE20 Apparently Anomalous Long-Term Persistence of Craters 
ALE21 Alignment of Mascons and Lunar Moments of Inertia 
ALE22 Geological Changes within Historical Times 

ALEO Introduction 

Lunar geological anomalies are mainly diverse, but here and there one espies interrelated- 

ness. Lunar asymmetry, for example, is exhibited by topography, chemical differences, 

and the possible relation of the mascons to the farside highlands. The centuries-old contro- 

versy between the proponents of volcanism and meteor impact as the primary shaper of the 

moon's surface can be seen in the discussions of the lunar rays, the rilles, and lunar crater 

distribution. Although the moon is certainly a very dry place right now, some scientists 

believe they see the hallmarks of water and/or ice action on lunar surface features. Per- 

haps the most significant anomalies of all are those that bear on the origin of the moon. It 

seems that the three favorite hypotheses of lunar origin: earth-moon fission, capture, ac- 

cretion in orbit; are all flawed seriously in some way in the eyes of many astronomers. 
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Asymmetrical Distribution of Maria 

and Large Basins 

Description. 

moon's nearside compared to its farside. 
The much larger number of dark maria and light-toned large basins on the 

Even the few dark maria that can be found on the 
farside are filled only sparingly with dark material. 

Data Evaluation. Large numbers of photos from the Lunar Orbiter and Apollo programs at- 
test to the strong asymmetry of dark and light basins. Rating: 1. 

Anomaly Evaluation. Since the dark and light basins taken together show strong asymmetry, 
the first anomaly appears to be one of differential meteor bombardment, as in the cases of 
Mercury and Mars. Since the dark maria are also distributed nonuniformly, the second 
anomaly may be one of thinner crust on the nearside, which would allow for easier penetra- 
tion to the dark basalt reservoirs. 

meter bulge on the farside compared with a 2 kilometer depression on the nearside. 
This possibility is supported by the approximate 2 kilo- 

Both © 
anomalies are hard to explain in terms of the moon's accretion in terrestrial orbit. Rating: 2. 

Possible Explanations. Differential meteor bombardment could be the consequence either of 
the gravitational shielding of the moon by nearby earth or a highly directional meteor flux. 
The asymmetry of dark maria could the the result of thinner nearside crust, which, in turn, 
might be the consequence of differential accretion, the differential accumulation of crater 
ejecta, or the cataclysm of earth-moon fission. 

Similar and Related Phenomena. The asymmetry of craters on Mercury (AHE1) and Mars 
(AME8). 

Examples 

X1. Permanent feature. ''A major surprise 
in the early days of lunar exploration was 
the discovery that the soft maria visible from 
earth were far more rare on the moon's far- 
side, presumably because of some one-sided 
influence of the earth.'' (R2, R1, R4) 

The nearside-farside asymmetry is evi- 
dent from the dark mare material which fills 
the circular basins on the nearside. Although 
there are similar basins on the farside, they 

are apparently not filled with mare basalt. 
Laser altimeter data suggest that this may 
be a result of the greater thickness of low 
density crust on the farside. The surface of 
the farside is largely elevated from asphere 
of radius 1, 738 km, centred on the Moon's 
centre of gravity, and the nearside is cor- 
respondingly depressed. Although this may 
explain why maria occur only on the near- 
side, the differences in crustal thickness 
are still unaccounted for. Either the Moon 
accreted heterogeneously, or else low den- 
sity crust was, at some early stage of lunar 
evolution, transferred from the nearside to 
the farside. A possible mechanism for the 
transfer of vast quantities of crustal mater- 
ial could involve a very major impact on the 
nearside.'' (R3) 

"The Lunar farside is markedly different 

from the frontside hemisphere in that it has 
fewer very large basins and virtually no 
maria comparable in the extent of fill to 
those on the frontside. Mare Orientale, the 
largest of all circular features on the farside, 
is only partially filled with mare material. 
Mare Moscoviense is comparable to Mare 
Nectaris, one of the smaller frontside cir- 
cular maria. Although the floors of a few 
individual craters, most notably Tsiolkovsky, 
are substantially covered with smooth, dark 
mare material, the predominant impression 
is of the scarcity of such material. In this 
respect much of the farside could be com- 
pared in gross morphology to the frontside's 
southern highlands. The latter region's 
large basins with light-toned floors, exem- 
plified by Bailly and Clavius, have about a 
score of farside counterparts, most of which 

are larger." (R5) 
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ALE2 Sinuous Rilles and Formations Resembling 

Terrestrial Water-Formed Features 

Description. The existence on the moon of geological features resembling terrestrial river 
beds, arroyos, wave-cut beaches, benches, and terraces. 

Background. When astronomers first studied the moon telescopically, they tended to inter- 
pret lunar topography in terms of what they saw around them on earth. The lunar maria 
were thought to be real seas or perhaps dried-up seabeds and thus received the Latin name 
for 'seas'. Today, however, the moon is known to be exceedingly dry; and the tendency is 
to explain topography employing lava flows, meteor impacts, dust flows, and gas venting. 

Data Evaluation. That many lunar topographical features superficially look like terrestrial 
water-formed features is not in question. The Lunar Orbiter and Apollo photos are very 
suggestive. Detailed scrutiny, however, reveals that the sinuous rilles are actually quite 
different from terrestrial river beds in some respects. 
interpretation that is at issue. Rating: 1. 

The data are excellent, it is their 

Anomaly Evaluation. Strong evidence for the existence of considerable water on the lunar 
surface, past or present, would be highly anomalous. However, the detailed study of sinuous 
rilles and other supposed water-formed features do not support origins by water erosion or 
deposition. 
rally accepted explanation at hand. Rating: 2. 

Nevertheless, the sinuous rilles in particular remain mysterious, with no gene- 

Possible Explanations. Water erosion is still a remote possibility, perhaps when capped with 
a permafrost cover. Collapsed lava tubes are today's preferred explanations of the sinuous 
rilles, although one wonders at the great lengths of the rilles and the seeming disappearance 
of the lava. High velocity ash flows and crustal faulting have been proposed, but they seem 
inconsistent with the long, meandering character of the sinuous rilles. 

Similar and Related Phenomena. Lunar features resembling terrestrial glacier effects (ALE4); 
the lunar mascons as mare sediments (ALE21); the Martian channels (AME1); terrestrial 
riverbeds and arroyos. 

Examples 

X1. Sinuous rilles. These river-like lunar 
features have long been considered the best 
evidence that water once flowed on the moon's 
surface or perhaps below covering layers of 
permafrost. 

"The highly favourable atmospheric con- 
ditions at Arequipa have enabled Prof. W. H. 
Pickering to make numerous observations 
which have a special bearing on the question 
of the existence of water on the moon. In 
addition to the ordinary rills (sic), Prof. 

Pickering has catalogued thirty-five nar- 
rower ones, which, from their resemblance 
to terrestrial watercourses, he does not 
hesitate to regard as 'river beds.' These 
are wider at one end than at the other, and 
the wide end always terminates in a pear- 
shaped craterlet. Most of them are only a 
few miles in length, and a few hundred feet 
in width at the widest part, and, except when 
very deep, they are very difficult objects. 
The largest and most readily observed has 
its origin in the Mount Hadley range in the 
Apennines; its course lies a little north of 
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west, and its total length is about sixty-five 
miles. There does not appear to be any 
reason to suppose that these formations act- 
ually contain water at the present time, but 
Prof. Pickering brings forward other evi- 
dence in favour of the presence of a small 
amount of moisture on the lunar surface. "' 
(R1) See the final entry under the heading 
(X1) for the Apollo astronauts' exploration 
of this rille. (WRC) 

"Schroeter's Valley, to the west of Aris- 
tarchus, has been known since the late 
eighteenth century, but terrestrial obser- 
vations could not establish its origin. Orbi- 
ter 4 and 5 pictures show this valley in great 
detail as well as many neighboring valleys. 
Schroeter's Valley begins in a mountainous 
region in an enlarged area called the 'Cobra 
Head', and extends in a generally westerly 
direction into a smooth maria area. Its 
greatest width is some 8 km and its depth 
some 600 or 700 m. Other smaller valleys 
with 'cobra heads' are found north of Aris- 
tarchus and Prinz. Branching occurs in a 
few cases but mostly there are no tributaries 
and no deltas. Possibly there are small de- 
posits at the maria ends, but they are much 
too small to account for the materials eroded 
from the valleys. South of Aristarchus and 
northerly from Marius is a valley extending 
to more than 160 km in a very smooth maria 
area. It decreases gradually and uniformly 
in width from the south-easterly end to the 
north-westerly end where it runs off the pic- 
ture available to me (Orbiter 4, frame 150, 
high resolution). Near the larger end it is 
about 900 m wide and apparently goes tonear 
zero at the other end. It is a very crooked 
rille and cannot possibly be a physical frac- 
ture. It has no tributaries. Similar rilles 
are found in many places, for example, with- 

in and near the Alpine Valley and many other 
areas. They seem to be a general lunar 
feature. But why are there no sediment de- 
posits at either end of these valleys and no 
tributaries ? (There are very few examples 
of tributaries.) The walls seem to be formed 
by slumping, and north of Krieger there is 
a row of craters which seem to form an ini- 
tial stage of such slumping. Water must 
have run below the surface and formed a 
tunnel which then caved in. But where did 
the excavated material go? If the mariaare 
underlaid with ice, it is only necessary to 
melt the ice and let the water drain into the 
desert sands. (The explanation offered here 
was suggested by Gold.) But could it have 
been lava? Would lava flow in a narrow 
stream for hundreds of kilometers and dis- 
appear without a trace? I believe that the 
answer to both these questions is 'No'."' 
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(R2, R38). Above, "Orbiter" refers to the 
Lunar Orbiter spacecraft. 

The permafrost suggestion. "Abstract. 

Mature meanders in lunar sinuous rills 

strongly suggest that the rills are features 

of surface erosion by water. Such erosion 

could occur under a pressurizing ice cover 

in the absence of a lunar atmosphere. Water, 

outgassed from the lunar interior and trap- 

ped beneath a layer of permafrost, could be 

released by a meteoric impact and overflow 

the crater to form an ice-covered river. A 

sinuous rill could be eroded in about 100 

years."' (R4) Further discussions of this 

theory may be found in R5-R7. The perma- 

frost theory if also employed to explain the 

apparent watercourses observed on Mars. 

(AME1) 

Additional rille features. ''....a sinuous 
rille may issue from a small crater on rela- 
tively high ground then wind its way for many 
miles to end on the plains below. Sucha 
rille is very meandering, usually rather uni- 
form in width (some gradually taper), and 
perfectly continuous. The secondary rille 
on the floor of Schroeter's Valley even shows 
oxbows. These properties hardly suggest 
tensile cracks or dust flows. The sinuous 
rilles cannot be collapsed lava drainage 
ditches, for no residual bridges can be seen. 
Moreover, the great length of these rilles 
seems to require some liquid much less vis- 
cous than lava.'' (R10) Despite the difficulties 
just mentioned, the rilles are now generally 
thought to be collapsed lava tubes. (WRC) 

More rille details. "Sinuous rilles are 
winding, meandering channels or valleys in 
the lunar surface, unlike normal rilles that 
are either straight or very gently curved 
(large radius of curvature). The latter are 
generally considered to be graben-type faults. 
Crater chains (linear arrays of partially over- 
lapping craters) are excluded from this defi- 
nition, as are the highly irregular fractures 
(rilles) confined entirely within some crater 
floors. Sinuous rilles may occasionally grade 
into normal rilles or crater chains. The ma- 
jority of sinuous rilles occur in the:maria on 
the lunar nearside, at mare-highland boun- 
daries, but a few begin in the highlands. . 
Most are concentrated around the margins 
of Mare Imbrium and Oceanus Procellarum. 
Somewhat over half of the observed rilles 
appear to originate in craters or irregular 
depressions; about a fifth taper---becoming 
narrower and shallower with increasing dis- 
tance from their presumed source. Sinuous 
rilles can be over 200 km long and 4-5 km 
wide, but more typical dimensions are 
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lengths of 30 to 40 km and widths of less 
than one km. 

Various theories have been advanced for 
the origin of sinuous rilles, but none has been 
entirely satisfactory. Some scientists have 
proposed that the rilles represent water-ero- 
ded streams, or valleys carved by ice-melted 
water under a rubble-covered permafrost. 
The basic argument in favor of water erosion 
lies in the alleged morphological similarity 

between sinuous rilles on the Moon and ter- 
restrial rivers, particularly with respect to 
meandering oxbow bends or goosenecks. 
However, evidence to be presented below 
will show that lunar rille geometry differs 
considerably from terrestrial rivers. '' (R10) 

Hadley Rille data from Apollo 15. ''Had- 
ley Rille lies at the base of the Apennine 
Mountains, which form the southeast boun- 
dary of the large, multiringed Imbrium Ba- 
sin. The mountains have prominent fault 
patterns trending northeast and northwest, 
respectively concentric and radial to Imbri- 
um. For much of its course, Hadley Rille 
follows a mare-filled graben valley, tren- 
ding northeast between two high mountain 
massifs. Most of the rille is incised inmare 
material, but locally the rille cuts into the 
premare mountains. To the northwest, the 
mare plain extends through a gap in the 
mountains to join the main part of Palus 
Putredinus (the Marsh of Decay), and the 
rille reaches the wider mare plain through 
this gap. Continuing north, the rille be- 
comes shallower and indistinct, ultimately 
intersecting a segment of the linear Fresnel 
II Rille. The south end of the rille adjoins 
an elongate cleftlike depression that cuts 
into old highlands covered by a dark mantle. 
This cleft is commonly compared to the 
source craters of terrestrial lava channels. 
crews The V-shaped profile that characteri- 
zes Hadley Rille appears to be a consequence 
of recession of the walls by mass wasting, 
so that the talus aprons of the two sides co- 
alesce. Between the landing site and Fres- 
nel Ridge, the rille is discontinuous and 
consists of a series of coalescing bowl- 
shaped depressions that are clearly the re- 
sult of collapse..... Analysis of detailed 
topography of the part of the rille shown in 
figure 25-46 indicates an intriguing relation- 
ship between depth and width in that the rille 
is deepest at the widest point. This rela- 
tionship differs from that shown by river 
channels, in which depth and width vary in- 
versely, so that the cross-sectional area 
remains approximately constant. Possibly 

Hadley Rille was formed by incomplete col- 
lapse of a buried lava tube, with more ex- 

Palus 

Putredinis 

Geologic map of Hadley Rille. The numbers indi- 
cate different surface materials; i.e. 4 = mare ba- 
salt. LM = position of Lunar Module, Apollo 15 
flight. (X1) 

tensive foundering at the widest points." 

(R11) 

X2. Miscellaneous lunar features similar 

to terrestrial water-cut landforms. 

H.C. Urey suggested that the lake-like 
areas near and on the walls of the crater 
Alphonsus were once actually lakes. T. 
Gold has wondered if the central masses 
in some lunar craters, such as Alpetragius, 
were once pingos (ice-formed cones of de- 
bris). (R2) 

"Krieger, north of Aristarchus, is an ir- 
regular crater, with a recent smaller col- 
lision crater on the southern wall, a curious 
depression in the plain south of the crater, 
and an irregular mass covering the north 
wall and an area north of the crater. There 
is a break in the western wall, and from 
this break an irregular gully or stream bed 
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Photograph of Hadley Rille. (X1) (Courtesy NASA) 

extends a short distance to the west. This 
seems to have been a surface stream, and 

a suggestion of a sediment deposit can be 
seen at its western terminus. This appears 
to be a surface stream bed quite different 
from the other rilles discussed. North of 
Prinz one of the small rilles of the Schroeter 
valley type crosses an elongated sunken area, 
traverse to this valley. It has a flat floor, 
and a small stream bed, similar to that co- 
ming from Krieger, crosses it. These two 
stream beds indicate that streams flowed on 
the surface and thus that an atmosphere had 
a pressure equal to and probably much 
greater than the vapour pressure of water 
at its melting point, that is, 4.6 mm of mer- 
cury. Could Krieger be a pingo that has 
melted and collapsed? If so, it is a very 
large example as compared with terrestrial 
pingos." (R2, R3) 

Survey of purported water-associated 
lunar features. Abstract. "Since discovery 
of the mascons (mass concentrations) inthe 
ringed lunar seas, a model explaining their 
cause has been sought. One of the competing 
theories is that of J.J. Gilvarry, which ex- 
plains the mascons as sedimentary deposits, 
the result of erosion from ancient lunar seas 
and rivers into the ringed sea basins. An ob- 
jection frequently raised to this theory has 
been the apparent absence of water-produced 
features such as beaches, benches, arroyos 
and rivers. Examination and interpretation 
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of selected Lunar Orbiter and Apollo 8 pic- 

tures has resulted in identification of these 
features to the authors' satisfaction. The 
paper presents this photographic evidence 
with appropriate interpretation. Water cut 
beaches and benches are common in the 
areas surrounding the lunar seas. Arroyos, 
and less commonly, rivers (specific type of 
sinuous rille) can also be identified. These 
results constitute support for the Gilvarry 
hypothesis. " (R8, R13)’ 

Dark bands along the bases of lunar moun- 
tains. The Apollo-15 astronauts saw and 
photographed a dark, horizontal band near 
the base of Mt. Hadley. Similar bands occur 
near the bases of other lunar mountains 
where they contact the maria. The astro- 
nauts had the impression these bands were 
high-lava marks associated with the lava- 
filled maria. (R12) Could these bands be 
high-water marks or terraces? Probably 
not, but they are thought-provoking. (WRC) 
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"Evidence for the Pris- 

Lunar Rays ALE3 

ALE3 The Lunar Rays 

Description. Long, quite straight, streaks of white material that radiate outward from large, 
fresh, bright lunar craters. 
dreds of miles with occasional gaps. 

Dazzling when the sun is high, the lunar rays may stretch hun- 
They seem independent of the local geology, but they 

are definitely related to the rays extending from nearby craters. The rays of large craters 
do not radiate from the crater center, but are more often tangent to the crater rim. 

Data Evaluation. Lunar rays are prominent in even small telescopes. Rating: 1. 

Anomaly Evaluation. None of the several explanations noted below require significant read- 
justment of prevailing astronomical and geological theories. The central problem associated 
with the lunar rays is selecting the correct mechanism of formation. Rating: 3. 

Possible Explanations. (1) Dust sprays from a system of cracks in the lunar crust caused by 
the impact of the crater-forming body; (2) Dust and rock flour splashed out during the cra- 
tering process; and (8) splashes of fine material accompanying the impacting body, for ex- 
ample, cometary material guided, perhaps, by magnetohydrodynamic forces. 

Similar and Related Phenomena. Many large lunar craters possess surrounding aprons of 
debris splashed out during their formation; but these splashes are usually formless and very 
close to the crater. 

Examples 

X1. Permanent lunar features. The follow- 
ing summary, written by the compiler, is 
based mainly on R4, R7, and R8. 

Many of the large, fresh-looking lunar 
craters---Copernicus, Tycho, Kepler, and 
others---are the hubs of systems of white 
streaks that seem to emanate radially. 
Through the telescope, these ''rays"', as 
they are called, present an imposing picture. 
Visualize Copernicus, a gaping round wound 
in the moon's crust, some 50 miles in dia- 
meter. This crater is ringed with high, rug- 
ged walls. Outside the crater walls a com- 
plex, splash-like array of white streaks ex- 
tend ten crater-diameters and more in all 
directions. When the sun is low, these rays 
are inconspicuous. Under a high sun they 
become so brilliantly white that the terrain 
around the crater is lost in the glare. The 
splash-like configuration of the rays make 
it easy to believe them to be the pattern 
made by rock flour ejected from Copernicus 
during a cataclysmic impact. 

The lunar rays, however, are not what 

they superficially seem to be. In fact, no 
one is quite sure what they really are. No 
one contests that the rays are definitely as- 
sociated with large, bright craters and with 

some small craters as well; the ''big splash" 
theory, however, does not seem to explain 
all of the facts. 

Three general properties of the rays 
must be explained by any ray theory: (1) 
The rays are predominantly associated with 
bright, recent craters. We know the rayed 
craters are young because their topography 
is sharp and has not been smoothed by eons 
of erosion by the perpetual rain of cosmic 
dust. (2) Single rays may strike out for 
hundreds of miles over all sorts of geologi- 
cal formations. In other words, the rays 
are basically independent of local geology. 
(3) Virtually invisible at lunar sunrise and 
sunset, the rays become very bright at high 
sun angles. This fact suggests that their 
prominence is due to the optical properties 

of the ray material rather than the topo- 
graphy. The upshot is that the rays are 
pretty certainly streaks of material of no 
great thickness deposited on the surface 
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around young craters. The older, darker 
craters possess no ray systems; or, if they 
once had them, they have become darkened 
with age. 

Detailed examination of single rays pro- 
vide additional clues about the nature of this 
phenomenon: (1) Single rays often display 
obvious gaps. (2) Most rays, where studied 
closely, are seen to be peppered with small 
craters and craterlets. (3) Rays traced back 
to the suspected parent crater may miss it 
completely, or, very frequently, be tangent 

to the crater's rim. Only the small craters 
seem to have truly radial streaks issuing 
from them. The gaps in the rays and their 
frequent tangency suggest that they were 
probably not deposited from the dust cloud 
raised after the formation of the crater. 
Why, for that matter, would a dust cloud 
settle back to the surface in immensely 
long, very narrow streaks? All this does 
not mean that the formation of the crater 
was not involved in the creation of the rays. 
After all, just about all rays are intimately 
associated with craters. 

The ray problem becomes even more 
fascinating when one follows the rays of a 
large crater towards a second, nearby rayed 
crater. Sometimes a ray from one crater 

simply blends in, end-to-end, with a ray 
from the adjacent crater. If, however, the 
ray approaches the ray of another crater at 
a large angle, it ends abruptly at the point 
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of intersection. Apparently, the rays of 
adjacent craters are not necessarily inde- 
pendent of one another, even though the 
craters were created at different times. 
(R4, R7, R8) 
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ALE4 Lunar Features Seemingly Shaped by Ice 

Description. Lunar features resembling terrestrial features that are believed to have been 
shaped by ice action, such as moraines, pingos, shrinkage features, and terrain with a pro- 
nounced linear texture. 

Data Evaluation. The lunar features involved only "look like" terrestrial glacier and ice- 
worked features. Terrestrial analogies are dangerous to use on an object as alien as the 
moon. Rating: 3. 

Anomaly Evaluation. The past presence of large accumulations of ice on the moon is arather 
startling thought, for the moon is now an extremely arid body. Rating: 2. 

Possible Explanations. Ice meteors or comets (normally icy) impacting at rather low velo- 
cities have been suggested as both the cratering objects and the sources of large quantities 
of ice. 

Similar and Related Phenomena. Sinuous rilles and other apparently water-worked lunar 
features (ALE2); terrestrial ice falls (GWF1). 

Examples 

X1. General observations. ''Some of the 
Moon's visual features are faintly suggestive 
of glacial till in various forms. For exam- 
ple, striations in the northwest wall of Co- 
pernicus look a little bit like a medial mo- 
raine. Vast areas of the Moon have scat- 
tered low domes, of which the largest is 
Reumker in Sinus Roris, and which have 
prompted several authors to suggest that 
they are like terrestrial pingos. The more 
popular explanation, of shield volcanos, suf- 
fers from the lack of more common and con- 
spicuous volcanic features which always ac- 
company shield volcanos on Earth. Finally, 
there are in the floors of certain craters 
(always of the mare type) low mesalike domes, 
flatter than those mentioned above and some- 
times having a faint suggestion of layers or 
terraces. It should be mentioned at this point, 
that the ice collision hypothesis does not deny 
the possibility of volcanism, but only its im- 
portance in shaping the major features. 

The most important indication of the for- 
mer presence of ice is in the extensive shrin- 
kage at various points on the Lunar surface. 
These shrinkage features always fit the no- 
tion of granular material loosely suspended 
in ice, settling downward as the ice is lost 
through sublimation or melting. Contour 

estimates of the maria, for example, indi- 
cate that their centers are depressed to a 
surprising degree. The center of Mare Im- 
brium is 6 km lower than its outer regions. 

It is striking that the total volume of this 
depression, some 8 x 10 km, is in the 
range of size estimated for the colliding ob- 
ject which created the mare. Many smaller 
features, such as craters having reticulate 
rilles or clustered domes, may be readily 
explained by the loss of volume in the form 
of ice. Explanation of the same features by 
the notion of volcanic calderas suffers from 
the fact that no blocks of hard material are 
visible. '' (R1) 

X2. The crater King. A camera on the or- 
biting command module of Apolio 16 took a 
photo of a section of the farside crater King, 
which showed a marked linear texture. The 
surface looks strikingly like the result of 
glacier action. Several "ponds" are also 
revealed. (R2) 
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ALE5 Swirl Markings 

Description. Bright/dark ribbon- and loop-like patterns, 10-50 kilometers in size, draping 
craters and other features and crossing both mare and highland terrains. The swirls are 

associated with strong magnetic anomalies and are usually located antipodal to large impact 
basins. 

Data Evaluation. The photographs and magnetic measurements from the Lunar Orbiter and 
Apollo programs are of very high quality. Rating: 1. 

Anomaly Evaluation. The swirl patterns cannot be explained as simple crater ejecta. Their 
association with magnetic anomalies seems to indicate some poorly understood magnetohydro- 
dynamic process created by impacting objects. Rating: 2. 

Possible Explanations. Magnetization and patterned distribution caused by cometary impact 
(R4); lunar basin ejecta that is more strongly magnetized than normal (R5) 

Similar and Related Phenomena. Similar swirl markings on Mercury (AHE3); the lunar rays 
(ALE3); lunar magnetic anomalies (ALZ]1). 

Examples 

X1. Visual discovery of swirls. "Groups of 
light colored markings with discontinuous 
sinuous patterns occur in three maria: (1) 
The most typical example is in Mare Inginii 
where the swirls occupy much of its SW 
quadrant; (2) A similar group lies north of 
Mare Marginus especially west of Goddard 
and NE of Ibn Yunus; (3) A somewhat atypi- 
cal occurrence includes the Reiner Y Struc- 
ture and associated bright markings in Oce- 
anus Procellarum. These swirls are best 
seen at small phase angles, however, be- 
cause of their high albedo, they are also de- 
tectable at low sun. The swirls vary con- 
siderably in shape and size. In all cases 
there are no topographic expressions associ- 
ated with them. The following relationships 
are noted: (1) The swirls of Mare Inginii lie 
diametrically opposed to the center of Mare 
Imbrium; (2) The swirls of Mare Marginus 
lie on the opposite side of Mare Orientale; 
and (3) The markings in Oceanus Procellarum 
are opposite to a point within one crater dia- 
meter of Tsiolkovsky. It is proposed that 
these markings are produced as a result of 
disturbances caused by major impacts; the 
disturbances may have been caused by seis- 
mic wave penetrations at the antipodal areas 
of impact points.'"' (R1) At this point intime 
(1971), there was no correlation of the swirls 
with magnetic anomalies. (WRC) 

X2. Swirls associated with lunar magnetic 
anomalies. 'Bright/dark swirl patterns oc- 
cur in three regions of the Moon. One ofthe 
best known examples is Reiner y¥, which is 
near the western limb of the nearside (59S, 
60°W). The concentrations of patterns near 
Mare Marginis (15°N, 90°F) and Mare In- 

genii (8359S, 180°F) are more impressive. 
Bright/dark swirls have not previously been 
studied in detail, but have generated seve- 
ral possible interpretations including nué 
ardente deposits, antipodal effects of major 
basins, volcanically derived sublimates, 
secondary impact effects, unusual secondary 
cratering phenomena associated with a co- 
metary impact, and selective preservation 

of albedo (crater rays) controlled by local 
enhancement of magnetic fields. More de- 
tailed examination, however, reveals fea- 
tures that are suggestive of remnants of the 

impacting nuclear region of a comet. 
Swirl patterns range in size from nearly 

10 km to < 50 m across and form a variety 
of characteristic geometries: ribbon-like 
patterns, open loops and closed loops.... 
these patterns are commonly crossed by 
dark lanes. Both dark and bright patterns 
drape relief such as crater walls and rims 
and cross both the highlands and mare ter- 
rains. At the highest resolutions available 
(~ 10m), alteration of the surface (scour- 
ing) is not visible. Rather, the patterns 
represent diffuse brightening/darkening of 
unmodified terrains and commonly exhibit 
sharply defined boundaries over 50-100 m 
scales. In several examples, higher albedo 
regions correspond to sloped surfaces (for 
example, walls of degraded craters), where- 
as lower albedo regions correspond to low- 
lying regions (for example, crater floor).’ 
Under high illumination, such patterns form 
a bright ring that strongly contrasts with 
other adjacent degraded craters. Ring pat- 
terns occur, however, in plains regions, 
not in association with changes in relief. 
Consequently there may be several processes 
contributing to the formation of the swirls." 
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The swirls are also associated with strong 
magnetic anomalies (ALZ1) and seem to be 
very young lunar features, perhaps less 
than 108 years old. (R4) The authors of R4 
contend that the swirls and magnetic anoma- 
lies were both created by cometary impacts. 
Abbreviated discussions of the swirls and 
magnetic anomalies may be found in R2, R3. 
See also ALZ1. 

In a letter to Nature, L. L. Hood ques- 
tions the cometary impact theory of Schultz 
and Srnka (R4), and suggests that 'meteor- 
ite impacts occurring over a span of time 
comparable to the age of the Solar System 
can explain their (the swirl's) existence at 
least as well as can recent comet impacts." 
An important point emphasized by Hood is 
the nonrandom distribution of the swirls; 

Red Formations ALE6 

they seem to be antipodal to large impact 
basins. A letter from Schultz and Srnka 
follows, defending their position. (R5) 
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ALE6 Anomalous Red Formations 

Description. Red areas observed on the lunar surface which seem to be associated with high 
levels of radioactivity. 

Data Evaluation. Lunar Orbiter and Apollo-data. Rating: 1. 

Anomaly Evaluation. The anomaly here does not concern the red color or the radioactivity 
of the features, but rather our inability to identify these features in the context of lunar 
geology and history. Rating: 3. 

Possible Explanations. Exposures of pre-mare basalt containing unusually high quantities 
of radioactivity. 

Similar and Related Phenomena. Lunar radioactivity concentrations (ALE13). 

Examples 

X1. Permanent features. "Several anoma- 

lous red features observed by Whitaker have 

been examined in detail. Crater counts and 

regional stratigraphy suggest ages compar- 

able to that of highland material. Initial 
gamma ray spectrometry indicates increases 

in native radioactivity are associated with 

certain red areas. A possible explanation 

for these observations is that the red objects 
are the surface manifestation of high radio- 

activity, old, possibly pre-mare basalts 

(KREEP/Norite Material). Conclusive proof 
of the nature of the objects would depend on 
the study of returned material, making them 
ideal candidates for future space missions 
6:9 #2" (RT) 
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ALE7 Layered Structures 

Description. Visual, seismic, and radio-sounder detection of layered structures and linea- 
ments on the moon's surface and beneath it. The separation planes vary from a few inches to 
thousands of feet. 

Data Evaluation. Many convincing photographs and radio soundings from the Apollo Program. 
As the Apollo scientists discovered, visual and photographic observations of lineaments have 
to be checked carefully to eliminate artifacts due to lighting and viewing angles. Rating: 1. 

Anomaly Evaluation. Layered structures created by natural fracturing and jointing are to be 
expected, as are superimposed layers of crater ejecta (volcanic and impact types). However, 

layering due to compositional changes are harder to explain in terms of the accepted theory 
of lunar evolution. Some of the lunar "strata" are highly inclined to the horizontal---a con- 
dition indicating considerable crustal deformation. These suggestions of extensive, active 
crustal evolution are more surprising than layering per se. Rating: 3. 

Possible Explanations. Compositional changes, the natural fracturing and jointing of bedrock; 
episodic deposition from volcanic and impact craters. Fluid- or ice-carried sediments 

would imply the past existence of much more water on the moon than now considered possible. 

Similar and Related Phenomena. The possible past existence of water and ice on the moon 
(ALE2 and ALE4). 

Examples 

X1. West face of Mt. Hadley, Apollo 15 site. 
"Area 5 is the entire west face of Mt. Had- 
ley, partly shown in figures 5-17 and 5-19. 
Lineaments measured in an intermediate- 
illumination panoramic camera photograph 
are grouped around three major trends that 
correlate with the lineaments photographed 
from the lunar surface. The predominant 
set trends north 55°E and corresponds with 
the well-defined set of linears dipping steeply 
left in figures 5-17 and 5-19. Although no 
single linear can be traced across the entire 
outcrop face, the parallelism and crispdefi- 
nition of some bright linears through dis- 
tances of tens or hundreds of meters give 
the impression that they are the surface 
traces of compositional layers or of a sys- 
tem of well-defined, uniform fractures. The 

impression is heightened in a few places 
where the same linear apparently emerges 
both upslope and downslope from beneath the 
cover of one of the many subhorizontal, 
smooth, regolith-covered benches on the 
mountain face. In other places, fainttraces 
of the linears extend across these benches." 

(R1) 
X2. Silver Spur, Apollo 15 site. ''The stri- 
king 500-—mm photograph taken from the LM 
(fig. 5-21) shows massive ledges apparently 
dipping gently to the left and crossed by finer, 
more nearly horizontal lineaments that give 
the impression of crossbedding. The finer 
lineaments are probably caused by the fore- 

SH 

West face of Mt. Hadley, showing northeast-trend- 
ing lineaments. Apollo 15 photograph. (X1) (Cour- 
tesy NASA) 

shortened view across an undulating cratered 
surface, an effect similar to that on the south 
wall of St. George crater. '' (R1) 

X3. Outcrop near Apollo 15 site. "At least 
12 layers occur in the outcrop (fig. 5-37). 
Several of the more massive of these layers 
(1 to 3 m thick) contain less well defined in- 
ternal layering or parallel banding. Thinner 
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as 
See sea ae 

Apollo-15 photograph of Silver Spur, 20 kilometers 
distant, showing massive ledges. (X2) (Courtesy 
NASA) 

layers less than a meter thick occur together 
or separate the more massive layers from 
each other. These thinner layers weather 
out distinctly." (R1) 

X4. Mare Serenitatis, Apollo 17 flight. ''The 

first clear evidence of subsurface layering 
in the flooded basins which form the lunar 
maria has come from the 5 MHz lunar soun- 
ding experiment on the Apollo 17 flight. An 

Layered Structures ALE7 

eight-man team from the Department of 
Geology and Geophysics, University of Utah 
and the Jet Propulsion Laboratory, Pasa- 
dena, California, has found two clear inter- 
faces separating different layers at mean 
depths of 900 and 1600 metres in Mare Se- 
renitatis and one interface at 1400 metres 
depth in Mare Crisium....The layering be- 
comes indistinct close to major features 
such as craters and shows changes in form 
underneath wrinkled ridges. It also shows 
evidence of faulting systems. When the in- 
terfaces reach the surface they correlate 
well with visible surface units.'' (R2, R3) 
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ALE8 Lunar Glasses 

Description. The appearance of glassy veneers on lunar soil and rocks. 

Data Evaluation. Photographs and samples from the Apollo Program. Rating: 1. 

Anomaly Evaluation. The glassy clumps discovered in some shallow lunar craters by the 
Apollo 11 astronauts were initially very puzzling, but on later missions glassy veneers were 
found in diverse situations. These findings led to a consensus that impact melting was the 
common cause of almost all lunar glass as well as the ubiquitous glass beads in the lunar 
soil. 
plained---more curious than enigmatic. 

Lunar glass, therefore, although once anomalous is now considered fairly well ex- 
Rating: 4. 

Possible Explanations. The glassy veneers are splashes of lunar material that was melted 
by high velocity impacting meteors. The glassy craters are thought to be secondary craters 

excavated by molten or partially molten ejecta from primary craters. 

Similar and Related Phenomena. On the earth: the Libyan desert glass, the Australian Dar- 
win glass, and tektites (ER). 

Examples 

X1. General observations. Summarized by 
the compiler from the references listed be- 
low. 

The lunar surface is liberally pockmarked 
with small craters in the 1-to-5-foot range. 
As the Apollo 11 astronauts walked among 
these depressions, they noted clumps of 
glass-crusted soil near the centers of some 
of these small craters. On this lunar landing 
this was the only type of glazing observed. 
With a close-up stereo camera, the astro- 
nauts photographed the glassy clumps for 
later analysis, noting that the clumps ap- 
peared to have been deposited accidently in 
the craters. 

The Apollo 11 photos created a stir, for 
the glazing was entirely unexpected. Was the 
glass coating applied to the clumps when the 
craters were excavated by meteors? The 
kinetic energy of the meteor's impact could 
have been converted to heat, raising the soil 
above its melting point, and thus coating the 
clumps with a sheen of glass. The glassy 
veneer seen in the photos looked much like 
that acquired by pottery in a glazing oven. 
On the other hand, the clumps could have 
originated when neighboring craters were 
blasted out by meteors. Then, glass-en- 
crusted debris might have fallen into the 
nearby craters and rolled toward their cen- 
ters. Still, the Apollo 11 astronauts saw no 
glassy clumps outside the small craters on 
the surrounding surface. Thomas Gold, a 
Cornell physicist, suggested that the glassy 
clumps might have been formed during an 
intense burst of solar radiation which, when 
focussed by the crater walls, was powerful 
enough to fuse the surfaces of clumps of soil 

in the crater centers. 
The astronauts of Apollo flights 15, 16, and 

17 ranged farther around their landing sites, 
both on foot and while riding in the Lunar Ro- 
ver. Alert for glassy objects, they found 
many. The small, shallow craters with glass- 
coated clumps of soil turned out to be rather 
common. Glassy patches of soil were also 
seen inside these craters in addition to the 
glazed clumps. The Apollo 15 crew asserted 
that they could always predict from afar which 
craters would contain glass. Glassy cra- 
ters were always fresh-looking and not 
rounded by the erosion of the steady rainof 
micrometeorites. Bits of ejecta were also 

scattered around these craters. These later 
astronauts also discovered isolated lunar 
rocks partially coated with veneers of glass. 
Such rocks did not seem to be associated 
with any specific craters. Another perti- 
nent discovery was that glass-coated rocks 
were incorporated in lunar breccias (small 
angular rocks cemented together). Finally, 
the lunar soil proved to be full of tiny glass 
beads. Lunar glass was almost everywhere 
and in many forms. (R1-R8) 
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ALES Nonrandom Distribution of Lunar Craters 

Description. The occurrence of lunar craters in recognizable patterns or in statistical de- 
partures from randomness. Of most interest here are lines and clumps of craters. 

Data Evaluation. This type of anomaly requires two kinds of information: (1) Observational 
data on crater sizes, locations, ages, etc.; and (2) The determination of nonrandomness by 
either subjective evaluation or statistical analysis. Although subjective decisions as to non- 
randomness are risky (viz., some lunar lineaments in ALE7), this does not seem to be a 
serious problem here. The data and analyses seem very reliable. Rating: 1. 

Anomaly Evaluation. The location of large lunar craters along great circles as consequences 
of the impacts of ancient lunar satellites, while a fascinating possibility, is not really incom- 
patible with any of the three favored hypotheses of lunar origin (accretion, capture, fission). 
More serious,however, are the implications of nonrandomness of crater origin, 
the favoring of volcanism over meteor impact. 

especially 
Rating: 2. 

Possible Explanations. Internal lunar forces (volcanism, gas emissions) occurring along crus- 
tal cracks or in areas of crustal weakness; the nonrandom incidence of meteors, possibly be- 
cause of their concentration in favored lunar orbits. 

Similar and Related Phenomena. Lunar satellites (ALL1); Martian crater belts (AME13); linear 
patterns of terrestrial volcanos (ET). 

Examples 

X1. Linear arrays of small craters. "In 
discussions of geological processes on the 
~Moon, frequent reference is made to various 

linear arrays of small craters. Such ar- 
rays occur, for example, in the vicinity of 
Copernicus, as well as at several locations 
in the highlands, such as the edge of the 
crater Mueller. It is often pointed out that 
such linear formations are difficult to ex- 
plain as resulting from random impacts. On 
the basis of this difficulty, the linear arrays 
are commonly held up as evidence of geo- 
logic activity on the Moon. That is, some 
subsurface phenomenon gave rise to a linear 
crack on the surface, along which volcanic 
activity occurred, which resulted incraters 
also arrayed along a line.'' The author then 
ventures that a large body approaching the 
moon might disintegrate inside the Roche 
limit in such a way as to produce linear 

strings of objects. (R1) 

X2. Crater clumpiness. "Summary. A 
fresh attack on the vital problem of the ori- 
gin of the lunar craters has been made by 
analyzing the surface distribution of craters 
of given diameter. The distribution shows 

a general clumpiness in both the lunarite 
(bright regions) and the lunabase (dark re- 
gions). Craters between 30 and 40 km in 
diameter, situated in the lunarite, are non- 
randomly distributed at the 2 per cent level 
of significance. This argues against the im- 
pact theory. 

It is found that the number-density of 
differently-sized craters is slightly greater 
in the following half of the Moon than in the 
preceding half. This result is shown to ap- 
ply equally to the lunarite and, taken sepa- 
rately, to the lunabase, and again argues 
against the theory that the craters were pro- 
duced exclusively by impact. 
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In assessing the origin of the craters on 
the basis of the observed frequencies and 
distribution of craters alone, it is concluded 
that the ratio of the number of impact craters 
to the number of endogenic craters is not 
very large. If only one theory is allowed, it 
must be that the craters are of internal ori- 
gin." (R2) 

"Summary. In a recent study of the dis- 

tribution of centres of lunar craters, Fielder 
found two apparent anomalies which he used 
as arguments against the meteoroidal im- 
pact hypothesis for the origin of lunar cra- 
ters. First of all, the Poisson distribution 
gave a very bad fit to the number of crater 
centres in equiareal sectors of the conti- 
nents and the maria, especially among cra- 
ters smaller than 40 kilometres in diameter. 
The second difficulty was a systematic excess 
in the number density of small craters inthe 
western (trailing) half of the Moon. We will 
show that these observations could also have 
been expected even under the impact hypothe- 
sis, since the numbers of small and oflarge 
craters in a finite region are negatively cor- 
related. Available crater statistics there- 
fore neither preclude nor establish the impact 
or volcanic hypothesis for the origin of cra- 
ters." (R3) 

X3. Arcuate patterns of very large craters. 
"Abstract. The circular maria---Orientale, 
Imbrium, Serenitatis, Crisium, Smythii, 
and Tsiolkovsky---lie nearly on a lunar great 
circle. This pattern can be considered the 
result of a very close, non-capture encoun- 

ter between Moon and Earth early in solar- 
system history. Of critical importance in 
analyzing the effects of such an encounter is 
the position of the weightlessness limit of 
the Earth-Moon System which is located at 
about 1.63 R,, measured from the center of 
Earth to center of Moon. Within this weight- 
lessness limit, material can be pulled from 
the lunar surface and interior by Earth's 
gravity and either escape from the Moon or 
be redistributed onto the lunar surface. In 
the case of an encounter with a non-spinning 
Moon, backfalling materials would be dis- 
tributed along a lunar great circle. However, 

if the Moon is rotating during the encounter, 
the backfall pattern will deviate from the 
great circle, the amount depending on the 
rate and direction of spin. Such a close en- 
counter model may be related to the pattern 
of circular maria if materials departing from 
the source region are visualized as spheroids 
of molten lunar upper mantle basalt. These 
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spheroids, then, would impact onto the lunar 
surface to form a pattern of lava lakes. 
Radiometric dates from mare rocks are con- 
sistent with this model of mare formation if 
the older mare rock dates are considered to 

date the encounter and younger dates are 
considered to date subsequent volcanic erup- 
tions on a structurally weakened Moon." (R4) 

"Abstract. An analysis has been made of 
the tendency of large lunar craters to lie 
along circles. A catalog of the craters 750 
km in diameter was prepared first, noting 
position, diameter, rim sharpness and com- 
pletion, nature of underlying surface, and 
geological age. The subset of those craters 
50-400 km in diameter was then used as in- 
put to a computer program which identified 
each 'family' of four or more craters, of 
selected geological age, lying on a circular 
arc. For comparison, families were also 
identified for randomized crater models in 
which crater spatial density was matched to 
that on the Moon, either overall or, sepa- 

rately, for mare and highland areas. The 
observed frequency of lunar arcuate families 
was statistically highly significantly greater 
than for the randomized models, for craters 
classified as either late pre-Imbrian (Nec- 
tarian), middle pre-Imbrian, or early pre- 
Imbrian, as well as for a number of larger 
age-classes. The lunar families tend to 
center in specific areas of the Moon: these 
lie in highlands rather than maria and are 

' different for families of Nectarian craters 

than for pre-Nectarian. The origin of the 
arcuate crater groupings is not understood." 

(R5) 
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ALE10 Unexplained Minor Surface Features 

Description. Minor, local features of the lunar surface which are different from the sur- 

rounding terrain in structural detail, reflectivity, color, etc. 

Data Evaluation. For the single example found so far, Apollo photography provides excel- 
lent evidence. Rating: 1. 

Anomaly Evaluation. Although the photography is good, it is impossible to come to any firm 
conclusion about the nature of the example reported below. We can only guess that it is only 
a minor eccentricity of the lunar surface. Rating: 3. 

Possible Explanations. None. 

Similar and Related Phenomena. None. 

Examples 

X1. Permanent feature near the Apennine 
Mountains. '' While the Apollo 15 panoramic 
camera photography was being rapidly scan- 
ned, a most peculiar feature was noted that 
presented a totally different appearance from 
anything seen in all the rest of the Lunar Or- 
biter and Apollo photography. The feature 
was missed on Lunar Orbiter IV frame H- 
102 because it is situated in a group of bi- 
mat marks. The feature is located at lati- 
tude 18°40' N, longitude 5°20' E in a small 
patch of mare material lying between the 
Haemus and the Apennine Mountains. This 
patch is abnormal in that it is an unbordered 
plateau; the surface appears to lie several 
hundred meters above adjacent mare patches. 

The feature is D-shaped with a 3-km-long 
straight edge. Viewed stereoscopically, it 
is seen to lie perhaps a few tens of meters 
below the level of the surrounding mare, the 
latter presenting a convex meniscus at the wl 
line of contact. About half the floor is co- “4 
vered with blobs of marelike material, remi- 
niscent of dirty mercury. Contacts between 
the floor and both the mare and blobs are 
frequently outlined with highly reflective 
material, perhaps sublimates. The floor 

also displays some darker areas that have . Peculiar 3-kilometer-wide feature near the Apen- 
noticeably different photometric properties nine Mountains. (X1) (Courtesy NASA) 
from the mare surface and the blobs. The . 
whole feature is seen to be almost devoid 
of small impact craters, thus differing from 
the surrounding mare." (R1) 
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Large-Scale Asymmetries in Composition 

Description. Large regions of the lunar surface which differ in composition from adjacent 
or analogous regions. 

Data Evaluation. All of the data sources (photographs, 
are of high quality. Rating: 1. 

These areas are generally mare-sized or larger. 

¥-ray spectrometry, actual samples) 

Anomaly Evaluation. Since very large areas of the moon's surface differ significantly in 
composition from pre-Apollo expectations, some important revisions in lunar history may 
be indicated. Rating: 2. 

Possible Explanations. The unexpected concentrations of KREEP material and its surprising 
presence in the Appenines may be the consequences of a very large impact predating the for- 
mation of the present mares, and exceeding them in size. This catastrophe could have re- 
leased KREEP material over a wide region. (R2) The general asymmetry of the lunar mares 
(impact basins) is covered in ALE1. 

Similar and Related Phenomena. Lunar topographical asymmetry (ALE1); small-scale con- 
centrations of radioactivity (ALE13); volatile-rich areas of small scale (ALE16) 

Examples 

X1. Concentrations of KREEP (basalt en- 
riched with trace elements) in Oceanus Pro- 
cellarum and Mare Imbrium. 'Measurements 
with ¥-ray spectrometers have revealed that 
the levels of natural radioactivity (which re- 
sults from U, Th and K) are considerably 
higher in Oceanus Procellarum and Mare 
Imbrium than anywhere else on the lunar sur- 
face. These regions are therefore presumed 
to be richer in KREEP material. It is usu- 
ally assumed that this distribution of KREEP 
arose as a result of the Imbrium impact. It 
has, however, been pointed out that ifKREEP 
was ejected by the Imbrium event then the 
Haemus Mountains to the east of the Imbrium 
basin should be as radioactive as the Fra 
Mauro formation to the south. This has not 
been found to be the case." (R2, R1) 

X2. Lack of anorthosite highland crust inthe 
Appenines. "Before the Apollo 15 mission 
it had been expected that the lunar Appenines 
would consist of anorthositic crust, suppo- 
sedly lifted up by the. Imbrium impact. When 
samples were returned from the Appenine 
front, however, they were found to have pre- 
dominantly a KREEP composition, and there 
were few truly anorthositic rocks. This lack 

of anorthositic crust in the region has since 
been confirmed by the results of the X-ray 
fluorescence experiments. The measured 
Al:Si ratio from the Appenines is about half 
the value obtained from the Descartes high- 
lands. These results suggest that the origi- 
nal crust in this region was removed and re- 
placed with KREEP basalts, before the for- 
mation of the Imbrium Basin. "' (R2) 

X3. Concentration of mare material on the 
lunar nearside. A consequence of this im- 
portant asymmetry is the concentration of 
KREEP on the nearside. (R3) This particu- 
lar asymmetry in composition is, of course, 
initimately related to the topographical asym- 
metry of the lunar farside and nearside, as 
presented in ALE1. (WRC) 
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ALE12 Dark-Haloed Lunar Craters 

Description. A rare type of lunar crater that is surrounded by a halo of material that is sig- 
nificantly darker than the surrounding terrain. Three varieties are recognized: (1) Non-im- 
pact craters with dark halos and, frequently, dark rays. This variety is not randomly dis- 
tributed and is concentrated along rilles, fractures, etc. (2) Impact craters with dark halos 
that are composed of impact melt, either in the form of ejecta or solidified flow. (3) Impact 
craters with dark halos that do not seem to be composed of impact melt. All types of dark- 
haloed craters apparently have bright centers. 

Data Evaluation. High-quality photographs from spacecraft. Rating: 1. 

Anomaly Evaluation. Convincing explanations of most dark-haloed craters are at hand, al- 
though these explanations have not yet been verified by actual samples. Rating: 3. 

Possible Explanations. The first type of dark-haloed crater is generally agreed to have a 
volcanic origin. Type two seems to be the consequence of either ejecta of impact melt or, 
perhaps, dark projectile material, or dark impact melt that flowed outward from the crater. 
The genesis of the third type is more controversial but may be due to the excavation of dark, 
subsurface mare material from the impact. 

Similar and Related Phenomena. 

Examples 

X1. Rare, permanent features. ''A dark- 
haloed crater, unlike a typical recent crater 
on the lunar surface, is generally surroun- 
ded by material of a lower albedo than that 
of its surroundings. This low-albedo ma- 
terial may be either in the form of a roughly 
circular aureole, or in the form of rays. 
Whatever the form of its halo, this sort of 
crater is relatively rare on the visible disk. 
Identification is made difficult because dark- 
haloed craters are typically small (less than 
5 km in diameter) although a few such craters 
have been identified which are greater than 
19 km in diameter. In addition, the halo 
varies both in degree of darkness and ofcon- 
trast with the surrounding surface...... 

(1) The most prominent dark-haloed cra- 
ters typically displayed a bright central cra- 
ter, with a well-defined, very dark halo, 
which is roughly one crater diameter wide. 
Some of these craters have dark rays that 
extend several crater diameters beyond the 
halo. The less prominent dark-haloed cra- 
ters displayed the same morphological char- 
acteristics, but the haloes were less dark 
and the craters less bright. 

(2) The larger dark-haloed craters typi- 
cally have haloes less than one crater dia- 
meter wide---e.g. Picard. One large cra- 
ter, Dionysius, has an extensive system of 
very dark rays, but this is an unusual fea- 
ture. 

(3) Intense dark spots occur on these 

photographs, which are typically quite small 
(less than 1 km in diameter) and possess no 

Lunar rays (ALE3). 

discernable crater. Often many such dark 
spots are found together in fields, usually on 
a darker than usual mare surface. Presum- 
ably, these are also dark-haloed craters, 
with the crater itself too small to be resolved. 

The distribution of dark-haloed craters 
....is obviously not random. These features 
are concentrated on the maria, and commonly 
clustered around recent light-rayed craters, 
such as Copernicus and Aristillus, or along 
the margins of the maria. This distribution 
appears to be real, rather than the result of 
observational bias."’ (R1) The authors be- 
lieve that the evidence supports a volcanic 
origin for the dark-haloed craters, noting 
also a possible correlation between their 
locations and transient lunar phenomena. 

X2. General observations and description of © 
a different type of dark-haloed crater. "Early 
observers of the lunar surface noted the pre- 
sence of a small number of atypical craters 
surrounded by deposits of low-albedo mater- 
ial. Before spacecraft images of the moon 
were available, these features were usually © 
interpreted as ash deposits surrounding vol- 
canic vents. Later studies have confirmed 
this interpretation for some dark-haloed 
craters, most notably, those on the floor of 

Alphonsus crater. Other examples of vol- 
canic dark-haloed craters can be found on 
the floors of the J. Herschel, Atlas, and 
Franklin craters and in many other regions. 
However, many dark-haloed craters exhibit 
morphologies characteristic of impact cra- 
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ters. Head and Wilson proposed the follow- 
ing morphological criteria for distinguishing 
dark-haloed craters of volcanic origin: non- 
circular shape, alignment with rilles, frac- 
tures, or lineaments; absence of raised rim; 
smooth, untextured exterior deposits; and a 
depth/diameter ratio which is generally less 
than that of impact structures. '' The halos 
around impact craters seem to be either de- 
posits of impact melt or, as in the case of 

the well-known dark ring around Tycho, 
rings of impact melt resulting from fluid 
flow as opposed to ejecta..... 

Neither volcanism nor impact melt ap- 
pears adequate to explain the origin of another 
class of dark-haloed craters that differs con- 
siderably from the types already described. 
These craters typically resemble normal im- 
pact craters with near-circular rims and 
ejecta blankets. The entire ejecta blankets 
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are darker than their backgrounds, while the 

crater interiors are typically bright. Inhigh 

resolution photographs the dark ejecta ex- 

hibit no evidence for extensive impact melt 

deposits.'' The authors suggest that the dark 

material surrounding these craters may be 

subsurface basalt excavated by the impacts. 

(R2) 
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ALE13 Local Concentrations of Radioactivity 

Description. 

activity in specific, localized areas. 
Enhanced fluxes of alpha and gamma radiation attributable to surface radio- 

Data Evaluation. Alpha particle and gamma ray spectrometer data from the Apollo space- 
craft. Rating: 1. 

Anomaly Evaluation. Radioactive radon-222 is released frequently from the earth's crust in 
association with earthquakes and other crustal activity. Similar events are to be expected on 
the moon, especially in areas where transient lunar events are common, such as the region 
around Aristarchus. 
of radon-222 in some lunar localities. 
as indicated by gamma ray emission 
difficult-to-explain. Rating: 2. 

Thus, it is not surprising to detect the alpha particles characteristic 
However, the concentration of radioactive elements, 

in the Imbrium and Procellarum areas is much more 

Possible Explanations. The emission of radon-222 from the lunar crust during quakes and 
other crustal activity; the concentration of radioactive minerals during past lunar igneous 
activity. 

Similar and Related Phenomena. Lunar transient phenomena (ALF3, ALF4). 

Examples 

X1. Probable transient event. Abstract. 
"The alpha particle spectrometer aboard 
the Apollo 15 command/service module was 
designed to detect alpha particles from ra- 
don decay and to locate regions with unusual 
activity on the moon. A significant increase 
in radon-222 activity was detected from a 
region containing the crater Aristarchus. 

The result is interpreted as probably indi- 
cating internal activity at the site. By ana- 
logy with terrestrial processes, increased 
radon emanation may be associated withthe 
emission of other volatiles."' (R1) The 
spacecraft made its measurements at 110 
km altitude. The radon-222 activity in the 
region of Aristarchus and Schroeter's Val- 
ley was about four times that for the rest 
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of the moon surveyed. (R2) The release of 
radon in the Aristarchus region is signifi- 
cant because this crater is notorious for 
transient lunar events. Radon releases 
may well be associated with such events (R3). 

X2. General observations. Apollo 15 gamma 
ray spectrometer data. ''The region around 
the Imbrium basin, however, appears tohave 
some unusual features. Observations of the 
gamma rays given off by radioactive mater- 
ials showed much higher concentrations of 
uranium, thorium, and potassium in Mare 
Imbrium and in the neighboring lava flows of 
Oceanus Procellarum than elsewhere on the 
moon. The observations were made from lu- 
nar orbit, and the flight path of the Apollo 15 
spacecraft allowed about 15 per cent of the 
moon's surface to be mapped. The results of 
the experiment, conducted by a team headed 
by James Arnold, of the University of Cali- 
fornia at San Diego, indicate concentrations 
of about 10 parts per million of thorium in 
the Mare Imbrium soil, compared with 1 ppm 
in the eastern part of the moon. The high 
concentrations of radioactive elements in the 
Imbrium region are similar to the concen- 

Scarcity of Dust ALE14 

trations found in KREEP basalts, which are 
found in large quantities at the Apollo 14 lan- 
ding site. This material has also been found, 
in smaller quantities, at all the landing sites, 
but why the Imbrium and Procellarum regions 
should be the overwhelming source of the ra- 
dioactive elements on the moon's surface, as 

they appear to be, has been difficult for geo- 
chemists to explain. '' (R4) 
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ALE14 Scarcity of Dust and Meteoric Material 

Description. The obvious lack of dust and meteoric material in comparison with the amounts 
expected from the measured influx of meteoric material on the earth, the radiometric age of 
the moon, and the dust-creating potentials of solar X-rays and ultraviolet light. 

Background. Prior to the descent of lunar spacecraft, scientists expressed concern that these 
craft would founder in a sea of dust. They didn't. The subject seems to have been forgotten 
except for the creationists, who claim that the lack of lunar dust indicates a young moon. 

Data Evaluation. The depth of the lunar dust and the general scarcity of meteoric material of 
any kind are derived from astronaut observations. 

The degradation of lunar rocks by solar radiation is mainly on analysis of returned samples. 
The radiometric age of the moon is based 

theoretical. Overall, the data are very good, although only a very tiny portion of the lunar 
surface has been explcred by astronauts. Rating: 2. 

Anomaly Evaluation. Although barely addressed in the scientific literature, we have here an 
important anomaly, regardless of whether the dust-influx estimates are wrong, or the dust 
has somehow been concealed, or the moon is a recent addition to the earth's orbital space. 
Rating: 2. 

Possible Explanations. The moon may be a newcomer to our region of the solar system. The 
dust may have been buried by crater ejecta and lava flows, or possibly removed electrosta- 
tically. (R1) 

Similar and Related Phenomena. The apparent incompatibility of present earth-moon accelera- 
tion and the origin of the moon in earth orbit. (ALB4) 
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Examples 

X1. Permanent feature. ''From the reports 
of the first lunar landing, the accumulation 
of dust on the surface of the moon in the 
vicinity of the touch-down was very small 
(a layer not much more than 1/8 inch in 
thickness). The later landings were in 'seas' 
that have larger dust accumulations, but 
these layers were still very small in thick- 
ness compared to the earlier predicted am- 
ount. The dust layer is 1/8" to 3" inthick- 
ness. The moon moves through the same 
region of space that the earth does and, 
consequently, should have about the same 
influx of cosmic dust on its surface as on 
the earth. Astronomers had been concerned 
that a lunar spaceship upon landing would 
sink into the supposed huge amount of dust 
that should have accumulated on the surface 
of the moon in about 4.5 billion years of as- 
sumed time. The rocket would be stuck in 
this layer of 'mud' and not be able to leave 
the moon. Also, in the 'sea' areas, where 
lunar ships landed, there should have accum- 
ulated more dust than elsewhere on the moon. 
Yet, the amount of dust is amazingly small. 
What could have happened to all the dust, 
assuming a 4. 5-billion-year-old moon? 
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Strong ultraviolet light and solar X-rays 
should also produce dust, perhaps at the 
rate of a few ten-thousandths of an inch per 
year, as it destroys the surfaces of exposed 
lunar rocks. At this rate 6.3 miles of dust 
would accumulate in a billion years. Such 
vast dust thicknesses are not observed. (R1) 

Similar sentiments are expressed in R2- 
R3. 

X2. General observations. "On the other 
hand, meteoric material does seem to be in 
strangely short supply, and one of the world's 
leading authorities on meteorites, G.J.H. 
McCall, has even asked plaintively, 'Where 

have all the meteorites gone?'" (R4) 
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ALE15 Young Lunar Surface Ages 

Description. Radiometric measurements of surface soils and rocks consistent with very 
young surface ages; specifically, surface exposure ages of a million years or less. 

Data Evaluation. Although the radiometric measurements were made directly upon returned 
samples, the technique requires that assumptions be made about lunar composition and the 

space radiation environment. Nevertheless, several different samples display surprisingly 
recent surface dates. Rating: 2. 

Anomaly Evaluation. The soil and rocks exposed by very young crater-producing meteorites 
could account for some recent surface ages. However, several different samples show the 

same young ages, implying that a fairly large area of the lunar surface was recently reworked. 
This is contrary to the expectations of most scientists. Rating: 2. 

Possible Explanations. The measurements may be in error, perhaps due to faulty assumptions. 
Some regions of the lunar surface have been altered recently. 

Similar and Related Phenomena. Erroneously young radiometric ages have been measured 
for some terrestrial rocks, notably some lavas; lack of lunar dust (ALE14). 

Examples 

X1. Frequent occurrence. Abstract. "'A 
unique suite of Apollo 15 samples collected 

near the St. George crater at the Apennine- 
Hadley site has been analyzed for its cosmo- 
genic and primordial radionuclide content by 
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multidimensional gamma-ray spectroscopy. 
Two chips (15205 and 15206) from the top 
surface of a meter size boulder together 
with soil samples from beneath the boulder 
(15231), adjacent to the boulder (15211), and 
about 0.5 (15231) and 10 meters (15091) from 
the boulder were studied. The 24Na con- 
centrations in the boulder chips were at sat- 
uration while the “°Al concentrations are at 
approximately one-half to two-thirds oftheir 
saturation value, indicating a short lunar 
surface life of about 1 million years. The 
soil (15231, 1) directly beneath the boulder 
has a higher 26Al concentration than its 
saturation value for its rather highly shielded 
location, indicating it had been covered for 
about 1 million years. Two very interesting 

Volatiles Concentrations ALE16 

lunar specimens were collected at Stations 
9 and 9a of the Hadley-Apennine site. Sam- 
ple 15501, 2, a soil clod from the ejecta 
blanket of an apparently young crater, sho- 
wed saturation with respect to ““Na, how- 
ever the “Al concentrations indicate a sur- 
face age of only 0.7 to 1 million years. A 
breccia, 15505, was also found to have a 
low 26Al content compatible with a surface 
age of about 0.75 million years." (R1) 
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ALE16 Local Concentrations of Volatiles 

Description. Localized areas of the lunar surface where the concentrations of volatiles are 
significantly higher than the average level for the moon. Typical volatiles are potassium, 
rubidium, water, etc. 

Background. The normal, average concentration of volatiles on the moon is considerably 
lower than it is on the earth (ALE19). The enhanced concentrations discussed here are mea- 
sured relative to the normal lunar concentrations. 

Data Evaluation. The data from from instruments left behind at the Apollo landing sites and 
from the analysis of samples returned to earth. The information radioed back to earth from 
the unattended instruments is of the transient type and sometimes subject to various inter- 
pretations. The analysis of the carefully collected and preserved lunar samples is consider- 
ed highly reliable. Overall rating: 2. 

Anomaly Evaluation. At least two reasonable explanations of localized concentrations of vola- 
tiles are at hand (see below). This phenomenon, therefore, is not especially anomalous. 

Rating: 3. 

Possible Explanations. The impacts of comets bearing ices and other volatiles may have 
"salted" localized portions of the moon with volatiles. Releases of internal gases might 
have triggered the Apollo instruments. 

Similar and Related Phenomena. Transient lunar phenomena (ALF); concentrations of radon 
(ALE13); the lunar swirl markings, which are thought by some to be comet impact sites. 
(ALES). 

Examples 

X1. Water-rich deposits. 'In the face of 
voluminous chemical evidence that the moon 
does not now, and probably never had much 
if any water, scientists continue to search 
for its traces. Their findings always stir 
up lunar scientists. 

One report by John W. Freeman Jr. and 
H. Kent Hills of Rice University was the de- 
tection of water vapor by the Suprathermal 
Ion Detectors left at the Apollo 12 and 14 
sites. The Rice group still cannot account 
for the vapor for the source other than the 
moon. 
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Now, S.O. Agrell, J.H. Scoon, J. V. P. 
Long and J.N. Coles of the University of 
Cambridge have reported finding a hydrous 
mineral, geothite, in a sample from Fra 
Mauro. The goethite occurs as a surface 
corrosive layer on iron grains ---like rust 
on earth."' 

The water vapor and the water in the hy- 
drous mineral, goethite, may have come 
from external sources, such as comets or 
carbonaceous chondrites. (R1) 

X2. Deposits enriched in a variety of vola- 
tiles. 

"Abstract. A subsurface Apollo 16 soil, 
61221, is much richer in volatile compounds 
than soils from any other locations or sites 
as shown by thermal analysis-gas release 
measurements. A weight loss of 0.03 per- 
cent during the interval 175° to 350° was 
associated with the release of water, carbon 
dioxide, methane, lydrogen cyanide, hydro- 
gen, and minor amounts of hydrocarbons and 
other species. These voltaile components 
may have been brought to this site by acomet, 
which may have formed the North Ray crater." 

(R2) 
"Microscopic study of large rusty rock re- 

turned by Apollo 16 astronauts done at the © 
Max Planck Institute in Heidelberg and re- 

114 

ported by Ahmed El Goresy has identified a 
set of minerals and chemical compounds that 
are new to lunar samples, adding further sup- 
port to the hypothesis of a cometary impact 
there. One mineral never before reported 
in a lunar sample is sphalerite, a zinc sul- 

fide that is a common ore for zinc on earth. 
Goethite, a hydrous iron oxide that was re- 
ported before also was found. Others that 
included a set of volatiles unique for the 
moon were zinc iron sulphates, associated 
with chlorine, zinc iron chlorine, phosphates 
and a lead-rich mineral with lead on the or- 
der of 4,000 parts per million, unusually 
high for the moon." The enhancement of these 
volatiles supports the hypothesis that a comet 
formed North Ray crater. (R3) 
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ALE17 Lunar Soils Older Than Associated Rocks 

Description. All methods for dating lunar rocks and soils agree that the soils are consider- 
ably older than the rocks from which they were presumably derived. 

Data Evaluation. The radiometric analyses were made on samples returned from the moon. 
All of the radioactive dating techniques, however, involve assumptions relative to the purity 
of the samples. Some of the problems involving adulteration are discussed in X1. Rating: as 

Anomaly Evaluation. If the data are correct, as seems likely, a first class anomaly would 
seem to exist, for it seems impossible to have soils older than their Source rocks. But as 
explained in the quotation from R3 below, the lunar surface rocks are probably derived from 
lavas that erupted long after the formation of the rocks from which the soils are derived. In 
other words, the soils are not derived from the surface rocks in the vicinity but rather from 
older basement rocks. If this is true, the anomaly is a minor one. Rating: 3. 

Possible Explanations. The measured ages could be in error due to the admixture of mare 
materials, meteoric material, or even cometary material to the soils. Another possibility 
is that the surface rocks may have somehow been depleted in the crucial elements used for 
radiometric dating. Perhaps most convincing is the explanation mentioned above, in which 
the surface rocks are truly younger than the soils surrounding them because they are the 
products of later lava flows. 

Similar and Related Phenomena. Short lunar surface ages of rocks and soils (ALE15). 
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Examples 

X1. Widespread lunar phenomenon. "But the 
most puzzling data so far from the age dating 
by all three methods have been the apparent 
ages of the soil from all of the sites---ran- 
ging from 4.2 to 4.9 billion years---consid- 
erably older on the average than the ages for 
the rocks. How could the rocks be younger 
than the soil? Lunar scientists have sought 
several explanations. One is that some magic 
ingredient such as KREEP (material withhigh 
concentrations of potassium, uranium, thor- 
ium, rare earth elements, and phosphorous) 
from the highlands has been mixed in with 
the soil. Another is that perhaps the rocks 
were depleted in radioactive isotopes before 

the rocks crystallized. And a third is that 

perhaps the soil has incorporated meteoritic 

material from impacting bodies." (R2, R1) 

"After Apollo 11, the first manned lunar 
landing mission in 1969, there was much 
confusion about lunar ages; it was reported 
that the soil was much older than the rocks 

Dating Problems ALE18 

from which it was presumably derived! The 
oldest Apollo 11 rocks dated back 3.9 billion 
years, whereas the soil was several hundred 
million years older. What the age of the soil 
defines, however, is not the average age of 
all the particles of rock in the soil, but ra- 
ther the time since the various chemical rock 
types that make up the soil were separated 
from one another, deep inside the Moon. This 
separation.event may have occurred long be- 
fore the lavas derived from these rock types 
erupted at the surface of the Moon." (R3) | 
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ALE18 Problems in Dating Lunar Rocks and Soils 

Description. Discordances in the ages of lunar rocks and soils when determined by different 
radiometric methods and conflicts between measured ages and geological expectations. 

Data Evaluation. Radiometric dating is subject to many uncertainties. The uranium-lead 

method, for example, is complicated by the inability to tell how much of each lead isotope 
was originally in the sample under analysis and just how much lead was lost or added to the 
sample during its lunar history. Rating: 3. 

Anomaly Evaluation. The seriousness of the dating conflicts and discordances is lessened by 
_ the realization that many sources of error and misinterpretation exist. It is likely that the 
anomalies mentioned below will eventually be resolved, as they have in analogous terrestrial 
situations. Rating: 3. 

Possible Explanations. The loss or addition of various lead isotopes to the lunar samples 
during the moon's long history. 

Similar and Related Phenomena. Short surface ages of some lunar samples (ALE15); lunar 
rocks younger than lunar soils (ALEi7). 

Examples 

X1. General observation. The uranium-lead 
method of measuring the ages of lunar rocks 
and soils consistently yields older ages than 
the rubidium-strontium method. (R1) 

X2. Apollo 11 samples. ''Assuming a basal-= 

tic rock from Mare Tranquillitatis was for- 
med 4.6 billion years ago, the uranium in 
it would produce daughters until something 
happened to that rock. The rubidium-stron- 
tium ages say that something happened at 
that site 3.6 billion years ago. What then 
could have happened is that some of the lead 
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daughters in the rock volatilized at that time, lead would be spread out---say from 3.6 
but not all of them. But after the event, the to 4.6 billion years, but they weren't. Why 
uranium began producing other daughters. is not yet understood." (R1) 
Thus the older daughters (those produced aes | 
from 4.6 to 3.6) became mixed in with the X3. Analysis of lunar sample 14163. The 

ratios of lead-207 to lead-206 were 1.2 to 
1.3, giving apparent ages of up to 5.5 bil- 
lion years. "This isotopic composition has 
never been observed anywhere in the mater- 
ial of the solar system." (R1) 

younger daughters (produced from 3.6 to the 
present). When the rocks from Apollo 11 
were dated, they all gave an apparent ura- 
nium-lead age of 4.1. The unexplainable 

fact is that not one, but all of the rocks 
from the site had a 4.1 age, which means 
that the lead had to be boiled off in all of 
the rocks at a fixed rate. This, says Sil- 
ver, should not have happened, especially Relerences 
when one assumes that all the rocks would Rl. Driscoll, Everly; 'Dating of Moon Sam-= 
not have had the same ratios to start with. ples, '' Science News, 101:12, 1972. (X1- 
What was expected was that the ratios of X3) 

ALE19 Compositional Differences between 

Earth and Moon 

Description. Relative to the earth's mantle, the moon is depleted in volatiles (e.g., C, Br) 

and siderophiles (iron-loving elements like Pt and W) and enhanced in refractory elements 
(U and the rare earths). 

Background. The prevailing view of solar system history has all of the planets accreting as 
the solar nebula cooled over 4 billion years ago. The proximity of a planet to the sun and in 
consequence its temperature should have strongly affected its retention of various classes of 
elements. The volatiles, for example, should be more depleted in the planets closer to the 
sun. 

Data Evaluation. The relative abundances of the elements are based on the analyses of lunar 
and terrestrial samples. Rating: 1. 

Anomaly Evaluation. The differences in lunar and terrestrial element abundances do not 
strongly support any of the three major hypotheses of lunar origin: fission from earth, cap- 
ture, and accretion in terrestrial orbit. Rating: 2. 

Possible Explanations. Other scenarios of lunar origin may be more in accord with the facts. 
The so-called "big splash" theory, for example, claims to solve some of the compositional 
problems. Here, the moon is formed from the ejecta of a massive collision between the 
earth and a Mars-sized object. 

Similar and Related Phenomena. Noble gas anomalies on Venus (AVW4) and Mars (AMW5). 

Eases. and Ge are depleted by factors of about 100 
X1. General observations. ''Whatever the in the Moon while the very volatile elements 
cause of the terrestrial siderophile element (Bi, Tl, In) show rather uniform depletions 
abundance patterns, the concentrations of of about 50 in the Moon. The alkali elements 
refractory siderophile elements Os, Ir, Ni, K, Rb and Cs similarly show depletions by 
Pd and Re are enriched by large factors in factors of about 2 between the Moon and the 
the Earth compared with the Moon. Au, Sb mantle of the Earth. All these comparisons 
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are complicated by the differing evolutionary 
histories of the Earth's mantle and the Moon. 
Simple comparisons, for example, of basalts 
from both bodies, encounter this problem. 
Elements such as K and U whose bulk com- 
position can be estimated from a variety of 
techniques (K-Ar systematics, K/Rb/Sr, 
Cs/AI1/U ratios and heat flow values) are 
useful in this context. Terrestrial bulk U 
values of 15-20 p.p.b. are a factor of 2 lo- 
wer than the lunar abundances. Similar con- 
straints apply to the refractory elements Ca, 
Al and Ti. The Moon also contains more Fe 
and less Mg than the Earth's mantle. Thus, 
the weight of the chemical evidence seems 
to indicate that the terrestrial mantle and 
the Moon differ substantially in composition 
for many elements, refractory, volatile and 
siderophile.'' These facts make the fission 
hypothesis of lunar formation improbable and 
support the theory that the moon accreted in 
orbit about the earth. (R4) 

Another summary of compositional dif- 
ferences. "Perhaps the most significant fac- 
tor in this respect, relative to the chondritic 
meteorites, is the overall dearth in the moon 
of those elements that dissolve easily in mol- 
ten iron or iron sulfide (such as platinum and 
tungsten) (the siderophile elements) and of 
those which are relatively volatile (such as 
carbon and bromine). ‘There may also be a 
slight overall enrichment in refractory ele- 
ments such as uranium and the rare earths. 
(Refractory elements can only remain as a 
gas at very high temperatures.) Some inves- 
tigators believe that, rather than there being 
an overall enrichment in refractory elements, 
the Moon could have accumulated them later 
---separately from the other elements--- 
and thus enriched only the surface. But is is 
difficult to see why these elements should 
have been collected last, even though they 

presumably condensed first out of the cooling ° 
material which formed the Moon." This au- 
thor finds no theory of lunar origin comple- 
tely satisfactory, but thinks the capture hy- 
pothesis looks best. (R5) 

Another author summarizes the situation 
in a somewhat different but equivalent way. 
"Models of the bulk composition of the Moon 
show various ditferences compared to esti- 
mates of terrestrial mantle composition. 
They contain higher Fe/Mg ratios and display 
a general enrichment of refractory elements. 
Most lunar models contain more than 30 ppb 
uranium, in contrast to values of less than 
20 ppb for the terrestrial mantle. The Moon 
is probably depleted in strongly siderophile 
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elements, even when the lower total iron 
content of the Moon is taken into account. 
The presence of a small lunar core could 
account for some of this depletion, and early 
crystallization and sinking of olivine could 
deplete the source regions of mare basalts 
in nickel. The comparison is also compli- 
cated by the apparently Cl patterns of the Pt 
group elements in the terrestrial mantle. 
There is general agreement that the Moon is 
depleted in volatile elements (e.g. K, Rb) 
relative both to the Earth and to the Cl abun- 
dances taken as representative of primordial 
solar nebula values. This depletion is shown 
by Rb/Sr and K/U ratios. Rb/Sr~ 0.30 for 
Cl, 0.031 for the terrestria] mantle and 0.009 
for the Moon. K/U~6 x 10% for Cl, 10% for 
the Earth and 2500 for the Moon. These dif- 
ferences have to be established, in the fission 
hypothesis, not only following accretion and 
core separation in the Earth, but also ina 
separate element fractionation event during 
or following fission, but before the accumu- 
lation of the Moon." The author concludes 
that the fission hypothesis of lunar formation 
is ruled out. (R6) 

X2. General observations concerning the im- 
plications of the composition of the moon rel- 
ative to that of earth. 

The earth-moon fission hypothesis is sup- 
ported by the data. (R1) 

Volatile-rich material may have been ac- 
culated preferentially by the earth in the later 
stages of the evolution of the earth-moon sys- 
tem. (R2) 

Since the earth is not depleted in sodium 
relative to the carbonaceous chondrites but 
the moon is, the moon may have fissioned 
from Mercury instead of the earth. (R3) 
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ALE20 Apparently Anomalous Long-Term Persistence 

of Craters 

Description. The equations and data of rheology seem to indicate that the lunar craters should 
have disappeared long ago under the influence of gravity; but they have not! 

Background. The only discussion of this seeming paradox was found in a creationist journal. 

Data Evaluation. The equations of rheology are well-verified; but the viscosities of lunar rocks 
at lunar temperatures are inferred from measurements of terrestrial rocks, although this is 
not unreasonable. Rating: 3. 

Anomaly Evaluation. Either the lunar craters are very, very young or the viscosities of lunar 
rocks are about 10° higher than those of similar terrestrial rocks. Rating: 1. 

Possible Explanations. The lunar craters are youthful, belieing radiometric dating; there is a 
flaw in the whole argument somewhere. 

Similar and Related Phenomena. Simulations of the Martian erosion environment (wind-blown 
dust) suggests that the Martian craters should have been worn down long ago (AME18). 

Examples 

X1. An apparently unresolved paradox. 
Compiler's summary. The science of rhe- 
ology deals with the flow of solids under 
stress. Equations describing the deforma- 
tion of solids under the influence of pro- 
longed forces, such as gravity, are well- 
developed. That terrestrial rocks can de- 
form in relatively short periods of time can 
be seen in the movements of salt and ice 
glaciers and the sagging of old tombstones 
under their own weights. The thrust of this 
article (R1) is that the moon's crater walls 
must flow like any other solid. In fact, 
after 3 or more billion years, the lunar cra- 
ters should all but have disappeared! 

The unit of viscosity is the poise. Ter- 
restrial rocks have viscosities well under 
1028 poises; e.g., granite is 10“~ poises. 

No direct measurements of the viscosities 
of lunar rocks at lunar temperatures have 
been found in the literature but, by analogy 
to terrestrial rocks, they should be under 
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1023 poises also. Lunar basalts, for ex- 
ample, are very much like terrestrial ba- 
salts. 

Using the equations of rheology, the lunar 
craters should be flattened by gravity inless 
than a million years if the viscosities of 
similar terrestrial rocks (basalt) are used. 
Actually, some scientists have estimated 
the viscosity of the lunar crust at 10 
poises based on the assumption that the 

lunar crust solidified over 3 billion years 
ago. In contrast, the viscosity of the ter- 
restrial mantle is usually taken as 10 
poises, a factor of 10° lower! 

The paradox, of course, is that the lunar 
craters are still very much in evidence de- 
spite the rheological analysis. (R1) 

References 
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Alignment of Mascons and 
Lunar Moments of Inertia 

Description. The principal moments of inertia of the lunar mascons (buried concentrations 

of mass taken collectively) and the moon-as-a-whole are approximately parallel. 
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Data Evaluation. The moments of the entire moon are well-known from astronomical and 
spacecraft tracking measurements. The properties of the mascons are less certain since 
they must be inferred from the perturbations of spacecraft in orbit around the moon. Rating: 2. 

Anomaly Evaluation, The data indicate that the emplacement of the mascons was generically 
related to the formation of the lunar farside highlands; i.e., the thicker crust on the other 
Side of the moon. The nature of this event or series of events is unknown. Rating: 2. 

Possible Explanations. The scenario that produced the mascons also created the farside high- 
lands. A less probable explanation is that the moon's orientation is controlled by the mascons 
and nearside basalt flows. 

Similar and Related Phenomena. Perturbations of orbiting lunar spacecraft (ALL1); the asym- 
es of lunar topography (ALE1), Mercury's topography (AHE1), and Martian topography 
(AME8). 

Examples gether determined the moon's orientation. 
On the other hand, the third-order harmonics 
of the moon's gravity field indicate that the 
excess mass controlling the moon's orienta- 
tion is on the farside. It thus appears that 
the mascons have been emplaced in special 
sites whose position was controlled by the 
processes which produced the farside high- 

X1. Permanent feature of lunar structure. 
Abstract. "This letter reports the discovery 
of a relation between the moments of inertia 
of the mascons (taken about the moon's cen- 
ter) and the moon's moments of inertia. It 
is found that the principal axes of the mas- 
cons alone are nearly parallel to those of ! 

the moon. Possible explanations of this jands." (R21) 
parallelism are discussed. If the mascons Refi 
are associated with a layer of uncompensa- patos ba 
ted basalt on the moon's nearside, then the Rl. Melosh; H.J.; ''Mascons and the Moon's 
parallelism can be adequately explained on Orientation, '' Earth and Planetary Sci- 

the grounds that the mascons and basalts to- ence Letters, 25:322, 1975. (X1) 

ALE22 Geological Changes within Historical Times 

Description. Lunar geological features that have apparently disappeared, appeared, or altered 
noticeably during historical times. Such changes are detected by comparing old and new draw- 
ings and photographs. Generally speaking, the time frame is restricted to "telescopic times" 
or the last four centuries. 

Data Evaluation. The old lunar maps are not completely reliable. Two centuries ago, tele- 
scopes were small and imperfect. In addition, lunar observers must always combat subtle 
changes in the lunar landscape as illumination conditions change. However, when two or more 
of the old maps agree on a feature, we may have some confidence that it was real. Overall 
the data used to establish lunar changes are only fair. Rating: 2. 

Anomaly Evaluation. When the moon was considered a dead world, any demonstrable change 
in its surface would have high anomaly value. Today, lunar changes are widely accepted; 
viz., the moonquakes and TLPs are symptomatic of some low level of lunar activity. The 
subject is no longer controversial, although the appearance of an active lunar volcano would 
be a great surprise. Rating: 3. 

Possible Explanations. Moonquakes; meteorite impacts. 

Similar and Related Phenomena. Lunar changes resulting from changes in lighting conditions 
(ALO2); mist and obscurations (ALW1); large-scale lunar catastrophism (ALF2); transient 
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lunar phenomena (TLPs) (ALF3, ALF4). 

Examples 

X1. Cichus, near the southern extremity of 
Mare Nubium. "'Here, many years ago, in 
comparing Schroeter's drawings with the 
moon, I was struck with the apparent en- 
largement of the small crater which hasde- 
faced one side of the ring. On procuring 
the map of Beer and Maedler, I found that 
they had also seen it enlarged. Could we 
in this instance depend upon the older draw- 
ings, we might presumably infer the proba- 
bility of a change since the year 1792."' (R1) 
Most of the purported permanent changes 
on the moon are based upon comparing old 
maps and records with more recent obser- 
vations. In many cases the evidence for 
change is vague and weak. (WRC) 

X2. Linne. The case of Linne is by far the 
most famous, perhaps because the pronounce- 
ments by astronomers have been as conflic- 
ting as the data. 

''So far as can be ascertained by the most 
careful examination, not the slightest change 
ever takes place on its surface.' Thus wrote 
one of the world's greatest astronomers, S 
mon Newcomb, in 'Astronomy for Every- 
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body, ' page 128, published in 1910. This ap- 
pears to be the consensus of opinion among 
astronomers, notwithstanding the evidence 
that the crater Linne was prior to the year 
1866, a six-mile crater, very deep, visible 
under all illuminations, and that in that year 
it became invisible for some months, seem- 
ingly concealed by a fog or haze that hung 
over it, and upon clearing up, a much smal- 
ler crater was in its place, and surrounding 
it a white spot like a drop of whitewash on 
the dark sea floor, occupying the space of 
the original crater." (R22) 

In 1960, Joseph Ashbrook, editor of Sky 
and Telescope reviewed the evidence for a 
change in Linne. He found the evidence to 
be weak. The drawings of J. F.J. Schmidt 
made between 1841 and 1843, thought to be 
persuasive that Linne was once a well-mar- 
ked, deep crater, are inconclusive. Of 

the eleven drawings Schmidt made of this 
region, only five showed Linne as a crater. 

Ashbrook notes that Schmidt was only in his 
teens when he made this set of drawings! 
Other early astronomers saw Linne as a 
crater, too, but a few recorded only a white 
spot. (R27) 

ONE MILE 

Topography in the vicinity of Linne as drawn by 
P. Fauth in 1906. The dashed ellipses indicate the 
present white spot, within which are a craterlet and 
some small ridges. (X2) 
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In 1977, Patrick Moore again went over 
the facts about Linne and concluded as fol- 
lows: ''In my view, at least, we can at last 
reject the idea that any variation in Linne 
has occurred in telescopic times. No TLP 
events have been recorded in the area; it is 
not an active region. And perhaps the early 
results are not so surprising as has often 
been thought---and as I once thought myself. 
Schroeter can tell us nothing; Beer and Maed- 
ler used a telescope which was, by any stan- 
dards, tiny; and when Schmidt drew Linne 
as a crater he was still young and inexperi- 
enced. Linne is a small object, and it isnot 
hard to believe that observers of the years 
following 1866 were deceived into reporting 
changes which did not really occur. Uncon- 
scious prejudice may well have played a 
major role.'' Moore considers that other 
reported changes of the lunar surface are 
even less convincing. (R28) Of course, the 
remark Moore made about prejudice works 
both ways and bedevils all scientific obser- 
vation. (WRC) 

The above reviews by Ashbrook and 
Moore both question the accuracy of the 
pre-1866 drawings of Linne, which showed 

it as well-defined crater. 
sider the following: "The crater Linne was 
discernible on the early successful lunar 
photographs taken in America from 1850 by 
Bond, H. Draper, and Rutherfurd."' (R26) 
These photos are not mentioned in the re- 
views of the Linne problem. Indeed, the 
photos may not be convincing either. (WRC) 

The Linne controversy generated a con- 
siderable literature. We have collected, in 
addition to the items mentioned above, the 
following: R2-R6, R8, R11, R13, R18-R20, 
R22, R24. There are many more that have 
not yet been assimilated. (WRC) 

X3. Linnemann. This crater appeared on 
the maps of Riccioli and Mayer at longitude 
55°F on the equator. It is no longer there. 
(R7) 

X4. Hyginus N. 'In May, of last year (1877), 
however, Dr. H.J. Klein, of Koln, while ex- 
amining the moon, noticed a great black cra- 
ter on the Mare Vaporum, and a little to the 

Northwest of the well-known crater Hyginus. 
He describes it as being nearly as large as 
Hyginus, or about three miles in diameter, 
as being deep and full of shadow, and as 

forming a conspicuous object on the dark 
gray Mare Vaporum. Having frequently ob- 
served this region during the last twelve 
years, Dr. Klein felt certain that no such 
crater existed there at the time of his pre- 
vious examinations. He communicated his 
observations to Dr. Schmidt, of Athens, the 

In this light, con- 
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veteran selenographer, who assured him 
that this crater was absent from all his nu- 
merous drawings of this part of the lunar 
surface; neither is it shown by Schroeter, 
Lohrmann, nor Maedler. Last April Dr. 
Klein made his discoveries known generally, 
and they seem to have been confirmed by 
other observers." (R9, R10, R11, R13, R16, 

R15, R14, R19, R20) For some unknown 

reason this lunar change did not cause the 
furor that Linne's supposed disappearance 
did, although it was widely reported. No 
debunking of this crater has been found to 
date. (WRC) 

X5. Plato. ''The eastern part of the wall of 
Plato is very suitable for a strict scrutiny 
of the kind ‘suggested: it attains an elevation 
of about 3000 ft. above the interior plain, 
and just at the eastern extremity it is sur- 
mounted by a needle-pointed rock, the sum- 
mit of which rises to about 4000 ft. above 
the wall. Near this rock, which is marked 
Z by B. and M. (Beer and Maedler), is a 
triangular formation, which in 1860, May 
28, was seen by the writer to be inclosed 
on all sides by a low wall: but in 1866, April 
25, the Rev. T.W. Webb noticed that the 
western wall was absent, and under this date 
he speaks of the formation exhibiting the ap- 
pearance of a landslip. "' (R11) 

X6. Plinius. In 1888, J.T. Stevenson, of 
Auckland, examined the terraced ring called 
Plinius in response to a cablegram that 
changes were taking place there. Instead 
of the hillocks recorded in Webb's Celestial 
Objects, he found four craters. (R17) No 
other reference to the cablegram or changes 
in Plinius have been found. (WRC) 

X7. Eimmart. ''The crater is situated on 
the northwestern border of Mare Crisium, 
in longitude 295°....and is about 40 kilo- 
meters (25 miles) indiameter. The general 
nature of the change observed is that while 
formerly at each lunation, the crater appar- 
ently filled up and overflowed with a white 
material, whose source was at a point at 

the foot of the nothern interior slope, that 
this change now no longer occurs." (R21, 
R12) In many respects the changes former- 
ly observed in Eimmart each lunation re- 
semble those in ALO2. (WRC) 

X8. Vendelinus. An obvious cleft in the 

northern interior of Vendelinus was dis- 
covered by T.G. Elger in 1891. A care- 
ful search with the Mount Wilson 60-inch 
reflector in 1954 could not find this cleft. 

(R25) 

X9. Messier. Inthe Mare Foecunditatis, 
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two small craters lie side by side at the 
end of two parallel white streaks. Beer 

and Maedler examined this region more than 

300 times between 1829 and 1837 and re- 
corded the two craters as identical in size, 

shape, and all other respects. In 1859, 
T.W. Webb found that the craters were no 
longer alike, and that the difference was 
so great that some permanent surface dis- 
turbance must have occurred between 1837 
and 1859. (R1) 
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ALF LUNAR LUMINOUS PHENOMENA 

Key to Phenomena 

ALFO Introduction 
ALF1 Infrared Anomalies 
ALF2 Lunar Catastrophism within Historical Times 
ALF3 Transient Points of Light 
ALF4 Localized Color Phenomena 
ALF5 ___—‘ Transient, Large-Area Luminescence 
ALF6 —_Lightning-Like Phenomena on the Moon 

ALFO Introduction 

For a celestial body long considered to be a "dead world, '' the moon exhibits a surprising 
variety of luminous phenomena. While the Dead Moon Dictum held sway (roughly the first 
half of this century), lunar luminous phenomena were seldom reported in the scientific liter- 
ature. After all, they ‘couldn't exist"! However, the arrival of the Space Age brought the’ 
moon under detailed scrutiny; and both professional and amateur astronomers began repor- 
ting flashes of light, transient color phenomena around some craters, and strange obscura- 
tions of lunar detail. These kinds of phenomena were labelled TLPs, for Transient Lunar 
Phenomena. But there were also other light-emitting events, such as episodes of enhanced 
luminescence over large regions of the moon and hot spots that could be seen with infrared 
imaging equipment. Manifestly, the moon was emitting energy that had to come from some- 
where. It was certainly not a "dead world," but it wasn't very lively either. 

The modern spate of TLPs encouraged researchers to look at the older literature. There 
they found hundreds of sightings of lights on the moon. Before circa 1900, such points of 
light were thought by many to be erupting volcanos, for in those days the whole of the moon's 
surface was believed to be sculpted by volcanic action. 

Some luminous anomalies, especially the infrared hot spots, may indeed be due to internal 
lunar heat sources. Other luminous phenomena, though, may be the result of such exotic 
mechanisms as large-scale electrostatic discharges in dust clouds raised by vented gases. 
High energy particles from solar flares may induce lunar materials to fluoresce. Finally, 
the simple reflection of sunlight from lunar peaks has high explanatory value when points of 
light are observed on the darkside of the moon near the terminator. 

Note that the observations of the washing out and obscuration of lunar detail, which are us- 
ually considered a variety of TLP, are to be found in this Catalog in section ALW. 
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Infrared Anomalies 

Description. Regions of the moon that are brighter than their surroundings in the infrared 

portion of the spectrum and, therefore, warmer. Such infrared anomalies are most easily 

detected during lunar eclipses and on the dark side of the moon. 

Data Evaluation. All of the studies found so far have been carried out in recent years with 
state-of-the-art infrared instrumentation. Rating: 1. 

Anomaly Evaluation. Since most lunar thermal anomalies are associated with young, bright 
craters, they are probably the consequence of the meteoric removal of insulating soil and 
rock, exposing hotter rock underneath. “Such anomalies are not "anomalous" in the sense 
used in this Catalog; i.e., they are easy-to-explain in terms of current scientific knowledge. 
However, those thermal anomalies not correlated with bright craters may reveal places 
.where hot gases are being expelled or where localized heat sources exist. 
lunar thermal anomalies only: Rating: 3. 

For these few 

Possible Explanations. Lunar thermal anomalies may be the consequence of: (1) the meteoric 
removal of insulating rock and soil; (2) the expulsion of hot gases; and cae the presence of 
local, possibly radioactive, heat sources near the surface. 

Similar and Related Phenomena. Lunar color phenomena (ALF4). 

Examples 

X1. Thermal anomalies on the eclipsed 
moon. ''Abstract. Infrared scanning during 
a total eclipse has revealed hundreds of hot 
spots, many identified with craters smaller 
than the detector resolution. Areal correc- 
tions show that some of these features may 
have the thermal properties of bare rock. 
Correlation of thermal response with albedo 
and radar reflectivity shows discrepancies. 
There is a concentration of hot spots in 
Mare Tranquillitatis."" Some highlights 
from the paper follow: The lunar surface 
does not cool uniformly; a number of ray 
craters cool more slowly than their sur- 
roundings. Of the 400 thermal anomalies 
cataloged, over 90% are craters which 
are visually bright in some respect at full 
moon. However, there are bright areas 
which are not thermally anomalous. There 
is no simple correlation between radar re- 

_flectivity and infrared measurements. (R1) 

X2. A thermal anomaly that may be of in- 
ternal origin. ''Abstract. Infrared images 
of the lunar eclipse of April 13, 1968, were 
obtained and compared with infrared images 
of the December 19, 1964, eclipse. A simi- 
larity of apparent strength and distribution 
of most thermal anomalies on the maria is 
evident from inspection of these images, 

indicating that these features are not ephem- 

eral. One new linear thermal anomaly was 

- discovered, which is thermally enhanced 

during the lunar afternoon. Its close rela- 
tion to a lunar crustal fracture line and 
other features of probable internal origin 

suggests that this anomaly may be of in- 
ternal origin."' (R2) 

"The interesting hot streak coincides with 
a previously recognized step fault running 
southwards from the crater Gassendi A. 
While the whole of Mare Humorum is ther- 
mally anomalous, the odd thing about this 
fault line is that its extra heat is still de- 
tectable during the lunar afternoon when the © 
surrounding mare has cooled down. Such 
behavior is atypical of other lunar hot spots 
and cannot be caused by the presence of a 
rough surface which would be cooler than 
its surroundings at this time. There is no 
evidence of unusual surface features on Lu- 
nar Orbiter pictures, and hence the AFCL 
researchers favour the idea that extra in- 
ternal heat may be escaping here, aided by 
rocks of greater bulk thermal conductivity 
along the broken fault zone. Hot gases 
leaking to the surface along this feature 
could provide an alternative mechanism. 
The hypothesis is supported by reports of 
reddish flashes or patches in near-by Gas- 
sendi; and by the occurrence of four, possi- 
bly gas-emitting, craters along the actual 
fault line. This strange feature obviously 
merits further study." (R3) 

X3. Thermal anomalies on the dark part of 
the moon. "Abstract. A program of lunar 
infrared radiometry which uses large area 
scanning is described. Procedures for atmo- 
spheric attenuation correction and data re- 
duction to temperature by relative radio- 
metry are outlined. The scan data of the 
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waning moon taken during ten evenings in the 
10- to 12-~m window are presented as iso- 
thermal contour maps of the lunar disc. More 
than 160 areas of anomalous thermal emis- 
sion have been found in the lunar darkside 
lattes es ate " (R4) 
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ALF2 _ Lunar Catastrophism within Historical Times 

Description. 

with fire, smoke, ashes, lava, etc. 

Data Evaluation. A single, second-hand, medieval account. 

Visible, apparently catastrophic phenomena engulfing large areas of the moon 

Rating: 3. 

Anomaly Evaluation. Two theories purport to explain the single, rather questionable obser- 
vation on file. Neither stretches our credulity or any scientific laws. 
the event of 1178 would seem to possess only curiosity value. 

Superficially, then, 

However, the account of the 
event mentions atwelve-times repetition of the phenomenon; and the two theories at hand do 
not seem to do justice to this aspect of the observation. Rating: 3. 

Possible Explanations. The impact on the moon of a large meteorite and the consequent ex- 
cavation of a large crater. A large meteor in the terrestrial atmosphere traversing the 
moon. Both theories have their pros and cons. (Rl, R3) 

Similar and Related Phenomena. None. 

Examples 

X1. July 18, 1178. The following observa- 
tion was taken from the medieval chronicles 
of Gervase of Canterbury, as translated 
from the Latin by R. Y. Hathorn. 

"In this year, on the Sunday before the 
Feast of St. John the Baptist, after sunset 

when the moon had first become visible a 
marvelous phenomenon was witnessed by 
some five or more men who were sitting 
there facing the moon. Now there was a 
bright new moon, and as usual in that phase 
its horns were tilted toward the east; and 
suddenly the upper horn split in two. From 
the midpoint of this division a flaming torch 
sprang up, spewing out, over a considerable 
distance, fire, hot coals, and sparks. Mean- 
while the body of the moon which was below 
writhed, as it were, in anxiety, to put it in 
the words of those who reported it to me and 
saw it with their own eyes, the moonthrobbed 
like a wounded snake. Afterwards it resumed 

its proper state. This phenomenon was re- 

peated a dozen times or more, the flame as- 
suming various twisting shapes at random 
and then returning to normal. Then after 
these transformations the moon from horn 
to horn, that is along its whole length, took 
on a blackish appearance. The present wri- 
ter was given this report by men who sawit 
with their own eyes, and are prepared to 
stake their honor on an oath that they have 
made no addition or falsification in the above 
narrative.'' J.B. Hartung has interpreted . 
this description as the consequence of a 
meteoric impact on the moon, specifically 
the impact that excavated the fresh crater 
Giordano Bruno. (Rl, R2) H.H. Nininger, 
to the contrary, believes that the men saw 
only a meteor in the earth's atmosphere 
that happened to cross the moon's face. (R3) 
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ALF3 Transient Points of Light 

Description. Bright, temporary, starlike points of light observed on the moon's surface. 
This type of TLP (transient lunar phenomenon) may occur as a simple flash, several suc- 
cessive flashes, or it may persist as a steady light for anywhere from a few seconds to an 
hour or two. Some even last a couple days or more. The light's color is usually white, al- 
though yellowish, reddish, and bluish lights have been reported. Most occur on the dark 
side of the moon, frequently near the terminator. A few dayside reports exist. 

Background. In the earlier days of astronomy, when the lunar craters were considered vol- 
canic in origin, many TLPs were reported, and were supposed to be volcanos in eruption. 
Around the turn of the century, the meteoric hypothesis became dominant, and the moon was 
looked upon as a dead world. As if in response to this outlook, TLPs do not appear in any 

quantity in the scientific literature for the first half of this century. 

Data Evaluation. The reality of transient points of light on the moon is confirmed by hundreds 
of reports in the scientific literature. In fact, only a small fraction of the total-has been 

processed so far for this Catalog. Those interested in large numbers of additional obser- 
vations should consult one of the modern TLP catalogs, such as R55. Rating: 1. 

Anomaly Evaluation. Many TLPs are probably only reflections of sunlight and, therefore, 
not anomalous. 

such as lava and gases, would be only surprising---hardly very anomalous. 
Even those sightings due to the presence of incandescence of lunar material, 

Lunar lightning 
and the equivalent of earthquake lights, however, would definitely be of great interest, for 
we do not understand completely all terrestrial manifestations of these phenomena. Overall 
rating: 2. 

Possible Explanations. Reflection of sunlight from lunar features (usually near the termina- 
tor); incandescent lunar materials (lava and gases); triboelectric phenomena; piezoelectric 
phenomena (perhaps akin to earthquake lights); meteors in the earth's atmosphere (i.e. , 
spurious TLPs). 

Similar and Related Phenomena. Lunar color phenomena (ALF4); lunar obscurations (ALW1); 
earthquake lights (GLD8); flashes of light from Mars (AMF1). 

Examples 

X1. About 577. Gregory of Tours observed 
a light on the moon. (R50) 

X2. November 26, 1540. Several individuals 
reported a starlike appearance on the dark 
side of the moon. (R50, R51) 

X3. November 1668. Cotton Mather, in 
Boston, recorded that "a star appear'd below 
the body of the moon within the horns of it."' 
This observation was apparently the basis 
of Coleridge's famous lines: 

"T{11 clomb above the eastern bar 

The horned moon with one bright star 
Within the nether tip'"' 

(R27, R29, R41) 

X4. May 4, 1783. William Herchel saw 
what he believed was a lunar volcano in 
eruption. (R36, R39) 

X5. April 19-20, 1787. William Herschel's 
famous description of lunar volcanos. "I 
perceive three volcanoes in different places 
of the dark part of the new moon. Two of 
them are either already nearly extinct, or 
otherwise in a state of approaching eruption; 
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which, perhaps, may be decided next luna- 
tion. The third shows an actual eruption of 
fire, or luminous matter. 

April 20. 1787, the volcano burns with 
greater violence than last night. I believe 
its diameter cannot be less than 3", by com- 
paring it with that of the Georgian planet; as 
Jupiter was near at hand, I turned the tele- 
scope to his third satellite, and estimated 
the diameter of the burning part of the vol- 
cano to be equal to at least twice that of the 
satellite. Hence we may compute that the 
shining or burning matter must be above 
three miles indiameter. It is of an irregu- 
lar round figure, and very sharply defined 
on the edges. The other two volcanoes are 
much farther towards the centre of the 
moon, and resemble large, pretty faint 
nebulae, that are gradually much brighter 
in the middle; but no well defined luminous 
spot can be discerned inthem. These three 
spots are plainly to be distinguished from 

the rest of the marks on the moon; for the 
reflection of the sun's rays from the earth 
is, in its present situation, sufficiently 
bright, with a ten-feet reflector, to show 
the moon's spots, even the darkest of them; 
nor did I perceive any similar phenomena 
last lunation, though I then viewed the same 
places with the same instrument. 

The appearance of.what I have called the 
actual fire or eruption of a volcano exactly 
resembled a small piece of burning charcoal, 
when it is covered by a very thin coat of white 
ashes, which frequently adhere to it when it 
has been some time ignited; and it had a de- 
gree of brightness, about as strong as that 
with which such a coal would be seen to glow 
in faint daylight. All the adjacent parts of 
the volcanic mountain seemed to be faintly 
illuminated by the eruption, and were gradu- 
ally more obscure as they lay at a greater - 
distance from the crater."' (R11, R25, R27, 
R36, R39, R42) This observation could be 
called a color phenomenon (ALF4) with equal 
justification. (WRC) 

The interior of the crater Aristarchus 
often seems luminous shortly after new moon 
due to reflected light---not volcanic action! 
(R36) Whether Herschel mistook this bright 
reflection for volcanic action will never be 
known for certain. He claims he never saw 
such phenomena during previous lunations. 

(WRC) 

X6. December 1787. A luminous point was 
seen on the moon by the Maltese observer 
d'Angos. (R47) 

X7. April 9-11, 1788. The German seleno- 
grapher, Schroeter, reported seeing a bright 
spot 26" north of the rim of Aristarchus. 

Transient Lights ALF3 

(R21, R26) 

X8. September 26, 1788. "At 4.30 a.m. on 
this date Schroeter remarked 'a whitish bright 
spot, shining somewhat hazily and 4" to 5" in 
diameter' and as bright as a star of the fifth 
magnitude appears to the naked eye. Nothing 
similar could be seen elsewhere although de- 
tail on the earth-lit moon was very distinct 
and many familiar objects were recognized. 
The spot lay about 1'18"' southwest of Plato 
and in the bright mountainous region bounding 
Mare Imbrium. 'But now my bright spot be- 
came inconspicuous at times, finally uncer- 
tain, and soon thereafter---it disappeared 
entirely.’ It had been visible for fully 15 
minutes." (R25) 

X9. October 15, 1789. Another Schroeter 
observation. ''As I was observing the night 
side of the Moon on the 15th October, 1789, 
in the morning with the marking Plato, to- 
gether with the Mare Imbrium in view, but 
absolutely nothing of the illuminated lunar 
hemisphere in the field, there arose, soon 
after 5 o'clock, in, or rather in front of the 
dark lunar disk, and just, in fact, in the 
centre of the Mare Imbrium, as far as Iwas 

able to report, after my sudden astonishment, 

and almost right in the middle of the field of 
the telescope, quite suddenly and quickly, a 
bright burst of light, which was composed of 
many single, separate small sparks which 
had just such a white light as the illuminated 
day side of the Moon, and which all moved 
away together in a straight line northwards 
over the northern part of the Mare Imbrium 
and the other parts of the Moon's surface 
bordering this to the north, but from there 
onwards through the remaining empty field 
of the telescope. 

When this light shower had travelled half 
its distance, a further, similar burst of light 
arose to the south of it over just the same 
place or perhaps somewhat more to the east 
of where the first originated: the second was 
exactly the same in appearance as the first, 
composed of like, small, white sparks of 
light which flashed away in the same direction 
and in an exact parallel direction towards the 
north, as far asthe edge of the telescope field. 

Startling as this impression was also, 
which this distant light phenomenon made on 
me, nevertheless, I quickly recovered my > 

wits, re-imagined this phenomenon repeat- 
edly, and vividly after it had disappeared and 
estimated, using a pocket watch, the time it 
took each shower of light to travel from the 
position of origin to the edge of the telescope 
field as about 2 seconds, and thus the com= 
plete duration of this phenomenon as 4 sec- 
onds, in which time it was all over without 
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leaving the faintest trace behind. '' (R45) 

X10. October 22, 1790. Herschel saw about 
150 bright red, luminous points when the 
moon was totally eclipsed. The points were 
small and round. (R1) This sighting seems 
superficially like the lunar thermal anoma- 
lies detected on the eclipsed moon in the in- 
frared portion of the spectrum. (WRC) 

X11. March 7, 1794. A bright, starlike 
point of light appeared on the darkside of 
the moon. Observed for at least 5 minutes. 
The brightness increased just before it 
disappeared. (R2) Confirmed by other ob- 
servers. (R3, R27). 

X12. February 4-6, 1821. A "volcano" was 
reported on the moon for three successive 
nights. (R5, R8) The sighting was confirm- 
ed by Olbers, who located it in Aristarchus. 

Olbers, however, believed the point of light 
to be merely a reflection from some smooth 
surface. (R6, R7) Such bright spots are fre- 
quently seen in Aristarchus when the moon 
is only a few days old, as it was in this 1821 
case, supporting the theory that these par- 
ticular spots of light are true reflections. 

(WRC) 

X13. November 28-29, 1820. One large and 
three smaller luminous spots were seen on 
the dark side of the moon. The large spot 
seemed like a star of the sixth magnitude. 
On the 29th, the large spot was still brilliant 
but the smaller spots had faded, one com- 
pletely.’ Weather prevented observations 
on the 30th. (R4, R9) 

X14. December 22, 1835. Another bright 
spot in Aristarchus, when the moon was 
young. The observer, a Captain Smythe, 
linked his sighting to earlier, similar ob- 

servations (viz., X12) and recognized that 
reflection was the probable cause. Yet, he 
wondered why the spot's intensity varied so 
much---from the 6th. to the 10th. magni- 
tudes, in his experience. (R10) 

X15. 1843. A Dr. Gerling, of Marberg, 

saw a bright spot on the moon, apparently 
in the same area of Herschel's famous 
1787 "volcano" sighting. (R21) 

X16. March 18, 1847. Large luminous spots 
on the shaded portion of the moon. No fur- 
ther details. (R12) 

X17. December 27, 1854. "She was 8¢ 4h 
old at the time, and just on the edge of the 
light..4t0 « there were two luminous spots, 
one on either side of a small ridge, which 
ridge was in the light, and of the same 
colour as the moon; but these spots were 
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of a yellow flame colour, while all the rest 
of the enlightened part was of a snowy white, 
and the mountain-tops that were coming into 
the light, and just on the shadow side of 
these spots, were of the same colour as the 
as the moon. The lights of these spots were 
like the light of the setting sun reflected 
from a window a mile or two off. I obser- 
ved it for five hours. I thought them rather 
less bright than as first seen, but very little 
less; so bright were they, when the instru- 
ment was the least thing out of focus, they 
showed rays around them as a star would 
do." (R13-R15) 

X18. January 1, 1865. "In a very clear sky 
Grover observed a bright spot at, or very 
close to, the position of Schroeter's second 
spot. Instantly reminding him of Herschel's 
idea of a glowing coal covered by ashes, the 
spot resembled a star of the fourth magni- 
tude slightly out of focus. This bright speck 
remained changeless for fully 30 minutes, 
and its light was steady. ''(R25, R16, R21) 

X19. April 9, 1867. A bright spot, about 
equal to a 7th. magnitude star, was ob- 
served near Aristarchus. (R17) 

X20. April 18, 1874. "Whilst glancing at 
the N.E. quadrant a bright spot suddenly 
caught my eye, which turned out to be Aris- 
tarchus. It was, at the time of my first ob- 
serving it, about as bright as a 9.5 magni- 
tude star, but faded at 9h.30m. to the 10th 
magnitude; very faint streaks of light issued 
from it ina N.E. and W. direction. Three 
other spots, fainter, and shining with a 
more diffused light, were seen; their posi- 
tions I thought coincided with the craters 
Menelaus, Manilius, and Sosigenes; the 
latter was much the faintest.'' (R18) Other 
observers have noted additional spots of 
lesser brightness. The streaks of light, 
though, are new. (WRC) 

X21. November 12, 1878. More volcano- 
like phenomena. "I take the liberty to offer 
you a Sketch of an observation of the moon, 
taken November 12, hour 8:30 evening, seen 
by me, my son, and several guests who were 
present, at the town of Oskaloosa, Iowa, 
about latitude 41930'---what I supposed to 
be an eruption of a volcano. It was only 
seen for one half hour through my 6 1/2 
inch telescope, as plain as any other moun- 
tain scenery in the moon is seen, and of 
the same color. I would like to hear what 
you think of it." This letter was sent to the 
Superintendent of the U.S. Naval Observa- 
tory, who (understandably) asked that the 
observer, a John Hammes, be vouched for 
by some responsible people in Iowa. Scien- 
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tific American published a testimonial let- 

ter along with the above observation. (R56) 
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Sketch of a supposed volcanic eruption on the 
moon. (X21) 

X22: November 6, 1880. "On 6th November 
(1880) we weighed our anchor and sailed out 
of the Reconcava...On the eve of our depar- 
ture there stood forth an omen in the sky... 
Inside the thin crescent of the moon, was 
one solitary bright star, the only one inthe 
sky. '' (R30) Another young moon with a 
probable reflection phenomenon. (WRC) 

X23. May 1, 1887. A white patch observed 
near the lunar Alps. (R19) 

X24. November 23, 1887. A gleam oflight 
in the crater of Plato. (R20) 

X25. July 15, 1888. Testimony of the Lick 
astronomer Holden: "I have never been able 
to understand how Herschel, the keenest of 
observers, could have been deceived inthis 
(volcano) observation until the night of July 
15th of this year, when I was looking at the 
moon with the great telescope. At the sou- 
thern extremity of the Alps, in the dark por- 
tion of the disk, not far from the terminator, 

I saw an illumination of the crest of a high 
peak which was extraordinarily and incredi- 
bly bright...No part of this illumination 
seemed less bright that a first-magnitude 
star, and, taken altogether, it was the brigh- 
test object I have ever seen in the sky. It 
was apparently ten times as bright as neigh- 
boring portions of the moon's surface. Its 
yellow light was tinged in places with the 
purple due to the secondary spectrum ofthe 
objective; and, viewed as a whole, it pre- 
sented the appearance of a vast conflagration 
---something quite foreign to the brilliant 
white of the rest of the moon's surface. It 
would have required no stretch of the imagi- 
nation to have supposed it to be a tremen- 
dous eruption of a range of lunar volcanoes. 

Transient Lights ALF3 

...Observations on this and the succeeding 
nights showed that it was in fact due toa 
specially brilliant and favorable illumination 
of a mountain-ridge near the southern ter- 
mination of the lunar Alps.'' (R21) 

X26. August 12, 1902. "On this date G.S. 
Jones, using a 6-inch reflector at 250X, re- 
marked at colongitude 18° on the dark side 
of the terminator and probably near Lambert 
a brilliant star-like point looking like a third 
magnitude star and showing one diffraction 
ring. The point resolved itself into a very 
brilliant spot as the terminator approached 
it. Jones observed this mark for at least 
two hours, and it was consequently probably 
no impact flare." (R25, R23, R25) 

Here follows a hiatus of 46 years! 

X27. August 8, 1948. A bright flash. 'In 

carefully keeping the moon in focus with a 
50X eyepiece on Sunday, Aug. 8, about 9.40 
p.m., I noticed a small bright flash, bluish 
white then yellow, on the dull part of the 

moon, somewhat above and to the left ofthe 
moon's centre. Duration about 3 sec. This 
could have been a meteorite in our own at- 
mosphere some 75 or 100 miles away; but 
it had the appearance of an object striking 
the moon's surface." (R26) 

X28. 1949, during a total eclipse of the 
moon. A starlike point of light appeared in 
Aristarchus near the end of the eclipse. It 
seemed best explained as a reflection. (R28) 

X29. November 16, 1953. Transient white 
spot photographed near terminator. (R35) 

X30. April 24, 1955. White flash. "At 19 
hrs., 20 mins., U.T., on 1955 April 24, 

Francis C. Wykes was observing the Moon 
when he noted a white flash, of short dura- 

tion, on the unilluminated portion of the 
disk. The terminator at the time was clo- 
sely east of Cleomedes, and the positionof 
the flash, according to Wykes' sketch, was 
in the northern part of the Mare Serenitatis, 
not far and somewhat east of Posidonius." 
Colongitude was 300.3°. (R32) 

X31. August 26, 1955. "Flares" or flashes. 
"At 7:51 p.m. CST, while examining the 
neighborhood of the Apennines, I saw on the 
dark portion of the moon a bright flare that 
remained visible for about 35 seconds. It 
appeared roughly as bright as a 2nd magni- 
tude star does to the naked eye. The termi- 
nator region of the moon had been under 
survey for about an hour, and I am certain 
that the flare was not present for many 
seconds before I first saw it."' (R31) It 
seems that this "flare'"' must have beennear 
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the terminator and therefore a possible re- 
flection. (WRC) 

X32. September 8, 1955. "Shortly after 
sunrise on September 8, 1955, I was look- 
ing at the moon, high in the sky, through a 
small 20x telescope. My attention was di- 
rected to the Taurus Mountains at the wes- 
tern edge of Mare Serenitatis when, at 7:35 
a.m., EDT, I saw two distinct flashes of 
light, about a quarter second apart, that 
seemed to come from the edge of these 
mountains." (R31) 

X33. October 10-12, 1955. Seven flashes 
and streaks of light reported by W. F. Dun- 
can on October 10; three more flashes on 

the 12th. (R33) 

X34. October 28, 1955. William Taylor saw 
an unusual phenomenon while walking home 
from work. ''He stopped to look at the moon 
and had been doing this for a few minutes 
when he suddenly saw a flash and determined 
it to be in the northeast section. The time 
was 046M, U.T., on October 28, 1955. He 
says it was on the edge of the dark area 
known as Mare Vaporum. The light was in- 
tense but pinpoint in size and radiated to a 
large area. It lasted 1/4 second." (R33) 

X35. January 17, 1956. A flash was seen by 
Robert Miles, Woodland, California. ''I no- 
ticed a flash of white light that caught my eye. 
At first I thought it could have been a lunar 
meteor. But it kept flashing on and off.... 
The light was very bright but changed its 
color to a very bright blue, like an arc light. 
It was brighter than the sunlit portions Iwas 
looking at.'' The light flashed for an hour 
and a half. Location: on the night side of 
the terminator about 100 miles east of the 
gap in the mountains on the east boundary of 
Mare Crisium. (R34) This could hardly be 
a reflection, considering its duration. (WRC) 

X36. November 18, 1956. Several groups of 
amateur astronomers in the United States 
scrutinized the moon for transient events 
during the lunar eclipse. Many were found. 
A group organized by John P. Bagby recorded 
35 bright objects against the moon, five of 
which were seen simultaneously by three ob- 
servers. John Mavrogianis and four others 
saw 25 transient luminous objects, most of 
which were stationary yellow flashes. A 
group at Cheyenne reported a fixed light that 
lasted 4 seconds. (R37) 

X37. August 27, 1963. Danny Arthur, ob- 
serving with a 3-inch telescope, saw abright 
light between Mare Crisium and the south 
end of Palus Somnii. Three others confirmed 
the sighting. (R38) 
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X38. July 2-4 and August 2-4, 1965. On these 

days Project Moonblink recorded starlike 
flashes of light in Aristarchus. (R44) Pro- 
ject Moonblink employed a special optical de- 
vice designed to call the observer's attention 
to light flashes and color phenomena. (WRC) 

X39. May 1967. Transient event photogra- 
phed by Lunar Orbiter IV. ''Montes Tene- 
riffe, .a group of irregular hills in northern 
Mare Imbrium, was photographed by Lunar 
Orbiter IV in May 1967. Conspicuous bright 
lines approximately follow the contour along 
the west-facing slopes of two hills near the 
northwestern end of the group. The line on 
the southern hill is not interrupted where it 
crosses shadowed slopes. Both width and 
sinuous pattern are esstentially identical on 
two Orbiter high resolution frames exposed 
12 hours apart. Shadow differences demon- 
strate the sun-angle change during the in- 
terval. The bright line crossing the shadow 
is difficult to explain as reflected sunlight; 
the light may have an internal source. Nu- 
merous transient events in the Plato-Montes 
Teneriffe area have been reported by tele- 
scopic observers. Some transient events 

were described as streaks. '' (R46) 

X40. April 18, 1968. Many points of light 
during eclipse. "The visual nature of trans- 
ient lunar phenomena (usually abbreviated 
to TLP) is not agreed upon by observers. 
Mrs. W. Cameron of the N.A.S.A. God- 
dard Space Flight Center noticed a great 
many star-like points glittering on the moon 
during the April 13, 1968 eclipse of the 
moon; they were seen by a group of obser- 
vers who accompanied her. However, I 
watched the same eclipse and saw nothing 
of these star-like points. It is interesting 
to note that Herschel saw a similar occur- 
rence during an eclipse in 1790."" (R47) 
See X10 for Herschel's observation. 

X41. No date given. A bright spot resem- 
bling a small star or planet was observed 
on the shaded portion of the moon at a con- 
siderable distance from the terminator. 

(R22) 
X42. General observations. The magnitude 
of the TLP phenomenon. "Over 1,400 TLP's 
have been observed and even though a con- 
siderable number of these can be rejected 
as instrumental, atmospheric or physiolo- 
gical artefacts a sufficient residue remain 
to warrant a detailed physical investigation. 
Glows, hazes, mists, brief colour changes 
and temporary obscurations of lunar surface 
features have been reported. Events seem 
to be restricted to specific lunar regions, 
about 300 have been reported from the cra- 
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ter Aristarchus, 75 from Plato and 25 from 
Alphonsus. They also occur near the boun- 
daries of certain regular maria and near 

_ areas rich in rills. The highlands seem to 
be avoided, but this apparent paucity may be 
an observational selection effect. Occurren- 
cy frequency is not linked with solar activity 
but does peak when the Moon is at the peri- 
gee of its orbit, at times when tidal activity 
is maximised. Phenomena have been repor- 
ted from both the sunlit and dark sides of the 
Moon. The areal extent on the lunar surface 
is on average 16 km across, this containing 
brighter spots of 3 and 5 km in diameter. 
The average duration is about 20 minutes 
but some have been reported as persisting 
intermittently for a few hours. No perma- 
nent changes have been observed on the lunar 
surface after a TLP, thus justifying the use 
of the word 'transient'. Under very favour- 
able seeing conditions TLP's have been seen 
to twinkle. Colour, if mentioned at all, 

tends to be described as weak, unsaturated, 
‘reddish' or 'bluish'."' (R54, R43, R49, R53) 
The above generalizations apply to all TLPs 
including ALF4 and ALWI1. 

X43. General observations. Sundry corre- 
lations of TLPs. 

"The phenomena manifest themselves in 
five categories, viz., Brightenings, or 
Darkenings, or as Gaseous, Reddish and 
Bluish events. Among the hypotheses pro- 
posed for their causes are tidal, low-illumi- 

nation/thermoluminescence, magnetic-tail 
and solar flare effects. Analyses were con- 
ducted to see if different phenomena had dif- 
ferent causes. There is some suggestion that 
they do. As concerns the tidal effects, the 

strongest peaks are at 0.5 (apogee) for Gas- 
eous and Darkenings phenomena, 0.6 for 
Reddish events, and 0.7 for Brightenings. 
Reddish TLP have the strongest correlation 
with sunrise, while Aristarchus, Plato, 
Ross D area, and Bluish phenomena have 
the strongest correlations with solar-flare 
activity that produced magnetic storms on 
earth. 'All' observations, the ones labeled 
"Best' (probably true anomalies), and Aris- 
tarchus, showed minima in the first half 
and maxima in the last half of the anomalis- 
tic (tidal) period. Histograms of several 
individual sites, including neighboring ones, 
behave differently, e.g. Aristarchus and 
Herodotus. When observed data are com- 
pared with expected observations (assumed 
to be evenly distributed) there were various 
correlations. For the Best data, 12 and 10% 

of the TLP fall close to perigee and apogee, 
respectively, and 10% would be expected for 
each. Seventeen percent occur within one 
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day after sunrise when 3% would be expected; 
20% occur while the moon is in the earth's 
magnetopause where 14% would be expected, 
and 12% occurred the same day the earth had 
a magnetic storm where 3% would be expec- 
ted..... All hypotheses show correlations 
with some categories and some features. 
Sunrise correlation is the most frequent cor- 
relation. Few correlations involve as many 
as 50% of the observations. The distribution 
of all TLP sites is different from and unique 
compared with deep- and shallow-focus moon- 
quake epicenters. Routine albedo measures 
reveal unobserved variations which amount 
to about 10% in nights of observation but 2% 
of individual albedo observations. "' (R52) 
In the above quotation TLP was substituted 
for LTP to avoid confusion. (WRC) 

Another correlation summary. ''The 
periodicities shown by the TLP's and the 
deep moonquakes and more recently the shal- 
lower high-frequency events are tidally re- 
lated. The statistical periodicity of the 
TLP's both at local sites such as Aristarchus, 
Plato and Gassendi and for all sites together 
was demonstrated in 1965 and is apparently 
controlled locally by tidal forces just as are 
the moonquakes. These tidal stress changes 
are so small that it seems unlikely that they 
could be the single cause of the events. It 
appears more probable that these small 
forces, both moonwide and local tidal-force 
changes, add their cummulative effect to 
pre-existing stresses within the moon even- 
tually to breaking point in local areas so that 
sliding may occur, gas or magma may be 
released at some points, from point to point 
within the moon or from the interior to the 
surface." (R51) Again LTP has been changed 
to TLP. 

X44. General observations. Possible expla- 
nations. 

Volcanic action. Doubtful because no fresh 
lava flows have been observed on the moon. 
Neither have high-temperature infrared 
sources. (R54) 

Luminescence. This effect can be ruled 
out because the only excitation sources, the 
solar wind, is too weak. (R54) 

Thermoluminescence. Too weak to be 
seen from earth. (R54) Other investigators 
still consider it a possible explanation. (R52) 

Lightning due to triboelectric charging 
when dust grains rub together. Some sci- 
entists consider this a reasonable explana- 
tion. (R54) 

Reflection of sunlight at low angles. This 
remains one of the most popular explanations. 

(R52) 
Meteors in the earth's upper atmosphere 
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(R48) seen end on. 
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ALF4 Localized Color Phenomena 

Description. Spots and patches of the lunar surface that glow brightly with color. Red is the 
most common color, but bluish and purplish patches are also on record. Lunar color phe- 
nomena last typically 10-20 minutes. They are irregular in shape and measure up to 20 
miles in length, where measurements have been made. Most of the events take place near 
or in craters, such as Aristarchus, where other luminous phenomena also occur (ALF3). 

Background. The observation of lunar color phenomena usually requires the use of rather 
large telescopes. Most reports, therefore, are relatively recent and made by professional 
astronomers. See also the Background section of ALF3, where the general history of tran- 
sient lunar phenomena is discussed. 

Data Evaluation. Many high-quality observations, with an occasional photo, made mainly 

by professional astronomers and a few amateurs with good telescopes. Rating: 1. 

Anomaly Evaluation. The venting of gases from the lunar crust, possibly correlated with 
tidal stresses, is not considered anomalous. In the case of lunar color phenomena, it is the 
emission of visible light that is poorly understood. The energy source(s) and the mechanism 
for conversion of this energy into light are not known. If lunar color phenomena arise from 
processes unrelated to gas venting, the situation becomes even more puzzling. Rating: 2. 



ALF4 ¥#Color Phenomena 134 

Possible Explanations. Most astronomers believe that lunar color phenomena begin with the 
release of gases from the lunar crust and/or the raising of clouds of fine dust. The energy 
source giving rise to the emission of visible light may be high energy solar radiation (per- 
haps stored somehow in lunar rocks); triboelectricity; or piezoelectricity. These energy 
sources may produce a kind of glow discharge. The fluorescence of lunar rocks is a less 

likely explanation. Rock incandescence due to volcanic action is another outside possibility. 

Similar and Related Phenomena. Transient points of light on the moon (ALF3); infrared anom- 
alies (ALF1); earthquake lights (GLD8), especially such colored glows seen on mountains as 
GLD8-X8; terrestrial mountain-top glows (GLD1); lunar obscurations (ALW1), which may be 
a nonluminous relative of color phenomena; lunar eclipse color phenomena (ALX4), whichare 
optical in origin. 

Examples 

X1. 1885. "Observing the moon on the 10th 
ult., with a 8 1/2-in. refractor, I noticed 
that the small crater inside Hercules, in- 
stead of being filled with black shadow, 
shone with a dull, deep-red colour. The 
power I was using was 100..... The hue 
was quite obvious, and seemed to catch the 
eye immediately, even in a large field. I 
turned the telescope to the same spot onthe 
next evening (20th ult.), but could perceive 
no abnormal appearance.'' Several powers 
were tried, but the red color persisted. (R1) 

X2. 1931. Goodacre reports a bluish glare 
on the inner wall of Aristarchus just after 
sunrise. Telescopic artifacts suspected. 

(R5) 

X3. October 4, 1955. N. A. Kozyrev de- 
tects the emission lines of hydrogen from 
the Aristarchus region. (R5, R10) 

X4. November 3, 1958. N.A. Kozyrev ob- 
serves a reddish glow in Alphonsus followed 
by the emission of gas. (R8, R10) 

X5. January 22, 1959. D. Alter's observa- 
tion of Aristarchus. "Interior of Aristarchus 
is a light brilliant blue!! Later in the night 
it was white again. The observation was 

made with the Mt. Wilson 60" and a power 
near 700."' (R5) 

X6. January 5, 1955. Report from D.A. 
Logue, Jr. "I saw a strange blue light above 
the surface of the moon where the night and 
day meet. I observed this light for more than 
30 mins.; it did not move. It appeared like 
a star, in that the rays of light came from 
it.'' (R2) 

X7. October 23, 1959. Red glow seen in 
Alphonsus by N. A. Kozyrev, Anomalous 
spectrum. (R10) 

X8. November 26, 1961. N. A. Kozyrev re- 
cords another anomalous spectrum; this 
time from Aristarchus. (R10) 

X9. October 29, 1963. The observations of 
J.A. Greenacre and E. Barr, using a 24- 
inch refractor. "At 6:50 p.m. I noticed a 
reddish orange color over the dome-like 
structure on the southwest side of the Cobra 
head. Almost simultaneously I saw a small 
spot of the same color on a hilltop across 

Schroeter's Valley. Within about two min- 
utes these colors had become quite brilliant 
and had considerable sparkle (due perhaps 
to poor seeing). 

I immediately called Mr. Barr to share 
the observation with me. His first impres- 
sion of the color was a dark orange. After 
the Wratten filter deep yellow) was removed, 
the hue remained, but was brighter and spar- 
kled more. We both agreed at this time the 
color, seen without the filter, was reddish 
orange.... 

No other colored spots were noted until 
6:55 p.m., when I observed an elongated 
streakof pink along the southwest interior 
rim of Aristarchus. No other hue could be 
seen on the inside or outside of this crater. 
Again, Mr. Barr and I observed with and 
without the filter: the only difference seemed 
to be a somewhat brighter color in unfiltered 
light. The colored area along the rim of 
Aristarchus did not sparkle like the other 
two spots. 

The eyepiece field of view was large 
enough to have all three areas in sight at the 
same time. At approximately 7:00 I noticed 
that the spots at the Cobra Head and on the 
hill across the valley had changed to a light 
ruby red, yet their density and sparkle were 
still sufficient to hide the surface underneath. 
I had the impression that I was looking intoa 
large polished gem ruby but could not see 
through it. Mr. Barr at this time thought 
that the color was a little denser than I had 
described it, and that it still retained some 
reddish orange, but less pronouncedly." 
By 7:15 all spots had disappeared. The spot 
near the Cobra Head measured about 1.5 by 
5 miles. (R3, R4) Note that Aristarchus is 
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also the center of many appearances of bright 
points of light (ALF3), which are usually at- 
tributed to reflections of the sun. In fact, 
Herschel's famous 1787 observation (ALF3- 
X5) is similar in some ways to that described 
above. (WRC) 

X10. November 1-2, 1963. Photograph of 
Kepler region taken by Kopal and Rackham 
shows red enhancement. (R10) 

X11. November 27, 1963. Same observers 

and telescope as in X9. 'In a special search 
for similar happenings, they observed ano- 
ther colored spot in the same part of the 
moon on November 27, 1963. This feature, 
like the others, seemed a light ruby red, 
according to Mr. Greenacre. It was larger 
than the previous ones, being about 12 miles 
long and 1 1/2 miles wide, on the rim of 
Aristarchus..... The ruby flush was first 
seen at 5:30 p.m. Mountain standard time, 
and lasted until 6:45. This 1 1/4-hour du- 
ration was longer than for any of the earlier 
three.'' Two additional observers at the 
Lowell Observatory confirmed this event. 
(R6, R4, R5) 

X12. December 28, 1963. A team of Japa- 
nese astronomers. "On 28 December, 1963 
(UT date) they were carrying out observa- 
tions in preparation for the lunar eclipse on 
30 December. Until 15h 05m UT nothing 
strange was seen, then at 15.55 one of the 
observers, Y. Yamada, noted a large dis- 
tinct pink patch covering the southern part 
of Aristarchus, which was soon confirmed 
by the other six observers. It gradually 
spread toward Herodotus until 16.26, when 

clouds prevented any further observation. 
The patch was not markedly brighter or 
darker than the adjacent area." The location 
of the red patch is similar to that in X9 and 
X11. The Japanese were not yet aware of 
the sightings from Lowell Observatory. (R7) 

X13. December 30, 1963. During the lunar 
eclipse on this date, many observers noted 
a red glow on the moon's northeast limb. 

Color Phenomena ALF4 

X14. January 5, 1964. Four English astro- 
nomers report a purple-blue patch in Aris- 
tarchus. (R5) 

X15. August 26, 1964. Project Moon Blink. 
Red and blue bands in Aristarchus. (R11) 

X16. September 20, 1964. Project Moon 

Blink. Red spots in Aristarchus. (R11) 

X17. September 22, 1964. Project Moon 
Blink. Red area in Kunowsky area. (R11) 

X18. October 27, 1964. Project Moon Blink. 
Red color phenomenon at Alphonsus. (R11) 

X19. December 19, 1964. During the lunar 
eclipse, a region on the edge of Mare Nubium 
south of Copernicus showed strong anoma- 
lous enhancement of radiation. (R10) 

X20. August 2, 1965. Project Moon Blink. 

Pink region in Aristarchus. (R11) 

X21. September 11, 1965. Project Moon 
Blink. Red glows in Aristarchus. (R11) 

X22. November 10, 1965. Project Moon 
Blink. Violet tinge noted at Aristarchus. 

(R11) 
X23. April 1, 1966. Project Moon Blink. 
Red patch at Alphonsus. (R11) 

X24. April 30 through May 2, 1966. "One of 
us (P.M.) has observed a color phenomenon; 
reddish glows in the crater Gassendi, 30 
April-1 May 1966; it was first seen just be- 
fore 2200 hours on 30 April by P. Sartory 
with a blink device using color filters, and 
was confirmed by T.: Moseley. Further color 
events in Gassendi were seen by several ob- 
servers between 1930 hours 1 May and 0021 
hours 2 May and in September 1966. Details 
(such as color, areal extent, and duration) 
were quite similar to those reported in 1963 
for events in the Aristarchus region by ob- 
servers in Flagstaff, Arizona. "' (R12, R9) 

(R10) Actually, lunar eclipses often display wi oe 

unusual color phenomena, most of which 

Transient lunar phenomena at Gassendi on April % Or gig 
30 and May 1, 1966. Shaded areas mark the color 
phenomena. (X24) 

seem to associated with light passing through : 

*” GASSENDI 
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X25. September 1966. See details in X24. 

(R12) 

X26. October 31, 1968. K.E. Chilton sees 
a reddish glow in Eratosthenes. It lasted 
5 or 6 minutes. (R13) 

X27. April 1, 1969. N. Kozyrev takes spec- 
trograms of Aristarchus when a red spot, 
1 to 2 kilometers across, was in evidence. 

The spot seemed to be the result of the re- 
lease of molecular nitrogen and cyanic gas. 
Kozyrev speculated that the gas release 
might be associated with a terrestrial earth- 
quake the day before; i.e., tidal stresses 
triggered both the earthquake and lunar gas 
release. (R14) 

X28. General observations. The magnitude 
of the TLP phenomenon. 

See ALF3-X42 for a summary of the re- 
sults of a cataloging effort. (R19, R21, R23) 

Geographical trends in color phenomena. 
"TLP tend to occur near the boundaries of 
the regular maria, as has been found by Mid- 
dlehurst and Moore (1967) and near areas 
rich in rills, such as the floors of Gassendi 
and Alphonsus. Much of the most event- 
prone region is that of Aristarchus, which 
accounts for about half the reports. It also 
seems that red TLP and concentrated in the 
western hemisphere, while colourless events 
are more common in the eastern. TLP in 

highlands are relatively rare, but this ap- 
parent paucity may be due in part, at least, 
to observational selection.'' (R22) 

X29. General observations. Sundry correla- 
tions of TLPs. See ALF3-X43 for a general 
summary of all TLP correlations. (R18, R20, 
R21) 

X30. General observations. Possible expla- 
nations. 

To the list of possible causes of TLPs 
presented in ALF3-X44, the following should 
be added: 

Color changes due to particular lighting 
conditions on the lunar surface. This ex- 
planation is improbable because the color 
changes do not recur regularly. (R17) 

An "alpenglow" hypothesis, in which sun- 
light is scattered by dust clouds raised by 
gas venting. Such a reddening phenomenon 
occurs in the terrestrial Alps when high alti- 
tude dust scatters red light onto the peaks 
(GEL6). If this hypothesis were true, the 
color phenomena should be concentrated 
near the terminator, which is not observed. 

(R17) 
Thermoluminescence of subsurface lay- 

ers, which acculate energy during many | 
years of irradiation by high-energy particles. 
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These energized layers give off energy (glow) 
when sporadically exposed and heated. This 
theory shows some promise. (R17) 

Glow discharges in the fine dust raised 
by lunar outgassing. The motion and sepa- 
ration of the fine dust particles may result 
in the separation of charge and the buildup 
of enough potential difference to cause a 
glow discharge. (R16) 
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ALF5_ Transient, Large-Area Luminescence 

Description. The anomalous brightening of large areas of the moon's surface. The enhance- 

ment may extend over tens of thousands of square miles. This is evidently not a color phe- 
nomenon, although certain portions of the spectrum may be enhanced more than others. Some 
evidence indicates a correlation with solar flares. 

Data Evaluation. Several modern observations using photomultipliers, photographic film, and 
related instruments confirm the reality of the phenomenon. Rating: 1. 

Anomaly Evaluation. Although there is evidence that some events are associated with solar 
flares, cause-and-effect has not been demonstrated. But at least a reasonable mechanism 

is at hand. Rating: 3. 

Possible Explanations. Solar flares emit energetic particles which arrive at the moon several 
hours later, causing lunar materials to emit visible radiation. 

Similar and Related Phenomena. Small-area bright patches (ALF3) and color phenomena 
(ALF4). 

Examples 

X1. November and December, 1883. ''On 
November 4, 1883, I saw on the dark part 

of the Moon a misty light different from that 
to be ascribed to the feeble illumination due 
to light reflected from the Earth. This ap- 
pearance was seen repeatedly by myselfand 
others in November and December. The 
weather in January and February was not 
favorable to observations. But on March 
29th last and 30th, the phenomenon was dis- 
tinctly seen by myself and others. One who 
had seen it last fall, on looking at it on the 
29th,remarked at once that it appeared ona 

different part of the disc, and, on the 30th, 
he noticed that the light had narrowed down. 

This accumulation of light shifts its place 

upon the disc; but generally is seen brightest 
along the dark limb of the Moon. The appear- 
ance is that of the light of the Aurora Boreal- 
is on the Earth, as it might show to one loo- 
king at it from the Moon." (R1) 

X2. March 29-30, 1884. See description pre- 
sented above. (Rl) 

X3. November 1-2, 1963. ''An anomalous in- 
crease in surface brightness of the Moon in 
an area of over 60, 000 km? around and north 
of the crater Kepler was observed to occur 
twice on the night of November 1-2, 1963, 
on eight photographs secured with the 24- 
inch refractor of the Observatoire du Pic- 
du-Midi between 22. 35-22.42 U.T. on No- 
vember Ist, and 00. 20-00.35 U. T. on No- 
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vember 2nd, on Kodak 1-F plates exposed 

through an interference filter of 45 A half- 
width centered on 6725 A. Control photo- 
graphs taken through an interference filter 
of 95 A half-width centered on 5450 A failed 
to show any such effect. The enhancement 
in the red was not only observed to recur 
twice during the same night, but plates taken 
between 00. 20-00.35 U. T. on November 2nd 
disclosed that the degree of enhancement 
(resulting nearly in a temporary doubling of 
surface brightness) increased appreciably 
within 15 minutes of observation. '' The au- 
thors associated the brightenings with two 
solar flares that had occurred several hours 
earlier. They surmised that energetic par- 
ticulate radiation from the sun caused lunar 
luminescence. (R2-R5) 

X4. December 19, 1964. A 16-inch reflec- 

ting telescope, equipped with a photomulti- 
plier confirmed the existence of lunar lumi- 
nescence during a lunar eclipse. (R6) 

X5. March 26, 1970. "Abstract. An anoma- 
lous enhancement of brightness of the lunar 
surface was observed on March 26, 1970, 
during photometric and polarimetric obser- 
vations of the Moon made by the 91-cm re- 
flector of the Dodaira Station of the Tokyo 
Astronomical Observatory. The regionnear 
Aristarchus was 0.3 mag. brighter compared 
with that corresponding to the ordinary bright- 
ness variation curve. The polarimetric re- 
sults also showed evidence quite consistent 
with the phenomenon of the luminescence 
(sic). The colour index diminished by about 
0.1mag. The results of the photographic 
photometry also confirmed the enhancement 
of brightness over a wide part of the lunar 
surface that night. This brightning may be 
related to the large solar flare observed on 
March 25, 12h UT, 1970, twenty-nine hours 
before our observations."' The author does 
not consider the evidence conclusive that 
the lunar luminescence was caused by the 
solar flare. (R7, R8) 

X6. March 13, 1979. ''At the recent partial 
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lunar eclipse of 1979 March 13, an anoma- 
lous brightening of a region in the umbra 
was observed. This took the form of alarge 
diamond shape between Mare Serenitatis and 

the Moon's limb, just after mid-eclipse, and 
lasted for about ten minutes, indicating a 

definite unevenness in the radiations illumi- 
nating the umbra. A final proof of this theory 
might be in the correlation of all TLP obser- 
vations to solar activity; however, this is an 
extremely difficult task, as observed TLP 
frequency depends on phases of the Moon, 
time of year, weather, and other less quan- 
tifiable factors. Indeed the strongest cor- 
relation so far with TLP frequency appears 
to be to the Apollo lunar landing missions, 
probably due to an enormous upsurge in in- 
terest in lunar observing at that time. '' (R8) 
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ALF6 _ Lightning-Like Phenomena on the Moon 

Description. Repeated flashes of light streaking across the moon's dark side. 

Data Evaluation. The one modern observation should be given some consideration because 
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it was made by a government scientist and his wife. Rating: 3. 

Anomaly Evaluation. Since the moon has virtually no atmosphere, any electrical discharge 
phenomena would apparently have to occur in lunar dust clouds or vented gases. However, 
the observed lunar lightning (if that is what it is) covers immense areas; and we know of no 
lunar process that would raise dust or vent gases over such huge areas. Rating: 2. 

Possible Explanations. Large-scale electrostatic discharges caused by triboelectricity or 
seismoelectric phenomena. Another possibility is that the luminous phenomenon actually 
takes place in the terrestrial atmosphere and is made more obvious by the lunar backdrop. 

Similar and Related Phenomena. Star-like flashes of light on the moon (ALF3); large-area 
color phenomena, which some have explained as glow discharges (ALF4); flickering light 
on the dark limb of Venus (AVO9); terrestrial mountain-top glows (GLD1). 

Examples. 

X1. 1715-1746. During a total eclipse ofthe 
sun during this period, lightning was seen 
on the face of the moon. (R2) 

X2. June 17, 1931. "During the evening of 
17 June 1931, I was working in the yard 
near our home at Riverside, California, and 
happened to glance at the moon. It was an 
unusually fine, clearly outlined new moon, 
and as I stood looking at it, suddenly some 
flashes of light streaked across the dark 
surface but definitely within the limits of 
the moon's outline. Since this was a phe- 
nomenon which I had never seen before, I 
continued to watch it and saw similar flashes 
streak across the moon again in a moment 
or two. Without mentioning what I had seen, 
I called my wife's attention to the new moon. 
She admired it. When I asked her to watch 

it closely to see if she noticed anything 
strange, she said: 'Oh, yes, I see lightning 
on the moon, ' adding that this appeared to 
be confined to the moon. We watched it for 
some 20 or 30 minutes during which the phe- 
nomenon must have occurred at least six or 
seven times. '' When the observations were 
reported to Mount Wilson Observatory, they 
were discounted. (R1) 
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ALL THE MOTION OF LUNAR SATELLITES 

Key to Phenomena 

ALLO Introduction 
ALL1 Perturbations of Artificial Lunar Satellites 

ALLO Introduction 

Today, the moon has no natural satellites of any consequence. Bits of debris may occasion- 
ally occupy temporary lunar orbits, but they are difficult to detect. The important satellites 
of our satellite are now all artificial. The accurate tracking of these spacecraft has led to 
the discovery of gravitational anomalies over many of the ringed maria. These anomalies 
have been explained in terms of subsurface concentrations of mass. Although widely be- 
lieved to be buried projectiles that originally created the maria, no one is really sure what 
they are; they could be internally generated, like terrestrial mantle plumes. In any event, 
the mascons must be explained by any comprehensive theory of lunar evolution. 

No direct evidence exists for the past presence of natural lunar satellites. However, paleo- 

magnetism and the arrangement of the maria in bands have led some astronomers to theorize 
that the moon was once orbited by a group of natural moons that ultimately crashed into its 
surface. (See ALE21 and ALZ4. ) 

ALL1 Perturbations of Artificial Lunar Satellites 

Description. Large orbital perturbations of artificial lunar satellites that cannot be accounted 
for assuming a homogeneous outer lunar crust. 

Data Evaluation. Precision tracking of lunar satellites by terrestrial networks. Rating: 1. 

Anomaly Evaluation. The analysis of the perturbations of lunar satellites permits the con- 
struction of a gravimetric map, which suggests the presence of mass concentrations under 
most lunar maria. The real nature and origin of these concentrations are uncertain. Rating: 2. 

Possible Explanations. The mascons could be asteroid-sized bodies buried beneath the maria 
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they created upon impacting the moon. They could also be plumes or plugs of dense material 
pushed up from below by tectonic forces. 

Similar and Related Phenomena. Ancient changes in the lunar magnetic field (ALZ4), which 
imply that the moon collided with large bodies (possibly lunar satellites) that created the 
mares and shifted the lunar crust. The arrangement of the maria in bands (ALE9), which 

suggests the ancient descent and impact of groups of lunar satellites. 

Examples 

X1. Lunar Orbiter perturbations. 'We now 
report that this new processing of the Lunar 
Orbiter data has produced unexpected re- 
sults. A study of local accelerations of the 
spacecraft resulted in a gravipotential map 
of the lunar nearside which has revealed 
very large mass concentrations beneath the 
center of all five nearside ringed maria 
(Iimbrium, Serenitatis, Crisium, Nectaris, 

and Humorum). In addition, they were ob- 
served in the area between Sinus Aestuum 
and Sinus Medii (presumably a newly dis- 
covered ancient ringed mare), and Mare 
Orientale. The Urey-Gilbert theory of 
lunar history has predicted such large-scale 
high density mass concentrations below these 

maria, which, for convenience, we shall 
call masons..... 

Even though we have computed both mas- 
ses and depths for the largest mascons, 
nevertheless our present quantitative data 

require further refinements. One may easily 
compute approximate masses from an as- 
sumed depth, such as 50 km. The Mare 
Imbrium mascon yields numbers on the or- 
der of 20 X 1076 lunar masses. A spherical 
nickel-iron object about 100 km in diameter 
would be a rough equivalent.'' (R1) 
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ALO ANOMALOUS TELESCOPIC AND 
VISUAL OBSERVATIONS 

Key to Phenomena 

ALOO Introduction 
ALO1 ~=Doubling of Lunar Detail 
ALO2 Variable Spots, Streaks, and Other (Apparently) Optical Phenomena 
ALO3 Banded Craters | 
ALO4 Lunar “Canals” and Lineaments 
ALO5 ~The Lunar Zodiacal Light 
ALO6 Distortions of the Lunar Disk 
ALO7 ‘Bright Diverging Ray above the Moon 
ALO8 __s Dark Triangular Patches under the Moon 
ALOS __sCRRing of Light around the New Moon 
ALO10 Shortened Lunar Crescents 
ALO11 The Lunar Post-Sunset Horizon Glow 

ALOO Introduction 

The moon is so close to our telescopes that many surface details are crisp and clear. Fur- 
ther, some features that once seemed enigmatic through the telescope have now been eluci- 
dated by spacecraft photographs and the explorations of astronauts. Thus, there are not so 
many optical or telescopic anomalies for the moon as there are for the other solar system 
objects. While this section is shorter, the one dealing with geological anomalies is much 
larger than the corresponding sections for Mercury, Venus, Mars, etc. Better seeing means 
more accurate classification. 

Still, the problems of psychological contrast effects, varying light levels, shifting shadows, 
and the variation of surface reflectivity with solar angle do not disappear completely. Per- 
haps the most perplexing of these lunar telescopic anomalies involve the variable spots and 
streaks of shadow and brightness. Some of these features vary regularly with each lunation; 
others are confoundingly irregular. Another ephemeral phenomenon is the moon's "annular 
phase''---that silvery ring rarely seen around the dark limb of the new moon. And, once 
again, there are "canals"; not the river-like sinuous rilles mentioned in ALE2, but long 
straight lines akin to those seen (by some observers at least) on Mercury, Venus, Mars and 
sundry satellites. Apparently the integrating power of the human eye-brain combination is 
at work here. In fact, the problems of contrast and illusion pervade this entire section. 
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ALO1 Doubling of Lunar Detail 

Description. The long-lived doubling of lunar detail as seen through the telescope. This 
rare condition may last for over an hour. 

Data Evaluation. Only a single report, but it involved two widely separated observers and 
several different telescopes. There are, however, occasional reports of double and triple 
lunar crescents seen with the naked eye. Thus, the phenomenon is confirmed on a gross 
level. Rating: 2. 

Anomaly Evaluation. Long-lived image doubling probably involves mirage-action, which 
results from the interposition of a second layer or region of air possessing a slightly differ- 
ent density than the bulk of the atmosphere. Most terrestrial mirage phenomena are well- 
understood. The anomalies here are the long-term stability of the phenomenon, given the 
strong tendency of the atmosphere to mix, and the appearance of the same mirage over a 
wide area. Rating: 3. 

Possible Explanations. Mirage action similar to that creating multiple mirages of terrestrial 

objects (GEM). Interestingly enough, the use of the telescope often reveals multiple terres- 
trial mirages unseen by the naked eye. 

Similar and Related Phenomena. Multiple lunar crescents (GEM4). 

Examples strument since two different telescopes were 
tested. The doubling of the image persisted 

: 1966. Su , England. Report : 

ae ee ga “Whilst Deets Be pe for abou t 11/2 hours. A colleague of mine 
one night during January 1966 with a very observing about 50 miles away from my sta- 

fine 5-inch Cooke refractor, doubling of the Hongalse wcpance hats the effect." (R1) Gross 
image was seen. The night a Pe ane onl multiplication of lunar crescents have been 

seeing very good. It was at first suspected observed. See GEM4. (WRC) 
that tube currents were the cause of the ef- 
fect, but on checking with a 4-inch Maksutov 
telescope the same effect was noted. The 
images were quite sharp and steady. Seven Belerences 
photographs were obtained, and all showed Rl. Sartory, P.K.; "Doubling of Lunar De- 
the effect quite clearly. It seems, therefore, tail, '' Strolling Astronomer, 19:143, 
that the effect is produced outside the in- 1965. (X1) 

ALO2 Variable Spots, Streaks, and Other (Apparently) 

Optical Phenomena 

Description. Dark and light spots and streaks on the moon that appear, disappear, and change 

shape in a manner that does not seem explicable in terms of the varying angle of illumination. 

Some of the phenomena vary regularly with each lunation; others seem to follow no laws at 

all. Most of the light-and-shadow magic occurs around Plato and a few other sites. Cataloged 

here are passive phenomena only; that is, those involving no intrinsic light sources or the ac- 

tive clouds of vented gases responsible for lunar ''mists'' and obscurations (ALF2, ALFS, 

ALW1). See the referenced categories for descriptions of these other types of TLPs (trans- 
ient lunar phenomena). 

Background. The lunar landscape when viewed through the telescope reveals many subtle 
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changes of light and shadow as the sun rises and sets. Ordinary optical laws can explain the 
bulk of these phenomena when allowance is made the variations of reflectivity with solar angle 
and type of surface. Buta few phenomena do not succumb. This area of lunar research has low 
priority for most professional scientists, and it has been left mainly to amateur astronomers 
to record the fascinating nuances of light and shadow on the moon. 

Data Evaluation. Over the years, a large corpus of observations of variable spots and streaks 
and other inexplicable plays of light and shadow have been drawn, photographed, and described 
in prose. Rating: 1. 

Anomaly Evaluation. If only passive mechanisms are involved in these phenomena---no in- 
trinsic light sources and no obscuring clouds of vented gases---we are left with several pos- 
sibilities, as listed below. None of these mechanisms is in itself anomalous, for they are 
known also on earth, but we do not know which operate on the moon to cause the various spots 
and streaks that wax and wane during lunations. Of course, there may be completely unex- 
pected mechanisms at work. Assigning an anomaly rating is difficult. Rating: 3. 

Possible Explanations. (1) Changes in the reflectivity and absorption of lunar materials with 
solar angle; (2) Similar changes dependent upon the surface temperature; (3) Similar changes 
due to the roughness of the surface; (4) Similar changes due to the deposition of substances 
vented from the lunar crust, such as volcanic dust and (shades of W.H. Pickering) hoar frost; 
(5) Sublimation of (4) with surface temperature increases; (5) Chemical changes of the lunar 
surface due to solar radiation, the solar wind, and other agencies. Here, we should not for- 
get that several older astronomers suggested the presence of lunar vegetation! Finally, some 
of the phenomena categorized here may really belong in the sections involving intrinsic light 
sources (ALF2, ALFS) and obscuring matter (ALW1). ; 

Similar and Related Phenomena. Light flashes and bright spots (ALF2); lunar color phenom- 
ena (ALF3); mists and obscurations (ALW1). 

Examples 

X0. General observations. The astronomer 
William H. Pickering was perhaps the most 
famous of the investigators of variable lunar 
spots and streaks. An earlier English ama- 
teur, W.R. Birt, actually pioneered the 

field; but Pickering, because of his radical 
explanations of the phenomena, grabbed the 
headlines. The following item reflects Pick- 
ering's far-out views. 

Referring to Pickering's article in the 
Century Magazine (R13): ''The second, and 
perhaps more startling, announcement is 
that there is snow on the moon. He obser- 
ved that many craterlets are lined with a 
white substance which becomes very brilli- 
ant when illuminated by the sun, and a simi- 
lar substance is found on the larger lunar 
craters and a few of the higher mountain 
peaks. The curious behavior of these pat- 
ches under different angles of illumination 
and their change of form have led him to 
suggest that an irregularly varying distribu- 
tion of hoar frost may have something to do 
with the changes observed. The third re- 
markable deduction refers to the observa- 
tions of 'variable spots,' which appear to 
be restricted between latitudes 55° north 
and 60° south; these spots are always as- 
sociated with small craterlets or deep nar- 
row clefts, and are often symmetrically ar- 

ranged around the former. The alterations 
which these undergo have led him to seek 
the cause in the change in the nature of the 
reflecting surface, and the most simple ex- 
planation according to him is found in as- 
suming that it is organic life resembling 
vegetation, but not necessarily identical 
with it.'' (R12) This radical interpretations 
of the data should not detract from the real 
capabilities of Pickering as an astronomer. 

(WRC) 
Pickering was often called upon to de- 

fend his theories rather than his observa- 
tions: "Since the old question of lunar vege- 
tation has again come up for discussion in 
the Journal of the B.A. A., I should like to 

point out once more that there are really 
two distinct questions involved. One is as 
to the facts. This is important. Theother 
is as to their explanation, which is of much 

less consequence. Unfortunately, the in- 
terest of the latter, and the discussion which 
it has involved, has almost completely con- 
cealed and smothered the more important 
question. In denying the explanation, the 
rejectors have carelessly also denied the 
facts, without recognizing that they are in 

a wholly incompetent position to do so. Some 
of them have even been so careless as to 
suggest that the darkening areas were sha- 
dows, not realizing that shadows are most 
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conspicuous under a low sun on the Moon, 
and that they disappear completely when the 
Moon is full. The variable spots do the pre- 
cise reverse of this. As has often previously 
been stated, they are inconspicuous, and in 
some cases invisible under a low sun, but the 
central ones are strikingly conspicuous at 
full Moon. In the case of Eratosthenes, to 
which I have called particular attention, they 

are perfectly obvious with a 5-inch refrac- 
tor, and can even be seen with a 3-inch 
(Popular Astronomy, 27:579, 1919, Plates 
44 and 45). Anyone can see them who will 
take the trouble to turn his telescope upon 
the Moon. During the three days including 
the full Moon, however, the novice may at 
first have a little trouble in the case ofthis 
crater, because the shadows have disappear- 
ed, and the changes are so marked that the 
crater itself is rather hard to recognise. The 
markings with their changing shapes are very 
easily photographed (Havard Annals, 53, 
Plates 2, 3, and 4. See also Popular Astro- 
nomy, 27:579, 1919, Plates 46 and 47). In 
the light of these photographs, for anyone 
to claim that these spots do not exist,or that 
they do not change their shapes, or that they 
are not visible at full Moon, is, to say the 
least, foolhardy.'' Pickering also mentions 
a more "delicate" variety of spot that mean- 
ders across the face of the Moon erratically, 
taking a different position each lunation. (R22) 

Pickering was not the first astronomer to 
suggest lunar vegetation. The German astro- 
nomer, Schwabe, reported in 1868 that he 
saw streaks on the lunar mountains that were 
green at certain seasons. He regarded the 
streaks as belts of vegetation. (Rl) Mare 
Serenitatis and Mare Humorum often seem 
so green that vegetation is suggested. (R8) 
And, of course, Pickering had a longer list 

of green areas. (R25) 
The problem of the variable lunar spots, 

streaks, and colors was well-summarized 
by W.H. Haas: "Pickering has observed in 
a number of lunar regions periodical changes 
that repeat themselves every lunation. For 
example, dark areas develop and fade in 
Eratosthenes, a bright area around Linne 
varies in size. Messier and Pickeringalter 
their sizes and shapes, and the peaks of 
Theophilus undergo changes of appearance. 
Pickering attributed these changes to physi- 

cal agencies onthe moon; i.e., to vegetation, 
to clouds, to snow, to frost, etc. His ex- 
planations demand the presence of a lunar 
atmosphere, a controversial point. Scien- 
tists have long been accustomed to regard 
the moon as completely dead and naturally 
received Pickering's observations and the- 
ories with much skepticism. That the chan- 
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ges do occur much as Pickering asserted 
has been established, but the explanation he 
gave is still not necessarily correct. The 
majority of the astronomers now ascribe 
these changes to the variations in the angle 
at which sunlight is incident upon the lunar 
rocks. The moon's surface is granulated, 
a fact proved by the disproportionate in- 
crease in brightness of the moon toward the 
full phase; and it is thought that this granu- 
lation causes the area to vary in brightness 
or in intensity with the ever-changing angle 
of incident light and thus produces the chan- 
ges observed. It is between these two theo- 
ries, incident light and physical change, that 
the author has attempted to decide. To be 
sure, there may be other possible explana- 
tions; e.g., a chemical change upon the sur- 
face of the rocks occurring under a low sun; 
and it is altogether possible that there is not 
one explanation for all the changes." (R26) 

X1. Plato. Of all the lunar craters, Plato 
possesses the greatest variety of variable 
subtle detail. For convenience, we lump 
these variations into four categories: vari- 
able spots, variable streaks, the "sparkling 
effect", and obscurations. These phenomena 
occur inside a crater that measures about 
60 miles in diameter, with rim walls rising 
from 3,000 to 5,000 feet above the crater 
floor. Some peaks on the rim may soar to 
7,400 feet. The following descriptions are 
based on a Sky and Telescope article by 
Jackson T. Carle, except for the discussion 
of the ''sparkling effect". Additional refer- 
ences are added at the end of each paragraph. 

Variable spots. "Since an intensive study 
of Plato was first organized by the British 
selenographer W.R. Birt and his coworkers 
in 1869, some 80 craterlets and spots have 
been charted. These have never all been 
seen by one observer or within a limited 
period of time. Some spots, having been 
seen easily, apparently disappeared---only 
to reappear years later and be reported as 
new discoveries. '' (R28, R3, R9, R13) See 
the accompanying figure drawn by Pickering 
to get an appreciation of how the "ten most 
prominent spots" in Plato varied in time. 

Variable streaks. "'As craterlets and 
spots seem to have appeared and disappeared, 
so faint streaks and large splotches have 
shifted on Plato's floor. Some observers 
connect these two kinds of changes. In 1892, 
Pickering reported that the bright streaks 
had altered materially since earlier obser- 
vations. He sought to explain these markings 
in terms of his theory of volcanic activity on 
the moon." (R28, R2, R5, R7, RY, R18, 
R15, R16) 
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3-1892 

The ten most prominent spots in Plato drawn at dif- 
ferent times, by W. H. Pickering, indicating great 
variability. (X17) 

Streaks on Plato’s floor. (X17) 

Obscurations. The crater of Plato has 
been called that Great Black Sea, for some- 
times it seems to swallow up details one 
knows should be seeable. Carle graphically 
describes the third Plato enigma in terms 
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of the thoughts of an astronomer who has been 
observing the rest of the moon on a fine night 
when all this orb's detail seems to stand out 
---that is, almost all its detail: '"Now to 
Plato. You look, and look again, and see 

nothing! Yes, the walls are clear and de- 
tailed, and that landslip on the east stands 
out. But the floor appears smooth, flat, and 
featureless, perhaps with a faint glimmering 
of something where you know the compari- 
tively central craterlet should be. You see 
nothing, but this nothing is the something that 
has puzzled lunar observers for a century, 
the apparent obscuration of the floor of Plato 
at times when floor features should be readily 
visible." (R28, R8, R10, R29) Plato's dar- 
kening is a special case of the lunar obscura- 
tions described in more detail in ALW1. (WRC) 

The sparkling effect. W.R. Birt was evi- 
dently the first to report this phenomenon. 
His first sighting was on November 20, 1871. 
Henry Pratt made a second observation on 
January 18, 1872 and reported it thus: "The 
phenomenon which I witnessed is very. diffi- 
cult to describe. On the dark ground of the 
floor, or apparently above it, I noticed the 
play of a continual series of fitful flashes of 
light, sometimes presenting the form of mi- 
nute streaks sharply defined, oftener of lar- 
ger streaks of a more distinct nature, and 
more frequently still the flashes took the 
form of spots. I noticed a continual succes- 
sion of flickering lights, not badly defined as 
corruscations, if this term does not convey 
the idea of too much brightness. They were 
faint, of course, and might have been very 
easily overlooked even by experienced ob- 
servers; still, when once perceived they 
were easily kept in view. ...Often I saw seve- 
ral distinct specks of light at once; frequent- 
ly, if the attention was fixed upon it in the 
endeavour to localise it, would persist in the 
same place for a second or so, and vanish 
altogether; and yet its persistence was not 
one picture, but a rapid succession of images; 

the same remark applies to the streaks. "' 

(R6, R4) 
X2. Alphonsus. Variable spots. ''Prof. W.H. 
Pickering has made an extensive study of 
many variable dark spots upon the floors of 
various craters. Those in Alphonsus afford 
one of the best-known examples. These 
spots commence to darken soon after sunrise, 

but earlier in low latitudes than it high; some 
of them attain only a light grey colour, others 
a dark grey, and other again become intensely 
black; they attain a maximum, and fade away 
again towards sunset." (R14, R11, R16) 

X38. Mare Tranquilitatus. Variable spots. 
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"The Mare Tranquilitatis is said to be al- 
most covered by these variable spots, and 
Prof. Pickering states that the changes 
may be seen with the smallest telescope, 
or even with the naked eye; until past the 
first quarter this area is lighter than the 
Mare Crisium; it then rapidly becomes the 
darker of the two until after full moon, when 

it again becomes lighter." (R11) 

X4. Messier. Variable whiteness. ''...one 
of the clearest evidences of hoar frost upon 
the moon is found in connection with the 
pair of small craters known as Messier and 
Messier A. Sometimes one of these cra- 
ters is the larger and sometimes the other. 
Sometimes they are triangular and some- 
times elliptical in shape. When elliptical 
their major axes are sometimes parallel 
and sometimes nearly perpendicular to one 
another. When the sun first rises on them 
they are of about the same brilliancy as the 
mare upon which they are situated, but 
three days later they both suddenly turn 
white, and remain so until the end of the 
lunation. When first seen the white areas 
are comparatively large, especially that 
surrounding Messier itself, but it gradu- 
ally diminishes in size under the sun's 
rays. By the eighth day little is left out- 
side the crater itself, while at the end of 
the lunation only the bottoms and interior 
western walls remain brilliant. '' (R16) 

X5. Eratosthenes. Variable spots. 'In the 
crater Eratosthenes there is a brilliant 
white area on the summit of the central 
mountain range. When the sun first rises 
on it it measures five miles in length by 
two in breadth. It soon, however, begins 
to dwindle, and two and a half days later 
all is gone save two little spots, each about 
a mile indiameter. They reach their mini- 
mum size five days after sunrise, when 
the smaller is about half a mile in diame- 
ter. They then begin to increase, thenor- 
thern one attaining a length of five miles 
shortly before sunset. If these markings 
are due to white quartz, or some similar 
rock, it is difficult to account for their 
change in size."' (R16, R19-R22) 

X6. Littrow B. Variable spots. ''About 15 
miles N. of this crater there is a conspicu- 
ous bright spot, one of many similar objects 
on the Moon's surface. They vary in size, 
shape, and brilliancy, but they are all hazy 
and ill-defined at the edge. This particular 
spot is about 12 miles in diameter. During 
the Moon's first quarter, the bright area is 
much more extensive than it becomes later, 
and embraces crater B, but only with aslight 
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haze and not so as to hide the crater. Then, 
in a few days the haze fades away and leaves 
the spot round and bright. But as sunset ap- 
proaches, when Littrow is getting near the 
Terminator, this ill-defined bright spot 
grows fainter and finally clears away alto- 
gether, disclosing several well-defined ob- 
jects which were before invisible." (R8) 

X7. Picard, Variable spots. ''There is a 
white spot to W. of Picard, which Birt con- 
sidered was in itself of the nature of an ob- 
scuration, i.e., this spot itself consisted of 
material which covered the true surface of 
the Moon. It often disappeared as sunset ap- 
proaches, when the true surface presented 
to the eye a peculiar whiteness, in which 
were observed towards the end of 1875 two 
very minute craterlets, emissions from 

which may have been the cause of the cloudi- 
ness and ill definition observed at that time." 

(R5) 

X8. Aristillus. Variable spots. (R20, R21) 

X9. Pico. Variable spots. ''Some 48 draw- 
ings of the mountain, made with a four-inch 

diameter telescope, show that light and dark 

areas on the lunar mountain vary from time 
to time. Mr. Rawstrom states that it is 
practically impossible to reconcile these 
changes with the effect of the varying angle 
of illumination. There are certain markings 
which actually darken as the lunar mid-day 
approaches; certain others vary considerably 
in shape and size during the course of a lu- 
nation, the interval between the returns of 
consecutive new moons. ‘Most striking of 
all, however, are those areas which undergo 
an irregular change in appearance from one 
lunation to the next---that is to say, which 
do not present the same aspect at similar 
co-longitudes. '"' (R23) 

X10. Mare Imbrium. Variable spots. ''The 
most conspicuous marking observed is a 
white area which spreads out from the north- 
east corner of the mountain (Pico) and ex- 
tends over a great plain known as the Mare 
Imbrium, for about 22 miles. Whether this 
is a haze or a jet of steam of perhaps vol- 
canic origin is unknown." (R23, R24) 

X11. Aristarchus-Herodotus region. Vari- 
able spots and curious shadows. Of particu- 
lar interest is a variable white spot that has 
been observed on rare occasions in the cen- 
ter of Herodotus. The crater Herodotus 
does not have a central peak, so that the 
usual explanation employing reflection can- 
not apply. (R27) In ALF3, bright star-like 
points of light were generally written offas 
mountain-peak reflections. (WRC) 
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cf 
The Aristarchus-Herodotus region drawn by J. C. 
Bartlett on June 27, 1950, and July 13, 1954. The 
bright spot in Herodotus is puzzling because the 
crater has no central peak. (X11) 

X12. Shadow phenomenon. May 1, 1909. 
Good seeing, with high definition of lunar 
detail. "Under these conditions, while ex- 
amining the regions near Mersenius then on 
the terminator, it was suddenly noticed with 
great astonishment that the broad, irregu- 
lar, and sharply-indented shadows of the 
illuminated ridges, etc., in the neighbor- 
hood could be distinguished, apparently pro- 
jected on the dark, unilluminated portionof 
the lunar surface. Various eyepieces were 
tried, eye rested, etc., but I could feel no 
doubt of the objective reality of the pheno- 
menon, some sharp irregularities in the 
shadow being seen repeatedly. The whole 
appearance was evasive, and decidedly deli- 
cate, but might be within the grasp of a 
smaller instrument than that employed, 
care being taken to exclude as much as pos- 
sible of the illuminated surface from the 
field. The interior of Mersenius itselfwas 
perfectly dark; but the shadow of the eas- 
tern wall, only the top of which was illumi- 
nated by the rising sun, could be seen pro- 
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jected on the unlighted surface beyond the 
terminator. The appearance was that of 
sharply-defined, inky-black shadows pro- 
jected on a rusty-black background. This 
effect must almost certainly been caused 
by a dimly-lighted zone bordering the sha- 
dows. At the time, I attributed the pheno- 
menon to reflected light from the bright 
ridges illuminating the lower ridges; but 
whatever the cause, the appearance was 
undoubtedly objective, and the dimly-lighted 
regions on which the shadows were cast 
were those which would themselves be shor- 
tly illuminated by the rising sun, thus for- 
ming a kind of dawn." (R17) This particular 
lighting phenomenon may be related to the 
horizon glows detected by spacecraft came- 
ras (ALO11). (WRC) ~ 
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ALO3 Banded Craters 

Description. A class of lunar craters with floors marked by dark bands, which are often 

geometrically arrayed. The bands vary in darkness and shape as the angle of the sunvaries. 
Banded craters are usually relatively bright. About 200 are known. 

Data Evaluation. The dark bands are easily seen through the telescope and on photographs. So 
far, no data relevant to the banded craters has been found originating in the space program. 
Rating: 1. 

Anomaly Evaluation. The cause of the darkness of the bands is probably not very mysterious. 
Either superficial surface deposits or regions of fractured rock and disturbed soil would suf- 
fice. The major puzzle seems to be the geometric nature of many of the band-systems. Even 
here, though, the geometry could be the consequence the tendency of rocks to fracture or joint 
in crude patterns. Rating: 3. 

Possible Explanations. The bands may be deposits of volcanic ash, dark dust vented through 
crustal cracks, or swaths of material laid down during impact events (i.e., like the lunar 
swirl markings). In other words, the patterns could be either an expression of subsurface 
fracturing or dynamic processes in crater formation. 

Similar and Related Phenomena. Lunar rays (ALE3); swirl markings (ALE5); dark-haloed 
craters (ALE12); variable spots and streaks (ALO2); lunar lineaments (ALO4). 

Examples 

X1. General categorizations. 'In the most 
general terms, a banded crater may be de- 
fined as a normal crater with one notable 

peculiarity---the floor and/or walls are 
scarred by darkish patches of material. 
These dusky markings may take various 
forms: from large irregular patches to very 
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regular and linear ray-like areas. Never= 
theless, this entire continuum may be or- 
ganized into the following categories. 

Class I. Aristarchus Type. This formof 
banded crater is probably the most intri- 
quing, for the major bands arrange them- 
selves radial to the centre in a spoke sys- 
tem. This point, while being within the 
crater, need not necessarily be the geome- 
trical centre of same. The bands, them- 
selves, do not meet at this origin but rather 
initiate from a dark ring which is quite con- 
centric to the rim of the crater, see Fig. 
1A. These craters are very bright; being 
the brightest crater-like objects on the lunar 
surface. "' 

The detailed descriptions of the rest of 
the classes are omitted. The reader can 
examine the figure to see how the bands are 
arranged in each class. The author claims 
to have identified 188 banded craters. He 
also remarks that the bands display cyclic 
variations during each lunation. It is this 
property and the unknown character of the 
bands which place this phenomenon in the 
ALO rather than the ALE (geology) category. 

(WRC) 
"As to what constitutes the bands or the 

dark areas, nothing definite can be said. A 
single observation by the author found the 
bands of Aristarchus to be composed of 
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numerous filaments arranged along the axis 
of the band. It is believed that these 'fila- 
ments' are rilles of very small size---this 
observation is given not as the origin ofthe 
dark nature of the bands, but merely as an 
explanation of the filaments..... 

1. These craters all have definite ex- 
ternal walls which rise high above the sur- 
rounding plain. 

2. The-walls of banded craters brighten 
under high solar illumination..... 
3. 3. The floors of these craters lie below 
the surrounding plain. 

4. All bright craters, unless intruded 
upon by another crater, are quite circular. 

5. The larger bright craters have central 
mountain masses. 

6. The very bright craters are origins of 
ray systems." (R2, R1) 
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ALO4 Lunar “Canals” and Lineaments 

Description. Linear features seen on the moon with the naked eye, through the telescope, 
or on close-up spacecraft photographs. At all levels of detail the linear features seem tobe 
integrations of diverse types of lunar features; viz., ridges, valleys, crater chains, etc. 

Background. Mercury, Venus, and Mars also display linear features to the terrestrial ob- 
Server. The Martian canals, of course, fueled much controversy around the turn of the 
century. Today, the Martian canals, the Venusian spoke system, and linear patterns on 
Mercury are all ridiculed as illusory. But the phenomenon is so widespread in planetary 
astronomy that it seems to deserve some explanation beyond being dismissed as merely il- 
lusory. The lunar naked-eye canals turn out to be remarkably like the telescopic Martian 
canals. There is no Percival Lowell around to interpret them as irrigation canals; rather, 

the claim is made that the eye simply integrates features of diverse origins into nicely geo- 
metric lines. Why? 

Data Evaluation. The lineaments visible through the telescope and on spacecraft photographs 
are well-verified. The claims of naked-eye lineaments are rather surprising, but apparently 
several observers, including W.H. Pickering, have seen them. No studies have been found 
that try to relate the lineaments seen at various levels of detail. Rating: 1. 

Anomaly Evaluation. The ''canal'' phenomenon actually involves three kinds of potential anom- 
alies: (1) The curious tendency of the human eye-brain combination to create well-defined 
linear features from diverse markings which seem to dissolve away under detailed scrutiny; 
(2) The unexplained and unexplored relationships between lineaments seen at various levels © 
of detail; (3) The physical causes of jineaments that are not illusory. There are enough im- 
ponderables here to warrant a rather high anomaly rating. Rating: 2. 

Possible Explanations. Subsurface fracturing of the lunar crust, jointing, and the surface 
expression of layered structures; artifacts of the human eye-brain combination akin to geo- 
metrical illusions. 

Similar and Related Phenomena. Lunar layered structures (ALE7); Mercury's linear mar- 
kings (AHO4); the Venusian spoke system (AVO6); the Martian "canals" (AMO1). 

Examples 

X1. Martian canal framework. 'Yet know- 
ledge of the existence of an excellent substi- 
tute for the Martian phenomena seems to be 
restricted to a very few; for, though it is by 
no means generally known, straight dark 
lines, long and narrow, an exact counterpart 
of the Martian canals, may be seen with the 
naked eye on the disc of the Moon every 
month. The existence of these lines appears 
to have been announced first about twenty 
years ago, in 1896, by the Martian observer, 
Signor Cerulli. But they were not re-obser- 
ved until their independent re-discovery by 
Professor W.H. Pickering in 1912. In Sep- 
tember, 1917, the writer commenced an 

elaborate series of observations of these > 
markings; but whilst the two previous ob- 
servers both employed slight magnifications 
---such as are given by opera glasses---he 
has found the lines quite easy to see withthe 
naked eye. The first evening on which care- 
ful observations were made, in September 
last, three canals were noted, and the fol- 
lowing evening eight were drawn. At the 

present time about fifty of these naked-eye 
Lunar canals have been mapped. The ave- 
rage Lunar canal appears straight or uni- 

formly curved, of unvarying, though some- 
times considerable breadth, and of equal 
darkness throughout. Various anomalous 
forms are noticeable---either a variation 
of darkness as the eye runs from one end 
to the other,or obvious irregularities in 
breadth and direction. These are but rare. 
In intensity one canal varies from another, 
for they seem to be of all shades of gray, 
but not usually black. At their intersections 
there is a notable tendency to the production 
of round dark spots ('oases'), and at the em- 
bouchures of the canals, triangular 'carets' 
make their appearance on occasion. Several 

of them are distinctly double---to the wri- 
ter's eye there is never the slightest doubt 
upon their gemination. Other cases are 
more doubtful. 

The Lunar canals do not, of course, ex- 
ist as such on the Moon; they are clearly 
produced by the integration of delicate sha- 
dings, too feeble to present themselves 
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Some reported naked-eye /unar canals. (X71) 

separately to the naked eye; but in no case 
has a purely illusory line deceived the wri- 
ter into inserting it into his sketches. Every 
canal drawn has proved on comparison with 
good photographs of the Moon to lie on the 
line of various faint but easily identified 
shadings. But as already indicated, no one 
of them can be supposed to have any objec- 
tive existence on the Moon just as it is seen 
with the naked eye. With higher magnifica- 
tions---eight diameters, according to Prof. 
Pickering, four for the writer's eye---the 
canals vanish and are replaced by compli- 
cated detail. (R1-R3) 

X2. Telescopic lineaments. "Summary. 
The lunar lineaments are described and 
their origin is considered. The compo- 
nents of the lunar grid-system---a system 
of intersecting lineaments comprised of 
elongated ridges, joints, crater-chains, 
and rilles---are described, and methods 
for producing orthographic charts of the 
principal global families A, B, C, and D 
of the grid-system are given. Each family, 
or system, of lineaments has a well-defined 
strike and is distinguished from one major 
regional system of joints (system Rj) which 
is associated with Mare Imbrium. The glo- 
bal systems display a strong symmetry 
about the Moon's central meridian. Discus- 
sion of system Rj and a similar regional 
system of joints associated with Mare Hu- 
morum leads to the conclusion that these 
maria are igneous sinks and were not pro- 

duced by impact. Examples of dip-slipand 
strike-slip faults are given." (R4) As in X1. 
these lineaments are integrated from vari- 
ous types of lunar features. (WRC) 

X3. Lineaments in spacecraft photos. "A 
lunar surface fabric composed of near 
parallel topographic ridges, valleys, and 
similar cross structures was noted by many 
of the early selenographers. More recently, 
observers using larger instruments, with 
greater resolving power, have noted, during 

optimum seeing conditions, that the lunar 
surface is marked by numerous fine linear 
structures. It is not surprising to find simi- 
lar parallel and near-conjugate sets of linea- 
ments well displayed on some of the NASA 
Lunar Orbiter photographs. The lineaments 
displayed on the Orbiter photographs are 
closely spaced, fine, parallel striations that 
are generally oriented in a NW-SE and NE- 
SW cancellate design. Locally a tertiary 
E-W or N-S lineament may also be developed, 
but it is frequently less distinct and quite 
often displays a braided appearance. The in- 
terspaces between lineaments of the same 
altitude are frequently higher or lower in 
elevation than the adjacent area. The dif- 
ference suggests the possibility that differ- 
ential movement has taken place along these 
preferred lines, creating a stepped or seri- 
ated appearance to the surface. The cause 
of the lineaments is not known; however, on 
Earth, lineaments (straight, parallel) are 
generally the surface expression of planar 
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discontinuities or breaks in the subsurface 
rocks such as fractures or joints, faults, 
shear zones, or stratigraphic layering. " 

(R5) 
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ALO5 The Lunar Zodiacal Light 

Description. Luminous cones of light on either side of the moon extending along the plane of 
the ecliptic. Sometimes combined with the normal or solar zodiacal light. 

Background. The solar zodiacal light (AZO) is usually seen as an inclined cone of faint light 
in the west soon after sunset or in the east just before sunrise. Since the axis of the cone 
lies on the ecliptic, the cone is noticeably slanted in the Temperate Zones. The solar zodia- 
cal light is believed to be light reflected from particulate matter, gas, and/or electrons in 
orbit around the sun, but usually far from earth and moon. 

Data Evaluation. Several careful observations by reputable astronomers are available. It is 
possible, however, that some observations were confused with lunar pillars (always vertical) 
or anomalous auroral activity. Rating: 2. 

Anomaly Evaluation. True lunar zodiacal light would seem to demand the temporary presence 
of reflecting matter within the earth-moon system. Such clouds of matter are certainly not 
normal denizens of the earth-moon system, although they obviously occur in the solar system. 
In addition, moonlight would not seem intense enough to cause visible reflections from such 
diffuse matter. Rating: 2. 

Possible Explanations. The reflection of moonlight from temporary clouds of gas, electrons, 
and/or particles in the neighborhood of earth and moon. In this context, it is relevant that 
some scientists have claimed a correlation between auroral activity, the appearance of high- 
level clouds, and halo phenomena (GLA12, GLA19); suggesting an influx of matter at very 
high altitudes. 

Similar and Related Phenomena. Lunar halo phenomena; geographically displaced auroras 
(GLA7); solar zodiacal light (AZO). 

Examples 

X1. March 6, 1854. Following a discussion 
of the U.S. -Japan Expedition (1853-1855) 
during which Jones made a detailed study of 
the zodiacal light between latitudes 42°N and 
53°S. "He (Jones) is very particular in de- 
scribing what he calls the moon zodiacal 
light which he witnessed in the tropics. He 
also witnessed what he termed a joint sun 
and moon zodiacal light. In his report of 
one of these observations he says: 'The 

moon quartered today (March 6, 1854) (lat. 
25° 26'N., long. 139° 42' E.). At halfpast 
7 I was astonished to see the zodiacal light 
fully displayed. It was no doubt a joint sun 
and moon zodiacal light... My mind was per- 
fectly satisfied that it was clearly a zodiacal 
light. It differed from the ordinary zodiacal 
light in not being brightest at its lowest end 
but was all the way down of a fairly uniform 
brightness. It was quite distinct. The upper 
end was lost in the moon's superior light. 
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The night was very clear.' Naval officers 
corroborated this and similar observations. "' 

(R6) 

X2. April 3, 1874. An observation of the 

astronomer, L. Trouvelot, at Cambridge, 
Massachusetts. No signs of any auroral 
activity anywhere. ''While going home, I re- 
marked in the east a strange conical light 
rising obliquely from the top of the roof of 
a building, behind which the moon, then about 
15° or 20° above the horizon, was concealed 
from view. By going away from the building, 
the conical light, which closely resembled 
the tail of a comet, became brighter and 
brighter as it approached the moon, upon 
the western limb of which it rested. The base 
was at least as wide as the diameter of the 
moon; but it extended beyond, on each side, 
by a fainter light, which gradually vanished 
in the sky. The extension of this luminous 
appendage I estimated to be equal to eightor 
ten times the moon's diameter. It was not 
readily visible when the moon was in sight, 
as the brilliant light of our satellite over- 
powered its dim brilliancy. The axis ofthis 
appendage was found to be coincident, or 
nearly so,with the ecliptic; and its line pro- 
longed in the west passed a little to the north 
of Jupiter. 

The phenomenon had been observed for 
about fifteen minutes, when it gradually 
faded away until it almost totally disappear- 
ed five minutes later, although the sky was 
clear. A quarter of an hour after, the sky 
was overcast with dense vapors, which 
continued for nearly an hour. 

At 11h 0m the sky had cleared up, and 

the moon shone brightly. The luminous 
appendage was still visible, and even ap- 
peared more brilliant than before. In or- 
der to ascertain whether this appendage 
was visible only on one side of the moon, 
or if it was seen on the other side, I went 
under the piazza of my house, and placed 
myself in such a position as to have the 
moon concealed by its upper part, the sky 
below being visible. As I expected, asimi- 
lar appendage was observed on the eastern 
side of the moon, exactly opposite the wes- 
tern one; the axis of both wings, passing 

through the moon's center, being in the 
plane of the ecliptic. '' Later in the night 
some auroral activity was noticed. (R1, R2) 

X3. February 12, 1899. "It was a very 
clear night, with a rising barometer, on 
Feb. 12, and the moon was only a day or 
two old. As it neared the visible horizon, 

I noticed a faint light extending for some 
50° or 60° along the Ecliptic, in a position 
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exactly similar to the Solar Zodiacal Light. 
It could not have been this because the sun 
had set some four hours ago, so I must 
conclude that it was a Lunar Zodiacal Light." 

(R4) 

X4. February 21, 1916. "Dr. W.E. Glan- 
ville, of Solomons, Md., reports to the 
British Astronomical Association that on 
Feb. 21, 1916, he made a successful ob- 
servation of the 'moon's zodiacal light, ' 
reported by Jones and other observers. At 
the time of observation the gegenschein 
showed on the ecliptic, At 8:15 a distinct 
luminosity, fainter than the sun's zodiacal 
light but in the usual shape of the latter 
when near the horizon, was visible from 
the moonrise point (over Chesapeake Bay), 
reaching the southern boundary of Leo up 
to the gegenschein, which became comin- 
gled with the light. The luminosity persis- 
ted until moonrise at 8:40. Mr. Gavin 
Burns, director of the auroral and zodiacal 
light section of the B.A. A., remarks on 
this observation: 'As the light of the full 
moon is only about one-millionth of the in- 
tensity of sunlight, it is difficult to believe 
that the phenomenon described can be due 
to the light of the moon. ' (R5) To which 
Glanville responded that the light he observed 
was unmistakable, and the moon the only 
source sufficient to produce the effect. (R6) 

X5. Nodategiven. Messier, inthe Eighteenth 

Century, described the lunar zodiacal light 
much as Trouvelot (X2) did. His measure- 
ments showed the light extended about 2 1/2° 
on each side of the moon. (R38) 

X6. No date given. M. Hugo described some- 
thing like the zodiacal light rise about 4° 
above the lunar disk. (R38) 

References 

Rl. Trouvelot, L.; "The Moon's Zodiacal 
Light," American Journal of Science, 3: 
15:88, 1878. (X2) 

R2. Trouvelot, L.; 'The Moon's Zodiacal 
Light, '' American Academy of Arts and 
Sciences, Proceedings, p. 183, 1877. (X2) 

R38. Holden, E.S.; "Moon's Zodiacal Light," 
American Journal of Science, 3:15:231, 
1878. (X5, .X6) 

R4. Bates, H.E.; "Lunar Zodiacal Light, '' 
English Mechanic, 69:85, 1899. (X3) 

R5. ''Lunar Zodiacal Light, '' Scientific Ameri- 
can, 124:463, 1921. (X4) 

R6. Glanville, W.E.; ''The Lunar Zodiacal 
Light, '' Scientific American, 125:65, 1921. 
(X1, X4) 



155 Disk Distortions ALO6 

ALO6 _ Distortions of the Lunar Disk 

Description. Depressions, large notches, projections, and other departures from circularity 
of the lunar disk. The deformations are usually seen through the telescope, but are some- 
times extensive enough to be visible to the naked eye. They are much larger than the hills, 
valleys, and other natural features of the lunar rim. 

Data Evaluation. A small handful of observations, some rather questionable, all more than a 
century old. Rating: 3. 

Anomaly Evaluation. Very likely, most observations in this category are simply the conse- 
quence of optical distortions of the moon's limb, perhaps with some psychological effects 
(irradiation) thrown in. If other observations resembling X5 could be found, the following 
anomaly rating would have to be raised. Rating: 3. 

Possible Explanations. Small distortions of the lunar disk can probably be attributed to the 
effect of abnormal refraction in the terrestrial atmosphere, particularly if the moon is near 
the horizon. Irradiation, a psychological effect operating near bright light sources, could 
also provide some apparent distortion. Large projections could be the result of halo pheno- 
mena or perhaps the lunar zodiacal light (ALO5), assuming it really exists. Observations 
like X5 have no ready explanation. 

Similar and Related Phenomena. The lunar zodiacal light (AOL5); distortions of celestial ob- 
jects as they approach the horizon (GEI4). 

Examples 

X1. September 20, 1863. Remarkable de- 
pressions noted in the preceding limb ofthe 
moon. (R2) 

X2. November 3-4, 1864. "Instead of the 

limb being circular in the neighborhood of 
the equator it was sufficiently flattened for 
a spider line to lie along it; the south end 
clearly coincided with a line from Langrenus 
to Guttenberg, the north end being nearly 
identical with the south border of the Mare 
Crisium."' Time of observation: 6 P.M. , 
GMT. Similar flattening observed the fol- 
lowing night. (R3) 

GUTTENBERG 

LANGRENUS 

Oo #9 
So La. 

ae 

a b KEY 

Flattened lunar limb, November 3-4, 1864. (X2) 

X38. July 13, 1875. "H.S. M.'s guard-ship 
Coronation (Champon Bay), July 13 (civil 
time), in lat 10° 27' 40" N. and long. 99° 
15' E., at midnight, the moon bore S. W. 
by W. magnetic, and its altitude was about 
20°, when a prominent projection was seen 
with the naked eye on the moon's upper limb. 
The best glasses on board were soon brought 
to bear upon it....The protuberance, in 
colour, was similar to that of the moon." 
A small protuberance was noted in a differ- 
ent position the following night. (R1) 
wer half of the moon. These points gradu- 
ally moved toward each other along the 
moon's edge, and seemed to be cutting off 
or obliterating nearly a quarter of its sur- 
face, until they finally met, when the moon's 
face instantly assumed its normal appear- 
ance. When the notches were nearing each 
other the part of the moon seen between them 
was in the form of a dove's tail. ''' (R5) 

X4. November 11-12, 1875. Observations 
of E.T. Perrott. ''8.30 to 9.30 p.m.--Fog- 
gy, with occasional glimpses of clear. Flat- 
tening of W. limb suspected at ab, pointed 
to by a semi-ring of small craters W. of 
Langrenus, the flattening forming the chord 
of the arc. The flattening not very pronoun- 
ced, and may be partly optical from irradi- 
ation of the bright point, a.'' Similar flatten- 
ing reported the following night. (R4) W.R. 
Birt also saw some flattening on November 
12, 1875. (R3) 

X5. July 3, 1882. ''A singular appearance 
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ALO7_ Bright Diverging Ray above the Moon 

Description. Bright vertical rays of light diverging from the top of the moon. 

Data Evaluation. Only one report at hand, and that provides little detail. Rating: 3. 

Anomaly Evaluation. So little information is available about this phenomenon that it is impos- 
sible to assess the scientific significance. It is most probably some sort of halo effect like 
the solar pillar. Rating: 3. 

Possible Explanation. A type of halo phenomenon. 

Similar and Related Phenomena. The iunar zodiacal light (ALO5); dark triangles beneath the 
moon (ALO8); diverging brushes of light from the horns of Venus (AVO8). 

Examples 

X1. May 2, 1933. ‘At 0230 G.M.T., an 
orange-coloured vertical ray was observed 
projecting from the moon's upper limb at an 
altitude of about 6 degrees. This ray was 
very pronounced until it was covered by cloud 
at 0245 G. M.T. and was not seen again." 
The weather was clear; auroral displays had 
been observed in the north 4 hours earlier. 

(R1) 
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ALO8 Dark Triangular Patches under the Moon 

Description. Dark triangular areas beneath the moon seen by mariners. The triangles di- 
verge downward toward the water surface, where they meet the base of the bright triangle 
of light reflected by the water surface. The observer is at the apex of the bright triangle. 
Upon looking away from the display for a few minutes and then returning to it, it is found that 
the dark triangle has disappeared, although it soon returns slowly. 

Data Evaluation. A rarely reported phenomenon, although the few reports at hand readily ac- 
cept the reality of the observations. Rating: 2. 

Anomaly Evaluation. This phenomenon is generally written off as due to contrast, but in actu- 

ality no one can explain contrast effects in physiological terms. The mystery, then, is not 

astronomical or geophysical but rather biological Rating: 2. 

Possible Explanations. A psychological contrast effect! 

Similar and Related Phenomena. Many common optical effects, such as the near-black ap- 
pearance of white snowflakes seen against a gray sky, or the light edges of black house roofs 
seen against a gray sky. The "annular" phases of Venus and the moon (AVO2 and ALO9) may 
be due in part to contrast effects. 

Examples 

X1. March 15, 1959. "Whilst approaching 
the Providence N.E. channel a dark patch 
was observed directly under the moon. The 
night was mainly clear, with occasional scat-= 
tered rain showers and the moon three-quar- 
ters full. For the main part the horizon was 
clear cut, emphasised by what appeared to be 
a light haze, although visibility was good. 
Directly under the moon the shading was re- 
versed, the sea being lit up by the moon's 
reflection and the sky very dark. The sha- 
ded patch under the moon was directly over 
Abaco Island and seemed to rise to the moon, 
tapering away until lost in the night sky.... 
Note 1. The appearance of a triangle ofdark- 
ness between the moon and the horizon, con- 
trasting with the triangle of light under the 
moon which extends from the ship to the 
horizon is rare but not unknown. No satis- 

factory explanation can be given but the ef- — 
fect is thought to be physiological, due to 
contrast, rather than true. As long ago as 
1856 an observer noted that the dark triangle 
disappeared when he screened off the moon 

and the lower triangle of light. And when, 
after turning around, he suddenly looked 
again, the illusion only re-appeared after 
a few seconds."' (R1) 

X2. December 21, 1960. ''At 1800 GMT (2106 
LMT) a dark triangular area was seen direc- 
tly under the moon---then it its first quarter 
and at an elevation of about 69---which ex- 
tended from the horizon up to an angle of ap- 
proximately 10°. The sky was cloudless and 
the visibility excellent, the horizon line being 
well defined. The observers found, on look- 
ing away from the moon and the dark patch for 
a few seconds, that when they looked back 
again the shadowy area was not seen for an 
appreciable interval. '' (R2) 

References 
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ALOS_ Ring of Light around the New Moon 

Description. A very bright rim of light around the dark limb of a new moon. The rim seems 

much brighter than the dark limb, which is illuminated by earthlight. The bright fringe usu- 
ally disappears when viewed through a telescope---but sometimes it does not. 
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Background. Venus displays a similar ''annular phase", but it possesses an extensive atmo- 
sphere, which may refract sunlight for considerable distances. 
question on the moon. 

Refraction seems out of the 

Data Evaluation. Only a few scattered reports have been uncovered in the literature, but the 
phenomenon probably occurs rather frequently. To illustrate, the compiler once saw this 
phenomenon displayed brilliantly near a large city. He did not report it, and no one else did 
either. Rating: 1. 

Anomaly Evaluation. A contrast phenomenon seems the best explanation, but it does seem 
peculiar that the effect is not mentioned more often, for the appropriate conditions occur 
frequently. As with other supposed contrast-effect explanations, the anomaly rating really 
reflects our biological ignorance of the contrast effect itself. Rating: 2. 

Possible Explanations. Psychological contrast effect. 

Similar and Related Phenomena. The annular phase of Venus (AVO2); the hanging of stars on 
the moon's limb (ALX0); the rings of light seen around Mercury during transit (AHX2) and 
around the moon during solar eclipses (ALX11). 

Examples 

X1. 1882. "I happened to look at the moon 
about 5 1/2 p.m., and was astonished to see 
a very fine arc of light completing the circle. 
I at once applied a power of 80 to a 3-in. tele- 
scope, but the arc of light had vanished. In 
its place however I now saw, quite distinctly, 
the whole of the dark portion of the disc hav- 
ing a dull, greenish tint. This was, ofcourse, 
6d. 6h. after new moon. Looking without the 
telescope, I again quite distinctly saw the fine 
bright arc, but again the telescope dispelled 

it. I now looked with a much higher power, 
with an ordinary field glass, and with a good 
binocular, but in every one the bright arc had 
disappeared, though with the naked eye it still 
remained. I repeated the experiment seve- 
ral times with the same result." (R1) 

X2. March 20, 1912. A distinct rim of very 
bright golden light made a complete ring 
around the moon. (R2) 

X3. November 7, 1912. "At 6.37 a.m., the 
moon emerged from behind a cloud, where 
upon I at once brought out a small telescope 
from my coat pocket, and, to my delight, 
perceived a complete circle of silvery light 
round the moon's disc. In other words, the 
appearance of the moon was that of a ring, 
instead of a crescent. '' (R3) Note that the 
circle of light did not disappear when the 
telescope was used in this instance. (WRC) 

X4. March 28, 1914. Golden crescent plus 
a silver rim around the rest of the moon. 

(R4) 

X5. January 17, 1915. The first of a series 
of observations of this phenomenon by E. A. 
Stevenson. Most observations were made 
when the moon was about 2 days old. The 

rim of light around the dark part of the moon 
was of almost electric whiteness. (R5) 

X6. February 16, 1915. See X5. (R5) 
X7. January 7, 1916. See X5. (R5) 
X8. February 6, 1916. See X5. (R5) 
X9. December 26, 1916. See X5. (R5) 
X10. March 14, 1918. See X5. (R5) 

X11. December 8, 1918. "I saw very dis- 
tinctly, round the faintly visible dark part 
of the Moon, a luminous ring, which seemed 
different in the nature of its light from the 
familiar ashen light. '' (R6) The moon's 
"ashen light" is simply reflected earthlight. 

(WRC) 

X12. July 31, 1957. 'Mr. Craig Johnson 
writes that on July 31, 1957 at 2h 24m, 

U.T., using a 4-inch reflector at 91X, he 

observed a slight ring of light reaching 
around the north limb of the moon. The ring 
was just barely brighter than the earthshine 
and was about 1,000 miles long. Mr. Johnson 
expresses confidence that the appearance was 
not an illusion and that it was not wholly due 
to contrast. The moon's age was 3.9 days, 
and the seeing was perfect (10 on a scale of 
10, while moisture was literally running 
down the telescope tube). This lunar limb 
light is nothing new but has been recorded 
as long ago as Schroeter's time. It has been 
variously imputed to a lunar atmosphere, to 
optical effects, and to mountains on the limb." 
(R9) Again, the ring can be seen through 
the telescope. (WRC) 

X13. General observations. "When the moon 
is a crescent, either before or after New, a 
remarkable appearance is often witnessed; 
in addition to the bright crescent the dark 
portion of the lunar globe is illuminated by 
the earthshine, while the dark limb seems 
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fringed with light. To the naked eye the 
limb appears to be bordered externally with 
a narrow but inconspicuous fring of light 

_ which disappears on telescopic examination, 
the limb itself then appearing brighter than 
the remainder of the earthlit portion of the 
disk. This phenomenon has been remarked 
for a long time and has been ascribed to 
contrast---lunar atmosphere or illusion..... 

The young earthlit Moon consists of a 
bright crescent illuminated by direct sun- 
light and the rest of the disk seen by reflec- 
ted earthlight. The limb of the crescent ap- 
pears still brighter owing to shadow con- 
cealment, and irradiation causes the bright 
crescent to appear to be a portion of asphere 
of greater radius than the darkened area. 
The limb of this dark but earthlit surface 
appears brighter than the rest owing to such: 
large portions of the inner regions being oc- 
cupied by the in themselves dark plains and 
the concealment of the low-lying and usually 
dark areas near the limb. Irradiation and 
contrast with the dark sky cause an apparent 
enlargement similar to, but less pronounced 
than, the bright crescent, and the naked-eye 
effect is that of a border of light around the 
dark limb, sometimes intensified at one of 
the cusps by a narrow strip of directly sun- 
lit elevations. With the telescope the exter- 
nal bright border seen with the naked eye no 
longer appears, but the true appearance is 
observed of a bright limb and the darker 
patchy interior. 

Occasionally in addition to the bright limb 
two or three light patches are observed close 
to the limb in the earthshine. These have 
been seen with the naked eye, and may be 
due to fluorescence as well as to the brilli- 

Shortened Lunar Crescents ALO10 

ancy of the earthlight at the time. The actual 
amount of light reflected by the Earth varies 
according to the hemisphere turned toward 
the Moon: it is greater when the great land 
masses of Asia, Africa or Europe are so 
situated than when the Pacific Ocean occu- 
pies the terrestrial disk seen from the Moon." 
(R8, R7) But see X3 and X12. 
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ALO10 Shortened Lunar Crescents 

Description. The failure of a lunar crescent to extend to extend the full 180° required by the 

geometry of the sun, moon, and terrestrial observer. The cusps are complete, not blunted. 

Data Evaluation. A single, century-old observation. Rating: 3. 

Anomaly Evaluation. 

peal to contrast phenomena here, since irrad 
There are not enough details to make a judgment here. One cannot ap- 

iation would (and sometimes does) make the 

cusps seem to extend more than 180°. No explanations are at hand. Rating: 2. 

Possible Explanations. None. 

Similar and Related Phenomena. Cusp blunting on Mercury (AHO1) and Venus (AVO1); the 

slight extension of the lunar cusps in the eye of the observer due to irradiation. 



ALO11 Horizon Glows 

Examples 

X1. November 8, 1882. "Observing the Moon 
at 18h 15m Nov. 8, 1882, its age being 27.9 
days, I was surprised to find that the 'line' 
joining the cusps did not pass as usual through 
the Moon's centre, but a little to the E. of it; 
in other words, the exterior circumference 
of the crescent was less than a semicircle." 

(R1) 

ALO11 
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X2. January 5, 1883. Same effect noted. (R1) 

References 
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247, 1883. (X1, X2) 

The Lunar Post-Sunset Horizon Glow 

Description. Thin lines of light on the lunar horizon that persist for about 2 hours after the 
lunar sunset. The light is prominent above rocks, crater rims, and other elevated features. 
Presumably the same phenomenon occurs at lunar sunrise. 

Data Evaluation. Numerous photographs from several Surveyor spacecraft emplaced on the 
moon's surface. Rating: 1. 

Anomaly Evaluation. A rather convincing theory identifies the horizon glow with sunlight 
reflected from electrostatically levitated dust particles. 
is more of a curiosity than an anomaly, despite its fascinating features. 

This being so, the phenomenon 
Rating: 3. 

Possible Explanations. As stated above. See X2 for more details. 

Similar and Related Phenomena. The terrestrial Alpine Glow (GEL6). 

Examples 

X1. Frequent occurrence. Photos from a 

spacecraft on the lunar surface. "Observa- 
tions of the western horizon shortly after 
sunset during the Surveyor VIII mission re- 
vealed, along the crest of the horizon, a 
bright line of light similar to that previously 
reported for the Surveyor V and VI missions. 
Though not sufficiently well defined to be re- 
cognized at the time, the phenomenon also 
occurred during the Surveyor I mission. Al- 
though no sunset observations were made on 
Surveyor III, it appears that this postsunset 
phenomenon along the western horizon (and 

probably the eastern horizon at sunrise) is 
not an unusual event, but occurs regularly 
as the natural consequence of some aspect 

of the lunar environment. 
The light was observed for period of time 

up to about 2 hours after sunset. The center 
of the solar disk, therefore, is about 1. 25 

deg below the horizon when the '‘afterglow' 
either stops or the intensity falls below the 
limits of detection. Pictures of the light from 
the Surveyor VII mission are shown in Figs. 

1 and 2 (photos omitted, but see sketch made 
from them) when the Sun was centered ap- 
proximately 0.4 and 1.0 deg, respectively, 
below the horizon. In Fig. 1, the light in- 
tensity permitted normal shutter operation 
(exposure time, 0.15 sec); the bright line 
appears to extend only about 2 deg along, and 
1/8 deg above, the horizon. The light inten- 
sity decreased rapidly; about 1 1/2 hour later, 
a nominal 1. 2-second exposure showed a faint 
line of illumination extending at least 4 deg 
along the horizon. A 40-second exposure 
taken about 2 hours, 40 minutes after sunset, 
showed no edge of light along the horizon. 
This last picture (illumination provided by 
light backscattered from the ridges east of 
the spacecraft, and by earthlight) provides 
a valuable comparison of the rocks and hori- 
zon geometry with the shape of the bright re- 
gions...A particularly striking facet of the 
phenomenon is the 'mapping,' or shadows in 
the edge of the light, apparently caused by 
the rocks extending along and above the lunar 
horizon line." (R3, R2) 

"A patchy glow has been discovered on 
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Ilumination along the western horizon about 15 
minutes after sunset, as seen from a Surveyor 
spacecraft on the moon. (X17) 

the moon's horizon at dusk that is believed 
to be caused by individual dust clouds being 
continually formed above the hills, crater 
rims, and rocks which remain sunlit while 
the shadow of night advances over the lower 
surroundings..... The leading edge of the 
20-mile-wide pattern of cloud patches, which 
extends from pole to pole at the evening ter- 
minator, travels steadily westward at about 
nine miles an hour, the same rate as the 
terminator moves. The clouds are present 
over at least 0.1 percent of the terminator." 

(R4) 
X2. Speculations about the cause of the phe- 
nomenon. G.C.I. Rawlings has suggested 
that some lunar transient phenomena may 
be related to the terrestrial Alpine Glow 
(GEL6), in which sunlight is scattered down 
on the Alps long after sunset by particles 
high in the earth's atmosphere. (R7) This 
theory has been combined with electrostatic 
levitation of lunar dust to explain the Sur- 
veyor postsunset glows by J.J. Rennilson 
and D.R. Criswell. (R4-R6) According to 
this theory, electrostatic fields are set up 

by solar X-rays ionizing atoms on the sur- 
faces of sunlit rocks, creating perhaps 500 
to 1,500 volts potential difference between 

these rocks and those in the shadow on the 
other side of the terminator. Dust clouds 
about a foot high might be created. Sunlight 
reflected from these clouds towards the 
Surveyor cameras constitute the postsunset 

glow. (R4-R6) 
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ALW LUNAR “WEATHER” 

Key to Phenomena 

ALWO __ Introduction 
ALW1 Clouds, Mists, and Obscurations 
ALW2 Anomalous lon Clouds Detected on the Lunar Surface 

ALW0O _ Introduction 

Lunar ''weather" is obviously a rather limited subject. Weather as we know it is a medley 
of atmospheric phenomena; and the moon's atmosphere is in most respects nonexistent. 
Nevertheless, we do have many observations of lunar clouds and mists. These are probably 
not composed of water vapor, given the great scarcity of water on the moon; but they may be 
clouds of gases and dust vented from the moon's soil and upper crust. Besides clouds and 
mists, astronomers also sometimes find their telescopic command of lunar detail slipping 
away from them as some lunar medium seems to obscure their targets. Clouds of gas and/or 
dust, invisible as such, could well mask lunar detail temporarily. Outgassing of the moon 
is not a common event, but there still seems to be some life in the moon, despite the many 
old pronouncements of its death! 

ALW1 Clouds, Mists, and Obscurations 

Description. (1) Apparitions on the moon that resemble in form and movement terrestrial 
clouds; (2) The veiling or obscuration of topographic detail; (8) The recording of emission 
spectra typical of gases. There is a definite and unavoidable overlap between these pheno- 
mena and the variable patches and streaks described in ALO2. 

Data-Evaluation. Many reports have been found in all three areas; and there are many more 
still-to-be-assimilated in the catalogs of transient lunar phenomena. Rating: 1. 

Anomaly Evaluation. Clouds, mists, and obscurations are readily explained in terms of spo- 
radic venting of internal gases and/or dust from the lunar crust. The forces that trigger 
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such venting and any energy sources involved are matters of speculation. Rating: 3. 

Possible Explanations. Gas and/or dust released or vented from the lunar soil and crust; 

perhaps triggered by moonquakes and meteor impacts. 

Similar and Related Phenomena. Variable patches and streaks (ALO2); lunar color pheno- 
mena (ALF3). 

Examples 

X1. February 13, 1826. Regarding Messier. 
"Gruythuisen (sic), a very able and conscien- 
tious observer, ascertained in 1825 that the 

western crater was half the size of the eas- 
tern, and elongated from the east to the west. 

On the 18th of February, 1826, a strange fact 
made itself manifest in the luminous train; 
the dark band which traversed its center was 
intermingled with luminous points, 'and I be- 
lieve,' writes he, 'that I observed that they 
did not remain always in the same position. ' 
At times a veil or mist appeared to extend 
over these objects, while that under other 
circumstance, where they ought to have been 
less visible on account of the effect of the 
solar light, they were more so.'' (R6) Un- 
fortunately, the prose is not very clear here. 

(WRC) 
X2. 1866. In this year, the crater Linne be- 

came concealed by a sort of fog or haze that 
hung over it. When the haze cleared, the 
prominent crater had been replaced by a 
smaller one and a white spot. (R16) See 
ALE22-X2 for a review of the Linne contro- 
versy. (WRC) 

X3. April 22, 1866. Ptolemaeus. "At the 
moment, I have an impression that this 
roughened appearance of the floor is by no 
means frequent, as I have generally seen 
the surface (even under very oblique light) 
perfectly smooth and unruffled, and it is only 
another of those instances which tend to streng- 
then a lurking idea always present in my mind 
of an obscuring medium on the lower levels of 
the moon." This is the record of a rare clear- 
ing rather than a temporary obscuration. (R28) 

X4. 1871. A number of dense, dark, cloudy- 
looking spots of considerable size in the region 
of Copernicus, Menelaus, and the Apennines. 
They gave the impression of smoke hovering 
over the surface, with the lunar surface being 

visible through the fainter portions. (R1) 

X5. November 20, 1871. "On the evening of 
November 20, 1871, Mr. (Henry) Pratt ob- 
served a very remarkable phenomenon on the 
Mare Frigoris, which he described as one 
of the most singular and striking of all the 
local obscurations he had witnessed. The 

following is an extract from his observing 
book:---'5. 30. On a general survey of Plato 
and wide neighbourhood, the very peculiar 
aspect of the Mare Frigoris attracts atten- 
tion. The appearance can be compared to 
nothing but a kind of haze, entirely local, 
hanging around the N.W. foot of the slopes 
of Plato. It is the more conspicuous, as 
nothing of the kind is visible either on the 
part of the Mare Imbrium or on the Mare 
Serenitatis. The objects on the Mare Fri- 
goris are indistinct, as if veiled.' At 6.30 
the appearance was very much modified. At 
7.30 very little trace of the veiling was to 
be seen." (R4, R2, R3) 

X6. December 22, 1871. Henry Pratt saw 
a marked haziness over the northwest floor 

of Plato. (R4, R3) 

X7. April 10, 1873. W.R. Birt fails to de- 
tect the lunar feature Picard B (or Peirce 
A), due to some sort of obscuration, for it 
is usually visible. (R5) 

X8. November 1, 1873. See X7. (R5) 
X9, November 28-30, 1873. See X7. (R5) 
X10. July 8, 1876. See X7. (R5) 

X11. June 16, 1877. W.R. Birt reports that 
definition on Mare Serenitatis was very bad. 
(R7) Birt was an enthusiastic student, ofthe 
moon, as entries during this period prove. 

(WRC) 

X12. November 1, 1878. Quoting Hermann 
Klein, a German astronomer, on the twin 
Messier craters. ''On the lst of Nov. 1878, 
I found to my great surprise that the western 
ring mountain appeared like a half moon, but 
the western edge was missing. There was 
an appearance there was something diffuse, - 
the interior of the crater was like a halfsha- 
dow. The eastern ring-mountain was shar- 
ply defined, complete, and the interior half 
filled with deep black shadow. On the follow- 
ing day also the western ring mountain was 
half-moon shaped, full of diffuse shadow. It 
was entirely impossible to see the western 
half edge. I am convinced that a kind of fog 
lay in the interior of the crater at that time, 
and was spread out over the western half of 
the ring wall. Any other explanation of the 
invisibility does not seem to me admissible." 
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(R28) 
X18. April 24, 1882. At a meeting of the 
liverpool Astronomical Society. "Mr. W.J. 
Ridd said he had often noticed appearances 
which could only be accounted for by the ex- 
istence of a lunar haze. On April 24th, 1882, 
he had made a note of a strange appearance 
of shadows, and near Godin and Agrippa of 
shadows blurred and oscillating. Shadows 
in Aristoteles steady. The shadows in and 
around this region, and especially of the 
highlands west of Agrippa, were misty as 
though obscured by a fog, which gradually 
lifted to be again obscured, the intervals 
from obscuration to obscuration being about 
10 minutes, the shadows never became quite 
clear during the whole time he was watching 
it. It seemed as though vapour or smoke 
was being ejected at intervals, and as the 

vapour cleared away the details became more 
distinct. '' (R28) 

X14. May 19, 1882. J.G. Jackson, using a 

6-inch reflector, saw a peculiar cloud over 
the western edge of Mare Crisium. It had 
a misty feathery appearance, and was not 
less than 100 miles long by 40 to 50 wide. 

(R11) 

X15. July 17, 1882. J.G. Jackson again re- 
ports a feathery mist over the westernedge 
of Mare Crisium. (R12) 

X16. March 12, 1883. W.H. Davies obser- 
ved a peculiar blurred appearance to the 
north of Mare Foaecunditatis (sic), which 
covered nearly 100, 000 square miles of the 
lunar surface. (R28) 

X17. January 27, 1912. An intensely black 
body, 250 miles long by 50 wide, appeared 
on the left cusp of the moon. Its shape re- 
sembled "'a crow poised. '' (R15) 

X18. October 10, 1916. Report of M. Mag- 
gini, of the Observatory of Florence, Italy. 

Craterlets inside Plato, though usually visi- 
ble under the prevailing illumination condi- 
tions,were not detectable. A reddish vapor, 
resembling nitrous vapor, seemed to be ob- 
scuring the craterlets. When the reddish 
"shadow" disappeared, the missing crater- 
lets were once more visible. (R17) 

X19. April 14, 1932. A. V. Goddard's testi- 
mony. "I was observing the moon on the 
night of April 14, at about 10:30 Pacific 
Time and beheld a most interesting pheno- 
menon. I was using a 16-inch glass andthe 
atmosphere was very steady. A friend and 
I noticed the unusual absence of all white 
spots and markings in Plato. At 10:57 P.S.T. 
in long. 10°E and lat. 51°N a white spot made 

ther doubted my own eyes. 
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its appearance and in less than a minute it had 

spread in a northeasterly direction until it al- 

most reached the rim of the crater. This ob- 

servation was verified by my friend as I ra- 
White markings 

are almost always visible in Plato but this is 

the first time I have ever seen one appear 

suddenly. It appeared and moved like acloud 
of steam but, considering the size of Plato 

and its rapid motion, this idea seems unten- 

able." (R19) 

X20. February 10, 1949. "A lunar phenome- 
non was reported by F.H. Thornton on Feb- 
ruary 10, 1949. Using an 18-inch reflecting 
telescope at his home in Norwich, England, 

he detected a diffused patch of thin smoke or 
vapor emanating from a point on the east side 
of Schroeter's Valley near the Cobra Head 
and spreading out onto the adjacent plain. 
Definition was reported as very good in the 
entire valley except for that area where the 
patch occurred; there the detail was indis- 
tinct and hazy." (R26) 

X21. 1955. The Soviet astronomer, N.A. 
Kozyrev, detects the emission lines of hydro- 
gen gas in Aristarchus. (R26) 

X22. November 2-3, 1958. While observing 
Alphonsus, N.A. Kozyrev notices a reddish 
obscuration of the crater. Simultaneous 
Spectrograms showed the emission lines of 
gases. (R21) 

X23. November 18, 1958. An observation by 
two amateur astronomers, one with 20 years 

of experience, using a 6-inch reflector. 
"While sweeping the moon's surface, we were 
startled by what we saw within the crater Al- 
phonsus. A large diffuse cloud completely ob- 
scured the crater's central mountain peak 
and its small craterlet. The cloud was about 
20 miles in diameter and irregular in shape 
.... Lhe diameter of Alphonsus is about 70 
miles. The base of the central mountain is 
approximately six miles in diameter, and the 
craterlet located on one side of the peak is 
about three miles wide and five miles long. 
Two main features attracted our attention: 
(1) the cloud was large in comparison to the 
peak that it obscured, and (2) it has a strange 
diffuse brightness. When looking at lunar 
features near the terminator, one sees nor- 
mally mainly contrasting black and white 
areas. In this case,however, we observed 
not only the extremely bright white walls of 
the crater that were being illuminated by the 
sun and the extremely dark shadow on the 
crater floor, but also a grayish, diffuse 
cloud whose brightness was somewhere be- 
tween the two extremes. The side of the 
cloud toward the sun was not noticeably 
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brighter than the other. We watched the 
cloud for 20 to 30 minutes, alternately look- 
ing at the moon and Mars. During this peri- 

- od, we saw no change in its size or shape." 

(R23) 
Although the observers involved in the 

preceding detection of an event in Alphonsus 
were apparently well-experienced, it is well 
to add the following cautionary note. ''The 
lunar crater Alphonsus each month shows 
an illusion familiar to experienced obser- 
vers. Just after the sun rises, for an hour 
or so the convex floor of this crater resem- 
bles a luminous cloud. It is a trap for the 
unwary beginner, who is apt to believe he 
has seen volcanic action there." (R27) But 
see also the following observation. 

X24. November 19, 1958. This event took 
place in the crater Alpetragius, which is 
immediately adjacent to Alphonsus, the sub- 
ject of X23, which occurred a day earlier. 
"At 22:00 Universal time, I suddenly noted 
that a portion of the shadow covering the 
floor of the nearby crater Alpetragius had 
faded. A few minutes before, the shadow 
had covered about two-thirds of the interior 
of the crater, with the central peak a bright 
spot on a black background. Now, however, 

about half the shadow had faded, and was re- 
placed by a much lighter shade. I did not see 
any haze or glow in the crater. At 22:05 UT 
the shadow gradually darkened, reaching its 
former state in about 20 seconds." (R22) 

X25. October 23, 1959. N.A. Kozyrev de- 
tects gaseous emission lines at Aristarchus. 
Carbon also detected spectrographically. 

(R25) 

X26. November 26 and 28, and December 3, 
1961. See X25. Apparently the area on which 
the emission lines appeared was not larger 
than several square kilometers. (R25) 

X27. October 29, 1963. See X25. (R26) 

X28. September 20, 1964. Obscuration in 
Ross D. (R29) 

X29. October 30, 1965. Fuzzy area near 
Atlas. (R29) 

X30. No date given. Mare Crisium. ''Now, 
at various times when studying the floor of 
M. Crisium, I have noticed waves of light 
and shade, so that it was difficult at times 
to see objects with which I was perfectly 
familiar. Also clouds have passed over 
the object Ihave been viewing. These clouds 
have been seen by other observers, and are 
mentioned in Neison. That they belong to 
the moon there can be no doubt, and I gradu- 
ally come to the conclusion that vapour of 
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some kind still existed on the moon. I had 
my surmises verified on one particularly 
fine night---the best I ever had---when I 
plainly saw a well-defined cloud pass over 
the object I was copying. '' (R13) 

X31. General observations. Plato. The 
question of obscurations in this great crater 
have been discussed in general by W.R. Birt 
(R8-R10) and others. (R24) Carle (R20) in 
particular has given a vivid account of the 
strange blackness that sometimes fills this 
crater. See ALO2-X1. 

X32. General observations. Schickard. P. 
Moore states that this region is one of seve- 
ral that look blurred during periods of every 
lunation. (R30) 

X33. Unusual explanations of obscurations. 
D.E. Packer ventured that some of the blur- 
ring and obscuration of lunar features may 
be due to a ring of gas around the earth. 
(R14) W.H. Pickering believed that snow, 
hoar frost, and vegetation contributed to lu- 
nar changes, including the fuzzing of detail. 
(R18 and many entries under ALO2) 

Lunar clouds, mists, and obscurations 
comprise just one type of Lunar Transient 
Phenomena (LTPs). There are also bright, 
star-like points of light (ALF3) and lunar 
color phenomena (ALF4). The reader may 
refer to these sections for additional dis- 
cussions of possible explanations and refer- 
ences to some massive surveys of TLPs in 
general, where many more examples can be 
found of all types of TLPs. (WRC) 
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ALW2 Anomalous lon Clouds Detected 

on the Lunar Surface 

Description. 

and modes of propagation are all unknown. 

Clouds of ionized gases that move over the lunar surface. 
be correlated with disturbances of the surface. 

These clouds may 
The gas source(s), ionization mechanism(s), 

Data Evaluation. Three separate clouds were detected by two different instruments left behind 
by the Apollo-12 astronauts. Rating: 2. 

Anomaly Evaluation. Although some suggestions have been made, the origin and motions of 
these clouds are mysteries. Although the three clouds observed were correlated with the 
crash of a rocket stage, they did not come from the direction of the impact site. Rating: 2. 

Possible Explanations. The impact of the Saturn 4-B stage might have released gases trapped 
in the lunar soil and crust. 

thus released. 

Solar wind and ultraviolet radiation could have ionized any gases 

Similar and Related Phenomena. Shock waves from impacts of objects on earth are poor ana- 
logies, because the moon does not possess any atmosphere of consequence. 



167 

Examples 

X1. Circa 1970. "Two lunar surface ex- 
periments left on the moon by Apollo 12 
astronauts last year have supplied puzzling 
data on ion clouds resulting from the impact 
of the Saturn 4-B stage into the moon. About 
17 seconds after the impact, the solar wind 
spectrometer and the lunar ionosphere de- 
tector began registering the presence of ion- 
ized gas. The gas apparently arrived in 
three distinct clouds. The particles had 
energies of 35 to 50 electron-volts. The bulk 
of them arrived from the north and northeast 
of the monitoring site, even though the impact 
was 135 kilometers to the west. The event 
poses several questions, such as how what 
was probably a neutral gas became ionized; 

Surface lon Clouds ALW2 

how the gas traveled from the impact site 
to the instruments, and how the gas was ac- 
celerated to the high energies observed. "' 
John Freeman, one of the researchers, sur- 
mised that the rocket impact may have re- 
leased solar wind gas trapped in the lunar 
soil. Either the solar wind or solar ultra- 
violet radiation might have ionized the gas. 
The clouds of gas might have been directed 
in their motions to some extent by the solar 
wind and/or interplanetary electric fields. 

(R1) 

References 

Ri. "Puzzling Ion Clouds, "' Science News, 

98:414, 1970. (X1) 
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ALX LUNAR ECLIPSE AND OCCULTATION 

PHENOMENA 

Key to Phenomena 

ALX0O Introduction 
ALX1  ~=Very Dark Lunar Eclipses 
ALX2_ _— Distortions of the Earth’s Shadow 
ALX3 __—sEclipse Fingers of Light 
ALX4 Bands and Patches on the Eclipsed Moon 
ALX5 Very Bright Lunar Eclipses 
ALX6__—si Thin Arcs of Light on Rim of Eclipsed Moon 
ALX7 Dusky Bands across Planets at Contact Phase of Occultation 
ALX8 ‘The Hanging or Projection of Stars and Planets on the Moon’s Limb 
ALX9 __—sC~wPost-Eclipse Changes of Surface Features 
ALX10 Reception of Radio Signals from Occulted Spacecraft 
ALX11_ Bright ang around Moon during Partial Solar Eclipse 
ALX12 Extended Glows of Occulted Planets 

ALXO_ Introduction 

During an eclipse of the moon, the earth's shadow passes across the moon, reducing its bril- 
liancy considerably and, in most cases, turning it coppery-red. The normal coppery color 
and a handful of interesting anomalies derive from the fact that the earth's atmosphere re- 
fracts and scatters sunlight onto the shadowed lunar surface. The variability of the earth- 
girdling atmospheric lens seems to be the cause of the very dark and very light lunar eclipses, 
as well as peculiar spots, bands, and arcs of light and shade on the eclipsed moon. Generally, 
these eclipse-engendered anomalies fall on the curiosity side of the anomaly scale and do not 
seriously threaten any scientific theories. 

The occultation phenomena, though superficially almost trivial, all point in one direction. The 
projection of stars on the moon's limb, the reception of radio signals from occulted space- 
craft, and other similar anomalies involve the apparent bending of electromagnetic waves 
around (or through) the moon's limb. The occasional presence of a refracting and/or scat- 
tering medium on the moon must be considered a possibility. Most of the occultation pheno- ~ 
mena are rare and do not always occur when conditions seem most favorable. Such variabil- 
ity does not seem to support the contention that these curious limb effects are all psychologi- 
cal; that is, the products of contrast and illusion. Interestingly enough, some of the lunar 
occultation phenomena are closely analogous to anomalies occuring during Jupiter's occulta- 
tion of its satellites and during transits of Mercury and Venus. 
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ALX1 

Very Dark Eclipses ALX1 

Very Dark Lunar Eclipses 

Description. Total lunar eclipses that are so dark that the moon is completely invisible or 
just barely visible with a telescope. Usually enough sunlight is refracted by the earth's atmo- 
sphere onto the moon to render it easily visible. 
canic eruptions. 

Dark eclipses usually follow violent vol- 

Data Evaluation. Abundant observations of the phenomenon over several centuries. Rating: 1. 

Anomaly Evaluation. This phenomenon seems well-explained and is retained in the Catalog 
for its general interest and relevance to other phenomena in this section. Rating: 4. 

Possible Explanations. The sunlight that would normally be refracted onto the moon's face by 
the earth's atmosphere is absorbed by volcanic ash and other substances in the upper atmo- 
sphere. 

Similar and Related Phenomena. Eclipse shadow distortions (ALX2); bands and patches on the 
eclipsed moon (ALX4); unusually bright lunar eclipses (ALX5); dark days on earth (GWD1). 

Examples 

X1. 1110. An exceptionally dark lunar eclip- 
se, according to the Anglo-Saxon Chronicle. 
(R12) , 

X2. 1588. During an eclipse the moon almost 
disappears completely. Kepler attributed it 
to mists and smoke in the earth's atmo- 

sphere. (R12, R14) 

X3. December 9, 1601. According to Kep- 
ler, the eclipsed part of the moon was invis- 
ible. (R8, R10) 

X4. June 15, 1620. Kepler stated that the 

moon wholly disappeared, although stars of 
the fifth magnitude were visible in the vicin- 
ity. (Rl, R38, R4, R8, R10) 

X5. December 9, 1620. The moon was in- 
visible to Cysat at Ingolstadt. (R8, R10) 

X6. April 14, 1642. Disappearance of moon 
reported by many observers. Hevelius could 
not even see it with his telescope. (Rl, R8) 
Dated as April 25 by R4. 

X7. May 18, 1761. Wargentin, at Stockholm, 
stated that the eclipse was so dark that ''the 
moon's body disappeared so completely that 
not the slightest trace of any portion of the 
lunar disc could be discerned either with 
the naked eye or with the telescope, although 
the sky was clear."' (R3, R4, R8, R10, R5) 

X8. June 10, 1816. Several observers stated 

that the moon was invisible. Tomboro had 

erupted 14 months before; Mayon, two years 
earlier. (R2, R4, R5, R6, R8) 

X9. October 4, 1884. Widely observed dark 
eclipse. "10h 2m, middle of totality. To the 
naked eye nothing could be seen but a faint 
nebulous spot. That the obscurity of the Moon 

arose from lack of illumination, not from fog 
or cloud, was seen by the fact that stars of 
small magnitudes above and below the lunar 
disk shone as distinctly as on an ordinary 
dark night. '' R2-R4, R8) 

X10. 1885. Dark lunar eclipse seen in Tas- 
mania. (Rd) 

X11. October 16, 1902. A very dark eclipse 
with a broad smear running east-west across 
the middle of the moon. Mt. Pelee, St. Vin- 
cent; and Santa Maria had erupted earlier. 

(R6-R8) 

X12. April 11, 1903. "At the time of the 
greatest phase, 12.13, and during the re- 
treat of the umbra the eclipsed part of the 
Moon's disc was entirely of a blackish grey, 
not a trace of detail being visible.'' (R5, R6, 
R8) 

X13. March 22, 1913. Very dark and color- 
less eclipse. (R8) 

X14. September 15, 1913. Again very dark 
and colorless. (R8) 

X15. December 30, 1963. Dark eclipse. 
(R9, R11) 

X16. June 25, 1964. Very dark eclipse that 
coincided with a minimum in solar activity. 

(R11) 

X17. December 18, 1964. "...no colors 
were seen apart from a very dim rusty 
cast, and only the part of the Moon's limb 
closest to the edge of the main shadow re- 
mained conspicuous near mid-totality. The 
rest of the disk could just be seen, but was 
very obscure. Fourth- and fifth-magnitude 
stars within a few degrees of the eclipsed 
Moon were clearly visible to the naked eye." 
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(R9) 

X18. December 30, 1982. A very dark 
eclipse, due perhaps to the eruption of El 
Chichon. (R13) 

X19. General observations. "Abstract. The 
moon is visible during total lunar eclipses 
due to sunlight refracted into the earth's 
shadow by the atmosphere. Stratospheric 
aerosols can profoundly affect the bright- 
ness of the eclipsed moon. Observed bright- 
nesses of 21 lunar eclipses during 1960-198 
1982 are compared with theoretical calcu- 
lations based on refraction by an aerosol- 
free atmosphere to yield globally averaged 
aerosol optical depths. Results indicate 
the global aerosol loading from the 1982 
eruption of El Chichon is similar in magni- 
tude to that from the 1963 Agung eruption." 
(R12, R14) A comparison of eclipse dark- 
ness with known volcanic eruptions also 
suggests a strong cause-and-effect rela- 
tionship. (R10) 
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ALX2 _ Distortions of the Earth’s Shadow 

Description. Noncircular, peaked, or jagged edges of the earth's shadow cast upon the moon 
during a lunar eclipse. The distorted shadow sometimes disappears during the eclipse. 

Data Evaluation. Only a few old reports have been uncovered, but they are carefully described 
and figured in most cases. Rating: 2. 

Anomaly Evaluation. This anomaly seems to be a consequence several rather prosaic phe- 
nomena, as described below. With so many potential solutions at hand, a low level of anoma- 
lousness is implied. Rating: 3. 

Possible Explanations, Older astronomers attributed the phenomeon to the irregular edge of 
the earth; that is, mountain ranges. However, even the highest mountains rise only about 
0.1% of the earth's radius, implying that the earth is really too smooth to cast such irregular 
shadows. Abnormal refraction by the earth's atmosphere is one possible source of shadow 
distortion. Clouds in the earth's atmosphere may contribute to the distortion on a transitory 
basis. The phenomenon of irradiation, in which very bright areas seem larger than they 
really are, could cause apparent deformation of the earth's shadow on the moon, where many 
bright and dark areas mingle. 
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Similar and Related Phenomena. Bands and patches on the eclipsed moon (ALX4). 

Examples 

X1. October 4, 1884. An account from the 
Belgian astronomer de Boe. "Briefly then, 
at the stage of the eclipse represented in 
the annexed slightly exaggerated diagram 
the arc of the earth's shadow was quite de- 
cidedly peaked at a instead of being rigidly 
circular. Now, at the time of the phase in- 
dicated, the moon was on the horizon ofthe 

October 4, 1884. Earth’s shadow on moon is de- 

formed, peaking at a. (X17) 

Cordilleras, while when she was half eclip- 
sed she was similarly placed as regards 
part of the Pacific Ocean. At this time, how- 
ever, all traces of the peaked appearance 
had absolutely vanished, and the periphery 
of the shadow was sensibly circular. Can 
the curious deformation figured have been 
the shadow of the Cordilleras, or had itits 

origin in the form of the lunar surface?" 

(R1) 
X2. August 3, 1887. "At 9.30 p.m., local 
time, at Hamburg, a small cumulus cloud 

was observed a little distance below the 
moon, and the darkened part of the lunar 
surface was taken to be part of the cloud, 
from its upper edge being flattened. Ten 
minutes later the cloud had passed away, 
but the flattened appearance on the moon 
remained, and it was evident that the earth's 
shadow was distorted, as seen in the annex- 
ed sketch. Several persons noted the pecu- 
liarity, which was visible until about 10.30 

p.m. in a very clear sky." (R2) 
A report from La Tour de Peilz, France. 

"Here the appearance was certainly unusual; 
at least I never saw anything like it. The 
shadow cast on the moon (with a perfectly 
cloudless sky) was irregular and jagged. I 
at first thought it was a cloud, but, on look- 
ing repeatedly at intervals, I continued to 
observe the same appearance; allowance 
being made for the progress of the eclipse." 
(R3) But at Loch Tay, Scotland, there was 
no distortion of the earth's shadow. (R3) 

X3. October 6, 1903. Greece. ''The eclipse 
was indeed a bright one, as the whole dark 
border of the moon was very clearly visi- 
ble.....The border of the earth's shadow 
protruded from the illuminated disc into the 
space around the moon, as the annexed fig- 
ure shows." (R5) (Figure omitted) 

X4. General observations. The author 
doubts that terrestrial mountains could be 
the cause of the reported irregularities of 
the earth's shadow on the moon. He sug- 
gests clouds instead. (R4) 

References 
Rl. Noble, William; "The Lunar Eclipse of 
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eclipse of August 3, 1887. (X2) 
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ALX3_ Eclipse Fingers of Light 

Description. Radial fingers of light extending over the moon's shadowed surface during a 
lunar eclipse. In the single example known, the fingers diverge from a point on the edge of 
the earth's shadow. 

Data Evaluation. A single, modern, sketchy observation. Rating: 3. 

Anomaly Evaluation. So little information is available that rating the phenomenon is guess- 
work. Since it may be due to a simple play of light and shade on the variegated lunar surface, 
a low anomaly rating seems justified. Rating: 3. 

Possible Explanations. If the display is as geometrically regular as the sketch suggests, no 
ready explanation seems to be available. Irregular bands and patches are occasionally ob- 

served on the eclipsed moon; and this phenomenon may just be a coincidentally geometrical 
case of abnormal refraction of sunlight by the earth's atmosphere. 

Similar and Related Phenomena. Bands and patches on the eclipsed moon (ALX4). 

Exot Be light were seen illuminating the upper sec- 
X1. July 6, 1963. "Between 2035 and 2300 tion which was in shadow, the appearance 
GMT a partial eclipse of the moon was ob- being shown in the accompanying sketch. "' 
served. At maximum eclipse when three- A note following this observation claims to 
quarters of the moon was in shadow, its sur- explain this phenomenon but doesn't even 
face still remained visible, and fingers of — present a mechanism for finger formation. 

Radiating fingers of light recorded during the par- 
tial lunar eclipse of July 6, 1963. (X71) 
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References 

Rl. Davies, T.H.; "Partial Lunar Eclipse, " 
Marine Observer, 34:126, 1964. (X1) 

ALX4_ Bands and Patches on the Eclipsed Moon 

Description. Broad bands and patches of gray and various colors appearing on the eclipsed 
moon. Often remarkably bright and highly colored, these features are usually transient and 
appear mainly during totality. 

Data Evaluation. The astronomical literature contains only a few descriptions of such eclipse 
phenomena. The December 30, 1963, lunar eclipse, however, produced a brilliant blue 
band and a red spot that was seen by many. The general phenomenon is well-verified. Rating: 1. 

Anomaly Evaluation. The abnormal refraction of sunlight by the earth's atmosphere is in all 
probability the cause of this phenomenon. No optical principles are challenged, although some 
minor features remain puzzling. Rating: 3. 

Possible Explanations. The eclipsed part of the moon is illumined by sunlight refracted by 
the earth's atmosphere. The earth's atmosphere, though, is not uniform, being clouded in 
some places, clear in others, and containing various amounts of impurities. It is in effect 
an inhomogeneous and dirty lens. Variations in the intensity and coloring of the eclipsed 
moon are not surprising, although the tendency to produce bands is curious. 

Similar and Related Phenomena. Dark eclipses (ALX1); distortions of the earth's shadow on 
the moon (ALX2); fingers of light on the eclipsed moon (ALX3). 

Examples. phase came to an end at 0030. From that 
X1. January 28, 1888. Dr. Dyer called ''at- time the white patch increased in area until 

tention to the fact that about the middle of the end of the eclipse at 0140. During the 
the eclipse the moon appeared to the naked total phase the face of the moon appeared to 
eye as a fairly bright disc with a dark iso- be coloured in bands of blue, green, yellow 
sceles triangular shadow on it, having the and orange as in the sketch, and stars were 

base to the north. That triangular patch on visible with the naked eye within 2° or 3° of 
the moon's disc seems to have been noticed 
by others. Mr. Backhouse sends us a paper 
with a diagram showing the triangular patch 
about in the centre of the disc, with a long 
description of the physical appearances he 
noticed." (R2) 

X2. October 16, 1902. A very dark eclipse. 
S.J. Johnson stated that "after the moon 
was totally eclipsed a broad dusky belt ap- 
peared crossing the centre with a dark rud- 
dy patch above and another below this. "' 

(R3, R4) 

X3. January 29-30, 1953. ''2305 to 0140 
G.M.T. The commencement of the eclipse 
was not observed owing to almost stationary 
Cu covering the moon. During totality asmall 

white patch of light of low brilliancy moved Colored bands on the eclipsed moon, January 29, 
round the north pole of the moon until that 1953. (X3) 
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the moon. "' (R5) 

X4. December 30, 1963. ''More than 150 
reports have been received by Sky and Tele- 
scope describing various aspects of the 
event. It is apparent that the moon's faint- 
ness at totality was not the only outstanding 
feature of the eclipse. At and after second 
contact, a brilliant blue band was seen at 
the western edge of the umbral shadow. So 
vivid was this fringe that some watchers 
thought the predicted time of second con- 
tact was five or more minutes off! Also, 
during totality a portion of the moon's disk 
toward the center of the umbra glowed with 
a reddish tint." (R6) 

X5. No date given. Testimony of Lewis 
Swift. "Starting from near the Moon's cen- 
ter a luminous band extended as far to the 
east as Aristarchus, passing very near if 
not exactly over that crater, from near 
which it bent sharply to the east, somewhat 
like in form to a huge figure 7, the up and 
down portion of the character following the 
curved outline of the lunar limb though dis- 
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tant from it by estimation one-fourth of the 
Moon's radius. In its curvature to the north 
it passed, as at the March eclipse, centrally 
over Plato and ended a short distance beyond 
it to the west. The band was of a pale drab 
color and of nearly uniform width throughout 
its entire length, and on both occasions Icom- 

pared its width with that of Tycho and found 
the two equal, so that it must have been fifty 
miles wide." (R1) 
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ALX5 Very Bright Lunar Eclipses 

Description. Lunar eclipses in which the moon's shadowed surface seems to be much brighter 
than it is during the "average" lunar eclipse. Such eclipses are highly colored; and the bright- 
ness may vary during the eclipse. Some very bright eclipses take place during periods of 
high auroral activity; others do not. 

Data Evaluation. While we have good testimony describing a few extremely bright eclipses, 
these data are all qualitative and often highly subjective. Viewing conditions as well as the 
observer's opinion of what constitutes an "average" brightness level obviously affect the 
quality of the data. Rating: 3. 

Anomaly Evaluation. It is impossible to determine if an anomaly actually exists here. Very 
bright eclipses, like the very dark eclipses, could be the natural extreme of a spectrum of 
eclipse brightness levels. Rating: 3. 

Possible Explanations. Luminescence of lunar surface materials stimulated by high energy 
solar radiation (probably quantitatively inadequate). Enhanced refraction and scattering of 
sunlight onto the moon by the earth's atmosphere. Unusual transparency of the terrestrial 
atmosphere and/or the addition of aerosol scattering material plus subjective errors of 
judgment may combine to account for this phenomenon. 

Similar and Related Phenomena. Very dark lunar eclipses (ALX1); transient lunar lumine- 
scence (ALF5). 

Examples 

X1. March 19, 1848. The condensed testi- 

mony of several European observers. ''I 
wish to call your attention to the fact, which 
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I have clearly ascertained, that during the 
whole of the late lunar eclipse of March 19, 
the shaded surface presented a luminosity 
quite unusual, probably about three times 
the intensity of the mean illumination of an 
eclipsed lunar disc. The light was of adeep- 
red colour. During the totality of the eclipse 
the light and dark places on the face of the 
Moon could be almost as well made out asin 
and ordinary dull moonlight night; and the 
deep-red colour, where the sky was clearest, 
was very remarkable from the contrasted 
whiteness of the stars. The Consul at Ghent, 
who did not know that there was an eclipse, 

wrote to me for an explanation of the deep 
red colour of the Moon at 9 o'clock. 

Another observer in Devonshire, of the 
same eclipse says: The appearances were as 
usual till 20 minutes to 9; at that period, and 

for the space of the next hour, instead ofan 
eclipse, or the umbra of the earth being the 
cause of the total obscurity of the Moon, the 
whole surface of that body became very 
quickly and most beautifully illuminated, and 
assumed the appearance of the glowing heat 
of fire from the furnace, rather tinged with 

deep red. 
Both observers relate that there was at 

the time a brilliant aurora borealis, and 
suggest that the luminous appearance of the 
Moon might arise from the reflection of the 
light shed by this northern effulgence. 

In Ireland, where the same peculiarity 
was observed, it was noticed that about a 
quarter of an hour before the end, the ap- 
pearance was as usual, the eclipsed part 
was nearly black, and the rest perfectly 
bright." (R5, R1) Two important points in 
this series of observations: (1) The unusual 
brightness did not last for the entire eclipse 
in some areas; and (2) The presence of an 
aurora. (WRC) 

X2. December 23, 1703. Following a dis- 
cussion of very dark eclipses. "As an in- 
stance of the contrary nature, where the 
moon has been so strongly illuminated during 
her presence in the shadow as to admit ofthe 
various markings upon her surface being 
seen with distinctness, and even to lead per- 
sons to doubt her being eclipsed, mention 
may be made of the eciipse on the morning 
of December 23, 1703, which was observed 

by various astronomers in the south of 
France. At Avignon, during the whole dura- 
tion of the passage through the earth's sha- 
dow, 'the moon appeared extraordinary illu- 
minated, and of a very bright red, so thatit 
might have been supposed that she was trans- 
parent, and that the sun was behind her globe, 
and that his rays passed through in the same 
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manner that they are slightly diaphanous. ' 
It is singular, however, that while this was 
the aspect of the phenomenon at Avignon, 

different features should have been noted at 
Montpelier, particularly the total disappear- 
ance of the moon, rather quickly towards 
6h. 30m.A.M., though the night was as 
transparent as could have been wished; it 
was mentioned that the twilight was already 
very sensible, but that the invisibility of the 
moon could not be wholly attributed to this 
cause, since many stars were shining inthe 
same quarter of the sky." (R2) 

X3. March 19, 1848. An intensely bright 
lunar eclipse seen in Europe. An aurora 
was also seen at the same time. (R2) 

X4. September 26, 1950. This lunar eclipse 
was a thousand times brighter than that of 
January 18, 1954. (R6) 

X5. October 18, 1967. A very bright eclipse. 
This eclipse occurred three years after the 
solar minimum and was considered to have 
been far too bright to conform to Danjon's 
rule. (R8) Danjon's rule is presented in X6. 

X6. Possible correlation of lunar eclipse 
brightness with solar activity. 'In 1920 Dan- 
jon, a French astronomer, noticed a rela- 
tionship between the phase of solar activity 
and the brightness of a lunar eclipse (Comp- 
tes Rendus, 171:1127, 1920). This relation- 
ship is now known as Danjon's law and can 
be stated as follows: in the two years im- 
mediately after a solar activity minimum 
the shadow of the Earth during a lunar eclipse 
is very dark and has little colour. At the 
solar activity moves away from minimum 

the eclipsed Moon becomes brighter and red- 
der until, during the seventh and eighthyear 
after solar minimum the eclipsed Moon is at 

its brightest and is red, copper-colouredor 
orange. The brightness curve then falls 
away very sharply to its minimum value. 
The maximum phase of the solar cycle pas- 
ses unnoticed whereas the minimum phase 
is indicated by a sudden and considerable 
dimunition in brightness and colour, this 
change forming a discontinuity. '' (R6, R3) 

If Danjon's law is correct, a source of 
extra illumination would have to be found 
that is maximum near the solar maximum. 
The luminescence of lunar materials when 
bombarded by solar corpuscular radiation 
has been shown to be inadequate. Additional 
scattering from the earth's upper atmosphere 
due to the additional influx of aersols, as af- 
fected by solar corpuscular radiation, has 
also been shown to be much:too small. (R6) 

Danjon's original analysis of historical 
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data on eclipse brightness has been consi- 
dered flawed by modern scientists; for ex- 
ample, he couldn't fit some of the dark 
eclipses following volcano eruptions into 
his scheme. Other studies have, in fact, 
found little if any connection between eclipse 
brightness and solar activity. (R4, R7) 
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ALX6 Thin Arcs of Light on Rim of Eclipsed Moon 

Description. Narrow, crescent-like slivers of light on the edge of the eclipsed moon. These 
arcs should not be confused with the diffuse patches and bands of ALX4. 

Data Evaluation. Only a very few examples of this phenomenon have been found; and each of 
these differs somewhat in detail. Rating: 3. 

Anomaly Evaluation. As with the anomalous bands and patches seen on the eclipsed moon 
(ALX4), the abnormal bending of sunlight, or perhaps the scattering of sunlight, by the 
earth's upper atmosphere seems a likely, and not particularly mysterious, mechanism that 
may account for this phenomenon. Rating: 3. 

Possible Explanations. Unusually strong refraction or scattering of sunlight by the earth's 
atmosphere, especially when the moon is not near the center of the shadow cone. In other 
words, the shadow cone may be deformed somewhat by special conditions in the earth's 
atmosphere. 

Similar and Related Phenomena. Bands and patches on the eclipsed moon (ALX4); anomalous 
occultations of planets (ALX7) and stars (ALX8). 

Examples 

X1. April 11, 1903. Observing the lunar 
eclipse through a 3-inch refractor, in Eng- 
land, W.W. Magness saw two bright streaks 
of light, one on either side of the uneclipsed 
crescent of the moon. (R1) 

X2. July 4-5, 1917. Several observers re- 

ported that the eclipsed moon was much more 
luminous around its rim than near the center. 
Lunar luminescence suspected. (R2) 

X3. January 18, 1954. During a total lunar 

eclipse, a thin sliver of white was evident at 
one edge of the moon throughout totality. It 
was surmised that a huge, very clear area of 
the earth's atmosphere might have refracted 
enough sunlight to cause the effect, eventhough 
theoretical totality existed. (R3) 
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Occultation Dusky Bands ALX7 

ALX7 Dusky Bands across Planets at Contact 

Phase of Occultation 

Description. The appearance of a dusky band parallel to the moon's circumference across 
the disk of a planet being occulted by the moon. The band may appear at either immersion or 
emergence or both. To date, this phenomenon has been noted only with Jupiter. 

Data Evaluation. Evidently the phenomenon is quite rare. A few modern observations exist, 

along with a rather convincing 1892 photograph. Rating: 2. 

Anomaly Evaluation. The dusky band crossing the planet is one of several similar phenomena 
that suggest the presence (probably temporary) of a lunar medium that refracts or scatters 
sunlight. We do not know exactly what this medium is or where it originates. Rating: 2. 

Possible Explanations. Nineteenth century astronomers who saw the dusky band immediately 
suspected a lunar atmosphere. Today, we recognize that the moon's permanent atmosphere 
is negligible and are forced to fall back on electrostatically levitated dust clouds and clouds 
of gas vented from the lunar crust. 

Similar and Related Phenomena. The anomalous occultation of stars by the moon (ALX8); the 
ring of light around the new moon (ALO9); the extended glow of occulted Saturn (ALX12); the 
radio anomalies associated with occulted spacecraft (ALX10); the ring of light around the 
moon during a partial solar eclipse (ALX11); postsunset horizon glows (ALO11); the lunar 
zodiacal light (ALO5); lunar clouds, mists, and obscurations (ALW1). 

Examples 

X1. January 2, 1857. At least six well-known 
astronomers reported the following effect. 
"But the most interesting fact yet remains to 
be told. The bright border of the moon at this 
time crosses the soft green face of the planet 
(Jupiter), not with a clear sharly cut outline 
like that which had been presented as thedisc 
passed into concealment; it was fringed by 4 
streak or band of graduated shadow, commen- 
cing at the moon's edge as a deep black line, 
and then being stippled off outwardly until it 
dissolved away in the green light of the pla- 
net's face. The shade-band was about the 
tenth part of the planet's disc broad, and of 
equal breadth from end to end. '' (R1) 

X2. August 12, 1892. W.H. Pickering, using 
the Harvard 13-inch telescope, at Arequipa, 
Peru, photographed the occultation of Jupiter 
by the moon. The photographs show a distinct 
dark band at immersion. (R2) 

X38. January 13, 1944. In a general discus- 
sion of the two occultations of Jupiter seen 

in 1944 (X83 and X4). '"'Three kinds of ap- 
pearances were observed. On January 13th, 
Hilliard and Campbell observed no dark band 
at all, while White and Morgan observed a 

gray band across Jupiter tangent to the moon. 
At the April 30-May 1 occultation, however, 

Johnston and Haas observed the same band. 
The third appearance, observed by me (C. 
G. Wates) in January and the Hake brothers 
in April, was that of cusps at the ends ofthe 
band, near where Jupiter's limb touched that 
of the moon. The band was estimated to be 
three to five seconds in width, and the cusps 
seemed to me to be about twice the width of 
the band." (R2, R3) 

X4. April 30-May 1, 1944. A report from 
W.H. Haas. "The occultation of Jupiter by 
the moon on April 30th-May 1st was obser- 
ved with the 18-inch refractor of the Flower 
Observatory, using 150 x. The seeing was 
poor, as usual in Upper Darby (PA), while 
the sky was clear, not as usual in Upper 
Darby. When the planet emerged from be- 
hind the bright limb of the moon, a hazy gray 
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band concentric with the lunar limb was seen References 

across the face of Jupiter. The angular ‘i ; : : Rl. ''Fog-Seas of the Moon, "' Eclectic Maga- 
width of the band was estimated to be three zine, 41:276, 1857. (X1) 
seconds of arc. This band was about as easy R2. Fitzpatrick, Jesse A.; "Jupiter and the 
to see as either of the temperate belts onthe ae 
planet. It certain looked real. I saw nothing - he iy nee Sky and Telescope, 
similar during immersion at the dark limb. 3, Wates! Cyril G.. hand and Chee at 
Such a band was seen by at least one other ; ; fs 
observer at the recent occultation and by at Occultation of Jupiter, " Royal Astronom- 

least several observers at the January 13th eee ae a Journal, 38:258, 

occultation. '' (R2, R3) . , 

ALX8 The Hanging or Projection of Stars and Planets 
on the Moon’s Limb 

Description. The delayed disappearance of stars and planets being occulted by the moon. The 
star or planet will either seem to hang (remain stationary) on the edge of the moon for several 
seconds or it will seem to pass in front of the moon for a short distance, again for several 
seconds. The star or planet will then either disappear suddenly, gradually fade away, or fade 
away with a final flare-up before completely disappearing. Either the darkor light limb of the 
moon may be involved. The reverse process may transpire upon emergence from behind the 
moon. These phenomena are rare and occur in only a very small fraction of occultations. 

Background. This is a delightful optical puzzle which, like the "black drop" phenomenon of 
solar transits (AHOO), has received very little attention from modern astronomers, who ap- 
parently have more challenging things to study. These phenomena have been recorded for 
over two centuries, and no really satisfactory explanation is at hand. Although the projection 
of stars on the moon seems trivial on the surface, it could betoken transitory physical phe- 
nomena on the moon. 

Data Evaluation. A frequently reported phenomenon. Rating: 1. 

Anomaly Evaluation. None of the explanations proposed below seems to be completely satis- 
factory. Superficially, this phenomenon appears to be just a simple problem of optics and 
perhaps psychological illusion. If it is, why doesn't it occur frequently, for the proper con- 
ditions recur every night? On the other hand, if it is due to mirage action involving a transi- 
tory release of gases on the moon, we would have to deal with unexpectedly large ventings of 
gas and/or dust on the moon. Rating: 2. 

Possible Explanations. Mirage action (refraction) in transitory lunar gases; simple (?) opti- 
cal illusion; irradiation; diffraction. The latter suggestions do not really seem to explain all 
facets of the phenomenon. 

Similar and Related Phenomena. Ring of light around the new moon (ALO9); the projection of 
stars and satellites upon Jupiter's disk (AJX5); the extended glow of occulted Saturn (ALX12); 
the anomalous reception of radio signals from occulted spacecraft (ALX10); the black drop 
effect seen during solar transits of Mercury and Venus (AHOO). 

Examples 

X1. May 4, 1783. "On this evening, when a placed herself at a telescope and watched 
Dr. Lind and his wife were visiting William attentively. Scarcely had the star disappeared 
Herschel at Datchet, a star was occulted at before Mrs. Lind thought she saw it again, 
the dark limb of the moon. Mrs. Lind.... and exclaimed that the star had gone in front 
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of, and not behind the moon. This provoked 

a short astronomical lecture on the question, 
but still she could not credit it, because she 

saw differently. Finally Herschel stepped 
to the telescope, and in fact he saw a bright 
point on the dark disc of the moon, which he 
followed attentively. It became fainter and 
finally vanished. '' (R15) 

X2. October 23, 1831. Observation of George 
Innes at Aberdeen, Scotland. 'Mr. Innes 

states that when Aldebaran came within about 
six seconds of the moon's limb, it passed 
through the remaining distance with great 
rapidity, its apparent velocity becoming five 
or six times as great as before. It appeared 
to hang on the moon's limb for about five 
‘seconds of time, and then suddenly disap- 
peared. In other words, the moon appeared 
suddenly to swell or extend itself into what 
was previously the dark space." (R2) 

X38. April 4, 1854. The star alpha Gemin- 
orum was projected on the moon's bright 
limb for 4 seconds as it emerged. (R3) 

X4. May 19, 1858. Two different observers 
saw Regulus hang on the moon's limb for 5 
seconds upon emerging. (R3) 

X5. March 19, 1866. When 31 Arietis was 
occulted by the moon's dark limb it hung on 
the limb for several seconds. (R3) 

X6. March 28, 1868. "At the occultation of 
‘S Tauri on March 28th, 1868, I had the good 
fortune to witness the phenomenon myself, 
and the event is indelibly fixed in my memory 
by the surprising beauty of the spectacle as 
well as by the entirely unexpected nature of 
the occurrence. The disappearance took 
place at the dark limb which was distinctly 
visible, and the atmospheric circumstances 
were eminently favourable. The star re- 
mained on the disk for at least five seconds, 
and very possibly longer and its distance 
from the limb was considerable." (R3) 

X7. October 14, 1870. The disappearance of 

© Tauri at the moon's bright limb was ac- 
companied by phenomena like those in X6. 

(R3) 

X8. November 10, 1878. Testimony of W. 
H.M. Christie, as he watched the occultation 
of 17 Tauri, at the Royal Observatory, Green- 
wich. ''The star is of 4 magnitude, and as it 
appeared to approach the Moon's limb, I fixed 
my attention on it, being afraid of losing it in 
the overpowering light of the Moon. I watched 
it steadily till it came up to the line ofthe 
limb, expecting it to disappear at a slight 
notch in the limb; but instead of that, the 
Moon's limb, to my surprise, seemed to re- 
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cede for some 3 or 4 seconds of time, and 
the star gradually disappeared in a sort of 
luminous haze, through which it was seen 

with more and more difficulty as it advanced. 
At the instant of disappearance the star was 
seen apparently perfectly bisected by the 
limb, if limb it could be called, that is, 
completely shorn of its rays and half the 
disk on the one side (towards the Moon), and 
intact on the other. (R4, R5) 

X9. December 10, 1885. A star disappeared 
at the dark limb of the moon, which was visi- 
ble. Fifteen seconds before extinction, the 
star was suddening dimmed for 10 or 12 
seconds, and then appeared to brighten a 
bit before final disappearance. (R8) 

X10. April 11, 1891. "I observed the im- 
mersion of a star in Taurus, 6.5 or 7 mag- 
nitude, 60° from the north point, 10° from 
the vertex. The star disappeared at 8h 10m 
1s, Central standard time; re-appeared and 
disappeared again about one second after 
the first disappearance." Seeing was not 
steady, and the phenomenon was attributed 
to the action of the earth's atmosphere. (R6) 

X11. May 21, 1897. The star emerged at 
the moon's dark limb and hung there for a 
few seconds. (R8) 

X12. August 18, 1900. Same as X11. 

X13. September 3, 1900. Saturn was oc- 
culted at the moon's dark limb, which was 
invisible. A last little patch of light paral- 
lel to the moon's limb seemed to linger 
strangely. (R8) 

X14. September 30, 1905. H.P. Hollis was 
watching the moon occult stars. Some of 
these stars hung on the moon so long "'that 
the observer got tired of waiting.’ (R9) 

X15. April 22, 1913. M.E.J. Gheury was 

timing the occultations of stars by the moon 
with a stopwatch. Carefully watching the 
spot where an occulted star was expected to 
reappear, he suddenly saw a star at the cor- 
rect spot but much fainter than he expected. 
After a second, the star suddenly brightened. 

(R10) 

X16. November 6, 1922. "The occultationof 
Aldebaran on 1922 November 6 was observed 
with a 3 1/4-inch refractor X 200 under the 
most favourable conditions of seeing and 
transparency. I expected to see the star 
disappear at the instant at which its spurious 
system was precisely bisected by the Moon's 
limb. Instead, however, the star appeared 
to pass completely on to the Moon's surface, 
and only disappeared when its first diffrac- 
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tion ring was completely within and, as far 
as I could judge, just past internal contact 
with the bright limb. The disappearance 
then took place instantaneously without any 
previous diminution in brightness. '' (R11) 

X17. January 28, 1928. E. Prain, at Dundee, 

Scotland, was watching the moon occult the 
star V. Piscium. "...the contact came, 
and the star---correctly speaking, the light 
of the star---not only remained for some 
seconds on the edge of the moon, but it 
grazed about two degrees past the edge as 
if the star were between the moon and the 
earth---it was not a 'transit meteor' this 
time---then began to diminish and vanished. 
I will never forget the sight." (R12) 

X18. July 17, 1938. "On July 17, while 
walking down the King's Road, Chelsea, 
with two others (unaware of the predicted 
occultation of Mars), we saw the Moon above 
the house-tops, with a planet in close prox- 
imity. We walked to the Embankment, to 
get a clear view, and watched it for some 
time with the naked eye. It was evident 
that an occultation was about to take place. 
But instead of disappearing at the darklimb 
of the Moon, the planet appeared to enter 
the dark field of the Moon's surface and to 
continue to travel across it, until it vanished 

on reaching the illuminated edge of the Moon. 
We discussed this mysterious phenomenon as 
it occurred. It lasted several minutes. We 
could only account for it by some optical il- 
lusion, which we presumed would be a matter 

of common knowledge and frequent occurrence, 

to be easily explained by astronomers. '' Two 
other similar observations were made else- 
where. The moon was at half phase. (R13) 

Another group, eight miles away, knowing 
of the occultation and watching it carefully 
saw no projection of Mars on the moon at all. 

(R14) 

X19. November 18, 1956. ''Mr. Paul J. Ne- 
mecek of Whittier, Calif. reports on a curi- 
ous occultation which he witnessed at 6h33m, 
U.T. as follows:'Moon occulted fourth stellar 
magntiude star near Pleiades. Star remained 
on limb about 5 seconds before disappearing 
behind limb. Star faded slowly away in magni- 
tude as it hovered at limb.'....Mr. Nemecek 
also writes of seeing a halo around the star 
before it disappeared. Another observer in 
Missouri also saw an anomalous occultation 
at this time. (R16) 

X20. Attempts at explanation. Several half- 
hearted attempts to explain this phenomenon 
appear in the literature. None is very suc- 
cessful. (R1) Suggestions include optical il- 
lusion (R2); unsteadiness of the earth's atmo- 
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sphere (R7); and irradiation and diffraction 

(R11) 
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Post-Eclipse Changes ALX9 

_ALX9_ Post-Eclipse Changes of Surface Features 

Description. Temporary enlargment, brightening, or other changes of lunar features fol- 
lowing lunar eclipses. The only fairly-well-verified phenomenon in this category is the 
apparent enlargement of the white area surrounding the crater Linne. This curious effect 
lasts for the better part of an hour. 

Data Evaluation. The enlargement of Linne has been seen several times by various different 
observers. 

Rating: 2. 
However, there have been no observations found within the last 50 years. 

Anomaly Evaluation. The explanation very likely involves a simple change of surface proper- 
ties with temperature or exposure to solar radiation. Rating: 3. 

Possible Explanations. Thermal alteration of the lunar surface properties of reflectivity 
and absorption by physical rearrangement or surface chemical change. Another possibility 
is the temporary rearrangement of surface materials by the same electrostatic mechanism 
blamed for the post-sunset horizon glows (ALO1I1). Also, temporary luminescence should 
not be forgotten, although there doesn't seem to be any adequate stimulus here. Whatever 
the cause, the Linne area is unique, for the phenomenon has not been seen elsewhere. 

Similar and Related Phenomena. Historical changes in the Linne area (ALE22-X2); the post- 
eclipse brightening of Jupiter's moon Io (AJX6). 

Examples 

X1. December 27, 1898. Linne enlarged by 
0.5 for about 30 minutes after the crater 

reentered sunlight. (R1) 

X2. December 16, 1899. Possible enlarge- 
ment of Linne by 0.14 after lunar eclipse. 

(R1) 
X3. October 16, 1902. 'Linne was so stri- 
kingly enlarged that Pickering doubted its 
identity when it first emerged from the um- 
bra. The amount was 2"'.75 and there was 
no decrease in size for 45 minutes after the 
shadow had left. (R1) 

X4. April 11, 1903. "Pickering observed 
Linne to be enlarged by 0''.55, but 0". 35 of 
this amount was gone 75 minutes after emer- 
sion. Saunder obtained an enlargement of 
0.4 or 0.5. Wirtz observed a similar in- 

crease and further found the spot growing 
rapidly larger before the shadow covered it." 

(R1) 

X5. August 14, 1905. Although Linne did not 
enter the umbra, it seemed to increase to 
1", 24. (R1) 

X6. February 8, 1906. Frost and Stebbins 
announced that the lunar eclipse had enlarged 
Linne by about 1''. (R1) 

X7. July 16, 1935. Haas reported that Linne 
was enlarged perhaps by 1".5. (R1) 
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ALX10 Reception of Radio Signals 
from Occulted Spacecraft 

Description. The detection on earth of spacecraft radio transmissions while the spacecraft is 

occulted by the moon. Such signals persist for almost a minute after theoretical occultation. 

Data Evaluation. The phenomenon has been observed at least twice, with one instance being 
carefully monitored. However, confirming data are desirable. Rating: 2. 

Anomaly Evaluation. Radio waves can be transmitted for short distances around the curvature 
of an atmosphereless, ionosphereless planet by the phenomena described below. So, these 
anomalous radio transmissions, which seem quite startling at first, are probably not really 
so remarkable. Rating: 3. 

Possible Explanations. The processes of scattering and diffraction can transmit radio waves 
along the curved surface of a planet for some distance. Some radio waves may also be re- 
fracted through the lunar limb itself. If lunar ion clouds, as mentioned in ALW2, are present, 

reflection of radio waves (and refraction, too) are possible, although the radio frequencies 
used in the cases noted are quite high for these mechanisms to be very important. 

Similar and Related Phenomena. The projection of stars and planets on the moon's limb (ALX8), 
which is an almost perfect optical parallel of this radio phenomenon. 

Examples 

X1. December 15, 1972. Following the un- 
expected detection of radio signals from the 
Apollo 15 spacecraft Endeavour, while it 
was occulted by the moon, scientists paid 
special attention to the occultation of the 
spacecraft America. The transmitter used 
for communication between the command 
module and the lunar landing party was 259.7 
MHz. In this experiment, the 150-foot radio 
telescope of the USAF Cambridge Research 
Laboratory, near Hamilton, Massachusetts, 
was employed. 

"Occultation of the signal occurred at 
0143:36 GMT, December 15, 1972. The sig- 
nal did not immediately go to a zero level; 
it seemed to go to zero at approximately 
0144:02 GMT and reappeared at 0144:12 GMT, 
persisted for 52 s, and finally disappeared 
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at 0145:04 GMT. This behavior indicates a 
dependence of the post-occultation signal on 
the exact topography of the lunar surface be- 
neath the spacecraft. "' The height of the 
spacecraft was 96 kilometers at the time of 
occultation. 

Several explanations were considered, in- 
cluding the refraction of waves and the prop- 
agation of lunar surface waves. The latter 
possibility was considered the most promi- 
sing. (R1) 

References 
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Bright Ring around Moon 

during Partial Solar Eclipse 

Description. The appearance of a bright ring around that part of the moon that is not super- 
imposed on the solar disk during a partial eclipse of the sun. 

Data Evaluation. Supposedly a well-known phenomenon, but only one rather vague reference 
has been located. Rating: 3. 
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Anomaly Evaluation. As in the case of the ring of light seen around the new moon (ALO9), 
most scientists would probably opt for an explanation embracing contrast effects; that is, 
they would suggest that the rim of light is not a real physical phenomenon but rather a per= 
ceptual artifact. In X1 below, however, convincing photographs are mentioned, which im- 
plies physical reality. In sum, if the phenomenon is physically real, we have no obvious 
physical explanation on an atmosphere-less moon; if it is only" a contrast effect, we donot 
understand the physiology of the situation. Rating: 2. 

Possible Explanations. A contrast phenomenon; 

Similar and Related Phenomena. Ring of light around the new moon (ALO$9); ring of light 
around Mercury during transit (AHX2); the annular phase of Venus (AVO2); the hanging and 
projection of stars and planets on the moon's limb (ALX8). 

Examples 

X1. General observations. From the deliber- 
ations of the Royal Astronomical Society. 
"Mr. Raynard said, with regard to the line 
of light which had been spoken of as existing 
round the moon's limb, there can be no doubt 
as to its presence on the photographs of par- 
tial phase eclipses. The line was observed 
over and over again in 1860. Mr. de la Rue 
and the Astronomer Royal had both noticed 
it, and referred it to an effect of contrast. 
After the 1869 eclipse in America Dr. Cur- 
tiss noticed the band of increased brightness 

along the moon's limb in the partial phase 
photographs taken at Des Moines, and he had 
made some interesting experiments upon 
them, which showed that the band of bright- 
ness had an actual existence and was not 
merely due to contrast." (R1) 

References 
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ALX12 Extended Glows of Occulted Planets 

Description. Glows seen at the edge of the lunar disk emanating from occulted planets still 
well behind the moon's limb. 

Data Evaluation. Two modern observations are on record so far. Rating: 2. 

Anomaly Evaluation. Both of the two potential explanations mentioned below deviate signifi- 
cantly from the current scientific pictures of the planets involved. Rating: 2. 

Possible Explanations. The scattering or reflection of the light of the occulted planets by some 
unrecognized medium surrounding the moon; or the presence around the planets involved (Jupi- 
ter and Saturn) of extended atmospheres or scattering media. 

Similar and Related Phenomena. The reception of radio signals from occulted spacecraft 
(ALX10); the hanging and projection of stars and planets on the moon's limb (ALX8); the ring 
of light around the new moon (ALO9); the bright rings around the moon during partial solar 
eclipses (ALX11). 

Examples 

X1. October 19, 1968. "Harold Brock of 
Akron, Ohio, observed the occultation of 
Jupiter by the moon from near La Pryor, 
Texas, where the event was grazing. As the 

planet skirted the moon's south limb, it pas- 
sed behind two lunar mountains, the first 
peak lower and narrower than the second. 
Mr. Brock, observing with a 4 1/4-inch tele- 
scope at about 150x, noted an unusual pheno- 
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menon just as the planet was completely co- 
vered by the first peak. 'I became aware of 
an arc of light over the planet's position and 
just above the moon's dark limb. It reminded 
me of the glow of a distant city. The light 
was brightest near Jupiter's assumed posi- 
tion, becoming fainter away from the limb. 
As the occultation deepened, the arc dimin- 
ished. But it remained sufficiently bright so 
that I could follow the planet's progress behind 
the moon's limb. Just before Jupiter reap- 
peared from behind the first peak, the glow 
became more visible, but it vanished the 

moment Jupiter's disk began to emerge. The 
effect was repeated behind the second peak. '" 
Others observed the same effect. (R1) 

X2. October 17, 1973. ''The observation upon 
which this report is based was made by the 
visual observer at a time between 1s and 2s 
before the appearance at the dark lunar limb 
of the first pin-point of light from Saturn's 
rings. At this time, the observer's eye was 
attracted to a faint glow which he probably 
first saw by averted vision but which deline- 
ated thedark limb and which appeared like 
seeing 'a campfire on the other side of atree- 
less hill on a dark night.' The extent of the 
glow was estimated afterwards to have been 
a little greater than the east-west extent of 
the rings. The pin-point of light from the 
rings which appeared in the centre of the 
faint glow rapidly brightened and became big- 
ger as the rings became visible following the 
third contact. The glow increased slightly in 
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width and showed easily detectable Moon limb 
curvature on its sharp edge but at about 4 s 
beyond third contact the glow was indistin- 
guishable against the increasing ring brilli- 
ance. Superficial explanations for this glow 
can be quickly dismissed. If internal reflec- 
tion within the telescope of light from the 
bright lunar surface caused the glow, it was 
certainly a coincidence that it not only ap- 
peared in the exact position where the rings 
showed themselves but also was aligned with 

the direction and position of the dark Moon 
edge. Mist in the Earth's atmosphere could 
have produced a hazy glow just as the first 
light of the rings appeared but this would al- 
most certainly have been circular from the 
initially observed edge of the rings. This 

must remain a distinct possibility but it is at 
least as tempting to associate this glow with 
the planet and a tenuous outer atmosphere 
surrounding Saturn and its rings which is 
normally invisible against the planet's bright- 
ness.'' The observation of Brock (X1) was 
then mentioned as supportive of this theory. 

(R2) 
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ALZ THE ENIGMA OF LUNAR MAGNETISM 

Key to Phenomena 

ALZO Introduction 
ALZ1 Anomalous Features of Lunar Magnetism 
ALZ2 Anomalous Demagnetization Behavior of Lunar Samples 
ALZ3 Correlations of Magnetic Anomalies with Surface Features 
ALZ4 Correlated Directions of Magnetization of Lunar Magnetic Anomalies 

ALZO Introduction 

One of the greatest surprises in space exploration has been the presence of significant mag- 
netic fields on the moon and around Mercury---both planet-sized objects that seemed very 
poor candidates for hot, fluid cores operating in a dynamo mode. Venus, large and hot, 
would not have startled anyone if it possessed a magnetic field, but it apparently does not 
have a self-generated field. Mars does not either. There seems to be no rhyme or reason 
to the magnetism of the planets. 

When the results of the Apollo Program were analyzed, the magnetometers carried on lunar 
satellites and placed on the surface by astronauts found the lunar magnetic field to be patchy; 
that is, nonuniform, more a montage of individual magnetic anomalies. The lunar rocks re- 

turned to earth revealed various degrees of remanent magnetism. They suggested the past 
presence of a strong general lunar magnetic field rather than the present weak, patchy field. 
Another discovery of potentially great import has been that the directions of magnetization 
of the lunar magnetic anomalies have three or four preferred alignments. The implication 
here is that ancient lunar poles wandered---assuming the moon once actually had poles. 

One group of lunar scientists believes that the moon indeed did have magnetic poles at one 
time and that its strong magnetic field was generated internally by dynamo action, just like 
the earth's is today. Another faction favors impact magnetization by comets and perhaps 
other solar system objects. In impact magnetization the intrinsic magnetic field of a comet 
is strongly compressed upon impact and induced magnetism in the materials surrounding 
the impact site. Obviously, the story of lunar magnetism is far from finished. 
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ALZ1 

Description. The presence on the moon of surface magnetic anomalies and remanent magne- 

tism in lunar rock samples. 

Background. Because the moon is small, of relatively low density, and spins very slowly, it 

was considered certain that no general lunar magnetic field existed. Spacecraft, such as Ex- 

plorer 35, confirmed that the moon's magnetic dipole moment was indeed very tiny. The sub- 

sequent discovery of patchy surface magnetism and remanent magnetism in lunar rocks came 

as great surprises, for they implied the past presence of a fairly strong general magnetic field. 

Data Evaluation. Lunar magnetic anomalies have been measured repeatedly by three different 

methods (see X2). Scientists have compiled many measurements of remanent magnetism in 
returned lunar samples, although there is some disagreement as to how much of this rema- 
nent magnetism is due to an intrinsic lunar field and how much to externally impressed fields. 
The consensus is that a rather large intrinsic lunar magnetic field did exist at one time. 
Rating: 1. 

Anomaly Evaluation. The origin of the moon's general magnetic field and the surface concen- 
trations of magnetism (Magcons) constitute two major lunar mysteries, although it is con- 
ceivable that a single theory could explain both. The major challenge posed by lunar magne- 
tism is the strong implication that the moon once possesses a molten core which, through dyna- 
mo action, created a substantial magnetic field. Rating: 2. 

Possible Explanations. General lunar magnetism might have been self-induced through dynamo 
action, or externally induced by a much closer earth, the solar magnetic field and/or the neb- 
ular magnetic field prevailing at solar system formation. The first explanation is considered 

the most likely. The local magnetic anomalies may be the consequence of: (1) the confinement 
of the moon's field to an outer shell that "leaks" at spots due to thermal action, meteor im- 
pact, or some other disturbance; or (2) induction by the magnetic fields accompanying comets 
or other colliding objects. 

Similar and Related Phenomena. The unexpected magnetic field of Mercury (AHZ1); the gene- 
ral puzzle of planetary magnetic field generation, given the apparent inadequacy of the dynamo 
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Anomalous Features of Lunar Magnetism 

theory (EM). 

Examples 

X1. The general magnetic field. The mag- 
netometer on the Explorer 35 lunar satellite 
measured the global magnetic dipole moment 
of the moon as less than 10°? gauss cm?, 
implying a mean surface magnetic field of 
less than 2 gammas. (R9, R4, R5) In com- 
parison, the earth's surface magnetic field 
is about 60,000 at the north magnetic pole. 
This negligible lunar magnetic field was just 
what scientists expected, because it was 
thought certain that the moon never had a 
core dynamo like the earth. However, the 
situation was complicated by field measure- 
ments at the surface and the magnetic pro- 
perties of lunar rock samples (X2 and X3 
below). (WRC) 

X2. Local magnetic anomalies. "Local mag- 
netic anomalies have been measured, how- 

ever, by three independent techniques: (1) 
surface magnetometers showed values of 
36 gamma at the Apollo 12 landing site; 
43 gamma and 104 gamma at two positions 
near the Apollo 14 site; less than 5 gamma 

at the Apollo 15 site; 121, 125, 180, 23land 
313 gamma at various positions near the 
Apollo 16 site; (2) the magnetometers aboard 
the Apollo 15 and 16 subsatellites recorded 
anomalies as large as 1 gamma at a flight 
height of about 100 km apparently associated 
with large basins on the back side of the 
Moon; (3) limb compression effects detected 
by the Explorer 35 satellite reveal many 
magnetic sources most of which are located 
in the lunar highlands; more detailed results 
were obtained by the Apollo 15 subsatellite 
due to its lower flight height.'' (R9, R1, R4, 
R5, R16) See X4 for implications of these 
localized magnetic fields or magcons, as 
some have called them. (WRC) 

X3. Magnetic properties of lunar samples. 
"From the magnetic viewpoint, three classes 
of material have been returned from the 
Moon, namely, mare basalts, breccias and 
soils. It has been well established that the 
mare basalts carry a remanent magnetisation 
which seems in part to be due to cooling in 
the presence of a field of a few thousand 
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gamma. In general the basalts have a natural 
remanent magnetisation (NRM) of intensity 
about 10% e.m.u. g™* consisting generally 
ofa stable remanent magnetisation of about 

_2x10-"% e.m.u. g-~ and a larger soft com- 
ponent which may or may not be of lunar 
origin. '' Lunar rocks with such magnetic 
properties might account for some of the 

weaker surface fields measured by the 
magnetometers emplaced by the Apollo 
astronauts (X2); however, the anomaly at 
the Apollo 16 site of over 300 gamma would 
‘require a remanent magnetization of about 

2x 107* e.m.u. gol, Lunar rocks with 
this level of magnetization are rare. (R9, 
R38, R5, R6) 

A caveat was introduced by C.E. Hels- 
ley: "Abstract. Partial thermal remanence 
experiments on lunar igneous rocks indi- 
cate that the magnetization of lunar rocks 
is not a normal single component thermo- 
remanent magnetization. The magnetization 
therefore may not have been acquired at the 
time of initial cooling of the rock and thus 
should be used cautiously in making esti- 
mates of the intensity of the ancient lunar 
magnetic field. '' (R7) 

X4. Potential explanations. Most scientists 
feel that the magnetic data reviewed above 
imply an ancient global magnetic field of 
several thousand gammas. There are three 
theories for the origin of this original field: 
(1) The moon was much closer to earth and 
was magnetized by the earth's strong field. 
However, tidal action would cause a moon 
near enough to the earth for magnetization 
to recede very quickly. It would not stay 
close enough to earth for a long enough 
time to be magnetized to its present level; 
(2) The moon might have been magnetized 
by the solar field, but this field seems too 
small; (3) The moon might have once pos- 
sessed an internal dynamo and generated 
its own field. Today, though, the moon is 
thought to spin too slowly for dynamo action. 
However, we do not really know the moon's 
history---it may have spun more rapidly, 
especially it originated elsewhere and was 
captured by earth. (R5) 

One possibility is that the moon's mag- 
netism is confined to an outer shell. ''The 
observations of the altitude dependence of 
the lunar magnetic field indicate that the 
lunar crust is magnetized to a depth of 
roughly 10-100 km, at least on the farside 
of the moon. On the other hand, there is 
no evidence for a global dipole moment as 
would be expected from a lunar dynamo, or 
from a uniform magnetization of the lunar 
crust imposed by an ancient external field. 
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Runcorn has recently suggested that this 
dilemma can be resolved if the crust was 
magnetized by an ancient lunar dynamo so 
that the magnetization is proportional in 
strength and orientation to the ancient lunar 
field. Such a magnetized layer has no ex- 
ternal field. In the framework of this model 
the magnetic features are due to changes in 
the crustal magnetization caused by varia- 
tions in the mineral properties or due to 
erasure, say by local heating or impact. 
Large well-resolved features such as the 
one near Van de Graaff can then be used to 
infer the orientation of this ancient lunar 
dynamo. Using the Van de Graaff data, one 
obtains an ancient dipole moment in the 
moon's equator along the moon earth-line. 
This suggests that the lunar rotation axis 
may have once had a quite different seleno- 
graphic position."' This sort of model ex- 
plains the lack of a general field as well as 
the localized concentrations. Runcorn later 
developed a theory of lunar polar wandering 
(ALZ4). (R12) 

Magnetic theory predicts that a magnetic 
shell, with its magnetic components along 
the lines of force produced by a central dyna- 
mec, would have zero external magnetic field. 
(R13) 

At one time, S.K. Runcorn proposed that 
the lunar dynamo was sustained by the energy 
of decay of superheavy elements. (R15) No 
traces of such superheavy elements have 
been found to date. (WRC) 

Some of the magnetic anomalies may have 
been caused by cometary impacts, as ampli- 
fied in ALZ3, where magnetic anomalies are 
correlated with swirl markings. (WRC) 
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ALZ2 Anomalous Demagnetization Behavior 
of Lunar Samples 

Description. Nonreproducible remanent magnetization values measured when demagnetizing 
lunar samples at a specific alternating field. 

Data Evaluation. Reported to be a general property of lunar rock samples, but only a single 
report has been found so far. Rating: 2. 

Anomaly Evaluation. The cause of the nonreproducibility is unknown, although one theory 
has been proposed below. Perhaps the most significant factor here is the potential under- 
mining of the validity of the techniques used to determine the magnetic properties of lunar 
samples. Rating: 2. 

Possible Explanations. The presence of multidomain "supergrains" in the minerals. 

Similar and Related Phenomena. All magnetic measurements made on the moon and samples 
returned from it (ALZ). 

Examples 

X1. Experimental results. Abstract. ''We 
present here an extended investigation of 
lunar olivine basalt sample 15535. 28 which 
dramatically illustrates unorthodox alter- 
nating field (AF) demagnetization behavior 
as also observed to varying degrees in many 
lunar rocks. This behavior is characterized 

by nonreproducible remanent magnetization 
values upon demagnetization at a given peak 
AF. In addition, the direction of the rema- 
nence in 15535 following AF demagnetization 
is roughly confined to a particular plane. This 
behavior is shown to be an intrinsic property 
of certain magnetic carriers present in the 

sample..... It is suggested that the above be- 
havior is due to the presence of a few planar, 
multidomain grains representing a local min- 
eral fabric. These 'super-grains' do not de- 
magnetize---neither by AF demagnetization 
to 1000 Oe nor by heating to moderate tem- 
peratures---and hence, if present in a given 
lunar sample, they could easily render any 
paleointensity determination of little value." 
(R1) Here is another caveat applying to all 
lunar magnetic measurements. (WRC) 
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ALZ3 Correlations of Magnetic Anomalies 

with Surface Features 

Description. The geographical correlation of lunar magnetic anomalies with impact basins 
and the dark-and-light swirl markings. In addition, some concentrations of swirl markings, 
which are also anomalously magnetic, are located approximately at the antipodes of large 
impact basins. 

Background. The bright feature Reiner gamma was correlated early with an intense lunar 
magnetic anomaly. Reiner gamma also turns out to be one of the enigmatic swirl markings. 
At present the situation is difficult-to-decide; are the swirls basin ejecta, cometary debris, 
or seismic disturbances from antipodal impacts? 

Data Evaluation. The data involved in these correlations come from spacecraft photographs 
of the moon's surface and indirect measurements of magnetic anomalies by the Apollo 16 sub- 
satellite. All data seem to be of good quality. Rating: 1. 

Anomaly Evaluation. Several unknowns are associated with this anomaly. Whether the swirls 
are cometary debris or basin ejecta, we are unsure as to how they acquired their magnetism. 
The possible role of the antipodal convergence of seismic waves from impact shocks is unex- 
plored. The most significant implication of the proposed cometary origin of lunar magnetic 
anomalies is that all lunar magnetic anomalies might be the consequence of cometary or 
meteoric impacts, thus permitting lunar scientists to reject the hypothesis of core dynamo 
action. Rating: 2. 

Possible Explanations. The swirls could be cometary debris or indigenous lunar materials 
magnetized by the impact compression of cometary magnetic fields. Impact shock waves 
could also converge on the lunar antipodes, disturbing the crust and causing leakage of mag- 
netic flux from the postulated magnetic shell. 

Similar and Related Phenomena. Mercury's swirl markings (AHES3); all other lunar magnetic 
anomalies (ALZ); effects of antipodal earthquakes on earth (GQG1). 

Veen dO larum known as Reiner y . Assuming that 
X1. Reiner gamma correlation. ''Abstract. the Reiner y¥ deposit is the source body and 
Previously unmapped Apollo 16 subsatellite estimating its maximum average thickness 
magnetometer data collected at low altitudes as 10 meters, a minimum mean magnetiza- 
over the lunar near side are presented. Med-___ tion level of 5.2 + 2.4.x 1072 electromagnetic 
ium-amplitude magnetic anomalies exist over units per gram, or ~ 500 times the stable 
the Fra Mauro and Cayley Formations (pri- magnetization component of the most magne- 
mary and secondary basin ejecta emplaced tic returned sample, is calculated. An age 
3.8 to 4.0 billion years ago) but are nearly for its emplacement of < 2.9 billion years 
absent over the maria and over the craters is inferred from photogeologic evidence, im- 
Copernicus, Kepler, and Reiner and their plying that magnetization of lunar crustal _ 
encircling ejecta mantles. The largest ob- materials must have continued for a period 
served anomaly (radial component ~21 gam- exceeding a billion years. '"(R4, R1, R38, R8) 
mas at an altitude of 20 kilometers) is ex- The strong Reiner gamma correlation led to 
actly correlated with a conspicuous light- much speculation about the origin(s) of mag- 
colored deposit on western Oceanus Procel- netic anomalies. Were they due to magnetic 
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The Reiner gamma magnetic anomaly. A_ swirl 
marking is also located in the same area. (X17) 

basin ejecta or perhaps induced by impacting 
comets ? Reiner gamma also marks the lo- 
cation of a lunar swirl marking, as discussed 
-in X3 below. (WRC) 

X2. Correlation with basin ejecta. Abstract. 
"By the method of electron reflection, we 
have identified seven well-defined magnetized 
regions in the equatorial belt of the lunar 
far side sampled by the Apollo 16 Particles 
and Fields subsatellite. Most of these sur- 
face magnetic fields lie within one basin ra- 
dius from the rim of a ringed impact basin, 
where thick deposits of basin ejecta are ob- 
served or inferred. The strongest of the 
seven magnetic features is linear, at least 

250 km long, and radial to the Freundlich- 
Sharonov basin. The apparent correlation 
with basin ejecta suggests some form of im- 
pact origin for the observed permanently 
magnetized regions. ''(R2, R1) 

X3. Correlation with lunar swirl markings. 
"Although cometary impacts have long been 
assumed for inner Solar System bodies such 
as the Moon and Mercury, there has been 
little evidence for distinguishing such an 
event from a meteoroid impact. We propose 
that the enigmatic bright and dark swirls 
which cross portions of the lunar farside 
may be best explained by an impacting comet 
complex. The strong magnetisation of at 
least one swirl (Reiner x ) and the close as- 
sociation of other swirls with lunar regions 
containing strong magnetic anomalies sug- 
gest that these features were magnetised by 
impact. We argue that the swirls are young 
deposits, implying a recent cometary im- 
pact (< 10° yr ago) and ruling out an active 
lunar dynamo as the source of their magne- 
tising field. Rather, this field may have 

been of cometary origin, perhaps amplified 
during the impact."' (R6, R5, R8) 

The paper of Schultz and Srnka (R6) 
brough a response from L. L. Hood. "Al- 
though we agree that many of the swirls are 
probably relatively strongly magnetized de- 
posits ofimpact-generated material, we con- 
sider that meteoroid impacts occurring over 
a span of time comparable to the age of the 
Solar System can explain their existence at 
least as well as can recent comet impacts." 
Hood notes that many medium-amplitude 
magnetic anomalies are well-correlated with 
basin ejecta. Furthermore, four concen- 
trations of swirls are antipodal to impact 
basins, suggesting a secondary origin such 
as a convergence of seismic waves. These 
four regions are also anomalously magnetic. 

(R7) . 
Schultz and Srnka have answered Hood's 

critique is some detail, pointing out that the 
correlation of swirls and magnetic anoma- 
lies is intriguing but not really too convin- 
cing. Reiner gamma, for example, does 
not have any reasonable antipodal basin can- 
didate. (R7) 
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ALZ4 Correlated Directions of Magnetization of Lunar 
Magnetic Anomalies 

Description. The tendency of the directions of magnetization of lunar magnetic anomalies to 
be aligned in a small number of preferred directions. 

Data Evaluation. The directions of magnetization of the lunar anomalies have been derived 
from data from the Apollo 15 and 16 subsatellites. Rating: 1. 

Anomaly Evaluation. The small number of preferred directions of magnetization for the lunar 
magnetic anomalies requires some sort of explanation. The major theory at hand, that of 
S.K. Runcorn, points to polar wandering caused by the impacts of large, ancient lunar satel- 
lites. 
sity assumes an ancient fluid iron core. 
ters. Rating: 2. 

Prevailing lunar theory has not yet assimilated Runcorn's hypothesis, which of neces- 
Impact magnetization is now preferred in many quar- 

Possible Explanations. The preferred alignments of lunar magnetic anomalies may be due to 
the past existence of several different magnetic poles on the moon. Such polar wandering may 
have been caused by the impacts of decaying lunar satellites of large size, which caused the 
lunar crust to shift over the core. 

Similar and Related Phenomena. Apparent polar wandering on the earth (EM) and Mars (AME138); 

alignments of impact basins (ALE23). 

Examples 

X1. Analysis of subsatellite data. Abstract. 
"Magnetism was discovered in the returned 
Apollo samples from the Moon and parts of 
the lunar crust were found to be magnetized 
from satellites. The origin of this magne- 
tism has been a mystery because it is known 
that the Moon today, unlike the Earth, has 
no magnetic field. The strength of the mag- 
netic field responsible for the magnetization 
4 x 10” years ago is twice the present Earth's 
field and decayed exponentially to about 1/5th 
of this value at 3.2 x 10° years. From pal- 
aeomagnetic directions conclusive evidence 
has been obtained that the Moon had a mag- 
netic field at least between 4.2 x 10” and 
3.2 x 10° years ago and it is concluded that 
this was generated in a small iron core. 
Determinations by Coleman, Russell and 
Hood of the directions of magnetization of 

the crust from the Apollo 15 and 16 subsat- 
ellite magnetometers has been an important 
step forward. I find that the pole positions 
calculated from this data fall into three or 
four bipolar groups along different axes in- 
clined to the present axis of rotation. The 
antipodal groupings suggest reversals of the 
lunar dynamo. I identify the different axes 
with different times of magnetization, i.e. 
Pre-Nectarian 4.2 x 10” years, Lower Nec- 

tarian 4.0 x 10° years, Upper Nectarian 
3.9 x 109 years and Imbrian 3.85 x 109 years. 

I explain successive reorientations of the 

Moon with respect to its axis of rotation by 
the creation of the large basins which tend 
to move towards the pole. The striking as- 
sociation of the multi-ring basins with the 
palaeoequators of corresponding age ex- 
cludes the possibility that they are high ve- 
locity impacts of asteroids in a heliocentric 
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orbit and gives the first observational evi- 
dence that there were satellites around the 
Moon. The directions of the incoming body 
obtained from studies of asymmetry of the 
multi-ring basins supports this view." (3, 
R1, R2, R4, R5) 
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AM INTRODUCTION TO MARS 

Key to Categories 

AME MARTIAN GEOLOGICAL ANOMALIES 
AMF LUMINOUS PHENOMENA ON MARS 
AML THE CURIOUS SATELLITES OF MARS 
AMO MARTIAN TELESCOPIC ANOMALIES 
AMW ATMOSPHERIC PHENOMENA ON MARS 

Of all the other planets that circle the sun, we know Mars the best. Though not as conspic- 
uous in the night sky as Venus, Mars has no opaque atmosphere to hide its surface details 
from terrestrial telescopes and spacecraft cameras. Thanks to the Mariner and Viking 
spacecraft, we now have high-quality, close-up photos of the Martian surface. One would 
think that all the mysteries of Mars would have melted away under such scrutiny. But new 
mysteries have replaced some of the old ones, and many of the old enigmas persist down to 
the present day. 

Martian mysteries fall into three broad categories: (1) permanently visible surface features; 
(2) transient Martian phenomena that resemble in some ways the transient lunar phenomena 
(TLPs) of ALF3 and ALF4; and (8) the rather odd Martian moons. Whether permanent or 
transient, the features and events seen on Mars emphasize that this is a dynamic planet with 
still-active atmospheric and geological processes, although the planet's pulse is admittedly 
rather slow. There have been and may still be in the future: glaciers, rivers, floods, vol- 
canos, and quakes---almost the full geophysical repertoire. Then there are those spacecraft 
photos showing Martian phenomena with no terrestrial analogs, such as planet-wide dust 
storms, pedestal craters, and layered polar ice. There may not be, as Percival Lowellonce 
asserted, a race of Martians maintaining a life-sustaining canal system of immense propor- 
tions, but Mars today is no less intriguing to the planetary scientist than it was to Lowell. 
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AME MARTIAN GEOLOGICAL ANOMALIES 

Key to Phenomena 

Introduction 
The Martian Channels 
Systems of Lineaments on Mars 
Pyramidal Structures 
Ice Layering in the North Polar Regions 
The “Searchlight” Areas 
Evidence for Surface and Subsurface Ice 
Anomalous Hillocks and Ridges 
Martian Surface Asymmetry 
The White Rock 
Anomalous Frost on the Martian Surface 
Polar Features near the Equator 
Ice Cap Melting Correlated with Solar Activity 
Excess of Grazing-Incidence Craters 
Unidentified Active Ingredient in Martian Soil and the Possibility of Life 
Lack of Water-Ice at the Southern Polar Cap 
Anomalously Wet Areas 
Spectroscopic Evidence of Vegetation 
Apparent Lack of Extensive Surface Erosion 
Layered Deposits 
Evidence for an Episode of Accelerated Crater Obliteration 
Pedestal Craters and Their Eroded Environs 
Flow-Like Character of Crater Ejecta 
The Tharsis Bulge 

AMEO Introduction 

The Mariner and Viking orbiters and landers sent back crisp, close-up photographs of the 
Martian surface that contrasted strongly with the fuzzy images seen through telescopes. Seen 
closely, the shadowy markings drawn by telescopic astronomers turned into craters, valleys, 
channels, volcanos, scarps, and a variety of other geological features---some earth-like, 
some not. In the last few years the whole scientific vision of Mars has changed. 

As a whole, the planet, like the moon and Mercury, was found to possess hemispherical asym- 
metry; that is, its northern topology was quite different from that observed in the south. There 

is also evidence of polar wandering, with suggestions that the poles may once have been loca- 
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ted near the present equator. Finally, there exists an immense bulge---the Tharsis bulge--- 
that seems to affect the geology of almost one-third of the planet. Mars was obviously a very 
active planet in the past. 

Another characteristic of Martian geology is the widespread evidence of water action, from 
the huge outflow channels and layered deposits of Valles Marineris to the erosion around the 
the pedestal craters. Mars, in fact, may still harbor considerable water in the form of 
permafrost and in liquid form in aquifers. The Solis Lacus region seems abnormally wet 
and may betoken the presence of water at or very near the surface. Many areas of chaotic 
terrain suggests surface collapse when subterreanean water gushed out, possibly when per- 
mafrost suddenly melted. If Mars really did once have lakes and extensive ice cover, it 
was a radically different planet from the arid object we see today. 

For over a century, scientists have wondered about the possibility of life on Mars. Our 
close-up photography reveals no vegetation or anything we can construe as being alive. The 
life-detection experiments on the two Viking landers produced only inconclusive results. In 
the Martian soil there may be an agent that promotes the synthesis of organic compounds. 
The safest interpretation of these data is that the reactions are abiological. For this reason 
this subject resides in the geology section, there being no section on Martian biology---yet! 

AME1 The Martian Channels 

Description. Broad channels on the Martian surface that resemble terrestrial arroyos and 
Washington's Channelled Scablands. Superficially, these features seem to be eroded by water 
or some other fluid. One channel type is typically hundreds of kilometers long, ten wide, and 
-originates in chaotic terrain. A second type is typically tens of kilometers long, one wide, 
and originates in networks flowing out of featureless, desert-like regions. Most planetologists 
believe the Martian channels were carved over a billion years ago. 

Background. Even in Lowell's time, Mars was considered an extremely dry planet. The dis- 
covery by spacecraft of the impressive channels came as a great surprise. The presence on 
Mars of large quantities of water in the past and perhaps even today, locked up in permafrost 
and aquifers, has important consequences for the search for extraterrestrial life. 

Data Evaluation. Large numbers of high-quality photographs of the Martian surface from the 
Mariner and Viking spacecraft. Rating: 1. 

Anomaly Evaluation. Initially, the Martian channels were highly anomalous because they did 
not fit the model of Mars most scientists subscribed to prior to the acquisition of close-up 
spacecraft photos. Now, however, the model of Mars has been modified to include large re- 
servoirs of water in the past and possibly the present. The original source(s) of this water 
and the triggering mechanism(s) that release it from its reservoirs are not known with any 
certainty. Although water and ice are considered the most likely eroding agents, no one knows 
for certain. Rating: 3. 

Possible Explanations. The most popular theory is that the Martian channels were eroded by 
water and ice released from underground reservoirs (permafrost and aquifers) by such stimuli 
as subterranean thermal activity and meteor impacts. The water probably came from the 
minerals that originally formed Mars; viz., water of hydration; but one cannot exclude the in- 
fall of solar system ice in meteoric or cometary form. 

Similar and Related Phenomena. The highly geometric and largely illusory Martian canals 
(AMO1); the lunar sinuous rilles (ALE2); terrestrial arroyos and Channelled Scablands (ET). 
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Examples 

X1. General descriptions. Two of the many 
general portrayals of the Martian channels 
are quoted below. Others may be found in 
R2, R4, R5, R15, R16. 

"The channels seem to be of two types. 
One type is large---hundreds of kilometres 
long, and typically ten kilometres wide--- 
and originates in depressed areas of jum- 
bled hills called chaotic terrain. Gcomor- 
phologists studying these large channels 
conclude that they resulted from a sudden 
catastrophic release of water, estimated 
from the channel structures to be from 10 
to 10° cu.m per second. Release of this 
water from underground reservoirs caused 
collapse of the ground, explaining the cha- 
otic terrain. Data from the Viking landers 
and Earth-based observations suggest that 
the Martian soil still contains this water, 
both as absorbed water in mineral grains 
and as a perma-frost layer of unknown 
depth. Several mechanisms have been pro- 
posed that might cause the rapid release of 
this ground water, including:(1) local heating 
by geothermal activity, (2) liquefaction cau- 
sed by stresses that raise the pore pressure 
in the soil above the hydrostatic load pres- 
sure, (3) breakout from old buried layers of 
water-carrying rock (aquifers), due to im- 
pact or other disturbances. Although the slow, 
uniform erosion of river beds, as proposed 
by Hutton and Lyle, prevails on Earth in 
most regions, catastrophic erosion of chan- 

cy 
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nels by major floods is not uncommon in 
frozen or arid regions. For instance, a 
catastrophic release of dammed-up water 
that then flowed across the Channelled Scab- 
lands in Washington State produced features 
similar in scale and form to those found in 
the large channels of Mars. 

This analysis of the large-channels of 
Mars, contrary to our first impressions, 
may not require any radical revision of the 
Martian climate in early history. This many 
cubic kilometres of water is trapped in per- 
mafrost and occasionally breaks out; it sim- 
ply gushes out across the landscape of loose 
dust and rubble, eroding a channel until it 
empties into a plain where it simply evapo- 
rates. Mars' climate is so cold now thatice 
would tend to form and perhaps protect the 
water from too rapid evaporation or spon- 
taneous boiling; broken ice slabs in parts 
of the channel would, in fact, aid the ero- 

sion, according to terrestrial observations. 

On the other hand, an ancient, warmer 
Mars, with higher air pressure, would make 
this scenario more believable. A warmer 
Mars would keep the water liquid and more 
pressure---such as 3000 Pa to 10 000 Pa 
or more---would reduce the evaporation 
rate, allowing the channels to act more like 
flash floods on Earth. 

The second type of channel on Mars is 
small, typically tens of kilometres long and 
up to a kilometre wide, forming dendritic 
networks that present a different problem. 

Martian channels just west of Chryse Planitia pho- 
tographed from Viking Orbiter 1. (X1) (Courtesy 
NASA) 
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These appear exclusively in older crater 
terrain, suggesting that they formed some 
10” years ago, bui not within the past 108 
to 109 years. They do not emanate from 
collapsed chaotic terrain, but seem to form 
networks flowing out of featureless deserts. 
Following the discovery of the smaller chan- 
nels in Mariner 9's photographs of 1972, 
some researchers suggested rainfall as a 
mechanism for creating these features, im- 
plying, of course, a much denser and wet- 
ter atmosphere as well as a warmer cli- 
mate. However, recent studies of these 
features suggest that they may grow pri- 
marily by sapping---a process of headward 
erosion in which the dendritic pattern fans 
outward from the original source. Again, 
this could involve a permafrost layer. Ifa 
fault or some other disturbance exposes 
buried ice which then melts and flows away, 
the sapping process will gradually eat up- 
stream into the terrain creating the chan- 
nelled features. Although one could imagine 
this process working in an environment al- 
most like that on Mars today, erosion by 
flowing water clearly seems to indicate a 
warmer climate with a higher atmospheric 
pressure some 109 years ago when these 
channels were forming." (R11) 

Here follows an abstract of a more tech- 
nical paper on the channels. "All Martian 
channels and valleys visible at a resolution 
of 125 to 300 meters between 65°N and 65° 
S were mapped at a scale of 1:5, 000, 000 
and the maps then digitized. Correlations 
of valley presence with other surface fea- 
tures show that almost all the valleys are 
in the old cratered terrain, preferentially 
in areas of low albedo, low violet/red ra- 
tios. and high elevation. The networks are 
open, the individual drainage basins are 
small relative to Earth, and large distances 

separate the basins, features which all sug- 

gest an immature drainage system. The 
simplest explanation of the correlations 
and the restriction of valley networks to 
old terrain is that the channels themselves 
are old, and that the climatic conditions 
necessary for their formation did not pre- 
vail for long after the decline in the cra- 
tering rate around 3.9 billion years ago. 
Two types of outflow channel are disting- 
uished: unconfined, in which broad swaths 

of terrain are scoured, and confined, in 
which flow is restricted to discrete chan- 
nels. The outflow channels have a wide 
range of ages and may form under present 
climatic conditions. Fretted channels are 
largely restricted to two latitude belts cen- 
tered on 40°N and 40°S, where relatively 
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rapid erosion along escarpments results 
from mass wasting. They probably form 
by enlargement of preexisting channels by 
escarpment retreat. '' (R12) 

X2. Possible eroding agents. Most students 
of Mars prefer scenarios based on water 
and ice as eroding agents, as in the de- 
scriptions in X1. There are many studies 
supporting this viewpoint, including analy- 
ses of permafrost, aquifers, evaporation 
of ice, the erosive power of ice streams, 
and climatic changes that might induce 
the release of water. (R1, R2, R4, R9- 
R11, R14-R17) One rather unusual specu- 
lation has the Martian water tied up in 
carbon dioxide hydrate, CO 9°6H20. (R3) 

In addition to water/ice, the following 
agents have been proposed: hydrocarbons 
(R7, R8); lava (R18); and wind-and-sand 
(R6, R13) 
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Some channels are associated with collapse fea- 
tures like those shown in the above photo. (X2) 
(Courtesy JPL) 
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AME2 Systems of Lineaments on Mars 

Description. Systems of lineaments that are aligned in the same directions over wide areas 
of the Martian surface. The lineaments may be ridges, valleys, channels, the walls of poly- 
gonal craters, sand dunes---in short anything with a linear appearance. 

Data Evaluation. The Mariner and Viking photographs of the Martian surface are employed in 
lineament analysis. Rating: 1. 

Anomaly Evaluation. Regional systems of lines, even though composed of different kinds of 
geological features, tend to reveal basic crustal jointing patterns and past tectonic activity. 
Lineaments themselves are not anomalous, being found on many planet-size objects. The 
anomaly in this instance is our ignorance of the precise origins of the several systems of 
Martian lineaments. Rating: 3. 
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Possible Explanations. Cooling and contraction of the Martian crust; the drying of wet sedi- 
ments; the cooling of lava flows; the cracking of the crust due to the stresses from spin de- 
celeration and/or polar wandering; the cracking due to the impact of large meteors and other 
objects. See also X5. 

Similar and Related Phenomena. The famous Martian canals (AMO1), which have been seen 
by some astronomers through the telescope and which are poorly correlated with the linea- 
ments seen in close-up photographs; naked-eye lineaments seen on the moon (ALO4). 

Examples. 

X1. Global system of lineaments. 
graphs from the Mariner 4, 6, and 7 flights 
were analyzed for linear features, such as 
polygonal crater walls, linear rilles, linear 
ridges, linear albedo boundaries, and linear 
scarps. When these features are plotted, 
they demonstrate the existence of a well- 
developed, planet-wide system of lineaments. 
This system of fractures might be the con- 
sequence of changes in the planet's rate of 
rotation, polar wandering, or similar stres- 
ses. (Rl) 

X2. Radial and concentric lineaments. The 
analysis employed in X1 also led to the dis- 
covery of two systems of radial and concen- 
tric lineaments; one associated with the Hel- 
las basin, the other with the south polar ba- 
sin. (R1) 

X3. Networks of dark filamentary markings. 
Abstract. 'Some Mariner 9 B-frames show 

networks of criss-crossing rectilinear albedo 
markings typically 10 km long by 100 m wide. 
This paper discusses the location, variability 
and possible nature of these dark filamentary 
markings. Although not common on Mars, 
the markings are concentrated in at least two 
areas: Depressio Hellespontica and Cerberus/ 
Trivium Charontis. In Depressio Hellespon- 
tica their emergence coincided with a general 
darkening of the region which occurred 2 
months after the end of the 1971 global dust 
storm. The very definite criss-cross pattern 
of many of these markings suggests that they 
may be controlled by joints. It is unlikely 
that the markings are linear dunes." (R3) 

X4. Polygonal trough systems. '"Polygonally 
fractured terrain in the northern plains of 
Mars was first seen on the Mariner 9 B- 
frames. However, the extent and detailed 
morphology of this terrain was not known 
until high resolution Viking photographs of 
the northern latitudes were obtained. These 
photos revealed extensive systems of crudely 
polygonal troughs hundreds of meters wide, 
with average spacings of 5 to 10 km. Mostof 
the troughs are concentrated in three areas 
centered at 45°9N, 15°W (southeastern Acida- 

The photo- 

lia Planitia), 36°N, 256°W (northwestern 
Elysium Planitia), and 49°N, 233°W (Utopia 
Planitia, near the Viking 2 landing site." 
These polygons are probably due to crustal 
cracking in response to tension, which may 
have been generated by cooling and contrac- 

tion, or the drying of water-saturated sedi- 
ments, or the cooling of lava. (R5, R4) 
The sides of the polygons naturally contri- 
bute to the global lineament studies, like 
X1. (WRC) 

X5. General observations. ''Surficial linear 
features of Mars seem to fall into four gen- 
eralized categories. Using a width to length 
ratio of 1:10 or smaller for the surface fea- 
tures, and making analogies based on earth 
and lunar features, the four categories are 
as follows: (1) Uplifted linear features-- 
ridges; (2) Depressed linear features-- 
graben-like valleys or canyons and rilles; 
(3) Superposed linear features--mainly 
erosional/depositional; (4) Arcuate linear 
features--alignment and superposition of 
crater rims. Origin of the features appears 
to be quite diverse. Among possibilities are: 
(a) Aeolian processes due to wind and dust 
storms; (b) volcanic processes including 
fissure eruptions; (c) Former fluvial pro- 
cesses; () Superposition of meteoritic im- 
pact crater rims; (e) Grabens and horsts 
resulting from rifting of Martian crust; (f) 
Folding of Martian crust; (g) Differential 
melting of water ice and COg ice which are 
possibly rich in fine sand and silt; (h) Mo- 
raines related to ice lobes that are advan- 
cing toward equatorial regions. "' (R2) 

References 

Rl. Binder, Alan B., and McCarthy, Don- 
ald W., Jr.; 'Mars: The Lineament Sys- 
tems," Science, 176:279, 1972. (X1, X2) 

R2. Ablordeppey, Victor K., and Gipson, 
Mack, Jr.; "Preliminary Classification 
of Linear Surface Features of Mars, "' 
Eos, 54:347, 1973. (X5) 

R3. Veverka, J.; "Variable Features on 
Mars. VI. Dark Filamentary Markings 
on Mars," Icarus, 27:495, 1976. (X3) 



AME3 _— Pyramidal Structures 

R4. Pechmann, James; "The Origin of Poly- 
gonal Trough Systems on Mars," Eos, 
58:1182, 1977. (X4) 

200 

R5. Pechmann, James C.; ''The Origin of 
Polygonal Troughs on the Northern Plains 
of Mars," Icarus, 42:185, 1980. (X4) 

AME3 Pyramidal Structures 

Description. Geometrically sculpted pyramidal land forms on the Martian surface, with tri- 
angular and polygonal bases. The bases are typically several kilometers across. 

Background. The Martian pyramids have been seized upon by some as evidence of intelligent 
life forms on Mars. 

Data Evaluation. The pyramidal structures can be discerned on close-up spacecraft photos, 
particularly by the geometrical shadows they cast. Rating: 1. 

Anomaly Evaluation. The explanation of such regular geometrical features is not simple, but 
wind-faceted mountains do exist on earth, so that at least one reasonable geological process 
shows some promise. However, the regularity of all sides of the Martian pyramids and 
their confinement to one small area are very puzzling. Rating: 2. 

Possible Explanations. Wind/sand erosion. 

Similar and Related Phenomena. Wind-faceted mountains in Peru. 

| Examples 

X1. Permanent surface features. Abstract. 
"Triangular and polygonal pyramid-like 
structures have been observed on the Mar- 
tial surface. Located in the east central 
portion of Elysium Quadrangle (MC-15), 
these features are visible on the Mariner 9 
photographs, B-frames MTVS 4205-3 DAS 
07794853 and MT VS 4296-24 DAS 12985882. 
The structures cast triangular and polygonal 
shadows. Steep-sided volcanic cones and 
impact craters occur only a few kilometers 
away. The mean diameter of the triangular 
pyramidal structures at the base is approxi- 
mately 3.0 km, and the mean diameter of 

AME4 

the polygonal structures is approximately 
6.0 km. The observed Martian structures 
tend to line up suggesting joint or fault con- 
trol. However, they do not appear to be con- 
trolled by the visible faults. The structures 
appear to be either wind-faceted volcanic 
cones and blocks or solidified blocks which 
have been rotated in semiconsolidated lava." 

(R1) 

References 
Rl. Gipson, Mack, Jr., and Ablordeppey, Vic- 

tor K.; ''Pyramidal Structures on Mars,"' 
Icarus, 22:197, 1974. (X1) 

Ice Layering in the North Polar Regions 

Description. Discrete, thin ice layers extending over several thousand square kilometers 

in the north polar region of Mars. The layers are surprisingly constant in thickness laterally 
and from layer to layer. 
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Background. Rhythmic layering has also been observed in the Valles Marineris region, but it 
is impossible at present to associate this with the polar ice layering. 

Data Evaluation. Viking 2 orbiter photographs display the layering clearly. Rating: 1. 

_ Anomaly Evaluation. We can only speculate about the source of the water and the periodic 
stimulus. 

origin. Rating: 2. 
The regularity of this feature betokens a series of climatic pulsations of unknown 

Possible Explanations. Climatic variations, perhaps augmented by periodic dust storms. The 
regularity of the layering may be a consequence of periodic orbital variations. Another pos- 
sibility is the periodic escaping of water from reservoirs, possibly associated with periodic 
bombardment by comets, to which some attribute periodic terrestrial extinctions of life. 

Similar and Related Phenomena. Rhythmic layering of sediments on Mars (AME19); the epi- 
sodic, planet-wide dust storms on Mars. 

Examples 

X1. Permanent surface features. ''The 
layered deposits contribute more than any 
other feature to the geological distinctive- 
ness and significance of the polar regions of 
Mars. We suspect that these layered depo- 
sits are exposed at the surface in all areas 
mapped in Fig. 1 (ot reproduced) where 
frost is absent. They are manifested on 
slopes by a parallel striping of the surface; 
however, in only a fairly small number of 
locations can the topographic and geological 
nature of the exposures be clearly discerned. 
In one of these areas, selected so that sha- 
ding and shadowing dominates locally over 
brightness variations caused by albedo, a 
terraced slope can be recognized. With the 
use of arguments presented previously for 
features viewed in the south polar region, a 
strong case can be made that erosion of a 
layered deposit accounts for the origin of 
the terraced slope. The lateral continuity 
of terraces and their uniformity in height 
suggest that the individual layers that gave 
rise to the terraces extend as continuous 

thin sheets over areas of several thousand 
square kilometers. Moreover, these individ- 

ual sheets are not only quite constant in 
thickness, but the thicknesses of different 
sheets are rather similar to one another." 
Rhythmic climatic changes, perhaps invol- 
ving dust deposition, may account for the 

accumulation of these uniformly layered 
structures. 

Layered deposits in the north polar region of Mars. 
The regular banding may indicate cyclic climatic 
conditions. Photo area is 65 by 100 kilometers. (X1) 
(Courtesy NASA) 

‘References 
Rl. Cutts, James A., et al; "North Polar 

Region of Mars: Imaging Results from 
Viking 2,"' Science, 194, 1329, 1976. (X1) 
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AME5_ The “Searchlight” Areas 

Description. Long bright patches with straight parallel or slightly diverging sides found in- 

the north polar region. These features may maintain their linear trends for over 100 kilo- 
meters irrespective of local topography. The searchlight areas seem translucent because 
albedo features can be seen through them. 

Data Evaluation. Photographs taken by the Viking Orbiters. Rating: 1. 

Anomaly Evaluation. Ice sheets are to be expected in polar regions, but the Martian search- 
light areas are so large, straight, and unperturbed by local geology that some special ex- 
planation seems in order. 
theories are at hand. Rating: 2. 

Unfortunately, the phenomenon is so bizarre that no convincing 

Possible Explanations. The searchlight areas seem to be thin sheets of translucent ice, but 
there seem to be no explanations of their origin, size, and geometry. 

Similar and Related Phenomena. None. 

Examples 

X1. Permanent polar features. ''One class 
of phenomena is informally known as 'search- 
light patterns’. These bright elongate pat- 
ches are bounded by abrupt margins that sus— 
tain a linear trend for 100 km or more, main- 
‘taining a parallel or slightly diverging aspect. 
Wind erosion or deposition seems anobvious 
explanation for these features, although the 
exact mechanism is unknown. Linear dark 
markings also form angular patterns on the 
ice; Fig. 5a includes an example of two al- 
most identical patterns separated by about 
3 km. We have considered the possibility 
that lateral motion of the upper portion of a 
single feature caused this apparent replica- 
tion, but insufficient information is known 
about the topography to pursue this idea in 
any detail.’ It is also puzzling that the 
searchlight features transect major topo- 
graphical features without changing direc- 
tion. (Rl) The searchlight features seem 
like translucent covers of very thin ice, for 
albedo features can be seen through them. 

(R2) 

References 

Rl. Cutts, James A., et al; ''North Polar 

A “searchlight” area in the north polar region. (X1) 
(Courtesy NASA) 

Region of Mars: Imaging Results from 
Viking 2,'' Science, 194:1329, 1976. (X1) 

R2. ''Viking: Polar Dunes and Captured 
Moons, '' Science News, 110:276, 1976. 

(X1) 

AME6_ Evidence for Surface and Subsurface Ice 

Description. Martian geological features that resemble those found in terrestrial polar and 
glaciated regions. Permafrost action seems widespread, and some features of the Martian 
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channels seem ice-worked. 

Surface and Subsurface Ice AME6 

Data Evaluation. The Mariner and Viking spacecraft photographs are excellent, but it should 
be pointed out that claims of ice action are only implied by analogy with terrestrial features. 
Mars is an alien planet, and alien geological forces may be at work. Rating: 1. 

Anomaly Evaluation. The geological evidence for widespread ice action on Mars implies a 
large inventory of water---much more than can be accounted for in today's atmosphere and 
past escape to space. Current thinking places this water under the Martian surface. Actually, 
the existence of this water is in accord with the present theory of Mars' origin, so no real 
anomaly exists. Mars should have water, and it does---underground. In addition, the oc- 
casional release of some of this water, its freezing, and subsequent erosion of landforms is 
quite understandable. Rating: 4. 

Possible Explanations. Much of Mars' water inventory, as estimated from the prevailing 
theory of the planet's formation, could still be underground as ice and permafrost and in 
aquifers in liquid form. Martian thermal activity, climatic changes, and meteor impacts 
could cause temporary melting and release of some of the water. Collapse features could 
result. The freed water could freeze and create temporary ice rivers and glaciérs. 

Similar and Related Phenomena. Polar-like features near the present Martian equator 
(AME11); the Martian channels (AME1), which show evidence of ice erosion; apparent ice- 
formed features on the moon (ALE4). 

Examples 

X1. Evidence for permafrost. Abstract. 
"The outgassing history of Mars and the pre- 
vailing temperature conditions suggest that 
ground ice may occur to depths of kilometers 
over large areas of the planet. The presence 
of permafrost is also indicated by several to- 
pographic features that resemble those found 
in periglacial regions of the earth. East of 
Hellas and in the Protonilus and Nilosyrtis 
regions there are features that resemble 
those formed on earth by gelifluction, the 
slow creep of near-surface materials aided 
by freeze-thaw of ground ice. In the south 
part of Chryse Planitia there are irregular 
depressions that resemble thermokarst fea- 
tures, and the pattern of tributaries to the 
equatorial canyons is suggestive of a sapping 
process that would result from the melting 
of ground ice. The morphology of ejecta 
around fresh Martian impact craters is dis- 
tinctively different from that around lunar 
and Mercurian craters. Such differences 
could be ascribed to the presence of ground 
ice in the target materials. The convergence 
of these different observations supports per- 
mafrost conditions not only at present but also 
for much of the planet's history. '' (R1) 

"The observed features that are most like- 
ly to reflect ground ice are thermokarst-like 
pits and debris flows. Landforms with ambi- 
valent origins include polygonally patterned 
ground, lobate ejecta blankets, craters with 
central pits, and curvilinear features. The 
most persuasive morphological evidence for 
ground ice is thermokarst pits and debris 

flows; the thermokarst pits are primarily lo- 
cated in the volcanic regions of Tharsis and 
Elysium. The association of ice-related fea- 
tures with these volcanic areas suggests that 
these forms are not directly latitude depend- 
ent. Activation by orbital variations could 
produce periodic, multiple episodes of melting 
that are dependent upon latitude. The pre- 
sence of ice-related features in both hemi- 
spheres and the equatorial region of Mars in- 
dicates that ground ice may be---or have 
been---present over the entire planet, as pre- 
dicted by the cryosphere model." The authors 
also remark that about 90% of the planet's 
original inventory of water cannot be accoun- 
ted for unless one assumes it is underground. 
(R2, R4) 

X2. Evidence for surface ice sculpturing. 
Abstract. ''Many landforms in Martian out- 
flow channels have characteristics that sug- 
gest sculpture by glaciers, ice streams, or 
ice sheets. Viking Orbiter and terrestrial 
satellite images were examined at similar 
resolution to compare features of the Martian 
outflow channels to features produced by the 
movement of ice on earth. Many resemblances 
were found. They include the anastomoses, 
Sinuosities, and U-shaped cross profiles of 
valleys; hanging valleys; and linear scour 
marks on valley walls, grooves and ridges on 
valley floors, and streamlining of bedrock 
highs. The question of whether ice could have 
moved in the Martian environment is investi- 
gated."' The author concludes that episodic , 
temporary masses of ice or slush could have 
formed in the Martian channels and caused 
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the sculpturing seen on the Viking photos. (R3) Icarus, 45:39, 1981. (X1) 

R38. Lucchitta, Baerbel K.; ‘Ice Sculpture 

References in the Martian Outflow Channels, '' Jour- 

Rl. Carr, Michael H., and Schaber, Gerald pap hysical Research, 87:9951, 1982. 

G.; "Martian Deer atroet Features, "' Jour- - 
: R4. Squyres, Steven W., and Carr, Michael 

nal of Geophysical Research, 82:4039, ; 1977. H-; "The Distribution of Ground Ice. Fea- 
R2. Rossbacher, Lisa A., and Judson, Shel- 

don; ''Ground Ice on Mars: Inventory, Dis- 
tribution, and Resulting Landforms, "' 

tures on Mars,'' Eos, 65:979, 1984. (X1) 

AME7 Anomalous Hillocks and Ridges 

Description. An immense number of hillocks, 100-500 meters across, and a system of par- 
allel ridges, hundreds of kilometers long, on the northwestern flank of the Martian volcano 
Arsia Mons. 

Data Evaluation. Mariner and Viking spacecraft photographs. Rating: 1. 

Anomaly Evaluation. The hillocks and ridges do not seem to have any terrestrial parallels, 
and no convincing explanation(s) are at hand. Rating: 2. 

Possible Explanations. The hillocks and ridges might be landslide features. 

Similar and Related Phenomena. The famous Mima Mounds on earth occur in large numbers 
in some localities but are very much smaller than the Martian hillocks. 

Puzzling hillocks and parallel ridges near the Mar- | 
tian volcano Arsia Mons. (X1) (Courtesy NASA) 
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Examples 

X1. Permanent surface features. ''No one 
knows what chain of events led to the strange 
appearance of this northwestward extension 
of the flanks of the huge volcano Arsia Mons 
in the Tharsis uplands. Countless hillocks, 
mostly 100 to 500 meters across, cover the 
flank's edge, which is surrounded by paral- 
lel ridges that run for hundreds of kilome- 
ters, undisturbed by craters, flow features 
or even variations in surface brightness. 
One hypothesis is that the hillocks were 
formed by a huge landslide, perhaps assis- 
ted by gravity since the surrounding plains 

Surface Asymmetry AME8 

slope downward 0.5° to the northwest. (Ash- 
flow deposits are deemed unlikely, due to 
the lack of signs that any of the material was 
blasted into place from vents in the volcano. ) 
The ridges may be folds or ‘reverse faults' 
caused by the drag of the landslide over the 
underlying terrain, which would transmit an 
outward pressure perhaps capable of passing 
beneath surface features." (R1) 

References 

Ri. "Strange Hillocks and Ridges on Mars," 
Science News, 113:48, 1978. (X1) 

AME8 Martian Surface Asymmetry 

Description. The north-south hemispherical asymmetry of Martian surface features. The 
southern hemisphere is old, heavily cratered, and at a higher elevation than the northern 
hemisphere, which is youngand lightly cratered. The average difference of elevation between 
the two hemispheres is about 3 kilometers. 

Data Evaluation. Mariner and Viking spacecraft photographs. Rating: 1. 

Anomaly Evaluation. The fact that the surfaces of all large objects in the inner solar system, 
‘except for cloud-shrouded Venus, are hemispherically asymmetrical is unquestionably one 
of the great enigmas of the solar system. On the moon and Mars, the asymmetry is not re- 
stricted to crater populations; rather the average differences in elevation amount to more 
than a kilometer. It is not known whether these dichotomies are the consequence of a short- 

lived episode of bombardment, the result of internal planetary forces, or due to some cata- 
strophic event akin to earth-moon fission. Rating: 2. 

Possible Explanations. The impacts of very large meteors; large-scale thinning of the 
northern hemisphere crust by internally generated forces, perhaps related to those associ- 
ated with terrestrial continental drift; planetary fission, such as proposed by some for the 
earth-moon system. 

Similar and Related Phenomena. The hemispherical asymmetries of the moon (ALE1) and 
Mercury (AHE1); the earth's Pacific Basin, which some propose was the scar left behind 
after earth-moon fission. 

Examples 

X1. Permanent surface features. Abstract. 
"Mars is divided into two fundamentally dif- 
ferent geological provinces of approximately 
hemispherical extent. The more southerly ~ 
province is heavily cratered, contains re- 
latively old geological units, and superfici- 
ally resembles the lunar and Mercurian 
highlands. The northern province is rela- 
tively lightly cratered and contains younger 
geological units, including extensive plains, 

volcanic edifices, and volcanic calderas. 
Except for the Tharsis and Elysium regions 
and other large volcanoes, most of the youn- 
ger, northern province consists of lowlands, 
which lie an average of 3 km below the high- 
lands. Lowlands occupy about one-third of 
Mars. They are separated from the high- 
lands by a distinct scarp or by a sloping 
transitional zone as much as 700 km wide in 
which highland materials have been disrupted 
and partly replaced by lowland deposits. The 
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transition is characterized by a variety of sults from formation of a large impact basin 

landforms unknown on other planets. The early in Mars' history that has profoundly 
highlands and lowlands are in isostatic equi- shaped the planet's surface." (R3) Similar 
librium across the transitional zone. No descriptions of the planet's dichotomy are 
generally accepted explanation for the cause to be found in R1 and R2. 
of the highland-lowland dichotomy has been 

proposed although thinning of the lithosphere 
in the northern hemisphere by internal pro- References 
cesses has been suggested. Large impacts, Rl. "The Mystery of the Hemispheres," 
which were a feature of early Solar System Science News, 105:241, 1974. (X1) 

history, have also been suggested as an im- R2. Metz, William D.; "Update on Mars: 
portant cause of such early planetary-surface Clues about the Early Solar System, "' 
heteorgeneities. Subcircular lowlands such Science, 183:187, 1974. (X1) 

as Argyre, Hellas, and Isidis Planitia and R3. Wilhelms, Don E., and Squyres, Steven 
the plains south of Tharsis occupy previously W.; "The Martian Hemispheric Dichotomy 
recognized impact basins. We propose here May Be Due to a Giant Impact, " Nature, 
that the largest expanse of lowlands also re- 309:138, 1984. (X1) 

AMES _ The White Rock 

Description. A 14 x 18 kilometer white feature inside a crater near the Martian equator. Its 

composition is unknown, although it is always referred to as a "'rock"'. It is the only such 
feature found on Mars so far. 

Data Evaluation. Viking spacecraft photographs. Rating: 1. 

Anomaly Evaluation. Since the true composition of the "rock" is not available, it is difficult 
to assess its anomalousness. If it were salt or ice, it would represent a serious anomaly; 
but we can probably assume that it is only an "ordinary" white rock of some kind. Rating: 3. 

Possible Explanations. Since the white rock is situated inside a crater, it may be crustal 
rock exposed by the excavation; however, it is strange that no similar situations have been 
found. Even though the site of the white rock is near the equator, an exposure of subsurface 
ice should not be ruled out. Several widespread terrestrial rocks are white: marble, lime- 
stone, chalk, salt, etc.; but the conditions necessary (i.e., life) for their production on 
Mars probably never existed. 

Similar and Related Phenomena. None. 

Examples 

X1. Permanent feature. ''This strange, 
white, horseshoe crab-shaped feature found 
inside a Martian crater is to be studied by 
scientists working with the NASA Viking 
mission. The feature, nicknamed 'white 
rock', is the only one of its kind on Mars. 
Its composition is unknown, but it is un- 
likely to be eithersice or snow because it 
lies near the equator. The ‘white rock' is 
about 18 km long and 14 km wide, and is at 

the bottom of a crater located at 8° South, The white rock, as photographed by Viking Orbiters. 
335° West. '"' (R1-R3) (X1) (Courtesy JPL) 
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References 

R1. "NASA Is to Investigate Martian ‘White 
Rock'," Nature, 276:434, 1978. (X1) 

R2. "Coming: The Daily Planet, " Science 
News, 114:323, 1978. (X1) 

R3. "A Martian Mystery, "' Astronomy, 7:64, 
January 1979. (X1) 

AME10 Anomalous Frost on the Martian Surface 

Description. The winter appearance of a thin coating of water-frost on the Martian surface 
in the absence of preceding, planet-wide dust storms. The first appearance of frost on Mars 
followed a huge dust storm; and it was theorized then that such storms were necessary to 
provide sufficient nuclei in the atmosphere. 

Data Evaluation. Photographs by the Viking 2 Lander show obvious frost coatings during the 
winter seasons. Rating: 1. 

Anomaly Evaluation. The Viking observation of frost formation without a preceding dust storm 
implies either that there is normally sufficient dust in the atmosphere for frost formation, or 
that other suitable nuclei are present, or that frost can form directly on the surface. None of 
these possibilities is particularly anomalous. Only minor shifts in viewpoints would be re- 
quired. Rating: 3. 

Possible Explanations. The prevailing theory is that water and carbon-dioxide ice crystallize 
on dust particles in the atmosphere. Thus burdened, the particles fall to the surface, where 
the carbon dioxide sublimes, leaving behind dust and water ice. The fall of true snow might 
also be possible. Since frost formation occurs both with and without preceding dust storms, 
the storms are evidently not necessary in the production of atmospheric nuclei. Frost for- 
mation directly on the surface---as seen on earth---is another possibility. 

Similar and Related Phenomena. Terrestrial snowfall without clouds, which is not uncommon 
in very high latitudes (GWP1). Terrestrial clouds usually contain many more ice crystals than 
dust nuclei, indicating that on earth, too, dust may not be the primary nucleating agent (GWC15). 

Examples 

X1. Apparent annual occurrence. Photos 

no dust storms on Mars this year---in fact, 
the atmosphere is clearer than scientists 

from the Viking 2 Lander. ''Lander 2's 
cameras have revealed a new layer of water 
frost on the Martian surface at the Utopia 
Plains landing site. It is Martian winter 
again, and a thin layer of frost can easily 
be seen in the photos. The new frost layer 
poses a scientific puzzle to members of the 
Viking team: in September 1977, Viking 
Lander 2 found frost on the surface during 
the Martian northern winter. (That was 1 
Martian year or almost 2 earth years ago.) 
Scientists associated that frost collection 
with a major dust storm that had obscured 
the planet's surface before and during that 
period. But recent observations have shown 

have seen it since Viking arrived in 1976. 
So no one is certain just what triggers the 
appearance of frost. '’ (R1) The dust parti- 
cles had been considered essential to the 
formation of frost, but the rate of frost 
formation was the same with and without 
the dust storm. (R2) 

References 
Rl. "Viking, Three Years Later," Eos, 

60:635, 1979. (X1) 
R2. Eberhart, Jonathan; "Mars: The Wet 

Look, '' Science News, 116:108, 1979. 

(X1) 
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AME11_ Polar Features near the Equator 

Description. The occurrence near the present Martian equator of geological features typical 
of the Martian polar regions, such as curved valleys, pedestal craters, and layered terrain. 

Data Evaluation. Mariner and Viking spacecraft photography. The data are high quality; itis 
their interpretation that is controversial. Rating: 1. 

Anomaly Evaluation. The confirmation of large-scale shifting or drifting of the Martian 
crust relative to the axis of rotation would indicate, as with terrestrial continental drift, 
the existence of unknown driving forces, internal and/or external. Rating: 2. 

Possible Explanations. Mars' present equatorial region contains areas which were once near 
the Martian regions, but they were catastrophically relocated by the impact(s) of large met- 
eors. Slow, terrestrial-type continental drift could have accomplished the same effect over 
a much longer time span. Alternatively, the equatorial ''polar" features could be the con- 
sequence of much more extensive ice cover in the past. 

Similar and Related Phenomena. Terrestrial polar wandering and continental drift (ET); 
the remarkable dichotomy in Martian topography (AME8), which is divided into north/south 
hemispheres rather than east/west hemispheres like on Mercury (AHE1) and the moon (ALE), 
and is suggestive of a 90° crustal shift. 

Examples 

X0. Evidence of small-scale polar wander- 
ing. Unique quasi-circular structures in 

the Martian polar regions have been inter- 
preted as proof of polar wandering oR the 
scale of about 15° during the past 10° years. 
The large volcanic structures near the pla- 
net's equator and its gravitational roughness 
are also considered as evidence of past polar 
wandering. (R1) 

X1. Large-scale polar wandering evidence. 
"Three spots on the surface of Mars, all of 
them within 15° of the equator, show signs 
of once having been at the poles, according 
to Peter H. Schultz and A.B. Lutz-Garihan 
of the Lunar and Planetary Institute in Hou- 
ston. The implication of these possible 'paleo- 
poles,' says Schultz, is that redistribution of 
the planet's mass by internal activity shifted 
the crust. Viking spacecraft photos from or- 

bit, he says, show the regions to have cur- 
ved valleys like those in the present polar 
caps, 'pedestal craters, ' whose shapes sug- 
gest that they formed in now-vanished ice, 
and signs of laminated terrain reminiscent 

of the present caps' familiar layering, which 
could indicate cyclic climate changes. The 
present poles represent a stable position 
established after the formation of the huge 
Tharsis rise, the scientists report, while 
the proposed paleo-poles existed aftér, du- 
ring and before a no-longer-evident mass 
redistribution associated with the volcanic 
Elysium region, a fourth of the way around 
the planet. If crustal volcanics are due to 
a mantle plume that is fixed relative to the 
Martian spin axis, the authors suggest, the 
proposed polar wandering can also account 
for the northwest trend and age sequence of 
the line of huge volcanoes along the Tharsis 
ridge." (R2) 

References 

Rl. Murray, Bruce C., and Malin, Michael 
C.; "Polar Wandering on Mars ?'' Science, 
179:997, 1973. (X0) 

R2. "The Poles of Old Mars, '' Science News, 
119:216, 1981. (X1) 
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AME12 

Ice Caps and Solar Activity AME12 

Ice Cap Melting Correlated with Solar Activity 

- Description. The correlation of the rate of melting of the Martian polar caps with the number 
of sunspots. This effect is superimposed on the normal seasonal melting. 

Data Evaluation. A single, second-hand account of one astronomer's analysis. So far as is 
known, this phenomenon has never been confirmed by anyone. Rating: 3. 

Anomaly Evaluation. Since the thermal effect on Mars of increased solar activity should be 
negligible, the demonstration that a substantial melting effect really does occur would be 
contrary to theoretical expectations. Rating: 2. 

Possible Explanations. Increased radiative heating would be an acceptable mechanism, but it 
doesn't seem powerful enough. Possibly, the Martian climatic cycle is controlled in other 
ways by solar activity, as may also be the case on earth (GWS). 

Similar and Related Phenomena. Terrestrial weather correlated with solar activity (GWS). 

Examples 

X1. Cyclic phenomenon. ''Recent observa- 
tions made by M. Antoniadi, the well-known 
authority on Mars, show that the melting of 
the polar caps of Mars proceeds at differ- 
ent rates in different years, and when the 

statistics of the shrinkage of the caps is 
compared with those of sunspots it is found 
that there is a very slow melting whenthere 
are few spots, and a rapid melting when the 
sun is at maximum activity. This seems to 
be a striking confirmation of the view of Ab- 
bot and others that the output of radiant en- 
ergy from the sun is greatest at spot maxi- 

mum and least at spot minimum. Theeffect 
is masked in the case of the earth by secon- 
dary atmospheric phenomena, but on Mars, 
with its rarer atmosphere, the response to 
solar fluctuations seems to be more direct. 
M. Antoniadi has carried his comparisons 
as far back as 1856, and finds that the as- 
sociation holds good ‘as a rule, ''' (R1) 

References 

R1. ''Martian Ice Caps and Sunspots, " Sci- 
entific American, 115:187, 1916. (X1) 

AME13 Excess of Grazing-Incidence Craters 

Description. The presence on Mars of approximately ten times as many grazing-incidence 
craters as is predicted for bombardment of heliocentric projectiles. The alignments of 
these craters also shift with geological age. 

Data Evaluation. Mariner and Viking spacecraft photography. Rating: 1. 

Anomaly Evaluation. The presence of the seemingly excessive number of grazing-incidence 
craters can be easily explained by assuming the past presence of a ring of Martian satellites. 
Neither is it surprising that Mars may have retained a complement of satellites after the 
planet formed. However, the shifting of the crater axes implies crustal shifting, which is a 

radical notion for Mars. Rating: 2. 

Possible Explanations. The grazing-incidence craters were excavated by impacting Martian 
satellites over a long period of time, during which the Martian crust shifted underneath the 
ring of satellites. 

Similar and Related Phenomena. The alignments of lunar maria (ALE9-X3); Martian polar 
features near its equator (AME11); the dichotomy of Martian surface features (AME8). 



AME13 Grazing-Incidence Craters 

Examples 

X1. Permanent features. About 5% of the 
Martian craters are elliptical with butter- 
fly-wing patterns of ejecta perpendicular to 
the long axes of the craters. This type of 
elongate crater is made by projectiles hit- 
ting the planet at grazing incidence. How- 
ever the 176 grazing-incidence craters iden- 
tified on Mars represent ten times the num- 
ber that would be expected if the projectiles 
were all in heliocentric orbits. Further- 
more, ''when the 176 Martian grazers were 
grouped according to their age determined 
on the basis of the degree to which they had 
been eroded), it became apparent that the 
major axes of craters of roughly the same 
age often fall on the same great circle and 
that the great circles traced by the axes of 
older craters are increasingly inclined to- 
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ward the Martian equator. In other words, 
the axes of newer craters are roughly east- 
west with respect to the Martian geographic 
poles and the axes of older craters are in- 
creasingly north-south with respect to the 
poles."" The surmise of the scientists who 
made this study (P.H. Schultz and A. B. 
Lutz-Garihan) is that the projectiles that 
made these elliptical craters were actually 
in orbit around Mars in a plane perpendicu- 
lar to the planet's axis of rotation. The 
axis of cratering changed with time because 
the Martian crust shifted due to internal 
changes. (R1) 

References 
Rl. "Star Grazers, "' Scientific American, 

249:88, October 1983. (X1) 

AME14 Unidentified Active Ingredient in Martian Soil 

and the Possibility of Life 

-Description. Chemical experiments that indicate the presence of unknown, highly oxidizing 
substances and an agent that promotes the synthesis of organic chemicals. 

Background. The results of the Viking life-detection experiments on Mars were widely pro- 
claimed by the media to be negative. Actually, the results were controversial and inconclu- 
sive, with some scientists contending that the results of the Viking experiments are best ex- 
plained by the presence of lifeforms. 

Data Evaluation. Three life-detection experiments on each of the two Viking landers. Several 
successful runs were made with each experiment on samples of the Martian soil. The data, 
however, are not clear-cut; in fact, they are very puzzling. Rating: 3. 

Anomaly Evaluation. Given the absence of organic material in the Martian soil, such as would 
be required to provide a foundation for the evolution of life-as-we-know-it, the verified pre- 
sence of Martian life would indeed be startling. The anomalousness is underscored by the 
scarcity of water and oxygen and the harshness of the climate. If Martian life were the only 
possible interpretation of the Viking experiments, we would have a first-class anomaly. But 
given the inconclusiveness of the experiments, one can safely fall back on a mysterious, non- 
biological, "'active'' ingredient. Rating: 2. 

Possible Explanations. An unknown, "active", but non-living ingredient of the Martian soil 
that mimics the chemistry of lifeforms. 

Similar and Related Phenomena. Terrestrial biological phenomena. 

Examples 

X1. Results of the Viking biological experi- 
ments. Abstract. "The essential findings of 
the three biological experiments aboard the 

two Viking Mars landers are reviewed and 
compared. All three of the experiments 
yielded significant data in repeated tests of 
Martian surface samples. Some of the re- 
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sults are consistent with a biological inter- 
pretation, although there are serious reser- 
vations in accepting this conclusion. Most 
of the findings, however, are inconsistent 
with a biological basis. The combined data 
suggest the presence of several classes of 
oxidants on Mars and these would account 
for most of the observations. An explana- 
tion for the apparent small synthesis of or- 
ganic matter in the pyrolytic release ex- 
periment remains obscure." (R2) Several 
scientists, however, are emphatic that the 
Viking experiments do indicate the presence 
of life on Mars. (R1, R3) 

This positive outlook was described by 
R. Lewis: ''Each of the three experiments 
was designed to detect evidence of microbial 
presence in the soil of Mars by a different 
method. Two based on gas exchange and on 
carbon assimilation by microorganisms yiel- 
ded interesting results, but these were in- 
terpreted as the products of some unearthly, 
inorganic, chemical reaction in the soil when 
it was moistened with water or with a nu- 
trient solution. The labelled release exper- 
iment sought to detect evidence of metabolism 
in the release of radioactive gas from a 0.5 
cu.cm soil sample after it was fed a nutrient 
'soup' labelled with radioactive carbon-14. 
Four cycles of the experiment were run at 
one of the two Mars landing sites and five 
at the other. Radioactive carbon dioxide 
appeared in each cycle when the soil was 
not heated to sterilisation temperature and 
failed to appear when the sample was heated 
before testing. This is the experiment that 
holds the most promise of a sign of life on 
Mars. Although these results would be con- 
sidered incontrovertible evidence of biologi- 
cal activity in a terrestrial soil, they were 
not deemed conclusive on Mars because of 
a suspicion that some unknown agent in the 
soil was mimicking a biological response. 
The suspicion was based in part on the sur- 

prising chemical reactions displayed by the 
gas exchange and carbon assimilation ex- 
periments. They were attributed to an in- 
organic agent that reacted in some ways like 
a biological one. In larger part, however, 
doubt was based on the failure of a gas 
chromatograph mass spectrometer to detect 
organic molecules in the soil in a molecular 
analysis experiment. The instrument pro- 
bed to ranges of parts per million to parts 
per billion. Consequently, it was difficult 
for most experimenters to believe that life 
could exist in a soil that seemingly was bar- 
ren of organic material from which life 
could have arisen."' Basically, there is on 
Mars an agent capable of rapidly recom- 

Life-Detection Experiments AME14 

posing organic chemicals. Some scientists 
prefer to believe that this unknown, active 
agent is really a form of life. (R1) 

Results of an experimental study of pos- 
sible nonbiological explanations of the Viking 
data. Abstract. ''The Viking Labeled Release 
(LR) data obtained on Mars satisfy the cri- 
teria established for a biological response. 
The importance of the issue, especially when 
viewed against the harsh environment on Mars, 
requires careful consideration of possible 
nonbiological reactions that may have pro- 
duced false positive results. A3 1/2-year 
laboratory effort to investigate possible chem- 
ical, physical, and physicochemical agents 
or mechanisms has been concluded. Among 
nonbiological possibilities, hydrogen perox- 
ide, putatively on Mars, emerged as the 
principal candidate. When placed on analog 
Mars soils prepared to match the Viking in- 
organic analysis of the Mars surface mater- 
ial, hydrogen peroxide did not duplicate the 
LR Mars data. When other materials were 
used as substrate, hydrogen peroxide could 
be made to evoke the type of responses ob- 
tained by the LR Mars experiment. However, 
essential criteria concerning the formation, 
accumulation, and preservation of hydrogen 

peroxide to qualify it as the active agent on 
Mars have not been met and new data show 
it to be essentially absent from the Mars 
atmosphere. The presence of a biological 
agent on Mars must still be considered. This 
interpretation of the LR results is strength- 
ened by a recent report that the Viking or- 
ganic analysis instrument (GCMS) failed to 
detect organics in an Antarctic soil in which 
the LR instrument had demonstrated the pre- 
sence of microorganisms." (R5) 
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AME15_ Lack of Water-Ice at the Southern Polar Cap 

Description. The apparent scarcity of water ice in the southern polar regions, despite the 
presence of sufficiently low temperatures and atmospheric water vapor. 

Data Evaluation. Mariner and Viking spacecraft spectroscopy. Rating: 2. 

Anomaly Evaluation. Since the atmosphere of Mars does contain some water vapor, and this 
vapor does freeze out on the northern polar cap during that hemisphere's winter, the same 
process should also occur at the southern polar cap, which is the colder of the two polar re- 
gions. The anomaly seems to be in the planetary distribution of water vapor. Rating: 3. 

Possible Explanations. The water vapor from the melting northern polar ice may not EEBCD. 
the southern polar region in large quantities due to wind circulation patterns. 

Similar and Related Phenomena. The mixing of northern and southern air masses on earth 
is sluggish. 

Examples 

X1. Permanent situation. ‘'Another Martian 
mystery is the polar caps. The residual nor- 
thern cap was discovered early in the Viking 
mission to consist almost entirely of water 
ice, but scientists waited in vain to see vapor 
given off from the north to freeze out in the 
south as the seasons reversed. Last week, 
colloquium participants reported that the re- 
sidual southern cap seems to be dominated 
by frozen carbon dioxide. Scientists are de- 

veloping hypotheses to explain the difference, 
but they are complex."' The southern cap is 
normally colder than the northern one due to 
the planet's inclination. Carbon dioxide can 
freeze there, but so can water, and it seems 
strange that it doesn't. (R1) 
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AME16 Anomalously Wet Areas 

Description. Areas of the Martian surface where water appears to be close to the surface. 
The Solis Lacus region is the major such spot identified so far. 

Data Evaluation. The visual observations of clouds, fogs, and frost from earth and orbiting 
spacecraft. The detection of concentrations of water vapor by spacecraft instrumentation. 
The radar reflectivity of the surface. Rating: 2. 

Anomaly Evaluation. Geologically speaking, the presence of abnormally wet areas on a planet 
with subsurface water is not surprising. The presence of oases in terrestrial deserts mark 
places where favorable topography and water table come together. 
similar situations occur on Mars. Rating: 4.. 

It seems reasonable that 
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Possible Explanations. We know little of the Martian water table and aquifers, but Martian 
oases could well be created the same way oases are in terrestrial deserts. 
this view, is simply a region where the Martian water table is close to the surface. 

Solis Lacus, in 

Subsur- 

_ face water may become more obvious when storms strip away sand and dust. 

Similar and Related Phenomena. Terrestrial desert oases. 

Examples 

X1. Apparent permanent feature. While 
most of Mars is extremely arid, ''remote 
sensing data indicate that the Solis Lacus 
region may contain a reservoir of weakly- 

bound H9O that extends to within a few cm. 
of the surface. This was the site of the 
origin of the great 1973 dust storm, and re- 
flectance spectra revealed the Solis Lacus 
clouds to be more hydrated than the surroun- 
ding surface material. Also spectral vidi- 
con images revealed a huge deposit of ground 
fog and frosts that was apparently pulsed 
from the central Solis Lacus region at the 
onset of the storm: several tens of mg. of 
weakly bound HgO was apparently driven 
from the upper few cm. of topsoil by peri- 
helion solar heating. This points to anano- 
malous reservoir of H9O in this region that 
extends to within a few cm. of the surface 
and replenishes the large evaporative losses 
of the highly desiccating environment. The 
Viking IRM maps show thermal inertia and 
pre-dawn residual temperature anomalies 
in Solis Lacus that are consistent with such 
a reservoir. A striking anomaly was also 
revealed by the Viking Water Vapor Mapper. 
Laboratory studies indicate that the H90 
should occur as a salt brine at 21cm. 
depth that undergoes diurnal freeze-thaw 
throughout most of the year. Oxidants that 
destroy organic matter at the Viking sites 
should not form in the moist soils of Solis 
Lacus, and with daytime temperatures as 
high as 20°C it would appear that Solis La- 
cus may be an oasis on an otherwise hostile 

-planet"' (R2, R1) See AME14 for Viking 
soil analyses. (WRC) 

Earth-based radar provides more sup- 
port for water at Solis Lacus. "It appears 
certain now that water exists on the surface 
of Mars both as ice and as liquid. A recent 
report by S.H. Zisk and P.J. Mouginis- 
Mark indicates that liquid water exists in 
Mars' southern hemisphere at the area of 
Solis Lacus (Lake of the Sun). Interestingly 
enough, the results were obtained from radar 
data from earth-based stations rather than 
from Viking spacecraft. The reason for this 
is that the data from the Viking Orbiters 
showed a rough, evidently solid, frozen 
surface. Images from the Viking spacecraft 
were obtained during the Martian winter, but 
the earth-based radar measurements were 
obtained in the Martian summer. The con- 
clusion is that the ice melts and ponds with 
a saturation depth of 1 m or so. Needless 

to say, the radar images of the area appeared 
extremely smooth, consistent with a liquid 

surface. '' (R3, R4) 
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AME17 Spectroscopic Evidence of Vegetation 

Description. Absorption bands in the reflection spectrum of Mars that closely resemble 
those of some types of terrestrial vegetation. 

Data Evaluation. A single study of Martian spectra recorded using a terrestrial telescope. 
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Rating: 3. 

Anomaly Evaluation. The similarity of the Martian absorption bands to those of terrestrial 
vegetation is probably only fortuitous. The Mariner and Viking missions produced no evi- 
dence of anything like Martian vegetation. However, given the altitudes of the orbiters and 
the small fraction of the surface examined by the two landers, vegetation of some sort cannot 
be completely disproved. Nevertheless, it is more likely that we have here a case of mis- 
taken identity. Rating: 3. 

Possible Explanations. The absorption bands recorded may actually be due to molecules in 
the Martian and/or terrestrial atmospheres or minerals on the Martian surface. 

Similar and Related Phenomena. The Martian springtime wave of darkness (AMOS); the Vi- 
king life-detection experiments (AME14). 

the 1956 opposition indicate the probable pre- Examples 

X1. Spectroscopic evidence. "Abstract. A 
new test for the presence of vegetation on 
Mars depends on the fact that all organic 
molecules have absorption bands in the vi- 
cinity of 3.4. These bands have been 
studied in the reflection spectrum of terres- 
trial plants, and it is found that for most 
plants a doublet band appears which has a 
separation of about 0.1 and is centered 
about 3:46 uw. Spectra of Mars taken during 

sence of this band. This evidence and the 
well-known seasonal changes of the dark 
areas make it extremely probable that vege- 
tation in some form is present." (R1) 
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AME18 Apparent Lack of Extensive Surface Erosion 

Description. The generally well-preserved appearance of Martian craters, channels, and 
other geological features despite the obvious presence of strong winds and frequent dust 
storms. 

Data Evaluation. Mariner and Viking spacecraft photographs. Rating: 1. 

Anomaly Evaluation. The well-preserved appearance of Martian surface features is incom- 
patible with the known wind-and-dust environment and the estimated ages of the geological 
features. Rating: 2. 

Possible Explanations. The windblown dust and sand may not be as erosive as wind-tunnel 
experiments suggest due to clumping of the particles. Also, the Martian dust storms may 
seem spectacular from afar, they may not transport as much dust as their appearance sug- 
gests. Much more radical explanations would have the Martian surface much younger than 
3.5 billion years, or the present Martian erosive environment much more recent. 

Similar and Related Phenomena. The Martian pyramidal structures (AME3), which are sup- 
posed to be wind-eroded mountains; the lack of dust and meteoric material on the moon (ALL14); 
an episode of accelerated crater erosion (AME20). ' 

Examples 
aa indicated by young volcanic features and 
X1. Apparent lack of erosion. ''... although faults), the pace of that activity has slowed 
the planet is still geologically active (as with time. The densely cratered terrain 



215 

dates from before the decline in impact rates 
over 3.5 billion years ago; the Tharsis bulge, 
and most of the fractures around it, most of 

the volcanic plains, most channels, and many 
_ of the volcanoes date from the first half of 
the planet's history. This conclusion is 
somewhat surprising, since many of these 
ancient features are well preserved; the 
annual global dust storms, despite their 
apparent violence, must have little erosive 
power. They probably simply move previ- 
ously eroded loose material around; their 
effect on cohesive rocks must be negligible, 
because otherwise the old landforms would 
be destroyed or at least substantially modi- 
fied. Our estimates are that the erosion 
rate is no more than a billionth of a meter 
per year."' (Rl) This conclusion is based 
on the assumption that most craters were 
excavated about 3.5 billion years ago and 
the apparent pristine character of these 
supposedly old features. (WRC) 

X2. Laboratory simulation of Martian con- 
ditions. R. Greeley and his colleagues have 

Layered Deposits AME19 

Mars. Atmospheric pressure on Mars is 
only a few thousandths of that at sea level on 
earth, so Martian winds must possess very 
high velocities to transport dust particles. 
These high wind speeds should produce a 
highly erosive environment. "Based on these 
factors, and on wind patterns derived from 
Viking lander data, the researchers came 
up with some surprising results. They cal- 
culate that Mars should be eroded at rates 
of up to 2 centimeters per century. But if 
this were the case, they note, the craters 
visible at the Viking sites (which are hun- 
dreds of millions of years old) should have 
been worn away long ago.'' Greeley supposes 
that Martian sand may exist in cohesive 
clumps which break apart on impact, thus 
reducing their erosive power. (R2) 
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used a wind tunnel at NASA's Ames Research 

Center to simulate erosive conditions on 

AME19_ Layered Deposits 

Description. The presence of extensive layered deposits, apparently of sedimentary origin. 
The deposits in the Valles Marineris, the only examples reported in the literature surveyed, 
are up to 5 kilometers high, with layers 170-220 meters thick, extending up to 50 kilometers. 

Data Evaluation. Mariner and Viking spacecraft photography. Rating: 1. 

Anomaly Evaluation. Assuming that the layered deposits were laid down in standing water, 
the implication is that water was once abundant on Mars and that it played a large role in 
shaping Martian topography. Such a fluvial period in Martian history is no longer considered 
a radical idea, although the origin of the event and the disposition of the water are not well 
understood. Rating: 3. 

Possible Explanations. Sedimentary layers were deposited by a series of inundations during 
a planet-wide fluvial period. Sediment deposition by wind is another possibility. 

Similar and Related Phenomena. A hypothesized episode of accelerated crater erosion (AME 
20); the Martian channels (AME1); terrestrial sedimentary rocks. 

Examples 

X1. Permanent feature. Valles Marineris. 

Abstract. "The floors of the Valles Mari- 

neris were mapped to establish the geo- 
graphic distribution of the rhythmic layered 

deposits found in the lower elevations, and 
to establish the stratigraphy of all the geo- 
logic units within the canyons. The layered 
deposits form erosional remnants up to5km 
high, and once covered larger areas of the 
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valley floors. Individual layers are 170- 
220 m thick, and can be traced laterally up 
to 50 km. The deposits erode with eolian 
fluting along steeper faces and mottling of 
exposed horizontal surfaces. A deep 'moat' 
formed by canyon wall collapse and minor 
erosion commonly separates the deposits 
from the walls. No landslides form in the 
deposits, even on the steepest surfaces. 
The canyon walls underwent extensive land- 
sliding, and elsewhere exhibit spur-and- 
gully topography that is distinct from the 
eolian fluting. The material of the layered 
deposits is markedly different from that of 
the canyon walls. The initial tectonic gra- 
bens of the Valles Marineris were enlarged 
by collapse as the walls weathered to spur- 
and-gully topography. During the same 
period the layered deposits were emplaced, 
followed by further canyon wall collapse in 
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some areas, and by an event that deeply 

eroded some of the deposits to nearly their 
present extent. The outflow channels as- 
sociated with the Valles Marineris may date 
from this epoch of erosion. Landsliding 
predates the formation and deep erosion of 
the layered deposits, as evidenced by slides 
diverted by erosional remnants. Eolian 
erosion responsible for fluting could be 
continuing up to the present. The morpho- 
logy and history of the sediments are con- 
sistent with deposition in standing bodies of 
water early in Martian history." (R1) 
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AME20_ Evidence for an Episode of Accelerated 

Crater Obliteration 

Description. A study of some 50,000 Martian craters, taking into account their apparent age 
and degradation, reveals a brief (25 million years) episode of highly accelerated erosion about 
200-450 million years ago. This event may have been synchronous with the formation of the 
Martian channels. 

Background. This phenomenon of accelerated crater erosion seems to contradict the state- 
ment in AME18 that Martian topography is relatively uneroded. It seems to be a matter of 
degree. 

Data Evaluation. The basic data are derived from the Mariner/ Viking spacecraft photos, 
which are considered excellent. However, the determination of crater age and degree of 
obliteration requires human judgment and assumptions about the evolution of Mars and the 
whole solar system. Rating: 2. 

Anomaly Evaluation. The favored implication of accelerated crater erosion is the brief 
presence of a considerable amount of water on Mars. There is no consensus concerning the 

origin of this water and what finally happened to it. However, most astronomers believe the 
water was part of Mars' original endowment and that it still survives just below the planet's 
surface. Rating: 2. 

Possible Explanations. A fluvial period on Mars caused the accelerated erosion of the Mar- 
tian craters as well as other water-shaped topographic features. Alternatively, an episode 
of powerful erosion by wind, dust, and volcanic ash is possible. 

Similar and Related Phenomena. The Martian channels (AME1); the layered deposits (AME19); 
the apparent light erosion of ancient Martian features (AME18). 
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Examples 

X1. Permanent condition. Martian surface. 
Abstract. "It is shown that Mars experi- 
enced a brief episode of an increased oblit- 
eration rate contemporaneous with the for- 
mation of the cratered plains units. The 
obliteration rate during this episode was at 
least an order of magnitude greater than the 
preexisting rate. The obliteration rates 
prior to and after the event were identical 
within a factor of 3. Regional variations in 
the observed densities of degraded craters 
on the cratered terrain are shown to result 
from differences in the intensity of the ob- 
literation rate during the event. The identi- 
fication and characterization of the event 
are accomplished by using crater diameter- 
frequency distributions, not only for the total 

AME21 

Description. Craters that stand perched on elevated, roughly circular bases. 

Pedestal Craters AME21 

crater population but also for four morpho- 
logical classes. Distributions are selected 
from 38 regions within the Martian equator- 
ial latitudes. Many of the water-formed _ 
features on the planet, such as the'channels 
and polar laminated deposits, may have 
formed during the obliteration event." (R1) 
On reading this report, one gets the strong 
impression that Mars once experienced an 
intense episode of water erosion. (WRC) 
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Pedestal Craters and Their Eroded Environs 

The bases 

rise several tens of meters above the surrounding terrain and have volumes many times the 
volume of the crater itself. The pedestals, therefore, cannot be derived from the craters. 

Data Evaluation. Mariner and Viking spacecraft photography. Rating: 1. 

Anomaly Evaluation. An appealing explanation of the pedestal formation is given below; and, 
in itself, the pedestal crater is not particularly anomalous. Yet, the pedestal craters imply 
a prodigious amount of erosion of the surrounding terrain by water or some other agent. The 
fact that the agent is unknown and the disposition of all the eroded material undiscovered gives 
the total phenomenon a relatively high rating. Rating: 2. 

Possible Explanations. The pedestal craters were originally made in a debris blanket which 
was subsequently eroded away, except for the pedestal supporting the crater, which was pro- 
tected by a layer of ejecta from the crater. 

Similar and Related Phenomena. Terrestrial erosion features protected by caps of resistant 
rock. 

Examples 

X1. Permanent features. "Modification of 
Martian craters also produces patterns not 

found on other planets, especially at high 
latitudes. Of particular interest are the so- 
called pedestal craters. These craters oc- 

cur at the center of a roughly circular plat- 
form that stands several tens of meters above 
the surroundings. In most cases the platform 
cannot be formed of ejecta from the crater 
since the volume of the platform far exceeds 
that of the crater's bowl. Most planetary 

geologists now view the pedestal craters as 
indicating that thick blankets of debris used 
to lie on the surface. In the areas between 
craters the old debris has been removed, but 
the debris is retained around eraters because 
of armoring of the surface by ejecta. The 
craters are thus left standing at the center 
of what remains of the old debris blanket. 
The pedestal craters are found mostly at high 
latitudes, both north and south, and are re- 
garded as evidence of complex erosion and 
deposit histories at these latitudes, perhaps 
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connected in some way with the long term 
climate changes." (R1) 
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AME22_ Flow-Like Character of Crater Ejecta 

Description. The curious flow-like appearance of the material surrounding Martian craters. 
Lunar crater ejecta, in contrast, appears to have been blasted into the space above the crater 
and flung outward. Martian crater ejecta seems to have flowed along the surface like ''mud". 
This ejecta flows around obstacles, contrary to what one would expect from a debris cloud. 

Data Evaluation. Mariner and Viking spacecraft photography. Rating: 1. 

Anomaly Evaluation. Ostensibly a minor geological phenomenon, the peculiar character of 
Martian crater ejecta is fraught with radical interpretations, as detailed below. The possible 
flow of fluids out of the crater and perhaps even a thermal origin of the Martian craters are 
definitely contrary to the presently conceived history of the planet. Rating: 2. 

Possible Explanations. The crater-forming projectile might have hit a water-saturated area, 
and the wet ejecta just flowed out. Unfortunately, the energy of the impacting projectile 
would probably have vaporized any water, militating aginst this theory. Another thought is 
that the crater weakened the crust, allowing subsurface fluids to flow out forming a mud flow. 
Finally, The Martian craters might be true mud pots on a colossal scale! 

Similar and Related Phenomena. Pedestal craters (AME21) with their raised bases; terres- 
trial mud pots. 

Examples 

X1. Permanent features. ''The material 
ejected from the Martian craters also has 
an unusual appearance. The ejecta appear 
to have been deposited by flow along the 
ground, rather than directly from being 
thrown out and freely falling as is generally 
the case on Earth and the Moon. On the 
Moon, most impact craters have hummocky 
ejecta close to the rim. Farther out the 
ejecta seem to fall in a linear pattern out- 
ward from the crater, a pattern which mer- 
ges still farther outward with lines of secon- 

dary craters. In contrast, the ejecta around 
most Martian craters are disposed in thin 
sheets, each with a clearly delineated outer 
margin commonly marked by a low ridge. 
These ejecta look like mud flows and, indeed, 
where obstacles were in its path, the material 
clearly flowed around them." (R1) 
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AME23_ The Tharsis Bulge 

Description. A huge, 10-kilometer-high, 5,000-kilometer-diameter bulge in the Martian 
surface between 20-30° south and 10-85° west. 
tures, channels, and chaotic terrain. 

The bulge is surrounded by volcanos, frac- 

Data Evaluation. Mariner and Viking spacecraft photography. Rating: 1. 

Anomaly Evaluation. The origin of the Tharsis bulge is a mystery, although many scientists 
are inclined toward an internal origin, associated perhaps with some asymmetry in the for- 
mation of the planet's core. Rating: 2. 

Possible Explanations. As mentioned above, some asymmetry during core formation. The 
bulge might be depositional; that is, an accumulation of ejecta and sediments. 

Similar and Related Phenomena. The dichotomy of Martian topography (AMES). 

Examples 

X1. Permanent feature. "The 10-km high, 
5, 000-km diameter Tharsis bulge has clearly 
played a major role in the evolution of Mars. 
The planet's youngest and largest volcanoes 
lie on its flanks and fractures associated with 
the bulge affect about a third of the planet's 
surface. One question of interest to geolo- 
gists is the extent to which the bulge is the 
result of accumulation of materials on the 
surface and the extent to which it results from 
uplift from below. The question has yet to be 
resolved. It appears, however, that the frac- 
tures and compressional ridges that abound 
around Tharsis are due to the presence ofthe 
bulge; they are not the result of stretching 

associated with its formation. No matter what 
its origin, the Tharsis region is clearly ano- 
malous and various suggestions have been 
made for the primary cause. A plausible pos- 
sibility is that the bulge is an indirect result 
of formation of the planet's core, which may 
have happened in an asymmetric way, causing 
anomalous chemistry and heat flow under Thar- 
sis. "' (R1) 
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AMF LUMINOUS PHENOMENA ON MARS 

Key to Phenomena 

AMFO __ Introduction 
AMF1_ Flares and Light Flashes 

AMFO _ Introduction 

Mars, like our moon, displays transitory luminous phenomena. Transient Martian Pheno- 
- mena (TMPs) are very rare compared to Transient Lunar Phenomena (TLPs), probably be- 
cause Mars is so much farther away. Mars may be more active than we suspect. In any 
case, Mars and the moon are both considered to be relatively inactive in the geologicai sense, 
so any incandescent or self-luminous phenomenon bright enough to be seen from earth would 
be of great interest to planetologists. 

Although occasiona] flares and flashes of light do appear on Mars, it is questionable whether 
they represent self-luminous events. The phenomena may be brighter than their surroundings 
only because they have higher reflectivity. If these events are not actually self-luminous, 
this section of the Catalog is unnecessary, and these phenomena should be placed in section 
AMW. However, self-luminous phenomena, such as volcanic eruptions, lightning, and earth- 
quake lights cannot be ruled out completely at this time. 

AMF1_ Flares and Light Flashes 

Description. Bright, white flares or flashes of light lasting from 5 seconds to several min- 
utes. Short flashes are rare and may be associated with flickering around the polar caps. 
The longer-lived ''flares" usually persist for about 5 minutes. Two separate phenomena 
may be involved here. 

Background. Long-lived’ white clouds often appear on Mars (AMW1 and AMW3) and last for 
many hours. Circa 1900, considerable excitement was caused by Martian clouds, which 
some interpreted as signals from intelligent Martians. This was the era when the famous 
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canals were also thought to be artificial. 

Flares and Flashes AMF1 

Data Evaluation. Flickering, short-lived flashes are rare, while the longer so-called flares 
have been seen rather often, especially by Japanese astronomers. Brightenings lasting 
several minutes are backed by many sound observations, but systematic study is still lacking. 
Rating: 2. 

Anomaly Evaluation. Several explanations for the short-lived flashes and flares have been 
profferred. It seems most likely, however, that the flares at least are just temporary 
clouds of vapor. There is nothing very anomalous here, assuming this interpretation is cor- 
rect. Rating: 3. 

Possible Explanations. Volcanic eruptions, which to be seen from earth would have to be im- 
mense; halo phenomena and glow discharges (X12) would also be far too weak for detection 
through terrestrial telescopes; the specular reflection of sunlight off ice or standing water 
would require immense, very flat, smooth areas. Probably the best theory is the sudden 
formation of large clouds of white vapor or fog from the Martian soil which quickly disper- 
se. 

Similar and Related Phenomena. Long-lived white clouds seen on Mars (AMW1 and AMW3); 
bright flashes seen on the moon (ALF3). 

Examples 

X1. December 1900. Beam of light. 'Prof. 
Pickering makes the following statement 

relative to the light flash from Mars. 'Early 
in December we received from the Lowell 
Observatory in Arizona a telegram that a 
shaft of light had been seen to project from 
Mars (the Lowell Observatory makes a 
specialty of Mars) lasting seventy minutes. 
I wired these facts to Europe and sent out 
neostyle copies through this country. The 
observer there is a careful, reliable man 
and there is no reason to doubt that the light 
existed. It was given as from a well-known 
geographical point of Mars. That was all. 
Now the story has gone the world over. In 
Europe it is stated that I have been in com=- 
munication with Mars, and all sorts of ex- 
aggerations have sprung up. Whatever the 
light was, we have no means of knowing. 
Whether it had intelligence of not, no one 

can say. It is absolutely inexplicable." 

(R1) 

X2. May 30, 1937. Flashes. "On May 30, 
1937, during a part of the interval between 

4h 35m and 6h 0m G.C.T., while Mars was 
being observed through a 12-inch aluminized 
reflector, 250 magnification, with unusually 
good seeing, what appeared to be a series 
of bright flashes was seen, extending across 
the south polar cap about 1" north of the 
southern rim of the disk. They were irreg- 

ularly intermittent and were estimated to 

be about one magnitude brighter than the 

rest of the cap. They were entirely unex- 

pected, but when once seen they became 

the chief concern of the observation period. 

Measured from the drawings and photo- 
graphs the thickness of the south polar cap 
on the central meridian was about 1". 87. 
The flashes extended almost midway be- 
tween the northern edge of the cap and the 
southern rim of the disk. A line of tiny white 
spots seemed to extend across the cap, some 
of the spots coalescing to swell into a bril- 
liant white spot which quickly became yellow, 
then red-yellow, the phenomenon passing 
from left to right across the polar cap." 

(R2) 

X3. June 4, 1937. Martian "flares". ''The 
classic instance of this phenomenon was 
seen on June 4, 1937, by Sizuo Mayeda in 
Japan. Observing the Alcyonius region of 
Mars with an 8-inch reflector, he saw an 

intense point of light suddenly appear near 
Sithonius Lacus. Far brighter than the pla- 
net's polar cap, it scintillated like a star 
and disappeared after about five minutes." 

(R5, R3) 

X4. December 8, 1951. "At 21:00 UT I saw 

a sharp, bright, glaring spot suddenly ap- 
pear on Tithonius Lacus. It was as brilliant 
as a 6th-magnitude star---decidedly brighter 
than the north polar cap---and shone with 
scintillation for about five minutes. Fading 
rapidly, by 21:05 it looked like a whitish 
cloudlet, as large as Tithonius Lacus. At 
21:10 it was barely visible as a very faint 
and very large white spot, and by 21:40this 
part of the Martian surface had returned to 
its normal state. '' (R3) 

X5. July 1, 1954. A sudden brightening of 
Edom Promontorium, lasting 5 seconds. 

(R3, R4) 
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Bright flare on Mars, June 4, 1937. (X3) 

X6. July 24, 1954. Another brightening of 
Edom Promontorium, but lasting about 58 
seconds this time. (R4) 

X7. November 5, 1958. A bright spot lasting 
5 minutes observed neat Nix Tanaica by 
Sadao Murayama, at Tokyo. (R4) 

X8. November 7, 1958. At the southwestern 
edge of Tithonius Lacus, a bright spot that 
faded after about 4 minutes. (R4) 

X9. November 11, 1958. "At 0h 05m on No- 
vember 11 (U.T. Nov. 10, 15h 05m), only 
4 days after Tenabe's observation, Mr. Sa- 
nenobu Fukui at Kobe, using his 25-cm. re- 
flector with the power 400X, also discovered 
a bright and white small spot near the N.E. 
portion of Solis Lacus. He recorded: 'I 
found this curious bright spot when I was 
studying the details of Solis Lacus, at about 
15h 05m (U.T.). It was as bright as the 
North Polar Cap, but I could see it for only 
about 5 minutes. I computed its diameter at 
about 250 kms. from my drawing. ''' (R4) 
Note that Solis Lacus may be the site of ice 
and water (AME16). (WRC) 

X10. November 21, 1958. Abnormal bright- 

ening of the northern edge of Hellas and 
Edom Promontorium, lasting about 5 min- 
utes. After fading, the spots flared up again. 

(R4) 

X11. General observations. H. Heuseler, 
writing in Die Sterne listed 13 observations 

of Martian flares between 1937 and 1967. 
The Soviet astronomer V.D. Davydov has 
listed six other flares not mentioned by Heus- 
eler. These are said to have occurred in 
1896, 1900, 1903, 1911, 1924, and 1956. 

(Rd) 

X12. Possible explanations. Active volcanos 
(R5); halo phenomena involving clouds of ice 
crystals (R5); glow discharges caused by the 
frictional generation of electricity (R6). Actu- 
ally, A.A. Mills (R6) does not suggest that 
glow discharges cause the visible flares, but 

it seems wise to at least list the possibility. 

(WRC) 

References 

R1. Scientific American, 84:179, 1901. (X1) 
R2. Wilson, Latimer J.; "Apparent Flashes 

Seen on Mars," Popular Astronomy, 45: 
430, 1987. (X2) 

R3. Saheki, Tsuneo; 'Martian Phenomena 
Suggesting Volcanic Activity, ' Sky and 
Telescope, 14:144, 1955. (K3-X5) 

R4. Saheki, Tsuneo; 'Some Important Mar- 
tian Phenomena in 1958," Strolling Astro- 
nomer, 16:264, 1962. (X5-X10) 

R5. "Bright Flares on Mars," Sky and Tele- 
Scope, 39:83, 1970. (X3, X11, X12) 

R6. Mills, A.A.; "Dust Clouds and Frictional 
Generation of Glow Discharges on Mars, "' 
Nature, 268:614, 1977. (X12) 



223 

AMLO 
AML1 
AML2 © 
AML3 

AML THE CURIOUS SATELLITES 
OF MARS 

Key to Phenomena 

Introduction 
Possible Early Sightings of the Martian Satellites 
The Grooves of Phobos 
The Anomalous Acceleration of Phobos 

AMLO Introduction 

Mars' satellites are so small that they weren't discovered until 1877. Nevertheless they have 
sparked two delightful debates down the years: (1) How did Swift describe the satellites so ac- 
curately in Gulliver's Travels in 1727? (2) Could Phobos be of artificial origin? These ques- 
tions, especially the latter, are probably much ado about nothing, but still entertaining and 
instructive. The real scientific anomaly, the grooves of Phobos, was not dreamt of until the 
Viking spacecraft got close enough to get high-resolution photographs. 

AML1 Possible Early Sightings of the Martian Satellites 

Description. Observations of the Martian satellites before their official discovery by Hall in 
1877. 

Data Evaluation. Most of the data suggestive of pre-1877 observations of the two Martian 
satellites are merely vague literary references. Swift's description in Gulliver's Travels 
is more specific, but imprecise and of unknown origin. Truly scientific data are really non- 
existent. Rating: 4. 

Anomaly Evaluation. If the Martian satellites were actually discovered only a few years prior 
to 1877,. it would simply mean that some other astronomer with a good eye and quality tele- 
scope had beat Hall to the punch. On the other hand, pre-Gulliver's Travels (1727) sightings 
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of the satellites, given the state of telescope technology, would truly be anomalous. Our 
rating is based upon this remote possibility. Rating: 2. 

Possible Explanations. Crude glass lenses were known in ancient times (M); but though the 
ancients were avid astronomers, no one has uncovered any evidence that they discovered the 
telescope. Much more reasonable is the theory that Swift combined mystical expectations 
(for the number of Martian satellites); simple luck (for their distances from Mars); and Kep- 
ler's laws (for their periods). 

Similar and Related Phenomena. Early sightings of Martian craters (AMO2); early sightings 
of spoke-marks on Saturn's rings (ARL5); early sightings of Neptune's rings (ANLI1). 

Examples 

X0. August 1877. On the 11th., Asaph Hall 
at the Naval Observatory, Washington, saw 
a small star near Mars but was not certain 
it was a satellite. On the 16th., he saw it 
again; and, later that night, found that the 

supposed star have moved with Mars and 
was therefore a Martian satellite. A second 
satellite was soon discovered. On August 
18, 1877, Joseph Henry sent the following 
dispatch to European astronomers: "Two 
satellites of Mars have been discovered by 
Hall at Washington. First, elongation west, 
August 18th, eleven hours, Washingtontime. 
Distance, eighty seconds; period, thirty 
hours. Distance of second, fifty seconds." 
The distance given for the inner satellite 
turned out to be in error; but this was soon 
corrected. (R1) 

X1. 1726. Publication of Gulliver's Tra- 
vels. In the "Voyage to Laputa, '' Chapter 
III, we find: ''They have likewise discovered 
two lesser stars, or satellites, which re- 
volve about Mars; whereof the innermost 
is distant from the center of the primary 
planet exactly three of its diameters, and 
the outermost, five; the former revolves 
in the space of ten hours, and the latter in 
twenty-one and a half; so that the squares 
of their periodical times are very near in 
the same proportion with the cubes of their 
distance from the centre of Mars; which 
evidently shows them to be governed by the 
same law of gravitation that influences the 
other heavenly bodies. '' (R6) 

Many have speculated as to how Swift 
arrived at the correct number of Martian 
satellites, and how he came so close to the 
proper orbits in the absence of any recorded 
observations of these satellites. It would 
take too much space to review such guesses. 
Generally, authors of these speculations 
credit pure luck/chance or educated guesses 
based on Swift's knowledge of Kepler's laws 
and the surmise (offered by Kepler) that 
since earth had one satellite and Jupiter 
four, Mars should have two. Such a geo- 

metric progression would demonstrate how 
orderly the heavens are. (R6-R8) Wilder 
explanations have included ESP, ancient 
astronauts, and ancient sightings with pre- 
cocious technology. (R9) 

X2. Circa 1737. Lecompte's book Empire 
of China, published in 1737, refers to satel- 
lites of Mars as actualities. Lecompte was 
a Jesuit missionary, who spent ten years in 
China at the end of the sixteenth century. 
So it is possible his information on Martian 
satellites actually predates Swift's publica- 
tion of Gulliver's Travels. (R3) 

X3. Circa 1744. A quarto pamphlet of ten 
leaves, published in 1746 by E.C. Kinder- 
manns, relates how the author saw a single 
Martian satellite in 1744. The satellite is 
pictured as having an atmosphere and in size 
is 0.4 the diameter of Mars in size. (R4,R5) 

X4. 1752. Voltaire,another satirist, in his 
Micromegas, third chapter, mentions that 
Mars has two moons---rather, his space 
travellers tell of seeing them! (R7) 

X5. October 24, 1864, and January 3, 1865. 

After Hall's discovery, Lamey reported in 
Comptes Rendus that he had observed some- 
thing resembling a ring of asteroids around 
Mars. Compiler's translation: "I find in my 
record of astronomical observations, under 
the dates of October 24, 1864 and January 3, 
1865, the remark that red gleams were situ- 
ated on each side of the disk of the planet 
Mars, corresponding nearly to the equatorial 
plane. These appearances and considerations 
of another kind reminded me of the gleam due 
to the existence of a ring of large asteroids 
encircling the planet, producing an analogy 
with the crepe ring of Saturn." (R2) 
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AML2 The Grooves of Phobos 

Description. Long, parallel grooves extending most of the way around the surface of Phobos. 
Typically, the grooves are 100-200 meters wide and 20-30 meters deep. They are mostly 
lined with small, contiguous pits. The grooves are best developed near the large crater 
Stickney. Analysis suggests that there may be several distinct families of grooves, with 
each family on different sets of parallel planes and being of a different age. 

Data Evaluation. Viking Orbiter photographs. Rating: 1. 

Anomaly Evaluation. There are several potential explanations, most of them requiring no 
stretching of astronomical theory. But if Phobos is basically a complex, layered structure, 

-it may once have been part of a larger layered structure. Such an implication increases the 
seriousness of the anomaly, for no one knows what this layered structure could have been. 
Rating: 2. 

Possible Explanations. See X2 below for a list of the different suggestions. 

Similar and Related Phenomena. Ganymede's terrain is also grooved. 

Examples 

X1. Permanent feature of Phobos. "As soon 
as the first high-resolution Viking photo- 
graphs became available, a new and puzzling 
aspect of Phobos was revealed. Its surface 
is almost entirely covered by long nearly 
parallel grooves, typically 100 to 200 meters 
wide and 20 to 30 meters deep. 

Since the Viking orbiters photographed al- 
most all of Phobos, it was possible to map 
the distribution of grooves on its surface. 
As the map below shows, the grooves ap- 
pear to be associated with the largest crater, 
Stickney, which is about 10 km in diameter. 
The grooves are widest and best developed 
near Stickney and may be surface manifes- 
tations of deep fractures caused by the se- 
vere impact that created the crater. 

Under high resolution, the grooves ap- 
pear not as simple cracks but as lines of 

more or less contiguous pits. (R10, simi- 
lar descriptions, some with more detail, 
may be found in R1-R7, R9, R11) 

Further studies of the grooves showed 
that they are more complex than first be- 
lieved. "The complex system of linear frac- 
tures of Phobos, found by Viking Orbiter in 
1976, can be classified morphologically ac- 
cording to their appearance as well as their 

global distribution on the surface of the moon 
into three types. The member of each set 
appears to lie along roughly parallel planes 
cutting through much of Phobos. We are 
convinced that the differences in morphology 
between the three kinds of grooves indicate 
the necessity for three different hypotheses 
for their cosmogony. The third kind of 
grooves (L-grooves) appear to form arcs 
of small circles normal to the Phobos-Mars 
direction. We suggest that they are the sur- 
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Photographs of Phobos taken by Viking Orbiter 1 
on May 27, 1977. The right-hand photo has been 
computer-enhanced. (X1) (Courtesy NASA) 

face manifestation of layering within Phobos." 

(R12) 
"Present explanations of the grooves on 

Phobos, which include internal fracturing 
and secondary impacts from Stickney cra- 
ter, are considered unsatisfactory by the 

author. Grooves can be separated into dis- 
tinct families of different ages, whose mem- 
bers lie on parallel planes intersecting the 
satellite. This, and the tendency for grooves 
to consist of contiguous pits resembling sec- 

ondary impact craters, suggests that grooves 
are of external origin, caused by the satel- 
lite encountering fields of parallel strips of 
small bodies in space. The most likely 
source of such ordered fields of small bodies 
is considered to be ejecta from large, basin- 
sized impacts on Mars. Such an origin for 
Phobos' grooves places constraints on the 
date of capture and the history of the axis 
of rotation. '' (R13) 

X2. Theories of groove formation. The 
grooves were formed by ejecta from craters 
on the surface of Phobos (R1); from a highly 
ordered meteor swarm (R2), perhaps from 
debris expelled when the large Martian cra- 
ters were created (R13); large-scale frac- 
turing of Phobos associated with the forma- 
tion of Stickney (R3, R6, R7, R9-R11); tidal 
stresses (R5-R9); Phobos is fundamentally a 
layered body (R6, R12) 
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Map of the grooves of Phobos. (X17) 

AML3 The Anomalous Acceleration of Phobos 

Description. The small acceleration of Phobos' orbit amounting to about 3. 3° per century. 

Background. An important consideration in including this small effect is the suggestion in 1959, 
by the Soviet astronomer, I. Shklovsky, that the acceleration was so large that Phobos had to 
be hollow, given the calculated drag force and mass. He stated further that a hollow moon 
might well be of artificial origin! The popular press naturally made much of this at the time. 
The value of the acceleration later proved to be much smaller and the atmospheric model in- 
correct. 

Data Evaluation. Recent measurements of the acceleration from the earth and spacecraft put 
it at 3.3° rather than the 19° estimated in 1964. Alarge change. Rating: 2. 

Anomaly Evaluation. The drag of the Martian atmosphere causes Phobos to accelerate. No 
hint has been found that theory and experiment do not jibe. Rating: 4. 

Possible Explanations. Atmospheric drag. 

Similar and Related Phenomena. Terrestrial satellites in low orbit experience similar drag 
forces and accelerations. 

Examples. References 

X1. Permanent feature. In 1964 the acceler- Rl. 'Mars' Inner Moon," Sky and Telescope, 
ation of Phobos was estimated at 19° per 28:138, 1964. (X1) 
century. (R1) On the basis of much better R2. "The Moons of Mars," Sky and Tele- 

data, this figure was changed to 3.3 per scope, 57:11, 1979. (X1) 
century in 1979. (R2) 
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AMO MARTIAN TELESCOPIC ANOMALIES 

Key to Phenomena 

AMOO __ Introduction 
AMO1 The Martian Canals 
AMO2 _ =sCwpPre-Mariner Observations of Martian Craters 
AMO3 _ The Springtime Wave of Darkness 
AMO4 _ Transitory Dark Spots 

AMO0 _ Introduction 

The major telescopic anomaly associated with Mars has to be the notorious canals. These 
lines, often thousands of miles long, form an intricate network, with many canals intersec- 
ting at dark spots called oases. Even though we know the canals are really not there, they 
can still be "seen" and have been captured forever in numerous photographs. Brushing them 
off as mere illusions is not the way to find the meaning of this important perceptual anomaly. 
The other phenomena placed in this section are of relatively minor importance: the spring- 
time wave of darkening and the occasional appearance of intensely black spots. These are 
not well understood but hardly threaten our fundamental concepts about Mars. Finally, as 
with Mercury's craters and the Martian moons, we have claims of sightings of the Martian 
craters long before Mariner 4 sent back the first close-up photos of them. 

AMO1_ The Martian Canals 

Description. Long, sharply defined, straight or slightly curved, dark lines observed on the 
surface of Mars. These lines or "canals" usually intersect at dark spots called oases and form 
an extensive, rather complex network on the lighter areas of.Mars. Some of the canals on 
occasion appear to be double---the phenomenon of gemination. Individual canals may run for 
thousands of miles, with estimated widths of about 200 miles. The canal network has been 
captured, to a lesser degree, on photographs. 
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Background. The description just presented is the Lowellian view of the canal system, named 
after Percival Lowell, a champion of their artificiality. Many famous astronomers saw the 
same well-developed, clearly etched network of lines that Lowell did. Other astronomers, 

. however, reported only a few smudgy lines; still others saw no lines at all. The physical re- 
ality of the Martian canals was long a subject of great contention. The close-up photographs 
of the Mariner and Viking spacecraft emphatically settled the question: they are not real. The 
astronomical anomaly has now become a psychological or perceptual anomaly. 

Data Evaluation. Many capable, well-respected astronomers saw most of the Lowellian canal 
network; but others, just as reknowned, saw only wisps or nothing at all. Mariner and Viking 
photos show almost no correspondence with the complex canal maps. The data are very clear, 
although obviously conflicting, and available in abundance. Rating: 1. 

Anomaly Evaluation. Science is based on the premise that all normal people see the same 
things. Evidently this is not the case with the Martian canals. Equally capable scientists 
saw radically different Martian surfaces through the telescope and even on the same photo- 
graphs. Why did so many astronomers see the same canals in the same places when there 
is nothing objective there? Here we have a major perceptual anomaly. Rating: 1. 

Possible Explanations. Hallucinations might be an answer; but why have so many halluci- 
nated the same network ? 

Similar and Related Phenomena. Linear, canal-like features on Mercury (AHO4); the "spoke" 
system on Venus (AVO6); the naked-eye ''canals"' on the moon (ALO4). 

Examples 

X1. G. V. Schiaparelli's early observations. 
"These lines (the so-called canals) run from 
one to another of the dark spots of Mars, us- 
ually called seas, and form a very well- 
marked network over the bright part of the 
surface. Their arrangement seems constant 
and permanent (at least so far as can be 
judged by the observations of four and one- 
half years); but their appearance and the 
degree of their visibility is not always the 
same, depending on circumstances which 
we cannot at present discuss with full cer- 
tainty. In 1879 many appeared which had 
not been seen in 1877 and in 1881-1882 all 
those which had been seen the first time 
were rediscovered, and other new lines as 

well. Their number could not be estimated 
as less than 60. Sometimes these lines or 
canals show themselves under the form of 
diffused and indistinct shading; at other times 
they appear as very definite and precise 
markings of uniform tone, as if they had | 
been drawn with a pen. In most instances 
their curvature differs very little from a 
great circle, if indeed it does differ; some 
others however are much curved. The breadth 
of the finest can hardly be estimated at less 
than 2° (70 miles) of a great circle but in 
some cases it reached to about 4°. As tothe 
length, that of the shortest is certainly less 
than 10°, others extend to 70° and 80°. The 
color is sometimes as dark as in the seas 
of Mars, but often it is brighter. Each canal 
terminates at its two extremities either ina 
sea or in another canal. I know of no instance 

where one end remains isolated in the midst 
of one of the bright areas of the surface with- 
out resting on lines and dark spaces. 

Now in many of these lines it has fallen 
to me to observe the curious and unexpected 
circumstance of a doubling or reduplication; 
this happens in the following manner: To the 
right or left of a pre-existing line, which 
suffers no change from its previous direction 
or position, another line appears, nearly 
equal to the first and parallel to it; in some 
instances a slight difference of appearance 
being visible and sometimes also a slight 
divergence of direction. The distances be- 
tween the pairs of lines formed in this man- 
ner varies from 6° to 12° of a great circle." 
(R1 and R5) 

Schiaparelli’s June 1888 drawing of Mars, made 
using the 18-inch refractor at Milan. (X1) 
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X2. Percival Lowell. A recapitulation of 
his observations Or beliefs). ''(1)Mars is 
covered with a network of lines of individ- 
ually uniform width, of exceeding tenuity, 
and of great length. These are the Martian 
canals. (2) These lines are 'joys of geome- 
tric beauty; they look to have been laid down 
by rule and compass.' (3)'Interdependence, 
not independence, marks the attitude of the 
canals. Each not only proceeds with abso- 
lute directness from one point to another, 
but at its terminals it meets canals which. 
have come there with like forthrightness 
from other far places upon the planet.' (4) 
The total number of canals is great (being 
eventually represented as several hundred). 
(5) At times, one. observes a doubling of cer- 

tain of the canals. What has appeared as a 
single line appears suddenly as a pair of 
parallel lines ('gemination'). (6) The course 
of the canals always or almost always lies 
along one of the 'great circles' of the planet, 
i.e. taking the shortest route between two 
points on a sphere. (7) Small, dark, circular 
areas are usually to be seen at the crossing 
or juncture of canals; these are termed 
‘oases’. (8) In general, the canals were seen 
to darken in the spring and fade in the late 
summer, but 'each canal had its own times 
and seasons for showing or remaining hid. 
What dated the one left the other unaffected. '’ 

(R45) 
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Mercury, Venus, Jupiter and Saturn, as 
well as the Jovian satellites, have been seen 
covered with linear markings, which were 
afterwards pronounced unreal by their most 
prolific discoverer. It is further imprudent 
for a believer in linear canals on the planet 
Mars to mention the name of Prof. G. W. 
Ritchey, since that great astronomer repea- 
tedly asserted to me that, having carefully 
scrutinised Mars with the fine 60-inch re- 
flector of Mount Wilson, constructed by him- 
self, he never saw a single straight line, or 
canal, on the planet, though details were ob- 
served beyond the range of the most power- 
ful refractors in existence. My late-lamen- 
ted mentor and friend, E.W. Maunder, re- 
marked in 1894 that the so-called canals of 
Mars often disobey the laws of perspective; 
and I have demonstrated in my book the ver- 
acity of this statement, by showing that canals 
considered to run along arcs of great circles 
appear straight, not only at the center of the 
disc, but also at 30° and more from the cen- 
tre---a fact which, of course, establishes 
their illusive character. I have also shown 
that the canals, after defying perspective, 
further defy diffraction, since they vanish in 
a large telescope, whereas a real, dark, 
planetary line, such as Cassini's division of 
Saturn's ring, becomes naturally darker and 
broader with an increase of aperture. Lastly, 
I pointed out in 1900 that, in the 33-inch re- 

SOUTH 

A Mercator Projection of Mars drawn by Lowell, 
showing the major canals, as he saw them. The 
black dots are oases. (X2) 

X3. E.M. Antoniadi. Antoniadi was an early 
and very vigorous opponent of the canal idea. 
Many astronomers agreed with him. His 
views were summarized in a 1933 paper in 
Nature. "It is at Flagstaff that the planets 

fractor I was using, no straight lines could 
be detected on Mars, while delicate detail, 
far beyond the reach of the small telescopes 
with which the illusory canals had been dis- 
covered, was held quite steadily under fine 
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Two drawings of the Elysium region of Mars. Left: 
by Schiaparelli, from his 1877-1890 observations. 
Right: by Antoniadi, from his 1911, 1924, and 1926 
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observations. (X17, X3) 

seeing. Such objections, whether considered 
severally or collectively, are, of course, 
fatal to the alleged reality of the linear mar- 
kings. The planet is far too distant, from 35 
to 250 millions of miles, to show canals. The 
truth is that a tired eye is liable to glimpse 
straight dark lines on the so-called continen- 
tal regions of that neighbor world when viewed 
through an ordinary telescope; but these op- 
tical illusions vanish in a powerful instru- 
ment, which reveals broad, complex, dusky 
streaks, forming no network on the planet. 
The surface features of Mars are thus shown 
to be infinitely irregular and natural, like 
those of all the other bodies of the solar sys- 
tem." (R38, R22, R26, R28) 

X4. Many astronomers nevertheless were 
certain they observed the famous canals es- 
sentially as Lowell saw them; others saw a 
vague pattern of poorly defined streaks. 

The experience of J.H. Worthington at 
Flagstaff is instructive. ''When I first looked 
at Mars at Flagstaff (September 27, 1909), I 
saw with great difficulty three streaks, pre- 
sumably canals. The seeing was bad, and the 
general faintness of the planet's markings at 
that time is admitted by all. I continued to 
observe Mars on every possible night (which 
was nearly every night) until October 25, and 
as my eye became accustomed to the work I 
saw more and more. The canals were seen 
repeatedly better---this with the 24-inch re- 
fractor generally stopped down to about 18 

inches. I found that with more than 20 in- 
ches the air was nearly always too unsteady, 
and with less than 15 inches too much sepa- 

rating power was lost. The canals were 
seen best with a power of 300 diameters. 
Clearer they became each night until, on 
October 25, the seeing being the best I ever 
experienced, the canals came out with a- 
mazing clearness and steadiness, sharp and 
clean, like telegraph wires against the sky, 
the oases also being exquisitely defined. 
Whereas on previous nights the canals could 
be held only by short glimpses of perhaps 
half a second at a time, they were now stea- 
dily visible for three or four seconds to- 
gether, when a short flicker would sweep 
over them; during the lucid intervals the 
limb also of the planet was perfectly steady; 
as I have never seen it before or since. Of 
the objective existence of these markings 
in the image at the focus of the telescope 
there could be no manner of doubt, and Lo- 
well's representations of them are nearer 
the actual appearance than any I have seen, 
though even in his drawings the lines seem 
hardly fine enough. The effect produced on 
my mind by this remarkable definition, which 
lasted for upwards of one and a half hours 
(from about 8.30 until after 10 p.m.), was 
staggering and ineffaceable. Soon after ten 
the definition went to pieces. It may be re- 
levant to mention that a few evenings pre- 
viously I had obtained a fair and convincing 
view of the canals with the 40-inch reflector 
(full aperture and a power of about 700), 
when they had appeared hazy and broader, 
but the image had been very unsteady, and 
only obtained in very short flashes; but 
nothing that I had hitherto seen had prepared 
me for the astonishing steadiness and fine- 
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ness of the details visible on this superb 
night..... In the face of all this positive 
evidence, and in the absence of any evidence 
that the observing conditions at Meudon, 

just outside Paris, ever approach these 
best conditions at Flagstaff, I find it im- 
possible myself to attach any serious weight 
to the ingenious and plausible contentions 
of M. Antoniadi, which seem to have been 
much too hastily accepted in this country." 

(R29) 
In 1947, E. Pettit summarized the ob- 

servational evidence. ‘'Few places are known 
in the world where the whole pattern of ca- 
nals has been seen, although there are many 
places where the canals have been seen oc- 
casionally a few at atime. It was nineyears 
after Schiaparelli saw them in 1877 before 
anyone else saw them. Perrotin in Vienna 
saw them on April 15, 1886, and in this 

country H.C. Wilson (late editor of Popular 
Astronomy) saw three of them at Cincinnati 
on March 6 of the same year. Every astro- 
nomer of that time attempted to see canals, 
but only a few succeeded. Young, Swift, 
Hall, and Hale, for example, could make 
nothing of them; W.H. Pickering saw them 
with difficulty at Harvard, and Keeler had 
the same experience at Allegheny. The best 
results at the opposition of 1892 were ob- 
tained at the Lick Observatory with the 36- 
inch by Holden, Campbell, Schaeberle, and 
Hussey. Barnard is popularly credited with 
not having seen the canals, although his 
drawings clearly show them. He observed 
with the 12-inch and, to a lesser extent, 
with the 36-inch telescopes. Speaking of a 
small spot near the Solis Lacus he says 'It 
is connected with the great sea south by a 
slender threadlike line. There is a small 
canal running north from Solis Lacus to a 
diffused dusky spot which does not appear 
on Schiaparelli's chart.' I think his chief 
concern was that he never saw the whole 
pattern at one time. Lowell was probably 
the first in this country to see the canal 
pattern, when he began work in 1894. Philip 
Fox told me thirty years ago that he sawthe 
canals at Flagstaff 'stand out like anetching, 
and this was the experience of others who 
worked there. It is only with the most favor- 
able atmospheric conditions when the whole 
pattern appears that we may hope to photo- 
graph canals as we can see them, and the 
exposures must be so short that large re- 
flectors will be required." (R40) 

As the following testimony of R.J. Trum- 
_pler demonstrates, some astronomers saw 
only vague approximations of the famous 
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Lowellian network. "At the close approaches 
of 1924 and 1926 I undertook a careful study 
of the surface of Mars by photographic and 
direct visual observation with the 36-inch 
refractor of the Lick Observatory. These 
observations confirm the existence of agen- 
eral network of dark lines and spots on Mars. 

They contradict the view of former obser- 
vers that these lines are narrow, uniform, 
straight canals arranged in regular geome- 
trical figures. This network was found to 
cover the whole surface of Mars, not only 
the yellow-orange areas thought to be de- 
serts, to which the canals have formerly as 
a rule been confined, and it exhibits, after 
all, not much regularity, the marks being ~ 
densely crowded in some regions and spar- 
sely distributed in others. The lines them- 
selves are not of uniform canal-like charac- 
ter, but show a wide variety of formations 
from faint narrow lines to diffuse darkbands, 
several hundred miles wide. Even the same 
line may change in width, intensity and de- 
finition along its course and a few cases were 
noted in which such lines break off or run 
out before reaching an end point. No impres- 
sion of artificiality is conveyed by this net- 
work, but it seems perfectly feasible to in- 
terpret it as a natural topographic feature 
of the planet's surface. '' (R36) 

Almost all the references at the end of 

this phenomenon profile contain affirmations 
of the canals' objective existence. 

X5. Photographic evidence of the canals. 
Lowell and his colleagues at Flagstaff took 
many pictures of the Martian canals. As 
with telescopic observation, some easily see 
canals in the photos, others only a few broad 
streaks. Some comments on the photos fol- 
low: 

"They show the snow-caps and the darker 
and lighter shading; but with normal sight I 
can see a number of most beautiful lines--- 
the canals---and with the aid of a very low- 
power handglass, not strong enough to show 
the fibre of the paper, I can count thirty-six 
of these perfectly straight lines---one of 
them double. They come out from the snow- 
cap, they pass through the darker shading, 
they join and cross and pass over the planet's 
Equator, and meet others radiating from the 
opposite Pole. And all these most delicate 
lines on adisc 4 millimetres in diameter! 
Certainly a triumph in astronomical photo- 
graphy. Anyone who sees these photos must 
be at once convinced of the reality and the 
doubling of the canals. I count thirty-six 
canals, and I am not an expert. Professor 
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Lowell sees fifty-six on the photographs." 
(R21) 

After Lowell exhibited his photographs at 
England's Royal Institution. "For myself, 
looking at the photographs of Mars thrown by 
the lantern on the screen, I could certainly 
see 'canals'; that is to say, dark, linear 
markings such as one sees in drawings of 
the network on the Martian surface, but not 
so many in number. This was not an optical 
illusion on my part, although I at first thought 
it might have been, for other persons saw 
exactly the same thing, and these markings 
are seen quite plainly on the original plates. " 

(R27) 

"T consider the photographs taken by Dr. 
Lowell and his co-workers one of the great 
proofs that what he sees, as he sees it, is 
correct. '' (R33) 

E.M. Antoniadi stated that Lowell's photo- 
graphs showed only a few broad, diffused 
streaks which looked nothing like a network. 

(R28) | 

Additional references describing the canal 
photos and reactions to them are R14-R18, 
and R39. 

X6. Analyses of the Martian canal network, 

assuming the Lowellian vision. W.A. Webb 
compared the network to terrestrial net- 
works of various kinds. "'...we see that the 
communication networks, as exemplified by 

the railroads of Iowa and Ohio, are striking- 
ly similar in their analysis to the Martian 
canal network. We see that Trumpler, in 
recording only the darkest canals, produced 
a map of Mars whose network characteris- 
tics resemble those of rural Iowa, while 
Lowell, in recording all that he could surely 
see, whether faint or well defined, produced 
a network whose characteristics are most 
like those of industrial Ohio. Although the 
Martian network appears to be clearly ofthe 
communication type, I do not wish to imply 
that it has been proved to have a design re- 
quiring intelligence equal to man's for its 
creation. Additional evidence giving more 
certain criteria for patterns indicating high 
intelligence is required before such a hypo- 
thesis can be proposed. (R42, R44) 

Wells, on the other hand, analyzed the 

Martian canals as if they were natural line- 

aments like those mapped on the moon 
(ALO4). ‘Wells demonstrates that the 
canals can be mapped into two distinct but 
overlapping grid systems---one diagonal 
(trending NW-SE, NE-SW) and the othe1 

meridional-latitudinal (trending N-S, E-W). 
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Furthermore, because Mars, unlike the 

Moon, presents more than one face to the 
Earth, the grid pattern can be observed 
throughout the whole 360° of longitude. One 
feature of the diagonal grid system is that 
the elements are not generally precisely 
'perpendicular', Wells has thus been able 
to plot contour maps of the Martian surface 
bounding the three areas within which the 
northern apex angles of the diamond pat- 
terns were, respectively, greater than 90°, 
80°-90°, and less than 80°. The isogonal 
maps produced were symmetrical about 
the almost antipodal meridians 290° and 
125°." (R48) 

X7. Ground-truth: how the Lowellian vision 
compares with close-up mapping by space- 
craft. 

After the Mariner 9 mission. "The 
Lowellian canal network has been compared 
with the results of Mariner 9 photography 
of Mars. A small number of canals may 
correspond to rift valleys, ridge systems, 
crater chains, and linear surface albedo 
markings. But the vast bulk of classical 
canals correspond neither to topographic 
nor to albedo features, and appear to have 
no relation to the real Martian surface." 
(R51, R49, R50) 

After the Viking missions. P. Moore 
has compared a modern map of Mars, com- 
piled at Flagstaff and based on spacecraft 
photography, with the 1909 canal network 
drawn on the Flammarion/Antoniadi map. 
Moore's conclusion: ''There is no corre- 
lation at all, at least with any physical ir- 
regularity---one cannot be sure about the 
albedo features, which are probably vari- 
able to some extent. 

Let me give a few examples. First, there 

is the 'focal point' of the darkish patch which 
has always been known as the Trivium Cha- 
rontis. From it, Flammarion and Antoniadi 
(hereafter abbreviated to F. and A.) recor- 
ded several radiating canals; the Styx, Ere- 
bus, Orcus, Tartarus, Laestrygon, and the 
double Cerberus. There is a darkish patch 
extending vaguely in the direction of the 
Cerberus, but the others are conspicuous 
only by their absence. Yet F. and A. showed 
them plainly; and in his later book The Pla- 
net Mars (which I have translated, and which 
was published in English in 1975) Antoniadi 
described the Laestrygon as 'a beautiful fila- 
mentary streak...I saw it as a black line 
for an eighth of a second in 1896 on a 6"'.7 
disk. With the 33-inch Meudon refractor in 
1909 I was able to see it as a series of fila- 



AMO1 The Martian Canals 

ments and small lakes'. The Styx was 'a 
broad, knotty streak', and so on..... Antoni- 
adi himself saw several double canals--- 
such as the Jamuna, again in the cratered 
area north of Aurorae Sinus and not so far 
from the site of Viking 1. On the site--- 
nothing at all; merely a medley of craters 
and fine features, not even roughly aligned. 
Then there is Hellas, regarded formerly as 
a plateau and now known to be a basin. Making 
an X inside it Schiaparelli recorded two fine 
canals, the Alpheus and the Peneus, ‘visible 
at first glance' and also seen later by Antoni- 
adi and many others. 
I do not think that I need labour the point fur- 
ther. I have done my best to plot the Lowell- 
type canal network accurately upon the Mari- 

. ner chart, and the lack of any correlation 
seems to be conclusive. There is a lesson 
to be learned; there are so many observers 
who have drawn the Gehon, Hiddekel, Araxes 
and other canals with the aid of small tele- 
scopes---no doubt with absolute honesty, but 
subconsciously influenced by the fact that 
these canals were regarded as fully authen- 
ticated, so that failure to see them would in- 
dicate a lack of perception. I feel, though, 
that Antoniadi was being rather harsh on Lo- 
well. He was correct in saying that the Lo- 
well canals were illusory; but we now know 
that the same applies to the canals shown by 
Schiaparelli (for whom Antoniadi had great 
admiration) and also to those recorded by 
numerous other observers. Lowell was not 
alone in erring. At least we have solved the 
problem once and for all. Nobody has ever 
seen a canal on Mars; there are no canals to 
see. '' (R52) The astronomical problem has 
been solved but not the psychological one. 

(WRC) 

X8. Related lines and geometric figures on 
Mars. Since the genesis of this class of 
markings is probably the same as that of 
the canals, it is logical to include them 
here. 

"It is a rather curious coincidence that 
at each of the recent very near approaches 
of the earth to Mars, strikingly regular, 
although only temporary, geometrical fig- 
ures should have appeared upon its surface. 
The well-known cross, certered in the ap- 
proximate circle of Hellas, appeared to 
Schiaparelli in 1879. (Figure 1) It may have 
appeared in the unusually close apparition 
of 1877, but in that year he saw only the 
circle and the single vertical canal. The 
diameter of the circle is 900 miles. The 
cross has of late years been replaced by an 
irregular curved structure. The next very 
close approach of our planet occurred in 

They are not there..... 
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Other regular geometric figures seen by some on 
Mars. See text for details. (X8) 

1892. In that year a regular pentagon with 
central radiating canals was seen in Are- 
quipa. (Figure 2) One of the canals was 
missing, but it may have been too delicate 
for our 13-inch telescope, or it may have 
been covered by a temporary Martian cloud 
when we made our drawing. The center of 
the pentagon was located at Ascracus Lake, 
as it is now called, although then unnamed, 
and the diameter of the figure was 800 miles." 

Pickering continued with descriptions of 
other geometric figures and, at the end, 
wondered if these regular figures might 
be attempts of intelligent life on Mars to 
communicate with earth! (R35) 

X9. Possible explanations. Intelligent life 
on Mars created the canals. (Rl, R20, R27, 
R47, R32, R35, R45) Lines of sand dunes, 
the aeolian hypothesis. (R46, R47, R51) 
Systems of ridges. (R47) Natural fractures 
of the surface. (R47, R51) Crater rays. 
(R51) Accidental alignments of natural fea- 
tures. (R51) Natural Martian rivers. (R1) 
Rifts in glaciers. (R1) For the gemination 
phenomenon only; purely optical effects. 
(R7-R9) Optical illusion wherein random 
markings on the Martian surface are in- 
terpreted as systems of lines---a type of 
psychological explanation. (R10, R11, R25, 
R31, R50) Purely psychological origin, as 
based on a psychologist's evaluation of Lo- 
well's life: 

"Summary. The thesis of the present pa- 
per is that Lowell's energetic investigations 
of Mars, a certain proportion of his findings,’ 
and a large proportion of his conclusions 
were heavily influenced by unconscious for- 
ces, taking the final form of incompletely 
sublimated voyeuristic impulses. These im- 
pulses were a product of Lowell's unresolved 
oedipal conflicts. '' (R45) 



235 

References 

Rl. Wilson, H.C.; 'Mars and His Canals," 
Sidereal Messenger, 8:13, 1889. (X1, X9) 

R2. Hussey, William J.; "The Lines on 
Mars," Science, 20:235, 1892. (X4) 

R3. Maunder, E. Walter; ''The Canals of 
Mars," Knowledge, 17:249, 1894. (X4) 

R4. "Observations of Mars," Nature, 51: 
40, 1894. (X4) 

R5. "Schiaparelli on Mars, '' Nature, 51:87, 
1894. (X1) 

R6. Brenner, Leo; ''Chart of Mars," Eng- 
lish Mechanic, 61:171, 1895. (X4) 

R7. Antoniadi, E.M.; "On the Optical Ori- 

gins of Martian Gemination, '' English 
Mechanic, 67:500, 1898. (X9) 

R8. Phillips, Theodore E.R.; "The Doub- 
ling of the Canals of Mars," British As- 
tronomical Association, Journal, 8:236, 
1898. (X9) 

R9. Antoniadi, E.M.; "Martian Gemination," 
English Mechanic, 67:288, 1898. (X9) 

R10. "The 'Canals' of Mars, An Optical 
Tilusion ?"' English Mechanic, 77:407, 
1903. (X9) 

R11. ''The Canals on Mars," Nature, 68: 
461, 1903. (X9) 

R12. 'Variations of the Martian Canals," 
Nature, 69:496, 1904. (X4) 

R13. "Visibility of the Martian Canals," 
Nature, 70:416, 1904. (X4) 

_R14. "Photographs of the Martian Canals," 
Nature, 72:302, 1905. (X5) 

R15. "Canals of Mars Photographed, " 
Scientific American, 93:107, 1905. (X5) 

R16. Butler, Charles P.; ''The Canals of 
Mars Photographed, '' Knowledge, 2:204, 
1905. (X5) 

R17. Lowell, Percival; "First Photographs 
of the Canals of Mars, " Royal Society, 
Proceedings, 77:132, 1906. (X5) 

R18. 'Photographs of the Canals on Mars," 
Knowledge, 3:369, 1906. (X5) 

R19. "The Riddle of Mars, " Scientific 
American, 97:25, 1907. (X4) 

R20. ''The Evidence of Life on Mars, "Sci- 
entific American, 97:287, 1907. (X9) 

R21. Cane, Frank Edward; ''The Lowell 
Photographs of Mars, '' English Mechanic, 
86:149, 1907. (X5) 

R22. Antoniadi, E.M.; "On Some Objections 
to the Reality of Prof. Lowell's Canal 
System of Mars," British Astronomical 
Association, Journal, 20:194, 1910. (X3) 

R23. Lowell, Percival; ''The New Canals of 
Mars," Nature, 82:489, 1910. (X4) 

R24. ''New Canals and Lakes on Mars," 
Nature, 84:20, 1910. (X4) 

R25. Dawson, Alfred; 'The Mars Photo- 
graphs of Professor Percival Lowell, " 

The Martian Canals AMO1 

English Mechanic, 91:102, 1910. (X9) 
R26. Antoniadi, E.M.; "Mars," English 

Mechanic, 91:124, 1910. (X3) 
R27. Hollis, H.P.; "Professor Lowell's 

Lectures, '' English Mechanic, 91:265, 
1910. (X5, X9) 

R28. Antoniadi, E.M.; ''The 'Canals' of 
Mars," English Mechanic, 91:311, 1910. 

(X38, X5) 
R29. Worthington, James H.; "Markings of 

Mars," Nature, 85:40, 1910. (X4) 
R30. Antoniadi, E.M.; "Observations of 

Mars," Nature, 85:305, 1911. (X4) 

R31. Watson, H.; "Notes on Mars," English 
Mechanic, 96:59, 1912. (X9) 

R32. Pickering, William H.; "The Canalsof 
Mars,'' English Mechanic, 102:222, 1915. 

(X9) 
R33. Hamilton, George Hall; "The Canals of 

Mars Seen Photographically, " Observatory, 
39:363, 1916. (X5) 

R34. Wicks, Mark; "Mars," English Mech- 
anic, 121:147, 1925. (4) 

R35. Pickering, William H.; "Curious Geo- 
metrical Figures Appearing upon Mars, " 
Scientific American, 134:57, 1926. (X8, 
X9) | 

R36. Trumpler, Robert J.; ''Mars' Canals 
Not Man-Made," Science Newsletter, 12: 
99, 1927. (X4) 

R37. Atkins, E.A.L.; 'Mars," English 
Mechanics, 1:278, 1927. (X4) 

R38. Antoniadi, E.M.; ''The Minor Details 
of the Planet Mars," Nature, 131:802, 
1933. (X3) 

R39. "The Surface of Mars," Nature, 147: 
30, 1941. (X5) 

R40. Pettit, Edison; ''The Canals of Mars," 
Astronomical Society of the Pacific, Pub- 
lications, 59:5, 1947. (X4) 

R41. Martian 'Canals' Seen, " Science News 
Letter, 66:77, 1954. (X4) 

R42. Webb, Wells Alan; "Analysis of the Mar- 
tian Canal Network, '' Astronomical Sociéty 

of the Pacific, Publications, 67:283, 1955. 
— (X6) 

R43. Richardson, Robert S.; "Strange Blue 
Streaks on Mars, '"' Science Digest, 42:20, 
August 1957. (X4) 

R44. Webb, Wells A.; "On the Rejection of 
the Martian Canal Hypothesis, '' Scientific 
Monthly, 85:23, 1957. (X4, X6) 

R45. Hofling, Charles K.; ''Percival Lowell 
and the Canals of Mars," British Journal 

of Medical Psychology, 37:33, 1964. (X2, 
X9) 

R46. Gifford, F.A., Jr.; "The Martian Canals 
According to a Purely Aeolian Hypothesis," 
Icarus, 3:130, 1964. (X9) © 

R47. Sagan, Carl, and Pollack, James B.; 
"On the Nature of the Canals of Mars, "' 
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Nature, 212:117, 1966. (X9) 
R48. "Martian Canal Patterns, '' Nature, 222: 

818, 1969. (X6) 
R49. Hartmann, William K.; ''Geological Ob- 

servations of Martian Arroyos, " Journal 
of Geophysical Research, 79:3951, 1974. 

(47) 
R50. Hughes, David W.; ''Martian Canals af- 

ter Mariner 9,'' Nature, 258:288, 1975. 

(X7, X9) 
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R51. Sagan, Carl, and Fox, Paul; ''The Canals 
of Mars: An Assessment after Mariner 9, " 

Icarus, 25:602, 1975. (X7, X9) 
R52. 2, Moore, Patrick; "Requiem for the Canals," 

British Astronomical Association, Journal, 

87:589, 1977. (X7) 
R53. Lowell, Percival; "On the Suggested 

Movement of the Canals of Mars, "' Popu- 
lar Astronomy, 23:478, 1915. (X4) 

AMO2 Pre-Mariner Observations of Martian Craters 

Description. The observation of craters on the Martian surface through the telescope prior 
to the close-up photographs made by Mariner 4 in 1965. 

Background. The Mariner photos of a heavily cratered Martian surface came as a great sur- 
prise to most astronomers. 

Data Evaluation. 

in which he states that both he and E. E. Barnard had indeed seen Martian craters. 

Despite many thorough studies of the planet with the best tele- 
scopes, the open literature recorded no craters. 

The only written evidence seems to be a personal letter from John Mellish 
No ob- 

servatory records or drawings have ever been found. Rating: 3. 

Anomaly Evaluation. In the absence of drawings it is impossible to tell whether Mellish or 
Barnard saw the Martian craters or whether, like the canals, what they saw was illusory. 
Actually, Mellish's letter, quoted in X1 below, portrays a planet rather different from that 
which exists; i.e., oases as water-filled craters! In any case, the Martian craters arecften 
very large; and it is not impossible that they might have been glimpsed in moments of good 
seeing, although it would have been surprising in 1935. Rating: 4. 

Possible Explanations. None necessary. 

Similar and Related Phenomena. Pre-spacecraft observations of the craters on Mercury (AHOO) 

Examples 

X1. Permanent features. A quotation from 
John Mellish in a letter to Walter Leight, 
dated January 18, 1935. ''There is something 
wonderful about Mars. It is not flat, buthas 
many craters and cracks. I saw a lot of the 
craters and mountains one morning with the 
40" (Yerkes refractor) and could hardly be- 
lieve my eyes. That was after sunrise and 
Mars was high in a splendid sky. I used a 
power of 750 and after seeing all the won- 
ders, I went to Barnard and showed him my 
drawings, and told him what I had seen. I 
had never heard of any such thing having been 
seen, and he laughed and told me he would 
show me his drawings made at Lick in 1892- 
93. He showed me the most wonderful draw- 
ings that were ever made of Mars. The 

mountain ranges and peaks and craters and 
other things, both dark and light, that noone 
knows what they were. I was thunderstruck 
and asked him why he had never published 
these. He (Barnard) said, no one would be- 
lieve him and (others) would only make fun 
of it. Lowell's oases are crater pits with 
water in them, and there are hundreds of 

brilliant mountains shining in the sunlight. 
Barnard took whole nights to draw Mars and 
would study an interesting section from early 
in the evening when it was coming on the disk 
until morning, when it was leaving. He made 
the drawings four or five inches (in) diameter 
and it is a shame that those were not publi- 
shed."' (R1) Mellish's letter was also pub- 
lished in the February 1975 issue of the Ob- 
server, a bulletin of the Lehigh Valley Ama- 
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teur Astronomical Society. (WRC) 

Brief mentions of the Mellish/Barnard 

observations are to be found in R2 and R3, 
where it is noted that no drawings to support 
the claims have ever been found. 

Springtime Wave of Darkness AMO3 

References 

R1. Gordon, Rodger W.; ''Mellish and Bar- 
nard---They Did See Martian Craters!" 
Strolling Astronomer, 25:196, 1975. (X1) 

R2. Young, Andrew T.; ''Mercury's Craters 
from Earth," Icarus, 34:208, 1978. (X1) 

R3. Baum, Richard; "Historical Sighting of 
the Craters of Mercury," Strolling Astro- 
nomer, 28:17, 1979. (X1) 

AMO3_ The Springtime Wave of Darkness 

Description. The seasonal darkening of the Martian hemispheres. In the Martian spring, 
the appropriate polar cap recedes and a wave of darkening sweeps equatorward. The dar- 
kened areas turn from brown to blue-green. In the fall the dark areas retreat poleward. 

Background. The springtime wave of darkening was seized upon by Lowell and others as 
a certain sign that water released from the melting polar caps was reviving dormant vege- 
tation. The canals served as conduits for this water in this view. 

Data Evaluation. The springtime wave of darkening is a well-established phenomenon of the 
Martian cycle of seasons. Rating: 1. 

Anomaly Evaluation. Mars, by virtue of the inclination of its axis of rotation, the presence 
of an atmosphere, and a palpable inventory of water, should show some seasonal changes 
by analogy with the earth. Several reasonable, season-sensitive processes are listed below. 
Any one of these, or some combination, could well explain the wave of darkening. The prob- 
lem is that no one knows which are the most important, or even if there are other processes 
at work. In sum, the darkening phenomenon does not seem very mysterious. Rating: 3. 

Possible Explanations. (1) Seasonal dust storms; (2) seasonal melting or sublimation of 
frost covering dark areas; (3) seasonal changes in atmospheric water vapor and its chemi- 
cal reactions with surface materials; (4) seasonal biological activity. 

Similar and Related Phenomena. The Martian canals which also darken in the spring (AMO1); 
possible biological activity on Mars (AME14); anomalous frost deposits (AME10); spectro- 
scopic evidence of vegetation (AME17); seasonal changes on earth, as they might be seen 
from Mars. 

Examples 

X1. General observations.''Seasonal Changes. 
Not only the polar caps, but also the dark 
surface markings, including the canals, ex- 
hibit conspicuous seasonal changes, which 
have been carefully studied for many years 
at the Lowell Observatory, and elsewhere. 
The darkening, or the appearance, of the 
dark markings occurs in both hemispheres 
during the Martian seasons corresponding 
to our late spring. They become more in- 
tense in early summer, remain near maxi- 
mum intensity for 50 days or more, and be- 
gin to fade as the fall season approaches. 

The fading, which extends into the winter, 

is in color as well as intensity; the blue- 
green of the spring and summer turns to 
chocolate brown. The dates of the changes 
in the intensity and color of the dark mar- 
kings are such as would be expected, ifthese 

changes are produced by the growth and de- 
cline of vegetation. This view was expressed 
by Lowell and by E.C. Slipher, and many 

astronomers concur in it.'' (R1) Ifthe Mar- 
tian canals have no objective existence, as 
stated in AMO1, why do their intensities 
change with the seasons? (WRC) 



AMO4 _ Transitory Dark Spots 

X2. Adetailed analysis of the darkening 
with the season. "Abstract. The seasonal 
darkening of the dusky areas of Mars starts 
with maximum thickness of the winter polar 
clouds. The regional brightness of the polar 
caps is connected with the profile of the re- 
lief. The average intensity of the darkareas 
increases from the poles towards the equa- 
tor; the amplitude of the darkening waves 
decreases from the poles towards the equa- 
tor. The combined action of the two darken- 
ing waves shows that the action of the dar- 
kening generating element is constant for 
all areographic latitudes during the Martian 
year. The distribution of the total intensity 
of the dark areas, the sizes and frequency 
in areographic latitude of dark blocks or 
nuclei composing the dark areas of the planet, 
depend on the duration of the action of the 
darkening generating element." (R2) 

X3. Statistical analysis of the darkening 
phenomenon. "Abstract. The progressive 
springtime darkening of the dark areas of 
Mars is discussed in terms of two models 
---one in which the darkening is due to bio- 
logical activity in response to the increased 
temperature and humidity, the other in which 
fine dust is windblown off dark Martian high- 
lands in spring. The observational data on 

darkening are subjected to a statistical- 
significance analysis. Although there are 
dark areas that are exceptions, a very sig- 
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nificant correlation emerges between latitude 
and time of maximum darkening. Other sig- 
nificant correlations are found between 
brightness of a given dark area and time, 
between minimum and maximum contrast 
of the dark areas during the seasonal changes, 
and between minimum contrast and adjacency 
to bright areas---correlations expected on 
the dust models. The present data do not 
permit a choice between the biological and 
the windblown-dust models." (R3) 

In a later study, Sagan and Pollack opted 
for the windblown dust model. (R4) 

References 

Rl. Baker, Robert H.; ''Mars and Its Satel- 
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190. (X1) 
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! 

AMO4_ Transitory Dark Spots 

Description. Small, intensely dark spots appearing temporarily on the Martian surface. In 
general, the spots seem to persist for an hour or more. Although the spots are small in the 
telescopic image, they must be 100 miles and more in size to be seen from earth. 

Data Evaluation. A few amateur astronomers have reported these spots. None of the famous 

Mars observers of the past (Schiaparelli, Lowell, Antoniadi, etc.) have mentioned them in 
the literature examined so far. Rating: 2. 

Anomaly Evaluation. As with the springtime wave of darkening, there is no shortage of pos- 
sible explanations. In such situations, the phenomenon is probably not very anomalous, even 
though its exact cause cannot be ascertained. Rating: 3. 

Possible Explanations. Dark areas are temporarily stripped of lighter-colored dust by winds; 
surface areas become temporarily wet due to an upwelling of subsurface water; small vol- 
canos emit clouds of dark dust and ash; unnoticed clouds cast shadows. 

Similar and Related Phenomena. The Martian springtime wave of darkening (AMO3). 



239 

Examples 

X1. October 27, 1924. Dark wedge at Mar- 
tian terminator. "A little after 8h, while I 
was studying the disk, I suddenly saw--~at 
least it impressed me as being sudden---a 
very definite break in the terminator, a jag- 
ged saw-toothed cut, in the vicinity of Hellas, 
just appearing from the unilluminated por- 
tion of the disk. At that time it may well 
have been over that region preceding Hellas, 
since the terminator side of the planet in 
that latitude was fairly bright, lacking in 
markings of note and desert-like in colour. 
This dark wedge was so definite and black 
---as dark as the night sky in the field--- 
that my first thought was that it must be 
some optical trouble in the telescope. "' The 
marking lasted 1 hour 40 minutes. (R1) 

X2. May 1, 1952. This and X3-X5 from re- 
ports of James C. Bartlett. 'Near to the 
southern terminus of Mare Tyrrhenum Iwas 
surprised to find a very small, intensely 

Transitory Dark Spots AMO4 

dark spot looking much like a satellite sha- 
dow, though perhaps not quite as black. "' 
Bartlett was referring to the black spots 
cast upon Jupiter by its Galilean satellites. 

(R2) 

X3. July 3, 1952. A minute black spot on 
the northern edge of the Hellespontus. (R2) 

X4. July 7, 1954. A small, round, intensely 
black spot, not more than 2" in diameter. 
Located at Castorius Lacus. (R2) 

X5. September 23, 1954. A dark black spot 
near Ascuris Lacus. (R2) 

References 

Rl. Hamilton, G.H.; "A Dark Entering 
Wedge at the Terminator of Mars, '"' Pop- 
ular Astronomy, 33:287, 1925. (X1) 

R2. Avigliano, D.P.; "Mars, 1954---Un- 
usual Observations, '' Strolling Astrono- 
mer, 10:26, 1956. (X2-X5) 
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AMW ATMOSPHERIC PHENOMENA 
ON MARS 

Key to Phenomena 

AMWO __ Introduction 
AMW1_ Bright Spots during Planet-Wide Dust Storms 
AMW2 Moving Dark Lines 
AMW3 _ Vertical Cloud Columns 
AMW4 ss Planet-Wide Dust Storms 
AMW5 __ Isotopic Anomalies in the Martian Atmosphere 
AMWE _ The Blue Clearings 

AMW0O _Introduction 

Martian air is thin. The atmospheric pressure at the surface is less than 0.1% that on earth. 
Carbon dioxide makes up 95.32% of the planet's atmosphere, with the rest being mainly nitro- 
gen and argon. Water vapor is present in only minute amounts. Still, the potential is there 
for weather and even climate, because Mars spins once in just over 24 hours and its axis of 
rotation is inclined by 25°. These variations stir upthe Martian atmosphere. 

Clouds frequently appear on the face of Mars; they are hardly anomalous. Somewhat more in- 
teresting are moving dark lines in the region of the Tharsis ridge, which seem to be atmo- 
spheric bores akin the the earth's Morning Glory bores. The most spectacular weather phe- 
nomenon of all is the dust storm---not the common small ones but those that encompass the 
entire planet every few years. How do these immense wind storms get started and what turns 
them off? 

An atmospheric puzzle of long standing is the so-called 'blue clearing'. Usually the Martian 
surface details do not show up in photographs taken in blue light; but this is not always the 
case. For a few days, at seemingly random intervals, the blue veil is pulled away as if by 
magic, and the surface can be photographed at the shorter wavelengths. This is a perplexing 
phenomenon involving dust in the atmosphere, properties of surface materials, and the angles 
of illumination and viewing. 
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AMW1 

Bright Spots in Dust Storms AMW1 

Bright Spots during Planet-Wide Dust Storms 

Description. Bright regions photographed by orbiting spacecraft during planet-wide dust 
storms when all surface detail is obscured. These bright spots coincide with the locations 
of craters. 

Data Evaluation. Mariner 9 photographs. Rating: 1. 

Anomaly Evaluation. Since the bright spots are very likely due to aerodynamic effects in the 
vicinities of the craters, this is not an important anomaly. Rating: 3. 

Possible Explanations. The multiple scattering of light by dust clouds entrained in some cra- 
ters during dust storms. 

Similar and Related Phenomena. None. 

Examples 

X1. Dust storm phenomena. Abstract. 
"Mariner 9 photographs of the southern 
hemisphere of Mars taken during the 1971 
planet-wide dust storm display circular 
bright spots at a time when all near-surface 
features were totally obscured. Correlating 
the positions and diameters of these spots 
with topography shows that they correspond 
to craters. About half of all the large cra- 
ters in the study area were brightened. The 
associated craters are large and flat-floored, 
have significant rim uplift, and contain dark 
splotches on their floors. The depth/dia- 
meter relationship of the bright spot craters 
is comparable to that of a planet-wide sam- 
ple. Depth may not be important in selec- 
tively brightening certain craters. The visi- 
bility of bright spots in A-camera photo- 
graphs is strongly dependent on the wave- 

length of the filter used during exposure. It 
is proposed that bright spots result from the 
multiple scattering of incident light in dust 
clouds entrained within craters during dust 
storms. The appearance of the dust clouds 
is a function of the availability of a dust sup- 
ply and, perhaps, air turbulence generated 
by winds flowing over upraised rims and 
rough crater floors. Bright spots persist 
during the final stage of the planet-wide dust 
storm. If bright spots are dust clouds, this 
persistence demonstrates that crater inter- 
iors are the last regions of clearing." (R1) 

References 
Rl. D'Alli, Richard E.; "The Significance 

of Bright Spots Observed during the 1971 
Martian Dust Storm," Icarus, 31:146, 
1977. (X1) 

AMW2 Moving Dark Lines 

Description. Long, dark lines that progress across the face of Mars during morning hours in 
the late spring and early summer. 
the Tharsis bulge. 
graphically-induced variations. 

Data Evaluation. Viking Orbiter photographs. 

The phenomenon seems confined to a small region near 
The lines may be as long as 1,000 miles and exhibit kinks and other topo- 

Often a system of ten or so parallel lines will develop. 

Rating: 1. 

Anomaly Evaluation. The close resemblance of these lines to bores in the terrestrial atmo- 

sphere relegates them to the more-curious-than-anomalous file. Rating: 3. 

Possible Explanations. Thermally induced progressive waves or atmospheric bores. 

Similar and Related Phenomena. The terrestrial Morning Glory phenomenon (GWC12); inter- 
nal waves in the earth's oceans (GHW2). 



AMW3 Cloud Columns 

Examples 

X1. Frequent occurrence. During late spring 
and early summer, in the region of the Thar- 
sis ridge, the Viking Orbiters have photo- 
graphed long, dark, moving lines that stretch 
for about 1,000 miles. The wave-like lines 
are seen in the Martian morning and, as the 
morning progresses, the line usually becomes 
a system of up to ten or so evenly spaced 
waves 10-20 kilometers apart. Mountains 
clearly deflect and disturb the moving lines, 
indicating that the phenomenon is confined to 
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the lower atmosphere. Kinks and bifurcations 
are often noted. The lines may be a daily oc- 
currence. (Rl, R2) 

References 

Rl. "Rare Martian Weather Wave---with a 
Kink, '' Science News, 118:7, 1980. (X1) 

R2. Hunt, Garry E., et al; 'Daily and Sea- 
sonal Viking Observations of Martian Bore 
Wave Systems," Nature, 293:630, 1981. 

(X1) 

AMW3 _ Vertical Cloud Columns 

Description. Rapidly changing, vertical cloud columns. 

Background. Large, white clouds appear frequently in the Martian atmosphere and are not 
considered anomalous on a planet with polar ice and probable subterranean water reservoirs. 

Data Evaluation. The total evidence consists of two Viking Orbiter photographs taken a few 
seconds apart that show an obvious cloud. The identification of this cloud as a very unusual 
vertical column depends upon one's interpretation of a fuzzy shadow cast upon the ground by 
the cloud. The data are sparse and controversial. Rating: 3. 

Anomaly Evaluation. Mars today is not considered to be very active thermally, although many 
ancient volcanos are obvious. Any evidence of steam or volcanic activity would be of great 
interest. Nevertheless, a bit of residual thermal activity would not be highly anomalous. 
Rating: 3. 

Possible Explanations. Vented steam associated with subterranean heat sources; ditto for 
water geysers and vented low-temperature water vapor, which would quickly condense in the 
cold atmosphere; volcanic dust plumes constitute another possibility. A meteor impact might 
also release a plume of water vapor. Whirlwinds or dustdevils. 

Similar and Related Phenomena. Bright, white spots or flares seen on Mars (AMF1); "normal" 
Martian clouds; transient points of light on the moon (ALF3). 

Examples 

X1. August 1, 1978. "Leonard Martin of Lo- 
well Observatory claims to have found evi- 
dence that Mars may not, in fact, be dead. 
In a pair of close-up pictures of the Martian 
surface, taken by Viking Orbiter 1, a lone 
whitish cloud, casting a slender, faint sha- 
dow on the landscape, appears near the base 
of a suspected volcano. According to Mar- 
tin, the unusual shape of this shadow and 
the rapid cloud changes over the 4 1/2-se- 
cond interval between the two pictures stron- 
gly suggest that it was explosively expelled 
from the surface as a geyser or steam vent. 

The mystery cloud was located at 16°S, 

79°W---just north of Solis Lacus. In a pho- 
tomosaic of the general region, the cloud is . 
visible near the base of a mountain capped 
by a six-mile-diameter crater. Martin be- 
lieves that the crater probably had a volcanic 
origin, rather than being an impact feature. 
If so, this would help support the presence 
of a nearby steam vent."' The semitrans- 
parent shadow reveals that the cloud is a 
vertical column extending to an altitude of 
almost half a mile, with a base nearly 1800 
feet across. The shadow changed markedly 
in the 4 1/2 seconds. Other scientists feel 
that the cloud's shadow was too fuzzy to make 
any conclusions are the cloud's shape or al- 
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titude. (R1) 

References 

Rl. Villard, Ray; "Martian Steam Vent Sus- 

pected," Star & Sky, 3:6, February 1981. 

(X1) 

Planet-Wide Dust Storms AMW4 

AMW4 Planet-Wide Dust Storms 

Description. Dust storms that, every few years, grow to envelope the entire planet, blotting 
out surface detail for months. 

Data Evaluation. Many such dust storms have been observed from earth and from spacecraft. 
Rating: 1. 

Anomaly Evaluation. Although a potential bootstrap mechanism is proposed below, no one 
understands why a few dust storms trigger planet-wide storms while the majority of local 
storms do not. Rating: 3. 

Possible Explanations. One of the frequent local dust storms somehow triggers a bootstrap 
effect, which probably involves the enhanced absorption of solar radiation during the day and 
more efficient radiative cooling at night. 
ations, which could feed the storm. 

The consequence would be wider temperature vari- 

Similar and Related Phenomena. Terrestrial hurricanes also seem to need some sort of trig- 
gering mechanism in order to develop into full-fledged storms. 

Examples 

X1. General observations. ''Among the 
most striking seasonal phenomena on Mars 
are the global dust storms. Local dust 
storms are common in the southern hemi- 
sphere during its summer. Occasionally 
one of these storms grows rapidly and, with- 
in a few days, engulfs the whole planet, after 
which the dust takes three to four months to 
settle out of the atmosphere. The precise 
cause of the storms is not known but it is 
possible that dust raised into the atmosphere 
by local winds increases absorption of sun- 
light within the atmosphere during the day 
and increases the efficiency of heat radiation 
at night. As a result much wider daily vari- 
ations of temperatures occur at high eleva- 
tions in the atmosphere thanifthe atmosphere 
were clear. These temperature differences 
between the night and day sides of the planet 
cause large winds which flow from one hemi- 
sphere to the other and raise more dust so 
that the process feeds on itself. Dust raising 
ceases when the atmosphere is so loaded 

with dust that its temperature is constant, 

irrespective of elevation. " (R3) Much more 
detail and a theoretical model may be found 
in R2. 

X2. Circa 1845. Except for a broad belt 
around the equator, the usually ruddy face 
of Mars turned to a brilliant white. (R1) It 
is uncertain just what this phenomenon could 
have been---dust or exceptional cloud cover 
and/or frost or ice. This seems the best 
place to file it for this edition. (WRC) 

References 
Rl. "Extraordinary Appearance of the Pla- 

net Mars," Eclectic Magazine, 6:568, 
1845. (X2) 

R2. Zurek, Richard W.; "Martian Great 
Dust Storms: An Update," Icarus, 50: 
288, 1982. (X1) 

R3. Carr, Michael H.; 'The Surface of Mars: 
A Post-Viking View," Mercury, 12:2, Jan- 
uary/February 1983. (X1) 
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Isotopic Anomalies in the Martian Atmosphere 

Description. Large excesses or deficiencies in the abundances of isotopes in the Martian 
atmosphere when compared to the abundances predicted by the prevailing models of solar 
system genesis and the evolution of Mars' atmosphere. 

Data Evaluation. Viking spacecraft compositional analyses. Although these data are consid- 
ered to be of high quality, additional experiments on future spacecraft would be desirable, 
considering the complexities and remoteness of the experiments. Rating: 2. 

Anomaly Evaluation. The solar system argon anomalies were of great concern initially, as 
described in more detail in AVW4, for it was thought that all the terrestrial planets would 
possess much the same noble gas inventories. 
now been modified to account for these anomalies. 

The model of solar system formation has 
By delaying the final accretion of Mars, 

additional outgassing can occur, and the seriousness of the argon anomaly for Mars has been 
reduced. Rating: 3. 

Possible Explanations. The Martian argon deficiency is now attributed to enhanced outgassing 
that took place from the planetesimals that later accreted to Mars. The nitrogen-15 excess 

_ is thought to be due to recent cosmic ray interaction with oxygen-16. 

Similar and Related Phenomena. The excess argon in the atmosphere of Venus (AVW4). 

Examples 

X1. Nitrogen-15. This isotope is present 
in excess in the Martian atmosphere, ac- 
cording to Viking spacecraft analyses. Ni- 
trogen-15 does not have a long-lived radio- 
active parent, so it must have been pro- 
duced more recently, probably by cosmic 
rays interacting with oxygen-16. By "ex- 
cess", scientists mean that there is far 
more nitrogen-15 present than can be ac- 
counted for by the best models of Martian 
atmospheric evolution. (R1) 

X2. The noble gases. "An acceptable model 
for the terrestrial planets must account for: 
(1) an abundance of primordial neon and ar- 
gon in Venus' atmosphere ~70 times larger 
than that for earth; (2) an abundance of pri- 
mordial neon and argon in Mars' atmosphere 
~ 180 times less than that for earth; (8) ra- 
tios of primordial neon to argon similar for 
all three planets; (4) occurrence of the pla- 
netary pattern for Ne, Ar, Kr and Xe in 
meteorites and in the atmospheres of Mars 
and earth, with a departure for Kr on Venus; 
§) abundance ratios 129Xe/132Xe and 49Ar/ 

Ar for Mars higher than for earth; (6)a 
ratio 29Ne/22Ne for Venus similar to solar 

wind, though higher than for earth; and (7) 
a ratio 36Ar/N for Venus higher than for 
earth by a factor of 20. The problem may be 
summarized as follows. Venus has an unex- 
pectably high concentration of Y°Ar, a ratio 
Ne/36Ar similar to earth, Mars and the 
planetary component of meteorites, but a 
distinctly different value for the ratio 29Ne/ 
22Ne. The concentration of 36Ar in Mars' 
atmosphere is low and cannot be attributed 
simply to inefficient degassing. '' The low 
concentration of 36Ar in the Martian atmo- 
sphere may be a consequence of the enhanced 
degassing from planetesimals with radii be- 
tween 5 and 100 kilometers early in solar 
system history, before they accreted to 
Mars. (R2) 

References 

Rl. Yanagita, Shohei, and Imamura, Mineo; 
"Excess 15 in the Martian Atmosphere 
and Cosmic Rays in the Early Solar Sys- 
tem, '' Nature, 274:234, 1978. (X1) 
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trial Planets, '' Nature, 293:535, 1981. 

(X2) 
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AMWE6E The Blue Clearings 

Description. The sudden, short-lived appearance of Martian surface details on photographs 
taken in blue light through terrestrial telescopes. Ordinarily, surface details cannot be seen 
in blue light, even though they are readily visible at other visible wavelengths. Blue clear- 
ings last only a few days and may occur at any time. Blue clearing may prevail for close-up 
spacecraft even though it does not for terrestrial observers. 

Data Evaluation. Scores of blue clearings have been recorded in the literature, but usually 
only at oppositions. Recently, the phenomenon has been studied at all elongations, at all 
wavelengths, and close-up from spacecraft. Rating: 1. 

Anomaly Evaluation, The current explanation of the blue clearings, as described below, ap- 
pears to account for most aspects of the phenomenon, although it is rather complex and a 
few doubts remain. Rating: 3. 

Possible Explanations. Early theories of planet-wide ice crystal and/or dust layers have 
been discarded. Present preference is for a combination of effects: (1) a thin dust haze over 
bright areas of Mars; (2) the varying contrast of the Martian surface with changing angles of 
illumination and viewing. 

Similar and Related Phenomena. None. 

Examples 

X1. General description. "It has been 
known for many years that photographs of 
Mars taken in blue light do not usually show 
those surface features of the planet which 
can be photographed in yellow or red light. 
The accepted interpretation of this obser- 

- vation is that a cloud or haze layer exists 
in the Martian atmosphere and that this haze 
scatters short wave lengths of light more 
strongly than long wave lengths. Thus the 
surface detail is more obscured the shorter 
the wave length. This explanation received 
strong substantiation when Slipher (1937) 
found that there were occasional periods 
during which the surface markings could be 
photographed in blue light. Only a cloud 
layer of some sort could exhibit such vari- 
ability in transparency. As a result, the 
phenomenon has come to be called the 'blue 
haze. ' 

Over the years since this first observa- 
tion of 'blue clearing, ' a number of other 
cases of temporary dissipation have been 
recorded. The characteristics of these 
clearings have been: (1) the clearing re- 
veals large portions of the surface; (2) the 
clearing usually occurs for several days. 
near the opposition date and can be detected 
at most oppositions; (3) it takes only a few 
nights for the haze to dissipate; and (4) it 
takes only a few nights for the haze to re- 
establish itself.'' (R3) See X2 for further 
comments on the correlation of clearings 
with oppositions. (WRC) 

The conclusions of a more recent study 

are as follows: ''(1) The observed contrast 
changes which have traditionally been called 
"blue clearings' are due to variations in the 
bright areas, not the dark ones; (2) Syrtis 
Major does not appear to undergo limb dar- 
kening in red light, while surrounding bright 
areas do; (8) The classical 'blue clearing’ 
phenomenon is not limited to blue light; itis 
a contrast enhancement which occurs at all 
visible wavelengths (from 4000 to 6200 A, at 
least; (4) The contrast of Syrtis Major with 
its surroundings showed a definite dependence 
on phase angle in 1969; (5) A variable diurnal 

variation in the visibility of Syrtis Major oc- 
curs." (R15) 

Moroz has presented an overview of the 
whole blue haze phenomenon. 'In the spectral 
region »< 4000 A the contrast between the 
details of the Martian surface is considerably 
less than in the region 4< 5500 A. Photo- 
graphs from the earth do not give the possi- 
bility, as a rule, of distinguishing dark and 
bright regions in blue light. They picture 
Mars as a disk with almost constant bright- 
ness. Polar caps are distinguished by alittle 
bright spot and sometimes blue clouds be- 
come brighter on the edge. However on rare 
days dark regions suddenly begin to be just 
about visible on the blue photographs. These 
appearances are named as ‘blue clearings’. 

It was supposed for a long time that it is 
the so-named ‘blue haze’ in the atmosphere 
of Mars which creates the large absorption 
and decreasing contrasts. It was also.sup- 
posed that in the period of clearings the op- 
tical density of the blue haze reduces for an 
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unknown reason and leads to an increase in 
contrasts. Serious doubts about the correct- 
ness of these ideas arose earlier but the 
strongest blow was struck by the phototele- 
vision pictures obtained by Mariner-6. Color 
dependence of contrast between dark and 
bright regions, as had been proved by Shar- 
onov earlier (1961), appeared to be the pro- 
perty of Martian rocks. The optical thickness 
of the Martian atmosphere appeared to be in- 
significant in the blue spectral region and in- 
capable of having a noticeable influence onthe 
contrasts. 

A basically new explanation of 'blue clear- 
ings' was advanced independently by Boyce 
and Thompson (1972) and Prokofyeva (1973). 
They explain blue clearings by the appear- 
ance of a thin dust layer in the atmosphere 
predominantly above the bright regions. The 
relatively small life-time of the appearance 
(several days) may be in agreement with 
particles being of small size if we propose 
that the blue clearing appears not because of 
the subsidence of the particles but because of 
their transfer to the dark regions." (R16) 

X2. Correlation of blue clearings with op- 
positions. It was remarked early in the 
history of the blue clearing phenomenon that 
the blue clearings seemed to be connected 
in some way with inferior oppositions; that 
is, they were noticed primarily when Mars 
was Closest to earth. (R1) Historical re- 
cords soon showed, however, that blue 
clearings did not occur at all oppositions. 
It was also pointed out that most observator- 
ies did not systematically observe Mars ex- 
cept during opposition, so that a strong bias 
in observations was bound to exist. (R5) 
Later studies of Mars at times well before 
and after opposition revealed blue clearings 
as early as 175 days before opposition and 
349 days after opposition. (R13) In essence, 
oppositions seemed to have little to do with 
the onset of blue clearings. (WRC) 

X38. Correlation of blue clearings with geo- 
magnetic activity. Bigg has proposed that 
the earth is shielded to some extent from 
the solar wind during new moons and the 
inferior oppositions of Mercury and Venus. | 
(GEM2-X5) He also provides some evidence 
that the earth may likewise shield Mars at 
opposition, for the blue clearings, as dis- 
cussed in X2, do seem correlated with op- 
positions, too. (R3, R4) But in X2 itis 
demonstrated that blue clearings do not seem 
to have any cause-and-effect relationship to 
oppositions. (WRC) 

X4. Blue clearing observed by spacecraft 
but not from earth. When Mariners 6 and 7 
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flew past Mars, crater details were photo- 
through blue filters, even though similar 
details could not be seen from earth; i.e., 
blue clearing existed for the spacecraft but 
not terrestrial telescopes. (R11) Consider- 

able debate then erupted involving the filter 
ranges of the spacecraft cameras, exactly 
which wavelengths are involved in blue clear- 
ing, contrast effects, etc. (R10, R12) The 
upshot seems to have been that the old ‘blue 
haze' theory was no longer viable; there was 
a more complex phenomenon at hand. (WRC) 

X5. Possible explanations. Several theories 
have been proposed down the years: ice crys- 
tals in the Martian atmosphere (R2, R4, R9); 

a dust haze (R8), possibly of meteoric origin; 
and, widely accepted today, a thin layer of 
dust above the bright regions. (R15, R16) 
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AN INTRODUCTION TO NEPTUNE 

Key to Categories 

ANB PROBLEMS WITH NEPTUNE’S ORBIT 
ANF NEPTUNE’S INTRINSIC RADIATION 
ANL RING AND SATELLITE IRREGULARITIES 
ANO TELESCOPIC ANOMALIES 

Neptune is the outermost of the so-called "giant" planets, although itis only one-third the 
diameter of Jupiter and is considerably more dense. Its two known satellites are in ob- 
vious disarray and seem to indicate past catastrophism at the edge of the solar system. 
Neptune may be ringed like the other three giant planets, but if the ring is really there, 
it seems to be incomplete or distorted according to present data. The reflectivity or al- 
bedo of Neptune is very high and varies substantially. Just why, no one knows. Like some 
of the other planets, Neptune emits more energy than it gets from the sun. Perhaps it is 
still losing primordial heat or possesses heat-producing radioisotopes. Neptune's anoma- 
lies are still few in number and, as in the case of Uranus, may be expected to multiply 
when spacecraft finally give us a good look at the planet. 
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ANB PROBLEMS WITH NEPTUNE’S ORBIT 

Key to Phenomena 

ANBO _ Introduction 
ANB1__ The Large Residual in Neptune’s Orbit 

ANBO Introduction 

None of the outer planets follows the dictates of celestial mechanics to the letter. Neptune, 
in particular, strays far from its predicted orbit. There must, say many astronomers, be 
a tenth planet that gravitationally pulls Neptune from its assigned path. For a long time, 
Pluto was thought to be the culprit, but now its mass has been found to be far too small to 
have the observed effect on Neptune. 

ANB1_ The Large Residual in Neptune’s Orbit 

Description. The long-standing, large discrepancy between the observed and predicted posi- 
tions of Neptune. 

Data Evaluation. Data from two centuries of astronomical observations (including prediscovery 
sightings of Neptune) are available. Rating: 1. 

Anomaly Evaluation. It has proven impossible to account theoretically for the observed posi- 
tions of Neptune using currently accepted laws and celestial mechanics and the effects of the 
nine recognized planets of the solar system. Predictions of Neptune's future positions inevi- 
tably fail in just a few years. Historically, such anomalies have led to the discoveries ofnew 
planets and, in the case of Mercury, have given support to new physical theories (Relativity). 
In Neptune's case, a new trans-Plutonian planet seems the most likely outcome. Rating: 2. 

Possible Explanations. A tenth planet gravitationally perturbs Neptune's orbit. Actually, seve- 
ral small planets or even distributed mass could do the job. 

Similar and Related Phenomena. Planet X (AXO1); the advance of Mercury's perihelion (AHB1). 



ANBi Orbit Residual 

Examples 

X1. Anomalies observed in Neptune's orbit. 
"A new computation of the orbit of Neptune 
has revealed an unexpected discrepancy be- 
tween predicted and observed positions. Ac- 
cording to Dr Dennis Rawlins of Baltimore, 
an alien perturbation may be responsible 
for the failure of observations made in1795 
to fit modern predictions. Digital computing 
techniques have enabled us to gain consider- 
able knowledge about the detailed motion of the 
planets. In the past few years mathematic- 
ians have successfully accounted for several 
alleged divergences of theory and observa- 
tion and, as a result, sizes and distances 
in the solar system are known with great 
precision. Only Neptune is refusing to fit 
this neat picture. Although Neptune was not 
discovered until 1846, prediscovery records 
can be traced in star catalogs back to 1795, 
and it is these observations that are causing 
the trouble. What Dr Rawlins finds is that 
the position predicted for 1795 is seven se- 
conds of arc (equivalent to 100 000 miles) 
away from the observed position. It is im- 
possible to attribute a difference as large 
as this---described by this astronomer as 
the Great Unexplained Residual---to instru- 
mental effects, and so another explanation 
of the discord must be sought. It is certainly 
possible that a small undiscovered planetary 

. body is responsible." (R2, R1) 

The situation worsened when Pluto was 
found to have a smaller mass than previ- 
ously assigned. Astronomers "...now know 
that the best calculated orbits for all ofthe 
outer planets---Jupiter, Saturn, Uranus, 
Neptune, Pluto---fail to agree with obser- 
vations to some degree. The new, lower 
estimate of Pluto's mass in the calculations 
complicates matters ever further. (P.K.) 
Seidelmann and his group have prepared a 
series of charts comparing the observations 
and the predicted positions of both Uranus 
and Neptune. In just a 10-year period, since 
the early 1970s, the charts show a notice- 
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able diversion from the straight line that in- 
dicates Neptune's expected position. ‘It's 
running off the fit already, ' says Seidelmann. 
And, he adds, looking at a plot of Uranus's 
right ascension, 'there seems to be some- 
thing funny here too.' Pluto also appears to 
be showing such residuals, or deviations, 

although the 51-year duration of observations 

is too short to make much of that. A variety 
of such plots all show the same kinds of dis- 
crepancies, ‘Historically, everybody who 
has been able to fit the observations of Nep- 
tune in the past has failed to predict its po- 
sitions in the future, ' says Seidelmann. " 

(R5) 
X2. Explanations of Neptune's residual. A 
tenth planet beyond Pluto is usually blamed 
for the discrepancies in Neptune's orbit, and 
those in the orbits of the other outer planets 

as well. For example, T.C. Van Flandern 
calculates that a planet with two to five times 
the mass of the earth, located 50 to 100 
astronomical units from the sun, could ac- 

count for Neptune's orbital irregularities. 
(R4) The entire subject of Planet X, the 
oft-suggested planet beyond Pluto is covered 
in category AX, in another volume of this 
Catalog. (WRC) 
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ANF NEPTUNE’S INTRINSIC RADIATION 

Key to Phenomena 

ANFO _ Introduction 
ANF1 Measurements of Intrinsic Energy from Neptune 

ANFO Introduction 

Neptune's distance precludes any detection of any small-scale and transient sources of radi- 
ant energy. However, measurements of millimeter radio emissions from the planet-as-a- 
whole are feasible; and they suggest that Neptune is a net energy producer. 

ANF1 Measurements of Intrinsic Energy from Neptune 

Description. The emission of more radiant energy from Neptune than the planet intercepts 
from the sun. 

Data Evaluation. Terrestrial measurements of the radio brightness of Neptune in the milli- 
meter region of the spectrum. The planet's overall energy balance is inferred from these 
limited measurements. Rating: 2. 

Anomaly Evaluation. Neptune is much more dense than Uranus (2.27 vs. 1.56), so that a 
heat-producing inventory of radioisotopes is more reasonable. Actually, we know So little 
about the planet that only educated guesses are possible. Rating: 3. 

Possible Explanations. An internal energy source, such as radioactive isotopes is possible. 
Also, Neptune could still be radiating primordial heat acquired during the accretion phase. 

Similar and Related Phenomena. Neptune's brightness changes in the visible range (ANO1); 
the intrinsic radiation from Venus (AVF1), Jupiter (AJF1), and Saturn (ARF2). 



ANF1 Intrinsic Energy 

Examples 

X1. Radio astronomy measurements. "Drs 
Ivan Pauliny-Toth and Ken Kellermann of the 
US National Radio Astronomy Observatory, 
Greenbank, West Virginia, have completed 
their measurements of the microwave spec- 
trum of Neptune and Uranus. At millimetre 
wavelengths the radiation from these planets 
is entirely thermal in origin, so that surface 
temperatures can be estimated by measuring 

the intensity of the emissions. The bright- 
ness temperatures found at 9.5 and 3.5 mm 
by Pauliny-Toth and Kellermann are consi- 
derably in excess of the temperature ofa 
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planet heated only by the Sun's rays For in- 
stance, Neptune has a brightness tempera- 
ture of 88 K at 3.5 mm, which is twice the 
value expected from the solar flux. Clearly 
Neptune and Uranus, in common with Jupiter, 
have substantial internal heat sources. It is 
widely believed that the fission of atomic nu- 
clei in radioactive elements deep inside the 
planets causes the temperature excess." (R1) 

References 
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(X1) 



253 

ANL RING AND SATELLITE 
IRREGULARITIES 

Key to Phenomena 

ANLO __ Introduction 
ANLi Disarray among Neptune’s Moons 
ANL2  Neptune’s Elusive Ring and Its Possible Incompleteness 

ANLO Introduction 

Neptune possesses at least two satellites; and these are very poorly behaved as satellites go! 
In fact, Triton's retrograde orbit and Nereid's very high eccentricity have impelled astrono- 
mers to hypothesize that a celestial visitor once radically perturbed the Neptunian system. 

Does Neptune, like Uranus, Saturn, and Jupiter, also have a ring? If it did not, Neptune 
would be the only giant planet without one. Except for some suspicious 1846-1847 sightings 
of a Neptunian ring, astronomers have generally supposed that Neptune is ringless. However, 
the modern discovery of a Uranian ring through the photometric observation of stellar occul- 
tations has encouraged some researchers to try their luck with Neptune. The results have 
been pro and con. The jury is still out. 

ANL1 Disarray among Neptune’s Moons 

Description, Triton's retrograde orbit; Nereid's highly eccentric orbit. 

Data Evaluation. Triton and Nereid have been observed with precision for many years. Rating: 1. 

Anomaly Evaluation. No one believes that Triton and Nereid formed where they now orbit. It is 
much less anomalous if they are assumed to have been displaced by a celestial interloper; and, 
given the modern tolerance for catastrophic scenarios, a Neptunian interloper would not be 
especially anomalous. Rating: 3. 

Possible Explanations. A large object invaded the Neptunian system, perturbing the original, 
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well-behaved orbits of Triton and Nereid. 

Similar and Related Phenomena. Pluto is often considered to be an escaped satellite of Nep- 
tune and, therefore, another sign of past catastrophism. 

Examples tricity of any other satellite or planet in 
" 

X1. Triton. "Triton is the only large, re- the solar system." (R1) 
latively close satellite in the solar system 
having a retrograde orbit and so highly in- References 

: A ' " SaaS Ge me BN ah (160 degrees) to its planet's equator. Rl. Frazier, Kendrick; "A Planet beyond 

me Pluto,’ Mosaic, 12:27, September/ 
X2. Nereid. "Nereid has twice the eccen- October 1981. (X1, X2) 

ANL2 Neptune’s Elusive Ring and Its Possible 
incompleteness 

Description. The apparent presence around Neptune of a broken or twisted ring of matter. 

Data Evaluation. The 1846-1847 visual sightings of a Neptunian ring are generally discounted. 
The modern photometric observations made during stellar occultations have been both posi- 
tive and negative. Unfortunately, the positive observations imply difficult-to-believe ring 
geometries. More and better data are required here. Rating: 3. 

Anomaly Evaluation. The anomaly here is not the presence of a ring (three other planets have 
them), but rather in the apparently strange shape of the Neptunian ring. An incomplete ring, 
if verified, would be unique in the solar system. A ring of matter should spread out circum- 
ferentially and complete itself. A shepherd satellite might help keep a gap open, but no such 
satellite can be seen from earth. A judgment of anomalousness is difficult under such cir- 
cumstances. Assuming no shepherd satellite and the reality of an incomplete ring: Rating: 2. 

Possible Explanations. An incomplete ring might be maintained by a shepherd satellite. The 
1984 observations that suggest an incomplete ring might be explained if the star's passage 
was tangent to the ring rather than intersecting. The past visual observations of Neptune's 
ring could have been accurate if planetary rings are highly dynamic (as Saturn's now seem 
to be) and on occasion expand greatly, rendering them highly visible temporarily. Since the 
rings of Jupiter, Uranus, and now Neptune were all reportedly seen before modern "‘dis- 
covery", it seems wise to at least consider this possibility. 

Similar and Related Phenomena. The discovery and elucidation of the Uranian ring system 
(AULI). 

Examples. umberland reflector, was disposed to believe 

X1. 1846-1847 observations. "Several Euro- Mr. L.'s assertion. The ratio of the diame- 
. ter of the ring to that of the planet is about pean astronomers have pronounced in favor : 

of the existence of a ring around the planet that of 3 to 2. The angle made by the axis of 
: the ring with a parallel of declination, in S. 

Neptune. Mr. Lassell, of Liverpool, ob- ; ; ie 
earvifid with his Newtonian reflector, oftwo- tee or N. following quarter, ry about 
feet aperture, first announced its existence, abit Ron gh Tsar an ee} ies a 
in October, 1846; and in January last, Prof. . nits y ing. & 
Challis, of Cambridge, using the large North- R. Baum has written an excellent histori- 
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The ring of Neptune as drawn by Challis in 1847. 

(X71) 

cal review of the supposed early discoveries 
of Neptune's ring. He summarized the evi- 
dence thusly: 'In the winter of 1846-7, Nep- 
tune was found to be accompanied by a thin, 
flat, elliptical form of high eccentricity, 
which when most clearly seen gave the un- 
doubted impression of a ring obliquely inclin- 
ed to the line of vision. This feature was 
neither clear nor obvious, but tenuous and 
faint, and required reasonable conditions 
for its detection. It was only definitely seen 
in large apertures."' (R3) Baum mentioned 
that the Northumberland telescope employed 
by Challis was actually a refractor, contrary 
to the first quotation above. Baum's general 
conclusion was that the ring seen by W. Las- 
sell and J. Challis was illusory. 

Two more recent reviews of the early 
reports by Hoyt and Hetherington come to 

- similar conclusions. (R4, R5) 

X2. A 140-year interim. "During the latter 
part of the 19th century and the early 20th 
century, extensive measurements of the 

diameter of Neptune and of the position of 
Triton were made by several astronomers 
with large refractors of optical quality much 
superior to Lassell's reflector. The fact 
that this repeated scrutiny did not reveal a 
ring demonstrates clearly that Neptune does 
not have one fitting the description given by 
Lassell and Challis." (R4) 

X3. 1968 occultation measurements. Ob- 
servers in New Zealand recorded a dip in 
the light curve of a star before and after 
the star was occulted by Neptune. These 
dips were interpreted as being the conse- 
quence of a ring of matter with an inner 
radius of about 28,600 kilometers and an 

outer radius of 32, 900 kilometers. (R8- 
R10) 

Ring Structure ANL2 

X4. 1981 occultation measurements. The 

careful observation of two stellar occulta= 
tions by Neptune showed no hint of the ex- 
istence of any ring. (R6, R7) 

X5. 1983 occultation measurements. On 
June 15, several groups, from Tasmania 
to Taiwan, photometrically observed the 
passage of a star past Neptune. Again, no 
hint of a ring was detected. (R11) 

X6. 1984 occultation measurements. When 
the star SAO 186001 brushed by Neptune on 
July 22, a number of astronomers were 
watching it carefully to see if its light would 
be diminished by an encircling, Saturn-like 
ring of matter. (The ring of Uranus was 
discovered in a similar fashion. ) Obser- 
vers at the European Southern Observatory, 
in Chile, and the Cerra Tololo Observatory, 
also in Chile some 90 kilometers away, de- 
tected a 1-second, 35% reduction of the 
star's light at the same instant. Thesedata 
suggest the presence of "something" 10-20 
kilometers wide---hardly an undiscovered 
satellite, but very possibly a ring. But 
given the geometry shown in the illustration, 
there should have been two occultations, but 
only the one of the right was registered. 
Conclusion: Neptune may have a partial ring 
or, alternatively, a grotequely twisted one. 
(R12-R14) The existence of a partial ring 
is the real anomaly here. (WRC) 

July 22, 1984. The star SAO 186001 brushed past 
Neptune on the trajectory shown. An occultation 

was detected at the right-hand intersection but not 
at the left. (X6) 
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ANO TELESCOPIC ANOMALIES 

Key to Phenomena 

ANOO __ Introduction 
ANO1 = Neptune’s Variable Brightness 

ANOO _ Introduction 

As in the case of Uranus, Neptune is too distant for terrestrial observers to see much pla- 
netary detail, although a few cloud-like structures have been reported. The only visual anom- 
aly that has been found is the planet's varying brightness. 

ANO1 Neptune’s Variable Brightness 

Description. Changes in the visible brightness by as much as 30% (up to 400% in the infrared). 
Both correlation and anticorrelation with solar activity have been claimed. 

Data Evaluation. The existence of both correlation and anticorrelation with solar activity 
casts suspicion on the quality of the data. Until this conflict is resolved, the data rating will 
have to be low. Rating: 3. 

Anomaly Evaluation. At Neptune's distance the sun's rays are so weak that any small varia- 
tion in them due to changes in solar activity would appear to be completely inadequate to 
cause significant albedo changes. Thus, the brightness changes, if truly sun-controlled, 

are rather mysterious. Rating: 2. 

Possible Explanations. Solar radiation and perhaps the solar wind act as triggers for chemi- 
cal and/or meteorological processes which, in turn, change Neptune's albedo. 

Similar and Related Phenomena. The varying brightness of the Saturnian moon Titan (ARL8) 
and Uranus (AUO1). 



ANO1_s*Variable Brightness 

Examples 

X1. Correlation of Neptune's brightness 
with the solar cycle. According to an ana- 
lysis of luminosity data by Balasubrahman- 
yan and Venkatesan, the brightness of Nep- 
tune changes in step with the sunspot cycle, 
being brightest when solar activity is high 
and vice versa. (Rl) See AUO1-X1 for a 
quotation from this source. (WRC) 

On the other hand Lockwood and Thomp- 
son have found a significant anticorrelation 
between solar activity and Neptune's bright- 
ness! (R3) See ARL8-X1 for a pertinent 
quotation from this source. (WRC) 

X2. Infrared brightness. In 1976, Richard 
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Joyce, of Kitt Peak, and colleagues found 
that the infrared brightness of Neptune had 
increased by a factor of four between April 
1975 and March 1976. (R2) 
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AP INTRODUCTION TO PLUTO 

Tiny Pluto swings around the sun at the fringes of the solar system. Little is really known 
about the planet. When it was discovered in 1930, its mass was thought to be about the same 
as that of the earth. More recent estimates make it less than 1% the mass of earth. It has 
become quite apparent that this small chunk of matter could not be the perturber of Uranus 
and Neptune that astronomers were looking for when they found Pluto. It is probably only 
an escaped moon of Neptune. The fact that Pluto's orbit intersects that of Neptune and the 
observation that Neptune's moons are askew strengthen the suspicion that some celestial 
event tore Pluto loose from Neptune long ago. 

No Plutonian anomalies worth recording here have been uncovered. True, the planet does 
rotate a bit slowly---it has a 6.39-day period of rotation---and its recently discovered satel- 
lite, Charon, is one-tenth of Pluto's mass, an unusually large fraction for a solar system 
moon. These attributes of the Plutonian system do not seem to warrant more than this brief 
mention. Once we can see Pluto close-up via spacecraft cameras, many anomalies will 
surely appear. The whole history of astronomy, from the invention of the telescope to the 
Voyager flights, assure us that better instruments will conquer the distances that conceal 
anomalies from us. 
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AR INTRODUCTION TO SATURN 

Key to Categories 

ARF SATURN’S INTRINSIC RADIATION 
ARL SATELLITE AND RING ANOMALIES 

In a good telescope, Saturn is a spectacular sight. The rings, of course, make all the dif- 
ference. Although other planets have ring systems, Saturn's are bright and vivid, even in 
small telescopes. The three major rings are thousands of miles in width, but their thick- 
nesses seem to be measured only in feet. Such obvious features are duly registered in all 
the textbooks. But the idiosyncracies of the rings---those known before the Voyager en- 
counters with Saturn---are never mentioned. Saturn has a long telescopic history of bright 
spots appearing on the rings, along with out-of-perspective shadows of the planet and changes 
in ring size and brightness. The Voyager missions lengthened the list of anomalies consider- 
ably. These spacecraft sent back photos showing that the major Saturnian rings are actually 
made up of thousands of small ringlets, some of which are eccentric, others twisted, and many 
spiral. The material of the rings seems to be predominantly water ice, but where all thisice 
came from and when are not known. It is not beyond the bounds of possibility that Saturn's 
rings are young in terms of solar system age. 

Saturn's strongly banded sphere displays few anomalies of consequence. Astronomers see 
Saturn's surface as highly convective, with turbulence and transient phenomena likely. Tem- 
porary white spots, for example, occasionally manifest themselves on the surface. These 
are not considered anomalous enough to include here. The precise nature of Saturn from 
cloud top to core is not certain, but it is probably much like Jupiter; that is, mostly hydrogen 
and helium. The planet does emit considerable infrared energy, indicating that also like Jup- 
iter it is a generator of energy in quantities over and above that received from the sun. Ofall 
Saturn's emissions, the intense bursts of radio energy (the Saturnian Electrostatic Discharges 
or SEDs) evoke the most scientific excitement. The SED bursts peak about every 10 hours, 
and astronomers are not sure whether they emanate from the planet's atmosphere or rings. 
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ARF SATURN’S INTRINSIC RADIATION 

Key to Phenomena 

ARFO Introduction 
ARF1_ The Saturn Electrostatic Discharges (SEDs) 
AFR2 Measurements of Saturn’s Intrinsic Energy 
ARF3 Sudden, Temporary Cessation of Radio Emissions 

ARFO Introduction 

Like Jupiter, Saturn emits more energy than the sun delivers to it. Whereas Jupiter's in- 
trinsic radiation has not been explained to everyone's satisfaction (it's probably due to gravi- 
tational contraction of the planet), the theoretical model of Saturn is qualitatively and quanti- 
tatively very successful. Consequently, Saturn's energy production is no longer considered 
anomalous. 

The radio energy emitted by Saturn, however, is still high on the list of anomalies. Specifi- 
cally, it is Saturn's electrostatic discharges that continue to puzzle planetary scientists. Do 
these bursts of energy, which resemble those from lightning, come from colossal storms in 
the planet's atmosphere or are Saturn's rings arcing over like a bad commutator ? 

ARF1_ ‘The Saturn Electrostatic Discharges (SEDs) 

Description. Bursts of radio frequency energy resembling terrestrial lightning discharges 
that peak every 10 hours, 10 minutes. 

Data Evaluation. Radio physics experiments aboard Voyagers 1 and 2. Rating: 1. 

Anomaly Evaluation. Both explanations noted below imply bizarre situations to say the least: 
(1) Immense electrical discharges across the ring structures; (2) An apparently stationary 
electrical storm of huge proportions in Saturn's atmosphere. While these phenomena are re- 
markable in size and character, they do not seem to challenge electrical theory too much. 
The real problems are the source of electrical energy in the rings, or the origin and nature 
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of the postulated atmospheric storm. Rating: 2. 
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Possible Explanations. Electrical discharges in the B ring, possibly stimulated by a ring 
gap or object orbiting at the 10 hour, 10 minute period; a large electrical storm in Saturn's 
atmosphere rotating with the atmosphere at the measured SED period. 

Similar and Related Phenomena. The spokes on Saturn's rings (ARL5), which also peak at the 
SED period. 

Examples 

X1. General description of the Saturn Elec- 
trostatic Discharges (SEDs): "David Evans, 
Joseph Romig, and James Warwick of Ra- 
diophysics, Inc., of Boulder reported that 
SED appeared as 30- to 250-millisecond 
bursts over the radio-frequency range of 
20 kilohertz to 40 megahertz scanned by 
Voyager's radio astronomy instrument. The 
mean power in a 50-millisecond burst was 
about 1 billion watts, peak power being at 
least 10 billion watts. (This is the latestof 
several sets of updated figures.) The power 
of a terrestrial lightning stroke of radio 
frequencies typically reaches about 200, 000 
watts. The number of SED bursts detected 
by Voyager tended to peak every 10 hours 
and 10+ 5 minutes. The approximate 10- 
hour periodicity of SED suggests two possi- 
ble locations for its source. One is within 
the equatorial region of Saturn's atmosphere, 
where the speed of the wind added to the ro- 
tation of the planet would carry a lightning 
storm around the planet every 10 hours. 
The second is within the B ring at a distance 
of 1.81 Saturn radii. The Radiophysics 
group prefers the ring source because radio- 
frequency signals generated by atmospheric 
lightning would probably not make it through 
the ionosphere. Even if they did, the fre- 
quency distribution of lightning-generated 
signals is never as flat as that of SED, they 
note." (R4, R1) 

Other investigators have correlated the 
SED activity with both the rotation of Sa- 
turn's magnetic field and the frequency of 
spokes appearing on the rings. All three 
phenomena have almost exactly the same 
period from maximum to maximum. (R1) 

X2. Possible explanations. A large elec- 
trical storm in Saturn's atmosphere. (R5- 
R9) An object or gap in Saturn's B-ring. 
(R2, R4, R8) 
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ARF2 Measurements of Saturn’s Intrinsic Energy 

Description. The radiation by Saturn of about twice as much energy as it receives from the 
sun. 

Data Evaluation. Modern infrared measurements of Saturn from high altitude aircraft. Ra- 
ting: 2. 

Anomaly Evaluation. Since Voyager measurements confirm that Saturn's atmosphere is de- 
pleted in helium by just the right amount to account for the energy radiated by the planet, as 
discussed below, this phenomenon is considered satisfactorily explained. Rating: 4. 

Possible Explanations. The gravitational energy of atmospheric helium is converted into heat 
as it sinks through the hydrogen layers towards Saturn's center. 

Similar and Related Phenomena. Jupiter's intrinsic energy (AJF1), which is thought to be the 
consequence of compression of the planet-as-a-whole by gravity. 

Examples 

X1. Experimental results. "Abstract. The 
total power emitted by Jupiter and Saturn 
has been measured by observing the planets 
from a jet aircraft at 15-km altitude with 
a telescope system open from 1.5 to 350u. 
The two planets were found to radiate 2.7 
and 2.4 times the amount of power they re- 
ceive from the Sun, respectively. These 
new results put observational restraints on 
models for the internal structures and atmo- 
spheres of the two planets." (R1) 

X2. Possible explanations. Whereas the ex- 
cess energy radiated by Jupiter is thought to 
be due to gravitational compression of the 
entire planet, in the case of Saturn the fa- 
vored explanation is that atmospheric helium 
settles down through the planet's hydrogen 
toward the center of the planet, releasing its 
gravitational energy as heat. If this were the 
case Saturn's atmosphere should be depleted 
in helium when compared to Jupiter's. The 

Voyager measurements of helium abundances 
indicate that there is just enough depletion to 
account for the measured excess heat radia- 
tion. (R2-R5) Phase-change energy sources 
have also been suggested. (R6) 
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ARF3. Sudden, Temporary Cessation of Radio Emissions 

Description. A mysterious, 4-day cutoff of Saturnian radio frequency emissions. 

Data Evaluation. Detected by two separate radio physics experiments on one of the Voyager 

spacecraft. Rating: 2. 

Anomaly Evaluation. Mysterious temporary failures of spacecraft equipment have occurred 

before and are obviously not anomalous in the scientific sense. Set ting aside this possibility, 

it is virtually inconceivable that Saturn could "turn off" for 4 days; however, the existence 

of a cloud of plasma blocking radio signals is not unreasonable. 
gestion: Rating: 2. 

Based on the latter sug- 
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Possible Explanations. Temporary experiment failure; the interposition of an absorbing or 
reflecting medium between the spacecraft and Saturn. 

Similar and Related Phenomena. 

outages (GER10). 

Examples 

X1. August 1981. From a report on Voyager 
discoveries: ''The radio emissions, for ex- 

ample are so powerful that the Voyagers de- 
tected them from more than 600 million kilo- 
meters away. (Jupiter's still stronger sig- 
nals have been known on earth since the 
early days of radio astronomy.) But as Voy- 
ager 2 was pulling away from Saturn late 
last month, heading for its 1986 rendezvous 

Polar radio blackouts on earth (GER7) and other radio 

with Uranus, a totally unexpected thing hap- 
pened. 'For some reason,' says Frederick 
L. Scarf of TRW, 'Saturn turned off for four 
days. '"' The same dropout occurred on two 
different radio physics experiments. (R1) 
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ARL SATELLITE AND RING ANOMALIES 

Key to Phenomena 

ARLO Introduction 
ARL1_ Pre-Spacecraft Observations of Extra Rings 
ARL2 Knots in Saturn’s Rings When Viewed Edgewise 
ARL3 ___ Bright Spot on Saturn’s Rings 
ARL4 Anomalous Shadows of the Planet on the Rings 
ARL5 Dark Spokes on the Rings of Saturn 
ARL6 ~~ Kinked and Inhomogeneous Rings 
ARL7 __— Dark-Sided lapetus 
ARL8 _ Titan’s Variable Brightness 
ARL9 Changes in Saturn’s Rings Observed within Historical Times 
ARL10 The “Gaps” between the Rings 
ARL11 Ring Asymmetries and Eccentricities 
ARL12 Hyperion’s Chaotic Rotation 
ARL13_ Irregular Density Trend of Saturn’s Moons 
ARL14_ Fine Structure of Saturn’s Rings 
ARL15 Varying Crater Densities on Saturn’s Moons 
ARL16 Youthful Features of Saturn’s Rings 

ARLO Introduction 

Saturn's several moons and incredibly complex and beautiful rings are really much more in- 
teresting than the huge planet itself. 

The moons, though much smaller than Jupiter's Galilean satellites, pose an equally impres- 
sive array of problems: Why does Hyperion rotate chaotically ? Why is the leading face of 
Iapetus so dark? How did such small moons acquire enough energy to display extensive sur- 
face evolution? Saturn's moons are so different from one another that some scientists are 
asking whether they actually formed where we now see them, or whether they were captured 
from some other part of the solar system. 

But the glorious rings of Saturn steal the show for sheer complexity, dynamicism, and anom- 
alousness. First and foremost, the theory of gravitational resonances customarily employed 
to explain the presence of ring gaps now seems woefully inadequate. There are tens of thou- 
sands of ringlets and accompanying gaps; there are spirals, braided rings, travelling wave- 
lets, stacked layers of ring material, and many other enigmatic features. Resonances are 

too few and weak to do the job by far. Next, strange, shadowy spoke marks form and dis- 
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solve continuously on the rings, taunting us into invoking electrostatic levitation and other 

ideas that would have been thoroughly ridiculed before the Voyager flights. Even before Voya- 

ger, several telescopic ring anomalies were all but ignored: the "knots" sometimes seen 

when the rings are seen edgewise; bright spots on the rings; and out-of-perspective shadows 

of the planet on the rings. Finally, where did the rings come from? When did they form? 

Several ring features suggest that the rings are actually recent acquisitions that are still 

evolving---and rapidly at that---when one considers the age of the solar system. 

ARL1 Pre-Spacecraft Observations of Extra Rings 

Description. Telescopic observations of additional rings interior and exterior to the bright 
A, B, and C rings. These additional rings are difficult to see and may not be permanent. 

Background. The dusky of D ring Old nomenclature).of Saturn was seen as early as 1907 
and perhaps even earlier. Likened to the Loch Ness Monster, some observers have seen 

it, but most cannot. (R3) After the highly respected E.E. Barnard looked carefully for this 
ring in 1908 to no avail, despite good eyes and excellent telescope, the dusky ring was not 
seriously looked for again until it resurfaced in the 1950s. In addition to several modern 
sightings, there is also photographic evidence. The Pioneer and Voyager spacecraft have 
confirmed additional interior and exterior rings, so that the telescopic observers did have 
a physical basis for what they saw, although we cannot really say with certainty that they 
saw the same structures the spacecraft photographed. 

Data Evaluation. The several telescopic observations of the dusky or D ring are bolstered by 
photographic evidence. The same is true for an inner ring between the C ring and the atmo- 
sphere of Saturn. These additional rings are obviously very difficult to see. Only a handful 
have seen the dusky ring, and those who have seen it do not see it all the time. Rating: 2. 

Anomaly Evaluation. Since the Pioneer and Voyager spacecraft actually found new interior 
and exterior rings, the earlier sightings are not overly remarkable; that is, they are more 
like the early sightings of Martian craters (really there) rather than the Martian canals (not 
really there). The real anomalies associated with these additional rings are their apparent 
variable nature and the inability of expert astronomers with top-notch equipment to see them 
at all (a psychological anomaly). Rating: 2. 

Possible Explanations. The additional rings may vary in brightness due to the influx and loss 
of material. 

Similar and Related Phenomena. Pre-Space Age observations of Martian craters (AMO2) 
and those of Mercury (AHO0); the canals of Mars (AHO1); the Venusian spoke system (AVO6). 

Examples 

X1. An elusive, "dusky" ring exterior to the 
A ring. Called the D ring in the older litera- 
ture, modern nomenclature has marked itas 
the F ring, while labelling a new ring interior 
to the C ring as the D ring! 

"The first intimation of a dark annular ap- - 
pendage exterior to the bright rings of the 
Saturnian system was obtained in 1907 by the 
French astronomer M.G. Fournier. Using 
the 28-cm refractor of the Jarry-Desloges 
Observatory on Mount Revard (altitude 1550 

m) in Savoy, he made his first observations 
of the 'new ring' on 1907 September 5d 10h 
15m. Subsequently it was again recorded by 
him on September 7d 10h 25m when under 
very fine seeing conditions." Although re- 
ported in several scientific publications, this 
early sighting received little attention. 'In 
September, 1908, M.E. Schaer of the Geneva 
Observatory, completed a Cassegrain reflec- 
tor with which, during the autumn and winter 
months of that year, he obtained a series of 
observations on the globe and rings of Saturn. 
Thus it was that, while engaged in this pur- 
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suit, the Swiss astronomer detected what ap- 
peared, to him at least, to be a new feature 

---namely a dark ring surrounding the known 
bright rings. This was during the early part 
of October and, judging by the telegram sent 
to the Astronomische Nachrichten, it would 
seem that the earlier discovery by Fournier 
had either been overlooked or was not known 
to the Swiss observer. Following the receipt 
of an announcement from the Geneva Obser- 
vatory, on 1908 October 10 the rings were 

examined at Greenwich with the 28-inch re- 
fractor by three observers, namely Bowyer, 
Lewis, and Eddington. In view of their partial 
confirmation of the exterior dark ring these 
observations are here considered in detail. "' 
..... (Details omitted)..... "Probably the 
last observations of the exterior ring were 
made in 1909 January by Schaer, who found 

the feature decidedly more easily detected 
than’pecviously. " 

In contrast to these positive sightings, 
E.E. Barnard, using the 40-inch refractor 
at Yerkes Observatory in 1908, could find no 
trace of the exterior dusky ring. 

In the 1950s, however, R.M. Baum again 
spied the dusky ring. ''The first observation 

was made on 1952 April 1d 20h 00m U.T., 
when with an eyepiece of X216, with seeing 
at 4 on a scale of 10, considerable detail was 
noticed. At 20h 40m on this evening seeing 
rose to 6 and, with this happy conspiration 
of atmospheric circumstances, traces of 
some dusky nebulous matter in the form of 
an additional ring were recorded beyond Ring 
A, which the writer could not recall having 
observed in 1951. The appearance was so 
unexpected that strong doubts as to its ob- 
jective character were entertained, resulting 

in its being dismissed as some form of illu- 
sion though consideration of the steel engra- 
ving aspect of the global details suggested 
the improbability of such views. However, 

all doubts were finally dispelled later the 
same evening at 21h 15m when the dusky ring 
was again strongly noticed as a pale nebulous 
feature extending beyond the bounds of the 
bright ring system." Further sightings of 
this dusky ring came later in 1951 and 1952. 
American observers T.R. Cave, Jr., and 
T. Cragg, of Mount Wilson, also saw this 
feature in 1952-1953. (R1, R2) 

In 1966-1967, some photographic evidence 
of the dusky ring was obtained by W.A. Fei- 
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belman. ''On six nights between October 27, 
1966, and January 16, 1967, about fifty photo- 
graphs of Saturn of considerable length were 
taken with the 30 in. refractor at the Alle- 
gheny Observatory of the University of Pitts- 
burgh. On all moderately long (5-10 min) 
and very long (30 min) exposures on backed 
Kodak '103a-0' without filter between Octo- 
ber 27 and December 12, 1966, a very thin 
extension of the nearly edge-on ring system 
can be seen. The thin line extends to more 
than twice the known ring diameter and has 
an approximate equivalent brightness of 
Mp #15/sq. sec of arc or fainter. Whentwo 
or eiree exposures are viewed in superposi- 

tion the thin line is clearly seen when in re- 
gistration. After December 12 the thin line 
became more difficult to detect and by Janu- 
ary 16 no trace of it could be found. Printed 
reproduction of the thin line would be very 
difficult, but two of many microdensitometer 
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Microdensitometer traces of Saturn’s rings made 
1966-1967. (X71) 

traces are presented in Figs. la and 2a. 
These two tracings were for November 14 
and December 12, 1966, respectively, and 

Figs. 1b:and 2b show the locations of the 
scans X-X. The positions of the satellites 
are indicated and were obtained from short 
exposures..... The inner cross-hatched 
circle indicates the extent of the greatly 
over-exposed image of Saturn, while the 

outer cross-hatched area represents the 
photographic halo. The over-exposed im- 
age causes a general density gradient onthe 
densitometer traces which accounts for the 
sloping background level, but a noticeable 
increase in density at the position of the thin 
line is consistently evident on some thirty 
scans at different positions. A tentative in- 
terpretation of the thin line is that it repre- 
sents a tenuous, outer ring seen only brief- 
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ly when the ring plane is nearly edge-on to 
our line of sight." (R3) 

Spacecraft photographs of the Saturnian 
ring system reveal two rings exterior to 
the Aring. ‘''Far beyond the main rings are 
two additional rings of apparently different 
character, the G Ring at 2.8 and the ERing, 
stretching from 3.5 to 5.0 Saturn radii. Both 
are tenuous, and they appear to lack the fine- 
scale structure of the main rings. Apparent- 
ly the processes that produce intricate struc- 
ture are confined to regions nearer the pla- 
net. The E Ring is apparently associated in 
some way with Enceladus."' (R5) It is im- 
possible to tell whether the modern E ring 
is the same as the older, very elusive D 
ring. (WRC) 

X2. A faint ring interior to the C ring now 
called the D ring. A report from 1970. 
"From the Pic du Midi Observatory in France 
comes news that Dr. Pierre Guerin has dis- 
covered a fourth, inner, ring round Saturn 
(Sky and Telescope, vol. 40, p. 88). The 
fourth ring is only 30,000 miles above the 
surface and is extremely faint; its existence, 
however, is confirmed by independent photo- 
graphs taken in New Mexico." (R4) 

The Voyager spacecraft detected a ring 
interior to the C ring. ''Between the classi- 
cally known rings and the top of Saturn's 
atmosphere are a number of very thin ring- 
lets discovered by Voyager. Collectively 
called the D Ring, these ringlets appear to 
be as intricate in structure as the more 
dense regions farther out. '' (R5) 
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ARL2 Knots in Saturn’s Rings When Viewed Edgewise 

Description. Bulges, ''condensations", and "knots" seen in the plane of Saturn's rings when 
seen edgewise. 
ways observed. 

The knots measure several hundred kilometers in diameter and are not al- 

Data Evaluation. A handful of good telescopic observations have been uncovered, including 
one photographic example. 
Rating: 1. 

The Pioneer and Voyager photos do not seem to show any knots. 

Anomaly Evaluation. From the observations at hand, it is impossible to tell whether the 
knots are accumulations of ring material or merely waves in the rings or something else 
entirely. In any case, the knots represent unexplained, probably transitory ‘perturbations 
of ring structure---one of many "ring problems". Rating: 2. 

Possible Explanations. Temporary concentrations of ring material; waves in the rings, which 
appear as knots when viewed edgewise. 

Similar and Related Phenomena. White spots on Saturn's rings seen broadside (ARL3); 
waves in the rings (ARL14). 

Examples 

X1. September 16, 1877. Saturn's rings 
were viewed edgewise. Each ansa contained 
a‘knot.. (R1) 

X2. June 5, 1891. Rings seen edgewise. ''The 
following ansa presented, in a marked form, 
the beaded appearance. The preceding ansa 
showed the same aspect, but less decidedly." 
While classified as an example of ''knots", 

the article's drawings (not reproduced) re- 
vealed several wave-like structures. (R2) 

X3. Frequently during 1907. Seen by Camp- 
bell, at Lick; Barnard, at Yerkes; and Lo- 
well, at Flagstaff. General description: ''At 
the present time, a month after the earthhas 

passed through the plane of the rings, they 
are seen not quite edgewise, and appear ina 
powerful telescope as a thin line of light. A 
splendid opportunity is thus afforded of dis- 
covering whether the rings are everywhere 
of the same thickness. As knots are seen 
along the thin thread of light, we must per- 
force conclude that the rings are not quite 
flat, but that they have condensations here 
and there, and that the particles that make 
them up crowd together more at some places 
than they do at others. ‘This is indeed nonew 
discovery. Nearly half a century ago Otto 
Struve suspected that he saw bumps on the 
ring system, and the observations of 1907 
are but a confirmation, using better tele- 
scopes of what Struve saw." (R3) The 1907 
episode of knots brought forth several other 
reports. (R4-R6) In R5, Lowell introduces 
the term "tores", but everyone persisted in 

calling them knots. 

X4. During 1951. Baum, using his 3-inch 

refractor, saw luminous condensations on 

the rings, which were set equidistantly on 
each side of the globe of Saturn. (R7) Baum 
did not specify whether there were more 
than two knots. (WRC) 

X5. November 27, 1966. N. Sekiguchi, of 

the Tokyo Astronomical Observatory, was 
able to photograph knots in Saturn's rings, 
when viewed edgewise. In these photo- 
graphs, there are seen four knots of matter 
on each side of Saturn itself, at exactly the 
distance of Cassini's division. (R8) 

X6. General observation. "In so far as this 
pertains to the Cassini Division, it leads to 
the interesting speculation that the gap ac- 
tually marks the location of another Saturn- 
ian satellite, too small to be seen as a sep- 

arate body in the midst of the bright rings 
(except perhaps when the rings are edge on, 
when 'ring knots' of a few hundred kilome- 
tres' diameter are often seen). "' (R9) 
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ARL3_ Bright Spot on Saturn’s Rings 

Description. A bright white spot, semicircular or oval in shape, seen occasionally on Saturn's 
rings adjacent to the shadow of the planet cast on the rings. The spot does not rotate with the 
rings. Its brightness often exceeds that of all other portions of the Saturn system. The spot 
has been reported to pulsate in brightness. 

Data Evaluation. The 1889 and 1939-1941 apparitions of the spot were well-reported, but the 
other appearances were noticed by only a few astronomers. Nevertheless, there is ample 
testimony to the objective existence of the spot. Rating: 1. 

Anomaly Evaluation. If the spot is a consequence, as suggested below, of real changes in the 

albedo of the rings or the emission of intrinsic radiation, we have a fascinating anomaly with 
no ready explanation. Rating: 2. 

Possible Explanations. Some have considered the spot to be merely a contrast phenomenon; 
i.e., an irradiation effect. Since the spot always occurs next to the planet's shadow on the 
rings, it could be an albedo change associated with the eclipse of the rings. Given the in- 
tense relative brightness of the spot, it might be a region of electrical activity associated 
with Saturn's electrostatic discharges and self-luminous. 

Similar and Related Phenomena. Knots on Saturn's rings (ARL2); Saturn's electrostatic dis- 
changes (ARF1), which are ring-related; the post-eclipse brightening of Jupiter's moon, Io 
(AJX6). 

Examples 

X1. 1840-1842. The Italian astronomer De 

Vico records a "fixed bright point attached 

to the open ansa, '' which he saw on several 
consecutive nights in 1840 and once more in 
1842. (R7) 

X2. 1889. "The remarkable white spot, 
first seen by Dr. Terby on March 6, has 
been so conspicuous during the past week 
that it has doubtless been observed by a 
large number of your astronomical readers. 
I had a fine view of it on April 18, and again 
to-night. On both occasions it occupied the 
same position as shown in Dr. Terby's sketch. 
That portion of it on ring B appeared to be 
much brighter than that on ring A. Not the _ 
least remarkable feature in connection with 
it was its peculiarly pure white colour, which 
contrasted strongly with the other lines as- 

sociated with the planet. Its following edge 
was clearly convex, and it appeared to be 
oval in shape. I could trace it from the in- 
ner edge of ring B, to a little beyond the in- 

Bright spot occasionally observed on Saturn’s ring 
adjacent to the planet’s shadow. 
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ner edge of A. Cassini's division, which 
was beautifully defined on both evenings, 
could not be seen through the spot." (R1) 

From Lewis Swift, at Warner Observa- 
tory. ‘'The white spot on Saturn's ring, re- 
cently announced by Terby of Belgium, was 
observed at this Observatory on the evening 
of March 14th both by Professor Brooks 
(who was my guest that night) and myself. 
In consequence, however, of its faintness, 
and of the bright moonlight in which it was 
viewed, it was a difficult object; but as we 
both saw it in the same position and of the 
same size and shape, there could be nodoubt 

in the mind of either of us that we had seen 
the 'spot,' which appeared as a narrow band 
extending across both outer rings, its wes- 
tern boundary being in contact with the black 
notch termed the shadow of the ball on the 
ring. As we found the spot in the same place 
as at discovery, it cannot belong to the ring 
itself, as the latter revolves, and, so doing, 
would cause the spot to be seen on all parts 
of the ring. We are led, therefore, to be- 
lieve that that the phenomenon must be pro- 
duced by reflected sunlight from the globe of 
the planet, though in just what manner pro- 
duced we are not able to determine." (R3) 

W.R. Brooks, Smith Observatory, dis- 
covered that the white spot pulsates in bright- 
ness at irregular intervals of a few minutes. 

(R4) 

A report from Taylor, who was using a 
5-foot reflector. ''Bad weather prevented 
anything further being done until Monday, 
March 25, when the sky was very clear and 
the definition excellent. Saturn bore the high- 
est powers, details of the ring and ball being 
very prominent; but no 'region blanche' on 
the ring could be made out. The shadow of 
the planet on the ring was not perfectly regu- 
lar, but had a curious notched outline, ex- 
tending further from the planet on the middle 
ring than on the outer one. The gauze ring 
was very brilliant; the satellites were all 
visible; but nothing corresponding to Terby's 
announcement was seen." (R2) 

In April, W.R. Brooks was still finding 

the spot on every attempt. He remarked 
that the spot seemed to be growing smaller 
and that it seemed to be intrinsically brighter 
than the rest of the ring. (R6) See R5 and 
R7 for additional descriptions of the 1889 
spot. 

X3. 1919. Observations of a bright spot next 
to the black shadow of Saturn on the rings 
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were made in March and November. (R8, R9) 

X4. 1939-1941. H.M. Johnson noted the spot 
first in 1939. After reviewing the many ob- 
servations from 1889, he began to study the 
phenomenon systematically. ‘Reinvigorated 
by these early observations, I began to ob- 
serve Saturn more often, making special 
notes on the spot 20 times between 1940 Oc- 
tober 13 and 1941 March 29, U.T. At the 

same time several additional observations 
were forwarded to me by Messrs. W.H. Haas 
of Ohio, F.R. Vaughn, jun., of Iowa, and 
D.P. Barcroft of California. We attempted 
to gain impressions of the spot's size, shape, 
brightness and whiteness, etc., and varia- 

tions in these qualities; some conflict re- 
sulted. To me, using the 8-inch reflector 

and 213X, the spot was always present inall 
grades of seeing; the ratio of the area of the 
spot to that of the shadow averaged near 1/2 
during the period of observation, varying un- 
progressively between 1/3 and 1, being lar- 
gest perhaps but not most conspicuous in 
poorest seeing though even then never ex= 
ceeding unity; the spot was somewhat dif- 
fuse though occasionally was 'sharply boun- 
ded, ' the contour being ‘irregularly spindle- 
shaped'; the spot was usually considered to 
be the whitest part of the whole Saturnian 
system, 'being whiter than the outer half of 
ring B or the equatorial zone on the planet 
itself. '"’ The observations of Haas and 
Vaughn supported those of Johnson (ahove) 
except that they thought the spot was larger 
than Johnson estimated. (R10) 
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ARL4 Anomalous Shadows of the Planet on the Rings 

Description. (1) Distinct notches or peaks in the shadow of the planet on the rings; (2) Wrong 
curvature of the shadow, considering the rules of perspective; (3) Notched shadows on both 
sides of the globe of Saturn. The three categories are not completely independent, because 
the notched shadows are often curved the wrong way, too. Anomalous shadows are rare. 
They may change from day to day. 

Data Evaluation. Many anomalous shadows are described in the older literature. If they oc- 
cur today, no one writes about them! To some extent at least, the prominence and degree 
of shadow distortion depends upon the observer; a fact suggesting a psychological factor. 
Rating: 2. 

Anomaly Evaluation. If these remarkable shadows are only subjective phenomena, the anom- 
aly rating must be low. But objective effects may be involved, because even under the same 
lighting conditions the same observer does not always see anomalous shadows. These effects 
are presumed here to be albedo changes and/or changes in the rings themselves. Rating: 3. 

Possible Explanations. Contrast effects come to mind first here; and some psychological ex- 
periments seem to support this idea. (R11) The rings themselves may exhibit changes in re- 
flectivity and physical geometry; both of which may in turn be related to a change in the level 
of solar intensity. Since the occasional bright white spot on the rings is inevitably associated 
with the planet's shadow (ARL3), the anomalous shadows may be simply normal shadows with 
encroaching bright spots. 

Similar and Related Phenomena. The white spot that sometimes appears on Saturn's rings 
(ARLS3); the post-eclipse brightening of Io (AJX6). 

Examples 

X1. Notched shadows. ‘Whilst observing 
with a friend, on the night of the 12th. inst., 
we turned the 6 in. refractor on to Saturn. 
we noticed that the outline of the shadow of 
the planet on the ring was decidedly ‘notched,' 
or, as described by Webb, 'curved the wrong 
way for its perspective.' It appeared to fol- 
low close to the lines of Cassini's division 
and then suddenly curve inward on touching 
ring B, then continued its line of perspective 
on that ring to and through ring C." (R2) 

H. Watson examined many drawings of 
Saturn's shadow as thrown on the rings, and 
found that many showed a notched or peaked Notched shadow of Saturn cast upon the rings. 
appearance, but others did not. (R3) (X71) 
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W.F.A. Ellison expressed well the con- 
sternation of astronomers over the presence 
of a notch and, often, incorrect curvature of 
the shadow. ''Fhe peak on the shadow is a 
puzzle to me---not how it can exist as a de- 
pression in a surface will cause a deviation 
in the outline of a shadow thrown obliquely 
on the surface, but how we can see it, being 
almost exactly in a straight line between Sa- 
turn and the Sun, which casts the shadow. 
One would have supposed that, by all rules 
of geometrical optics, the form of the sha- 
dow, to an observer so situated, could not 

be affected by the form of the surface on 
which it is cast. We see no corners on the 
edge of the earth's shadow in a lunar eclipse, 
in spite of the irregular surface which re- 
ceives it. Yet the peaks are unmistakably 
there in the case of Saturn. "' (R7) 

X2. Shadows of Saturn with the wrong" cur- 
vature. Note that the notched shadows of X1 
usually show the wrong curvature on one or 
both sides of the notch. 

"On the evening of April 25th, 1889, at 
about 8:30 P.M., I was examining Saturn 
with a power of about 180 on a 4 1/8-inch 
achromatic by Brashear, when, much to my 
surprise, I found the shadow of the globe on 
the rings curved the wrong way, i.e. from 
the globe, as shown in the following drawing. 
Thinking my eyes might be deceiving me I 
called my wife, and without telling her what 
I had seen, requested her to describe the 
shape of the shadow. She described the sha- 
dow as having its right hand edge curved 
away from the planet. I wrote to Professor 
Comstock of the Washburn Observatory about 
it, and was informed by him that while my 
observation of Saturn was unusual, it was 
far from being unprecedented; that the same 
appearance was observed in 1875 with the 
26-inch achromatic at Washington, and that 
Webb, in 'Celestial Objects for Common 
Telescopes,' says: 'The outline of this sha- 

Shadow of Saturn on the rings has the wrong curv- 
ature. (X2) 
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dow has often been found Curved the wrong 
way for its perspective.' Professor Com- 
stock also adds, 'I do not know that any sat- 
isfactory explanation for this anomaly has 
ever been given. '"’ (R5) 

1904. Italy. 'During a series of observa- 
tions of Saturn made at Aosta (Italy) in Oc- 
tober, November, and December, 1904, 
Signors M. Amann and Cl. Rozet observed 
a secondary shadow, other than that of the 
planet, projected on to the illuminated sur- 
face of the rings. First seen on October 20, 
this shadow was thinner and much less ac- 
centuated than that of the planet, whilst its 
curvature was in the opposite sense to that 
of the latter body. From October 20 to No- 
vember 15, despite the fact that numerous 
opportunities of observing it occurred, the 
shadow was not seen, but from the latter 
date until the end of December it was shown 
on twenty-six drawings of the system. On 
seven drawings made between December 22 
and 27, the shadow appeared bifurcated 
where it traversed the inner ring, and on 
November 28 and 29 a third line of shadow, 
narrower and feebler than the preceding 
and much further from the planet, was 
seen. "' (R6) Other shadows with the wrong 
curvature are described in Rl and R4. 

X3. Notched shadow on both sides of the 
planet. When the rings of Saturn are tilted 
toward the earth, but with both ansa on a 
horizontal plane, notched shadows are on 

rare occasions seen on both sides of Saturn, ~ 
giving the planet an "'eared'"' look. The sha- 
dows are not always of the same size. (R8- 
R10) Given the distance of the sun, only a 
single shadow should be cast. (WRC) 
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ARL5 Dark Spokes on the Rings of Saturn 

Description. Dark, radial, wedge-shaped spokes that continuously appear and disappear in 
the B ring. Spoke length is typically 10,000 kilometers, with a base width of about 2, 000 
kilometers. 

more details. 

Spokes originate most frequently on the morning ansa, and may develop over a 
length of several thousand kilometers in a period of only several minutes. See X1 below for 

Data Evaluation. Many Voyager spacecraft photographs. Rating: i 

Anomaly Evaluation. Originally, the spokes baffled everyone, but now a rather successful 
group of theories depending upon the levitation of dust particles seems to explain most fea- 
tures of the spokes. Rating: 3. 

Possible Explanations. Electrostatic levitation of dust particles above the normal plane of 
the rings in the presence of plasma clouds is the currently favored theory. The electrostatic 
alignment of ring particles has been suggested and found wanting. (R13, R12) 

Similar and Related Phenomena. Saturn's electrostatic discharges (ARF1), which are con- 
centrated in the same region where spoke production is highest. 

Examples 

X0. Historical note. Hints of the Saturnian 
spokes appear in older books. For example, 
tears or gores in the rings were mentioned 
in the 1908 book The Heavens and Their Story, 

by A. Maunder and W. Maunder. (R9) 

X1. General description based on the Voya- 
ger encounters with Saturn. ''Among the most: 
interesting variable ring features are thenar- 
row radial markings or spokes in the Bring. 
These features were first observed as dark 
wedge-shaped projections rotating in the 
outer half of the ring, predominantly on the 
morning ansa (the part of the ring just emer- 
ged from Saturn's shadow). At high resolu- 
tion, spokes were easily observed on both 
ansae and across most of the B ring. Spokes 
have not been seen to cross the Cassini di- 
vision and seldom extend farther in than about 
105, 000 km from the center of Saturn. This 
point appears to be a sharp cutoff for most 
of the spokes and is a bright region (in back- 
scattered light) inthe Bring. Characteris- 
tic lengths and widths of these features are 
10,000 and 2,000 km, respectively. What 

were discovered as dark markings during 
inbound passage (backscattered light) became 
bright markings during outbound passage 

Voyager photograph of spokes. on Saturn’s rings. 
(X1) (Courtesy NASA) 
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(forward-scattered light). Viewed against the 
planet's disk, the spokes show no optical 
density variations, and no spokes are visible 
from the unilluminated side of the rings. In 
the highest resolution images of the spokes 
taken in forward-scattered light, the B ring 
resolves into radially aligned areas of en- 
hanced brightness among ringlets. This is 
especially true in the outer optically thin 
region of the ring. Only in the optically thick 
regions do the gaps appear to be filled by 
spoke material. These observations indicate 
that small particles constitute a large frac- 
tion of the B ring and are more visible, per- 
haps because they are elevated above the ring 
plane, within the spokes." (R6) 

From the Voyager 2 summary report in 
Science, more details: "As in the Voyager 1 
data, the Voyager 2 images reveal the spokes 
more easily on the morning ansa (just rotated 
out of Saturn's shadow). Some spokes can be 
tracked as they rotate through 360° or more; 
however, it is not clear whether we really 
see the identical spoke pattern or a new one 
that it 'reprinted' on top of the old one. If 
spokes are created as radial features, then 

mapping their orbital motion backward in 
time should allow a determination of the point 
of origin. Spokes mapped backward in this 
way were found not to have a commonorbital 
longitude of creation. Places of origin also 
appear unrelated to the shadow of the planet 
on the rings, although a few spokes appear 
to have formed within the shadow. After Voya- 
ger 2 passed through the ring plane, the 
image shown in Fig. 44 (not reproduced) was 
taken of the unilluminated side of the rings, 
showing spokes for the first time with this 
viewing perspective. In this image the B 
ring is illuminated predominantly by sunlight 
scattered off Saturn's atmosphere and ap- 
pears brightest in backscattered light. Bright 
spokes are visible in the region with Saturn- 
shine phase angles of about 80° to 120°. The 
fact that these features are seen only in this 
region of favorable Saturn illumination indi- 
cates that they are dark-side phenomena and 
not bright-side spokes shining through opti- 
cally thin parts of the B ring. The shapes 
seen on the dark side indicate a morphologi- 
cal behavior similar to that observed onthe 
illuminated side, with spokes tilting away 
from the radial direction in the sense of the 
Keplerian motion of ring particles. Further- 
more, dark-side spokes are not tilted enough 
to be created on the illuminated side and then 
passed through the ring plane a quarter of 
an orbit later. The conclusions that these 
features may be created on the dark side of 
the B ring while others form in Saturn's 
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shadow have implications for the mechanism 
of spoke formation, casting some doubt on 
the idea that charging of small ring parti- 
cles by photoionization alone is responsible 

for levitating them out of the ring plane." 
(R14) 

Rapid formation of spokes. "The famous 
dark spokes on the B ring remain as per- 
plexing as ever. Voyager 2 showed that 
their edges are sharp to a resolution of 60 
kilometers. The spacecraft also made a 
time-lapse movie (which has been dubbed 
the Saturn 500) following a group of spokes 
around the ring. (The ring particles are in 
orbit around Saturn and carry the spokes 
along with them.) The movie shows that as 
the older spokes fade, a fresh spoke forms, 
leaping radially across 20,000 kilometers of 
ring surface within about 12 minutes. ‘Our 
impression is that the spokes are somehow 
imprinted on the rings by some action of Sa- 
turn's magnetic field,' says (Bradford A. ) 
Smith. 'But the fact that they deposit so 
quickly surprises me. '"' (R7) 

Some other interesting features of the 
spokes: ''Several narrow spokes were obser- 
ved during formation along radial lines inthe 
sunlit portion of the ring. The formationtime 
is typically ~ 5 min for a 6000-km-long spoke. 
The rate of spoke formation is highest at the 
morning ansa outside Saturn's shadow. Seve- 
ral spokes have been found where one edge 
revolves with Keplerian speed whereas the 
other edge stays radial. Recurrent spoke pat- 
terns have been observed at the period of 
Saturn's rotation. From edge-on views of 
the ring system, an upper limit for the height 
of spokes of 80 km is derived." (R17) na 
statistical study of spoke activity, a period 
of 621 minutes was found, which is consis- 
tent with the 639. 4-minute rotation period 
of Saturn's magnetic field. Maximum spoke 
activity coincides with the morning ansa, 
which is also the location of the souce of the 
electrostatic discharges (ARF1). (R16) 
Note that the occasional white spot and anom- 
alous shadows also occur at the junction be- 
tween sunlight and shade. (WRC) 

X2. Possible mechanisms of formation. C.K. 
Goertz and G.E. Morfill suggest the levitation 
of electrically charged dust particles above 
the plane of the rings in the presence of a 
plasma cloud. (R17, R19) Most theories, in 
fact rely upon electrostatic levitation ofdust. 
(R1, R5, R11, R18) Some rely on photoioni- 

zation and other processes. J. F. Carbary et 
al proposed the electrostatic alignment of 
ice particles in the rings (R13), but A.J. 
Weinheimer and A.A. Few, Jr., do not be- 
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lieve the forces are strong enough to cause 
the postulated alignment. (R12) 
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ARL6 Kinked and Inhomogeneous Rings 

Description. Rings of particles orbiting Saturn that display kinks rather than smooth ellipses 
and the presence of lumps or discontinuities. The F ring, just outside the A ring are kinked — 
and lumpy. In the Encke Division, kinked and discontinuous strands are evident. These phe- 
nomena may be time-variable. 

Data Evaluation. Pioneer and Voyager spacecraft photography. Rating: 1. 

Anomaly Evaluation. The comfortable ''gravitational'' explanation of the kinks and clumping, 
due supposedly to the presence of shepherd satellites, seems to be undercut by the kinked 
strands in the Encke Division, where no satellites are in evidence. Until this paradox is re- 
solved, kinkiness and clumpiness will have a moderate anomaly rating. Rating: 2. 

Possible Explanations. The gravitational effects of the two F-ring shepherd satellites pro- 
mise to explain some of the F-ring features---at least theoretical analysis and computer- 
modelling show how kinks may be formed. 

Similar and Related Phenomena. Knots on Saturn's main rings, as seen through terrestrial 
telescopes (ARL2). 
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Examples 

X1. General description. The F ring. ''Like 
a thin pencil line circumscribing the main 
rings, the F Ring orbits Saturn at a distance 
of 2.33 Saturn radii, or 140,600 km. Dis- 

covered by Pioneer Saturn, the F Ring, which 
is slightly eccentric, is gravitationally con- 
fined between two shepherd satellites, 1980- 
$26 and 1980827. Each of these satellites is 
also in a slightly eccentric orbit, and attimes 
the inner shepherd can approach within gra- 
zing distance of the ring. The total width of 
the F Ring is about 100 km. Within this span 
are several perhaps discontinuous strands 
each less than 10 km across; Voyager 2 pho- 
tographed as many as five in one image. Still 
greater complexity was revealed by the pho- 
topolarimeter trace, which resolved the 
brightness of these strands into many addi- 
tional components. At moderate resolutions 
the F Ring appears clumpy, and at the high- 
est resolution, Voyager photographs show 
kinks and apparent intertwining of strands. 
The kinks seen by Voyager 1 were spaced 
about 7,000 km apart, ten times the scale 
of the kinky ring in the Keeler Gap." (R7) 

The braided F ring. (X1) (Courtesy NASA) 

Another view of the F ring. ''The rings 
of Saturn can only be described as madden- 
ing. Consider the F ring. During Voyager 
1's approach to Saturn it was just visible in 
the images as a pencil-thin line just outside 
the broad, bright rings known from the earth. 
Then Voyager 1 took close-ups; in violation 
of all commonsense celestial mechanics, the 
F ring was kinked, clumpy and appeared to 
have three braided strands. In the 9 months 
between Voyager 1 and Voyager 2 theorists 
expended considerable effort trying to under- 
stand the F ring. Electromagnetic effects 
on very fine dust particles, perhaps? Wave- 
like resonances with the little shepherd satel- 
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lites just inside and outside the ring? Nothing 
was proved, but several ideas looked promi- 
sing. Then came Voyager 2. No braids in 
the F ring. No kinks. Five strands. And, as 
if to mock the theorists further, there was 

the 'Encke doodle, ' a faint thin strand wan- 
dering through the Encke division in the A 
ring, with a well developed set of kinks and 
not a shepherd moon in sight." (R9) 

X2. Kinky ringlets in the Encke Division. 
(See also the last few lines of X1 above. ) 
"The Keeler Gap, also sometimes called the 
Encke Division, contains a pair of extraordi- 
nary ringlets that are both discontinuous and 
kinky. A few other ringlets are clumpy, but 
these are the only ones known that apparently 
consist only of short arcs. The kinks, of un- 

known origin, are spaced a few hundred kilo- 
meters apart. The high-resolution profile 
of the Keeler Gap obtained by the photopolari- 
meter showed more than a dozen very faint 
features less than a kilometer wide, as well 
and one of the two kinky rings. Moonlets 
within the gap have been suggested as the 
cause of all this structure, but none were 

seen by the Voyager cameras." (R7) 

X3. Possible origins of the kinks. As men- 
tioned in X1 and X2, the gravitational influ- 
ences of the two shepherd satellites are gen- 
erally considered to be the cause of the kin- 

king and clumping of the F ring. Indeed, the- 
oretical analysis and computer modelling of 
the region have yielded promising results. 
The interweaving or braiding of the F ring 
strands, however, seems more difficult to 
explain. (R3, R10) Also to be explained: (1) 
Why didn't the Voyager 2 pictures show kin- 
king; and (2) What causes the kinking in the 
Encke Division, where no shepherd satellites 
are in evidence ? (WRC) 
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ARL7_ Dark-Sided lapetus 
Description. The large, dark red area on the leading face of Saturn's moon, Iapetus.: The dark 
area "appears" to be superficial dust swept up from orbit preferentially by the leading face. 

Data Evaluation. A long history of telescopic observation, plus Voyager spacecraft photography. 
Rating: 1. 

Anomaly Evaluation. Although the popular hypothesis that Apts Sweeps up dark dust on its 
leading face while in orbit is attractive, one must wonder why other Saturnian moons do not 
show this preferential darkening---or, for that matter, other moons around other planets, 
where similar situations might occur. 
convincing. Rating: 3. 

None of the explanations below and in X3 is completely 

Possible Explanations. The sweeping up of dark chondritic material in orbit by Iapetus's lea- 
ding face. Alternatively, the bombardment may remove superficial ice or bright material to 
expose dark material underneath. See X3 for further discussion. 

Similar and Related Phenomena. None. 

Examples 

X1. Telescopic observations. ''The remark- 
able brightness variation of Saturn's satel- 
lite Iapetus was discovered by J.D. Cassini 
over three centuries ago. More recent ob- 
servations by visual observers have re- 
vealed that the satellite's brightness varies 
smoothly over a range of about two magni- 
tudes, reaching maximum brightness near 
greatest western elongation and minimum 
brightness near greatest eastern elongation. 
Comparison of the more accurate visual 

light curves suggests that the amplitude of 
brightness variation may be variable from 
one apparition to the next.'' The range of 
Iapetus' brightness variation greatly ex- 
ceeds that of any other satellite. (R2) 

X2. Spacecraft observations. "Voyager 1 
observations of Iapetus confirmed ground- 
based observations (going back to the dis- 
covery of the satellite by J.D. Cassini in 
1671) which show that the hemisphere lea- 
ding in orbital motion about Saturn is about 
an order of magnitude darker than the trai- 

ling hemisphere. Although Voyager 1 im- 
ages did not have sufficient resolution to 
show much topographic detail, a dark ring 

-_ about 400 km in diameter centered near 

5ON and 245°W was discovered that extends 
from the dark hemisphere into the bright 

hemisphere. A number of craters, just at 
the limit of resolution, were also seen. 
Surface resolution was improved from about 
50 km/Ip in the Voyager 1 images to about 
20 km/Ip in the Voyager 2 images. The high- 
est resolution observations were obtained 
for the bright, trailing hemisphere at high 
northern latitudes. The Voyager 2 images 
reveal large numbers Of craters and clarify 
the character of the boundary of the dark 
region, particularly where it extends into 
the trailing hemisphere..... The principal 
dark region is seen to be centered almost 
perfectly in the leading hemisphere. Ground- 
based telescope observations of the leading 
hemisphere must include bright regions near 
the poles; hence no ground-based observa- 
tions of Iapetus are completely restricted 
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to the dark material. Circular dark patches, 
probably dark-floored craters, occur in the 
bright region near the boundary and deep in- 
side the trailing hemisphere. There are also 
some craters (for instance, near 200°W) 

that exhibit low-albedo patches suggestive of 
dark areas on their floors, perhaps parts of 
their walls facing the dark region. The con- 
tact relations in the trailing hemisphere 
strongly suggest that the dark material is 
superimposed on the bright, densely cratered 
terrain and is therefore younger than the cra- 
tered terrain. Although craters are clearly 
seen at the boundaries of the dark region, 
there is no hint, even in images in which 
many individual pictures have been summed 
to increase the signal-to-noise ratio, of 
bright-floored or bright-rimmed craters 
within the dark region that are well away 
from the boundary. Either the dark material 
is very thick or it is replenished at such a 
rate that fresh craters which penetrate the 
dark layer are quickly covered again. '' (R7) 

X38. Possible explanations. The fact that the 
intensely dark (actually dark red) region of 
Iapetus is centered nicely on the leading 
face of the spheroid has encouraged deposi- 
tion theories. The leading face of Iapetus 
should sweep up dust located in the moon's 
orbit much faster than any other portion of 
the satellite. One possible source of dark 
dust is Saturn's moon Phoebe, which orbits 
farther out than Iapetus. Perhaps chondritic 
material is continually breaking off from 
Phoebe and being collected by Iapetus as it 
falls in toward Saturn. Alternately, the im- 

pinging particles could hit Iapetus with so 
much energy that its normal icy surface is 

Dark-Sided lapetus ARL7 

melted and vaporized, leaving behind high 
concentrations of dust. Or the postulated 
bombardment may blast away a thin veneer 
of bright material on the leading face to ex- 
pose underlying dark material. Extrusion 
of dark material from the interior of Iapetus 

is not considered a viable explanation be- 
cause it seems so unlikely that the dark 
area would occur precisely in the center of 
the leading face. (R8) 
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ARL8 _Titan’s Variable Brightness 

Description. The long-term fluctuation in the brightness of Titan, Saturn's largest satellite. 
The changes amount to several per cent, and may be correlated with changes in solar activity. 

Data Evaluation. Several terrestrial studies using filter photometry have documented substan- 
tial brightness changes for Titan. Although one experiment found Titan's brightness to be 
anticorrelated with solar activity, no confirmation has been found in the literature examined 
so far. 
Rating: 2. 

Voyager photos reveal substantial north-south asymmetry in the moon's brightness. 

Anomaly Evaluation. If Titan's brightness variations are simply seasonal changes in cloud 
cover, the anomaly is not very significant, although the precise mechanism of albedo change 
with solar heating has not been elucidated. The mystery deepens if the variations are tied 
to the solar cycle, for there is no clear-cut way for changes in solar activity to force albedo 
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changes at such great distances. Rating: 3. 
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Possible Explanations. Since Titan does possess a well-tilted spin axis, changes in seasonal 
heating would be significant and could alter cloud cover and, in consequence, albedo. Solar 
wind changes might chemically or electrically stimulate brightness changes. 

Similar and Related Phenomena. The planet Neptune displays similar brightness changes 
(ANO1); terrestrial weather changes correlated with solar activity (GWS). 

Examples 

X1. Telescopic observations. In the early 
1970s, several astronomers suggested that 
the brightness of Titan, Saturn's largest 
moon, might vary over long periods of time. 
In 1974, Noland et al confirmed such varia- 
tion using filter photometry. (R1) G.W. Lock- 
wood reported similar results in 1975. (R2) 
In 1979, Lockwood published a paper in Na- 
ture connected Titan's variability with the 
solar cycle: ''We have observed a significant 
anti-correlation between solar activity and 
the brightnesses of two Solar System objects. 
Both the planet Neptune and Saturn's satellite 
Titan increased in brightness by several per 
cent between 1972 and 1976 and subsequently 
became fainter by comparable amounts. This 
period corresponds to the decline of solar 

activity at the end of solar cycle 20 (1972-. 
1976), followed by the rapid increase of ac- 
tivity at the beginning of cycle 21. Solar mini- 
mum and the maximum observed brightness 
of Titan and Neptune both occurred in 1976. 
... We hypothesize that what we have obser- 
ved are changes in planetary albedos induced 
by solar activity. Such changes may have 
an important bearing on the energy balances 
of the outer planets and their satellites. "' (R3) 

X2. Voyager spacecraft observations. Ab- 
stract. "Voyager 1 images of Titan, when 
normalized to remove limb darkening, re- 
veal an axially symmetric brightness pattern 
with significant north-south asymmetry. This 
interhemispheric contrast seems to be a re- 
sponse to seasonal solar heating variations 
resulting from Titan's inclined spin axis. 
The contrast significantly lags the solar for- 

cing, indicating that its production involves 
the atmosphere well below the unit optical 
depth level. The contrast has a significant 
effect on Titan's disk-integrated brightness 
as seen from earth, and probably accounts 
for most of the observed long term variation, 
with solar UV variations accounting for the 
remainder." (R5) 

X3. Possible explanations. Noland mentioned 
five possible mechanisms for Titan's bright- 
ness variations: (1) Fluctuations in the solar 
constant (unlikely); (2) Random fluctuations 
in cloud cover; (3) Seasonal (29. 5-year) 
fluctuations in cloud cover; (4) Fluctuations 
in cloud cover related to the solar cycle of 
about 11 years; and (5) Changes in aspect. 

(R1) 
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ARL9 Changes in Saturn’s Rings Observed 

within Historical Times 

Description. Secular and transient changes in the sizes, brightnesses, and colors of Saturn's 
rings. Necessarily included by such a definition are variations in the gaps between the rings. 

Data Evaluation. The claims for telescopically observed ring changes are all quite old and, in 
addition, rather vague. Trouvelot's observations of the 1880s are the most detailed, but even 
here there is a frustrating lack of distance measurements and other specifics. Rating: 3. 

Anomaly Evaluation. Given the dynamic nature of Saturn's rings and the varying forces ap- 
plied to them, changes are to be expected. Such variations seem well within the capacity of 
current theories to explain. Astronomers have been surprised at the complexity of the rings 
and their obviously dynamic nature; but this is hardly anomalous. Rating: 3. 

Possible Explanations. Saturn's rings are dynamic and sensitive to the changing gravitational 
and electromagnetic environments created by the accompanying satellites, Saturn's magnetic 
field, and the solar wind. 

Similar and Related Phenomena. The apparent changes in the F ring between Voyagers 1 and 
2 (ARL6); knots in the rings (ARL2); bright spots on the rings (ARL3); the ring spokes (ARL5); 
the possible youth of the rings (ARL16). 

Examples 
- 

X1. Widening of the rings. "Mr. William B. 
Taylor recalls attention to the announcement 
made by Otto Struve in 1851, that the obser- 
vations of two hundred years showed the rings 
of Saturn to be widening, and the inner edge 
of the inner bright ring to be approaching the 
body of the planet. Later observations tend 
in the same direction; and, though there may 
have been unintentional exaggeration in Stru- 
ve's numerical results, there seems little 
reason to question the general fact. "’ (R1) 

X2. Trouvelot's study of changes in Saturn's 
ring. "I will commence first with those oc- 
curring on the exterior ring A, and of which 
M. Perrotin has lately interested the Acad- 
emy. It is very plain that great changes are 
produced on this ring and on the ring B near 
it. Encke's division does not exist, or if it 
does, it nearly coincides with Cassini's di- 
vision. It is certain that I see nothing in its 
place with an eight-inch glass; but on the con- 
trary I see a division larger and clearer than 
it was and much nearer the division Cassini. 

On the 15th of February of this year (1884) 
I found for the first time that the division 
Encke had changed place. At the same time 
I found also that the Zone A, situated between 
this division and that of Cassini, was whiter 
and more luminous than I had apparently ever 
seen it. These changes must have been re- 
cent, for the 11th and 12th of February having 
observed Saturn, I took notice that this divi- 

sion of Encke was perfectly visible, and on 
the drawing that should accompany this note, 

-of Cassini, is more brilliant. 

is in its usual place. 
On the evening of the 15th I also discover- 

ed these changes on the ring B. We know the 
ring is divided into three parallel zones. 
Since I have observed Saturn these zones 
have always appeared pretty nearly the same 
size. The internal zone, which is near the 
nebulous ring, is the deepest; and the ex- 
ternal one, which forms the internal border 

During this 
evening I found this last zone was narrower 
than the eastern limb and its size was di- 
minished by less than one-half. It was also 
brighter, and could be distinguished from 
the grayish intermediate zone. I observed 
the same phenomenon the 20th of February, 

but this time on the western limb; whereas 
on the opposite limb it was difficult to re- 
cognize it. 

In 1882 I observed the same changes very 
apparent on the internal zone of the ring B 
which touched the nebulous ring and which 
was so deep it could hardly be distinguished. 
The nebulous ring showed the same remark- 
able changes. It was easily seen at theeast 
and with difficulty distinguished at the west. 
The brilliant and narrow zone which is now 
on the ring A, between the division of Cas- 
sini and the new division of Encke was shown 
with variations of brightness on the limbs, 
so much that it was brilliant on the one and 
hardly seen on the other."' (R3, R2) Trou- 
velot was a well-known astronomer of his 
day and specialized in Saturn. He observed 
many of the strange shadow phenomena of 
ARL4. (WRC) 
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X38. Transient luminous phenomena. A Prof. 
Todd stated: ''Near the extremities of the 
major axes of the bright outer ring of Saturn, 
with the aid of a powerful telescope, I have 
observed a certain sparkling flocculence 
which I interpreted to be a dissipation of the 
ring. '' (R5, R4) 

X4. Theoretical study of ring materials. 
From an abstract in Science: ‘Although Sa- 
turn's rings are within the Roche zone, the 
accretion of centimeter-sized particles into 
large aggregates many meters in diameter 
occurs readily, on a time scale of weeks. 
These aggregates are disrupted when tidal 
stresses exceed their very low strengths; 
thus most of the mass of the ring system is 
continually processed through a population 
of large 'dynamic ephemeral bodies, ' which 
are continually forming and disintegrating. 
These large aggregates are not at all like 
the idealized ice spheres often used in mode- 
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ling Saturn's ring dynamics." (R6) Such pro- 
cesses might play roles in some of the other 
ring phenomena in this section. (WRC) 
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ARL10 The “Gaps” between the Rings 

Description. The presence of annular gaps nearly devoid of material between Saturn's rings 
and ringlets. While matter is essentially absent in some gaps, in others, such as Cassini's 
Division, there exist many low density ringlets that become apparent only when backlit by 
the sun. Tens of thousands of rings and ringlets can be counted with obviously) just as many 
gaps. 

Data Evaluation. Pioneer and Voyager spacecraft photography. Rating: 1. 

Anomaly Evaluation. At the very least, resonance theory cannot account for the thousands 
of gaps---there are not nearly enough resonances. Indeed, some astronomers ask whether 
resonances can really explain any gaps. Sweeper moon might plow out some gaps, but the 
Voyage photographs do not reveal these postulated satellites. More ominously for celestial 
mechanics, the complex, dynamic nature of the rings seems beyond the power of Newtonian 

mechanics to explain and may require a whole new theoretical structure. (See X4.) Although 
the seriousness of this situation may be relieved somewhat by the apparent success of the 
theory of density waves (induced by resonances) to explain the spiral structure of some por- 
tions of the rings. Rating: 1. 

Possible Explanations. Resonances involving Saturn's moons and moonlets obviously play 
some poorly understood role in generating and preserving gaps. Sweeper moons, if they 
exist, may contribute, too. 

at a theoretical impasse. 

The theory of density waves, as induced by resonances, also 
shows promise in explaining spiral structures. Generally speaking, though, we seem to be 

Similar and Related Phenomena. The "'gaps"' in the asteroid belt (AAO); the fine structure of 
Saturn's rings (ARL10). 
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Examples 

X0.- The "resonance" theory that is sup- 
_ posed to account for the gaps in Saturn's 
rings as well as those in the asteroid belt. 
"In 1867, Daniel Kirkwood provided atheory 
of subdivisions in the rings that has been 
the standard textbook explanation for a hun- 
dred years. The classical application of 
Kirkwood's theory to rings is the explanation 
of the gap between the A and B rings first ob- 
served by Jean Dominique Cassini in 1675. 
Kirkwood pointed out that ring particles in 
the Cassini division, each of which would 
follow its own circular orbit about Saturn, 
would repeatedly overtake the more distant, 

slower moving satellite Mimas as the same 
point in its orbit. That is, Mimas and these 
particles would be in resonance because 
their-orbital periods have the whole-number 
ratio 2:1. Each time a ring particle over- 
took the immensely larger Mimas, it would 

feel the satellite's gravitational tug at the 
same point in its orbit. These periodictugs, 
like the well-timed pushes that send aswing 
ever higher, perturb particles in resonance 
with Mimas into noncircular orbits, causing 

them to collide more often with particles 
outside the resonance. The result, accor- 

ding to simple resonance theory, is the 

clearing of a gap. It seemed to work for 
some qualitative aspects of the asteroid 
belt and the Cassini division." (R4) 

X1. Although still widely employed to ex- 
plain the gaps in Saturn's rings, many astro- 

nomers deny that resonance theory does 
any such thing. 

T.C. Van Flandern: "It has always 
seemed strange to me that astronomers 
have spoken of the Cassini Division in Sa- 
turn's rings as a resonance phenomenon. 
The theory that the gap was cleared by Mi- 
mas, for which the 2:1 resonance position 
lies close to one edge of the Cassini gap. 
Yet it is well known that secular perturba- 
tions do not behave in this fashion. For ex- 
ample, the Kirkwood Gaps in the asteroid 
belt cannot be explained in this way, even 
the gap in 2:1 resonance with Jupiter, since 
the perturbations simply do not make itless 
probable for an orbit to occupy the gap. 
(The explanation of the Kirkwood Gaps is 
still considered to be unknown.) (R1) 

J. Wisdom:" It has long been known that 
the Kirkwood gaps in the distribution of 
semimajor axes of the asteroids are associ- 
ated with mean motion commensurabilities 
of Jupiter, yet no one has been able to de- 
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monstrate exactly why these commensura-~ 
bilities should lead to gaps. The greatest ob- 
stacle is that there is no real understanding 
of the long-term dynamics near commensur- 
abilities in the elliptic restricted three-body 
problem." (R6) 

R.A. Kerr in a Science review of the Sa- 
turn ring problems: ''Theorists are a bit 
troubled that they do not know exactly why 
one resonance produces a spiral density wave, 
another a sharp (ring) edge, and a third one 
of the more subtle narrow bands or gaps seen 
at resonance locations. 'That is a delicate 
question, ' as (Scott) Tremaine puts it. The 
strength of the resonance, which is propor- 
tional to the satellite's mass and distance, 
seems to be an important but not the sole 
determinant. The 7:6 resonance of the lar- 
ger of the two co-orbiting satellites (not 
1980828, as previously supposed) forms the 
sharp outer edge of the A ring, Tremaine 
notes, but its nearly equivalent 6:5 resonance 
produces only a minor feature." (R4) 

In sum, there is an obvious connection be- 
tween resonances and some ring gaps as well 
as other features, but no one knows just why 
this should be so. (WRC) } 

X2. To help explain the huge number of gaps 
in the rings, which greatly exceed the num- 
ber of resonances of any consequence, the 

concept of "sweeper'' moons was introduced. 
These small objects were supposed to gravi- 
tationally, perhaps electrostatically, clear 
ring material out to make the observed gaps. 
Unfortunately, the most thorough studies of 
Voyager photographs have failed to reveal 
sweeper Satellites. 

"The interior of the Cassini Division, 
once thought to be nearly devoid of matter, 
is seen in Voyager images to consist of a 
regular sequence of bright and dark features. 
Between the ringlets, each a few hundred 
kilometers across, lie empty gaps. Before 
Voyager 2, it seemed extremely likely that 
these gaps were cleared of particles by em- 
bedded satellites 10 to 30 km in diameter. 
Although no such objects were detected, some 
dynamical process involving perhaps smaller 

embedded 'moonlets' is still favored by many 
to explain this structure.'' (R4) 

X3. Some "classical" ring gaps are not gaps 
at all. As mentioned in the final paragraph 
of X2 above, the Cassini gapis far from a 
void. "It was equally disturbing that the 
gap predicted by classical theory was found 
to be only slightly less dense. It was filled 
with a different size of particle that looked 
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dark when lit from the front by the sun, but 
was quite bright (and equally complex) when 
seen from backlighting. "' (R3) Nevertheless, 
the gaps are definitely ''different", and this 
requires an explanation. Apparently neither 
resonances nor sweeper moonlets can do the 
job, although they may be part of the answer. 

(WRC) 

X4. Theoretical implications of the rings 
(and their gaps): ''Several scientists, among 
them researchers at the Fusion Energy Foun- 
dation, have proposed that the complex ring 
structure is caused by a breakdown of New- 
ton's equations that is similar to what hap- 
pens in the three-body problem. It is well 
known that when more than two bodies inter- 
act via gravitational forces, a complex and 
unstable field is set up that can exhibit highly 
pathological behavior..... In a mathematical 
sense, the results of the Princeton work 

show that the gravitational field in which Sa- 
turn's rings exist is indeterminate. That is, 
it is mathematically unstable in the sense 
that a small change in the initial conditions 
will result in totally different final states. 
NTS The problem is not that the individual 
particles in the rings do not obey Newton's 
equations, or that they obey the equations in 
some different way than do the Sun and Sa- 
turn. It is rather that the causality of the 
physical system in question is determined 
on a different level from that of the individ- 
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ual particles. The so-called collective in- 
teractions in the ring have created a quali- 
tatively new structure, which has its own 
laws of cause and effect---laws that are not 
mathematically reducible to the interaction 
of the millions of particles that make up the 
system. These new laws have yet to be dis- 
covered, but results from the moons of Sa- 
turn and Saturn's atmosphere point in a pro- 
vocative direction.'' (R3) 
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Ring Asymmetries and Eccentricities 

Description. The presence in the Saturn ring system of eccentric ringlets, eccentric borders 
on the major rings, and intensity asymmetries. This category may include more than one 
phenomenon; and different causal mechanisms may be at work. Until more is known, though, 
they will be lumped together. 
are time-variable. 

Some, perhaps all, of these asymmetries and eccentricities 

Data Evaluation. The ring intensity asymmetry is a telescopic anomaly of long standing. The 
ring eccentricities are imaged clearly in Voyager photographs. Rating: 1. 

Anomaly Evaluation. Although explanations for these phenomena are noted below, we have no 
direct evidence that these hypotheses are valid;-i.e., we have no measurements of meteor 
fluxes and no photos of perturbing moonlets. These anomalies will likely vanish when the 
Saturn system is explored more thoroughly. Rating: 3. 

Possible Explanations. Ring intensity asymmetry has been attributed to sporadic meteor bom- 
bardment of the rings. Ring eccentricities are thought to be the consequences of resonances, 
although the necessary moonlets have not been found in most instances. 

Similar and Related Phenomena. The rings of Jupiter, Neptune, and Uranus may display simi- 
lar asymmetries and eccentricities, but close-up photos are not yet available. 
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Examples. 

X1. East-west asymmetry of the intensity of 
Saturn's rings. This phenomenon was re- 
corded as early as 1714 by Maraldi. It is 
basically the occasional increased intensity 
of one ansa when compared to the other ansa. 
At some times, the difference in intensities 
is large, as in 1925 and 1969. Usually the 
eastern ansa is more intense, but some- 
times the situation reverses. Piironen and 
Lukkari have correlated the degree of ring 
asymmetry with meteor activity. (R1) 

X2. Eccentric ringlet in the outer gap ofthe 
C ring. "The outer gap is at a radius of about 
87, 100 km and the eccentric ringlet is 35km 
wide and 100 km from the outer edge of the 
gap at its periapse. The ringlet is optically 
thick when viewed against Saturn's disk. At 
the apapse the ring is 90 km wide and 50 km 
from the outer edge of the gap. The ring has 
one periapse and one apapse, indicating that 

its eccentricity is not induced by resonance 
with an outer satellite. The line of apsides 
was not observed to move over a period of 
several days. This is consistent with along 

precession period (~ 24 days) for the ec- 
centric ring, probably due to the quadrupole 
moment of Saturn. It seems likely that this 
ringlet must continually have its eccentricity 
forced by some mechanism, probably asmall 
satellite or satellites in the vicinity. Such 
forcing would seem to argue for an external 
resonance, but this feature is located near 
only a 2:1 resonance with the tiny satellite 
19808528." (R3, R2) Porco notes that there 
are actually two eccentric ringlets in the C 
ring; one at 1.29 Saturn radii, the other at 
1.45 radii. (R6) 

X3. Eccentric ringlet in inner Cassini divi- 
sion gap. ''This ringlet precesses under the 
influence of Saturn's oblateness and does 
not appear to be directly tied to an external 
resonance. The radial position of this fea- 
ture varies by at least 40 km, with the ring- 
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let being slightly wider at its greatest radius.” 
(R5, R4) 

X4. The F ring. This ring is also eccentric. 
(R2) The F ring is actually ringlet size. 

X5. Eccentric boundaries of the major rings. 
"The inner or B-ring edge of the Cassini di- 
vision is a sharp discontinuity located atthe 
2-to-1 orbital resonance with Mimas, where 

a ring particle will orbit Saturn exactly twice 

for each orbit of Mimas. This boundary is 
eccentric, being in some places about 70 
km closer to Saturn than in others. It is 
unique in that, although the shape of the 
boundary is elliptical, the center of the 
planet is not at one focus of the ellipse but 
rather at its center. This remarkable shape 
is taken as strong evidence that the boun- 
dary is indeed created and controlled by the 
Mimas resonance." (R4, R5, R7) 
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ARL12_ Hyperion’s Chaotic Rotation 

Description The unpredictable (chaotic) rotation of Hyperion. 

Data Evaluation. Analysis of Voyager spacecraft photographs. Note that we have here a de- 
duction rather than direct observation. Rating: 2. 

Anomaly Evaluation. Unpredictable motion, such as Hyperion's spin, implies either that we 
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do not understand the physical laws in operation or that we do not know the forces applied. 
Assuming the latter to be the case: Rating: 3. 

Possible Explanations. None. 

Similar and Related Phenomena. None known at present. 

Examples 

X1. Analysis of Voyager-2 photos. After a 
discussion of Hyperion's nonspherical shape. 
"Even more bizarre, however, was Hyper- 
ion's motion. Other solar-system moons 
that are close enough to their planets have 
had the speeds with which they turn on their 
axes damped by tidal friction until they match 
the times required to go around their orbits. 
The result, as with earth's moon, is such 
that a satellite always keeps the same face 
toward its planet. But Hyperion does not ap- 
pear to be following the rules. The only rule 
it does follow, in fact, says Jack Wisdom of 
the University of California at Santa Barbara 
(UCSB), may be the rule of chaos. 

In the days and weeks following the Voya- 
ger encounter, it became apparent that de- 
termining the satellite's spin axis and the or- 
ientation in space of its axis was not going to 
be an easy matter. One early idea was that 
Hyperion was perhaps still 'wobbling' from 
a major impact, since its irregular shape 
suggested that it could be a fragment of a 
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larger body, but such a wobble would be ex- 
pected to settle down into some stable posi- 
tion. And in Hyperion's case, according to 
Wisdom, with UCSB colleague Stanton J. 
Peale and Francois Mignard of CERGA in 
Grasse, France, that may never happen. 

Instead, says Peale, 'Hyperion appears 
to have been slowed by tidal friction to a state 
where it is forced to tumble chaotically, with 
large, essentially random fluctuations in its 
spin rate, in the direction of its spin axis re- 
lative to inertial space, and in the orientation 

-of the spin axis relative to the body itself. ' 
In fact, adds Wisdom, in fewer than twotrips 
around Saturn, Hyperion's spin rate may very 
from a rotation every 10 days to no rotation 
at all.'' The conclusion that Hyperion rotates 
chaotically comes from analysis of Voyager 
data rather than direct observation. (R1) 

References 
R1. "Hyperion: A Moon in Chaos, '' Science 
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Irregular Density Trend of Saturn’s Moons 

Description. The unpredicted and unpredictable trend in the densities of Saturn's moons. 

Data Evaluation. Analysis of the Voyager spacecraft tracking data. Rating: 1. 

Anomaly Evaluation. Pre- Voyager expectations were that Saturn satellite densities would be 
either about the same or decrease with distance from Saturn. The "explanations" of the 
actual irregular distribution, as noted below, do not really reveal any basic understanding 
of the phenomenon ---they are too vague. Rating: 2. 

Possible Explanations. The proto-Saturn nebula was inhomogeneous; Saturn's moons have 
had their order shuffled; the moons may include interloped from elsewhere. 

Similar and Related Phenomena. The noble gas anomalies of the inner planets (AVW4, AMW5). 

Examples 

X1. Voyager-1 data. "Before Voyager 1's 
flyby, says Laurence Soderblom of the U.S. 

Geological Survey, there were two contrast- 
ing expectations of how the moon's densities 
might vary: Either they would get less dense 
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with increasing distance from Saturn, based 
on the idea that increasing proportions of 
lightweight volatile materials would have 
been available farther from the hot center 
of the proto-Saturn nebula when the moons 
were formed, or they would all be the same, 
in the event that the proto-Saturn's heat was 
too little to differentiate the material mix- 
ture. Yet an early look, says Soderblom, 
suggests that neither may be true. Only 
three precise densities were initially avail- 
able from Voyager data (though more will 
follow when gravitational perturbations in 
the spacecraft's trajectory can be factored 
in), but their implication, in Soderblom's 
view, is 'weird.' Close to Saturn is Mimas, 
at 1.240.1 grams per cubic centimeter. 
Two moons out is Tethys, which is indeed 
less dense at 1.0+0.1, but next in line is 
Dione, at 1.440.1. Calculations for the 
other satellites are necessary to fill in the 
picture (some must wait for Voyager 2), but 
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out to be no regular progression at all. Re- 
cent studies of isotopic anomalies in meteor- 
ites have hinted that the early nebula from 
which the solar system formed was not com- 
pletely homogeneous or smoothly graduated; 
perhaps the message of Saturn's moons is 
that similar irregularities existed on a pla- 
netary scale." (R1, R2) 

Voyager-2 data confirmed the irregular 
density trend: beyond Dione is Rhea at 1.33; 
then Titan at 1. 88; then Iapetus at 1. 16.(R3) 
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ARL14' Fine Structure of Saturn’s Rings 

Description. Spiral geometry, propagating waves, stacked layers, and similar detailed ring 
structures. 

Background. By "fine structure" is meant geometrical details much smaller than the classi- 
cal letter-bearing rings and formally named gaps, such as Cassini's division. An important 
aspect of fine structure was introduced in ARL10, where the many thousands of ringlets that 
comprise the major rings were described. Some of these ringlets are apparently not indepen- 
dent but rather parts of a continuous spiral. It is possible, as explained below, that spiral 
structures may be explained in terms of spiral density waves---a theoretical construct. Thus, 
the ARL10 anomaly, where there are not nearly enough resonances to account for all the ring- 
lets, may be partially relieved by the spiral density wave theory. 

Data Evaluation. Voyager spacecraft photographs and radio physics experiments. Some of 
the fine structure, especially that from radio physics experiments, is difficult to interpret. 
Rating: 2. 

Anomaly Evaluation. An appealing theory of resonance-induced spiral density waves may ex- 
plain both spiral and wavelet structures. The apparent layered structure of the rings, as de- 
termined by radio physics measurements, is more mysterious. But even here a wave inter- 
pretation may be possible. The fine structure seems to be more amenable to theoretical ex- 
planation than gross ring-gap structure. Rating: 3. 

Possible Explanations. Gravitational resonances may induce spiral density waves, which cre- 
ate spiral structures that superficially resemble closely spaced ringlets. Electrostatic forces 
may be involved in generating fine structure, particularly the layered structures of X1. 

Similar and Related Phenomena. The multiplicity of gaps between ring and ringlets and the 
paucity of resonances (ARL10); other solar system ring structures (Jupiter, Uranus, Neptune). 
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Examples 

X1. Spiral groove geometry. ‘Another un- 
expected discovery came from a close an- 
alysis of the ringlets within the main inner 
ring, the B-ring. In some places, the spa- 
cing of the ringlets changes in a systematic 
manner, the ringlets further from Saturn 
becoming steadily more closely-spaced. 
Clearly they are not independent of one ano- 
ther, but are being influenced in a common 
way. Aparticularly striking case occurs 
just outside the point where a ring particle 
goes round Saturn in exactly half the period 
of the larger of Saturn's pair of co-orbital 
satellites. According to a theory originally 
developed to explain spiral galaxies, a 
tightly-wound spiral 'density wave' pattern 
can wind outwards from such a resonance--- 
and the successive ringlets recorded by the 
photopolarimeter do fall exactly where one 
would expect to find the successive turns of 
such a spiral. The team is confident that 
the successive 'ringlets' here are in fact 
just one narrow spiral 'arm"', like the 
grooves on a record." (R6, R38, R5, R7) 

X2. Direct observation of wave-like struc- 
tures. "Several wavelike features were ob- 
served by Voyager 2. The wavelike patterns 

in the A ring gap vicinity were observed with 
improved sensitivity and resolution from the 
lit face; some of these features appear to 

exhibit azimuthal asymmetry as well. Simi- 
lar wavelike features were observed in the 
outer A ring near closest approach. None 
of these patterns has yet been satisfactorily 
explained. The wavelike pattern observed 
in the outer Cassini division by Voyager 1 
was observed only very faintly by Voyager 
2; a combination of unexpectedly extreme 
darkening of the region due to particle scat- 
tering properties and loss of several im- 
portant unlit face observations prevented 
immediate detection of these features." 
(R4, R2) 
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X38. Radio detection of layers and waves 
while passing through the ring plane; Voya- 
ger PRA (Planetary Radio Astronomy) in- 
strument. ''A detailed look at the PRAdata 
during the crossing, says Joseph Romig of 
Radiophysics, Inc., shows not only an in- 
tense peak centered right at the ring plane, 
but 'at least five separate regions,' with 
two lesser peaks above and two below the 
plane at similar spacing. Together, they 
represent a span extending from about 750 
km above the plane to 750 km below it, al- 

most as though Voyager 2 had encountered 
multiple rings arrayed like a stack of pan- 
cakes. This would be hard to swallow even 
for Voyager veterans of the anything-is-pos- 
sible Saturn system, and the PRA team sug- 
gests that an alternative might be that the in- 
strument was recording some sort of wave 
phenomenon, propagating outward through a 
cloud of particles to the north and south of the 
ring in the middle." (Ri) 
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ARL15 Varying Crater Densities on Saturn’s Moons 

Description. The strikingly different crater densities measured on the small Saturnian satel- 
lites. 

Data Evaluation. Voyager spacecraft photography. Rating: 1. 

Anomaly Evaluation. One implication of the different crater densities is that after their ac- 
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cretion and bombardment, the satellites and their surfaces in particular evolved differently, 
with different fractions of their primordial crater populations being obliterated. If this is what 

actually happened, scientists cannot identify a reasonable energy source that would drive sur- 
face evolution. Rating: 2. 

Possible Explanations. The satellites might have accreted in an inhomogeneous nebula, with 
some getting enough radioactive materials to cause varying degrees of surface melting. On 
the other hand, the satellites may not have originated in the Saturnian system at all, being 
captured at various times. Tidal and impact energies have been suggested.as heat sources. 

Similar and Related Phenomena. The enigmatic origin of earth's moon (ALE); the apparent 
origin-by-capture of the Martian satellites; the varying surfaces of Jupiter's Galilean satel- 
lites, which are much larger than the Saturnian satellites considered here. 

Examples omitted the moon Enceladus. Voyager pho- 
tographs of the surface of this moon show it 
to be the most geologically evolved and youth- 
ful of all the Saturnian satellites. At least 
five different types of terrain can be identi- 
fied; crater densities vary widely among 
them. Enceladus has a radius of only 255 
kilometers---less than three of the four satel- 
lites studied in X1. The energy source that 
caused its surface evolution is unknown. (R2) 

X1. General observations. "Our data indicate 
that the surfaces of the Saturnian satellites 
are not uniformly cratered and hence not of 
uniform age. Significant variations in density 
occur at all diameters but are most notice- 
ably in the distribution of large diameter 
(>50 km) craters. The differing surface 
ages and tectonic features argues that these 
satellites have evolved significantly beyond 
their post-accretional state. The range in 
surface age suggests that the duration and 
degree of evolution varies between satellites. 
Such extensive post-accretional activity seems 
remarkable in view of the small size and mass References - 
of the Saturnian satellites. '' (Data analysis Rl. Plescia, J.B., and Boyce, J.M.; "Cra- 
omitted.) ''The problem then is the source of ter Densities and Geological Histories of 
the energy responsible for evolutionary pro- Rhea, Dione, Mimas and Tethys, " Na- 
cesses." (R1) ture, 295:285, 1982. (X1) 
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ARL16 Youthful Features of Saturn’s Rings 

Description. The dynamic character, seemingly retarded dispersal, and apparent lack of 
erosive effects of Saturn's rings. 

Data Evaluation. The "youth" of the features mentioned above is implied from various tele- 
scopic and spacecraft observations---"'youth" is not observed directly! Rating: 3. 

Anomaly Evaluation. Astronomers generally believe that Saturn's rings were formed at the 
same time Saturn accreted. Youthful rings would be highly anomalous. Rating: 2. 

Possible Explanations. The conclusions about "youth" may be only misinterpretations of the 
data. Actually, Saturn's rings might have been formed recently after gravitational forces 

- broke up a captured body, such as an asteroid. 

Similar and Related Phenomena. The possible youth of lunar and Martian craters (ALE20 and 

AME 18). 
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Examples 

X1. Apparent retarded dispersal of the 
rings. ''The most fundamental problem con- 
sidered at the colloquium was one of the 
oldest in ring studies---why is there an A, 

a B, anda C ring? The mechanism that 

frustrates the natural spreading of ring 
particles at the outer edges of A and Bseems 
to be strong resonances. But these do not 
work at the inner edges of A and B, or atthe 
boundary of B and C. And the outer-edge 
resonance of A is only a temporary fix; no- 
thing so puny as the larger co-orbital satel- 
lite can hold back the spreading of the rings 
without being pushed outward itself. The 
problem is that not enough spreading has 
occurred to fit theory, unless the near-ring 
satellites have been able to pass on angular 
momentum from the rings to a larger body. 
Goldreich conceded that he had spent a month 
looking for a resonance relation that would 
connect these satellites to Mimas and finally 
to Tethys, a suitably massive anchor for the 
rings. He found none, and no one else had 

even a tentative suggestion. The alterna- 
tives are that the rings are much younger 
than the 4. 5-billion-year age of the solar 
system, an idea philosophically abhorent 
to most, orthat theorists do not fully un- 
derstand satellite resonances. '' (R1) The 
latter alternative is basically that suggested 
in ARL10. (WRC) 
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X2. Lack of evidence of erosive effects. 
"Erosive forces due to ultraviolet radiation 
and micrometeorite bombardment on icy 
particles must be at work also, and the lat- 
ter in particular could destroy the ring sys- 
tem within a million years." (R2) 

X3. Historical evidence of rapid changes in 
the rings. Referring to a century of micro- 
meter measurements of Saturn's rings, V. 

Clube and B. Napier state: "If the measure- 
ments are taken at face value a very recent 
evolution or origin for the Saturnian ring 
system is implied." (R2) 

X4. Ring thickness. V. Clube and B. Napier 
contend that inelastic collisions among the 
small icy particles in the rings should have 
shrunk the ring thickness down to 100-200 
meters; and that the current thickness (1-3 
kilometers) is consistent with an age ofonly 
10-100 million years. (R2) Actually, ring 
thicknesses have been revised downward 
since R2 was published. (WRC) 
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AU INTRODUCTION TO URANUS 

Key to Categories 

AUB ORBITAL AND ORIENTATION PHENOMENA 
AUF URANIAN INTRINSIC RADIATION 
AUL RING AND SATELLITE PHENOMENA 
AUO TELESCOPIC ANOMALIES 

Uranus and Neptune are smaller and have higher densities:than the solar system giants, Jupi- 
ter and Saturn. In a sense Uranus and Neptune are intermediates between the giants and the 
even smaller and denser terrestrial planets that ply the inner solar system. Such differences 
should result in fascinating new anomalies, but Uranus and Neptune are so far away that only 
a few challenges to astronomical theories have been found to date. 

The Uranian anomalies number only four: (1) The uncomfortably high inclination of the planet's 
axis of rotation to the plane of the ecliptic; (2) The strange complement of rings; (8) The chan- 
ging microwave emissions; and (4) The periodic changes of brightness. When spacecraft visit 
Uranus, we can be sure from past experience that this list will be multiplied in length several 
times. 
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AUB ORBITAL AND ORIENTATION 
PHENOMENA 

Key to Phenomena 

AUBO _ Introduction 
AUB1 Anomalous Inclination of Uranus’s Axis 

AUBO Introduction 

Uranus' axis of rotation and entire satellite system are inclined (almost grotesquely so) to the 
plane of the ecliptic. This is the only anomaly in this category at present, but it is a serious 
one. Not formally recognized here is a modest unaccounted-for residual in Uranus' orbital 
motion. This has been attributed to the presence of an undiscovered planet beyond Pluto. 
Neptune's residual is much larger, and this subject will be treated more thoroughly in ANB1. 

AUB1 Anomalous Inclination of Uranus’s Axis 

Description. The 98° inclination of Uranus' axis of rotation to the pole of the ecliptic plane. 
The planet's satellites orbit in similarly inclined planes. 

Data Evaluation. Long-established astronomical measurements. Rating: 1. 

Anomaly Evaluation. Since no good explanations are at hand, this anomaly signals that there 
is something important that we not know about planetary and/or satellite formation. Rating: 2. 

Possible Explanations. The oft profferred collision hypothesis does not explain the inclination 
of the satellite orbits to the plane of the ecliptic. 

Similar and Related Phenomena. The retrograde spin of Venus (AVB1). 
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Examples 

X1. Axial inclination. ''The most extra- 
ordinary thing about Uranus is the fact that 
the inclination of its axis of rotation with 
respect to the pole of the ecliptic plane is 
98°. Uranus and Venus are the only two 
planets with retrograde rotation. The ro- 
tation period of Uranus (10 hours) is ap- 
parently normal, being very similar to that 
of Jupiter, Saturn and Neptune, all of which 
have their axes of rotation nearly perpen- 
dicular to the ecliptic, and it is very diffi- 
cult to understand why the direction and not 
the rate of rotation is anomalous. The only 
explanation that has been suggested is that, 
at the very end of the accretionary phase 
of the formation of the planet, a chance 
collision with another proto-planet (with 
perhaps 10% of the mass of Uranus) knocked 
the axis of rotation awry. But there is a 
severe difficulty with this hypothesis. The 
five satellites of Uranus all move in regular, 
nearly circular orbits in the plane of the 

Axis Inclination AUB1 

planet's rotation rather than in the plane of 
the ecliptic. As discussed by R. Greenberg 
(U. of Arizona)...., there seems to be no 
possibility that the satellites could have 
been twisted into their present orbits by 
tidal effects; rather, they must have been 
formed where they now are, sharing the 
anomalous tilt of the planet. It is difficult 
to see how such an inclined satellite system 
could have been formed if the tilt of Uranus 
resulted from a single collision late in its 
period of formation. At present, there 
seems no way out of this difficulty; either 
(1) our understanding of the orbital evolu- 
tion of the satellites is wrong, or (2) our 
understanding of the origin of the satellite 
system is wrong, or (3) our ideas of how 
Uranus developed its high axial inclination 
are wrong." (R1) 

References 

R1. ''The Trouble with Uranus, "' Mercury, 
4:25, July/August 1975. (X1) 
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AUF URANIAN INTRINSIC RADIATION 

Key to Phenomena 

AUFO _ Introduction 
AUF1 Secular Changes in Radio Emissions 

AUFO Introduction 

Astronomers generally believe that Uranus, unlike Jupiter and Saturn, does not radiate more 
energy than it receives from the sun. Uranus does, however, emit microwave energy, which 

is probably derived from sun-driven atmospheric or ionospheric processes. The anomaly in- 
troduced here concerns the rather substantial secular increase in microwave radiation fol- 
lowed by an equally enigmatic decrease. 

AUF1 Secular Changes in Radio Emissions 

Description. The slow rise in the intensity of microwave radiation from Uranus in the 1970s 
and subsequent decline. The rise was measured as 30% in 10 years---a very large change. 
The increase in radio emissions was frequently reported as a Uranian "temperature" rise, 
although measurements were made only in the microwave region of the spectrum. The in- 
crease was correlated with the change in the position of Uranus' axis relative to the earth. 

Data Evaluation. Several series of radio astronomy measurements in the 2-6 centimeter 
region of the radio spectrum. Rating: 2. 

Anomaly Evaluation. Since several explanations have been proposed (see below), and we can- 
not choose between them, we obviously have much more to learn about this phenomenon. 
Whatever the explanation turns out to be, it seems sure to strongly modify our present con- 
ception of Uranus. Rating: 2. . 

Possible Explanations. During the reported increase in radio emissions, the orbital motion 
of Uranus was slowing revealing the north polar regions of the planet for the first time in 84 
years. One theory has it that the north polar atmosphere is more transparent to microwaves 
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generated deep in the atmosphere. 

Changes in Radio Emissions AUF1 

Another possibility is that Uranus' north polar region is 
actually "warmer" due either to an intrinsic heat source or some microwave-emitting struc- 
ture confined to this area. 
all temperature of the planet. 

Least likely seems to be a general increase and fall in the over- 

Similar and Related Phenomena. The periodic brightness changes of Uranus (AUO1). 

Examples 

X1. Ten-year records of Uranian radio emis- 
sions. ''Major changes occurring deep in the 
atmosphere of Uranus have been discovered 
by two radio astronomers at NASA's Jet Pro- 
pulsion Laboratory in Pasadena, Calif. M.J. 
Klein, of JPL's Planetary Atmospheres Re- 
search Section, and J.A. Turegano, a visi- 
ting research associate at JPL from the Uni- 
versity of Zaragosa, Spain, have found that 
radio emissions from deep in the Uranian 
atmosphere have grown 30% stronger in 10 
years. 

Klein and Turegano, who made their ob- 
servations with NASA's 64 m radio antenna 
at Goldstone, Calif., explain that the radio 
waves, which penetrate the dense clouds on 
Uranus, originate deep in the atmosphere 
where pressures are thought to be ~ 10 times 
greater than those at the Earth's surface. 
They believe their results can be explained 

if the Uranian atmosphere is either warming 
or becoming clearer to the passage of radio 
waves, and they point out that it is hard to 
accept that temperatures so deep in aplanet's 
atmosphere could be come 30% higher in only 
10 years. (A similar change on Earth would 
raise the average air temperature above 

120° C.) It is more likely, they explain, 
that the change is related to the planet's 
unique orientation. Unlike any other planet, 
Uranus spins on its side as it orbits the sun. 
Every 84 yr the sun shines directly on the 
north pole; 42 yr later the northern hemi- 
sphere is dark and the south pole points sun- 
ward. The north pole is now turning toward 
the sun after 42 yr of darkness. It will point 
directly at the earth (and the sun) in 1987." 
(R2, R1) 

X2. VLA (Very Large Array) studies. "Ab- 
stract. Observations of Uranus at wave- 
lengths of 2 and 6 centimeters with the Very 
Large Array were made in 1980 and 1981. 
The resulting maps of brightness tempera- 
ture show a subsolar symmetry at 2 centi- 
meters but a near-polar symmetry at 6 cen- 
timeters. The 6-centimeter maps show an 
increase in temperature from equator to pole 
with some evidence for a warm 'ring' sur- 

rounding the north pole. The disk-average 
temperatures (147+ 5 K and 230+6 K at 2 
and 6 centimeters, respectively) are distinc- 
tly lower than recently reported values; these 
results suggest that the secular increase in 
temperature reported during the last 15years 
has been reversed. The variations in bright- 
ness temperature probably reflect variations 
in ammonia abundance in the planet's atmo- 
sphere, but the mechanism driving these vari- 
ations is still unclear." (R3, R4) 

References 
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AUL RING AND SATELLITE PHENOMENA 

Key to Phenomena 

AULO Introduction 
AUL1 The Mysterious Rings of Uranus 

AULO Introduction 

The known moons of Uranus are five in number and, although they are difficult to see, they 
seem well behaved enough. Never seen through the telescope are the planet's rings---nine 
at last count. We know these rings of material are there because they dim the light ofstars 
passing behind them. The analysis of photometric occultation records suggest that the rings 
are irregular, very dark, very narrow, and possibly inclined to Uranus' equatorial plane. 

AUL1 The Mysterious Rings of Uranus 

Description. The following implied properties of the Uranian rings are considered to be 
anomalous: their narrowness, their extremely low albedos, their inclinations to the equator- 
ial plane of Uranus, and the irregularity of the broad, outer ring. 

Data Evaluation. Although the rings have not been seen visually, many studies have been made 
of the rings' occultations of stars. All ring features discussed below have been implied from 
such occultation records. Rating: 2. 

Anomaly Evaluation. Like the electron, the Uranian rings are derived from instrument rea- 
dings; they have not been seen. The rings' inclination, narrowness, and odd shapes may, like 
the anomalies of Saturn's rings, eventually yield to the methods of celestial mechanics, par- 
ticularly resonance theory. Their blackness, though, seems to require some novel type of 
material or state of matter. Rating: 2. 

Possible Explanations. Two models of the Uranian rings have been proposed to help explain 
some of their unusual features: crescent-shaped rings shepherded by satellites; and toroids 
of gas shed by small, unseen moonlets. Both theories have been criticized in the literature. 
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Generally speaking, conventional resonance theory may explain many features once we know 
more about the rings. 

Similar and Related Phenomena. The anomalies of Saturn's rings (ARL). 

Examples 

X0. Historical note. On March 4, 1787, 

William Herschel reported that he had ob- 
served two rings around Uranus at right an- 
gles to one another. On March 16, only a 
single ring was seen. Herschel occasion- 
ally thought he saw rings in later years, too, 
but he apparently decided that they were 
only telescopic ghosts. (R1, R7) Modern 
determinations of Uranus' rings are based 
on their occulting of stars; no one has ever 
seen these rings by reflected light. (WRC) 

X1. Ring elucidation via stellar occultations. 
The first hint of the existence of the rings 
of Uranus came on March 10, 1977, whilea 

stellar occultation by Uranus was being ob- 
served from several different spots on 
earth. "An amazing series of observations, 
lasting less than 10 minutes, has shown that 
Uranus, seventh planet in the solar system, 
has a ring of satellites similar to Saturn's 
famous ring system. On 10 March several 
observatories monitored an occultation of 
the star SAO 158687 by Uranus. Suchevents, 
in which a planet passes through our line of 
sight to a star, are used to investigate pla- 
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netary atmospheres. On this occasion 
astronomers unexpectedly observed astring 
of secondary occultations while the star was 
well clear of the planet. This indicates that 
the planet has a retinue of numerous dark 
objects in addition to the five known satel- 
lites. (R2, R11) 

Analysis of the photometric records of 
the several observing groups led to a ten- 
tative conclusion that there were five, per- 
haps seven rings of material around Uranus. 
Furthermore, the outer ring seemed to be 
irregular in shape because its outbound oc- 
cultation record was markedly different from 
the inbound record. (R3) 

As more stellar occultations were moni- 
tored, other anomalous ring properties were 
implied: (1) Most of the rings are very nar- 
row; a difficult situation to understand be- 
cause perturbations of the ring particles 
should spread them out radially in just a 
few decades; (2) The invisibility of the rings 
in the best telescopes, which is equally mys- 
tifying because it implies that the rings are 

composed of particles blacker than the 
blackest coal dust. (R6, R8) 

SAO octet se 
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Geometry for the March 10, 1977, occultation of the 
star SAO 158687, during which a Uranian ring 
structure was detected. (X17) 
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After even more occultations, it was 

concluded that at least seven of the nine 

rings were slightly inclined to the equator- 
ial plane of Uranus, where "well-behaved" 
ring particles are assumed to reside. (R10) 

X2. Theories of the Uranian rings. The 
rings may be incomplete; that is, crescent- 
or horseshoe-shaped. (R4, R5) Some or all 
of the rings may be gaseous toroids, like 
the sodium torus trailing Jupiter's moon 
Io. The Uranian satellites presumed to be 
shedding material for the toroids would be 
in addition to the known complement of five, 
and have never been identified optically. 
(R6, R9) 
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AUO TELESCOPIC ANOMALIES 

Key to Phenomena 

AUOO Introduction 
AUO1 sw Periodic Brightening of Uranus 

AUOO Introduction 

Uranus is too distant for terrestrial astronomers to identify anomalies involving atmospheric 
or surface details of the kind so common with the moon and inner planets. The only anomaly 
found so far in the literature is the periodic variation of the visible brightness of the planet- 
as-a-whole; the 8-year period of this phenomenon doesn't seem to correlate with anything. 

AUO1_ Periodic Brightening of Uranus 

Description. The waxing and waning of Uranus' brightness after all effects of varying dis- 
tances between earth and sun have been substracted out. An 8-year cycle has been estab- 
lished based on over a century of data. A study of recent vintage states that the planet's 
brightness peaks during the maximum of the solar cycle. (Of course, the sunspot cycle is 
very different from 8 years!) 

Data Evaluation. Uranus is so distant that brightness measurements are relatively difficult, 
particularly in the sense that no detailed knowledge of the atmosphere and surface are avail- 
able to hint at what is causing the changes in brightness. Rating: 2. 

Anomaly Evaluation. The measured 8-year period is so different from the sunspot cycle (11 
years), the period of rotation (10 hours), and the Uranian year (84 years), that the pheno- 
menon is probably intrinsic---possibly atmospheric. In the absence of further insight, the 
anomaly rating is high. Rating: 2. 

Possible Explanations. Probably an atmospheric phenomenon! 

Similar and Related Phenomena. The secular increase in radio emissions (AUF1). 
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Examples 

X1. Analysis of surface brightness. ''An im- 
portant analysis of all observations of the in- 
tegrated brightness of Uranus from 1864 to 
1932 has been carried out by W. Becker. He 
showed that after the effects of varying dis- 
tance from earth and sun had been allowed 
for, and after a wave of amplitude of 0. 29 
magnitude and period 42 years arising from 
the oblateness of Uranus had been removed, 
there remained a well-defined periodic vari- 
ation in the brightness of Uranus. This re- 
sidual variation was characterized by an 8.4- 
year period, visual amplitude 0.31 magni-~ 
tude, and a sinusoidal light-curve. The ex- 
istence of the 8-year periodicity is confirmed 
by a series of visual observations of the bright: 
ness of Uranus made between 1936 and 1947 
by the writer.....As Becker has pointed out, 
solar variability can be eliminated as the im- 
mediate cause of the 8-year cycle in the 
brightness of Uranus, because the light-vari- 
ations of Mars, Jupiter, Saturn, and Nep- 
tune are quite different. The explanation of 
the 8-year cycle must therefore be sought in 
the atmosphere of Uranus itself. '' (R1) 

A similar, but more recent, brightness 

analysis. 'V.K. Balasubrahmanyan and D. 
Venkatesan have analysed luminosity data 
for the giant planets and found an increase 
in brightness corresponding to the most 
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active period in the solar cycle, and a de- 
crease toward solar minimum. Jupiter, Sa- 

turn, Uranus, and Neptune change in bright- 
ness as much as 20 per cent, according to 
a study by W. Becker 20 years ago. More 
recent observations of Uranus and Neptune 
over a short period (six years) indicate a 
variation of 2 per cent in the blue region of 
the spectrum..... The blue magnitude vari- 
ations of Uranus and Neptune may be ascri- 
bed in part to changes in light-reflecting 
properties as the planet rotates. But the 
bulk of the variation remains something of 
amystery. If one argues that the solar con- 
stant would be expected to decrease when 
the solar disc is most densely covered with 
sunspots, which are cooler than the normal 

photosphere, then it follows that there should 
be a slight drop toward solar maximum--- 
in contradiction to the observed magnitude 
brightening. "' (R2) 

References 

Ri. Ashbrook, Joseph; 'Variations in the 
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AV INTRODUCTION TO VENUS 

Key to Categories 

AVB VENUSIAN ORBITAL AND SPIN ANOMALIES 
AVE GEOLOGICAL PHENOMENA 
AVF INTRINSIC RADIATION SOURCES 
AVL POSSIBLE TEMPORARY SATELLITES OF VENUS 
AVO ANOMALOUS TELESCOPIC OBSERVATIONS 
AVW VENUSIAN ATMOSPHERIC ANOMALIES 

AVX TRANSIT PHENOMENA 
AVZ MAGNETIC FIELD OF VENUS 

Venus, its crescent hanging bright in the evening sky, is like no other solar system planet. 
The planet's thick, hot atmosphere cloaks a parched surface seen only by a few spacecraft 
that have survived the descent through miles of searing gases. Despite its atmospheric 
shield, Venus presents. many enigmas to the terrestrial telescope astronomer. Many of 

these mysteries seem to involve optical and subjective factors: the eerie ashen light, the 
blunted cusps or horns, the fleeting radial spoke system, the famous phase anomaly, and 
several other unexpected apparitions. Then there was Neith, the lost satellite of Venus, 
seen by many astronomers during the nineteenth century. Just what was this transitory 
companion of our sister planet? The accepted value for the planet's period of rotation has 
also had a curious history. It has been set at about 24 hours, 225 days, and more recently, 
243 days. This uncertainty reflects the near-invisibility of the planet's surface features. 
The current 243-day (retrograde) period, derived from radar measurements, puts the axial 
rotation of Venus in synchronism with the earth's orbital motion around the sun. When the 
two planets are closest, at inferior conjunction, Venus always points the same face towards 
the earth. Why? 

As if Venus-seen-through-the-telescope were not puzzling enough, several U.S. and Russian 
space probes have orbited Venus, sampled its atmosphere, and landed on its surface. Among 
the anomalies they have discovered are Venus's almost total lack of water as compared to 
nearby ocean-covered earth and a strange abundance of primordial rare gases (argon and 
neon, especially), again when compared to nearby earth. But then, argon-40, the radioactive 
product of potassium-40, a major producer of terrestrial heat, is in short supply on Venus. 
There is something amiss here. As for Venus's intrinsic magnetic field; it is almost non- 
existent, even though neighboring earth and Mercury boast magnetic fields. All in all, 
Venus seen close-up appears to be quite different from neighboring earth and Mercury, 
raising suspicions that it may have had a different evolutionary history. 

It is also interesting to note that the space probes, when they examined Venus close-up, did. 
not verify the reality of the radial spoke system, cusp phenomena, and some other telesco- 
pic anomalies. 
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AVB VENUSIAN ORBITAL AND SPIN 
ANOMALIES 

Key to Phenomena 

AVBO __ Introduction 
AVB1___‘ The Length of the Venusian Day 
AVB2 ‘The Residual Advance of Venus’s Perihelion 
AVB3 Supposed Changes in Venus’s Orbit in Historical Times 

AVBO Introduction 

Early astronomers were convinced that Venus rotated on its axis either once per 225-day 
year or in just under 24 hours. This great discrepancy is not really surprising, because 
no one could telescopically see the least bit of solid planetary surface. It took modern 
radar measurements to demonstrate how wrong one could be if one tried to estimate Venus's 
period of axial rotation by observing the vague markings on thick clouds. Venus turned out 
to have a 243-day retrograde spin period. The 'retrograde' part was a shocking development. 
Something had obviously happened to Venus's primordial angular momentum. Perhaps less 
anomalous is Venus's tendency to rotate almost precisely four times on its axis between each 
inferior conjunction with earth. And then there is the residual advance of Venus's perihelion. 
Does it prop up the General Theory of Relativity or will solar oblateness turn it into negative 
evidence ? 

AVB1_ The Length of the Venusian Day 

Description. Venus spins on its axis very slowly in retrograde fashion. Its spin period of 
just over 243 days puts it almost exactly in resonance with the earth's orbit. Between the 
times when Venus is closest to earth (inferior conjunction) the planet spins almost precisely 
four times, presenting almost the same face of the planet at closest approach. The anoma- 
lous features of this situation are: (1) The slow retrograde spin, which is very unusual in the 
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solar system (Mercury has a slow prograde spin, Uranus's spin is retrograde); and (2) the 

near-resonance with earth. Since both features may be linked in the same explanatory sce- 

nario, they are treated together here. 

Background. Venus is an easy telescopic target but its thick atmosphere has always prevented 
astronomers from seeing its surface and measuring its true spin period. See X0 below. 

Data Evaluation. Modern radar measurements of Venus's spin period are very precise. 
Rating: 1. 

Anomaly Evaluation. If Venus was formed like the rest of the planets, it should have originally 
possessed appreciable prograde spin. Its current slow retrograde spin implies: (1) A dif- 
ferent origin; or (2) A dramatic solar system event that despun the planet. Several theories 
have been proposed along these lines, but none has been generally accepted. All of these 
theories are rather radical in the context of solar system stability and astronomical uniformi- 
tarianism. In contrast, the earth-Venus resonance, which seems to be so remarkable, seems 
to be explicable in terms of tidal theory, although radical theories have been proposed here, 
too. Composite rating: 2. 

Possible Explanations. Proposed despinning scenarios include: surface impacts of Venusian 
moons, the escape of a Venusian satellite (Mercury), and a prior association with Jupiter. 
Velikovskian scenarios envision Venus in close encounters with earth to explain the earth- 
Venus resonance. See X3-X7 below for more details. 

Similar and Related Phenomena. Mercury's axial spin is very slow and in resonance with 
its orbit around the sun (AHB4); Uranus's retrograde spin. 

Examples 

X0. Historical background. Early estimates 
of the length of the Venusian day relied upon 
careful tracking of planetary features as 
they moved across the planet. This pro- 
cedure assumed that the spots and other 
markings moved at the same velocity as 
the surface. Figures of just under 24hours 
were most common. (R1-R4) One estimate, 
based on 11,000 micrometrical measure- 
ments of spot motion, was as astoundingly 
precise 23 hours, 21 minutes, 21.9345 
seconds! (R5)Another astronomical faction 
believed Venus was in 1:1 resonance with 
its revolution around the sun. This yielded 
an axial spin period of 225 days. Even as 
recently as 1955, conflicting values existed. 
The famed planetary astronomer Gerard 
P. Kuiper could only say that the Venusian 
day was "not more than a few weeks. '' (R6) 
Then there were a few outcast measure- 
ments---one set as early as 1903---based 
on slight Doppler shifts in the Venusian 
spectrum. These indicated that Venus had 
a retrograde spin, which was clearly ab- 
surd. (R9). 

X1. Permanent feature. The first radar- 
derived measurements had large probable 
errors: 239-293 days (JPL) and 248-258 
days (Cornell). Both sets of data agreed 
that Venus had a retrograde spin. (R7) 

Soon, however, more precise values 
became available: "Abstract. Combination 
of two types of radar data shows the orbital 

plane and equator of Venus to be included by 
less than 2 degrees, and the sidereal rota- 
tion period to be 243.09+ 0.18 days (retro- 
grade)--- remarkably close to the 243. 16- 
day period for which the spin would be in 
resonance with the relative orbital motions 
and Earth and Venus. In this resonance, 
Venus would make, on average, four axial 
rotations as seen by an Earth observer be- 
tween successive close approaches of the 
two planets. Estimates of the instantaneous 
spin period, accurate within about 0.0lday, 
would provide important information on the 
difference of Venus's equatorial moments 
of inertia, on their orientation, and on the 
magnitude of the tidal torque exerted on 
Venus by the sun."' (R8) 

By now (1967), it was apparent that the 
planet's visible atmosphere spun far faster 
than the invisible surface below that reflected 
the radar waves. "Abstract. Optical obser- 
vations of Venus have yielded various values 
of the rotation period extending from less 

than one to several hundred days. Radar 
observations give a retrograde rotation of 
the solid globe in 244+ 2 days. Recent 
ultraviolet photographs, however, show 
relatively rapid displacements of clouds 
in the high atmosphere of Venus which sug- 
gest a retrograde rotation ofonly 5 days. 
The two rates seem to be physically in- 

compatible."' (R9) See AVW1 for a dis- 
cussion of the "superrotation" of the Ve- 
nusian atmosphere. 
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X2. General observations. "In earlier pa- 
pers we examined the stability of a reso- 
nant rotation rate for Venus. In the reso- 
nant rotation state the planet presents the 
same face to the earth at each inferior con- 
junction. The present investigation is con- 
cerned with the capture probability at this 
resonance. It is shown that trapping atthe 
resonance can be understood if Venus pos- 
sesses a fluid core similar to the earth's. 
Maximum capture probability occurs if the 
core responds to changes in angular velo- 
city of the mantle with a time lag of about 
3 x 104 yr. If Venus is in the resonant 
rotation state, then mapping of its gravi- 
tational field will determine the direction 
of its primordial rotation and may also 
permit an estimate of its magnitude. "' (R10) 
If Venus's core is fluid, one might antici- 
pate some dynamo action that would gener- 
ate an intrinsic magnetic field; but Venus's 
magnetic field is very small (AVZ1). 

X38. Theory. ''The observed spin orbit 
resonance of Venus, whereby the same 
side of Venus faces the Earth at each in- 
ferior conjunction, cannot be explained 
adequately by gravitational interaction 
with the Earth alone. The expected solar 
tidal drag on the solid body of Venus would 
easily overwhelm the Earth's couple upon 
any reasonable permanent deformation of 
Venus. If there exists, however, a solar 
atmosphere tide, partly thermally induced 
and similar to that known on the Earth, its 
torque may counteract that due to the solar 
solid body tide at a particular rotation per- 
iod. The small interaction with the Earth 

_is then sufficient to lock the period to one 
of the resonances in the vicinity of that 
angular velocity.'' (R11) The same authors 
later noted that, ''...the dynamical effects 

of convection will give the Venus atmosphere 
asymmetries in its mass distribution with 
respect to the Sun that are fully expected to 
provide an adequate couple for the Earth- 
resonance theory." 

X4. Theory. Venus lost its primordial 
angular momentum when its ancient moon 
or moons crashed onto its surface. (R12) 

X5. Theory. Velikovsky believed that the 
anomalies of Venus's spin could be explained 
by a scenario in which Venus escaped from 
Jupiter and, after brushes with earth, during 
which the Venus-earth resonance was esta- 
blished, finally settled down into its present 
orbit. (R13) 

X6. Theory. Mercury was once a satellite 
of Venus. Mercury gradually escaped to 
its present orbit, reducing Venus's spin 
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angular momentum in the process. (R14, 
R15) 

X7. Theory. "It is possible that the Earth 
has captured Venus into a resonance in 
which the spin period is 243.165 d. However, 
for this resonance to be a stable equilibrium, 
either Venus must have a gravitational field 
that is ~ 10 times 'rougher' than the Earth's, 
a possibility that is largely ruled out by di- 
rect observation, or a third torque must 
balance the body torque due to the Sun. Tides 
in the atmosphere driven by periodic solar 
heating could supply the necessary third 
torque, but no quantitative theory has pre- 
viously been published. Such a theory is 
presented here, in which we argue that the 
current rotation is a stable balance between 
atmospheric and solar body tides. '' (R16) 

X8. Possible dynamic situation. I.I. Shapiro 
and colleagues note that radar observations 
accumulated from 1964 to 1978 have allowed 
them to pin down Venus's spin period with 
high precision. ''They find it to be 243.01 
+ 0.03 days. The 3 1/2 hour difference 
between this value and the resonance period 
of exactly 243.16 days; while very small, is 
statistically significant. On the other hand, 
the researchers point out that the probability 
of Venus' rotation period falling by chance 
alone within one-fifth of a day of a resonance 
period is under 1%. Therefore they suggest 
that Venus could either now be evolving to- 
ward such a resonance, or was once in res- 
onance in the recent past. Venus may not, 

after all, be married to Earth, but whether 
the two are divorced or engaged---and in 
either case, why---has yet to be determined.” 
(R17) The possibilities of a recent or im- 

minent resonance is redolent of recent 
solar system instability. It would be in- 
teresting if "recent" means "within the 
time of man, "' to that there would after 
all be astronomical explanations of the 
many legends of celestial turmoil. (WRC) 
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AVB2 The Residual Advance of Venus’s Perihelion 

Description. The residual advance of Venus's perihelion, after the effects of all the other 
planets have been taken into account, using Newtonian celestial mechanics, is about 8.4 arc- 
seconds per century. In this calculation the sun is considered a perfect sphere. 

Background. Little publicity has been given to the fact that, as in the case of Mercury, the 
perihelions of Venus and earth advance more than Newtonian celestial mechanics predicts, 
assuming a spherical sun. For further background, see (AHB1). 

Data Evaluation. The residual advance of Venus's perihelion is considerably smaller than 
that of Mercury and apparently subject to more uncertainty. The two values found in the 
literature so far differ substantially. Rating: 3. 

Anomaly Evaluation. If solar oblateness turns out to be significant in computing the advance 
of Venus's perihelion using Newtonian gravitation, the residual may change so much that 

- General Relativity may no longer predict it accurately. General Relativity might not even 
be necessary. See AHB1. Rating: 1. 

Possible Explanations. The General Theory of Relativity fully explains the latest value cal- 
culated for the advance of Venus's perihelion, based on a perfectly spherical sun. Some 
astronomers think the sun oblate enough to account for the advance without General Relativity. 

Similar and Related Phenomena. The advance of Mercury's perihelion (AHB1); the advance 
of earth's perihelion; solar oblateness (AS). 

Examples 

X1. Permanent feature. The residual ad- 
vance in Venus's perihelion is about 10 arc- 
seconds per century. A distribution ofmass 
that would explain the Venusian anomaly 
would also explain Mercury's advance, 

making Relativity unnecessary. (R1) 

X2.:Permanent feature. "At the March 1956 

meeting of the American Astronomical So- 

ciety, R.L. Duncombe, of the U.S. Naval 

Observatory, announced results for the 

planet Venus derived from his recent anal- 
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ysis of many thousands of observations made 
from 1750 to 1949. For the first time the 
observational results have been accurate 
enough to detect the relativistic effect for 
Venus. Duncombe quoted the following 
values and probable errors for the advance 
of the perihelions of Mercury, Venus and 
Earth which are in excess of those predicted 
by all known Newtonian forces. G.M. Cle- 
mence derived the figures for Mercury, and 
Clemence, H.R. Morgan and Duncombe de- 
rived those for Earth. The observed dis- 
crepancies are followed by the predicted 
relativistic motions calculated by Clemence. 
All values are in seconds of arc per century. 

Mercury 

43". 11+ 0'.45 Observed Discrepancy 
Relativistic Prediction 43''.03 
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For each planet the two values agree within 
the probable errors. This close agreement 
between observed and predicted values gives 
considerable support to the general theory 
of relativity. '' (R2) 
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Venus Earth 

8".4+4'.8 5".0+ 1.2 

8.6 Sieger 

AVB3 Supposed Changes in Venus’s Orbit 
in Historical Times 

Description. Some ancient historical accounts suggest that Venus changed its orbit within 
historical times. 

Data Evaluation. Ancient historical accounts rarely appear in the scientific literature that 
forms the bulk of the data base used in compiling the Catalog of Anomalies. The few items 
that do find their ways into the journals are rarely taken seriously, even though they indicate 
that the ancient skies were full of "prodigies". A perusal of the works of Ignatius Donnelly, 
Immanuel Velikovsky, and Alfred de Grazia will underscore this point. Even so, the analy- 
sis of such data must take lower priority when judged against the mountain of scientific litera- 
ture still remaining unexamined in the world's libraries. Consequently, the Catalog of Anom- 
alies will incorporate ancient historical accounts only when they are swept up in the search 
of the "accepted" scientific literature. Finally, even though the pertinence of ancient histori- 
cal data is recognized, they are frequently hard to interpret and have probably been distorted 
by centuries of retelling. Rating: 4. 

Anomaly Evaluation. Any large-scale change in the location or shape of Venus's orbit in 
historical times would be an anomaly of the first order. Rating: 1. 

Possible Explanations. The energies required for significant changes in the location or shape 
of Venus's orbit are so large that a massive interloper, perhaps from outside the solar sys- 
tem would have to be involved. 

Similar and Related Phenomena. Most ancient heavenly "prodigies" are probably comets and 
large meteors. Still, in addition to Venus, some tales of celestial dislocations seem to in- 
volve the moon and Mars. 
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Examples 

X1. Historical account. "In a resumé ofthe 
recent progress of astronomy contributed 
to an American work by Prof. Holden, of 
Washington, we note a reference to a com- 
munication made by M. Boutigny of the 
Academy of Sciences at Paris in December, 
1877, calling attention to a passage in Var- 
ro, which describes the planet Venus, as 
having about the year B.C. 1831 (not B.C. 
31, as misprinted in Prof. Holden's Re- 
port) 'changed its diameter, colour, figure, 
and course.' M. Boutigny had probably 
overlooked the circumstance that this story 
of Varro's had been brought into notice long 
before, in a French work of astronomical 
authority, the 'Cometographie' of Pingre, 
who believing that the fable was originated 
by some celestial phenomenon, considered 
it was most probably due to the appearance 
of a bright comet. Pingré thus gives the 

Orbital Changes AVB3 

fragment, preserved by St. Augustin:--- 
'There was seen, says Varro, a surprising 
prodigy in the heavens, with regard to the 
brilliant star Venus, which Plautus and Ho- 
mer call, each in his own language---the 
evening star. Castor affirms that this fine 
star changed its colour, size, figure, and 
track, which had never occurred before, 
and which has not occurred since. Adrastus, 
of Cyzicus, and Dion the Neopolitan, refer 
this great prodigy to the reign of Ogyges.' 
Pingré's explanation will be found in 'Co- 
metographie,'t.i.p. 247; the epoch he as- 
signs for the phenomenon is 'vers 1770. '" 

(R1) 

References 
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AVE GEOLOGICAL PHENOMENA 

Key to Phenomena 

AVEO Introduction 
AVE1 Sharp-Edged Angular Rocks 
AVE2 Layered Sedimentary Rocks 
AVE3 Lack of Water on Venus 
AVE4 Large Ring Structures 

AVEO Introduction 

Even though Venus's solid surface is invisible to terrestrial telescope users, some of the 
planet's geological features are accessible through: (1) Surface photography; and (2)Radar 
mapping from spacecraft and from the earth. Surface photography has so far been carried 
‘out only by the Russian Venus landers in the Venera series. Venus is definitely not earth- 
like geologically speaking. Although volcanos, lava flows, chaotic terrain, rifts, plains, 
and other formations resembling terrestrial features have been discerned by radar mapping. 
The major terrestrial feature that is missing on Venus is water. There is no consensus on 
what happened to all of Venus's primordial water. Topographically, Venus does not seem to 
be peppered with craters of all sizes, like the moon, Mars, and Mercury. But there are 
huge ring structures of enigmatic origin. On the surface itself, the Venera cameras found a 
profusion of rocks, both smoothed and sharp-angled. Layered, sedimentary rocks are ob- | 
vious in some of the pictures. The origin of these, too, is mysterious. Further mapping of 
the Venusian surface will doubtless add to this short list of anomalies---a list that could not 
have been made at all a few years ago. 

AVE1 Sharp-Edged Angular Rocks 

Description. The presence of sharp-edged, angular, apparently uneroded rocks on the sur- 
face of Venus. Some smooth rocks are also in evidence, as are layered rocks (AVE2). 

Data Evaluation. High-quality photos from the Russian Venera spacecraft. Rating: 1. 
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Anomaly Evaluation. Many scientists expected highly erosive conditions on Venus's surface 
due to temperature fluctuations and winds in the dense atmosphere. The discovery of sharp- 
edged, fresh-looking rocks with few signs of erosion was initially a surprise. Other scien- 
tists were not caught unawares (see below). In terms of scientific expectations, then, this 
is only aminor anomaly. Rating: 3. 

Possible Explanations. Even though many had anticipated a desert-like surface on Venus, 
with sand dunes and considerable erosion, C. Sagan has pointed out that temperature changes 
on Venus should be rather small. Therefore, winds should be slight and possess little erosive 
capability. (R2) Nevertheless, some of the Venera photos show layered rocks amidst sand and 
other debris. Are the layered rocks truly sedimentary in origin and, if so, were the sedi- 
ments carried by wind? No one can tell for certain. Possibly the sharp-edged rocks are very 
young and not yet smoothed by the flow of sand and other erosive agents. 

Similar and Related Phenomena. None. 

erosion---but here they are, with edges 
absolutely not blunted. This picture makes 
us reconsider all our concepts of Venus." 

(R1) 

But Venus has no seasons, and wind 
levels in the lower atmosphere should be 
an order of magnitude less than those 
measured on earth. "It may be useful to 
point out instead that it is the presence, 
not the absence of erosional mechanisms 
on Venus which is surprising. '' (R2) 

Examples 

X1. Permanent feature. Description of 
the Venera 9 photos. "The initial photo, 
apparently taken with the camera looking 
almost straight down (suggesting that mis- 
sion officials wanted to ensure at least one 
picture before moving anything), contains 
remarkably clear view of some sharp- 
edged, angular rocks. According to Boris 
Nepoklonov, one of the mission scientists 
quoted by the Soviet news agency Tass, 
'This seems to knock the bottom out ofthe 
existing hypothesis by which the surface 
was expected to look like a desert, covered 
with sand dunes because of constant wind 

References 

R1. "Grand Unveiling of the Rocks of Ve- 
and temperature erosion.' In fact, hesays, 
‘even the moon does not have such rocks. 
We thought there couldn't be rocks on Ve- 
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AVE2 Layered Sedimentary Rocks 

Description. The presence of obviously layered sedimentary rocks of unknown origin on the 
surface of Venus. Ripples and other marks of flow are present. 

Data Evaluation. High quality photographs from the Russian Venera series of spacecraft. 
Rating: 1. 

Anomaly Evaluation. If the photographed sediments were laid down by water (now vanished), 
we would have an important anomaly because Venus's temperature is now so high that liquid 
water cannot exist. Much more probable are repeated aeolian and/or ballistic showers of 
fine material caused by winds, volcanos, and meteorite impacts. Based on these latter 
possibilities, the anomaly is not so remarkable. Still, the transporting power of Venusian 
winds is not known for certain. Splashes of fine material from meteor impacts are difficult 
to estimate because Venus's deep, thick atmosphere should decelerate meteors to low impact 
velocities. Rating: 2. 

Possible Explanations. Wind deposits (assuming that the apparently low wind velocities have 
high carrying power by virtue of Venus's high atmospheric density); splashes of fine debris 
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from meteorite impacts; volcanic dust. 
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Similar and Related Phenomena. The loess and other terrestrial aeolian deposits. 

Examples 

X1. Permanent feature. ''Abstract. Venera 
13 and Venera 14 transmitted almost com- 
plete panoramic views of their landing sites. 
Analyses of the photographs show the pre- 
sence of rock formations undergoing geo- 
morphic degradation. The formations dis- 
play ripple marks, thin layering, differential 
erosion, and curvilinear fracturings. Some 
of them are interpreted as lithified clastic 
sediments. The lithification could have 

taken place at depth or at the surface, re- 
sulting in a type of duricrust. The originof 
the sediments is unknown but could be aeo- 
lian, volcanic, or related to impacts or to 
turbidity currents. "' (R1) 

References 

Rl. Florensky, C.P., et al; "Venera 13 and 
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Two views of the Venusian surface from the Venera 

spacecraft, showing layered rocks. (X17) 

AVE3 Lack of Water on Venus 

Description. The great scarcity of water on Venus in comparison to the earth. Venus's 
water inventory is 104 to 10° less than that of the earth. Venus and earth are similar in 
size and supposedly formed from much the same primordial materials. 
"Should" have much more water than it does. 

Venus, therefore, 

Data Evaluation. The Venera photographs and temperature measurements confirm the ab- 
sence of water on the Venusian surface. Various types of instruments on the Russian Vene- 
ras and American Pioneer spacecraft report little water in the atmosphere. (See also AVW2.) 
It should be pointed out, however, that water vapor measurements are rather difficult to make, 

even in the earth's atmosphere. Rating: 2. 

Anomaly Evaluation. This anomaly is one of unfulfilled expectations. 
planet ''should" have more water than it does. 

Venus, earth's "twin" 
The accepted theory of solar system formation 

gives Venus about the same quantities of primordial constituents as the earth. What special 
mechanism or event deprived Venus of its initial water inventory? Or is the situation even 
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more serious, with Venus having been formed elsewhere? Rating: 2. 

Possible Explanations. Sunlight may have dissociated Venusian water, allowing the hydrogen 
to escape; the water may have reacted with reduced gases vented from the planet's interior; 
the water may have reacted with iron and other compounds in magmas; the water may have 
been recycled back into Venus's interior. These forgoing processes also could have occurred 
on earth to some degree. A major difference between Venus and the earth is the presence of 
life. The rapid development of life on earth may haye siphoned off carbon dioxide before the 
Greenhouse Effect took hold. This fact could have prevented earth's temperature from rising 
to Venusian levels. Earth's water, then, was not thermally dissociated and its hydrogen 
driven off into space in this view. 

Similar and Related Phenomena. The terrestrial Greenhouse Effect; the anomalous abundance 
of argon in the Venusian atmosphere (A VW4); the lack of water in Venus's atmosphere (AVW2). 

Examples 

X1. Permanent feature. 'Where has all of 
Venus' water gone? Theorists have asked 
this question for years. It doesn't make 
sense to them that a planet so like the earth 
in size and distance from the Sun should 
have 10, 000 to 100, 000 times less water. 
After all, the pair have comparable amounts 
of carbon dioxide and nitrogen, so the water 

was probably there at the outset but has 
somehow disappeared over geologic time." 

(R1) 

References 
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AVE4 Large Ring Structures 

Description. The presence of large, concentric ring structures on the Venusian surface. 
These structures range from several hundred to a thousand kilometers in diameter. 

Data Evaluation. Radar data from the Russian Venera spacecraft, supplemented by terrestrial 
radars. The resolution of the Venera radars is now about 1.3 kilometers. Rating: 1. 

Anomaly Evaluation. The origin of these immense circular structures is unknown, although 
they may be analogous to the lunar ringed mares and some terrestrial domed structures. 
If they are actually impact structures, one wonders why smaller craters are not detected, 
like those seen on Mars, Mercury, and the moon. Rating: 3. 

Possible Explanations. Meteorite impact structures; magma "plumes" beneath the Venusian 
surface. 

Similar and Related Phenomena. The lunar ringed mares; highly eroded terrestrial ring struc- 
tures (ET). 

Examples 

X1. Permanent features. ''One family of 
features that Venera imaging has sharpened 
without identifying includes concentric cir- 
cular rings in the rolling uplands that range 
up to several hundred kilometers and even 
1000 kilometers in size. (Harold) Masursky 
reports that Soviet researchers are split as 
to whether they are scars of ancient impact 

craters or some kind of center of crustal 
deformation and movement. He notes their 
superficial resemblance at least to terres- 
trial mantle gneiss domes, thought by some 
to be traces of volcanic hot spots of Earth's 
first several billion years." (R1) 
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Coming into Focus, "' Science, 224:702, 
1984. (X1) eee 
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AVF INTRINSIC RADIATION SOURCES 

Key to Phenomena 

AVFO _ Introduction 
AVF1 Sharp Shadows of Rocks on Venusian Surface 
AVF2 _ Bright Infrared Structures 
AVF3 Intrinsic Heat Radiation from Venus 

AVFO Introduction 

As our most prominent evening and morning star, Venus reflects a high proportion of the 
sunlight hitting its outer layers of clouds. Still, some solar radiation is absorbed and even- 
tually reradiated in the infrared portion of the spectrum---just as in the case of the other 
inner or terrestrial planets. Venus also radiates internally generated energy. In fact, it 
radiates so much more energy than it intercepts from the sun that planetologists are wonder- 
ing if Venus is chemically similar to Mercury, earth, and Mars. Venus may even have had — 

sources of intrinsic radiation: (1) A variety of infrared-emitting structures in the Venusian 
atmosphere; and (2) The light that casts sharp shadows on the surface of the planet. 

AVF1 Sharp Shadows of Rocks on Venusian Surface 

Description. The casting of sharp shadows of surface rocks on Venus. Sharp shadows are 
typical of strong, single light sources. Given Venus's dense, cloudy atmosphere, a diffuse 
natural lighting without shadows was expected. 

Data Evaluation. According to the literature sampled so far, sharp shadows were reported 
only for the Venera 9 mission. Because the spacecraft did not survive long on the Venusian 
surface, it is not known whether the phenomenon is permanent or transient, or perhaps even 
an artifact of the spacecraft itself. Rating: 3. 

Anomaly Evaluation. If the sharp shadows are merely due to a rift in the cloud cover, the 
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anomaly is a minor one; but Venus's atmosphere is so dense and cloudy that this explanation 
seems unlikely. On the other hand, other directional light sources are very speculative. 
(See below.) We really don't know what sort of phenomenon we have here. Rating: 2. 

Possible Explanations. A cloud rift that admitted sunlight while Venera 9 was taking photos; 
continuous lightning or electrical discharge in a single direction; rock fluorescence, per- 
haps stimulated by heat or electricity. 

Similar and Related Phenomena. ''Summer" lightning on earth (GLL); earthquake lights 
(GLD8). 

Examples 

X1. Apparent permanent feature. Venera 9 
results. ''An important question is why the 
surprisingly sharp rocks also seem to have 
surprisingly sharp shadows. If the Venusian 
atmosphere diffuses incoming sunlight as 
broadly as has been expected, why are not 
the shadows either faint or multidirectional, 
if not completely absent? Soviet officials 

ments of the illumination from all sides. 
It recorded the sort of diffyse light expected 
under a cloud cover. 'Then it landed, and 
all of a sudden these shadows. ' If they are 
shadows, they would indicate a directed 
light source in the Venus atmosphere, pos- 
sibly a rift in the clouds or something more 
exotic. ''(R2) The Russian testimony seems 
to indicate that the sharp shadows had no- 
thing to do with spacecraft lights. (WRC) 

gave no immediate indication of whether the 
landing craft carried their own lighting, or 
even of the wavelengths at which the images 
were made." (R1) 

"Another mystery in the Venera 9 pic- 
tures is the apparent shadows cast by the 
rocks. Avduevsky points out that as the 
lander descended it took continual measure- 
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AVF2_ Bright Infrared Structures 

Description. Large, infrared-bright, cloud-like features detected moving over Venus. These 
features extend for thousands of kilometers and move at different speeds than the ultraviolet 
cloud-like features. One well-defined, fairly permanent feature is called the polar dipole. 
Other infrared features superficially resemble the ultraviolet clouds. (This category could 
‘have just as legitimately been filed with the atmospheric anomalies (AVW). ) 

Data Evaluation. The data come from an infrared radiometer on the Pioneer Venus Orbiter 

and the telescopic examination of Venus's dark side with an infrared photometer-spectro- 
meter. Rating: 1. 

Anomaly Evaluation. Evidently these infrared structures are anomalously warm regions in 
the Venusian atmosphere. Their origins are matters of speculation at present; and it is un- 
certain why they do not move in concert with the ultraviolet clouds. Rating: 3. 

Possible Explanations. None. 

Similar and Related Phenomena. Venus's bright bands (AVO5); Venusian lineaments (AVO6). 

Examples warm features seen in images of thermal 
X1. Permanent feature. "The Venusian emission from the polar cloud tops of the 
polar dipoles are long-lived, elongated, planet. They are almost 4, 000 km across, 
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are centred close to the pole, and appear 
to rotate with a period of ~3 days retro- 
grade. The northern hemisphere dipole 
was first identified as such by the Orbiter 
Infrared Radiometer (OIR) on the Pioneer 
Venus Orbiter (PVO), and in this study we 
use OIR images at 11.5 um to investigate 
its detailed rotation. Its rotation rate is 
observed to change steadily over the 72-day 
data set, and there is some evidence for 
oscillatory variations superimposed onthis 
trend. '' (R1) 

X2. Changing patterns. Abstract. "Obser- 
vations of the dark side of the planet Venus 

AVF3 

Intrinsic Energy AVF3 

at infrared wavelengths between 1.5 and 2.5 
lm have shown it to be anomalously bright 
in portions of this waveband, and to exhibit 
structured cloud patterns whose rotation 
period is longer than that of any other 
clouds. "' (R2) 
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Intrinsic Heat Radiation from Venus 

Description. The radiation by Venus of more heat that it receives from the sun. One esti- 
mate puts the excess at 15%. Most of this radiation, of course, is in the infrared. 

Background. Planets can radiate more heat than they receive from the sun due to (1) Intrin- 
sic heat generation by natural radioactivity, by chemical phase changes, by gravitational con- 
traction, and by natural fission and fusion reactions; and (2) Residual heat of formation; i.e., 
the planet has not cooled down completely. 

Data Evaluation. Measuring net energy flow on a distant planet is rather tricky. Radiation 
over the entire electromagnetic spectrum must be summed up, including incident and reflec- 
ted sunlight. In the case of Venus, radiometers on orbiting spacecraft and terrestrial tele- 
scopes have consistently indicated a net. outflow of heat from Venus. Rating: 2. 

Anomaly Evaluation. A small amount of net heat radiation from Venus would be understand- 
able in terms of natural radioactivity, just as potassium-40 generates heat within the earth. 
A large net outflow, such as the 15% estimate from X1 below, would imply (1) An anomalously 
large inventory of natural radioactivity in comparison with the other inner planets; or (2) 
Venus has not cooled down as much as the other inner planets and may have had a different 
origin. Either situation would be very disturbing to current theories of solar system origin 
and evolution. Rating: 2. 

Possible Explanations. Estimates of net heat flow may be off the mark, thus saving the situa- 
tion; Venus originated elsewhere and possesses a different chemical makeup; Venus in much 
younger than the other inner planets. The last possibility has Velikovskian overtones, but it 
must be considered for the sake of completeness. 

Similar and Related Phenomena. Radioactive heat production within the earth; natural fission 
reactors (the Oklo phenomenon, EC); the large net heat outflows from Jupiter (AJF1) and 
Saturn (ARF2). 

Examples 

X1. Permanent feature. ''Perhaps the most 
perplexing of the atmospheric problems lin- 
gering after Pioneer is the 460°C tempera- 
ture at the bottom of the atmosphere. The 
much ballyhooed greenhouse effect of Ve- 

nus's carbon dioxide atmosphere can ac- 
count for only part of the heating, and evi- 
dence for other heating mechanisms is now 
in aturmoil. The question concerns how 
the sun's energy behaves once it penetrates 
the highest clouds. When Pioneer Venus's 
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probes looked at the amount of radiant en- 
ergy passing through the atmosphere, each 
one found more energy being radiated up 
from the lower atmosphere than enters it 
as sunlight. '' (R1) 

Working with data from the Pioneer Venus 
Orbiter, F.W. Taylor "'...found that Venus 
radiates 15 per cent more energy than it 
‘receives. To keep the surface temperature 

constant, Venus must be producing this ex- 
tra heat from within. All the inner planets, 
including the Earth, produce internal heat 
from radioactive elements in their rocks. 
But Taylor's observations of Venus would 
mean that the planet is producing almost 
10 000 times more heat than the Earth--- 
and it is inconceivable, according to pre- 
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sent theories of planetary formation, that 
Venus should have thousands of times more 
of the radioactive elements than the Earth 
does. At last week's meeting, Taylor's 
suggestion met with. scepticism---not to 
say sheer disbelief---from other planetary 
scientists. '' (R2) 
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AVL POSSIBLE TEMPORARY SATELLITES 
OF VENUS 

Key to Phenomena 

AVLO Introduction 
AVL1 Bright Objects Resembling Venusian Satellites 

AVLO Introduction 

Venus certainly has no satellite of appreciable size today, but during the last 350 years there 
have been numerous sightings of objects close to Venus that may well have been temporary 
moons of that planet. Although the observations of supposed satellites of Venus are actually 
of rather good quality, they have been eroded by the centuries and accumulated astronomical 
disdain for "temporary" phenomena. 

AVL1 Bright: Objects Resembling Venusian Satellites 

Description. The appearance close to Venus of bright objects that could have been temporary 
satellites of the planet. These objects frequently show the same phase as Venus. 

Background. The supposed satellite of Venus was an important astronomical problem of the 
1800s, along with the equally elusive intramercurial planet. So real was the Venusian satel- 

lite that an orbital period was computed for it (11-12 hours), and it was listed in some astro- 

nomical tables. The name Neith was given to the moon of Venus after the goddess whose 
veil no mortal has ever lifted. The last 'good'' series of observations of Neith occurred in 
1761 and 1764, although there were a few isolated sightings in the 1800s. Now, with almost 
a full century devoid of observations, and with much better telescopes, it must be concluded 
that nothing substantial orbits Venus. This does not mean that Venus never had a temporary 
satellite or that other objects (asteroids or comets) never passed close enough to Venus to 
be temporarily mistaken for a Venusian satellite. In this context, see the discussion of the 
intramercurial planet (AEO) in another volume of this Catalog. 
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An emotional element is present in both the histories of Neith and Vulcan (the intramercu- 
rial planet). To dispose of the Neith problem once and for all, the assertion of M. Stroobant 
that all sightings of Neith were actually those of stars or, in one case, Uranus, has been 
adopted by almost all astronomers. This century-old ''solution" of the problem does not even 
come to grips with the emphatic claims of the early observers that Neith had the same phase 
as Venus. Stars and Uranus do not go through phases. 

Data Evaluation. Over thirty observations of bright objects close to Venus were made between 
1645 and 1892. Many of the observers were very competent and employed excellent instru- 
ments. 

astronomers. 

The 1761 and 1764 observations involved several sightings each by several different 
The earlier observers, in particular, remarked that the object had the same 

phase as Venus. Although there are no comparable sightings in this century, we have many 
records of unidentified objects close to the sun (AEO). It is also pertinent that no satellites 
of Venus have been seen during its transits of the sun. Rating: 2. 

Anomaly Evaluation. A temporary bright object near Venus, even with the same phase, is not 
especially anomalous, because it is generally recognized that considerable debris occupies 
the inner solar system. Rating: 3. 

Possible Explanations. (1) A temporary satellite of Venus (R4); (2) Asteroids passing close 
to Venus and exhibiting the same phase (R7); (8) Stars not identified as such by the observers, 
as concluded by M. Stroobant (R12, R14, R15, R18); (4) Telescopic ghosts (R13); (5) Comets. 

Similar and Related Phenomena. Intramercurial planets (AEO) ; temporary satellites of earth 
(AGL); the slow, retrograde spin of Venus and its possible association with the escape of a 
Batellite (AVB1). 

Examples 

X1. November 15, 1645. F. Fontana at 
Naples. ''Fontana, much given to delicate 
observations, perceived distinctly above 
Venus a small star, of feeble brightness, 
which presented exactly the same phase 
as the planet; it looked like a miniature of 
Venus. He believed he had discovered a 
satellite, similar to those Galileo had found 
about Jupiter. But he was surprised at no 
one having seen it before, and also at being 
unable to detect it afterwards, however 
careful his search. "' (R4,R1, R11, R18) 
Some writers conclude that Fontana's in- 
strument was faulty without saying why. 

(R7, R9) 

X2. January 25, 1672. Giovanni Cassini. 
"From fifty-two minutes after six in the 
morning to two minutes after seven, when 
the brightness of twilight made it disappear. 
Venus was then horned; and this phenomenon, 
the diameter whereof was nearly a fourth 
part of the diameter of Venus, was of the 
same shape. It was distant from the sou- 
thern horn of Venus a diameter of the planet 
on the western side. '' (R17, R1-R4, R7, 
R8, R11) 

X38. August 28, 1686. Giovanni Cassini. 
"At fifteen minutes after four in the morning, 
looking at Venus with a telescope of thirty- 
four feet, I saw at the distance of one third 
of her diameter eastward a luminous appear- 
ance of a shape not well defined, that seemed 

to have the same phase with Venus, which 
was then gibbous on the western side. The 
diameter of this phenomenon was nearly 
equal to a fourth part of the diameter of 
Venus. I observed it attentively for aquar- 
ter of an hour, and having left off looking at 
it for four or five minutes I saw it no more; 
but daylight was then advanced." (R17, Ri1- 
R4, R7, R8, R11, R18) 

X4. October 23, 1740. James Short. ''Di- 
recting a reflecting telescope of 16.5 inches 
focus (with an apparatus to follow the diurnal 
motion) towards Venus, I perceived asmall 
star pretty nigh her; upon which I took a- 
nother telescope of the same focal distance, 
which magnified about fifty or sixty times, 
and which was fitted with a micrometer in 
order to measure its distance from Venus, 

and found its distance to be about 10° 2' 0" 
(sic). Finding Venus very distinct, and 
consequently the air very clear, I put ona 
magnifying power of 240 times, and to my 
great surprise found this star put on the 
same phasis with Venus. I tried another 
magnifying power of 140 times, and even 
then found the star under the same phasis. 
Its diameter seemed about a third, or some- 
what less, of the diameter of Venus; its 
light was not so bright or vivid, but excee- 
ding sharp and well defined. A line, passing 
through the centre of Venus and it, made an 
angle with the equator of about eighteen or 
twenty degrees. I saw it for the space of 
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an hour several times that morning; but the 
light of the sun increasing, I lost it alto- 
gether about a quarter of an hour after eight. 
I have looked for it every clear morning 
since, but never had the good fortune to see 
it again."' (R3, R1, R2, R7, R8, R11, R17) 

X5. May 20, 1759. Meier. ''...about 8h. 
45m. 50s., I saw above Venus a little globe 
of far inferior brightness, about 1 1/2diam. 
of Venus from herself. Future observations 
will show whether this little globe was an 
optical appearance or the satellite of Venus. 
The observation was made with a Gregorian 
telescope of thirty inches focus. It contin- 
ued for half an hour, and the position ofthe 
little globe with regard to Venus remained 
the same, although the direction of the tele- 
scope had been changed." (R3) 

X6. February 10 through August 13, 1761. 
A series of sightings by several European 
astronomers, beginning with LaGrange on 
February 10. On four nights in May, be- 
ginning on May 3, Montaigne, at Limoges, 
saw a small crescent 20' from Venus. On 
following nights (May 4, 7, 11), it was seen 
again in different positions but still with the 
same phase as Venus. In early August, two 
Danish astronomers, Roedkioer and Bose- 
rup reported a "satellite" near Venus. (R3, 

Ri Re-RT RS, R11, “R12, ‘RI, R15, 
R17, R18) 

X7. March 1764. Roedkioer, Horrebow, in 
Denmark, record a Venusian satellite on 
several days, beginning March 3. OmMarch 
15, 28, and 29, Montbarron, at Auxerre, 
also sees the object. (R7, R2, R3, R8, 
R11, R15, R17) 

X8. January 3, 1768. Roedkioer again re- 
ports an observation of a satellite of Venus. 
(R7, R12, R15) 

X9. May 22, 1823. T.W. Webb. "I turned 
to Venus, then high in the S.W., and sawa 

star, exactly resembling Mercury, ora 
miniature Venus, por sp the planet, at a 
short distance, perhaps 20' or 30', and 1/3 
or 1/4 of its diameter....'" (R3) 

X10. January 3, 1878. Observation by Hor- 
rebow. (R14) 

X11. February 3, 1884. "...at 6 o'clockin 
the evening, M. Stuyvaert, of the Brussels 
Observatory, observed on the disk of Venus, 

near the illumined border, an extremely 
brilliant point, that recalled the aspect of 
the satellites of Jupiter as they transit the 
planet. The interest of this observation is 
increased by another made a few days later, 
on the 12th of the same month, at 8 o'clock 
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BRIGHT 
SPOT 

Drawing of Venus made on February 3, 1884, show- 
ing a bright point of light. (X11) 

in the evening. M. Niesten then saw, a 
little south of Venus, a small star that 
seemed to be composed of a nucleus and 
a very faint nebulosity. He looked in vain 
for the star on the succeeding evenings. 
Has Neith, the problematic planet, deigned 

to reappear after an absence of more than 
a century ?"’ (R5, R6, R8, R10) 

X12. August 13, 1892. E.E. Barnard. 
"While examining Venus on that date with 
‘the. 36 inch of the Lick Observatory---as 
I had done at other times previously---I 
saw a Star in the field with the planet. This 
star was estimated tobeofat least the 7th 
magnitude. The position was so lowthat 
it was necessary to stand upon the high 
railing of a tall observing chair. It was 
not possible to make any measures, as I 
had to hold on to the telescope with both 
hands to keep from falling. This star was 
estimated to be 1' south of Venus and 146- 
preceding, at 4950™ a.m. Standard Pacific 
Time....There seems to be no considerable 
star near this place and the object does not 
agree with any BD. star. The observation 
was made in broad daylight, a half hour be- 
fore sunrise. Unless this was one of the 
brighter asteroids (not Ceres, Pallas, Juno, 
or Vesta, however, which were elsewhere) 
I am unable to account for the observation. 
The elongation of Venus from the Sun was 
about 389 which would exclude the possibil- 
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ity that the object was an Intra-Mercurial 
planet,, but it does not preclude the possi- 
bility of its being a planet interior to Venus, 
though such is not probable. '' (R16) 

Barnard’s Object seen near Venus through the 
Lick 36-inch telescope. (X12) 
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AVO ANOMALOUS TELESCOPIC 
OBSERVATIONS 

Key to Phenomena 

AVOO Introduction 
AVO1 + Venusian Cusp Phenomena 
AVO2__siRing of Light around Venus 

- AVO3_ The Ashen Light Phenomenon 
AVO4 ‘The Phase Anomaly of Venus 
AVO5 Venus Seen Darker than the Sky 
AVO6__—si The Venusian Spoke System 
AVO7 __ Bright Spots 
AVO8 ‘The Maedler Phenomenon: Brushes of Light 
AVO9 ___ Flickering Light on the Dark Limb 
AVO10_ Terminator Irregularities 

AVOO Introduction 

Venus is one of the brightest objects in the night sky. It is so bright, in fact, that irradia- 
tion and other psychological effects play roles in explaining anomalous telescopic observa- 
tions. Such effects may be the key to understanding why Venus somtimes displays phenomena 
that are almost identical to those recorded for Mercury; viz., cusp blunting, terminator ir- 
regularities, darks lineaments, and faint rings of light around the dark limb. Perhaps the 
famous phase anomaly of Venus should also be included in this list of parallel phenomena oc- 
curring on both of the solar system's inner planets, but so far no one has offered convincing 
evidence that Mercury's actual phase also leads and lags the theoretical phase. 

The frequent appearances of Venus's "ashen light"'---that faint glow of the dark side of the 
planet---reminds us that, in contrast to Mercury, Venus is swathed in a hot, thick atmo- 
sphere that is chemically and electrically active. No one knows whether these processes 
play any role in generating the ashen light, but they are leading candidates. Venus's com- 
plex atmosphere gives us many more opportunities for physical explanations of cusp blunting, 

terminator irregularities, etc., than we have for nearly identical phenomena on Mercury. 
Venusian clouds and electrical storms certainly seem made-to-order for explaining trans- 
ient telescopic appearances. Unfortunately, these phenomena cannot be used to account for 
the parallel anomalies seen on Mercury. 

Like Mercury, Venus has occasional darkish lineaments. These lines often arrange them- 

selves around a hub to produce a spoke-like system. The central problem here, however, 
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does not seem to be geometry, but rather the fact that many observers cannot see the spokes 
under any circumstances, nor do the spokes appear on spacecraft close-up pictures. Yet, 
some very competent astronomers swear the spokes are there, just as some still see Mar- 
tian canals. This sort of problem arises again and again in solar system astronomy. The 
customary solution is to call the lineaments illusory and forget about them. 

AVO1 Venusian Cusp Phenomena 

Description. Temporary dark and bright features observed around the southern and northern 
cusps or horns of Venus. Five varieties of phenomena are recognized here: (1) Bright spots, 
hoods, or "polar caps"; (2) Blunted or truncated cusps; (3) Extended cusps that reach well 
beyond 180°; (4) Detached bright spots near the cusps; and (5) Dark or dusky notches, inden- 
tations, collars, and bands located just below the cusps. These phenomena definitely favor 
the southern cusp. Generally, the features persist for several days---even a month or more. 

Background. These anomalous dark and bright features were employed historically to deter- 
mine the planet's period of rotation. Such estimates were always far-removed from the pre- 
sent-day radar-derived figure. Many early astronomers took these phenomena as indicators 
of Venusian mountains or craters. Little effort is devoted today to elucidating these fasci- 
nating phenomena. 

Data Evaluation. Just about all serious students of Venus, from the earliest astronomers to 
modern amateurs, have noticed deformations of Venus's cusps. The older literature con- 

tains many pertinent observations; but one finds little in the modern journals. Rating: 1. 

Anomaly Evaluation. If the cusp phenomena are merely the consequence of shifting cloud for- 
mations or psychological contrast effects, they would hardly be anomalous. But they seem 
to be more permanent than Venus's fast moving atmosphere would allow. Then, too, Mer- 
cury also displays some similar cusp phenomena; and its atmosphere is negligible. The real 
cause(s) of the cusp phenomena are unknown. Certainly, the space probes have provided 
few clues relevant to these telescopic features. Rating: 2. 

Possible Explanations. Shifting clouds in the Venusian atmosphere, perhaps affected to some 
degree by the terrain below; auroral phenomena stimulated by solar activity; atmospheric 
light sources of a chemical or electrical nature; volcanic activity (especially the dusky mar- 
kings; psychological contrast effects. 

Similar and Related Phenomena. Mercury cusp phenomena, in particular the blunting of the 
southern cusp (AHO1); the annular phase of Venus (AVO2); the ashen light of Venus (AHO3); 
the Venusian spoke marks (AVO6); Venus's polar dipole (AVF2). 

Examples been the first to record the polar hoods. He 
compared them to the Martian polar caps. 

X1. Bright spots, white hoods, polar caps. (R20) 
The cusps or horns of Venus frequently 
seem much brighter than the rest of the 
sunlit portion of the planet. These bright 

1871. Voegel and Lohse saw the pheno- 
menon clearly from Bothcamp Observatory. 

spots are often lenticular in shape, looking (R20) 
much like the polar caps of Mars. The May and June, 1876. White spots seen 
phenomenon is not constant; and some well- near the cusps. (R2) 
known astronomers have never remarked . 
on these bright markings. December 15, 1877. E.S. Holden, at 

December 29, 1813. Franz von Paula Lick Observatory, observes the spots. (R20) 

Gruithuisen, at Munich, seems to have December and January, 1877 and 1878, 
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respectively, G. V. Schiaparelli made an 
extensive study of the southern white spot 
and concluded that Venus rotated one in 225 
days. (R20) (Note that the southern white 
spot is almost always much brighter than 
the northern. WRC) 

November 13, 1877 to February 7, 1878. 
Description by E. L. Trouvelot: "From Nov. 
13, 1877, till Feb. 7, 1878, two remarkable 
white spots, strongly reminding me of those 
seen on Mars, have been observed on the 
opposite limbs, near the extremity of the 
cusps. The southern spot, which always 
appeared the brightest, became very promi- 
nent from Jan. 6, 1878, till Feb. 5, and 
appeared then to be composed of a multitude 
of bright peaks forming on its northern bor- 
der a row of brilliant star-like dots of light. 
After inferior conjunction, which occurred 
a few days later, the white spots were no 
more visible. '' (R1, R7, R20) 

August 17, 1884. I. P. Guldenschuh, of 
Rochester, New York, observed a brilliant 
white lenticular spot on Venus---like a 
snow cap. (R3) 

February 18 and 20, 1891. More ob- 
servations of the white spots by Trouvelot. 

(R5) : 

The Venusian “polar caps” drawn February 20, 
1891. (X17) 

Summer 1892. More observations re- 

ported by Schiaparelli. (R20) 

Early 1900. Drawings of Venus by S. 
Bolton reveal considerable cusp blunting 
and bright areas at each pole. (R10) 

Cusp Phenomena AVO1 

February 10, 1913. Bright sector seen 
near the southern cusp. (R13) . 

July 16, 1919. C. Flammarion reports 
polar caps on Venus. (R15) 

May and June, 1961. The Venusian cusp 

caps seemed brighter soon after solar 
flares and may represent some kind of au- 
rora on Venus. (R19) 

General observations. "Cusp Caps. Ob- 
servers of Venus often note that one or both 
cusps are abnormally bright compared to 
the remainder of the disk.... For the pre- 
sent time we will call these anomalous 
brightenings 'cusp caps', though this term 
suggests a physical interpretation that is 
unproved. (James) Bartlett showed that 
one or both cusp caps were visible 54% of 
the observations (477 out of 830 observa- 
tions), that the south cap alone was visible 
11% of the time, the north 7%, and both 
caps simultaneously 35%. These figures 
correspond closely to those obtained when 
Bartlett's 221 observations or Ranck's 158 
observations are considered alone. I be- | 
lieve that we can attach considerable sig- 
nificance to these values, particularly be- 
cause both Bartlett and Ranck had such a 
long and continuous series of observations. 
This is a prerequisite to a statistical study 

of features like the cusp caps. Bartlett also 
found that the cusp caps appeared at virtu- 
ally all phases of the planet, from which he 
concluded that seasonal effects on the planet 
are not important in governing the appear- 
ance of the caps, since all positions in the 
orbit were represented by cusp cap obser- 
vations. This last statement does not fol- 
low, however, since phase is not uniquely 

related to Venus' heliocentric longitude 
alone, but also to the difference in helio- 
centric longitudes of Venus and the Earth. 
Bartlett's work indicates that the south cap 
was most often the larger of the two. Some 
reports of details seen in the cusps were 
mentioned, but are probably not reliable 
enough for useful analysis. Dusky cusps 
were also discussed, but these are reported 
far less often than the bright ones. (R18) 

General observations. Several reports 
give brief descriptions of the "polar caps" 
of Venus, but no dates of observations. 
(R11, R12, R17) 

X2. The occasional blunting or rounding-off 
of the southern cusp of Venus, while the 
northern cusp remains sharp. The pheno- 
menon is sometimes associated with termin- 
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ator irregularities (AVO10). Mercury's 
southern cusp exhibits the same effect 
(AHO1). 

December 28, 1789; January 31, 1790; 

and December 25, 1791. J.H. Schroeter 
notices blunting of the southern cusp. De- 
tached points of light beyond the blunted 
cusps also seen. (R20) 

Between 1833 and 1836, J.H. Maedler 

confirms the cusp truncation or blunting 
phenomenon. (R20) 

Winter 1853-1854, James Breen, at 
Cambridge, frequently noticed blunting of 
the southern cusp. (R20) 

Early 1900. Drawings of Venus by S. 
Bolton reveal considerable blunting of the 
southern cusp. (R10) 

May 22, 1927. Pronounced blunting of 
the southern cusp in conjunction with termi- 
nator irregularities. (R16) 

General observations. A drawing of Ve- 
nus by S. Bolton shows a bright spot on the 
southern cusp. The cusp also seems to be 
blunted at first glance, but Bolton did see 
the complete point of the cusp, but it was 
very faint. (R11) 

X3. Abnormal extension of the cusps well 
beyond the 180° dictated by geometry. Mi- 
nor extensions are rather common. Onrare 
occasions, a thin ring of light encircles al- 
most the entire planet. Complete rings of 
light, the so-called ''annular phases" of 
Venus are covered in AVO2. 

May 13, 1881. E.L. Trouvelot draws 
Venus with the crescent covering about 
250°. (R5) 

January 2, 1886. I.G. Lohse, using a 
15-inch refractor at Scarborough, England, 
notices a narrow streak of light, in length 
about one-twentieth of Venus's diameter, 
extending the northern cusp but still sepa- 
rated from it. (R20) 

January 28, 1894. The cusps of horns 
of Venus extend well beyond the planet's 
axis, showing that a refractive gas sur- 
rounds the planet. (R6) 

July 4, 1895. ''... regarding the exten- 
sion of light in the southern part of the 
planet...I made a similar observation on 
the 4th inst. Referring to the inclosed dia- 
gram, ab represents a bright bluish exten- 
sion, gradually getting darker towards the 
dotted line cd, which defined the northern 

limit of this shading. The full line is the 
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outline of Venus, and the dotted line shows 
the dim partial outline of the dark side." 
(R8) One could also consider this situation 
as an incomplete manifestation of the ashen 
light of Venus (AVO3). (WRC) 

July 4, 1895. Bluish-purple extension of Venus’s 
southern cusp. (X3) 

March 15, 1913. Drawings of Venus by 
A. Southgate shows prolonged cusps. (R14) 

April 1948. Prolongations at both cusps 
reported by T.L. Cragg on several succes- 
Sive days. (R20) 

X4. Detached luminous points and frag- 
ments hovering off the cusp extremities. 
May be an incomplete manifestation of X3; 
i.e., cusp extension. 

December 28, 1789; January 31, 1790; 

and December 25, 1791. J.H. Schroeter 
detects detached points of light off the 
southern cusp of Venus, which was blunted 
all three times. He believed the bright 
spots to be sunlight reflected from lofty 
mountain peaks, in analogy with a similar 
lunar phenomenon. (R20) 

1°) 
-* 

Seeeencoooe” 

Detached point of light off the southern blunted 
cusp seen by Schroeter on December 28, 1789. (X17, 

X4) 
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April 2, 1870. The only observation of 

a detached bright speck hovering off the 
northern cusp was made by A. P. Holden. 

(R20) 

March 30 and 31, 1881. The Rev. T.E. 
Espin reported 'tiny brilliants' near the 
southern cusp resembling detached moun- 
tain peaks. (R20) 

September 30, 1959. R. Baum draws 

- Venus's thin cusp extremity as a row of 
detached bright points. He wonders if the 
broken line of light is due to unsteady air. 

(R20) 

X5. A notch or indentation just below either 
cusp, giving them a hooked appearance. In- 
cluded here are observations of a collar or 
dark band that sometimes appears in the 
Same regions. 

March 9, 1790. J.H. Schroeter reports 
a hook-shaped southern cusp. This condi- 
tion continued through March until it disap- 
peared on the 30th. (R20) 

March 29, 1873. W.F. Denning observes 
an indentation near the northern cusp. (R20) 

1876. Arcimis, the Spanish astronomer, 
’ observes a prominent notch in the southern 
cusp. (R20) . 

December 8, 1877 through January 6, 
1878. Schiaparelli draws Venus with a dark 
band around the bright spot on the southern 
cusp. (R9) 

In 1877, Schiaparelli saw a dark band around Ve- 
nus’s southern cusp, plus a dark radial streak. (X5) 

March 30 through April 5, 1881. W.F. 
Denning describes a dusky indentation not 
far from the northern cusp as "'...extremely 
small, and looks like a crater."' (R20) 

1881-1895. Dusky band noted around the 
southern cusp frequently at the Royal Obser- 
vatory, Brussels. (R20) 

March 9, 1889. Prominent notch just be- 
low the southern cusp. (R4) 

April 18, 1900. Dark indentations near 

Cusp Phenomena AVO1 

Another notch and cusp band, plus a dark radial 
streak, 1889. (X5) 

both cusps. (R10) 

February 15, 1913. F. Sargent, Bristol, 
England, discovers a pronounced notch just 
below the northern cusp. The appearance 
of the notch changed considerably during the 
next few days. (R20) 

February 23, 1921. Dusky band seen. (R20) 

Early March 1953. ''A well marked hemi- 
spherical depression was reported in the 
terminator below the southern cusp by seve- 
ral American and English observers during 
the first week of March 1953. Clearly seen 

May 13, 1900. Blunted southern cusp and notch. 
(X71, X5) 
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on the evening of March 10 by the writer, it 

seemed bounded on its northern and southern 
flanks by dim projections and was preceded 
on the disk by an oval bright spot. (R20) 

December 17, 1970. A feature like that 
of 1953 seen by W.J. Wilson and R. Baum, 
when Venus was in the opposite phase. (R20) 

General observations. 'In addition to 
bright cusp caps, observers often report 
dusky bands or collars near the cusps which 
define or border the caps. P. Moore sug- 
gests that the bands are simple contrast ef- 
fects of the bright cusps, saying that hisown 
observations ‘indicate that the collars can 
only be seen when the caps are unusually 
prominent'. I suspect that many observers 
would disagree that they are seen only in 
the presence of bright cusps. Ido." (R18, 
R11) 
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AVO2_ Ring of Light around Venus 

Description. The appearance of a thin ring of light around the dark side of Venus. This phe- 
nomenon occurs primarily when the planet is near inferior conjunction; that is, it is back- 
lighted by the sun. An identical effect sometimes happens when Venus begins and/or ends a 
transit of the sun (AVX1). The more frequently observed extension of Venus's cusps well be- 
yond 180° is doubtless an incomplete manifestation of this phenomenon (AVO1). 

Data Evaluation. From the older astronomical literature, several excellent observations by 
respected astronomers; from the last 80 years, nothing. Rating: 1. 

Anomaly Evaluation. The rating given below assumes that the annular phase of Venus is only 
an optical phenomenon; i.e., atmospheric refraction. It should be noted, though, that a simi- 
lar effect is sometimes seen when Mercury makes contact with the sun during a transit--- 
and Mercury's atmosphere would seem to be too thin to account such refraction. Rating: 3. 
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Possible Explanations. Refraction of sun by the Venusian atmosphere, possibly enhanced by 
psychological contrast. 

Similar and Related Phenomena. Luminous ring around the new moon (ALO); luminous ring 
around Mercury during transit (AHX3); Venus's ashen light (AVO3); the extension of the cusps 
of Venus (AVO1); the partial ring seen during transits (AVX1). 

Examples 

X1. December 1842. During inferior con- 
junction, Guthrie, in Great Britain, saw a 
narrow fringe of light around the whole disk 
of Venus. (R2) 

X2. December 10 and 12, 1866. C.S. Ly- 
man, New Haven, Connecticut. ''Somedays 
before the conjunction, it was apparent that 
the crescent formed more than a semi cir- 
cle---on the 7th, full 40° more by measure- 
ment. On the 10th, it formed a complete 
circle---bright, thin and delicate (the cres- 
cent proper), on the side toward the sun, 

but on the opposite side, a mere faint line 
of light, very difficult to be seen, on ac- 

count of the strong light in the field, and 
the atmospheric disturbance. Yet, by 
glimpses, it was distinctly perceived as a 
ring, by several observers, and constantly 
as more than three-fourths of a circle. 

The appearances were similar, though 
perhaps a little better seen, on the 12th, 
the day after the conjunction. Yet, the 
pianet was then only half a degree farther 
from the sun, and the full ring could be 
made out only in the more favorable mo- 
ments with respect to light and atmosphere 
---particularly, when the light, both ofthe 
sun and of the planet, was partially cut off 
from the object glass, by the shutter of the 
observatory. Such a compromise between 
sun-light and planet-light gave generally 
the best views, except twice, about noon, 
when, fortunately, a passing cloud left the 
planet in sight for a few seconds, while yet 
the sun was obscured. The background 
was then comparatively dark, and the 
thread of light around the limb opposite to 
the sun perfectly distinct and complete. 
The northern portion of the crescent pro- 
per, however, did not diminish uniformly 
in brightness, or apparent thickness, to- 
ward the cusp, but a considerable space, 
between 25 and 50 degrees, from the ver- 
tex to the left, by estimate, was very per- 
ceptibly fainter than a like portion of the 
circumference next beyond toward the right, 
whence it gradually narrowed to the mere 
faint line of light before mentioned. These 
observations were made between half past 
11 and half past 1 o'clock."' (R1, R2, R4, 
R7) 

X3. December 8, 1874. C.S. Lyman, at 
New Haven, Connecticut, after summarizing 
his 1866 observations (X2). ''No opportunity 
has since occurred of repeating these ob- 
servations, until the day of the recent tran- 
sit. On Tuesday, December 8th, Venus was 
again in close proximity to the sun; and the 
writer had the satisfaction of watching the 
delicate silvery ring enclosing her disk, 
even when the planet was only the sun's 
semidiameter from his limb. This was at 
4 P.M., or less than five hours before the 
beginning of the transit. The ring was 
brightest on the side towards the sun---the 
crescent proper. On the opposite side the 
thread of light was duller and of a slightly 
yellowish tinge. On the northern limb of 
the planet, some 60 or 80 degrees from the 

point opposite the sun, the ring for a small 
space was fainter and apparently narrower 
than elsewhere. A similar appearance, but 
more marked, was observed on the same 
limb in 1866." (R3) 

During the actual transit, J. Tebbutt, in 
New South Wales, Australia, saw the dark 
limb edged in light, especially at egress. 
(R5) See AVX1 for further discussion. 

X4. December 5, 1882. At this transit, a 

ring of light formed around the dark portion 
of Venus shortly after first contact. See - 
AVX1. (R6) 

X5. March 4, 1894. P.H. Kempthorne, Eng- 
land. "I was looking at Venus on March 4, 
at 11.35 a.m. (Calver mirror, 8 1/2 in., 
power 60), and endeavouring to discern the 
unilluminated portion of the orb, when sud- 
denly, for a second or two, I saw it encir- 
cled by a faint ring of light. It was possible 
to note that the ring was clearly defined to- 
wards the planet's limb, but ill-defined on 
the side remote from it....The phenomenon 
was as beautiful as it was to me unexpected. 
The dark part of the orb was undistinguish- 
able except at these moments. The cusps 
of the crescent extended beyond the half- 
circle....'' (R8) 

X6. November 29, 1906. H.N. Russell and 
Z. Daniel, Princeton University Observa- 
tory. "On 1906 November 29, 5h 7m G.M. 
T., Venus about 1949' from the Sun's center, 
was observed with the 5-inch finder of the 
23-inch telescope. In moments when the 
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air was steady the complete outline of the 
planet was distinctly seen. On the side 

nearest the sun it was bright and easily 

visible, but on the opposite it was very faint 
and could be seen only for a few seconds 
at atime. When the complete circle was 
seen, the space within it always seemed a 
shade darker than without. I suspect, how- 
ever, that this was a subjective effect, as 

it was not noticed when the fainter part of 
the ring disappeared through bad seeing. 

328 

tish Association, 1873, p. 404. (X1-X2) 

R3. Lyman, C.S.; 'On Venus as a Luminous 
Ring, '' Philosophical Magazine, 4:49:159, 
1875. Cig 

R4. Neison, E.; "The Ring of Light around 
Venus during the Late Transit, " Astro- 
nomical Register, 13:196, 1875. ~ (x2) 

R5. Tebbutt, John; "Ring of Light around 
Venus, '' Astronomical Register, 13:222, 
1875. (X3) 

R6. Keeler, J.E.; ''The Ring of Light Sur- 

No other marked peculiarities were noticed rounding Venus, " Sidereal Messenger 
though a bright spot was several times sus- 1:292, 1883. (%4) 
pected in the bright part of the ring." (R9- R7. Gibbs, Lewis R.; "Annular Phase of 
R11) Venus, '' Science, 16:303, 1890. (X2) 

R8. Kempthorne, P.H.; ''Venus, '' English 
Mechanic, 59:81, 1894. (X5) 

R9. Russell, Henry N., and Daniel, Zac- 
cheus; "Venus as a Luminous Ring," 
Popular Astronomy, 15:516, 1907. (X6) 

References 

Rl. "Observations of Venus near Its In- 

ferior Conjunction, " American Journal R10. "Venus as a Luminous Ring, '' Know- 
of Science, 2:43:129, 1867. (X2) ledge, 4:205, 1907. (X6) 

R2. Schafarik, A.; "On the Visibility of the Rll. ‘Venus as a Luminous Ring, "! Sci- 

Dark Side of Venus, '' Report of the Bri- entific American, 97:461, 1907. - (%6) 

AVO3_ The Ashen Light Phenomenon 

Description. A soft glow observed over the dark side of Venus. The radiated light is usually 
described as grayish, but the adjectives greenish and coppery have also been applied. A few 
of the apparitions of the ashen light have coincided with the appearance of a brighter ring of 
light around the dark side (AVO2); i.e., the so-called annular phase of Venus. Although 
there are weak correlations claimed with the inferior conjunctions and solar activity, the 
ashen light seems to occur almost anytime. 

Data Evaluation. Once again, most specific observations of the phenomenon are rather old. 
The more recent literature acknowledges that the ashen light is a real and frequent pheno- 
menon, but provides few eye-witness acounts. Spacecraft instruments, however, have de- 
tected emission lines originating from Venus's dark limb. These areas are irregular. 
All in all, we have here a real, objective, far-from-rare phenomenon. Rating: 1. 

Anomaly Evaluation. The popular current explanation of the ashen light relies upon the dis- 
sociation of molecular oxygen by sunlight, its transportation to the dark side by atmospheric 
motion, and subsequent recombination. This process should always be underway, but the 
ashen light is far from being a permanent thing. Furthermore, the ashen light is almost 
always described as a fairly uniform glow over the entire dark limb, not the patchy, highly 
variable source expected from atmospheric convection. An auroral explanation seems nega- 
ted by the uniform disposition of the ashen light. In sum, no convincing explanation seems 
at hand, although there are good candidates. Rating: 3. 

Possible Explanations. Recombination of sunlight-dissociated molecules; auroral phenomena; 
unrecognized electrical and chemical phenomena in the Venusian atmosphere. 

Similar and Related Phenomena. Venus seen as a ring (AVO2); the phase anomaly of Venus 
(AVO4); flickering light on Venus's dark limb (AVO9); earthlight reflected from the moon; 
terrestrial airglow. 
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Examples 

X1. 1520. Observed by M. Maestlin. (R5) 

X2. January 9, 1643. Riccioli reports a 
reddish hue on the dark portion of Venus. 

(R5) 

X3. May 2, 1715. W. Derham, canon of 

Windsor, sees the "secondary light" of 
Venus during the total solar eclipse. (R14) 

X4. June 7, 1721. C. Kirch, at Berlin, re- 
ports that the bright crescent of Venus 
seemed larger than the faintly shining dark 
side. (R2, R5) 

X5. March 8, 1726. Ashen light again seen 
by Kirch. (R2, R5) 

X6. October 20, 1759. A. Mayer observes 
Venus 10° from the sun and sees its whole 
disk ‘like the crescent moon which reflects 
the light of the earth." Phenomenon again 
reported by Kirch. (R2, R5) 

X7. 1790. W. Herschel sees part of the dark 
limb shine with a faint light. (R2) 

X8. Spring and summer 1793. F. Hahn of 
Mecklenburg sees the phenomenon repeat- 
edly, in twilight as well as daylight. (R2) 

X9. January and February 1806. Schroeter 
observes the ashen light on February 14. 
C.L. Harding, at Gottingen, sees the phe- 
nomenon with "utmost sharpness and dis- 
tinctness''". On February 28, he reports 
the light is reddish gray. Apparently he 
also viewed the ashen light on January 24 
and 28, February 20, and March 1, 1806; 
but there seems to be some confusion in the 
literature on these dates. (R2, R5) 

X10. February 10, 1822. J.W. Pastorff, 

Buchholz, Prussia, distinguished bright 

and dark patches on Venus in a faint gray 
light. (R2) 

X11. June 8, 1825. Gruithuisen, at Munich, 
witnesses the phenomenon at 4 A.M., in 
almost full daylight. (R2) 

X12. September 27 and 28, 1855. At 11 
A.M., in broad daylight, G.A. Jahn, at 

Leipzic (sic), observes the dark side of 
Venus. (R2) 

X13. January 14, 1862. Liverpool, England. 
A Mr. Berry reports the ashen light. (R2) 

X14. 1863. Price, at Uckfield, England, 

sees the dark part of Venus. (R6) 

X15. October 22, 1863. J.F. Barber, Not- 
tingham, England. "Turning my telescope 
(6 in. aperture by Cooke) upon Venus on 
the 22nd October last, I was much surprised 

The Ashen Light AVO3 

to see almost the whole of the unilluminated 
disc of the planet; it was so striking in ap- 
pearance, that I thought it must be the re- 
resemblance to the new Moon, which made 
me fancy that I could see the unilluminated 
portion. My sister-in-law, whom I called 
to witness the Planet, but without telling 
her what to look for, said she instantly saw 
the whole disk. The atmosphere was beau- 
tifully clear, but still the planet was so far 
past conjunction, that I should scarcely have 
imagined the phenomenon would be visible. "' 

(R1) 

X16. April 20, 1865. W. Englemann, ofthe 
Leipzic Observatory, notes that the dark 
side of Venus is greenish gray---a little 
brighter than the sky. (R2, R5) 

X17. April 22, 1873. H. Sadler, Sherborne, 
England, sees the dark limb distinctly. It 
was lit with a grayish hue. On the 24th, at 
intervals, there seemed to be a brighter 
glow darting quickly across the dark limb 
from southwest to northeast. (R3) 

X18. 1877. Banks, Green, and Noble report 

the phenomenon. No further details found. 

(R5) 

X19. March 30, 1878. S. Mills reports 
that the dark limb could be seen with re- 
markable distinctness. It possessed a 
warm neutral tint. (R4) Nobel and Webb 
also report the phenomenon in 1878. (R5) 

X20. January 8, 1883. The whole disk of 
Venus was "splendidly visible even to the 
unaccustomed eye of entirely uninstructed 
persons.... But the most important feature 
of the observation was the ring, that I could 
detect all round the disk (ark part and 
cresent), of brownish-red colour, more pro- 
nounced on the illuminated side than on the 
dark part of the limb, but of a peculiar cop- 
pery hue, the close resemblance of which 
to the coppery hue the Moon's disk assumes 
when totally eclipsed was very striking." 

(R95) 

X21. 1894. Observations of the phenomenon 
by T.P. Battersby. (R7) 

X22. July 12, 1895. R.K. Sale and others 
see the entire disk of Venus, like "'the old 
moon in the young moon's arms". It was 
two months away from inferior conjunction. 

(R8) 

X23. March 31, 1905. J. Willis, of Folke- 
stone detects the unilluminated portion of 
Venus's disk. (R9) 

X24. October 18, 1906. Observations by 
T.P. Battersby, at Gibraltar. "To my great 
surprise, I perceived the unilluminated part 
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of the planet's disc clearly for the first time 
in all my observations of Venus. I called 
my wife to confirm my observation, and she 
at once perceived it and described it exactly 
as it appeared---namely, as a faint segment, 
very much smaller in appearance than the 
completion of the: circle of the bright part 
of the planet. She observed a thin bright 
ring round the dark segment; but this I did 
not personally see.''’ (R11) Evidently, the 
so-called annual phase of Venus and the 
ashen light sometimes go together. The 
larger appearance of the bright limb is pro- 
bably due to a type of contrast phenomenon 
termed "'irradiation’’, wherein bright object 
seem larger than identical dark objects. 

(WRC) 
X25. January 12, 1910. R. Killip describes 
Venus as similar in appearance to the old 
moon in the young moon's arms. (R12) 

X26. December 29, 1957 and the following 
two weeks. The ashen light was unusually 
prominent during this period. (R13) 

X27. Instrumented studies of the ashen 
light. Telescopic spectrograms taken in 
1959, during a four-month interval that in- 
cluded inferior conjunction with Venus, re- 
vealed no emission spectra. (R13) 

The Russian Venera 9 and Venera 10 
spacecraft detect a glow from Venus's dark 
side in 1976. The glow was strongest 56 mi 
miles above the planet's surface. The glow 
consisted of emission bands due to the re- 
combination of oxygen molecules in the upper 
atmosphere. The glow was strongest onthe 
dark side near the terminator, but was also 
patchy and variable. The dissociated oxy- 
gen may have been formed on the bright 
limb through the action of sunlight and then 
carried to the dark side by general atmo- 
spheric circulation. (R17) See below for 
additional speculations about the origin of 
the ashen light. (WRC) 

X28. Theoretical speculations. The idea 
that the ashen light of Venus is reflected 
earthlight, as in the case of the old moon 

in the young moon's arms, is uniformly 
rejected by all who compute the light inten- 
sities. (R2, R10)The ashen light has often 
been thought to be an auroral phenomenon. 
(R2) One modern study shows "that there 
was a pronounced maximum in geomagnetic 
activity at inferior conjunction during times 
of ashen light occurrence during the 1959- 
1962 period. This result in turn suggests 
an auroral origin of this glow." (R16) But, 
as mentioned in X27, space probe results 
tend to favor a mechanism similar to the 
earth's airglow. (R17) 
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X29. January 24, February 28, March 1, 
1806. D. L. Harding, at Gottingen, sees the 
dark side of Venus. Once it was a reddish- 
gray; another time greenish-blue. (R18) 

X30. January 14, 1862. According to Berry, 
at Liverpool, the unilluminated hemisphere 
shone with a faint light, like the moon's 
lumiere cendree. (R18) 

X31. September 1863. Near inferior con- 
junction, C. Leeson Prince saw the whole 
disk slightly illuminated, with "a phospho- 
rescence flitting of light around the edge of 
the entire disk. '' (R18) 

X32. February 5, 1870. R. Langdon, of 

Silverton Station, reported a splendid mani- 
festation of the ashen light. (R18) 

X33. February 22, 1870. The phenomenon 
was recorded by W. Noble. (R18) 

X34. February and March 1870. J. Browning 
sees the planet's dark side on at least twenty 
evenings, always in bright twilight and always 
darker than the sky. (R18) ‘ 

X35. September 25, 1871. At noon, A. Win- 
necke, of Karlsruhe, observed the phenome- 
non with a heliometer. (R18) 

X36. October 15 to November 12, 1871. 
Voegel and Lohse saw the dark side lit by 
a secondary light extending about 30° from 
the terminator on seven mornings in bright 
twilight. (R18) 

X37. August 9, 1871. Whole disk of the pla- 
net perceived by A. Schafarik. (R18) 

X38. March 22, 1873. Luminescence of the 
dark side reported by T.G. Elger. (R18) 

X39. April 19, 1873. Whole body of the pla- 
net seen at inferior conjunction by R. Lang- 
don. (R18) 

X40... July 1876. Dark side of Venus suffused 
with an ashen glow on several occasions. 

(R18) 

X41. 1876. Banks, Grover, and Arcimis 

see the phenomenon during this year. (R18) 

X42. September 30 to October 14, 1876. 
C.V. Zenger, of Prague, detected a faint 
grayish light, sometimes tinted reddish, 
covering part of the disk near the termina- 
tor. (R18) 

X43. January 31, 1878. T.W. Webb sees 
the ashen light for the first time. (R18) 

X44. July 11, 1884. W. Noble saw the phe- 
nomenon at inferior conjunction. (R18) 

X45. January 2 and 3, 1886. Dark part of 



331 

Venus distinctly seen by Lohse and Wiggles- 
worth. (R18) 

X46. October 21 and 26, 1887. Grayish 
gleam from the planet's nocturnal side. (R18) 

X47. March 16, 1889. Phosphorescence very 
plain according to S.M.B. Gemmill. (R18) 

X48. October 22, 1895. Dark side visible. 

H. McEwen... (R18) 

X49. July 25 and August 5, 1895. Dark hemi- 
sphere observed by N.S. Aldis in New Zea- 
land. (R18). 

X50. 1895. Throughout the whole summer, 
Antoniadi, at Constantinople, found the dark 
side clearly visible as inferior conjunction 
approached. (R18) Others also observed 
the phenomenon during this period. (R18) 
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AVO4_ The Phase Anomaly of Venus 

Description. The retardation of the phase of Venus in its western elongations and the accel- 
eration of the phase in its eastern elongations. The proportion of Venus that should be lit by 
the sun can be calculated quite easily. Actual observation, however, shows a complex sched- 
ule of difference between observed and theoretical phase. At theoretical dichotomy or half- 
phase, the observed phase is either 4-6 days ahead or behind schedule, depending upon which 
side of the sun the planet is on. This discrepancy between theory and observation is present 
to some degree at all phases. 

Background. J.H. Schroeter seems to be the first astronomer to have noticed this phenome- 
non. He mentioned it in 1793. For this reason, it is often called the Schroeter Effect. 

Data Evaluation. Venus's phase anomaly is obvious to all students of this planet. There is 
general agreement on the major aspects of the phenomenon. Venus's precise phase, however, 
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is difficult to measure because of irradiation and the cusp and terminator irregularities. 
Some controversy, therefore, exists about the detailed history of the phenomenon throughout 
its cycle. The phenomenon, in fact, may vary somewhat from one apparition to the next. 
Rating: 2. 

Anomaly Evaluation. Hardly a vestige of an explanation of Venus's phase anomaly exists--- 
no theory seems to work, especially when the asymmetry of the phenomenon is considered. 
While this sounds serious, the stakes are not really very high. Probably some atmospheric 
and/or subjective effect will account for the observations. Rating: 2. 

Possible Explanations. Irradiation and atmospheric refraction have been proposed in the way 
of explanations, but they seem helpless to account for both leading and lagging phases. A 
psychological explanation relying on contrast seems most likely. 

Similar and Related Phenomena. Prolongation of the cusps of Venus (AVO1); the ashen light 
(AVO3); Venus's irregular terminator (AVO10). 

Examples 

X1. Micrometer studies of Venus's phase. 
"Henry McEwen, a past Section Director of 
the British Astronomical Association, made 
over 900 measurements of the phase varia- 
tion using a slade micrometer mounted on a 
5-inch altazimuth telescope. The eyepieces 
employed were a Ramsden of 156 diameters 
and a Zeiss orthoscopic of 180 diameters. 
All measurements were made in daylight in 
order to reduce the effects of irradiation. A 
discussion of the observations made during 
the period 1919-1927 appeared in the Journal 
of the British Astronomical Association. " 

vo 

The figure "shows the results of McEwen's 
work. Many observers claim that the re- 

At theoretical phase dichotomy, the sun should il- retardation of the phase is greater in wes- 
lumine exactly half the disk of Venus, but actual tern elongations (or apparitions) than its ac- 
observations lag or lead theory considerably. celeration in eastern ones. The graph for 

COMPARISON OF ELONGATIONS 
1927 WEST 

1919 EAST 

1924 EAST 

OBSERVED BREADTH MINUS THEORETICAL BREADTH 

Graphical comparison of the observed phase of 
Venus with its theoretical phase, according to the 
micrometric measurements of H. McEwen. (X17) 
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the western elongation of 1927 contradicts 
this belief, for it in no way differs radically 
from the graphs of the other elongations. 
However, it must be stressed that the graph 
represents only twenty-five observations 
during one elongation. These curves...in- 
dicate a relatively constant rate of change 
during the gibbous phase of the planet with 
the maximum deviation occurring near the 
time of dichotomy, although the evidence is 
insufficient to give more than a strong indi- 
cation of this condition..... The variation 
between the times of observed and theoreti- 
cal dichotomy, although only a small part 
of the more general problem, is the best 
observed part of the deviation from theory. 
Apparent dichotomy is invariably late in 
western elongations (apparitions) and early 
in eastern ones, but the amount of the devi- 
ations from theory is highly variable. How- 
ever, the average time lag is about 3 1/2- 
4 days." (R2) 

X2. Measurements of drawings of Venus. 
Following a discussion of the general char- 
acter of the phase anomaly: "In general 
there is a time difference of about four to 
six days between times of theoretical and 
observed dichotomy. This phase anomaly 
has been termed 'Schroeter's Effect' by 
Moore. The observational situation is, how- 
ever, much more complex than Schroeter's 
Effect alone. It is obvious that a difference 
in observed and calculated phase at the time 
of dichotomy must be accompanied by incor- 
rect apparent phases at other times, near 
dichotomy, but it was not until a book by 

Bronshten recently appeared that we knew 
just how large the (O-C)s are for phases 
other than 0.5. The results quoted in 
Bronshten's book are from measurements 
made by N.N. Michelson and V.N. Petrov. 
These results are depicted schematically 
in Fig. 2. Unfortunately only observational 
drawings were used by Michelson and Pet- 
rov, it would of course be preferable to have 
a long series of direct micrometric meas- 
urements of the phase of Venus. I have 
measured a large number of drawings my- 

oF 

0 0.5 1 

The phase anomaly of Venus. (X2) 
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self and arrive at identical conclusions to 
those shown in Figure 2, but with some ad- 
ditional points to be discussed later in this 
paper. It can be seen from Fig. 2 thatthe 
(O-C) phase can be as large as 0.10 for 
phases near 0.1 and 0.9." (R4) 

X3. Measurements of drawings of Venus. 
"Theoretically it should be possible accu- 
rately to predict (to within a few hours) the 
date when exactly half of Venus is lit by the 
sun. This should occur at greatest elonga- 
tion, when the angle between the earth and 
sun is exactly 90° with respect to Venus. 
However, this is found almost never to be 
the case, and there is a discrepancy of 
several days both at eastern and western 
elongations. No satisfactory explanation 
for this has been given as yet. 

In the past two evening apparitions, 1960- 
61 and 1962, a special study of the planet's 
phase was undertaken by the Montreal Cen- 
tre. In the absence of micrometer meas- 
urements, the phase was measured directly 
from drawings. Although this method may 
seem crude, it was found that the portrayal 
of phase by the more experienced observers 
was sufficiently consistent to be used for 
this purpose. The average difference in 
phase estimated by three observers, G. 
Wedge, G. Gaherty and K. Brasch, was 
from 1 to 4 per cent. 

The observed values for both apparitions 
were plotted on graphs together with the 
curves of the predicted phases. In 1960-61, 
from a total of 32 observations made before 
dichotomy it was found that the observed 
phase was about 5 per cent less than the 
theoretical value, i.e. the observed disk 
had about 5 per cent less illumination than 

expected. This corresponds to a dichotomy 
8 days earlier than the predicted date of 
January 30, 1961. The observed half-phase 
was indeed 7 to 10 days early, occurring be- 
tween January 21 and 23, 1961. There is 
considerable scatter among the values ob- 
tained early in this apparition; this can pro- 
bably be attributed to the lack of experience 
of the observers. 

In 1962 there is a higher degree of mutual 
agreement among the values obtained. From 
a total of 42 observations before dichotomy, 
the average deviation was 6.7 per cent, in- 
dicating that the half phase would be approxi- 
mately 14 days early. It was observed to 
occur about 11 to 13 days early, between 
August 2land 23, compared with the predic- 
ted date of September 2, 1962. ''(R3) 

X4. General observations. ''Venus was in- 
teresting in 1962 when, during July and 
August, it became clear that the phase was 
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decidedly less than theoretical. ...Of the 
present writers, Brinton used his 12-inch 
reflector, together with one observation 
with the 18-inch refractor at the Pino Tor- 
inese Observatory in Italy, while Moore 
used his 8 1/2-inch reflector and, on oc- 
casions, Brinton's 12-inch. During obser- 
vations made after dichotomy, it was no- 
ticed that there was an increased difficulty 
in determining phase. 

Upon examination, it appeared that this 
was due to a discrepancy between the visible 
and theoretical shapes of the telescopic 
shapes of the telescopic image of the planet. 
Being close to dichotomy, the image should 
have been almost exactly a semi-circle. In 
fact, it appeared as a segment bounded by a 
chord smaller than a diameter. Such an 
appearance could only result from viewing 
a sphere which is less than half illuminated, 
which seemed, on the face of it to be ab- 
surd. 

In the absence of an immediately available 
micrometer we made a search of photographs 
of Venus. Many of these showed the effect to 
a marked degree. On the other hand photo- 
graphs of the Moon and Mercury sometimes 

showed a similar, though lesser, effect. 
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This suggested that photographic evidence 
is unreliable. '' (R5) 

X5. Possible explanations. Irradiation (R1); 
distortion of the visible portion of Venus by 
its tidal bulge. (R6) 
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AVO5 Venus Seen Darker than the Sky 

Description. The dark limb of Venus appears, on rare occasions, to be darker than the sur- 
rounding sky. In a sense, this seems the antithesis of the ashen light phenomenon (AVO8). 

Data Evaluation. Several rather subjective observations. No photometric confirmations of 
the phenomenon. Rating: 3. 

Anomaly Evaluation. Although one immediately suspects a simple contrast phenomenon, 
Flammarion's arguments in X1 seem to overturn this explanation. If contrast and other 
psychological effects can be eliminated, temporary sky brightenings behind Venus offer ano- 
ther possibility. A sunlit dust cloud would suffice. Rating: 3. 

Possible Explanations. Sunlit dust behind Venus, resembling the zodiacal light, would make 
the dark limb of Venus appear darker than the sky. 

Similar and Related Phenomena. The ashen light of Venus (AVO3); the zodiacal light (AZO). 

Examples 

X1. August and September 1895. Juvisy, 
France. "It is certain that total darkness 
does not exist in the starry sky. (Speaking 
for myself, I can always see the time by my 
watch by the sole light of the stars, and yet 

the hands are very thin.) A planet is never 
entirely dark, even if we admit that it has 
no phosphorescence, no light of its own. But 
the results of observations made this year 
at Juvisy during the months of August and 
September puts the question in another light. 
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It appeared several times to M. Antoniadi, 
M. Georges Mathieu and myself that the in- 
terior of the crescent of Venus, that is to 
say, the part which is not lighted up, was 
darker than the sky. 

It was not the effect of the contrast pro- 
duced by the luminous crescent, for on the 
outside of the crescent this aspect was not 
noticed, but inside the disk became darker 
and darker toward the edge. The observa- 
tions were made in full sunlight, Venus being 
on the meridian, about noon at the time of 
the conjunction and at all hours from nine 
A.M. to three P.M. 

Now is it possible that a black body can 
be seen through the lighted atmosphere ? 

The tone of the darkened disk was slightly 
violet, but appeared rather darker than the 
sky than lighter. 

The case is not, therefore, the same as 
that of the gray light of the moon. 

It might almost be believed that it was 
merely an optical illusion, a sort of negative 
visibility, a tendency of the sight to prolong 
the fine points of the slender crescent, and 
theoretically complete the form of the disk. 

But this explanation will not suffice either, 
for on hiding the luminous crescent the same 
somber disk is still seen, and then the in- 

The Spoke System AVO6 

terior of the disk is certainly darker and of 
another tone than the sky outside. 

May not the entire globe of Venus project 
itself on a slightly lighted background, onthe 
zodiacal light, on a very widespread solar 
atmosphere ? 

To sum up, it seems certain to us that the 
visibility of the dark hemisphere of Venus is 
not an optical illusion, and it seems to us that 
the explanation is to be attributed in the first 
place to the solar atmosphere, to the zodiacal 
light, before which the planet forms a screen." 
(R1) 

X2. General observations. ''I should like to 
add that I have also seen the whole of Venus 
when crescent-shaped, the unilluminated 
part being darker than the sky around..." 

(R2) 
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AVO6_ The Venusian Spoke System 

Description. Dark, spoke-like lineaments that often converge toward the subsolar point. The 
fully developed phenomenon includes a rim, producing a definite wheel-like appearance. More 
often only disorganized straight lines are seen. Some observers see the spokes tinged with 
yellow. The lines may be sharp and clear; but many see them as fuzzy. Most astronomers 
do not see them at all! The spokes may persist for days, retaining their focus on the sub- 
solar point as the planet moves around the sun. 

Background. Although a few early astronomers reported isolated lineaments on Venus, it 
was Percival Lowell who sketched the first spoke systems in 1896. The phenomenon seems 
to have been forgotten in the years following Lowell. Only in 1951 did R.M. Baum "recover"' 
the spoke system and once again bring it to the attention of astronomers. 

Data Evaluation. As with the lineaments on Mercury and Mars, the Venusian spokes have been 
seen by too many competent astronomers using a wide variety of telescopes for anyone to 
deny that a small fraction of Venus observers do perceive something of a spoke-like nature 
when observing Venus. 
of the data that is controversial. Rating: 1. 

The data are abundant and of high quality; it is the interpretation 

Anomaly Evaluation. Systems of lineaments have been detected on several planets and satel- 
lites by a small fraction of astronomers. 
nomers and, more importantly, by spacecraft. 

These observations are not verified by most astro- 
This is an important perceptual anomaly, 

because science is based on all observations being accessible to all normal people. It is not 
scientific to dismiss well-founded data as "illusory''. The anomaly may be psychological 
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rather than astronomical, but it remains an anomaly. 
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Rating: 1. 

Possible Explanations. Venus does display linear cloud patterns, particularly in the ultra- 
violet. The cloud patterns, however, do not form spoke systems and move much more 
rapidly across the planet's disk thanthe spoke system, which seems to remain centered on 
the subsolar point. It is possible that the eyes of a minority of observers are more than 
normally sensitive, allowing them to perceive unappreciated atmospheric structures on 
Venus. The Venusian spokes, like the Martian canals, may be mentally generated. If so, 
why do different people see basically the same spoke system and Martian canals ? 

Similar and Related Phenomena. Mercury's lineaments (AHO4); the canals of Mars (AMO1).. 

Examples 

X1. Pre-Lowell observations. Schroeter 
(in 1801), Gruithuisen, Fournier, Perrotin, 
Mascari, and other astronomers reported 

linear markings on Venus. (R17) 

X2. Observations during the Lowell period 
(1896-1916). 

Lowell's first systematic study of Venus. 
"Such was the state of our knowledge when in 
August I began systematic observations upon 
the planet with the 24-inch refractor. I had 
no sooner begun observing than it was appar- 
ent that there were markings upon the disk 
and before long it was furthermore apparent 
that the markings bore no resemblance to the 
indefinite patches commonly depicted. So 
distinct and definite did the markings prove 
that they have resulted in the detection ofthe 
planet's rotation and of the fundamental phys- 
ical characteristics of the planet's surface. 
I shall give in this paper a first summary of 
what they have disclosed, together with re- 
productions of some of my drawings and those 
of my assistant Mr. Drew. 

To begin with, then, the markings are both 
distinct and well defined; their contours stan- 
ding out sharply against the lighter parts of 
the disk. In shape they are of two kinds; 
long, relatively narrow, and, generally spea- 
king, straight markings; and spots. They 
are all of them permanent and permanently 
visible, our own air alone ever obscuring 
them. Indeed the seeing must be distinctly 
bad to have the more prominent among them 
not discernible. Such phenomena show that 
they belong to the actual surface of the planet 
itself.'' Lowell concluded that the planet's 
period of rotation was identical with its orbi- 
tal period. (R2) An incorrect conclusion. 

(WRC) 
Many of Lowell's drawings of Venus ap- 

peared various journals for two decades. 
(R4, R7, R8, R11, R138, R15) 

Lowell's observations of canal-like fea- 
tures on Venus confirmed in 1897 by Foulkes 
on Malta. (R3) Leo Brenner also sees linear 

N 

Venusian spokes drawn by Percival Lowell in 1896. 

(X2) 

markings on Venus, but attributes them to 
the earth's unsteady atmosphere. (R5) E.M. 
Antoniadi, one of the best-known astrono- 
mers of the day, was certain that the Lowell 
markings are totally illusory. (R6) However, 
other observers, such as Griffiths draw 
spoke systems very similar to those of Lo- 
well. (R6) 

Meanwhile astronomers at the Lowell Ob- 
servatory follow the course set by Lowell. 
Here are observations by A. E. Douglass. 
"In the last six years many thousands of 
hours have been spent by us at telescopes 
of 18, 18, and 24 inches aperture and their 
smaller finders, when seeing was sufficiently 
good for profitable work on the finest known 
planetary detail. Expressed in standard 
terms, the seeing was practically always 
such that in a 6-inch aperture the spurious 
disc of the interference pattern was well de- 
fined, and a very large part of the time the 
rings of the same pattern were unbroken. I 
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Griffith’s sketch of the spoke system, made on 
February 17, 1897. (X2) 

consider that any astronomer who cannot say 
the same for the seeing during his hours of 
work, and whose hours of work do not reach 

a commendable number, has no right to cri- 
ticise our results; for he lacks the experi- 
ence by which alone he becomes capable of 
judging. 

Under proper conditions of air and aper- 
ture the markings on Venus are absolutely 
certain. Under proper conditions they are 
to me about as easy or difficult to see as the 
irregularities on the terminator of the Moon 
when it is near the first quarter, viewed by 
the naked eye. I have on a few occasions 
seen a large projection perfectly distinct. 
So it is with Venus. At the best seeing the 
markings are visible at the first glance. 

To say that no markings save M. Antoni- 
adi's symmetrical shadings of atmospheric 
contrast exist, or that the detail seen here 
is due to pressure on our objective, or to 
defective densities in the eye piece, or to 
our own eyes, or to the imaginings of our 
_brains; or, most ridiculous of all, to our 

looking all day at some map and then seeing 

DETAIL SEEN IN EACH COM- DETAIL DRAWN 1898 APRIL I9 
10" 47" G.M.T. BINATION OF APERTURE 

AND FOCUS, SAVE ONE, |898 

APRIL 19 
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it on the planet, is to offer suggestions too 
absurd to be taken seriously. 

We use the telescope in both positions, 
normal and reversed: that shows that the — 
markings are not in the lens. We use dif- 
ferent eye-pieces and twist them in varying 
position angles: that shows that the markings 
are not there. We sit in different positions, 
so that the markings cannot be in our eyes; 
and different persons in perfect independence 
find the same detail, so it is not a mental 

phenomenon. "' 
Several drawings of spoke-like structures 

follow with appropriate discussions. See the 
accompanying sketches. 

Douglass then continues his explanation 
of why some see the linear markings and 
others do not. "The first reason why other 
observers have not seen these markings is 
bad atmosphere. When I began observing 
the third satellite of Jupiter, for days, even 
weeks, I drew nothing but hazy indefinite 
markings or belts, such things as M. An- 
toniadi describes as appearing to him on 
Venus. But one night after making several 
drawings of that character the seeing sud- 
denly became superb, the curtain rose as 
it were, and I saw sharp distinct black 
lines about which uncertainty was impossi- 
ble. The very same thing happened on the 
fourth satellite four days later. I had been 
drawing the same indefinite shadings, when 
one night the seeing improved, the curtain 
again rose, and I perceived sharp definite 
lines. After once thoroughly understanding 

the character of the object sought, I could 
see them and profitably study them under 
conditions of seeing formerly prohibitory. 

The experience on Venus has been simi- 
lar. On the day succeeding my first good 
view, I spent nearly the whole afternoon 
without catching a single certain glimpse. 
Suddenly the seeing improved for an instant, 
and I saw the same markings unmistakably. 
If it had not been for that glimpse I would 

MR. DREW'S DRAWING OF 
1898 APRIL 19 135 5™ 

Various spoke-like markings observed at the Lowell 
Observatory in 1898. (X2) 
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have gone away perfectly ready to believe 
that no markings existed. I am not sur- 
prised that other astronomers doubt them." 
(R7, R8) 

Of all Lowell's critics in the matter of 
Venusian spokes, Antoniadi was the most 
persistent. In 1898, he wrote: ''To believe 
in the reality of Mr. Lowell's cytherean 
canals means to believe that the globe of 
Venus, with its atmosphere, is imprisoned 
in a cage of black hoops meeting about a 
common diameter directed along the visual 
ray. Under such circumstances we cannot 
help considering the whole of this anoma- 
lous canal system as entirely illusory, and 
the central black spot as merely the 'pilula' 
of Fontana."" (R9, R10) 

In 1902, Lowell apparently had doubts 
about the Venusian spoke system and wrote 
in the Astronomische Nachrichten (no. 
3823) that he reason to believe that it 
was an optical illusion. (R12). Yet, in 1904, 
in Lowell Observatory Bulletin No. 6, he 
stated that "these markings came out at times 
with a definiteness to convince the beholder 

of an objectiveness beyond the possibility of 
illusion. '' (R17) 

Lowell died in 1916, but ''Lowell-type" 
observations of spokes did not vanish com- 
pletely. "On the afternoon of April 23 at 3h 
5m summer time I happened to turn the 8 1/4 
inch to Venus, which was less than half an 
hour east of the meridian and in high north- 
ern declination (23°), and I was greatly sur- 
prised to find the 'seeing' excellent. During 
the past forty or forty-five years I have 
never seen Venus so sharp and well defined 
---the most difficult of all the planets to get 
a satisfactory view of. For fully ten min- 
utes the planet was perfectly steady and 
sharply defined and I am very sure that I 
could see faint traces of the spoke-like mar- 
kings near the center of the disk. The mar- 
kings were very much like those seen and 
described many years ago by the late Dr. 
Percival Lowell." (R14) 

C.H. Housden believed in the reality of 
the spoke marks and considered them to be 
artificial zones of vegetation constructed by 
intelligent Venusians. Housden based his 
theory on the supposed fact that Venus al- 
ways kept the same face pointed toward the 
sun. This face was hot but the opposite 
face was cold and ice-covered. Where the 
two zones met, the sun melted the ice, and 

artificial canals conducted the water into the 
sunlit side. (R16) 

X3. R.M. Baum's observations, commen- 
cing in 1951. Baum essentially saw the 
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spoke marks on Venus as Lowell sawthem. 
He began his study of Venus on February 5, 
1951, but perceived no fine detail until Feb- 

ruary 19, when a dark spot appeared near 
the subsolar point. "Then followed a hiatus 
to March 1, thanks to inclement weather, 
when another spot was observed in about 
the same position---possibly the same spot 
---which was the radiant of 'an extremely 
curious system of dark longitudinal streaks’. 
It may be noticed that on that date the dia- 
meter of the disc was still only 11". 36 and 
the Ephemeris value of k was approximately 
0.905. Thus Baum got his first view of the 
streak system well within the period which 
Lowell found best for studying it. 

It is important also to notice at this point 
that Mr. Baum had not then read either Lo- 
well's or Schiaparelli's papers on the planet, 
which adds significance to his surprising 
discovery. At any rate both March and ~ 
April proved so favorable that he was able 
to keep the system in view for 61 days and 
on all occasions when the streaks were well 
seen he found them to possess a faint color, 
a sort of yellowish gray. Baum continued 
to observe the central spot and its associ- 
ated streaks well into the crescent phase, 
i.e., past greatest elongation east. na 
figure dated June 13, at 19h 15m, U.T., 
the central spot is still to be seen, being 
then almost bisected equally by the termi- 
nator; and in a figure dated July 7, at 19h 
15m, U.T., the streaks are still evident 
though the central spot was then on the 
night side of the terminator and so invisible. 
After inferior conjunction indications ofthe 
streaks were seen on the very narrow cre- 
scent as early as October 10 at 6h, while 
they had become unmistakable by October 
23. 

Radial spokes drawn by R. M. Baum, April 26, 1951. 

(X3) 

From a close study of these surprising 
features Baum drew certain conclusions. 
The observed spots, especially the straight 
streaks, are not superficial but permanent 
features as are certain polar features, no- 
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tably the dark band around the southern 
cusp cap (Baum, like Lowell, regards the 
south cusp cap as marking the actual pole); 
and from his study of the streak system he 
considered that the rotation is very slow, 
lying between 195 days and 225 days, and 
that the axis is sensibly perpendicular to 
the plane of the orbit. He further consider- 
ed that the central spot from which the 
streaks radiated represents 'an enormous 
column of hot air' rising from the sub-solar 
point and drawing into it currents of colder 
air from all quarters of the disc, thus agree- 
ing with the conclusions reached by Lowell. 
Whether such an explanation of the streak 
system is valid will depend, of course, upon 
the validity of the long rotation period and 
the assumed inclination. This writer is of 
the opinion that despite the careful work of 
Mr. Baum, and the admitted weight of Per- 
cival Lowell, neither can be regarded as 
established---there are too many observa- 
tions looking another way. But we are not 
so much concerned with a physical theory to 
account for the streak system, as we are to 
account for its plain visibility to some and 
its complete invisibility to others. 

R.M. Baum is an indefatigable observer 
and a finedraughtsman. Reading his report 
of the streak system one cannot doubt that 
here is a simple record of what was actually 
seen; yet it has to be admitted that other 
equally careful and experienced observers, 
e.g. Patrick Moore, have never been able 
to see the slightest indication of such a sys- 
tem. The present writer occupies a median 
position, having seen enough of the system 
to be convinced that pronounced linear mar- 
kings do exist on Venus; but having seen it 
so imperfectly as to be quite unable to de- 
fine the whole. | 

A little study of the work of various ob- 
servers indicates that with respect to Venus 
they tend to fall naturally into two groups. 
In the one group is found preeminently R. M. 
Baum who sees the markings principally as 
a system of streaks, while in the other are 
those who see them always as large, diffuse, 

dusky areas. Between the two are those who 
partake of the characteristics of both, seeing 
sometimes linear markings, sometimes dif- 

fuse spots, and sometimes both in associa- 
tion. To the latter category belong O.C. 
Ranck, D.P. Avigliano, and the writer." 
The author believes that the solution to this 
mystery lies in the different color sensitiv- 
ities of the different observers. (R17) 

Patrick Moore, another English astrono- 
mer and a friend of Baum, responded to the 
preceding article, maintaining that the spoke 
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must be rejected as illusory because only a 
few observers can see it. Quoting Moore: 
"Venus is the most difficult problem obser- 
vationally of all the planets, and we must be 
doubly wary. It is my contention that the 
"spoke system' of Lowell is merely an opti- 
cal effect, seen by modern observers simply 
because of the inadequacy of their equipment. 
I do not believe that any observer, however 
skillful, can see with a 3-inch refractor de- 
tails which the great Barnard and Antoniadi 
missed with the giant telescopes of Lick and 
Meudon respectively.'"' (R18) Actually, Lo- 
well's equipment and location in Arizona 
were excellent. (WRC) 

Baum replied to the above critique by 
Moore, defending the Venusian spoke system 
as an objective entity. He also added two 
pertinent bits of data: (1) Ultraviolet photo- 
graphs of Venus taken in 1927 with the 60- 
inch Mt. Wilson reflector revealed bands 
slightly convergent on the subsolar point. 
These streaks had much in common with the 
streaks drawn by Schiaparelli, Lowell, and 
many other. (2) In 1953 Moore and Baum 
had their eyes tested for color sensitivity. 
Baum was able to see farther into the blue 
end of the spectrum than Moore. (R20) 

X4. More recent hints of a Venusian spoke 
system. In R21, Cruikshank reviews the 
Baum-Moore controversy, and continues as 

follows: "While it would not be proper for me 
to enter the argument actively at this late 
date, it is fitting, I believe, to re-examine 
the so-called spoke system in the light of 
recent observations and on theoretical grounds. 
A. Dollfus has made important planetary ob- 
servations under optimum conditions with 
large apertures in recent years. He reports 
that the dusky markings on Venus generally 
have the pattern of a radial system with the 
center at the subsolar point. Dollfus finds 
that the general appearance of the markings 
varies greatly from day to day but that the 
radial pattern or portions of it recur and that 
this represents the undisturbed condition of 
the markings observed. He offers a general 
map of the planet showing these permanent 
features. In many respects, this pattern re- 
ported by Dollfus is consistent with a model 
of the circulation of the Venus atmosphere 
proposed by Yale Mintz. The Mintz model 
is based on convection in the planet's atmo- 
sphere (assuming a very slow rotation) with 
the principal circulation from the subsolar 
to the antisolar point..... In contrast with 
visual observations of the radial pattern of 
dusky features (and hard, linear features) 
we have the well-known ultraviolet photo- 
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graphs of Ross, Kuiper, etc. 
shown in the ultraviolet (and more recently 
in the visual blue---W. K. Hartmann, unpub- 
lished) do not correspond to a radial pattern." 
(R21) Further details on the work of Dollfus 
and his map may be found in R19. 

Still more recently, certain "characteris= 
tic'’ cloud patterns on Venus have been gene- 
rally accepted as real. Such markings are 
also confirmed by spacecraft close-up photo- 
graphs. "Characteristic forms of dark ultra- 
violet markings on the clouds have been stu- 
died from Earth. These are probably the 
same as the optical markings noted by early 
observers. Horizontal psi-shaped features 
have an extension of the equatorial bar through 
arms which are sometimes angular and at 
other times circular. Features that look 
like a reversed letter C appear more often 
near the evening terminator than the morning 
terminator. Horizontal Y-shaped features 
sometimes have a tail stretching round the 
planet. Sometimes there are two parallel - 
equatorial bands. Patterns are almost al- 
ways symmetrical about the equator. Arms 
of the various features open in the direction 
of their retrograde motion, which varies 
between 50 and 130 m/sec (164 and 427 ft/ 
sec). A big question about the cloud motions 
was whether they resulted from actual move- 
ment of masses of atmosphere or were mere- 
ly a wave motion.'' (R22) The velocities of 
these markings far exceed those of the clas- 
sical spoke systems, which apparently ro- 
tated only once in 225 or more days. See 
AVW1 for a discussion of the possible super- 
rotation of the Venusian atmosphere. (WRC) 
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AVO7_ Bright Spots 

Description. Transient bright points or patches seen on either the dark or sunlit limbs. These 
spots Tie out well away from the cusps, where similar luminous phenomena are rather com- 
mon. Spots on the sunlit limb must be very bright indeed to stand out. 

Data Evaluation. Observations of this phenomenon are very scarce. Rating: 3. 

Anomaly Evaluation. Since several possible explanations are at hand, this phenomenon is 
probably not very anomalous. Rating; 3. 

Possible Explanations. Highly reflective clouds, like those seen on Mars; active atmospheric 

electrical processes, such as glow discharge and intense thunderstorm systems; atmospheric 
ducting of sunlight. 

Similar and Related Phenomena. Venusian cusp phenomena (AVO1); bright Martian clouds. 

Examples 

X1. March 15, 1868. Observing with a101/4 
inch reflector. ‘About half-past four p.m., 
the sun becoming partially obscured by some 
trees, I set Venus off upon the circles ofthe 

equatorial, and looking along the tube I saw 
that she was plainly visible to the naked eye, 
although the sun was shining brightly. View- 
ing the planet with a power of 185, I found 
definition above the average. The feature 
that first attracted my attention was a curi- 
ous oblong white nebulous spot, of consider- 
able dimensions, shining with far greater 
brilliancy than any other part of the disc. 
This spot was on the edge of the disc, and 
fully 80° from the southern horn: From the 
resemblance it bore to the cloud-like patches 
I have described on Mars ("Intellectual Ob- 
server, '' September, 1867), I have little 
doubt that this spot was a highly reflective 
cloud in the atmosphere of Venus." (R1) 

X2. 1868. Mr. De La Rue noticed a cluster 
of bright spots at the southern limb about 
40° from the terminator. (R1) 

X3. April 17, 1873. Observation by R. Lang- 
don. "...at 8 o'clock, P.M., I was viewing 
the planet with one of Mr. Browning's excel- 
lent achromatic eyepieces, when I saw two 
exceedingly bright spots on the crescent--- 
one close to the terminator, towards the 

eastern horn, and the other in the centre of 
the crescent. These spots appeared like 
two drops of dew; they were glistening in 
such a manner as to cause the surrounding 
parts of the bright crescent to appear dull 
by contrast." (R2) 

X4. August 17, 1884. Using a 7-inch reflec- 
tor, I. P. Guldenschuh observed a bright 
spot on the bright limb of Venus in the posi- 
tion indicated in the sketch. (R3) 

August 17, 1884. Bright spot seen on Venus. (X4) 

X5. January 14, 1910. B. Wymer reports 

two diffuse bright spots on Venus's dark 
limb. A portion of the dark limb's edge 
was also easily visible. (R4) 

X6. March 17, 1953. Observation by R. M. 
Baum using a 6.5-inch reflector and a 3- 
inch refractor. At the time of the observation 
the ashen light phenomenon was occurring. 

"On this occasion the dark side was seen to 
be brighter that the sky, as is the case when 
the planet is projected against a dark field, 
and to be veritably glowing with a strong 
phosphorescent glow of a deep ruddy hue. 
Upon closer inspection the whole of the dark 
hemisphere was found to be not uniform in 
hue but actually mottled over with minute 
nebulous granules. These were seen better 
by averted vision. It was whilst studying 
this strange structure, that my attention 
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was deflected by what appeared to be a speck 
of light of about the 8th magnitude situated 
in the southwest quadrant of the disk, i.e., 
in the southern part of the dark regions. 
The position angle of this feature measured 
round from the north point through west (in 
this case the right hand limb, taking west 
as right and the bottom as north, as with 
the Earth) was 171°. Its estimated distance 
from the terminator taken in angular mea- 
sure from the drawing made was about 49°, 
where the disk is imagined flat. Nothing 
certain was seen by looking directly at the 
spot but by averted vision it was seen with 
certainty---additionally I could not be sure 
but that it was scintillating, which could 
have been pure fancy though. Thinking that 
perhaps the object was due to an optical 
fault in the reflector, which was the instru- 
ment in use at the time, I switched over to 
the aforementioned refractor. A much shar- 

per image was obtained and the dark side 
shone out with greater clarity. The fine 
mottling was also more distinctly perceived. 
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Above all however out shone the stellar 

speck.'' (R5) 
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AVO8_ The Maedler Phenomenon: Brushes of Light 

Description. Brushes or fans of light emanating from the two cusps of Venus and diverging 
in the direction of the sun. An extremely rare phenomenon. 

Data Evaluation. Besides the classic observation of Maedler himself, we have two vague, 
highly questionable descriptions from the 17th. century. Rating: 3. 

Anomaly Evaluation. Since none of the proposed explanations (see below) is very convincing, 
the Maedler Phenomenon, if real, is extremely puzzling. Rating: 2. 

Possible Explanations. Some unappreciated interaction of the solar wind with Venus that re- 
sults in aurora-like luminosity. Here, however, one would not expect the brushes of light 
to diverge in the direction of the sun. Optical phenomena in the terrestrial atmosphere akin, 
perhaps, to sun pillars. Once more, the geometry and orientation of the Maedler Phenom- 
enon does not seem reasonable. 

Similar and Related Phenomena. Sun pillars; skewed halo displays (GEH9). 

Examples 

X1. January 29, 1686. John Gadbury, a 

careful chronicler of natural phenomena, 
notes in his diary that Venus appeared like 
a comet. (R1) | 

X2. February 21, 1686. Gadbury again re- 
cords that Venus is comet-like. R.M. Baum 
wonders if Gadbury might have seen some 

type of halo phenomenon depending upon ice 
crystals in the atmosphere. (R1) 

X38. April 7, 1833. "One of the strangest 
observations ever recorded of Venus was 
made by the reknowned German astronomer 
Johann Heinrich Maedler with a four-inch 
refracting telescope on April 7, 1833. At 
the time Venus stood east of the Sun and 
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was well placed for observation. In his 
Beitraege (1841) Maedler tells us how on 
that evening numerous brushes of light were 
seen to emanate from the illuminated limb 
of the planet, then a crescent, and to di- 
verge in a sunward direction. These bru- 
shes of rays were roughly fan-shaped, and 
invested Venus with the look of a broad 
multi-tailed comet. According to the sketch 
which accompanies Maedler's account, the 
brushes originated at the extremities of the 
crescent and extended along the limb to af- 
fect an arc of between 50° and 60° from the 
tip of each cusp. No brushes are depicted 
in the segment between, i.e., the center 
of the limb. Maedler watched for some 
considerable time and tested the appearance 
for illusion by rotation of the ocular and by 
change of magnification; but although he at- 
tempted no explanation, he concluded that 
the appearance was at least real." (R1) 

X4. General observations. A comet-like 
interaction of Venus with the solar wind 
has been described. (R2) This phenomenon 
may not be related to the Maedler phenno- 
menon at all because the brushes of light 
described by Maedler diverge toward the 
sun. (WRC) 

AVO9 Flickering Light 

Diverging brushes of light from each cusp of Venus. 

(X3) 
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AVOS Flickering Light on the Dark Limb 

Description. A flickering light playing over the unillumined side of Venus. The light re- 
sembles terrestrial heat lightning but is steadier. 

Data Evaluation. A single observation over a century old. Rating: 3. 

Anomaly Evaluation. Since Venus is now thought to play host to frequent electrical storms, 
there is an excellent source of flickering light 
fore low. Rating: 3. 

available. The anomaly rating is there- 

Possible Explanations. Planet-wide electrical discharges in the Venusian atmosphere or, 

alternatively, concentrated electrical storms that produce light that is transmitted over 

wide areas by the atmosphere. 

Similar and Related Phenomena. The ashen light (AVO3). 

Examples 

X1. January 18, 1878. "...from 5 p.m. to 
5.30 p.m., I saw the unilluminated side of 
Venus, referred to by Mr. Webb in letter 
13938, p. 527, and there appeared upon it a 
kind of flickering light, resembling flashes 

of lightning, only slower in its movements. 
I covered half the field lens of the eyepiece 
with black paper, so as to keep the bright 
crescent out of sight, but the flickering 
light was still seen." (R1) 
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AVO10_ Terminator Irregularities 

Description. Temporary departures of the terminator (the line dividing dark and sunlit 
limbs) from the smooth arc dictated by optics. Four types of terminator irregularities are 
recognized here: (1) Smooth, gentle undulations; (2) Serrations; (3) A reversed-S shape; and 
(4) Thin lines of light separated from but parallel to the inside edge of the crescent. 

Background. Mercury's terminator also displays irregularities, some of which seem identi- backeround 
cal to those of Venus. Since Mercury and Venus are physically very different planets, it 
may be that terminator irregularities have nothing to do with the planets themselves. 

Data Evaluation. Many terminator irregularities are probably seen frequently---the reversed- 
S effect, for example---but are seldom reported. In general, the literature contains few 
well-described examples of the phenomenon at hand. Rating: 2. - 

Anomaly Evaluation. Although terminator irregularities are perplexing, they can probably 
be accounted for in terms of subjective effects (irradiation), bad seeing, and variations in 
the atmosphere of both earth and Venus. The fact that Mercury's terminator irregularities 
resemble those of Venus so closely underscore the reasonableness of subjective and seeing 
factors. Rating: 3. 

Possible Explanations. As intimated above under Background, the explanation of terminator 
irregularities may be subjective (irradiation) or geophysical (bad seeing). As for Venus it- 
self, changes in the reflectivity of the upper atmosphere could also contribute. 

Similar and Related Phenomena. Mercury's terminator irregularities (AHO2). 

Examples 

X1. November 23, 1877. A drawing of Ve- 

nus made by E.L. Trouvelot depicts the 
terminator as a gentle reverse-S curve. 

(R1, R2) 

X2. 1881-1895. Unusual curvature of the 
terminator during this period reported by 
Breen, Maedler, Niesten, and Stuyvaert. 
(R3) Just what "unusual" means is not speci- 
fied in R38. (WRC) 

X3. May 14, 1892. F. Porro, Turin Obser- 

vatory, using an 1l-inch refractor, sawthe 
terminator humped in the center, with de- 
pressions on either side. (R3) 

X4. 1892. Long, low swellings and depres- 
sions along Venus's terminator seen by Alex- 
ander, Mascari, Poro, and Zona. (R3) 

X5. January 28, 1910. "I enclose a sketchof 
Venus taken on Jan. 28 at 5 p.m., with the 
3 1/2 in. Short's Gregorian, power 140. The 

horns were sharp. but what struck me was a 
broken line of light near the terminator, a 
little nearer to it than shown in the drawing, 
about 2" or less away, commencing from the 
south horn. Has this been observed before ?" 
(R4) The broken line of light runs parallel to 
the thin crescent for almost 90°. (WRC) 

X6. September 30, 1959. R.M. Baum, using 

a 4.5-inch equatorial, draws the terminator 
with distinct serrations. He believes this 
effect may be due to unsteady air. (R3) 
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AVW VENUSIAN ATMOSPHERIC 
ANOMALIES 

Key to Phenomena 

AVWO0 __ Introduction 
AVW1 = Superrotation of the Venusian Atmosphere 

- AVW2~ Anomalous Distribution and Scarcity of Water Vapor 
AVW3 Periodic Variation of CO, Absorption Lines 

~ AVW4 ~~ Noble Gas Anomalies 

AVWO Introduction 

The heavy mantle of the Venusian atmosphere cuts off our direct view of the planet's surface. 
As if to compensate for this barrier to the scientific study of Venus's surface, the atmosphere 
itself presents us with several interesting and potentially important anomalies. 

First, the outer layers of the atmosphere ''superrotate"; that is, they rotate once around the 
planet in just four days, while the solid surface takes 243 days to make a complete turn. One 
scientist also wonders whether the whole atmosphere may not expand and contract on a four- 
day schedule due to the periodic waxing and waning of the intensity of COo absorption lines. 

The scarcity of water vapor and the abundance of primordial rare gases in the Venusian atmo- 
sphere in comparison to the earth's atmosphere pose serious questions about the validity of 
current models of solar system formation. The atmospheric veil that has made Venus "'the 
planet of mystery" is itself a mystery. 

AVW1  Superrotation of the Venusian Atmosphere 

Description. The rotation of the Venusian cloud tops around the planet every four days in com- 
parison to the 243-day period of axial rotation of the solid planet. 

Background. The 4-day cloud-top period is dervived from modern ultraviolet photographs. 7 
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Historically, the telescopic observation of visible features from the earth led to estimates of 
24 hours and 225 days for the planet's spin period. 

Data Evaluation. Thousands of ultraviolet photographs and close-up experiments carried by 
Space probes confirm the reality of the 4-day period of rotation for the outer clouds. Rating: 1. 

Anomaly Evaluation. No generally accepted physical mechanism has been found that candrive 
the Venusian atmosphere at such high angular velocities relative to the planet's solid surface. 
Rating: 2. 

Possible Explanations. Most astronomers assume that the driving force for Venus's superro- 
tation is thermal, although no acceptable models are at hand. Since Venus apparently has an 
internal energy source (AVF3), the energy source propelling the atmosphere need not be en- 
tirely solar. Another possibility is that magnetohydrodynamic forces, generated either in- 
ternally or by the solar wind, may keep the atmosphere spinning. 

Similar and Related Phenomena. The superrotation of the earth's atmosphere (AGLI). 

Examples 

X1. Terrestrial observations of retrograde 
superrotation. V.M. Slipher (in 1903) and 
C.E. St. John and S.B. Nicholson (in 1923) 
reported spectroscopic studies of the Ve- 
nusian atmosphere suggesting retrograde 
circulation. These data were ignored be- 
cause Venus was expected to rotate in the 
same sense as the rest of the inner planets. 

(R1) 
The first modern indications of retro- 

grade superrotation were seen in ultraviolet 
photographs taken in 1961. (R38) A French 
photographic study of Venus in the ultraviolet 
confirmed the 1961 results in 1965. (R1) 

In 1967 a study by a group at New Mexico 
State University provided additional support, 
as follows: ''Throughout May and June of this 
year the evening terminator was turned to- 
ward the earth and a number of series of 
ultraviolet images of Venus were obtained by 
T. Pope and A. Murrell, using the new 61- 

cm reflector at the New Mexico State Uni- 
versity Observatory. The unusual quality of 
these photographic images allowed several 
well-defined features to be measured on 
many of the series, with intervals extending 
from 1.9 to 4.7 hours. From the most casual 
examination it was immediately evident that 
the motion of the clouds was toward the eve- 
ning terminator, away from the subsolar 
point, and that retrograde motion was being 
observed in the high-level ultraviolet clouds. 
Moreover, the same general motion was ob- 
served in several clouds distributed over the 
visible disk. The displacement rates of the 
‘clouds varied only slightly from day to day, 
and if it were to be assumed that their motion 
is generally unchanging around the circum- 

ference of the planet, these observed dis- 
placements would give rise to a mean rotation 
rate of somewhat less than 5 days with an un- 

certainty of about 1/4 day..... The greatly 
different rotation periods of Venus as deter- 
mined by both optical and radar observations 
are difficult to reconcile with one another, 
for such would require a persistent and wide- 
spread planetary wind system having speeds 
in excess of 300 km/hr with respect to the 
solid surface; and although the terrestrial 
jet stream will attain these speeds, it is 
basically a narrowly confined zonal wind and, 
therefore, quite different from that observed 
on Venus. We are, unhappily, confronted 
with two rather widely divergent rotation 
periods for the atmosphere of Venus and its 
solid surface, 5 days and 244 days, respec- 
tively. '' (R1) 

Other terrestrial studies of the motions 
of the ultraviolet markings on Venus invari- 
ably support retrograde superrotation. (R3) 

X2. Summary of contradictory data. From 
the abstract of R2: "Spectroscopic, photo- 
metric, and radiometric evidence against a 

4-day atmospheric rotation is also reviewed. 
The bulk of the somewhat contradictory evi- 
dence seems to favor slow motions, on the 
order of 5m/sec, in the atmosphere of Ve- 
nus; the 4-day 'rotation' may be due to a 
travelling wavelike disturbance, not bulk 
motions, driven by the uv albedo differ- 
ences.'' (R2) The contradictory evidence is 
not from ultraviolet studies, such as those 

summarized in X1. (WRC) 

X38. Radar data questioned. ''The contradic- 
tion between the short atmospheric and the 
long radar axial period remains unresolved. 
The Pioneer data add to its difficulty inas- 
much as all the recorded air movements are 
substantially from east to west. Since such 
movements arise from Coriolis forces, this 
would imply that all atmospheric flow is from 
the equator to the poles, which is absurd and 
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is not borne out by the simultaneous records 
of meridional air flow. It is suggested that 
the origin of the scale is wrong, and thetrue 
axial period is close to four days, the radar 
period originating in a counter-rotating belt 
of plasma." (R4) Here the radar data are 
questioned, while in X2 the reality of the 
high speed circulation is doubted. (WRC) 

X4. Close-up space probe results. Both 
Russian and American space probes to Venus 
have confirmed atmospheric superrotation; 
viz.: "Pioneer Venus Orbiter significantly 
extended observations of the ultraviolet pat- 
terns in the clouds of Venus. While Mariner 
10 obtained 8 days of pictures, Pioneer Ve- 
nus obtained hundreds of days of pictures to 
provide a greatly improved record of the 
bulk motions of the cloud tops. A question 
arising from the Mariner 10 observations 
was whether the features that move around 
in a 4-day period were bulk movement of 
masses of atmosphere or wave motions in 
the atmosphere. The Pioneer probe re- 
sults indicate that the air is actually moving 
at the indicated speed of about 100 m/sec. 
Below the clouds, probe data show that the 
velocity starts to decrease to a very small 
value at the surface. The large features, 
especially the Y and C markings, can be re- 
garded as waves of a special kind that move 
around the planet at the same speed as the 
air. All four probes, and some Soviet 
probes as well, showed the same westward 
motion with little or no north-south motion." 
(R6) Thus, the anomaly of superrotation is 
confirmed. One also wonders whether the 
common Y and C markings sometimes may 
blossom temporarily into spokes (AVO6). 

(WRC) 

X5. General observations. ''Unlike the study 
of Venus's surface, the study of some as- 
pects of its atmosphere has been stymied by 
insufficient or irreconcilable data. The 360- 
kilometer-per-hour winds that carry the 
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cloud tops around the entire planet in 4days 
have fascinated researchers for years, but 
the dozen U.S. and Soviet probes that have 
penetrated the atmosphere and thousands of 
U.S. cloud photographs have not revealed 
what drives the winds. Pioneer scientists 
believe that the driving forces involve winds 
that blow from the equator toward the poles | 
and winds in the form of eddies, but both of 
these are so slow that they have not been 
detected yet. In fact, no winds in any di- 
rection have been reliably detected below an 
altitude of 10 kilometers, where 50 percent 
of the atmosphere's mass lies. The best 
guess at the moment is that two conveyor- 
like patterns of circulation, called Hadley 
cells, slowly carry hot air from the equator 
toward the poles and back. The cells, one 
above the other, appear to be kept entirely 
separate by a stable layer just below the 
cloud layer." (R5) 
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AVW2 Anomalous Distribution and Scarcity 
of Water Vapor 

Description. The great scarcity of water vapor in the Venusian atmosphere compared to the 
earth's. What water vapor exists seems to be concentrated at higher altitudes. 

Background. Neither does Venus have surface water (AVE3), adding to the general belief that 
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Venus is now very deficient in water. 
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If Venus was formed at the same time and from the 
same materials as the earth, there should be much more water on Venus. See AVES. 

Data Evaluation. Atmospheric water content is difficult to measure accurately. The results 
from the several U.S. and Russian probes are contradictory, although they all indicate very 
little water. Rating: 3. 

Anomaly Evaluation. The current belief is that Venus was created at the same time and from 

the same stuff as the earth. Venus's apparent lack of water vapor flies in the face of this 
position. The vertical profile of water vapor is also contrary to expectations. Rating: 2. 

Possible Explanations. Venus's water inventory may be normal but is locked up chemically 
or located below the surface. Another possibility is that the initial water complement was 
outgassed. Some extreme catastrophists claim that Venus is a recent addition to the inner 
solar system! 

Similar and Related Phenomena. The lack of water on the Venusian surface (AVE3); Venus's 
argon anomaly (AVW4). 

Examples 

X1. Space probe measurements. "Unfortu- 
nately, measuring accurately the amount of 
water vapor in an atmosphere is very diffi- 
cult. Even in connection with the Earth 
there persists much uncertainty about the 
amount of water vapor in the stratosphere. 
After the Venus mission of 1979 a similar 
state of confusion has developed concerning 
the amount of water vapor in the atmosphere 
of Venus. The neutral mass spectrometer 
of the large probe gave data that says there 
is less than 0.1% water in the atmosphere. 
A special optical device on the Venera 
probes found a small amount, too. Its 
measurements indicate that water decreases 

from 200 ppm at 50 km to 20 ppm at the sur- 
face. On the other hand, the probe gas 
chromatograph data show 0.52% at 42 km 
and 0.13% at 22 km---very much greater 
amounts."' (p. 147) (R2) Although these 
results are inconsistent, the total amount 
of water on Venus, which has no oceans or 
other surface water, is much less than that 
present on earth. (WRC) 

This anomaly is summarized in R2: "It 
is entirely unclear why there is so little 
water in the Venusian atmosphere. Has 
Venus formed without water? Is water hid- 

den in the crust, or was it lost during the 
planet's evolution? Why is the vertical pro- 
file of water vapor concentration so extra- 
ordinary?" (p. 187) (R2) 

X2. Outgassing of hydrogen suggested. 
"Abstract. The deuterium-hydrogen abun- 
dance ratio in the Venus atmosphere was 
measured while the inlets to the Pioneer 
Venus large probe mass spectrometer were 
coated with sulfuric acid from Venus' clouds. 
The ratio is (1.6 t 0.2) x 107-2. The hun- 
dredfold enrichment of deuterium means 
that at least 0.3 percent of a terrestrial 
ocean was outgassed on Venus, but is con- 
sistent with a much greater production. " 
(R1) 0.3% of a terrestrial ocean is not very 
much water. The question of the 'missing 
water' is still open. (WRC) 
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AVW3 Periodic Variation of CO, Absorption Lines 

Description. The 4-day cyclic variation in the intensity of the CO, absorption lines in the 
spectrum of Venus. 
tire planet. 

The fluctuations amount to about 20% and are sys Bens over the en- 
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Data Evaluation. A single series of high quality observations. Rating: 2. 

Anomaly Evaluation. The cause of this variation is difficult to determine. If, as the authors 
of R2 suggest, it is the planet-wide expansion and contraction of the atmosphere, the anomaly 
is highly significant. However, if the effect is due to the 4-day masking of the COo spectrum 
by circulating high-level clouds, the situation would be be so serious. Rating: 2. 

Possible Explanations. Periodic expansion and contraction of the Venusian atmosphere; the 
4-day-period passage of high-level obscuring and transparent areas in the atmosphere. 

Similar and Related Phenomena. The 4-day rotation of ultraviolet features in the Venusian 
atmosphere. 

Examples 

X1. Periodic phenomenon. "Astronomers 
are well enough acquainted with periodic 
variations in the light from the stars, but 
a variable planet is quite a different matter. 
However, the planet Venus shows regular 
changes in the spectrum of its atmosphere, 
according to four scientists at Caltech's 
Jet Propulsion Laboratory. The strengths 
of carbon dioxide lines in the Venusian at- 
mosphere swing through a four-day cycle. 

Over 20 years ago Gerard Kuiper noted 
day-to-day fluctuations in the infrared spec- 
trum of Venus, but no one has yet got tothe 
bottom of the basic cause of these changes. 
In order to study the oscillations, A.'r., 
L.G., and J.W. Young and J.T. Bergstrahl 
obtained spectra nightly during the autumn 
of last year. Their data on the carbon di- 
oxide line show an unmistakable oscillation. 

The observed variation is not exactly 
periodic, but more akin to a relaxation os- 

cillation in which the amplitude builds up 
on successive cycles and then suddenly col- 
lapses. In order to produce the observed 
changes the cloud deck of Venus must be 
moving up and down as much as one kilo- 
metre, simultaneously over the entire sur- 
face of the planet. Such a large atmospheric 
oscillation requires a high input of mechani- 
cal energy. This condition is difficult to 
account for in the case of a slowly rotating 
planet heated uniformly by the Sun's rays. 
Therefore the cyclic variations point to some 
unexplained deep-seated property of the 
atmospheric dynamics." (R1) (R2) 
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AVW4 Noble Gas Anomalies 

Description. The atmosphere of Venus contains approximately 75 times as much argon-36 

and 38 as the earth's atmosphere. Argon-36 and 38 are considered primordial isotopes of 

argon; that is, they were present when the solar system was first formed. Neon is 45 times 

more abundant on Venus than earth; krypton 3 times more abundant. In contrast, radiogenic 
argon-40 is only one-fourth as abundant on Venus. 

Background. Scientists fully expected that the inner planets would all have about the same 

fractions of primordial gases, since the prevailing model of solar system formation had them 

created at the same time from the same materials. Instead, the abundances of the primord- 

ial rare gases are much higher on Venus than on earth; and earth's abundances are much 

higher than those on Mars. 

Data Evaluation. The data from the several U.S. and Soviet probes to Venus are emphatic 

that the primordial rare gases, especially the isotopes of argon and neon, are much more 

common on Venus. There is some argument over precise absolute abundances however. 

Rating: 2. 
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Anomaly Evaluation. Initially, planetary scientists were greatly concerned about the rare gas 

anomalies, but relatively modest changes in the solar system formation model may suffice 

to explain the new data, as described below. Of course, the data are also consistent with 
some more radical solar system scenarios, but these theories are generally discounted. 
Rating: 2. 

Possible Explanations. The Venusian atmosphere may have been "salted" preferentially by 

primordial rare gases in the solar wind. The scarcity of argon-40 relative to-earth may be 

due to a lower level of volcanism and erosion on Venus which keeps the argon-40 (derived 

from potassium-40) sealed in the crust. Another theory has the dust grains accreting to form 
the planets surrounded by a gas whose pressure decreases rapidly with distance from the - 
sun; this allows the primordial gases to escape more readily from the grains farther away 

from the sun. Finally, Venus could in principle have formed elsewhere in the solar system 

and/or at a different time. 

Similar and Related Phenomena. The lack of water vapor in the Venusian atmosphere (AVW2); 
the many isotopic anomalies found in meteorites (AYE); a few vague ancient reports that the 
orbit of Venus changed in historical times (AVB3); isotopic anomalies in the Martian atmospher 
(AMWS5). 

Examples 

X1. Summary of space probe results. 
a rude shock was delivered to the planetary 
science community when an assay of the rest 
of the volatiles of the Venus atmosphere was 
made. The case of argon illustrates the 
point. There are two types of argon isotopes 
of interest to scientists studying planetary 
atmospheres. Radiogenic 49Ar, the most — 
abundant kind of argon in the Earth's atmo- 
sphere is produced by radioactive decay of 
potassium. Its abundance tells us about the 
primitive concentration of potassium and 
outgassing conditions throughout the 4. 5- 
billion-year history of the planet. On the 
other hand, 36Ar and 38Ar are primordial 
gases and they tell us about the early vola- 
tile content of planetary interiors and the 
early outgassing scenario. On the basis of 
carbon and nitrogen results, scientists ex- 
pected that there would be about as much 
6Ar and 38Ar in the atmosphere of Venus 

as in the atmosphere of Earth. Instead the 
mass spectrometers on the Pioneer and Ven- 

era landers found the concentrations of radio- 
genic *»Ar and nonradiogenic argon to be 
about equal. About 30 atoms in every million 
atmospheric molecules (or 30 parts per mil- 
lion (ppm)) were 36Ar. The gas chromato- 
graphs which could not distinguish among the 
various isotopes of argon supported the mass 
spectrometer results. Data from them sho- 
wed the total concentration as being between 
50 and 70 ppm. Since the atmosphere of Ve- 
nus contains about 75 times as many mole- 
cules as that of Earth this means that it con- 
tains 75 times as much 36Ar as the atmo- 
sphere of Earth. And yet the ratio of 38 Ar 
to 36Ar is almost identical to the terrestrial 
ratio. 

9 
eee 

One discordant note has been sounded by 

the neutral mass spectrometer on the Bus. 
It could not detect argon at 130 km. By ex- 
trapolation to the lower atmosphere this re- 
sult would seem to mean that there is less 
than 10 ppm of 36Ar in the atmosphere of 
Venus. Even this upper limit, however, 
does not explude the pe Sie that there 
is 25 times as much 2Ar in the atmosphere 
of Venus as in that of Earth. 

Examination of the case of neon, another 
‘primordial' rare gas, confirms the argon 
story. The Pioneer instruments and the 

Venera neutral mass spectrometer place 
the abundance of neon between about 4 and 
13 ppm---compared with 18.2 ppm for Earth. 
This puts the excess of neon on Venus at about 
45. The ratio of 22Ne to 2°Ne was measured 
as 0.07. In contrast with the argon isotopes, 
this ratio is lower than the value found on 
Earth (about 0.1), but is close to the solar 
ratio. 

Early analysis of data from the large 
probe's neutral mass spectrometer did not 
produce any publishable values for other 
rare gases---krypton and xenon. Neverthe- 
less, it was clear that the notion that Venus, 
Earth, and Mars were made up of materials 
containing the same endowment of volatiles, 
already shaken by the Viking results, had 
been completely destroyed by the data from 
Pioneer Venus. Why should Venus have been 
provided with only about twice as much car- 
bon dioxide and nitrogen as Earth and about 
50 to 100 times as much neon and non radio- 
genic argon? 

Analysis of the large probe's neutral mass 
spectrometer data has recently produced 
another surprise. Although the atmosphere 
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of Venus contains a large excess of neon 
and primordial argon, this is not so with 
‘two other rare gases. The absolute abun- 
dance of krypton is only about 3 times larger 
in the atmosphere of Venus than in that of 
Earth. There is much less than 30 times 
more xenon. In the grain accretion model 
there is no reason to expect the enrichment 
of one rare gas to be greater than another. 
In fact, a close look at the Mars data shows 
that from Mars to Earth the enrichment de- 
creases from a factor of about 220 for neon 
through 165 for argon, 110 for krypton, to 
30 for xenon. "'(R8) Some of the data reported 
above may also be found in Rl, R2, and R4. 

X2. Theoretical considerations. "One pos- 
sibility suggested after the early data from 
the Pioneer and Venera missions were re- 
vealed was that the planets were formed from 
dust grains in the solar nebula which were 
surrounded by gas at a pressure which di- 
minished rapidly with increasing distance 
from the center of the nebula. Since reactive 
volatiles such as carbon, nitrogen, and oxy- 
gen are chemically combined within the 
grains, while the rare gases are adsorbed 
from the surrounding gas in amounts de- 
pending on the pressure, the result would 
be that the grains forming the three planets 
would have about the same reactive volatile 
content but the rare gas concentration would 
decrease rapidly with increasing distance 
from the sun. This model also required that 
the nebula's gas temperature should be fairly 
constant and that for some reason, early out- 
gassing from Mars should be less efficient 
by a factor of 20 than from the other two 
planets." (R8) 

The following theory is looked upon with 
more favor than the preceding one. "Another 
way of looking at these results is to compare 
the ratio of 'primordial' argon to krypton on 
the terrestrial planets with the ratio on the 
Sun. In the solar atmosphere this ratio is 
4000, on Venus it is 1000, on Earth 50, and 
on Mars 40. Thus, the ratio gets more 
solar-like the closer the planet is to the Sun. 
This fact has suggested that perhaps the 
material which accreted to form the planets 
was exposed to a strong irradiation by gas 
of solar composition flowing away from the 
sun when the Solar System was being formed. 
If this were true the grains and small bodies 
that formed the planets would have a contri- 
bution of volatiles from the Sun in additionto 
the contribution from the nebular gas intheir 
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neighborhood. The material forming Venus 
may have received a much larger share of 
solar gases than the other planets because 
in intercepting most of the solar gas it would 
have shielded the outer regions of the Solar 
System from this gas." (R8) Additional in- 
formation of this theory may be found in R5, 
R6, and R7. 

The anomalously low abundance of argon-40 
on Venus may be explained in two ways: 

"Venus either started with considerably less 
potassium than Earth or is yielding up its 
argon from the interior more slowly than is 
Earth. The lack of widespread tectonism, 
the thicker and relatively plastic unfractured 
lithosphere, and the absence of surface ero- 
sion on Venus may be responsible for a slow 
escape of gases during the 4.5 billion years 
lifetime of the planet." (R8) 

Proponents of Velikovsky's theories wel- 
comed the rare gas anomalies, for Veli- 
kovsky had claimed that Venus had formed 
recently from Jupiter. (R3) 
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AVX TRANSIT PHENOMENA 

Key to Phenomena 

AVX0 _ Introduction 
AVX1__— Ring of Light around Venus during Contact Phase 

AVX0_ Introduction 

Transits of Venus are much more rare than those of Mercury. The last pair took place in 
1874 and 1882; the next pair occurs in 2004 and 2012! The only phenomenon of note seen 
during transits of Venus is the appearance of the so-called annular phase or Venus-seen-as- 
a-ring as the sun backlights the planet. This phenomenon provides some interesting varia- 
tions during the contact phase, as detailed below. 

The better-known "'black drop" effect is also obServed during the contact phase. It is not 
considered anomalous. A description may be found in AHX0. 

AVX1_ Ring of Light around Venus during Contact Phase 

Description. The appearance of a ring of light around Venus during the precontact, contact, 
and post contact phases of a transit of the sun. The anomalous facets of this phenomenon, 
which ostensibly is due to the refraction of sunlight by Venus's atmosphere, are: (1) The rare 
appearance of a bright bead, similar to a Bailey's Bead, on the ring; and (2) The wide range 
of times during which the phenomenon first appears---from several minutes before contact 
to several minutes after. 

Background. The basic phenomenon seems identical to Venus's ''annular phase", which gen- 
erally occurs near inferior conjunction; although Venus may be rather far from the sunduring 
these apparitions. Why is the phenomenon visible (or not visible) under such a wide range of 
backlighting ? 

Data Evaluation. High quality reports from several Nineteenth Century transits. Rating: 1. 
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Anomaly Evaluation. Simple refraction of sunlight should account for the basic phenomenon. 
However, the bead effect and the variability in timing remain unexplained facets. Rating: 3. 

Possible Explanations. The timing of the ring's appearance may be affected by dust and other 
"nollutants" in the Venusian atmosphere, much as the earth's atmosphere seems to control 
the darkness of lunar eclipses. Atmospheric ducting of sunlight might account for the pre- 
sence of a bead on the ring. 

Similar and Related Phenomena. Annular phase of Venus (AVO2); halo around Mercury during 
transit (AHX2); ring of light around the moon (ALO9); Bailey's Beads (ASX). 

Examples 

X1. December 10, 1866. Ring of light seen 
around Venus prior to contact. (R2) See 
AVO2 for details. 

X2. December 12, 1874. Ring of light seen 
around Venus prior to contact. (R1, R3) See 
AVO2 for details. 

X3. December 5, 1882. Observations of J. E. 
Keeler, Allegheny Observatory. "'As soonas 
first contact occurred, at 20h 44m 30s, I 
looked for indications of the atmospheric 
ring around the planet, having been reques- 
ted by Professor Langley to pay particular 
attention to the physical phenomena of the 
transit, but for the first three or four min- 
utes could see nothing of it. Shortly after- 
wards, however, I caught a feeble glimmer 
of light, almost star-like in appearance, on 
the limb of the planet farthest from the Sun, 
which at 20h 49m presented the appearance 
of a curved streak of very faint silvery light 
extending for a short distance along the mar- 
gin of the unimmersed portion of the planet's 
disc. The brightest part of this luminous 
arc was not directly opposite the Sun, but 
was situated about 20° to the west of a line 
joining the centres of the Sun and Venus. At 
the same time little horns of light, due per- 
haps to an optical illusion, appeared to rise 
from the cusps of the Sun at the margin of 

the planet, like the elevated rim of fluid 
which surrounds an immersed body through 

_ capillary action. 
As the planet advanced, the arc of light 

gradually extended and brightened, until at 
20h 54m, or nearly half way between first 
and second contacts, the unimmersed por- 
tion was completely surrounded by a lumi- 
nous ring. The light at the place on the mar- 
gin when it was first noticed, however, much 
exceeded in brilliance that of the adjacent 
portions, the brightest part extending along 
perhaps 30° of the planet's circumference, 
and on the western side the luminosity was 
more evident than on the eastern, when it 
was yet barely discernible. The juncture of 
the luminous arc, first observed with the 
western cusp of the Sun, to which it lay 
nearest, occurred before the eastern edge 
became visible. The marginal patch of light 
now presented the appearance of a local 
brightening of a continuous ring of light sur- 
rounding the planet, and according to my 
impression at the time, lay without its con- 

tour.'' (R5) Essentially the same events 
were observed elsewhere. (R4) 
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AVZ MAGNETIC FIELD OF VENUS 

Key to Phenomena 

AVZO Introduction 
AVZ1 ‘The Negligible Venusian Magnetic Field 

AVZ0_ Introduction 

One of the greatest surprises in scientific space exploration was the failure of spacecraft 
to detect an intrinsic magnetic field around Venus. This, coupled with the discovery of a 
magnetic field around Mercury where none was expected, has provided planetary scientists 
with a disturbing anomaly and a need to rethink the evolution of the inner planets. 

Venus's failure to conform to expectations in the matter of magnetic field and in several 
other ways (viz., rare gas inventories and slow, retrograde spin) seem to make the planet 
"odd man out" in the otherwise cozy inner solar system. Is it possible that Venus had a 
different time and/or place of origin? 

AVZ1 The Negligible Venusian Magnetic Field 

Description. The failure of space probes to detect any appreciable intrinsic magnetic field 
in the vicinity of Venus. 

Background. The scientific expectations prior to the direct measurements of Venus's mag- 
netic field are detailed in X3 below. Basically, planetary scientists originally believed that 
Venus would have an appreciable magnetic field, while Mercury would have no intrinsic field 
at all. Both suppositions proved wrong. 

Data Evaluation. All space probe measurements concur that the Venusian intrinsic magnetic 
field is negligible. Probes, however, do measure magnetic fields induced by the interaction 
between the solar wind and Venus's ionosphere. Rating: 1. 

Anomaly Evaluation. This is another anomaly involving unfulfilled expectations. Given that 
Venus's sister planets, earth and Mercury, both have intrinsic fields, the implication is 
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that Venus is substantially different internally from both. Venus with a different composition 
and/or evolutionary history is an important anomaly. Rating: 2. 

Possible Explanations. Venus may be different compositionally from earth and Mercury. This 
difference may not be due simply to its different position in today's solar system and its as- 
sumed similar location when the planets accreted. Both earth and Mercury have intrinsic 
fields, and one would think that if Venus formed in its present position it would have an in- 
trinsic field, too. 

if it was formed where it now orbits. 

Its composition should not be radically different from its sister planets 
Implication: it may have formed elsewhere in the solar 

system. Venus's slow spin may be a factor in suppressing dynamo action, but Mercury's 
spin period is also long and it does generate an intrinsic field. The core of Venus may not 
be hot enough for fluid convection and consequent dynamo action. The planet may be defici- 
ent in heat-generating potassium-40---a possibility underscored by Venus's low abundance 
of argon-40, a daughter of radioactive potassium-40. (AVW4) 

Similar and Related Phenomena. The deficiency of argon-40 in the Venusian atmosphere 
relative to earth (AVW4); the intrinsic magnetic field of Mercury (AHZ1); the general dif- 
ficulty geophysics has in accounting for the terrestrial magnetic field (EM). 

Examples 

X1. Early inference of a strong intrinsic 
magnetic field. J. Houtgast, of Utrecht, 
estimated in 1955 that Venus's magnetic 
field was roughly five times as strong as 
that of earth. Studying magnetic records 
.for the earth from 1884-1953, he found that 
there is a marked drop in terrestrial mag- 
netic activity as Venus passes through in- 
ferior conjunction. Venus, he surmised, 
provides a magnetic shield that deflects 
the solar wind away from the earth. (R1) 

X2. Summary of U.S. and Russian space 
probe results. None of the several space 
craft sent to Venus has provided any evi- 
dence of an intrinsic magnetic field. In- 
duced magnetic fields arising from the in- 
teraction of the solar wind with Venus's 
ionosphere do exist. (R2-R4) The deflection 
of the solar wind by virtue of this interaction 
with the Venusian ionosphere could, in prin- 

ciple, account for Houtgast's results in X1. 

(WRC) 

X3. General observations. 'One of the prin- 
cipal unsolved problems of geophysics is 
the nature of the source of the terrestrial 
dynamo that generates the magnetic field 
of the earth. Scientists hoped that a mea- 
sure of a magnetic field of Venus, a planet 
which appears in many respects to be atwin 
of earth, would help clarify the effect of 
spin rate on the dynamo process. Venus 
spins on its axis much more slowly than 
does earth. A Venus day is 243 earthdays. 
Dynamo theories predict that a planetary 
dynamo, such as the one generating the field 
of the earth, should depend on spin rate. If 

a Venus dynamo were identical to earth's, 
but weaker in proportion to the spin rate, 
the planet would have a magnetic field that 
would easily be detectable. But it doesnot. 
Other factors must be at work. 

A planetary magnetic dynamo requires 
a highly electrical conducting fluid core. 
The absence of a conducting core may ex- 
plain why earth's satellite, Moon, does not 
have a magnetic field, but it does not ex- 
plain the absence of a field on Venus. Under 

the temperatures and pressures present in 
the core of Venus there should be a highly 
conducting fluid. However, the composition 
and electrical conductivity of the fluid may 
be different from that of earth. Although 
Venus appears to be earth's twin in size, it 
may not be a twin in chemical composition 
since it was formed at a different place in 
the solar nebula and presumably at a dif- 
ferent temperature." (R4) 
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ultraviolet emissions, AHF1 

white spots, AHO3 
Moon, AL 

ages, surface, ALE15, ALE17, ALE18, 



Subject Index 

ALE20 
asymmetry, ALE1, ALE11 
changes, recent, ALE22, ALF2 
clouds and mists, ALW1 

color phenomena, ALF4 

craters, banded, ALO3 
dark-halod, ALE12 
distribution, ALE9 

persistence, ALE20 
doubling of detail, ALO1 
dust accumulation, ALE15 
earth-moon acceleration, ALB4 
earth-shadow distortion on eclipsed 

moon, AJX2 

eclipses, bright, ALX5 
dark, ALX1 

fingers of light, ALX3 
glasses, ALE8 
glows of occulted planets, ALX12 
ice-shaped features, ALE4 
infrared anomalies, ALF1 
instability, orbital, ALB1 
ion clouds, ALW2 
layered structures, ALE7 

limb distortion, ALO6 
light flashes, ALF3 
lightning, ALF6 
lineaments, ALE7, ALO4 
luminescence, ALF5 
magnetic anomalies, ALZ1 

correlated with swirls, ALZ3 
mascons, ALB4-X3, ALE2-X2, ALE21, 

ALLI1 
obscurations, ALW1 

orbital anomalies, ALB2, ALB3 
origin, ALB4, ALE19 

patches on eclipsed moon, ALX4 
polar wandering, ALZ1-X4 
post-eclipse changes, ALX9 
post-sunset horizon glow, ALO11 
projection of stars and planets on limb, 

ALX8 
propagation of radio signals from oc- 

culted spacecraft, ALX10 
radioactivity concentrations, ALE6, 

ALE13 
rays, ALE3 

rilles, ALE2 
ring of light, around new moon, ALO9 

around partially eclipsed moon, ALX11 
rivers, ALE2 

satellite impacts, ALZ4 

satellites, natural and artificial, ALL1 
swirl markings, ALE5, ALZ3 
transient lunar phenomena, ALF3, ALF4, 

ALW1 
triangular patches under moon, ALO8 
variable spots and streaks, ALO2 
vegetation, evidence for, ALO2 
volatiles, ALE16 
zodiacal light, ALO5 
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Neith, satellite of Venus, AVL1 
Neptune, AN 

intrinsic heat, ANF1 
moons, disarray, ANL1 

orbital residuals, ANB1 
ring, ANL2 
variable brightness, ANO1 

Occultation phenomena, Jupiter's satellites, 

AJX 
Mercury, AHX 

Moon, ALX 

Phase dichotomy, Mercury, AHO1-X4 
Venus, AVO4 

Phobos, anomalous acceleration, AML3 
grooves, AML2 

Planet X, ANB1-X2 
Plato (lunar crater), 

obscurations, ALW1-X6, ALW1-X18, 
ALW1-X19, ALW1-X31 

transient luminous phenomena, ALF3 
variable spots and streaks, ALO2-X1, 

ALW1-X18 
Pluto, p. 259 , 
Polar wandering, Mars, AME11, AME13 

Moon, ALZ1-X4 

Radio emissions, Jupiter, AJF2 
Saturn, ARF1 
Uranus, AUF1 

Radio propagation phenomena, moon-occulted 
spacecraft, ALX10 

Radioactivity, Moon, ALE6, ALE13 
Relativity, General, AVB2 

Mercury's perihelion advance, AHB1 
Resonances, Mercury spin-orbit, AHB4 

Venus-earth, AVB1 
Ring-of-light phenomenon, Mercury, AHO6 

Moon, ALOY, ALX11 

Venus, AVO3 

Saturn, AR 
electrostatic discharges, ARF1, ARL3 
Hyperion, chaotic rotation, ARL12 
Iapetus, dark face, ARL7 
intrinsic energy, ARF2 
moons, crater densities, ARL15 

densities, ARL13 
radio emissions, ARF3, ARF1, ARL3 
rings, age, ARL16 

changes in historical times, ARL9 
discovery, ARL1 

eccentricities and asymmetries, ARL11 
fine structures, ARL14 
gaps, ARL10 
kinks, ARL6 
knots,, ARL2 
shadows on, ARL4 
spokes, ARL5 
spots on, ARL3 
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Titan, variable brightness, ARL8 
Schroeter phenomenon, AVO4 
Solar activity correlations, great red spot 

prominence, AJW1 
lunar eclipse brightness, ALX5-X6 
lunar luminescence, ALF5 
Martian ice-cap melting, AME12 
Neptune's brightness, ANO1 
Titan's brightness, ARL8 
Uranus's brightness, AUO1 

Solar system, stability, AHB2, ALB1 
Sun, oblateness, AHB1 

See also Solar activity) 
Superheavy elements, ALZ1-X4 

Superrotation, earth's atmosphere, AGLI1 
Venus's atmosphere, AVW1 

Swirl markings, Mercury, AHE3 
Moon, ALE5S - 

correlated with magnetic anomalies, 
ALZ3 

Tharsis bulge (Mars), AME11, AME23 
Titan, variable brightness, ARL8 
Transit phenomena, Jupiter's satellites, 

AJX 
Mercury, AHX 

Venus, AVX 
Tycho (lunar crater), rays, ALE3 

Uranus, axial inclination, AUB1 

periodic brightening, AUO1 
radio emission changes, AUF1 
ring phenomena, AULI1 

Subject Index 

Venus, AV 
annular phase, AVO2 
ashen light, AVO3 
argon anomaly, AVW4 
atmospheric superrotation, AVB1-X1, 

AVW1 
black drop effect, AHX0 

bright spots, AVO7 
cusp phenomena, AVO1 
dark limb darker than sky, AVO5 
flickering light, AVO9 
infrared structures, AVF2 
intrinsic energy, AVF3 
length of day, AVB1 
lineaments, AVO6 
Maedler phenomenon, AVO8 
magnetic field, AVZ1 

noble gas anomalies, AVW4 
orbital changes, AVB3 
phase anomaly, AVO4 
perihelion advance, AVB2 
ring of light, AVO2 

during transit, AVX1 
ring structures, AVE4 
rocks, layered, AVE2 

sharp-edged, AVE1 
satellite (Neith), AVL1 
shadows, sharp, AVF1 

spin-resonance with earth, AVB1 
spoke system, AVO6 
terminator irregularities, AVO10 
water, lack of, AVE3, AVW2 

Zodiacal light, Moon, ALO5 
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