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THE PLANETS AND EARTH'S MOON

Earth's
Mercury | Venus Earth Mars Jupiter Saturn Uranus Neptune | Pluto Moon
Mean distance from Sun Distance
in millions of km 57.9 108.2 149.6 2279 778.3 1,427 2,869.6 4,496.6 | 5.900 from Earth:
in astronomical units | 0.38 0.72 1.00 1.52 5.20 9.54 19.18 30.07 39.44 384,400 km
8 .
g Equatorial diameter
5 inkm 4,880 12,104 | 12,756 6,787 142,800 120,000 51,800 49,500 3.000(?}{ 3,476
Q in Earth diameters 0.38 095 1.00 053 11.19 941 4.06 3.88 0.24 (?) | 0.272
©
g Mass compared to Earth | 0.055 0815 1.000 0.108 3179 952 14.6 17.2 ' 0.025 (?) 0.0123
§ Volume compared to 0.06 0.88 1.00 0.15 1,316 755 67 57 0.013 ()] 0.0203
Z Earth
[-%
Density in gram/cm3 | 5.4 5.2 55 39 13 0.7 1.2 1.7 1.00(7) | 334
{water = 1.00)
Period of revolution 88.0d 2247d| 365.26d | 687d 1186y 2946y 8401y 1648y | 2477y | Around
Earth:
n 27.32d
©
g Period of rotation 58d15h| -243d*| 23h56m| 24 h37m| 9h50m | 10h14m| -10h49m* 12-20h | 6d9h 27.32d
S at equator 52 m 20m
©
g Mean orbital velocity 47.90 35.05 29.80 2414 13.06 9.65 6.80 5.43 4.74 1.02
o in km/sec
£
§ Obliquity <28° 3° 23°27" 23°59' 3°05' 26°44' 82°0%' 28°48' 120° (7)| 8°4"
[a)
Orbit eccentricity 0.206 0.007 0.017 0.093 0.048 0.056 0.047 0.009 0.248 0.055
Surface gravity 0.37 0.88 1.00 038 2.64 1.15 1.17 1.18 045(?) | 0.16
compared to Earth - .
Escape velocity 42 10.3 na 5.0 61 37 22 25 ? 24
9 {(km/sec)
é Most abundant ] Hydrogen, | Hydrogen,
8 atmospheric gasses None Carbon | Nitrogen, | Carbon Hydrogen, | Hydrogen, | helium, hetium, None None
_§:° dioxide | oxygen dioxide helium helium methane methane |detected
]
] Mean temperature (°C) | 350d 134 d
& at visible surface 170 n 480 22 23 - - - - 230 (» | -153n
3 at cloud tops - -33 - - -150 -180 -210 -220 - -
Atmospheric pressure 109 90,000 | 1.000. 6 R hid 2 ? ? None
near surface in . (sea level)
millibars
Number of confirmed 0 0 1 2 16 17(?) 5 2 1(7) 0
natural sateliites andrings | and rings | and rings

*Minus sign indicates retrograde rotation

**No apparent surface

y = years

d = days

h = hours

m = minutes
. n = night
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PREFACE

This book is the outgrowth of a short course in Planetary
Geology, conducted in the Spring of 1976 for high school science
instructors from Fairfax County, Virginia, organized by Peter H.
Schultzt and Ronald Greeley, then of the University of Santa
Clara, California. William Johnson, Fairfax High School Earth-
Science Instructor, and Lee Ann Hennig, Fort Hunt High School
Planetarium Director, were participants in the short course and
agreed to take a primary role in preparing a previous edition of
this book entitled Curriculum Guide in Planetary Geology for
Earth Science Instruction. Using material from the short course,
Johnson and Hennig tested some of the exercises in the classroom.
From their experience, conversations with other participants,
and use at Arizona State University, the exercises were modified
for incorporation within this edition. Greeley and Schultz edited
and guided the various drafts of the original curriculum guide;
D'Alli enlarged and edited that guide into the present version.

We recognize the need for continued classroom testing of
the material included in this book. User comments and sugges-
tions for improvements are solicited and welcomed.

Richard D'Alli & Ronald Greeley, 1982
Department of Geology

Arizona State University

Tempe, Arizona 85287

tCurrent address:  Lunar and Planetary Institute
3303 NASA Road 1
Houston, Texas 77058
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INTRODUCTION

Contemporary earth science courses gen-
erally include a modest introduction to the
solar system. The justification is reasonable
enough: the challenge of the earth sciences is
to understand the natural processes of the
terrestrial environment, and the sun and
planets are part of that total environment. But
there are more compelling arguments for an

expanded, perhaps central, role that curricu-
lum planners should consider giving to plane-
tary science. Those arguments, a few of which
are outlined below, have inspired NASA to
conduct short courses in lunar and planetary
science for earth science teachers at the second-
ary and college level. This book isa revised edi-
tion of the results of one of those short courses.

THE PLANETARY PERSPECTIVE

Few, if any, natural phenomena can ever
be understood in a figurative vacuum, isolated
from their relationship with other natural
phenomena. The planet Earth, even taken as
one, enormous entity, is no exception. The
natural forces that have driven Earth’s evolu-
tion and shaped its surface are most likely
operating elsewhere in the solar system. It is
the job of the earth scientist to recognize
those forces on all planets and explain why
they are manifested on our world in ways that
seem familiar, and on other worlds in ways
that may not.

The earth scientist is also concerned with
earth materials, the building blocks of this
planet. If there has been one illuminating by-
product of space exploration, it has been the
emergence of a unifying vision of the birth
and growth of planets. Pictures of the planets
sent back by spacecraft strongly suggest the
fraternity of the inner planets. Rocks and soil
brought back from the Moon bear remarkable
similarity, and of course, important differ-
ences, to earth materials. Even spacecraft
pictures of the jovian satellites, planets them-
selves by right of size, have astounded scien-
tists with their exotic, but recognizable
surface materials. The American geologist
T. C. Chamberlin (1843 - 1928) once wrote
that when approaching a scientific problem, it
was most important to maintain several—not
just one—working hypotheses. Prior to space

travel by man and machines there were, in
fact, only terrestrial examples of planet-
making materials and processes. Now it has
become possible to take that all-important,
scientific step of devising general theories
from a collection of working hypotheses. The
multiple working hypotheses come from the
scenes of extraterrestrial environments.

A major goal of science is prediction.
Once primitive, generalized theories are for-
mulated, experiments are designed to test the
theories by their predictions. Some experi-
ments that could address the problems of
earth scientists simply cannot be performed
on Earth, in a laboratory or otherwise, because
of their monumental proportions. What could
be more illustrative, elegant, or challenging
than to consider the other planets as great
experiments running under conditions differ-
ing from those on Earth? The result may be
not only to gain insight into planetary scale
problems, but also to escape the somewhat
limited and often myopic earthbound view of
nature.

Along these same lines, there is further
reason to incorporate planetology into the
study of earth science. The earth scientist is
painfully aware that the dynamic processes
active on Earth today have virtually wiped
clean the very record of their own history.
However, relicts and indirect evidence of our



own deep past exist in various states of pre-
servation on other planetary surfaces. A
common tactic used by scientists to under-
stand complex systems is to study simpler,
analogous systems. While the Earth is a
complex, turbulent, and sometimes delicately
balanced system, the other planets may
represent stages in the evolution of that
system that, for one reason or another, have
been arrested in their development. To avoid
a touch of geocentric parochialism it must be
said that the Earth may well be a simpler case
of more complicated but as yet unstudied
planets.

Finally, the study of the Earth and planets
on a grand scale is not without practical bene-
fits. Better analysis of the characteristics and
motions of the atmosphere, sea, and exposed
solid crust has proven to be of economic and
cultural value. Meteorologists, for example,
have been observing Earth’s weather since

Ben Franklin’s day. What has been missing is -
another model, another atmosphere to study,

where the variables are different, but- the

dynamics are as definitive. We just may have

found those requirements in the atmospheres

of Venus, Mars, Jupiter, and Saturn.

We are living in a time of revolutionary
discoveries in earth science. Although we lack
the historical perspective to say for certain, it
is possible that the fundamental work in earth
and planetary sciences over the last 20 years
will be likened to Galileo turning the first
telescope toward the heavens. From a scien-
tific standpoint, and perhaps also from that of
a curriculum planner, earth science is a special
case of the more general planetary or solar
system sciences. This then, if for no other rea-
son, is the motivation to study other worlds,
to learn more about that celestial neighbor-
hood in which we occupy a small, but life-
sustaining place.

ABOUT THIS BOOK

Science education has been and will con-
tinue to be an integral part of any scientific
endeavor. When the National Aeronautics and
Space Administration was created by act of
Congress in 1958, its charter required the
agency to “. .. provide for the widest practi-
cable and appropriate dissemination of infor-
mation concerning its activities and the results
thereof.” Part of that responsibility includes
introducing young students to the scientific
and practical results of space exploration.
This volume has been designed to do just that.

In the spring of 1976 a “‘Planetary Geology
Short Course” was conducted by NASA in
cooperation with the University of Santa Clara
and the Fairfax County, Virginia, Public
School System. The participants were earth
science teachers and planetarium directors
from the northern Virginia school system.
The objective of the short course was to

introduce the teachers to activities in (and
sources of information about) planetary geo-
logy, which could be used in their classrooms.
Specific topics were discussed by noted
scientists who specialize in lunar and plane-
tary geology, climatology, geochemistry, and
other related fields. Many of the activities in
this book are adaptations of actual exercises
used in the short course. The course was
directed by Dr. Ronald Greeley, presently at
Arizona State University, and Dr. Peter Schultz
of the Lunar and Planetary Institute in
Houston.

The activities in this book have been
designed either to supplement or to introduce
topics usually encountered in earth science
courses. Consistent with the rationale outlined
in the preceding paragraphs, most activities
deal with new concepts in planetary geology,
but, when generalized to include terrestrial



processes, can illustrate broad problems in the
earth sciences. The exercises have not been
keyed to any particular text; rather, each one
can and should address concepts as indepen-
dent units. There is no implied preferred
sequence of presentation or level of sophisti-
cation based on the order of appearance of
the activities.

Depending upon the persuasion of the
instructor, most activities can be adapted to
almost any level of instruction, theoretically
from elementary school to undergraduate, by
the appropriate modification of the questions
and adjustment of expectations for answers.
A list of suggested correlations of activities
with topics commonly covered in earth science
courses has been included for the convenience
of the instructor.

ACKNOWLEDGEMENTS. Many people de- -
serve credit for the development of this
book. Innumerable students in short courses
and regular session classes, as well as NASA
scientist-contributors, so freely gave their
time, thoughts and valuable criticisms.
Typesetting and production were done
by Carol Rempfer. Sue Selkirk and Mary
Milligan provided the artwork and drafting.
Bill Knoche spent endless hours in the dark-
room preparing the figures. Lisa Halliday
assisted the editors while a NASA Planetary
Geology Intern. Finally, we gratefully ac-
knowledge Stephen E. Dwornik and Joseph
M. Boyce, Planetary Geology Program, NASA
Headquarters, Washington, D. C., without
whose continuing support and sponsorship
neither the short courses nor this book would
have been possible.

SPECIAL NOTE TO THE TEACHER

This publication is not a conventional
activity workbook. There are several important
points that instructors should bear in mind
while using it.

Each activity is printed twice, once in a
format suitable for classroom use, and again in
the same format with answers and sugges-
tions inserted in the appropriate blanks. This
eliminates the need to refer to an answer key
listed either in a separate publication or in a

compact addendum, It should also be a con-
venience for the teacher.

No copyright laws apply to this publica-
tion. Duplication or reprinting of any or all
materials are strongly encouraged.

lt is our hope that this book can be a
valuable resource in teaching the physical,
Earth, and space sciences.

Planetary Geology Program
Arizona State University
Tempe, Arizona 85287
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THE LUNAR PHASES

The activities presented in this unit deal with observing the changing lighting conditions on
the Moon. The Sun appears to rise and set over the lunar surface just as it does on Earth, but with
a major difference: instead of the average twelve hours between sunrise and sunset there are nearly
two weeks in one lunar day! After performing the simulations on the following pages, it should

be easier to visualize how that might look on the Moon, and why that translates into phases of the
Moon as seen from Earth.

(Instructor’s Note)

There are three levels of questions in the activity: those plainly numbered, those with a
single asterisk, and those with a double asterisk. This is an attempt on the part of the authors to
judge the difficulty of the questions. Those without an asterisk should be the least difficult, those
with a double asterisk, the maost difficult.




Name _

Class ___ Date

UNDERSTANDING THE PHASES OF THE MOON

OBJECTIVES
1. To simulate the phases of the Moon with classroom models.
2. To demonstrate the effects of the special revolution and rotation rates of the Moon.
3. To generalize these findings to the other planets.

MATERIALS
1. Floodlamp in bowl-shaped socket/reflector
2. Sphere, ball or globe close to or larger than 20 cm (8") in diameter
3. Grease pencil or chalk to mark the sphere
4. Pencil and paper

For use with optional advanced activity:

35 mm camera, preferably with at least a 135 mm telephoto lens
Plus-X or Panatomic-X black and white film and processing materials
Tripod ‘

Protractor, preferably with a string-and-weight plumb line

ol L

Many legends have been passed down through history to explain the daily changes in the
fraction of the face of the Moon that is illuminated. Of course scientists have known for hundreds
of years that the revolution of the Moon around the Earth in space causes these changes in illu-
mination, or phases of the Moon. A

The Moon, just as everything else we see in our natural environment, is illuminated by
light from the Sun. We see it because it reflects that light back to Earth.

Since the Moon revolves around (orbits) the Earth, it comes between, but not always in
front of, the Sun and the Earth once a month, and similarly moves behind, but not always directly
behind, the Earth. You will now demonstrate how this creates phases.

PROCEDURE AND QUESTIONS

1.  One student should sit in a chair and represent the Earth. Fasten the floodlamp to some
stable object one meter (3’) above the floor and 2 meters (6’) away, pointing toward the
chair. /t is recommended that a student not hold the lamp, because it will get very hot.
Another student, holding the sphere about one meter above the floor, will walk in a circle
counterclockwise around the chair about one meter away, stopping at every position marked
by a circle in the diagram.

2.  Turn on the floodlamp. The student in the chair (Earth) should draw in the nine opencircles
(positions of the Moon) on the diagram how the Moon appears to be illuminated.
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The Moon about 4 days old. This phase is called The Moon 7 days old. This is the first quarter

the waxing crescent. Waxing means "‘growing,” phase that occurs when exactly one-half of the

while any phase between new and first quarter Earth-facing (nearside) hemisphere of the Moon

is crescent shaped. is illuminated. The bright half faces the western
horizon.

The Moon a little more than 10 days old. This The Moon 14 days old. This is the familiar full
is known as the waxing gibbous phase. Gibbous Moon. The exact moment of full Moon occurs
means any fraction of illumination between when the Moon is precisely opposite the Sun in
half (first or last quarter) and full. the sky. Notice that the craters are not as dis-

tinct but the ray patterns show up very well.

Fig. 1.1: Telescopic photographs of the Moon. The total length of time required for the Moon to go
through one complete cycle, called the synodic month, is 29% days.
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The Moon 18 days old. This is called the waning The Moon 22 days old. This is the last quarter
gibbous phase. Waning means “‘shrinking.”” Any Moon. Exactly half of the Earth-facing hemi-
phase between full and last quarter is known as sphere is lighted. The bright half faces the

waning gibbous. eastern horizon.

The Moon a little more than 24 days old. This The Moon 26 days old. This is also a waning
is an example of the waning crescent phase. crescent occuring just before new Moon, begin-
ning a new cycle.

(Photos courtesy of E. A. Whitaker, University of Arizona.)
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Study the photographs of the Moon in Fig. 1.1 and 1.2. Write the name of the phase repre-
sented by each of the positions of the ““Moon’’ in the preceding diagram.

A = C
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Is only one-quarter of the surface of the Moon illuminated during the first-quarter moon?

Look at the picture of the full Moon in Fig. 1.1. Why do you think some places on the face
of the Moon are brighter than other places?

Would you expect the reflected spectrum of moonlight to match the spectrum of sunlight?
Why or why not?

You can see from the photographs in Fig. 1.1 that the Moon always keeps the same fea-
tures pointed toward the Earth. Mark the sphere (Moon) on its equator with a large X.
The student holding the sphere should line up the X with some object in the classroom.
Then he should walk around the chair (Earth) keeping the X constantly lined up with the
distant object. This represents an orbiting Moon that does not spin (rotate). The student
representing Earth should describe what he sees in the space below. Discuss.

Now the student holding the Moon should walk around the chair always keeping the X
pointed toward the chair (Earth).

How fast must the Moon rotate so that the same features are always seen on Earth?

Is the far side (the face we never see) ever illuminated? |f you think it is, then when and
why?
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%15, Propose a reason for the Moon always keeping the same face toward Earth (period of rota-
tion = period of revolution). '

Fig. 1.2: A most unusual new moon. Because the orbit
of the Moon is not level with the Earth’s orbit around
the Sun (the Moon’s orbital plane is inclined 5° to the
ecliptic), the new moon does not always line up pre-
cisely between the Earth and Sun. But periodically
it does, casting a shadow down to the Earth’s surface.
This produces the solar eclipse shown here. Photo by
Richard D’Alli.




UNDERSTANDING THE PHASES OF THE MOON

(Instructor’s Key)

G

OF

O

D

C

Study the photographs of the Moon in Fig. 1.1 and 1.2. Write the name of the phase repre-
sented by each of the positions of the "Moon'" in the preceding diagram.

A. new moon B. waxing crescent C. first quarter
D. waxing gibbous E. full F. waning gibbous
G. last quarter H. waning crescent

How long does it take for the Moon to complete one orbit of the Earth?
27 1/3 days

How long is it between new moon and full moon?

about 14 days

How long is it between full moon and either quarter moon?

about 7 days
ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPMNR
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Is only one-quarter of the surface of the Moon illuminated during the first-quarter moon?

No.

Look at the picture of the full Moon in Fig. 1.1. Why do you think some places on the face
of the Moon are brighter than other places?

The dark patches, or lunar maria, are depressions filled with basaltic lavas which are inherently
darker than the predominantly anorthositic rocks of the cratered highlands. The maria are
also significantly smoother than the rugged cratered highlands (topographic control of reflection).

What does the ''quarter" refer to in the label first-quarter?

It is one quarter of the way through its phase cycle (or orbit).

Would you expect the reflected spectrum of moonlight to match the spectrum of sunlight?
Why or why not?

No, although the Moon is illuminated by a continuous, white-light spectrum, its reflectance
spectrum is controlled by the chemical and physical properties of the surface rocks.

You can see from the photographs in Fig. 1.1 that the Moon always keeps the same fea-
tures pointed toward the Earth. Mark the sphere (Moon) on its equator with a large X.
The student holding the sphere should line up the X with some object in the classroom.
Then he should walk around the chair (Earth) keeping the X constantly lined up with the
distant object. This represents an orbiting Moon that does not spin (rotate). The student
representing Earth should describe what he sees in the space below. Discuss. '

The Earth should see the X appear to rotate around the Moon’s axis.

Now the student holding the Moon should walk around the chair always keeping the X
pointed toward the chair (Earth).

How fast must the Moon rotate so that the same features are always seen on Earth?

It must rotate at the same angular speed with which it revolves; that is, it must take the same
time to complete one spin on its axis as one revolution about the Earth.

Is the far side (the face we never see) ever illuminated? |f you think it is, then when and
why?

Yes. It goes through phases also. During new moon as defined on Earth, the far side is
fully illuminated as seen from the Sun.
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Propose a reason for the Moon always keeping the same face toward Earth (period of rota-

tion = period of revolution).

One suggestion has been a gravitational lock with Earth since the Moon’s center of mass is offset from the

center of figure toward Earth.

10

Fig. 1.2: A mostunusual new moon. Because the orbit
of the Moon is not level with the Earth’s orbit around
the Sun (the Moon’s orbital plane is inclined 5° to the
ecliptic), the new moon does not always line up pre-
cisely between the Earth and Sun. But periodically
it does, casting a shadow down to the Earth’s surface.
This produces the solar eclipse shown here. Photo by
Richard D’Alli.
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UNDERSTANDING THE PHASES OF THE MOON

(Intermediate Activity)

PROCEDURE AND QUESTIONS

A

Remove the chair. The student representing Earth should stand up. You will now simulate
the motions of Earth and Moon day by day. Turn on the floodlamp. Place the Moon near the
lamp, but do not block the light. The student representing the Earth should stand so that the
Moon and Sun are immediately to his left. The Earth (student) should then begin a slow turn
on his heels (rotation) counterclockwise. /n the same time it takes for the Earth to complete
one rotation, the Moon (student) should advance about 20 cm counterclockwise in a circle
still 1 meter from the Earth. The student representing Earth should now describe exactly
what he sees by using the following questions as a guide.

When you begin this activity, it is 6 am on the day of the new moon. How do you know this?

REPEAT THE INSTRUCTIONS FOR 6 MORE EARTH ROTATIONS.
In what phase is the Moon now?

What time does this phase of the Moon rise above the horizon? (Hint: You can tell this
from the position of the Sun.)

REPEAT THE INSTRUCTIONS FOR 7 MORE EARTH ROTATIONS.
What time does the full moon rise?

11




8. Fill in the blanks in the table below:
PHASE MOONRISE MOONSET
New 6 am 6 pm

1st Quarter
Full
Last Quarter
FOR DISCUSSION AT ALL LEVELS
9. When Galileo first turned his telescope toward the heavens in 1609, he wrote: The Mother of
Love rivals the phases of Cynthia: that is, Venus imitates the phases of the Moon.T This
fundamental discovery can be restated to say that all planets nearer to the Sun than the

Earth go through phases as seen from Earth. Why? The outer planets (Mars and beyond)
never show a complete set of phases to us. Why?

TFrom Omer et al., Physical Science: Men and Concepts, University of Florida Press, copyright 1969.

12




UNDERSTANDING THE PHASES OF THE MOON
(Intermediate Activity)

(Instructor’s Key)

PROCEDURE AND QUESTIONS

1.

Remove the chair. The student representing Earth should stand up. You will now simulate
the motions of Earth and Moon day by day. Turn on the floodlamp. Place the Moon near the
lamp, but do not block the light. The student representing the Earth should stand so that the
Moon and Sun are immediately to his left. The Earth (student) should then begin a slow turn
on his heels (rotation) counterclockwise. /n the same time it takes for the Earth to complete
one rotation, the Moon (student) should advance about 20 cm counterclockwise in a circle
still 1 meter from the Earth. The student representing Earth should now describe exactly
what he sees by using the following questions as a guide.

When you begin this activity, it is 6 am on the day of the new moon. How do you know this?
Both the Moon and Sun are exactly on the eastern horizon (assuming the observer is “looking south”’).

In which direction has the Moon moved in the sky relative to the Sun?

The Moon has drifted behind or moved eastward from the Sun.

REPEAT THE INSTRUCTIONS FOR 6 MORE EARTH ROTATIONS.
In what phase is the Moon now?

It should be in first quarter, 90° eastward (behind) the Sun.

What time does this phase of the Moon rise above the horizon? (Hint: You can tell this
from the position of the Sun.)

Noon.

REPEAT THE INSTRUCTIONS FOR 7 MORE EARTH ROTATIONS.
What time does the full moon rise?

Six pm or sunset.
What time does the full moon set?

Six am or sunrise.

13
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Fill in the blanks in the table below:

PHASE MOONRISE MOONSET
New 6 am 6pm

1st Quarter 12 noon 12 midnight
Full 6 pm 6 am
Last Quarter 12 midnight 12 noon

FOR DISCUSSION AT ALL LEVELS

When Galileo first turned his telescope toward the heavens in 1609, he wrote: The Mother of
Love rivals the phases of Cynthia: that is, VVenus imitates the phases of the Moon.v This
fundamental discovery can be restated to say that all planets nearer to the Sun than the
Earth go through phases as seen from Earth. Why? The outer planets (Mars and beyond)
never show a complete set of phases to us. Why?

The inner planets periodically pass between the Sun and Earth and continue in their orbits behind the Sun.
When viewed from Earth (outside their orbits), the inner planets show us their dark hemispheres when they
pass between the Earth and Sun. They are fully illuminated when they pass behind the Sun (see diagram).
The planets outside Earth’s orbit will always appear nearly fully illuminated since the Sun is always “‘to our

back’”” as we look outward.

VENUS GOES

V2 seen from E2
THROUGH PHASES

V1 seen from E1

O

M‘I seen from E1 MARS DOES NOT

: GO THROUGH PHASES

M2 seen from E3

TFrom Omer et al., Physical Science: Men and Concepts, University of Florida Press, copyright 1969.

14
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UNDERSTANDING THE PHASES OF THE MOON

(Optional Activity)

PROCEDURE AND QUESTIONS

Each student should actually observe the Moon through at least two complete cycles. The
student should go outside to a safe location with an unobstructed view of the eastern hori-
zon at the same time (say, 9:00 pm) every night. Beginning on the night of a new moonf,
the student should record the date, time, sketch the phase, and estimate the approximate
altitude in degrees above the horizon. A table similar to the one below should be kept:

DATE TIME SKETCH OF PHASE ALTITUDE

_ about 45° above
Oct. 28, 1979 9:05 pm western horizon
cloudy

Oct. 29, 1979 8:55 pm (Moon not visible)

7You can get the date of the new moon from several sources: certain calendars, newspapers,
almanacs, local museums, or your school or public library.

**(Optional Advanced Activity)

A common impression is that the harvest moon, the large orange-colored full moon rising
after an autumn sunset, is quite a bit bigger than the normal full moon. To test this notion,
a student can photograph the Moon to make an unbiased record of its size.

Set a 35-mm camera on a tripod on level ground facing the eastern horizon. The camera
should be loaded either with Plus-X or Panatomic-X black and white film. A long focal length
lens should be used. A 135-mm telephoto lens will suffice, although longer lenses are prefer-
able. When the harvest moon is just above the horizon, make several exposures at settings
close to and including the ones suggested in the table at the end of the activity. Wait about
4 hours. Aim the camera at the Moon and take several exposures as before now that the
Moon is high in the sky. Develop the film; prints are not necessary. Using the most accurate
scale available (a vernier caliper or finely divided metric rule), measure the size of the Moon's
image on the negative.
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**3.

**4,

Can you detect a noticeable difference in image size between the harvest moon at moonrise
and the same full moon later in the same night?

Suggested camera settings for photographing the full moon:

FILM ASA SPEED APERTURE SHUTTER SPEED
Plus-X 125 /16 1/500
Panatomic-X 32 f/ 5.6 1/125
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UNDERSTANDING THE PHASES OF THE MOON
(Optional Activity)

(Instructor’s Key)

3. Can you detect a noticeable difference in image size between the harvest moon at moonrise
and the same full moon later in the same night?

There should be no detectable difference in size.
* * .
4, Explain your results.
The effect is an illusion.
** 5. What could cause the impression of a larger-than-normal harvest moon?
When the Moori is low on the horizon, its size can be compared with normal objects (trees, buildings, etc.)

and appears quite large. When high in the sky, there are no close reference objects. It is then difficult to
judge its size or compare it to the apparent size near the horizon.

6. Suggested camera settings for photographing the full moon:
FILM ASA SPEED APERTURE SHUTTER SPEED
Plus-X 125 f/16 1/500
Panatomic-X 32 f/ 5.6 1/125
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PRECEDING PAGE BLANK NOT FILMED
UNIT TWO

ACTIVITIES IN PLANETARY CRATERING

The following activities demonstrate the fundamental principles of impact crater formation.
They are only simulations. True impact or volcanic craters are formed under conditions that exceed
by far your ability to duplicate in the classroom. The physical variables do not scale upward in a
simple way to compare with actual crater formation. However, the appearance of the crater models
formed in these activities closely approximates that which is observed on planetary surfaces. The
activities, therefore, are excellent for stimulating discussions on the lunar landscape, terrestrial
craters and the evolution of planetary surfaces.

In the impact cratering experiments the student will study the craters created when objects
of different masses and travelling with different velocities strike a target of fine sand. There are sev-

eral important concepts to be learned:

1. There is a relationship between the velocity and mass of the "meteorite" and the size of

the crater.
2. Craters can be divided into distinct zones: floor, wall, rim, ejecta materials and rays.

3. The relative age of surface features can be estimated using craters.

The activity on comparing cratering processes is a natural extension of the impact experi-
ments. Because the majority of craters found on planets are produced by impacts, it is logical to
perform that activity first.

On Earth explosion craters are formed by large-scale events such as nuclear explosions. With
the exception of subtle differences in the ejecta patterns, explosion craters are to some degree
analogs for impact craters. Craters can also be formed during volcanic eruptions. These craters are
typically seen either on volcanic summits or on the flanks of volcanic cones. Volcanic craters have
also been identified on the Moon, Mars, and most recently as active volcanoes on lo, one of the
satellites of Jupiter. An excellent activity to follow these laboratories is the showing of the film
"Controversy over the Moon." See HOW TO ORDER NASA MOTION PICTURES in the appendix.

Fig. 2.1: The best preserved meteorite crater in North
America is the Barringer Crater at the Meteor Crater
Registered National Landmark, Winslow, Arizona. It
was created between 20,000 and 30,000 years ago by
a nickel-iron meteorite weighing about 150,000 metric
tons. The crater is 1.2 kilometers in diameter and 120
meters deep, but the meteorite was probably only
about 30 meters in diameter, or roughly about the
size of the building on the edge of the crater. The rea-
son such a relatively small meteorite created such a
large crater is because the meteorite was moving at
about 15 kilometers per second (9 miles each second)
before impact. Coupled with its large mass, the high
velocity of the meteorite gave it a huge amount of
kinetic energy. All that kinetic energy released in a
matter of seconds during impact can excavate quite a
large hole in the ground. (Because of the low speeds
and masses used in this activity, the craters you create
will be only slightly—2 to 4 times—larger than the
projectile (“meteorite”) used.)
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IMPACT CRATERING

OBJECTIVES
1. To model impact craters in the laboratory.
2. To recognize the conditions that control their size and appearance.
3. To understand their influence on the geology of a planet.

MATERIALS

1. A tray or very strong box at least 2 feet on a side and about 4 inches deep

2. Alarge supply of extremely fine sand, 80-100 um if possible

3. Four identical marbles or small ball bearings

4. One steel ball bearing about %2 inch in diameter

5. Three solid spheres about 1 inch in diameter, all the same size but made of different materials (example:
glass, plastic, steel; or glass, wood, aluminum; etc.)
Meter stick
10 cm ruler

o N o

Kitchen tea strainer
9. Two dark colors of dry tempra paint (powder): e.g. red and blue
10. Toy slingshot
11. Safety glasses or goggles
12. Large pack of assorted marbles
13. Laboratory balance to weigh projectiles
14. Watering or sprinkling can or plant mister

Impact craters are those craters formed when meteorites strike the surface of a planet. They
are found on all of the terrestrial planets, on Earth's Moon, and on many of the satellites of the
outer planets. Impact craters are not easily recognized on Earth because of the intense weathering
and erosion that wears away its surface. On the Moon over 80 percent of the surface looks much
the same as it did over 3 1/2 billion years ago, heavily cratered and very rugged. About half of the
surface of Mars is also ancient, but preserved cratered terrain. Although only 40 percent of Mercury
has been photographed by spacecraft, over two-thirds of its surface is heavily cratered.

Various geological clues and studies of the lunar rocks returned by the Apollo missions indi-
cate that about 3.9 billion years ago asteriod-size chunks of matter were abundant in the solar
system. This was a time of intense bombardment of the young planets, affecting Earth by breaking
up and modifying parts of its crust. Mountain building, plate tectonics, weathering and erosion have
largely removed all traces of the Earth's early cratering period. But the near absence of weathering
on the Moon has allowed the evidence of this ancient period (considered to be the last stage of
planetary accretion) to be preserved.

The Mariner 9 and Viking spacecraft pictures demonstrate the importance of both impact
craters and wind erosion on the surface of Mars. In this activity you will begin your study of craters
created by projectiles (meteorites) of different masses, moving at different speeds and striking
a target (planet surface) of sand.
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Name
Class i Date

PART A: THE FORMATION OF CRATERS

The following experiments deal with the relationships among projectile mass, velocity and
crater size. Impacts involve the transfer of energy from the projectile to the target (ground).
Kinetic energy (energy of motion) is defined as: K.E. = 1/2 mv2, where m = mass and v = final
velocity.

PROCEDURE AND QUESTIONS

1. The Importance of Mass. Pour sand into the tray to a depth of at least 3 inches. Smooth the
surface of the sand with the edge of the meter stick. Divide the surface into two equal areas.
Weigh each projectile and record the mass in the table. From a height of 2 meters (6') drop
each of the large spheres (three different types) into one area. Carefully measure and record
the diameter of the craters formed by the impacts without disturbing the sand. Fill in the
table below:

OBJECT TYPE OF OBJECT MASS OF OBJECT CRATER DIAMETER

Sphere #1 gm cm
Sphere #2 gm cm
Sphere #3 gm cm

2. Look at your results carefully. Which sphere created the largest crater?

3 What is the on/y difference in the way each crater was made?

4. Each sphere represents a meteorite. What can you say about the importance of the mass of a

meteorite in making a crater?
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The Importance of Velocity. Locate the four identical marbles. Weigh each marble and
record its mass below. Drop one marble into the second area from a height of 10 cm and
another from 2 meters. The third projectile should be launched from the slingshot extended
23 cm (9"), the fourth, from the slingshot extended 36 cm (14"). Without disturbing the
sand, carefully measure the crater diameter.

CAUTION: THE SLINGSHOT IS A POTENTIALLY HAZARDOUS DEVICE. USE EXTREME

10.

it i #

CAUTION WHEN IT IS EMPLOYED IN THIS ACTIVITY. UNDER NO C/IRCUMSTANCES
SHOULD IT BE AIMED HORIZONTALLY.

Complete the following table:

VELOCITY MASS CRATER DIAMETER
Marble 1 140 cm/sec gm cm
Marble 2 626 cm/sec gm cm
Marble 3 1000 cm/sect gm cm
Marble 4 3000 cm/sect gm cm

Tapproximate

Did you measure any difference in the diameters of the craters?

In this case each marble (meteorite) had the same mass. What did dropping two marbles from
different heights and propelling the other two accomplish?

Why?
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*12. Calculate the kinetic energy Tupon impact for each marble in Question 6.

KE
Marble 1 ergs
Marble 2 . ergs
Marble 3 ergs
Marble4 .. ergs
*13. Examine the results in Part A. Summarize your conclusions regarding the size, mass, and
velocity of impacting projectiles, and its kinetic energy (indicated by the size of the resulting
crater).
PART B: THE STRUCTURE OF A CRATER
1. Remove all projectiles from the sand and smooth the surface well. Again divide the tray into

two areas. With your instructor's help sprinkle a very fine layer of dry tempra color over the
sand using the tea strainer. The layer of colored powder should cover the surface just enough
to conceal the white sand.

CAUTION: WEAR THE GOGGLES AND BE SURE THAT NO GLASS OR BREAKABLE MATE-
RIALS ARE IN THE VICINITY OF THE ACTIVITY.

2, Use the slingshot to shoot the 1/2" steel sphere vertically into the sand. DO NOT DISTURB
THE CRATER IN THE FOLLOWING STEPS.

3. Draw two pictures, one in each box on the next page, of the crater, one looking down from
above (map view) and one as seen from ground level (elevation or side view).

+1f mass is measured in grams and velocity in cm/sec, then kinetic energy is given in ergs, or gm X
cm2/sec2. For comparison the energy equivalent of one calorie of heat is 4.2 X 107 ergs.
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*7.

Map View Side View
This is an ideal example of a small fresh crater.

Label the drawings with the words rim, ejecta and impact crater. Notice the sharp details of
the crater.

Where do you find the thickest ejecta?

The colored powder represents the most recent sediment deposited on a planet's surface. Any
material beneath the top layer must have been deposited at an earlier time (making it physi-
cally older). If you were examining a crater on the Moon, where would you probably find the
oldest material? Why do you think so?

PART C: CRATERING AS GEOLOGIC PROCESS

In the second area create another crater as in Part B. Locate the large pack of assorted marbles.
Drop each marble in the pack from an arbitrary height into the second area so that each one
impacts at a different speed. Be careful to drop the marbles near but not directly on top of
the crater formed by the slighshot method. Watch the process very carefully as you do it.
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*9.

How does the appearance of the original crater from Part B change as you continue to bom-
bard the area?

What do you think is an important source of erosion on the Moon? Look very carefully at
Fig. 2.2.

ances.

How large is the central crater in the photo? The width of Fig. 2.2 is approximately 150 km
(1" =25 km).

What everyday events have you observed that are similar to those which form acratered terrain
as in the photo?

From all that you have seen, what does the appearance of a crater tell you about its age?
Explain.

PART D: THE EFFECT OF INCIDENCE ANGLE

e

The target (surface) into which a projectile (meteorite) impacts also helps to control the final
crater's form. The angle of incidence is also important. You will now investigate both of these
variables.

It is important to control all other variables. Be sure to use identical projectiles in each of the four
parts. |t is suggested that you use a simple device (e.g., a piece of string) to ensure that the slingshot is
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

Fig. 2.2: Portion of Apollo 15 metric photograph AS15 1023. Mapping camera photograph of the Moon.
The central crater is Levi Civita A. North is to the top.

Fig. 2.3: Portion of Apollo 11 Hasselblad 70 mm photograph AS11-42-6233. Messier (right) and
Messier A (left) craters on the Moon. North is to the top.
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stretched the same distance each time (controlling the velocity). For best results the projectile
must impact at high velocity; therefore, the slingshot should be greatly extended. THISACTIVITY
IS POTENTIALLY THE MOST HAZARDOUS. '

Mix the sand in the tray thoroughly, adding more sand if necessary, to return the sand to a
uniform color. Remove all projectiles. Smooth the top again with the meter stick. Divide the
tray into four equal areas. Again sift a layer of tempra color over the entire tray.

In one quarter-section produce a crater using the slingshot to launch a marble fired normal
(at 90°, or vertical) to the target surface. On the page provided sketch a plan (map) view and
cross section of the crater. Be sure to sketch the pattern of the ejecta. Where did it come from?

What would you expect to find beneath the ejecta?

In the second quarter-section, produce a crater with a marble launched at about 65° to the
surface (estimate the angle). Sketch the crater in the appropriate place. |s there a marked
difference between the two craters or ejecta pattern?

In the third quarter-section, produce a crater with a marble launched at about 40° to the
surface. Be sure no one is "down range" in case the projectile richochets. Sketch the crater.

In the fourth quarter-section, produce a crater with a marble launched at about 5-10° to the
surface. Be sure no one is "down range" in case the projectile richochets. Sketch the crater.
Note the asymmetric cross section.

Examine the sand craters and your sketches. What are the relationships between impact angle,
crater morphology (shape, form) and ejecta distribution?

Examine the Apollo 11 photograph (Fig. 2.3) of the lunar crater Messier (right) and Messier A
(left). North is to the top in the photo. Messier is more than 2 km deep, 14 km along its
east-west axis, and 8 km wide. What interpretations can you make concerning its formation?
Did the projectile enter from the east or west? Comment on the ejecta distribution.
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PART E: THE EFFECT OF TARGET STRENGTH

1. Again thoroughly mix the sand in the tray and level the surface. Sprinkle and soak the sand
with water; drain off any excess water. With the sieve sprinkle one color of the dry tempra
paint evenly over the surface and let it soak completely. Shoot a marble from the slingshot
into the wet sand and measure the diameter of the crater. Record observations in the space
below.

2. Even out the wet, colored sand by striking or jarring the box several times. Next, sprinkle
through the sieve clean, dry, white sand on top of the wet colored sand until a few mm layer
of dry sand is formed. With the slingshot, fire a small marble vertically into the sand in one
half of the tray. How does the resulting crater compare in diameter to the crater formed in
wet sand only?

In dry sand only?

Sketch the profile of your crater and describe the appearance.

3. Pour more sand into one large corner of the tray to increase the dry sand layer to double its
thickness. Form another crater with the slingshot in this thicker layer. How does this differ
from the crater formed in the thinner layer of sand?

How do these craters compare to the crater formed completely in dry sand?

What effect does the thickness of the dry sand layer have on both the appearance of the crater
and crater diameter?
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Carefully smooth the dry sand to uniform layer over the entire tray. Sprinkle the second
color tempra paint evenly through the seive on top of this layer. Draw a cross section that
shows the sequence of layers from top to bottom. Fire a marble with the slingshot into the
tray and describe the resulting pattern of material thrown out of the crater (impact ejecta).
Where is the ejecta the thickest? Describe the ejecta pattern by color.

Draw a new cross section showing the sequence of layers from top to bottom: near the rim;
one crater diameter from the rim; and four crater diameters from the rim.

Which layer goes the farthest?

If you were on Mercury and wanted to examine the oldest rocks around a crater, where
would you most likely find them?

The gravitational acceleration at the surface of a planet also helps to control the final crater's
form. How would craters on the Moon differ from those formed on Earth due only to gravity
(neglecting all other effects)?

What other environmental factors control the crater's initial form after impact? Describe how
these effects would be realized.
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IMPACT CRATERING

(Instructor’s Key)

PART A: THE FORMATION OF CRATERS

The following experiments deal with the relationships among projectile mass, velocity and
crater size. Impacts involve the transfer of energy from the projectile to the target (ground).
Kinetic energy (energy of motion) is defined as: K.E. = 1/2 mv2, where m = mass and v = final
velocity.

PROCEDURE AND QUESTIONS

1. The Importance of Mass. Pour sand into the tray to a depth of at least 3 inches. Smooth the
surface of the sand with the edge of the meter stick. Divide the surface into two equal areas.
Weigh each projectile and record the mass in the table. From a height of 2 meters (6') drop
each of the large spheres (three different types) into one area. Carefully measure and record
the diameter of the craters formed by the impacts without disturbing the sand. Fill in the
table below:

OBJECT TYPE OF OBJECT MASS OF OBJECT CRATER DIAMETER

Sphere #1 Type A lightest gm smallest cm
Sphere #2 Type B medium gm medium cm
Sphere #3 Type C heaviest gm largest cm

The numbers will depend on the material used in the experiment, but the trend should be clear: as mass
increases, so does crater diameter.

2. Look at your results carefully. Which sphere created the largest crater?
The most massive.

3. \Vhat is the on/y difference in the way each crater was made?
The mass was varied.

4, Each sphere represents a meteorite. What can you say about the importance of the mass of a
meteorite in making a crater?

Crater diameter increases with increasing mass.
b. Did any sphere appear to fall faster than the others? Did it really? Why or why not?

All spheres reached the sand in the same amount of time, regardless of mass. Galileo was reported to have
shown this about 400 years ago.
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The Importance of Velocity. Locate the four identical marbles. Weigh each marble and
record its mass below. Drop one marble into the second area from a height of 10 cm and’
another from 2 meters. The third projectile should be launched from the slingshot extended
23 cm (9"); the fourth, from the slingshot extended 36 cm (14"). Without disturbing the
sand, carefully measure the crater diameter.

CAUTION: THE SLINGSHOT IS A POTENTIALLY HAZARDOUS DEVICE. USE EXTREME

10.

*11.

CAUTION WHEN IT IS EMPLOYED IN THIS ACTIVITY. UNDER NO C/IRCUMSTANCES
SHOULD IT BE AIMED HORIZONTALLY.

Complete the following table:

VELOCITY MASS CRATER DIAMETER
Marble 1 140 cm/sec xgm small cm
Marble 2 626 cm/sec x gm medium cm
Marble 3 1000 cm/sect x gm large cm
Marble 4 3000 cm/sect X gm very large cm

tapproximate

Did yaou measure any difference in the diameters of the craters?
Yes, as velocity increases, so does crater diameter.

What is the only difference in the way each crater was made?
Velocity.

In this case each marble (metearite) had the same mass. What did dropping two marbles from
different heights and propelling the other two accomplish?

This varies the velocity at impact.
Besides diameter do you notice any other difference in appearance among the craters?
No, all look qualitatively similar.

Which do you think is more important in creating larger craters, more mass or more velocity?
Why?

Velocity increases have more effect on crater diameter than mass increases. Velocity has a greater contribu-
tion to the energy of impact.
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*12.

*13.

Calculate the kinetic energy Tupon impact for each marble in Question 6.

KE
Marble 1 (%) X(_m,  gm)X (140 cm/sec)? ergs
Marble 2 (5)X(_my gm) X (626 cmisec)? ergs
Marble 3 () X(_my  gm) X (1000 cm/sec)” ergs
Marble 4 (%)X (__my  gm) X (3000 cm/sec)? ergs

Examine the results in Part A. Summarize your conclusions regarding the size, mass, and
velocity of impacting projectiles, and its kinetic energy (indicated by the size of the resulting
crater).

The greater the energy released on impact, the larger the crater. Mass and velocity contribute to energy, not
size. Velocity contributes as the square, mass linearly.

PART B: THE STRUCTURE OF A CRATER

1

Remove all projectiles from the sand and smooth the surface well. Again divide the tray into
two areas. With your instructor's help sprinkle a very fine layer of dry tempra color over the
sand using the tea strainer. The layer of colored powder should cover the surface just enough
to conceal the white sand.

CAUTION: WEAR THE GOGGLES AND BE SURE THAT NO GLASS OR BREAKABLE MATE-

RIALS ARE IN THE VICINITY OF THE ACTIVITY.

Use the slingshot to shoot the 1/2" steel sphere vertically into the sand. DO NOT DISTURB
THE CRATER IN THE FOLLOWING STEPS.

Draw two pictures, one in each box on the next page, of the crater, one looking down from
above (map view) and dne as seen from ground level (elevation or side view).

+1f mass is measured in grams and velocity in cm/sec, then kinetic energy is given_in ergs, or gm X

cm2/sec2. For comparison the energy equivalent of one calorie of heat is 4.2 X 10/ ergs.
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impact
crater

Map View Side View

This is an ideal example of a small fresh crater.

4., Label the drawings with the words rim, ejecta and impact crater. Notice the sharp details of
the crater.

D Where do you find the thickest ejecta?
On the rim.

6. What do you think caused the crater rim to form?

Deposition of sand thrown out of cavity formed by impact.

*7 The colored powder represents the most recent sediment deposited on a planet's surface. Any
material beneath the top layer must have been deposited at an earlier time (making it physi-
cally older). If you were examining a crater on the Moon, where would you probably find the
oldest material? Why do you think so?

Near the rim. Because the deepest material ejected lands closest to the crater, i.e., on the rim.

PART C: CRATERING AS GEOLOGIC PROCESS

1. In the second area create another crater as in Part B. Locate the large pack of assorted marbles.
Drop each marble in the pack from an arbitrary height into the second area so that each one
impacts at a different speed. Be careful to drop the marbles near but not directly on top of
the crater formed by the slighshot method. Watch the process very carefully as you do it.
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*9.

How does the appearance of the original crater from Part B change as you continue to bom-
bard the area?

It loses its crispness.

What do you think is an important source of erosion on the Moon? Look very carefully at
Fig. 2.2.

Impact cratering.

Do all the craters have the same fresh, sharp, new appearance? Describe the various appear-
ances.

No—smooth rims to sharp rims, bowl-shaped to elliptical, etc.

What do you think has happened in this area?
Long term bombardment.

How large is the central crater in the photo? The width of Fig. 2.2 is approximately 150 km
(1" =25 km).

About 40 km.
Are all craters bowl-shaped? Describe.
No—there is a variety of shapes.

What everyday events have you observed that are similar to those which form acratered terrain
as in the photo?

Raindrops on dirt or sand, etc.

From all that you have seen, what does the appearance of a crater tell you about its age?
Explain.

The younger the crater, the crisper the features, the older, the more subdued.

PART D: THE EFFECT OF INCIDENCE ANGLE

1.

The target (surface) into which a projectile (meteorite) impacts also helps to control the final
crater's form. The angle of incidence is also important. You will now investigate both of these
variables.

It is important to control all other variables. Be sure to use identical projectiles in each of the four
parts. It is suggested that you use asimple device (e.g., a piece of string) to ensure that the slingshot is
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stretched the same distance each time (controlling the velocity). For best results the projectile
must impact at high velocity; therefore, the slingshot should be greatly extended. THISACTIVITY
IS POTENTIALLY THE MOST HAZARDOUS. :

Mix the sand in the tray thoroughly, adding more sand if necessary, to return the sand to a
uniform color. Remove all projectiles. Smooth the top again with the meter stick. Divide the
tray into four equal areas. Again sift a layer of tempra color over the entire tray.

In one quarter-section produce a crater using the slingshot to launch a marble fired normal
(at 90°, or vertical) to the target surface. On the page provided sketch a plan (map) view and
cross section of the crater. Be sure to sketch the pattern of the ejecta. Where did it come from?
Ejecta comes from sand below the tempra layer that was excavated by impact.

What would you expect to find beneath the ejecta?

Undisturbed sand.

In the second quarter-section, produce a crater with a marble launched at about 65° to the
surface (estimate the angle). Sketch the crater in the appropriate place. |s there a marked
difference between the two craters or ejecta pattern?

The craters and ejecta pattern should appear similar.

In the third quarter-section, produce a crater with a marble launched at about 40° to the
surface. Be sure no one is "down range" in case the projectile richochets. Sketch the crater.

In the fourth quarter-section, produce a crater with a marble launched at about 5-10° to the
surface. Be sure no one is "down range" in case the projectile richochets. Sketch the crater.
Note the asymmetric cross section.

Examine the sand craters and your sketches. What are the relationships between impact angle,
crater morphology (shape, form) and ejecta distribution?

High impact angles produce more nearly bowl-shaped craters with symmetric ejecta patterns; shallow impact
angles produced elongated or elliptical craters and asymmetric or “butterfly wing” ejecta.

Examine the Apollo 11 photograph (Fig. 2.3) of the lunar crater Messier (right) and Messier A
(left). North is to the top in the photo. Messier is more than 2 km deep, 14 km along its
east-west axis, and 8 km wide. What interpretations can you make concerning its formation?
Did the projectile enter from the east or west? Comment on the ejecta distribution.

It is likely that Messier was created by a shallow angle impact. The projectile entered from the right side of the
picture (from the east). Most ejecta was distributed forward or down range and as north and south “wings”.
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PART E: THE EFFECT OF TARGET STRENGTH

1: Again thoroughly mix the sand in the tray and level the surface. Sprinkle and soak the sand
with water; drain off any excess water. With the sieve sprinkle one color of the dry tempra
paint evenly over the surface and let it soak completely. Shoot a marble from the slingshot
into the wet sand and measure the diameter of the crater. Record observations in the space
below.

Small, marble-sized crater with clumpy ejecta.

2. Even out the wet, colored sand by striking or jarring the box several times. Next, sprinkle
through the sieve clean, dry, white sand on top of the wet colored sand until a few mm layer
of dry sand is formed. With the slingshot, fire a small marble vertically into the sand in one
half of the tray. How does the resulting crater compare in diameter to the crater formed in
wet sand only?

Larger crater than in wet sand.
In dry sand only?

Smaller than in dry sand.

Sketch the profile of your crater and describe the appearance.

——’/\__J\

Answers will vary, but floor should appear flat.

3. Pour more sand into one large corner of the tray to increase the dry sand layer to double its
thickness. Form another crater with the slingshot in this thicker layer. How does this differ
from the crater formed in the thinner layer of sand?

Larger crater, smaller floor.
How do these craters compare to the crater formed completely in dry sand?

Smaller overall, but flatter floor.

What effect does the thickness of the dry sand layer have on both the appearance of the crater
and crater diameter?

The thicker the overlying dry layer, the closer the crater approaches the dry sand craters.
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Carefully smooth the dry sand to uniform layer over the entire tray. Sprinkle the second
color tempra paint evenly through the seive on top of this layer. Draw a cross section that
shows the sequence of layers from top to bottom. Fire a marble with the slingshot into the
tray and describe the resulting pattern of material thrown out of the crater (impact ejecta).
Where is the ejecta the thickest? Describe the ejecta pattern by color.

The deepest color is closest to the rim, the shallowest color is farthest from the rim. Ejecta is thickest near

the rim.

Draw a new cross section showing the sequence of layers from top to bottom: near the rim;
one crater diameter from the rim; and four crater diameters from the rim.

wet colored sand impact

dry color—
dry white sand-

wet color -
dry white sand !
L L & 1 1 Jd
4 crater diams” /7 1 crater diam. rim

Which layer goes the farthest?

The topmost layer.

If you were on Mercury and wanted to examine the oldest rocks around a crater, where
would you most likely find them?

Near the rim.

The gravitational acceleration at the surface of a planet also helps to control the final crater's
form. How would craters on the Moon differ from those formed on Earth due only to gravity
(neglecting all other effects)?

Lower pruriles, larger surface area of ejecta.

How would gravity modify craters with age?

Higher gravity decreases degradation by multiple impacts, but increases degradation by slumping.

What other environmental factors control the crater's initial form after impact? Describe how
these effects would be realized.

Atmospheric effects, entrapped fluids or volatiles in the target, etc.

39




Name

Class

Date

COMPARING CRATERING PROCESSES

OBJECTIVES
By using lab materials, the formation of craters through impact, eruptive, and explosive processes will

1.

2.
3.

be simulated.

The effects of different cratering processes on landscape development will be compared.
Through the use of photographs and direct observation, the origins of specific craters can be deter-

mined.

MATERIALS

N

©

Tray of very fine sand (100 um)

Protective goggles

Marbles and slingshot

Polaroid camera with cable release

3 packs of Polaroid black and white film

Black cardboard or posterboard (18"'x30")

High intensity strobe light variable to at least
15 flashes per second

3 foot plastic tube

Bicycle pump

PROCEDURE AND QUESTIONS

PART A:

1.

IMPACT CRATER PROCESS

10.
11.
12.
13.

Thin skin balloons
Protractor

Tracing paper
Curtain/plastic sheet

Focus the camera on the tray of sand from a distance of 2 to 3 feet. To get good photos,
the film must be exposed long enough to catch 2 flashes from the strobe light (about 1/8
second). Start the exposure just before the marble is fired and stop it right after it appears
to hit the sand.

CAUTION: ALL STUDENTS MUST WEAR THE SAFETY GOGGLES DURING THIS POR—
TION OF THE EXERCISE. THIS IS ESPECIALLY IMPORTANT HERE BECAUSE THE
FLASHING STROBE LIGHT OFTEN CAUSES ERROR IN AIM.

Step 1 may have to be repeated several times to get a good photograph. Save all photographs.

2,

a.

Before looking at the photograph, describe how you think the sand thrown from the

impact (called “‘ejecta”) will look.

b. Sketch the crater and the path the material appears to take based on the photograph

and observations.
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c. How does the crater formed differ from the predictions?

d. Take at least three more photographs. Arrange them in a time sequence beginning with
an exposure the instant before impact and ending with one after the impact. How does
the ejecta pattern change.

IMPACTS AT AN ANGLE: Repair and smooth the sand surface and photograph another
impact with the angle of impact at 45° from the horizontal. Be sure that no one is down
range and that you fire in the direction of the hanging curtain. How are the ejecta paths
different from the vertical impact?

PART B: EXPLOSIVE CRATER PROCESS

1.

4.

Attach the plastic tube to the bicycle pump. Check for air leaks. Next, pull the balloon
tightly over the other end of the tube and slip on the clamp. This means that you are using
only a small portion of the balloon and that the thin skin of the balloon will burst easily
when the pump is used.

Bury the tube in the sand but turn up the end in the center of the box so that it is almost
vertical and about 3/4"' below the surface of the sand.

As in the impact experiment, start the Polaroid picture exposure immediately BEFORE the
quick single push of the bicycle pump and stop the exposure immediately afterwards (1/8
second). If the balloon did not burst, check for air leaks or tighten the clamp on the bal-
loon.

a. Before looking at the photo, again predict what you think you will see.
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b. How does your prediction compare with the photo? Sketch the crater and ejecta pat-
tern.

c. How does the resulting crater (which is a ““low-energy’’ explosion crater) compare with
the impact crater?

PART C: ERUPTIVE CRATER PROCESS

1.

After completing the previous experiment, leave the tube buried in the sand. Smooth the
surface of the sand over the end of the tube.

For the final photograph, start the exposure immediately BEFORE pushing the pump (do
not push as hard as for the balloon). Now what do you predict for the pattern of ejecta?

Sketch the pattern that you observed.

What geologic process might produce a similar pattern?
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5. Place the photographs you have taken side by side. Compare the craters and features formed
by each of the three processes.

a. How are all three similar?

-
-
(o]
o

©
-
]
(2]
@
w
w
=
[+})
Q
~+
= 1)
o
2

(=]

(=]
®
a
4]
oty
-
(5]
[}
~+
]
3
—+
= I
(4]
[%2])
C
-~
-
]
c
=
Q.
3

[{=]
3
Q
—+
1]
2
=X
-~J

6. Examine Fig. 2.4 and Fig. 2.5.
a. Which feature is probably volcanic?

Which feature is probably impact?

b. What evidence did you use to reach your conclusion?

c. If you were looking for a crater produced by an explosion, what special features would
you look for that would distinguish it from craters formed by volcanic eruptions and
impacts?



Fig. 2.4: Viking Orbiter mosaic number 211-5360. North is to the top. Feature name: Olympus Mons.
Planet: Mars.

Fig. 2.5: Apollo 15 metric photograph AS150598. Mapping camera photo, rev 22, north to the top.
Feature name: Timocharis. Planet: Earth’s Moon.
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Fig. 2.6: Apollo 15 metric photograph AS15 0758. Mapping camera photo, rev 33, oblique view, north to
the right. Feature name: Tsiolkovsky Crater. Planet: Earth’s Moon.

*7. Examine Fig. 2.6.

a.

List the processes you think are responsible for Tsiolkovsky as we now see it.

ORIGINAL PAGE
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COMPARING CRATERING PROCESSES

(Instructor’s Notes)

PRE-LAB
15 minutes. Go over techniques of using the Polaroid camera

LAB
Two class periods

POST-LAB
1. Discuss results of photos or observations.
2. View the film ““Controversy Over the Moon.”

NOTES FOR SET-UP FOR LAB

1. Because of the sand thrown out by impact and the use of the slingshot, goggles are necessary for each
student. The slingshot is important because a high velocity projectile is needed to produce a good ejecta
blanket.

2. Prepare the lab set-up before class in order to avoid loss of time in beginning the exercise.

3. A Polaroid camera was selected for this exercise to allow students an opportunity to have an instant and
permanent record of the exercise. Action is stopped by use of the strobe and students can reshoot if neces-
sary. |f desired, a 35 mm camera or Instamatic with a 2’ focus can be used; however, this will delay exami-
nation of photographs and errors in procedure will not be detected until the film results are viewed. The
school newspaper or yearbook photographers may be able to assist you in developing the film.

4, Instructions for setting up the lab:
a. Fill the tray to the brim with 100 um sand and arrange the strobe and camera as shown on page 47.

b. If the Polaroid has an electric eye, set the film speed setting to 75 (even though the film speed is 3000)
and the exposure control on front of the camera to ‘“Darker.” This permits a longer exposure time for
the shutter and a smaller f/stop (lens opening). If the Polaroid does not have an electric eye, but has
numbered settings, set the number to ““6’' and flip the exposure from ““I’" to “‘B’* before each picture.
If the resulting photographs are too light, increase this number accordingly.

c. Focus the camera on the target surface and place the black posterboard in front of and beneath the
strobe light as shown. This arrangement provides a black background. The flash rate on the strobe
should seem like rapid blinks. Too many flashes during the exposure produces a dispersed cloud;
too few, and the event may be missed entirely.

d. In using the camera, it is best if you have a cable release attached to the Polaroid — this will help elimi-
nate jarring the camera unnecessarily. If the camera does not accept a cable release, be sure that the
camera is on a firm surface; push the button and release carefully.

5. Be sure the student photographers know how to operate a Polaroid before starting the activity.

NOTE: ALTHOUGH THE INSTRUCTIONS AND PRECAUTIONS MAY SEEM INVOLVED, THE EXERCISE
CAN BE DONE EASILY AND SUCCESSFULLY.
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Plexiglass

Diagram showing set-up for photographing cratering experiments.

Balloon fragment tightly
Fine sand clamped to end of hose

Bicycle
air
pump

Diagram showing set-up for “explosive'' cratering experiments.
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRARH

Strobe-light Polariod photographs of impacts into fine sand at different angles of incidence.
Photograph records two flashes of the strobe light in each illustration. The innermost cone repre-
sents material (ejecta) thrown from the crater as the crater forms. The ejecta leave the surface
primarily at a 45° angle for a vertical impact (upper left, as looking from right side). The ghost-
like second image indicates a later stage in crater formation and illustrates the sheet of ejecta
that moves outward. As the angle of impact departs from the vertical, the ejecta cone or plume
becomes asymmetric. For the relatively low velocities represented here (20 m/s), asymmetry is
not apparent until the impact angle (angle from the vertical) is greater than 20°. At 20° (upper
right), the sequence of ejecta remains relatively symmetric. At 60° (lower left) and 75° (lower
right) from the vertical, the ejecta cone is distorted in the downrange direction. For impacts of
much greater velocities (2 km/s), the asymmetry does not occur until much larger departures
(80°) from the vertical.

Note in the impacts in the upper right and lower left that the ejecta paths remain in a sheet
that forms an inverted cone. The sheet moves outward from the point of impact, and the base of
the cone sheet enlarges. This arrangement indicates that the ejecta strike the surface in a narrow
annulus that increases in diameter (not necessarily width) with time.
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N b2

OF POOR QUALITY

Comparison of the formation of impact craters (left side), low-energy explosion craters
(top two photos on right side), and simulated volcanic craters (bottom right), as recorded in
a sand box with strobe light. The formation of an impact crater is a relatively well ordered event
in which the ejecta leave the surface at approximately a 45° angle from the horizontal (upper
left). As the crater enlarges (middle left), the inverted cone sheet of ejecta, called the ejecta
plume, enlarges. Ejecta arrive first in an annulus close to the crater. As crater formation continues
(bottom left), the ejecta strike the surface at increasing distances. Note that in all three photo-
graphs, two stages in crater formation have been recorded: the earliest stage is represented by
the inner ejecta plume (revealed most clearly in the upper left); the second stage, by the broad-
based ejecta plume.

In contrast to the impact process, an exploding balloon buried beneath the sand produces a
relatively chaotic and dispersed ejecta pattern (upper and middle right). Ejecta blown through a
tube are directed vertically and return to the surface near the crater. The former example is
analogous to an explosio<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>