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FOREWORD 

This document contains a summary of findings to date on the work 
being performed by Bendix, its subcontractors, and consultants in the defini-
tion and description of scientific experiments and experiment operations to 
be performed from a manned 1 unar roving vehicle. 

This work has been performed by a team composed of personnel from 
Bendix Systems Division, United Electrodynamics and United Geophysical, 
Illinois Institute of Technology Research Institute, Bendix Research Labora-
tories Division, Space/Defense Corporation, Michigan State University, 
Wayne State University, and The University of Michigan. The areas of re-
sponsibilities and major individual contributors from each of these groups 
are indicated below: 

Bendix Systems Division 

Chief Scientist and Program Manager 

Assistant Program Manager 

Internal Heat Flow 

Ground -Truth Measurements 

Areal Radiation and Nuclear Core-
Hole Logging 

Systems Integration 

Operations Analysis 

Dr. O. L. Tiffany 

L. R. Lewis 

Dr. H. E. Callicott 
J. R. Churgay 

M. E. Amdursky 
H. Graboske 

Dr D. Ebeoglu 
R. M. Magee 

L. R. Lewis 
W. Fahling 
E. Zaitzeff 
S. Sealy 

R. Gill 
D. Lamphier 

111 



United Electrodynamics 

Management and Coordination 

Gravitational Measurements 

Magnetic Field Me as uremen ts 

Surface Electrical Measurements 

Active Seismic Measurements 

Core -Hole Sonic Velocity Measurements 

Core -Hole Electrical Measurements 

Illinois Institute of Technology 

Lunar Core Drill 

Bendix Research Laboratories Division 

Gas Analysis 

Dr. J. D. Bledsoe 

L. F. Ivanhoe 
Dr. C. M. Wolfe 

L. F. Ivanhoe 
* Dr. Z. F. Danes 

Dr. J D Bledsoe 

J. R. Stagner 
A. M. Rugg 

Dr. R. A. Peterson** 
M. Slavin** 
M. L. Swan** 
L O Hogeboom 

Dr. R. A. Peterso** 

E. C. Wright 
Dr. J. D. Bledsoe 

J. Campbell 
L. A. Gardiner 
J. Capuzzo 
K. Norikane 
R. M. Cuenca 
L. J. Moran 

J. O'Halloran 
L. Walker 

>!< University of Puget Sound, Tacoma, Washington 
** United Geophysical Corporation 
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Space/Defense Corporation 

Bioengineering Aspects 

Consultants 

Michigan State and Wayne State Universities 

Geological Exploration Objectives and 
Measurements Recommendations 

Lunar Topographical Features Summary 

Chemical and Physical Properties of 
Lunar Materials 

The University of Michigan 

Electromagnetic Probing 

M. Ross 
B. Pine 

Dr. W. Parsons (WSU) 
Dr. W. Hinze (MSU) 

G. Secor (MSU) 

H. Schulte 
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SECTION I 

INTRODUCTION 

The objective of the first Apollo missions is to place two men on the 
lunar surface for a few hours and then return them safely. Scientific investi-
gations during these first missions will be limited in scope due to the small 
Apollo scientific payload capabilities and the short duration of the lunar sur-
face exploration activities. Post-Apollo exploration missions are being 
studied to extend the astronaut stay time on the lunar surface and to provide 
the astronauts with provisions to perform intensive scientific exploration. 
One of the proposed approaches to Post-Apollo exploration is the ALSS. 
This approach consists of a 2-stage mission. First, an unmanned automated 
LEM descent stage carrying a LEM/ truck vehicle is landed on the surface 
and a mobile laboratory (MOLAB) vehicle is disembarked and checked out 
remotely from earth. At a time up to six months later, a LEM carrying 
two astronaut-scientists will be landed near the LEM/ truck landing site and 
the MOLAB driven by remote control to the astronauts in the LEM. The 
7000 -lb MOLAB vehicle will contain facilities for support of the astronauts 
up to 14 days, a mobility system capable of a. traverse of several hundred 
kilometers, and a 700-lb experiment instrumentation complement. 

The purpose of this Scientific Missions Support Study (SMSS) for ALSS 
is to generate conceptual designs and operational descriptions of sample 
experiments and experiment support equipments to be used on a MOLAB 
traverse mission. These data will then be used by the MOLAB vehicle 
engineers to generate vehicle designs compatible with the scientific explora-
tion requirements. 

More specifically this study is attempting to: 

1. Review the objectives of geological exploration of the moon 

2. Choose likely geological measurements to be performed 

3. Review current state of the art in similar measurements carried 
out on earth 
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4. Evaluate the best experimental techniques for performing 
the lunar measurement 

5. Perform conceptual designs of selected geological 
exploration instrumentation 

6. Define the anticipated problem areas 1n instrument development 

7. Recommend terrestrial validatibn experiments to prove 'the 
feasibility of proposed experiments and mission oper'ations 

8. Perform mission operations analyses to determine the-operational 
feasibility of the proposed scientific activities 

9. Examine the bioengineering aspects to ensure that the proposed 
activities are within the capabilities of the astronaut-scientists 

10. Perform a systems integration effort to ensure the selectioii 
of an optimum s-cientific experiment system 

11. Summarize all of the above data into an integrated system design 
and provide system interface data in. a form most useful to 
the MOLAB vehicle designers. 

This report represents the results of the first four months of a· 
6..;month study program. The progress to date has been primarily in the 
areas of objectivesr measurement recommendations; conceptual design 
of instrumentation, and preliminary efforts in bioengineering;- operations 
analyses, and system integration. 

During the rema1n1ng two months of the program, it is planned to: 
( 1) outline in detail the development problems anticipated in breadboardirtg 
the experiments considered, (2) make a more refined system analysis and 
mission analysis, and ( 3) discuss desirable experiments ·to be carried out 
in the laboratory or in the field to validate those parameters necessary 
for the instrument design. 

As part of this investigation to be completed in the interim to the 
final report, an instrument system will be suggested. These instrument 
recommendations are being made only to supply an instrument system for 
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use 1n engineering design. Of course, the actual selection of lunar experi-
ments and experimenters for the ALSS missions will be made by NASA 
experiment selection committees. 

The contract as let excluded a number of areas of scientific and techni-
cal information. In particular, little effort was given to experiments to be 
conducted as part of the Emplaced Scientific Station ( ESS), geological instru-
ments inherited from Apollo, and scientific measurements outside the areas 
of geological exploration and "ground-truth" measurements. However, 
approximate characteristics for these excluded experiments were assumed 
and included in the scientific integration study to obtain a realistic total 
instrument system design. 
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SECTION 2 

LUNAR GEOLOGICAL EXPLORATION OBJECTIVES 
AND MEASUREMENTS 

As the time approaches for manned exploration of the rnoon, it is 
the policy of NASA to ask for individual experimenters who will take the 
responsibility of preparing experiments, collecting the data, and analyz-
ing and publishing the results. Such experimenters have come in the past 
from the universities, NASA centers, and from industry. They are chosen 
on the basis of review by NASA scientific panels. For the purposes of this 
study, it was necessary to make assumptions concerning the conclusions 
which would be reached by such committees in the future. The experi-
ments discussed in this report are chosen from among fields most likely 
to be of interest to the scientists who will use the MOLAB. 

In an effort to obtain a sample of the thinking of the geologic;ll com-
munity, Bendix has requested Professor William Hinze, Michigan State 
University, and Professor Willard Parsons, Wayne State University, to 
consider the relative importance of the various techniques discussed in 
this report. Their conclusions are summarized in the following section 
and will be used in guiding Bendix in the selection of a sample instrument 
package for use in the engineering design of the MOLAB vehicle. 

Earlier in this study a measurement survey was performed to provide 
input data for systems design and operations analyses studies. This study 
includes measurements other than the geological measurements described 
here and is summarized in Appendix A. The sample instrument package 
to be suggested in the final report on this study will be a combination of 
the measurements recommended in this section and in Appendix A. 
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2. 1 LUNAR GEOLOGICAL EXPLORATION OBJECTIVES 

Early manned lunar surface missions will concentrate on the geological 
and associated sciences to obtain ground-truth information, to describe the 
lunar environment, and to collect data for its inherent scientific value. 
Prior to the manned surface missions, the lunar surface will be intensively 
investigated by a wide variety of sensors from lunar orbiting platforms. 
The information obtained from these sensors will provide a great deal of 
information on the cislunar environment and the geology of the lunar sur-
face. However, as our terrestrial experience illustrates, lunar surface 
measurements and experiments are essential to make maximum use of these 
data. The information obtained on the surface (ground-truth information) 
in some cases serves only as a check on the interpretation of sensor data, 
but in other situations it is absolutely necessary. In any event, one of the 
principal reasons for (and a major objective of) early manned lunar geo-
logical studies is the acquisition of ground-truth data. Another major 
reason for early lunar geological studies is to obtain data on the lunar 
environment- "atmospheric," surface, and subsurface. This information 
is very important, because it will determine the feasibility and require-
ments of continued lunar exploration on either an intermittent or continual 
basis. A third reason for lunar geological studies is to obtain basic geo-
logical data for its inherent scientific value. This is the principal justifi-
cation for lunar exploration. Lunar geological studies should provide us 
with a time-machine to look back into the early history and origin of the 
moon and, therefore, of the entire Solar System including the earth. Geo-
logical evidence for the early history of the earth has been obliterated on 
the earth by the rock destructive processes of the atmosphere and hydro-
sphere. 

Early manned lunar geological studies will be performed on traverses 
as well as at fixed sites. Fixed- site studies have the advantage of provid-
ing opportunities for detailed geological investigations and comprehensive 
studies of lunar phenomena. A specific advantage of fixed- site investiga-
tions is the ability to study phenomena in the time domain. Another 
advantage is that scientific equipment which by its nature is difficult to 
transport can be emplaced on the lunar surface. Traverse missions also 
have several distinct and separate advantages. They can be designed to 
permit the study of several geological situations and the variation within 
any one geological province. Both of these objectives are extremely im-
portant in the study of the lunar surface. Terrestrial experience proves 
that geological features only can be understood and interpreted with a 
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knowledge of the regional setting and the interrelationship of features. 
This only can be accomplished by a traverse mis sian. In addition, a tra-
verse mission designed to carry out regional geophysical surveys is the 
optimum method of studying deep seated geological features and buried 
regional structures. Traverse missions also permit the study of phenomena 
in the space domain. 

2. l. I Objectives 

The purpose of early manned lunar surface missions, as stated 
above, is to obtain ground-truth information, to describe the lunar environ-
ment, and to collect data for its inherent scientific value. The broad o b-
jective is geological mapping in three dimensions plus the measurement 
of selected phenomena in the fourth dimension, time. This overall objective 
can be subdivided into seven exploration objectives. These scientific objec-
tives must be accomplished in order to meet completely the overall objective; 
however, they are not of equal importance. The seven objectives in order 
or priority of importance are: (I) geology of surface features, ( 2) lunar 
geological history, (3} physical properties of lunar materials, (4) lunar 
physical environment, (5) engineering properties of surface and near-
surface lunar media, (6) lunar internal structure, and (7) natural resources 
of the moon. The qualitative criteria used in determining the order of 
priority are the importance of the objectives to accomplishing the purposes 
of surface lunar exploration and the ability to achieve the objectives by a 
lunar traverse mission plus a few fixed- site investigations. Although these 
objectives are listed in order of priority, there is considerable overlap in 
the use of results from measurements and experiments to achieve various 
objectives. 

To accomplish these objectives, various lunar topographical features 
have been considered for investigation during the traverse mission. The 
assumed characteristics of these features are discussed in detail in Ap-
pendix B. As many of these features as possible should be included in the 
traverse mission to accomplish the objectives listed above. An order of 
priority has been established for these features based upon geological 
interest, because a single traverse mission of restricted range would not 
encounter all of these features and the time spent in the study of a feature 
should be a function of its order of geological importance. The lunar 
topographical features in order of priority are: 

i. Maria 
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2. Craters- at least two of the following five ages, preferably a 
younger and an older type 

a. Copernican age craters 

b. Eratosthenian age craters 

c. Procellarian age craters 

d. Imbrian age craters 

e. Pre-Imbrian age craters 

3. Satellitic craters 

4. Highlands and/ or Imbrian ejecta 

5. Stratigraphic contacts; various- especially the contact between 
mare material and highland or Imbrian ejecta material 

6. Possible active volcanic areas: Aristarchus, Alphonsus, etc. 

7. Maar craters; chain craters 

8. Rills 

9. Fault scarps 

10. Lineaments 

11. Mare scarps 

12. Ray material 

13. Wrinkle ridges 

14. Domes 

15. Central peaks 

16. Bright hills with rays 

17. Craters- other ages than those previously studied. 



2. 1. 2 Method of Study 

The objectives of lunar geological exploration will be met largely 
by conventional terrestrial measurements and experiments adapted to lunar 
exploration. The scientific traverse mission may include the following 
measurements and experiments: 

1. Geological mapping- 3-dimensional mapping of surface 
morphology, petrology, stratigraphy, and structure 

2. Geochemical mapping- gas analysis plus collection of 
representative and anomalous rock types and surficial 
media for chemical analysis 

3. Geophysical mapping- continuous and semicontinuous geo-
physical measurements, geophysical logging of shallow drill 
holes, and determination of physical properties of surface media. 

The fixed site scientific operation may include the following measure-
ments and experiments: 

1. Geological mapping- detailed geological mapping plus logging 
of drill holes 

2. Geochemical mapping- gas analysis plus collection of repre-
sentative and anomalous rock types and surficial materials 
for chemical analysis 

3. Geophysical studies- determination of physical properties 
of surface media, geophysical logging of drill holes, monitoring 
of geophysical parameters that are studied in scientific tra-
verse mission plus other measurements and experiments such 
as earthquake seismology studies. 

2. 1. 3 Exploration Objectives 

2. 1. 3. 1 Geology of Surface Features 

Objective 

The objective is a complete geological description including 
morphological, petrologic, structural, and stratigraphic relations of the 
lunar topographical features. 
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Significance 

These measurements made to satisfy this objective will: 

1. Provide ground- truth information for interpreting and 
verifying interpretation of extra-lunar remote sensor data 

2. Provide detailed information on geological environment 
(e. g., rock types, surface material type and thickness, 
active volcanism, etc.) 

3. Provide basic scientific information on origin of lunar 
surface features which will give clues to solution of 
fundamental problems of the Solar System and the earth, 
including: 

a. Role of major meteoritic impacts on the earth's origin 
and evolution 

b. Origin and permanence of continents and ocean basins 
and the nature of their boundaries 

c. Origin of granite 

d. Elastic behavior of crust under stress 

e. Expansion or contraction of the earth and its tectonic 
influence 

f. Composition and characteristics of upper mantle material 

g. Significance of regional areas not in isostatic equilibrium 

h. Significance of Andesite Line 

1. Origin of metallogenic provinces 

4. Provide information on the degree of erosion of the lunar 
surface and the erosion mechanism. 

Possible Parameters 

The following parameters should be considered the subject of 
measurements and experiments to accomplish this objective: 
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1. Topographic mapping 

a. Topography- provide vertical control for determining 
elevation contours from aerial photographs 

b. Morphology- mapping of surface topography at scales 
from one decimeter to 10 meters 

c. Micromorphology- mapping of detailed surface texture 
at scales from one millimeter to one decimeter 

2. Surface geological mapping 

a. Consolidated rocks 

( 1) Areal and vertical distribution of rock types 

(2) Petrology (mineralogy, texture, fabric, element 
and isotope composition, porosity and permeability, 
surface configuration, color, alteration- primary, 
secondary, superficial) 

(3) Structure (fractures- faults, jointing, cleavage, folds, 
bedding (layering), strike and dip, thickness, vertical 
and lateral formational relationships) 

b. Unconsolidated deposits 

( 1) Areal and vertical distribution of deposits 

(2) Particle characteristics (composition- rock, mineral, 
element and isotope, grain size and shape, sorting, 
color, porosity and permeability, interrelationship 
between particles, fabric, alteration) 

(3) Structure (surface texture, deformation, bedding 
(layering), thickness, vertical and lateral formational 
relationships) 

3. Subsurface geological mapping 

a. Determined from the surface 

( 1) Horizontal variations in:( radioactivity, seismic 
velocity, density, magnetic susceptibility and/or 
remanent magnetization, electrical potential, 
electrical conductivity, dielectric phenomena, 
temperature) 
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b. 

(2) Vertical variations in: seismic velocity, electrical 
conductivity, dielectric phenomena 

Determined from drill holes 

( 1) Vertical variations in lithology and structure 

( 2) Temperature variations (heat flow) 

(3) Vertical variations ln seismic velocity 

( 4) Vertical variations ln electrical conductivity 

( 5) Vertical variations ln radioactivity 

(6) Vertical variations in density 

( 7) Vertical variations in electrical potential 

(8) Vertical variations in dielectric phenomena 

( 9) Vertical variations ln magnetic susceptibility 

( 1 0) Vertical variations ln element and isotope composition 

2. 1. 3. 2 Lunar Geological History 

Objective 

The objective is the description of lunar geological events in 
natural sequence of occurrence. 

Significance 

The measurements made to satisfy this objective will: 

1. Provide basic scientific information on the origin and early 
history of the moon 

2. Provide data for setting up a selenological time scale. 

Possible Parameters 

The following parameters should be considered the subject of 
measurements and experiments to accomplish this objective: 
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2. Heat flow 

3. Sequence of mineralogical formation 

4. Deformational history of mineral crystals 

5. Absolute ages of rocks. 

2. 1. 3. 3 Physical Properties of Lunar Materials 

Objective 

The objective is the quantitative description of the physical properties 
of lunar materials and their relationship to rock types and surface geologic 
features. 

Significance 

The measurements made to satisfy this objective will: 

1. Provide ground- truth information nee es sary for the interpre-
tation of remote sensor data 

2. Provide basic data nee es sary for the interpretation of geophysi-
cal measurements 

3. Provide information on the origin and paleoenvironment of 
materials 

4. Provide data which may suggest alternative geophysical 
measurements 

5. Provide information that will aid in the understanding and 
definition of engineering properties of materials. 

Possible Parameters 

The following parameters should be considered the subject of 
measurements and experiments to accomplish this objective: 

1. Seismic velocities and attenuation 

2. Electrical potential 
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3. Electrical conductivity 

4. Dielectric constant 

5. Density 

6. Thermal conductivity 

7. Specific heat 

8. Thermal diffusivity 

9. Thermal inertia 

10. Magnetic susceptibility 

11. Remanent magnetic polarization 

12. Reflectance- intensity, wavelength, and polarization 

13. Radioactivity 

14. Radiation emissivity. 

2. 1. 3. 4 Lunar Physical Environment 

Objective 

The objective is a series of experiments and measurements to 
determine the characteristics of the lunar "atmosphere 11 and the phenomena 
associated with the atmosphere and the lunar surface. 
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Significance 

The measurement made to satisfy this objective will: 

I. Provide data on the lunar environment which might prove to be 
a hazard or helpful to man 1 s inhabitation of the moon 



2. Provide information which may suggest techniques for the 
geophysical study of the solid moon 

3. Locate areas of abnormally high degassing. 

Possible Parameters 

The following parameters should be considered the subject of 
measurements and experiments to accomplish this objective; 

1. Solar and cosmic radiation flux 

2. Electrical potential gradient 

3. Atmospheric pressure and composition 

4. Seismic activity 

5. Time and space variations m the magnetic field 

6. Time and space variations in temperature 

7. Absolute gravity 

8. Telluric currents 

9. Meteorite flux 

10. Erosion phenomena 

11. Acoustic phenomena. 

2. 1. 3. 5 Engineering Properties of Surface and Near-Surface Lunar Media 

Objective 

The objective 1s a quantitative description of engineering properties 
of lunar surface and near- surface media. 

2.1-11 



Significance 

The measurements made to satisfy this objective will provide 
data on engineering properties which are important to transportation, con-
struction, and foundation problems on the lunar surface under various 
geological conditions. 

Possible Parameters 

The following parameters should be considered the subject of 
measurements and experiments to accomplish this objective: 

1. Strength (bearing shear, penetration resistance, internal 
properties) 

2. Surface texture (slope and angle of repose, topography, bulk 
density and particle or mineral density, rock type) 

3. Thickness of surface media 

2. 1. 3. 6 Lunar Internal Structure 

Objective 

The objective is the description of the structure, configuration, 
and composition of the interior of the moon. 
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Significance 

The measurements made to satisfy this objective will: 

1. Provide information on the origin and early history of the 
Solar System 

2. Provide information on the physiochemical differentiation 
of the moon 

3. Provide information on the thermal state of the moon 

4. Provide data on the strength of the moon. 



Possible Parameters 

The following parameters should be considered the subject of 
measurements and experiments to accomplish this objective: 

l. Seismic activity 

2. Active long- range seismic refraction measurements 

3. Absolute gravity 

4. Spatial variations m relative gravity 

5. Time variations in relative gravity 

6. Heat flow 

7. Space and time variations m the magnetic field 

8. Telluric currents. 

2. l. 3. 7 Natural Resource of the Moon 

Objective 

The objective is the location, identification, and mapping of tenor 
and horizontal and vertical extent of natural resources. 

Significance 

The measurements made to satisfy this objective will: 

l. Locate and describe natural resources (e. g., ice, sulfur, 
basalt, hydrothermal, metasomatic, and magmatic dif-
ferentiation deposits, etc.) that are potentially useful to 
man 1 s survival and inhabitation of the lunar surface 

2. Provide information on the origin of terrestrial metal-
logenic provinces. 
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Possible Parameters 

The following parameters should be considered the subject of 
measurements and experiments to accomplish this objective: 

1. Surface geological mapping- as described previously 

2. Subsurface geological mapping- as described previously. 

2. l. 4 Summary 

The purpose of geological exploration on early manned lunar surface 
missions is to obtain ground-truth information, to describe the lunar en-
vironment, and to collect data for its value in explaining basic scientific 
problems of the Solar System and the earth. To accomplish these purposes, 
seven lunar geological exploration objectives have been defined and their 
significance outlined. In order of priority they are a description of the 
geology of surface features, the lunar geological history, the physical 
properties of lunar materials, the lunar physical environment, the engineer-
ing properties of surface and near- surface lunar media, the lunar internal 
structure, and the natural resources of the moon. These objectives can be 
achieved by measurements of, or experiments on, a group of parameters 
utilizing standard terrestrial geological, geophysical, and geochemical 
techniques adapted to lunar exploration. These measurements and experi-
ments should be performed at selected fixed sites as well as on traverse 
missions covering as many as possible of the surface topographical or 
geological features selected for study. The top six priority geological 
features in order of geological importance are maria; craters, at least of 
two different ages, preferably a younger and an older type; satellitic 
craters; highlands and/ or Imbrian ejecta; stratigraphic contacts, especially 
a cortact between mare material and highland or Imbrian ejecta material; 
and possible active volcanic areas. 
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2. 2 GEOLOGICAL MEASUREMENTS AND EXPERIMENTS RECOM-
MENDATIONS 

The recommendations of a sample geological measurements and ex-
periments package for engineering design purposes to be used on lunar 
surface scientific missions are based on the requirements necessary to 
achieve the lunar geological exploration objectives. Seven lunar geo-
logical exploration objectives have been defined and explained in Sec-
tion 2. 1. In descending priority order they are: ( 1) a de scription of the 
geology of surface features, ( 2) the lunar geological history, ( 3) the phys-
ical properties of lunar materials, ( 4) the lunar physical environment, ( 5) 
the engineering properties of surface and near-surface lunar media, (6) 
the lunar internal structure, and (7) the moon 1 s natural resources. A ser-
ies of parameters which may be measured to achieve each of these ob-
jectives also has been listed in Section 2. 1. These parameters in turn 
suggest a group of measurements and experiments for possible application 
to the lunar surface scientific mission. These include topographical, geo-
logical, geophysical, and geochemical measurements to be made both on 
the mission traverse and at fixed sites. 

2. 2. 1 Evaluation of Measurements and Experiments 

The measurements and experiments evaluated to study the param-
eters listed in Section 2. 1 are given in relation to their discipline in the 
left -hand column of Table 2. 2-1. Disciplines include topography; geology-
surface and subsurface; geophysics-traverse geophysics, drill-hole geo-
physics, material properties, and natural phenomena; engineering; and 
geochemistry. In Table 2. 2-1, the measurements and experiments are 
related to the exploration objectives which are subdivided into more 
specific objectives in several cases. Columns are provided to show the 
application of the measurements and experiments to providing ground-
truth information from remote or lunar surface sensors and to indicate 
whether the measurement can be made "in situ" or on samples at a lunar 
base or returned to the earth. Another column gives the principal scientific 
payoff of each measurement or experiment in terms of geological signifi-
cance. However, many of the measurements have additional secondary 
payoffs which are not listed, but have been considered in the final evalua-
tion. Still another column lists collateral measurements and experiments 
which refer to auxiliary or related measurements which are necessary to 
the performance and/ or the interpretation of the experiment. 
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Each measurement and experiment has been evaluated in terms of 
the importance of the resulting information or data to the achivement of 
the exploration objectives plus the reliability, including uniqueness and pre-
cision, of the measurement. The results of most measurements and ex-
periments can be utilized in achieving more than one exploration objective; 
therefore, they commonly are rated under more than one objective. The 
rating system is numerically arranged from 1 to 5 with 5 representing the 
highest rank. To determine an overall rank for each measurement and ex-
periment, the rating under each objective has been multiplied by the priority 
rating of the objective. The priority rating of the objectives is numerically 
arranged from 1 to 7 with 7 representing the highest priority. The sum of 
the products of the multiplication of the measurement rating and the ob-
jective priority provides the overall rating of the measurements and ex-
periments. This rating is given in the right-hand column of Table 2. 2-1. 
In the case of the geology of surface features objective which is divided in-
to morphology, lithology, and structure, each subdivision has been con-
sidered individually with a priority rating of 7. 

The measurements and experiments are listed in order of overall 
rating in Table 2. 2-2. It should be emphasized, however, that this table 
does not provide a final evaluation of the measurements and experiments, 
because different measurements and experiments may provide the same or 
very similar information. As a result, the principal scientific payoff must 
be considered in the final evaluation to a void duplication of effort and re-
sults. Moreover, certain measurements and experiments must be given a 
high priority in the final evaluation, de spite a relatively low overall rating, 
because they provide important and unique results. 

2. 2. 2 Recommendations 

Following the measurements and experiments analysis system sum-
marized in Tables 2. 2-1 and 2. 2-2 and with consideration of the overlap of 
the results of the measurements and the uniqueness of measurements, a 
final priority evaluation is presented in Tables 2. 2-3, 2. 2-4, 2. 2-5, and 
2. 2-6. The measurements and experiments of "major importance" are 
those which provide the most significant information on the most important 
lunar exploration objectives. The measurements and experiments of 
"intermediate importance" are those which provide less significant infor-
mation or are applicable to fewer or lower priority exploration objectives. 
This group also includes certain physical property measurements which 
could be performed on samples at a lunar base or possibly returned to 

2.2-2 



EXPLORATION OBJECTIVES 

ENGIN- ;:::;- -.... >- GEOLOGY >-<-
Oil PHYSICAL GEOPHYSICAL EERING 

OF SURFACE <t:"" o-<;;r ,.-<ill GROUND EXPERIMENT &: 
0 u-EXPERIMENTS AND PROPE- ENVIRONMENT >-<?-< PROP- ..::P:: -t:r.:l TRUTH MEASUREMENT 0 FEATURES( 7) p::U t:lp:: RTIES (4) z::> MEASUREMENTS ERTIES p. p::E-< ::>P:: SENSOR PERFORMED PRINCIPAL SCIENTIFIC PAYOFF """ ... Lithology Structure oo ( 5) (3) r.:~U t-<::> 
0 >-<t-< SAMPLES -t:O Om E-<::> 
~ Sub Sub r.:~>-< Sub Sub Sub zP:: zrn 

Surf Surf Surf AtM. Surf Surf ..... E-< r.:l Remote Surf In Situ Earth Moon Surf Surf t:l:r: Surf Surf Surf [f) p:: 

Topography 

o-<t:l 
>-<z COLLATERAL MEASUREMENTS ~H AND EXPERIMENTS r.:IE-< >..:: oil:: 

--'-

Survey Control for Aerial Photos 5 3 4 X X Topographic Mapping for Aerial Photos Black &: White and/ or color aerial Photos 80 

Morphological Mapping 5 
(Contour interv.al- 1 decimeter tolOmeters) 

2 4 4 X X T!>pographic mapping of small scale 
Morphologic detail 

Photography - Geologic Mapping 85 

Micro-Morphological Mapping 5 1 
(Contour interval-! mm to 1 decimeter) 

Geology 
Surface 

3 1 4 X X Topographic Mapping or Micro-Morphology 
illustrating surface texture 

-

Surface Photography 77 

Plane Table Type Mapping 4 5 5 3 X X Aerial Distribution &: Structure of rock 
Types with vertical control 

Specimen Examination &: Description 96 

Page &: compass type mapping 4 

Surface Photography 

5 5 3 X X Aerial distribution and structur __ e of rock 
types without vertical control 

Aerial photography-specim n examination 96 
and collection 

Black &: White 5 2 3 2 2 4 2 X X X Lithology, structure, and surface con-
figuration 

Specimen eximination and description 106 

Inera-Red 1 1 1 2 1 2 X X X Lithology and structure Specimen examination and description, 36 
thermal radiation properties 

Ultra Violet 1 1 2 1 1 X X X Lithology Specimen examination and description 28 
Color 5 3 3 3 2 1 4 3 X X X Lithology, structure &: surface configuration Specimen examination and description 124 

Specimen, examination and description 5 5 4 1 4 5 X X X X X Lithology and structure Plane table or page and compass type mapping 106 
Specimen collection 5 5 5 1 5 5 X X X Samples for physical and chemical studies 

including age dating 
Specimen examination and description 114 

Measurement of Geological section 4 5 X Stratigraphy &: structure Specimen examination and description 58 
Petrographic Analysis 5 

Subsurface 

2 2 5 1 1 1 2 X X X X Lithology &: microstructure Specimen collection 93 

Drilling with collection 5 5 5 5 1 5 5 X X X X 
Description and photographs of cores 
and/ or cuttings 

Subsurface lithology, structure, stratigraphy Geophysical drill hole logging 149 
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EXPLQRA TION OBJECTIVES 

...:~_ ENGIN- N' -.-< >- GEOLOGY 
00 PHYSICAL GEOPHYSICAL EERING <"" ...:!~ ...:!Ul GROUND EXPERIMENT &: 
0 OF SURFACE u~ ...:10 EXPERIMENTS AND .-< PROPE- ENVIRONMENT PROP- <!l:: .:t:r.l TRUTH >-<>< MEASUREMENT 0 FEATURES( 7) !l::u ...:~z 

MEASUREMENTS ..<:: RTIES (4) zo COLLATERAL MEASUREMENTS Oil:: ERTIES 
p. oil:: SENSOR < ..... !l::E-< PERFORMED PRINCIPAL SCIENTIFIC PAYOFF ... Lithology Structure oo (5) E-<0 AND EXPERIMENTS !l::t-< (3) r.lu 
0 ...:It-< SAMPLES .:t:O O<JJ E-<0 z[j) ~~ 
~ Sub Sub [%1H Sub Sub Sub z!l:: [%1 0 Surf Surf Surf AtM. Surf Surf Surf ..... E-< Remote Surf In Situ Earth Moon Surf o:r: Surf Surf Surf [f) !l:: 

Geophysics 
Traverse Geophysics 1 
Seismic 
Seismic Reflection 4 2 1 X Rock layering and depths Sonic logging, seismic refraction 41 
Seismic refraction 
Near Surface (< 100 feet) 4 4 2 2 2 1 X Rock layering, depths, and seismic velocities 85 
Shallow ( 100-1000 feet) 3 4 2 2 1 X (Lithology) 72 
Intermediate (I 000-3000 feet) 3 4 2 2 X 71 
Deep (> 30, 000 feet) 2 4 3 2 5 X 80 ~ 

Gravity 
Geological 
Relative acceleration 4 2 2 2 I X Subsurface structure-in situ density of near ~Bulk density - position and evaluation control 57 
Vertical gradient 2 1 1 X surface materials 21 
Horizontal gradient 2 1 1 X Subsurface structure 21 

2 Geodetic 2 2 X X Figure of the moon Position and elevation control 26 
Magnetic 

Total intensity 3 2 2 2 2 X X Spatial description of lunar magnets 47 ~ T<mo ~daUon of 1-• =gno<ic Hold -
Vertical intensity 3 2 2 2 2 X X field, subsurface structure position control 47 
Horizontal intensity 3 2 2 2 2 X X 47 
Declination 1 1 2 2 1 X X 26 
Horizontal gradients 2 1 1 2 2 X 30 ~ Vertical gradients 2 1 I 2 2 X 30 

Electrical 
Spontaneous polarization I 1 1 2 X Structure 26 
Resistivity sounding 2 I 2 2 1 2 X X Lithology, structure &: depth of layering Electrical spontaneous polarization 42 
Resistivity profiling 2 2 1 X Structure Electrical spontaneous polarization 27 
Potential - drop I I I X Structure Electrical spontaneous polarization 14 
Equipotential point &: line I I I X Structure Electrical spontaneous polarization 14 
Magnetotellurics I I 1 I X Structure 20 
Telluric Currents I 1 2 I X Structure 23 
Electromagnetic induction I I I X Structure 14 
Electromagnetic Galvanic 1 I I I I X Structure Electrical spontaneous polarization 14 
Induced polarization I Structure and lithologic variation Electrical spontaneous polarization 26 

Gamma Ray Emissivity 1 I I I 2 X X Continuous spatial variation in lithology 22 
and structure - radiation hazard 

Surface temperature I 3 3 I I X X Lithology and igneous activity Time variation of lunar surface temperature 41 

I 
L 
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EXPLORATION OBJECTIVES 

ENGIN- N" 
>- GEOLOGY o-1-..:..o PHYSICAL GEOPHYSICAL EERING --o-1[;1 ....:IUJ GROUND EXPERIMENT & 
0 OF SURFACE u- o-10 

EXPERIMENTS AND "" PROPE- ENVIRONMENT PROP- ..:P:: <!!~ TRUTH Hi>< · MEASUREMENT FEATURES( 7) ....:~z 0 (4) z::> P::U COLLATERAL MEASUREMENTS OP:: RTIES ERTIES SENSOR <!!H MEASUREMENTS ..c: 
P< P::f-< pP:: PERFORMED PRINCIPAL SCIENTIFIC PAYOFF ... Lithology oo ( 5) f-<P AND EXPERIMENTS P::f-< Structure ( 3) ~u 
0 ....:If-< SAMPLES ril..: ..:O OUJ f-<::> 

Sub Sub zUl ~P:: ~ Sub ~H Sub Sub zP:: Surf Surf Surf AtM. Surf Surf Hf-< ~ Remote Surf In Situ Earth Moon Surf Surf o:I: Surf Surf Surf Ul P:: ! 
f 

Geophysics 
Drill Hole geophysics 

Spontaneous polarization l I 2 X X Electrical potential gradients, stratigraphy 21 
Resistivity 
Normal 2 2 I l X X Lithologic variation stratigraphy 32 
Lateral 2 2 2 I X X Lithologic variation, stratigraphy 37 
Contact 2 2 2 3 l X x Stratigraphy lithologic identification 56 
Induction 3 2 3 2 X X Stratigraphy, litholder variation Caliper logging so 

Induced Polarization 1 1 1 1 X X Stratigraphy, lithologic variation 19 

Electromagnetic 2 2 1 X X Stratigraphy, lithologic variation 27 

Radiation 
Gamma 2 2 2 2 1 1 X Natural radioactivity, lithologic variation 47 
Spectral gamma 2 2 X Radioactive isotopes, lithologic variation 26 
Gamma-Gamma 2 2 3 2 1 X Density, porosity, lithologic variation 48 
Neutron Gamma 3 3 3 3 X Hydrogen concentration, lithologic variation 63 
Neutron Neutron 3 3 3 3 X Hydrogen concentration, Lithologic variation Gamma logging 63 
Neutron Activation 4 3 3 3 X Element and isotope identification, lithologic 

variation 70 
Temperature 2 5 3 1 3 X X X Lithology and Heat Flow Thermal conductivity 65 
Thermal conductivity 1 5 3 3 X X X Heat flow Temperature 58 
Magnetic field 2 2 1 2 2 X X X Stratigraphy, structure and environment Time variation of magnetic field 36 
Magnetic susceptibility 2 2 2 3 2 X X X Stratigraphy, lithology and interpretation Laliper logging 57 

of surface measurements 
Sonic 3 3 2 4 1 X X Lithologic variation, interpretation 78 

of seismic reflections 
Caliper 1 1 X Physical characteristics of materials 14 

Drill hole diameter 
Dip meter 1 1 X Structure 13 
Gravity 1 1 1 1 1 1 1 X X 'Lithologic variation, structure and 31 

density 
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EXPLORATION OBJECTIVES 

EN GIN- N" -..... >- GEOLOGY ....:1- PHYSICAL GEOPHYSICAL EERING GROUND <t:"" ....:!~ ....:IUJ EXPERIMENT & OF SURFACE u~ <t:r"' EXPERIMENTS AND "" .s PROPE- ENVIRONMENT PROP- <t:cr; TRUTH >-<:>< MEASUREMENT 0 FEATURES(7) 
MEASUREMENTS ..c: Ccr; (4) z::> cr;u RTIES ERTIES ::;>et: SENSOR 

P.. cr;E-< PERFORMED PRINCIPAL SCIENTIFIC PAYOFF 
Lithology Structure oo .... ( 5) (3) wu t-<::> 

0 ....:IE-< SAMPLES 
E-<::> <t:O Om zrn ~ Sub Sub Sub Sub Sub zcr: Surf Surf W'""' Surf AtM. Surf ril Surf Surf .... E-< Remote Surf n Situ Earth Moon Surf c:r: Surf Surf Surf [f) cr; 

Geophysics 

i 
....:~c 
....:~z COLLATERAL MEASUREMENTS <t:._. 

AND EXPERIMENTS et:E-< 
r"'<t: 
~cr; 

Material Properties 
Seismic 
Compressional velocity 3 I X 
Shear Velocity 2 1 X 

X X X 
X X X 

Interpretation of seismic measurements and 
determination of physical properties } Specimen description and collection 18 

13 
Attenuation 1 1 X X X X t 8 

Electric 
Conductivity 4 X X 
Dielectric constant 4 X X 

X X X 
X X X } Interpretation of electrical geophysical 

measurements and ground truth data 
Specimen description and collection 20 } 20 

Density 
Bulk 4 4 X 
Mineral or particle 4 4 X 

X X X 
X X } Gravity interpretation, porosity and deter-

mination of other physical properties 
Specimen d'escription and collection 32 } 32 

Thermal 
Conductivity 4 X X X X X Heat flow and ground truth data Specimen description and collection 20 
Specific heat 4 X X 
Diffusivity 4 X X 
Inertia 4 X X 

X X X 
X X 
X X I 20 

20 
20 

Coefficients of expansion I X X Interpretation of erosion phenomena 8 
Thermal Radiation 

Intensity 4 X X 
Power Density 4 X X 
Wavelength 4 X X 

X X X 
X X X 
X X X 

Ground truth data I 20 

} External radiation flux 20 
20 

Magnetic 
Susceptibility 3 X X X X X Magnetic interpretatidn Specimen collection and de scription collection 15 
Remanent polarization 4 3 X X X X Magnetic interpreation & paced magnetism of oriented specimens 39 

Reflectance 
Intensity 5 X X X X X 25 
Wavelength 5 X X 
Polarization 5 X X 

X X X 
X X X 

Ground truth data 
\ 

External radiation flux 25 
25 \ 

Elastic constants 1 3 X X X Engineering properties Specimen description and collection 14 

Radioactivity 3 X X X X X Radioactive hazard and interpretation of 
gamma ray emissivity 

Specimen description and collection 15 

Porosity 4 3 X X X X X Engineering properties - ground truth data Bulk and mineral or particle density 20 

Permeability 2 X X Gas mobility Porosity 19 
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EXPLORATION OBJECTIVES F' 
ENGIN- N' ::-

>- GEOLOGY ..:I-
Of) <.:-JJ PHYSICAL GEOPHYSICAL EERING ...:1[;1 ...:~ili GROUND EXPERIMENT & 6{ 
0 OF SURFACE ....:10 u-EXPERIMENTS AND PROPE- ENVIRONMENT PROP- ..:~ ..:r£1 TRUTH >-<:>< MEASUREMENT ...:~z 0 FEATURES(?) zt=> ~u COLLATERAL MEASUREMENTS ..: .... MEASUREMENTS ..<:I 0~ RTIES (4) ERTIES p~ SENSOR 
1'1< ~I'-< PERFORMED PRINCIPAL SCIENTIFIC FA YOFF 

Structure oo AND EXPERIMENTS ~I'-< ... Lithology ( 5) (3) r£1u t-<P ..:IE-; SAMPLES r£1..: 
0 E-<p ..:0 OUl zUl ~~ ~ Sub Sub Sub Sub Sub z~ Surf Surf [i1 Surf ri15:J Surf AtM. Surf Surf .... !'-< Remote Surf In Situ Earth Moon Surf I. Surf 0 Surf Surf U) ~ 

Geophysics 
Natural Phenomena : Seismic Activity (passive) 1 4 3 5 X .Internal structure, meteorite flux 53 

Meteorite flux 5 X Hazard and meteorite flux Seismic activity (passive) 20 
External Radiation Flux 5 X Hazard and geophysical environment 20 

Electrical potential gradients 4 X X Hazard and geophysical environment .Time variation of magnetic field 16 

Magnetic Field-Time Variation 
Total Intensity 1 1 2 X X Internal structure and geophysical 21 
Vertical Intensity 1 1 2 X X 21 
Horizontal Intensity 1 1 2 X X Environment 21 
Declination 1 1 2 X X } Elod•i< fiold lllno mli>li=• 21 
Horizontal Gradients 1 i 1 X } 17 
Vertical Gradients 1 1 1 X 17 

Erosion 4 4 2 X X Morphological development and origin of Specimen description & collection, 50 
surface unconsolidated material radiation flux, meteorite flux 

Gravity 
Absolute 5 3 X Figure of moon Absolute position control 26 
Tidal 2 3 X Strength of moon 14 

Heat flow 1 5 4 x Internal composition and thermal history Thermal conductivity, temperature gradient 45 

Acoustic 1 X Communications Lunar "Atmospheric" pressure 4 

Temperature 
Time & Space Variations 5 X X Geophysical environment, ground truth data Heat flow, thermal radiation and reflectangle 20 

properties of surface materials 

Engineering 
Bearing Strength 5 X Density, porosity, specimen description and 15 

examination electrical potential gradients 
Shear Strength 5 X Suitability to over land transportation 15 

and communication, physical properties 15 
Penetration Resistance 5 X } 15 
Internal Properties 5 X J 15 
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EXPLORATION OBJECTIVES 

ENGIN- N -~ ;,., GEOLOGY ...:1-
OJ) PHYSICAL GEOPHYSICAL «:"' EERING ...:lr;s ..:)iJJ GROUND EXPERIMENT & 
0 OF SURFACE ..:10 u-EXPERIMENTS AND PROPE- ENVIRONMENT PROP- <f ril TRUTH 0 FEATURES( 7) ~>< «:~ MEASUREMENT ..:Jz ciU COLLATERAL MEASUREMENTS (4) «:,_.. 

MEASUREMENTS ..<::: 0~ RTIES ERTIES z~--< ::::>~ SENSOR PERFORMED 0-, PRINCIPAL SCIENTIFIC PAYOFF oo ~u [:-<::::> AND EXPERIMENTS ~I-< 
>< Lithology Structure ( 5) ( 3) ..:1[:-< SAMPLES 
0 ril::::> ril«: 

Olll [:-<~ «:~ Sub s~ :::2 Sub Sub rijH Sub Sub Surf Surf Surf AtM. Surf zrii 
Surf Surf Surf ~[:-< Remote Surf In Situ Earth Moon Surf o:r: Surf Sud Ul ~ 

' 
Geochen1istry 

Rock-Chemical Composition 
Spectrometry 4 4 4 X X X X X 
Neutron Activation Analysis 4 4 4 X X X X X Origin and History of Moon, distribution } Physical properties, specirnen description 

4 } 56 
Wet Analysis 3 4 X X X X of elements and isotopes, lithology and collection 56 

Mineral-Chemical Composition and 49 
Structure 
X-Ray Diffraction 3 3 3 X X X Physical properties, mineral separation, 42 

l specimen description and collection 42 
Spectrometry 3 3 3 X X X Origin and history of n1oon, distribution 

of elements and isotopes 
Differential Thermal Analysis 2 3 3 X X X 35 
Neutron Activation Analysis 3 3 3 X X X 42 
Gots Chromotogra phy 3 3 3 X X X 42 

Gas 
11Atmospheric 11 Gas Pressure 2 5 l X X X X Geophysical Environment 34 
and Contposition 

Volcanic and igneous phenomena Surface temperature heat flow 3.S 
11 Volcanic 11 gas pressure and composition 3 3 l 3 X X X X origin and history of moon Surface geological mapping 

{ Surface geological mapping 30 
Radioactive age determination 5 X X X X X Absolute time scale Measurement of geological secti~ns 

specimen description and collechon 
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TABLE 2. 2-2 

RATING OF MEASUREMENTS AND EXPERIMENTS 

Drilling with collection, description and photographs 
of cores and/ or cuttings 149 

Color photography 124 
Specimen collection 114 
Black and White photography 106 
Specimen examination and description 106 
Plane table type mapping 96 
Place and compass type mapping 96 
Petrographic analysis 93 
Near-surface(< 100 feet depth) seismic refraction 85 
Morphological mapping 85 
Deep(> 30,000 feet depth) seismic refraction 80 
Survey control for aerial photographs 80 
Sonic logging 78 
Micro-morphological mapping 77 
Shallow ( 100 to 1, 000 feet depth seismic refraction 72 
Intermediate ( 1, 000 to 30, 000 feet depth) seismic refraction 71 
Neutron-activation analysis logging 70 
Temperature logging 65 
Neutron-gamma logging 63 
Neutron-neutron logging 63 
Measurement of geologic sections 58 
Thermal conductivity logging 58 
Gravity surveying-relative acceleration measurements 57 
Magnetic susceptibility logging 'i7 
Spectrometry study of rocks 'i6 
Electrical contact logging 'i6 
Neutron-activation analysis of rocks 56 
Seismic activity (passive) 'i3 
Induction logging so 
Erosion phenomena 50 
Wet chamical analysis of rocks 49 
Gamma -gamma logging 48 
Gamma logging 47 
Magnetic surveying -total intensity 47 
Magnetic surveying -vertical intensity 47 
Magnetic surveying -horizontal intensity 47 
Heat flow 45 
X -ray diffraction study of separated minerals 42 
Spectrometry study of separated minerals 42 
Neutron-activation analysis of separated minerals 42 
Gas chromatography study of separated minerals 42 
Electrical resistivity sounding 42 
Surface temperature surveying 41 
Seismic reflection 41 
Remanent magnetic polarization measurement 39 
Electrical lateral logging 37 
Infra -red photography 36 
Magnetic field logging 36 
Differential thermal analysis of separated minerals 35 
Volcanic gas pressure and composition 35 
"Atmospheric" gas pressure and composition 34 
Mineral or particle density measurements 32 
Electrical normal logging 32 
Bulk density measurement 32 

Overall 
Rating 
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TABLE 2. 2-2 (CONT.) 

Gravity logging 31 
Magnetic surveying -horizontal gradient 30 
Magnetic surveying -vertical gradient 30 
Radioactive age determination 30 
Ultra -violet photography 28 
Electromagnetic logging 27 
Electrical resistivity profiling 27 
Gravity-absolute measurement 26 
Gravity-geodetic 26 
Magnetic surveying -declination 26 
Spontaneous polarization surveying 26 
Induced polarization surveying 26 
Spectral-gamma logging 26 
Reflectance measurements-intensity, wavelength, polarization 25 
Telluric current surveying 23 
X-ray emissivity surveying 22 
Spontaneous polarization logging 21 
Gravity surveying-vertical gradient 2l 
Gravity surveying -horizontal gradient 21 
Magnetic field-time variations of total, vertical, and hori-

zontal intensity and declination 21 
Magnetotelluric surveying 20 
Electrical conductivity measurements 20 
Dielectric constant measurements 20 
Temperature surveying -time and space 20 
Thermal properties measurements-conductivity, specific 

heat, diffusivity, and inertia 20 
Thermal radiation properties measurements intensity, 

power density, and wavelength 20 
Porosity measurements 20 
Meteorite flux 20 
External radiation flux 20 
Induced polarization logging 19 
Permeability measurements 19 
Seismic compressional velocity 18 
Magnetic field-time variations of vertical and horizontal 

gradients 17 
Electrical potential gradient measurements 16 
Magnetic susceptibility measurements 15 
Radioactive properties measurements l 5 
Engineering properties measurements- bearing strength, 

shear, strength, penetration resistance, and internal 
properties 15 

Gravity-tidal measurements 14 
Caliper logging 14 
Elastic constants measurements 14 
Electromagnetic induction measurements 14 
Electromagnetic galvanic measurements 14 
Potential drop surveying 14 
Equipotential point and line surveying 14 
Seismic shear velocity measurements 13 
Dip meter logging 13 
Seismic attenuation measurements 8 
Coefficients of expansion measurements 8 
Acoustic measurements 4 



earth, but which would be more significant when measured "in situ". The 
measurements and experiments of "minor importance" are of less signifi-
cance than those ranked as major or intermediate importance; they also 
contain measurements which provide the same or similar information as 
those of higher rank, but which have a lower reliability. Table 2. 2-6 
separately lists the geophysical logging methods in an analogous rating 
system, Table 2. 2-7 lists the measurements and experiments to be per-
formed on samples at a lunar base and/ or returned to earth. 

For the final report the geological exploration measurements recom-
mendations made in this section by Professor W. Hinge (Michigan State 
University) and Professor W. Parsons (Wayne State University) will be 
combined with the measurements survey summarized in Appendix A in 
order to arrive at a sample scientific instrument package for use with the 
MOLA B engineering design studies. 
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TABLE 2. 2-3 

MEASUREMENTS AND EXPERIMENTS OF 
MAJOR SCIENTIFIC IMPORTANCE 

Drilling with collection, description, and photographs of cores and/ or 
cuttings plus geophysical logging of the drill hole (see Table 2. 2-6) 

Survey control for aerial photographs 

Morphological mapping 

Micro-morphological mapping 

Plane -table type mapping or pace and compass type mapp1ng with aerial 
photographs 

Specimen examination and description 

Specimen collection 

Measurement of geologic sections 

Surface photography 
Black and white 
Color 

Seismic refraction studies 

Near-surface [ < 100 feet depth] 
Shallow [ 100 to 1, 000 feet depth] 
Intermediate [ 1, 000 to 30, 000 feet depth] 
Deep [ > 30, 000 feet depth J 

Seismic reflection 

Gravity surveying -relative acceleration measurements 

Magnetic field surveying -total, vertical, or horizontal intensity measurements 

Seismic activity 

Heat flow 

Erosion phenomena 

Meteorite flux 

External radiation flux 

Temperature· surveying -time and space variations 
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TABLE 2. 2-4 

MEASUREMENTS AND EXPERIMENTS OF 
INTERMEDIATE SCIENTIFIC 

IMPORTANCE 

Infra -red photography 

Electrical resistivity sounding 

Electrical resistivity profiling 

X-ray emissivity surveying 

Surface temperature measurements 

"Atmospheric" gas pressure and composition 

Volcanic gas pressure and composition 

Gravity-absolute determination 

Gravity-tidal measurements 

Magnetic field -time variations of total, vertical, or horizontal 
intensity and declination 

"Atmospheric" electrical potential gradient 

Penetration resistance 

~:<Bulk density 

~:<Reflectance properties -intensity, wavelength, and polarization 

~:<Thermal radiation properties-intensity, power density, and 
wavelength 

~:<Electrical conductivity measurements 

~:<Dielectric constant measurements 

~:<To be performed "in situ" on unconsolidated deposits 
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TABLE 2. 2-5 

MEASUREMENTS AND EXPERIMENTS OF MINOR 
SCIENTIFIC IMPORTANCE 

Electromagnetic -induction surveying 

Electromagnetic- galvanic surveying 

Induced polarization surveying 

Equipotential point and line surveying 

Potential-drop surveying 

Spontaneous polarization surveying 

Magnetotelluric surveying 

Telluric surveying 

Gravity surveying-geodetic 

Magnetic field-time variations of vertical and horizontal 
gradients 

Magnetic field surveying -vertical and horizontal gradients and 
declination 

Gravity surveying-vertical and horizontal gradients of 
acceleration 

Ultraviolet photography 

A caustic experiments 



TABLE 2. 2-6 

GEOPHYSICAL LOGGING METHODS EVALUATION 

Major Importance 

Sonic 

Neutron-activation analysis 

Temperature 

Thermal conductivity 

Electrical induction 

Intermediate Importance 

Neutron-neutron 

Electrical contact 

Gamma- gamma 

Gamma 

Caliper 

Minor Importance 

Neutron-gamma 

Magnetic susceptibility 

Electrical lateral 

Electrical normal 

Magnetic field 

Gravity 

Electromagnetic 

Spectral-gamma 

Spontaneous polarization 

Induced polarization 

Dip meter 
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TABLE 2. 2-7 

SPECIMEN MEASUREMENTS AT A LUNAR BASE 
AND/ OR RETURNED TO EARTH 

Petrographic analysis 
Radioactive age determinations 
Chemical composition of rocks 

Spectrometry 
Neutron-activation analysis 
Wet analysis 

Chemical composition and structure of separated minerals 
X-ray diffraction 
Spectrometry 
Differential thermal analysis 
Neutron-activation analysis 
Gas chromatography 

Seismic 
Compressional velocity 
Shear velocity 
Attenuation 

Electric 
Conductivity 
Dielectric constant 

Density 
Bulk 
Mineral or partie le 

Thermal 
Conductivity 
Specific heat 
Diffusivity 
Inertia 
Coefficients of expansion 

Thermal radiation 
Intensity 
Power density 
Wavelength 

Magnetic 
Susceptibility 
Remanent polarization 

Reflectance 
Intensity 
Wavelength 
Polarization 

Elastic constants 
Radioactivity 
Porosity 
Permeability 
Engineering 

Bearing strength 
Shear strength 
Penetration resistance 
Internal properties 

Gas analysis 



SECTION 3 

INSTRUMENTATION SELECTION CRITERIA 

The following sections of this report contain: ( 1) an evaluation 
of the various techniques for making geological measurements, (2) a 
recommendation of the best instrument design techniques for lunar 
exploration, (3) conceptual designs of geological exploration instruments, 
and (4) the operational procedures for use of the instruments. The instru-
ment selection and design philosophy to be used are discussed in this section. 
Section 9. 1 gives the instrumentation system design philosophy, restraints, 
and guidelines. 

The following definitions are made for clarity in the discussion in 
the remainder of this report: 

A measurement is the parameter desired to be obtained (i.e., 
magnetic field strength). 

A technique is the method used to obtain the measurement (i.e. , 
flux gate magnetometer). 

A conceptual design is a study of a measurement technique taken 
to the point of defining all the elements making up the instrument, the 
functional requirements on each element, the operational procedures 
involved in its use; and of estimating the physical and electrical charac-
teristics of the instrument such as volume, rna s s, power, data output, 
etc. 

The following criteria were used in the selection of a measure-
ment technique and the conceptual design of an experiment: 

l. The technique must be capable ofmeasuring the parameter 
over the dynamic range and to the accuracy required. 

2. The technique should give a reliable interpretation of the data 
without additional data and information. In cases where 
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additional data are required, those techniques requu1ng 
minimal and easily obtainable additional data should be 
favored" 

3" An experiment using the recommended technique must be 
able to withstand the environmental constraints. Equipment 
must survive the prelaunch, launch, earth-moon transit, lunar 
landing, and then operate in lunar surface environment. 

4. All instruments must be capable of surviving the ambient 
lunar environment for time periods up to one year. During 
the MOLAB traverse, it can be assumed that the instrumenta-
tion is store4 in a temperature-controlled environment prior 
to use. If an instrument is to be used on the lunar surface, 
it must operate satisfactorily during the temperature excur-
sions occurring during surface operation or provide thermal 
control of sensitive elements" 

5. The basic technique should be proven, and suitable equipments 
should exist which can be easily modified. Any new technique 
proposed should not require large state -of-the -art advance-
ments to prove its feasibility. Maximum. use of existing 
space instrumentation developed for the unmanned and Apollo 
programs should be made. 

6. Those techniques which can be automated, be self-calibrating, 
and require the minimum number of astronaut skills and mini-
mum time were favored. 

7. Where applicable, those techniques which have the ability to 
make continual measurements while traversing, or during 
short stops in the traverse, were favored" 

8. Experiment operations requiring both astronauts to be outside 
at the same time should be avoided. 

9. On this first exploration mission, those techniques which 
require detailed and involved sample preparations or sample 
analysis should be avoided. 



10. Experiment operations requ1r1ng only voice recording of 
observations were favored over those requiring the astronauts 1 

written records. 

11. Of the techniques satisfying the above requirements, those 
with the minimum weight, power, volume, and data require-
ments were favored. 
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SECTION 4 

CONTINUAL SURFACE MEASUREMENT INSTRUMENTATION 

The instrument package for obtaining imagery, and radiometric and 
spectral data from surface features of geological interest should consist of 
photographic cameras, a TV camera, a radiometer, a spectroradiometer 
of the dispersive type, and spectrometers of the interferometer type. At 
least three photographic cameras or a multi-lens camera system will be 
required. A fourth camera or one dual-lens type would provide stereo-
scopic capability. These cameras will be equipped with 70-mm film having 
sensitivity to the UV between 0. 20 micron and 0. 40 micron, to the visible 
between 0. 36 and 0. 72 micron, and to theIR between 0. 65 and 0. 85 micron, 
respectively. One TV camera would be mounted and boresighted with the 
instruments to act as an observing and guiding telescope for the astronaut 
in the MOLAB cabin. Other TV capability may be provided by the cameras 
which are already designed into the vehicle configuration for other purposes 
such as navigation and control. 

The measurements to be discus sed have been categorized into: ( 1) 
those in which an intelligible image is placed on the sensor, such as film 
or a TV photocathode, and ( 2) those which give data by focussing one resolu-
tion element at a time such as a radiometer where the elemental area is 
defined by the size of the projected detector area. The former shall be 
called synoptic imagery, and the latter, point detector imagery. TV may 
be considered as a product of both categories since the f'rame image is 
completely formed, but it takes an electronic scanning resolution element 
to reproduce this image. 

4. 1 SYNOPTIC IMAGERY MEASUREMENTS 

The data obtainable from synoptic continual surface measurements 
should be closely correlated with those obtained by orbital sensors of the 
same type. They will also help to interpret other types of imagery such 
as that from radar and passive-microwave imagery which techniques have 
recently appeared to offer unique advantages.>!< Two-dimensional spatial 

*Peter C. Badgley, "The Applications of Remite Sensors in Planetary Ex-
ploration, 11 Third Annual Symposium on Remote Sensing of Environment, 
1964, Ann Arbor, Michigan. 
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distribution of luminance tones are the basic data, from which 3-dimensional 
shapes, surface textures, patterns, and surface reflectance features can be 
derived. Rigorous derivation of three-dimensional spatial distributions of 
the surface, of course, requires stereo imagery, with two overlapping im-
ages from each area of interest. From spatial configurations, texture, 
pattern, and reflectance geological and geophysical determinations can be 
made which will provide the ground truth along the traverse. Ground truth 
is here defined as any data concerning the features being imaged or other-
wise sensed which provide specific physical information to aid in interpreting 
1mages from earth-based or orbital sensors. 

4. l. l Basic Principles of Synoptic Observations 

The basic principle of synoptic measurement is that of conventional 
frame-by-frame photography or TV imagery. The instrument used must 
produce a spatial distribution of tonal values representing the luminance 
distribution of the original scene. 

A third type of sensor which is closely allied to TV is the optical-
mechanical scanner where the object space is scanned by an elemental 
area detector via a mechanically operated mirror. This essentially re-
places the electronic scanning of TV with a mechanically scanning mirror 
but no framed image is formed until it is reconstituted at the receiving 
station. Considerations of the scanner appear throughout this discussion, 
but it is not considered feasible for this mission until the scan times can 
be considerably reduced from the present 2 hours for 90° to the order of 
seconds. This latter capability is expected, but only developmental models 
are currently available. 

Lunar photography will have the additional consideration of the lunar 
photometric function. The luminance of any area will be dependent not only 
on its albedo but also on solar incident and sensor emittance angles. It 
will, therefore, be necessary to precalibrate the film photometrically and 
have an accurate record of time and orientation angles. 

4. l. 2 Instrument Requirements 

The following system parameters are of importance and will be 
iiscussed in this section: 
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Sensitivity Spectral bandwidth 

Exposure/ scan time Total amount of data 

Dynamic range Data storage capacity 

Spatial resolution Image motion compensation 

Field of view Data transmission capability 

Image size and format Exposure repetition rate 

The system sensitivity is determined by consideration of the lunar 
photometric environment to be encountered and exposure periods cons is-
tent with mission operational requirements. Figure 4.1-1 gives there-
lationship of the exposure, in meter-candle-seconds, which is required 
for three exposure times over the range of luminance values expected for 
a lunar day traverse. Once this system sensitivity requirement is estab-
lished, these relationships can be used to determine what approximate ex-
posure time is necessary for the appropriate surface luminance and sensor. 
Typical exposure times for the various sensors as indicated are given in 
Figure 4. 1-2 as a function of the reflectance values of various surface 
features. The range of surface reflectances which corresponds directly 
to surface luminance assuming a solar illuminance of 1. 41 x 10 5 lumens /m 2, 
is chosen to cover all probable cases; exposure times for both lunar day 
and night illumination conditions are given. The figure shows that for vidi-
con and scanner capability, the range of exposure times for lunar maria 
scenes is 0. 05 to 0. 4 second (1/20 to 2/5), while a fast pan-ernulsion film 
is 5 x 10- 3 to 4 x 10- 2 seconds0/200 to 1/25). These fast-films, however, 
are also more susceptible to contrast losses produced by radiation darkening. 
The required image plane exposure (energy density incident on the detector, 
in lumens per m 2- sec) is plotted as a function of lunar surface luminance 
in Figure 4. 1-2 for a range of exposure times ( 0. 01 to 1. 0 second). Once 
the system sensitivity is determined, this relation can be used to deter-
mine what approximate exposure time is required for the appropriate sur-
face luminance. If the imagery is to be presented in a digitized format, the 
number of grey levels attainable is important. In Figure 4. 1-3, the number 
of /2 grey levels attainable by various types of imaging systems is shown, 
for the linear region of response. Standard films, vidicons, and scanners 
all have similar capabilities here, while high contrast film and high resolu-
tion film are superior. This is essentially a measure of sensor linear dy-
namic range, or the maximum-to-minimum discernible signal ratio over 
the linear region of response for each of the detectors. 
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Figure 4. 1-3 Number of .fi Grey Levels Attainable Over Linear 
Region of Response for Various Types of Imaging Systems 
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Spatial resolution requirements are important for the synoptic 
measurements. The minimum detectable object size which can just be 
detected (not identified) by a given sensor system is plotted in Figure 4. 1-4 
as a function of object range for various types of imaging systems. De-
pending on what size definition is desired (0. 001 m for surface texture, 
0. 01 m for surface structure, or 0. 1 m for surface element definition) the 
range to which these objectives are obtainable is defined by the specific 
sensor curve. Thus a 60° FOV 70-mm film system provides surface tex-
ture out to 3m, surface structure out to 30m, and surface element defini-
tion to a range of 300 m. 

If synoptic measurements are made while the vehicle is in motion, 
which is definitely a desirable capability, resolution degradation will re-
sult. Resolution smear as a function of vehicle speed is illustrated in Fig-
ure 4. 1-5, both at the center and at the edge of a 60° FOV directed at right 
angles to vehicle motion (worst case), for several exposure/scan times. 
From this figure it can be determined that at all but lowest vehicle speeds 
and fastest exposure times (less than 0. 01 sec), the resolution smear n1akes 
surface texture and structure measurements impossible, unless image mo-
tion compensation (IMC) is provided. IMC is a standard provision on ter-
restrial camera systems, and is not difficult to implement on lunar sys-
tems. The amount of film motion required to provide IMC is shown in Fig-
ure 4. 1-6, as a function of vehicle speed, for various focal length systems, 
and angles between line -of- sight and vehicle motion. The relationship of 
field of view to focal length for various image formats and instruments is 
given in Figure 4. 1-7. 

Spectral bandwidth requirements for the synoptic measurements are 
dependent on two factors: the spectral bandwidths of previous data which arc 
to be interpreted by or correlated with these data; the spectral characteristics 
of the lunar surface, which will determine whether restricted spectral bands 
provide additional synoptic information, and if so, which spectral bands are 
optimum. 

The total amount of film required is a function of the traverse dis-
tance, the average exposure rates, and the film size. This is illustrated 
in Figure 4. 1-8 where total film footage is plotted versus traverse distance, 
for various average exposure rates, for 35-mm and 70-mm formats. Note 
that the 70-mm provides approximately double the coverage of the 35-mm, 
so only half as high an average exposure rate would provide equal coverage. 
Assuming a maximum coverage of 5 exposures per kilometer per camera, 
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Figure 4. l-6 Required Film Motion Vs Vehicle Speed for IMC of Target 
at 100 M. Range 
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this corresponds to 560 feet of 70-mm film (using 60- x 70-mm area for 
scene) for a 480-km traverse. For four photographs per scene ( 1 stereo 
pair, 2 spectral band frames), this amounts to 2240 feet of film, which at 
0. 30 kg/ 100 feet of film corresponds to 6 kg. This is rather heavy, so 
either special light weight film (mylar base) or a smaller exposure rate 
rnust be used. 

The total surface area imaged as a function of the number of ex-
posures made during the traverse is given in Figure 4. 1-9, for 2 sensor 
heights. The 5 exposure/km rate over a 480-km traverse thus produces 
imagery of 1. 9 X 208 to 2. 2 X 108 square meters of lunar terrain. 

If the film from camera 1 is developed on- board and scanned by a 
flying spot scanner, then telemetered to earth, a fairly high data content 
results. For a 50-line pair per millimeter spatial resolution system and 
7 0 -mm format, 10 7 resolution elements are obtained per frame. In Fig-
ure 4. 1-10, the total number of bits per frame or per sample is plotted as 
a function of the number of increments per frame (for camera, spatial 
resolution elements are the increments). If moderate tonal capability is 
used ( 16 grey levels or 4 bits per word), 3 x 10 7 bits are produced per 
frame. If this is read out and telemetered over a 5-minute interval, a 
data rate of 10 5 bits per second results. For lower data rates, either 
longer transmission times must be used, or the resolution of the system 
must be degraded over its inherent capability. 

4. 1. 3 Synoptic Measurement Techniques Evaluation 

For synoptic measurements of the lunar surface ground truth along 
the vehicle traverse, the following techniques were considered: 

l. Stereo visible region broadband photography 

2. Monoptic spectral broadband photography 

3. Intermediate bandwidth photography 

4. Vidicon TV camera system 

5. Optical-mechanical scanner (facsimile camera). 

The first three methods are exposure-type imaging systems, while 
the latter two are line scan devices. 
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Figure 4. 1-10 Total Number of Bits Per a Sample As a Function of Number of 
Increments Per Sample and Required Number of Bits Per Word 
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Photography is the best developed technique for survey and carto-
graphic purposes. Its advantages are ease of operation, familiarity, long 
development background for methods, and data gathering capability. Its 
disadvantage is the need to process the film and to provide remote readout 
for telemetering the imagery to earth. Either stereo or monoptic systems 
can be used-stereo having the advantage of far more complete terrain de-
termination, but at the expense of doubling the system complexity. Recent 
Bendix in-house studies have shown that due to the unusual photometric 
properties of the lunar surface layer, monoptic photography can provide 
very misleading information a bout surface morphology. At pre sent, what-
ever the sensor system used for synoptic measurements, the stereo mode 
of operation is definitely recommended. This can be achieved in two ways. 
First, a stereo camera system can be utilized, which takes 2 or more ex-
posures simultaneously with fixed-base spatially separated optical systems. 
Or, since the synoptic instrument package must be gimballed (for reasons 
of completeness of coverage and versatility) and the vehicle provides a 
moving platform, a single camera may be used, and stereo coverage 
achieved by viewing the same scene frorn different positions. The former 
method is simpler but requires more weight and size. An indication of 
stereo coverage requirements is shown in Figure 4. 1 -11, which gives per-
cent overlap for successive frames as a function of stereo baseline (dis-
tance between camera positions for successive exposures). 

In addition to visible range coverage, intermediate -band coverage 
(spectral bandwidth 300-1000 A) is also a possible technique. Multi-band 
photographic sensors have been successfully used in terrestrial mapping 
and survey programs, and multi-sensor airborne cameras with up to nine 
sensor bands are operational. For terrestrial imaging functions, multi-
band photography has proved to be reliable, accurate, and simple. Al-
though spectroradion1etric instrumentation will be proved (Section 4. 2. 2) 
to measure spectral reflectances over the entire UV, visible, and near IR 
regions, these data are obtained only for small spatial locations, with little 
spatial discrimination capability. Since it has been demonstrated that sig-
nificant color contrasts do exist in the lunar maria (G. Coyne, Astron. J., 
68, 49, 1963), and other evidence indicates that certain spectral regions 
may provide important structural and compositional information, it is 
evident that extended spatial mappi:1g in selected spectral bands has a 
definite role in this mission. 
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Figure 4. 1-11 Stereo Coverage Requirements 



The most important advantage of multi-band imagery is the in-
creased effective resolution that can be achieved over a broad band system. 
If the spectral band is chosen to maximize tonal contrast between geological 
or morphologic features, the effective resolution will be increased because 
of the additional tonal differentiation provided by the spectral differences. 

Recent reports indicate that the UV and IR regions have significant 
advantages for synoptic measurements. In the UV, mineral and crystal 
bands are predominant, and geological composition differences will be 
most evident here. Studies have found that certain types of lunar formations 
have relatively strong reflectances in the UV relative to the maria, in-
cluding ray craters and rays (T. W. Rackham, Icarus, 3, 45, 1964), which 
supports the contention that compositional differences are strongly dif-
ferentiated in the UV. Furthermore, mineral luminescence bands which 
have now been conclusively discovered in the green and red regions (Z. 
Lopal and T. Rackham, Icarus, 2, 41, 1963) should be even more promi-
nent in the near UV due to the strong electronic transitions there. The 

0 
particular wavelength region that would be most useful is the 2000-4000 A 
region. This would extend far enough into the UV to cover significant re-
flectance band features and luminescent bands, and yet would permit cor-
relations with visual observations, as well as with U -band photometry, ob-
tained from earth. 

The near IR reg10n will also provide significant structural infor-
mation concerning lunar terrain. It has been demonstrated that the lunar 
maria have greatest contrast in the red, which means that the finest tonal 
details will be revealed in red-ncar IR imagery. Further, the maria re-
flectance increases monotonically with wavelength so that high surface 
luminances will occur in the red. In general, this region seems to provide 
highest contrast, highest surface luminance for the average n1aria, which 
would give the best effective resolution for synoptic measurements. 

In addition, several unusual features in the red-near IR region 
appear interesting. "First, Rackham ( op. cit.) has found that certain 
features are greatly enhanced in brightness in the near IR over the UV 

0 
appearance. For example, in the UV ( 3900 A) the ray systems of Copernicus 
and Aristarchus show similar intensities, while in the near IR, the Coper-
nican ray system is much brigher than Aristarchus. This type of differen-
tiation is an important analytical aid. Second, the recent visual and photo-
graphic observations of transient, intense deep-red enhancements of the 

0 
lunar surface luminance indicate that the 6500-8500 A region is of special 
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interest. Whether volcanic or luminescent in origin, these phenomena are 
apparently of regular occurrence. Also, far red luminescence bands have 
been observed spectrophotometrically. 

The specific spectral bandwidths for these general regions are not 
presently determined. Fluorcoocent mineral spectra and broad reflectance 
peaks are of the order of 100 A wide, while gaseous emission bands are of 
similar widths. Exact bandwidths and their location will require specific 
validation experiments. 

Theoe considerations indicate that in addition to broad band stereo 
imagery, multi-band monoptic syotems should also be provided. For broad 
band work a pan emulsion, such as the SO 243 to be used in the Lunar Or-
biter systems, would be the best choice for medium speed, moderate con-
trast, high resolution, and minimum radiation-induced darkening. For UV 
imagery, a 103-type film gives fast, high contrast, high resolution images. 
The red-near IR region can be imaged using I-N emulsionf:l, with red filter. 
The exposures for intermediate band cameras will be of the order of 10 or 
more times longer than for the broad band film, due to the lower light 
levels resulting from the restricted regions of f:iensitivity. These times 
would result in reoolution smear in the range 0.1 to 1.1 foot, necessitating 
some form of image motion compensation to achieve the spatial resolution 
of which the film is capable. 

TV or facsimile cameras may be used in place of film. The ad-
vantage of these line-scan type systems io that data are already in elec-
trical form, easily stored, and directly transrnittable without processing. 
The disadvantages are the moderate-to-poor resolution achievable, limited 
dynamic range, and grey level capability, and the moderate sensitivities, 
requiring even longer exposure times. Since resolution is of utmost im-
portance, and system dynamic range is also significant, these disadvantages 
are critical. Therefore, we can immediately conclude that the film -type 
system is definitely preferable for synoptic purposes. In Figures 4.1-1 
and 4. 1-3 the superiority of film sensors over electronic sensors in terms 
of dynamic range or grey level registration and system oensitivity was 
shown. Figure 4. 1-4 in addition illustrated the superiority of film resolu-
tion over the various line-scan sensors to be approximately an order of 
magnitude in difference. Typical maximum and minimum exposure or 
scan times for various sensors are shown in Figure 4. 1-12. These time 
ranges will be a function of scene luminance and operational modes. In 
Figure 4. 1 -7 we have seen that for a given focal length, the smaller image 
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size of standard vidicons provides much smaller fields of view than do the 
moderate film formats. This requires more exposures per scene to ac-
quire the same total coverage which would extend system operating time 
and power consumption. This same consideration favors the choice of 
70-mm film forn1at over 35 mm. The larger forn1at provides wider field 
of view, hence larger terrain coverage, and more easily resolved elements, 
for a given focal length. Thus, more exposures, more camera cycles, and 
more system power will result from using the smaller format if equal 
coverage is to be achieved. Also, the wider field of view provides for 
better overlapping of images and n1akes stereo pair coverage easier to 
obtain. The alternative approach would be to use longer focal lengths, 
but this would entail larger and heavier systen1s to achieve the san1e 
sensitivity. 

Technique Selection 

The following set of measurement techniques has been chosen 
following the above considerations: 

Carnera 1 

Broad band (pan) response 

70-mm format 

Stereo capability 

60° FOV recommended 

Camera 2 

Intermediate band re-
sponse 

UV:O. 20 f-1 to 0. 40 f-1 

Monoptic 

70 mm 

Camera ·3 

Intermediate band 
response 

Near IR 0. 65 to 0. 85 

Monoptic 

70 mm 

4. 1. 4 Existing Synoptic Measurement Instrumentation 

Existing instrumentation which is adaptable to the requirements of 
the synoptic n1ission are listed in Table 4. 1-1. These include cameras and 
electronic imaging systems. Any of the systems listed would require some 
modification. Basic modifications include: 

Decreased can1era weight Lunar environmental modifications 

Increase film supply Automatic development capability 
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Manufacturer 

Instrument 
Model 

Film Format 

~ 

Pulse Rate 

FOV Lens 

Power 

Weight (Kg) 

Size (em) 

Exposure 

Remarks 

16 mm up to 
2500 frames 

On command I 

68°f/1.8 
10 mm f/ 1 

< 1. 0 l 

7. 6 X 10. 2 
X 3. 8 

0. 1-30 sec 

On BIOS 
satellite 

J.A. l,1a urer Photosonics 

Automax G-1 
Cine -Pulse Camera 

70mm 16 mm 35 mm 
( 2 1 I 4r' X 

2 1/411
} 

I 
Up to 10 frames/ sec 
or cine 16 frames/sec 

50 mm-f/1 75 mm Variable 28 mm f/2. 8 
8 mm-f/ 2. 8 35 mm 85 mm f/ l. 5 

25mm 35 mm f/3. 5 
2mm 50 mm f/2; 90mmf/4 

18-28 V DC 
--- --

~ 2. 5 3 5. 0 (plus lens and mag) 

11.4 X 4, 0 X 8 22 X 11. 4 X 11. 4 
19. 0 x 14 lens w/ 400-ftmag, 36 X 

X 14.0 12. 5 X 3. 3 

sec 
500 

5 min 6 fps, 1 fps 1/64 sec 

For a stro- Time se- 100-, 200-' 400-ft 
naut use quence for capacity 15 g in all 
GEMINI APOLLO directions +150° to -70°F 

90o/o humidity at 150°F 
0. 05 vib ampl up to 58 cps 

Itek Day or 
Graflex Itek Night 

9 Lens For 
AFCRL 

16 mm 70 mm 70 mm-
35mm 2, 25 X 2. 25 
70 mm 

58. 6° 
52 mm f/2. 5 

! 
I 
! 

!-----------+-

l 2.4 

I 10 X 22 X 17 

' 

Open to 
1/500 sec 

Prelim 
studies 
made 

TABLE 4. 1-1 

PHOTOGRAPHIC INSTRUMENTS 



From examination of Table 4. 1-l, it is evident that the closest 
instrument to the desired design is the Itek Day/Night Camera. It is 
lightweight, low power, 70-mm format, 58. 6° FOV, has IMC, fast shut-
ter speeds, automatic development web, and is aircraft qualified. The 
only major modifications required would be decreased weight, increased 
film supply, and environmental capability. Any other system would require 
more modifications. 

4. l. 5 Operation of Synoptic Instruments 

Two modes of measurement are proposed: periodic and manual. 
The periodic mode is used for general, complete coverage along the tra-
verse, with an exposure sequence automatically programmed for some 
previously defined interval, as determined by some type of odometer. All 
cameras are boresighted to be centered on exactly the same field of view, 
and exposures are initiated simultaneously. For a 4-camera system ( 2-
camera stereo system) all 4 exposures are taken at the same position. 
For a 3-camera system, the 4th exposure (to provide stereo coverage) is 
taken at some later time determined by FOV, vehicle speed, and desired 
percent overlap of the two frames. This mode is cornpletely automatic 
and is initiated at the start of a period of travel by the astronaut switching 
the system to the automatic mode. 

The manual mode is used when the vehicle 1s at a station, or when 
specific objects are observed which the astronaut wishes to measure. In 
this mode, the astronaut must aim the instrument package, by means of a 
miniaturized closed-circuit TV system boresighted with camera l so that 
it covers the desired target area. This aiming can be easily accomplished 
by actuating the servo motors on the gimballed camera platform. The 
operation proceeds as follows: 
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where 

4. 1-24 

l. Astronaut engages manual mode 
which automatically turns on TV 
monitor 

2. Astronaut presses servo controls 
to aim TV camera at desired tar-
get area 

3. Astronaut exposes cameras (which 
then automatically move film to 
next frame) 

4. Procedures 2 and 3 are re-
peated until all target areas 
of interest are measured 

5. System put on stand- by until 
traverse is resumed, when it is 
put into periodic mode 

Total Time 

2 sec + warmup 

10 to 60 sec per scene 

2 sec 

2 sec 

4 sec plus 

N x (12 to 62 sec) 

N = number of target areas photographed. 



4. 2 POINT DETECTOR IMAGERY MEASUREMENTS 

These measurements should be made in two different modes: ( l) total 
radiance integrated over a broad wavelength region of, say, 0. 2 micron to 
15 microns should be determined as a function of time, photometric function, 
and albedo variations, and (2) spectral distributions of radiance as a function 
of wavelength should be taken. These values will be the result of radiation 
reflected from and emitted by the surface. The spectral distribution ex-
pected is shown in Figure 4. 2-l. In the solar region (below 3 microns), the 
data collected will give the spectral reflectance and possibly clues to the 
geological composition of surface features. For the thermal region (between 
4 and 15 microns), the spectral radiances can be used to provide surface 
spectral emissivity and temperature values. With sufficiently high spectral 
resolution (approximately 5 cm-1 or 0.05 micron at 10 microns), theIR 
spectral reflectance or emittance may be used to identify composition (see 
Section 5. 5.) 

4. 2. 1 Total (Integrated) Radiation Measurements 

4. 2. 1. 1 Data Obtainable from Measurements 

The measurements made in the region below 3 microns should be 
primarily to determine the lunar characteristics which have been influential 
in creating the photographic imagery from orbiters. The data will be in the 
form of analog signals corresponding to the total radiation reflected from 
the surface as a function of time. The spectral band passes used on the 
radiometer should therefore correspond approximately to the spectral sen-
sitivity of the films to be utilized. The range of luminance values will be 
from 0. 025 foot-lamberts (0. 085 candle/m2) in the shadows to 1000 foot-
lamberts ( 3426 cd/ m 2 ) in the highlights. 

Presently available photometers have sensitivities of one to two 
orders of magnitude better than this. Some of these are listed with perti-
nent specifications in Table 4. 2-l. 

For the 4 to 15 micron region, the calculated integrated irradiance 
1s plotted in Figure 4. 2-2 as a function of lunar surface temperature for 
two system fields of view and two assumed surface emissivity values. 
Since the radiation energy measured would be directly proportional to the 
fourth power of the temperature, where the proportionality constant is the 
emissivity value, an accurate determination of the emissivity from the 
spectral measurements in conjunction with these integrated values would 
determine the surface temperature. 
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Thermal 
Emittance 
(T = 373 °K) 
E = 0. 90 

l0- 3 ~----------~------~~-~---==~~~~~~~~--------~--~ 

0. 2 l.O 10. 0 
Wavelength 
(Microns) 

Figure 4. 2-1 Spectral Irradiance From Lunar Surface for the 
Spectral Range 0. 2 to 15 Microns Collected 

by 15° FOV Instrument 
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E = 0. 70 

System FOV 
I = 1?0 

System FOV = o? 1 
I 

Irradiance Incident on Aperture 
vs Lunar Surface Temperature, 
for the 4 to 15 Micron Region, 
FOV of 0?1 and 1?0 and emissiv-
ities of 0. 93 and 0. 70 

I 

10- 9 L--------L--------~------~------~ zoo 250 300 350 400 
Surface Temperature 

(OK) 

Figure 4. 2-2 Spectral Irradiance 
2(4-15 Microns) (w/ em ) 
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2 
Sensitivity (w/ ern ster) 

Available Spectral Range 

Detector 

Field of View 

Weight 

Size 

Power 

Block 
E-9B 

-6 5. 25 X 10 

Thermistor 
bolometer 

60° circular 

14 lb 6 kg 

510 in. 3 

8340 crn 3 

117 VAC, 20w 

Lunar Surface Radiance in 4 -15f.L 
Region 

(w/crn 2 ster) 

IRI 
TD-8 

(Radiation Thermometer) 

0 -11 
40 c ( NEI = 8 X 10 ) 
w/ crn 2 (500° K) 

Viaible to 7f.L 

InSb (PEM) 

16 lb 7 kg 

ll 11 xl3"x6" 
3 X 10 X 6 

60 w 

Barnes 
12-122 

2.7- 6.0f.L 

Cooled PbSe 

77 lb 170 kg 

2900 in. 3 

47,500crn 3 

115 VAC, 90 VA 
28 VDC, 90 VA 

Barnes 
R-8D2 

-6 
1. 2 X 10 
or 9. 0 x Io-6 
w/crn2 ster 

6 position 
tiler wheel 

2 channel-
thermistor plug 
interchangeable 
package 

1/2° x 1/2° or 
1.1 17° X 1 17° 

170 lb 78 kg 

14, 350 in. 3 

235,000 crn 3 

400 watts 

-6 0 
3. 4 X 10 ( 104 K) to 

Barnes 14-310 
(Portable 

Radiation 
Thermometer) 

223°K to 313°K 
-50°C to +40°C 

Therrn is tor 
bolometer 

20 lb 9 kg 

337 in. 3 
5550 crn 3 

200 watts 

TABLE4.2-l 

RADIOMETERS 



4. 2. 1. 2 Basic Principles of Radiometric Measurement 

The instrumentation for integrated radiometry consists of an optical 
system which collects and focusses the radiation from a small given field 
of view onto a sensitive detector, and signal processing equipment for con-
verting the modulated output to a usable form for telemetry, storage, or 
recording. The spectral bandpass is provided by a suitable combination of 
detector spectral response and filtering. 

4. 2. 1. 3 Instrument Requirements 

The functional parameters which must be considered for instru-
ment design include: field of view, sensitivity, system efficiency, spectral 
bandwidth, scan time, sampling interval, data rates, and data format. The 
fields of view for each instrument of the elemental imaging or point detector 
type on this mission should be identical to facilitate correlation. The dis-
cussion here will therefore be equally valid for the interferometer spectrom-
eter to be discussed in Section 4. 2. 2 since thermistor bolometers are used 
as detectors. The relationship of the field of view to focal length has been 
shown in Figure 4. 1 -7. 

Since all the point detector systems should have the same small 
elemental field of view, it is apparent that a wide range of system focal 
lengths will have to be provided. For two typical fields of view for the 
point detection systems, the effective target areas viewed by these sensors 
are given in Figure 4. 2-3, for several sensor heights, assuming a target 
range of 100 meters. The basic shape of the field is seen to be a very 
eccentric ellipse, with the sensor subtending a long thin strip of surface 
along the direction of the line of sight. This assumes that there is no 
vehicle motion or image motion compensation. From Figure 4. 1-5, we 
extrapolate to a l. O-see scan time, it can be seen that even at slow vehicle 
speeds, the sensor field (if line of sight is perpendicular to the vehicle) 
will be moved some meters across the surface. This motion effect is not 
necessarily undesirable, unlike the case of the imaging sensors, where 
spatial resolution is much more important. Image motion (again for lines 
of sight at or near right angles to the direction of motion) will merely broaden 
the narrow dim ens ion of the effective sensor field, so that it is changed from 
a long thin strip, to a rectangular or square shape. Thus, image motion 
compensation is not necessary for these instrurnents. 

4.2-5 



-·__;_;-:_~;__:_ ---C---- - LC-,-

~'-- - ~~->-- '---,-'- ~- ;-:= [:=:: 

;-'- ~-t ~- ~'F h-1~~ :_:_ : ,-.::::::..::: 
H-i. b=;-_- ~- ; HL 4 ; ---1,· ==~ 

H tF_-l-'0f[:;:;
:-+~ . ·: r'-· ~,__:_- -t--m 14-:-+-+-r4.;..;-_-_-_-+f--:--· 

~-£. _- -
1+- :, f+'H T :~:11~:~ '--:--~= _.:. 

·-. :_:::.: ~:~ :11 w 
f.c----•+ ·-i-t-

'-, 
•++ 

,1.: l ' f--~ 

-+ 
': f-i+ H-i 

ftH::i-
-H- '-~+1 f-;--
-~ -~-. ;.., f-l----i-c 

_:_u· 
1--7-1- ~---'-~ ' '-'--h -, 'H-

~. --+~ rr- ~: ~-=:;: 

:rl •W-- '-J-l+H 
:'-1 '. 1-r-J- + ,-+-j-+ 

-+--! -ri h-- -++ '-+--1--l--'-l 
~-

-~ '-~-~- t--:-1:, >-H-
++. -iv¥r ~,:;_,_ 

~; 

++· .. 

; - '-+-: ,,+ 

' + c: 
. --. --- f:CI 

1----c--F 
"'~ _r-;-- : ~ ~t: __ -- -; ere- '--' -"~-=~- _____ :-' __ 

ff~t r'- --t-'-~--

1-j: !-~4~ r,. 

m=4. ~t:b-.++-'- . ' -t-r: - ft+ +': 

t-+fi+lt 

+- .:... . ..;· 

r;--- -t--H-
r:. 

Figure 4. Z-3 Effective Target Area for Narrow FOV Sensors 
(Horizontal Surface at l 00-m Range) 

N 

~ 



4. 2. 1. 4 Technique Evaluation and Selection 

The only measurement technique is that of standard radiometry. 
Since two regions are of interest, the solar spectral region (below 3 microns) 
and the thermal region (above 4 microns), either two instruments or a 
two channel instrument is required. The two channel device is preferable 
because of the lesser size weight and power. 

4. 2. 1. 5 Conceptual Design 

Conceptual design of this instrument 1s included in Section 4. 3. 2, 
for the complete instrument package. 

4. 2. 1. 6 Operational Procedure 

The two channel radiometer 1s slaved to the No. 1 camera, and 
1s automatically sequenced when cam era 1 operates. Its operation is thus 
described in Section 4. 1. 6, in correlation with the synoptic package. 

4. 2. 2 Spectral Radiance Measurements 

Various methods are available to perform the spectral radiance 
measurernents. These include: 

1. Interference filter radiometry 

2. Spectroradiometry (using dispersing element such as grating) 

3. Interferometer spectrometry. 

0 
The spectral reflectance and emittance measurements in the 2000 A 

to 15 -micron region can be performed by either a spectroradiom eter or 
interferom cter- spectrometer. Although interferometers have several 
definite advantages in the IR, and though a complete comparison of these 
two types of instrument is quite complicated, a fairly definitive case can 
be established for the use of each. The spectral resolution requirements 
in the UV -visible region are not defined as yet, and until UV compositional 
analysis studies presently under way are completed, no definite and final 
commitment can be made. 
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4. 2. 2. l Data Obtainable from Spectral Measurements 

The actual data will be in the form of analog voltage signals and 
will represent a spectral distribution of the features being viewed in terms 
of energy reflected or emitted from the surface as a function of wavelength. 
The interpretation of these data to give compositional analysis, spectral 
emissivity, and temperature is discussed in Section 4. 2. 2. 3 and 5. 5. 

4. 2. 2. 2 Spectral Radiometric Instruments 

The instruments available for spectral measurements are listed 
1n Table 4. 2-2. For purposes of temperature determination, any of these 
devices which perform the reflectance measuring mission suitably are 
capable of providing the temperature and emissivity. Sensitivity is no 
problem during the lunar day, but does prevent temperature measurements 
during much of the lunar night. Ranges of spectral scan time have been 
illustrated in Figure 4. 2-l. 

Instrumentation combining the techniques of spectral scan and total 
monitoring would, of course, require a radiometer from Table 4. 2-l and 
some type of spectral instrument (interferometer -spectrometer or spectra-
radiometer from Table 4. 2-2). 

4. 2. 2. 3 Technique Evaluation and Selection 

The technique of measuring spectral radiance in the solar region 
(below 3f.l) can best be accomplished with dispersing radiometers of the type 
discussed in Section 4. 2. 2. 2. The reasons for this are as follows. For 
preliminary design purposes, we can assign outside limits on the resolution 
in the visible region of l 5( to 50 5(, with a probable resolution of l 0 5(. 
Thus either type of system canprovide the necessary spectral resolution 
in this region. The sensitivity of available systems (Table 4. 2-2) is more 
than adequate for the lunar daytime situation, so the increased sensitivity 
of the interferometer type device is not necessary. There are, however, 
limitations to the use of the interferometric type device in the UV -visible 
region. First, a reference line is used which is shorter in wavelength 
than the low wavelength end of the system spectral range. This would 
require a reference line with}.., < 2000 5(, which is a difficult requirement. 
Second, because of the higher resolutions and shorter wavelengths of this 
region, greater stability is needed for the interferometer, which has not 
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Manufacturer Block Beckman Perkin-Elmer U of M Barnes 

Instrument I-S UV- Vis. R 1 SG-4 SG-4 Fabry Perot 
Spectra- Spectrophotometer (Modified) Interferometer 

Model I-6S meter E-9B 

Spectral Range 0. 6 to 3. of.L or 0. 7 to 0. 35 to 15 7 - l4f.L 
0. 6 - 4. 5 35f.L depends on detector 
l - 7 
0.7 - 3 (/) 
0. 35 - 3 1:! 
2-15, 5-40, M 5-32, 0. 4-l. 1 () 
(same variety) 

1-j 
Spectral 40 cm-l 0.05f.L required !:Jj 
Resolution (5 em at 10f.L) )> 

l' 
Sensitivity Spec NEPD= l. 25 X 10-3 w/ cm 2 

2 x lo-9 at 5. 2f.L with InSb !:Jj 
w/cm 2 f.L )> 1-j at 2. of.L t:J )> 1-i 

FOV 15° (others 8 x 40 milliradians 0 to 
available) a: L' 

M Detector PbS~' or PbSe, PbS, InSb, P-Au-Ge Cooled doped M 
InSb, or ther- Bolometer Germanium 1-j ...J::>. 
mistor or !:Jj 
silicon cell 1-i N 
*D* = 8 X 1010 () I 

N 
1-i 

Scan Time 1 sec l-20 sec.' spectra 1-20 sec/ spectra z 
(/) 

S/N 1-j 
!:Jj 

Data Transmission c::: 
Weight 21 lb 1 8 lb + control unit a: 
Size 232 in. 3 18"xl0.5"x6" M -'- 18" X 21 3/4" X 7 5 8" z Po\ver 168 w. 50 watts max 1-j 

(f) 
Aperture Stop 2. 15 cm2 10.2-cm diameter 

25.4 em f.l. 

Remarks Single Unit-- 2 units 
ruggedized 
100 G 3msec 
impact; 10 G 
vibration over 
audio range 

I-S = Interferometer Spectrometer 
S- R = Spectroradiom eter 
R = Radiometer 



as yet been used successfully at such short wavelengths even in a laboratory 
environment. Third, in the visible region where the solar irradiance is at 
a peak, the system will be operating in a photon noise limiting condition, 
which greatly reduces the advantage of the interferometer type instrument 
as opposed to the detector-noise limited cas e. Fourth, large computing 
times are required to obtain resolution comparable with that obtained from 
grating devices, even in the near IR, and the situation is much worse for 
UV- visible spectra. 

Thus, it appears logical to select a standard grating or prism 
spectroradiorneter over the interferometer spectrometer for the short wave-
length spectroscopic mission. 

The measurement of spectral emissivity and temperature in the 
thermal region however needs further elaboration. The o bj ecti ves of tern-
perature mapping are: 

l. To produce accurate lunar surface temperatures and 
ernissivities, at relatively high spatial resolution, for 
terrain with known structural composition. These data 
will aid in interpreting thermal data acquired from 
orbiting spacecraft 

2. To determine surface heat flow, finding the thermal flow 
patterns for surface elements of known structural composition. 

The parameters of interest for this experiment are the spectral 
radiant emittance, the spectral emissivity, and the surface temperature. 
Lunar temperature measurement from the location of the wavelength of rnaxi-
rnurn energy is not accurate, nor are two-color or integrated radiometric 
techniques. {l) To obtain accurate temperature values, the spectral depend-
ence of the emissivity must be considered, and this can be done directly by 
using a spectral energy measuring instrument such as an interferometer-
spectrometer or spectroradiorneter. By measuring the spectral radiant 
emittance, the variations in emissivity as a function of wavelength can be 
deterrn ined together with the temperature. This procedure has been carried 
out in the laboratory on various minerals and terrestrial rocks which may 
occur on the lunar surface, and the requirements of the method developed. ( 1 ) 

A second factor which must be considered is that the emissivity 
of the lunar surface, in addition to its wavelength dependence, may have 
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a directional dependence. Thus, if the surface has a non-Lambertian 
emissivity, the normal spectral emissivity (taken normal to the material 
surface, the usual mode used in acquiring laboratory data) will not be 
representative of the spectral emissivity in some other direction. This 
introduces a third factor into the problem, and it must be considered to 
provide accurate temperatures. This property is undoubtedly present on 
the lunar surface, where the emissivity in the visible region is strongly 
direction dependent( 2) and non- Lambertian behavior has been qualitatively 
determined in the 8-lSf.l region. (3) 

The range of parameters is large. The variations in emissivity 
1n the region longer than 4 microns are presently unknown, but from labora-
tory data together with measured lunar reflectivities in the visible region, 
a range from 0. 7 to 1. 0 is probable. However, smaller values may occur. 

Temperature variations are extreme, ranging from an average 
peak of 373°K to an average low of 104°K. (2) These temperature excursions 
produce very wide variations in the radiant emittance. The range of maxi-
mum spectral radiant emittance for the extreme temperature points are 
shown in Table 4. 2-3. 

TABLE 4. 2-3 

RANGE OF MAXIMUM SPECTRAL RADIANT EMITTANCE 
FOR EXTREME TEMPERATURE POINTS 

Surface Temperature 
0 

373 K 104°K 

Wavelength of Peak Radiant 
Emittance 7. 8f.l 28f.l 

Maximum Spectral Radiant 
Emittance (w/ cm 2 micron) 

1.9xl0- 3 

(at 7. 8f.l ) 
1.4x Io-9 
(at 2 8f.l) 

4. s x Io- 10 

(at l Sf.L ) 

The low temperature case corresponds to lunar midnight, seven 
days after sunset, and when compared to the spectral NEFD (NoiseEquivalent 
Flux density) oftypicalinstruments, this indicates that temperature-emissivity 
measuremencs are not feasible during much of the lunar night. Temperature 
and ernissivity measurements can easily be made during the lunar day, and 
depending on the system sensitivity, they can be made during part of the 
lunar night. 
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Three techniques are available to provide remote sensing of 
lunar surface temperature and emissitivity from a roving vehicle: 

l. Integrated radiometry 

2. Spectroradiometry {using either a dispersing spectroradio-
meter or an interferometer spectrometer) 

3. Combined radiometry and spectroradiometry. 

The sin1plest of the above methods of remote temperature 
sensing would utilize a radiometer to measure the total incident radiation 
in a given wavelength region (Section 4. 2. 1). For a material of known 
emissivity, the temperature can be computed directly from one measure-
ment. In the lunar case, however, the emissivity is not known, especially 
as a function of wavelength, and spectroradiornetric methods must be 
utilized to find the spectral emissivity and temperature at the same time. 

Both these methods require that there be no variations introduced 
by the experiment geometry. In laboratory work this is assured by using 
a fixed geometry. In field work, directional factors may not be so easily 
controllable, and if the material has an emissivity which is directionally 
dependent, some compensation must be made. This can be done either 
by defining the field experiment with a fixed geometry or by actually 
measuring the effects of variations due to directional changes. 

Table 4. 2-4 summarizes the advantages and disctdvantages of 
the various techniques. 

The choice of technique for this experin1ent cannot be made on 
the basis of its objectives alone. This is because a trade-off is necessary 
which involves both the choice of necessary instruments and the deter-
mination of the experiment mission profile. This trade-off results from 
the fact that if there is a directional dependence in the lunar surface 
emissivity (which is highly probable) then either the third technique or the 
second technique with special requirements and limitations must be used 
to produce accurate results. 

If the emissivity is directionally dependent, then the choice of 
technique three is indicated. This uses both a total radiometer and a 
spectroradiometer, measuring spectral radiance and using the radiometer 
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TABLE 4. 2-4 

ADVANTAGES/DISADVANTAGES OF VARIOUS TECHNIQUES 

l. Integrated Radiometer l. Very fast (approx l. Does not provide infor-
0. l sec) mation on spectral em1s-

sivity-this produces 2. Very sensitive (use 
temperature errors. integrated radia.-

tion) 2. Does not allow separation 
of directional dependence 3. Can measure rnuch 
of emissivity-this pro-lower surfa.ce temp-
duces temperature errors er<:iture s 

4. Simpler, lighter, 
less power, space 

2. Spectroradiometry l. Fast ( 3-2 0 sec) l. More complex, hea.vier, 
larger, more power 

2. Provides cornplete 
spe ctr<il informa.- 2. Less sensitive-c<innot 
tion-<illows deri- measure during large 
vation of spectral portions of lun<H night. 
emissivity 

3. Slower- takes longer to 
3. Gives much more acquire data 

accurate ternpera-
4. Does not allow separation 

ture v<dues than 
of directional dependence 

r<idiometry 
of en1issivity 

3. IR and SR Cornbined l. Measure directionzil l. Most complex technique 

dependence, spec- 2. Has aJl disadvantages of 
tral dependence of e, 

spectroradiometer except 
as well as ten1per-

last one 
ature 

2. Most accurate T 
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measurement to correct for directional variations. This method produces, 
as results, the spectral emissivity, the terrain temperature, and informa-
tion on the directional dependence of e. However, if the complication of 
two instruments is undesirable, technique 2 can be used (the spectra-
radiometer alone). 

In this case, the directional factor is unknown, so that all 
measurements must be made with the same geometrical arrangement to 
eliminate undetermined emissivity changes. In effect, this modified the 
mission profile, since special guidance will have to be applied to the 
spectroradiometer to ensure its proper orientation. Since this is an 
additional task, it is undesirable and technique 3 is definitely preferable. 
But if equipment limitations develop, this modified technique 2 may be 
chosen over the combined instrument method. 

In the long wavelength spectroscopic mission, 3-15 microns, 
the spectroradiometer sensitivity becomes marginal, and we are operating 
much closer to a weak source condition. Thus the detector noise limi-
tation becomes significant and the interferometer is preferable. Also, 
reference line problems and stability of the system have been sufficiently 
resolved to permit design and use of rocket-borne interferometer 
spectrometers for this region of the electromagnetic spectrum. Here the 
resolution does present a desig::

1
problem, in that presently existing systems 

have a best resolution of 40 em at 10 microns, while cert~in functional 
requirements (Section 5. 5) for this instrument dictate 5 em at 10 
microns. This problem is being attacked by several design groups and 
it is highly probable that the necessary resolution will be available in 
time. However, this spectral resolution requirement is needed only for 
lunar compositional analysis, and the actual specification for ground 
truth data need not be so stringent. In fact, a 20 em~ -l spectral resolution 
at 10 microns would provide important spectral emissivity data, as well 
as surface temperature, heat flow, and some crude compositional infor-
mation. This order of resolution can be obtained by selectively modifying 
presently existing equipment. 

Returning to the short wavelength measurement at this point, 
it is obvious that the same type of technique must be used here. The same 
arguments apply to the reflection characteristics, with the additional 
factor that the directional dependence of the lunar reflectance (or 
absorptivity-emissivity) is fairly well determined in the visible and near 
visible portions of the spectrum. For the spectral measurements in the 
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0. 2 to 3. O-micron region, the dual instrument mode (radiometer plus 
spectroradiometer) is preferable. The radiometer measurement provides 
a check of the directional variations, while the spectroradiometer gives 
spectral variations. 

4. 3 COMBINED INSTRUMENT PACKAGE 

4. 3. 1 Measurement Technique and Selection 

The measurement technique for complete spectral and integrated 
radiometric measurements of lunar terrain elements consists of the 
following: 

0. 2 to 3. 0 

3. 0 to 15. 0 

Radiometer (photometer 
channel) 

Radiometer (thermistor 
channel) 

0 
Spectroradiometer 2000-SOOOA 

Interferometer 
Spe ctr omete r 

photomultiplier 
0 

8000 A - 3fJ. 
PbS cell 

Single channel 
Thermistor 
Bolometer 

Total Package: 2 channel radiometer, 2 channel spectroradiometer, 
interferometer- spectrometer. 

4. 3. 2 Conceptual Design 

The con1plete basic instrument package should therefore consist of 
the following: 

1. Cclmera 1 

2. Camera 2 

3. Camera 3 

4. (Possibly Camera 4-
stereo capability) 

5. Spectroradiomete r -2 channel 

6. Radiometer -2 channel 

7. Interferometer Spectrometer 
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The functional block diagram and a possible design configuration 
are given in Figure 4 .. 3-1. The system has three modes: 

1. Standby, only vidicon operating 

2. Periodic, all instruments operating automatically, exposures 
made at predetermined distances along traverse. 

3. Manual, astronaut operates, taking a.s many exposures as 
de sired per station. 

The selection of sites for the continual surface measurement is 
arbitrary at present. Any traverse which the vehicle can negotiate should 
have periodic measurements made along it. The actual terrain elements 
and geophysical features encountered will determine, through the judgment 
of the astronaut, whether more intensive or longer periods of measurement 
should be made. The average exposure rate for periodic observation 
while the vehicle is in motion along the traverse will be detennined from 
data obtained in simulation and validation experiments, and from earlier 
lunar mapping missions. 

The stab] e, gimballed instrument platform will be attached to the 
outside of the vehicle, between 2-m height and the highest possible point, 
with a maxirnurn sensor height being a desirable design feature. The 
measurerncnts can be made from this platform while the vehicle is in 
motion, but spa.tial resolution requirements indica.te that image motion 
compensation will be required for the film cameras, but not necessarily 
for the radiometric instruments. The instruments, mounted on the stable 
platform with azimuth and elevation gimbals and control systems, must 
be all boresighted, with point detection instruments having fields of view 
located in the center of the camera field. The package should have a 
clear field of view as large as possible, and the boresighted standard 
vidicon camera will utilize a display monitor located in the vehicle to 
allow the astronaut to guide the platform. 

The electrical data from point detection instruments are fed to the 
vehicle for recording and processing. If desired, this information can be 
brought back on tape, telemetered in analog form, or converted to digital 
form and telemetered. The photographic cameras will produce hundreds 
of feet of film, which will all be returned to earth for processing and re-
duction. A redundnat capability is necessary for the film, so a portion of 
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the film data will be automatically processed in the system (using develop-
ment web similar to that in the Itek Day/Night camera-Table 4. 2-5, then 
readout by a flying spot scanner system and handled as an electrical 
signal, similar to the point detection electrical data. The readout 
device will be a flying spot scanner similar to that being used in the Lunar 
Orbiter; therefore, analog modulated signals will be telemetered for 
facsimile reconstitution at the ground station. Total number of channels 
will be 1 for the film scanner, 2 for the radiometer, 2 for the spectra-
radiometer, and 1 for the interferometer spectrometer. Total fumber of 
bits per measurement for the full mode transmission will be 10 to 10 8 but 
may be prograrnmed over several minutes for econmnic use of the telemetry. 
When the film scanning mode is not operating (probably the usual case), 
the total number of bits per measurement is only 10 4 to 10 5 bits. 

An estimated set of parameters for the continual surface measure-
ments experiment is ta_bulated in Table 4. 3-l, for both synoptic and point 
detection measurements. 

The data format is quite varied for the complete system, and is 
tabulated in Table 4. 3-2 for each instrument. 

For the radiometric instruments, data are 1n the form of analog 
electrical signals, with maxirnurn ranges of 0-5 volts. The recording 
accuracy requirements arc much higher than for the synoptic measure-
rnents, with a± lo/o accuracy desirable. This corresponds to 7 bits per 
word. The total number of words or increments per complete spectral scan 
depends on the spectral resolution and total bandwidth, with a probable 
range of 100 to 104 increments per scan (an increment being the number 
of spectral resolution elements per scan). The radiometric 1neasurements 
are by far the smallest in terms of data output. The 2 radiometer channels 
will usually only perform 4 measurements per spectral scan, although 
high accuracy (7 bits) will be reguired for each measurement. For the 
spectral instruments, 10 3 to 10 5 bits per sample results, which for scan 
times of 10- to 10 1 seconds results in a maximum and minimum real 
time data rates of 10 6 bits/sec. to 102 bits/sec. Since delayed trans-
mission will be used for telemetering, lower bit rates will be possible. The 
radiometer has a maximum real-time bit rate of 3 x 10 4 bit/ second (for a 
1 millisecond measurement), with typical real time rates being about 10 3 

bits per second. 
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TABLE 4. 3-I 

INSTRUMENT PACKAGE 

Possible Spectral Scan or Data Power Weight Size 
Instrument Function Model Range Exposure Time Format (Watts) (Kg) (Cu Cm) 

Carner a Broad-band ITEK Pan <1 Film 75 2. 4 3380 
photography 70 mm D/N 70 mm (50' film) 

Camera UV photography ITEK 3000- <l Film 75 2. 4 3380 
0 

70 mm D/N 4000 A 70 mm 

Camera IR photography ITEK 7000- 0 <I Film 75 2. 4 3380 
70 mm D/X 8000 A 70 mm 

0 

Radiometer Integrated Block E-9B 2000-8000 A <1 Electrical 20 7 8310 
radiation 4 _ 15 f.L I 

Spectra- UV-vis-near IR P-E 0. 35 - 3. Of-L l - 20 Electrical 50 10 70,300 
radiometer spectral radiation SG-4 

Interferometer IR spectral Block I-6T 3 - 15[-L 0. 1 - 3. 0 Electrical 168 4 3790 
Spectrometer radiation or I-7 

TV Experiment GEC Visible 0. 03 Electrical 15 5 4800 
selection ED 6038 

Platform and Support 50 3 
Gimbols 

TOTAL 528 w 36. 7 9 7, 340 

~.!.kw 
2 

(~ 80 lb) -6000 in 
3 

18"x 18"x 18" 



TABLE 4. 2-7 

DATA FORlviA T 

PARAMETER NO. OF SENSOR ACCURACY REQUIRED ACCU- PARAMETER MISSION VEHICLE GROUND 
MEASURED CHANNELS OUTPUT OF SENSOR RACY FOR SYSTEM PRIORITY PHASE DISPLAY UTILIZATION 

Camera Visual range 0 or l 70 mm film 5% 10% Very high Sci. None or film Tape Storage 
Photography 

Ultraviolet photography So/~ 10% High Sci. 

Infrared photography sc;:, 10% High Sci. 

Television Visual range imagery Electrical 5% 8% lnstr. Status Monitor (and tape) 
0-l. 5 v. 
(0. 5 sync) 

Scanner Visual range imagery electrical 5% 8% Monitor 

Radiometer IR radiance electrical lo/o lo/o Tape 

Radiation electrical lo/J 1% High Sci. Tape 
Thermometer 

Spectre- Spectral electrical 1 o/J l% Very High Sci. Tape 
radiometer radiance(O. 2-3fL ) 

Interferometer Spectral electrical lo/J 1% High Sci. Tape 
Spectrometer radiance (4- l5f1- ) 



4. 3. 3 Operating Procedure for Cornbined Instrument Package 

The operating procedure for the radiometric measuren1ent is 
identical to that described for the synoptic measurements (Sec. 4.1. 5), 
since these two sets of instruments operate <ls a unit. The only additional 
operating time factor involved is the increased scan tirne. The spectra-
radiometer will take from 1 to 20 seconds to make a complete spectral 
scan, while the intt>rferometer spectrometer will take 0. 1 to 3. 0 seconds, 
both taking longer than the synoptic measurements. 

The point detection n1easurements will be made at each exposure 
of the main camera system (nor during the second stereo exposure), and 
thus will operate in the autornatic (or periodic) mode and the n1anual 
mode. The total rnanual operating time depends on the total number of 
scenes, N, and the scan time of the slowest instrurnent: 

Total Time 4 sec + N(l 2 to 80 seconds) 

assuming 10 to 60 seconds search and preparation time, and 2 to 20 
exposure I scan time. 
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4. 4 AUXILIARY SUPPORT INSTRUMENTATION 

A number of auxiliary parameters must be monitored, in addition 
to the measurements performed by the integrated experiment package, 
to provide meaningful ground truth information. Sorne of these auxiliary 
data or functions may be performed by in-vehicle instrumentation, while 
others will require additional instrumentation. These auxiliary rneasure-
nl.ents or functions are tabulated in Table 4.4-1, together with the in-
strumentation required to carry them out, and the approximate degree of 
accuracy required. Power dissipation, size, and weight are not estimated, 
as some of these instruments will be provided on board the vehicle, and 
others will be incorporated in the individual basic instruments. 

This is a preliminary listing, covering all functions or parameters 
which are auxiliary to, or not specifically included in, the basic instru-
rrl ent package, as previously de scribed. The accuracy requirements are 
approximate and will be revised as the system design is forrr1alized, and 
the exact vehicle support instrumentation defined. Total weight is 12. lb 
(5. 0 kg). 
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Parameter Measured or 
Function Performed 

Instrumentation 
Required 

Degree of 
Accuracy 
Required 

Auxiliary 
Instr 

Required 

l. 

z. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

ll. 

12. 

13. 

14. 

15. 

Time of measurement 

Count of exposures I scans 

Sun position angle 
(azimuth, elevation) 

Total solar irradiance 

Spectral solar irradiance 

Vehicle orientation 

Stable sensor mounting 

Optical axis spatial location 

Capability for variable positioning 
optical axis 

Visual determination of system 
FOV by astronaut 

Distance travelled along 
traverse 

VIR Signal for IMC 

Stadiametric calibration for 
stereo 

Photometric calibration for 
photometry 

Calibration for radiometer, 
spectroradiometer, inter-
ferometer spectrometer 

Chronometer 
(incorporated in 
camera l) 

Mechanical counter 
(incorporated in 
camera l) 

2 sun sensors 

Solar photocell 

(spectroratiometer --
in earth or moon orbit-
ing OSO-type vehicle) 

Position gyros 
(aboard vehicle) 

Optical platform 

2 gimbal readout devices 

2 axis gimballing 

Boresighted telescope 
on TV (monitor in 
vehicle) 

Odometer (aboard 
vehicle) 

VIR sensor (speed-
ometer readout; 
aboard vehicle) 

Pre-calibrated film 

Pre- calibrated film 

Calibration standards, 
incorporated in 
instruments 

±0. l sec 

±0. lo/o 

±0. lo/o 

± 10 cn1 

± l fps 

± So/o 

±l% 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
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Data rates are dependent on a great nun1ber of design parameters. 
To get an estimate of typical values, the following specific sensor para-
meters are used to calculate the data rates in Table 4. 4-2: 

n 
scanner 

n 
rad 

nSR 

NIS 

= 

= 

= 

= 

= 

500 x 500 resolution elements 

50° FOV, 0.
0

1 resolution 

4 samples, signal plus calibration per channel 

0 

A2 A l I A = 2 fl/59 A = 400 per channel 

A A l I A = (15-3) w./0.05 fl = 260 
2 

Sampling interval chosen as 10 minutes = time of delayed transmission. 
Required sensor accuracies, sampling times and number of channels are 
indicated in Table 4. 4-2. These are approximate values for typical design 
parameters. 

TABLE 4 .. 4-2 

SENSOR PARAMETERS 

Exposure/ 
No. of Scan Time Bits per Increments Total Bits Real Time 

Channels (sec) Word per Sample per Sample Rate 

Flying Spot 6 6 
Scanner 10 4 ~2 x 10 ~1o 7 

10

2 
Radiometer 2 0.002- 7 2x4 ~6o 3 x l 0 to 

0.2 3 X 10 4 

Spectra-
3 3 radiometer 2 l. 0-20. 7 2 x400 ~6 X 10 6 x l 0 to 

3 X 10 2 

Interferometer 
3 

spectrometer l 0. l-3. 0 7 260 ~2 x 10 l 0 3 to 
2 X 10 4 
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SECTION 5 

SURFACE GEOPHYSICAL MEASUREMENT INSTRUMENTS 

This section contains a discussion of instrumentation studies for grav-
itational and magnetic field surface electrical properties, areal radiation 
and nuclear prospecti.1g, material signature. gas analysis, and electromag-
netic probing measurements. These instrument discuss ions are pre ceded 
by an examination of the magnitude and scaling problems and requirements 
on sample spacing and accuracy. 

5. 1 SCALING, MAGNITUDE, AND SAMPLING CONSIDERATIONS 

It is often overlooked that rnost of the major geographical, geological, 
and geophysical features of the earth were originally defined by the use of 
simple instrurnents of rather low resolution, which are crude by pre sent 
standards. We therefore suggest that scientists should not overlook the 
use of simple, foolproof, unsophisticated instrurnents that are capable of 
obtaining the primary data required to solve many scientific problerns of 
regional and planetary scale on the moon. By so doing, we will create a 
frame of reference to interpret properly the refined detailed data measured 
locally by high resolution instrumentation. 

The following section defines the magnetic and scale of lunar features 
and geophysical problems so that workers can balance the factors of safety 
and effie ient use of the astronaut's time, instrument reliability, station 
spacing, and measurement accuracy compatible with the various scientific 
objectives of the lunar mission. 

5. 1. 1 Discussion of Problern Scaling and Magnitude 

The study of surface geophysical measurements was initiated by 
making a brief, but careful, review of scaling and magnitude problems, 1n 
an attempt to relate these to the accuracy and spatial frequency (station 
spacing) required in making the measurements. A fact often neglected is 
that many years of observational experience on earth preceded the current 
application of geophysical measurements to specific scientific or commercial 
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objectives. Consequently, a well developed geological model of the earth 
is already available, and is normally used as a framework for the inter-
pretation of any new data, or for the design of experiments and field meas-
urement programs. 

At the time of preparation of this report, no such model~ the moon, 
based on actual observational data, exists. Since one of the prime objectives 

- ---
Gf this mission is to generate data which will contribute to the establishment 
of a lunar geological-geophysical model, then the proper perspective of the 
measurements should be clearly understood. Figure 5. 1-1 has been devel-
oped to aid in this understanding, and to distinguish clearly between the 
gross and detail features and measurements. 

An alphabetical designation ("A to Q") has been arbitrarily assigned 
to surface area magnitudes, decreasing by factors of 10. For each of these 
magnitudes, the surface area, equivalent earth and moon features, typical 
earth geological analogs, appropriate map scaling, and the applicability of 
seismic and electrical geophysical techniques are listed. 

The magnitudes of consideration required to define the major moon 
problems range from "A to C"; 38 million sq km to 1 million sq km. Such 
major features of the moon can be adequately defined by gravity mapping of 
15 to 50-milligal contours. A seismic wave must travel through a major 
portion of the moon's interior to determine if discontinuities and a dense 
core analogous to the earth are present; therefore, natural moonquakes 
constitute the prime seismic source for this determination. A single MOLAB 
traverse is capable of defining an area of magnitude "F to G", ( 1, 000 to 
100 sq km), and a single observation station is approximately of magnitude 
"K" (city blodz size). 

The range of scientific problems that can be studied should be pushed 
wherever possible, toward the higher magnitudes ("A- G") by utilizing a 
combination of ingenious experiments and multiple missions, instead of 
merely concentrating on lower magnitude problems ("J - Q") around the 
lunar stations. 

A comment on scaling in connection with the use of maps and charts 
seems appropriate. Most people find it far easier to assimilate graphical 
information about a strange region when they are able to compare it to a 
map of a familiar area drawn to the same scale. This is particularly sig-
nificant in connection with the present and related studies, since the moon 
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1s detached from the earth, maintenance of realism is, at least, difficult. 
Moreover, many of the published references show the moon in photographic 
form without a scale attached to the photograph. It has been found that 
experiments and observational procedures can be planned far more real-
istically when the lunar chart or photograph is placed alongside mapping of 
a well known earth area to exactly the same scale. 

5. 1. 2 Measurement Accuracy and Station Spacing 

In any field observation program, it is necessary to specify the 
accuracy of the measurement, and the geographical position of, or distance 
between, each measurement point; i.e., station spacing. This is done quickly 
and adequately by rule of thumb by experienced field men for earth surveys. 
In so doing, they subjectively consider the following factors: 

l. A well developed previous knowledge of the subject, gained 
through an acquired knowledge of the geology and years of 
field experience on their own part 

2. An assigned problem, such as a definite area to survey, or 
a specific anomaly to define 

3. Some previous knowledge of the area, including a geologic 
model 

4. Perhaps most important, an econom1c and competitive 
position to maintain 

5. Instruments which are available off the shelf. A strong 
economic consideration is required to support a new instru-
ment development for a single earth survey. 

Station spacing and accuracy are considered graphically 1n the remainder of 
this section. A mathematical derivation is shown in the following section. 

In Figure 5. l-2, the, resolution of an anomaly is compared with 
variations of station spacing, ranging from a continuous measurement 
(lower curve) to a station spacing of one measurement per 3, 000 ft, spaced 
over a total distance of some 19,000 ft. A statement as to which of these 
station spacings is "best" can not be made without first defining the nature 
of the anomaly to be delineated. The upper curves, having spacings of 
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1, 500 or 3, 000 ft are not only adequate for gross features, but they also 
avoid the confusion or noise of the fine detail. On the other hand, if a 
detailed anomaly of some l, 000-ft dimension is sought, then any station 
spacing greater than 500 ft is inadequate. 

The effects of station spacing combined with measurement accuracy 
1s shown in Figure 5. 1-3. The figure shows, on the left, a MOLAB traverse 
overlain on an actual gravity map of the eastern Sierra Nevada area of 
California. On the right is shown the best gravity map which could be 
drawn from a coarse network of stations, regardless of the accuracy of 
measurement. The center figure shows that an improved map can be drawn 
from a closer station spacing even though the measurement accuracy was 
highly degraded to that of the (I 0 mgl) contour interval. 

In the following section, a theoretical development 1s made of the 
factors of station spacing and measurement accuracy, so that a tool will 
be available to make the optimum selection of these two factors. 

5. 1. 3 Continuous vs Isolated Measurements 

The astronauts 1 effective non-sleeping and traveling field time on 
the moon will be valuable, from both economic and scientific viewpoints. 
The most effective scientific use must therefore be made of all time on the 
lunar traverses. Special attention should be given on how to obtain as much 
geophysical data as possible which will: 

1. Not require the astronauts 1 field time 

2. Provide semi-quantitative regional data to help interpret 
the more precise measurements obtained at the various stations. 
Many physical factors which constitute background noise and 
for which corrections are made on routine earth surveys will 
provide valuable scientific data about the moon and solar system. 

Much of the regional background geophysical data can be obtained 
1n at least a semi-quantitative manner, without requiring any of the astro-
nauts 1 time, by using automatic instruments that can continuously measure 
geophysical parameters (gravity, magnetics, electrical, etc.) while the 
astronauts are driving between stations or are engaged on other projects. 
Research to develop such automatic continuously recording instruments is 
strongly recommended. 
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5. 1. 4 Sampling Theory Applied to Geophysical Mea sur ern en ts 

Geophysical quantities are usually measured along a line at discrete 
positions within that line or within an area at discrete points within that 
area. That is, the line or area is sampled: each geophysical measurement 
is called a sample point. The position of each measurement is assumed 
known. A function or mathematical model is fitted to the above set of sample 
points which associates a magnitude with every point in the line or area. 
The results are usually displayed in the form of a contour rnap and any 
anomalies are then interpreted in terms of geologic structure. 

The purpose of the following theory is to answer the following 
questions: Given a set of geophysical measurements ~Gi} ian integer, 
over a line Lor area A, and a set of coordinates at which each Gi was 
measured; what are the rninirnurn and rnaxirnurn sized anomalies that can 
be detected and what is the relationship between the accuracies of the geo-
physical parameter, position, and sampling density? In developing answers 
to the above questions, the basic strategern will be to develop, in a semi-
rigorous fashion, some important results for periodic functions of a single 
independent variable. These results will be extended either formally or 
by inspection to functions of two independent variables. Appeal will be 
made to intuition, basic function theory, and Fourier representation of 
functions. 

5. 1. 4. 1 The Sampling Theorem 

Let time be the independent variable of a function f(t). Suppose 
f(t) has a spectrum containing no frequencies above a certain limit frrl' and 
the function extends over a time interval T. It is desired to know how many 
discrete parameters are required to define f(t). 

First of all, it should be noted that specifying the value of a function 
over a finite interval 0 <t< T does not completely define the function. This 
logical difficulty can be overcome by letting f(t) be periodic; i.e., f(t+qT) 
= f(t) where q is an integer. 

A periodic function rnay be expanded 1n a Fourier s enes: 

f( t) 
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= 1/Za 
0 

n 
rn 

+ I: 
n= 1 

(a 
n 

cos n8 + b 
n 

smn8) (5. 1-1) 



with 

8 = 
2rrt 
T 

= 2rrf t, f = 
0 0 

1 
T 

or equivalently in complex notation 

+n 
m 

f(t) = L: 
-n 

m 

c exp(in w t), 
n o 

w = 2rrf = 
0 0 

2rr 
T 

(5. 1-2) 

It is assumed that the maximum frequency f corresponds exactly to one m 
of the harmonics of f 0 ; i. e., fm = n f

0
, n an integer. 

The Fourier series contains a finite number of terms extending up 
to the integer n. For each frequency fn, we have two components an and 
bn, hence there are a total of N = 2nm + 1 = 2fm T + 1 components including 
the term a 0 . Hence, knowledge of these components determines f(t). 

Suppose we select equidistant sampling points along t. We thus 
have a set of function values Jf(tm)} where tm = m8, 8 = T/N and N = 2fm T 
+ 1. When the above sample points are known, the original function can 
be constructed. 

N 
f(t)=L: 

m=1 
f g(t-m8) m (5. 1-3) 

where g(t) represents a pulse function having the following specifications: 

g(t) = 1 fort= 0 or t = qT, q an integer 

q(t) = 0 for t = m8, m= qN 

The pulse function is zero on all other sample points along t. Given below 
is a function having these specifications: 

sm {Nw t/ 2) 
0 1 

g ( t) -N-s-in-( w-t-,-/ -c--2) = N 
0 

+n 
m 

L: exp(-inw t) 
-n 

m 
0 

(5. 1. 4) 
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We therefore have 

+n 
l m N 

f( t) = [; [; f exp [ -in w ( t - m 8}1 
N m 0 

(5. l-5) 
-n 

m m=l 

Comparing Equation 5. 1-5 with the complex equivalent to Equation 5. 1-l, 
we have 

l N 
[; 

m= l 
f exp( -inm w 8) 
m o 

c = n N ( 5. 1-6) 

an equation which directly relates the Fourier coefficients en to the sampled 
values f m 

Thus, it has been shown that a function f(t) extending over an 
interval T and having a highest frequency component fm is completely 
determined by N = Zf T + l sample points taken at regular intervals of m 
T/ N. An important corollary of this is that having sampled a function 
f(t) over an interval Tat T/ N regular intervals, the smallest component 
of the function which can be resolved is fm = (N -1 )/ 2 T. This result is 
known as the sampling theorem for function of one independent variable. 

Consider next a periodic function in two independent variables 
f(x, y). Let al be the period in the X direction and a2 be the period in the 
y direction. The function can be expressed in a double Fourier series 

where 

f(x, y) = [; 
k, f_ 

c exp 2Tii(kbx + f_by) 
k, f_ 

The Fourier coefficients are determined by the following integrals 

al bl 

c = 1/a a S C f(x, y) exp [ -2Tii(kb 1x f_b 2y)dxdy 
k, f_ l 2 j 

0 0 
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It is evident from Equation 5. l-7 that there are 

components of f(x, y) where p 1 and pz are maximum frequencies in the x 
andy directions respectively. Assuming alPl and azpz>>l, we have 

(5. l-9) 

The product a 1 a 2 may be interpreted as the area A of a region 
being sampled. Assuming p 1 = p z = p, then Equation 5. I -9 becomes 

N = 4A Pz (5. l-10) 

p corresponding to the sampling period 6x and m fact 6x = I/ p. 

Therefore, Equation 5. l-1 0 becomes 

z 
N = 4A/ (6x) = 4A/ 6A (5.1-ll) 

If we think of a square area of side L, which has been sampled 
uniformly, we can determine the smallest linear dimension 6x which can 
be resolved by the given number of sample points. It is: 

ZL 
6x = 

[N 
(5. l-IZ) 

Equation 5. I-ll states the extension of the sampling theorem to 
function of two independent variables. The results of the two sampling 
theorem are summarized in Figure 5. l-4. In general, if it takes N samples 
to define an anomaly along a line, it takes N 2 samples to define the same 
size anomaly in two dimensions. It will be seen from the figure that if a 
10-km line were sampled at ZO evenly-spaced locations (i.e., every 0. 5 km) 
the smallest anomaly which could be resolved would be I km. Similarly, 
to resolve the same size anomaly in two dimensions, (e. g., a square area 
l 0 km on a side) 400 equally-spaced samples would be required. 

Another interesting observation can be made from Figure 5. 1-4. 
One sample is the smallest number of samples which could be considered 
for a non-trivial experiment. Thus, the length ratio 6x/ L when N = l is 
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a limiting value which could be considered to be the largest anomaly detect-
able for the exploration of a given area. This anomaly dimension is twice 
the length of area under investigation. This result will be shown to be a 
consequence of another important theorem of sampling theory, the uncertainty 
principle, described in the following section. 

5. 1. 4. 3 The Uncertainty Principle 

It will be proved next that the bandwidth (l:.v = 2f) and signal dura-
tion ( T) of a function satisfies the following inequality. 

l:.v T > l (5.1-13) 

Consider a pulse function such as that defined in Equation 5. 1-4. It is a 
short symmetrical pulse with maximum amplitude at t = 0, maximum spec-
tral intensity at v = 0, and real amplitude C(v) in the Fourier spectrum. 
The following definitions for t:.v 1 and T 1 will be seen to be consistent with 
Equation 5.1-13. 

+')() 

f(O). T 1 = S" f(t) dt, T 1 nominal duration 

-·XJ 

+')() 

C(O). t:.v
1 

= S C(v) dv, t:.v
1 

nominal bandwidth 

-'XJ 

(5. l-14) 

(5. l-15) 

where +')() 

C( v) = f( t) exp ( -i2nvt) dt 

-')() 

S 
But the integral in Equation 5. l-14 is equal to C(O) and the integral in 
Equation 5. l-15 represents f(O), hence 

C(O) 
Tl = f(O) 

f( 0) 
t:.v 1 =C(O) andt 1 t:.v 1 =l 

These definitions glVe an equality instead of the desired inequality of 
Equation 5. l-13. However, consider the following modified definition: 
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+')() + >() 

lf(O) I· T 2 = S [f(t) I dt d S f(t) dtl = ic(o)[ (5.1-16) 

and similarly 

(5.1-17) 

These definitions g1ve 

T 
2 

6v 
2 

.:::_ T 
1 

6v 
1 

= l which 1s the desired relationship. 

Since 6v = Z fm where fm 1s the max1mum frequency component of the 
function, Equation 5. l-13 can be rewritten 

Z f T > 1 
m 

(5. 1-18) 

Two corollaries are immediately obvious from Equation 5.1-18. 

l . 

z. 

Corollary 1 - A pulse function having a period T (and 
0 

hence pulse repetition rate f
0 

= l/ T
0

) has no frequency 
components less than 1/ Z f 

0 

Corollary Z - The period T of a pulse function having a 
0 

max1mum frequency f must exceed 1/ Z T where Tm m m 
= 1 If m 

The uncertainty principle is analogous to the one found in quantum 
mechanics and poses definite restrictions on the largest anomaly which can 
be detected from a given line or area which has been explored. Having 
measured a function over a distance L, the length of an anomaly, according 
to corollary Z, cannot exceed ZL and still be detected. Thus, 

x > ZL and therefore y < ZL and we have 
max- max-

z 
x y < 4L or 6A < 4A (5.1-19) 

max max - max - o 
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2 
where 6.A = xmax Ymax and L = A 0 . The area of the largest anomaly 
which can be detected is therefore less than 4 times the area of exploration. 

5. l. 4. 4 Position and Parameter Accuracy vs Sampling Density 

Given a geophysical parameter gradient aG/ ax along a line, the 
equivalent error /:::,.x in position is 

aG 
6.G = 6.x ax (5. 1-20) 

By virtue of the sampling theorem, if a line is sampled so extensively that 
the dimensions of the smallest resolvable anomalies correspond to the 
accuracy !:::,.x of our position measurements, then we have the following 
relations hip 

t::,.G = ax N 
aG 2L (5.1-21) 

which expresses the accuracy of the geophysical measurement as a function 
of the geophysical gradient, size of length explored, and the total number of 
samples taken. 

5. 1. 4. 5 Sampling Theory Applied to Gravity Measurements 

Typical Bouguer anomaly values and gradients encountered in the 
field were used together with Equation 5. 1-21 to obtain Figure 5. 1-5. If 
a line of length L has been sampled at N evenly-spaced locations, this implies 
the line has been sampled every L/ N units of length. The quantity L/ N 
thus represents the station spacing. 

As a numerical example, suppose a Bouguer survey is made along 
a line at intervals of 2 km and the gravity gradient is determined to be 
2 milligals/ km; then it does no good to specify the gravity measurement 
closer than to the nearest 4 milligals (±4 mg or 6.G = 8 mg). Even though 
the gravity readings could be measured more accurately than ± 4 mg, the 
station spacing or sample density is not fine enough to detect anomalies 
any smaller than 8 mg. If smaller anomalies are sought, the line should 
be more finely sampled; i.e., the station spacing should be diminished to 
a level commensurate with the sized anomalies sought. 
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5. 2 GRAVITY MEASUREMENTS 

A critical review was made of the feasibility of adapting conventional 
earth gravity equipment and field techniques for use on the moon. 

It was concluded that all of the conventional earth gravity-measuring 
techniques have been specifically adapted, for reasons of economy, to the 
meters, surveying instruments, vehicles, etc., available off the shelf, as 
well as to the earth's particular environment and to specialized oil prospect-
ing and geological problems. However, the lunar environment, field operat-
ing conditions, economics, and geological problems will all be different from 
those of earth. First consideration must therefore be given to defining the 
lunar operational problems and designing special gravity-measuring instru-
ments to meet all possible scientific needs on the moon, rather than to try 
to adapt the specialized earth meters and field techniques to that foreign 
environment. 

Most of the earth's major gravity features have already been outlined 
well enough to provide a practical foundation for many large-scale geological 
and geophysical studies. (See the previous Section on magnitude scales.) 
Gravity and geological data are publically available in the developed parts 
of the world for scientific problems of magnitudes A, B, C, D, and even 
for magnitudes E, F, G, H, I in areas of intense oil exploration. Such 
background information is often taken for granted by workers who are work-
ing on special detail problems of magnitudes J to Q. 

However, on the moon, no geophysical or geological data are yet 
available. This lack of data at the upper and middle magnitudes (A to I) 
will limit the ability to evaluate scientific data for all lower magnitude 
problems. Conversely, even non-instrumental background noise for which 
corrections are normally made on earth may be significant scientific data 
on the moon. All valid geophysical measurements will be scientifically 
useful. 

The following discussion covers some of the problems involved in 
acquiring gravity data for scientific purpose on the moon vs conventional 
gravimeter oil prospecting on earth. 

Gravity is the only geophysical exploration technique that is certain 
to obtain usable subsurface data on the moon, for problems of all magnitudes. 
Rock density distributions that affect the moon's gravity field can be detected 
with a gravity meter. 
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Gravity is an inherent quality of all bodies. By contrast, it is not yet 
certain that routine magnetic mapping will be practical (or even possible) 
on the moon due to the very low (or non-existent) magnetic field. Seismic 
measurements may not be obtained initially due to the technical problems 
of introducing the energy through the unknown near- surface formations, as 
well as transmission and recording of the seismic sm.md signals. Electrical 
methods may not be effective in the absence of conductive water in the 
near-surface rocks. Rock outcrops may be difficult to find and shallow 
coreholes may not even penetrate the surface dust at the first sites. 

Therefore, the critical importance of the infallible gravity method 
should be duly recognized and carefully reviewed to ensure that this rela-
tively simple technique is utilized to the utmost to resolve as many as 
possible of all magnitudes of geological problems on the moon. 

5. 2. 1 Data Obtainable from Gravity Measurements 

Gravity measurements are useful for all magnitudes of geological 
and geophysical problems. The more important uses of lunar gravity 
measurements are discus sed below and summarized in Table 5. 2-1. 

5.2.1.1 Shape of Moon 

On the earth, the ideal sea level (geoid) elevation datum is defined 
1n terms of the gravity field. Datum corrections normally applied to gravity 
readings include: ( 1) elevation, ( 2) shape of the earth (latitude correction), 
and (3) isostasy. Most authorities believe that isostasy is not a major 
geologic factor on the moon. 

There is no sea level on the moon to provide a standard convenient, 
moon-wide elevation datum. The moon's elevation datum might be referred 
to the moon's geoid which can be defined in terms of its gravity field. 

The general shape and gravity field of the moon will probably have 
been determined from satellite movements before extensive surface surveys 
will be undertaken. It, therefore, may be possible to use absolute gravity 
values determined at selected surface bases (and suitably corrected for 
local terrain effects, etc.) to refine the moon's geoid and provide rough 
elevation ties between widely separated regions of the moon's surface. 
Such gravity-elevation control may be the only practical elevation ties be-
tween the various landing sites until the remote date when long topographic 
traverses can be run across the moon's surface. 
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Problem 
Magnitude Objective Instrumental 

Accuracy 
Instrument 

B,C Shape of moon 20. mgl Falling ball or pendulum 

E,F Isostasy 5. mgl Falling ball or pendulum 

E,F,G Absolute gravity regional ties 1. 0 mgl Falling ball or pendulum 

E,F,G Elevation ties -regional 1. 0 mgl Falling ball or pendulum 

E,F,G Regional geology trends l. 0 mgl Falling ball or pendulum 

G,H, I Tides - gross features 0. 1 mgl Conventional gravimeter 

H, I Folds and fault blocks 0. 1 mgl Conventional gravimeter 

I, J Outline ejecta vs solid rocks 0. 1 mgl Conventional gravimeter 

J, K, L Dust -filled gullies 0. 05 mgl Continuous gravimeter 

K,L,M Rock densities vs topography 0. 05 mgl Continuous gravimeter 

L,M,N Lava tunnels and caves (shallow) 0. 05 mgl Continuous gravimeter 

N,O Iron meteorites ( shallov.) 0. 05 mgl Continuous gravimeter 

Q,R Tides - minor details 0. 01 mgl Tidal gravimeter 

Q,R Moon wobble 0. 01 mgl Tidal gravimeter 

Q,R Moon rigidity 0. 01 mgl Tidal gravimeter 

TABLE 5. 2-1 

MOON GRAVITY-DATA OBTAINABLE 
FROM GRAVITY MEASUREMENTS 

Desired 



5. 2. 1. 2 Regional Gravity Datum 

A standard gravity datum will be required for all regional gravity 
studies on the moon's surface and to tie in the gross lunar gravity field 
(shape) determined indirectly by satellite movements. Absolute gravity 
base values should therefore be established at each landing area to coordi-
nate automatically the various local gravity-meter surveys that will even-
tually be scattered over the moon's surface. 

The absolute (primary) gravity bases are analogous to the elevation 
bench marks establishing the common sea level datum used in topographic 
mapping. Uncoordinated scattered gravity surveys may solve local problems, 
but will result in as much loss of regional information (on either the earth 
or moon) as widely separated topographic surveys based on different datum 
levels. 

It will probably be impossible during the initial phases of lunar 
exploration to run long surface gravity meter traverses between widely 
separated regions, as is done on earth. Therefore, the absolute gravity 
bases values must be independently established in each new landing area. 
Fortunately, absolute gravity (in contrast to elevations) can be determined 
anywhere by means of a pendulum, which was the method of establishing 
the original gravity bases for Europe (Potsdam: 981:274 gals) in 1906 and 
North America (Washington: 980:118 gals) or by the falling-ball technique 
proposed for lunar use. 

5. 2. l. 3 Gravity Prospecting 

Principles 

Routing gravity fieldwork is usually completed by the preparation 
of a map showing station locations with the reduced or corrected gravity values. 
The interpretation of these results in terms of probable geologic conditions 
below the surface is a separate undertaking from the conduct of the fieldwork. 

The distribution of reduced gravity, shown by the map, is caused 
by all departures from the mass distribution which has been assumed in 
reducing the stations. This means that the gravity pattern of the map is 
caused by the sum of all departures from the ideal shape of the earth (moon), 
beginning at the surface and extending deep into its interior. 
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Insofar as its gravity effects are concerned, the earth (moon) 
may be considered as made up of a series of shells which may be of differ-
ent density. Therefore, gravity measurements are not sensitive to vertical 
variations in density so long as the density is constant in horizontal (i. e. , 
level) layers. However, any horizontal variation in density will cause a 
variation in gravity (and its derivatives), and it is these horizontal variations 
which a gravity map indicates. 

Any geologic condition that results in a horizontal variation in den-
sity will cause a horizontal gravity variation or a gravity anomaly. Thus, 
a geologic structure that causes an uplift of beds of different density will 
cause a gravity anomaly, the magnitude of which will depend on the con-
trasts involved and the magnitude and form, or sharpness, of the geologic 
disturbance. A structure, no matter how large or how sharp, will not cause 
a gravity anomaly if the beds involved are all of the same density. 

It is evident that the density variation below the surface is a primary 
factor in the consideration of the magnitude and type of gravity anomaly 
which might bt:o caused by 5eologic structure and which might be detected 
by gravity measurements. Table 5. 2-2gi'ves figures for average densities 
of various types of rocks. 

It is only the differences m these densities, where rocks of differ-
ent character are brought into horizontal juxta-position, that cause gravity 
anomalies. If there are no density contrasts within the geologic section that 
it is wished to explore, we cannot expect useful results from gravity surveys. 
Fortunately, there seem to be few instances where there is not sufficient 
density contrast to make gravity exploration of value. 

Ambiguity of Gravity Interpretation 

The interpretation of a gravity map in terms of a definite mass 
distribution below the surface is never unique on the basis of gravity informa-
tion alone. This results from the fact that a given gravity distribution can 
be produced by a variety of mass distributions. Therefore, any mass distri-
bution or geologic condition that is given as a solution for the cause of a 
given gravity distribution depends on additional control other than gravity. 
This lack of uniqueness of the solution for the cause of a given gravity 
picture cannot be emphasized too strongly. 
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TABLE 5. 2-2 

ROCK DENSITIES 

Sedimentary rocks -----------------
Ice 0. 92 
Soil l. l5(D) - l. 97(W) 
Loess l. Ol(D) - l. 62(W) 
Sulphur 2. l 
Salt 2. l - 2. 3 2. 2 
Shale l. 57( D) - 2. 80(W) 2.4 
Sandstone l. 6l(D)- 2. 76 2. 3 
Linl estone l. 74(D) - 2. 9 2. 7 

Meta1norphic rocks 

Gneiss 2. 6 - 3. 0 
Mctrble 2. 6 - 2. 9 2. 8 
Schist 2. 55 - 3. 0 2. 75 
Serpentine 2. 5 - 3. 1 
Slate 2. 6 - 3. 3 2. 75 

~neous rocks 

Andesite 2. 4 - 2. 8 2. 57 
Anorthosite 2. 64 - 2. 92 2. 75 
Basalt 2. 4 - 3. 2 2. 80 
Diabase 2. 80 - 3. l l 2. 95 
Diorite 2. 72 - 2. 96 2. 85 
])unite 3. 29 - 3. 4 3. 3 
Epidote (crystals) 3.4 
Gabbro 2. 85 - 3. l 2 3. 0 
Granite 2 Sl - 2. 81 2. 67 
Granodiorite 2. 67 - 2. 79 2. 7 3 
Hcrnatite 4. 9 - 'i. 3 
Hornblende (crystals) 3. 2 
Lao/Zi, glassy basalt 2. 75 - 2. 9 

spongy basalt scoria 2. l5(D) 
rhyolite dacite 2. 2 - 2.. 7 

Magnetite 4. 9 - 'i. 2 
Norite 2. 72 - 3. 0 2 
Obsidian 2. 3 
Olivine (crystals) 3. 3 
Ores, metallic 3. 0 - 8. 0 4. l 
Peridotite 3. l 5 - 3. 28 3. 2 
Pumice 0. 8 (D) 
Pyroxenite 3. l 0 - 3.32 3. 23 
Quartz (crystals) 2. 65 
Rhyz)lite 2.49 
Syenite 2. 63 - 2. 90 2. 75 
Trachite 2. 56 
Tuff l. 45 - 2. 3.5(W) 

Moon (Average) 3. 34 
Stony Meteorites (Chrondites) 2. 95 - 3. 90 3.58 
Stony Iron Meteorites 4. 6 - 4. 90 4.90 
Iron Meteorites 7. 77 - 7. 85 7.8 

Range of densities 
(D)= Dry (W) = Wet 

(gml cm3) 

Average density 

3 
(gm/cm) 



The additional control may be given by actual subsurface contacts 
from drilling which give depths at one or more points to a density contrast. 
It may be given by another geophysical method (e. g., seismograph). If no 
definite physical data are available, it is given by general considerations of 
the geology of the area under consideration and geologic reasonableness 
which may be able to discriminate between different solutions that are geo-
physically possible, or at least to say that one solution is more probable 
than another. 

Because of this ambiguity, it is impossible to calculate a unique 
mass distribution as the cause of a given gravity distribution. Therefore, 
it is usual to assume mass distributions, based initially on whatever control 
is available, calculate the gravity effects that they produce, and compare 
the computed with the observed effect. The mass distribution is modified, 
within the limits set by other control, the calculations and comparisons 
repeated, and this cut-'and-try process continued until a satisfactory fit 
is achieved. Here, again, it may be emphasized that the achievement of 
a fit between calculated and observed results is not a proof that the mass 
distribution that gives the fit is the only answer to the problem. The degree 
to which the solution is unique depends quite as much on the other control 
as it does on the gravity data. 

5. 2. l. 4 Rock Densities 

The density of any rock formation is one of its distinguishing 
characteristics, which may be of exceptional significance on the moon where 
geological control is practically non- existent and hard rock outcrops may be 
very rare due to a dust cover. The rock density is also a critical physical 
parameter that is used either directly (seismic velocities) or indirectly 
(magnetics) in many geophysical interpretations. 

The gravity meter profile technique (see Section 5. 2. 2. 3) can be 
used to determine the densities and possible compositions of the near-surface 
rocks on the moon. The profile method which effectively measures the 
average of a large sample, will be especially useful on the moon where 
unconsolidated formations (dust, ejecta, etc.) are exposed near the surface. 
It is difficult to establish a representative rock density from specimens of 
dry, porous, and loose debris for which it is virtually impossible to sample 
the voids between the individual rock fragments. Any interpretations of the 
nature of the near-surface formations that are based in any manner on the 
average rock densities will require valid field measurements of this physical 
parameter. 
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It is, therefore, recommended that the moon program include the 
running of at least one gravity profile across a topographic reversal (hill 
or valley) to measure the average density of the near-surface formations 
in place. 

5. 2. 1. 5 Detection of Caves 

The gravity meter can theoretically detect near-surface lava tubes 
and caves which would be of extreme interest to the astronauts as possible 
shelters and source of water. Discovery of any such caves may be one of 
the most useful objectives of any of the geophysical surveys on the moon. 

However, it is always necessary for gravity (and magnetic) stations 
to be at least twice as close together as the width of the objective target. 
A 10-ft (3 meter) spacing between gravity readings will be required to search 
for the narrow lava tubes and caves that will be of interest in lunar explora-
tion. Examples of anomalies to be expected for various sized tunnels or 
caves is given in Figure 5. 2-l. Such close spacing will be an impractical 
lunar field problem with conventional gravity meters and will require the 
development of a continually recording mobile gravity meter comparable 
to the United Geophysical Corporation 1 s truck-mounted "MoMag" magnet om-
eter. (See discussion of station spacing, Section 5 and 5. 2. 4.) 

5. 2. l. 6 Applications of Tidal Measurements 

The divergence between the theoretical and observed gravity 
variations can give an indication of the actual deformation of the earth or 
moon under tidal influences which helps to determine the earth 1 s or moon's 
true rigidity. 

Observation of the gross lunar tides (semi-monthly changes) would 
provide valuable data to confirm and correct astronomical observations, etc. 

The tidal effects on the moon vary essentially with changes in the 
earth-to-moon distance. The periods of these moon tides are much longer 
than on earth; i.e., roughly one-half month and one month compared to 
s emidaily and daily tides on earth. The magnitude and timing of the main 
tidal gravity variations on the moon are indicated on Figure 5. 2-2. Other 
minor tidal effects due to the moon 1 s wobble and the sun also exist and will 
be of interest for special problems. 
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5. 2. 2 Basic Principles of Gravity Measurements 

5. 2. 2. 1 Fundamental Gravity Principles and Units 

Newton's Law of Gravitational Attraction 

The law of universal gravitation was conceived by Newton from a 
study of Kepler's empirical laws of the motion of the planets. To explain 
these motions, Newton deduced the law that every particle of matter exerts 
a force of atrraction on every other particle that is proportional to the masses 
and inversely proportional to the square of the distance between them; i.e., 

mlm2 
F = 'I 2 (5. 2-l) 

r 

where F is the force between two particles of mass m 1 and m 2' r is the 
distance between them, and'{ is a constant with dimensions L3M-IT- 2 

and a numerical value depending on the units used. 

Thus, the attraction of the earth may be considered equivalent to 
an acceleration. Therefore, we often speak of the acceleration of gravity 
rather than the force of gravity. 

In the cgs system, the dimension of acceleration is em/ sec/ sec 
(em/ sec2). Among geophysicists this unit is referred to as the gal (in honor 
of Galileo, whose experiments on gravity were among the earliest). Since 
the gravitational acceleration at the earth's surface is about 980 em/ sec 2 

or 980 gal, and since anomalies a ten-millionth this large often have economic 
or scientific importance, the practical unit of gravitational acceleration as 
used in geophysical prospecting has come to be the milligal, or thousandth 
of a gal. 

5. 2. 2. 2 Gravity Measurements 

Gravity can be measured by several different types of instruments, 
all of which measure either: 

1. Absolute gravity 

2. Relative gravity. 
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Absolute gravity is the total force acting at any point, whereas relative 
gravity is merely some portion of the total force. It is more difficult to 
measure precisely a total gravity field (earth = 980, 000 mgl) than to measure 
small differences in the field. The problem is analogous to that of m easur-
ing absolute time (which can be measured any place with a sundial) vs rela-
tive time (which can be precisely measured with a stop watch). Both types 
of measurements are required depending upon the problem involved. 

Absolute Gravity Measurements 

Absolute gravity (and time) measurements are often taken for 
granted by persons working on detail problems (magnitudes H-Q), since 
the basic absolute measurements were made long ago on earth. However, 
the absolute gravity measurements are still to be made on the moon, and 
will be required there for all upper magnitude (A -G) geological and geo-
physical problems. Two methods are feasible for measuring absolute gravity: 

1. Falling weight 

2. Pendulum. 

Falling Weight 

The gravity force unit, the gal, is defined as being an acceleration 
of 1 em/ sec2. Therefore, it is theoretically possible to measure the force 
of gravity by any method of measuring acceleration. The simplest technique 
is to measure the time required for a weight to drop a given distance. How-
ever, this method has never been practical for field measurements on earth 
due to the: 

l. Large gravity acceleration 

2. Need for vacuum conditions. 

The earth's force of gravity ( 980 gal) is so large that a weight will drop 
16ft in the first second after release in a vacuum. The technical problems 
involved in designing a long, unwieldy, plumb, vacuum tube with a high 
accuracy timing mechanism have made this technique a laboratory curiosity 
on earth, where absolute gravity has long since been measured with pendu-
lums. 
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On the moon, however, the gravity field is only l /6 that of the 
earth, so a weight will fall less than 3 ft (80 em) in the first second after 
release. Furthermore, the moon has no atmosphere, so high vacuum con-
ditions are present which can be used to advantage in this case. Recent 
advances also make it possible to measure precisely small time differences. 

It has been concluded that the fortunate combination of these fac-
tors would make it feasible to use the falling-weight method to measure 
absolute gravity on the moon. The study has produced a novel falling-ball 
absolute gravity measuring device which can be adapted to many of the 
gravity problems on the moon. This device is described in detail in 
Section 5. 2. 5. 

Pendulum 

The period of a physical pendulum vibrating with small amplitude 
is g1 ven by the formula 

where: 

T = 2 TT !"I:.-h mg 

I = moment of inertia about the knife-edge 

m = total mass of the pendulum 

h = distance from the knife-edge to the center of gravity 

g = acceleration of gravity 

(5.2-2) 

If the constants of the pendulum are known and the period T is measured, 
the acceleration of gravity g is immediately obtainable from the relation 

g = 4rr 
2 

I 
2 

mh T 

Relative Gravity Measurements 

(5. 2-3) 

Relative gravity measurements are now used exclusively for 
field surveys on earth, where they can be made much more precisely, 
faster, and with simpler instruments than are required to make absolute 
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where 

k + 2n ~ Ifmh. 

6T 
k 
2 

gravity measurements. It is much simpler to devise an instrument that can 
detect only small differences in gravity than to make a device that can meas-
ure the earth's full gravity field plus small local changes. Instruments 
that have been used to measure relative gravity for oil prospecting (which 
is the principal commercial market for such surveys), include the following 
instruments: 

l. Tors ion balance 

2. Surveying pendulum 

3. Gravimeter (or gravity meter) 

4. Torsion Balance 

The torsion balance measures the distortion, or warp1ng, of the 
gravitational field rather than the intensity of the field. Several ingenious 
prccedures were developed to calculate the desired gravity field intensity 
from the distortion measurements, but the procedure was never too sa tis-
factory, and the torsion balance was replaced as soon as direct gravity-
measuring instruments were developed. It was a historical coincidence 
that the theoretically-complex torsion balance was invented before the sim-
pler instruments. 

2. Surveying Pendulum 

The theory of the surveying pendulum is fairly simple. If the 
same pendulum is swung at two different locations, it is easy to measure 
the difference 6g in gravity between the two stations by obserbing the dif-
ference 6T between the periods at the two stations. 

Calling the period T at the first station, where the gravity is 
g 1 , and T2 at the second station (gravity g 2 ), it can be easily demonstrated 
that 
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The mathematical thea ry 1 s treated at considerable length 1n Nettleton 1 s 
1 940 text. 

The prec1s1on with which the two periods can be measured in-
creases with the total number of pendulum swings that are counted and 
timed. In commercial work, a single routine run of 1/2 hour produced 
time measurements accurate to about 1 part in 4, 000, 000 and a relative 
gravity accuracy of about 0. 25 mgl. 

3. Gravimeters 

Modern gravimeters (or gravity meters) are compact and rugged 
instruments that can repeatedly measure a 1/100,000,000 difference (0. 01 
mgl) in the earth's gravity field, under the most rugged field conditions, 
and in the hands of clumsy field observers. Gravimeters have reached a 
plateau of development, since their accuracy already exceeds the ability 
of the geologists to interpret the gravity measurements. 

Most modern gravimeters consist basically of a weight on a 
spring, the length of which changes with variations in gravity. Design 
details are discussed more fully in Section 5. 2. 5. 

5. 2. 2. 3 Corrections for Gravity Observations 

The final field results of conventional gravimeter or pendulum 
measurements are the gravity differences between some reference point 
and a series of field stations. Before being useful as possible indications 
of subsurface geologic conditions, these observed gravity differences must 
be corrected for various large influences on the measured values for which 
the causes can be calculated and which would completely mask the desired 
effects if they were not removed. 

The necessary corrections on earth include: 

1. Free-Air Correction (Always used in prospecting) 

2. Bouguer II (Always II II II ) 

3. Latitude II (Always II II II ) 

4. Terrain II (Uncommon II II ) 

5. Tidal II (Very rare II II ) 
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Special scientific studies sometimes include selected corrections 
as required for the particular problem. The free-air and Bouguer correc-
tions are normally combined for convenience into a single elevation correc-
tion. 

On the moon, only the elevation correction (free-air plus Bouguer) 
will be critical for the initial surveys. 

Free Air Correction 

Gravity varies with elevation because a point at a higher eleva-
tion is farther away from the center of the earth (moon) and therefore has 
a lower gravitational acceleration than one at a lower elevation. The rate 
of this normal vertical variation, or the vertical gradient, of gravity can 
be calculated accurately from the gravity formula and the radius of the 
moon. The value so calculated for the moon (radius 1738 km, g = 162. 2 gal) 
is: 

= 0.000187. h 

where 

gh 1s the value of gravity in gals at a height h in meters and g 0 
is its value at a reference level o (usually sea level on earth). 

The variations of the moon's vertical gradient with latitude (less 
than O.lo/o from the equator to pole) and with elevation (only 0.4% for the 
highest crater peaks of 8800 m) are too small to require attention in the 
reduction of any gravity measurements for geophysical prospecting. There-
fore, the normal vertical gravity gradient can be considered to be a con-
stant with a value on the moon of 0.187 mgl/m or 0. 0565 mgl/ft. 

If a proper correction for this elevation effect were not made, a 
gravity map would be strongly affected by differences in elevation between 
different points of measurement. Therefore, a correction for the elevation 
is always made before plotting gravity measurements made for gravitational 
prospecting. 

The free-air anomaly is sometimes calculated vrhich includes 
only the free-air and the latitude corrections, but omits the Bouguer effect. 
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Bouguer Correction 

Variation of Gravity with Attraction of Surface Material 

If we simply correct the gravity of station B to the elevation of 
another station A by the free-air correction discussed above, we have not 
considered the attraction at B of the mass of material below B which would 
not be present if B were at the same level as A. The correction for the 
attraction of this material is called the Bouguer correction, as shown in 
the following sketch. 

If the topography is fairly flat, the attraction of material under 
the point B is given quite closely as that of an infinite slab of thickness h 
and density cr. The attraction of such a slab for'( = 66. 67 x lo-9 is 

0. 04l85cr h (mg per meter) 

or 

0. 01276crh (mg per ft) 

The Bouguer effect under station B tends to increase the gravity 
and therefore is always opposite to the free-air effect (which would decrease 
the gravity at B relative to that at the lower point A). Thus, the free-air 
and Bouguer corrections are always opposite in sign. 

In calculating corrections to gravity stations, the free -air and 
Bouguer corrections commonly are combined into a single factor (which 
depends on the density cr of the surface rocks within the range of the topo-
graphy). The combined elevation correction is made to sea level or some 
other reference level. (See Table 5. 2-3 for moon elevation corrections, 
andFigure 5.2-3.) 
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TABLE 5. 2-3 

MOON GRAVITY 
TOTAL ELEVATION CORRECTION 

(Free-Air plus Bouguer) 
c. = (0. 187 - 0. 042o-) milligals/meter 

CT Rock Elev Diff 
Density 

0 

Rock Type 

Holes 

Mgl/Meter 

0. 187 

Mgl/Ft 

0.0571 

/0. 1 Mgl 

0.53 meter 

0.5 0. 167 0.0506 0.60 

1.0 Water 0. 145 0.0442 0.69 

1.5 Volcanic Ash 0. 124 0.0378 0. 80 

2.0 Alluvium 0. 103 0.0314 0.97 

2.5 Sandstone 0.082 0.0250 1. 22 

2.67 Granite 0.075 0.0229 1. 33 

2.8 Basalt 0.070 0.0214 l. 43 

3.0 Gabbro 0.061 0.0186 l. 64 

3.2 Peridotite 0.053 0.0162 1. 88 

3. 34 Av. Moon 0.047 0.0143 2. 12 

3.5 0.040 0.0122 2. 50 

3.6 Chondrites 0.034 0.0104 2.94 

4.0 0.019 0.0058 5.30 

The heavier the surface rocks, the less critical is the elevation 
correction. 

Rule of Thumb 

Moon Gravity z 1 milligal/ 10 meters surface elevation difference 

z 0. 1 mgl/ 1 meter surface elevation difference 
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If the topography is irregular, the correction for the attraction 
of the material is much more complicated, and the attraction of all excess 
masses (such as M, in above drawing) above the plane of the station (or 
mass deficiences from voids below the plane of the station) must be con-
sidered. Such corrections are usually called terrain corrections. A more 
detailed discussion of them and of methods for their calculation is given 
below. 

Determination of Surface Rock Densities 

Both the Bouguer correction and the terrain correction depend 
on the density of the surface material within the range of the elevation 
differences of the survey. Therefore, some sort of estimate or measure-
ment of surface densities must be made. 

A rough estimate can be made from actual density measurements 
of samples of the surface material. However, this is rarely satisfactory 
since it takes a considerable amount of sampling and many measurements 
to give reliable density values. Fractures and holes in rock cannot be sampled. 

Another and commonly satisfactory method is to run a density 
profile with the gravimeter. This consists of taking a series of closely-
spaced stations over a local topographic irregularity, preferably a hill, a 
valley, or both. The gravity values are then reduced for different densities. 
The criterion for the actual density is that which gives the smoothest reduced 
gravity profile across the topographic irregularity. (See Figure 5. 2-4) 

The method has the advantage that it samples a comparatively 
large mass of material. It has the disadvantage that very accurate gravity 
differences are needed, especially if the topographic relief is small. How-
ever, this latter disadvantage is compensated to a certain extent because, 
where the relief is small, a large error of density is tolerable and, where 
the relief is large, a more accurate measurement of density can be made. 

This procedure assumes that the gravity effect being measured 
1s entirely due to the topographic irregularities and no local geological 
structural anomaly is involved. In regions where a gravity survey extends 
across outcrops of different rocks, the density profile can be used to deter-
mine the various rock densities for the reduction of different parts of the 
survey or other purposes. 
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Latitude Correction 

The latitude (shape) correction considers the increase of gravity 
from the earth's equator to poles as discussed above. Usually, the correc-
tion is made to an arbitrary base latitude. The basis of the correction is 
one of the various gravity formulas for the earth 1 s shape. If the latitude 
of stations is expressed in degrees and minutes, correction tables can be 
made accordingly, preferably using gravity differences from a reference 
latitude within the general area of the survey (to avoid carrying large num-
bers). The table also can be made up in terms of miles (or kilometers) 
from the reference latitude. In either case, the latitude correction is made 
simply by reading from the table the value corresponding with the latitude 
or distance that describes the north- south coordinate of the station location, 
and subtracting this latitude correction from the measured gravity value. 

On the earth, the latitude correction varies from zero at the 
equator and the poles to a maximum of 0. 8 mgl/km (l. 3 mgl/mile) at 45° 
latitude. This is a significant gravity variation at intermediate latitudes 
(USA, Europe, etc.) on earth and corrections must be made. 

By contrast, on the moon, the shape correction varies from 
zero at the equator and poles to 0. 0007 mgl/km at 45° latitude due to the 
slower rotation and minor flattening of the moon's shape. 

Terrain Corrections 

The free-air and "Bouguer'' corrections, as outlined above, are 
adequate if the topography in the vicinity of the station is reasonably flat. 
However, if there are considerable differences in elevation, particularly 
rather close to the station, these local irregularities of topography will 
have measurable effects and must be considered for accurate reduction· 
of the gravity values. Most routine gravitymeter surveys on earth ignore 
the terrain corrections. 

The attraction at the station of topography above the elevation 
of the station has a vertical component which is upward. For compartments 
below the elevation of the station, the effect also is upward because of the 
absence of the attraction of the material in this space that was assumed 
present in making the simple Bouguer correction. Therefore, the effect 
at the station of topography e"ither above or below the elevation of the station 
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lS upward (tends to decrease the gravity value), and the terrain correction 
itself, therefore, always is positive. 

To make the corrections, the topography is divided into a 
series of zones and compartments which are defined by circles and radial 
lines. The size of the compartments increases rapidly with the distance 
away from the station. Tables are prepared that give, for each zone, the 
attraction (as a function of the average elevation with respect to the station) 
of a single compartment in that zone. 

The ave rage elevation in each compartment is estimated from 
the topography or topographic map. For each compartment, its average 
difference in elevation from that of the station is determined. The attrac-
tion corresponding to the elevation difference is then read from the tables. 
The sum of all these attractions gives the total terrain correction at the 
station for the density for which the tables are computed. Finally, this sum 
multiplied by the ratio of the actual density to the table density gives the 
final correction. 

If topographic maps at a scale of 1:62,500 and a contour inter-
val of 20 ft are available, they can be used for making the corrections un-
less the station is very close to a sharp topographic feature, in which case 
the detail of these maps may not be sufficient for points within about 200ft 
of the station. If no maps are available, it is necessary to make some sort 
of special survey to determine approximately the topography in the vicinity 
of the station. 

Tidal Corrections 

The gravitational effects of the sun and moon which produce 
the world's ocean tides are sufficient to have barely appreciable effects on 
a gravimeter on earth. The gravitational amplitude of these effects varies 
with time and latitude, as it depends on the astronomical positions of the 
sun and moon. The maximum tidal amplitude on earth is less than 0. 3 mg. 
During full-moon time ofmaximum amplitude, the change occurs with a 
period of about 24 hours. At other times, the period is about 12 hours, 
but the amplitude is smaller. The maximum rate of change on earth of 
gravity from tidal effects is only about 0. 05 mg per hour .. 

Since in most earth gravimeter opera.tions, the instrument 1s 
returned to a subbase at intervals of at most a few hours, any tidal effect 
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appears only as a slight modification of the drift curve and therefore does 
not affect the gravity difference determination. Consequently, no attention 
is given to tidal effects in routine prospecting, although they are occasionally 
computed for exceptionally precise surveys in flat terrain when long time 
intervals between base ties cannot be avoided. 

5. 2. 3 Instrument Requirements 

The instrumental accuracies desired for different magnitudes-of-
gravity problems are summarized in Table 5. 2-l. Details of instrument 
design are summarized in Section 5. 2. 5, and operational procedures in 
Section 5. 2. 6. 

Four different field problems are involved 1n making gravity me as-
urements on the moon, including: 

l. Absolute gravity at base stations and along the traverses 

2. Relative gravity inside the vehicle 

3. Relative gravity outside the vehicle 

4. Monitoring long-term lunar tides at base stations. 

Each of these field problems requires different instrumentation. However, 
there is some overlap and it is possible that instruments can be developed 
that can be used for more than one type of the essential gravity measure-
ments. 

The instruments that show the best promise for the vanous lunar 
functions include: 

l. Falling- ball absolute gravity device 

2. LaCoste- Romberg gravity meter (vehicle mounted) 

3. LaCoste- Romberg gravity meter (portable) 

4. LaCoste-Romberg earth-tide gravity meter. 
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A one-page Instrument Specification Summary for each of the gravity 
measuring devices is presented on the following pages (Sections 5. 2. 3. l-
5. 2. 3. 4). Further engineering and development work will be required to 
produce working models of these instruments for lunar use. 

Special consideration should be given to developing these (or any 
other) instruments to measure automatically and continuously the gravity 
field during the lunar traverses, to obtain the free bonus of regional meas-
urements without any loss of the astronaut's working time. (See Section 5. l. 3) 

5. 2. 3. l Absolute Gravity Measurements in Vehicle 

Instrument: Falling-Ball Device 

Range 0-200,000 milligals (Entire moon range) 

Resolution 0. 5 milligal 

Repeatability l. 0 milligal 

Time for readout l second or less 

Leveling Self-leveling pendulum suspension 

Long range stability Maximum drift deviation - 2. 0 mgl/mon. 

Temperature control May not be required. 

Time to stabilize l hour (if temperature control required) 

Weight 6 pounds (Sensor: 3. 5 lb) 

(Electronics: 2. 5 lb) 

Size 135 cu 1n. (s ensor: 5 l/2 H X 4 " OD) 

(Electronics: 100 cu. in.) 

Power 4 (to 8) Watts (Sensor: 0 watts if no control, 
4 watts with temp. control) 

(Electro nics: 4 watts) 

Output Digital coded - Basic data per reading 
10 6 counts (22 bit binary word) 

Vibration Contract specs 
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Shock: Contract specs 

Temperature: Contract specs 

Calibration Calibration of an absolute gravity device 
can be made on earth 

Time Required for Development 12 months 

5. 2. 3. 2 Relative Gravity Inside Vehicle 

Instrument: Geodetic Gravity Meter - Model "G" 
Designer: LaCoste & Romberg, Austin, Texas 

Range 0-250 milligals (bracketing 162,000 mgl 
lunar range) 

Resolution 0 . 0 1 m i lli gal 

Repeatability 0.01 milligal 

Time for Readout 2 minutes 

Leveling Self-leveling gimbals (or tripod through 
vehicle floor) 

Long Range Stability 0. 5 milligal per month 

Temperature Control 4 watts at 12 volts 

Time to Stabilize 1 hour on warm -up 

Weight 6 1/2 lb - Sensor 
6 lb Battery (or vehicle power) 

Size 240 cu in. (Sensor: 6'' x 5" x 8") 

Power Sensor - none (Power from MOLAB 
for temperature control) 

Output Visible Readout, manual record 

Vibration Contract specs 

Shock Contract specs 

Temperature Contract specs 

Calibration Difficult to calibrate in the stronger earth 
gravity field. 
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Time Required for Development 6 months 

Remarks: The instrument should be modified to be 
self-leveling and automatic reading. 

5. 2. 3. 3 Relative Gravity Outside Vehicle 

Range 0-250 milligals (bracketing 162, 000 mgl 
lunar range) 

Resolution 0. 01 milligal 

Repeatability 0. 01 milligal 

Time for Readout 5 minutes 

Leveling Tripod screws 

Long Range Stability 0. 5 milligals per months 

Temperature Control 4 watts at 12 volts 

Time to Stabilize 1 hour on warm -up 

Weight 17 lb (Sensor: 6 1/2 lb) 
(Battery and case: 10 lb) 

Size 440 cu in (Sensor: 240 cu in.) 
(Battery and case: 200 cu in.) 

Power None - (Sensor) 
(Battery for temperature control only) 

Output Visible readout, manual record 

Vibration Contract specs 

Shock Contract specs 

Temperature Contract specs 

Calibration Difficult to calibrate in this stronger earth field 

Time for Development 3 rr.onths. 

Remarks: The instrument should be modified to be self-leveling and 
special optics for readout. 

Instrument: Geodetic Gravity Meter - Model "G" 
Designer: LaCoste & Romberg, Austin, Texas 
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5. 2. 3. 4 Monitoring Lunar Tides 

Instrument: Earth-Tide Gravity Meter 
Designer: LaCoste & Romberg, Austin, Texas 

Range 4 milligals 

Resolution 0. 00 l milligal 

Repeatability 0. 001 milligal 

Time for Readout 1 hour maximum 

Leveling Tripod on solid base 

Long Range Stability 0. 1 milligal per month 

Temperature Control Batteries or ESS power supply 

Time to Stabilize 1 hour on warm -up 

Weight 7 lb (Sensor: 5 lb) 
(Electronics: 2 lb) 

Size 240 cu in (Sensor: 5" x 611 x 8") 
(Electronics: 100 cu in. 

Power 10 watts (Electronics: 5 watts) 
(Temperature Control: 5 watts) 

Output Digital coded output to data telemetering system 

Vibration Contract specs: 3 axis, 3 min sinusoidal, 
5g (14-45 cps), 7. 5g (40-400 cps) 
lOg (400-3000 cps) 

Shock Contract specs: 3 ax1s, 3 times, 
100 g, 0.001 sec 

Temperature Contract specs: lunar environment 

Calibration Zero in moon 1 s field 

Sampling rate l/12 hr (min.), 1/l hr (max.) 

Time for Development 15 months 

Remarks: Miniaturization of automatic leveling and readout equipment 
presents a major development problem. 
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5. 2. 4 Gravity Measurement Technique Evaluation and Selection 

5. 2. 4. 1 Station Spacing vs Accuracy 

Regional Anomalies 

It is much better for many scientific purposes to have a large 
number of gravity readings (even though of somewhat lower quality) in 
order to outline properly large regional gravity trends (magnitudes E, F, 
G, H), rather than to have only a few, widely scattered readings, (regard-
less of their accuracy) that can only detect local features (magnitudes K, 
L, M). This is shown graphically on Figure 5. 1-3. The proposed lunar 
traverse was superimposed on a known earth gravity field. Gravity values 
were taken from the map at positions equivalent to the lunar traverses and 
stations.. The gravity map that would result from precise 0. 01 mgl read-
ings solely at the few widely separated stations would miss many of the 
large gravity features of the area. By contrast, the location and magnitude 
of the main regional anomalies would be recognized by gravity readings of 
only 10-milligal accuracy taken at 3-mile intervals between the stations. 
( 3 miles = 1 hour driving time on the moon). 

It is strongly recommended that the moon vehicle be stopped 
periodically (at a maximum of 1-hour = 3-mile intervals) between the main 
stations to obtain critical regional gravity control points and to allow the 
astronauts to relax from the strain of driving. 

It would, of course, be preferable to have precise readings every 
place. However, since this will be impractical on the moon, the best pro-
cedure to obtain maximum scientific data, will be to get a large number of 
rough readings all along the traverses and precise readings where there 
is time to make detailed surveys at the main stations. Two different types 
of gravity instruments may be advisable to provide the two qualities of data. 
Split-milligal gravity measurements are not required to evaluate many geo-
logical and geophysical problems. 

Nomagraph - Spacing vs Accuracy 

Figure 5. 2-5 was prepared to help evaluate gravity station spacing 
vs accuracy requirements. The critical factors include: 

1. Station spacing 
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2. Elevation accuracy 

3. Regional gravity gradients. 

The gravity accuracy (in milligals) that can be realistically expected by 
any combination of these factors can be obtained from the nomograph, by 
reading values along a straight line between the station spacing and elevation 
accuracy. (For example: Given station spacing = 2 km and elevation accuracy 
= 30 meters; gravity accuracy= 5 mgl if the regional gravity gradient 
= 1 mgl/km, or= 10 mgl if the regional gravity gradient= 3 mgl/km, etc.) 
The regional gradients ( 0 to 10 mgl/ km) used on the chart are commonly 
found on earth (see Figure 5. 1-3) and are within the range that may be 
expected on the moon. The elevation accuracy is based on an average lunar 
surface rock density of 1 mgl/ 10 m (see Table 5. 2-3 ). 

A study of this nomograph reveals that the elevation accuracy 
(which is expected to be known within a couple of meters along the lunar 
traverse) will not be nearly so critical for the final analysis of the gravity 
data as the station spacing and the regional gravity gradient. In fact, antici-
pated differences in elevation may be ignored when mapping the regional 
gravity gradients (magnitude scales E, F, G, H). 

Local Anomalies 

A gravity anomaly is always wider than the geologic mass anomaly 
that produces it. Thus, a shallow subsurface geologic anomaly cannot be 
wider than the gravity anomaly that it produces. A sharp, deep, geologic 
feature can produce the same surface gravity effect as a broad, shallow 
variation; however, a sharp, narrow gravity anomaly always indicates a 
shallow feature (or error) at a depth roughly equal to the width of the main 
part of the anomaly. This is one of the basic guides for interpreting gravity 
results and planning surveys. (See Figure 5. 2-6. ) 

We cannot hope to recognize shallow geologic features that might 
produce sharp gravity anomalies by using large spacings between stations. 
The result of varying the station spacing vs the results obtained is indicated 
graphically on Figure 5. 1-2. This graph clearly shows the scale of anomalies 
and the tolerance in gravity and magnetic measurements that can be allowed 
for different station spacings and prospecting objectives. 
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As a practical rule-of-thumb, the station spacing required for 
a gravity survey should be equal or less than the depth of the geological 
features that are of interest. (Stations at 100ft for geology 100-ft deep, 
etc.) This, unfortunately, does not mean that all geological features that 
are of interest will be recognized and resolved with such station spacing, 
but only those that produce sharp enough gravity anomalies to be distinguished 
from broader trends. We can only establish a limit on the minimum size 
of anomaly that we can catch by our station spacing. 

Station Net vs Profiles 

It must be emphasized that actual gravity and magnetic anomalies 
1n the field are 3-dimensional rather than merely 2-dimensional as shown 
on the profiles of Figure 5. 1-2. Therefore, the surface must be covered 
with a grid or net of stations in order to outline and evaluate properly the 
true geological significance of the gravity readings. The practical effect 
of this problem is that it reduces the accuracy required for all measure-
ments (gravity, position, elevation, etc.) for reconnaissance surveys in 
unknown areas, where only gross extrapolation of the gravity results is 
justified between widely-spaced traverses. The distance between the pro-
files is just as important as the spacing of measurements along them, in 
order to provide the necessary 3-dimensional control. 

Required Accuracy of Measurements 

The precision of gravity measurements should be compatible with 
the scale of the geological problem (see Figure 5. 1-1). Figure 5.1-2 is a 
good example of why readings, spaced at the 3, 000-ft intervals, do not need 
to be nearly as precise to outline the broader anomalies as is required for 
closely-spaced measurements to detect sharp, narrow features. The 
practicality of relaxing the survey standards for reconnaissance surveys 
is commonly overlooked on earth prospects. The extremely precise gravity 
meters that are available off the shelf have been designed to solve economi-
cally the specific detail problems of oil and mineral exploration, whereas 
broad scientific problems of regional scope (several miles between readings) 
are now only of secondary interest in most earth prospecting. 

However, the gravity problems that will be of scientific interest on 
the moon will not be nearly so restricted in magnitude as in conventional 
earth prospecting. (See Figure 5. 1-1. ) No one earth instrument should 
be expected to solve the full range of significant gravity problems on the 
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moon, where practically nothing is known about either the surface or sub-
surface geology. It is, therefore, recommended that several different 
types of special compact and rugged instruments be developed for the moon 
project that make the best possible compromise between the difficult field 
problems, and the minimum accuracy compatible with the scope of the 
various geologic gravity problems. 

Desired instrumental accuracy for different types of gravity 
problems are summarized on Table 5. 2-1. 

5. 2. 4. 2 Absolute Gravity 

It may be practical to refine the final accuracy of separated abso-
lute gravity bases on the moon by running traverses between them with a 
precise gravitymeter, and then accordingly adjusting the base values to fit 
the gravitymeter results. This method has been used on earth to refine 
the original pendulum values (± 1 mgl) to within 0. 1 mgl to fit the least-
square averages of repeated gravitymeter readings (±0. 01 mgl). 

It is therefore recommended that at least 3 absolute (falling ball) 
base values be determined at extreme corners of the various lunar gravity 
traverses to compute the weighted gravity values for the base stations. 

5. 2. 4. 3 Corrections and Surveying Accuracy Required 

Only the elevation correction (free-air plus Bouguer) will be critical 
for the initial gravity surveys on the moon. 

Elevations 

Gravitymeter elevation corrections on the moon can be made to 
about 1-milligal accuracy if the station elevations are reliable to 10 meters, 
or to 0. 1 milligal if the elevations are within 1 meter (3ft). This accuracy 
(0. 1 mgl) is about the limit of our ability to interpret gravity data when 
considerable subsurface geological control is available on earth. It is 
doubtful that more then 600-meters (2, 000 ft) difference in elevation will 
be traversed on the moon programs that are being considered for this 
project. Therefore, the contemplated lunar surveying accuracy of about 
1:500 in elevations will permit gravity corrections for elevation within 
0. 1 milligal. 
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Position 

The position of the gravity stations, as determined by even the 
coarsest surveying techniques contemplated for the moon vehicle traverses, 
will be acceptable for all gravity purposes; i.e., the gravity results will 
not depend on position accuracy, and therefore will be as reliable as the 
known position of the vehicle at the moment the gravity readings are made. 

Latitude Corrections on Moon 

It is recommended that no "latitude corrections 11 be made for the 
initial gravity surveys on the moon, for the following reasons: 

1. The true shape (gravity field) of the moon will be recognized 
more easily if no corrections are made 

2. The corrections will be too small to affect gravity pros-
pecting. 

Shape of the Moon 

It is believed that the moon is not a perfect sphere, but slightly 
egg-shaped with a bulge at the center towards the earth; just how much, 
astronomers do not agree. However, for all practical purposes, in making 
measurements on the moon, it is assumed at present to be a sphere. The 
US Air Force ACIC chart makers use a 17 38 -km radius sphere for their 
new 1:1, 000, 000 scale charts which are the basis for most lunar studies. 
The best current estimates of the moon's radii are: Mean= 1737.85 ±0. 07 km, 
a= 1738. 57 km, b = 1738.21 km, c = 1737.48 km, so the 1738-km radius 
is within ± 0. 5 km ( 1650 ft) of the maximum and minimum radii. By contrast, 
the reliability of the elevation contours on the moon charts is about 
1, 000 meters and the highest visible elevation on the moon (floor to wall 
of Newton crater) is 29, 000 ft (8. 8 km) or eight times the maximum moon 
bulge. (The earth 1 s equatorial bulge of 21 km is more than twice the height 
of Mt. Everest. ) 

It is apparent that ignoring the moon 1 s latitude correction will 
have nom ore effect on local gravity measurements than a flat hill of 
1, 000 meters elevation whose base covers a quarter of the moon's surface. 
The regional gravity effect of this hill would be about 0. 03 milligal/ km or 
far less than the regional effec;:t of large craters and local terrain effects. 
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Far more important than the negligible effect of the latitude cor-
rections on the geological interpretation of local gravity meter surveys, 
is the determination of the true shape of the moon. This can be recognized 
and evaluated most readily by actually mapping any gravity effects due to 
variations in the moon 1 s shape rather than to conceal them in assumed 
corrections for the theoretical radii and gravity field. 

Terrain Corrections on Moon 

Terrain corrections should not be critical for the initial gravity 
surveys on the moon. This is based on the assumption that the moon vehicle 
will avoid rough terrain for safety reasons, and that the local topography 
will be no rougher than that indicated by the Ranger -7 photos. 

The last photos returned before the Ranger -7 impact showed a 
flat rolling plain with hummocks and depressions of only± 5 ft relief across 
a 100-x 100ft area. Such a plain would produce a maximum local gravity 
terrain effect of 0. 01-0.02 milligal which can be ignored for all practical 
purposes in prospecting. 

Regional terrain effects will be significant within ten miles of the 
larger craters, but such areas will not be explored during the traverses 
now under study. 

Tidal Corrections on Moon Surveys 

The tidal effect on the moon 1 s surface gravity varies with the dis-
tance from the earth. The fortnightly tides range from about 1. 5 to 0. 9 mil-
ligal with each of the extremes occurring twice a year. (See Figure 5. 2-2.) 

The average tidal effect of only 0. 08 mgl/ day is too small to 
affect gravity prospecting on the moon, and therefore can be ignored during 
the field surveys. 

Corrections for this gradual effect can always be made later 1n 
earth offices as long as the date of the survey is known. 
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5. 2.5 Conceptual De sign of Gravity Measurement Instrument 

The moon's gravity field (162, 000 milligals) is only 1/6 that of 
the earth (980, 000 mgl.). This contrast will naturally affect the design 
of instruments to measure gravity on the moon. 

Four different field problems are involved in making gravity mea-
surements on the moon, including: 

l. Absolute gravity at base stations and along the traverses 

2. Relative gravity inside the vehicle 

3. Relative gravity outside the vehicle 

4. Monitoring long-term lunar tides at base stations. 

5. 2. 5. l UED Falling- Ball Device for Absolute Gravity Measurements 

The low gravity field combined with a high vacuum environment 
makes it feasible to consider the falling- ball method of measuring the ac-
celeration of gravity on the moon, (See Section 5. 2. 2. 2). A secondary 
advantage is that the reduced lunar gravity will help increase the ratio be-
tween gravity variations and the total gravity field strength on the moon. 

United ElectroDynamic's falling- ball device for the measure-
ment of absolute gravity (Figure 5. 2-7) is recommended for use in the 
MOLAB vehicle because of the following outstanding advantages: 

l. The device employs the most fundamental method known 
for measurement of gravity acceleration. 

2. The device is small and light in weight. 

3. The moon's vacuum will provide an ideal free-fall 
environment. 

4. T.he design lends itself readily to automatic setup and 
readout. 
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5. The device is self-leveling, by pendulum, gimbals, or a 
combinating pendulum and gimbals. 

6. The range of calibration is virtually infinite. The device 
can be calibrated on earth and used with assurance on the 
moon in contrast to ordinary gravimeters for which reliable 
calibration will be a major design problem. 

7. A suitable pulse applied to the bi-morph crystal 1s employed 
to return the ball to its initial position. 

8. Output signal will be digital. 

9. Readout is rapid - fraction of a second. 

Instrument Design and Operation 

As shown in Figure 5. 2-8, a sharp pulse initiates the release of 
the ball and on impact with a pie zo bi-morph crystal, a second pulse is 
generated. These pulses are employed to start and stop an electronic 
period time counter. Resolution is adequate as the frequency of the counter 
oscillator will be 107 cps or higher. 

The contemplated sources of error are: 

1. The mechanism employed for release of ball may impart 
some force of acceleration or deceleration 

2. Jitter in the gating signals applied to the counter 

3. Lack of perfect temperature compensation of the cell through 
which the ball falls. 

By special attention to the details of de sign employed in the ball 
holding and release circuitry and mechanism, these errors may be suitably 
minimized. Temperature compensation, using a bi-metal diaphragm as 
indicated in Figure 5. 2-7 may give complete freedom from appreciable 
temperature errors. Error from counter gating jitter will be minimized 
by the sharp microsecond pulses at ball release and at impact. 
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5. z. 5. z Relative Gravity Meter for Use Inside MOLA B 

A modification of the LaCoste and Romberg Geodetic Gravity 
Meter, Model" G", is recommended for this application. The detailed 
specifications are shown in Section 5. 2. 3. Z. 

The LaCoste-Romberg instrument is a spring-mass gravimeter, 
ope rating as a force- balance instrument in which the length of a zero-
length spring is adjusted so that the mass is in neutral equilibrium with 
the local gravitational force, as shown in Figure 5. 2-9. The mass is ad-
justed to a neutral position at the main base, for which the value of gravity 
is already known, or for which a tentative datum is arbitrarily assigned. 
On moving to some other location, the instrument is re-leveled, and the 
mass returned to a null position by adjustment of tension in the gravimeter 
spring by means of the adjusting screws. The change in gravity, g, is 
determined from the change in the reading of the adjusting screw. The 
null position is determined visually, using the eye-piece attached to the 
instrument. The principle of the zero-length spring and mass system is 
illustrated in Figure 5. 2-1 0. 

Calibration 

The major modifications required for this application to be used 
inside the MOLAB vehicle, are primarily that of adjusting the spring-mass 
system to the reduced gravity of the ·moon. Realistic calibration of any 
relative gravity measuring device (including gravimeters) is a major de-
sign problem since no known method exists for simulating the lunar gravity 
vector with respect to the instrument case in the much stronger earth en-
vironment. (Moon gravity = 162, 000 mgl vs 980, 000 mgl on earth). This 
is in contrast to an absolute gravity measuring instrument (like the UED 
falling-ball device) that can be calibrated in any gravity field for use any-
where else. 

5. 2. 5. 3 Relative Gravity Meter for Use Outside Vehicle 

As shown in Section 5. 2. 3. 3, the recommendation for this In-
strument 1s the same as for the previous section, with two required 
additions: 

1. It will be necessary to include an auxiliary battery case so 
that temperature control can be maintained when the instru-
ment is removed from the MOLA B vehicle. 
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5.2. 5.4 

2. Special optics and adjustment knobs will be required so that 
the astronaut can make visual readings and the necessary 
adjustments when wearing his space suit. 

Gravity Meter for Monitoring Lunar Tides 

The recommendation for this instrument is a modification of the 
LaCoste-Romberg Gravimeter, as specified in Section 5. 2. 3. 4 and shown 
in Figure 5. 2-11. In principle, the operation of the instrument is the same 
as that described in the previous three sections (see Section 5. 2. 5. 3); 
however, the development required to produce this modification is a major 
one, which can be divided into the following tasks: 

1. A self-leveling device, which can be accomplished with 
free-swinging gimbals and damping devices. 

2. Determination of the neutral position of the mass, which 
can be implemented optically by a photocell pickoff. 

3. Automatic adjustment of the zero-length spring, which can 
be done with a DC motor servoed from the neutral position 
detector. 

4. Remote readout of the spring adjustment (the gravity read-
ing) which would best be accomplished by a shaft encoder 
attached to the adjustment screw. 

In each of these tasks, the modification 1s accomplished by a 
technique which has already been reduced to common practice; therefore, 
it is contemplated that the most demanding problem will be that of main-
taining an acceptably low long term drift, since the cycle of the lunar tide 
is 28 (earth) days, (See Figure 5. 2-2) and is accompanied by extremes of 
temperature. 

5. 2. 6 Operational Procedures for Gravity Measurements 

Instrument Emplacement 

Four different instrument conditions will exist on the moon's sur-
face, including: 
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1. Permanent installation 

2. Automatic recording in vehicle 

3. Isolated readings by astronaut in vehicle 

4. Isolated readings by astronaut outside vehicle. 

5. 2. 6. 1 Permanent Installations 

Various instruments may be permanently installed on the moon 
to monitor geophysical changes. Such gravity instruments include: 

1. Pendulum 

2. Tide Meter. 

These instruments should be buried s1nce their measurement can 
be performed equally well underground where they will be protected from 
temperature fluctuations, and other problems associated with the moon's 
surface environment. The burial procedure should be made as simple and 
automatic as practical. 
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Field Procedure - Permanent Installation 

1. Scoop out hole with a rip-hoe on the vehicle. 

2. Spray plastic foam insulation in the hole as a base for these 
instruments. 

3. Insert the automatic leveling instrument package. 

4. General checkout. (Check level, extend antenna, switch 
on instrument, etc.) 

5. Completely cover instrument package with plastic foam 
insulation. 

6. Recover hole. 



5.2.6.2 Automatic Recording in Vehicle 

All possible instruments should be made to record data automat-
ically to: 

1. Reduce the astronaut's physical and psychological load 

2. Eliminate human errors in reading the instruments 

3. Obtain closer spacing of readings. 

The first two reasons are human problems that affect all instrum-
entation on the lunar programs. 

The spacing of readings determines the minimum size of the 
gravity or magnetic anomalies that can be detected in any field surveys. 
Small, sharp, near-surface geological features (buried crevasses, lava 
tunnels, meteorites, etc.) which may be the most important objectives of 
geophysical surveys on the moon, can only be detected by closely spaced 
measurements. (See Section 5 and 5. 2. 4). 

It is strongly recommended that special research be conducted 
to develop an automatic gravity meter or falling ball instrument of l to 
2-mgl accuracy that can record automatically and continuously while the 
moon vehicle is moving. Such an instrument will provide regional gravity 
data. A realistic station spacing can be established once the accuracy of 
the instrument has been developed. The size of the gravity anomalies that 
can be detected will depend upon both the accuracy of the readings and 
their spacing. 

5.2.6. 3 Isolated Readings by Astronaut in Vehicle 

The astronaut can make individual gravimeter readings within 
his roving moon vehicle with the same general techniques as are used for 
routine prospecting surveys on earth. This field operation is comparable 
to that of reading a portable chemical balance. During routine earth field 
surveys, the gravity meter is not removed from the vehicle, but is raised 
and lowered through a hole cut in the floor of the car. The meter is packed 
in only as a last resort where there is no access by vehicle to the stations. 
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The precision gravity meter can be read best inside the moon 
vehicle, for the following reasons: 

1. Easier for the astronaut to read the meter without a face-
plate mask. 

2. Free use of fingers to manipulate leveling screws and ad-
justing knobs. 

3. Easier recording of notes. 

4. Less possibility for damage to the meter if it is permanently 
mounted inside the vehicle rather than being carried by an 
astronaut. 

5. Less temperature variations that might affect the meter. 

6. Gravimeters are non-magnetic and read inside vehicles on 
earth. 

7. Gravimeters are small compact instruments. 

8. Vehicle will already be stopped for other purposes. 

The base of the instrument tripod will be beneath the floor of the 
lunar vehicle, and connected to the interior through a flexible air-tight 
sleeve. The tripod will only have to be raised a couple of inches above the 
ground during moves between stations. Firmer tripod emplacement should 
be accomplished beneath the vehicle where the lunar surface dust will be 
somewhat compacted by the vehicle's weight than in some location on virgin 
terrain. It should be possible to make these gravimeters operations and 
readings semiautomatic if they are made inside the vehicle. Automatic 
operations will be desirable because these will not only eliminate human 
errors but will release the astronauts for other functions. 
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Field Procedure Inside Vehi.cle (Routine Earth Style) 

1. Stop vehicle and shut off vibrating motor. 

2. Unclamp suspended instrument and lower it to the ground 
through the floor of the vehicle, via a lever mechanism. 



3. Level the instrument, via tripod knobs. 

4. Unclamp mechanism latch switch. 

5. Bring instrument to null position by sighting through a 
rnicroscope at a pointer needle and turning a. knob is re-
quired to deflect the needle position. 

6. Read the instrument to O.Olrnilliga.l (nurnbers on a 
speedorneter-type dial). 

7. Record the rnete r rea_ding 1n ci note book. 

8. Recheck and record a second rneter reading. 

9. Clamp mechanism via latch switch. 

10. Raise instrument back into vehicle and suspend it via lever 
mechanism. 

11. Drive on to next station and repeat the procedure. 

(Note: It is understood that an automatic navigation- surveying 
mechanism will continuously record the position and elevation of the veh-
icle with an accuracy of about 1 ft, so no additional surveying will be re-
qui red for gravity measurements made inside the vehicle.) 

5.2.6.4 Isolated Readings by Astronaut Outside Vehicle 

It may be necessary for the astronauts to make some gravity 
meter readings outside of the vehicle in unnavigable terrain, for rock 
density profiles, isolated readings on high hills, etc. However, such 
pack-in stations should be avoided whereever possible on the moon (even 
more than they are avoided on earth) since they: 

1. Reduce the overall productivity of the project. 

2. Increase the astronaut1 s field work load. 

3. Increase safety hazards to the astronauts. 
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4. Require special position-elevation surveys away from the 
vehicle. 

5. Require a separate portable gravity meter. 

6. Normally do not give information that cannot be obtained 
from inside the vehicle. 

7. May not have the firm tripod support provided by the 
vehicle. 

Careful study should be conducted to see whether all essential 
gravity measurements can be made from inside the roving moon vehicle, 
and pack-in stations eliminated on the first lunar traverses. The dis-
advantages of the pack-in stations will be even more pronounced if an 
automatic, continuously-recording gravity meter can be developed for use 
in the vehicle. 

Physical exhaustion of the walking observer always places a 
practical limit on the distance between pack-in gravity stations, even on 
earth. This will be a serious limiting factor for a space-suited astronaut 
on the moon. This human factor results in a pronounced decrease in the 
magnitude of problem that can be studied due to the restricted area that 
can be covered by pack-in stations when compared with the area that can 
be surveyed by gravity readings inside a vehicle. 

Pack-in stations will require special (theodolite) position and 
elevation surveys to reduce the measured gravity values for interpretation. 
This is in contrast to gravity readings taken inside the vehicle, for which 
surveys will be conducted automatically, and require no extra equipment 
or time of the astronauts. Therefore, pack-in stations require two sets 
of equipment and measurements (gravity and position) which are difficult 
for a space- suited astronaut to make, due to lack of finger dexterity, opti-
cal sighting, etc. The total time and effort spent by the astronauts on 
surveying in and observing isolated pack-in gravity stations may be far 
out of proportion to the scientific value of the individual gravity values. 

Safety hazards may also be increased out of proportion to the 
scientific value of the isolated gravity readings outside the vehicle. The 
space suited astronauts will have to carry the extra gravity and position 
surveying equipment over terrain that is inaccessible to the vehicle. (If 
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it were accessible, then the readings could be made from inside the vehicle 
with no hazards.) Such terrain might put the astronaut out of sight of the 
vehicle, which would be undesirable, unless the scientific value to the data 
acquired justified the safety risk. 

It may be difficult to find solid ground in some moon areas where 
gravity meter and other instrument tripods can be set up satisfactorily. 
The dust layer that is believed to cover the moon's surface may be so 
poorly consolidated that it will react like dry dune sands where the weight 
of the instrument and the observer's movements upset the equilibrium of 
the loosely packed grains. It is difficult to set up a tripod firmly in un-
stable ground, with the practical result that the attainable quality of the 
instrumental measurements is appreciably reduced from the accuracy of 
a properly leveled instrument on a firm base, such as inside the vehicle. 

Field Procedure - Outside Vehicle 

The general earth field procedure for making pack-in gravity 
readings will be usable with appropriate adaptations on the moon. The 
gravimeter field procedures is: (Note: Position-elevation surveys are 
not included) 

1. Remove meter from vehicle. 

2. Carry gravimeter to station site. 

3. Remove meter cover, set meter on tripod, level meter, 
unclamp needle. 

4. Bring meter to null position by turning knob and observing 
movable needle through microscope. 

5. Read meter dial, note results, repeat reading and notes. 

6. Clamp meter, place in case, carry to next station. Repeat 
process. 
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5. 3 MAGNETIC FIELD MEASUREMENTS 

Whereas the gravity field of the moon has a value of l I 6 that of the 
earth, the moon 1 s magnetic field is nearer to l I l, 000 of that of the earth. 
Thus simple modifications or extensions of earth magnetic field equip-
ment will be totally inadequate for lunar surveys. Some equipment does 
exist, however, in various stages of experimental development, which 
can be considered for development and application to the MOLAB lunar 
surveys. 

In magnetic measurements perhaps more than in any other, prime 
consideration must be given to determining the gross or planetary features 
of the lunar magnetic field (see Figure 5. 1-l), magnitudes A to D, as well 
as the correlation of detailed anomalies with igneous geologic features in 
the lower magnitudes, H toN. 

5. 3. l Data Obtainable From Magnetic Field Measurements 

Since the only available data were taken at considerable distance 
from the lunar surface, one can ask if there is any magnetic field on the 
moon. So little is known about the moon's magnetic field that estimates of 
its value range over a factor greater than l 0, from less than l 0 gammas 
to greater than 100 gammas. (By comparison, the earth's magnetic field 
varies with latitude from 2 5, 000 to 7 5, 000 gammas, with diurnal variations 
that routinely exceed 100 gammas.) 

Lunar probes equipped with magnetometers have failed to reveal 
any dipole or lower multipole component of 20 gamma or more. However, 
higher multipole fields may be present and have escaped detection. From 

( 5. 3-1) 

where V is the magnetic potential; am the particular moment; r the 
radial distance from the moon; 8 the c'olatitude; ip the longitude; and pm 

n 
(cos 8) the associated Legendre polynominal: it is obvious that the higher 
multipole fields decay rapidly with altitude. Not enough is known about 
the response time of the magnetometers used; but if their time constant 
is of the order of a tenth of a second, then, considering the speed of the 
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space vehicle, a magnetic anomaly extending over hundreds or even thou-
sands of meters might have actually been encountered immediately pnor 
to impact without having been detected and reported to earth. 

5. 3. 1. 1 Time Independent Fields 

It is hard to imagine why some magnetic minerals and their local 
magnetic fields should not exist on the moon. There is an evidence (Baldwin, 
1963) of lava flows on the moon (whether of volcanic and/or impact origin). 
At least some portions of the lunar surface must have been heated above 
the minerals melting point at one time or another. For most materials, the 
melting temperature is higher than the curie point which marks the phase 
change between ferromagnetic and paramagnetic behavior of the substance. 
As the material is now well below the curie point, yet was above the same 
at an earlier time, it must have passed through this critical stage. Any 
ambient field that may have been there at that time, would have been trap-
ped by the crystalizing minerals and subsequently amplified by as much as 
an order of magnitude during subsequent cooling. Therefore, local ambient 
magnetic fields might be present wherever gusts of solar plasma passing 
the lunar body coincided with the timing of mineral melting. 

Thus, potential magnetic fields of tens or even hundreds of gamma 
should be planned for. The present orientation of such fields would depend 
on: 

1. The orientation of the magnetic field frozen in the plasma 
with respect to the body of cooling lava at the instant of 
pas sing through the curie point. 

2. Any mobility which the cooling, but yet plastic, lava may 
have experienced subsequent to pas sing through the curie 
point. It is seen that these local magnetic fields vary both 
in dim ens ion and orientation in an almost random manner. 

Even within a body of hot lava, temperatures must vary; thus 
various regions will go through the curie point at different times. The 
randomness of magnetization is therefore a product of the momentary 
strength of the local magnetic field and the timing of mineral crystalization. 
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This random orientation gives rise to the erratic swirls, or 
birds eye effect frequently noted in detailed magnetic surveys taken over 
lava beds on earth. It can be used as a tool to delineate the boundaries of 
lava outcrops, as is shown in the comparison of geologic with aeromagnetic 
mapping over the boundary of a lava bed in the state of Washington (Fig-
ure 5. 3-1). 

5. 3. 1. 2 Determination of Depth of Unconsolidated Lunar Material 

This random orientation of the local magnetic fields may be of 
considerable significance for the determination of the depth of unconsolidated 
lunar surface material. 

Unconsolidated designates the dust, foam, cotton-candy, etc. subs-
tance characterized by very low permitivity of about 1. 08 and permeability 
of about 1. 02 (Senior, T. B. A., et al, 1962) such physical constants of the 
lunar surface are indicated by 
properties. (The Moon, Sym. 
Michailov, ed., pp. 533-543. 
565.) 

its radar scattering and thermal emission 
No. 14, Internat 11. Astronom: Kopal and 
Also Fensler, W. E., et al., ibid, pp. 545-

Those parameters are much lower than anything encountered on 
earth, and indicate foamy material with as much as 80o/o porosity. 

A magnetic survey of an area on the moon 1 s surface, assumed 
flat, may be written as a two-dimensional Fourier series (Danes, Z. F., 
19 62, Structure Calculation from Gravity Data and Density Logs: Trans. 
AIME, Vol. 1, pp. 23-29.) 

I c 0 s ) X ('< c 0 s \ 2 y H = [; [; a ( . 2mrr - ; nrr ~' 
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(5.3-2) 

where the coefficients a can be determined by a Fourier analysis of m,n 
the field. 

As H must satisfy Laplace 1 s equation 
z 

one may write the solution of Equation 5. 3-2 1n the form 

(5.3-3) 
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Com paring Equations 5. 3-2 and 5. 3-4, one sees that 

a =A 
z 

( 5. 3- 5) 
m,n m,n 

For z much smaller than A ;Jm2 + n 2 a and A will not differ by 
t 2 z m, n m, n 

much; but as z approaches A/vm + n , the magnitude of a decreases 
m, n t 2 2 

exponentially. If the magnitudes am are plotted as functions of vm + n , ,n 
an exponential decrease of the coefficients should be found. By fitting a 
least square exponential curve to them, it should be possible to determine 
z, the thickness of the unconsolidated substance. 

This effect is illustrated on Figure 5. 3-1. Notice the sharp, 
high wave-number (birds eye) components over lava outcrops, and broad 
anomalies in areas where lava rock is beneath a thick alluvium cover, or 
non-existent. 

5. 3. 1. 3 Analysis of Craters and Crater Lips 

A similar analysis should reveal the thickness of the broken ma-
terial of lips of impact craters. Here, due to the circular symmetry of 
the crater, a Fourier-Bessel expansion of the shape, 

0() 

\ J (k.r), z - I a. 
1 0 1 

i = 1 

( 5. 3- 6) 

will result 1n a simple integral transfonn and the overburden thickness may 
be derived as function of r. 

5. 3. 1. 4 Comparison of Impact and Non-Impact Craters 

However, a diminished magnetization may be associated with the 
crushed rock in the vicinity of the crater proper, as revealed by terrestrial 
gravity data. (Baldwin, 1963, The Measure of the Moon, pp. 66-105.) 
Such types of anomalies may help distinguish between impact and non-impact 
craters, since those of non-impact origin should be free of such anomalies. 
(Green 19 62, Lunar Vulcanism: Bull. Virginia Polytechnic In st. , Engin. 
Exper. Stat. Ser. No. 152, Part B, Paper XI, Blacksburg, Va.) 
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A systematical magnetic survey of terrestrial impact craters 1n 
extrusive igneous rocks may be desirable in this connection. 

5. 3. I. 5 Time Dependent Magnetic Fields 

Fidls of Solar Plasma 

Magnetic fields are known to be frozen in bodies of plasma. Such 
fields have been observed by the space probes. The lunar surface would of-
fer a good location for such studies. The dimensions of the moon are large 
(~ro 3 km) compared with the gyration radii of the plasma ions (-1 to lOkm) 
so that a recording station in the meridional zone of the moon should reveal 
significant variations in plasma signatures during lunation. 

Curvature radii of those plasma fields must be large compared with 
the gyration radii, say, of the order of 104 /km; if the solar wind velocity is 
of the order of l0 3km/sec, variations with periods of the order of a few 
seconds may be expected. Such variations may be recorded either me chan-
ically, or electromagnetically, by means of a f-1-metal or supermalloy core 
coil. 

Fields of Terretrial Magnetosphere 

Hines called attention to the possibility that the plasma trapped in 
the earth 1s magnetic field may be extending to considerable distances in the 
wake of the solar wind. Subsequent calculations indicate that such a lobe 
may extend so far as the orbit of the moon, and that a certain asymmetry 1s 
to be expected due to the difference of electronic and ionic gyration radii. 
If so, periodic variations should be observed near full moon at the lunar 
surface. 

Earth Shadow Effect and Plasma Shocks 

Near full moon, the lunar surface is shielded from corpuscular 
solar radiation by the earth 1 s magnetic field. 

Conversely, a conical plasma shock wave may exist with a vertex 
1n the direction of the sun. Observation and analysis of such a shock wave 
would give additional valuable information on the physics of the interplane-
tary gas. 
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5. 3. l. 6 Secular Variation 

An interesting result was revealed by Kopal ( 1962): unless the 
lunar material is orders of magnitude more elastic than anything we know 
on earth, the energy dissipated by internal friction due to tidal deformation 
is such that the lunar interior should be at a temperature of between l, 000 
and Z, 000°K. At such temperatures, most materials become plastic; and 
it is quite possible then that the lunar interior is in convective, rather than 
hydrostatic or elastic, equilibrium. If so, some, even if weak, lower multi-
pole components of the magnetic field may be expected and may vary slowly 
with time. Secular magnetic varia.tion mcasuren1ents would then be similar 
to their terrestrial counterparts and may reveal just as n1uch information. 

5. 3. l. 7 Artificial Fields 

Man-made magnetic fields would probably be exclusively alter-
nating ones, and n1ay be used for detection of deeper interfaces associated 
with sudden changes in either E or f-1, or cr (conductivity) or any combina-
tion thereof. 

The low surface values of those parameters suggest the possibility 
of looking for standing waves reflected from such a boundary. Such a tech-
nlque may reveal if any lunar water table exists. 

Instrumentation for such a purpose can be tested in very dry desert 
sand dunes or areas near the Nevada Test Site where the water table is at 
a depth of l, 600 ft. 

5. 3. 1. 8 Monitoring of Magnetic Storms 

Magnetic storms are transient disturbances which may produce 
temporary variations of more than 1, 000 gamma in the earth 1 s magnetic 
field. Many storms are correlated with sun spot activity. The more in-
tense magnetic storms range simultaneously all around the world, beginning 
suddenly and at the same instant everywhere in the world and disrupt radio 
transmission. The storms involve characteristic changes in each of the 
magnetic elements which seem to depend mainly on latitude. 

The moon 1 s neglible normal magnetic field will make it an ideal 
laboratory to monitor magnetic storms and broad, long-range solar system 
problems, which will have numerous immediate and practical applications 
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on earth (prediction of magnetic storms, radio disturbances, etc.) Dif-
ferences in the times of recording and magnitudes of the storms that may 
be due to the relative positions of the sun, moon, and earth should help re-
solve the correlation of the disturbances with sun spot occurrences and 
solar rotation, as well as to predict the timing and magnitude of the storms 
on earth. 

5. 3. 1. 9 Harnessing Magnetic Storms for Lunar Prospecting 

A 1000 -gamma magnetic storm variation represents about 1 o/o to 
4o/o of the earth's normal magnetic intensity ( 25, 000 to 7 5, 000 gamma) but 
will be 1, 000 to 10, OOOo/o of the moon's estimated normal field (100 to 10 
gamma). 

The magnetic susceptibility threshold level that is the basis of 
magnetic prospecting may be exceeded on the moon only during magnetic 
storms. Therefore, the best times to detect materials with high magnetic 
susceptibilities and low primary magnetism on the moon may be during 
magnetic storms. Special laboratory and field studies should be under-
taken to determine the practicality of harnessing any magnetic storms for 
magnetic prospecting on the moon, and to determine the nature and im-
portance of susceptibility vs permanent magnetism of rocks on the moon. 

The results of any geophysical survey taking advantage of the 
erratic magnetic storms will probably be qualitative rather than as quanti-
tative as conventional earth surveys. However, even qualitative geo-
physical results are quite satisfactory to help solve many geological prob-
lems such as outlining different rock types, etc. Any such field surveys 
should be scheduled to fit the 27-day solar rotation and predicted times 
of earth sun spot occurrences and the resulting magnetic storms. 

5. 3. 1.10 Magnetic Prospecting 

Magnetic measurements will be useful on the moon for all objec-
tives of earth magnetic prospecting, including: 

1. Detection of magnetic ores (meteorite, etc.) 

2. Delineation of geological contacts (lava flows, ejecta, etc.) 

3. Locations of subsurface faults 
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4. Identification of rock types (different kinds of rocks) 

5. Depths to bedrock (thickness of surface debris, gullies, etc.) 

6. Data to supplement other geological and geophysical informa-
tion 

7. Possible weathering of magnetic minerals (water, etc.). 

5. 3. 2 Basic Principles of Magnetic Measurements 

5. 3. 2. 1 Fundamental Principles and Units 

The background of the magnetic method of geophysical prospecting 
has much in common with that of the gravitational method. Both are po-
tential methods, having their fundamentals in potential theory. Just as the 
gravitational force in a given direction is the derivative, or rate of change, 
in that direction of the gravitational potential, so also the magnetic force 
in a given direction is the derivative in that direction of the magnetic po-
tential. 

In the gravitational case we may consider the gravitational effect 
of a body as the sums of the effects of the mass particles constituting the 
body. In the magnetic case we may consider the magnetic effects of a body 
as the sums of the effects of the magnetic particles or poles that give the 
body its magnetic state. An essential difference is that the magnetic case 
is inherently more complicated because there are two kinds of magnetic 
poles of opposite sign. Also, the positions of these poles determine a 
vector that may be in any direction. Thus, the magnetic state or magnetiza-
tion of a body is defined by a magnitude and a direction rather than by a 
single magnitude (mass) as in the case of gravity. 

Physical Background and Definitions 

In considering the magnetic state of a body it is convenient to 
think of the magnetized state as having its origin in a large number of 
elementary magnets, or dipoles, within the body. These elementary di-
poles each consist of a positive and a negative pole. The dipoles are more 
or less responsive to the influence of an external magnetic field. In the 
ordinary, or demagnetized, state the elementary dipoles may be con-
sidered as having a random distribution and orientation. The fields of the 
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different particles neutralize each other so that there is no resultant field 
and no magnetic influence outside the body. If the body is placed in a 
magnetic field, the elementary magnets tend to align themselves parallel 
with the field. The stronger the field, the more completely they are 
aligned. When the alignment begins, the magnetic fields of the elementary 
magnets begin to cooperate, and the stronger the directing field the more 
pronounced is the cooperation of these elementary magnets and the stronger 
the external effect or external field produced by the body. The body has now 
become magnetized and has a field of its own in the space around it. If 
the external magnetizing field is removed, the alignment will largely dis-
appear for soft, ferrous, easily magnetized materials, and they lose their 
magnetic properties. In some hard materials, the alignment of the 
elementary magnets will persist, resulting in a permanent magnet. 

The magnetic properties of materials vary over wide limits. The 
variation of magnetic properties in ferromagnetic materials may be con-
sidered as a variation in the volume density of the elf'mentary magnets, 
the ease with which they may be disturbed or oriented, and the persistence 
with which they maintain a given orientation once it has been acquired. 
The various magnetic properties are accurately described in terms of 
certain quantities that have definite mathematical meanings. Also, it is 
convenient to use lines of force to describe the magnetic field. 

The following paragraphs give brief discussions of the fundamental 
magnetic quantities. The letter in parentheses in each paragraph heading 
is the symbol that will be used for that quantity. 

A system of magnetic units and definitions may be built up from 
various points of view. In that which follows, an attempt has been made to 
explain and define the various essential quantities in a manner that will 
give them a physical picture and that will lead to an emphasis on the 
quantities most commonly used in magnetic prospecting. 

Force Between Magnetic Poles (F) -It is easily shown by experi-
ment that there is a force between magnetic poles, and it was proved by 
Coulomb that this force varies inversely as the square of the distance 
between the poles. The force is one of attraction if they are of opposite 
sign and of repulsion if of like sign. By convention, the north-seeking 
pole corresponding to that at the north end of a compass needle is called 
positive; and the south, or south-seeking, pole is called negative. 
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Magnetic Pole Strength (P)-The force between magnetic poles is 
proportional to the pole strength. Thus the law of force can be expressed 
as 

(5. 3-7) 
r 

where P 
1 

and P 
2 

are the strength of the poles, r is the distance between them, 
and C is an undetermined constant. We now can use this equation to de-
fine unit pole strength. If we consider P

1 
and P as equal poles, they will be 

defined as having unit strength when they exert u~it force ( 1 dyne) when 
they are unit distance ( 1 em. ) apart. By this definition the constant C 
becomes unity, and we have simply 

F= 

p p 
1 2 
2 (5. 3-8) 

r 

Magnetic Field Strength (H) -The force between magnetic poles 
may be considered as the reaction of one pole on the magnetic field of the 
other. Thus a unit field strength exerts a force of 1 dyne on a unit pole, 
and such a field has a strength of 1 oersted. A magnetic field can be 
produced by a magnet or by electrical means. The magnetic field His a 
vector quantity with a magnitude and direction defined as that of the force 
acting on a unit positive pole. 

The magnetic field is represented conveniently by lines of fore~ 
and the strength of the field by the density of the lines or number of lines 
per square centimeter in a section perpendicular to their direction. These 
lines are maxwells, and the strength of the field in oersteds is the number 
of maxwells per square centimeter. 

Lines of force are directed outward from a positive pole and in-
ward toward a negative pole. The field strength is 1 maxwell per square 
centimeter at a distance of 1 em from a unit pole. Since the total area of 
a sphere of unit radius around such a unit pole is 4rr sq em, it is evident 
that a total of 4rr maxwells, or lines of force, are associated with a unit 
pole. 

Magnetic Moment (M)-Magnets of any form may nearly always 
be considered as made up of pairs of positive and negative poles. The 
magnetic moment of such a dipole is a vector quantity with magnitude 
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M = PL (5. 3 -9) 

where P is the pole strength and L the distance between poles and with a 
direction from the negative to the positive pole. The effect that a magnet 
produces at a distance large compared with its length is proportional to 
its magnetic moment. 

Intensity of Magnetization or Polarization (I)-The intensity of 
magnetization at any point within a magnetized body is the magnetic moment 
per unit volume. It may be considered as representing the number and 
degree of orientation of the elementary magnetic dipoles of the body. The 
intensity of magnetization is a vector quantity having a direction parallel 
to the direction of magntization. A uniformly magnetized body has the 
same intensity of magnetization and the same direction throughout. 

Susceptibility (k)- When a magnetizable body is placed in a 
magnetic field, it takes on a certain degree of magnetization which is 
proportional to the field and also depends on the ease of magnetization. 
The measure of the ease of magnetization is the susceptibility. Thus, 

I= kH or 
I k=-
H 

(5. 3-10) 

The susceptibility may be considered as a measure of the number of ele-
mentary magnets per unit volume of the material and of their mobility or 
the ease with which they are oriented. 

Magnetic Induction (B) -The magnetic induction is a measure of the 
field strength with a magnetized body. In terms of lines of force it may be 
considered as the number of lines per square centimeter. The unit of 
induction is the gauss. 

The total induction B within a magnetized body may be considered 
as made up of the lines of the original magnetizing field H plus those re-
suiting from the magnetization I caused by that field. Now I means mag-
netic moment per unit volume. Consider a unit cube having unit magnetic 
moment and therefore unit intensity of magnetization, and let the sides 
be parallel and perpendicular to the direction of magnetization. Let the 
unit moment be considered as made up of positive poles on one face of the 
cube with a total strength of unity and negative -poles on the opposide face, 
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also with a total strength of unity. Now each unit pole has associated 
with it 4rr lines (of which 2rr lines correspond to those shown in the 
diagram and another 2rr are associated with the implied opposite pole of 
the adjacent elementary cube of material). Thus, unit moment, and 
therefore unit intensity of magnetization, has 4rr lines. Then the total 
induction consists of H lines of the original magnetizing field +4rri lines 
from the induced magnetization, and 

B = H + 4rri (5. 3-11) 

but, by Equation 5. 3-10 

I = kH, so B = H(l + 4rr k) (5.3-12) 

Permeability (g) -If the magnetizing field Hand resulting indue-
tion B are parallel (as they usually are on earth), the permeability is de-
fined by the equation 

B 
(5. 3-13) J.L = H 

From the definition of B (Equation 5. 3 -13) it is evident that 

J.L = 1 + 4rrk (5. 3-14) 

5.3. 2. 2 Permanent vs Susceptibility Magnetization of Rocks 

The source of geologic magnetic anomalies is magnetized material 
in the rocks. The details of and quantitative values for magnetization of 
rocks are still in a rather unsatisfactory state because of the lack of ex-
perimental determination of magnetic properties of rocks in low magnetic 
fields. In general, the susceptibility measured in a relatively strong 
laboratory field will be much lower than when measured in a field as low 
as that of the earth. 

The magnetic property of rocks which is of fundamental importance 
1n connection with magnetic prospecting is their polarization "I". There 
are two contributions to the total polarization, so that we should write 

I= kH + I 
p 

(5. 3-15) 
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where kH may be called the susceptibility polarization and represents that 
part of the polarization which is induced by the present earth's (or moon's) 
field of strength H acting on material with susceptibility k, and Ip is the 
remnant or permanent polarization which the rock may retain from a pre-
vious state of magnetization and which may or may not be in the same 
direction as H. This equation therefore is strictly a vector equation. 

The magnitude of the permanent polarization which forms the 
second term of Equation 5. 3-15 is not definitely known, as there are few 
measurements of permanent polarization. Some measurements by 
Koenigsberger (1930) indicate that the permanent polarization is from 20 
to 80 percent of the magnitude of the induced polarization for most samples 
measured and that its direction is quite variable and not, in general, 
parallel with the present earth 1s field. Some rocks, especially lavas and 
quartz-prophyries, have a permanent polarization that is from several to 
many times greater than the induced polarization. It has been shown by 
experiment (Koenigsberger) that such rocks become polarized while 
cooling from the curie point (and have retained a high degree of polariza-
tion acquired under special and probably critical conditions). Permanent 
polarization may be more important on the moon than on earth. 

Distortion of Magnetic Field by a Magnetizable Body 

The distortion or modification of the magnetic field by a magne-
tizable body may be pictured as a concentration of lines of induction within 
the body (increase of magnetic induction) and a rarefaction (decrease of 
magnetic induction) in the space immediately outside the body. This 
concentration may be thought of as the resultant of the original field H, 
plus the field 4 rrl, due to the magnetized body. Similarly, the spreading 
out of the magnetic lines in the region just outside the magnetic body may 
be considered as the resultant of the original field H minus the effect of 
the field due to the polarized body, for the lines of force due to the polarized 
body have a direction opposite to those of the original field in this region. 
Considered in this way, we do not have to distinguish between a magnetiza-
tion induced by an external field and that which may be due to permanent 
magnetization of the material. If a material is magnetized for any reason, 
it has a field around it that causes a distortion, or an anomaly, in the 
normal field in its vicinity. 

From these considerations it is evident that the intensity of 
magnetization or the polarization, I, is the most important property of 
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material with which we are concerned in magnetic prospecting . It corresponds 
in importance to the density in gravitational prospecting. Just as the gravi-
tational effect of a homogeneous body at a distance depends on its size, shape, 
and density, so the magnetic effect of a homogeneously magnetized body 
depends on its size, shape, and the intensity and direction of its magnetiza-
tion. 

Units Used in Magnetic Prospecting 

The quantity ordinarily measured in magnetic prospecting is a 
component of the intensity of the magnetic field at the surface of the earth. 
Therefore, the most commonly considered unit is that of intensity (which, 
strictly, should be named oersted but is commonly called gauss). The 
ordinary cgs unit is inconveniently large because the quantities of interest 
are a small fraction of one such unit. Therefore, in magnetic prospecting 
the common unit is the y which 1s defined as 

l - l y - -l 0-0-,-0-0-0-

5. 3. 2. 3 Magnetic Properties of Rocks 

-5 ocr sted, or l 0 

Magnetite (Fe 0 ) is the most common and most magnetic of the 
magnetic minerals on ~arih. For all practical purposes, the magnetic 
properties of most earth rocks are directly dependent on the amount of 
magnetite that they contain. Other minerals that are somewhat magnetic 
include: ilmenite (FeO · TiO 

2
), pyrrhotite (Fe 

5
s 6 ), and jacobite. 

Study of the properties of magnetite indicates that its effective 
susceptibility in a field (H) of the strength of that of the earth's, (60, 000 
gamma) when in powdered and highly dis seminated form, as it would be -6 
expected to occur as a constituent of rocks, is around 0. 3 (or 300, 000 . 10 ) 
cgs unit. For closely packed pulverized magnetite, k is about 0. 8; and for 
solid magnetite it is around l. 5 to 10. Probably the most useful figure 
for our consideration is that for powdered magnetite disseminated until it 
is only a small fraction of the total rock volume. On this basis we can 
estimate the magnetic susceptibility of a earth rock as 

k=k 
m 

-6 
p = 300, 000 . 10 p (5. 3-16) 
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where Pis the percentage (by volume) of disseminated magnetite and k 
is the susceptibility of magnetite in powdered, disseminated form. Th~ 
magnetic susceptibility of ilmenite is less than half that of the much more 
common magnetite. 

On the basis of Equations 5. 3-15 and 5. 3-16 and the values of 
average percentage of magnetite in various rocks, we can calculate 
average susceptibilities and of polarizations in the earth's field (H = 
average strength of 60, 000 gamma). (Table 5. 3-1) 

In general, the susceptibilities calculated with this formula are 
1n surprisingly good agreement with, but somewhat higher than those given 
as the result of laboratory susceptibility measurements on igneous rocks. 
It is evident that the magnetization attributable to the ilmenite is almost 
always small compared to that from the magnetite. 

From the general run of values in Table 5. 3-1, it is to be ex-
pected that the susceptibility polarization of igneous rocks in the earth's 
field will lie in the range from 0. 00 l to 0. 0 l with a (roughly) most 
probable value for the most common igneous rocks (granite, porphyry, 
etc.) around 0. 002. 

5. 3.2.4 Lunar Rocks 

Sedimentary rocks on earth are non-magnetic, with freak ex-
ceptions, since magnetite breaks down and rusts very rapidly to non-
magnetic hematite (Fe

2
o

3
) and limonite (2Fe

2
o

3
. 3H

2
0) when exposed to 

the weathering and water always involved in normal earth erosion and 
deposition. However, on the moon, neither air nor water are present at 
the surface, and the sedimentary rocks will be unsorted ejecta-rubble of 
varying degrees of compaction. Under such conditions, the sediments 
should be mineralogically similar to the rocks from which they were de-
rived, but with their magnetic properties diluted by the amount of porosity 
in the unconsolidated surface sediments. Any water on the moon could be 
expected to reduce the magnetic properties of the magnetic minerals in the 
same manner as on earth. 

The exact nature of the lunar rocks will remain unknown until 
actual samples are brought back to earth. However, the assumption that 
the basic minerals on the moon will be the same as on the earth seems 
reasonable. The fundamental problem in evaluating the possible magnetic 
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TABLE 5. 3-1 

CALCUL"",;TED l'vlAGNETIC PROPERTIES OF :NlAGI'\ETITE 
~4::-\D ILivlENITE ON EARTH 

1'1/lagnetite Magnetite Susceptibility Polarization Ilmenite Susceptibility 
Igneous Rock Content o/o 

Range 
Content o/o 
Average 

Calculated 
k· l0- 6 

for H = 0. 6 Content 
Average 

Calculated 
k· Io-6 

Quartz prophyries 0. 0-1. 4o/o 0. 82.% 2.,460 0. 0015 0. 3 o/o 400 
Rhyolites 0.2.-1.9 l. 00 3, 000 0. 0018 0.45 600 
Granites 0.2-1.9 0. 90 2.. 700 0. 0016 0. 7 l, 000 
Trachyte- syenites 0. 0-4. 6 2.. 04 6, 12.0 0. 0037 0. 7 l, 000 
Eruptive nephelites 0. 0-4. 9 l. 51 4, 530 0. 002.7 l. 2.4 1, 700 
Abyssal nephelites 0. 0-6. 6 2. 71 8, 130 0. 0049 0. 85 l, 100 
Pyroxenites 0. 9-8.4 
Gabbros 0. 9-3.9 

3. 51 
2.40 

10,530 
7, zoo 

0. 0063 
0. 0043 

0.40 
l. 76 

500 
2,400 

Monzonite -latites l. 4-5. 6 3. 58 10, 740 0. 0065 l. 60 2.,200 
Leucite rocks 0. 0-7.4 3. 27 9, 810 0. 0059 l. 94 2,600 
Dacite-quartz l. 6-8. 0 3. 48 10,440 0. 0063 l. 94 2, 600 

diorites 
Andesites 2. 6-5.8 4. 50 13, 500 0. 0081 l. 16 l, 600 
Diorites 1.2-7.4 3.45 10, 350 0. 0062 2.44 3,400 
Peridotites 1.6-7.2 4. 60 13, 800 0. 0083 1. 31 l, 800 
Analcite rocks 5. 54 16, 620 0. 0100 
Basalts 2.3-8.6 4. 76 14, 280 0. 0086 1. 91 2, 600 
Diabases 2. 3-6. 3 4. 35 13,050 0. 0078 2. 70 3. 600 
Basaltic rocks 4. 80 14,400 0. 0086 
Fermic syenites 5. 24 15, 720 0. 0094 



properties of the lunar rocks is due to the unknown differences between 
the effects on minerals of the large omnipresent magnetic field on earth 
(avg. 60,000 gamma) vs the magnetic vacuum (estimated 0-100 gammas) 
on the moon. Special research on this subject should be conducted in 
special laboratories that are suitably shielded from the earth's magnetic 
field. However, it must be remembered that all rocks and mineral 
specimens that are naturally available contain a sizable amount of 
permanent susceptibility and magnetic properties acquired in the earth's 
field. It is therefore recommended that the bctsic magnetic tests be made 
on minerals that have been specially crystallized inside the magnetic 
vacuum of a shielded laboratory in order to have the results approximate 
conditions on the moon. 

5. 3. 2. 5 Shapes of Magnetic Anomalies 

There is a general relation between magnetic and gravitational 
effects from geological bodies of similar geometric form and position. 

Just as the gravitational force in a given direction is the deriva-
tive of the gravitational potential in that direction, the magnetic force in a 
given direction is the derivative of the magnetic potential in that direction. 
Poisson has shown that there is a simple relationship between the gravi-
tational and magnetic potentials for an important special case. 

Let U be the gravitational potential due to the mass of a body 
with uniform density a-. If this same body is polarized uniformly in a 
direction i with an intensity of magnetization I, and if W is the magnetic 
potential, then, according to Poisson, 

W= 
I a I 
y(J' a i (5. 3-17) 

The magnetic force in any direction is the negative of the derivative in that 
direction of the magnetic potential. Thus the magnetic force in any di-
rection Sis 

aw I a = as y(J' as 
au 
ai (5. 3-18) 

For the special case where the polarization is vertical (downward in northern 
earth latitudes) and we wish the vertical component V of the rnagnetic field, 
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v = aw 
oz (5. 3-19) 

where z is measured vertically downward. Then, from Equation 5. 3-17, 

I v = +-
'/1/Jf' 

(5. 3-20} 

In many areas where magnetic measurements are made, the vertical com-
ponent is the principal part of the magnetic field. Therefore, a very 
simple and rough but often useful approximation is to consider the vertical 
magnetic effects of bodies vertically polarized. In this special case the 
magnetic effects of bodies of regular form can be derived quite simply from 
the gravitational effects by means of Equations 5. 3-20. 

Figure 5. 3-2 shows vertical magnetic effects for vertical 
polarization for three common geologic (geometric) conditions, including: 
(1) Dome or isolated mass (sphere), (2) Anticline (cylinder), (3) Fault 
(offset slab). It is apparent from these curves that the normal magnetic 
drop -off is very rapid and practically all of the significant magnetic 
anomalies due to geological perturbations will be detected most readily 
directly over or close to the disturbing body. 

As practical rules of thumb for earth surface magnetic prospecting, 
the following is assumed: 

5. 3. 2. 6 

l. The effective width of a magnetic anomaly is equal to two 
times (2x) the depth of burial of the disturbing body. 

2. The detection distance of the surface magnetic effect of a 
disturbing body is equal to the depth of burial of the body. 

The Ambiguity of Magnetic Interpretation 

The magnetic method is similar to the gravity method (see 
Section 5. 2. l. 3) in that its interpretation is not unique. A given magnetic 
anomaly may be explained by a variety of geologic causes. We may 'be able 
to find that a certain distribution and polarization of magnetic effects may 
be calculated to explain completely a given magnetic picture. The 
achievement of a fit between calculated and observed effects is no guarantee 
that the form so arrived at is correct: an equally good fit might be obtained 
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from a quite different distribution and polarization of material. Therefore, 
just as in the gravitational case, any magnetic distribution or geologic 
condition given as the cause of a given distribution of magnetic intensity 
at the surf<ice depends on additional control other than magnetics. This 
control may be direct, as when a core hole actually gives a contact on a 
boundary at which there is a magnetic contrast, or it may be postulated 
on the basis of geological or other considerations. 

5. 3. 3 Magnetic Field Instrument Requirements 

The most attractive choice for magnetic field instrumentation 
appears, at this time, to be a further development of the metastable helium 
magnetometer which has been developed by the Jet Propulsion Laboratory 
in conjunction with Texas Instruments. Further discussion of this instru-
ment appears in Section 5. 3. 5. 

5. 3. 3. l Metastable Helium Magnetometer 

(See Table 5. 3-2 for instrument specification. 

5. 3. 3. 2 Fluxgate Magnetometer 

The fluxgate instrument is selected as the best alternate for the 
metastable helium magnetometer, mainly because of its small instability 
in zero offset, and the low variation of this effect with temperature. The 
difficulties in producing and maintaining a precision shielded test chamber 
in which the residual earth field is less than l gamma are such that 
reliable test data on the zero offset performance of any magnetometer are 
meager. (See Table 5. 3-3 for instrument specifications.) 

5. 3. 3. 3 United Geophysical Corporation 11 MOMAG11 

The United Geophysical Corporation has developed a mobile, 
truck mounted, continuously-recording magnetometer which they named 
the MOMAG. This instrument has been successfully used for mining 
exploration, as proved by the discovery of previously unknown iron ore 
deposits in Nevada and Wisconsin as well as narrow reverse -polarization 
rhyolite dikes and buried basalts (150-ft deep) in extremely dry Nevada 
and Arizona areas. Final development of the equipment was suspended 
due to a lack of interest in geophysical prospecting by the mining industry. 
(See Section 5. l-2, 5. 3. 1-l, and 5. 2. 4. 2) 
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TABLE S. 3-2 

INSTRUMENT SPECIFICATIONS 

Magnetic Field Measurements 

InstrulY'ent: Metastable Helium Magnetometer 

Designer: Texas Instruments and Jet Propulsion Laboratory 

Range 0 to 250 gamma. (can be designed 0 to 50) 

Resolution 0. 1 gamrna 

Zero offset 1. 0 gamma 

Linearity 0. lo/o 

Noise 0. 05 gamma 

Frequency Band 0 to 2. 0 cps 

Weight Sensor 
Electronics 

l. 0 lb 
4. 5 lb 

Size Sensor 
Electronics 

6 9 c u in. ( 5 1 / 2" H x 4 "OC) 
100 cu 1n. 

Power: 5. 0 watts 

Output 0 to +6. 0 VDC, analog 

Vibration Contract specs 

Shock Contract specs 

Temperature Contract specs 
0 0 

Note: Prototype calibrated -55 C to +65 C. 
Lower limit near absolute zero. Upper 
temperature limit meets contract specifi-
cation with change in polarizer to calcite. 

Calibration Calibration can be made in a carefully con-
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TABLE 5. 3-3 

ALTERNATE INSTRUMENT SPECIFICATIONS 

Magnetic Field Measurements 

Instrmnent: Fluxgate Magnetometer 

De signer: Schonstedt Instrument Co. , Silver Springs, Maryland 

R<lnge 0 to 250 gamma (can be designed 0 to 50) 

Resolution 0. l gamma 

Zero offset 2 to 5 gamma (The Schonstedt instrument 
has tracked the proton resonance magnetometer 
to 0. 4 gamma. ) 

Linearity 0. l o/o 

Noise 0. 05 gamma 

Frequency Band 0 to 2. 0 cps 

Weight Sensor 
Electronics 

l. 5 lb 
2. 5 lb 

Size Sensor 
Electronics 

47 cu in. (3 required 5''H x 2"0D) 
100 cu in. 

Power 5 watts 

Output 0 to 6 VDC, or l 0-bit binary code, 3 channels 
required. 

Vibration Contract specs 

Shock Contract specs 

Temperature Contract specs 

Calibration Calibration can be made in a carefully con-
trolled magnetic shielded laboratory. 
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This type of automatic-continuously recording magnetic instrument 
will be especially valuable on the moon, and further development of the 
equipment is recommended. The basic design problem involved is not that 
of the magnetometer itself, but of the recording equipment and the mechanical 
boom required to take natural readings outside the vehicle's magnetic field. 
Therefore no instrument specifications are included with this report. 

5. 3. 4 Magnetic Measurement Technique Evaluation and Selection 

5. 3. 4. 1 Special Problems of Lunar Magnetics 

The natural magnetic field of the moon is so weak that it has not 
yet been detected by space vehicles. It is theoretically possible that a still 
undetected magnetic field of up to 100 gammas may exist at the moon's 
surface, but the best current estimates place the probable lunar magnetic 
field at less than 50 gammas and possibly less than 10 gammas. By con-
trast, the earth's total natural magnetic intensity varies from about 25, 000 
gammas near the equator to 75, 000 gammas at the magnetic poles, with 
local diurnal variations routinely exceeding 100 gammas and over 1, 000 
gammas during magnetic storms. 

For many practical purposes, the moon can be considered to be a 
magnetic vacuum. The condition has many fundamental advantages for some 
scientific projects like studying solar magnetic storms, but strong draw-
backs for magnetic prospecting and similar problems involving surface 
geology of the moon. 

The extremely low lunar magnetic field will have to be considered 
carefully when evaluating all proposed magnetometer instrumentation and 
field techniques. The most obvious result being the need to use much more 
sensitive magnetometers on the moon than are routinely used on earth. 

5. 3. 4. 2 Natural vs Induced Magnetism 

Two basically different kinds of magnetic measurements can be 
made on the moon, including: ( 1) natural magnetism, and (2) induced 
magnetism. Both types of measurements will produce important mag-
netic data for different scientific purposes. 
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Natural Magnetism 

Measurements of natural magnetism will include all monitoring 
of the moon's natural magnetic field, solar winds, magnetic storms, and 
other comparable long-range problems discussed in Section 5. 3. 1. Most 
of these are physical and astronomical rather than geological problems, and 
will probably be conducted moct satisfactorily at permanent lunar stations 
rather than on the MOLAB vehicle. 

Because of the lunar magnetic vacuum it is not yet known how 
much (if any) natural geologic magnetism will exist on the moon. This is 
in sharp contrast to earth conditions where all magnetically susceptible 
minerals show a diagnostic degree of natural magnetism due to local 
distortion of the earth's magnetic field. The presence of the earth's mag-
netic field (like its atmosphere) is so natural that it is commonly taken for 
granted and most conventional measuring techniques are adapted to 
measuring some distortion of the magnetic (or barometric) field. The 
problem of making natural magnetic (and atmospheric) measurements on 
the moon is therefore different from that of measuring natural gravity, 
which is an inherent quality of all bodies. 

No references have yet been found that deal with the subject of 
natural magnetism of minerals, rock, meteorites, etc. in magnetic 
fields as low as those believed to exist on the moon. Therefore, special 
research on this subject is strongly recommended as discussed more 
fully in Section 5. 3. 2. 4. 

It seems likely that there will be some natural magnetism on 
the moon, due to the small magnetic field, magnetic storms, solar 
winds, etc. 

Provisions must therefore be made to measure any natural lunar 
magnetic field, at the anticipated low levels (0 -150 gammas). (See 
Sections 5. 3. 3 and 5. 3. 5 for discussions of selected instruments.) 

Induced Magnetism 

An artificial magnetic field can be locally induced into the ground 
by me~ns of a simple electrical coil. Within the induced magnetic field, 
magnetically susceptible minerals will react as they would in the earth's 
natural field and the resulting magnetic distortions can be detected and 
mapped as anomalies. 
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reasons: 
The induced magnetism technique 1s rarely used on earth for two 

l. The presence of a relatively strong and steady (60, 000 ±I, 000 
gammas) natural field. 

2. Induced fields drop-off rapidly with distance, which limits 
the distance at which anomalies can be detected, and compli-
cates the geological interpretation of the data. 

The induction technique holds considerable promise for magnetic 
prospecting surveys to outline local geological features on the moon. Pre-
liminary studies indicate that a small electrical coil device (3-ft diameter, 
100-turn coil plus one flashlight-size battery) can induce a local magnetic 
field that could be detected on the moon out to almost 200 meters from the 
energy source, by off-the-shelf magnetometers. (Figure 5. 3-3). A mag-
netic survey of 200-m radius (Magnitude J of Figure 5. 1-l) could be 
conducted on the moon by merely setting out the coil and driving away from 
(or around) it until the instrumental threshold noise level was reached. 

Induced Plus Natural Magnetic Measurements 

A novel, but simple, modification of the induction technique would 
permit recording of both induced and natural magnetism within the area 
of the survey. The availability of both kinds of magnetic data would allow 
much improved geologic interpretations of the subsurface conditions, which 
would have considerable scientific value. 

The proposed procedure is merely to have the electrical coil 
turned on and off at regular short intervals while a continuously recording 
magnetometer is being driven around it. An induced magnetic field will 
be recorded when the electrical current is on whereas only the natural 
magnetic field will be recorded when the current is off. (See Figure 5. 3 -4). 
Magnetic anomalies that were the result of the induced field would appear 
only on the induced curve but not on the natural curve (See Figure 5. 3-5 ), 
whereas a combination relationship would occur whenever a "natural" 
magnetic anomaly was detected (See Figure 5. 3 -6). This procedure 
would not only result in better use of electrical power and improved 
geologic resolution, but would also permit detection of magnetic anomalies 
that might go undetected if only "natural" or induced surveys were carried 
out. 
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5. 3. 5 Conceptual Design of Magnetic Measurement Instruments 

Instruments for the measurement of magnetic anomalies caused 
by iron ores were developed at an early date, and were applied to the loca-
tion of ore bodies as early as 1640. Instrumentation may be classified 
as: (1) that used for determining the direction, and (2) that used to de-
termine the intensity of the magnetic field. Magnetic intensity measure-
ments have been made by: 

1. Measuring the period of oscilation of a magnet 1n a horizontal or 
vertical plane. 

2. Measuring the current induced 1n a rotating coil. 

3. Measuring the induction 1n iron bars. 

4. Using comparion forces produced by magnets or coils, elastic 
suspension, gravity, and moving electrons. 

In reviewing these historical developments and their possible appli-
cation to the very weak lunar magnetic fields, three instrumentation 
methods warrant detailed investigation: ( 1) flux- gate magnetometer, ( 2) ru-
bidium vapor magnetometer, and (3) metastable helium magentometer. 

5. 3. 5. 1 Response Time Required for Resolution of Magnetic Storms 

The frequency of amplitude changes of field during magnetic 
storms extends through wide limits. However, for the present problem, 
it is believed sufficient to record or measure from 0 to 0. 20 cps (minimum 
period= 5 sec) approximately. Data from Explorer X (reference, Jour. 
of Geophysical Research, Vol. 68, Jan. 1, 1962, No. 1, p. 1, Heppner, 
Ness, Scearce & Skillman; also Varian Associates T. M. No. 7) show 
major magnitude changes having periods extending from 20 sec to 1 hour. 
Most certainly the frequency range to be specified must be the result of 
a full scale coordination with the overall lunar data system. It is important 
to note that with any magnetometer system in which the total field is se-
cured from the vector sum of three measured components, the three 
components should be measured either simultaneously or in rapid 
succession. This requirement holds regardless of the sampling rate and 
is necessary since in the presence of a magnetic storm having rapidly 
varying amplitude, gross errors would accrue from component measure-
ments made in sequence at time intervals large compared to magnetic 
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field variations. According it is proposed in specifications that sensors 
must have a fairly high speed of response while sampling rate will be 
determined in the final analysis by the data system requirements and 
limitations. 

5. 3. 5. 2 The Fluxgate Magnetometer 

Basic Principles of Magnetometer Measurements 

The principle of the fluxgate magnetometer is illustrated 1n Figure 
5. 3-7(a). The sensor element consists of two strips of high-permeability 
iron (e. g. , 4-79 mo permalloy) which are each would with a coil having 
opposite polarities. The excitation of 1, 000 cps at a current sufficient 
to drive the B-H curve beyond the knee for each half cycle is required. 
Around the two magnetic strips, a third coil (a Helmholtz compensator) 
is wound and through this coil a DC current sufficient to neutralize the 
lunar field is provided by means of a servo -motor -actuated rheostat. 
The detector elements are thus employed as null-balance detectors so 
that variations in sensitivity arising from the very great range in ambient 
temperature is minimized. 

The fluxgate principle requires the use of very high permeability 
material having a sharp bend at the knee of the hysteresis loop. At satura-
tion, the voltage across each coil developes a sharp kink or dip (Figure 
5. 3-7(b) ). In a zero field with well-balanced coils, the dips will appear 
in the voltage across each coil exactly in phase. When a weak magnetic 
field is applied, however, the dip in one wave is advanced and the other 
retarded; when the voltages are summed in the output, the signal appears 
as in the central trace of Figure 5. 3-7(c) as a pip or spike of voltage. The 
peak value of this voltage is directly proportional ot the strength of the 
ambient magnetic field in the direction of the axis of the detector. Figure 
5. 3-7(d) is a schematic showing how the detector output signals are 
combined to secure their sum at the primary of the transformer T 2 . 

Although the polarity of the pips reverse with the reversal of the 
field, in going through zero, the useful pips become submerged within 
the low-level noise or hash. To avoid this difficulty at zero field, the 
elements may be deliberately unbalanced electrically by a suitable 
shunt across one of the exciting windings, R. The result of this unbalance 
is a phase shift in one of the pips, which now appear as both positive and 
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negative, as indicated in Figure 3 -7(d). These pips are now of equal 
magnitude in a zero ambient field. 

If the ambient field is increased, the positive pips will increase 
and the negative pips decrease an equal amount. Thus, if the changes in 
ambient field are not excessive, the amplitude of the pulses may change, 
but need not pass through zero even with a reversal of the ambient field. 

The pulses from the secondary of the pulse transformer are fed 
to a high-impedance detector, where the output voltage is derived across 
a circuit with time constant long compared with the l, 000-cps repetition 
rate of pulses. Thus, a DC voltage is generated by each detector, pro-
protional to the peak voltage of the pulse with a residual l, 000-cps, 
saw-tooth component superimposed. After filtering, a relatively pure 
DC is available. If the positive and negative pulses from the element are 
of equal amplitude, as would be the case if the magnetometer element 
were in zero ambient field, the output voltages will be identical. The 
difference in the two cathode voltages (E ) is amplified in a servo loop to 
operate a small motor which drives a mglti-turn rheostat to bring the 
voltage E back to a zero value in the following manner. A third coil 

0 
is wound about the detector to approximate the action of a Helmholtz coil. 
Current is introduced into this coil in a proper direction to neutralize 
the component of the magnetic field acting along the axis of the detector 
by the action of the servo-driven rheostat connected to a constant, voltage 
source. 

A standard Helmholtz coil and standard current will be required 
during the testing and calibration phase of the three -axis magnetometer 
(a well shielded housing or room will also be required to reduce magnetic 
disturbances to a near zero value). This will allow the setup of field in-
tensities and the setting of the instrument scale factors. Drift or zero 
shift during temperature runs should also be evaluated and corrected, or 
compensated, during these runs. Other tests for verification of operation 
will employ small pre -calibrated bar magnets which are placed at certain 
fixed points. Establishing the orthogonality of the three magnetometer 
axes will require one axis to be oriented to the maximum field and the 
other two axes to be adjusted to null. This procedure must be done in two 
planes and checked in the third to assure proper adjustment. 

As described above, the sensor will consist of three magnetometers 
located orthogonally. The Helmholtz coil current of each will be adjusted 
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to zero-differential voltage output. The position of the servo current con-
trol will be the indication of measurement of field strength vector compo-
nent on the particular axis. The block diagram of the sensing and balancing 
system is illustrated in Figure 5. 3-8. 

The magnetometer bridges require a highly accurate current 
supply. Extremely accurate power supplies are available as shelf items 

0 0 
for operation to 175 C, and units for ZOO C are considered feasible. 
Temperature compensation of circuit elements will be very important but 
reasonable to accomplish. 

A coding disc attached to the servo motor shaft will provide a 
coded digital output to the lunar data system. The dial of each disc will 
carry a conducting plating in a code pattern, as shown in Figure 5. 3-9. 
As an example in this system, the balance control dials will carry z9 or 
512 combinations which provide a position accuracy of one part in 512. 
The control will have a range of 0. 10 to 50. 0 gammas, with 500 steps of 
0. 10 gamma each. The 9 brush contacts of the control coding disc will 
be wired to a commutator switch deck for each magnetometer. One 
commutator switch with three decks will suffice. The commutator switch 
motor will run when energized through an overall lunar system programmer 
or timer and contact each brush contact lead in sequence. The code discs 
of the three magnetometers will be energized in sequence so that the reading 
of one axis will be followed by the third, and repeating the sequence. (An 
alternative is to attach a shaft A/ D converter to the servo motor to develop 
a digital output as may be specified for the lunar data system. ) 

The time consumed, in transmitting a measurement of the accc.:racy 
requiring 9 bits, depends on the rotational speed of the commutator switch. 
The measurement code length has three negative pulses added for control 
purposes. The commutator switch deck must have a total of 12 controls 
and spaces. A pulse rate of 100 pulses per second is suggested. A 
measurement will then require approximately 0. 10 second. The readout 
of the three magnetometers and range switches will require 0. 30 second 
at the pulse rate. 

Mechanization of the system can be simplified for lunar measure-
ments by employing three elements mutually perpendicular, but fixed in 
position as illustrated by the fluxgate sensor assembly in Figure 5. 3-10. 
Three components of the magnetic field will be measured. The data will 
be converted to digital form and transmitted to a small computer (on 
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earth) which will develop the value of total field from the three -axis 
magnetic component readings. Since the total field is amall and the 
three components assumed comparable in value, no great error is incurred 
as is the case in searching for magnetic anomalies in the earth's field. The 
fluxgate will in general be used as a 3 -component triaxial device with the 
total field, HT, given by 

HT = / 2 2 2 
HX + Hy +Hz 

5. 3. 5. 3 The Rubidium Vapor Magnetometer 

A paper (Principles of Operation of the Rubidium Vapor Magneto-
meter, A. L. Bloom, Applied Optics, Vol. 1, p. 61, Jan. '62) discusses 
in some detail the rubidium vapor magnetometer. (Also, refer to Varian 
Data Sheet X-4936.) Bloom's paper includes nine additional references. 
A simplified and generally useful description of the operational principles 
is planned for the final report. The device is a spin precession device 
which as developed by Prof. H. G. Dehmelt yields a variable frequency 
signal-the Larmor precc s sion frequency. Sensitivity in one de sign 
amounts to approximately 4. 66 cps per gamma. This instrument is 
essentially insensitive to field orientation and will, within limits, give an 
answer groportional to to<ll field. The effect is useful between the angles 
20 to 70 ; amplitude is sensitive to angle, but frequency is not. By using 
two such sensors properly oriented, one will always be operational re-
gardless of assembly orientation. Figure 5. 3-11 presents an operational 
block diagram of the rubidium vapor magnetometer system. 

5. 3. 5. 4 The Metastable Helium Magnetometer 

The metastable helium magnetometer operates on principles 
similar to those of the rubidium vapor magnetometer. An unclassified 
report dealing w·ith the design o£ the instrument used on the Mars Probe 
was prepared by Texas Instruments for JPL. It is planned to request a 
copy of this report as well as measurement data for JPL. 

5. 3. 6 Operational Procedures for Magnetic Measurements 

Four basically different instrument conditions will exist on the 
moon's surface, including: 
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l. Permanent installation 

2. Automatic recording in MOLAB vehicle 

3. Isolated readings by astronaut inside vehicle 

4. Readings outside the vehicle, including isolated readings by 
the astronauts, and continuous measurements (natural or 
induced). 

5. 3. 6. 1 Permanent Installations 

The instruments that monitor magnetism on the moon rnust be 
exposed at the surface, since any cover will substantially change the 
magnitude of the readings. (This is in contrast to gravity which is not 
affected by being buried.) However, the recording part of the instruments 
can be buried for protection from the lunar surface environment. 

5. 3. 6. 2 Automatic Recording in Vehicle 

All possible measurements should be recorded continuously 
and automatically on all lmMr traverses. (See Sections 5. l. 3, 5. l. 3. 1, 
5. l. 4, 5. 2. 4. 1, 5. 2. 4. 2, 5. 2. 6. 2 and Figures 5. 1-2 and 5. 1-3 for com-
plete discussic,ns of the desirability of h<lving continuous, automatic re-
cording of geophysical data in the MOLA B vehicle. ) 

United Geophysical Corporation MOMAG 

United Geophysical Corporation already has considerable 
successful earth rnining prospecting experience with ;1 continually recording 
magnetometer attached to a moving vehicle by means of a boom. This 
equipment is known under the trade i1ame of MOMAG. Figure 5. 1-2 
compares the increased resolution offered by an observed continuous 
surface MOMAG recording, compared to an air survey or even a typical 
ground station survey. The equipment is shown in Figure 5. 3-12. 

The MOMAG equipment and technique holds great promise for 
lunar surveys. Serious study for adaptation of the MOMAG to conditions 
on the moon is highly recommended. 
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5. 3. 6. 3 Isolated Readings by Astronaut in Vehicle 

Isolated readings by the astronauts inside the vehicle are not 
recommended if the automatic, continuously recording MOMA G can be 
adapted for use on the moon. Artificial magnetic fields may make it 
impossible to interpret isolated magnetic readings taken inside the ve-
hicle. 

5. 3. 6. 4 Readings Outside Vehicle 

Isolated magnetic readings by the astronauts outside the vehicle 
will be made in a similar manner as those for gravity measurements 
(Section 5. 2. 6. 3 ). 

Continuous magnetic readings outside the vehicle will depend 
upon the field equipment used (induced magnetic field, etc.), and whether 
such equipment can be coordinated with surface-electrical or other geo-
physical surveys. 
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5. 4 SURFACE ELECTRICAL MEASUREMENTS 

Surface electrical methods of prospecting are more diversified than 
any other geophysical technique. Some methods depend on naturally occur-
ring fields such as spontaneous polarization and telluric-currents while 
others require currents or fields to be artifically induced into the earth 
and in this respect compare with seismic techniques. Examples of the 
Litter type of methods are: equipotential-line, resistivity, electromagnetic, 
and electric-transient. 

Because of the relatively high conductivity of earth materials (due to 
moisture content) and low depth penetration, electric methods have found 
rather limited use on earth. Electrical methods are most frequently used 
in searching for metal and mineral deposits because most of them have 
proved effective only for shallow exploration; seldon1 giving information on 
subsurface features deeper than 1000 or 1500 ft. Some methods, such as 
spontaneous polarization, are valid only for locating ore bodies within 
100 ft of the surface. Only the telluric prospecting method and the more 
recent pulse potential method are capable of penetrating to extreme depths 
of about 20, 000 ft. 

Whenever feasible, geophysicists do not rely on a single geophysical 
technique. The reason for this is that certain anomalies may barely be 
noticeable using seismic methods for example. A combination of informa-
tion (gravity, magnetic, seismic, and electric) helps to better define these 
anomalies and also to indicate strongly what these anomalies represent in 
terms of geologic structure. 

Perhaps the most important use of surface electrical measurements on 
the earth is mineral prospecting and water exploration because of their 
economic significance. Scientifically, however, surface electrical meas-
urements provide powerful supplementary information to aid in the interpre-
tation of other data. Electrical measurements are particularly sensitive 
to moisture content and would indicate better than any other geophysical 
method the presence of water. It is these aspects of surface electrical 
measurements which make them worthy of consideration for lunar exploration. 

In addition, scientists would like to know if such electrical phenomena 
as telluric currents or natural electric fields even exist on the moon. Not 
only could such phenomena be used in future experiments to prove the lunar 
subsurface structure, but it would also help us understand the mechanism 
of similar phenomena on the earth. 
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5. 4. 1 Data Obtainable From Ground Electrical Measurements 

The following electrical parameters of the near- surface formations 
can be measured under favorable conditions: 

1. Conductivity or resistivity 

2. Dielectric constant 

3. Magnetic susceptibility. 

Information obtainable with suitable interpretation of these param-
eters includes: 

l. Mapping of subsurface structure in the area due to changes 1n 
resistivity of geologic structures 

2. Determination of depths to bedrock 

3. Exploration of ore bodies, including iron meteorites 

4. Presence of water, ice, or both 

S. Surface and subsurface electrical parameters to supplernent 
and aid interpretation of other geophysical data such as se1srnlc, 
magnetic, gravity, etc. 

6. Location of faults. 

Information that rnay be obtained from exploration of the lunar 
surface includes: 

5. 4-2 

l. The detection of any W<:iter below the surL1ce 

A. Geophysical pararneters will readily indicate the pn'scm·e 
of moisture 

B. If no rnoisture is present, resistivities will be high and sonw 
techniques will require appropriate engineering state-of-the-
art instrumentation or techniques 



z. Existence of natural electric fields 

3. Existence and magnitude of lunar telluric currents 

4. Any data obtained from the instruments above their inherent 
noise level will be of scientific significance. 

5. 4. Z Electrical Prospecting Methods 

The following techniques will be compared as to their performance 
m recording data and their suitability for possible application in the ALSS-
MOLAB mission: 

l. Self- potential method 

z. Equipotential-line method 

3. Resistivity methods 

4. Induced polariziition n1ethod 

5. Inductive field method 

6. Electromagnetic field intensity method 

7. Magnetotelluric method. 

5. 4. z. l Self- Potential Method 

The self-potential method involves measurerncnt of naturally 
occurring electric potentials developed in the earth by electrochemical 
action between minerals and the solutions with which they are in contact. 
When different portions of an ore body are in contact with solutions of dis-
similar composition, chemical action causes varying solution pressures 
along the respective areas of contact. The difference in solution pressure 
gives rise to a potential difference which causes current to flow in the 
ground. This method would be ideal for the determination of the presence 
of subsurface moisture, if probes can be made to have adequate electrode 
contact. 

Good electrical contact must be maintained between the electrodes 
and the lunar surface. For terrestrial work, steel stakes watered with 
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brine are employed. Perhaps in the lunar environment just the abrasion 
of the steel (or aluminum or magnesium} rods against the soil when they 
are in place would expose enough unreacted metal surface to make good 
contact. A special electrode surface treatment or conducting paste could 
be developed. 

Self- potential anomalies of hundreds of millivolts have been de-
tected by non- polarizing porous electrodes. The potentials may be meas-
ured along profiles with pairs of such electrodes maintained at uniform 
separation. With this arrangement, gradients are usually mapped rather 
than actual potential differences. Equipotential lines are sometimes de-
termined by maintaining one electrode in fixed position and finding the line 
along the surface for which no potential difference is observed between it 
and a movable probe. 

5.4. 2.2 Equipotential- Line Method 

The equipotential-line method employs artificial earth currents 
1n the location of bodies having anomalous electrical properties. Of all 
methods requiring artificial currents, this technique is the simplest. In 
this method two electrodes are inserted in the ground and an external 
voltage is applied. There is, consequently, a flow of current through the 
earth from one electrode to the other. If the medium through which the 
current flows is homogeneous in its electrical properties, the flow lines 
will be regular and, in a horizontal plane, symmetrical about the line 
joining the electrodes. Any inhomogeneities in these properties will cause 
distortions in the lines of current flow. Such distortions indicate the ex-
istence of buried material with higher or lower conductivity than the sur-
rounding medium. The measurement of the electric current flow for 
direction is not possible by any direct means. Instead, the general princi-
pal that the lines of current flow are always perpendicular to the lines along 
which the potential is equal, is applied. 

In practical equipotential surveys, the earth is energized with a 
pair of primary electrodes, about 2000 ft apart. Across these a high-power 
gasoline generator maintains a potential of approximately 200 volts. The 
primary electrode positions remain fixed during the survey. Equipotential-
lines are traced on the surface of a pair of probe electrodes (usually copper-
jacketed steel rods} inserted into the ground. One of the search electrodes 
remains in a fixed position between the primary electrodes, and the other 
is moved until no current is observed to flow between it and the fixed search 
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electrode. Ore bodies have been located to depths of 50 ft in this way. 
Interpretation is almost entirely qualitative. Strikes and lineation of known 
ore bodies concealed by over- burden can often be traced by this means, 
although depths cannot be determined. 

5.4. 2.3 Resistivity Method 

The resistivity method is based on the same principal at the 
equipotential-line method but it is much more powerful in that it provides 
a quantitative measure of the conducting properties of the subsurface. 
Under favorable conditions, this technique can be used to find the depths of 
layers in the earth having anomalously high or low conductivities and to 
determine the depth and approximate shape of discrete ore bodies with 
anomalous resistivity. The basic procedure is to measure the potential 
gradient on the surface associated with a known current which flows into the 
earth. Irregularities in the conductivity below the surface affect the relation 
between the current and the potential drop at the surface. Resistivity tech-
niques, in general use, require the measurement of apparent resistivity. 
The general method requires passing an electric current through the ground 
between two energizing electrodes and measuring the resultant potential 
difference between two pro be electrodes. The ratio of the measured po-
tential difference to the energizing current is the mutual resistance of the 
ground for a particular electrode array. Either DC or a low-frequency AC 
is used as the stimulus. Interelectrode resistance, corrected by a geometric 
factor which depends on the electrode pattern, is the apparent resistivity 
of the ground. 

Numerous electrode patterns are in use today. Figure 5. 4-l 
shows the three patterns most commonly employed and the simple formula 
for computing the apparent resistivity for each pattern. 

The plotting of apparent resistivities against electrode spacing 
yields resistivity maxima/minima, which are mathematically interpreted 
to be the result of vertical discontinuities. 

With the exception of the energizing source, the equipment 
associated with this measurement normally is fabricated into very small, 
compact, and portable units. 

When traversing lunar maria or progressing from a mare onto 
the flank of a wrinkle ridge or lunar dome, the changes in resistivity as 
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monitored by continuous profiling could be used as an empirical quide to 
delineate the relative demarcation between unaltered volcanic rocks and 
the more reistive serpentinized rocks. 

5.4. 2.4 Indue eel Polarization Method 

In this method, electrodes are driven into the ground and a 
suitable DC power source is applied to the two electrodes for a short time. 
This circuit is then interrupted and the decay rate of the potential across 
a pair of inner electrodes recorded. The indirect currents persist for a 
time after the stimulus is removed due to ground reactive effects. 

For lunar applications, the most pressing need for equipment 
modifications will be reducing the size and weight of the power supply. One 
experimenter used a 9- kw alternator with a solid- state rectifier driven by 
a truck engine power take-off. Another investigator employed an 800 cps, 
9-kw alternator driven by the power take-off of a jeep. It is assumed that 
normal test instruments (e. g., voltmeters, amplifiers, etc.) will have been 
ruggedized and adapted to the lunar environment for other programs, and 
they shall not be discussed here. In place of a direct recorder to record 
continuously the decay of the induced polarization, a digital voltmeter could 
be used to give the amplitude of the decay curve at specific times. This 
readout can then be interpreted directly, stored on tape, or telemetered 
to a remote station. 

5. 4. 2. 5 Inductive Field Method 

The inductive field method is an excellent surface- surveying 
technique for measuring magnetic susceptibility and resistivity. It has 
some limitations as concerns the depth to which it is effective, in that 
fairly large diameter coils are required for surveying to a great depth. 
The magnetic field drops off roughly as the cube of the distance for a small 
dipole. It is desirable to measure both the quadrature and the real terms 
of an inductive field bridge; these measurements should permit determina-
tion of the local permeability, dielectric, and specific resistivity constants 
of the lunar surface material. 

This technique would not be effective for depths greater than the 
diameter of the transmitting coil. Therefore, it is felt that this technique 
would be limited with respect to the ability to lay out a relatively large 
search coil on the surface because of the problem of moving such a structure. 
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5.4. z. 6 Electromagnetic Field Intensity Method 

A considerable amount of information about the surface and sub-
surface materials of the moon can be obtained by deploying an electrically 
short dipole antenna on the lunar surface and measuring its impedance over 
a wide range of frequencies. Changes in material dielectric constant due 
to interfacial and dipolar polarization should be detectable, along with a 
corresponding variation in the material-loss coefficient. At low frequencies, 
the electric field penetration will be substantial, if the material conductivity 
is low. If the conductivity is high, this can indicate the possible presence 
of subsurface interstitial water, particularly if chemical analysis of surface 
samples indicates the lack of metallic elements. 

If measurements are also made with a loop antenna on the lunar 
surface, it should also be possible to determine the presence of ferromag-
netic elements. The variation of permeability with excitation frequency 
should even provide some insight into the average particle size of the mag-
netic materials. 

The method has not been vigorously exploited in earth because 
of the availability of more direct methods. Furthermore, the relatively 
high water content of much of the earth 1 s surface layers limits penetration 
of the RF energy due to skin effect. On the moon, however, the extreme 
difficulty of obtaining deep core samples and the expected low conductivity, 
at least in the surface layer, makes this method worthy of further consider-
ation. 

Further measurements of the electromagnetic characteristics of 
vanous mineral and meteoric samples will be required in the frequency 
range of interest to derive the maximum benefit from this experiment. The 
University of Michigan has a comprehensive collection of suitable materials 
already prepared for this procedure as a result of prior work on the meas-
urement of lunar reflection coefficients at radar frequencies. 

The instrument for lunar use will consist of a balanced electric 
dipole placed horizontally on the moon 1 s surface. An oscillator- bridge-
detector system will be located at the dipole center. Data readout can 
either be direct or arranged to be telemetered to the MOLAB vehicle. The 
complete system including the antenna wire should weigh less than 6 pounds 
and thus can readily be moved so that various regions of the moon can be 
measured. One possible complicating factor in the use of this system might 
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be the existence of a lunar ionosphere. Its presence will be detected by 
an electron density experiment also proposed. If the electron density is 
known, adequate corrections can be made to the lunar electromagnetic 
composition data. 

5.4. 2. 7 Magneto- Telluric Method 

This method involves natural currents caused by magnetic field 
variations surrounding the moon. This, of course, presupposes that a 
magnetic field exists around the moon. Extraneous variations, caused by 
the solar wind or ion particles trapped in the magnetic field around the 
moon and the various intensities of these bombarding ionized particles, 
may be present. 

The technique is one which must be applied on the lunar surface; 
probes are placed into the surface, and the output is filtered into different 
spectral pass bands. For greater-depth surveys, the probes are placed 
further apart, and lower frequencies are used to get a deeper viewing 
aperture. The use of this technique depends upon having a specific resis-
tivity of a median value on the moon surface. If the surface is highly con-
ducting, then the technique will be unsatisfactory; if it has a very high 
resistivity vs depth, the method fails again. It is felt that this is one of 
the less probable successful water survey methods. 

The magneto-telluric method has provided information on 
geologic structures down to a depth of 20, 000 ft. No other electrical 
method can provide such depth penetration. Magneto-telluric methods are 
applicable to broad scale structures with a difference in conductivity from 
their surroundings. The determination of depth in a basin of relatively 
good conducting material is an example. If the moon has telluric currents, 
then this method can be employed in mapping large geologic structures. 

5. 4. 3 Instrument Requirements 

Tabulated in Table 5. 4-l are tentative specifications for transducers 
proposed for use in measuring susceptibility, resistivity, and potential 
gradients on the lunar surface. It should be pointed out that these specifica-
tions are not rigid and will probably be modified as more complete informa-
tion is obtained. 
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TABLE 5. 4-1 

INSTRUMENT .SPECIFICATIONS 

Electromagnetic Mobile Electrode 
Parameter Susceptibility Resistivity Resistivity Potential 

Range 
5 

10-10 f.LCgs 
4 

1- 1 0 ohrn-crn 
3 7 

1 0 - 1 0 o hrn- c rn 
4 

0. 1-10 rnv 

Dynarnic 80 db 80 db 80 db 100 db 
Range 

Sensitivity 10 rnv/cgs 1 v/ohrn-crn 1 rnv /ohm- ern 

Resolution 1% fs 1% fs 1% fs 1% fs 

Time 0. 1 sec 0. 1 sec 0. 1 sec 0. 1 sec 
Response 

Power 10 watts 10 watts 100 watts 5 watts 

Weight 10 1 b 

Vol urne 686 
3 

216 in. 
3 

216in.

):( Electronics for both experiments contained in sarr1e cornpartment. 
':":' Weight includes electrodes plus instrumentation. 

5. 4. 4 Surface Electric Measurement Techniques Evaluation and Selection 

All of the electrical geophysical methods have been discussed, al-
though not in depth, to give the reader a brief survey of these techniques. 
A brief critique is now necessary to select those techniques best suited for 
lunar exploration. 

Virtually, all popular measurements involve electrode arrays having 
relatively wide spacing. In addition, large amounts of power are usually 
required to make such measurements. There simply is not enough time to 
lay out many electrode arrays on the moon. However, it would be most 
unfortunate if no electrical measurements were carried out. 
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Such information provides fundamental knowledge of those param-
eters (electrical) on the moon which can be obtained in no other way. 
Furthermore, this information can be used in the design of future lunar 
exploration experiments. On this basis, then, the following experiments 
are recommended for the contemplated lunar exploration experiment. 

Susceptibility-Resistivity Apparatus 

It is recommended that sur-face resistivity and magnetic suscepti-
bility be continuously recorded by means of an apparatus similar to the 
induction logging system described in Section 6. 3. The only difference 
between the two systems would be the transducer. Therefore, an economy 
could be realized by using the same system elements, exclusive of the 
transducer, for both experiments. (See Figure 5. 4-2). 

The principle involved in susceptibility and resistivity measure-
ments is the time-proved inductance method where the measured change 
in an inductive field is proportional to the energy loss of an alternating 
magnetic field. The sensor is a coil or transformer would around a 
magnetic core. This coil has a certain impedance Z = a+ jb consisting 
of a real (resistive) component and an imaginary (quadrature or reactive) 
component. The impedance depends on the reluctance of the flux path 
external to the coil. The coil is placed in close proximity to the ground. 
Variations in coil impedance, which can be resolved into its real and 
imaginary parts, thus yields variations in surface resistivity and suscep-
tibility. Resistivity and susceptibility can be recorded independently and 
simultaneously. 

5. 4. 5 Conceptual Design of Surface Electrical Measurement Instruments 

In general, the instrument systems required for the proposed lunar 
measurements use standard components. That is, these components 
presently exist in some form and are straightforward in their design. En-
vironmental, size, weight, and reliability considerations dictate that these 
systems be engineered specifically for the lunar experiment. This is 
necessary to exploit microminiaturization techniques and to incorporate 
automation features which will free the astronaut to utilize his time on 
those experiments that cannot be automated. 
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5. 4. 5. 1 Susceptibility I Resistivity Apparatus 

A simplified block diagram of the induction system used for lunar 
surface electric measurements is shown in Figure 5. 4-2 illustrating the 
system components and their functions. The sensing element is an induction 
coil and the detector is an AC bridge. The oscillator shown in the block 
diagram is feeding the excitation current to the sensor. A reference signal 
is also fed to the phase detecting networks from the oscillator. The ampli-
fied bridge unbalance is split into two signals with the signal in one channel 
being shifted 90 degrees with respect to the other. Each channel is then 
applied to a separate phase detector where the conductivity is derived from 
the real component and the magnetic susceptibility is derived from the 
reactive component of the signal. The outputs of the phase detectors are 
recorded simultaneously as electrical conductivity and magnetic suscepti-
bility. To see how the real and imaginary parts of the signal are resolved, 
let Ro and Lo represent the resistance and inductance of the circuit with 
the bridge nulled or balanced at the surface. The external magnetic circuit 
is completely unaffected by the moon's atmosphere. As the coil is placed 
in close proximity to the moon's surface, surrounding rock will contribute 
a series resistance, .6.R, and inductance, .6.L, due respectively to magnetic 
eddy current power losses and to the susceptibility of the surrounding rock. 
It can easily be demonstrated that the change in susceptibility, .6.K, is 
directly proportional to the change in inductance, .6.L, of the circuit and 
thus proportional to X: 

z = R + jX, where X = 21TfL 

.6.Z = .6.R + j .6.X 

K = c
1
x = C 2 L 

therefore 

.6.K = C 2 .6.L 

The change 1n conductivity, .6.o-, is by definition inversely proportional to 
the change in resistance, .6.R, of the circuit: 

.6.o- = 1 I .6.R 

5.4-13 



For initial calibration and subsequent testing of the instrument, 
a substitution method will be used. Sample materials, made up of iron 
powder and sand, will be carefully mixed to ensure a uniform distribution 
of magnetic material. A known mass of this material will have its suscep-
tibility measured in a standard solenoid. This material will then be formed 
into a specimen of large dimensions compared with the sensor coil so that 
the errors imposed by immediate boundary conditions are reduced to a 
negligible value. The susceptibility instrument will be calibrated with 
several samples in this manner. The same samples and techniques can be 
used for the field calibration and checkout of the system and for checking 
calibration after measurements are obtained. Compensation and/ or eval ua-
tion of zero and sensitivity change with temperature will also be evaluated 
with the proper temperature environment and suitable susceptibility material 
samples to cover the required operating range. 

Magnetic susceptibility measurements are expected to yield data 
necessary for the identification of rock types, and for the determination of 
the probable location of shallow nickel-iron meteorites. The proposed 
range of measurement is from 10 micro- oersted/gauss to l 00, 000 micro-
oersted/ gauss with a sensitivity of the order of l micro-oersted/ gauss, or 
micro c gs unit. 

It is desirable to include the range from 10 to 1000 micro cgs 
units to indicate if the lunar surface and subsurface materials have the 
same relative magnitude as non- sedimentary rocks on earth. If such is 
not the case, it is desirable to ascertain the magnitude of the difference. 
The range from 1000 to 100, 000 micro cgs units, with accompanying 
indication of conductivity, will give evidence of the presence or absence of 
typical nickel-iron meteoritic material. 

5. 4. 5. 2 Resistivity of Various Materials 

Table 5. 4-2 shows the resistivities of a few materials which are 
based on extensive field and laboratory measurements. It will be seen 
that the resistivity of these materials vary within wide limits. Some of 
the reasons for the observed variations are variable amounts of water and 
traces of other materials which may be found in random samples or rocks. 
Because of the anticipated absence of water on the moon, it is expected 
that most rocks will tend to assume resistivities toward the high end of the 
ranges indicated in Table 5. 4-2. Radar data tend to support this contention. 
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TABLE 5.4-2 

RESISTIVITIES OF MATERIALS FOUND IN THE OUTER 
CRUST OF THE EARTH 

Resistivity 
Igneous ohm-em 

Basalt 
Crystalline Rock (Igneous, gneiss, schist) 
Diabase 
Diorite 
Gabbro 
Granite 
Lava 
Meteoric iron 
Prophyry 
Quartzite 
Syenite 
Trachyte 
Trap Rock 

Metamorphic 

Schist 
Serpentine 
Gneiss 
Marble 
Slate 

Sedimentary Rocks 

Silt 
Clay- Shales 
Clay 
Conglomerate 
Consolidated sedimentary rocks, (slates, 

shales, sandstones, limestones, etc.) 
Graywacke 
Limestone 
Marls 
Sand 
Sandstone 
Shales 

6 2 X 10
2 X 104 - 2 X 106 
2 X 103 - 2 X 106 
5 X 106 

X 1 04 - 1. 5 X 1 0 6 
3 x 1 o4 - > 1 o 6 
l. 2 X 104 - 5 X 10 6 
1 x 1o-6- 3 x 1o-6 
6 X 103- l. 5 X 106 
1 X 103- 2 X 107 
1 x 1 o4 - 1 o 7 
1x103-1o7 

l. 5 X 104 - 3 X 10 5 

5 X 10 2 - 1 x 1 o6 
2 X 1 o4 - 3 X 105 
2 X 104 - 3.4x106 

X 1 o4 - 1 X 10 7 
104 6 X 1 o4 - 8 X 

2.5 X 103- 1.5 X 105 
4 X 10-2 - 9 X 104 
5 X 102 - l. 5 X 105 
2. 5 X 103 - l. 5 X 106 

1 X 103 - 5 X 104 
2 X 105 - 106 
6 X 103 - 5 X 107 
0. 5 X 102 - 7 X 103 
9. 5 X 101 - 5 X 105 
3 X 103- 1 X 107 
8 X 10 2 - 1 X 106 
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Minerals and Ores 

Anhydrite 105- 10 7 

Arsenopyrite 2 X 10 l 
Bornite 0. 5- 5 X 10 1 

Calcite > 107 
Chalcocite 
Chalcopyrite 

0.1-6x10 1 

l.5xlo-2_ 3.5x10 1 

Chalcopyrite- Hematite 5. 5 
Chalcopyrite- Sphalerite 
Chalcopyrite-Pyrrhotite < 0. l 
Chromite l X l 0 2 - 2 x 1 o6 
Coal (Bituminous) 
Coal (Anthracite) 

6 X l 0 l - 107 
1 X l 0 2 - 2 X 10 7 

Coal (Lignite) 9 X 10 2 - 2 x 1 o4 
Cobalt Iron 5 X 1o-2 
Copper l.5x 10-6- 1. 5 x 1o-l 
Copper- Iron 0.7 
Covellite < 0. l 
Cuprite 3 X 104 
Diamond 1 x 1014 
Galena 3 X 10-3- 2 X 101 
Galena- Sphalerite 6 - 1 o4 
Graphite 8 X 10-4 - 6 
Hematite 5 x 1 o4 - 1 o 7 
Hematite (specular) 0.4 
Limonite l X 105- 1 X 107 
Magnetite 
Marcasite 

0.6-5x103 
2 1 - 3. 5 X 10 

Meteoric iron (oxidized) > 1 o3 
Mica 9 X l o4 - 9 X l 0 7 
Molybdenite 0. 1 - 5 X 10 1 

Nickel 1x1o-5-l.5x1o-l 
Nickel-Cobalt 5xl0-2-6xlo-l 
Pyrite 5 x 10-2- 1 x lo-4 
Pyrite- Chalcopyrite < 0. l 
Pyrite- Pyrrhotite < 0. l 
Pyrolusite-Psilomelane (mixed) 
Pyrrhotite 

0. 5 
5 X l 0- 2 - 5. 0 

TABLE 5. 4-2 (CONT.) 
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TABLE 5. 4-2 (CONT.) 

Minerals and Ores (cont.) 

Quartz > 10 7 

Rock Salt 3x103->107 
Serpentie 2 X 104 - 3 X 10 5 
Siderite 7 X 103 
Sphalerite l. 5 X 102 - l. 5 X 106 
Stibnite > 1 o5 
Sulphur 107 
Wulframite 7 1 X 10 3 - 1 X 10 

An average resistivity for the lunar surface, as determined by the radar 
method is 3 x 10 5 ohm- em which is seen to be toward the high end of the 
resistivity ranges. High resistivity values imply that a high dynamic 
range is required to measure the entire spectrum of possible materials 
from iron meteorites to basalt. It is unlikely that a single instrument can 
be expected to be applicable for the entire range. Therefore, if both the 
electromagnetic and mobile electrode experiments are employed in lunar 
experiments, it is recommended that the electromagnetic instrument be 
de signed for the low end of the range ( 1- 104 ohm- em) and the mobile 
electrode apparatus be designed for the high range experiments (l 0 3-10 7 ohm- em). 

5. 4. 6 Operational Procedures for Surface Electrical Measurements 

All of the proposed equipment is mounted on or within MOLAB and 
thus does not require the astronaut to leave the vehicle or consume valuable 
time in setting out an electrode array. The measurements can be automated, 
thus eliminating the need for all but supervisory attention of the astronaut. 

The astronaut can start and stop the equipment by means of switches. 
He may wish to extinguish any artificial fields to eliminate possible inter-
ferences with other measurements. Continuous recording of electrical 
parameters may reveal an anomaly which warrants further investigation by 
another technique. 
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5. 5 AREAL RADIATION SURVEY AND CORE-HOLE LOGGING MEASURE-
MENTS 

Nuclear measurements have been used throughout the world for close 
to 30 years to search for petroleum, gas, coal, and radioactive minerals. 
The techniques have been highly successful in bore-hole logging operations 
as well as areal surveys in identifying ore deposits associated with these 
items. The present applications do not, however, exhaust the possibilities 
of using nuclear methods in locating and detecting other species and per-
forming basic geologic studies. 

The techniques involve the measurement of natural radioactivity of a 
terrain or drill hole and also of artifici;illy induced gamma or neutron 
activity at specific sites. Nuclear areal and well surveys are often combined 
with other exploration techniques, such as magnetic and electrical prospecting 
methods, for the best results in geologic interpretation. Some nuclea.r tech-
niques, however, such as the pulsed neutron-g<lmma method, are unique 
and directly result in the positive identification of nuclear elements and 
their abundance. 

The following six nuclear measurements are considered in this section. 
It is felt thClt they would be of distinct value in geologic mapping Clnd the 
analysis of the lunar surface and subsurface: (1) natural gamma ray, 
( 2) spectral gamma ray, ( 3) gamma- gamma, ':'( 4) neutron- gamma, ( 5) neutron-
neutron, and (6) radioactive dating. Except for the last one, the interim 
design of the instrumentation permits the same basic apparatus to be used 
for both surface ;md subsurface measurements with small modifications. 

Efforts have also been made to limit duplication of instruments a.s mLlCh 
as possible. Thus the gamma detector has been designed for use in four 
and the spectral analyzer in two of the measurements. 

The natura} 
the construction 
and bore-holes. 
analyses of both 

gamn1;1 and spectral gamma ray measurements will permit 
of a continuous radioactivity profile along the traverse lines 
The spectral gamma-ray instrumentation will further permit 

small ;md large individual rock samples in the field. 

The first item is the type of radiation used as a source and the second item 
is the radiation which is detected. For example, neutron-gamma indicates 
that a neutron source is used to excite the sample material and that gamma 
rays given off by the sample are observed. 
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The gamma-gamma, neutron-gamma, and neutron-neutron will be 
performed along the bore-holes and also at individual sites. The gamma-
gamma measurement will determine the mass density of formations, the 
neutron-gamma measurements to identify elements and their abundance, 
and the neutron-neutron measurment to give simple indications of hydrogenous 
matter, such as water or permafrost. 

In all three cases, the same experiment could be performed on samples 
returned to earth. One major advantage in performing the experiments in 
the field, however, is the knowledge of the concentration at one location 
before choosing the next site. This immediate knowledge would permit 
rapid and efficient sampling patterns and immediate tests of hypotheses 
regarding geologic structures, lithologies, and other factors. 

The radioactive dating measurements, on the other hand, while of major 
importance, can best be performed on samples brought back to the laboratory. 
The complexity of the equipment, the experiment itself, and the time require-
ments are prohibitive in the case of the present schedule of lunar scientific 
experiments. 

5. 5. 1 General Instrument Requirements 

After careful consideration it has been decided to use the same 
instruments for surface as well as subsurface exploration in all five types 
of measurements being recommended. It is believed that this approach 
would result in a LLrge redL1ction in complexity with very little loss in 
sensitivity. 

The instruments to be used for surface or subsurf<Lce nuclear explor-
ation in general may consist of four subsystems: 

1. Radi<Ltion source 

2. Radiation detection and measruement subsystem 

3. Vehicle position recording subsystem 

4. Information processing subsystem. 

Subsystems 2 and 4 (above) are common to all measurements and the 
attempt in this preliminary design has been to use, as much as possible, 
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the same subsystems to perform more than one type of measurement. This 
has been done to reduce weight and also to simplify operating procedures of 
the entire system. Features that differ from the multi-purpose subsystems 
are described along with the requirements for the measurement type. The 
subsystems themselves are described in detail in this section. 

Subsystem 3 (above) is of primary importance only in the areal survey 
along a traverse. A subsystem performing this function is assumed to be 
a vail able from MOLAB and to simultaneously feed into the information re-
cording subsystem. along with the output from the radiation detector. 

5. 5. 2 Logging Instrumentc1tion ReqLlirements 

In terre stria.l applications it hciS been common to encase the logging 
instruments in steel housings to protect against the hydrostatic pressures 
of up to 20, 000 psi that can be encountered. Such protection would, of 
course, not be required for lunar applications. The weight of terrestrial 
logging tolls can be greatly reduced and their standard diameters of 1 11/16 11 

or even 2 5/8 11
, which generally include the width of the pressure housing, 

can be easily reduced for use on MOLAB for both surface and subsurface 
exploration. 

5. 5. 3 Temperature Requirements 

Temperature has caused problems in the terrestrial application of 
nuclear logs. Current detector state of the art is such as to make a rating 
of 350°F not very uncommon. 

Although increases in temperature due to gradients in a 100-ft bore-
hole are not expected to be more than a few degrees, the temperature swing 
from lunar day to lunar night covers an estimated span between -260°F and 
+240°F. The problem of temperature on measurements made outside the 
vehicle during lunar night, therefore, may exist. 

However, present unknowns such as instrument behavior and data 
interpretation at these temperatures, length of time that the instrument 
might be subjected to such temperatures, passive insulation schemes, and 
lack of basic data (such as rates of heat transfer along a borehole) all pre-
elude making a firm recommendation on temper<lture rating at this time. 
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5. 5. 4 Background Radiation 

The radiation intensities on the lunar surface are difficult to esti-
mate. The cosmic ray flux will be about 1 particle/ em 2 - sec. In the 
absence of any significant lunar atmosphere, these particles will not under-
go reactions such as the ones observed in the earth's atmosphere. Thus, 
the large radiation background caused by cosmic rays on earth should not 
be present on the moon. However, as cosmic ray particles strike the lunar 
surface, they will cause secondary, charged particle, neutron, and gamma 
radiation, some of which will be scattered back away from the moon. This 
radiation would be detected in an areal survey, and would constitute the 
major natural background radiation. Computer calculations are being per-
formed at Bendix on a model of the lunar crust to determine the magnitude of 
this source of radiation. The results of this company -funded study will be 
used on the project when they become available. 

The paucity of good data on background radiation on the lunar surface 
precludes making estimates on minimum geological count rates necessary 
to perform satisfactory areal and bore-hole surveys. Until such data become 
available, the background radiation has been assumed to have a spectrum 
and amplitude not greater than that observed on earth at high altitudes. 

5. 5. 5 Gamma Radiation Detection and Measurement Subsystem 

Gamma ray detectors are used in four out of six of the techniques to 
be considered in this section. Thus, a general discussion of gamma ray 
detection techniques is included in this section prior to covering the various 
measurement discussions. 

Three radiation detection techniques hdve been considered in some 
detail for these applications: (1) Geiger-Mueller (G-M) detectors, {2) scin-
tillation detectors, and (3) solid-state detectors. Other detection techniques 
either offer no advantages in efficiency (such as ionization chambers or pro-
portional counters) or do not given an instantaneous recording or radiation 
intensity (for example, film and emulsion techniques). All three of the 
techniques considered are potentially applicable to areal surveying or bore-
hole logging where only the total radiation intensity is measured. When energy 
spectra information is required, only scintillation detectors or solid state 
detectors are suitable. 
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5. 5. 5. 1 Geiger -Mueller Counters 

A G-M counter is a gas -filled tube operated in the ;:waJ;1nche or 
G-M region. Each incident ionizing particle which interacts in the tLlbe 
initiates an ion avalanche that produces an output pLllse. The output pulse 
depends on the characteristics of the chamber, but its size is independent 
of the energy and type of particle initiating the avalanche. Thus, a G-M 
counter gives an output pulse of the same size for each particle that is 
detected. Details of the physics of G-M tubes are readily available in the 
literature. (See, for example, Reference 5.) 

A primary a_dvantage of the G -M counter 1n radiation detection is 
the simple electronic circuitry required. The output pulses of most G-M 
counters are large enough so that they c;m be counted without any additional 
pulse amplification. Thus, G-M counters m<-1ke a convenient instrument 
for field use. 

Ruggedized versions of G-M tubes available can meet the lunar 
environmental requirements. G -M tubes have been flown on many satellites 
to survey the earth 1 s radiation belts. Typical units flown include the Anton 
type 2.13 and type 302 G-M tubes. (6) 

The disadvantage of G -M tubes, compared with scintillation detectors 
and solid state detectors, is their relative insensitivity to gamm;1 radiation. 
For example, calculations for the Anton type 302. tube show th;1t at a gamma 
energy of 0. 25 Mev, 0. 93 secondary electron will leave the chamber walls 
for every 1000 incident photons; thus the intrinsic efficiency for uranium 
and thorium ores (which have average photon energies of the order of 0. 3 Mev}, 
is around 0. 1o/o. However, this same tube has an efficiency of 80o/o for de-
tection of particulate radiation such as cosmic rays or fast electrons. Thus, 
the cosmic ray induced background will make the tLlbe insensitive to low 
gamma counting rates. Other G -M tubes ;ue available with slightly higher 
intrinsic efficiencies for gamm;:1 radiation detection; however, these efficiencies 
are still quite low compared with those of scintillation detectors or solid state 
detectors. 

5. 5. 5. 2 Scintillation Detectors 

Scintillation detectors use the light output produced by radiation 
m certain scintillator materials. This light is detected by a photomultiplier 
tube which produces an electrical signal. The light output and a1 so the 
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photomultiplier pulse are dependent on the kind of incident particle and its 
energy. Thus, scintillation detectors can yield information on both the 
intensity and energy distribution of the incident radiation. (8) 

Both liquid and solid scintillation materials have been used for 
radiation detection. In practice, liquid scintillators are restricted to 
laboratory use; only the solid scintillators can be easily applied to field 
conditions. Thallium activated cesium iodide or solium iodide crystals 
are usually used; plastic scintillators can also be used, although they are 
generally restricted to more specialized applications where detection of 
electrons is particularly important. 

The efficiency of scintillation detectors for gamma ray counting 
is much higher than the efficiencies of G-M tubes. While the efficiency 
depends on the crystal material and its thickness, it is typically 50o/o or 
more for commonly used Nai crystals. Thus, much lower gamma intensities 
can be discerned. In some cases, scintillation detectors used in geophysical 
prospecting have located significant deposits of radioactive ore where previous 
surveys with a G-M detector had given negative results. (4) 

Scintillation detectors can be made sufficiently rugged to be used 
1n field survey equipment (either hand or vehicle carried) and have been 
flown on a number of satellite experiments. For example, a gamma ray 
spectrometer consisting of <l Csi (Th) crystal surrounded by a plastic scin-
tillator with a ruggedized photomultiplier tube has been aboard Ranger 3. 

This unit has included a 32-ehannel pulse height analyzer and 
covered a nominal gamma energy range of 0. 1 to 12 Mev. Scintillation 
detectors have ;:dso been used in many bore-hole logging devices, and thus 
appear to be well suited for most of the applications of interest here. 

5. 5. 5. 3 Semiconductor Detectors 

Semiconductor detectors have only recently come into extensive 
use. However, they already have shown superiority over gas -filled and 
scintillation detectors for most types of charged particle detection in labora-
tory studies. They have not yet been widely adapted to field use, and in fact 
may never be used extensively in survey work because their detection efficiency 
for gamma rays is less than that of scintillation detectors. For example, 
the probability of total absorption (via the photoelectric effect) of a 0. 3 Mev 
photon is about 0. lo/o for a 3-mm thick silicon detector and about 2. 5o/a for a 
3-mm thick germanium detector. 
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Several types of semiconductor detectors, using silicon or germa-
nium as the semiconducting materials are available. Silicon detectors are 
mainly used for operation at ambient temperatures; germanium units have 
been found to be very useful when operated at low temperatures (liquid 
nitrogen). More recently, lithium-drifted silicon detectors have given 
good results both at ambient and reduced temperatures, and lithium-drifted 
germanium units at low temperatures. 

The major advantages of semiconductor detectors are their small 
size, their inherent ruggedness, and the low bias voltages (of the order of 
l 00 volts) that they require. Evaluation tests have shown that they can be 
expo sed to vacuum environments for extended periods of time without 
significant degradation of their characteristics. (9) Semiconductor detectors 
have been used in measurements of the geomagnetically trapped charged 
particles. (l O) 

Most semiconductor detectors have such a thin active region that 
they are not very sensitive to gamma rays. However, lithium-drifted ger-
manium detectors used at liquid nitrogen temperatures (76 °K) have recently 
been shown to give excellent resolution in gamma ray spectroscopy.( ll) 
Although this kind of operation has only been achieved under laboratory con-
ditions, it indicates that future advances in semiconductors detectors may 
eventually make them competitive with scintillation detectors for survey 
instruments. 

5. 5. 6 Natural Gamma-Ray Measurements 

Natural gamma-ray measurements can be used to explore and analyze 
the moon 1 s surface and subsurface. The degree of radioactivity along tra-
verse lines in conjunction with maps of other parameters such as magnetic 
anomalies make it possible to outline the lateral extent of geologic formations. 
Bore-hole measurements yield information about the nature of the strata 
and of their interfaces. 

Since the concentrations of radionuclides and their host minerals 
are generally controlled by rock forming processes, patterns in the radiation 
spectra usually parallel geological patterns. The areal technique is of most 
value in regions having low-to -mode rate variations in topography and little 
residual soil. Distribution and continuity of lithologic formations in such 
areas are usually quite difficult to trace by conventional field methods. 
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Significant variations in the natural radioactivity of the lunar crust 
can be expected with different rock types. The three principal elements 
that contribute to the radiation spectrum from rocks are potassium-40, and 
the members of the uranium and thorium series. 

Investigations of gamma-ray environment have been carried out 
routinely over large areas of the earth including terrain containing less than 
10 parts per million of potas sium-40, thorium, and uranium combined. 
These results indicate that 0. 01 percent uranium, for example, can be 
detected 500 ft above the ground. 

5. 5. 6. 1 Instrument Requirements 

The operational range of the lunar mission instrument should span 
the wide extent of radiation intensities that will be encountered. The following 
scale ranges are recommended: 

Scale Range 
(cps) 

Scale Range 
(mr /hr) 

Smallest 
Scale Division 

(mr /hr) 

0-100 0-0.0025 0.00005 

0-1000 0-0.025 0.0005 

0-10,000 0-0. 25 0.005 

0-100,000 0-2. 5 0.05 

The instrument should have provision for routine calibration check;;, 
such as the incorporation of a small uranium source. 

The response rate of the count-rate circuits should be fast enough 
to register significant changes in radiation level while the vehicle is travelling 
at a speed of 5 km/hr. 

The detecotr should be shielded against extraneous magnetic fields 
and have a biasing system to reject spurious background radiation pulses. 

The output of the detector should be capable of being stored in an on-
board tape recorder, telemetered in real time back to earth, or displayed on 
a meter for preliminary evaluation by the astronaut. 
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5. 5. 6. 2 Status of Existing Equipment 

Existing gamma ray detectors using scintillators range from the 
very simple, giving audio or visual outputs,to the the very complex requiring 
digital output. For simple gamma ray logging a scintillation counter two 
inches in length and about two inches in diameter has been used. (29) 
The output of the photo-multiplier tube in thi's device was fed. 
into a strip-chart recorder and data obtained at a typical speed of 30ft per 
minute. 

The other extreme in the state of the art is represented by the 
sophisticated ARMS instrumentation. Even these, however, reflect the 
simplifications introduced by advancements in scintillator manufacturing 
techniques. Two generations of ARMS instruments are contrasted below 
to illustrate the latest requirements for highly sensitive airborne equipment. 

l. ARMS I ( 19 56) - De signed by Davis & Reinhardt at Oak Ridge 
National Laboratory (16) 

2. 

This airborne detection element utilizes 6 thallium-activated 
sodium iodide crystals, 4 inches in diameter and 2-inches 
thick, and 6 photomultiplier tubes connected in parallel. The 
output from the detectors is amplified and fed to a pulse-height 
discriminator which is set to accept signals due to gamma rays 
having energies greater than 50 kev. The signal is then pas sed 
on to a circuit that records total count on a graphic milliam-
meter. The signal is also fed to another circuit that includes a 
variable resistance controlled by a radar altimeter servo-
mechanism, compensating the data from deviations from the 
nominal surveying altitude. Continuous profiles are recorded 
on chart paper. 

( 17) 
ARMS II ( 19 62 - De signed by Hand et al Edgerton, 
Germe shausen and Grier, Incorporated. 

The system has two detection sensitivity ranges. The main 
detector consists of a 9 -inch diameter, 3 -inch thick thallium 
activated sodium iodide crystal and a 12-inch photomultiplier 
tube (EMI 9545B). The Jow sensitivity detector is a Harshaw 
integral assembly consisting of a 3/4-x 3/4-inch crystal coupled 
to a Dumont 6262 photomultiplier tube. The range of detection 
is from 50 to 107 cps. Each detector has a separate power 
supply and preamplifier. 
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5. 5. 6. 3 Conceptual Design of Natural Gamma Measuring Instrument 

The areal survey for radiation intensities could be performed by any 
of the gamma detection techniques discussed in Section 5. 5. 5. However, 
field experience with logging instruments has shown that geiger counters 
result in severe compromises between detector length, spatial resolution, 
statistical variations, and logging speed. Count rates are better by factors 
of 2 to 3 with scintillation crystals only 8-inches long compared to geiger 
counters with active lengths of 40 inches. Because of this scintillation, 
detectors have now almost entirely replaced geiger counters. 

The problem of temperature limitation of scintillation counters 
has been solved by using: ( 1) thermal insulation of photomultipliers, and 
(2) the development of high-temperature photomultipliers with ratings of 
350 to 400°F. 

Finally, as pointed out in Section 5. 5. 5, scintillation detectors 
have much higher efficiencies for gamma ray detection than semiconductor 
detectors. It is therefore recommended that scintillation detectors be used 
for natural gamma ray measurements. 

A block diagram of the recommended instrumentation is shown in 
Figure 5. 5-l. It consists of a Csi (tl) scintillation detector surrounded by 
a plastic scintillator. Anticoincidence circuitry is used to reject charged 
particle events. The instn1ment can be used for gross counting with either 
a visual display or recording mode. Alternatively, the data can be routed 
through a multi-channel analyzer for spectral analysis before recording. 

Thallium activated cesium iodide is recommended as the scintillating 
mate rial. C sl ( tl) is fairly comparable to the more commonly used Nal ( tl) 
in many of its characteristics; however, Csl is more rugged and more 
resistant to moisture contamination, and thus is preferred where environ-
mental factors are involved. An alternative scintillation material which coulcl 
be considered is Cai2 (Eu) .. These crystals have recently been shown to have 
a greater light output and better energy resolution than Nal (tl) {l 2 ) 
Cai.2 (Eu) crystals made to date are very sensitive to moisture, and 
thus were not used as the basis of a pre sent de sign. However, if these 
environmental limitations can be overcome, Cai2 (Eu) might be superior to 
C sl ( tl). 
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The crystal is surrounded by a thin layer (about l/8'') of Pilot B 
plastic scintillator. This material produces a light output when charged 
particles pass through it, but has low sensitivity to gamma rays. The 
Pilot B gives a pulse with a much faster rise time than the Csl (tl). Thus, 
by using anti-coincidence circuitry, particles which produce pulses only 
in the C sl (tl) are accepted. This feature may be quite important on the 
moon, where, because of lack of atmosphere, the charged particle background 
may be high. 

The photomultiplier tube is a ruggedized RCA type 441 or equivalent. 
However, tubes are presently being developed which are even more rugged 
and which have a lower radioactive background (see Reference 13}. The 
RCA Dev. No. C-70144 is a two-inch, diameter tube of all metal and ceramic 
construction. Its radiation background due to materials with radioactive 
contaminants (mainly K40) is less than for conventional tube structures. 

Another development which may be applicable is the Channeltron@ 
photomultipliers tube developed by Bendix. These tubes make use of channel 
multipliers to produce very large gains, and can be packaged in a very small, 
rugged unit. These tubes are presently in the advanced developmental stage; 
however, they may be available as production items in the lunar mis sian 
time scale. 

The preamplifier provides some signal gain and has an emitter-
follower output for impedance matching. The anti-coincidence circuit senses 
the presence of fast pulses from the Pilot B scintillator and closes the gate 
so that the following pulse from C sl ( tl) will not be anal zed. 

Thus, only the C sl (tl) pulses which are not immediately preceded 
by a Pilot B pulse will be counted. The amplifier also includes a discrimi-
nator to exclude very low energy pulses. 

Gross counting rate vs depth in the hole will be recorded and 
displayed for astronaut evaluation. An example of a typical plot is shown 
in Figure 5. 5-2. The operator will use this information to determine if 
more detailed information, specifically gamma ray spectra, should be 
obtained. An estimate follows: 

Weight: 10 lb 

Length: 8 in. 

® Channeltron is a registered tradement of The Bendix Corporation 
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Figure 5. 5-2 Typical Record of Gamma Ray Borehole Log (Reference 28) 



Diameter: l. 7 5 in. 

Power: 5 watts 

Data Format: analog, four channels, 0-5 VDC 

Logging Speed: 20 ft/min 

5. 5. 6. 4 Operational Procedures for Measurement 

The detector can be carried inside a moving vehicle, about 3 to 
12 feet above the lunar surface. The data at surface contrasts between 
areas of sharp discontinuities in radioactive content would have to be 
corrected by lowering the detector to the surface. The measured intensity 
remains constant if the detector is lowered to the surface in an area of 
uniform radioactive content. Conversely, if the intensity changes by 
10 percent or more, the measured intensity is no longer characteristic of 
the bulk underneath, and surface measurements must be made to ensure 
correct interpretation of data. The detector response time will be designed 
so that significant changes in radiation intensity are registered while the 
vehicle is proceeding at maximum speed. 

Calibration checks should be made at least twice during a measure-
ment sequence: just after switching the instrument on and just before turning 
it off. 

Continual recording of data is planned with the cognizant astronaut 
taking visual checks of data input every 5 or 10 minutes for the areal survey. 
When the instrument is used for bore -hole logging measurements, it can be 
connected to the cable together with other subsurface instruments. The 
total time consumed for a 100-ft log should not be more than 10 minutes. 

5. 5. 7 Spectral Gamma-Ray Measurements 

The purpose of this measurement is to determine surface and strata 
concentrations of particular radionuclide s from areal and borehole measure-
ments. 

Satisfactory qualitative information regarding the contents of minerals 
1n the rock formations could be expected from the natural gamma measure-
ments. However, to get more quantitative information, spectrographic 
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experiments should be conducted on rock samples. Gamma ray spectro-
scopy is a feasible method of obtaining information on potassium, thorium, 
and uranium concentrations 1n 1 unar rock formations. 

Potassium-40 has a very simple gamma ray spectra, consisting of 
a single peak at 1. 46 Mev. The gamma ray spectra of uranium and thorium, 
considering all the daughter products, are much more complex. Figure 5. 5-3 
shows the gamma ray spectrum from a sample of uranium ore( 1) 

The gamma ray spectrum from thorium is analyzed in Table 5. 5-1 
(compiled from Reference 2}, which gives the number of gamma rays of 
different energies associated with each of these reactions. It is evident 
that the lines at 0. 239 Mev, 0. 583 Mev, and 2. 615 Mev would show promi-
nently in the gamma ray spectrum. 

A switch is provided for the operator to choose between gross counting 
and pulse height analysis. In the gross counting mode, provision should be 
made for visual display as well as data recording. 

An 8 11 long, 1 5/8 11 diameter Csl (tl) crystal 1s recommended. The 
mechanical design of the instrument is such that the detector, photomultiplier 
tube, preamp, and high voltage converter are packaged in a cylinder 1 3/4 11 

diameter or less. This sensor can be disconnected from the areal surveying 
instrument and connected to a different cable for use in bore -hole logging. 
The remainder of the electronics is packaged in a unit that will normally be 
attached to MOLAB, but can be disconnected and hand-carried by an 
astronaut. 

Calibration of the instrument will be achieved with a small radio-
active source. This source can either be permanently mounted in the detector, 
or can be provided separately and used by the astronaut at periodic intervals. 
A source such as Cs 137 with a single gamma ray peak would be used if it 
is permanently attached to the instrument, since this would provide a mini-
mum of confusion of other gamma ray spectra. A variety of sources, includ-
ing K 40 or u 23 8, can be used if they are not mounted on the instrument 
during survey measurements. 

The same basic instrument will be used for gamma ray logging of 
boreholes as for the areal survey. The main difference will be the use of 
a long cable with a cable position indicator. 
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Figure 5. 5-3 Gamma Ray Spectrum From Uranium Ore (Reference 1) 
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Reaction 

212 
Pb 

212 
Bi 

212 
Bi 

212 
Po 

212 
+Po 

208 + Th 

+ Pb208 

208 + Pb 

Gamma Ray 
Energy{Mev) 

0. 115 
o. 177 
o. 239 
0. 300 

0.727 
0.785 
0.893 
1.074 
1. 513 
1. 620 
1. 800 

0.040 
0.288 
0.328 
0.453 

No Gammas 

o. 041 
0. 211 
o. 233 
0.253 
0.277 
0. 486 
o. 511 
o. 583 
0. 763 
0.860 
1. 094 
2.615 

Number of Gamma Rays Per 
100 Disintegrations of Th232 

4.5 
~o.7 

82 
4. 5 

7. 2 
1.0 
0.4 
0. 7 
0. 3 
1.7 
0. 1 

26 
0.4 
0. 2 

~o.4 

0.36 
0. 11 
o. 11 
0 •. 36 
3. 6 
0. 18 
9 

31.4 
0. 7 2 
4.3 
0. 22 

36 

TABLE 5. 5-1 

232 
GAMMA RAYS FROM PART OF Th DECAY CHAIN 
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Field instruments for terrestrial use have usually been de signed 
so that pulse-height analysis could be performed at the highest possible 
energies; viz., 2. 62 Mev for the thorium series, l. 76 Mev for the uranium 
series, and l. 46 Mev for potassium. On earth, the great intensity of low 
energy air and ground scattered gamma rays masks the spectral structure 
below 0. 6 Mev. 

The three radioactive elements (potassium, thorium, and uranium), 
which are distinguished by gamma ray logging with energy discrimination 
and spectroscopy would serve to separate stony meteorites from rhyolites 
and basalts; i.e., it would distinguish meteoritic rocks from crystal rocks. 
Gamma rays would also give information as to the composition of the lunar 
surface. For example, silicic volvanic ash that is enriched in potassium 
could be distinguished from basaltic ash and chondritic particles. 

The radiation spectrum can be analyzed to yield ratio of U /Th/K and 
to make distinctions between rocks, species, and among minerals. A radiation 
spectrum for granite( 19), for example, is given in Figure 5. 5-4, showing 
strong thorium and potassium peaks and poor uranium anomalies. An 
example of an accessory mineral for igneous rocks usually found in veins 
and dykes, sylvinite, is rich in potassium. Its characteristic spectrum is 
shown in Figure 5. 5-5. 

5. 5. 7. l Instrument Requirements 

A gamma spectrometer that might be used on the lunar surface 
would require an energy interval covering the major peaks of the uranium 
and thorium series and potassium. A total energy interval span of 0. l to 
2. 8 Mev would provide good detail on the gamma ray spectra and is recom-
mended. 

A 32- channel pulse height analyzer would provide adequate resolu-
tion of higher energy gamma rays (> l Mev) expected from potassium and 
uranium and thorium deposits. Better resolution of lower energy peaks 
below l Mev could be obtained by using a 64- or 128 -channel pulse height 
analyzer. However, it is not clear that the additional information would 
really be essential for identification of radioisotopes of interest. 

Readings, of course, would have to be taken against a background 
of particulate cosmic rays and solar induced radioactivity. Therefore, 
discrimination circuitry would be required to permit the rejection of radio-
activity. 
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5. 5. 7. 2 Status of Existing Equipment 

Continuous surveying with a vehicle in motion can best be used to 
obtain the integrated gamma counts due to radioactive elements. The total 
number of counts collected during the brief passage over a given terrain 
from individual radioactive elements such as potassium or uranium might 
generally be too low to allow meaningful energy discrimination. However, 
two devices have been developed to determine ground concentrations of 
radionuclides from spectral data obtained in aircraft. The first is the 
latest Aerial Radiation Measurement System( 1S) described below. 

ARMS III (In Development} 

This system is designed to obtain spectral gamma ray data. It 
consists of a Harshaw matched-window detector assembly consisting of a 
6-inch diameter, 4-inch thick sodium iodide crystal and three 3-inch photo-
multiplier tubes. The output is to be analyzed by a Technical Measurements 
Corporation ( TMC) Model 401, 400 -channel pulse -height analyzer. Sac lay 
Laboratories (France) - A 4 -channel spectral scintillator using thallium 
enriched sodium iodide crystals has been developed. ( 19) The spectrum 
resolution obtained with this system from an aircraft at various altitudes 
is shown in Figure 5. 5-6. 

Another existing spectrometer is that used on the Range 3 flight. 
This instrument c:u1 be easily adapted for lunar exploration and is described 
in the next section. 

5. 5. 7. 3 Conceptual Design of Gamma Ray Spectrometer 

These instruments de signed for field use, de scribed in the previous 
section, while indicative of the state of the art, would not necessarily with-
stand the lunar environment. 

An instrument does exist that could be recommended, without modi-
fications. This equipment is the gamma ray spectrometer that was carried 
on several of the Ranger Spacecraft(15). This instrument uses a Csi (tl) 
crystal surrounded by a Pilot B scintillator, and a 32-channel analyzer for 
pulse height analysis. It is designed to measure radioactivity of the lunar 
surface during the last 10 to 30 minutes of the Ranger flight before impact 
on the moon. 
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The physical size of the Ranger unit is too large for MOLAB use. 
The Ranger unit is 4/1 1 8" in overall diameter while the MOLAB detector 
is limited to roughly 1-5/8" diameter to fit the expected borehole diameters. 
Thus, the particular crystal unit, photomultiplier tube, and mounting con-
figuration must be different. The crystal and photomultiplier tube recom-
mended for the natural gamma measurements would give cidequate counting 
statistics at a distcmce of less than 12 feet from terrain similar to that 
surveyed by the SAC LAY and ARMS III instrumentation. 

One part of the Ranger instrument may be directly applicclble to 
the 32-channel pulse height analyzer. This analyzer was developed by 
Radiation Instrument Development Laboratories for NASA for general use 
in the space program. The analyzer, including power supply, amplifier, 
analog -to -digital converter, memory, and programmer occupies a 6 -inch 
cube, weighs 5 pounds, and consumes l. 2 watts. It appears that this unit, 
with some modifications, could be adapted for the MOLAB instrument. 

It would be highly de sir able for the instrument to make me a sure-
ments both in 2rr and 4rr geometry. Thus, large formations which can give 
acceptable statistics in 10 to 20 minutes can be used for an initial analysis 
on the spot. More precise data can then be obtained by putting small rock 
samples (3-to 4-in. diameter and thickness) in a 4rr container and accumu-
lating count rates between 1 hour and 10 hours, depending on the level of 
activity. 

Weight: 15 pounds 

Length: 12 in. 

Diameter: 1-3/4 in. 

Power: 12 watts 

Data Format: Digital, ~300 bits I sample 

Logging Speed: 5 to 15 minutes per sampling point 

5. 5. 7. 4 Operational Procedure for Spectral Gamma Ray Measurements 

There are actually 4 types of spectral measurements that can be 
performed with equipment that is being recommended. 
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5.5-22 

l. Continuous Areal Spectral Measurements - This would take 
place at the same time as the integral radiation survey of 
the area. The success of this measurement depends on the 
radiation level encountered. It consists of simply a different 
type of output record of natural gamma ray data. Sampling of 
accumulated data will be required every 5 to 10 minutes. 

2. 2rr Measurements Outside the Vehicle - This measurement 
would be made based on relatively high count rates obtained 
in the vicinity of large formations. For a decision to make 
the measurements, the counting rates would have to be high 
enough to give good counting statistics in less than 20 minutes. 
(50- to 80 -kg rocks containing potassium and thorium have 
been found to five acceptable 2 rr statistics between 5 and 
1 5 minute s ( 2 0 . ) 

3. 4rr Measurements Outside the Vehicle - This measurement 
would be performed on small rock samples enclosed in the 
4rr detector, preferably over counting periods of the order of 
hours. This experiment could be started before the astronauts 
rest period and completed at the end of that time. 

4. Logging Measurements - These would be performed with the 
2rr detector. As in the areal survey, this experiment consists 
of no rnore than a different type of output record of the natural 
gammcl ray logging experiment. In this case again the data 
should be visually checked as the log progresses. 



5.5.8 Gamma-Gamma Measurements (GG) 

GG methods can be used to evaluate the density of rocks. The technique 
consists of measuring scattered gamma ra.diation intensity as a rock forma-
tion is radiated with a source of gamma rays. The distance between the 
radioactive source and the detector is kept fixed and care is taken that: 
{l} the gamma rays interact only in the formation, and (Z) the detector is 
completely shielded from receiving gamma rays directly from the source 

The energy of the source is chosen so that most of the interactions in 
the formations are Compton scatters. Then the intensity of scattered gamma 
rays is only a function of the electron density, ne, of the formation. The 
electron density, however, is dependent on the mass density of the formation 
as 

where 

n = N (Z I A)p 
e o 

N = Avogadro 1 s number 
0 

Z I A = Ratio of number of electrons per atom {molecule} to the atomic 
(molecular) weight 

p = Mass density 

Common rock elements have ZIA varying between 0. 555 and 0. 570 and 
hence the error produced by ignoring this effect is negligible. (Correction 
factors are, however, available if very accurate density measurements are 
necessary). (Zl} The extent of gamma radiation scattering is thus determined 
by the density of the irradiated medium. Since the density of single type 
rocks is essentially constant, the density depends mainly on the porosity of 
the rocks and on the nature of any Liquid which might fill the pores. GG 
techniques are better than neutron methods in this determination since there 
is no influence from chemically bound water. 

GG methods are used in conjunction with a standard calibration curve. 
This is because the intensity of scatter radiation depends not only on the 
density of the rocks, but also on the strength of the source and the character-
istics of the apparatus. Thus, to decrease the influence of extraneous factors, 
the magnitude of the scattered gamma radiation detected by a particular sonde 
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has to be compared against the magnitude of the scattered gamma radiation 
obtained in formations of known density. Figure 5. 5-7 shows a typical den-
sity calibration curve for a GG tool. 

5. 5. 8. 1 Instrument Requirements 

The GG technique is very sensitive over small values of density. 
This is important in the evaluation of the porosity of highly porous rocks 
which are poorly separated by neutron methods. The evaluation of the den-
sity of rocks from GG methods is pas sible with an accuracy of 2 to 3o/o of 
determined magnitude. ( 22 ) 

Studies on the strength of the source required to g1ve accurate indi-
cations of variations in density in coal test boreholes in shales have esta-
blished that sources of Co-60 between 1 and 5 milli-curies give as much in-
formation as Co-60 sources having intensities between 30 and 200 milli-e uries 
at typical Logging speeds of between 10 and 30 feet per minute. ( 23) 

The density range that can be expected in lunar rocks ranges from 
0. 88 gm/cm3 for volcanic sands to -8 gm/cm for nickel-iron meteorites. 
Actually the density of the most common igneous rocks and chondrites (such 
as granites, gabbros, and basalts) is the same as shales and falls between 
2. 5 and 3 gm/ em 3. A requirement on the GG instrument, therefore, would 
also be good density resolution in this range. 

5 5. 8. 2 Conceptual Design of Ganuna-Gannna Measurement Instrument 

Few of the hundreds of radioactive isotopes in existence have found 
use as gamma ray sources in nuclear geophysical exploration. Most radio-
isotopes are unsuitable because, for example, their Low gamma ray intensity 
short half-Life, and high cost. Table 5. 5-2 gives details of the three isotope 
sources currently being used. 

Ir-192 has lately gained m popularity due to its high activity per 
unit volume, and concomitant reduced shielding requirements. However, 
its short-half Life offers disadvantages in the case of the MOLAB mission, 
in which at Least a six month wait between launch and measurement is ex-
pected. This would reduce the source strength roughly to 1/8 of its original 
\-aLue. Furthermore, Ir-192 which gives a gamn1a ray spectrum with energies 
not higher than O. 6 Mev (against 1. 33 Mev for Co-60) would reduce the Lateral 
depth of the probe by a factor of roughly 2/5. 
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TABLE 5.5-Z 

GAMM.A..-RAY SOURCES 

Isotope Half -L1fe GammaEnergy Gamma/Dis in t. 
(Mev) 

Curies /cm
------
Co-60 5. 3y 1. 33, l. l 7 l. 0, 1.0 450 

Cs -17 33y 0. 66 o. 9 z 90 

Ir -19 Z 75d 0.31,0.47,0.60 l. 47' 0. 67, 0. Z7 8, 000 

3 

These two disadvantages tend to null the advantage of small source 
size of Ir-19Z for the lunar mission and appear to indicate at this point very 
Little diffe renee between Co- 60 and Ir -19 Z. Until further cons ide rations 
(such as the Length of the mission, possible use of the source on the moon 
beyond the intial 15 days, or source disposal become trade -off factors) the 
recommendation for an isotope for GG me as uremen ts is either a 5 milli-
cune Co-60 source or a 100 milli-curie Ir-19Z source. 

The GG devices should utilize a collimated source of gamma rays 
and a collimated scintillation crystal detector. The scintillation counter 
has a much higher sensitivity than the geiger counter permitting shorter 
time constants, shorter counting periods, and sn1allcr source size. The 
use of integral biasing would make the device Less sensitive to the chemical 
compos it ion of the formation. The detector requirements are othc rwi s c the 
same as that for the other gamma measurements. The same instrument 
would be used, with small modification for both surface and subsurface 
exploration. 

The use of a surrounding plastic scintillator for charged particle 
discrimination would not be required since the induced gamma radiation 
would be much more intense than the charged particle background. Pulse 
height analysis would not be required since only the scattered gamma inten-
sity (but not its energy spectrum) is used in making the measurement. Also, 
a visual readout would not be necessary (although it might be desirable). 
The output in the Logging measurements would be recorded along with the 
movement of the tool in the bore-hole, much Like the recording used for the 
gamma Log. 
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The packaging of the detector would be very similar to that described 
before. The crystal, photomultiplier tube, pre-amplifier, and high voltage 
converter would be packaged in a single unit. This unit would be incorporated 
in the gamma-gamma logging tool with adequate shielding to separate it from 
direct radiation from the gamma source. To be useful for Logging, the tool 
would be designed so that the gamma detector could be inserted into it or 
could form part of the probe itself. 

A pad or springs pressing the detector against the borehole wall 
will be necessary for the logging measurements to minimize the influence 
of variation in hole diameter on the measurement of mass density. 

Weight: 15 1 b 

Length: 8" 

Diameter: 1 3/4" 

Power: 5 watts 

Data Format: Analog, 0 to +5 VDC 

Logging Speed: 20ft/min 

5. 5. 8. 3 Pulsed X-Ray Sources 

One source of X-rays that has not yet been considered for gamma-
gamma measurements is the bremsstrahlung X-ray tube. The reason for 
this has been the prohibitive size and weight of X-ray equipment needed to 
produce X-rays of sufficiently high energy to produce Compton scattering 
in formations. The state of the art at present appears to promise much by 
way of more compact sources and it is quite likely that an acceptable source 
would be feasible in the MOLAB time scale. 

The X -ray tube appears very attractive from the viewpoint of de-
creased shielding weight and safety from potential contamination. It should 
therefore be included in a list of sources considered in this study, even 
though its use must await further development. 

Several smaLL pulsed and steady state X-ray sources have been 
developed, which although too Low in bremsstrahlung energy at present to 
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permit density measurement, could in the foreseeable future be modified. 
Pertinent data for these sources are given in Table 5. 5-3. 

TABLE 5. 5-3 

RECENT X-RAY TUBE CHARACTERISTICS 

X-Ray Pulse Pulse Leak 

Source 
Energy Weight Volume width rate Power 

(kv) (l b) ( ft 3) ( jJ. sec) pps watts 
---·-·-

Fexitron 845 150 50 1 . 05 7 550 

Baltograph 300 300 136 3 ~nc- 1000 

Rigaku 300 EG 300 143 3 ~DC--+ 1000 

5. 5. 8.4 Operational Procedures for Gamma-Gamma Measurements 

The normal calibration procedure for this instrument is a periodic 
(week to month) check of count rate when inserted into a solid aluminum 
density standard for 1 or 2 minutes. The gamma detector is usuaLLy checked 
separately before and after each run using a smaLL radioactive disc source 
as discussed earlier, to indicate malfunction or drift. 

The Logging measurements are made with the instrument moving 
up the hole. Except for the calibration procedures, the experiment tin1e is 
fixed by the logging speed and the depth or extent of the formation to be in-
vestigated. 

The data in counts per second would be converted to units of 1nass 
density by digital comparison to a basic chart established on earth for tlw 
device. This conversion would not require astronaut time except to initiate 
it. This experiment cannot be performed piggy-back in the borehole. 

5. 5. 9 Neutron-Gamma Measurements 

Neutron-gamma measurements in general describe a method of 
prospecting which involves irradiating a formation with fast neutrons and 
detecting gamn1a rays at various energies given off at certain time after the 
source has been turned off. 
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The original technique involved an isotope source of fast neutrons 
with a device that detected the gamma rays emitted when the atorns of the 
formation captured a thermal neutron. An example is the detection of 2. 2 Mev 
gamma -rays given off when a thermal neutron is absorbed by hydrogen. This 
type of measurement only served as a complement to the neutron -neutron 
Log. It distinguished between strong neutron absorbers such as hydrogen, 
boron, and chlorine, by providing characteristic gamma ray spectra to aug-
ment the thermal flux data. 

Another technique, used later, involved neutron activation analysis. 
In this method, which can also be performed with capsule sources, the radia-
tions that are detected are those emitted by the unstable nucLei produced in 
the rocks and fluids of the formation. While this form of the experiment 
has been successful in detecting a number of elements, it can also lead to 
ambiguities since the gamma rays emitted depend on the unstable nucleus 
produced and not on the bom.barded nucleus. For example, A127 and Si28 
both produce the isotope A1 28 and are thus indistinguishable. 

A more powerful technique would be to irradiate with a pulsed 
source of fast neutrons and detect not only the activation and capture gamma 
rays but also the prornpt photons produced as a result of the inelastic scatter-
ing of the fast neutrons. Experiments performed by Schrader and Stinner(14) 
have shown that A 1, Mg, and Fe concentrations of 5o/o and Si and 0 of 9o/o can 
be determined with an accuracy of 10o/o, using the inelastic scattering tech-
nlque. Other experimenters using inelastic scattering and neutron activa-
tion gamma measurements have been able to determine minimum detectable 
limits for Ca (3. 6o/o), S (2. 4o/o), and Mn (1. 5o/o) among those elements expected 
to be mast abundant in the lunar crust. ( 24) 

These results indicate the neutron- gamma measurements to be 
partie ularly sui ted for surface and subsurface identification of mineral 
bearing strata. The measurement that is recommended consists of a com-
bination of inelastic scattering, neutron capture, and short-lived ( 1 milli-
second) activation analysis. 

5. 5. 9. 1 Instrument Requirements 

The instrument recommended for the neutron-gamma measure-
m.ents is a combination of a 14-Mev neutron pulse source and a scintillation 
gamma detector, separated by a shield. The requirements on the detector 
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can best be explained with the aid of a diagram showing the time sequence 
of gamma ray emission following the irradiation (Figure 5. 5-8). 

Prompt gamma rays due to inelastic scattering of neutrons occur 
only during the first 5 to 10 microseconds following the initiation of a pulse. 
The photons appearing after 10 to 30 microseconds are those produced as a 
result of thermal neutron capture with most of the thermal neutron captures 
occurring within 200 to 800 micro-seconds. The gamma emission after this 
is due to long-lived unstable nucleus decay and would require counting rates. 

The detector required to measure prompt and delayed gamma 
rays successfully, therefore, has to be gated to distinguish between the 
two chronological types of gamma rays. The source requirement is that 
it be capable of pulsing every millisecond, allowing large counting rates 
to be obtained. This would set the pulse rate of 109 neutrons/sec, with 
10 6 neutrons available per pulse. 

5. 5. 9. 2 Status of Existing Equipment 

Capsule sources have often been employed in neutron-neutron 
and neutron- gamma logging tools. Pertinent characteristics of isotope 
neutron sources that have most frequently been used in petroleum exploration 
are given in Table 5.5-4. 

TABLE 5. 5-4 

CAPSULE NEUTRON SOURCES 

Source Half-life 
Approx. Yield 

Neutron Energy (10 6 neutrons/sec curie) 

Ra-Be 1620y Peaks at l and 5 mev l 7 

Po-Be l38d Peak at ~s Mev 3 

Ac-Be 22y Peak at ~s Mev 21 

Pu-Be 90y Peaks at 1, 4, and 8 Mev 12 
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However, this type of source presents several disadvantages for 
the lunar application among which are shielding and contamination problems, 
a severe inherent Limitation in performing all types of neutron-gamma 
measurements, and a requirement for high sensitivity detectors or large 
source weight. For example, a brief examination of Table 5. 5-4 shows that 
approximately 300 curies of Po-Be would be necessary to give the 109 neutron/ 
sec that can be expected from a pulsed neutron source. It is, therefore, 
recommended that capsule sources not be considered for either neutron 
source measurement. 

Several pulsed neutron sources have been on the open market and 
muse for at least 5 years. Theoretically both the 14 Mev (d-t) and the 
2. 5 Mev (d-d) reactions will yield high neutron fluxes However, the (d-t) 
reaction is always used since a larger volume is sampled by the high energy 
neutrons and the gamma ray yield of reaction is considerably higher as more 
levels are excited in the bombarded formation. Nearly all tubes can be oper-
ated in both pulsed and continuous modes. Table 5. 5-5 gives a partial list 
of pulsed neutron sources that have been reported in the open literature: 

5. 5. 9. 3 Conceptual Design of Neutron-Gamma Measurement Instrument 

Based upon the information in Table 5. 5-5, the recommended 
neutron source for the proposed measurements has the following character-
is tics: 

Weight: 25 1 b 

Length: 12" 

Diameter: 1 3/4" 

Power: 25 watts 

Data Format: Digital (bit rate to be determined) 

Logging Speed: 30 ft/min 

The use of the recommended technique requires that the gamma 
energy spectrum be measured; thus G-M tubes are not suited for this tech-
nique. Laboratory studies using similar techniques have all used scintilla-
tion detectors, and these would certainly appear to be applicable to the lunar 
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TABLE 5. 5-5 

PULSED NEUTRON SOURCES 

1. Manufacturer: Phillips 

Output: 3 x 109 n/sec (continuous} 

3 x 10 10 n/sec (5 f.!Sec pulses} 

Length: 4 2 em 

Diameter: Scm 

Lifetime: 200 hr at 2 x 10 8 n/ sec 

Temperature rating: 120°C 

2. Manufacturer: Schlumberger Well Surveying Corp. 

Output: 10 8 - 10 9 n/sec (continuous or 5 f.!Sec pulses} 

Power: 25-100 watts 

Length: 31 c m 

Diameter: 5 em 

Lifetime: 100 hr at 10 8 n/sec 

Temperature rating: 145°C 

3. Manufacturer: Kaman Aircraft Co. 

Output: 107 n/pulse-single source tube 

Power: 200 watts 

Length: 30 in. 

Diameter: 12 in. 

Lifetime: sec 

Weight: 48 Lb 



case. However, one requirement for this technique is very good detector 
resolution. This is not only necessary in identifying the elements present, 
but would also enable deterrninations of relative concentrations of different 
elements. Thus, theuse of solid-state detectors, with their potentially high 
resolution, could be seriously consiered, in this case even though their 
efficiency is less than for scintillation detectors. 

Notwithstanding this problem, it still appears that the first choice 
of detector, at present, would be a scintillation detector. Silicon detectors 
have very low efficiencies, and germanium detectors, which have good effi-
ciencies, must be n1aintained at cryogenic temperatures to achieve stable 
operation. While this might be done fairly easily during lunar night when 
the temperature of the lunar crust will drop to about -260°F, during lunar 
day this temperature will rise to ~40°F, and cooling problems will be severe. 
Thus, our present considerations are based on the use of scintillation detec-
tors. 

The instrument system will again be somewhat similar to the one 
described for the ;neal survey. utiliz;ing a Csl (Tl) crystal with an appro-
priate photomultiplier tube. The plastic scintillator for charged particle 
rejection will not be required. 

A block diagram of the electronics for the instrument is shown in 
Figure 5. 5-9. The important point to note is that a gate for signals from the 
amplifier is opened only during and just after a neutron pulse. This is done 
to enable both n-y logging, neutron capture, and short-lived neutron activa-
tion measurements to be performed with the same tool at the same time. 
Opening and closing the gate ensures that the only gammas that are analyzed 
are those associated with either (n, y) reactions or inelastic scattering re-
actions by the 14 -Mev neutrons. 

The size of the scintillation crystal is again limited by the bore -hole 
diameter to around l-1/ 2'' diameter. However, these small crystals do not 
have as good resolution as larger ones, and escape peaks associated with 
high energy gammas will be exhibited. 

The energy range of the detector has to be up to at least about 8 Mev, 
as there are significant reactions up to these energies. (For example, the 
Fe (n, y) reaction gives a line at 7. 6 Mev.) Also the gamma ray spectrom-
eter must have good resolution to separate clearly lines that are produced 
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Figure 5. 5-9 Block Diagram of Instrumentation for Neutron-Gamma Logging Probe 



by different elements. 
number of channels (;:; 

Thus, a pulse height analyzer with a fairly large 
100) is required. 

Thus the pulse -height -analyzer energy span, which had been tenta-
tively set at 3~ channels for the spectral gamma ray mee1surement, can be 
este1blished at lL.8 ch<lnnels. This would give good resolution from 0. 1 to 
about 9 Mev. 

The neutron source, shielding between source and detector, detec-
tor, and some of the control electronics are packaged in the tool. The pack-
aging Clrrangement would be such that the gamma detector could be easily 
removed and used separe1tely for the other measurements. 

5. 5. 9. 4 Operational Procedures for Neutron -Ge1mm<1 Mee1surements 

The technique requires the least amount of astronaut time for the 
amount of lithologic information received. The pulser would be set to fle1sh 
every millisecond. The detector ce1libration he1s been described elsewhere 
and would not necessarily be repee1ted. Although the detector would be 
designed to have negligible interference from long-lived decay gamma re1ys, 
actue1l field experiments may indice1te that background awareness and sub-
traction might be necessary. 

The present ple1ns Clre to repee1t the experiment at 5 or 10 places 
outside the vehicle e1nd in the boreholes. 

The expected set-up, calibration, and data taking time for this 
experiment is 5 to 10 minutes per set-up. This experiment cannot be per-
formed in te1ndem with another one. 

5. 5. 10 Neutron-Neutron Measurements 

In this method, a source of fast neutrons 1s used to irradiate the 
formations and thermal or epithermal neutrons are detected as Cln indication 
of the characteristics of the formation. This method ce1n best be ernployed 
to determine the hydrogen or water content of formations since the neutron 
flux at Cl given distance from the neutron source is proportional to the slow-
ing down cross -section of the forme1tions. 

The mee1surement has been used in surveying for petroleum to deter-
mine porous zones filled with water or oil. On the moon it could be used to 
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locate ice or permafrost. If a near-surface permafrost layer is present, 
there would be a gradual decrease in the count rate as the fast neutrons 
encounter more and more hydrogen nuclei with rise of permafrost. It would, 
however, give a similar response to other neutron absorbers such as boron, 
sulfur, and chlorine which could be expected in the lunar environment and 
a neutron-gamma log is usually necessary to complement the findings. 

It has two attractive features in that the response of the device is: 
( 1) independent of variations in rock density, and (2) not sensitive to natural 
or induced radioactivity. 

The neutron-neutron logging method is recommended with reserva-
tions. The technique suggested is based on the measurement of the intensity 
of thermal neutrons only. As such it represents a simple measurement that 
can be performed by the astronaut to ascertain the presence of high eros s-
section materials. It does, however, mean the extra weight and requirement 
on astronaut attention of a detector that cannot be used for any other meas-
urement. 

5. 5. 10. 1 Instrument Requirements 

Either a BF3 counter or a semiconductor detector with a neutron 
converter foil appears well suited for these measurements. The semicon-
ductor detector is attractive because of its smaller size and lower operating 
voltages. However, its low efficiency for counting neutrons may rule out 
its use. A silicon surface -barrier detector such as the Type SBS made by 
Solid State Radiations would be used with a boron-10 converter foil. BF3 
counters are used almost exclusively in terrestrial prospecting. 

5. 5. 10. 2 Status of Existing Equipment 

Two types of detectors appear suited for the thermal neutron 
measurements: ( 1) BF 3 chambers, and (2) solid-state detectors used with 
a neutron converter foil. The BF3 chamber is an ionization chamber oper-
ated in the proportional region. Thermal neutrons react with the boron via 

10 .7 
B (n, a) L1 

and the resulting alpha-particles are detected and counted. Gamma rays 
also produce pulses in the chamber, but the magnitude of the gamma pulses 
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1s typically 1/10 (or less) of the magnitude of the alpha-pulses. A discrim-
inator in the electronics biases out the gamma pulses so that only the thermal 
neutron output is measured. 

Semiconductor detectors for neutron detection work in a similar 
manner; they utilize a foil such as BlO or lithium in front of the detector, 
and measure the alpha-particles produced by (n, a) reactions in the foil. 

BF3 counters have been widely used for neutron detection for 
many years. A variety of types are available, including ruggedized versions 
which have been built for satellite flights. For example, the Reuter -Stokes 
Type RSN -945 tube has been used to measure neutron fluxes during Dis-
coverer Satellite flights. BF3 counters have been used in virtually all 
neutron-neutron loggings on earth. 

Neutron detection with semiconductor detectors is much more 
recent. It is quite simple in that a conventional, alpha-particle detector is 
used. These detectors have the advantages (compared with BF3 tubes) of 
being smaller and operating at lower voltages. 

One disadvantage of both of these detector types is that they are 
sensitive to charged particles. Thus, if there is a large background radia-
tion of alpha-particles on the lunar surface, they would be seen by these 
detectors. However, the packaging of these detectors inside the neutron-
neutron logging tool can provide adequate shielding against alpha-particles 
without significantly attenuating the more penetrating neutron flux. 

5. 5. 10. 3 Conceptual Design of Neutron-Neutron Measurement Instrument 

A block diagram of the detection system for n-n logging is shown 
1n Figure 5. 5-10. Here the solid-state detector feeds a preamplifier which 
1s included in the logging tool. The preamp drives the signal cable and is 
followed by an amplifier with a suitable discriminator. Since only thermal 
neutrons are detected, pulse height analysis is not required and only integral 
counting is performed. The amplifier feeds a count rate meter whose output 
is recorded along with the motion of the tool in the bore -hole or along a 
formation on the surface. The active length of the detector is about 10 11

• 
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Figure 5. 5-10 Block Diagram of Thermal Neutron Detector 
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A summary of parameters follows: 

Weight: 20 lb 

Length: 12. II 

Diameter: l 3/4 11 

Power: l 0 watts 

Data Format: Analog 

Logging Speed: 20 ft/min 

5. 5. 10. 4 Operational Procedure for Neutron-Neutron Measurement Instru-
ment 

The experiment would be repeated at 5 to 10 places outside the 
vehicle and in the boreholes. The expected time required, per set-up, based 
on terrestrial field use, is not more than 10 minutes per set-up. The ex-
periment should not be performed in a borehole containing other equipment. 

5. 5. ll Radioactive Dating 

The most promising techniques for dating lunar rocks are listed in 
Table 5. 5-6 in the order of their importance for a lunar application. Radio-
active dating relies on mass spectrometer measurements of isotopic abun-
dance ratios of members of radioactive series that can be successfully 
separated. The dating process depends on finding non-equilibrium between 
parent and daughter isotope or between minerals. The rate at which equili-
brium is being approached can then be used to measure time. 

The K -Ar technique is best suited for dating volcanic rocks. 
Reynolds (25) describes the analytical method and states that the AR-40/K-40 
ratio in a given material can be obtained to an accuracy of less than 5o/o. 
Many types of volcanic materials have been used for K-Ar dating, the most 
successful having been biotite, hornblende, and sanidine as well as whole 
rock samples and volcanic glass. The size of rock sample depends on the 
age. Samples range from 2 to 3 grams for older rocks to 20 grams for the 
youngest. 

The K -Ar isotopic age can be assumed to be a m1n1mum since 
argon is not trapped in the silicate melt, or in the minerals crystalizing 
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TABLE 5. 5-6 

ISOTOPIC METHODS FOR DATING LUNAR ROCKS 

Isotopes 

238 206 u - Pb 

235 _ Pb 207 u 

Th 
232 

- Pb 
t-08 

Rb87- Sr87 

40 40 
K - Ar 

14 c 

Found In 

Zircon in tuffs, 
rhyolites 

Zircon in tuffs, 
rhyolites 

Zircon in tuffs, 
rhyolites 

Biotite 

Decay Constants Range 

10 -1 
10 X 10 9 l.54x 10 yr To -- yr 

9. 72 X 
-10 -1 

10 yr 

0. 499 X 
-10 -1 

10 yr 

-11 -1 9 
0. 4 7 x l 0 yr To -- l 0 0 x l 0 hr 

-10 -1 = 4. 7 2 x l 0 yr To - 10
5 

yr Micas,horn-
blendc, 

-10 -1 
sanidine, whole = 0. 5 84 x l 0 yr 
rock 

Carbonaceous 
matter, shells 

from this melt, and contamination by it can be neglected. It has been shown 
that the minerals or rocks retain argon doWl to volumes of one cubic milli-
meter. Argon losses occur only if heating to 150 to Z.00°C has occurred for 
prolonged periods. Ground water alteration reduces the Ar -40/ K -40 rettio, 
but does not introduce a large error in the K-Ar age. 

Experiments to determine the age of meteorites have made use of 
the radioactive decay of uranium into helium, uranium into lead, and potas-
sium into argon. The U -Pb method among these has the advantage of the 
daughter nuclide not being a gas. Uranium-lead data on stone meteorites 
have given an age of 4. 5 x 109 yr. Data on iron meteorties are open to 
speculation due to the contested assumption of the premordial lead isotopic 
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abundance common to all meteorites in the planetary system. K-Ar methods 
have led to ages of up to 10 x 109 yr. 

The radioactivity in common igneous rocks is concentrated in the 
accessory minerals of zircon, sphene, and afatite which contain almost 
half the total uranium and thorium. Larsen 26 ) has suggested a chemical 
uranium-lead method for zircons based on measurements of known uranium 
and thorium contents. 

Kulp(Z7) has indicated that the Rb-Sr method can be applied to 
biotite separated from flow, sill, and dike rocks as well as tuffs. However, 
the method is correct only for rock species more than 50 x 106 years old 
and age determinations by this technique must consider activity due to base 
exchange from ground water, if it exists. 

14 
The C method is very accurate on earth in the case of lavas, 

pyroclastic flows, and ash falls that have occurred during the past 5 x 104 

years. However, the nitrogen content of lunar materials is not expected to 
be very high and thus the method appears to be the least promising. 

The most satisfactory uranium mineral for age determinations is 
uranimite which occurs in pegmatites. The rubidium method is most 
successful in micas, such as biotites. The potassium method can be applied 
to many materials since potassium forms at least several percent of most 
feldspars and micas, which are common minerals in most igneous rocks 
and pegmatites. 

The choice of methods is usually determined by the type of mass 
spectrometer available. Rubidium and potassium can use lower resolution 
spectrometers, such as the radio-frequency mass spectrometer. High 
vacuum techniques are mandatory to analyse argon in conjunction with iso-
topic dilution methods. 

The recommendation 1n this case is that while this measurement 
IS definitely of primary importance, it would best be performed on samples 
returned to earth. 
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5. 5. 12 Nuclear Measurements Evaluation and Selection Criteria 

Specific 
~easurement* parameter 

measured 
Use Remarks Complementary Alternate 

experiments ~ethods 

Natural 
gamma 
environment 

Spectral 
gamma 

Gamma-
gamma 

Neutron-
gamma 

Neutron-
neutron 

Radioactive 
dating 

Integrated Y 
radioactivity 

Y -radiation 
due to K, 
Th and U 

Scattered 
Y -radiation 

Y -radiation 
due to 
l) inelastic 

neutron 
2) Thermal 

neutron 
capture 

3) Unstable 
nucleus 
decay 

Thermal 
neutron flux 

Gross geologic 
mapping x strata 
identification 

l) Geologic 
mapping 

2) Strata identi-
fication 

3) Rock sample 
identification 

a and b 

l) a 
2) b 
3) c 

Determine mass band c 
density of forma-
tions 

Qualitative and 
quantitative ele-
ment identifica-
tion (Fe, Si, Al, 
0, ~g, etc.) 

Identify hydro-
genous materials 
(water, perma-
frost, etc. ) 

Determine chron-
ological age of 
formations 

band c 

band c 

d 

~agnetic 

anomalies, 
sonic, spectral 
gamma, etc. 

~agnetic, 

sonic, 
electrical 

Electric 
resistivity, 
sonic d 
neutron 

Neutron-
neutron for 
some ele-
ments 

Neutron-
gamma 

None 

None 

l) None 
2) Lab 
3) Experi-

ments on 
samples 

Lab ex-
periments 
on samples 

l l 

ll 

None 

'~In order of sequence of performance 

a. Automatic traverse measurement inside vehicle-no set-up time 
b. Automatic borehole measurement outside vehicle -5 to 10 min set-up per hole 
c. Individual measurements outside vehicle -5 to 10 min set-up per hole 
d. ~ass spectrometer measurement performed on sample returned to earth 
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The weights given for each measurement in the preceding sections 
are those that would be required if only the measurement discussed were 
performed separately. As discus sed in Section 5. 5. l, however, several 
subsystems are common to more than one measurement. Table 5. 5-7 gives 
weight distribution estimates of key subsystems and a total weight assuming 
that all experiments are performed. 

TABLE 5. 5-7 

WEIGHT AND DISTRIBUTION OF NUCLEAR SUBSYSTEMS 

Weight Natural Spectral Gamma Neutron Neutron 
(lb) gamma gamma gamma gamma gamma 

----

Gamma source 4 X 

Pulsed neutron 12 X X 
source 

Gamma-ray 2 X X X X 
detector 

Neutron de- 3 X 
tector 

Count-rate 2 X X X 
meter 

128 channel 6 X X 
analyser 

Data process or 4 X X X 

Source -detector l X X 
shield 

Total Weight 34 

It should finally be noted that the interim design of the natural 
radioactivity instruments has been arrived at without the benefit of satisfac-
tory background radiation information. The instrument requirements for the 
two measurements in question will be critically re-evaluated when this in-
formation becomes available. 
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5. 6 SURFACE MATERIAL SIGNATURE MEASUREMENTS 

On- site visual observations and high resolution close- up photography 
techniques will provide clues toward the accurate identification of surface 
materials. In addition, valuable information may be provided through the 
use of measurements in the soft or hard X- ray and the IR portions of the 
electromagnetic spectrum. 

The X- ray fluorescence method will determine quantitatively the 
elements in a given geological sample to a high accuracy, but requires 
somewhat sophisticated specimen preparation and measuring apparatus. 
Development work toward implementing this technique for lunar exploration 
could probably result in a very useful procedure, but such work is now in 
only the preliminary stages. The investigations now being initiated to 
determine if meaningful data can be obtained and if the solar radiation is a 
sufficient source, will aid 1n these considerations. 

The IR investigations are much further advanced and an extensive 
library of emittance and reflectance vs wavelength data has already been 
established by Lyon and others ( 1964). The IR spectroradiometer and/ or 
the interferometer spectrometer designed for operation in the 8 to 15-
micron region (discussed in Section 4. 2. 2 for temperature measurement) 
can be used for these composition analyses if the required spectral reso-
lution of at least 5 em- 1 is provided. The measurements made to date have 
been under laboratory conditions on specially prepared samples with tech-
niques using the reflection from highly polished samples or attenuated total 
diffuse reflection which would not be feasible from a roving vehicle. The 
technique of measuring radiation emitted by the specimen however, especially 
in the 8 to 20-micron region does appear potentially useful. Field investi-
gations will be necessary to determine how well unprepared raw samples 
can be identified, since it is well known that the signature peaks and valleys 
become indistinct as the particle size decreases and as the surface becomes 
more roughened. 
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5. 7 GAS ANALYSIS MEASUREMENTS 

The purpose of the gas analysis measurements is to determine the lo-
cal composition and pressure of surface gases. Both the general lunar at-
mosphere and localized gas "clouds" may be encountered. 

The general lunar atmosphere is tenuous. The magnitude of the lunar 
atmosphere pressure is the result of the competition between the gas sources 
and the gas escaped into space. Since extremely large equilibration times 
are associated with mechanics of the competition, it is expected that the 
composition and pressure do not vary significantly over large areas of the 
lunar surface. Consequently, the measurement of the average lunar at-
mospheric composition and pressure could be performed by in-place instru-
mentation. Localized bursts, perhaps intense, and gas clouds may be the 
result of residual volcanic activity. 

This section describes the scope and implications of the Gas Analysis 
Experiment, the instrument performance characteristics necessary to ob-
tain complete data, the evaluation of existing techniques leading to the 
choice of the appropriate instrument, a conceptual design of the selected 
instrument, and an outline of operational procedures and constraints ln-
volved in actually performing the gas analysis measurement. 

5. 7. 1 Description of Gas Analysis Experiment 

The gas analysis experiment is designed to perform rapid localized 
analyses of gas emanating from the interior of the moon. As such, it will 
be performed when auxiliary observations indicate the presence or possible 
presence of gases escaping from old volcanic activities or leaking from 
fissures or cracks in the lunar crust, as opposed to conducting sampling 
on a regular scheduled basis throughout the traverse mission. In addition 
to actual sightings of gaseous emissions, the presence of mineral deposits 
formed as sublimates of escaping gases surrounding fissures or cracks or 
irregular increases in total measured atmospheric pressure or density will 
identify appropriate sites for the experiment. The frequency with which the 
experiment will be performed will depend entirely on conditions encountered 
during the traverse mission. Since the indigenous lunar atmosphere is of 
scientific and perhaps operational interest, it should be sampled and analy-
zed on a statistical basis with the same instrumentation throughout the 
traverse mission; for correlation purposes, at least several analyses of 
the indigenous lunar atmosphere at locations where no significant subsur-
face gaseous emanations are present will be desirable. 
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To determine the set of realistic instrument characteristics re-
quired to perform these analyses, it was necessary to define a model of 
both the "atmospheric" and "volcanic" gases to be encountered. The con-
tribution to this model of gases liberated by subsurface volcanic activity 
was based on the analyses of gases liberated by terrestrial volcanic ac-
tivities, as provided by Dr. Parsons, 1 >:C and is summarized in Table 5. 7-1. 
In addition, it was assumed that the indigenous lunar atmosphere constitutes 
the other significant contributor to the model. Estimates of atmospheric 
gases and concentrations were based on the Herring and Licht 2 model and 
are summarized in Table 5. 7-2. The composition model derived by as-
suming equal contributions from both of the two sources described above 
is presented in Table 5. 7-3. 

Several specific interference effects which can result in "contamina-
tion" of the gas sample to be analyzed will be present. The first of these 
is potentially the most severe and must be considered in the design of the 
experiment-this is outgassing from the surface vehicle and the astronaut's 
spacesuit. A discussion of the degree to which outgassing effects influence 
the performance of the gas analysis experiment is included in a later sec-
tion. Other interference effects are those associated with dust raised by 
the surface vehicle motion and retro-rocket fuel exhaust products. Neither 
of these interference effects is sufficiently severe to bear strongly on the 
overall experiment design. 

In short, it will be the goal of this experiment to measure the com-
position and pressure of the lunar atmosphere and the gases emanating from 
beneath the instrument lunar surface. 

5. 7. 2 Gas Analyzer-Basic Principles 

The requirements of this investigation (i.e., analysis of gases at 
pressures on the order of 1 x lo-8mm of Hg; minimum size, weight, and 
power; highly automatic in operation} necessitate the use of a mass spectro-
metric technique to perform the analysis. Any mass spectrometer can be 
subdivided into sections to aid in its discussion. A convenient div1sion is 
sample system, analyzer system, and output system. 

~~ 
References for Section 5. 7 are listed in Section 5. 7. 8. 
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TABLE 5. 7-1 

MODEL OF GASES EMANATING FROM RESIDUAL 
VOLCANIC ACTIVITY 

Type Concentration Mass 

H 0 2 67.485o/o 18 AMU 

C02 12.710 44 

N2 7. 650 28 

SOz 7.030 64 

so3 1. 860 80 

Sz 1. 040 64, 66, 68 

H2 0. 7 50 2 

,:'co 0. 670 28 

c12 0.410 70 

Ar 0.200 40 

HC1 0. 117 36,38 

HF 0.032 20 

H 2S 0.029 34, 36 

CH4 0. 01 5 1 6 

02 0.002 32 

>:'B 0 
2 5 < 0. 001 182 

,,, 

.,.Components which are not to be measured 
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TABLE 5. 7-2 

MODEL OF LUNAR ATMOSPHERE 

Type Concentration Mass 

Kr 88% 

Xe -12% 
-5 

~~so 3.5xl0 o/o 2 
-5 

~~co 2.6xl0 o/o 2 
~:'H 0 1.3 X l0- 5% 

2 
>:<Ar 1.2 X 10- 9 % 

'::: 
Components which are not to be measured. 

36 

"67" 

64 

44 

18 

40 

The sample system is designed so that the sample will be appropria-
tely positioned within the analyzer. The analyzer system performs three 
main activities: ( 1) ionizing the sample, ( 2) separating the sample according 
to the mass -to-charge ratio, and ( 3) detecting the separated components. 
The output system conditions the signal from the analyzer (usually a cur-
rent) so that its format is appropriate for the data handling equipment with 
which the mass spectrometer is used. 

The remainder of the gas analyzer includes a calibration system and 
a pressure over-ride system. To perform the desired measurements with 
accuracy, it is necessary to make a provision in the gas analyzer for per-
forming real calibrations, i. e. , a method of providing a controlled gas 
sample at a known pressure to the ion source region in order that the gas 
analyzer output may be adjusted for any changes in spectrometer sensitivity. 
This type of calibration is particularly important, because the instrument 
will encounter wide ranges of extreme environmental conditions. Adequate 
long -term absolute stability is very difficult to achieve in a spectrometer 
under these conditions. The pressure over-ride system prevents the crit-
ical potentials from being applied to the spectrometer whenever the instru-
ment is exposed to "pressure bursts" of a magnitude greater than lo-4 torr. 
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TABLE 5. 7-3 

COMPILATION OF COMPOSITE SAMPLE CHARACTERISTICS 

Type Concentration 

Kr 44o/o 

H 0 2 33 

C02 6. 5 

Xe 6 

N2 3. 8 

so2 3. 5 

so
3 

s2 

-1 
9.3x10 o/o 

-1 5, 2 X 10 

H2 
-1 

3. 8 X 10 

>:<CO -1 3. 4 X 10 

Cl2 
Ar 

-1 
2. 0 X 10 

-1 
l.Ox10 

HC1 
-2 

5. 8 X 10 

HF 
-2 

l.6x10 

H S 2
CH4 

02 

-2 
l. 5 X 10 

-3 
8. 0 X 10 

-3 
l.Ox10 

*B 0 2 5 
-4 

5, 0 X 10 

~:. 

Components which are not to be measured. 
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dt 
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mr 
0 

2 ( V O + V l COS W t) X = 0 

2 ( v 0 + v 1 cos w t) y = 0 

2 
d z 

2 
dt 

= 0 . 

The gas analyzer incorporates a quadripole mass spectrometer 3 

analyzer. This mass spectrometer employs four circular rod-electrodes 
placed symmetrically about an axis to which RF and DC potentials are ap-
plied. The resulting potential at any point in the field is of the form 

are: 

2 2 
v = (V 0 + v 1 cos w t) (X ; y ) 

r 

The equations of motion of any single charged ion 1n such a field 

These equations can be transformed into differential equations of 
the Mathieu-type with periodic coefficients, which are characterized by 
ranges of stable or unstable solutions. Hence, ions injected into one end 
of the field follow trajectories which result either in stable bounded oscil-
lations about the axis of symmetry or in unstable unbounded oscillations of 
amplitudes such that the ions diverge from the axis and collide with the 
field-forming rods. Ions with stable trajectories are transmitted through 
the field to the detector. For fixed values of w, V 

0
, V 1, and r 

0
, there is a 

finite range of m/ e values for which stable motion exists. This range can 
be tuned for a particular mass by varying w or V 

0 
and V 1 (keeping the ratio 

V 0 /V 1 constant). Hence, a range of masses can be "scanned" by appropriate 
changes in the applied potentials. 

In using the mass spectrometer, it is frequently necessary to resolve 
interferences between one channel and another; i.e., many materials con-
tribute to more than one mass position. For the gas models imposed on this 
study, no significant interferences exist. (An example of this procedure ap-
plied to a specific problem is included in Section 5. 7. 7.) 
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5. 7. 3 Gas Analyzer Performance Requirements 

Instrument performance requirements for the gas analysis experi-
ment are based on the prediction of the composition and pressures of the 
gases to be encountered as presented in Table 5. 7-3 and a general picture 
of environmental conditions. The requirements have been determined as 
listed below. 

5. 7. 3. 1 Mass Range: 2 to 80 AMU 

This range includes all species of principal interest. No attempt 
will be made to measure B 2 o 5 if present, as a significant extension in mass 
range and resolution would be necessary to include it. As it is not antici-
pated to be one of the principal constituents of the total sample, efforts to 
include it in the measurement are not justified. 

5. 7. 3. 2 Resolution: 100 AMU 

The criterion used here is that the maximum contribution to the 
mass 100 peak by adjacent mass peaks will be 1% of the mass peak. This 
resolution will be sufficient to determine all anticipated species, with the 
exception of CO whose mass position overlaps that o£ molecular nitrogen 
(N2 ). Sufficient resolution to separate these two species would place a pro-
hibitive bound on a flyable instrument. 

-13 
5. 7. 3. 3 Sensitivity: 2 x 10 mm of Hg 

Sensitivity as used here is considered to be the m1n1mum detect-
able signal. With the sensitivity specified, the gas analyzer will be capable 
of measuring the smallest concentratio_n anticipated (i.e., 0 2 at a concen-
tration of 2 x 10- 3% in a sample at 10-8 mm of Hg total pressure). 

-5 5. 7. 3. 4 Dynamic Range: 2 x 10 

Dynamic range as used here defines the ability of the instrument 
to discern between adjacent mass peaks representing the maximum and 
minimum amplitudes to be encountered. 

5. 7. 3. 5 Scan Rate: 10 Seconds Full Scale 

This parameter specifies the interval required for the gas analy-
zer to scan through the complete spectrum. 
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5. 7. 3. 6 Response Time: 0. 0 5 Second 

This parameter can be computed from the dynamic range, the 
mass range, and the scan rate; it refers to the equivalent time constant 
of the system. 

5. 7. 3. 7 Performance Limits 

In addition to the above requirements, two additional character-
istics are necessary. As the total pressure of the transient gas sample 
is conjectural at the present time, the gas analyzer may be exposed to pres-
sures considerably in excess of the lo-8 mm of Hg total pressure assumed 
for the purposes of this study. Hence, the gas analyzer must be designed 
to survive these pressure bursts. 

The physical elements of the gas analyzer must also be bakeable 
to eliminate masking of lunar atmosphere gases by those desorbing from 
the gas analyzer surfaces. Periodic baking to 450°C will be necessary, 
and the gas analyzer must be designed to endure such baking with mini-
mum changes in performance characteristics. 

5. 7. 4 Gas Analysis Measurement Technique Evaluation and Selection 

The scientific community agrees that the pressure of the lunar at-
mosphere is very low, but there is little agreement concerning the precise 
design bogey to be used. A consideration of the work of Dollfus 4 , Elsmore 5 , 
Singer 6 , Jeans 7 , Spitzer 8 , Herzberg 9 , and Herring and Lichtl 0 gives values 
between about l 0-6 and l 0-10 torr as the approximate total pressure. For 
this study, it has been assumed that the lunar atmosphere is l0- 8 torr. 

The pres sure profile associated with gases escaping from fissures 
is also in considerable question. Given a source strength, the value of the 
pressure in torrs at a distance of 3. 5 X l 0 2 meterS is given approximately 
by 3 x l 0- 4 J, where J is the source strength in pounds per second. This 
relationship is based on a point source model and the "scale distance" is 
the distance a particle of mass 44 AMU travels in one second under mole-
cular flow conditions. Estimates of the appropriate value of J have not 
been found. However, the literature cited immediately above shows that, 
were the pressure greater than about 10- 8 torr, it might well have been de-
tected by the experimental studies of the lunar atmosphere. For this study, 
lo- 8 torr has been used as the bogey pressure of the gas from residual 
volcanic activity. 
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Although there is no agreement about the best estimate of the lunar 
atmospheric pressure, there is universal a~reement that it is very low. 
The pressure is almost certainly below 10- torr, but at pressures below 
about l 0-2 torr the only practicable composition measurement technique is 
mass spectrometry. Only this technique has been considered. 

Mass spectrometers are generically classified by the method used 
to separate the ions (by which such instruments perform the analysis) into 
discrete e/m ratios. Those of interest in this study are the: ( l) magnetic, 
( 2) quadripole, ( 3) time -of-flight, and ( 4) coincidence time -of -flight. 

The development of successful mass spectrometers requires the ap-
plication of sound scientific and engineering skills coupldd with considerable 
instrumental art. This last item is attested to indirectly by the fact that 
many space-type mass spectrometer programs have produced but little 
results. 

This study did not treat the general comparison between, say, a 
magnetic and a quadripole mass spectrometer. Rather a specific mag-
netic mass spectrometer was compared to a specific quadripole mass 
spectrometer. The selection criteria was: the availability of accepted 
data in the scientific literature obtained with the use of the specific type 
mass spectrometer in an aerospace experiment. 

The specific instruments and the associated scientists are: ( l) 
double-focusing magnetic mass spectrometer of Nier 11 , (2) the quadripole 
mass spectrometer (massenfilter) of Schaefer 12 , (3) the time-of-flight mass 
spectrometer, Narcisi 13 , and ( 4) the coincidence time-of-flight mass spec-
trometer. No experimenter is associated with the last named instrument, 
since it has not yet been flown; it was included because it has been shown 
theoretically that such an instrument has much superior signal-to -noise 
characteristics in the analyzer section (one of the crucial portions of a 
mass spectrometer, and the section which usually sets the dynamic range 
of the instrument). 

The general performance of each of the spectrometers considered 
is close enough to the specifications called out in Section 5. 7.3 so that the 
extrapolation to the parameters, where necessary, associated with this 
specific study is expected to be on firm ground. 
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The Gas Analyzer Package includes more than just a mass spectrom-
eter; however, the remainder of the instrument is independent of the specific 
mass spectrometer type used. Consequently, only the basic mass spectrom-
eter need be considered in the parametric analysis. 

The following factors were considered in comparing and selecting 
the specific mass spectrometer type: ( 1) mass, (2) volume, (3) power, and 
( 4) complexity. The last factor was considered by breaking each of the 
specific mass spectrometer types into two basic parts, a so called physical 
system (source, analyzer, and detector), and an electronics system (every-
thing else). 

The physical systems of each type were interrelated by as signing 
unity to the, say, simplest source and estimating the relative complexity 
of each of the other sources. The electronics system complexity was 
treated as follows: First, experience has shown that the total "component" 
parts count of the "first flyable" unit will be one-half that of a unit later 
developed to be flight qualified. Accordingly, flight qualified part counts 
were computed. The resulting relative complexities are shown in Ta-
ble 5. 7-4, where the entry 1. 07/4 means that the physical system com-
plexity rates 1. 07 against other physical systems, and the electronics sys-
tem rates 4 against the other electronics systems. The remaining num-
bers are the products of the associated entries. 

Giving equal weight to each of the four parameters gives the nor-
malized results in the "rating" entries. Consequently, the quadripole 
mass spectrometer was selected. 
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TABLE 5. 7-4 

COMPARISON OF SPECIFIC MASS SPECTROMETER TECHNIQUES 

Magnetic Quadripole 
I 

·,j I 
If 

Time-of-
Flight 

Coincidence 
Time-of-Flight 

Nier- U. of University 
Minnesota of 

Michigan 
(Double 

Focusing) 

Earth 
Weight 
( 1 b) 

Volume 
(in. ) 

Power 
(watts) 

Flight 
Informa-
tion 

Basic Com-
plexity 
(parts count) 

35 
[ 22] 

1220 

15 

Yes 

(1.07/4] 
4.3 

10 
[ 1 6. 5] 

514 

23 

Yes 

(1.0/2] 
2 

25 
(18] 

390 

24 

Yes 

(1.26/3] 
3.78 

N/A 
(15] 

550 

26 

No 

[2.46/4] 
9. 9 

Rating 1. 54 1. 00 1. 13 I 1. 79 

5. 7. 5 Conceptual De sign of Gas Analyzer 

A functional block diagram of the complete gas analyzer 1s shown 
in Figure 5. 7-1 are described as follows: 

1. The ion source ionizes a portion of the input gas sample by 
electron bombardment, employing a 70-volt, lo- 6 ampere 
electron beam generated by a conventional mass spectrometer 
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Figure 5 7 -1 Gas Analyzer Block Diagram 
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filament- type electron gun and producing an ion cur rent of 
approximately lo-10 ampere with a source pressure of lo- 8 

Torr. It then injects the ions formed into the quadripole 
analyzer. 

2. The quadripole analyzer allows only the desired ions to be 
transmitted through it on a selected basis controlled by the 
sweep-frequency generator. 

3. The electron multiplier detects ions transmitted through the 
quadripole analyzer and amplifies the ion current. A gain of 
-ZOO is necessary so that an input ion current of- 5 x l o-11 
ampere (corresponding to an ion source pressure of l o- 8 torr) 
will result in an output current of about lo-8 ampere. 

4. The electronic collector collects the output of the electron 
multiplier and supplies it to the electrometer. 

5. The electrometer is a logarymith type, with a Io-8 ampere 
full scale sensitivity and provides a 5-volt full scale output 
scale. 

6. The filament regulator regulates the electron beam current 
to maintain a constant value. 

7. The AC-DC excitation sweep frequency generator provides the 
required potentials for the quadripole analyzer operation and 
also accomplishes automatic scanning of the mass spectrum. 

8. The bakeout heater assembly and bakeout regulator provide a 
heat source for bakeout of the physical system and regulate 
the bake out temperature and power requirements. 

9. The regulated power supply furnishes all regulated potentials 
required by the gas analyzer for operation. 

10. The instrument check sequencer is used only when required 
and provides a set of kay voltages to allow automatic checking 
of individual subsystem performance. 
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11. The electron multiplier supply provides the necessary regulated 
potentials to the electron multiplier. Adjustments in these 
voltages are used when sensitivity adjustments are required. 

12. The data conditioner accomplishes the required signal matching. 

13. The sensitivity gas source is a small (a few cubic centemeter) 
supply of pure nitrogen which is used to provide a sensitivity 
check for the overall gas analyzer. 

A possible external configuration for the gas analyzer 1s shown 1n 
Figure 5. 7-2. 

The present state of the art of mass spectrometry, particularly 
associated with flyable instruments currently in use, is sufficiently ad-
vanced so that no new developments or advances are necessary to produce 
an instrument appropriate for the lunar application defined above. There 
are, however, several specific engineering problems involved in the de-
sign of such an instrument whose solutions require modifications of exist-
ing equipments. The most important of these are: 
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1. The physical system (as defined in Section 5. 7-4) must be de-
signed to allow the lunar vacuum to accomplish the vacuum 
pumping of the instrument, i.e., to keep the system background 
pres sure at a low level (< 1 o- 7 mm of Hg). 

2. The physical system must be de signed to allow repeated bake out 
at high temperatures (- 450°C). The principal elements of the 
system which require consideration are the parallel cylindrical 
rods (whose alignment must be maintained) and the detector 
(particularly the electron multiplier which must not degrade 
due to bakeout). 

3. A manually adjusted sensitivity has been provisionally assumed. 
However, fully automatic sensitivity adjustment schemes have 
been developed. The de sign choice here will be based on the 
trade- offs between complexity and necessity for minimizing 
astronaut involvement. 

4. The ion source must be re-designed appropriate to the lunar 
application. In particular, the ion source will use existing 
designs used for atmospheric sounding applications as a point 



Figure 5~ 7_.2 Gas Analysis Configuration 



of departure and will principally involve incorporating increased 
ionizing efficiency. Nude ion source designs currently used 1n 
high vacuum applications will also serve as guidelines 

5. Designs of existing flyable equipments must undergo additional 
development (so that the lunar gas analyzer can undergo flight 
qualification and testing. 

Estimates of the instrument parameters of operational interest have 
been derived based on extrapolations of existing equipments. These are: 

Equipment Size Estimate: 

Weight Estimate 

Power Requirement Estimate: 

Duty Cycle Estimate: 

Standby Mode: 

Full Operation Mode: 

Output: 

5. 7-16 

514 cubic inches 

4. 55 kilograms 

23 watts, operating mode 
5 watts, standby mode 
28 watts, bakeout mode 

The instrument will be maintained 
in this mode at least 5 minutes 
prior to measurement. Power 
consumption in this mode will be 
approximately 5 watts. 

The instrument will be maintained 
in this mode approximately 1. 5 
minutes for each measurement. 
The data output channel should be 
available for the last minute of the 
1. 5-minute measurement interval. 
The measurement itself can be 
made in any 10- second interval of 
the one minute output channel on 
time. 

O.to 5 VDC 
Logarithmic response- -dynamic 
range of 2 X 1 Q5. 



Frequency response of approxi-
mately 200 cps required to repro-
duce representative spectra. 

A complete spectrum scan is ac-
complished every ten seconds. 

Data output is analog--a series of 
pulses whose positions in time de-
fine the identities and whose am-
plitudes define the concentrations 
of the sample species under 
analysis. 

One principal de sign area remains to be defined- -the location of 
the gas analyzer while the measurement is being performed. 

The gas analysis measurement will be performed by an instrument 
either mounted on the vehicle or remotely emplaced. The choice between 
these alternatives will be principally dictated by the severity of the vehicle 
outgassing, which can significantly affect the validity of this measurement. 

The vehicle outgassing rate must be such that contributions to the 
sample being measured by the gas analyzer are below a fixed interference 
level. This level is determined by the smallest concentration to be mea-
sured and is presently estimated to be 1 x lo- 13 torr (assuming a 10- 8 

Torr total pressure environment). Outgassing species can contribute to 
particular mass peak positions in the spectrum in two ways: 

1. The particular outgassing species falls in the same charge-to-
mass ratio position in the spectrum as a species being measured. 

2. The ionizing process fractionates the outgassing species such 
that a particular fractionation product falls in the same charge-
to-mass ratio position in the spectrum as a species being mea-
sured. Contributions of this type are approximately 1/10 of 
those described in 1. (above). (See Section 5. 7. 7) 

Both of these contributions must be maintained below the 1 o- 13 Torr par-
tial pressure level in the sample. Partial pressure levels in the measured 
sample caused by outgassing can be approximately estimated by using the 
following equation: 
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-4 
P(torr)::::: 3 x 10 J(lb~sec) 

where Pis the partial pressure level at a distance of 0. 35 kilometer from 
the vehicle, which is outgassing at a rate of J pounds per second. 

The actual location of the analyzer when performing the desired 
measurement will be conditioned by the degree to which the outgassing prob-
lem can be reduced. If the out gas sing rate is high, a remote emplacement 
is necessary; if the outgassing rate can be reduced sufficiently, the analyzer 
may be mounted permanently on the vehicle. 

If the gas analysis experiment is performed with the analyzer 
mounted on the vehicle (i.e., if the outgassing magnitude can be sufficiently 
reduced), the following requirements must be placed on the mounting: 

l. The analyzer ion source must be external to the vehicle to facili-
tate sampling. 

2. The mounting must be such that the analyzer detector does not 
look at the sun through its ion source. 

3. The analyzer should not be mounted in proximity to any strong 
magnetic fields associated with the vehicle, particularly those 
in excess of 10 gauss. 

4. The analyzer electronics must not be exposed to excessive tem-
peratures, such as would degrade semiconductor components. 

The interface between the gas analyzer and MOLAB vehicle is depend-
ent on whether the gas analysis measurement can be performed at the vehicle 
or whether remote emplacement of the analyzer will be necessary due to 
vehicle outgassing effects. If the analyzer can be mounted on the vehicle 
while performing its measurement, the following possible problems must 
be considered: 

5. 7-18 

l. Does vehicle outgassing increase when the vehicle 1s moving and 
is it more difficult to control? 

2. Are significant magnetic fields associated with the vehicle, parti-
cularly when in motion? 



3. Does the vehicle motion cause a dispersion of dust particles 
which could interfere with the gas analyzer? 

In addition to these considerations, performance of the experiment with the 
vehicle moving would also depend on how localized the gaseous emanations 
encountered were and whether the moving vehicle could stay within range 

If it is necessary to emplace the analyzer remotely, vehicle mounting 
requirements would relate principally to storage and transportation. Thus, 
only special vehicle mounting requirements of types 3 and 4 (above) would 
have to be met. However, a portable mounting structure to facilitate place-
ment of the gas analyzer at the fissure, for example, would be required. 

Estimates of the distance of the analyzer emplacement from the 
vehicle (if this proves to be necessary) can be derived using the above data. 
Likewise, astronaut time estimates will be conditioned if the astronaut must 
remotely locate and later retrieve the analyzer. Astronaut participation in 
the actual measurement will be minimal as the analyzer will be principally 
automatic, normally requiring only initial actuation. 

5. 7. 6 Operational Procedures for Gas Analysis Measurement 

The preliminary gas analyzer mission profile is summarized 1n 
Figure 5. 7-3. Time increases downward. 

It is felt that immediately after landing, composition data will be 
unreliable due to residual contamination from the descent operation. Esti-
mated time for outgassing of combustion products so formed is about four 
hours. 

After the four-hour delay, the instrument can be unsealed. A 
4-turn, 3-in. diameter screw-cap, must be removed. Elapsed time 5 
minutes. The sensitivity check requires about 3 minutes; adjustment re-
quires 5 minutes. The astronaut decision may require from 0. 5 to 10 min-
utes depending on circumstances. 

The analysis of the lunar atmosphere will require about 2 minutes 
(120 scans) followed by, say, 15 minutes. No astronaut time is required. 
The analysis of the gas emanation will require astronaut time from 5 minutes 
upward depending on the locale (observation) and the preliminary data analysis 
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(earth data link). Bakeout is a four-hour operation not reqUlnng astronaut 
time. Sensitivity check and adjust will take 3 minutes and 5 minutes re-
spectively. 

5. 7. 7 Fractionation Interference With Gas Analyses Measurement 

For the gas models imposed on this study, no significant interferences 
exist and hence the spectrometer output data can be directly interpreted. 
However, in the analysis of mass spectrometer data, it is frequently neces-
sary to treat the data in order to reconstruct cor~ pletely a picture of the 
gas composition being analyzed. This is necessary because each constituent 
of the gas sample can contribute to the output spectrum in the normal, direct 
sense (it is singly ionized, retaining the molecular structure it possessed 
prior to ionization) or as a fragment (it is singly or multiply ionized and 
fragments, i.e. its molecular structure prior to ionization is cracked into 
fragments, each containing a group of the atoms originally composing the 
molecule). Each constituent has a characteristic cracking pattern which 
can be used to reconstruct from mass spectrometer output data the original 
molecular species present prior to ionization. A typical application of the 
procedure used follows: 

Table 5. 7-5 gives typical cracking patterns and parent peak ioni-
zation potentials for gases of interest in ultra-high vacuum work. 

The mass-to-charge ratio in atomic mass units is indicated 1n the 
first column of the table. The numbers given in succeeding columns char-
acterize the cracking pattern of each gaseous component. These numbers 
represent output from a hypothetical sample campo sed of equal- sensitivity 
concentrations of the various species and bombarded by 70-volt electrons. 

Parent peak ionization potentials (in electron volts) are given at 
the bottom of the table. The use of lower ionizing electron energies will 
change the output ratios considerably; but at electron energies near the 
ionization potentials, the output becomes simplified since only the parent 
peaks (i.e. those at abundances of 100} will be evident. 

If one assumes that these are the only interfering components pre-
sent, a set of linear equations can be set up to solve for the sample con-
stituent densities. For example, let Smn represent the sensitivity of the 
mass spectrometer for gas nat mass position m; let Pn represent the 
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TABLE 5. 7-5 

GAS CRACKING PATTERNS AND IONIZATION POTENTIALS 

M/e HO 0 Hz Nz co coz He Ne z z -- --
1 5. 0 

z 0. 07 100. 0 

4 100. 0 

12 4. 7 z. 5 

13 0. 05 

14 5. 18 0. 75 

16 z. 0 5. 1 1.7 6. 3 

17 23. z 

18 100. 0 

20 100. 0 

21 0. 3 

zz 1.8 10. 3 

28 100. 0 100. 0 6. 6 

29 0.73 1.2 0. 06 

30 0. zz 0. 01 

32 100. 0 0. 01 

33 0. 08 

34 0. 41 

44 100. 0 

45 1.2 

46 0. 41 

I. P. 1 z. 6 12. z 15. 4 15. 5 14. 0 13. 8 24. 5 21. 5 
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weighted partial pres sure of gas n; and Hm represent the measured peak 
height at mass position m. Each gaseous constituent can then be identified 
by solving the following set of linear simultaneous equations. 

L: S p = H n mn n m 

Using the sensitivities shown m Table 5. 7-5 for the mass positions 12, 
14, 28, and 44: 

4 · 7 p CO + 2" 5 p CO = H 12 

5. 18 pN + 0. 75 Pco = H 14 
2 

100 p + 
N2 

100 Pco + 6. 6 p 0 c 2 

100 Pco = H44 
2 

The weighting factor applied to the partial pres sure s to obtain the p 
1 

s 
considers the instrument discrimination between various gases. A nlinear 
stable instrument must be assumed in using the approach described above. 
Any additional components that add to any of the above mass peaks must be 
included in the calibration and output analysis. 
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5. 8 LUNAR SUBSURFACE ELECTROMAGNETIC PROBING 

In this section are pres en ted the results to date on a study of electro-
magnetic probing to determine properties of near -surface lunar materials. 
This study is distinct from others presented in this section. Rather than a 
conceptual design, it is an investigation to determine the basic feasibility 
of a technique which may be pas sible in the lunar environment, but as 
explained below, which is not feasible for terrestrial exploration. How-
ever, this technique might provide data on characteristics and thickness 
of near-surface layers which would be difficult to obtain otherwise. 

By deploying an electrically short dipole antenna on the lunar surface 
and measuring the antenna electrical impedance at selected frequencies, 
potentially useful information about the surface and subsurface materials 
of the moon can be obtained. During the impedance measurement at a 
particular frequency, a portion of the electromagnetic field radiated by the 
antenna will penetrate the lunar surface, interact with the lunar material, 
and thereby change the antenna impedance from its free-space value. The 
field penetration is determined by antenna length, operating frequency, 
and the local lunar conductivity (o- ), permittivity (E), and perC"Jeability (f.!). 
Interpretation of impedance vs frequency measurements in terms of absolute 
values of o-, E, f-l, and material density with respect to depth is dependent 
on the choice of combinations of subsurface characteristics and possible 
material variations with respect to frequency. Although admittedly difficult, 
the subject does merit further consideration. Recommendations for further 
study in this area will be made in the final report. 

The proposed technique appears to be very useful in manned and un-
manned exploration of the moon because of its ability to detect changes in 
lunar subsurface conditions from one place to another. If, for instance, a 
series of impedance measurements are made at one location and this same 
series is repeated at another site, the following cone lusions can be drawn 
from the results: 

I. If the measurements at one site differ from those at the other, 
then at least some of the subsurface conditions at the two sites 
must be different. 

2. If the measurements at both sites are the same, or essentially so, 
then the probability is high (but not absolute) that the subsurface 
conditions are likely to be similar. Even the limited amount of 
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information implicit in the above two conditions is of value, e. g. , 
in site selection for lunar core drilling. If the object of the drilling 
is to obtain a series of cores of differing characteristics, then the 
objective will be achieved whenever criterion number two above is 
satisfied 

As was noted 1n the proposal, it should be pointed out that this technique 
has not been vigorously pursued on the earth because of the availability of 
more direct methods. Furthermore, the relatively high water content of 
much of the earth's surface layers results in high soil conductivity and thus 
penetration of RF energy is limited by the skin-effect. It will be assumed 
henceforth that the lunar material has a relatively low conductivity. If the 
lunar conductivity is high, however, the field penetration will be limited, 
but the discovery of highly conductive lunar material will be of prime geo-
logical interest in its own right. 

With the value of relative measurements established, it is now important 
to consider the amount of antenna impedance variation which might be ex-
pected for modest variations in lunar IT, E, and f.l• A careful search of the 
literature and discus sian with antenna experts confirmed the fact that there 
is not as yet a satisfactory theoretical development of the impedance of an 
antenna at the boundary of a free space-lossy material volume. There are 
at least two reasons for this situation. First, the analytical formulation 
results in a very difficult boundary value problem; secondly, up to now 
there has not been sufficient incentive to attempt to develop and solve the 
problem. Approximate solutions have been reported by Vogler':' and others, 
but these analyses are not useful when the antenna is immersed in, on, or 
just off the material-free space interface. Since the problem does not seem 
completely intractable, it will be given further consideration, and recom-
mendations for future work will be included in the final report on this phase. 

By making one simplification in the formulation of the antenna impedance 
sensitivity problem, it is possible to obtain useful information. The tech-
nique is to assume that the antenna is completely immersed in a homogeneous 
medium and then recognize that when an antenna is on a material-free space 
boundary its behavior will be similar, but the impedance variation will not 
be as pronounced. A valid expression for antenna impedance in a homo-
geneous medium is given by King':' as follows: 

See bibliography at the end of this section. 
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3 

where 

h = antenna half -length 

a = antenna radius 

With this equation, it is possible to perform the desired parametric 
variation computations and study the antenna resistance and reactance changes 
as one or more of the material constants are varied in a systematic way. 
The equation was expanded and programmed in MAD language for solution 
on an IBM-7090 computer. Figure 5. 8-1 and 5. 8-2 are typical results of 
this procedure. The parameter () 1 / weE 1 is proportional to conductivity in 
these figures. It can be seen in both the resistance and reactance vs fre-
quency plots that substantial changes occur with respect to both conductivity 
and frequency. The final report will contain additional curves showing 
some results of the following parameter variations: 
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f-Lo 

~ = 1. 0, 0. l, 0. 01, 0. 001 
f-L' 

E' 
8 = E 

0 

where double prime represents the imaginary part of the complex 
quantity, and f is varied from 5 X 1 o4 to 5 X 1 o6 cps. In each case, 
the antenna half-length h = 10 m, the antenna radius a = 1 mm, and 
the center frequency w about which the frequency parameter w is incre-

c 5 
men ted is equal to we = 2 rr x 5 x 10 . These ranges have been chosen 
to bracket the present best estimates of a-, E, and 11 for the moon. 
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In addition to the problem of estimating the reduction in sensitivity 
which will occur when the antenna is at the material-free space boundary 
rather than immersed in a homogeneous medi-um, the degree of antenna con-
tact with the interface and its effects must be considered. In practice, when 
the antenna is deployed either automatically or by an astronaut, any uneven-
ness in the terrain which might cause a portion of the antenna wire to form 
a "bridge" between two prominences will cause an erroneous measurement. 
The amount of the error cannot be specified exactly until a satisfactory ana-
lytical solution for the antenna half- space is available. It is clear even at 
this time, however, that a deployment procedure must be developed which 
will minimize this bridging effect. This and other possible operational con-
straints, and recommendations for further analytical and experimental stud-
ies which should lead to useful survey instruments, will be discus sed in the 
final report. 
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SECTION 6 

SUBSURFACE GEOPHYSICAL MEASUREMENTS 

This section contains a discussion of the instrumentation studies 
performed on active seismic, core-hole sonic velocity, core-hole elec-
trical, core-hole nuclear, and internal heat flow measurements for a 
MOLAB traverse lunar exploration mission. 

6. l ACTIVE SEISMIC EXPLORATION 

A primary objective of the ALSS mission will be to obtain "ground-
truth" information; i. e. , critical geological and selenogical data that will 
be decisive for interpreting and verifying preliminary interpretations of 
extralunar photographic and remote sensor data. Large amounts of such 
data will have been collected and analyzed in great detail before the mis-
sion. Various and alternative hypotheses will have been advanced to in-
terpret and explain observed features on the surface of the moon. It will 
be the objective of the ALSS mission to obtain the necessary "on-site" data 
to clarify the nature and origin of selected "type" features, and to choose 
between preliminary alternative hypotheses which have been advanced. The 
mission will have been planned to traverse selected critical features and 
areas. On-site examination and mapping of surface rocks and selected 
features by a trained geological observer will be of prime importance in 
attaining the desired objectives. The role of active seismic exploration 
will be to help extend the selenological mapping in a third dimension; that 
is, downwards into the subsurface rocks not directly accessible to visual 
exam ina ti on. 

6. l. l Data Obtainable From Seismic Measurements 

Elastic waves are transmitted through near surface earth soils and 
rocks at (compressional wave) velocities varying from 300 to 20,000 feet 
per second, (fps). Generally, the velocity value provides a rough measure 
of the ."hardness 11 or "firmness" of the rock material. Velocities as low as 
300-500 fps can sometimes be measured in the first few inches below the 
surface of very loose and unconsolidated soils. Loose volcanic "dust" 

6. 1-1 



might fall in this range in some cases. High velocities in the range of 
17, 000-20, 000 fps, on the other hand, can be expected only in fresh ex-
posures of extremely hard crystalline rocks (e. g., granite, gneiss, schist, 
basalt, norite, etc.) or in very firmly compacted rocks such as dolomitic 
limestone or quartzite. 

Since rock velocities can be determined by seismic measurements 
not only at the surface but for some depth below the surface, it is apparent 
that velocity data can provide valuable information for the geologist in the 
interpretation of surface geological data, and in extrapolations and in-
ferences as to the nature of rock material at depth below the surface and 
not accessible to direct observation. Furthermore, lateral changes in 
measured velocities may indicate subsurface structural changes of interest 
to the geologist in his interpretatlon of selenological features. Figure 6.1-1 
illustrates a completely hypothetical situation, a vertical profile across a 
buried subsurface escarpn'1ent. Here seismic measurements on the left 
side of the illustration indicate the presence of rock having a velocity of 
12,000 feet per second at some depth below the surface. (In this simple 
case, layering is assumed to be parallel to the surface.) The geologist 
may then infer the presence of some type of rock material consistent with 
this velocity; e. g. , some type of volcanic lava. A particular value of 
velocity often does not uniquely determine the type of rock, but it does 
allow the geologist to narrow the range of possible choices. 

In the right-hand portion of Figure 6. 1-1, the seismic measure-
ment indicates a changed situation. Rock velocities are indicated to in-
crease with depth below the surface, having a value of 3000 fps at one 
particular depth. The geologist may then infer that the subsurface ma-
terial is composed of rubble, perhaps a mixture of volcanic ejecta, cinders, 
and dust. He may further infer that no 12, 000 fps lava is present, at least 
to the depth of penetration of the seismic ray paths, and that the two parts 
of the profile are sep?-rated by a buried steep escarpment or interface be-
tween the lava and the rubble. The completeness of this picture will, of 
course, depend upon the amount of seismic surveying performed, the 
lengths and placement of the seismic profiles, etc. In the end result, much 
will depend on the skill and ingenuity of the geologist in fitting together all 
the evidence at his disposal, including surface geological observations, 
and geophysical measurements of subsurface rock properties and param-
eters. 
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Other possible applications might be related to a study of maria 
floors. If the floor resulted from magma flooding of a large crater, a 
deep lake of liquid lava may have existed at some time in the past. This 
would have crusted 'Over on top in a short time. Because of the hard 
vacuum environment, rapid vesication and degassing of the lava at the 
surface might be expected with development of an extremely porous lava 
or pumice, quite different from anything on earth. Presumably, such ma-
terial would have a very low seismic velocity. However, the rock ma-
terial cooling slowly below this insulating crust might be expected to crystal-
lize slowly, giving rise to a dense, firm, high-velocity type of rock. Seis-
mic measurements at the surface might then allow the geologist to draw in-
teresting conclusions as to the thickness and extent of the light porous crust. 

Other types of features of interest which might be studied by seismic 
exploration include elongated scarps and lunar features, wrinkle ridges, 
monoclinal folds, rills, linear depressions, grabens, and other fault-
related structures. In the case of more deep-seated features, it may be 
possible to use "reflection" seismic techniques, as contrasted to "refrac-
tion" techniques heretofore described, which involve making curves of first 
seismic event arrival times vs distance from the source of seismic energy. 
Figure 6. 1-2 illustrates reflection of ray paths for seismic waves origina-
ting from a buried shot detonation. Figure 6. 1 -3 illustrates both reflected 
and refracted ray paths. On earth, the success of the reflection method 
depends largely on the widespread presence of "nicely" layered sedimentatry 
rocks, resulting from successive epochs of bottom deposition of sediments 
in large bodies of water. On the moon, no such situation is expected. Layer-
ing, if present, may be confined largely to cases of superimposed lava flows. 
If there is not much contrast in rock velocities between successive flows, 
seismic energy returned to the surface by the reflection process may not 
be sufficient for satisfactory recording and measurement. 

6. 1. 2 Basic Principles of Seismic Measurements 

When reduced to its simplest terms, active seismic exploration con-
sists of measuring the travel time of sound or elastic waves through the 
earth. The principles governing the propagation of elastic waves then are 
the basic principles used in seismic exploration. These principles are 
general in nature and similar to those applying to light, infrared, and radio 
waves. It is usually adequate to assume that the laws of geometric optics 
can be utilized. Huygen's principle, which states that every point on a 
wavefront may be considered to be the source of a new wave that travels 
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outwards in expanding spheres (in a homogeneous medium}, is also a funda-
mental concept convenient to understanding the seismic exploration method. 

6. 1. 2. 1 Seismic Wave Velocity 

In utilizing seismic waves for exploration, we are concerned pri-
marily with their velocity of propagation and their behavior at places in the 
earth where the velocities change. These changes usually correspond to 
changes in lithology or type of rock. 

Seismic waves, in general, occur as oscillatory motions, and 
their velocity of propagation depends on the density and elasticity of the 
transmitting medium. Several types of waves are transmitted from dis-
turbances in elastic media. 

Longitudinal (compressional) waves are used in seismic explora-
tion almost to the exclusion of any of the other types. In longitudinal waves, 
the particle motion within the transmitting medium is parallel to the direc-
tion of wave propagation. The velocity of longitudinal waves, V L• is re-
lated to the elastic constants and the density as follows: 

where 

VL = velocity of longitudinal waves 

k = bulk (compressibility) modulus 

f.!. = rigidity (shear) modulus 

E = Young's modulus 

(} = Poisson's ratio 

p = density. 
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The transverse (shear) wave, which usually has had limited use in 
exploration, involves particle motion perpendicular to the direction of the 
wave's propagation. The transverse wave velocity, VT, is normally 50 
to 60% of the longitudinal wave velocity. The transverse wave velocity 
is related to the density and elastic constants as follows: 

6. 1. 2. 2 Methods of Seismic Exploration 

At interfaces between materials with different elastic properties, 
seismic waves change direction as well as velocity. The direction changes 
are most easily visualized by studying the ray paths rather than the wave 
fronts. The reflection, refraction, and diffraction that occur are analogous 
to those encountered in optics, and the same basic formulas are used here 
as in optics. The two basic methods of seismic exploration are designated 
the refraction method and the reflection method. 

Both methods involve initiating energy at one point in the ground 
and recording the energy at several other locations. The recording lo-
cations or seismometer positions are usually located so that they can be 
joined by a straight line pas sing through the location of the energy source. 

6. I. 2. 3 Seismic Refraction Method 

The principles of the seismic refraction method were worked out 
for earthquake seismology long before the days of seismic prospecting. 
Using these principles, seismologists were able to determine the internal 
structure of the earth from the times required for earthquake waves to 
travel from their sources to recording stations at distant points. Such 
waves would penetrate into the earth, taking paths which depend on the 
distribution of velocity with depth. In refraction prospecting, subsurface 
layering is detailed on a much smaller scale, using travel times of waves 
from near-surface energy sources. Originally, only first-arrival times 
were employed for this purpose; more recently, later events have been 
used as well. 

Refraction surveying has a number of important advantages over 
reflection work. Where no information is available on the subsurface geo-
logy, reflection surveys, which give mainly the geometry of the subsurface 
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formations, can cast relatively little direct light on the composition of the 
underlying rocks. Refraction surveys, on the other hand, yield direct data 
on seismic velocities of the various formations as well as on their geom-
etry and often make it possible to identify formations which are mapped. 

The refraction method is particularly valuable for reconnaissance 
in areas where structures have appreciable relief and where there is at 
least one high-speed-marker bed overlain by lower speed formations. On 
a smaller scale, the method has been successfully employed in engineering 
surveys to determine the depth to bedrock for structures such as dams and 
bridge abutments. 

In reflection shooting, the shot and detectors are usually no far-
ther apart than the depth of the formations being mapped and are usually 
much closer together. In refraction, the separation is much greater than 
the depth of the refracting formation, ranging, in petroleum exploration, 
up to several miles. 

The fundamental relationship involved in the refraction method is 
Snell's law of refraction which is illustrated in Figure 6. 1-4 and expressed 
afl follows: 

sin i --- = sin r V 2 
where 

sin i = sine of the angle of incidence 

sin r = sine of the angle of refraction 

v 1, v z= seismic velocities in mediums indicated. 

of incidence 
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When the angle of refraction (r) becomes 90°, sin r 1s unity and 
sin i = Y 1 /Y 2· In this situation, the refracted wave does not penetrate 
the refracting medium but travels along the interface. Sin -l Y 1 /Y 2 is 
referred to as the critical angle of refraction and is designed by ic. 

The concept of the critical angle is important to the refraction 
method, because the ray that represents the minimum time path is the 
one which encounters the top surface of the refracting layer at the critical 
angle, travels along the interface, and eventually is refracted back to the 
earth 1 s surface at the angle ic. 

6. l. 2. 4 Mechanism for Transmission of Refracted Waves 

Let us consider a hypothetical case where the subsurface consists 
of two media, each with uniform elastic properties, and the upper is sepa-
rated from the lower by a horizontal interface at depth z (Figure 6. l. 5). 

s 0 

Figure 6. l-5 Mechanism for Transmission of Refracted Waves 
in Two-Layered Earth 

The velocity of seismic waves (longitudinal) in the upper layer is Y 0 and 
in the lower Y 1, with Y 1 > Yo· If a seismic wave is generated at point S 
Of~: the surface, the energy travels out from it in hemispherical wavefronts. 
If a detecting instrument is at point D, a distance x from S, the wave SD 
traveling horizontally through the upper medium will reach D before any 
other wave if x is small. For large values of x, the wave traveling along 
the top of the lower medium, which has a higher speed, will overtake the 
direct wave. 
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When the spherical wavefronts from S strike the interface where 
the velocity changes, the energy will be refracted into the lower medium 
according to Snell 1 s law. At some point A on wavefront 7, the tangent to 
the sphere in the lower medium becomes perpendicular to the boundary. 
The ray corresponding to this wavefront now begins to travel along the 
boundary with the speed of the lower medium. Thus, by definition, the 
ray SA strikes the interface at the critical angle. To the right of A, the 
wavefronts below the boundary travel faster than those above. The ma-
terial at the interface is subjected to oscillating stress from below, and 
this generates continuous new disturbances along the boundary which spread 
out in the upper medium with a speed of V 0 . The spherical wave spreading 
outward from point B in the lower medium will travel a distance BC during 
the time in which the sphere spreading out in the upper medium will attain 
a radius of BE. The resultant wavefront above the interface will follow 
the line CE, which makes an angle ic, with the boundary. From the dia-
gram, it is seen that 

sin 1 = c 
BE 
BC = 

The angle which the wavefront makes with the horizontal is the same as 
that which the ray makes with the vertical so that the wave will return to 
the surface at the critical angle (sin- 1 v 0 ;v1) with the vertical. For values 
of x greater than a critical distance (xc in Figure 6. 1- 6), it can be shown 
that the wave that travels fastest from S to D will approach the interface at 
the critical angle, be propagated horizontally along the boundary with a speed 
of V 1, and return to the surface at the critical angle through the upper layer. 
This trajectory is illustrated in the lower part of Figure 6. 1-6. 

The most convenient way to represent refraction data is to plot 
the first-arrival time T vs the shot-detector distance x. In the case of a 
subsurface consisting of discrete homogeneous layers, this type of plot is 
quite simple to interpret, since it consists of linear segments. 

In a similar manner, rays may be traced through media having 
several layers, and formulas can be derived for the thicknesses of the 
successive layer. 
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Figure 6. 1-6 Ray Paths of Least Time and Time-Distance Curve 

6. l. 2. 5 Dipping Beds 

In most cases, rock layers to be mapped are not horizontal. For 
this reason, refraction profiles are usually recorded from two directions 
or "reversed". The information obtained from reversed profiles permits 
the computation of the angle to dip and determination of the true velocity. 

6. l. 2. 6 Continuous Change of Speed With Depth 

In many areas, formations do not consist of discrete layers; in-
stead, the velocity increases continuously with depth. The ray path would 
then have the form of a smooth curve which is convex downward, while the 
time-distance curve would become smooth and convex upward. In many 
cases, it is a matter of choice whether a set of observed time-distance 
points should be connected by linear segments, representing discrete 
layers, or by a smooth curve representing a continuous increase of speed 
with depth. 

The paths of the rays as well as the form of the time-distance 
curve depend on how the velocity varies with depth. If the variation can be 
expressed as a simple function of depth, the dependence can often be worked 

6. l-12 



out analytically. If it is irregular or complicated, the velocity-depth re-
lationship must be determined by graphical measurements and involved 
analytical techniques of the type used by earthquake seismologists. 

6. 1. 2. 7 Linear Variation of Speed 

A number of functions for approximating variation of speed with 
depth have been proposed. One widely used in practice is 

v = v + kz 
0 

where in each formula v is the speed at depth z, v 0 the speed at zero 
depth, and k a constant. This function not only gives a close approxima-
tion to the actual velocity variation observed in many areas, but also gives 
wave paths which are exceptionally simple for computation. 

Expressions have been derived for the travel time as well as the 
ray paths for this case. The paths turn out to be circles with centers at 
distance v 0 /k above the surface as shown in Figure 6. 1-7. The depth of 
greatest penetration for the circular ray emerging at a distance x is 

z 
max = 

v 
0 

k H~ + (;~J 2J 1/2 -) 

The radius of the circle is z + v /k, and the travel time at this dis-
tance is 

max o 

T = 2 -1 kx 
sinh k 2v 

0 

The time-distance curve {T vs x) for this relation is plotted in the upper 
part of Figure 6.1-7. The inverse slope of the time-distance curve at any 
point is equal to the velocity at the depth of maximum penetration for the 
ray reaching the surface at the point. 

6. l. 2. 8 Seismic Reflection Method 

The seismic reflection method is the most extensively used of all 
geophysical prospecting techniques. From the data it provides, one can map 
depths to subsurface interfaces with an accuracy that is exceeded only by 
measurments in wells. The depths are determined by obs er:ving the travel 
times of elastic waves generated near the surface and reflected back to the 
surface from the formations below. 
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Figure 6. 1-7 Ray Paths and Time-Distance Curves for 
Linear Increase of Speed With Depth 

The underlying principle of the method is as simple as that of calcu-
lating the distance of, say, a wall by the time required for an echo to be re-
flected back from the wall and the speed of propagation of sound waves. The 
vastly greater technical difficulty in the application of this simple principle 
to underground investigations arises from the complex nature of the wave-
transmitting medium and the difficulty of recognizing a true reflection among 
the complex motions of the ground surface following the explostion that in-
itiates the elastic wave system. 

Reflection methods are used almost entirely for petroleum pros-
pecting, since they are not generally applicable at the shallow depths where 
minerals are ordinarily sought. They are most successful in areas where 
the oil is in structural traps, but are sometimes useful for locating and 
detailing certain types of stratigraphic features. Although reflection 
shooting has been responsible for discoveries in most of the world's oil 
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provinces, there are some areas in which it is very difficult and expensive 
to obtain usable reflections, generally because of noise interference. 

When dynamite is exploded in a short hole, the waves recorded 
by nearby detecting instruments take a great variety of paths, each re-
quiring a different time to travel from shot to detector. For several sec-
onds after the first arrival of energy at the dtector, the surface of the 
ground will be in continual motion under the impact of waves that have 
traveled along the various paths. Some of the waves are refracted and 
others are scattered; some waves will travel along the earth's surface, 
and others are reflected upward from various interfaces. The principal 
problem is to distinguish the reflections from the other events. There 
is no way of doing this with a single detector. When several closely-spaced 
geophones are laid out along a line with the shot, the time relations between 
corresponding events on the traces from the respective geophones are used 
to identify the reflections. 

In practice, the ground movement at each instrument on the line 
is recorded on a separate trace of the same record. The waves corres-
ponding to a reflection will all line up across the record in such a way that 
the crests or troughs on adjacent traces will appear more or less to fit 
into one another. The lining up may occur for a single wave cycle or for 
a train of several cycles, depending on the nature of the reflecting sur-
faces within the earth and the characteristics of the recording instruments. 
The differential between the times of a peak or trough for the same re-
flection at successive detector positions (the step~out time) gives informa-
tion on the dip of the reflecting bed, while the absolute time indicates its 
depth below the surface. Refracted waves and surface waves give line -ups 
across a record that are similar in many ways to those from reflections. 
Since reflected waves normally approach the detectors at a small angle 
with the vertical, the step-out times are expected to be much less for re-
flections than for refracted events or surface waves. 

6. 1. 2. 9 Geometry of Reflection Paths for Horizontal Interfaces 

At any surface where there is a discontinuity in seismic speeds 
(more correctly, a discontinuity in the products of the density and velocity) 
on the respective sides of the interface, the energy of an incident elastic 
wave will be at least partly reflected, the angle of reflection always being 
equal to the angle of incidence. In the case of the explosion wave from a 
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j 2 X 2 -
L = 2, z + ( 2) = V T 

where T is the total travel time. Solving for T, one obtains 

T 2 j 2 ( _x)2 
= =-\ z + 2 

v 

dynamite blast just below the surface of the arth, each geologic interface 
will reflect some of the energy back to the surface. A detector at the sur-
face responds to the arrival of each reflected wave, and the time taken 
for the wave to make its complete trip from shot to detector can be used to 
calculate the depth to the reflecting horizon when the speed along the path 
is known. If the speed throughout the section has the constant value V, the 
wave reflected from a horizontal bed at depth z to a detector at a distance 
x from the shot will travel along the straight lines shown in Figure 6. 1-8. 
The length L of the inclined wave path from shot to detector via the re-
flecting surface is 

6.1-16 



The depths to the reflecting horizon is related to the travel time, horizontal 
distance, and average speed by 

z = l/2J(VT)
2

- x
2 

When the reflecting boundary is not horizontal, the calculation of depths 
from reflection times becomes more complicated. The expressions given 
for calculating depths have assumed that the reflecting bed is essentially 
horizontal. If the dip of the bed is only a few degrees, depths still can 
be calculated by these expressions, as the error introduced depends on the 
cosine of the dip angle and is less than 0. 5o/o for angles of less than about 
5-1/2 degrees. However, if the dips are more than 5 to 10°, the simple 
depth calculation becomes inaccurate, and other methods which take ac-
count of the dip must be used for accurate results. It was pointed out above 
that there are appreciable time differences between the arrivals of reflec-
tions at different detectors, even when the reflecting bed is horizontal. 
These time differences also will be affected by any dip of the reflecting 
surface. 

When velocity changes continuously with depth, ray path segments 
become curved, and more elaborate computation procedures must be used. 

6. 1. 3 Instrument Requirements 

Requirements for the seismic instrument system can conveniently 
be discussed by reference to a conceptual design such as illustrated in Fig-
ure 6. 1-9. The source of seismic energy indicated by a vertical arrow will 
be discussed in Section 6. 1. 4. The amplitude of ground motion generated 
by an explosive detonation or impact on the ground surface varies widely 
with distance from the shot and time after the shot. Ground particle ve-
locities may be expected in the range of 10 ~ 6 to 10 -l inch per second in the 
general frequency range of 5 to 200 cps. In loose soft materials, the re-
corded seismic energy may be largely at the low end of this range, say 5 
to 30 cps. Energy above 100 cps may be expected only relatively rarely, 
in the close vicinity of shots fired in hard, high-velocity rock. 
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6.1.3.1 Geophones 

Because of system constraints on weight and volume, it appears 
advisable to utilize geophones of smallest existing designs. These small 
units have an output of approximately 0. 25 volt/in. sec in the frequency 
range above their natural frequency. In the smallest present units, the 
natural frequency is approximately 20 cps. The miniature designs could be 
modified with further engineering to provide natural frequencies as low as 
4. 5 cps. The geophones should be installed in closed cases with gimbal 
mounting to provide automatic orientation in a near vertical direction. Suf-
ficient engineering design studies will be necessary to ensure proper op-
eration under moon environmental conditions, including low and high tempera-
tures, high vacuum, and low gravity. The geophones should be mounted 
integrally with the cable to ensure minimum handling requirements for the 
astronaut. As a preliminary specification, it is suggested that six geophone 
assemblies be installed at 100-ft intervals. Study of mission requirements 
at a later stage in the program may dictate a change in the spacing interval. 

6. 1. 3. 2 Amplifiers 

Some of the more important specifications for the amplifier sys-
tern include: 

1. Input impedance in the 500 to 1000 ohm range 

2. Noise level referred to the input not to exceed 0. 1 microvolt 
for a 25-cycle bandwidth (say 5 to 30 cps or 25 to 50 cps} 

3. AVC system to handle 1 microvolt to 0. l volt input signals; 
approximately 0. 1 sec time constant 

4. High-frequency injection system for fixed or programmed 
gain control of all channels in common 

5. Individual adjustments for trimming relative gains of 
amplifier channels ( 40 -db range) 

6. Two or three filter selections, e. g., 5 to 30 cps for re-
fraction, 25 to 60 cps for reflection, and 5 to 200 cps 
wide-band 
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7. Interchannel cross feed not to exceed -100 db under over-
load conditions on high level channel 

8. Adequate output stage characteristics (impedance and signal 
power level) to match magnetic tape system 

9. Adequate filters and traps to eliminate radio frequency inter-
ference, and high-frequency gain control signals 

10. Satisfactory operation over complete environmental range 
inside the MOLAB vehicle. 

It is presumed that the seismic recording system will be mounted inside 
the vehicle, and will not be required to operate over the entire environ-
mental range outside the vehicle. The system should, however, survive 
prolonged storage under such conditions. 

6. 1. 3. 3 Magnetic Tape and Monitoring System 

The principal reasons for employing magnetic tape recording are 
as follows: 
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1. Tape recording serves as a buffer between the "taking" of 
data and later processing of the data. This removes the 
necessity of "on-line" or "real-time" telemetry and pro-
cessing. If the data are to be telemetered to earth, this 
can be done later at available and most convenient times. 

2. Magnetic tape recording provides the possibility of se-
quential monitoring of seismic data traces after recording. 

3. Magnetic tape recording provides the possibility of adding or 
"stacking" a number of "weak" recordings on the moon to 
obtain a single composite record with greatly improved S/N 
ratio. 

4. If stacking or adding is done on the moon, there is a cor-
responding compression of data and reduction in the volume 
of data to be telemetered to earth. 



Magnetic recording can be accomplished either in analog or digital form. 
The two approaches are discussed in detail in Section 6. 1. 5. A very im-
portant advantage of the analog approach is that it allows stacking of data 
to be done on the moon, with visual monitoring to allow the astronaut to 
determine if he is obtaining usable and satisfactory data. In the case of 
digital recording, it would probably be necessary to telemeter rather large 
volumes of data to earth for processing and stacking there. Because of 
the time lag in reporting the results back to the moon, the effectiveness 
of the monitoring process would be considerably reduced. 

Figure 6. 1-10 illustrates the improvement which can be obtained 
by stacking of weak data under some conditions. The upper portion of this 
example shows the recording of one ground impact. The center portion 
shows the results of adding eight impact records. The lower portion shows 
the results of adding 40 impact records. 

6. 1. 3. 4 Timing System and Shot Instant Control 

For analog tape recording, a precise 100-cps timing signal will 
be required for recording on one channel; for timing reference during play-
back, a ''time-break'' reference mark will also be required to indicate the 
shot or impact instant. In the case of digital recording, the basic sampling 
rate of 500 per second per channel will provide timing reference during 
playback. The first sample will start at time zero at the shot or impact 
instant, thus providing an effective time-break reference. 

For reasons of safety and to save astronaut "walking time", it is 
recommended that explosive charges in shot holes be detonated remotely 
by uniquely coded radio signals transmitted from the MOLAB. Develop-
ment of this system will involve design of a uniquely coded modulator sys-
tem at the MOLAB radio transmitter, and placing and leaving a small 
lightweight expendable radio receiver at each shot point. Each receiver 
will contain a decoder which will detonate an electric firing cap or squib 
in the explosive charge on reception of the coded message uniquely as-
signed to the receiver, but will be non-responsive to all other signals. 
Very careful engineering studies will be necessary to ensure absolute 
safety and reliability of the firing system. 
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6. 1. 3. 5 General Requirements 

General requirements applicable to all instruments such as en-
vironment and design philosophy are covered in Section 3. 

6. 1. 4 Seismic Measurement Technique Evaluation and Selection 

The designing of seismic measuring instruments for use on the 
moon presents no insurmountable problems. Miniaturization and modifica-
tion of existing instrument designs should produce the desired results. The 
more difficult problem is in providing an adequate source of seismic energy 
for use on the surface of the moon. Several conceivable energy sources are 
listed below: 

1. Explosive charge detonated in a drilled shot hole 

2. Explosive charge detonated on the surface of the moon 

3. Explosive charge detonated in a chamber or container placed 
on the surface of the moon 

4. Hydrogen-oxygen explosion 1n a chamber of container placed 
on the surface of the moon 

5. Weight falling on the surface of the moon 

6. Pneumatic hammer impacting a base plate on surface of the 
moon 

7. Mechanical hammer striking a base plate on surface of the 
moon 

8. Electromechanical hammer impacting the surface of the moon 

9. Electrohydraulic vibrator on surface of the moon, with cor-
relation or matched filter data processing techniques. 

6. 1. 4. 1 Explosive Charge in Shot Hole 

The most compact form of stored energy for use in generating 
seismic waves or pulses is no doubt a high explosive charge such as 
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dynamite or TNT. For reasons of safety and maximum transfer of seismic 
energy into the ground, the charge should be detonated in a shot hole drilled 
into the surface rocks of the moon. Because of stringent system constraints 
on weight and volume, charges in the range of 1 I 4 to 1 pound detonated at 
shot-hole depths in the range of 5 to 20 feet are contemplated. 

The amplitude of ground motion generated by an explosion dim-
ishes rapidly with horizontal distance from the shot. The amplitude of the 
initial seismic pulse typically diminishes at a rate between d-2 and d- 4 

where d is distance. Figure 6. 1-11 illustrates the same phenomenon in a 
slightly different manner. Here the horizontal scale indicates the horizon-
tal distance from the shot point to the recording instruments. The vertical 
scale represents the amount of explosive that has been found necessary to 
obtain a satisfactory SIN ratio at the recording instruments under average 
seismic noise levels on earth. On the moon, seismic noise levels may be 
considerably lower than on earth, suggesting that less explosive energy 
will be required. On the other hand, Figure 6. 1-11 data are for well 
tamped charges, detonated in relatively firm rock in deep shot holes. On 
the moon, the detonations will be at shallower depths in lower velocity, 
and hence "more lossy" materials, suggesting larger charges will be re-
quired. Between these two opposing factors, we may conclude that Fig-
ure 6. 1-11 probably represents as good an average relationship between 
distance and charge-size required on the moon as we can estimate at this 
stage. It should be emphasized that wide variations exist for individual 
conditions, particularly as regards the nature of the material in which 
the explosive is detonated. In any event, we might expect that charge 
sizes of 1 I 4 to 1 pound on the moon might allow recording of retracted 
energy up to a distance of 1 km under reasonably favorable conditions. 
On the other hand under adverse conditions, shooting in very loose ma-
terial, the effect might be like 11 shooting in a haystack" with recording 
limited to a few hundred feet at most. 

There are several types of explosives which might be used. From 
the safety standpoint, it is recommended that a relatively insensitive am-
monium nitrate type of explosive be used, with powered aluminum added to 
increase the energy yield. The explosive should be packaged in small her-
metrically sealed aluminum cans, with threaded end fittings to allow as-
sembly of charges. Suitable detonators must also be provided. 
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All safety aspects must be very carefully studied, including pro-
tection from excessive mechanical shock during blast-offs and landing and 
protection of the detonators from premature fir.ing due to electrostatic 
charges or radio waves from nearby radio transmitters. Operational pro-
cedures are discussed in Section 6. 1. 6. 

6. I. 4. 2 Explosive Charge on Surface 

Experiments on earth have shown that for small. explosive detona~ 
tions on the surface of the ground, a sheet form is more efficient than a 
lumped charge. One -pound sheet charges could. be used on the surface of 
the moon, but because of the great danger of flying debris on the moon 
(with no atmosphere and low gravity), it is recommended that surface det-
onation not be used. Rather, small charges sho.uld be placed deep enough 
in shot holes so that there will be no danger of generating flying debris. 

6. I. 4. 3 Explosive Charge in Surface Container 

Various configurations can be conceived in which a small explosive 
charge is detonated in a suitable chamber or container at the surface of the 
ground. However, for reasons of weight and safety, this approach is not 
recommended. In any event, only a very small charge of high explosive 
could be contained. 

6. I. 4. 4 Hydrogen-Oxygen Explosion 

Since hydrogen and oxygen gas can pre.sumab1y be made available 
from the MOLAB fuel cell power system, a possible energy source for 
seismic wave generation is pre sent here. It is conceived that a small vol-
ume of Hz- Oz gas mixture, perhaps of the order of I/ 4 cubic foot or less 
(standard earth conditions), be introduced into a heavy-walled rubber bag, 
mounted in a special metal fixture. Figure 6. 1-12 is a purely schematic 
representation of such a device. This gas exploder unit would be mounted 
in a retractable position on the MOLAB vehicle, and would be lowered into 
ground contact and operating condition at selected impact points. Not shown 
are hoses and valves for "metering in'' the required quantities of gas, or 
the valving to vent the water formed by the detonation. The unit would be 
cycled to load gas,. detonate the gas by a spark plug, and vent the water 
formed. The firing of the mixture would be synchronized to the nearest 
millisecond with a switch closure on the rotating magnetic drum. In this 
manner, a number of seismic recordings (say 20 or 30) could be added on 
the magnetic tape drum to build up the S/ N ratio. (See Figure 6. 1-10. ) 
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Considerable engineering work will be required to de sign a sa tis-
factory operating gas exploder unit of this type. Particularly difficult will 
be keeping within the weight constraints imposed for the overall system. 
Particular attention will have to be given to safety considerations so as to 
protect the MOLAB vehicle from excessive shock at the time of explosion. 
All Hz and Oz hoses and connections should be kept outside the vehicle to 
ensure that no Hz gets into the atmosphere within the vehicle. 

6. 1. 4. 5 Other Impact Devices 

A number of other ground impact devices of various types have 
been used in seismic operations on earth, including: 

l. Falling weights 

2. Pneumatic hammer impacting a base plate on the surface of 
the ground 

3. Mechanical hammer (spring-loaded) striking a base plate on 
the surface of the ground 

4. Electromechanical impact devices. 

In general, these devices have weighed from several to several hundred 
pounds and require considerable accessory power equipment. Although 
miniature versions, conceivably weighing less than 50 lb, .could be designed, 
the seismic energy output would be very small. Furthermore, except for 
an electromechanical device, it would be difficult to precisely synchronize 
successive impacts with the tape recorder drum for adding purposes. 

6. 1. 4. 6 E1ectrohydraulic Vibrator Systems 

Two systems have been developed (Continental Oil Company's 
VIBROSEIS and General Dynamics' ROGACORD) which use an electrically 
programmed hydraulic vibrator system to shake the ground. The driving 
voltage is typically a nonrepetitive signal such as a swept frequency "chirp" 
signal of prolonged duration (see Figure 6. 1- 13 ). The recorded seismic 
signals are then cross-correlated with the form of the original chirp sig-
nal, processed with a matched filter. Each separate event is then recovered 
in compressed form as the approximate autocorrelation function of the orig-
inal driving signal. Although a miniature vibrator and correlator system 
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could conceivably be built within the weight constraints of the MOLAB sys-
tem, it is believed the seismic output would be very small. Further engi-
neering and experimental studies would be required to evaluate the possi-
bilities more closely, 

6. l. 4. 7 Recommendations 

It is recommended that first priority be given to the use of small 
explosive charges, say l /4 to 1 pound, detonated in shot holes 5 to ZO feet 
in depth. Rigorous safety precautions must be observed. 

Second priority should be given to a Hz - Oz gas exploder device 
mounted on the MOLAB vehicle which could be cycled and fired repetitively 
at the same location at approximately l 0- second .intervals; it would be con-
trolled by a switch closure on the magnetic tape .drum. Again, rigorous 
safety precautions must be observed, and the MOLAB vehicle protected 
from excessive shock, as it must serve as a "strong-arm" device to hold 
the exploder in contact with the ground surface at the instant of impact and 
shortly thereafter. 

If overall system weight constraints permit, it is recommended 
that both explosive and Hz- Oz sources be provided The explosive source 
would be used at some lange r distance, say 100.0 feet or more, from the 
MOLAB. The seismic energy could be used for both reflection and refrac-
tion recording attempts. The Hz- Oz device would. be mounted on the 
MOLAB vehicle and used for refraction surveying out to distances as great 
as S/N conditions would permit. The maximum distance would be limited 
by cable lengths, e. g., 550ft. The Hz- Oz device would have the advantage 
that it could be used for refraction surveying, even though no drilled shot 
holes were available. 
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6. 1. 5 Conceptual Design of Seismic Measurement Instrument 

6. 1. 5. 1 Status of Existing Equipment 

Geophysical instruments for oil exploration on the earth 1s surface 
have been designed for use in extremely rugged terrain, must perform well 
in extremely cold areas of the earth, and are also required to operate with 
a high degree of reliability in the desert areas under dusty high-temperature 
conditions. A great deal of well-tested reliable equipment and environ-
mental engineering know-how by the seismic equipment manufacturers 
offer reasonable assurance of successful design of practical moon explora-
tion equipment based on present basic seismic instrument concepts. 

Magnetic tape recording of data in seismic exploration has been 
used almost universally since 1951. Data recorders employing frequency 
modulation, direct recording, and pulse code modulation have been built 
specifically for recording seismic energy generated by dynamite charges 
or other special sources. Currently, the use of digital recording equip-
ment is increasing. The direct recording method with its comparative 
simplicity relative to other systems has been used extensively in remote 
areas of the earth where the lightest weight and least complexity offer the 
most reliability, minimum setup time, and minimum operator attention. 
In addition, a simple system of summing energy on magnetic tape from 
several shots or energy pulses allows compositing or stacking of data. This 
particular technique will be of great value in moon exploration instrumenta-'. 
tion for three specific reasons: 

1. S/N improvements over single recordings of better than 10 to 
15 db may be attained for data recorded on a single tape and 
monitored, if desired, on the moon. 

2. Very small energy sources can be used. The energy from 
several "shots" or impacts can be summed on a single tape and 
monitored, if desired, on the moon. 

3. Data from q.s many as 20 or 3 0 separate impacts can be summed 
on one tape. Data to be transmitted to earth have therefore 
been compressed in volume or quantity by the same factor of 
20 or 30. 
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Recording or seismic data in digital format on magnetic tape is 
being used in some recently designed instrumentation systems. The advan-
tage in this type of recording in present exploration techniques is that the 
data can be immediately processed in digital computers without being trans-
cribed from analog tapes. In the moon instrumentation program, it is 
obvious that at some stage conversion of data to digital form is necessary in 
the process of transmitting data to earth. 

Digital equipment presently in geophysical use is relatively bulky 
and has not been widely used in rugged environments. Digital recorders 
including necessary electronic instrumentation of lightweight compact de-
sign have been successfully designed for satellite use and could be adapted 
for use in a moon exploration program. 

Transducers to be coupled to the moon 1s surface to detect the sur-
face movement due to the seismic energy source are at present very light-
weight and require very small volume. Basic transducers are available as 
small as l-in. high x 0. 875 in. in diameter, and weighing l. 8 oz. They 
are designed to operate at ambient temperatures of -40°F to approximately 
l20°F. 

Some modifications will be necessary for operation on the lunar sur-
face; however, manufacturers of present instruments advise that present 
designs with minor changes can be utilized. In earth exploration, seismic 
transducers or geophones are usually connected by cable to the instruments. 
This results in one electrical pair per detector or six pairs of conductors 
for a 6-trace system. Various methods of transmitting data without wire 
connections have been tried. Schemes for using only one electrical pair to 
transmit six channels have also been tested. Due to the wide dynamic range 
required for instrumentation ot achieve cableless operation, very little use 
of this method has been made. In the interest of simplicity coupled with 
the need for a method of maintaining a measured distance between transducers 
or geophones, the concept of using a cable connecting the geophones and the 
instruments appears to be a good one. Cables using lightweight conductors, 
allowing good flexibility and insulation of the cable at low temperatures and 
a capability of withstanding the high temperatures found on the moon's sur-
face, will be available. 

Excellent lightweight solid-state geophysical amplifiers with low 
current drain are available and will require only minbr modification. Avail-
able systems using programmed gain or A VC with a range of 120 db offer 
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adjustable frequency response from approximately 5 cycles to approximately 
200 cycles. Ultimate sensitivity in present systems is limited by component 
noise generated in input circuits. Various modes of operation are available 
among these systems. There is individual automatic gain control (AGC) 
where each amplifier automatically controls its own gain. A summing type 
gain control, where input signal is samples and summed from all channels 
and controls gain of all channels simultaneously, is also available. Another 
method is called 11programmed gain control 11 where amplifier gain is preset 
by the operator to a desired time -gain curve. Most systems have a range 
of 100 to 120 db gain control. 

Filter arrangements vary in these systems from simple 12 db/ octave 
to selectable 12 or 24 db/octave and 18 or 36 db/octave. System weights 
also vary from about 70 to 160 lb for a complete 24 -channel amplifier system. 
Input levels are nominally 1 microvolt to 1 volt. 

The individual channel AGC system provides the simplest operating 
system for reliable acquisition of data. More accurate amplitude data may 
be obtained from a programmed gain cant rol system where the operator has 
a knowledge of the ground return energy level as a function of time. 

The normal operation conditions for these systems !.40° to + 140°F 
at normal ground pressure. 

6. 1. 5. 2 Proposed Lunar Exploration System 

Both analog and digital tape recorders of good design have been 
built for seismic exploration work, and proven principles and design could 
be employed to miniaturize the equipment with the lightestweight materials 
for moon exploration. 

A complete exploration system with the lightest weight, minimum 
volume, and minimum power drain can be furnished using either analog or 
digital tape recording. Each type of recording has been shown to offer 
advantages; some of these are listed in Table 6. 1-1. 

Figures 6. 1-14 through 6.1- 16 show volume, weight, and power 
requirements, and block diagram of individual major components of the 
three systems finally considered in the study. The analog system shown in 
block diagram form in Figure 6. 1-15 is recommended because of the follow-
ing added important advantages of the simple analog system: 
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TABLE 6. 1-1 

COMPARATIVE DATA FOR ANALOG AND DIGITAL SEISMIC RECORDING SYSTEMS 

Important Characteristics 
to be Considered 

Proposed Analog 
System 

Proposed Digital 
System I 

Hazard to Astronaut None None 

Ease of Operation Good Good 

Environmental Adaptability Good Good 

Weight 40 lb 35 lb 

Volume 2989 in. 3 2530 in. 3 

Power Requirement 40 w@ 28 v 40 w@ 28 v 

Visual Monitoring Yes No 

Dynamic Range Tape System 46 db 66 db 

Setup Time Good Good 

Minimum Operation of Manual Controls Good Best 

Ability to Meet all Requirements of 
Experiment 

Good Good 

Maximum of Automation Good Best 

Adaptability of Output for Moon to 
Earth Digital Transmission 

Analog output dynamic 
range 0 to -20 db from 
1 volt. 4. 5 cycles to 
100 cycles 

IBM 7 bit + sign std. digital format 
49,000 bits/sec. 

Ability to Stack Data Up to 30 stack Separate recording each shot or 
energy pulse. Data stacked on earth. 

No. Channels 6 geo. input 
2 data 

6 geo. input 
1 data 

Sampling Rate Continuous 8 channel 
simultaneous 

500/sec/trace 

Tape Speed 20 em/sec or 10 em/sec 11.25 ips 

Record Time per shot 5. 5 sec at 20 em/sec tape 
speed 2. 25 sec at 10 ern/ 
sec tape speed 

5 seconds 

Time to Read Out a 20-Stack Record 44 sec 1 min. 50 sec 
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600' geophone cable 6 amplifiers 6-channel analog 
with 6 geophones at with AVC or tape recorder dis-
100' intervals program gain play and visual 

control monitor 

Weight Pounds Power (Watts) 

Six Geophones 
with Gimbals 27 2.5 0 

600' 7 pair 
Geophone Cable 1500 8.5 0 

Amplifier System 432 9.0 10 
(w/o cover) 

Tape and Display 
System 530 10.0 30 

(w/o cover) 
Tape - 20 Tapes included 1n vol . 9 

of tape recorder included in tape X 

figure 
Packaging & 
Shock Mt. 500 10.0 0 

TOTAL 2989 40.0 40 

Figure 6. 1-14 Analog Seismic System 
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;-g~oph-~~~--~~b-l;L E~;;pl-lfl;~~ wltJ-- {Digital electronics;! 
h 6 geophones I ~ I AVC or program I multiplex - A to D 
100' inter_val~ ___ _j ! gain control . conversion format 

Dig~ tal 

____ 
format 

pe recorder 

J 
; ___ _ 

Power @ 28V 3Vol (in ) Weight Pounds Watts 

Six Geophones 
in Gimbals 27 2.5 0 

600' 7 pair 
Geophone Cable 1500 8.5 0 

Amplifier System 432 9.0 10 

Digital System 
to Tape 321 ll. 0 30 

Packaging 300 5.0 

TOTAL 2580 36.0 40 

Figure 6. 1-15 Digital Seismic System I (Digital Tape Only-
No Analog Monitor) 
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600• geophone cable J 6 amplifiers wi_t_h __ 6-channel analog 
with 6 geophones at r- AVC or program gain ---

J 
loo• intervals 

1 
r-- taoe .._ recorder 

control display and visual 
~----------------------~ 

1 -·- monitor 
-

digital 
electronics 
multiplexer digital format 
A-D Conversion tape recorder 
format '------

3 Vol in Weight Pounds Power @ 28V 
Watts 

Six geophones 
in Gimbals 27 2.5 0 

600 • 7 pair 
Geophone Cable 1500 8.5 0 

Amplifier System 432 9.0 10 

Digital Tape Package 
and Electronics 321 11.0 30 

Analog Tape System 
and Display 530 10.0 30 

Packaging and 
Shock Mt. 525 13.0 0 

TOTAL 3335 54.0 70 

Figure 6. 1-16 Digital Seismic System II (Analog Monitor Included) 
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1. Ability to stack data prior to transmission to earth 

Z. Ability to monitor visually both stacked and unstacked data on 
the tapes 

3. Ability to compress data prior to transmission to earth 

4. Proposed analog tape hardware more exploration-proven under 
very rugged environmental conditions. 

Table 6. 1-2 shows the volume and weight of the energy system proposed. 

6. 1. 5. 3 Detailed Instrumentation for Lunar Application and Discussion of 
Instrumentation 

Geophones 

Figure 6. 1-17 shows a sketch of a proposed geophone. The use of 
a tripod coupling to the moon's surface will allow the instrument to be used 
either on a hard rock surface or in very soft material with a minimum of 
coupling or planting time. This type of case will allow the astronaut to en-
sure good -instrument·-to -surface coupling without requiring the use of his 
hands to place the geopohone. He may be required to step on the geophone or 
to move it slightly with his foot or with the Jacob's staff in order to ensure 
a better coupling. Gimbal-mounted geophones are presently available from 
at least two instrument manufacturers. The ge ophone can be attached to a 
cable which -vvi ll be reeled off the MOLA B to the ground. The transducer will 
be properly positioned automatically to detect vertical movement of the 
moon's surface. Seismometer cases of current design can be fabricated 
from lightweight materials such as magnesium. Figure 6. 1-14 shows total 
weights for six geophones. Transducer elements of the type proposed 
presently operate over a temperature range of -40° to over + 115°F. Some 
further investigation will be necessary; however, no problems are expected 
1n operation and storage of geophones on the moon's surface. 

Specifications for an existing transducer similar to the proposed 
unit are shown in Figure 6. 1-18. The 14-cycle natural frequency would be 
modified to 4-1/ Z cycles. 

require 
damping 
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TABLE 6. 1-2 

SEISMIC ENERGY SOURCE 

Explosive 

27 1/4-lb packages with aluminUlTI shielding 

10 detonator, aluminum case, aluminum flex 
shield wire 23 1 long # 20 aluminum wire 

4 loading poles 
5t X 3/4rt dia 18 ga wall thickneSS 

10 radio detonation receiver each with unique 
code, compatible with detonation modulator 

Gas Exploder 

Total 

10 lb 2 oz 

5 lb 

2 lb 

6 lb 4 oz 

35 lb 

58 lb 6 oz 

220 

60 

110 

120 

3200 

3710 

Weight 

Volume 

(in. 3) 



C~Bt£----------------------' 

Figure 6. 1-17 Geophone Package 
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Cable 

It is recommended that cables be used to connect geophones to the 
instrument package in the MOLAB. The cables will in most cases perform 
the task of adequately adjusting the geophone spacing on the surface of the 
moon. It is proposed that the equipment be reeled out from the MOLAB 
while it is in motion. The stronaut would not be required to handle the 
cable 

The cable specifications are: 

1. Conductors: #26 aluminum alloy (7 strand #34 gauge)· 

2. Jacket: high-low temperature of -230° to +230° F capable of 
flexing on 1/4-in. radius at temperatures specified. Must be 
capable of meeting specifications for one-year life in vacuum. 
No deterioration of jacket in vacuum. 

3. Resistance: per 600ft, one pair not exceed 80 ohms. 

4. Jacket diameter: not to exceed 0. 15 1n. 

5. Weight: 600-ft length not to exceed 8. 5 lb. 

Amplifier System 

The 6-channel amplifier system proposed would provide three modes 
of operation: a refraction mode of operation and two modes of reflection 
ope ration. The two means of reflection operation are: ( 1) automatic gain 
control, and (2) programmed gain control. The system would use simple 
active 12 db/octave filters with two selectable positions for both High-Pass 
and Low-Pass Sections. 

During the recording of refracted energy, the operator will be re-
quired to adjust each individual channel for the proper fixed gain level. 
In the AGC reflection mode, the operator need only adjust the master attenu-
ator to reduce the general background noise to the desired level. In the 
program gain reflection mode, the operator must set the attenuator and 
rate controls to conform to the surface energy return level as a function of ' 
time. The program gain controls consist of an initial attenuator, initial 
rate, final rate, and an initial time control to set duration of initial rate. 
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A block diagram of the proposed system is shown in Figure 6. 1- 19. 
Figure 6. 1-20 is a configuration drawing. Specifications are shown in 
Table 6. 1-3. 

TABLE 6. 1-3 

AMPLIFIER SYSTEM SPECIFICATIONS 

1. Maximum Voltage Gain: 120 db 

2. Input hnpedance: 

3. Noise Level 70°F: 

4. Sensitivity: 

5. AGC Regulation: 

6. AGC Rate: 

7. Filter: 

8. Output: 

9. Distortion: 

10. Weight: 

11. Size: 

12. Power: 

600-ohm balanced 

0. 2 microvolt rms referred to input, 20-100 cps 
bandwidth 

AGC threshold, 1 microvolt at maximum gain 

Less than 3-db output variation for input signals 
from 1 microvolt to 1 volt 

Attack rate of 8 db/ second; recovery rate of 
125 db/ second 

Low-Pass ( 12 db/ octave) 4 and 20 cps 

High-Pass ( 12 db/octave) 30 and 100 cps 

0. 5 milliampere rms, single -ended, into high-
impedance tape head 

Less than 1% total harmonic distortion 

10 lb 

432 in. 3 

10 watts @ 28 VDC 

Analog Tape Recorder - Reproducer - Display Unit 

The proposed analog tape unit utilizes a design concept used in 
modern exploration field units; however, presently available recorders are 
designed for 24 or more trace operation and are too heavy and bulky for the 
moon exploration program. Preliminary redesign work has been performed 
by Applied Magnetics Corporation in Goleta, California. Figure 6. 1-21 
shows the configuration of a typical field unit. Table 6. 1-4 gives specifica-
tions for a special 6-trace recorder. 
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6. 1-45 



/ 
····~,_··.·········· --- < 

·- I 
7 

I 
ii<i') 

Figure 6. 1-21 Modern 26-Channel Direct Recording Tape Recorder 



TABLE 6. 1-4 

TAPE RECORDER -REPRODUCER SPECIFICATIONS 

A. Six 0. 006-in. recording heads for simultaneous 6 -channel data recording 

B. One special dual-track head, 0.040-in. widths for two special data channels 

C. One zero-time or blast switch for detonation or activation of energy source 

D. One bias oscillator 

E. One movable playback head with pen motor attached for embossing tape 
for visual monitoring 

F. Two speed motor drive for 10 em/ sec and 20 em/ sec 

G. Recording Time - 5. 5 sec max. at 10 em/ sec 
2. 25 sec max. at 20 em/ sec 

H. Provision for interchangeable 6 trace 0. 140 recording playback heads 
where stacking not required 

I. The narrow head carriage will be spring-loaded against the mounting 
plate and will step for each revolution of the drum. To operate, the 
will depress the record carriage toward the mounting plate. Then for 
each revolution of the drum the carriage will move the recording heads 
0. 0065 in. This will be controlled by an escapement mechanism triggered 
by a pin located in the edge of the drum. 

J. The playback head and pin motor will be movable and will be positioned 
on the correct rrack by spring-loaded ball detents. If more than one play-
back head is required, then all of the playback heads will be fixed. The 
pin motor will then be mounted in the same manner as before. 

K. Tape loading will be as shown, This is a manually operated crank to 
advance the tape. Tape will change color to indicate the amount of ad-
vance required. 

L. Bias motor power electronics, timing circuits, and special detonator cir-
cuits will be located on circuit boards below the mounting plate. 

M. Power requirement will be less than 25 watts record and playback. 

N. Standby power will be less than one watt. 
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The analog tape unit is a small-size lightweight tape recorder-
reproducer designed specifically for recording and stacking or compressing 
seismic data. The recorder also allows visual monitoring of data by readout 
in real time. The basic mechanical and electrical de sign is proven in geo-
physical exploration use. Redesign is nevessary for lunar exploration use 
to reduce weight, size, and environment, 

Figure 6. 1-22 is a preliminary design drawing showing the basic 
mechanical configuration. The recorder consists of a tape drum, ( 1 ), to 
accommodate the 2-in. wide 2-l/2-mil thick mylar recording tape. The 
record head (2) simultaneously records six 0. 006-in. wide tracks and two 
0. 040 tracks for special data. As each revolution of the drum is completed, 
the head block moves laterally approximately 0. 006 in. The operation is 
explained in the above specification. The playback head and embossing 
stylus (3) automatically move laterally from tape channel to channel on play-
back to sequentially read out each channel and emboss the tape with analog 
readout. Tape storage reeels (4) allow storage and advance of tape to drum 
after each recording and playback readout sequence is complete. The tape 
advance is performed manually by crank arrangement on the storage reels. 
The drive motor (5) rotates the tape drum ( l) at either 10 em/ sec or 
20 em/ sec surface speed. The shaft (7) connects to base (6) and is the axis 
for drum rotation. 

Radio Detonation 

A single -channel radio link will be necessary between the explosive 
shot point and the MOLA B. The detonation command from the "fire" switch 
on the analog tape recorder will activate a pulse code modulator to modulate 
one of the lunar communication transmitters in the MOLAB. Provision must 
be made on the transmitter for an exclusive frequency to detonate explosives. 
The modulation bandwidth will not exceed 2. l kc, and the range will not ex-
ceed 2 0 0 0 ft. 

The modulator will consist of simple pulse code generators with 
10 selectable unique codes. Selection of the codes will be made by the 
astronaut using the special knob tool furnished with the instruments. A 
safety interlock on the tape recorder control panel must be armed and the 
tape recorder must be in operation to activate the modulator. 

The radio receiver at the shot point will, upon 
code, allow current to fire through the detonator leads. 
specifications for the detonation radio receiver. 
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Figure 6. 1-22 Lightweight Geophysical Recorder 
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TABLE 6.1-5 

SPECIFICATIONS FOR RADIO DETONATION RECEIVERS 

RF Receiver 

Same specification as Astronaut Receiver 

Frequency to be determined 

Volume: 12 in. 3 

Weight: 10 oz 

Firing Circuit 

Capacitance discharge through solid-state switch 

Minimum Current: 5 amp for 0. 002 sec 

Voltage Out: 20 v min. 

Firing current switch activated by reed relay decoding device in output 
of circuit of receivers 

Digital Systems 

The recommendation of the analog system is based on the premise 
that a 50 x 10 3 bit per second dj.gital communication link which will accept 
the analog data from the analog recorder-reproducer is available in the 
MOLAB for transmission of data from various experiments to earth. 

If it becomes necessary to furnish digital data, systems as shown 
m Figures 6. 1-15 or 6. 1-16 will be required. 

The system in Figure 6. 1-15 utilizes the transducers and amplifiers 
used in the analog systems described above. The amplifier output drives 
the digital recorder system. Figure 6. 1-16, the third system considered, 
allows the advantages of the analog recording stacking and visual monitoring. 
However, the weight, volume, and power consumption as shown in Figure 6.1-16 
are almost twice that of the other two systems considered. 
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Compact digital equipment is available which can be adapted to 
lunar seismic data recording with a minimum of redesign. 

The digital recorder would be adapted from designs of currently 
available equipment produced by the Leach Corporation. At present the 
2100 Series of digital tape recorders designed for satellite operation are the 
most adaptable to the proposed exploration instrumentation. Figures 6. 1-23 
and 6. 1-24 show the present configuration. The system is diagrammed in 
Figure 6. 1-25 and consists of the following basic units: 

1. Multiplexing for 6-channel input 

2. Analog-to-digital (A/D) converter (12-bit) 

3. Programmer 

4. Formating logic 

5. Tape drive logic and power unit 

6. Seven-channel digital magnetic tape recorder. 

System Description 

A block diagram of the digital system is shown in Figure 6. 1-25. 
A remote start command is initiated prior to the "time break signal" in suf-
ficient time to enable the tape transport to attain operating speedd; approxi-
mately five seconds are required for this function. This signal starts the 
recorder and initiates recording of the identification code for the record. 

Upon initiation of the time break signal, a word signifying the time 
break signal is written on the tape in digital format. 

Analog inputs from the geophones are received at the multiplexer 
which samples each of the geophone channels at a rate of 500 times per 
second. 

The analog signal representing the sample is transmitted to the 
sample-and-hold amplifier of the analog to digital converter. This signal 
is quantized into a 12-bit word including sync. 
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F'igure 6. l-23 Leach Corporation Model 2Ioo Tape ~ecorder 



Figure 6. 1-24 Leach Corporation Model 2100 Tape Recorder and Electronic Package 
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Figure 6. l-25 Block Diagram of a Proposed Digital Recorder Unit 



The digital word is transmitted from the A/D converter in parallel 
format to the tape format organizer, and the 12-bit word is then converted 
into two characters, seven bits which includes off parity for each of the two 
characters. The information is presented to the digital record amplifiers 
of the tape recorder and placed upon tape in synchronization with the clock 
pulse generated within the system programmer. 

The tape can be rewound on the tape recorder, and a readout in IBM 
digital format is available at an output plug on the recorder. The specifica-
tions for such a recorder are listed in Table 6. 1-6. 

The programmer is the basic clock of the system and controls the 
commutation of the data channels and controls the digital-to -analog converter. 

The multiplexer (commutator) is a solid-state switching device for 
sequentially selecting the data channel for A/D conversion. 

The analog-to-digital converter (ADC) is the unit which converts the 
analog data into PCM digital form. 

TABLE6.1-6 

DIGITAL SYSTEM TAPE RECORDER-REPRODUCER SPECIFICATIONS 

Specifications 

Format 

Sample Rate 

Number Bits/Sample 

Number Channels 

Standard IBM 7 -channel 

500 samples per second 

12 plus parity 

6 

Total Bit Rate at 11. 25 in. /sec 42, 000 bits/ sec 
tape speed 

Recording Density 

Number Characters/Word or 
sample 

Tape Speed 

Volume 

Weight 

Power Requirements at 28 v 

556 bits/in. 

2 

1L25in./sec 

321 in. 3 

11 lb 

30 watts 

6.1-55 



The tape recorder drives the tape across magnetic heads at proper 
speed to store and play back data. 

Multiplexer 

The multiplexer utilizes time-division multiplexing and samples 
each data channel a small increment of the given frame interval. 

Theoretically, a minimum of two samples per data cycle is required 
to describe the input signal information in terms of frequency and amplitude. 
Practically, however, a minimum of three samples per data cycle is neces-
sary. Since the overall data of interest in lunar seismic exploration lie in 
the 4. 5 to 100 cps area, a maximum sampling rate of 500 cycles per channel 
per second will achieve the de sired practical limitation. 

The multiplexer is designed to accept six channels of geophone 
signal inputs. 

The analog signal level of the geophone input accepted at the multi-
plexer is ±l. 024 volts and having better than 86-db S/N ratio. The multi-
plexer S/N ratio will be 86 db for full-scale operation with a m;;:tximum cross 
talk 66 db down from full scale. 

Programmer 

The programmer is the basic control for the entire Pulse Core Modu-
lation system. It commands the multiplex gates for channel selection and 
controls the A/D converter for quantizing. 

A typical programmer consists of a master crystal controlled clock, 
a clock counter, and a diode matrix. Time stability of the clock is l x 104 
for 30 days. The clock produces pulses which trigger the counter in ordinary 
binary form. The outputs from the counter control the diode matrix so that 
unique channels are sampled sequentially by the multwlexer. If there are 
2N power data channels, the matrix will be 2NI 2 ,X 2 I 2 with N flip-flops 
in the counter. 

Analog-to-Digital Converter 

The A/D converter is the heart of the PCM system and determines 
the fundamental accuracy of the entire system. A typical A /D converter is 
shown in Figure 6. l-26. 
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Figure 6. 1-26 Typical Analog-to- Digital Converter 
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Figure 6. 1-27 Synthesis by "Put and Take" Method 
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The technique used for quantizing the analog information is called 
the "put and take" feedback method. The unknown data voltage is synthesized 
with successive increments of fractions of full scale, increments of 1/2, 
l/4, l/8, l/16 ..... l/2n; thus, any voltage between zero to full scale can 
be synthesized within the resolution of the system by a proper combination 
of these weighted bits. The AID converter does the job of synthesis by a 
put and take method. This action can be described by the use of Figure 6. l-27. 

An unknown data voltage is fed into the comparator which senses 
whether Vx iso greater than Vf· (Vf is the "weighted adder" output for the 
weighted increments previously mentioned.) If Vx is greater than Vf, the 
flip -flop (FF) is left set, and another FF is triggered corresponding to the 
next increment. As shown in Figure 6. l-26, if in the next increment Vf is 
greater than Vx, the voltage has been overshot so that FF is reset and the 
increment is removed. This action continues until the smallest increment 
has been tested. 

When the last increment has been tested, a binary word correspond-
ing to the analog level appears on the sampling flip-flops. This word is then 
fed in parallel to the format organizer where it is placed in proper IBM-
compatible sequence. 

Format Organizer 

The format organizer stores the 12-bit word received from the 
A/D converter, selects the six most significant bits, adds off parity, and 
releases this 7 -bit parallel character on a clock pulse to the seven digital 
record amplifiers of the tape recorder. Upon the second clock pulse, it 
releases the six next most significant bits plus odd parity. 

Tape Recorder 

The digital record amplifiers of the tape recording system receive 
the parallel code together with the system clock and place the digital words 
on tape at precisely 556 bits per in. when running at ll. 25 ips, together 
with the system maximum sampling rate of 500 samples per second per 
channel. 

The basic de sign of the Leach Corporation Model 2100 tape recorder 
can be used. It is proposed to modify the unit for 7 -channel IBM format on 
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1 I 2-in. tape. The unit is hermetically sealed with a maximum of 2100 ft 
of tape. Originally designed for satellite use, this recorder has been 
used in several NASA projects. The present specifications of the Type 
2100 Tape Recorder are shown in Table 6. 1 -7. 

TABLE 6. l-7 

TYPE 2100 TAPE RECORDER SPECIFICATIONS 

En vir onm ental: 

Temperature 0 0 -30 to +100 F 

Humidity 100% RH (hermetically sealed case) 

Mechanical 

Size 4. 687 X 7. 000 X 7. 500 lll. 

Weight 7. 5 lb 

Volume 246 in. 3 

Electrical 

Tape Speed ll. 25 in. I sec (proposed) 

Wow and Flutter 2% 

Tape Capacity 2100 ft 

No. Tracks 7 

Startup Time 5 sec 

Power Requirement 22 to 29. 25 VDC 

Power Drain 4 watts 
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6 o 1 o 6 Operational Procedures for Seismic Measurements 

60 L 60 1 Basis of Mission Procedures 

Operational procedures for seismic measurements are based on 
several hypothetical .mission procedures: 

6. 1-60 

1 o Availability of MOLAB for approximately 20 minutes prior 
to shot-hole drilling for layout of cables and seismometers. 

2. Explosives and detonators are carried on MOLAB, and holes 
will be loaded while the MOLAB is at the shot-hole location. 

3. The astronaut working on the outside of the MOLAB is not 
required to enter the air lock and the vehicle each time the 
vehicle travels 500 to l 000 ft. Instead, some type of outside 
seat will be available for such movements 0 

4. All seismic instrumentation except seismometers and detona-
tion radio receivers will be located permanently inside the 
MOLAB and will be operated by the inside astronaut. 

5. Actual effectiveness of coupling between seismometers and 
lunar surface will not be tested prior to the first recording 
experiment. 

6. It will be highly desirable to shut off all vibrating equipment 
and all electric magnets and RF generating equipment to 
effect a quiet period from detonation to 5 seconds following 
detonation; otherwise, S/N deterioration of the recorded ener-
gy will result. 

7. Monitoring of the first "profile" or recording experiment will 
show how well the geophones are coupled. If more than two 
of the geophones are poorly coupled, it may be advisable to 
stop the MOLAB at each geophone position so that the astron-
aut can check, and, if necessary, move the geophone with his 
thermal boot to effect a better coupling. This procedure is 
not believed necessary at this time. 



A B c 

~600 FT.--~ .. ------1,000 FT.----i 
xxxxxxx 

A CABLE END - REFRACTION AND REFLECTION POSITION 
B CABLE END - REFRACTION POSITION 
C SHOT HOLE WITH EXPLOSIVE 

Figure 6. 1-28 Cable Location 

! 

' 

8. The team and vehicle will perform the same experiment m 
different areas of the moon. 

9. Surveying of the spread and shot positions will be performed 
during photographic and other surveying procedures being 
regularly carried out by the inside astronaut. 

Actual Experiment Procedure 

One basic experiment produces both refraction and reflection 
profiles utilizing two types of energy sources. The experiment requires 
approximately 97 minutes (excluding drilling time) per location. Each new 
area to be tested requires exactly the same procedure. No modifications 
in general.operational procedure are proposed; the astronauts will there-
fore hav-e the experience of previous experiments in performing the seismic 
exploration portion part of their daily operations. 

For point locations in the following procedure, refer to 
Figure 6.1-28. 
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Procedure 

l. 

2. 

3. 

4. 

Astronaut uncoils 50 ft of cable from reel 

Gets on MOLAB outside seat. 

Vehicle travels to point B laying out 
cable-cable end dropped at point B. 

Vehicle proceeds to point C. 

5. Hole drilled (see drilling section for time). 

6. Astronaut removes following from MOLAB: 

Loading tool 
Radio 
Explosive 
Electric Detonator 

Time (min) 

2 

2 

5 

7 

5 

7. MOLAB moves 150 £t from shot hole for safety 1 

8. Astronaut mates detonator and explosive. 1 

9. Attach explosive to load tool. 1 

10. Place tool and coil into top of hole and uncoil 
detonator lead. 

11. Load hole to depth and remove tool. 

12. Tamp charge. 

13 .. At this time, MOLAB is returning to shot 
point - advising detonator radio circuit off. 

14. Place radio at highest point in 5-ft radius; attach 

1 

3 

2 

2 

detonator lead and extend radio antenna. 2 

15. Attach loading tool to vehicle. 1 



16. Astronaut mounts outside vehicle seat. 

l 7. MOLAB proceeds to point B. 

18. Setup for refraction shots; 

a. Load tape (manual crank to color 
coded position). 

b. Set amplifier controls: 

(l) Filters to 4- and 20-cps positions 

(2) Reflection-refraction switch to refraction. 

(3) AGC-PGC switch to PGC. 

(4) Master attenuator to maximum. 

c. Set tape controls: 

( l) Record- reproduce switch to record. 

(2) Detonate switch to gas. 

(3) Select narrow head block. 

19. Astronaut dismounts and connects cable to 
instrument plug on MOLAB. 

Note: Astronaut no longer needed for 
4 minutes; however, he cannot 
walk or otherwise generate surface 
noise within 400 ft of the closest 
geophone. 

20. Final adjustments for refraction shots: 

a. Tape power switch on. 

b. Set individual amplifier gain to required level. 

2 

7 

2 

4 

2 
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21. Press start button on tape recorder. At 
completion of one tape revolution, if all 
is 0. K. press start button again and repeat 
for a total of 20 times as indicated on narrow 
head block indicator. 

22. Record- reproduce switch to reproduce: 

a. Press start button - reproduce cycle 
takes s1x revolutions of drum. 

b. Tape power switch off. 

23. Outside astronaut disconnects cable and in-

4 

l 

side astronaut advances tape for next recording. 2 

24. Mount outside seat. 

25. Proceed to point A. 

26. Astronaut dismounts and connects cable to 
instrument plug on MOLAB. 

2 7. Final adjustments for refraction shots: 

a. Tape power switch on. 

b. Set individual amplifier gain to required level. 

28. Press start button on tape recorder. At completion 
of one tape revolution, if all is 0. K. press start 
button again and repeat for a total of 20 times as 

2 

5 

4 

2 

indicated on narrow head block indicator. 4 

29. Record-reproduce switch to reproduce: l 

a. Press start button - reproduce cycle takes 
six revolutions of drum. 

b. Tape power switch off. 



30. Advance tape for next recording. 

31. Setup for reflection shot: 

a. Set amplifier controls. 

(l) Filters to 20- and 100-cps positions. 

(2) Reflection- refraction switch to 
reflection. 

(3) AGC-PGC switch to AGC. 

b. Set tape controls. 

( 1) Record- reproduce switch to record. 

(2) Detonate switch to radio. 

1 

2 

(3) Code modulator to match the radio receiver 
at this test hole. 

(4) Select wide head block. 

32. Final adjustment for reflection shot: 

a. Tape power switch on. 

b. Adjust amplifier master attenautor 
to quiet back ground noise. 

c. Advise outside astronaut that shot 
is to be fired. 

d. Set radio transmitter frequency to 
exclusive detonate. 

e. Press start button on tape. 

2 
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6. L 6. 2 

33. Record-reproduce switch to reproduce 

a. Press start button. Reproduce 
cycle takes six revolutions of drum. 

b. Tape power ofL 

34. Outside astronaut disconnects cable and 
hooks to reel for pickup. 

35. Reel in cable. 

l 

4 

12 

Experiment complete Total 97 minutes 

Hazards in Use of Explosives (Radio Frequency) 

Use of explosives will create additional hazard problems to 
the astronauts. 

Radio frequency energy is a potential hazard both in the use and 
transportation of detonators. Under exceptional circumstances, electric 
blasting caps may pick up enough RF energy to cause them to explode. 

Magnitude of the RF Energy Hazard 

From a practical standpoint, the possibility of a premature ex-
plosion due to RF energy is extremely remote. This has been demonstrated 
by numerous tests on representative transmitting equipment, and it is con-
firmed by many years of experience. The annual consumption of electric 
blasting caps is well over 100 million, and they are used in every section 
of the country. Yet there have been only two authenticated cases of a cap 
being accidentally fired by radio. Both of these were caused by amplitude-
modulated (AM) transmitters operating in the low frequency range (540 -1600 kc) 
with horizontal antennas. 

There is no danger from transmitters in the case of explosives 
that are not directly actuated by electricity. Examples of these explosives 
are fuse-type blasting caps, detonating fuses such as 11Primacord 11

, and 
dynamite. 
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Radio frequency current varies at different points along an an-
tenna. It is at a maximum at certain points and zero at others, varying 
continuously in between. If the electric blasting cap wires are acting as 
an antenna, therefore, the greatest danger exists when the cap is located 
at a point where the induced current is at a maximum. 

Conditions Required for Maximum Current Pickup 

For the radio frequencies used in AM radio broadcasting, navi-
gational aids, and mobile transmitters, the hazard is greatest when: (1) 
the cap is in the center of a straight length of wire equal to one -half the 
radio wavelength 1 or a multiple thereof, or (2) the cap is at the grounded 
end of a straight length of wire equal one-quarter the radio wavelength or 
an odd multiple thereof (3, 5, etc.). At these frequencies, the maximum 
current pickup is obtained when the wires are: (I) parallel to a horizontal 
transmitting antenna or pointed toward a vertical antenna and in its zone of 
maximum radiation, and (2) raised a few feet above the ground. 

For the high radio frequencies used in frequency-modulation and 
broadcasting, the hazard is greatest when the cap is at the grounded end of 
a straight length of wire which is: (1) equal in length to several radio wave-
lengths, and (2) directed at the transmitter antenna. 

Effect of Transmitter Type 

Commercial AM transmitters are potentially the most dangerous, 
because they combine high power, low frequencies, and in some cases, hori-
zontal antennas. The latter are objectionable because most blasting circuits 
are also horizontal and low frequencies induce more current than high fre-
quencies. 

Mobile radio must be rated as a potential hazard because, although 
its power is low, it can be brought directly into the blasting area. Actually, 
however, there is little chance that mobile radio· could cause a premature 
explosion. In addition to its low power, the favorable factors are vertical 
antennas and high frequencies. 

In the vicinity of high-power radar or "over-the-horizon'' or 
forward scatter antennas, explosive operations should not be conducted 

1
The radio wavelength in feet is approximately 1,000,000 divided by the 
frequency in kilocycles or 1000 divided by the frequency in megacycles. 
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within the beam because of the extremely high effective radiated power 
resulting from the high- gain antennas used with this equipment. 

The tables below give the pertinent data with respect to most 
types of RF transmitters. Rated power of the transmitting stations is 
normally the "effective radiated power" in its zone of maximum radiation. 

Recommended Minimum Distances from RF Transmitters 

RF energy decreases as the square of the distance from the trans-
mitter antenna and the square of the transmitter frequency. Thus, it is 
obvious that there must be some minimum distance beyond which it is safe 
to conduct electric blasting operations, even under the worst of conditions. 
The minimum distance recommended by the Institute of Makers of Explosives 
are indicated in these tables (also see Figure 6. l-29). 

It is recommended that: (1) deto11ators be carried in a closed 
metal box, and (2) all transmitters be turned off when the caps are either 
being put into or taken out of the box. To protect against shock and friction, 
the metal box should be lined with a soft material such as wood or sponge 
rubber. 
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RECOMMENDED DISTANCES FOR 
AM TRANSMITTERS 

Transmitter Power Minimum Distance 
(watts) (feet) 

5-25 100 
25-50 150 
50-100 220 

100-250 3.50 
250-500 450 
500-1000 650 

1000-2500 1000 
2500-5000 1500 
5000-10,000 2200 

10,000-25,000 3500 
25,000-50,000 5000 
50,000-100,000 7000 
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Figure 6. 1 -2 9 Recommended Distance From Radio and Television 
Transmitters for Safe Electric Blasting Operations 
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RECOMMENDED DISTANCES FOR VHF TV, FM BROADCASTING, 
AND FM MOBILE TRANSMITTERS 

A. VHF Television and FM Broadcasting 

Transmitter Power 
(watts) 

1-10 
10-100 

100-1,000 
1,000:-10,000 

10,000-100,000 
100,000-1,000,000 

Minimum Distance 
(feet) 

5 
20 
60 

200 
600 

2,000 

B. FM Mobile Transmitters 

Transmitter Power 
(watts) 

1-10 
10-30 
30-60 
60-250 

250-600 

Minimum Distance 
(feet) 

5 
10 
15 
30 
45 

RECOMMENDED DISTANCES FOR 
UHF TV TRANSMITTERS 

Transmitter Power 
(watts) 

1-10 
10-100 

100-1,000 
1,000-10,000 

10,000-100,000 
100,000-1,000,000 

1,000,000-5,000,000 

Minimum Distance 
(feet) 

2.5 
8 

25 
80 

250 
800 

2,000 
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Further Work 

Further work will be necessary in this area to ensure the safety 
of the astronaut. 

Several 
astronaut safety -
moonts surface. 
cedures: 

rules are proposed in handling the explosive to ensure 
from radio and also from electrostatic charges on the 

Additional work will be necessary to establish firm pro-

6. l 0 6. 3 

I. Individual l/ 4-lb shielded packages of explosives 
and detonators for each shot are necessary; each 
package and detonator are to be individually shielded, 
including shield leads for detonator. 

2. Detonators and explosives are to be stored on vehicle 
in separate shielded rubber-lined magazines. 

3. After removal of packages for a shot, the MOLAB will 
drive to a safe distance before outside astronaut attaches 
detonator or radio leads. 

4. If practical, mating of detonator and explosive should be 
done with explosive placed as far into drilled hole as possible. 

5. Radio and other devices creating strong electromagnetic 
electric fields will be operated at a safe distance from the 
shot point during the time that explosives are on the surface. 

Hazards in Use of Explosives (From Debris) 

Debris from the shot or impact is a potential danger. The 
magnitude or size of the explosive charge used will depend on the depth 
of the charge in the shot hole. Depth vs shot size as shown in Figure 6. 1-30 
is a preliminary estimate to ensure that cratering and upheaval of debris 
will not occur. 

It will be necessary to tamp the charge. Rubble, preferably a 
fine grained variety, if available from drilling, must be shoveled or pushed 
into the hole on top of the charge. The hole must be completely filled. 
Further study on this problem is indicated. 
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6.1.6.4 Special Tools Required 

Special physical dexterity of the astronaut in performing tasks 
in the experiment is not anticipated. Some special tools that will be re-
quired are: 
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1. A special knob for adjusting amplifier gain controls with 
spacesuit gloves. This would be a socket configuration with 
a large 1 1/ 4-in. "knob" handle to allow adjustment of con-
trols. The knob is shown in Figure 6. 1-31. 

2. A special shovel to tamp the charge. It is anticipated that 
such a device will be necessary; it is described under drilling. 

3. Explosive loading device: 5 to 10 ft hollow magnesium pipe 
with special fast coupling connectors as shown in Figure 6. 1-32 
is one possible type to use. They will be much faster than 
threaded connections. Bayonet-type couplings could also be 
used. Several types should be built and tested before final 
selection of such a device. 

One type of loading basket is shown in Figure 6. 1-33; however, 
a quick disconnect bayonet fitting on the explosive package 
is a more satisfactory solution. Further study will be neces-
sary on this problem. 
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Figure 6. I- 31 Amplifier Control Knob 
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Figure 6. 1 - 32 Loading Poles 
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Figure 6.1-33 Nitramon Loading Gage Type #201 
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6. 2 CORE HOLE SONIC VELOCITY MEASUREMENTS 

On earth, core holes or bore holes are typically filled with drilling 
fluid, usually a mixture of special mud materials and water. A colinear 
arrangement of a sound pulse generator and two spaced sonic receivers is 
lowered in the hole, and repetitive measurement of pulse travel time be-
tween the two receivers is monitored at the surface. The fluid medium 
offers excellent coupling between the sound generator and the wall rock, 
so that appreciable amounts of seismic energy are transmitted into the wall 
rock material. Conversely, the good fluid coupling expedites transfer of 
traveling seismic wave energy from the wall rock back to the sonic receiver. 

6. 2. 1 Data Obtainable From Sonic Measurements in Core Holes 

Under conditions described above in fluid-filled bore holes drilled 
into rock wit~ a velocity of about 6000 ft/ sec, energy in the received seiS'-
mic pulse will typically be predominantly in the 1 to 3 kcps region of the 
frequency spectrum. In more rigid rocks, say with a velocity of 15,000 
ft/ sec, the received seismic pulse energy will typically be at higher fre-
quencies, say in the 10 to 15 kcps region. Accordingly, the resolution in 
pulse timing will be quite good. With receiver spacing of 3 to 5 ft, it is 
possible to measure wall :rock velocities with an accuracy of the order of 
5%. 

6. 2. 2 Basic Principles of Seismic Velocity Measurements in Core Holes 

On the moon, conditions will be distinctly less favorable. First, 
there will be no fluid coupling in the hole. Secondly, rocks near the sur-
face will likely be cracked and fractured, and perhaps covered with loose, 
low-velocity material. Because of these factors, it is not likely that the 
earth-type sonic logging tool can be used successfully. Efforts should 
probably be confined to measuring a vertical time-depth curve. The curve 
will give the seismic travel time between a surface impact device and a 
receiving geophone placed at successive depth intervals (say 10 ft) from 
the surface to the bottom of the hole. The slope of the curve at any depth 
will then give an approximate value of the average rock velocity at that 
depth. The resolution and accuracy of velocity determinations will be much 
less than for the earth conditions described above. Conditions may vary 
widely, but it may be expected generally that measurements will be made 
at frequencies under 200 cps. 

6. 2-1 



6. 2. 3 Core-Hole Instrument Requirements 

Instrument systems discussed in Section 6. l. 5 describe the amp-
lifier and tape system which would be used in core -hole measurements. 
Frequencies of 4. 5 cps to 150 cps can be recorded with good fidelity in 
the proposed instrumentation by: ( l) removing the low pass filter in the 
amplifier system, and (2) using the refraction mode of instrument oper-
ation. 

6. 2. 3. 1 Geophone .and Cable 

A single H. S. J. Type geophone as shown in Figure 6. l-18, having 
an output of approximately 0. 25 volt/in/ sec over the frequency range 14 to 
200 cps, would be used. A spring device to hold the geophone firmly 
against the side of the hole is discussed in Section 6. 2. 5. The geophone 
should be mounted integrally with the cable to ensure minimum handling 
by the astronaut. Further engineering studies should be made to deter-
mine an optimum design for lowering the geophone in the hole and securing 
it firmly to the side of the hole. 

6. 2. 4 Seismic Measurement Technique Evaluation and Selection 

As pointed out in Sections 6. 2. I and 6. 2. 2, the moon's environ-
ment makes it advisable that core-hole sonic measurement be restricted 
to simple velocity measurements. On earth, velocity measurements are 
made with the energy source either on the surface or in the hole. 

6. 2. 4. l Several alternatives used on earth can be considered for the lunar 
technique: 
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l. Gas exploder on surface; one geophone in hole. The geophone 
is moved in 10-ft increments, and impacts are recorded until a 
velocity measurement has been recorded at each depth. This 
would require nine gas exploder shots and nine movements of the 
geophone by the astronaut. 

2. Dynamite shot in hole on surface; one geophone in hole: 
Requirements are: 

(a) mne drilled holes, 
(b) nme shots - loaded, and 
(c) n1ne geophone movements 



3. Gas exploder on surface; six geophones on cable at 10-ft 
intervals. Requirements are: 

(a) two gas explosions, and 
(b) two movements of cable by astronaut 

4. Energy source can be placed in the hole and energy recorded 
on the surface. This is not recommended because of necessity 
of additional drilling of deep holes. 

Several factors will influence the choice of technique between use 
of explosive and of gas exploder and between 6-trace recording and of 
single-trace recording. Some of these factors are: 

l. Availability of hydrogen and oxygen storage 

2. Ease in drilling 5-ft shot holes for 1/4-lb charges 

3. Comparative value of astronaut time in conducting experiments 
to additional equipment weight in cable, geophones, and energy 
source materials. 

6. 2. 4. 2 Recommendations 

At this time, recommendations are based on minimum weight 
requirements. The recommended technique would be the use of the gas 
exploder on the surface. This unit is described in Section 6. 1. 4. 4. A 
single geophone with 150 ft of cable including a formation coupling device 
is used in the hole. 

6. 2. 5 Conceptual Design of Seismic Measurements 

With the exception of the downhole geophone and the cable, the 
instrument requirements are those of the seismic measurement equipment 
as discussed in Section 6. 1. 5. It is anticipated that data being transmitted 
to earth in digital format would utilize one channel of information at 3000 
samples per second instead of the five channels at 500 samples per second. 
Only minor equipment modification would be necessary to achieve this. 
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6. 2. 5. 1 Status of Existing Equipment 

The geophone as discus sed in Section 6. 1. 5. 1 would be basically 
a unit manufactured at the present time. Lightweight materials would be 
used to reduce weight to a minimum. 

6. 2. 5. 2 Block Diagram and Weights 

A proposed system block diagram and weights are as shown in 
Figure 6. l-14. Additional equipment weight for downhole measurements 
are shown in Figure 6. 2-1 and Table 6. 2-1. 

6. 2. 5. 3 Detailed Instrumentation for Lunar Application 

The basic geophone is discussed in Section 6. l. 5. 3; however, some 
means of coupling the geophone to the wall of the hole is necessary. The 
loading poles, .5 to 10 ft hollow magnesium pipe with special bayonet 
coupling, are discussed briefly in Section 6. 1. 6. 4. The poles could 
be threaded over the 150-ft cable on the surface with a special section, 
including the geophone, at the bottom. As the geophone is lowered, the 
necessary sections are quick-connected to force the geophone deeper and 
to hold it at the proper depth. The special bottom section shown in sche-
matic form in Figure 6. 2-1 is designed to couple the geophone to the wall 
of the test hole. The geophone is mounted in the center of a 3-ft spring 
metal device approximately 1/2-in. wide and approximately 0. l-in. thick. 
The top of the spring is permanently fastened to the loading pole 3 ft above 
the bottom of the pole. The bottom of the spring is connected to the outside 
of the cable at the bottom inside of the loading pole through a slot in the 
loading pole so that a pull on the cable while holding the loading pole in 
place will cause the spring to contract and force the geophone against the 
wall of the core hole. 

6. 2. 5. 4 Cable 

The bottom end of the cable will be permanently connected to the 
geophone. Specifications for the cable are: 
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1. Conductor: #26 gauge aluminum alloy (7-strand #34 gauge), 
two conductors in cable 



SPRING METAL NORMALLY EXTENDED 
TO MAXIMUM LENGTH 

.GEOPHONE CLOSE TO LOADING POLE.) 

MECHANICAL CONNECTIONS 
BETWEEN CABLE AND BOTTOM 

OF SPRING THROUGH SLOT 
IN BOTTOM OF TUBE 

Figure 6. 2-1 Proposed Downhole Geophone Coupling Device 

PULL ON CABLE WHILE HOLDING LOADING POLE IN POSITION 
WILL FORCE GEOPHONE OUT AGAINST SIDE OF HOLE. 
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TABLE 6. 2-1 VOLUME, WEIGHT, AND POWER SUMMARY 
FOR DOWNHOLE MEASUREMENTS 

Volume (in. 3 ) Weight (lb) Power {watts) 

One geophone with case 1.5 0.6 0 

Special loading poles 440 8.0 0 
80 ft additional to requirements 
in Section 6. 1. 5. 2 

150 ft of special cable on reel 900 6.0 0 

Special wall coupling device 2 l.O 0 



2. Strain member plastic or aluminum, 50-lb break strength 

3. Resistance per 150ft not to exceed 20 r.! 

4. Jacket diameter not to exceed 0. 15 in. 

5. Jacket must be capable of flexing on l-l/4 radius at temper-o 0 
atures of -230 to +230 F. Must meet specifications for one-year 
life in vacuum. 

6. 2. 6 Operational Procedures 

6. 2. 6. l Requirements 

Based on the hypothetical mission, the requirements are as 
applicable and outlined in Section 6. l. 6. l. 

6. 2. 6. 2 Actual Experimental Procedure 

Procedure Time (min) 

l. Astronaut uncoils cable and lays it on surface. 
Eighty feet of 5-ft sectionalized loading pole are perma-
nently threaded over the cable. An additional 20 £t 
must be threaded on prior to plugging cable into MOLAB 
instrument connector. 

2. Place geophone at 10-ft level in hole for first impact. 

3. During steps l and 2, the inside astronaut is making 
the setup for refraction shootings per Section 6. l. 6. l, 
Steps 18 and 20, except select wide head block instead 
of the narrow block. Use only one instrument channel. 

4. Inside astronaut advises and gets o. k. from outside 
astronaut for detonation. Press start button on tape 

8 

recorder. Record 5. 5 second tape l 

5. Outside astronaut connects two sections of loading 
pole and lowers geophone 10 ft while inside astronaut 
advances tape and makes any necessary amplifier 
adjustment for noise or any necessary change in recording 
level. 3 
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Procedure 

6. Repeat 4. 

7. Repeat 5. 

8. Repeat 4. 

9. Repeat 5. 

10. Repeat 4. 

ll. Repeat 5. 

12. Repeat 4. 

13. Repeat 5. 

14. Repeat 4. 

15. Repeat 5. 

16. Repeat 4. 

17. Repeat 5. 

18. Repeat 4. 

19. Repeat 5. 

20. Repeat 4. 

21. Repeat 5. 

22. Repeat 4. 

23. Repeat 5. 

24. Outside astronaut unplugs cable, removes four 
loading poles from cable as geophone is pulled out 
of hole. Cable and remaining loading poles attached 

Time 

1 

3 

l 

3 

1 

3 

1 

3 

1 

3 

1 

3 

l 

3 

l 

3 

1 

3 

are stacked on MOLAB. 20 
Experiment Complete Total Time 68 min 



6. 2. 6. 3 Special Hazards 

No special hazards are anticipated. 

6. 2. 6. 4 Special Tools 

No special tools are required other than loading poles described 
in Section 6. 2. 5. 3. 
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6. 3 CORE-HOLE ELECTRICAL MEASUREMENTS 

Electrical measurements in core holes are used to determine char-
acteristics of the formation penetrated by the core hole. These character-
istics indicate the locations of subsurface formations and the interfaces of 
contacts, allow the logging of broad lithologic classifications of strata and 
the detection of magnetic material, and are of primary importance in the 
detection of water. In practice, these formation characteristics are re-
corded as a function of depth; this procedure is known as "electrical logging", 
and the record is called an "electric log". 

Electrical logging consists of the recording of the resistivities or 
their reciprocals, the conductivities, of the subsurface formations, and 
the spontaneous potentials generated in the core holes. These parameters, 
measured in situ in the uncased portions of the core holes by means of 
appropriate downhole instruments called "sondes", are continuously re-
corded on surface recorders through the use of electrical cables. The 
magnetic susceptibility of the formations is also measured by core-hole 
instruments. 

6. 3. l Data Obtainable from Core-Hole Electrical Measurements 

Rock formations, with the exception of metallic sulphides and 
graphitic beds, are capable of transmitting an electric current only by 
means of the absorbed water which they contain. In fact, they would be 
nonconductive if they were completely dry. Thus, subsurface rock forma-
tions have measurable resistivities due to the water which is contained in 
their pores or absorbed on their interstitial clay. The resistivity of a 
formation will depend largely upon the resistivity of the waters present in 
the formation, the amount of such water present, and the arrangement of 
the water channels. A continuous measurement of resistivity in a core 
hole will give an indication of these parameters for that particular forma-
tion and thus allow the deduction of certain physical characteristics of the 
formation. 

The spontaneous potential log of a core hole is a record of the 
potential differences measured between a surface electrode and an electrode 
in the column of conductive drilling mud as this latter electrode is pulled up 
past different subsurface formations. Since the surface electrode is sta-
tionary, its potential is constant, and the spontaneous potential log is a 
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record of the variations in the potential of the downhole electrode. The 
character of the spontaneous potential depends a great deal upon the drilling 
mud and the formations encountered in the drill hole. 

In actual field practice, the electrical resistivity curve and sponta-
neous potential curve are recorded side-by-side on a chart. Each curve 
separately yields information about the characteristics of the formation 
and, when analyzed together, these curves allow the elimination of un-
certainties and ambiguities inherent in each individual log. From analysis 
of these logs in conjunction with each other: ( 1) a distinction can be made 
between porous and permeable formations and nonporous and nonpermeable 
formations, (2) the location and depth of all formations as well as their 
thickness can be determined, and (3) the amount and type of fluid present 
in the formation can be determined. The different combinations of resist-
ivity and spontaneous potential may be indicative of different types of sub-
surface formations. The accurate interpretation of the logs requires 
experience and a general knowledge of the geology of the general area under 
investigation. 

Magnetic susceptibility measurements are expected to yield data 
necessary for identificc:Ltion of rock types, determination of the probable 
location of nickel-iron meteorites, and determination of subsurface layered 
formations. 

6. 3. 2 Basic Principles of Core-Hole Electrical Measurements 

6. 3. 2. 1 Electrical Resistivity 

In electric logging procedures, the electrical resistivity of the 
subsurface formation is measured. This is the resistance of a volume of 
the rock in the formation. The resistivity of a substance is the resistance 
measured between opposite faces of a unit cube of the substance at a spec-
ified temperature. In electrical logging work, the meter was chosen as 
the unit of length, so the unit of resistivity is taken as ohm-meter 2 /meter, 
which reduces to ohm-meter. This is a convenient unit of measure for 
practical purposes, giving values between a fraction of an ohm and several 
thousand ohms for various types of rock formation. 

To measure the resistivity of the formation surrounding the 
bore hole, electrodes are used to send electric currents into the formation 
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and also to measure the potentials at points along the bore hole. Good 
electrical contact of the electrodes is usually obtained from the conductive 
mud in the hole. An electric current is introduced into the conductive mud 
by means of the "current electrodes", commonly designated "A" and "B", 
which are usually located in the core hole. One potential measuring elec-
trode, designated "M", is also located in the hole and is connected through 
a galvanometer to the other potential electrode, "N", which may be remotely 
located on the surfclce. The g<llvanometer will give a deflection which is 
proportional to the potential of the electrode "M", since the remote surface 
electrode 1 'N" is effectively at zero potential. The galvanometer deflections 
are recorded on light-sensitive photographic film to give a permanent record 
of deflection CiS <l function of hole depth. 

6. 3. 2. 2. Spontaneous Potentieil 

Spontaneous potential variations, sensed by the downhole elec-
trode, are caused by the ohmic differences of potential in the mud column 
due to the electromotive forces generated by two different electriceil phe-
nomena. The first of these, and the more important, is the electrochemical 
cell formed between the drilling fluid, the fluid, the fluid in the permeable 
zone, and the shale surrounding the permeable section. The second of these 
electromotive forces may result from the filtration of the drilling fluid into a 
permeable zone. This principle is a recognized phenomenon of electro-
chemistry known as "streaming potential 1

'. 

The spontaneous potentieil current encounters a ser1es of re-
sistances both in the mud and in the rock formation along the path com-
pleting its electrical circuit. Since the magnitude of the current flow is 
constClnt along its path, the potenti<ll drop varies according to the resistance 
of the section through which it flows. This meCins that the total potential 
drop (which is equal to the sum of the electromotive forces} is divided be-
tween the different form<ltions Cind the mud in proportion to the resistances 
encountered by the current in each respective medium. Accordingly, the 
potential drop in the mud of the drill hole is a measure of only part of the 
total electromotive force. The characteristics of the spontaneous potential 
log eire Ci function of several factors such as the salinity of the mud and the 
formation fluid, the resistivity of the surrounding formations, bed thickness, 
hole diameter, amount of shaly material in the permeable bed, and depth of 
mud invasion of the formation. The continuous recording of the spontaneous 
potential in Ci drill hole will give an indication of these parameters for a 
particular formation and, therefore, allow the deduction of certain physical 
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characteristics of the formation. The spontaneous potential of a formation 
is measured in millivolts. 

6. 3. 2. 3 Magnetic Susceptibility 

The principle selected for magnetic susceptibility sensing 1s the 
time-proven inductance method where the measured change in coil inductance 
will be proportional to the magnetic susceptibility of the medium through 
which its flux passes. Conductivity is measured by use of alternating 
currents induced in the formation by the coil where the induced currents 
will be proportional to the formation conductivity. 

6. 3. 3 Instrument Requirements 

An instrument, to qualify for use in lunar exploration, must meet 
certain, very basic requirements. These include: ( 1) capability of meas-
uring the particular parameter, (2) ability to withstand the severe lunar 
environment and the trip to the moon, (3) the data gathered should be com-
plete without requiring additional inputs, (4) proven and accepted methods 
should be utilized where possible, (5) automatic operation and calibrations 
are highly desirable, and (6) minimum weight, volume, and power require-
ments are nee e s sary. The additional restraint that core -hole logging me as-
urements be made in a hole not larger than 2. 0 in. in diameter and preferably 
as small as 1. 5 in. has been imposed. Also, the depth of the core hole will 
probably not exceed 100 ft. 

Since a resistivity measurement 1s indicative of the amount and type 
of moisture contained in the rock pores, this measurement assumes impor-
tance for the detection of water, determination of formation water salinity, 
determination of degree of formation water saturation, as well as the geo-
logical mapping of the formation structure. However, most of the methods 
used to measure electrical resistivity (discussed in Section 6. 3. 4) require 
the presence of some form of moisture to ensure good electrical contact 
in the case of the electrode methods, or as a constituent of the drilling 
mud for the spontaneous potential logs. Even dry-hole resistivity logs 
require the use of some type of moisture on the downhole contacts; in the 
present state of development, no SP logging instrument is known to have 
successfully logged a dry hole. Due to the lack of moisture on or in the 
near surface of the lunar crust, those methods requiring a hydrous en-
vironment are severely limited and thus are not considered applicable for 
lunar exploration at this stage of the investigation. 
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The one method of logging electrical resistivity which does not 
require the presence of moisture for operation is the induction logging 
technique. Actually, induction logging measures the conductivity, which is 
the reciprocal of resistivity, of the formations penetrated by the core hole, 
and a resistivity curve is recorded simultaneously alongside the conductivity 
curve. Insulated coils are used to induce an alternating ma.gnetic field in 
the formations so that no moisture is required for electrical contact, and 
the log can be run in empty holes or in holes containing conductive or non-
conductive fluids. Induction logging, however, requires the core hole to 
be uncased; this will most likely be the case for a hole drilled in the moon 1 s 
crust. 

The induction logging instrument is capable of recording a detailed 
record of the formations traversed over a fairly wide range of conductivity 
values. The accuracy is excellent for conductivity values greater than 
20 mmho/m (resistivity values less than 50 ohm-m) and is reasonable in 
lower conductivity ranges down to 5 mmho/m (resistivity of 200 ohm-m). 
Beyond this limit, the induction log continues to respond to formation 
variations, but with decreased accuracy. 

For most efficient use of space, weight, volume, and other con-
siderations, an instrument capable of measuring the magnetic suscep-
tibility and the electrical conductivity of a subsurface formation is proposed. 
Both parameters are measured by means of the same transducer, with the 
transducer output being separated into two channels to derive the suscep-
tibility and conductivity data. In this way, the same information is derived 
as that obtained from the induction log, and the additional susceptibility 
information is gained with the addition of another readout channel. The 
proposed range of measurement is from 10 to 100,000 micro-oersted/ 
gauss with a sensitivity of the order of 1 micro-oersted/gauss, or micro 
cgs unit. 

It is desirable to include the range from 10 to 1000 m1cro cgs units 
to indicate whether or not the lunar surface and subsurface materials have 
the same relative magnitude as non-sedimentary rocks on earth. If such 
is not the case, it is extremely desirable to ascertain the magnitude of the 
difference. The range from 1000 to 100,000 micro cgs units, with accom-
panying indication of conductivity, will give evidence of the presence or 
absence of typical nickel-iron meteoritic material. 
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Regardless of the range encountered, the relative changes in 
magnetic susceptibility with depth below the surface will be a most impor-
tant measurement. The changes in susceptibility and conductivity will be 
the only measurements which will give an indication of the magnitude of, and 
the presence of, small or abrupt changes in the layering of the subsurface. 

The expected very low magnetic field of the moon will make it 
absolutely necessary to make a measurement of magnetic susceptibility 
of the subsurface if magnetometer measurements are to be meaningful. 
Otherwise, the magnetometer may measure the field of a random 'lickel-
iron meteorite without any indication of its presence and record it as a 
valid value of the moon 1s magnetic field. 

6. 3. 4 Core-Hole Electrical Measurement Technique Evaluation 
and Selection 

6. 3. 4. 1 Electrical Resistivity Methods 

Normal and Lateral Curves 

The resistivity curves recorded are designated 11normal 11 or 
11lateral 11 depending upon the electrode arrangement. A normal curve is 
a resistivity log recorded with the 4-electrode system where the distance 
between one current and one potential-measuring electrode, AM, is of 
primary importance. The position of the other current electrode, B, is 
relatively unimportant as long as the distance AM is small as compared 
to AB. A long normal curve is a resistivity log recorded with the same 
electrode arrangement as above, but with the distance AM several times 
as great as the normal. A resistivity log recorded with the 4-electrode 
system where the distance between one potential-measuring electrode 
and a point midway between the two current electrodes, AB, is of primary 
importance, is a lateral curve. The distance AB is small as compared 
with the distance AM. A long lateral curve is a resistivity log recorded 
with the same electrode arrangement as the lateral, but with the distance 
between M and the midpoint of AB longer than that of the regular lateral 
curve. 

The relative positions of the electrodes making up the sonde 
have a bearing on the general properties and uses of the resultant logs. 
Depending on the placement of electrodes, a device may be good for showing 
the thin streaks, but may not give an exact representation of the thick layers. 
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Another device which permits the estimation of fluid content ma.y not be 
suitable for locating formation boundaries. 

A resistivity log has two primarily purposes: first, to locate 
and determine the boundaries of all resistive formations: and second, to 
determine the fluid content, both qualitatively and quantitatively, of per-
meable formations. The first objective, using a normal curve, is achieved 
best by a short electrode spacing, AM. By using a longer electrode spacing 
to minimize the effects of the drilling fluid, the diameter of the hole, and 
the invaded zone, the second purpose is achieved. As a result, two or more 
resistivity curves, one with a short spacing and others with a somewhat 
longer spacing, are commonly recorded and presented on each log. 

The lateral-type curve, with the spacings commonly employed, 
is usually adequate to minimize the effect of the invaded zone and, at the 
same time, to indicate the position of resistance zones. It is not well 
adapted for accurate bed definition, but generally detects these thin re-
sistive beds better than the other devices. 

Laterolog 

Another method used to measure resistivity by means of elec-
trodes is called the "laterolog". In this case, the surveying current is 
forced through the formations as a sheet of predetermined thickness so 
that the measurement involves a portion of ground of limited vertical 
dimensions and is practically unaffected by the mud column. These results 
are achieved by means of an appropriate electrode arrangement and an 
automatic control system. 

The main advantages of the laterolog over the conventional logs 
are: (l) sharper discrimination between different beds with more accurate 
definition of their boundaries, and (2) closer approximation to the true 
resistivity of thin beds, especially in the case of formations drilled with 
high salinity mud. The laterolog has also been used to advantage in logging 
of thin beds in formations of low or moderate resistivities where the drilling 
mud is very salty. 

This device uses three current electrodes and four potential-
measuring electrodes: the main current electrode is located at the center 
of the configuration with the potential electrodes placed symmetrically 
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above and below the center electrode, and the other two auxiliary current 
electrodes located symmetrically above and below the center electrode 
outside of the potential electrodes. The corresponding pairs of electrodes 
which are equidistant above and below the center electrode are respectively 
short-circuited. 

A current of constant and calibrated intensity is sent through 
the center electrode. Additional currents of the same polarity are fed 
through the auxiliary current electrodes located on the extremes of the 
configuration. The intensity of these currents is automatically and con-
tinuously adjusted in such a way that the difference of potential between 
the short-circuited pairs of potential-measuring electrodes is maintained 
practically at zero. The potential of any one of these four electrodes is 
measured. The apparent resistivity measured with the device is propor-
tional to the value of this potential and to a calibration coefficient which 
depends on the distances between the electrodes. 

With this electrode arrangement, the current from the center 
electrode is prevented from flowing upward or downward past the mid-
points between the potential electrodes. This effectively focuses the cur-
rent so that it is directed to flow approximately within a comparatively 
narrow horizontal slice of formation. Thus, the distance the current 
travels across the mud is very small, and the mud column has very little 
influence on the measurement. Because of this current focusing action 
and the limited influence of the mud column on the measurements, the 
laterolog is better adapted to the investigation of thin beds than the con-
ventional devices. It also is better suited to well logging in hard-rock 
territories where salty muds are commonplace for the same reasons. 

Micro -Methods 

The other methods employing electrodes are used to measure 
the resistivities of small volumes of formation just behind the borehole 
wall. These are generally known as the •'microlog" and "microlaterolog'' 
and are similar in principle to the normal log and laterolog with the excep-
tion that they measure much smaller volumes of formation. 

The microlog has been developed primarily to determine the 
permeable beds in those areas where hard or well-consolidated formations 
are predominant. The microlog is also valuable in moderately consolidated 
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formations, such as sandshale series, for a detailed representation of 
beds, and for accurate determination of the sand count. The microlaterolog 
is used primarily in the hard-rock areas where high salinity muds are used 
and, accordingly, very thin mud cakes are the rule. 

Microlog 

A microlog is a resistivity log recorded with electrodes mounted 
at short distances from each other on an insulating pad which is pressed 
against the wall of the drill hole. Under such conditions, the system meas-
ures the average resistivity of the small volume of material which is located 
directly in front of the pad, and which is, therefore, electrically shielded 
from the short-circuiting action of the mud. 

The micrologging apparatus consists essentially of a rubber pad 
which is pressed against the wall of the drill hole. The pad has small 
button-shaped electrodes mounted in its face, with the electrodes being 
nearly flush with the rubber surface, or slightly recessed. 

The rubber pad is mounted on one of the arms of a spring guide 
which is designed so that the pressure applied to the pad is practically 
independent of the diameter of the hole, provided that this diameter remains 
within the design limits. The rubber pad fits the wall of the drill hole over 
a substantial area surrounding the electrodes because of its shape and the 
pressure exerted upon it. The pad also shields the electrodes from the mud 
column, while the electrodes themselves are in direct electrical contact 
with either the formation or the mud cake between the pad and the formation. 

In this device, three electrodes are placed in a vertical line, 1n 
the middle of the pad, with a spacing of approximately one inch between the 
successive electrodes. Two of the electrodes are potential-measuring 
electrodes, and the third is the current electrode which is located at the 
lower end of the electrode configuration. Two resistivity measurements 
are made by sending a current of known intensity through the lower electrode 
(current electrode) and recording the potential difference created by this 
current between the two potential electrodes and also between the upper 
potential measuring electrodes and a reference electrode located at the surface. 

Most of the sondes include a second pad which is identical to the 
first pad. The distance between the outer faces of the two pads is continuously 
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recorded in the same run as the microlog, thus providing the so-called 
"microcaliper log 11

• This log is a detailed record of the bore-hole diameter 
which is very accurate and capable of measuring variations in hole diameter 
as small as 1/8 1n. 

When going down the hole, the two arms of the microlog sonde 
are held collapsed against the central mandrel to facilitate the descent. 
It is common practice to record the resistivity measurement when going 
down. Under these conditions, the electrodes are generally at some dis-
tance from the drill-hole wall, and the values measured are greatly in-
fluenced by the mud column. In fact, when the distance from the wall is 
sufficient, as in the case of cave-in, the measured values are completely 
determined by the mud column. This additional log makes possible the 
determination of mud resistivity under bottom-hole conditions. After the 
sonde has reached the bottom of the hole, the springs are released by a 
mechanical device, and the pads are applied against the wall. The microlog 
measurements are then perfoi"med with the device coming up the hole as usual. 

Mic r ola te r olog 

The microlaterolog is a resistivity log recorded with electrodes 
which effectively focus the cur rent so that the effect of the mud cake on the 
measurement is materially reduced and may be even rendered negligible 
if the mud cake thickness is small. The device used to record the micro-
laterolog consists of a center current electrode of small size, two circular 
potential-measuring electrodes, and a third circular current electrode. 
These circular electrodes are spaced with narrow gaps from approximately 
1/2 to 1 in. between successive electrodes. They are imbedded in an ln-
sulating pad which is applied against the drill-hole wall by means of a 
spring system similar to that used in the microlog device. 

A current of constant and known intensity is sent through the 
center current electrode, and another current of the same polarity is fed 
through the outer circular current electrode. The intensity of this circular 
electrode current is automatically and continually adjusted in such a manner 
so as to keep the difference of potential between the potential-measuring 
circular electrodes as near zero as possible. The potential of one of the 
potential-measuring electrodes is then measured and recorded. The 
apparent resistivity measured with the device is proportional to the value 
of this potential and to an experimentally determined factor which depends 
on the system geometry. 
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By means of the electrode configuration of this system, the 
current flowing from the center current electrode is prevented from 
diverging freely in all directions by the current emitted by the outer cur-
rent electrode. Thus, the current is focused or confined to a beam which 
penetrates the formation perpendicularly to the drill-hole wall. This beam 
is approximately limited by a surface of revolution around an axis which 
extends out from the center current electrode perpendicular to the drill-
hole wall. The diameter of the beam at the wall of the drill hole is approx-
imately equal to the average of the diameters of the two circular potential-
measuring electrodes, or about 1 to 2 in. 

The diameter of the beam increases very slowly at first, then 
more and more rapidly as the distance from the drill-hole wall increases. 
Laboratory experiments have shown that the part of the formation located 
at a distance of more than 3 in. from the drill-hole wall has little influence 
on the measurement. 

In the case of a porous and permeable formation, the electrode 
system is separated from the formation by the mud cake. Since the cur-
rent crosses the mud cake in a direction perpendicular to the hole wall, the 
distance it has to travel across the mud cake 1s small in comparison with 
the length of the path through the formation. Also, the resistivity of the 
mctd cake is usually less than the resistivity of the formation. As a result 
of these two factors, the influence of the mud cake on the measurement is 
small and may be negligible for all practical purposes if the mud cake is 
not too thick. With the microlog, described in the last section, the mud 
cake provides a return path for a part of the current towards the mud 
column so that it affects the measurements to a much greater degree than 
with the microlaterolog, particularly for formations with low porosity. 

Because the current beam has a very small diameter, in the 
region of 2 in., the resolution of the microlaterolog is very good. The 
recorded curves can give an accurate and detailed definition of the bound-
aries separating the beds down to a very small bed thickness of about 2 in. 

The ability to detect and record thin beds accurately in hard 
formations of low porosity where high salinity muds are common is the 
greatest advantage of the microlaterolog. Thin mud cakes are generally 
observed in holes drilled with high salinity muds so that use of this device 
gives superior results. 
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Induction Logging 

Another method of recording the resist1v1ty of a formation and 
which does not require the use of electrodes is the "induction logging" 
technique. This method actually measures the conductivity, the reciprocal 
of resistivity, of formations, and the logging system records simultaneously 
the conductivity curve and the resistivity curve. The resistivity curve 
which gives the same measured values as the conductivity curve, but uses 
a linear resistivity scale. This makes possible an easier comparison of 
the induction log with the conventional resistivity logs. 

In induction logging, the conductivity of formations is measured 
by means of induced alternating currents. Since this is an induction device, 
insulated coils rather than electrodes are used to energize the formations 
so the drill hole can contain any fluid, including air. This method eliminates 
the requirement for moisture to ensure the good electrical contact necessary 
in the electrode devices. However, for the induction device, the drill hole 
must not be case d. 

The advantages of the induction logging method are its better 
ability to investigate thin beds due to its focusing properties, greater 
radius of investigation, and independence of requiring contact with the 
mud or the formation. 

As indicated by the name of the method, the formations surrounding 
the logging device are energized by magnetic induction. This is accomplished 
by feeding an alternating current of appropriate frequency from a.n oscillator 
to a coil, called the "transmitter", which is supported by an insulating mandrel. 
The alternating magnetic field generated by this cur rent induces eddy cur rents, 
which follow circular paths concentric with the drill hole and coil system, in 
the formations surrounding the drill hole. These eddy currents, in turn, create 
their own magnetic field, which induces an electromotive force in another coil, 
called the 11 receiver 11

, that is mounted on the same nonconductive mandrel at 
a fixed distance drom the transmitter. The distance between the coils is re-
ferred to as 11 spacing ", and the point of measurement is located halfway be-
tween the two coils. 

If the transmitter current is maintained at a constant amplitude, 
the intensity of the induced eddy currents is proportional to the conductivity 
of the formation. Thus, the signal induced in the receiver coil is also propor-
tional to the conductivity of the formation. 
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The signals of the receiver coil are amplified, rectified to 
direct current, then transmitted to the surface where they are recorded 
continuously as the logging apparatus is moved along the drill hole. The 
record thus produced, called an induction log because of the way in which 
it is obtained, shows the variations of the formation conductivity and, 
consequently, of its inverse, the formation resistivity, as a function of 
depth. The log is, therefore, equivalent to the resistivity log obtained by 
the conventional method of electric logging with electrodes in water- base 
mud. 

Any direct coupling between the transmitter and receiver coils 
1s balanced out. In a medium of zero conductivity, e. g., when the device 
1s suspended in air far from any conductive material, the instrument will 
give a zero -conductivity reading. 

In addition to the two main coils, the transmitter and rece1ver 
coils, several other coils are incorporated in the induction instrument. 
This allows the characteristics of the main coils and the auxiliary coils, 
their distribution, and their respective positions to be adjusted to minimize 
the influence on the measurements of the mud column and the formations 
located above and below the instrument. Such sondes are referred to as 
''focusing'' sondes. 

Since conductivity is the reciprocal of resistivity (cr = 1 /R), and 
since the electrical logging unit of resistivity is the "ohm-meter'', it follows 
that the logging unit of conductivity should be 1 /ohm-meter or "mho/meter''. 
However, if mho/meter were used, then all resistivity values greater than 
one ohm-meter would have to be expressed as decimal fractions. To avoid 
this, the thousandth part of a mho is used, and the induction log readings 
are expressed in millimhos/meter, abbreviated as mmhos/m. Thus, forma-
tions having resistivities of 10, 100, or 1000 ohm-m would have conductiv-
ities of 100, 10, and 1 mmho/m, respectively. 

Induction logging instruments presently 1n use 1n the field are 
capable of providing an accurate and detailed record of the formations over 
a fairly wide range of conductivity values. The accuracy is excellent for 
conductivity values greater than 20 mmho/m (resistivity values less than 
50 ohm-m) and is acceptable in lower conductivity ranges down to 5 mmho/m. 
Beyond this limit, the induction log continues to respond to formation varia-
tions but with decreased accuracy. 
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In the logging methods using electrodes for the determination 
of the formation resistivity, the flow of current is of the radial type, and 
it is not possible to study separately the influence of the different regions 
of formation surrounding the electrode system. The reason is that the 
lines of current flow cross the boundaries between the different media, 
such as the boundary between a given bed and the bed next to it or the 
boundary between the mud and a bed. If the resistivity of any given medium 
1s changed, it affects the lines of current flow in that medium as well as 
in the other media through which these lines of current flow. 

In induction logging, this is not the case, and the situation is 
entirely different. If the drill hole is vertical, which will be assumed for 
simplification even though it always varies somewhat from the vertical, 
the lines of current flow are horizontal circumferences having their centers 
on the axis of the drill hole. Since there is generally a symmetry of rev-
olution of the formation around the axis of the drill hole, each line of cur-
rent flow remains in the same medium all along its path and never crosses 
a boundary between media of different conductivities. On the other hand, 
if the excitation frequency is not extremely high, the reaction of the different 
circular currents on one another is small and can be neglected. In this 
condition, the action of the different regions of formation, which individually 
have a symmetry of revolution around the drill hole, can be considered 
separately, and the measured signal is comprised of the sum of the in-
dividual signals contributed by the different formation regions. The con-
sequences are that the theoretical computation of charts or typical logs 
corresponding to any distribution of formation conductivities is possible 
provided that there is a symmetry of revolution, which is usually the caEe. 
These computations indicate that each medium 1 s contribution is directly 
proportional to a "G'' factor determined solely by the geometry of the 
medium. These G factors are fractions and add up to unity for whole space. 

Due to its focusing characteristics, the induction log has excellent 
resolving power. It shows practically no spurious distortion opposite thin 
beds. In this respect, it has a decided advantage over the conventional 
resistivity devices, especially the long normal and the lateral. A good 
boundary definition can be obtained for beds down to about 2 ft in thickness. 

The induction log is not well suited for the detection of thin hard 
streaks, such as lignite beds, which may be useful as markers for correla-
tion, whereas such hard streaks are usually quite conspicuous on the lateral 
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curves and on the microlog. On the other hand, when sue h streaks are 
adjacent to or interbedded with porous and permeable formations, the 
induction log readings made at the level of the porous intervals are not 
appreciably affected by the presence of these thin streaks. This is in 
sharp contrast to the great distortions such beds generally cause with the 
conventional devices. 

Of all the resistivity methods discussed, the induction logging 
technique is the only one adaptable for lunar exploration for the deter-
mination of electrical resistivity of the lunar crust. The primary con-
sideration is the independence of the presence of water in the measure-
ment environment. The combination of the induction logging information 
and the susceptibility measurement is the method proposed for most econom-
ical utilization of equipment with the greatest yield of useful data. 

6.3.4.2 Spontaneous Potential Method 

The spontaneous potential or self-potential log is a record of 
the naturally occurring potential differences between a surface electrode 
and an electrode in the column of conductive mud as this latter electrode 
is pulled up past the different formations penetrated by the drill hole. This 
log is used to distinguish between permeable and nonpermeable formations, 
but it is not an absolute measurement of permeability or porosity. 

The origin and nature of the spontaneous potential have been 
discussed generally in Section 6. 3. 2. 2; the equipment and technique used 
to record the SP logs are quite simple. An electrode, made of lead for 
stability and located at the downhole end of the logging cable, is moved 
up or down in the mud filling the drill hole. The cable passes over a 
calibrated sheave which allows accurate depth correlation of the potential 
measurements. The conductor of the logging cable from the downhole 
electrode is connected to one terminal of a recording galvanometer. To 
complete the measurement circuit, the other terminal of the galvanometer 
is connected through a potentiometer circuit to another lead electrode which 
is usually placed in the mud pit or attached to the casing of the drill hole, 

As the downhole electrode is moved up or down in the drill-hole 
mud, the movement of the film record is synchronized so that its movement 
corresponds to the electrode motion in the hole. In this way, the recorder 
traces a log on which the variations in the potential of the downhole electrode 
with reference to the surface electrode are shown as a function of depth of 
the measurement electrode. 
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The recording galvanometer thus measures all the differences 
of potential occurring between the electrode in the drill-hole mud and the 
electrode on the surface. However, provided some proper precautions 
are exercised, experience has shown that under usual conditions the 
deflections on the SP log correspond to phenomena occurring at the contacts 
between the formation beds and the drilling mud and also at the contacts 
between the bed themselves. These phenomena produce an electric cur-
rent which uses the mud as a return path. In so doing, it creates in the 
mud, by ohmic effect, potential differences which can be measured and 
recorded vs corresponding depths. This record is the SP log. 

Other sources of potential, which are not related to the forma-
tions, do not usually cause any deflection on the SP log. If these extraneous 
potentials are present and bothersome, proper steps are taken to overcome 
them. In particular, the electrodes are chosen to be stable insofar as their 
contact potential with the mud is concerned; actually the electrodes are made 
of lead which is a relatively stable material. A constant difference of poten-
tial may normally appear between these two electrodes in the absence of any 
SP current. This difference of potential is not recorded on the SP log; it 
is counter- balanced by means of the potentiometer in the circuit. 

Accordingly, the potential of the downhole electrode is measured 
on the SP log with reference to an arbitrary constant. However, the varia-
tions of the potential, i.e., the deflections on the SP log, do not depend on 
the arbitrary constant, and they measure the potential differences as created 
in the mud by the SP current. These deflections make it possible to char-
acterize permeable beds, such as sands, while excursions toward the positive 
are indicative of impervious beds, such as shale sections. Although the SP 
curve indicates the permeable zones, there is no direct relation between the 
magnitude of the SP deflection and the permeability or porosity of the bed. 

The characteristics of the spontaneous potential log are influenced 
by the mud and formation fluid salinity, the thickness of the bed, the diameter 
of drill hole, the sensitivity of the surrounding formations, and the depth of 
mud invasion of the formation. The interpretation of the SP log in conjunction 
with resistivity logs allows the deduction of physical characteristics of the 
formation surrounding the bore hole. 

The requirement for some type of fluid as part of the drilling 
mud restricts the use of the SP log for investigation of the lunar crust. 
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6.3.4.3 Magnetic Susceptibility 

To obtain information concerning the characteristics of the 
moon 1s crust and their variation with depth, an instrument capable of 
measuring the magnetic susceptibility and the electrical conductivity of a 
subsurface formation is proposed. This instrument operates in a core 
hole and measures and records both magnetic susceptibility and electrical 
conductivity simultaneously. 

The principle selected for magnetic susceptibility sensing 1s 
the time-proven inductance method where the measured change in coil 
inductance will be proportional to the magnetic susceptibility of the medium 
through which its flux passes. Conductivity is measured by use of alternating 
currents induced in the formation by the coil where the induced currents will 
be proportional to the formation conductivity. 

Since the susceptibility and conductivity measurements are made 
with an induction device, the lack of moisture on the moon does not limit 
the application of this instrument. Most conventional methods of obtaining 
formation resistivity, the reciprocal of conductivity, require the presence 
of moisture for proper operation as discussed above and, thus, are limited 
for lunar exploration techniques. 

The system operation and measurement technique of the electrical 
conductivity and magnetic susceptibility instrument are discussed in Section 
6. 3. 5. 

6. 3. 5 Conceptual Design of Core Hole-Electrical Measurement 
Instrument 

The sensitive element of the induction logging instrument is a long 
solenoid wound around a core of Allegheny 4 7 50, a high quality, low-loss 
material. At a given excitation frequency, the coil has a certain impedance Z. 
The top left illustration of Figure 6. 3-l represents an energized solenoid in 
a core hole. Contrasts in formation susceptibility produce contrasts in the 
reluctance of the external magnetic path of the solenoid and thus change the 
inductance of the coil by a small amount proportional to the magnetic suscepti-
bility of the surrounding formation. This inductance change is purely a re-
active component and gives rise to a change in only the quadrature component, 
jX, of the impedance Z. In addition to the above-mentioned magnetic suscepti-
bility sensitivity, the coil, because of induction coupling to the surrounding 
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rock, will induce currents in the formation. These currents are propor-
tional to the formation conductivity, a- (or I/ r), and through mutual coupling 
reflect back into the coil a resistive component, R. It is well to note that 
these induced currents flow around a horizontal path in contrast to the ver-
tical path used in conventional resistivity logging. This feature allows the 
induction conductivity component to give a more accurate measurement in 
thick horizontally stratified beds. In the practical instrument, the sole-
noid is connected as one arm of an AC bridge. If the bridge is balanced 
on the surface and then inserted into the bore hole, the bridge becomes un-
balanced by the amount of l:lZ. The total bridge unbalance signal is sepa-
rated into its resistive and reactive components by phase sensitive detec-
tors so that the electrical conductivity and magnetic susceptibility can be 
recorded independently and simultaneously. 

The top right illustration of Figure 6. 3-1 1s a simplified block dia-
gram of the induction logging system and shows the system components 
and their functions. The sensing element is an induction coil, and the de-
tector is an AC bridge. Together, they comprise the investigating device 
which is operated downhole at the end of the logging cable. The oscillator 
is located on the surface and, in the block diagram, is shown feeding the 
excitation current to the investigating device through the logging cable. A 
reference signal is also fed to the phase detecting networks from the oc-
cillator. The amplified bridge unbalance is split into two channels with 
the signal in one channel being shifted 90° with respect to the other. Each 
channel is then applied to a separate phase detector where the conductivity 
is derived from the real component and the magnetic susceptibility is 
derived from the reactive component of the signal. The outputs of the phase 
detectors are recorded simultaneously as electrical conductivity and mag-
netic susceptibility. 

The configuration of a solenoid in a bore hole, surrounded with 
rock, Figure 6. 3-1, can be treated by a simple analogous magnetic cir-
cuit. Let R 0 and L 0 represent the resistance and inductance of the cir-
cuit with the bridge nulled or balanced at the surface, the external mag-
netic circuit being completely unaffected by the moon's 11 atmosphere". As 
the tool is lowered into the bore hole, the surrounding rock will contribute 
a series resistance, l:lR, and inductance, l:lL, due respectively to magnetic 
eddy current power losses and to the susceptibility of the surrounding rock. 
It can easily be demonstrated that the change in susceptibility, l:lK, is 
directly proportional to the change in inductance, l:lL, of the circuit and 
thus proportional to X: 

6.3-19 



6K = C X 6L 

6Z = R + JX where X= L-nfL 

X :::::: L l :::::: K so 

X :::::: K. 

Similarly, the change in conductivity, 61Y, is inversely proportional to 
the change 1n resistance, 6R, of the circuit: 

6!Y = c -;- 6R 

6Z = R + JX R:::::: r and 

l 
IT = 

R 

For initial calibration and subsequent testing of the instrument, a 
substitution method will be used. Sample materials made up of iron pow-
der and sand will be carefully mixed to ensure a uniform distribution of 
magnetic material. A known mass of this material will have its suscepti-
bility measured in a standard solenoid. This material will then be formed 
into a cylinder of the proper dimensions to surround the susceptibility sen-
sor coil such that the errors of spacing, hole size, and length are reduced 
to a negligible value. The susceptibility instrument will be calibrated with 
several calibrated samples in this manner. The same samples and tech-
nique can be used for the field calibration and checkout of the system and 
for checking calibration after measurements are obtained. Compensation 
and/ or evaluation of zero and sensitivity change with temperature will also 
be evaluated with the proper temperature environment and suitable suscepti-
bility material samples to cover the required operating range 

A set of instrument response curves is included in Figure 6. 3-1 
that show the radial sensitivity and vertical sensitivity of the proposed In-
strument. The set of curves on the left shows the response in percent of 
the two components as a function of the diameter of the core hole in a 
cylindrical bed of infinite thickness. This diameter is measured in terms 
of the length, l, of the sensitive coil and core. It may be determined from 
this set of curves that the response is not the same for each component, 
and that the susceptibility component is influenced largely by the material 
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adjacent to the tool out to a diameter of one coil length, while the conduct-
ivity component is influenced by the material adjacent to the tool extending 
to a diameter of three coil lengths. The point of approximately 909fo re-
sponse was used in each case to determine these diameters. 

The curve on the right shows the response of the conductivity com-
ponent as a function of the thickness of the bed. Again, the bed thickness 
is expressed in terms of the length, l, of the sensitive element. From 
these curves, it can be seen that the values read directly from the log will 
be apparent susceptibility or conductivity which will be different, 1n many 
cases, from true susceptibility or conductivity of the formations. These 
curves will permit a closer approach to true values by providing correc-
tion factors for variations in bed thickness. These curves also illustrate 
the point that the design of the coil requires a compromise between a long 
coil for penetration into the formation and a short coil for delineating thin 
beds with good detail. 

The measurement system 1s necessarily divided into two sections: 
the downhole transducer, and the surface readout and recording system. 
The downhole instrument will be housed in a case not exceeding l. 0 in. in 
diameter, and the length will be in the neighborhood of 6 to 8 in. The 
weight of the instrument will not exceed 0. 5 lb, and the surface-recording 
package will not weigh more than 3 lb. The power requirement for the 
electronic equipment is approximately two watts. Logging capable of with-
standing extreme environmental conditions have been developed and are 
presently in use, so no problem is anticipated in this area. 

No discussion of the mechanical systern used to raise and lower the 
instrument in the core-hole has been included in this phase of the investi-
gation. Since the bore hole depth will be a maximum of 100ft, it is quite 
likely that existing equipment will suffice with little modification required. 
Planning of the logging operation will be closely coordinated with the drill-
ing of the hole in order to complete the initial log as soon as practical after 
the hole is completed and to take advantage of the equipment at the bore-
hole sight. It is anticipated some of this equipment can be utilized in both 
operations. 

6. 3. 6 Operational Procedures for Core-Hole Electrical Measurements 

The operational procedure used to make a measurement requires 
first the nulling of the bridge output in air at the surface with the transducer 
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reTnoved from the influence of any n1agnetic material. The balancing of 
the inductance bridge for measuring magnetic susceptibility inherently in-
cludes the balancing for the resistive component of the sensor impedance. 
Astronaut actions required would be reading of a meter and adjustment of 
a control knob or wheel. 

After nulling the bridge at the surface, the next action required is 
placement of the tool in the bore hole. Care rnust be exercised so as to 
not kink or foul the logging cable in the initial insertion in the hole. Next 
the depth indication on the recording must be synchronized with the cali-
brated sheave indicator. This requires a minor control adjustment. 

After these calibration adjustments, the instrument operation 1s 
au tom a tic. The system will automatically record magnetic susceptibility 
and electrical conductivity as the instrument is lowered or raised in the 
core hole. The system can be programmed to stop at a predetermined 
depth; if desired, the capability of logging at different speeds can be pro-
vided. It is assumed that the calibration of the instrument sensing device, 
using standards, will be completed prior to leaving the vehicle. A perma-
nent record of the parameters measured will be recorded for future 
transmission. 
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6. 4 HEAT FLOW MEASUREMENT 

The measurement of temperature and the temperature gradient in a 
borehole on the earth has long been a standard geological practice. The 
information obtained can be used with other data to compute the heat balance 
of the area being measured. From this, geologists work backwards in 
time, trying to postulate and verify the measured heat flows according to 
existing theories of the earth 1 s formation and growth. 

6. 4. l Basic Principles of Heat Flow Measurements 

Measurements of the moon 1 s subsurface temperature and tempera-
ture gradient when combined with the thermal conductivity of the subsurface 
layers will yield the heat flow. This can be accomplished with the basic 
Fourier equation for the conduction of heat, 

where 

Q = -K~ 
dZ 

2 Q = heat flow from the interior of the moon, cal/cm -sec 

K = thermal conductivity of the subsurface layers, cal/ em- sec °K 

dt/dZ = temperature gradient in the subsurface measured in a radial 
direction from the center of the moon, °K/cm (this quantity 
is almost always given in the literature as °K/m). 

Some typical values obtained from the literature are as follows: 

A glance at the values at once gives a contradiction. The tempera-
ture gradients are within an order of magnitude of each other, but the 
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thermal conductivities are different by two orders of magnitude. Yet the 
heat flows are remarkably similar! It becomes readily apparent, however, 
that this contradiction must be resolved, and that the answer must be o b-
tained by experimental means. 

Another quantity that is useful in the analysis of heat flow is the 
thermal diffusivity, designated a, with the units cm2 I sec. Thermal dif-
fusivity is defined as the quantity 

k a = pc 

where 

0 
k ·- thermal conductivity as defined previously, cal/cm-sec- K 

density, gram/em 
3 

p ::: 

0 
c = specific heat, cal/ gm- K 

Thermal diffusivity may be measured or computed, if the other three 
quantities are known. In the case of an unknown substance whose specific 
heat may be difficult to obtain experimentally, thermal diffusivity is ob-
tained experimentally by heating one side of a slab of the material and 
measuring the rate of heat flow through the slab as a function of time and 
slab thickness. After measuring den$ity and thermal conductivity, the 
specific heat can be evaluated. If the specific heat is known or can be 
accurately estimated, thermal diffusivity is obtained by a simple calculation. 
Using a mean density of 3. 34 gm/cm3 for the earth and 3. 30 gm/cm3 for 
the moon, and an estimated specific heat of 0. 2 cal/ gm °K for both bodies, 
the thermal diffusivities can be calculated to be 6 x lo-3 to 3 x lo- 2 for 
the earth and 4. 6 x 10-6 to 7. 6 x lo- 3 for the moon. Again, the great dif-
ference comes from the fact that the lunar thermal conductivity is estimated 
to be two orders of magnitude lower than that of the earth. 

6. 4. 2 Temperature Measurements 

6. 4. 2. l Temperature Measurement Techniques 

Borehole temperature measurements on the earth have been made 
using the following methods: mercury-in- glass thermometers, thermo-
couples, platinum resistance thermometers, and thermistors. Two other 
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techniques have also become available, but so far have not been used in a 
borehole. These are the quartz crystal oscillator and the nuclear reso-
nance effects of a chlorine atom. All of the above techniques, with the 
exception of the mercury thermometer, can be adapted for use in a lunar 
environment. 

Thermocouple 

The thermocouple consists of two dissimilar metals joined to-
gether- one end at the temperature to be measured and the other at a 
standard or reference temperature. Construction of such a circuit will 
cause generation of an emf that is proportional to the temperature differ-
ence between the hot (temperature to be measured} junction and the cold 
(standard or reference temperature) junction. The emf is measured using 
a precision potentiometer. If extreme care is used in the selection of 
compatible circuit components, the accuracy can be as high as 0. 06 °C. 
However, most systems rarely attain better than 1 °C accuracy in actual 
continuous use. Sources of error are inherent in the circuit, since the 
same principle that allows the measurement of temperature with a thermo-
couple C~.cts to form 11 secondary" thermocouples at all junctions within the 
measuring circuit. The response time is 0. 1 to 10 seconds; the operational 
range is - 184 to 1700 °C. 

Platinum Resistance Thermometer 

A platinum resistance thermometer is based on the principle that 
the resistance of a metallic conductor will increase with temperature. 
This change in resistance with temperature is measured by comparing it 
to a standard unit whose resistance remains constant. The comparison is 
made in a bridge circuit with the temperature- sensing resistance acting 
as one of the arms of the bridge. Platinum is chosen as the metallic 
element, because it has a reasonably high resistivity (electrical}, a high 
melting point, a relatively large temperature coefficient of resistance, 
and a resistance that varies very nearly linearly with temperature. It is 
also easily worked, relatively free from corrosive effects, and available 
in a highly pure and reproducible state. In a laboratory apparatus, ac-
curacies as high as 0. 0001 oc have been reached over a small temperature 
range, but a more practical estimation of error would be o. 03 to 0. 05°C. 
The greatest sources of error occur in the sensitivity of the measuring 
apparatus and the inherent error caused by current flow in the sensitive-
element resistance by the measuring procedure. Response time is similar 
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to that of the thermocouple, being a function of the time constant of the 
attachment or measurement housing, and is on the order of 0. 1 to 10 sec-
onds. The operational range is -IZ9 to 87I °C. 

Thermistors 

Thermistors follow the same principles of operation governing 
resistance thermometry. A conventional resistance measuring circuit is 
used and consists of a thermistor, a source of current, and a device for 
measuring the current flow (usually some type of bridge element). The 
thermistor is a semiconducting material that exhibits a high temperature 
coefficient of resistance. The magnitude of the resistance change with 
temperature is much higher for thermistors than for platinum resistance 
thermometers, thus leading to a higher sensitivity. This means that very 
precise measurements of small changes in temperature can be made. 
Accuracy is limited by the type and composition of the sensing element, 
the measurement instrument sensitivity, and the degree of "aging" to pre-
vent drift over long period of time. The minimum error possible is 0. OOZ°C, 
due to sporadic fluctuations in resistance. For practical measurement, the 
error is usually no less than 0. l oc. Again, response time is of the order 
of 0. l to 10 seconds and is limited by the time constant of the attachment 
apparatus. The operational range is -I 0 I to 288°C. 

Quartz Crystals 

The use of a quartz crystal to mea.sure temperature is based on the 
principle that the resonant frequency of a crystal is a function of its tem-
perature and angle of cut. The crystal is connected by a coaxial cable to a 
housing in which are located a sensor oscillator and a standard reference 
oscillator. Both standard and reference oscillators are matched (referenced 
to each other at a particular temperature) so that the frequency output is 
proportional to the temperature measured. For a typical instrument, a 
count of l 00 cycles indicates a change of I oc. Resolution of the frequency 
allows an accuracy of 0. 0 l oc, and an ace uracy of 0. 00 I °C is possible 
over a range of 5°C. Errors occur mainly in the preparation of the crystal 
sensor and resolution of the frequency output. Response is rapid, and the 
temperature range is limited only by the ability to prepare the proper crystal. 

Nuclear Resonance 

Finally, the technique of using nuclear resonance to measure 
temperature is based on the principle that the RF energy that a chlorine 
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atom absorbs depends upon its temperature. In particular, the spectra 
used are nuclear quadrupole resonance (NQR) RF absorption lines whose 
frequencies decrease smoothly with temperature. The temperature fre-
quency relation is a function of the molecular properties of the compound 
used as the temperature probe. An example of the nuclear species used is 
the resonance of Cl35 atom which lies in the 20 to 40 Me range. The probe 
material is KCl03. It has a simple singlet spectrum, is stable, and has 
a line width that is narrow relative to the rate of change of NQR with tem-
perature. Resonance frequency is 28. 2134 Me, linewidth 500 cps, and 
temperature dependence approximately -4. 8 Kc/degree at 0°C. Since only 
molecular and local crystal structures are of importance, the NQR spectrum 
is practically independent of the grain size of the probe compound, and 
commercial powdered samples can be used. The primary source of errors 
are parasitic oscillations in the detection circuit. The magnitude of the 
error ranges from 0. 1 to 0. 000 l oc in the laboratory. The response is 
almost instantaneous, and the range of measurements can be from cryogenic 
to pyrometric, depending on the probe material selected. 

6. 4. 2. 2 Instrument Requirements 

In discus sing instrument requirements, it would be opportune to 
review the expected magnitude of the quantity to be measured. As mentioned 
previously, the expected lunar thermal gradient is from 0. 05 to 1. 6°K/m. 
Also, from telescopic, infrared, and microwave observations, the mean 
temperature of the lunar disk is -23°C at a depth of one meter. The surface 
temperature excursions range from -163 to 11 ?OC. Below one meter, the 
temperature increases above - 230C at the previously estimated rate. 

It is presently thought that the maximum depth of the borehole will 
be 100 ft (30. 5 m). Thus, assuming a surface temperature of -230C, the 
temperature at maximum depth may range from +25 to -21. 5°C. However, 
the actual measuring range of the instrument should be from -40 to +45°C. 
The quantity being measured should have a linear variation with tempera-
ture over this range. 

Taking the maximum practical accuracy of 0. 0 l °C and an assumed 
gradient of 0. 0 155°C /ft, then measurements should be made at intervals 
of no less than l 0 feet in order to provide meaningful temperature versus 
depth data. Thus, the instrument needs to be sensitive to changes of the 
order of 0. 0 l oc. Since measurements at only l 0 depths will be made, the 
response times of all the systems under study should be more than adequate. 
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6. 4. 2. 3 Temperature Measurement Technique Evaluation and Selection 

The characteristics of the various temperature measuring instru-
ments are summarized in Table 6. 4- 1 and compared with the instrument 
requirements set forth in Section 6. 4. 2. z. 

Present mission concepts call for an extendable probe to log the 
length of the borehole in one operation. Also, the measurement readout 
will be done remotely, with the data either recorded directly or stored for 
future play- back. Thus, the mercury thermometer can be immediately 
eliminated. Next, from an accuracy standpoint, the thermocouple can be 
eliminated. Finally, due to the very limited amount of data available, the 
nuclear resonance method must be excluded for the presenL It should be 
noted that nuclear resonance has a great potential for increases in accuracy, 
sensitivity, and ease of measurement, and therefore should be considered 
further during the follow.,.on development of advanced sensing materials. 

At the present time, it is not possible to make a selection among 
the remaining three techniques: resistance thermometers, thermistor, 
and quartz crystal oscillator. All are capable of meeting or exceeding the 
instrument requirements. The weight and power requirements are about 
the same for all three. The interface requirements have not as yet been 
sufficiently defined so as to take advantage of, or cause rejection of, certain 
measurement principles. 

6. 4. 3 Thermal Conductivity Measurement 

6. 4. 3. I Thermal Conductivity Measurement Techniques 

As shown previously in Section 6. 4. 1, the thermal conductivity 
of the lunar subsurface when combined with the temperature gradient will 
yield the heat flow from the interior of the moon. Thermal conductivity is 
not a quantity that can be measured directly like temperature. 

Under carefully controlled laboratory conditions, thermal con-
ductivity measurements are difficult. At present, accurate measurements 
cannot be obtained "in situ." For this reason it is proposed that a core 
sample be recovered from the hole and returned to earth for laboratory 
measurements of the thermal conductivity. However, it is proposed that 
the less accurate thermal conductivity measurements be made "in situ" to 
confirm and compare with the more accurate laboratory measurements. 
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TABLE 6. 4-1 

COMPARISON OF TEMPERATURE MEASUREMENT TECHNIQUES 

Technique 
Accuracy 

(OC) 
Response 

{sec) 
OP Range 

(OC) 

Linearity 
Over 

OP Range 

Mercury 0. 001-0. l 0. 1 - 60 Yes 
Thermometer 

Resistance 0.0001-0.03 0. 1 - 10 Yes 
Thermometer 

Thermocouple 0.06-l.O 0. 1 - 10 Yes 

Quartz 0.001-0.01 0. 1 - 10 Yes 
Crystal 

Nuclear 0.001-0.01 o. 1 - l 0 Yes 
Resonance 

Thermistor o. 002-0. 1 o. 1 - 10 Yes 

Requirement 0.01 60 Max -40 to 45 0. OS% 

The information in the chart was prepared from the specification of current available com-
mercial and laboratory instruments. The nonoperating range was estimated as equal to 
the operating range. The operating range for the quartz crystal and nuclear resonance 
devices was estimated. 



The measurement of thermal conductivity is an indirect process. 
In a general description of the method, a sample of the material is care-
fully prepared and dimensionally checked. A known quantity of heat is 
passed through the sample, and the temperatures on both sides of the 
sample in the direction of heat flow are measured. The thermal conduc-
tivity is determined from the conduction equation described earlier after 
a steady- state condition has been reached. In a variation of this method, 
a line source of heat is inserted in a hole cut in the sample. A known 
quantity of heat is applied, and a temperature vs time curve generated. 
The slope of this curve can be converted to yield thermal conductivity in-
formation. If the specific heat is known or ace urately estimated, then 
measurement of the thermal diffusivity can be used to calculate the ther-
mal conductivity. In all methods, the nature of the measurement makes 
high accuracy difficult and almost impossible to package into a simple 
direct-reading instrument that will perform the operations and present 
the results. 

Birch and Clark Method 

One of the best known apparatus for measuring thermal conduc-
tivity directly is that developed by Birch and Clark. In this method, a 
specially cut and prepared sample is placed between a heater and a cold 
plate or sink. A copper dome is then placed around the heater. The 
heater is turned on and adjusted until the temperature of the heater is 
equal to the temperature of the dome. All the heat generated by the heater 
will pass through the sample to the cold plate. Thus, with the heat flow 
and temperature between heater and plate known, the thermal conductivity 
of the sample is easily calculated. The total accuracy can be as high as 
l o/o, with an accuracy estimated to be 4% when extrapolating to higher 
temperatures. However, it takes approximately eight hours to set up the 
instrument and record the data for each nominal temperature. Actual data 
taking occupies two hours of that time. The instrument can measure over 
the nominal range of 25 to 300°C. Beyond that point, heating effects on 
the rock samples are believed to be irreversible. 

Divided Bar Method 

The instrument developed by Beck and Beck is called the divided 
bar apparatus and is widely used for measurements. It is an indirect 
method in which a specially prepared sample is placed between two brass 
bars under pressure. The extreme ends of the bars are maintained at 
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two different temperatures, and the temperature gradient along the bars 
is measured. The conductivity of the sample is determined by extrapolat-
ing the temperature gradient in the bars to the face of the sample, deter-
mining the contact resistance between the bars and the sample, and using 
a predetermined value for the thermal conductivity of the brass for cal-
culating the heat flow through the bars, Three or more samples of dif-
ferent thicknesses of the same material are required to determine the 
contact resistance. Accuracy can be within 1% if great care is taken. The 
biggest advantage of this method is the time required for measurement. It 
takes 10 minutes to change samples and 20 minutes to reach equilibrium. 
Thus, with three samples required per material, 90 minutes are required 
for a determination of thermal conductivity at each nominal temperature. 

Bore-Hole Method 

Finally, a method has been developed using a theory contributed 
by Jaeger for determining the thermal conductivity of rock "in situ". In 
this technique, a section of the borehole is heated by supplying a known 
quantity of heat to a heater pres sed against the borehole wall. A tempera-
ture probe monitors the temperature rise of the rock being heated with 
time. The data are transferred to a curve plotting temperature rise vs 
log time. The slope of this curve can be related to the thermal conductivity. 
Large amounts of power are consumed (about 10 watts per foot of borehole 
length) and heating times average about 10 hours. If the material is fairly 
homogeneous in the area being investigated, the accuracy can be 10% or 
better. The only way to determine this is to bring back a sample of the 
core for the area being heated to verify the homogeneity. 

Recently, some questions have been raised concerning the possible 
anisotropy of rocks and rock forms. Some experimenters have prepared 
rock samples and measured the thermal conductivity perpendicular to the 
plane of foliation (designated Kz), along the dip of foliation (Kx), and along 
the strike of foliation (Ky)· ,Results have shown Kx slightly greater than 
Ky, but Kz much lower than Kx or Ky. For this case, if a line source of 
heat is used in the borehole the conductivity determined will not be Kz but 
Kx or K . A solution is to drill another hole at an angle to the first and 
determi~e the conductivity in it by line heating. Then, the true vertical 
conductivity can be determined from the data obtained from both holes. 
Also, a core must be recovered from the hole to show the angle of inclina-
tion of the plane of foliation to the axis of the hole. However, other ex-
periments have not discovered any significant measurable anisotropic effects. 
More work is needed in this area to verify the existence of anisotropy in 
materials and the means for measuring it. 
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6. 4. 3. 2 Instrument Requirements 

The requirements for thermal conductivity measurement include 
the ability to measure conductivity from 3 x 10-6 to 5 x 10-3 cal/cm-sec-°K. 
If the lunar subsurface contains rocks that are very similar to those found 
on the earth, then the range of conductivity should be extended to 
2 X Io- 2 cal/cm- sec-°K. The instrument must be capable of withstanding 
the survival temperature limits as outlined in Section 6. 4. I, 3. Finally, 
the response time should be as rapid as possible to reduce the power re-
quired to activate the probe heater; this has a practical limit, since the 
conductivity is so low that a high heat flux is nee es sary to heat only a 
small portion of the rock near the surface of the borehole. Therefore, 
future study is needed in this area to see if a higher power level for a 
shorter time would possibly yield the same information. 

6. 4. 3. 3 Thermal Conductivity Measurement Technique Evaluation and 
Selection 

In the discussion on thermal conductivity measurement, it was 
shown that there are two basic ways of making the measurements: (I) the 
laboratory method in which specially prepared samples are inserted into 
a measuring device, and (2) the line heat-source method in which a section 
of a hole drilled in the sample is heated and the temperature-time curve 
used for determining thermal conductivity. At this time, the only feasible 
way to make thermal conductivity measurements 11 in situ11 is the line heat-
source method. 

The mission profile does not allow the time required to prepare 
the samples. Also, there presently does not seem to be a way to package 
the laboratory measurement apparatus into a volume of reasonable size that 
could survive the environmental and mission requirements. Perhaps the 
most important point of all is that it does not seem possible to reduce the 
manipulation required in the laboratory method to the very simple restricted 
level of the astronaut in a spacesuit. However, if it should be decided that 
a shelter could be made available in which the astronaut could work in a 
11 shirtsleeve 11 environment, while sample is in lunar environment, then it 
is possible and desirable that a laboratory apparatus be assembled and used 
for making the measurement. 

The line heat- source method has as its main advantage the port-
ability and ease of measurement. Also, since the measurements are made 
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"in situ", compacted or granulated materials can be measured even 
though core recovery is difficult if not impossible. In situ measurements 
also take into account any entrapped gases or liquids that would be out-
gassed when the core is sectioned into samples. The disadvantage of the 
line heat- source method is the comparatively low accuracy attained, due 
mainly to the indirect method of heating and temperature measurement. 
However, it is felt that an experimental program in this area would reduce 
the uncertainties to a point where the accuracy of measurement would be 
greatly improved. 

First estimates indicate the time period for the core hole to come 
to equilibrium after drilling will be on the order of several days. Thus, it 
will not be possible to make a thermal conductivity measurement at a station 
along the traverse, since it is not presently contemplated that the MOLAB 
will remain at a station other than the LEM landing site for more than one 
earth day. Hence, it is likely that the heat flow measurements will be 
performed only at the Emplaced Scientific Station (ESS) which will be near 
the LEM-landing site. 

6. 4. 4 Conceptual Design of a Temperature and Thermal Conductivity 
Measuring Instrument 

The particular design for a temperature probe that was tentatively 
selected was influenced by two main considerations: 

1. The temperature probe would be the last of the borehole 
measurements performed and would be left in the borehole 
for the entire mission 

2. The thermal conductivity experiment would be incorporated 
into the temperature pro be. 

The first consideration caused the selection of an extendable probe that 
would cover the length of the hole and, once in place, remain to transmit 
data for the life of the components. The second consideration influenced 
the size and spacing of the probe sections. As soon as the particular 
sensing element is selected, the number and spacing of the sensors can 
be determined more accurately. However, it is anticipated that, even 
with the advanced temperature sensors being investigated, the basic design, 
size, weight, and power will not be fundamentally changed. 
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Figure 6. 4-1 presents a block representation of the probe as it is 
extended within the borehole. The electronics package rests on the bottom 
of the hole. The readout and power supply are on the lunar surface. The 
dimensions shown are approximate and show the distance between the 
probes. All elements are 2 inches in diameter or less. The connecting 
cable carries the weight of the probes and transmits the signal from the 
sensors to the electronics and then to the readout instrument located on 
the surface. The cable also transmits the power to the heaters in the 
thermal conductivity (K) probes from the power supply. 

Figure 6. 4-2 shows the actuation of the temperature sensors in both 
the temperature and K probes. Since the probe will be left in the hole, the 
sensors will be extended to contact the borehole wall and will not be re-
tracted. This simplifies the actuating mechanism considerably. At present, 
the release of the spring-loaded sensors will be either mechanical or elec-
trical. 

Figure 6. 4-3 shows a simplified drawing of the thermal conductivity 
(K) probe. 

The thermal conductivity element of the heat-flow probe is in the 
form of a cylindrical frame approximately 2 inches in diameter and 24- in. 
long. Surrounding the frame is an inflatable heater bag consisting of a 
heating element imbedded in a flexible cover. In the center of the frame 
are three spring-loaded temperature sensors. Actuation of the sensors 
to press them against the borehole wall also triggers a compressed gas 
cylinder to inflate the heater against the wall. The actuating mechanism 
may be either mechanical or electrical. The thermal conductivity element 
weighs approximately 2 lb; power consumption is 100 watts for the heater 
and much less than 1 watt for the temperature sensors. Again, since the 
probe will be left in the hole, the heater bag will be inflated to contact the 
borehole wall and left in place. The inflating gas will be supplied by a 
self-contained cylinder under pressure located in the probe housing. 
Heater bag inflation will take place at the same time as temperature sensor 
extension, and may be initiated either mechanically or electrically. 

Figure 6. 4-4 shows a functional block diagram of the components 
involved. A weight breakdown would be as follows: 

Probe Electronics = 10 
Temperature Probes = 2 
K Probes = 8 
Connecting Cables ::: 40 

Total :z bOlb 
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These figures are representative of current equipment and do not neces-
sarily represent the minimum weight. Also, none of the surface equipment 
(data readout and power supply) is included. It is expected that this will be 
a part of the ESS. Power requirements are: 1 watt total when the probe 
heater is not operating, and 400 watts for 10 hours ( 100 watts per K probe) 
when the probe heater is turned on. The power to operate the data readout 
equipment is not included. The storage space required is about 2 ft3; this 
amounts to a volume about 78- in. long, 8- in. high, and 6- in. wide. As 
can be seen from the block representation of the probe, most of the volume 
will be taken up by the supporting and electrical cables. 

No special mounting requirements are anticipated. At present, it 
is desired to remove the probe from the MOLAB and connect it to the ESS 
data storage and transmitting package. This package will monitor the 
temperatures, record and store, and transmit them back to earth. 

6. 4. 5 Operational Procedures for Heat Flow Measurements 

The following chart shows the sequence of operations to be per-
formed, the time required, and the degree of skill demanded by the 
astronaut. 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

Sequence of Operations Time 
(minutes) Skill and 

Astra- Run- Dexter-
naut ning ity 

-"------
Lower heat flow probe into hole. 15 

Check out sensors, heaters, power, gas pressure 10 

Activate sensor deployment and heater inflator 
mechanisms. 

10 

Check out sensor operation in ESS. Return with 10 
MOLAB, connect to MOLAB power supply, 

Turn on heater; monitor temperature vs time 120 
change. 

After stability reached (step 5), turn offheater; 10 
re-set data recorder to long time count. 

Disconnect probe from MOLAB; connect to ESS 
and check out. 

Leave area; check out at a distance from 
borehole. 

Total 

15 

10 

200 

15 

10 

10 

10 

600 

10 

15 

10 

695 

nominal 

minimum 

minimum 

minimum 

minim urn 

minimum 

nominal 

minimum 
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Astronaut time is the time actually required to be spent on the meas-
urement by the astronaut. Running time is the time for the MOLAB vehicle 
to be engaged in the measurement. This is mainly to supply power during 
thermal conductivity measurement. 

The skill and dexterity requirement was determined using the follow-
ing notations: 

l. Nominal - requires lifting, moving about in a small radius, 
stooping, and use of the hands and arms in a manner not to 
exceed the nominal levels as determined in Section 8. 

2. Minimum - requires only standing and use of the hands to press 
a button, turn a knob, or adjust a gage. 

At this time, all of the tndicating and recording equipment is automatic, 
with the exception of that used to obtain time-temperature data during probe 
heating. Here, the astronaut decides when stability is reached, using per-
haps the criterion of no change greater than± 0. Ol°C in l hour .. This func-
tion could also be made automatic by including a small simple computing 
element. 
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6. 5 CORE-HOLE NUCLEAR MEASUREMENT 

The following core -hole measurements to detect nuclear radiation or 
utilizing nuclear techniques have been considered: 

Measurement 

Natural gamma rays 

Radionuclide identification 

Rock density 

Element identification 

Presence of water or other 
hydrogenous material 

Technique 

Gross counting 

Spectral gamma ray 
analysis 

Gamma-gamma 

Neutron-gamma 

Neutron-neutron 

Discus sed 1n 
Section 

5. 5. 6 

5. 5. 7 

5. 5. 8 

5. 5. 9 

5. 5. I 0 

It was found that the same basic instruments could be used for both surface 
and subsurface surveys. The discussion of the techniques and instruments 
for each of these measurements is given in Section 5. 5 as indicated above. 
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SECTION 7 

CORE DRILL 

A coring drill as a part of the ALSS Scientific Package would be used 
to acquire samples of lunar subsurface material and to provide a hole for 
insertion of instrumentation probes. In addition, the drill would be avail-
able for providing holes for emplacement of explosives in seismic inves-
tigations. The fundamental requirements and operating constraints of the 
drill are summarized below: 

1. Capability of drilling a hole up to 100-ft deep suitable for inser-
tion of instrumentation probes 

2. Obtain core samples of lunar subsurface material 

3. Efficiently penetrate all types of material likely to be encountered 
includingsoft-to-hard rock, dust, rubble, and vesiculated 
material 

4. Be compatible with the lunar environment, particularly the ther-
mal and vacuum effects that will be encountered on the moon 

5. Use a maximum of 5-kw power at a nominal 28 VDC 

6. Be compatible with the ALSS vehicle and human interfaces. 

This phase of the investigation of the drilling system for the ALSS-
SMSS has included: 

1. An evaluation of drilling techniques 

2. Study of drilling mechanisms 

3. Thermal control investigations 

4. Feed-thrust-storage system designs 

5. Preliminary study of chip and core recovery. 
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As a result of this work, a down-the-hole rotary-percussive system is 
recommended for this lunar drilling application. The drill would be driven 
by a closed-cycle pressurized gas system which would also be used to pro-
vide thermal control for the mechanism. Program activity during the re-
mainder of this study will include a continuation of the optimization and 
development of the drilling system design, analysis of drill performance, 
and time-task analysis of man's participation in the system's operation. 
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7. 1 EVALUATION OF DRILLING TECHNIQUES 

Numerous drilling techniques have been developed for various appli-
cations. These include conventional rotary, rotary diamond bit, percus-
sive, rotary-percussive, high-frequency vibration, pellet impact, flame 
drill, electric arc, abrasive laden jets, and shaped charges. Obviously, 
some of these could not be used because they are not suitable for core 
drilling, others would physically change the material being drilled, and 
others could seriously contaminate the sample. Of all the possible drill-
ing techniques, only conventional rotary, diamond core rotary, percussive, 
rotary-percussive, and high-frequency vibration could be considered for 
this core -drilling task. 

7. 1. 1 High-Frequency Vibration Drilling 

High-frequency vibration drilling is accomplished by superposition 
of a longitudinal vibration onto a rotating drill bit. Essentially, this be-
comes a column vibrated at or near the resonant frequency of its functional 
mode, generally in the range of 100 to 1000 cps. This technique could be 
very attractive; however, there are very little data and experience avail-
able on it. Since its operational characteristics and efficiency are not 
defined, an extensive development program would be required to determine 
whether or not high-frequency vibration lunar drilling is feasible and com-
petitive with other techniques. 

7. 1. 2 Diamond Core Drilling 

Diamond core drilling is very effective in hard rock; however, in 
softer material its efficiency becomes significantly lower. In normal 
usage, a fluid is circulated around the drill bit to cool the bit and flush 
away the chips. When no cooling is provided, the matrix holding the dia-
monds softens, and the diamonds become disoriented and polish rapidly. 
Experimental work at IITRI, conducted for a previous program, indicated 
that a diamond coring bit used without fluid circulation would polish before 
any significant penetration could be made into granite. Consideration has 
been given to the use of a gas injected at the drill bit for cooling the bit 
and flushing away the drilling chips. (The lunar environment precludes 
consideration of a liquid for cooling and flushing the chips.) However, the 
weight of the gas and tankage alone would be approximately 175 lb which 
would result in a prohibitively heavy system. A closed-circuit fluid flush-
ing and cooling system would be practical only during the drilling of a con-
tinuous nonporous subsurface material. 
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7. 1. 3 Rotary Drilling 

In rotary drilling, the bit bores into the rock along a helical path, 
resulting in planing of the rock in front of the cutting edge. The actual 
breakup occurs in the following manner: 

1. A buildup of forces and deflection of the bit takes place until 
a sudden fracture of the rock occurs. 

2. A rapid release of stored energy in the deflected bit takes 
place, causing the bit to impact upon the rock, 

3, A buildup of forces again occurs with some failure of the rock 
along the irregular lines of the fracture rock and new contact 
plane, This action continues until the next fracture occurs, 
completing the cycle. 

Practical considerations limit the application of rotary drilling to soft to 
medium-hard rocks, In medium-hard rock, rotary drilling requires the 
application of high axial loads and in abrasive rocks the bit dulls rapidly, 
Rotary drill bits also will heat up appreciably, and cooling can be a 
proble_m. 

7. 1. 4 Percussive Drilling 

Percussive drilling can be used over a wide range of rocks and 
generally requires a low axial load. However, its penetration rate is 
quite limited; in general, it will be much slower than rotary drilling. 

7. 1. 5 Rotary-Percussive Drilling 

Rotary-percussive drilling combines the main advantages of rotary 
drilling and percussive drilling while eliminating the major disadvantages. 
The main features of this drilling technique are summarized in Table 7, 1-1. 
It can be used to penetrate materials ranging from very hard to very soft 
rock. The drill bit in terrestial usage requires no cooling and operates 
well below the temperature of conventional rotary bits. However, in lunar 
usage the percussive mechanism may require cooling even though the drill 
bit may not. The drill will operate effectively at comparatively low axial 
loads; e. g., the optimum axial thrust for a l-in. rotary percussive bit 
would be about 40 db compared to an optimum thrust of about 180 lb for a 
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TABLE 7. 1-1 

ROTARY- PERCUSSIVE FEATURES 

1. Suitable for Wide Range of Rocks 

2. Generally More Efficient Than Rotary or Percussive Drilling 

3. Bit Requires No,Cooling 

4. Requires Low Axial Load 

5. Less Efficient - Soft Rocks 

6. May Break Some Cores 

7. Many Friction Surfaces 

8. High Vibration Levels in System 

straight rotary bit. There is limited experience with rotary impact core 
drills; experimental results have indicated that coring is practical, although 
it is possible that the vibrations may break some cores. 

The mechanics of rotary-percussive cutting combine impact and 
shear forces as follows: 

1. The bit is rotated against the rock face with insufficient force 
to cause failure. 

2. An impact is delivered in the direction of the resultant tool bit 
force field, increasing the stress in the rock. The rock then 
fractures at a lower value of the rotary drilling. 

3. The stressed rock below the bit is pulverized or fragmented 
as in impact drilling. 

4. Following impact, the bit rebounds and is rotated forward to a 
new impact position. 
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7. 1. 6 Comparison of Drilling Techniques 

High-frequency vibration and diamond core drilling are not con-
sidered feasible techniques for this application. However, rotary, perc us-
sive, and rotary-percussive techniques are all capable of drilling under 
the mission and environmental limitations, Both published data and pre-
vious experimental work at liTRI indicate rotary-percussive drilling to be 
very effective over a wide range of rocks, For example, in some exper-
imental programs the penetration rate of a rotary-percussive drill in 
granite was an order of magnitude greater than a rotary drill operating at 
a similar power input (Table 7. 1-2). In softer rocks the difference is less 
and it is possible that in dust, vesiculated material, or rubble the efficiency 
of a rotary-percussive drill might be less than that of a straight rotary 
drill. 

TABLE 7, 1-2 

RELATIVE PENETRATION RATES 

Method Sandstone Granite 

Percussive Drilling 3 

Rotary Drilling 19 1 

Rotary- Percussive 23 10 
Drilling 

Because of its high efficiency, suitability for drilling a wide range 
of materials, and since it does not require cooling, a rotary-percussive 
drilling technique was selected for the lunar drill system. However, since 
under some conditions the rotary percussive method might be less efficient 
than the rotary, consideration will also be given to systems which would 
operate as a rotary-percussive drill in most materials but could be oper-
ated as a straight rotary drill in loose or very soft materials. 
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7. 2 STUDY OF DRILLING MECHANISM 

7. 2. 1 Basic Operation 

The basic operating principal of a rotary-percussive mechanism 
is the acceleration of a mass which impacts on an anvil, thereby trans-
mitting an impulsive force to the drill bit. Mechanically, this is generally 
accomplished by means of an oscillating spring mass system such as illus-
trated in Figure 7. 2-1. This mechanism is similar in layout and operation 
to the Skil Roto-Hammer manufactured. by the Skill Corporation, Chicago, 
Illinois. 

In operation the driver draws the piston upward, As the piston 
nears the end of its stroke, gas injected below the striker forces the 
striker upward. As the striker moves upward, an exhaust port is un-
covered, allowing the gas to be vented to a reservoir. As the piston starts 
its downward stroke, a charge of gas enters between the piston and the up-
ward moving striker. This gas serves as a cushion, preventing piston-
striker contact, and also acts as the driving force to send the striker down-
ward at a high velocity. The striker then impacts the anvil which trans-
mits an impulsive force to the drill biL 

A modified version of this basic mechanism was also used by Hughes 
Aircraft Company in the drill developed for the Surveyor Program. 

The drive mechanism design illustrated in Figure 7. 2-1 utilizes a 
pneumatic spring to isolate the driver from the impact mechanism. This 
requires the case to be pressurized, which creates a seal problem. How-
ever, this design is technically possible. Replacement of the pneumatic 
spring by a mechanical spring would eliminate the requirement for case 
pressurization and would reduce the weight of the drill. However, such 
a design is not considered to be within the current state of the art of 
spring design. The maximum spring life that has been obtained in such 
applications is 2 to 4 hours. Therefore, to have reliable drill operation, 
two orders -of-magnitude increase in spring life would be necessary. In 
addition, the interior heavy duty bearings would have to be designed for 
operation in a vacuum environment; with a pressurized case, conventional 
bearings could be used. 
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7. 2. 2 Percussor Location 

The percussive force can be applied by a mechanism either at the 
top of the hole or at the bottom of the hole near the drill bit. In commer-
cial drilling operations, percussion application at the top of the hole is 
considered satisfactory for drilling up to depths of 30 to 40 ft. For deeper 
holes, the loss of energy in friction against the hole sides and in accelerat-
ing the entire mass of drill pipe becomes excessive and a down-the -hole per-
cus sor is required for efficient drilling. Previous experimental work has 
indicated that there could be an energy loss of 42% when a 5-ft extension 
was added onto a drill bit. The drill rod would heat up rapidly to a temper-
ature sufficient to inflict a severe burn on anyone touching it. Therefore, 
for efficient drilling of a 100-ft hole, a down-the-hole percussor is neces-
sary. Rotation of the drill bit c auld be provided by a drive either at the 
top or bottom of the hole. The power requirements would be somewhat 
less with down-the-hole rotation; however, the difference is not believed 
to be significant. Convenience and simplicity in system design will be the 
factors used to determine how the rotation of the drill bit is provided. 

7. 2. 3 Drive Mechanism 

A down-the-hole percussor to be used in the lunar environment 
c auld be driven by an electric motor, electromagnetic, or pressurized 
gas system. Because the consumption of gas by a pressurized gas driven 
tool would be quite high, a closed cycle would be necessary in which the 
gas was recompressed and reused. To compare the three basic drive 
mechanisms, an analysis was made of 2-in. diameter down-the-hole per-
cussor. This represents approximately the minimum diameter hole that 
could be drilled and still provide a core sample. This design investigation 
considers the drive mechanism integrated into a 10-ft long drill bit assem-
bly. The complete assembly includes the percussor as well as mechanisms 
for core recovery and drilling chip removal and storage. 

7.2.3.1 Electric Motors 

The power output of a DC motor is determined by the torque 
which can be developed and the speed at which the motor can safely rotate. 
The maximum rotational speed depends on the allowable mechanical 
stresses in the rotor and also is limited by commutation difficulties 
which arise at high speed. In addition, since a relatively low speed output 
is desired for this application, the gearing necessary for speed reduction 
is an important consideration in the use of high speed motors. 
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The torque a DC motor can develop is primarily dependent on 
the physical dimensions of the machine. The developed torque, T, is given 
by the relationship: 

where 

T = K ¢di a a 

¢a = the magnetic flux per pole 

I = the armature current a 

K 
PZa 

= a Z a 

p = the number of poles 

Z = the total number of armature conductors 
a 

a = the number of parallel current paths in the armature winding. 

From the above relationship, it follows that: 

where 

d = the armature diameter 

1 = the armature length 

B = the peak air gap flux density max 

Q = the number of ampere-conductors per 
circumferential length of the armature. 

Saturation effects in the iron portions of the machine, particularly 
1n the armature teeth, produce a practical limitation on the peak air gap 
flux density. Although flux densities of ZO kilogauss can be achieved in 
the lower portions of the armature teeth, the larger taper in the teeth of 
small-diameter motors substantially reduce the air gap flux density that 
can be achieved. 
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Thermal effects and commutation characteristics limit the possible 
number of ampere-conductors per unit length of armature circumference. 
Commutation is generally the limiting factor in small motors, and Q is 
restricted to '.a maximum of about 300 to 600. 

As a result of practical limitations on B and Q, the developed 
torque is almost directly related to the volume of the motor. Considering 
typical motors, a machine 2-1/4 in. in diameter and 6-1/2 in. long has an 
output of about 1/8 hp at 30,000 rpm. To practically package a relatively 
high horsepower motor (about 4 hp) in a down-the-hole drill, a minimum 
hole diameter of 3. 5 to 4 in. would be required. The complete 10-ft long 
drill bit assembly using such an electric motor would weigh at least 65 lb 
and require about 2. 4 times the energy per unit depth of hole drilled. Drill-
ing a 100-ft deep, 3. 5-in. diameter hole would require an estimated 84 kwh 
of energy as compared with 35 kwh for a 2-in. diameter hole. 

7. 2. 3. 2 Electromagnetic 

The electromagnetic percussor utilizes a free piston accelerated 
by magnets to impact on the drill bit. An oscillating motion is produced 
by two magnets which are alternately energized. Their basic advantage is 
simplicity in that they only have one moving part-the piston. However, this 
method is not very efficient, and the mechanism can be relatively heavy. 
Consider the electromagnetic percussor for a 2 -in. diameter drill illustrated 
schematically in Figure 7. 2-2. An analysis of this system was made assum-
ing a maximum flux density of 15, 000 gauss. The force acting on the piston 
when the gap, x, is zero is 60 lb. However, this drops off quite rapidly as 
x becomes greater than zero as indicated in Table 7. 2-1. 

TABLE 7, 2-1 

FORCE ACTING ON PISTON 

Gap 
Forcellb) 

15,000 Gauss max. 20,000 Gauss max. 
(x) Flux Flux 

0 60 107 

0.001 l. 14 2.04 

0.002 0.32 0.59 

0.005 0.059 0. 103 
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It can be seen that the force accelerating the piston in this system would be 
inadequate for operation. To design a practical electromagnetic drill, the 
diameter of the mechanism would have to be increased. Thd design illus-
trated in Figure 7. 2-2 would result in a drill bit assembly weighing 44 lb. 
A larger diameter drill would definitely be heavier and require significantly 
more energy for drilling. 

7. 2. 3. 3 Pressurized Gas Drives 

Pressurized-gas operated drives feature a simple rugged mechanism 
that can readily be compact packages. For a lunar drilling system, the pres-
surized gas would be exhausted from the driver, recompressed and recycled 
to the driver. Additional advantages of such a system are that the circulat-
ing gas can be used to remove heat from the mechanisms and the friction 
problems are minimized since heavy duty bearings are not operated in a 
vacuum. A preliminary design of a closed-cycle gas-driven drill bit assembly, 
Figure 7. 2 -3a, features a vane-type motor which provides rotation through 
a planetary gear system and an annular piston to provide percussion. The 
piston is located in the lower portion of the drill bit assembly and radially 
outboard of the core and chip recovery volume. The percussive forces are 
therefore applied directly to the drill bit. The operation of the percussor 
is illustrated schematically in Figure 7. 2-3b and outlined below; 

l. High pres sure gas is applied to the top of the piston while the 
volume below the piston is vented to the exhaust line 

2. The piston is accelerated downward 

3. As the piston moves down, the valve spool cuts off the high 
pres sure gas 

4. The gas above the piston expands, and the piston acceleration 
continues till it impacts the drill bit 

5. High-pressure gas is then applied below the piston and the 
top volume exhausted 

6. The piston moves upward; during this motion, the valve 
spool closes off the exhaust 
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7. The gas above the piston is compressed, absorbing and 
storing the energy of the piston 

8. The high-pres sure gas below the piston is cut off 

9. The gas below the piston expands, and motion upwards 
continues to an equilibrium point 

10. The energy stored in the compressed gas above the piston 
then starts the piston accelerating downward 

11. High-pressure air is then applied to the top of the piston. 

This system was designed to provide 2000 blows per minute at an energy 
of 200 in. -lb per blow. The output torque at the drill bit was 100 in. -lb. 
The totwl weight of the entire assembly was 18.4 lb. 

A more detailed analysis of the cycle has indicated some design 
modifications which will be required to optimize the design. These changes 
will simplify the percussor and result in a slight weight reduction. 

Only the closed-circuit pressurized gas driver can be packaged 
into a 2 -in. diameter drill bit. Either an electric motor or electromagnetic 
drive would require a larger diameter drill, resulting in considerably more 
energy consumption for a 100-ft deep hole. The pressurized gas driver 
results in a minimum weight drill bit assembly; however, to this must be 
added the weight of the compressor, motor, gas storage, tankage, and gas 
leakage. Lines to carry the gas to the drill bit w auld be required with any 
down-the -hole drill for thermal controL The weight of the compressor and 
motor will be about 27 lb which combined with the drill bit assembly would 
result in a total weight of 45. 4 lb. The gas leakage, which will determine 
the pressurized storage requirements, cannot be calculated until a more 
detailed drill design is developed. However, as will be discussed later, 
some leakage may be necessary for operation of the chip and core recovery 
system. The results of this study to date indicate that the closed-cycle 
gas-driven drill will result in minimum energy consumption, maximum 
reliability, and will represent minimum or competitive system weight. 

7. 2-8 



PISTON PLANETARY GEARING AIR MOTOR 

CORE AREA CHIP CONVEYOR AIR PASSAGE 

Figure 7. 2-3a Closed-Cycle Gas Driver 

RETURN STROKE 

Figure 7. 2-3b Valve Schematic 

7. 2-9/7.2-10 



7. 3 THERMAL CONTROL SYSTEM 

7. 3. 1 Passive Control 

Some of the heat generated by the drilling system will be absorbed 
by the lunar subsurface material through which the drill is passing. Since 
liquids for wet drilling will not be available, the drill can be cooled only 
by transferring heat to the subsurface material or to space by means of a 
fluid circulating between a radiator or other heat exchanger and the drill. 
From the viewpoint of operation of the drill, it is desirable to have as much 
of the generated heat as possible be dissipated into the subsurface material. 
However, the more energy added to this material the greater the disturb-
ance of the thermal balance of the hole. Therefore, from the viewpoint 
of some scientific experiments, it is desirable to minimize the amount of 
heat dissipated into the lunar material. 

Wesselink has calculated that the temperature of the subsurface 
material is constant at 212°K ( -78°F) a short distance below the surface. 
This value was used as the initial temperature in all the calculations. 
Though little is known about the nature of the subsurface material, its 
thermal properties are restricted to values lying between two extreme 
cases: solid rock and dust in vacuum. The following table gives the values 
for the thermal properties used in these calculations. 

Solid 
Property Rock Dust in Vacuum 

Density, lb/ £t
3 167.00 106.0 

Specific heat, BTU/ lb- °F 0.21 0.20 

BTU/hr-ft-
0 

6. 78 X 
-4 

Conduc ti vi ty, F 1. 40 10 

Diffus i vi ty, 
2 

ft /hr 0.04 3. 19 X 10-S 

Since these calculations were made prior to the completion of the 
drill design, the heat-dissipating surface was assumed to be a cylinder 
2 in. in diameter by 10-ft long. 'This assumption is justified, because the 
drill housing will almost undoubtedly be a continuous cylindrical metallic 
shell through which heat can pass so readily that axial temperature differ-
ences along the shell will be very small compared to the radial temperature 
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differences in the subsurface material. When the final design has been 
completed, the actual diameter and length can be substituted quickly for 
the assumed values to obtain better numerical estimates of heat dissipation. 

Figures 7. 3-1 and 7. 3-2 illustrate the results of the calculations 
for the two extremes of thermal properties (dust, Figure 7. 3-1; rock, 
Figure 7. 3-2) and for drill housing touching or not touching the subsurface 
material. Several important general observations can be made from these 
figures: 

1. Much more heat can be dissipated into solid rock than dust 
or vesiculated material for corresponding drill temperature 
rises and drilling times. This is somewhat offset by the fact 
that drilling through solid rock takes much more power and 
time than drilling through powdery material 

2. The drill housing surface temperature rise is affected slightly 
by contact or separation in dust, while the difference is about 
500°F between contact or separation in solid rock. If possible 
the drill housing should wipe the sides of the hole to increase 
heat dissipation 

3. The temperature rise 1s very time dependent in dust while 
relatively independent of time in solid rock. This allows a 
further steady-state calculation for solid rock. The results 
are presented in Figure 7. 3-3 wherein the effect of drill-
housing surface emissivity can be compared 

4. A rough dark surface (E = 0. 9) for the drill housing will increase 
the heat dissipation considerably as compared with a smooth 
shiny surface (E = 0. 1). 

As more design data regarding power consumption and dimensions 
become available, more accurate numerical estimates of heat dissipation 
into the subsurface material can be made. The figures presented here 
will serve as design guides for further studies. 

7. 3. 2 Active Control 

Active thermal control of the drilling system can be provided by 
circulating a fluid through the sources of heat and radiating the absorbed 
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heat to spaceo For a closed-cycle gas -driven drill, the driving gas and 
thermal control fluid would be the sameo To minimize the weight of the 
thermal control system, it is desirable to operate the mechanism at as 
high a temperature as possible within the limitations imposed by materials and com-
ponentso Two analyses were made of the thermodynamic cycles of a closed-
cycle gas-driven drill, Figure 70 3-40 The first assumed a motor-impactor 
gas inlet temperature of 610°R and the second assumed 710°Ro The pres-
sure, density, and temperatures calc"Ulated at each station in the cycle are 
given in Table 7o 3-1. 

TABLE 7o 3-1 

STATION CONDITIONS 

First Cvcle Second Cvcle 
Station~:' Pressure Density T(R) Pressure Density T(R) 

0 200 Oo885 610 200 Oo761 710 

1 101 Oo543 503 101 Oo467 585 

2 75 Oo403 503 75 Oo 347 585 

3 75 Oo360 563 75 Oo 314 645 

4 235 Oo 814 780 235 Oo710 895 

5 225 Oo997 610 225 Oo 856 710 

··-~See Figure 7o 3-40 

The general radiator configuration used for the design calculations is 
illustrated in Figure 7o 3-50 In the radiator design calculation assuming 
150°F radiator outlet temperature, the minimum weight fin profile was 
as sumedo In the calculation assuming 250°F outlet, a trapezoidal fin profile 
was usedo The trapezoidal profile is about 15% heavier than the minimum 
weight profile, but the minimum weight profile is almost impossible to fabri-
cateo The operating conditions, fin profile, dimensions, and weight of the 
radiator for each cycle are itemized in Tables 7o 3-2 and 70 3-30 With an 
outlet gas temperature of 150°F, a radiator weight of 30 would be re-
quiredo If the system can be operated at an outlet temperature of 250°F, 
the radiator weight drops to 1 L 5 lbo These weights could be reduced about 
5% if beryllium fins were used instead of the aluminum fins. 
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Upper surface (Sun side) coated 
with Magnesium Oxide ((X= o.os, 
(= 0.9) . 

several sheets of aluminum foil 
on underside facing moon 

(Fins to be parallel to the lunar surface. Radiator 
assembly to be supported at a height of one to two 
feet above lunar surface by legs as required.) 

Figure 7. 3-5 General Radiator Configuration 
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TABLE 7. 3-2 

RADIATOR DESIGN - FIRST CYCLE 

_!_~---===~~L==h ==-========r-l 
Fin Profile (Fin of Least Material) 

Inlet temperature, T£1 

Exit temperature, Tf
2 

Fin and tube material: Aluminum Alloy 

Air density at inlet, p 
1 

Air density at exit, p
2 

Maximum air velocity, V 
max 

Tube inside diameter, d 

Mass flow rate, m 

Tube wall thickness, ot 

Fin thickness (tube end), oh 

Single fin breadth, L -h 
Inlet tube wall temp. , Tw 

1 

Outlet tube wall temp. , Tw
2 

Total radiator length, L 
w 

Total radiator weight, W 
(incl. insulation and legs) 

780°R (320°F) 

610°R (150°F) 

(3003, 2024, or 6063) 

0. 814 lb/ ft 3 

0. 997 lb/ ft 3 

30 ftl sec 

0. 625 in. 

3. 5 lb/min 

0. 018 in. 

0. 085 in. 

10. 25 in. 

742°R (282°F) 

594°R (134°F) 

32.38ft 

30 lb 
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TABLE 7. 3-3 

RADIATOR DESIGN- SECOND CYCLE 

Fin Profile (Trapezoidal) 

Inlet temperature, T£1 

Exit temperature, Tf
2 

Fin and tube material: Aluminum Alloy 

Air density at inlet, p 
1 

Air density at exit, p
2 

Maximum air velocity, V 

Tube inside diameter, d 

Mass flow rate, m 

Tube wall thickness, ot 

max 

Fin thickness (tube end), oh 

Fin thickness (free end), o 
c 

Single fin breadth, Lh 

Inlet tube wall temp. , Tw 1 
Outlet tube wall tmp. , Tw

2 
Total radiator length, L 

w 
Total radiator weight, W 

(incl. insulation and legs) 

895°R (435°F) 

710°R (250°F) 

(3003, 2024, or 6063) 
Fully heat treated! 

0.710 lb/ft3 

0. 856 lb/ ft 3 

30 ft/ sec 

0. 714 in. 

3. 5 lb/min 

0. 018 in. 

0. 080 in. 

0. 020 in. 

6. 0 in. 

842. 6°R (382. 6°F) 

685. 9°R (225. 9°F) 

24. 97 ft 

11. 5 lb 

In application of the drilling system to a lunar roving vehicle it is 
unlikely that a separate radiator would be used for the drill. The most 
practical system would utilize the radiator required for the vehicle itself. 
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7.4 STORAGE, FEED, AND THRUSTAPPLICATION 

Preliminary designs were developed for the drill rod storage and the 
drill bit feed and axial thrust application mechanisms. 

Three designs are described in the following paragraphs, two of these 
using a screw driven nut for feeding and applying the thrust and the other 
using a constant force spring driven pulley and cable. Other variations 
that will be investigated will be a short stroke cylinder cable drive and a 
motor driven pulley and cable system. All of these designs are adaptable 
to automatic, semiautomatic or manual operation. 

7. 4. 1 Power Screw Thrust - Magazine Feed 

Figure 7. 4-1 illustrates a feed-thrust mechanism concept which 
employs a power screw to provide axial thrust to the drill and stores ten 
drill rods, each 10-ft long, in a magazine. The drill rods are slotted in 
such a way that they slide into the magazine; they are fed to the working 
position (to the left in Figure 7. 4-1) by use of constant force spring reels 
pulling on a feed plate. When a drill rod reaches the working position, the 
motor-driven screw drives the cap nut downward until it engages the drill 
rod at which time the rod is released from the magazine by energizing the 
pneumatic cylinder A. The cap nut then continues to force the drill rod 
vertically downward. When the cap nut reaches the end of its stroke, the 
drill rod is clamped, the rotation of the screw is reversed, and the cap 
nut returns to the uppermost position. The next drill rod is released by 
energizing pneumatic cylinder B and is fed into the working position by the 
feed plate. The screw driven cap nut then drives this second drill rod 
until it engages the lower drill rod. The clamp is then released and the 
cycle as described above is repeated. 

7. 4. 2 Power Screw Thrust - Turret Feed 

The concept illustrated in Figure 7. 4-2 is similar in operation to 
that of Figure 7. 4-1, the difference being that the former employs a turret-
type feed while the latter uses a magazine feed. The drill rods are stored 
in a turret which brings them into working position by use of a geneva drive. 

7. 4. 3 Constant Force Spring Thrust - Magazine Feed 

Figure 7. 4-3 illustrates a feed-thrust mechanism concept which 
employs a constant force spring to provide axial thrust to the drill and 
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stores ten drill rod extensions, each 10-ft long, in a magazine. The feed 
mechanism is similar in operation to that of other magazine feed systems 
discussed earlier. The axial thrust is provided by a cap which is pulled 
vertically downward by cable A, which is wrapped around a pulley driven 
by a constant force spring. When the cap engages the drill rod, a segment 
of the magazine is retracted (pulled to the left in Figure 7. 4-3), and the 
drill rod is driven downward until the cap reaches the end of its stroke. 
The drill rod is then clamped, the cap is raised by cable B, and the maga-
zine segment formerly retracted is returned to position. The cycle is then 
repeated as described earlier. When it becomes necessary to retract the 
drill rods and store them back in the magazine, a ram is provided to push 
the drill rods (to the right in Figure 7. 4-3) into the magazine. 
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7. 5 PRELIMINARY STUDY -CHIP AND CORE RECOVERY 

The core sample and the drilling chips will be collected in the drill 
bit assembly and then the entire assembly raised to the top of the hole. 
The chips and core will then be removed and the drill bit lowered to the 
bottom of the hole to resume drilling. Present designs assume a 5-ft 
long core will be collected in the center of the drill bit assembly, Fig-
ure 7. 2 -3a. The chips would be mechanically transported around the core 
and stored above and around the core. Because the vibrations of drilling 
might break the cores, consideration is given to use of a core ba,sket that 
would 11 float 11 inside the drill bit assembly. To remove the core, a core 
cutter and core grippers will be required. Since fluids to flush the chips 
from the hole cannot be used in this application, a mechanical chip trans-
port system is required. However, the removal of chips from the hole 
may present the most severe problem in the development of a drilling 
system. Experimental studies with fine particles in a vacuum indicate 
they adhere to each other and to metal surfaces. However, existing data 
are not sufficient to indicate the severity of the problem nor what design 
techniques may be utilized to prevent jamming the mechanical chip trans-
port system. Therefore, a reliable chip transport design cannot be devel-
oped without an experimental program. Two potential solutions to be con-
sidered are the coating of metal surfaces with a solid lubricant and the 
bleeding of a small quantity of gas into the drill bit. 
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7. 6 DRILL WEIGHT SUMMARY 

In summary the total drill system is composed of a drill bit assembly, 
drill rod extensions, storage-feed and thrust application mechanism, a 
compressor and gas storage tank and a radiator. The initial weight esti-
mates of the entire system with the exception of the gas storage tanks and 
attachment hardware are itemized in Table 7. 6-1. It is anticipated that 
future design optimizations will further reduce the weight of some of these 
components. The gas storage tank requirements will be completed when 
system leakage estimates are available. Energy requirements for the 
drilling of a 100 foot, 2 inch diameter hole are currently estimated at 
35 kw-hrs. In addition a comparatively low amount of energy will be 
required for feeding and retracting the drill. 

TABLE 7. 6-1 

CORE DRILL WEIGHT SUMMARY 

Drill Bit Assembly 18. 4 

Drill Rod Extensions 73.0 

Storage Feed and Thrust Application Mechanism 58 

Radiator (High Temperature) 11.5 

Compressor and Drive 27 

Total 187. 9 lb 
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SECTION 8 

BIOENGINEERING ASPECTS- ASTRONAUT LIMITATIONS STUDY 

Meaningful scientific exploration of the moon must be accomplished 
as soon as possible after the initial Apollo landings. Such exploration, no 
matter how conducted, will be enormously expensive. Any realistic cost 
effectiveness analysis shows that man's special and unique characteristics 
amply justify his presence in lunar exploration. The penalties undeniably 
associated with his presence (such as life support, need for rest, and 
survival, all of which raise the per-hour-cost of lunar surface exploration 
to a substantial dollar value) require that the best use be made of the astro-
naut as a scientist. His capabilities, from a psychophysiologic point of 
view, will often be a determining factor in the selection of experiments to 
be accomplished, as well as the associated equipments and tasks. 

Man's peculiar capabilities and incapabilities have been exhaustively 
documented elsewhere; accordingly, a summary enumeration of his general 
"virtues and vices 11 will suffice in this introduction to justify the approach 
taken in the remainder of this section. 

8. 1 UNIQUE HUMAN CHARACTERISTICS 

8. 1. 1 Advantageous Characteristics 

Man is useful in serendipitous event reporting where, in a m1ss1on 
with a specific goal, other incidental events occur which should be sensed 
and reported, or in missions where the sensing, integrative analysis, and 
reporting is the mission objective. A perfect example is exploration; this 
one uniquely human characteristic completely justifies the presence of man 
on the lunar scientific mission, no matter what the penalties. 

Man is useful where flexibility of decision patterns and flexibility 
1n response are likely to result from situations which are totally unforeseen 
or have low occurrence probability. 

Man is useful where problem solving is required, particularly when 
the problem elements have relative values and judgments are required. 
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Man is useful when discrimination of signals in noise is required 
or if changing pattern discrimination in a constant field or constant pattern 
discrimination in a changing field is demanded. 

Man is particularly useful where multiple alternate modes of oper-
ation can be anticipated. Because his education and experience have pro-
grammed him, man does not need extensive preprogramming for unpre-
dictable situations. Furthermore, he has great physical mobility which 
allows an almost infinite range of adaptive physical responses to alternate 
modes or unforeseen events. 

8. l. 2 Disadvantageous Characteristics 

At the same time, it is necessary to recognize that man is greatly 
limited in certain performance capabilities. Briefly (and generally) man 
is less useful where: 

l. Forces must be applied for long periods of time, or with great 
precision, or over broad force ranges; 

2. Forces must be large and applied quickly or evenly; 

3. Actions to be taken must be done with little delay, in rapid 
sequence, or very quickly; 

4. Large numbers of facts, details, routine actions, calculations, 
or decisions are involved; 

5. Large amounts of dissimilar (but predictable) data need to be 
sorted, rejected, or stored; 

6. The environment is likely to produce unacceptable reductions 
in human performance levels. 

8. 2 STUDY OBJECTIVE 

Thus far, then, we assert that man has great capabilities and substan-
tial incapabilities and that maximization of the former and minimization of 
the latter are necessary for optimized use of man in the scientific mission. 
We are now confronted by a serious problem in comparative analysis. Of 
the myriad tasks that it may be desirable to have man perform in the 
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scientific mission, which should he perform, acknowledging his broadly 
variable response to varieties of tasks? One approach to this problem is 
to study each proposed task and estimate man's ability to perform it. The 
SMSS could be almost indefinitely prolonged by such a "yes-no" analysis; 
a better approach is that of the "negative envelope". What man cannot do 
in a psychophysiologic context should be broadly, but explicitly, defined. 
It then can be assumed that any performance requirement not violating 
these negative constraints is acceptable. All performance requirements 
that are stipulated after consideration of the negative envelope can be in-
dividually examined for degree of desirability with fair certainty that the 
requirement itself is basically sound. 

Accordingly, this study has been prepared to allow participants in the 
SMSS to identify quickly a series of envelopes of various varieties and 
categories and within these envelopes locate values defining the associated 
negative constraint. Thus, the designer of the core drill may want to know 
if it is possible for the Surface Operator to participate physically in starting 
or "spudding in" the drill bit. This may require several actions such as 
kneeling down, doing specified manual work while kneeling, and related 
activity. This report could not hope to describe each possible action com-
bination associated with all hypothetical task situations. What it does is 
allow the designer to go to several parts of the report to find out, for 
example, if a man in a pressurized suit can kneel down, what his dimen-
sions are when he kneels, what forces he can apply, and in what directions, 
for how long, and similar "envelope" data. 

8. 3 ASSUMPTIONS 

Finally, several observations should be made about the assumptions 
or "ground rules" implicit in this report. These assumptions should not 
be regarded as apologetic; it is just that the very nature of biologic data 
and the prognostic and hypothetical quality of the SMSS do not allow state-
ments of certainty. The wide range of numerical values in a biologic pop-
ulation prohibit the definition of fixed parameters; the best that can be done 
is to cite certain maxima and minima, broadly predictable response patterns, 
limits, and so on. 

Which among the values and definitions available should be used? We 
have been guided in our selection by the principle of reasonable conserva-
tism in design. For example, most present astronauts (about whom dimen-
sional values are available) are in the 30th to 75th percentile in major 
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anthropomorphic dimensions. We have not chosen either value as the con-
servative range figure, but use 5th-95th ranges upon the assumption that, 
by the time the manned lunar surface exploratory missions are under way, 
the astronaut- scientist population may well include specimens near each 
extreme. Similarly, all forces, dimensions, durations, etc., will be 
viewed with similar conservatism. This will assurE;!, for example, that the 
biggest man wearing an inflated pressure suit, thermal garment, micro-
meteorite shroud, and Portable Life Support Subsystem (PLSS), will be 
able to get out through any hatch and, similarly, that the smallest (rela-
tively weakest) astronaut can exert sufficient force to operate a given 
mechanical control. 

Further, a conservative v1ew of operational modes will be maintained 
at all times; this will have impact on several of the limits established. 
For example, shirt sleeves are to be the normal dress for the MOLAB 
operator; yet it is known that "standby mode" dress (constant wear garment 
and suit torso assembly) is being considered for the MOLAB operator when-
ever the surface operator is outside MOLAB. Energy and gas-storage 
restrictions will probably limit ingress and egress frequency, and the 
possibility that the surface operator will ride outside MOLAB between 
survey sites has already been suggested. When taken together, what do 
all these possibilities suggest? Only that the surface operator may be out-
side most of the time and, consequently, the MOLAB operator may not be 
in shirt sleeves any of the time, but find it easier to stay dressed in the 
standby mode. This will clearly have an effect on design envelopes. 

The biggest assumptions have to be made about the effects of lunar 
gravity on psychophysiologic performance. Simply "dividing or multiplying 
by six" will not suffice in most cases. Some work has been done in simu-
lating the short-term effects of lunar gravity on performance, and some 
estimates of long-term physiologic effects have been offered. Presently, 
probably more is known about agravity than lunar subgravity. These 
studies will be factored into our values, but with skepticism. 

8. 4 PERFORMANCE ENVELOPES 

8. 4. l Actions and Motions 

Before proceeding to define negative limits for static, dynamic, 
and tolerance values for a variety of psychophysiologic events, it might be 
useful to review the limitations upon the scientist-astronaut in performing 
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various actions and motions in the lunar environment. Some of the actions 
and motions will be commented upon in more detail later in the study as 
data become available; others are not, for the same reason. Some of the 
estimates incorporated in Table 8-l are fairly speculative; all are reason-
ably conservative. The scale employed is only semiquantitative to reflect 
both the differences in units and the uncertainties about the conclusions. 

Scale Values 

a. 0 = Action or motion can be performed with the same ease 
as in identical environment and l g 

b. l to 4- = Action or motion can be performed only with increased 
difficulty in lunar g. 4-, action is impossible. 

c. l to 4+ = Action or motion can be performed with increased 
ease in lunar g. 4+ is extremely easy. 

d. N/A = Action is not appropriate or possible in SMSS. 

Modes 

a. Shirtsleeve: Including stockings and constant wear garment 
(both halves donned); anti- buffet helmet and communication sub-
system; lightweight gloves (optional). 

b. Standby: Includes constant wear garmet; suit torso section 
(including integral boots); anti- buffet helmet and communication 
subsystem; lightweight gloves (optional). 

c. Suited, Unpressurized: Includes pressure suit; pressure helmet; 
pressure gloves; portable life support subsystem (PLSS). 

d. Suited, Pressurized: Includes same as inc, above, except at 
3. 7 psig schedule. 

e. Suited, Outside: Includes same as 1n d, above, with anti-micro-
meteorite coverall and thermal trousers and parka donned. 
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TABLE 8-1 

ANALYSIS OF TYPICAL DRESS MODES FOR VARIOUS PHYSICAL 
ACTIVITIES AND SEMIQUANTITATIVE EXPRESSIONS OF DIFFICULTY 

ANTICIPATED WITH LUNAR-G COMPARED WITH EARTH-G 

Action or Position 

Dress Mode 

Shirtsleeve Standby Suited 
Suited, 
Pressure 

Suited, 
Outside 

Sit, Chair 
Sit, Floor/Ground 
Sit In Chair & Control 
Recline to Supine/Prone 
Arise f-rom Supine/Prone 
Stand Erect 
Trunk Flex, Anterior 
Trunk Flex, Lateral 
Kneel, One Knee 
Kneel, Both Knees 
Hands & Knees 
Squat 
Back Lift 
Leg Lift 
Arm Carry 
Shoulder/Back Carry 
Arm Reach Overhead 
Arm Reach Front 
Arm Reach Lateral 
Arm Reach Down 
Arm Reach Behind 
Crawl 
Walk Slow 
Walk Fast 
Run 
Jump 
Hop 
Climb/Descend: 

Pole 
Ladder 
Slooe 

-f -f + 0 -
2+ 0 0 - 2-

-f 0 0 0 N/A 
2-f -f + + 0 
2-t + + + 0 

0 0 0 0 0 
- - - 2- 3-
- - - 2- 3-
+ 0 0 - 2-
-t 0 0 - 3-
0 0 0 0 0 
- - - 2- 3-

2+ 2+ 2+ + + 
3+ 2+ 2+ + + 
N/A N/A N/A N/A 2+ 
N/A N/A N/A N/A 2+ 
2+ + + - 2-
2+ + + 0 0 
2+ + + 0 0 
2+ + + 0 0 
2+ + + - 2-

+ 0 0 0 2+ 
N/A N/A N/A N/A + 
N/A N/A N/A N/A 2-
N/A N/A N/A N/A 3-
N/A N/A N/A N/A 2+ 
N/A N/A N/A N/A 3-4+ 

2+ + + 2+ 3+ 
2+ 0 0 - -
N/A N/A N/A N/A ± 
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8. 4. 2 Dimensions 

The measurements provided in Table 8-2 are the major dimensions 
of men in various dress modes. The usual nude values will not be given 
here, since they have little relation to SMSS reality. Since no documented 
measurements are available for many of the personal equipment combin-
ations envisioned for the Apollo Scientific Mission, interpolation and extra-
polations from available data and our experience will have to suffice in 
many cases. The values given are for 95th percentile men in various rea-
listic positions and attitudes which might reasonably be expected in a wide 
variety of work situations. The resultant envelope constitutes a negative 
constraint; no space requiring the presence of man can be smaller than the 
accommodation volumes defined. The values are based upon a synthesis of 
anthropomorphic data derived from samples taken in the Air Force, NASA, 
and from certain other selected groups. It is admittedly a skewed sample, 
since it represents a selected young, healthy male population and tends to 
exclude physically unfit or older men. However, the Lunar Scientific 
Mission will probably draw heavily on just such a population, for it is im-
probable, in our opinion, that "just any" physical specimen will be accepted 
for lunar surface missions for some time to come, no matter what his other 
qualifications. Figures 8-l through 8-8 are included to show the specific 
dimensions for which values are shown in Table 8-2. 

8. 4. 3 Strength 

This section defines the forces and weights that can presumably be 
applied or lifted by astronaut- scientists. The quantitative values are listed 
in Table 8-3. The amount of data available for these force/weight relation-
ships is voluminous; to bring realistic order out of chaos, certain assump-
tions and generalizations should be established. 

8. 4. 3. l Effect of Lunar Gravity 

In all application of muscular force in a lunar g field (except in 
the case of lifting a weight where efficiency will be greatly enhanced) it is 
likely there will be a substantial reduction in work efficiency below earth 
equivalence unless the operator is fixed in position relative to the force ht; .. 
exerts. This will be particularly true in case of force applied through 
the plus or minus x, plus or minus y, and plus z body coordinates (push, 
pull, right, left, and down). Unless the operator is so fixed, the amount 
of force he can exert will be some function of his body weight, employed 
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Dimension 
(Inches) 

A 
B 
c 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 
0 
p 
Q 
R 
s 
T 
u 
v 

Dress Mode* 
Suited, Suited, 

Shirtsleeve Standby Un_pres sur ized Pressurized** 
11.0 15.5 15.5 16.0 
74.0 75.0 77.0 77.0 
10.7 14.7 14.7 15.0 
20.0 25.4 25.4 26.9 
11.0 11.1 11.1 11.2 
25.6 26.9 26.9 26.9 
33.8 39.0 39.0 39.0 
39.0 39.7 40.7 40.7 
15.9 20.4 20.4 23.1 
35.2 35.4 36.4 36.4 
33.0 33.5 33.5 41.0 
48.8 49.2 50.0 50.0 
31.2 31.2 32.0 39.5 
58.9 60.0 61.0 61.0 
30.0 30.5 30.5 38.5 
47.7 48.0 49.0 49.0 
26.0 26.5 26.5 27.0 
35.0 35.0 35.5 36.0 
92.0 92.5 93.0 93.0 
11.5 15.5 15.5 26.0? 
94.0 94.5 95.0 95.0 
16.0 16.0 17.0 17.0 

Suited, 
Outside 

26.0 
79.0 
19.0 
28.9 
10.2 
29.0 
39.0 
43.0 
25.0 
38.9 
42.0 
52.0 
41.5 
63.0 
39.5 
51.0 
29.0 
38.0 
95.0 
28.0 
97.0 
20.0 

TABLE 8-2 

DIMENSIONAL DESCRIPTION OF 95TH PERCENTILE 
ASTRONAUT-SCIENTIST FOR THE VARIOUS SELECTED DRESS MODES 

* See A, 2 above for mode definitions. 
** All x-axis dimensions through thorax include 



TABLE 8-3 

FORCE VALUES (EARTH POUNDS) FOR A 
5TH PERCENTILE ASTRONAUT -SCIENTIST 

IN TYPICAL ACTIVITIES FOR VARIOUS DRESS MODES 

Dress M de 
Shirtsleeve Suited, Suited, 

Activity & Standbv Unoressurized Pressurized 
Back Lift 500* 450* 300* 
Leq Lift 2000* 1800* 1200* 
Arm Push (+x) 

Fixed 50 45 40 
Unfixed 22 32** 32** 

Arm Pull (-x) 
Fixed 56 51 45 
Unfixed 22 32** 32** 

Arm Lateral Right (+y) 
Fixed 16 15 14 
Unfixed 16 15 14 

Arm Lateral Left (-y) 
Fixed 22 20 18 
Unfixed 22 20 18 

Arm Up ( -z) 24 22 19 
Arm Down (+2) 

Fixed 26 25 23 
Unfixed 22 25 23 

Wrist Pronation 
Fixed 29 29 27 
Unfixed 22 29 27 

Wrist Supination 
Fixed 35 35 32 
Unfixed 22 32 32 

Hand Strengths 
Grasp 90 85 80 
Other 21 20 20 

Leq Push (fixed onlv) 1600 1440 1280 

Suited, 
Outside 

250* 
1000* 

25 
25 

23 
23 

8 
8 

11 
11 
12 

13 
13 

25 
25 

30 
30 

80 
20 

BOO 

* Dependent on shape and density of object to be lifted. In certain 
circumstances, the Outside Operator could be expected to exert some 
5000 lbs. of vertical lift for a brief period. 

** 
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muscle group strength, and realistic work position. The latter term in-
cludes: lean (or useful employment of body mass); balance or support; and 
reaction with the surface. Some work has been done to measure and calcu-
late the decrement in lunar work efficiency, but there are so many impon-
derables and artificialities that it seems best to establish some rules that 
avoid the problem areas and allow a statement of conservative values: 

l. If the operator is fixed to a resistive structure (seated, belted, 
or otherwise restrained) so that a countervailing force equal to 
the operator's strength is present, the operator can probably exert 
full earth forces. Obviously there are some common sense ex-
ceptions to this rule, as in work involving hand-gripping or use 
of tools that work on apposition principles such as large shears, 
tongs, etc. Here the counteractive force is inherent, and no fixing 
is necessary. Such countervailing force can be developed by using 
special "inertialess" tools (spammers, plenches, etc.) or by de-
signing the work station so that there is a hand hold or body brace 
associated with the work. 

2. If the operator is not fixed at the work position or not using 
some kind of countervailing force, it is likely that the muscular 
force he can effectively apply is equal to about l5o/o-20o/o of his 
earth-equivalent body weight or the strength of the muscle group 
involved for the particular activity, whichever is the lesser. 

8.4. 3. 2 Effect of Duration of Application 

The amount of force that can be applied decreases as a function of 
time. Short (2 to 5 second) applications may permit use of 50 to 60o/o of 
maximum strength, while longer applications allow less until at periods 
exceeding 3 to 5 minutes only about 20 to 30o/o of maximum strength can be 
applied. Maximum strength of any major muscle group can usually be 
exerted only under somewhat artificial circumstances. 

8. 4. 3. 3 Effect of Frequency of Application 

Broadly spaced applications of effort allow use of about 50o/o of 
maximal muscle strength, but applicable force decreases as a function of 
frequency until, at higher rates, strength drops to but 20 to 30o/o of maximum. 
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8. 4. 3. 4 Effect of Clothing and Other Gear 

Heavy restrictive equipment such as pressure suits, thermal 
garments, and the like tend to reduce applicable strength, and endurance 
is also affected; in one push-pull test, a restrictive harness reduced en-
durance 12 to 14%. 

8. 4. 3. 5 Other Factors 

"Handedness" and angle of flexion of limbs have important effects 
on muscular strength. Reduction in strength of 10% for "odd hands" and 
40% for disadvantageous angles are not uncommon; fortunately, most oper-
ators approach jobs with the correct hand and the best angle, given half a 
chance by the spacecraft designer. Obviously we cannot ignore our conser-
vative view of the equipment-man relationships; the control or tool forces 
designed for should not exceed the maximum (adjusted) force values that 
can be applied by a 5th percentile man. 

8. 4. 3. 6 Recommended Maximum Forces 

With all the above factors in mind, Table 8-3 describes the max-
lmum {adjusted) force values for several typical situations. Design of 
devices and controls regularly requiring application of forces greater than 
these cannot be allowed. These values are maximized for angle, handedness, 
frequency and duration, and the 5th percentile in strength and weight; ad-
justed for degree of fixation relative to the work and for personal equipment 
as noted. All values are in earth pounds. 

8. 4. 4 Functional Work Envelopes 

The purpose of this section is to define the dimensions of equipment 
which may be postulated for use in the Lunar Scientific Mission, based upon 
the functional work of the astronauts. The functional work envelope can be 
defined as that area in which the operator performs assigned tasks with 
maximum efficiency and comfort and minimum fatigue as a function of his 
physical dimensions. 

The functional work area is sometimes taken to include the func-
tional accommodation envelope, that space in which the operator is posi-
tioned for work. For purposes of this report, we will include the accommo-
dation envelopes for the MOLAB operator. If there is such an envelope 
required for the surface operator, we will define it at a later time. 
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This combination of accommodation and work envelopes always 
presents a problem. The accommodation envelope must be adequate for 
the 95th percentile man, accoutered in the appropriate personal equipment; 
must be adjustable to accept the 5th percentile man; and the associated 
work envelope must be optimized for the short reach of the 5th percentile 
man. These requirements often appear mutually exclusive, but must be 
harmonized if we are to design useful equipment. 

8. 4. 4. 1 Accommodation Envelope 

The accommodation envelope to be used for the seated MOLAB 
operator is sketched in Figure 8-9; it is adopted from the NASA MOLAB 
Design Criteria {Preliminary). 

8. 4. 4. 2 Functional Work Envelope (Sitting) 

Functional work envelopes for sitting men have been frequently 
determined. The values provided in this report are adopted from me as-
urements made on 5th percentile Air Force personnel. 

For purposes of standardization, functional arm reach dimensions 
are measured from a vertical line projected through the seat reference 
point (SRP), which in turn can be defined as the intersection of the plane 
of the seat surface and the plane of the seat backrest in the mid-plane of 
the subject's body. 

The angles indicated in the accompanying tables are degrees to 
the right of the subject's midplane, and the height above {or below) the SRP 
is the other coordinate of intersection. Thus the numbers given are really 
distances in inches from a vertical line projected from the SRP for closed 
hands regularly displaced in coordinate locations described by distances 
above and below SRP and to the right of n1id-line. Obviously, a mirror 
image for the left side displacements is required to complete the work 
place envelope. Two inches can be added for buttons to be pushed by 
pressure suited men, while one inch may be added for knobs to be turned. 
Four and two inches, respectively, can be added for men in the shirt 
sleeve or standby mode. 

Tables 8-4 through 8-7 define the routine functional arm reach of 
MOLAB operators variously garbed. Note that no "Outside Dress Mode" 
capabilities are defined. These will be detailed in subsequent sections. 
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TABLE 8-4 

ARM REACH (SITTING, SHIRTSLEEVE MODE) 

Height 
above Degrees Right of Midplane 
SRP in. 0 15 30 45 60 75 90 105 120 135 

-6 
0 16.0 17.9 17.4 18.5 19.2 19.2 
6 17.0 22.4 23.8 23.9 25.6 25.8 25.3 

12 19.4 21.5 23.5 24.9 27.0 27.6 28.0 28.8 29.1 
18 21.3 22.9 25.4 26.9 28.1 29.3 30.0 30.8 30.7 
24 21.6 23.4 24.9 26.4 28.0 28.9 30.0 31.1 31.2 
30 20.1 22.0 23.7 26.4 27.4 28.3 29.3 30.0 29.1 
36 17.4 18.7 20.2 22.4 23.9 25.1 25.9 26.9 25.7 12.0 
42 12.7 13.2 13.6 16.0 19.2 20.3 21.1 22.2 30.4 13.9 
48 

TABLE 8-5 

FUNCTIONAL ARM REACH (SITTING, STANDBY MODE) 

Height 
above Degrees Right of Mid ;>lane 
SRP in. 0 15 30 45 60 75 90 105 120 135 

-6 
0 16.0 17.9 17.4 18.5 19.2 19.2 
6 17.0 22.4 23.8 23.9 25.6 25.8 25.3 

12 19.4 21.5 23.5 24.9 27.0 27.6 28.0 28.8 29.1 
18 21.3 22.9 25.4 26.9 28.1 29.3 30.0 30.8 30.7 
24 21 .. 6 23.4 24.9 26.4 28.0 28.9 30.0 31.1 31.2 
30 20.1 22.0 23.7 26.4 27.4 28.3 29.3 30.0 29.1 
36 17.4 18.7 20.2 22.4 23.9 25.1 25.9 26.9 20.0 
42 9.0 13.2 13.6 16.0 19.2 20.3 21.1 22.2 15.0 
48 



Height 
above 
SRP in. 

-6 
0 
6 

12 
18 
24 
30 
36 
42 
48 

Degrees Right of Midplane 
0 15 30 45 60 75 90 105 120 135 

16.0 17.9 17.4 18.5 
17.0 22.4 23.8 23.9 25.6 
19.4 21.5 23.5 24.9 27.0 27.6 28.0 26.0 
21.3 22.9 25.4 26.9 28.1 29.3 30.0 28.0 
21.6 23.4 24.9 26.4 28.0 28.9 30.0 29.0 
20.1 22.0 23.7 26.4 27.4 28.3 29.3 28.0 
17.4 18.7 20.3 22.4 23.9 25.1 25.9 
12.7 13.2 13.6 16.0 19.2 20.3 21.1 

Height 
above 
SRP in. 

-6 
0 
6 

12 
18 
24 
30 
36 
42 
48 

Degrees Right of Midplane 
0 15 30 45 60 75 90 105 120 135 

16.0 17.9 17.4 18.5 
17.0 22.4 23.8 23.9 25.6 
19.4 21.5 23.5 24.9 27.0 27.6 28.0 
21.3 22.9 25.4 26.9 28.1 29.3 30.0 
21.6 23.4 24.9 26.4 28.0 28.9 30.0 
20.1 22.0 23.7 26.4 27.4 28.3 29.3 
17.4 18.7 20.2 22.4 23.9 25.1 25.9 

TABLE 8-6 

FUNCTIONAL ARM REACH (SITTING, SUITED, UNPRESSURIZED) 

TABLE 8-7 

FUNCTIONAL ARM REACH (SITTING, SUITED, PRESSURIZED) 



8. 4. 4. 3 Functional Work Envelope (Standing) 

The operation of equipment external to MOLAB by the Surface 
Operator should probably be conducted, whenever possible, in the standing 
position. (Work while kneeling will impose too many energy penalties on 
the man and too many wear penalties on the suit.) But little work has been 
done to define functional standing arm reach, except for the fragmentary 
work of Hertzberg. These studies, which measured the distance from the 
wall to the most forward point on the hand when the heels, buttocks, and 
shoulders are pressed against the wall and the thumb and forefingers are 
touching, were made only for men holding their arm horizontal and "straight 
ahead" (analogous to the 15° position; relative to the midplane of the sub-
ject's body). This is inadequate for the purposes of this study. 

In view of the above, some preliminary measurements were made 
on shirtsleeved men in the Space/Defense Corporation's laboratory. The 
measurements were made as follows: shirtsleeved men were placed with 
head, shoulders, and heels against the wall. Measurement was made from 
a point on the wall, level with the acromion (the highest point on the lateral 
edge of the shoulder bone) to the tips of the apposed thumb and forefinger. 
Eight positions were measured: four with the arm parallel with the floor, 
at 0° (straight ahead), at 45°, 60°, and 90° to the right relative to the 

0 
first position; four with the arm pointing to the floor at 45 and at the lat-
eral angles described above. Thus, the acromion or "shoulder height" 
above the floor describes the principal measurement reference point, 
while the distance measurements are coordinate functions as described 
above. The values used are normalized for the 5th percentile, so shoulder 
height standing is 52. 8 in. The values in Table 8-8 are in inches for the 
distance reached by 5th percentile men from this point to eight points in 
space as described above. 

On the basis of this sparse information, it is recommended that 
no equipment-related tasks for the surface operator be programmed out-
side a rough quartersphere ranging from 61 in. above the ground at its 
equator to 39 in. above the ground at its lower pole (or approximately hip 
bone to eye level for 5th percentile men) and described in radius by the 
values shown in Table 8-8, projected from a point 53 in. above the floor. 
See Figure 8-l 0. 

0 
Naturally, tasks allocated for the "0 -53 in." location should be 

confined to adjustment controls, on-off and the like, while "0°, 45°-39 in." 
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TABLE 8-8 

FUNCTIONAL ARM REACH, STANDING 

Deqrees, Riqht or Left "Straightforward" 
Degrees, 
relative to 
the floor 00 45° 60° 90° 

oo 29.7" 30.7" 30.2" 29.5" 

45° 31.0" 32.0" 32.5" 31.0" 
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tasks can be those requiring substantial force applications. Tasks at the 
0 0 

60 and 90 locations should be avoided although, since the operator is 
standing up and relatively mobile, he can reposition himself for optimum 
work angle. The penalty imposed by the surface personal equipment should 
be considered in all cases, and deliberate repositioning should be avoided 
whenever possible. 

8. 4. 4. 4 Functional Arm Reach (Kneeling) 

If it is absolutely imperative that kneeling tasks be performed, 
the envelope shown in Figure 8-2 can be used, modified by subtracting 22 
1n. from the 53 -in. stature measurement point and the 39 and 61 in. work 
envelope dimensions, which now become, respectively, 31, 13, and 39 in. 
The functional reaches in the envelope do not change. 

8. 4. 4. 5 Controls 

MOLAB controls for experimental equipment, both inside and 
outside MOLAB, should be designed upon the conservative assumption that 
the hand wearing the inflated pressure suit glove will be used to activate 
them. Accordingly, the preferred control is the pushbutton, the next 
favored is the lever (or "joy stick"), the next desirable is the toggle switch, 
the next the rotary knob, and last the crank or wheel. Foot controls should 
not be considered except under exceptional circumstances, indicated below. 
The descriptions below assume the application of the usual principles of 
control design including coding, ganging, action-response relationships, 
and the like. The dimensions specifically mentioned below are a function 
of restrictions imposed by lunar conditions and the pres sure suit. 

Pushbuttons 

The minimum diameter is one inch; m1n1mum displacement is 
0. 5 in.; resistance range should be 15~25 ounces. Deep concavities on 
the button face are desirable. Space between buttons need not exceed 
0. 5 in. 

Lever 

Levers used should be of two varieties: full hand grip, and knob-
end levers. Full hand grip should be used when major force applications 
are required, or when long periods of control activation are anticipated. 
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Knob-end levers should be used as increase-decrease controls, particularly 
when boosted or assisted response is elicited. Full grip levers should have 
a minimum length of 5. 5 in. and a minimum diameter of 2. 0 in. and be hand 
contoured whenever possible. Knob-end levers should be at least 3. 0 in. 
long and have a 0. 75-in. minimum diameter knob. 

Toggle Switch 

Tip diameter minimums should be 0. 375 inch, length m1mmum 
of l. 0 inch, displacement minimum of 60° and resistances ranging from 
15-25 ounces. At least one inch should remain between any toggle and the 
nearest other control. Rotary selector switches can be classed with ro-
tary knobs described below. 

Rotary Knobs 

Minimum diameter and depth of l. 0 in. should be used. At least 
l. 0 in. should be available around any knob. 

Cranks or Wheels 

These should be used sparingly and only when gross control or 
heavy forces are involved. The astronaut should be fixed at the work 
position. Dimensions will be especially commented on as required. 

Foot Controls 

Pedals or foot pushbuttons should be avoided except at the driver 
control position, or when it is desirable to apply no more than 25 to 30 lb. 
force. 

8. 4. 5 Locomotion 

Self-locomotion by the scientist-astronauts under lunar gravity, 
both within and outside the MOLAB, will present problems and opportunities. 
The problems encountered inside MOLAB will be minimal, principally 
because of the limited cabin volume. Here, self-locomotion will be easy 
and not demanding energically, probably consisting of a variety of minor 
slow-motion gymnastics with hands and arms performing as much of the 
tractive function as the feet and legs. 
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One problem likely to be encountered inside MOLAB, at least until 
crew members accommodate to lunar g, is that need for rapid movements 
("fast action" in an earth sense) will produce earth-associated muscular 
responses. These responses will in turn produce major translations of 
the body and subsequent collisions with MOLAB instrumentation and struc-
ture, with possible damage to both man and machine. Bumped heads and 
bruised elbows, shoulders, and knees will be endemic. Accordingly, tasks 
to be performed inside MOLAB should specifically exclude the need to get 
from work place to work place quickly or even the need to reach quickly 
from one control to another at a given workplace. 

Locomotion problems outside MOLAB cannot be dismissed; they 
will be serious and require careful consideration in the specification of 
surface operator duties. The combination of loss of fast reaction due to 
l/6 g, shifts in center of gravity and mass produced by the personal equip-
ment, and movement range restrictions upon the astronaut caused by the 
personal equipment will not be offset by the advantages of lunar g. (The 
latter include full retention of man's "one- g" load bearing potential in a 
l/6-g field and, possibly, reduction in total locomotive biologic energy 
expenditures.) The objective of this section is to identify some of the 
problems and their constraints on the surface operator's performance. 
It must be stated that the values given below are admittedly conservative. 
Some investigators would almost double some of the values presented. 
In fact, it may be possible for experienced surface operators to improve 
substantially on these values. However, the many unknowns, such as 
lunar surface macro- and micro- characteristics, the de sign and efficacy 
of the as-yet-undeveloped lunar surface ensemble all advise caution. If 
experience and technology allow major increases in personal mobility, 
all well and good; plenty of alternative experiments will be available to 
occupy the saved time and gained range. If such does not prove the case, 
conservatism will ensure safety and reliable attainment of experimental 
objectives. 

8. 4. 5. l Walking 

A slow walk will be an efficient technique of lunar self locomotion. 
The surface operator should be able to proceed on level terrain at about 
2600 feet/hour for at least two hours. Tasks requiring longer walks than 
this, particularly when heavily burdened (in excess of 200 earth pounds, 
see Section 8. 4. 6), should be a voided. The actual per -minute distance 
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could be substantially higher than the 45 feet per minute (fpm) rate suggested 
by this value, since this includes estimated periods for rest, pauses to 
reconnoiter immediate terrain problems for alternate paths, etc. Act-
ually, two slow-walk rates are probable. 

Route March 

The "route-march rate" is designed to cover ground with optimum 
efficiency. This value should be about 65 fpm, and a quarter mile should 
be covered easily in ZO minutes. Tasks involving distances longer than 
this should allow for the slower average rate of 45 fpm. 

Local Walking 

The second "slow-walk rate" is designed for short-distance moves 
around a task site, such as moving from one piece of gear to another. The 
maximum attainable rate will be about 1ZO fpm. Lunar walking at these 
speeds will require a semi-crouch, using short rapid steps to maintain 
both traction and balance at these speeds. Speeds much in excess of 1 ZO 
fpm will approach inefficiency, and tasks routinely requiring greater short 
distance speeds should not be planned. 

Loads in Slow- Walk Modes 

Loading the surface operator with fairly large amounts of gear 
(in earth-reference terms) should not appreciably reduce the rates noted 
in the two preceding paragraphs, and may in fact help the operator. (See 
Section 8. 4. 6) 

Slopes, Hills, and Rough Terrain 

Slopes, hills, and rough country will reduce the surface operator's 
mobility. Slopes of 3 to 6° (1:5 and 1:10 pitches, roughly) can be nego-
tiated with relative ease and with no real loss in speed though at some 
metabolic penalty. Traverses up and down such slopes should be limited 
to 10 minutes at 100 fpm, 15 minutes at 50 fpm, 30 minutes at Z5 fpm, 
and at slower rates for longer times. Slopes of 15° or more can be 
ascended or descended only with difficulty. 

Inspection of such steep slopes, e. g., crater walls, scarps, and 
the like, are possilbe but only with exertion and some danger. The surface 
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operator should not be required to do such work routinely. Rough terrain 
presents special problems. Stretches of broken country with slabs of 
rock, short steep hills and cliffs, etc., will be difficult for the surface 
operator. Conversely, some terrain features will be easily dealt with. 
The operator can probably, with confidence, leap across crevasses or 
ditches up to 6ft in width and jump up to or down from ledges up to four 
feet in height, even when fully loaded. Practice will be required, and 
such feats should not be required early in the traverse. 

Fast Walk 

Walking speeds m excess of 120 fpm should not be programmed 
into tasks. Some surface operators may eventually become sufficiently 
adept to allow really fast walk speeds, but this will probably be a feat. 
At best it will metabolically be expensive. 

Running 

Lunar running (analogous to earth running) is probably not possible 
for the surface operator and should not be considered as a method of loco-
motion under any circumstances. 

Jumping or "Skimming" 

Hopping or leaping in series will be the preferred mode for 
rapidly covering distances. It is likely that a form of locomotion peculiar 
to the lunar environment will be developed. This has been called "skimming" 
by one group; another calls it "lunar loping". It is envisioned to consist 
of a series of exaggerated leaping steps, in series, off alternate feet, with 
a very considerable "float" phase. One investigator (with an artistic bent) 
has described it as "serial grande jetes" comparable to the ballet leap in 
which one leg is extended behind, the other forward, alternately. This is 
envisioned as covering 16 to 20 feet per effort at about 7 to 9 fps. Perhaps 
optimistically this mode of locomotion is expected to be about as demanding, 
metabolically, as a rapid earth walk. When required, "hops 11 (one-footed 
jumps) or leaps (two-footed jumps, with take-off on one foot and landing 
on the other foot, or both feet) can also be made. Hops, singly or in series, 
can be expected to cover 7 to 8 feet per effort. Jumps, singly or in series, 
can be expected to cover about 12 to 16 feet per effort. Because of the 
slow-motion effect produced by the 5. 36ft/ sec

2 
of lunar gravitation, the 

time in flight per effort will be lengthened, but 5 fps is a conservative 
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value and can be maintained for perhaps five minutes by skilled surface 
operators. Difficulty will be encountered at first, because the small re-
sidual angular velocities normally present in a jump will have time to pro-
duce considerable angular displacements during the jump. The surface 
operator will have to learn to damp these out to avoid undesirable landing 
configurations. 

8. 4. 6 Work 

The ability to do work, coupled with man's unique characteristics 
detailed earlier, is the real justification for man's presence in the lunar 
m1ss1on. Much is known about man's ergonometrics; much is unknown. 
This, taken with the deductive and prognostic nature of our knowledge about 
the moon, make predictions about man 1 s ability to do metabolic work on 
the moon fairly intuitive. This is particularly enhanced, because the final 
configuration of the lunar personal equipment ensemble has not been estab-
lished. 

The ability of the PLSS to handle the waste heat energy produced as 
a by-product of man's useful work is central to work predictions. Of 
course, the metabolic penalty the surface operator will pay for the per-
sonal equipment is unknown, too. Will the total reduction in metabolic 
effort engendered by reduced gravity exceed the extra metabolic costs 
involved in maintaining balance in lunar-g and operating in the lunar suit? 

These trade-offs have never, to our knowledge, been objectively 
analyzed. Best estimates indicate that difficulties of surface, loss of foot 
reaction, balance keeping, overcoming personal equipment restraints, 
and low level chronic psychophysiologic stress will doubtless have a sub-
stantial metabolic cost. This extra value, added to the basal metabolism 
and the metabolic cost of useful activity will put the surface operator in 
the sustained 1500-2000 BTU/hour category (bottom of the "heavy-work" 
range). This can probably be sustained for about three hours including 
rest pauses totaling 20 minutes. This is well within the range of the sec-
ond gene ration water cooled PLSS. In our opinion, the useful work that can 
be done to produce this acceptable metabolic load is outlined below. 

8.4. 6.1 Load Carrying 

The predicted weight of the surface operator's personal equipment 
ensemble is 95 earth pounds. An additional load of 105 earth pounds can be 
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routinely carried by the surface operator. This weight should be shoulder-
packed if it is to be carried more than 100 yards. Back-packing, though 
most efficient, will be difficult because of PLSS. If hand-carried, ideally 
the weight should be carried in front of the man and held waist high. 

Load configuration is important. Ideal hand-carried loads should 
be in containers about 2 x 2 x 2 ft. Ideal shoulder loads should be divisible 
into two, strap-hung, or configured in "rump packs 11 designed to encircle 
the lower back and buttocks. This should be garticularly efficient in view 
of the need to lean the torso forward about 60 during moon locomotion. 
Long or awkward loads must not be programmed. Weights in excess of 
200 earth pounds should be avoided, though very heavy weights can be 
carried for short distances (500-1000 earth pounds). 

8. 4. 6. 2 Heavy Labor 

Heavy labor such as pick and shovel work, carrying or lifting 
heavy weights, leaping, etc., for long periods must be avoided except in 
emergency. Ten minutes of sustained heavy work per surface shift of 
three hours is the maximum allowable. 

8. 4. 6. 3 Shifts 

W ark should be programmed so that breaks in work allow 10 to 12 
minutes pause per work hour. Shifts on the surface should routinely be 
limited to three hours and four hours under exceptional circumstances. 

Feeding should occur four times a day. 
more snacks are probably desirable. Sleep need 
24, but 6. 5 to 7 is more desirable. 

Two meals and two or 
not exceed 6. 0 hours in 

Three surface shifts per day, split two and one alternately on 
successive days, will probably be most effective. Allowing one hour 
change time per shift, six hours for sleep, two hours for feeding, personal 
hygiene, etc., four hours still remain for periodic maintenance, commun-
ication, log keeping, planning, and recreation. 

8. 4. 6. 4 St res s 

Man is a remarkably tough, resilient, adaptable, resourceful, 
brave animal. These qualities should be used to the fullest in this mission. 
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The effect of multiple accumulative stress does degrade his performance. 
Volumes have been written about what constitutes such stress and how to 
avoid its degradative effects; clearly, here we can only offer some "don'ts:" 

l. Don't be afraid to stress him; use man. That's why we 1 re 
sending him. 

2. Don't ask him to do one hard-work task too long (10 minutes). 

3. Don't ask him to do several medium work tasks in a row too 
long (30 minutes). 

4. Don't forget to let him rest; if you don't, he'll rest anyway 
and spoil the schedule, or he won't rest and won't work 
efficiently. 

5. Don't frustrate him; don't give him several things to do at 
once or to think about at once. He must always have "one 
hand for the ship and one hand for himself" in this situation, 
particularly where errors could be fatal. 

6. Don't discipline him too much; give him alternatives and 
freedom to exercise his special virtues. 

7. Don't provide situations where stresses, both physiologic 
and psychologic, accumulate. These stresses don't add 
arithmetically; they sum geometrically. 

8. 5 ADDITIONAL BIOENGINEERING EFFORT 

Three additional tasks remain to be accomplished in the bioengineering 
study. These include evaluation from a bioengineering standpoint of: (l) 
the mission operations analysis presented in Section 10, (2) the purposed 
instrument operations presented in Sections 4 to 7, and (3) the recommended 
experiments to be performed in future studies. Work in these three areas 
will be summarized in the final report. 
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SECTION 9 

SCIENTIFIC INSTRUMENTATION SYSTEM DESIGN 

This section describes a preliminary design iteration performed on 
the scientific instrumentation system. Included is a summary of the re-
straints upon the instrument system, a description of the operational modes 
of the system, and a preliminary effort to define the requirements on ex-
periment supporting equipments such as data programmers, multiplexers, 
data storage, and data display units. This systems work will be extended 
and detailed to a much greater extent for the final report. 

For this interim report, no attempt was made to recommend a sample 
experiment package. Rather, an experiment supporting subsystem was con-
sidered which would accommodate the data outputs from all the instruments 
being considered in this study. Based on considerations given in Section 2. 3, 
a recommendation for a sample instrument package consistent with the 
system constraints will be included in the final report. However, even 
though the sample instrument system may not contain all the instruments 
considered in this design iteration, the basic system will perform similar 
functions and operations and should be similar in de sign to that de scribed 
here. 

Since the systems integration effort has been a parallel effort with the 
instrument design, the preliminary characteristics of the various instru-
ments used in this section and reported in Appendix A may differ slightly 
from the latest instrument data given in Sections 4 to 7. However, updated 
instrument data should have little affect on the basic instrument system de-
sign. 

9. l SCIENTIFIC INSTRUMENTATION SYSTEM DESIGN RESTRAINTS 
AND GUIDELINES 

The following restraints and guidelines were specified in the work 
statement for this study: 

':'Restraint is defined as having the weight of a specification and adhered to 
unless changed by the NASA ':'i.e., having the effect of a bounary); while a 
guideline is of a particular feature, technique, etc. 
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Restraints 

1. The total weight of the scientific instrument package and its as-
sociated supporting equipments (exclusive of the weight for power 
drawn from a central source) shall not exceed 700 pounds. 

2. All equipment shall be capable of operating anywhere on the earth-
ward hemisphere of the moon at any time. 

3. All equipment shall be compatible with the capabilities and limitations 
of the man/ suit combination-particularly with respect to dexterity, 
time, psychological factors, and handling limitations such as size, 
weight, volume, and shape. For operations which require an ad-
ditional capability such as bare-hand dexterity (e. g., calibration 
and alignment), these operations must be possible within the con-
fines of the roving vehicle. 

4. Equipment and instruments must be able to withstand the Apollo 
launch, transit, and landing acceleration loads, shocks, and 
vibrations. 

5. Samples returned to earth will be limited to 80 earth pounds in-
cluding container weights. 

Guidelines 

1. For the purposes of this study a central on-board source will be 
assumed to supply electrical power for all the lunar roving vehicle 
loads except for scientific instruments for which an individual power 
supply is determined advantageous. Total power available will pro-
bably range from 3 to 5 kw. This wattage will be available only 
when the vehicle is stopped; wattage available while the vehicle is 
moving will be considerably lower: between 0. 5 and 1 kw. 

2. Geological and geophysical measurements are to be considered of 
primary importance. 



3. Average traveling speed of the vehicle will be 3 miles/hour 
(~5 km/hr). Speeds may increase to 5 miles hour (~8 km/hr) 
in good terrain and decrease to any desirable slower speed. 

4. Instrumentation and supporting equipment should be capable of 
operational use for three 14-day periods at any time in a one-
year period beginning with arrival on the lunar surface. 

5. Where possible, maximum use should be made of instrumentation 
and components developed for the unmanned satellite and Apollo 
programs. 

6. A geological survey of outcrops exposed along the traverse will 
be accomplished but the instrumentation and tools for this survey 
should not be considered in this study. This operation may take 
from l/2 to l hour/outcrop, and these figures should be used for 
planning the hypothetical mission. 

7. Route surveying will be at least semiautomatic with anticipated 
accuracies in X, Y, and Z to l in 5, 000. 

8. In general, only one astronaut will be outside of the roving vehicle 
at any given time (one astronaut remaining inside). However, when 
mission tasks require that both astronauts be on the surface, this 
will be permitted. 

9. 2 INSTRUMENT SYSTEM FUNCTIONAL DESCRIPTION 

A simplified block diagram of the 
for MOLAB is given in Figure 9. 2-l. 
the following major functional units 

example scientific experiment package 
The instrument system consists of 

l. Scientific instrumentation 3. Data storage 

2. Data handling 4. Data display 

5. Experiment stowage 

Detailed descriptions of the geological exploration instruments which 
are the responsibility of this study are contained in Sections 4 to 7. A brief 
summary of the instruments which are included in the instrument payload but 
are not the responsibility of this study is given in Section 9. 3. A tabulation 
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of the available characteristics for all experiments proposed for the scientific 
instrument package is given in Appendix A. 

The data handling subsystem performs the following functions: ( 1) samples 
and routes digital, sampled analog, and continual analog data for recording 
in the storage media, for real time transmission to earth or for display; 
(2) provides identification of the data both with respect to experiment being 
performed, condition under which performed, and time measurement was 
taken; and (3) programs the sampling of data for the various modes of opera-
tion described later in this section. 

Data storage is provided to store sampled data until MOLAB operations 
will allow the data to be transmitted back to earth. 

The data display unit is manually programmable to display certain of 
the experiment outputs to the scientists-astronauts. The astronauts will 
use the display to make simple value judgements as to the quality of the 
data and to decide if further data should be taken. Displays may include 
meters and/ or digital display for such items as dose rate and range, a CRT 
display for items such as analog wave forms (active seismic, gas analyzer), 
and a monitor for the ground truth and surveyor 1 s staff vidicons. Those 
experiments having parameters to be displayed are indicated in Appendix A. 

Equipment stowage areas must be provided for the experiment equipment 
both inside and outside MOLAB. It is presently envisioned that the stowage 
area for the external equipment will be divided into thermally controlled and 
non-thermally controlled compartments. It is assumed that thermal control 
of the stowage area will be the responsibility of the MOLAB vehicle since 
this box will couple with the remainder of the MOLAB system thermal con-
trol. The weight of the stowage containers has been assumed to be charged 
to the scientific package. 

9. 3 OPERATIONAL MODES OF THE INSTRUMENTATION SYSTEM 

The nature of the data to be collected on a MOLAB traverse dictates 
several operational modes of the scientific instrumentation system. There 
are wide variations on the requirements for sampling data with respect to 
time and position. For example, one would like to sample parameters such 
as gravitational and magnetic fields and ground truth measurements continually 
along the traverse and at several points around each station. Some of these 
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measurements can be completely automated and require no astronaut parti-
cipation except to place instrument into this mode of operation. But there 
are also several measurements which will be performed only at the stations, 
or cases such as drill hole logging or active seismic which will be per-
formed only at a few selected stations. These measurements can only be 
handled by a manual sampling technique with the astronaut having complete 
control over the time of the measurement and routing of data into proper 
data handling section of the system. 

Five modes of operation of the instruments 1n the scientific package are 
considered: automatic sampling-traveling, automatic sampling at station, 
manual sampling-traveling, manual sampling at station, and a storage mode. 
These do not necessarily describe the overall SMSS system modes of opera-
tion, since some instruments may be under automatic operation while others 
are under manual control at the same time. 

9. 3. 1 Automatic Sampling Mode- Traveling 

Instruments sampled automatically during the traverse will be based 
both on a definite time interval or at definite distance traveled. The data 
collected will generally be recorded for later transmission but could be 
telemetered back to c;:1rth in real time. 

9. 3. 2 Automatic Sampling Mode at Station 

Scientific measurements will be made automatically at each station. 
Data could be collected while the astronauts are making other scientific 
measurements under manual mode operation as well as while the astronauts 
are involved in non- scientific activities. 

9. 3. 3 Manual Sampling Mode-Traveling 

During this mode, the astronaut selects the experiment which will 
be performed, and on his command the instrument system collects the data 
and stores or transmits it to earth. In general, manual sampling implies 
manual initiation of an experiment with semiautomatic sampling of the data. 

9. 3. 4 Manual Sampling Mode at Station 

As in the above described mode, the astronaut controls the operations 
of the experiment. This technique will also be used while the astronauts are 
outside the vehicle making measurements. This manual mode of ope ration 
will be the most often used mode. 
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9. 3. 5 Storage Mode Operation 

There will be a limited number of measurements made by MOLAB 
instrumentation during the storage period between the time of arrival of 
the LEM-truck and the arrival of the astronauts and after the astronauts 
leave. 

A sample list of the instruments which may be used in each of these 
modes is given in Table 9. 3 -l. 
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TABLE 9. 3-1 
INSTRUMENTS USED IN VARIOUS MODES 

Automatic Sampling- Traveling 

X-ray spectrometer 
Gas analysis 
Tissue equivalent ion chambers 
Charged particle spectrometer 
Electron spectrometer 
Neutron detector 
Micrometeroid acoustical detector 
Elevation meter 
Odometer 
Gravimeter 
Magnetometer 

Autorr1atic Mode -At Station 

X-ray spectrometer 
Gas analysis 
Tis sue equivalent ion charnber 
Charged particle spectrometer 
Electron spectrometer 
Neutron Detector 
Micromcteroid acoustic detector 
Magnetic field 
Sun angle 
Seismon1eter for moon quakes 

Manual Sampling- Traveling 

70-ntm conventional photography 
Intermediate Band UV -IR photography 
Total spectral radiometer 
Spectral radiometer 
Interferometer-spectrometer 
TV camera 
Sun angle 
Ranging laser 

Manual Mode - At Station 

Ground truth measurements -manual training of instrument with 
semiatomatic sampling of instrument group 

Theodolite 
Ranging laser ~crniautornatic readout of angles and ranges 

Surface electrical nH'3.SU1"ernents 
X-ray diffracto1neter 
X-ray ilourescence spectrometer 
IH interferometer 

Active seismic Six channels of analog data 
time data 

Core drilling 
Monitor and display status data 

Gravimeter 
Magnetometer 
Gas analyzer 
Areal radiation 
EM probing experiment 
Photo scanner 

temperatures 
drill depth 
motor currents 

Outside Astronauts voice observations will be relayed to MOLAB 

Inside astronaut will observe outside astronaut through windows and 
TV system, use theodolite to range on astronaut 1 s stadia rod 

Soil mechanic measurements (penetrometer) 

Core hole logging 
Nuclear measurements 
Density 
Sonic velocity 
Electrical properties 

Stowage Mode 

Tissue equivalent ion chamber 
Tidal gravimeter 
Magnetic field 
Seismometer for moon quakes 



9. 4 ASSUMED CHARACTERISTICS OF EXPERIMENTS AND EQUIPMENTS 
NOT THE RESPONSIBILITY OF THE SMSS STUDY 

The 318-kg (700 lb} weight allotment for the scientific package includes 
the following equipments whose conceptual design is not the responsibility 
of the MOLA B SMSS Study: 

1. Astronaut radiation hazards evaluation instrumentation 

2. Apollo inherited equipments 

a. Topographical mapping equipments 

b. Surveyor's staff 

c. Simple hand carried geological instruments 

d. Sample containers 

3. Emplaced scientific station. 

In order to obtain a realistic design of the total instrument package, 
the weight, power, and data characteristics of these equipments must be 
included in addition to the geological instruments. A brief description of 
these devices is given in the following sections. 

9. 4. 1 Astronaut Radiation Hazards Instrumentation 

The SMSS Study does not have the responsibility to study means of 
making any of the Group I measurements (i.e., biomedical, artificial cabin 
environment, hazards from lunar surface environment, and extra lunar 
radiation environment}. It is assumed that all of the Group I measurements 
with the exception of the extra lunar radiation hazard are the responsibility 
of the MOLA B vehicle and not included in the 318 -kg experiment allotment. 

The extra lunar radiation measurements which are assumed to be 
considered part of the instrumentation package are total radiation dose, 
the differential energy spectrum of the various particle types, and gamma-
ray flux. The instrumentation required for these measurements is sum-
marized under Group I in Appendix A. All these instruments listed have a 
weight of about 24. 5 kg (54 lb} and a power dissipation of about 14 watts. 

9. 4. 2 Apollo Inherited Equipments 

MOLAB will inherit the topographical mapping, surveyor's staff, sim-
ple hand carried geological instruments, and sample containers developed for 
the first Apollo short duration lunar exploration missions. It is assumed 
these devices will be used with little modification on MOLAB. 
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9. 4. 2. 1 Topographical Mapping 

The topographical mapping equipments will include: ( 1) a theodo-
lite, (2) a sketch board, (3) maps on scale of 25,000: 1, and (4) range 
finder. The assumed characteristics of these devices is given in Appendix A 
under Group II instruments. It is assumed the theodolite and range finder 
will be semiautomatic. That is, the astronaut will be required to select 
manually an object for observation, and then by pressing a button, the 
bearing angles and range to the object will be displayed to him for use in 
mapping and navigation. The theodolite and range finder can be either 
mounted outside and remotely operated or mounted inside and operated 
manually through viewing ports. 

9. 4. 2. 2 Surveyor 1 s Staff 

It is assumed that the astronaut-scientist will be aided during his 
field geological surveys by a hand carried staff similar to those being in-
vestigated by USGS':'. The staff may typically contain: ( 1) a sun compass 
with a rear sight, ( 2) a single axis pendulum climometer, ( 3) a leveling 
device, (4) a film camera with optical axis perpendicular to staff, (5) a 
vertically mounted optical range finder, ( 6) a simple device for measuring 
bearing strength, ( 7) stadia markings on staff for range finding from MOLA B, 
and ( 8) a scoop and sera pper for sampling unconsolidated materials. It is 
probable in the final version of the staff that some of the data collection such 
as sun angle and slope will be automated and the data relayed back to MOLAB 
via the outside astronaut-MOLAB data link. However, since the nature of 
these data are not known at this time, a manually operated staff has been as-
sumed for this first instrument system design iteration. For this study the 
following physical and operational characteristics are assumed for the sur-
veyor 1 s staff. 

Weight: a bout 12 pounds 

Power: none 

Operation and stowage: The staff will be used exclusively outside 
MOLA B and will be stored externally. If 
required for temperature control require-
ments, the head may be detached and stored 
separately in a temperature controlled 

D. P. Elston, et al, Monthly Reports for October and November 1964, 
US Dept. of Interior, Branch of Astrogeology, Geological Survey, 
Flag staff, Arizona. 
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stowage area. All data will be read by the 
astronaut from dials on the staff and re-
layed over the voice link back to the 
MOLAB. 

Length: approximately 4. 5 ft 

9. 4. 2. 3 Simple Hand Carried Geological Instruments 

The astronaut will be aided in his geological survey by a variety 
of small hand tools such as: 

1. Rock pick with chip catcher 6. Thermometer 

2. Flashlight 7. Measuring tape 

3. Hardness indicators 8. Rope 

4. Knife 9. Bar tongs magnet 

5. Dust scoop 10. Scales for weighing samples 

Also available for use inside MOLA B will be hand instruments such as bi-
noculars, telescope, hand lens, small microscope, reference charts, ta-
bles, and astronaut check lists. All of this equipment is assumed to be 
manually operated and any information gathered will be in the form of astro-
naut dictating observations to be recorded. The total weight of this equip-
ment is assumed to be about 8 kg (17. 5 lb). 

9. 4. 2. 4 Sample Container 

Sample containers will be provided for return of lunar dust, rock, 
and drill core materials back to earth. These containers must provide for 
maintaining the sample at low pres sure s during the return and up to the 
time of earth examination. It has yet to be determined if the container for 
the drill cores must be capable of accommodating a solid core up to five-
feet long or whether the cores may be cut into smaller lengths before re-
turn to earth. It is assumed the sample containers will be stored external 
the MOLA B vehicle. One of the initial operations the astronauts will per-
form upon arrival at the LEM landing site will be to open the sample con-
tainers and allow trapped earth gases to escape prior to insertion of lunar 
samples. The assumed weight of the sample containers is about 4. 5 kg 
( 10 lb). 
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There is an allowance for return of 36. 3 kg (80 lb) of lunar dust 
and rocks, drill core samples, photographic film, and the sample containers. 

The best present estimate is that drill cores will be about 1. 9 em 
( 0. 7 5 in. ) in diameter. Assuming a mean density of 1 unar rock of 3. 8 gm 
1 cm 3 , then drill cores will average about 1. 1 kg/m(O. 73 lb/ft). If itis as-
sumed that one 30-meter, and four 4-meter holes will be drilled, a total 
of 46 meters of drill cores will be obtained. Further if it is assumed that 
20 percent of drill core material would be returned, this would weight 
about 10 kg ( 22 lb). 

The studies on ground truth measurements predict that about 12 
pounds of exposed and processed film is required for the complete traverse. 

Thus based on the above assumptions, a preliminary estimate of 
material being returned is: 

kg ( 1 b) 

Sample containers 4. 5 ( 10) 

Drill core samples 10. 0 ( 22) 

Photographic film 5.4 ( 1 2) 

Lunar dust and rock 16. 4 
36. 3 

!_lli_ 
( 80) 

9. 4. 3 Emplaced Scientific Station (ESS) 

The ESS is to be a fixed station for monitoring long term variations 
of several geophysical parameters and is to act as a base line for com-
parison with similar measurements made on-board MOLAB. The measure-
ments being considered for the ESS are listed in Group IX Appendix A. 

As indicated in Section 6. 4, heat flow measurements will require 
a deep hole (~1 00 feet), a long period between drilling, establishment of 
thermal equilibrium, and return of astronauts to the core hole site at a 
later time to make time consuming thermal conductivity measurements. 
Thus, the only practical site for heat flow measurements will be at the ESS. 
It is not planned to make heat flow measurements at any other stations along 
the traverse. 

9-12 



It is recommended that the LEM or LEM-truck landing site be 
selected for the ESS because: ( 1) the astronauts will return two or more 
times to the site during the ALSS mission, ( 2) the ESS equipments stored 
in the LEM and the LEM-truck will be readily available, (3) a site close 
to the LEM would be good for first drilling operations assuming the dust 
in the area is not too thick, and ( 4) the long drilling time requirement 
may fit well operationally with the LEM and MOLAB checkout, and would 
allow astronauts ample time to attempt all scientific operations at this 
first site. One of the first exploration tasks for the astronauts will be to 
determine the best site in the vicinity of LEM or LEM-truck for the ESS. 

In addition to the instruments making up the ESS, experiment sup-
porting equipments such as data handling, telemetry, command and control, 
power supply, and structures must be provided. Like the ESS scientific 
instruments, these supporting equipments will also be chargeable to the 
700-lb scientific instrumentation allowance. In order to estimate the 
weight which must be allotted for the ESS, a brief examination of the ESS 
experiment supporting equipments was made. 

A functional block diagram of the ESS is shown in Figure 9. 4-1. 
Table 9. 4-1 gives a breakdown of the weight and power estimates for the 
various system components. These weight and power estimates are best 
engineering estimates and a more detailed study is required to further de-
fine the ESS characteristics. 

As shown, data can be fed either into a tape recorder or directly 
to the telemetry system. It is assumed data will all be converted into 
either a digital or analog format and fed through a single TM link. Signals 
from all instruments, except the moon quake seismometer and gas analyzer 
which have continual outputs, are periodically multiplexed. The signal out-
put from the seismometer is fed to a seismic switch which senses that a 
quake is occurring and turns on the recorder and records the seismeter 
output and time for a period of 20 to 30 minutes. Since the seismeter sen-
sor is completely passive, little power will be dissipated during the non-
data collecting periods. The gas analyzer output is an analog wave form of 
about 10-seconds duration. This wave form will be periodically sampled 
under the control of the data programmer. 

If only the number of moon quakes above a preselected magnitude 
would be sufficient and the requirement to record the seismic wave shape 
during a quake were eliminated, the tape recorder might be eliminated 
and all monitoring could be performed in real time. 
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TABLE 9. 4-1 

WEIGHT AND POWER ESTIMATES FOR ESS EQUIPMENTS 

Experiments 

Tidal gravimeter 

Magnetometer 

Solar plasma detector 

Star tracker 

Micrometeoroid detector 

Radiometer 

Electric field meter 

Gas analyzer 

Moon quake seismometer 

Internal heat flow 

Supporting equipments 

Multiplexer 

Tape recorder 

Data transmitter 

Antenna and diplexer 

Command receiver and decoder 

Data programmer 

Clock 

Power supply 

Structures 

Weight 
(kg) ( lb} 

1.8 4. 0 

1.4 3. 0 

2. 5 5. 5 

9. 0 19. 8 

4. 0 8. 8 

0. 7 1. 5 

4. 0 8. 8 

4. 3 9. 5 

3. 6 8. 0 

27. 0 60.0 

0.8 1.8 

4. 5 10 

0.9 2. 0 

1.4 3. 0 

1.6 3. 5 

0.9 2. 0 

1.8 4.0 

30.0 65 

4. 5 10 ---
104.7 231. 0 

Power 
(Watts) 

1.0 

LO 

16. 0 

1.0 

0.4 

22. 0 

1.0 
~42.4 

2. 3 

5 record, 8 playback 

1.5 

1.0 

0. 8 

~so. s 
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Since the system is required to operate both day and night, a radioiso-
tope thermal-electric generator would probably be the prime power source. 
Batteries would be required to supply the high power drain during data trans-
mission. 

Important ESS system design problems which have not been included 
1n this brief examination and which could strongly influence the ESS design 
are requirements for thermal control and antenna pointing. Also a detailed 
examination of the ESS should include an examination of the possibility of 
obtaining dual utilization of equipments by cannibalizing some of the one 
shot equipments used on the LEM-truck and LEM-descent stages. This 
might result in significant savings in the ESS weight allotment. 

9. 5 SYSTEM DESIGN ITERATION 

In this section, a first design iteration was performed to define the ele-
ments of the system and to make a first estimation of the weight require-
ments for the total system. Assumptions, including a discussion of each, 
made for this design are given below: 
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1. Television data will be transmitted directly with no storage 
of TV data on-board. No television storage is required since 
it is assumed that during operations involving TV (i.e., traveling 
inside astronaut monitoring of outside astronaut) communications 
will be established with the earth. 

2. The priority of the scientific experiments 1s such that real 
time transmission of scientific data to earth will not always 
be possible. Thus, temporary on-board storage of all data 
except TV will be provided. A semi-permanent record of all 
data will be maintained for a sufficient time to determine 
whether retransmission is necessary. A photo scanning de-
vice will be incorporated on- board to develop and scan photo-
graphs taken and relay data to earth. There is no reason to 
record data magnetically from a photo scanner since the 
photo itself provides adequate storage should it need to be 
retransmitted. It is not invisioned that the complete re-
cording of all data collected on the mission will be brought 
back by the astronauts unless the SO-pound limitation on 
returned material is relaxed. It is also assumed that 
data will be displayed only during manually operated mode 
and that no requirement exists to remove data from storage 
for display. Simultaneous display and recording of data is 
assumed in most cases. 



3. In general all scientific data taken will be transmitted with 
no on-board processing except display of selected data. 
It is assumed most data processing will be performed on 
earth. In general, data requiring astronaut action will be 
interpreted on earth and recommendations made to astronauts. 

4. The 80 pounds of material to be returned will be limited to 
material or information which cannot be telemetered (e. g., 
lunar materials, sample containers, and photographic film). 
The film will be returned in those cases where the photo 
developer- scanner cannot duplicate the contrast or grey-scale 
range of the original photographs. The cases where film is 
to be returned will be determined prior to the mis sian. 

5. It will be assumed that both FM-FM and PCM telemetry 
can be used. The data generated by the scientific equipment 
will be in a variety of formats and do not necessarily have 
to go through one data link. The wide variety in the formats 
may require the use of considerable buffer and signal con-
ditioning equipment. 

6. Both automatic and manual means of sampling the scientific 
instruments will be employed. For the manually controlled 
experiments, the data will become available on a random 
basis. These data will occur with no definite sequence or 
at no definite time; thus each set of data must be properly 
labeled with respect to identity pertinent external conditions 
and time sampled. 

A preliminary system and interface design is shown in Figure 9. 5-l. 
The interface shown is a responsibility interface between SMSS and MOLAB, 
and is not necessarily a physical interface. The physical internal/ external 
vehicle interface is not shown on Figure 9. 5-l, since it varies with the 
instrument. A signal conditioner may in some cases be an integral part 
of externally used instruments or in other cases may be located inside the 
vehicle. In some cases a signal conditioner may be required in both areas 
or in neither area. 
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9. 5. l Detailed F1mctional Description 

The SMSS portion of the functional diagram (Figure 9. 5-l) has been 
subdivided into smaller functional units. In general, each of these functional 
units is associated with a different type of scientific input data. In addition, 
there is a program control and a data storage unit. Each of the units will 
be discussed in the following sections. 

9. 5. l. l Sampled Analog 

The analog input signals which are DC, or slowly varying signals, 
will enter this unit. After either being automatically or manually sampled, 
the signals are multiplexed and recorded on a single analog channel of the 
magnetic tape recorder. When ready to be transmitted the data will be 
reproduced from the recorder and input to a sub-carrier oscillator. The 
analog multiplexing can be extremely simple and low speed, since the 
sampling of the inputs will be primarily manually controlled. 

9. 5. l. Z Continual Sampled Analog Data 

The signals in this area have been so assigned because they are 
primarily higher in frequency than those discussed in the above section. 
When monitored, it is desirable to provide continuous coverage of the 
signal. The gas analyzer and passive seismometer require careful at-
tention, whereas the other inputs can be scheduled. 

The six- channel recorder is used to integrate the results of sue-
cessive active seismometer tests. When it is determined, via the monitor, 
that the record is satisfactory, the six channels are multiplexed and trans-
£erred to the magnetic tape recorder. It is hoped that the recorder can be 
used to monitor the passive seismometer continually, thus freeing the mag-
netic tape recorder from having to monitor this input continuously. A seis-
mic switch signals the control unit and alerts the operator of the presence 
of seismic activity. The magnetic tape recorder can then be started to 
record the seismic activity. If desired, it can be arranged so the seismic 
switch can automatically take control of the magnetic tape recorder. In 
most cases this would not have to interrupt the recording of any other 
parameter but could take control upon the completion of the recording of 
the interfering parameter. The first few seconds of activity which were 
recorded on the drum recorder can be transferred to the magnetic tape 
unit at some later time. The two recorded segments can be properly 
combined after transmis sian to earth. 
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In the normal mode of operation, the gas analyzer would be con-
nected directly to the recorder, since its output is sampled automatically. 

9. 5. 1. 3 Digital 

Both automatic and manual sampling of digital type input is re-
quired. A buffer is included to assure that all digital inputs are in com-
patible form prior to being multiplexed. The digital inputs are multi-
plexed and recorded in serial form on a digital channel of the magnetic 
tape recorder. 

Time and parameter identification data are recorded digitally so 
they would be channeled through the digital multiplexer. The digital program-
mer contains that portion of control which is required for the digital func-
tions. 

9. 5. 1. 4 Data Storage 

The primary data storage media will be a magnetic tape recorder. 
It must have at least three channels: two analog and one digital. The re-
produce electronics should be compatible with the MOLAB interface; viz., 
the subcarrier oscillators and the PCM equipment. 

The record control unit receives signals from the program con-
trol unit and regulates the starting, stopping, recording, and reproducing 
of the recorder. 

9. 5. 1. 5 Program Control 

The program control unit is a rather complicated unit since it 
must control the complete data handling operation of the SMSS. The re-
cording system as currently envisioned can record only one parameter at 
a time even though it has three channels. This unit must therefore schedule 
the recording of the various parameters. 

Since many of the experiments are manually controlled, the se-
quence and timing of data occurances can vary. The slow rate of recording 
data does not require the recorder to operate continuously; it must only 
be started and stopped as required. When using a recorder in this type of 
operation it is necessary to record time data and an identification code with 
each parameter. It is planned to record the time and identification code on 

9-21 



the digital track whether the data are recorded in digital or analog form. 
Simultaneous transmission of all channels will be made so time correlation 
of the analog information is possible. In addition to the above timing in-
formation it is desirable to record timing marks on the digital channel 
when an analog signal is being recorded. 

It is envisioned that the operator would select the experiment to 
be monitored by an array of buttons on a control console. In most cases 
the processing would then be automatic. The output of the proper instru-
ment will be interrogated, the signal will be properly handled, and it will 
eventually be recorded along with an ID (identification) and time tag .. All 
other inputs, especially automatically sampled inputs, would be inhibited 
until the recording of the specified parameter is completed. Some over-
riding of this process can be designed into the system if so desired. For 
instance, the sensing of the occurrance of a moon quake could inhibit the 
gas analyzer and be recorded when available. 

Time and distance traveled information must be made available 
to the program control unit to enable the control of the automatic sampling 
process. This unit also controls the recorder via the record control unit 
during transmissions of recorded data. 

9.5.1.6 Video 

A TV camera system is boresighted with the ground truth expen-
ment equipments and is used to aid the operator in the use of these equip-
ments. A display monitor will present the picture to the operator. A 
second camera is provided to be used by the astronaut when outside the 
vehicle. The output of either TV system can, if desired, be transmitted 
to earth through the wide band MOLA B TV system. 

9. 5. 1. 7 Audio 

Verbal information can be transmitted through the audio control 
center. The interface should, at most, consist of an extra microphone 
at the Scientific Missions Control Console. 

9. 5. 2 Alternatives 

Several alternatives exist in the system design. As the system de-
sign progresses some of the alternatives may prove to be more desirable 
than the techniques described above. 
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The above design uses two analog and one digital channel. Other 
possibilities exist such as one analog and one digital channel. Another 
possibility is to digitize the data and transmit them via the PCM channel, 
if there is sufficient channel capacity. If many experiments were to be 
conducted simultaneously, it might be desirable to use even more chan-
nels. This approach increases on-board equipment complexity but reduces 
transmission time because of more simultaneous transmission. It would 
be possible to record data simultaneously on both analog channels; however 
more sophisticated timing and data identification are required. 

Other methods of identifing the recorded data could be used. Timing 
and identification information can be recorded in many different ways. This 
information could for instance be recorded on the same channel with the data. 

The relative priority of scientific data transmission generally will 
be direct transmis sian. Even though direct transmis sian may be pas sible 
in most cases, there may be times when direct transmission may not be 
possible for long periods of time. Some type of on-board storage is 
therefore a necessity. 

An optimum recording scheme as well as an overall optimum system 
can only be determined when a more complete instrument operations schedule 
1s available and the instrument output data characteristics are better defined. 

9. 5. 3 System Mass Estimates 

At this point in the instrument system design, it appears that the 
prime restriction on the system will be the 318 kg mass restriction. In 
this section a mass estimate for the system described earlier is presented. 
All th.e experiments studied have been included and no attempt was made to 
select a sample experiment package or to stay within the weight allotment. 
In the interim period to the final report, a set of experiments will be se-
lected based on considerations given in Section 2. 2 and Appendix A. For 
the final report iteration, the experiments and the experiment support 
system will be simplified so as to be within the 318 kg weight allowance. 

Although power estimates are presently available for most of the 
equipments, a detailed operational profile of the instrumentation system is 
not yet available. Once these operational profiles are obtained, it will 
be possible to generate typical instrument system power profiles. 
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All of the instruments being considered for the MOLA B and the 
ESS are listed in Appendix A. A measurement priority of high, inter-
mediate, and low has been tentatively assigned to each measurement. A 
measurement was considered for the high priority if the measurement 
had strong scientific merit, and if there appeared to be no serious practical 
problems in making a lunar measurement. Measurements placed in the 
intermediate category either had lesser scientific importance or may have 
had high scientific priority but appear to have practical problems in making 
the measurement in the lunar environment. The drill, core hole logging, 
and active seismic were all placed in this category based on the fact that 
drilling a hole on the moon has yet to be proved feasible. The measure-
ments falling into the lower category are those which are of less scientific 
importance, in some way duplicate other measurements which have been 
made, or which have serious operational or practical problems. Any 
techniques which require sample preparation, difficult operational se-
quencing, or have not been proved on earth, were placed in this category. 

Table 9. 5-l summarizes the mass allotted to each measurement 
group as defined in Appendix A. As can be seen, the instrument mass 
from the two higher priorities exceeds the 318 kg instrument system mass 
allowance. 

In addition to the scientific instrumentation the following estimates 
for experiment support equipments have been made: 

Experiments support electronics -44. 0 kg (See Section 9. 5. 1) 

Equipment stowage containers- 15. 0 kg 

Experiment connection panel - ~'!_kg 

61. 4 kg 
(135 lb) 

This gives a total mass of about 440 kg (970 lb) for the system 
described or about 120 kg over the mass allotment. However this mass 
overage is somewhat exagerated since it was assumed that the mass of all 
the items listed was charged entirely to scientific experiments package. 
However in many cases there is dual utilization of equipments between 
MOLAB vehicle operations and scientific exploration. The masses of such 
equipments should be shared between MOLA B and the scientific package. 
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TABLE 9. 5-l 

MASS ESTIMATES OF SCIENTIFIC EXPERIMENTS 
BY MEASUREMENT GROUP':' 

High':' Intermediate':' Low':' 
Priority Priority Priority 

(kg) (kg) (kg) 

Group I 2. 4 18. 0 4. 0 

Group II 23. 1 25.4 

Group III 26. 5 99.0 2. 7 

Group IV 9.4 8. 6 4. 5 

Group V 17.0 32. 3 

Group VI - VIII 

Group IX (ESS) 13. 9 35.4 14. 7 
(ESS supporting equip) 41. 5 

116. 8 kg 203. 4 kg 58. 2 kg 
( 256. 5 lb) ( 44 7. 3 lb) (128.1 lb) 

Tot<ll Mass All Groups - 378.4 kg (831. 9 lb) 

::::: 
See Appendix A for defi'nition of Measurement Groups and for instruments 
included in each priority selection. 

Examples of these equipments are given in Table 9. 5-2. 
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TABLE 9. 5-2 

EQUIPMENTS USED BOTH BY SCIENTIFIC EXPERIMENT PACKAGE 
AND MOLA B VEHICLE SYSTEMS 

Equipment (kg) 

Theodolite 3.0 

Sketch board 2.0 

Maps 0.2 

Ranging laser 3. 2 

Television cameras 5. 0 

Television monitor 6. 0 

Sun sensor w /position readout 0.9 

Pentrometer (soil mechanics) 1.6 

Tape recorder 5. 5 

Clock 1.8 

ESS power supply 30.0 
60.0 

Mass 

If half of this mass can be assumed to be the responsibility of the 
MOLAB, then the overage is reduced to about 90 kg. By eliminating the 
lower priority measurements, some of the intermediate priority measure-
ments, and simplifying the experiment support system, it is believed that 
most of the primary scientific objectives can be obtained within the 318 kg 
mass allowance. 

9-26 



SECTION 10 

OPERATIONS ANALYSIS 

This section contains a first iteration of the operations plans for the 
scientific activities on a MOLAB traverse mission. The plans given here 
were based on preliminary operations analysis data supplied by instrument 
designers earlier in the study. This is a parallel effort, and thus the data 
1n this section may vary from the updated material presented in Sections 4 
to 7. 

The following time line studies are presented: ( l) the scientific 
exploration portion of the 14-day MOLAB mission, (Z) standard station 
geological survey to be performed at each station on the traverse, and 
(3) a sample survey at a station in which extended scientific study (such 
as core drilling or active seismic exploration) is undertaken. 

This work will be continued and extended in more detail for the 
final report. 

10. l SCIENTIFIC MISSION PLAN 

The mission plan developed here 1s intended for use in the earliest 
stages of manned lunar exploration. It is assumed that, prior to the 
mission, the area to be explored will be covered in detail by a set of 
high resolution images obtaire d from lunar orbiters. Resolution will be 
sufficient to select a set of stations of the order 10 to 30 kilometers 
apart for detailed observations. Selection will be made to include a 
maximal interest set of lunar features. 
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To bridge the gap between traverse coverage and point observations, 
the MOLAB vehicle is used at each station to aid in reconnaissance, mapping, 
and systematic spacing of certain observations over an area with radius of 
the order 0. 3 kilometer. On the basis of this survey a site (s} is (are} 
selected for detailed investigation. 

Following earlier NASA studies, extension of observations in time 
is accomplished by setting up a semi-permanent instrument complex 
(Emplaced Scientific Station-(ESS} which will continue to operate after 
astronaut departure. 

10. 2 STATION SCIENTIFIC ACTIVITIES 

The activities at each station begin with a systematic survey de-
tailed as activities l to 37 of Table 10-1. Monitoring and data reduction 
will be provided by Manned Space Control Center (MSCC). It is assumed 
that high speed data reduction services will be provided at the MSCC for 
all data collected. A position fix using stars and/ or identifiable map 
features is obtained on arrival and used to update the navigation system. 
Where both fixes can be obtained, a valuable control point for lunar 
orbiter photographs would be provided. 

The first activity at each station is proposed to be a set of high 
interest, short ti!\e period observations at seven points comprising the 
vertices and center of a regular hexagon. The outside astronaut will 
ri~e in the open airlock (or on running board?) between observation points. 
As a result of the survey, a rough force -field map will be available covering 
gravimetric, magnetic, and electric field observations. For this iteration 
of the operations analysis it is assumed that, with MOLAB standing still, 
sufficiently accurate magnetometer (boom mounted) and gravimeter readings 
may be obtained with instruments having automatic readout. Indications of 
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Status Status 
Astronaut rrAH Astronaut HEll 

rn "' rn Time "' <l.) <l.) 
'"d ...., 1-; '"d 1-; 

<lJ ~ OJ: <lJ ~ rJl t£ I 0 "' Hr:Min 
~ g .5 ~ ::1 .5 z 
0 0 l ::; I 

<l) 
0 ~ ~ :> ::; :> <lJ rn ~ Activities 

(.) 
'§ E .s .8 c rn 

1-; :s "' .s :s 
<ll ...., ...., rJl "' c +' I .5 1-; rJl ~ :s 1-; ...., ...., <ll ~ ...., ...., ~ l-< ~ 0 ~ 0 Ill 1:! t£ ro "' <l) 0 0 Ill 1:! t£ ro "' <lJ u z .s u .s 0 ~ ~ o:; z .5 u .5 0 ~ ~ o:; < 

M M 0:00 1 Arrive on station. 

X X 0:00-Comple- z 1VfSCC monitoring of all data and TV imaging. 
tion 

X X M 0:00-0:ZO 3 Position fix (stellar and/ or identifiable map features} using theodelite 
and laser ranging. Update 1\:avigation System ''A'' egress. 

X X X M O:Z0-0:30 4 Deploy gas analyzer, electric field meter, obtain readings, store instruments. 

X X X M I O:Z0-0:30 5 Visual observation, voice recording, sampling, ground truth observations 
! from MOLAB. 
I 
I 

X X X M O:Z0-0:30 6 Gravin1eter, magnetometer, nuclear radiation, penetrometer readings, 
photography for mapping and recording. 

X X X M 0:30-0:34 7 Drive MOLAB 0. 3 km. 

X X X lv1 0:30-0:34 8 Visual observation from open airlock (or running board). 

X X X M 0:34-0:44 9 Deploy gas analyzer, electric field meter, obtain readings, store instruments. 

X X I X M 0:34-0:44 10 Visual observation, ,·oice recording, sampling, ground truth observations 
from MOLAB. I I 

X X X M . 0:34-0:44 11 Gravimeter magnetometer, penetrometer, nuclear radiation reading, i 
I photographs for mapping and recording. 
I I 

X X I X M 0:44-1:54 lZ-36 I Repeat activities 7-11 five more times at vertices and center of hexagon. 

I 
X X X X X 1 :54-Z: 10 37 Consultation with MSCC, drive lv10LAB to selected location. i rv1 

X X X M X jZ:l0-3:15 38 Field geological survey with ground truth observations from MOLAB and/or, 
contingent on prior observations, intensive survey with gas analyzer, X -ray 

I 
spectrometer, gravimeter, or other. 

X X M X 3:15-3:30 39 Ingress 
1~-- ------------ _ ___jl__ ___________________________ ~--------------

TABLE 10-1 

STANDARD STATION GEOLOGICAL SURVEY 
AND SELECTIVE OBSERVATIONS 

Note: Time spent at individual points of seven point survey may be as 
little as five minutes or extend beyond ten minutes depending on 
amount of ,-isual observation warranted. Overall time for survey 
should not be exceeded. 



any unusual radioactivity or gas activity will also have been obtained and 
detailed TV and photographic records made for mapping purposes. It is 
assumed that the (updated) navigation system will provide position data of 
sufficient accuracy. 

On the basis of these observations, a site or sites in the area will 
be chosen for selective observations and intensive geological study (Table 
10- 1) or, at a few high-interest stations, extended scientific study as de-
tailed in Table 10-Z. At some of these latter stations, shallow holes are 
to be drilled. The time allotted could provide about a 20-ft hole for 
medium hardness rocks and is adequate for a 10-ft hole in hard rock. 

10. 3 FOURTEEN-DAY MISSION PLAN 

A timeline study of the activities comprising a fourteen-day mission 
is presented in Table 10-3. The traverse selected for this study is the 
Modified Selenological Traverse of NASA TM X -53032. 2, ALSS MOLAB 
Studies, Section 2. Its use here is for planning purposes only, and does 
not constitute a recommendation that it be adopted for the actual mission. 

Following current practice, the time line is based on a 24 -hour 
work cycle for the astronauts including 8 hours sleep, 14 hours work, and 
2 hours eating and personal care. However, this choice should be the 
subject of a detailed study. An alternate plan would be a 12-hour cycle 
with the above time allocations halved. Such schedules are maintained 
for long time periods in the US Navy with satisfactory job performance. 
The 12 -hour cycle would appear to minimize certain scheduling problems 
(rest periods and back-pack regeneration between periods on the lunar 
surface), and to provide more frequent periods for data analysis to be 
completed and recommendations formulated on earth. 

Time periods on the lunar surface have been limited to three hours 
under current assumptions on space suit limitations. A lower limit of 
about 4. 5 hours has been used for the time between surface space suit 
operations for a given astronaut. 

The time line is largely self-explanatory. Additional scientific 
observations are made along the traverse. These include periodic photo-
graphs and gravimeter readings as well as detailed optical (from inside 
MOLAB) examination of occasional outcrops. It is assumed that passage 
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from lunar day to lunar night occurs on the ninth day. At this time the 
astronauts are scheduled to be in the vicinity of the LEM, largely to pro-
vide for an abort possibility if unforeseen environmental problems develop 
with the onset of lunar night. The ESS may be located at the LEM, and the 
astronauts can provide valuable visual, photographic, and optical observa-
tions during pas sage of the terminator. 
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Status Status 
Astronaut "A" Astronaut ltBH 

lfJ Ul 
lfJ Ul 
<!,; Time 

G.> 'D H 'D 
Q) +' Q) !-< Hr:Min >=: b.D 1=l til b.£:. ci 

;'; <!) ~ ;::l >::: z ~ ,5 ~ 
0 +' 0 I 0 0 'I' 

;::l Q) .~ ;::l Q) >--> [I] > Ul '§ ,5 ill .5 <!) :-s ,5 E .5 ill :s ...., :;. 
H "' Q) +' H +' 0 

>::: :s ro 1=l :s H m +' H +' "'-' m +' >::: <lJ 
0 ;::l bJj ro "' 0 2 0 f b.D ro "' <lJ 0 +' <!) '...i 

z ,5 l) ,5 6 fLI Iii o::; z ,_5 l) ,_5 0 Iii I'Ll o::; < I 
X X X M 0 :00-2: 10 l-37 Sa1ne as Table 10-1. 

X X X M X 2:10-2:20 38 E:tv1 probe check of subsurface composition for drill site selection. 

j X X X M X 2:20-2:40 39 Set up drill and start hole. 

X X z :40-4:10 40 Semi-auto drilling, monitor from inside. Outside raise 
drill, remove core and chips, add sections as necessary 
(approximately 30 min. attention). 

X X X M X 2:40-3:15 41 Surface electrical measurements, set up geochemical analysis 
on selected cutting from core sample. 

i 
X X 3:15-3:30 4Z Interchange astronauts, stop drill as necessary. 

X M X X X X I 3:30-4:10 43 Surface geological and geophysical observations. Time shared 
with drill operations and core sampling. 

X M X X 4:10-4:45 44 Drill hole logging with nuclear, electrical, magnetic, sonic 
instruments 

X M X X 4:45-5:10 45 Active seismic measurements with :lvlOLi1B aided dispersal of 
geophones. 

X M X X X X 5:10-5:25 46 Consultation with MSCC, rest. 

X M X X 5:25-6:30 47 Field geological survey with ground truth observations from 
MOLAB and/ or, contingent on prior observations, intensive 
survey with gas analyzer, X -ray spectrometer, gravimeter, 
or other. 

X X X 6:30-6:45 48 Ingress. I 

TABLE 10-2 

STANDARD STATION GEOLOGICAL SURVEY 
AND EXTENDED SCIENTIFIC STUDY 



TABLE 10-3 

FOURTEEN-DAY MISSION PROFILE 

r-------------------T-------------------~~--r------.---+------------------------
Status Status 

Astronaut ''A" Astronaut ''B'' 
Time 

0 0 Hr:Min. 
0 "" 0 " " "' 0 " 0 . ~ ~ '" 7 5 z 7 "' ~ l " .~ 0 " 0 

0 ·~ ~ Activities 
0 " . b g "" ·" " § "" :; :d 

% u . .s " "' :; " ~ .s u .s " "' ..., " " ~ "' "' '" '" " '" L L D 0:00-5:00 LEM pre-descent checkout, descent, touchdown, 

L L 5:00-7:00 Post-touchdown checkout. communications with MSCC. 

L L 5:00-7:00 MSCC activate and checkout MOLAR, direct to LF.M. 

L L 7:00-9:00 Astronauts visually assist MSCC in final stages of MOLAB 
approach. 

L 9:00-9:"W One astronaut transfer to MOLAR on arrival. 

M L 9:30-12:30 Complete activation and checkout of MOLAB. 

M L 10:30-12:30 Deactivate LEM. 

M 12:30-13:00 Transfer to MOLAR. 

M M 13:00-16:00 Contingency, conununications, personal care. 

M M 16:00-24:00 !0 Sleep. 

M M D 0:00-0:'30 !! Communications with MSCC. 

M M 0:30-2:00 !2 Mobility and navigation check, drive to LEM/T making 
visual scientific observations. 

M 2:00-2:15 !3 Egress. 

M 2: l"i-3:1S !4 Load equipment stored at LEM/T. 

M 3:15-3:30 !5 Ingress. 

M M 3:'30-4:00 !6 Drive to LEM, select site for ESS. 

M 4:00-4:1'5 !7 Egress. 

M 4: 15-4:3S !8 Set up drill. 

4:3':i-I 1:00 19 Semi-auto drilling, rnonitor frorn inside. Ontside raise 
drill, renHlve core and chips, add sections as necessary 
(approximately 40% time for outside astronaut). 

M 4:3S-7:3S 20 Transfer equiprnen':: from LEM, set up ESS (time share with 
drill operations). 

7:3S-7:"i0 2! Interchange astronauts. Stop drill as necessary. 

M 7:50-10:50 22 Checkout and calibrate MOLAB scientific instruments. 
(Time share with drill operations). 

M 10:50-11:05 23 Ingress. Stop drill operations v:hen outsi(h: attention required. 

M M 11:05-12:15 24 Continued checkout and calibrate MOLAR scientific 
instruments. 

M 12:15-12:30 25 Egress. 

M 12:.)0-15:15 26 Continue drilling 100ft hole, set up and checkout of ESS, core sampling. 

M lS:lS-15:30 27 Ingress. Stop drill operations when outside attention required. Set 
up quake seisometer, 

M M 15:30-16:00 28 Communications with MS.CC. 

16:00-24:00 29 Sleep 
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Status Status 
Astronaut "A" Astronaut "B" 

0 
0 
~ " v Tirn_e 

"0 "0 v 
0 0 w " 0 0 " 0 

Hr::iv~in. > ~ "' "" ? "' "0 " " 0 ~ ~ " t " 0 " 4 v "' ~ > 0 0 c § > ·g 
~ .5 v " w .s " .5 :s " ·;: 

0 .s ~ 0 " " 0 " 0 t: b " ~ 5 ;;; b 0 ~ ;;; ~ I >- c Ac-tidties 
z .s u .s " " 0 " ~ z .s " u .s " " 0 " 0:: " "' ~ Q < "" "" "" "" 

M X X M D 0:00-0::)0 30 CommunicatiOJlS with ~rSCC. 

M 0:30-0:45 31 Egress. 
tTj 

M 0:45-3:45 32 Continue drilling, core sampling, :intensive geological sur\·ey 
of Le:11-lC!.:~(tiJ,Q site. 0 c:: 

3o4.5-4o00 33 t(·rchange astronauts. Stop drill as necessary. ~ 
f-3 

M 4o00-7o00 34 Complete drilling, store core samples in LEM continue inten- f-3 
sive geological survey of LEM-landing site. M 

M ~ 
M 7:00-7:15 35 Ingress. td z t-< 
M M 7:15-8:30 36 MOLAB maintenance, communications with MSCC, personal b 

care. M 
~ ,_. 

M '-,:30-'\:45 37 Egress. >-<: 0 
I 

M 8:45-9 :-):'- 38 Drill hole logging ...-vith nuclear, electrical, magnetic, sonic ~ VJ 
instruments. H 

Cfl -
M 9o35-!0o05 39 Insert thermal probe in hole, check operation. Cfl 0 

H 0 
M !OoOS -!Oo20 40 Ingress. 0 ~ 

;t" z 
M M 10:20-10:50 Communications with MSCC, prepare for departure to Station 2. 

1:J 
M M !Oo50-l2olS *Travel 8 km to Station Z. ~ 

M 12:3'3-14:45 l43-79i Perform activities 1-37 of Table 10-1. 0 
tTj 

M 14:45-14:55! SO ! Set up quake seismometer. H 
t-< 

M 14:~'3-15:10 I 81 I Ingress M 
M M !5o lO-l6oOO I 82 Communications with MSCC, personal care. 

M M l6o00-24oOO I 83 Sleep. 

During traverse, astronaut who is not driving will take 
3 photos covering 180 degree forward sector every 0. 5 
krn. Photos are taken with MOLAB moving and require 
about 1 minute out of 6. MOLAR is stopped every 5 km 
for 1-2 minutes and a gravimeter reading obtained. 
About 10 minutes out of every 4 hours may be used for 
ground truth observations from MOLA B of interesting 
outcrops. Average speed without stops is 5 krn/hour. 
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FOUR TEEN DAY MISSION PROFILE 
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Activities 

X M X X M D 4 0:00-0:30 84 Communications with MSCC. 

X X X M X 0:30-0:45 85 Egress. 

X X X M 0:45-2:05 86-87 Perform activities 38-39 of Table 10-1 store quake 
seismometer. 

X M X M 2:05-5:15 88 Travel 15 km to Station 3. 

X X 5:15-12:00 89-136 Perform activities 1-48 of Table 10-2. 

X M X M 12:00-15:25 137 Travel 16 km to Station 4. 

X M X X M X 15:25-16:00 138 Communications with MSCC, personal care. 

M X M X 16:00-24:00 139 Sleep 

X M X X M X D 5 0:00-1:30 140 Communications, personal care, MOLAB main-
tenance. 

X X X M 1:30-5:00 141-
179 

Perform activities 1-39 of Table 10-1. 

X M X M 5:00-6:20 180 Travel 11 km to Station 5. 

X X 6:20-13:45 181-
228 

Perform activities 1-48 of Table 10-2. 

X M X M 13:45-15:15 229 Start 20 km traverse to Station 6. 

X M X X M X 15:15-16:00 230 Communications, personal care. 

M X M X 16:00-24:00 231 Sleep. 

X M X X M X D 6 0:00-0:40 232 Communications, personal. 

X M X M 0:40-3:30 233- Complete 20 krn traverse to Station 6. 

X X 3:30-7:00 234-
272 

Perform activities 1-39 of Table 10-1. 

M X M X 7:00-7:20 273 Personal. 

X M X M 7:20-15:20 274 Travel 37 km to Station 7. 

X M X X M X 15:20-16:00 275 Communications, personal. 

X X 16:00-24:00 276 Sleep. 

X M X X M X D 7 0:00-1:30 277 Communications, personal care, MOLAB 
maintenance. 

X X 1:30-8:15 278-
325 

Perform activities 1-48 of Table 10-2. 

M X M X 8: 15-8:35 326 Personal. 

X M X M 8:35-13:05 327 Travel 21 km to Station 8. 
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Tirr.e Stat:..1s Status 
Hr:!\.iin Astronaut "Ail Astronaut ''B:I 

h ~ 

01: "' i g "" .B § "' ] ~ "" c 
~S .B .S ., 
"'=' h ~ § "' h "" s Activities 

~ ] i u .B 6 "" ;.; "' ;.; " 3 .5 "" ~ .:1 8 < "" 
M 13:05-15:15 328- Perform activities 1-37 of TablelO-l. 

364 
~1 D 15:15-15:25 365 Set up quake seismometer. 

~1 15:25-15:40 366 b:gress. 

lv~ 15:40-16:00 367 Communications, personal. 

M 16:00-24:00 368 Sleep. 

!\.1 D 0:00-0:30 3M Conlmunications. 

M 0:30-0:45 370 Egress. 

M 0:45-2:05 371- Perform acti-...·ities 38-39 of Table 10-1, 
372 store quake seismometer. 

~1 2:05-11:55 373 Travel 46 kin to Statio:;: 9. Cross 
original traverse at Station 5. 

1\.1 11:55-15:25 374- Perform activities 1-39 of Table 10-l. 
412 

~1 15:2.5-16:00 413 Comrr..:J.r..ications ~ personal. 

M 16:00-24:00 414 Sleep. 

M M D 0:00-1:30 415 Commu:;:ication.s~ personal care, :tv·fOL.AB maintenance. 

M !\.1 1:30-7:05 416 Travel 26 k.rn to Station 1 (ESS). 

M M 7:05-7:30 417 Co-m.mur.icatior.s. 

M 7:30-7:45 418 Egress. 

M 7:45-10:45 419 Checko'..:.t and maintenance of ESS, additional geological 
measureno..er.ts at recommendation of }.1SCC. 

~i 10:45-11:00 420 Ingress. 

M 1\.1 T 11:00-16:00 421 J...feasurerr:ents in connection \vith passage of te rrninator 1 

!v!OL~~B rnainter..ar-._ce. 

M M N 16:00-24:00 422 Sleep. 

M M !:{ 10 0:00-0:40 423 Corn m U:!"".i cations, personal care. 

M 0:40-0:55 424 Egress. 

}I.{ 0:55-3:55 425 Checkout LEM, trar::sfer samples. 

3:55-4:10 426 Interchange astronauts. 

M 4: l0-7: 10 427 Complete checkout of LEl\.1J prepare for night traverse. 

M 7: :o-7:25 428 Ingress. 

--

TABLE 10-3 (Cont. } 
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TABLE 10-3 (Cont.) 

FOUR TEEN DAY MISSION PROFILE 

Status Status 
Astronaut II_A,_'I Astronaut ''B" 

"' !!) "' 0 
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~ "' "' ? E ~ E z 
0 ~ 0 0 t "' 

<tl 
s 0: Time > > ·g ~ ·s 2 " ;.; E ;.; ~ 

0 S. § (.) " Hr;Min " "' h ] "' rj :g (J) 3 :§ q j h 3 ·~ "' 
0 j j ~ "';d 0 j " >- Actidties ~ " "';d "' ro z E u E 0 "'1 "'1 " rr; z .s u E 0 "" "'1 ~ "' rr; "' ,_J ~ < 

M M N 10 7:25-8:05 429 Communications, personal. 

M M 8:05- I 1:05 430 Travel 14 km to station 10. 

M 11:05-14:35 431-469 Perform activities l-39 of Table 10- L 

M M 14:35-16:00 470 Communications, personal, con tinge nay. 

M M 16:00-24:00 471 Sleep. 

M M :-\ 11 0:00-0:40 472 Communications :t personal. 

M M 0:40-3:15 473 Travel 12 km to Station 11. 

M 3:15-6:45 474-512 Perform activities 1-39 of Table 10-l. 

M M 6:45-7:25 513 Communications, personal. 

M M 7:25-10:00 514 Travel 12 km to Station 12. 

10:00-14:10 515-557 Perform activities 1-43 of Table 10-2. 

M 14: I 0-14:20 558 Set up quake s eisrr1ometer ~ 

M 14:20-14:35 559 Ingress. 

M M 14:35-16:00 560 Communications, personal, contingency. 

M M 16:00-24:00 561 Sleep. 

M M N 12 0:00-0:40 562 Communications, personal. 

M 0:40-0:55 563 Egress. 

M 0:55-3:35 564-568 Perform activities 44-48 of Table 10-2 store seismometer. 

M M 3:35-7:25 569 Travel 18 km to Station 13. 

M M 7:25-8:05 570 Communications, personal. 

i'.! 8:05-11:35 571-609 Perform activities l-39 of Table 10-1. 

M j\.[ 11:35-15:25 610 Travel 18 km to Stat:iorc 1 (ESS). 

M l\.I 15:25-16:00 611 Communications, perso!J.c.l. 

M X C..I 16:00-24:00 612 Sleep. I 
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Status 
Astror.aut ''B" 
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Time 
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N 13 0:00-0:40 613 Communications, pc-rso!1al. 

0:40-7:25 614-661 Perform actidties l-48 of Table 10-2 in vicinity of LE:t-.1/ 
ESS. 

7:25 -11:45 662 Contingency. 

11:45- 12:00 663 Egress. 

12:00-12:15 664 Conr.ect thermal probe for conductivity experirner:t. 

12:15-24:00 665 Thermal conductivity measurement monitored by '\lOLAB 
ar:d 1-.~SCC. 

12:15-15:00 666 Prepare ESS for extended operation, inspect LE}.L 

15:00-15:15 667 Ir:gress. 

15: 15-16:00 668 Commu~ications, persor:.aL 

16:00-24:00 669 Sleep. 

X 14 0:00-0:45 670 ComT!'l.unications, personaL 

0:4S-1:00 671 Egress~ 

1:00-4:00 67Z Remove heater connection thermal probe, activate LE'\I and 
check all systems. 

4:00-4:15 673 LEM egress. LE'\1 in standby condition. 

4:15-5:00 674 Fbal selectim: and preparation of samples for loading 
in LEJ\1. 

5:00-5:15 675 I\"!OLAB ingress. 

5:15-18:00 67 6 Contir;.genc:y .. , consultation :i\-1SCC 1 rest, etc. 

18:00-18:30 677 Transfer to LE~1. 

18:00-19:45 678 Prepare '\10LAB for storage. 

19:45-20:00 679 LEl\-f ingress. 

20:00-24:00 680 Final countdown and liftoff. 
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APPENDIX A 

MOLAB MEASUREMENTS SURVEY AND INSTRUMENT SUMMARY 

A. l MOLAB MEASUREMENTS SURVEY 

A summary has been compiled of all the measurements which may 
be made aboard a MOLAB vehicle as part of an ALSS mission. In addition 
to those measurements which are obviously the responsibility of the scientific 
experimentation package, other measurements associated with the MOLAB 
vehicle operations were included which might employ instrumentation which 
could also be used for scientific exploration. The purpose of this summary 
was to: 

1. Identify and categorize all MOLAB measurements 

2. Define those measurements to be included in the 700-lb scientific 
experiment allotment 

3. Identify measurements which are not clearly the responsibility 
of either the scientific package or the vehicle system. 

The measurements to be made by the MOLAB vehicle and at the Em-
placed Scientific Station (ESS) have been divided into the following groups: 

1. Group I Astronaut Hazards Evaluation 
l 

2. Group II "Ground-Truth" Experiments 

3. Group Ill Geological Measutements 

4. Group IV Geophysical Measurements 

5. Group V Geochemical Measurements 

6. Group VI Lunar Surface Measurements for MOLAB Navigation 
and Engineering Supportl 

1 
Measurement groups not the responsibility of the SMSS. 
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7. Group VII Future Mission Support Measurements 

8. Group VIII Astronaut, Vehicle Systems, and Experiment Status 
Measurements 1 

9. Group IX 1 ESS Measurements 

The purposes of the measurements to be made 1n each group are 
given below: 

Group I - Astronaut Hazards Evaluation 

These measurements will assess the performance, safety, and well-
being of the astronaut. Included are biomedical measurements of state of 
astronaut's health and measurements of the MOLAB cabin environment, the 
hazard of excursions on the lunar surface due to fissures, crevasses, sharp 
rocky terrain, slopes, and other walking and driving hazards. Also included 
is an evaluation of the radiation environment from extralunar sources such 
as galactic cosmic rays, solar flares, solar wind, micrometeoroids, etc. 
Since the prime restraint on all manned space exploration must be to bring 
the man back alive, the measurements in Group I will have the highest 
priority for any manned mission. Group I measurements are outside the 
scope of the SMSS. 

Group II - Ground-Truth Measurements 

"Ground-truth" measurements are intended to provide detailed sur-
face observations which can be used to better interpret the observations 
made from the manned and unmanned lunar orbiter programs. In general, 
all the lunar surface measurements could fall into this category, but in 
this instance ground-truth measurements are those lunar surface measure-
ments which directly complement visible, UV, IR, or radar observations 
made from a lunar orbiter. Ground photographs, integral radiation, and 
spectral radiation measurements in the same wavelength region as those 
made from the Lunar Orbiter will be obtained. Also, detailed maps of the 
terrain along the traverse will be prepared using standard mapping techniques. 
These observations should then allow speculation as to the nature of places 
not possible to be visited by manned or unmanned vehicles which have an 
appearance similar to those along the MOLAB traverse. It is anticipated 
that, in analysis of the Lunar Orbiter photographs, anomalous structures 

1 
Measurement groups not the responsibility of the SMSS. 
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may be found. It is assumed that any clarification experiments required 
to be performed to resolve these anomalous observations will be possible 
within the selected instrument complement. 

Group III - Geological Measurements 

The measurements which are commonly referred to as geological 
measurements constitute the prime experiments of interest to this study. 
To provide a better breakdown, these geological measurements have been 
divided into three groups: geological, geophysical, and geochemical 
measurements. 

For this grouping, geological measurements are 
information as to lithology, stratigraphy, morphology, 
events which led to the formation of a particular area. 

those which give 
and history of 
The most signif-

icant measurement technique in this area is use of the geologist-astronaut 
as a observer and making a geological survey with the astronaut dictating 
his visual observations back to MOLAB, imaging interesting observations, 
and collecting samples of material. 

Group IV - Geophysical Measurements 

Geophysical measurements are those which give quantitative data on 
physical properties such as lunar magnetic and gravitational fields, sonic 
velocity, surface and well-hole electrical and nuclear properties, surface 
heat flow, and passive seismic properties. 

Group V - Geochemical Measurements 

Geochemical measurements include quantitative measurements of 
the crystal structure and chemical composition of lunar surface materials 
and possible gasses em·anating from the interior of the moon. 

Group VI - Lunar Surface Measurements for MOLAB Navigation 
and Engineering Support 

This group of measurements includes those observations of the lunar 
surface required to steer, navigate, and evaluate the mobility performance 
of the MOLAB vehicle. Some of the same instruments required for this 
group will also be adequate for the scientific mission measurements. A 
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stereoscopic imaging system, theodolite, and penetrometer are examples 
of such dual-purpose instruments. Group VI measurements are outside 
the scope of the SMSS. 

Group VII - Future Mission Support Measurements 

This group contains those measurements which will aid in future 
mission planning. Topographical measurements to aid in future landing 
or base site selections and a search for lunar natural resources from 
which water or oxygen could be extracted are examples of these types of 
measurements. 

Group VIII -Astronaut, Vehicle Systems, and Experiment Status 
Measurements 

These measurements refer to the general state -of-the -health of the 
ALSS system. No detailed consideration will be made of these measure-
ments in the SMSS. 

Group IX - Emplaced Scientific Station Measurements 

The ESS is a permanently emplaced measurement station which will 
be set up near the LEM-landing site to monitor long-term effects and act 
as a base line for comparison with measurements made on the MOLAB. 
The ESS will be set up soon after the astronauts arrive on the moon and 
will be left to relay long-term information after the astronauts return to 
earth, Almost all of the measurements on the ESS are also included in 
Groups IV and V. It would be desirable to have the same instrument used 
on MOLAB and at the ESS. 

Table A. 1-1 contains a list of the measurements which may be per-
formed in each of the aforementioned groups. In turn for each of these 
measurements, a list was made of each of the possible techniques for per-
forming the measurement, and for each technique another list of the possible 
instruments was made. The breakdown to techniques and instruments is not 
shown here. In this matrix, the same techniques and instruments reappear 
many times to perform a variety of measurements. The most frequent 
technique occurring was astronaut visual examination either unaided or 
aided with simple hand instruments. It appeared three times more fre-
quently (33 times) than the second most frequent technique which was photo-
graphic or electronic imaging. The third most frequently listed technique 
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was sample collection for return to earth for examination. It should also 
be noted that some measurements occur only once or twice in this matrix 
but may be extremely important as an individual measurement. 

Recommendations .of measurement techniques and instrument con-
ceptual designs for those instruments which are the responsibility of this 
study are included in Sections 4 through 7. 

TABLE A. 1-1 

MOLAB MEASUREMENTS SURVEY SUMMARY 

GROUP- ASTRONAUT HAZARDS EVALUATION MEASUREMENTS 

A. Biomedical Measurements (Blood pressure, heart beat, body tem-
perature, respiration rate, etc.) 

B. Artificial Cabin Environment 

1. Oxygen Concentration 

2. Toxic Contaminants (0
3

, C02 , etc.) 

3. Temperatures 

C. Natural Lunar Surface Environment 

1. Identification of Visible Obstacles 

2. Astronaut Walking Aids 

3. Identification of Concealed Holes, Fissures, Caves, or Lava Tubes 

4. Surface Mechanical and Electrical Measurements 

a. Surface bearing strength 

b. Surface shear strength 

c. Dust adhesion 
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TABLE A. 1-1 (CONT.) 

d. Lunar surface temperature 

e. Surface charge effects 

D. Extra-Lunar Radiation Environment Along Traverse 

1. Total Radiation Dose 

2. Radiation Fields 

a. Proton, alpha, Z > 3 £luxes 
20 Mev< E < several hundred Mev 

b. Electron fluxes 
0. 2 < E < 1 0 Mev 

c, Neutron Flux 
0. 5 < E < 1 0 Mev 

d. Gamma rays 
0.15 < E < 12 Mev 

e. Micrometeroids 

GROUP II-GROUND-TRUTH EXPERIMENTS 

A. Topographical Mapping of Lunar Surface Along 350-km Traverse 

l.. Conventional Surveying, Charting, and Mapping 

2. Imaging 

a. Conventional photography 

b. Electronic imaging 

c. Photoscanner 

B. Surface Characteristics Interpretation at 10-20 Lunar Sites 

0 
1. Multiband Photography (2000 A to 1. 0 1.1.) 
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TABLEA.l-1 (CONT.) 

2. Total Radiation Measurements (0. 2 - 15 f.L) 

3. Reflection and Emission Measurements Surface Materials 

a. Spectral Emission 

b. Emission in Selective Wavelength Bands 

C. Anomalous Structures Investigations at One or Two Stations 

As a result of the examination of the lunar orbiter data, anomalous 
observations may be found which will require lunar surface examination 
for clarification. It is assumed that the selected instrument complement 
will provide adequate data to resolve anomalous observations. 

GROUP III-SELENOLOGICAL MEASUREMENTS 

A. Field Geology Survey at 10 - 20 Lunar Sites 

1. Geological Descriptions and Mapping 

a. Astronaut visual examination 

b. Surveying, mapping 

c. Imaging (see II A) 

2. Sampling of Surface Rocks and Unconsolidated Material 

B. Detailed Lithologic Measurements at 10 - 20 Lunar Sites 

1. Astronaut visual examination to determine color, mineralogy, 
grain size, crystal shape, fabric, degree of crystallization, 
porosity, color, areal and vertical distribution of rock types, 
localized ore deposits, etc. 

2. Imaging 
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TABLE A. 1-1 (CONT.) 

a. Conventional photographic 

b. Electronic imaging 

3, Physical Properties Measurements 

a. Density 

b. Hardness 

c. Magnetic Susceptibility 

d. Electrical properties 

e. Seismic velocity 

f. Thermal conductivity 

g. Radiation 

C. Stratigraphic Measurements at 10-20 Sites 

A-8 

1. Astronaut observations of geologic structure including folds, faults, 
bedding and layering, strike fractures, vertical and lateral forma-
tion relationship 

2. Imaging 

3. Examination of Recovered Drill Cores 

4. Drill Hole Logging at 3-5 Sites 

a. Radioactivity 

b. Density 

c. Electrical properties 



TABLE A. 1-l (CONT.) 

5. Seismic Refraction and/ or Reflection Measurement at 3-5 Sites 

6. Dating of Rock Formations 

D. Morphologic Measurements 

l. Observe Results of Erosion Processes Including Dust Layer 
Thickness at 10-20 Sites 

a. Astronaut observation of geological features including impact 
craters, volcanoes, ray material, ejecta blanket, etc. 

b. Imaging 

c. Dust layer thickness measurement 

d. Presence of charged dust in lunar atmosphere 

2. Physical Measurement of Eroding Agents 

a. Micrometeoroid flux 

b. Solar wind 

c. Potential gradients above surface; along surface 

3. Radiation Induced Discolorations 

4. Engineering Properties of LuJlar Crust 

a. Bearing strength 

b. Shear strength 

c. Dust adhesion 

d. Penetration hardness 
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TABLEA.l-1 (CONT.) 

GROUP IV -SELENOPHYSICAL MEASUREMENTS 

A. Gravitational Fields 

B. Magnetic Fields (Continous Surface Measurement) 

C. Sonic Velocity in Rock 

D. Seismometer Monitoring for Moon Quakes 

E. Surface Electrical Properties at 13-20 Sites 

1. Telluric Currents 

2. Potential Differences and Equipotential Distribution 

3. Electrical Conductivity 

4. Dielectric Constant 

F. Interior Heat Flow at One or More Sites 

G. Surface Radioactivity 

H. Surface Heat Flow at 10 to 20 Sites 

I. Subsurface Properties 

l. Drill Hole Logging at 3-5 Sites 

a. Radioactivity 

b. Electrical properties 

c. Sonic velocity 

d. Density profiles 

e. Magnetic susceptibility 
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TABLE A. 1-1 (CONT.) 

GROUP V -SELENOCHEMICAL MEASUREMENTS 

A. Sample Collection 

1. Consolidated Rock, Dusts, Emanating Gasses at 10-20 Lunar Sites 

B. Lunar In-Site Measurements at 10-20 Lunar Sites 

1. Determination of Rock Types 

2. Crystal Structure 

3. Chemical Composition 

a. Gasses 

b. Solid materials 

GROUP VI--LUNAR SURFACE MEASUREMENTS FOR MOLAB 
NAVIGATION AND ENGINEERING SUPPORT 

A. Steering and Driving Aids 

1. Astronaut Observation 

2. Live Time Stereoscopic Presentation of Lunar Surface 

3. Driving Conditions Evaluation 

a. Slope 

b. Obstacle height 

c. Crevice width 

4. Soil Mechanics Measurements 

a. Bearing strength 
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TABLE A. 1-1 (CONT.) 

b. Shear strength 

c. Adhesion characteristics 

B. Navigational Measurements 

1. Visual fix on lunar topographical features 

2. Dead reckoning between fixes 

3. Fix on celestial bodies 

4. Range to topographical features 

GROUP VII-FUTURE MISSION SUPPORT MEASUREMENTS 

A. Biomedical Measurements 

B. Topographical Mapping 

C. Soil Mechanics 

D. Natural Resources 

1. Presence of Sources of Water 

2. Presence of Sources of Oxygen 

E. Lunar Over-Horizon Communications Measurements 

1. Surface Layer Dielectric Constant 

2. Surface Conductivity 

3. Dust Layer Thickness 

4. Electrical Properties of Near Surface Rocks 
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TABLE A. 1-1 (CONT.) 

GROUP VIII-ASTRONAUT, VEHICLE SYSTEMS AND EXPERIMENT 
STATUS MEASUREMENTS 

A. State-of-Health of Astronaut, Temperatures, Pressures, Voltages, 
Currents, etc. 

GROUP IX-EMPLACED SCIENTIFIC STATION MEASUREMENTS 

A. Moon Tides Over Several Months Time 

B. Magnetic Fields in Quiet and Active Solar Periods Over Several 
Months Times 

C. Surface Heat Flow Measurements Over Several Day-Night Cycles 

D. Internal Heat Flow Over Several Months Time 

E. Monitoring for Moon Quakes Over Several Months Time 

F. Atmospheric Gas Analysis 

G. Librations Measurements over Several Months Time 

H. Solar Plasma Variations 

I. Lunar Atmospheric Pressure 

J. Micrometeoroid Flux 

K. Surface and Subsurface Electric Field Measurements 
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A. 2 INSTRUMENT SUMMARY SHEETS 

The tables which comprise this section represent the early status of 
the data concerning the instrumentation considered for use on the MOLAB 
and at the Emplaced Scientific Station (ESS). It should be emphasized that 
the data presented is to be regarded as preliminary in character at this 
writing. ·Design effort;" in many areas are still continuing, and the tabular 
data will not necessarily agree in all cases with the later data contained in 
the body of the report. 

Because the operational profile was not well-defined at the time of 
this tabulation, it was not always possible to state average power require-
ments of the instruments. State -of-the -health data for the instruments 
have not been included in the tables. 

An explanation of the priority indications is given in Section 9. 5. 

ABBREVIATIONS AND SYMBOLS 

The following is an alphabetical list of the abbreviations and symbols 
which appear throughout the tables: 

A automatic (mode) 

ANA analog output 

DIG digital output 

EXT external (mounting) 

H high priority rating 

I intermediate priority rating 

L low priority rating 

M manual (mode) 

N.A. not available 
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SA semiautomatic (mode) 

X indicates data display on MOLAB 

KEY TO REFERENCES 

1. L. R. Lewis, G. M. Brown, B. H. Colmery, et al., "Solar Flare 
Satellite Design Study," Bendix Systems Division, AFWL Report R TD 
TDR-63-30 10, December 1963. 

2. L. R. Lewis, W. E. Crosmer, et al., "Flare Actuated Radiobological 
Observatory Satellite Design Study," Bendix Systems Division, AFWL 
Report WL-TDR-64-67, August 1964. 

3. A. H. Weber, R. E. Jones, E. L. Shriver, E. H. Wells, J. A. Downey, III, 
Internal Note, "Experiments and Instrumentation For Scientific In-
vestigation of the Moon (ALSS), "R-RP-INJ-64-21, September 1964. 

4. Survey of Lunar Surface Measurements, Experiments, and Geologic 
Studies, Final Report on NASA Contract NAS 9-2115, by Texas 
Instruments Corporation, August 1964. 

5. D.P. Elston, et al., "Monthly Reports for September, October, and 
November 1964, "U.S. Dept. of Interior, Branch of Astrogeology, 
Geological Survey, Flagstaff, Arizona. 

6. Bulletin No. ED605, General Electrodynamics Corporation, Garland, 
Texas, March 1964. 

7. Article in Aviation Week and Space Technology, p. 55, October 26, 1964. 

8. J. W. Dally, et al., Illinois Institute of Technology Research Institute, 
Report No. M607 3, April 1964. 

9. Bulletin J, Schonstedt Instrument Company, Silver Spring, Maryland, 
August 1962. 
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GROUP I ASTRONAUT HAZARDS EVALUATION 

Modes MOLAB Anal. 
Meas. Mass Power(w) of Dis- Samp. or Related 

Mea13 :t r ;:;:ment Priority Paramete'r Instrument lb kg Volume avg.peak Oper. play Freq. Dig. Data Output Measures 
~-------------------+--~~----------~------------~-+~--4------+~~-+~~~~-+--~-+~~~~~----~----~ 
I. A. Biomedical 

B. Artificial Cabin Environment 

C. Natural Lunar Environment 
Surface 

l, Visible Obstacle 

Mounting 
Requirements 

'Developmental 
J Status Remarks 

Not SMSS responsibility 

Not SMSS responsibility 

Ref 

Identification Imaging Device See IIA 

2. Astronaut Walking Aids Surveyor's Staff See IIA 

3. Identification of Con-
cealed Hazards EM Probing See IIID 

Surveyor's Staff See IIIA 

4. Surface Mechanical and 
Electrical Measure-
ments See liD and 

IVE 

D. Extra-Lunar Radiation 
Environment 

l. Total Radiation Dose H Absorbed Dose T, E. Ion Chamber 
Plus Preamp l. 5 0, 68 24in3 +4 1.8 1.8 A,M 

Chambers 

Cables (3) 1.5 o. 68 

Electronic Module 2. 3 l. 04 o. 2 o. 2 

X In st. 

Readout 

Anal. 0-5 VDC 
3 in cabin, 
l on pack 

Astronauts 
Suit 

pesigned & flown No weight allowance made 
for astronaut-to-MOLAB 
Telemetry Equipment 

(l) 

2, Proton Flux Differential Energy Charged Particle 
Spectrum Spectrometer 

once/10m 

External 
Aperture 

i 
pesigned (1) 3-21, (2) 

20 ::': E ::': 300 Mev 14. 5 6. 6 6. 5 A Dig. 250 bits I sample I 
3. Electron Flux Differential Energy Electron Spec-

Spectrum trorneter, 3 
0,2 E lOMev Telescope Design 4. 5 2. 1 N.A. 3. 0 A Dig. 33 6 bits I sample 

External 
Aperture pesigned (l) 3-34, (2) 

(2) 
4. Neutron Flux 0,5 E l5Mev Neutron Detector 7. 5 3,4 221 in3 o. 6 A 

5. Gamma Ray Flux Differential Energy 
Spectrum Ranger 3 -Ray 

Dig. 42 bits/sample Int. or Ext. 

Int. or Ext. 

besigned & flown 
' ' f . 
pe s1gned & flown (l ), (2) 

0, 15 E 12 Mev Spectrometer 12.1 5,5 l. 5 A,M Dig. 3 64 bits Is ample 1 

6a. Micrometeoroid Flux Integral Count Acoustic Ejecta Sensor Acoustically l 
(Method l) Detector (2 sen-

sors) l. 1 o. 5 .005 A,M X Dig. 6 bits Is ample 
coupled to large ext. pesigned & flown 
MOLAB surface 

(3) - 33 

6b. Micrometeoroid Flux L Differential Momen- Surveyor Micro-
(Method 2) tum Spectra meteoroid De- 132in3 

tector 8,8 4,0 (folded) 0.4 A Dig. 20-24 bits I sample 

External pesigned 
i 

(3) 
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GROUP II GROUND-TRUTH EXPERIMENTS 

GROUP II GROUND-TRUTH EXPERIMENTS 

' 
Modes MOLAB Ana. 

Measmt Mass Po\.ver (Wis) of Dis- Sarnp. or Related Mounting Developmental Measuren1ent Priority Parameter Instrument lb kg. Volume aver. peak Oper play Frcq. Dig. Data Output Measures Requirements Status Remarks Ref. 

IIA. Totographical mapping H Stereo Camera Covered in II Dl. 
Photo Scanner A ANA Lunar Orbiter 

-·-1--- ----·- ----· ----------
B. Conventional Surveying H Elevation Meter NA NA NA NA A Dig Earth Applications Only 

Theodolite 6. 6 3. 0 SA Dig APOLLO Readout of Az;irn. & Elev. Angles 3 Sketchboard 4.4 2.0 M APOLLO 3 25000-l Maps 0.4 0.2 M All Internal APOLLO 
Ranging Laser 7.0 3.2 SA X Dig Earth Applications Only Estimate 

--c. Distance Traversed H Odometer 1.5 0 0 A X Dig Provided by MOLAB Estimate -------
D. Photography 

3 I. Visible Spectral Large area image 70 rnrn Frame 6. 0 2.7 203 in. 75. SA once/krn 70 mrn Film Azirnuth and Trainable Ext. Instrun:wnts in 60° Field of View Region from 0. 36-0. 72 Camera Sec Sec. 4 
Elevation Platforn1 liD through IIG 

3 have been built for Lab 2. UV Spectral Region L,ar ge area image Can] eras in IID include filrn UV Frame 6.0 2. 7 203 in. 75. SA once/krn 70 min Filn1 A zinruth and and airbn'rne applications. developing equipn:wnt. Weighb Sec Sec. ·1 from 0. 2-0.4 Camera Elevation 
Each will possibly re- given include filrn. 

3. IR Spectral Region Large area in1age IR Frame 6. 0 2. 7 203 in. quire rnodifications 75. SA once/kn1 70 mm Film Azimuth and 
from 0. 7-1.1 Items liD through IIH are bore- See SecQ 4 Camera for use on MOLAB. Elevation sighted and sirnultaneouo n1easure-1--·- -r E. Very Broad Band IR ments arc n1ade. Narrow Field Radiometer 16. 7. 3 506 in. 20. SA once/kin ANA 0-5 rnv Azirnuth and See Sec~ 4 Radiance (0. 7 - l. Elevation 

F. Spectral Radiance 
3 l. Region 1 Narro\.v Field Spectroradio- 19. 8.7 4320 in. so. SA one e /ktn ANA Azin1uth and Estin1ate (0. 2 - 2 rneter Elevation 

2. Region 2 Narrow Field Interferm:netcr 21. (7. 5) (5.) 3 Azirnuth and Figures in parentheses refer See Sec. 4 (2-15 Spectrometer 9. 6 225 in. 168. SA oncc/kn1 ANA I~ . .aevation to possible alternate instrurnent. 
~·--··--,--~·--·~- r----G. Sun Angle !! Sun Sensor With 2.0 o. 9 A Dig Estirnate Position Read-

out 
--1------t----- t-· --->---------~- !--·-- -- ·---- ---···-

H. 3 Electronic Imaging H TV ll. 5. 190 in. 15. M X ANA Designed & Flown 
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GROUP III GEOLOGICAL MEASUREMENTS 

! 
Modes lv!OLAB Measmt. Ana. ! Mass Power (Wts) of Measurement Dis- Samp. Priority or Related Parameter Mounting Instrument f Developmental lb. kg. Volume aver. peak Oper. play Freq. Dig. Data Output Measures Req'!irements Status Remarks Ref 

III. A Field Geology Survey I 
1. Geological description and 

mapping 

a. Astronaut visual exam-
ination with simple hand- H Surveyor Staff 12. 0 5. 5 
carried instruments 

1. Leveling device 
2. Sun corn pass 
3. Clinometer 
4. Optical range -finder 

Camera 2. 0 0. 9 Audio record-- ) These items are - lv! )5 Also see sec. 9.3 
ing of astra- being considered 

Film 1.0 0. 5 naut 1s observa- for first Apollo 
tiona flights 

Hand Instruments: lens, 17. 5 8. 0 
scoop, tongs, bar magnet, 
thermometer, picks, 

~ 

measuring tape, magnetic 
compass, shovel, knife, 
rope, plumbob, flashlight, 
sieves, probing rod, hand 
telescope or binoculars 

Small vidicon and astronaut 
back-pack electronics 10. 0 Possibly on 4. 5 Space-qualified lv! X ANA 5 6 ' survevor staff i versions available 

b. Surveying, mapping H 25000-1 Maps, theodolite, 
s ketchboard, ranging laser } Accounted for in II B 

i See sec. 9. 3 
c. Imaging H Accounted for in II 

X t 
2. Sampling of surface rocks Sample containers H 10. 0 4. 5 l 

and unconsolidated material Sample scales 1.7 0. 8 

B. Detailed Lithologic Measures I 
1. Astronaut Visual exam H See III A 

2. Imaging H See II i 
3. Physical properties I See IV 
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GROUP lli (CONTINUED) 

Modes Ana. Measurement Mass Power (Wts) MOLAB Samp Related Mounting i i Developmental Measurement parameter Instrument Data Output Ref 
Priority Volume of or Remarks 

Display Freq Measures Requirements i, Status 
lb. kg. aver. peak Operation Dig. [: 

me. Stratigraphic Measurements 1: 

l. Astronaut observations H See II A I 

2. Imaging H See II D and II H ll 
3. Examination of recovered Core drill 205 93 3000 SA External 1No space -qualified See sec. 7 

I 
drill cores Core saw 3 1.4 10 M 'units available Estimate 

4. Drill hole logging I Covered in IV I 

5. Active seismic I Geophones (6) 5. 5 2. 5 27 in 3 3 M 
Amp 9 4. 1 432 in3 10 M I 
Drum tape unit 10. 9 5. 0 530 in 30 M X 20 sec ANA Wave form com- Time Used and stored 'Requires modifica- Time correlations 
RC detonator 0. 5 0. 23 M record ponents 4. 5-100 externally ,tians of existing to I msec accuracy 
Explosives 25.0 10.4 M time cps units 

3 
Cable (550 ') 8. 5 3. 9 1500 if M 
Mounting howe 10. 0 4. 5 500 in M 

D. Morphologic 

l. Observe results of erosion, 
erosion procession 

a. Dust layer thickness I EM probing, antenna, Antenna and ant. No existing ver- Requires dipole an-
XMTR, measurement storage mounted sions tennas typically about 
electronics 6. 0 2. 7 2. 0 M externally 10 meters long 

b. Dust props, related to Audio recording 
origin and history H Hand microscope 0. 5 0. 23 - M Being considered - of astronaut ob-

servations for first Apollo 
2. Physical measures of Micrometeoroid de- :~ever a! instru-

erosion agents I tector Covered in I D ; ments have been 
Solar wind detector Covered in IX H :designed and flown 

3. Radiation-induced dis- Audio recording 
coloration L Covered in III A 

4. Engineering props. of 
lunar crust H 

a. Bearing and shear 3 
strength penetrometer 3.5 1.6 200 in 5. 0 SA ANA 0-5 v. 10 readings External, such Prototype built Measurements made at 8 

per sec. 2 sigs, that tube has for lunar program each station 
each sampled at clear path to 
above rate for 1 surface 
min. 
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GROUP IV GEOPHYSICAL MEASUREMENTS 

j 
Modes MOLAB Ana. k 

Measmt i Mass Power(w) of Dis- Samp. or Related Mounting !Developmental Measurement Priority Parameter Instrument lb. kg. Volume avg. peal Oper. play Freq. Dig. Data Output Measures Requirements Status Remarks Ref ! ---IV. A. Gravitational Field H Falling Ball M X every Dig 20 Bits Internal During traverse, requires 
Gravimeter 10 min. ; stopping, and reduction of 

during } vibrations prior to readout. ; Section 5. 2 
traverse 

! Lacoste-Romberg ! 
Gravimeter 8.5 A,M X Int or Ext I Used at station only 

t 
B. Magnetic Field H Tri-Axis Flux Gate Boom Mounting Residual MOLAB magnetic 

Magnetometer I 
during traverse ' field must be less than Section 5. 3 t Sensors and Elec- to minimize vehicle gammas 

tronics 2.75 1.0 A,M 11 Ana. 3 Sigs, 0-5V ! field interference. 
100 1 Cable 2. I Always external l 

i --!----------f----------------

c. Active Seismic Studies I ! Covered in III 4 !_ 

D. Seismometer Moon Quake ! 

Monitoring L Multi- Component Time Always ext; requires Designed for Cantin- Used during quiet periods 3-60 Wave Form with 
Quake Seismo- auto or manual ual re- Jii.anger; being at stations. components from 
meter 10. 4.5 7. placement on lunar A ~onsidered for cording Ana. 0. 1-10 CPS 

surface. for 30 ~arly- Apollo 
min. 4lights 

j 
E. I Surface Thermal and 

Electrical Properties 
1. Temperature Radiometer Covered in II Borg-sighted with IIE 
2. Thermal Diffusivity H Heat Source and 

Interferometer 
Spectrometer 2.0 Stored externally. 150. M Estimate 

3. Magnetic Susceptibility Balanced Trans- All instruments Estimate 
4. Conductivity former Technique 1.0 could be mounted 0. I M 3 

3 5. Electric Field Electric Field 4.4 2.0 33 in in common pkg. 0.4 M Estimate 
Meter 

6. Density Gamma Densitom-
eter 3. 7 1.7 M 

--

F. Interior Heat Flow -I Covered in IX 

G. Surface Radioactivity H Ranger 3 y-Ray Hand carried Estimate 
Spectrometer Covered in ID i 
Survey Meter 1.5 I 0.2 M ,, 

H. Surface Heat Flow I Radiometer Covered in II A I,•_ 

I. Subsurface Properties I ll 
1. Nuclear Measmts. Instrument Pkg. I' a. Radioactivity- incl: X-ray and All instruments in this b. Density (y-y Log) Neutron Sources, I> group are mounted in c. H20 Presence (n-n Log) X-ray and Neutron I a single probe. 

Detectors, and I 
Estimates 

Cables 12. 25. 
2. Sonic Velocity Acoustical Sensor 

and Explosives 2.5 - -
3. Electrical Properties 1.0 1.0 1M 
4. Temperature I' Temp Sensor 0.5 ,, 3. 6 1M 

Housing for pkg. 3. 0 

i 
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GROUP V GEOCHEMICAL MEASUREMENTS 

' Mass Power (Wts) Modes MOLAB Anal. Me as. Samp. Rel<;~.ted Mounting Developmental Measurement Parameter Instrument Volume or Data Output of Dis- Remarks Ref Freq. Measures Requirements Status Priority lb kg aver. peak Oper. play Dig. 

168. 
Existing Device I-R Interfero- (for !l. A. Determination of Rock Types I 21. 9.9 232 in 3 1. M DIG 900 bits/meas. has been Flown meter 0.1-3 
on Rockets sec) 

60. X-Ray Diffracto- 3 Inside MOLAB Prototype Build for 
B. Crystal Structure L 21. 9.9 862 in (over M ANA 2 wave forms Surveyor Program 

(. 02 sec) Sample Grinder Inside MOLA B 0-5 v 
10 sec. total Once/DM External Periodically Space-Qualified Quadripole Mass 3 c. Chemical Composition I 16.5 7.5 514 in 23. A,M ANA Sweep. Freq. during Requires Use on Unit will Fly Spectrometer 1. Gases response: Traverse 30-50 ft. Cable on EGO 

ZOO cps 

X-Ray Fluores- 3 No Space-Qualified 2. Solids L 50. 150 in 25. M DIG cense Spectro- Inside MOLAB Versions 
meter 
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GROUP VI- LUNAR SURFACE MEASUREMENTS FOR 
MOLAB NAVIGATION AND ENGINEERING 
SUPPORT 

Not the responsibility of the SMSS. 

GROUP VII- FUTURE MISSION SUPPORT MEASUREMENTS 

All measurements in this group have been included 
as parts of Groups II, III, and IV. 

GROUP VIII- ASTRONAUT, VEHICLE SYSTEMS, AND 
EXPERIMENT STATUS MEASUREMENTS 

No detailed consideration has been made of thesE: 
measurements in the SMSS. 
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GROUP IX ESS MEASUREMENTS 

Modes MOLAB AnaL 
Meas. Mass Power (w) of Dis- Samp. or Related Mounting Developmental 

Measurement Priority Parameter Instrument lb kg Volume Avg Peak Oper. play Freq. Dig. Data Output Measures Requirements Status Remarks Ref 

IX A. Moon Tides H Tidal Gravimeter 4. 0 A Rigid Support on 
Solid Lunar Base 
Automatic Level-
ing Required 

B. Magnetic Field H Tri-Axis Flux Gate Sensor Ext tO: ESS Space- Qualified 
Magnetometer 2. 5 1. 14 1.0 A Ana on a Boom or: Cable Units Available 
Sensor & 25' Cable 1. 25 o. 56 

C. Surface Heat Flow L Radiometer 1.5 o. 68 A Ana 
(2 Sensors) 

D. Internal Heat Flow I Temp Sensors & 10 Outputs, Each 10 Temp Sensors 
Electronics a Freq"' 5 kc on Cable Spac;ed 
Conductivity Probe ~0.0 1.5 400 A Ana 10 ft Apart 
Housing Cable ~otal (Cont.) for !Ohrs 

E. Seismometer Monitoring H Seismometer Sen- 8.0 3.6 A 
of Moon Quakes sor Amplifiers 

Seismometer 
Switch 

F. Atmospheric Gas I Quadripole Mass Sensor Ext to ESS Space- Qualified 
Analysis Spectrometer 16. 5 7. 5 A Ana on a Boom or Units Available 

Cable (25 ft) 1. 25 0. 56 Cable 

3 G. Libration Measurements L Star Tracker 19. 8 9.0 90 in. 16.0 A Dig Permanently Em- Space- Qualified 
placed at ESS on Units Available 
Stable Platfotm 

H. Solar Plasma Variations H Solar Plasma At ESS Many Space-3 Spectrometer 5. 5 2. 5 61 in. 1.0 A Ana ! Qualified Units 
(2 Sensors) Available 

I. Lunar Atmospheric Pressure L Total Gas Pres- 3 sure Gauge 2.2 1.0 38 in. 6.0 A Ana 

G)- 48 

® 

Estimate 

Measuring Accuracy See Sec. 6.4 
1:1000 

Estimate 

See Sec. 5. 7 

G)- 69 

®- 77 

®- 112 

J. Micrometeoroid Flux H Micrometeoroid At ESS Designed for 3 Spe,ctrometer 8. 8 4.0 26 in. 1.0 A Dig Space Applicatior 

K. Surface and Subsurface L Electric Field 2 Sensors at ESS, 3 Elec. Field Measmts. Meter 8. 8 4.0 44 in. 0.4 A Spaced 5- I 0 m vert 

G)- 116 

126 0-

ESS Supporting )~haracteristic 
Sys. Multiplexer 1.8 0.82 of Typical 

State- of- the-
Tape Recorder 10. 0 4. 5 Art Equipment 

Clock 4.0 

Transmitter & vee 2. 5 1. 14 

Ant and Diplexer 3.0 l. 36 

Command Receiver 1.5 0.68 

Command Decoder 2.0 0. 91 

; RTG Pwr Supply 65. 0 29. I 

Structures 10. 0 4. 5 v 
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APPENDIX B 

ASSUMED CHARACTERISTICS OF LUNAR TOPOGRAPHICAL 
AND GEOLOGICAL FEATURES 

In order to plan and evaluate a sample experiment package for engineer-
ing design purposes for use in a study of the surface of the moon, it is 
first necessary to review the vast bulk of information about the lunar 
surface obtained by many techniques. It is important to summarize the 
geological interpretation of lunar topographical features as well as the 
more significant hypotheses as to the age and origin of the moon itself 
as a guide in planning scientific exploration of the lunar surface. 

To achieve the objectives of geological and geophysical exploration on the 
surface of the moon by a roving mission team, certain of the lunar surface 
features are considerably more significant than others. The primary 
objectives of the first lunar surface mission have been established as 
{1) geology of surface features, {2) lunar geological history, and {3) the 
measurement of physical properties of lunar materials. It is important to 
carry out this mission and its associated experiments on those features that 
will allow the most comprehensive surface descriptions and physical 
measurements. The following summary of lunar surface features, therefore, 
is intended as a guide in deciding what surface types might be expected to 
yield the most information during the first traverse on the lunar surface. 

B. 1 SUMMARY OF LUNAR ORIGIN AND HISTORY 

Obviously, our information about the origin and history of the moon is 
extremely conjectural at this time. However, same consideration of current 
thinking on this subject may serve as a guide in the selection of those lunar 
features whose study is most likely to shed light on the problems of 
selenological history. 

A present hypothesis suggests that the moon was formed by the accumulation 
of a vast quantity of cold planetesimals in a short period of intense 
bombardment {Urey, 1962). The question of whether or not the moon became 
heated at this time, either because of intense bombardment or by short 
lived radioactivity, is not settled. If the moon was sufficiently heated 
early, there may have been differentiation to form a small metallic core 
and a granitic crust. On the other hand, if the moon remained cold during 
this early period, as believed by Kuiper {1959) and Urey {1962), such 
differentiation would have been impossible. In this case, the original 
crust of the moon might have had a chondrite composition similar to that 
of most of the planetesimals. 

During the next billion years or so, the moon's surface continued to be 
bombarded by meteorites and small planetesimals until its surface was 
completely covered by craters. A few great planetesimals impacted the 
moon's surface during this time. The largest of these formed the Inner 
Imbrium Basin, approximately 500 miles in diameter. These great impacts 
pushed up high mountain-like rims and ejected vast quantities of material 
over most of the moon's surface. 
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At a later time, perhaps after 2.nother billion years, the t,rre.s.t depressions 
became filled or flooded, buildirig up the present relatively flat mare 
surfaces. Most students of the moon believe that this filling 'tms caused 
by a series of lava floods of basaltic composition. The hee,t for the lava 
floods may have originated either -vlithin the moon as a result of the 
accumulation of heat by radioactive dece.y since the origin of the moon, as 
suggested by many, or the lavas may have come from melting on the surface 
of the moon of lO\or velocity objects which struck the moon, melting instead 
of ve.porizing (Urey, 1962). 

These lava floods came long after the fonm1tion of the great circular ~kre 
depressions (Bo.ldwin, 1949, 1962). Mare Imbrium shows evidence, for example, 
of a long period of time between the formation of its inner basin and the 
filling of the latter. At least three large craters may be seen ;,vithin the 
Imbrium depression which are partially filled by the lavas. Tnese craters 
are obviously post-impact but pre-filling; they are Sinus Iridium, 
Archimedes and Plato. Crater counts o:f post-maria craters made by ShoemLker 
and Hackman (1960) show that all mare surfaces are of essentially the sr~e 
age. However, the great depressions or craters which have been filled by 
lavas or other materials to form the mare surfaces w·ere therr1_selves formed 
at differing times and long before the filling (Baldwin, 1963). The rate 
of meteorite infall in Pre-Maria time was relatively rapid, while the rate 
of meteorite infall in Post-:f\1aria time has been considerably slower. Mo.ria 
filling may have taken place in the neighborhood of two billion years ago 
(Baldwin, 1963), although others place this event considerably further back 
in lunar time (Shoemaker, 1964). If the t'..TO billion date is accepted, then 
the moon became hot long after its forrne.tion and may still be hot. 

B. 2 SURFACE OF THE MOON 

Kuiper (1959) divides the lunar surface into three types of surface texture. 

(1) Original lunar crust, comprising about one-fourth of the visible 
lunar surface. These surfaces are covered by Ilk':my overlapping 
craters of all ages. 

(2) Tl"le loaded regions. These are the great mountain chs.ins made U.p 
of material ejected from maria and other craters. These regions 
comprise about one-fourth of the visrole lu.nar surface. 

(3) M<.u-ia and flooded craters. The relatively flat and lmr-J.ying 
surfaces that cover about one-half of the visible lunar surface. 
These are the dark areas with a,bout 6<fo reflectivity. 

All types of surface area are covered by crs.ters, hundreds of thouse.nds of 
them, of all sizes. Crater density is much grea.ter on the so-called 
original crust and loaded regions than it is in the maria. Due to crater 
overlaps and stratigraphic relationships, four ages of craters may be 
delimited as follows: Pre-ilnbrian age craters, Imbrian (Archimedean) age 
craters, Eratosthenian age crc.ters, and Copernican age craters. The Pre-
Imbrium e..nd Imbrium age craters are Pre-Haria,; the marie. lava floods >?ere 
formed during Procelle.rum ti•·ne. Erc.tosthenian and Copernican c;,ge craters 
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were formed in Post-Maria time 2.nd are found scattered over narc surfaces. 
Pre-Imbrium age craters are found largely in the original crust region. 
Imbrium age cr:..:.tcrs are found not only in the origiru:'-1 crust area but ~J.lso 

in the lor~ded regions and as partly buried or flooded craters in rnarie,. 
The material of the gree.t mountain systems was pushed up and throvm out 
during ec.rly Imbrium time. These upland :·reas vrere in turn impacted b:y· 
other bodies ~:.nd Hould be expected to have craters of the three younger 
ages. 

It appee.rs to most scholars that the vc;.st m~:tjority of the crc.ters lKve 
been formed by impact. It vrould also seem possible that a small p<.;rcent.:·{';C 
of the craters are of volcanic origin. Green (1962) insists tb.o.t a 
moderate number of the craters may ivell be of volcanic origin, especially 
the type formed by caldera subsidence. This point of viC"T..r certainly must 
not be overlooked, and criteria for distinguishing impact from volcanic 
craters needs to be carefully reviewed. 

Gold (1959) has suggested that the relatively flat mare surfaces are not 
lava floods but represent filling of great depressions by dust produced on 
the moon by same kind of erosive process and transported to the lmv- areas 
by same as yet unknown transporting mechanism. A study of mere surface 
material, therefore, is of the greatest significance to distinguish bet•-recn 
the lava and dust-filling hypotheses or perhaps to uncover some entirely 
different and as yet unsuspected material. 

B. 3 LUNAR TOPOGRAPHICAL AND GEOLOGICAL FEATURES 

Various lunar topographical fee.tures h~we been described by many ·,rorlwrs 
(Bald1vin, 1963; Kuiper, 1959; the Hrights, 1963; Hackman, 1962; and other~:;), 
e.nd have been considered for investigation during lunar traverse missions. 
Examples of all of these features vrill be visited during the exrJloration 
prograr~ on the moon, but not all can be included on the first mission. 
As many as possible should be included in early missions in order to 
achieve the primary scientific objectives discussed above. An order of' 
priority has been established for these features based upon geologicPl 
significance and interest so that early tra-verse missions may be ple,nntccl 
to include the features of major importance. The lunar topographical ani 
geological features in order of priority are: 

Maria 
Craters; at least two of the follovring four ages,* preferably a younn;er 

(Post-Maria) and an older ty:pe: 
Copernican age craters (vrith rays) 
Eratosthenian age craters (no rays) Post-Maria in 2.ge 

Imbrian (Archimedean) sge craters (usually flooded) 
Pre-Imbrian age craters 

Satellitic craters (Secondary cre.ters) 
Highlands and/or imbrian ejecta 

* Note: Shoemaker (1964) novr recognizes only four periods of lunar 
time and thus only four major ages of crater formation. The term "ProcelJ.LJ:' .. ·. 
is applied only to'the time of de:position of mare material. 
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Stratigraphic contacts; various--especially the contact between mare 
material and highland or imbrian ejecta material. 

Possible active volcanic areas: Alphonsus, etc. 
Naar cro.ters (dark-halo craters); chain craters 
Rills 
Fault scarps 
Lineaments 
Mare s c2.rps 
Ray mo.terial 
Hrinkle ridges 
Domes 
Central peaks 
Bright hills with rays 
Craters--other ages than those previously studied 

B. 3. I Maria 

The maria 2.re do.rk in color, relE.ti vely flat, level surfaces 1-rhich reflect 
6-7% of incident sunlight. Tney occupy the lowest parts of the moon's 
surface. They are extensive, smooth, horizontal surfaces abruptly 
terminated against many topographic forms. They are probably formed of 
volcanic flow·s made of basalt or ignimbrite, up to a few thousand meters in 
thickness (Hackman, 1962). 

Many of the circular maria are surrounded by rings of mountains. There is 
often an inner shelf part -way around the circular maria, >·Ti th the centers 
somewhat lower or depressed, suggesting sinking of the central part of the 
maria after deposition of the mare mc.terial due perhaps to isostatic 
adjustment or to 1-ri thdrawal of lll<3.gma. 

Rills, vr.rinlLLe ridges, and low, irregular domes are found on the rnare 
surfaces in abundance. Rills or valleys are concentrated around the edge 
of maria and are appe-..rently caused by tension (Baldwin, 1963). Hrinkle 
ridges are concentrated trn-rards the interior of maria and seem to be the 
result of compression. 

Mare surfaces sh0'\·1 slightly different colors, but there is no visible 
ridge at color boundaries. If the mare surface is covered by lava flrnm, 
the individual flows may be thin. B2.ld·1-1in compares the mare structure to 
basalt plateaus on earth, built up of many hundreds of thin basalt flows. 

Considering the outpouring of lavas in the he.rd vacuum of the moon's 
sttrface, it seems quite likely that rapid vesiculation and degassing of 
the lavas produced an extremely porous lava or basaltic pumice v1hich m2.y 
well have broken up into particles similar to ash flows or ignimbrites here 
on earth. This mechanism on the moon may well involve basalt compositions, 
and it is quite possible that all lava surfaces on the maria will show an 
entirely different texture from e.n;ything He experience on earth: th2.t is, 
an extremely porous, fragmented material similar to rhyolitic ash and 
ptnnice flrnvs. 
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It would also seem possible thD.t magma flooding of some maria me"y h8ve 
developed an e).-tremely deep liquid lava lake. This would have crusted 
over on top in a short time, perh.s"ps forming the vesiculated surfaces 
mentioned e,bove; then this surface crust would have s.cted as insulation 
to further cooling below, allmving slow crystallization, crystal settlinr; 
and differentiation simil2.r to that -.;.rhich has taken ple.ce on eD.rth in the 
gre2.t ul trar11.2,fic complexes such as Bushveld, South Africa, and Still'..rater, 
Montane". According to this hy:pothesis, not far below the surface of the 
me"ria extremely coarse grained, granitic, anorthositic, gabbroic and 
ultramafic rocks may exist. Post-Ha.ria impacts forming large craters me.y 
have thrry#n out blocks of these coarse grained rocks and also left 
exposures of such rocks in the steep inner crater cliffs. 

A study of maria, therefore, should receive top priority in lun&"r ex-.[JlOr<J.t:Lo:l) 
inasmuch ns they cover ·about half of the visible lunar surf~:Lce. The 
::c.-bsolute age of m&.re material would be of enormous value as a guide to th:.: 
e.ge of this major event on the moon and as a clue to lunar history and oril.~in. 

B. 3. 2 Impact Craters of Various Ages 

More than 300,000 craters over a kilometer in diameter have been !ll2.pped 01. 
the surface of the moon. There are many hundreds of thousands more of s. 
much smr.:.ller size as photographed by R&.nger. 

It should be important to examine a considerable number of craters of 
various sizes. Craters may be primary or secondary (Satelli tic Craters). 
Primary craters are formed by high velocity impact by extralunar particles 
or meteorites. Secondary or satellitic craters are formed by lovr velocity 
impact from fre"gments thrown out follovling impact of meteorites else,vhere 
on the moon's surface. An attempt should be made to distinguish bet-vreen 
these ty:pes. They may have somewhat different shapes and subsurface structm~::.;~ 

due to the difference in velocity of impact. 

Four ages of craters are now recognized (Shoemaker, 1964), e.s mentioned 
earlier. Craters of different ages should be examined to see if there i.s '"r:: ·· 
evidence of weathering or erosion which would be more intense on the olcler 
craters. 

In areas like the Kepler region, craters can be grouped into tvlO major 'geE: 
Pre-Ma"ria and Post-Me.ria. Pre-M?.ria craters will have imp[:cted in impri<.:n 
ejecta. The ejecta from such craters will have thrown out Pre-M2.ria mater:L.J.._, 
perhaps granitic in composition according to a differentiated moon hypothr~s:Lf:. 
It >Vill be important to find such material and check this h;ypothesis one \vc,; 
or another. Post-Maria craters that have impacted in the mare surface 
material (lava flows ? ) will have thrown out a"s ejecta frc.gments of such m~'.r·e 
material, although larger craters may have penetrated into the underlying 
older Pre-Maria material as welL Thus the ejecta around craters may be the 
best >Vay of obtaining samples of materials from below the present lunar 
surface. 

At craters, the crater floor material should be differentiated from the 
crater rim material and the slope materia"L Crater floor material is probnbJ..J 
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composed of crushed rock with large blocJffi and will occur as deep lenses 
inside craters if the crater is due to impact (Hackman, 1962). Crater rim 
material is an ejecta blanket ~uite hummocky near the crest of the rim, 
radiating out into sU:bradial ridges on rim flanlffi, and fine.lly into ray 
material away from Copernican age craters. Slope material around the steep 
inside of the crater may be a talus-like m.s.terial, sorted by gravity from 
dust to large bloclffi. Such material me.y exist on slopes of 20-40 degrees. 

A small percentage of the medium-sized, random distributed craters may be 
of volcanic (caldera) origin rather than impe.ct. At first it \-rill be 
difficult to distinguish between caldera subsidence craters and impact 
craters, c-.s both have about the S2Jlle form. Very careful study of crater 
floor and crater rim material will be necessary to make such distinctions. 
It should not be expected in the first studies on the moon to try to do 
this as the vast majority of craters are probably impact fe2.tures. The 
escape of gases might be one clue to the volcanic origin of certain more 
recent craters. 

B. 3. 3 Satellitic Craters 

These are relatively sm.aller, shallmr craters, formed by secondary impe.ct 
of material ejected from large primary crc-oters. A tremendous number of these 
e"pparently occur associe.ted with ray meterial. 

Myriads of small, closely spaced secondary craters are associated with each 
large primery impact crater. Since these groups are scattered over a wide 
area of the lunar surface, the secondary or satellitic craters are especially 
important features for establishing superposition and thus geologic history 
on the moon's surface. 

B. 3. 4 Highlands 

The rough, broken, mountainous surfaces on the moon are relatively light 
in color, \vi th a reflectivity of 20- 3CY~ of sunlight. The highest peaks and 
ranges have a relief of nearly 20,000 feet above the plains or maria .. These 
mountains are different from anything on earth, having the appearance of 
great masses of rubble with no evidence of folded mOQDtain syT>tems. T11e more 
impressive ranges occur as great curves surrounding the various circular 
maria, especially around Mare Imbrium. It is assumed that the major 
mountain systems represent material pushed up by the compressional waves 
from gigantic impacts, producing circular maria basins and by the enormous 
splash and ejection of material outwards from these impnct areas. 

It has been suggested as an explanation of the light color of the highlands 
surface, thet the composition of the surf2.ce material may be granitic. 
This would suggest a differentiation of a granitic crust early in the 
history of the moon. 

Baldwin (1963) and others have pointed out enormous re.dial grooves and ve.lleys 
radiating outl·rards especially from Mare Imbrium, but also from other circub.r 
maria. Bald1dn has also described ''shocl<: \-lave" mountain systems around e. 
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few of the circular maria at a considerable distance outwards from the 
central flooded area. 

Because of the extreme, rough terrain of the highle.nds, it is obviou.sly 
impractical that first landings be made in highland areas. Thus such 
interesting features as the great valleys, the shock-wave mountains, many 
of the grid systems (Fielder, 1961), and some of the largest rills will 
not be discussed further at this t~ne. 

B. 3. 5 Imbrian Ejecta 

Lmr irregular hills composed chiefly of crushed rock and grea.t blocks 
thrown out of the region of Mare Irnbriurn (Hacl\lllan, 1962) form hills and 
depressions 2-lf Y"-.ilometers across surrou.r.J.ded by and largely buried in 12~VD 
flmrs. These latter are flows or fillings that he.ve spread outHn.rds fro:.n 
the great maria bo.si11..s across len.; regions of very moderate relief. 

Hills of this material are within reach of early explorations and represent 
the only chance to examine the material thrmm out by the impact produc1ng 
lvla.re Imbrium. If the original crustal material was granitic, imbrian 
material in the Kepler region should be at least in part granitic. Imbrisr: 
ejecta may form a. layer a fevr meters to a hundred meters in thiclmess and 
should have a heterogeneous composition (Hackman, 1962). 

B. 3. 6 Stratigraphic Contacts 

Stratigraphic contacts are junctions bet-v;een overlapping or e.buttinc; she•::tf: 
of material comprising the lunar surface. Such contacts are of the c;:reatest 
interest to geologists as time relationships between various rocJ<:: u.'1its muy 
be detennined. M::cny different stratigraphic contacts mc:cy be fom'lcl on tlJe 
lunar surface as follows: 

(l) The contact of ray material 1-ri th almost all other surface tyrJes. 

(2) The contact of an ejecta blanket from a crater with the older 
surface beyond and beneath. 

(3) The contact bet-v;een dome me,terirtl and the surrounding su.rfr.~ce. 

( 4) The conto..cts betvreen crater rim, crater floor, and slope mu.terie 1 
in larger craters. 

(5) The contact bet-vreen mare lava flmrs and the older surroundinc:; 
material up against '..rhich such flmrs impinge. 

This last contact may be the most discernible or recognizable End ti1c; 
sharpest of an;y- contact. Hhile this contact '\-Tould be most st.cil:ing ;.r}.:~:rd.n 

the great circular maria, the contact betvreen mare mc::.terial an:l L;'c:.:ci 1J:''' 
ejecta can be f01L'1.d in the Kepler region. This particul2r str:::1tic;:::'c.phi.c 
contact deserves high priority for careful examination. It Bl.wu1r1 d.iscloz -~
\-Thether or not mare material came out as a surface flmr: gr::-.clually f'1oorHr,,; 
and burying the ejecta hills, or -vms d.eposi ted by some other t:=chrucrue. 
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B. 3. 7 Possible Active Volcanic Areas 

To find active volcanic activity on the moon would be of the greatest 
interest and importance in understanding lunar geology and internal 
structure. At such a place, volcanic gases and recent lava flows might be 
collected which would give evidence on the character of lU112.r magrnas and 
igneous activity. 

On the night of November 3, 1958, the Russian astronomer, Kozyrev, too~-<: 
spectograms over the central peak of the crater Alphonsus (see Kopal, 1960). 
These spectograms suggested some kind of gas emission or volcanic eruption. 
This or 2. similar area should be visited during the lunar e.Arplor2.tion progre.m. 

Haar-t:y-pe, dark-halo 2.nd che.in cre,ters are also possible volc2.nic c.reas 
where activity might be continuing. 

B. 3. 8 Maar Craters 

These are wide, flat craters \'lith very 10\J rims. This type on earth, some-
times called the tuff ring, is due to violent gas discharge or phreatic 
e.Arplosion. Any crater on the moon \·rhich is rather definitely of volcanic 
origin may be called a maar crater (Shoemaker, 1962). .Mu1r craters often 
occur in lines or che.ins sometimes associated with rills. Hhen craters occur 
in lines or in rills it seems fairly clee.r tlw.t they are of volcaX"..ic origin. 
On the lunar surface a few dark-he.lo craters superimposed on light colored 
ray material have been interpreted as ma.ars. 

Tne outer rim slopes of maar craters are smooth whereas impact crater rims 
should be hununoclC'J on the outer slope. 

B. 3. 9 Chain Craters 

Linear series of crat8rs usually related to rills or grading into rills 2.re 
probably similar to Kuiper's Type (2) rill. Chs.in craters are che.ra.cterized 
by maar t;yiJe craters (Shoemaker, 1962). 

These lines of craters, whether a.ssociated with an actual rill or not .• 
are probably volcanic features and are very simila.r to the crater pit rO\-rs 
associated with grabens in He.waii. A similar line of craters is associ2.ted 
with the great Laki fissure eruption zone in Iceland, a zone tventy miles 
long, from which lava poured out in 17tJ.3. This feature today is a che.in of 
various J:.inds \-lith no fracture or depression nO\i apparent. 

Chain craters as well e.s dark-halo craters should have ''· high priority for 
examination e.s these are probably volc2.nic features and mRy be the site of 
continuing g2.s emanations from within the moon. 

B. 3. 10 Rills 

Rills are long, no.rrmr trenches or depressions. Over 1000 of then have 
been located. They are from one-he.lf to t1·ro miles or more vride, a fer..; 
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hundred to a thousand feet deep, and ten to 300 miles long. They trend 
across ridges, craters, and other land forms, and are commonest in the 
maria. Tney shm• irregularities, flectures, and projections. Rills are 
often lined by chains of small craters. The floors of some rills are 
arched upwards. Craters often occur where the rill changes direction. 
Rills may, therefore, be associated with igneous activit;r. 

Baldwin (1963) says that rills are the most characteristic feature of the 
maria and seem to be the same age as -vrrinlde ridges. The rills shcm a 
preference for the marginal zones of the maria. 

Kuiper (1959) describes three t;ypes of rills as follm-rs: 

(l) Rills on maria and flooded cr2.ter floors branching irregulo..rly 
and the same color o.s maria surf8.ces. These -vrere ·apparently 
tension features which -vrere produced in the crust of the maria 
1-rhen the lower layer was still hot and 1-rere partially filled in 
by lava. They are usually near the borders of maria. 

(2) Irregularly shaped fissures -vrith light-colored -vralls, usually 
lined with small, crater-like '1blow holes" or ma.ars. These seem 
to be similar to the long rift zone fissures or grabens associated 
with Hawaiian shield volcanoes. Such long, narrmr grabens are 
characterized by dozens of pit craters along the center. 

(3) Broad, shallow, straight depressions, two miles or more in -vridth, 
a half mile deep, and up to hundreds of miles in length, without 
craters. Kuiper believes these are graben structures. They 
occur both in the highlands and on the mare surfaces. N.any of 
these trend outvrard from Mare Imbrium and seem to be related in 
some vray to the Mare Irabrium impact event. 

The rills on the maria are in many cases lined by craters, and r:',ppe.rently 
represent the site of Post~aria volcanic activity. For this reason the 
rills represent another likely place to find continuing emanation of gases 
on the lunar surface. Examination of one or more rills should receive 
high priority in the first exploration trips on the lunar suxface. 

B. 3. 11 Fault Scarps 

There are 2. great variety of· linear features on the moon, but those th:·t 
separate regions of similar topography may be 1-rith some certainty classed 
as fault scarps. The best and unquestioned example is the Straight vie.ll 
in Mare Imbrium, over a hundred kilometers long and up to 300 meters high. 

B. 3. 12 Lineaments 

A great variety of linear topogr::o'.phic features have been rne..pped both on 
mare surfaces and in the highlands. Many of these are probe.bly faults; 
some are partially or completely covered 'vith ejecta. Other lineaments 
may have had other origins. 
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Lineaments and fau__lt scarps are linear topographic f'eaturcs of si:'ailar 
appearance and perharls no specic.l distinction should be m:c_de bev.,reen the 
two. p, number o:f these features need to be examined to determine more abm)t 
their meaning. Fielder (1961) has described a complex grid s::rstemJ mainly 
in the highlands, of a great veriety of linear feo.tures includinG valleys 
or depressions, rills J faults, o..nd ridges of various tY}Jes. ::;uch grid 
systems o.re largely localized to the highland areas, but some pc;x~dlel 
lineament systems are found in imbrian ejecta regions. 

B. 3. 13 Mare Scarps 

Of the same order of magnitude as >·Trinkle ridges are scanls i,rith one 
direction of slOl)e. These are usually curved. They are interpreted u;;r 
Hacktn3.n (1962) as flrn.,r fronts or monoclinal folds. In the latter co.se) 
they may be very similar to vrink1e ridges in origin. 

B. 3. 14 Wrinkle Ridges 

The wrinkle ridges are low, long, sinuous r~a.ges probably of anticlinal 
structure formed on the mare surfaces. 'E11eir heights vary from 500 to Soc 
feet a.bove the sUl~face of the mariaj some are 12 to 20 miles in 1tridth and 
sometimes hundreds of miles in length. In general they are arr:J..ngcd in a 
circular I>2cttern 1rithin the maria. In Me.re Imbrium a group of 'l,irinl~le 
ridges outline the "lost" hc.lf' of Sinus Iridium. 

Kuiper (1959) states th<::"t o.bout one-third of the wrinkle ridges sbm; no 
structures on their crests J another third shm.rs cracks near the crestline 
of the ridge, e.nd the final third shmrs narrow ridges 1fi thin the cracks 
vhich he calls extrusion dikes. These dikes are li[;")1ter in color than tLe 
ridge material ancl are usually sharp ancl narrm.r but sometimes rmmd.cd on 
top. It is possible that such cracked ridges he.vc been the site of volccn:Lc 
extrusion. In such places there is the possibility of conUnuing gas 
escape if any volcanic activity has been considerably more recent them th'~ 
time of deposition of mare material. 

Br,.ldwin (1963) believes that wrinkle ridges are compressional fee.tures formed 
on the surface of the maria contemporaneously with the deposition of the 
mare material. 

B. 3. 15 Ray Material 

Rays are bright streaks and patches superimposed on parts of all other u11Hs 
and have high reflectivity grading to thet of the surrounding material. 
Such rays, hmrever) grade outvrards only :from Copernican age craters of 
various sizes. Younger craters have brighter rays; perhaps rays darken or 
0 v1ea ther n with age . 

Rr:>,ys radiate out'\.rard from craters and e.re fairly constant :i.n vliclth. ~ilv:;n 

rays cross elevations or ridges} the ray material is more prominent on thE: 
side towards the crater and is sometimes missing on the side o.vray frori: th~c: 
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crater. R"·ys sometimes "sttCJ.rt" from groups of second'"TY imp::.ct crc.ters 
( Shoeme.ker, 19611-) . 

Topography of rc.y c.reas is controlled by underlying units (except for 
sr::tellitic craters). Rs.y m2.terial is chiefly crushed rock c~nd is probcbly 
in a thin p2.tchy layer, probe.bly not over one meter thick (H,eck:rn:-:n, 1962). 
The irregular distribution of ray meterial is similar to th<o.t of ejecta 
from nuclear explosions (Shoemeker, 1962). Ray me.terial is probc:·bly 
deposited from long jets produced at the insts.nt of impe.ct before the crr·ter 
is completely formed or the meteorite is finally buried or exploded 
(B.:c.ldi·Tin, 1963). On the other he.nd: Shoemaker (1964) suggests thz·t ray 
mDterie.l is, at least in part, associated with secondary cr::-.ter development. 

Ray me.terie.l is che.racterized by m?.ny secondary impact crcters (see f'·.pollo 
photographs). Thus ray m<.'teri8.l may be extremely difficult to cross in n. 
vehicle. 

B. 3. 16 Domes 

Volcano-she.ped topogre.phic forms 1-rith fairly smooth surfr.:1ces m:~.;y oe flCJT,;s 
or ash cones up to five miles e.cross and a few thousand feet hig.l-1, gener::::.lly 
with sumrni t cro.ters. Lmr slopes suggert a basal tic composition. These mcy 
be shield volc~:-moes (Shoemaker, 1962). Hc.ckmcn (1962) agrees thr.t domes 
are probe.bly be.saltic in composition end are either shield volcc.noes or 
l2.ccoli ths , but describes them as being up to D. tho us ~·.nd feet high "' nd 
15 to 20 miles in diameter. They have the same color or reflectivity c.s 
the floor of the mari2.. They e.re recognized only on mare surf2.ces. 

Br:.1.ldwin describes one circular "pl2.teau" thirty miles 2~cross and 2500 feet 
high, which may be a dome or shield volcano. He points out tb::.t no <::ctu"l 
flCJT..r shapes o.re seen coming from domes. Their surfHces are roue;h 2.nd 
fissured. Domes may be laccoliths, shield volcanoes or ph2.se-ch::mge 
S'\vellings. Hany domes he.ve small summit crPters, but this might be expected 
from a random orientation of impact cre.ters on DlB.ria and related features 
(Br:.ldwin, 1963). 

B. 3. 17 Central Peaks 

Ho.ny craters cont.:-in central peaks, sometimes single, sometimes multip:_e ~nd 
- jagged, but not symmetrical in shape. The height of central peai:s never 
reaches the original ground level outside the crater. Such peaks c.re 
usually not in the exact center of the cr2.ter. Medium sized cr2.tcrs 
( 30-80 miles ) c.re more likely to he.ve centr2..l peaks th::.n ore l'.!rger or 
smaller craters. Craters less the.n five miles in diameter usually hr·ve no 
central perc.ks . 

B<:.ld1-rin (1963) believes the.t central peaks e.re rebound phenomene. from the 
compression of layers of the moon by meteorite impcct, the rebound becoming 
fixed as e. dome -like, often intensely shc.ttered; central pile: overlyine; the 
shattered: brecciated crater floor lens. 
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During the early explor2"tory trips on thG moon, it 1-rill be difficult to 
visit the center of ern ters r~s it vrill be almost impos s i blc to negotie.te 
the steep slope dmm into large crn.ters vith such peaks. 

B. 3. 18 Bright Hills with Ray Materials 

These are bright spots similar to smF.ll ray craters but 1-ri th no visible 
crater (Baldvrin). Probebly they ~Te very small craters 1-rith :1. r:'y system. 
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APPENDIXC 

CHEMICAL AND PHYSICAL PROPER TIES OF POSSIBLE 
LUNAR MATERIALS 

This appendix gives the chemical, mineralogical, and textural data 
of various rock types as well as physical properties and engineering pro-
perties of the rocks which are believed most likely to occur on or near the 
lunar surface. 

The figures pre sen ted as properties of earth rock are meant as re-
presentative figures to give an order of magntiude of the chemical and 
physical properties and are not meant to be comprehensive or exhaustive. 

Most authors of articles on the composition of the moon have suggested 
that the maria are probably lava surfaces and that a basalt composition is 
most likely. Several authors have suggested that the highlands may be 
more acidic, perhaps comparable to rhyolites or granites because of their 
lighter color and greater reflectivity. In this appendix, therefore, mafic 
compositions and silicic compositions are included. These represent the 
most abundant rock types in the earth's crust. Included are properties of 
meteorites inasmuch as meteorite fragments may be present in many of 
the unconsolidated deposits on the lunar surface. 

C. 1 CHEMICAL AND MINERALOGICAL COMPOSITION OF 
ROCK MATERIALS 

The earth materials considered as possibly representative of lunar 
materials are considered under three headings-consolidated rocks, un-
consolidated rocks, and gases. The unconsolidated rocks are further 
broken down by chemical composition, whereas the consolidated rocks are 
classified according to source. The following is a summary of the materials 
to be considered: 

l. Consolidated Rocks 

a. Mafic compositions 
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( 1) Extrusive type: basalt 

(2) Hypabyssal type: gabbro 

b. Ultramafic compositions 

(1) Hypabyssal types: peridotite, etc. 

c. Silicic compositions 

( 1) Extrusive type: rhyolite 

(2) Hypabyssal type: granite and granodiorite 

2. Unconsolidated Rocks 

a. Impact ejecta: dust and rock fragments, breccia 

b. Pyroclastic material: ash, cinder, breccia 

c. Erosion and/ or extralunar deposits: dust 

3. Gases 

a. With basaltic volcanos 

b. With rhyolitic volcanos. 

C. l. 1 Consolidated Rocks 

C. l. l. 1 Mafic Compositions 

Rocks of mafic composition, i. e. , basalts and gabbros, are ex-
tremely abundant in the lower part of the earth's crust and make up almost 
the entire crust under the ocean basins. Such rocks might occur in either 
an extrusive or hypabyssal environment on the moon. Extrusive rocks in-
clude lava flows and might be found as surface material under a considerable 
part of the maria. Hypabyssal rocks would have crystallized at a mode rate 
distance beneath the lunar surface and would now be exposed in crater walls 
or as blocks blown out from impact or volcanic explosion craters. 
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Basalt 

Basalts are dense, dark colored, holocrystalline (glass-free) 
rocks. They commonly exhibit one of three textures: inter granular, ophitic, 
or porphyritic. Pronounced linear or flow structures are usually at a mini-
mum. On earth, basalts in lava flows commonly show a fairly regular type 
of cooling contraction fracture known as columnar jointing. Basalt flows 
are known in thicknesses of from a few feet to as much as 900ft. 

The major minerals in basalts include olivine, calcic plagioclase, 
clinopyroxenes (augite, pigeonite), orthopyroxenes, and occasionally small 
amounts of hornblende or biotite. The minor or accessory minerals that 
may be present in basalts include alkali feldspar (up to So/o in the groundmass), 
magnetite, ilmenite, apatite, quartz, and basaltic glass. Characteristic 
alteration products, apparently caused by high temperature solutions, in-
clude the formation of serpentine s at the expense of olivine and clinopyroxene s; 
a type of alteration called saussurite, which is a fine grained mixture of 
zoisite, epidote, albite, and calcite; and the formation of zeolites in cavities 
and cracks. 

The chemical composition of the more abundant types of basalt 
are presented in Table C-l. 

Basalts occurring as lava flows may be quite vesicular at the sur-
face. In fact, a dark froth material known as scoria is abundant. Scoria 
shows variable vesicularity with pore spaces usually fairly large-i.e., 
several millimeters to a centimeter in diameter or larger. Such material is 
partly glassy and partly microcrystalline. 

Gabbro 

Gabbros are coarse -grained, dark-colored, mafic rocks that 
usually exhibit a hypidiomorphic granular texture. Gabbros are massive 
and show minimum porosity or lineation. 

Gabbros will be composed of essentially the same materials as 
basalts as enumerated above. In the clinopyroxene group, diallage will 
occur in place of pigeonite. The chemical composition of the average gabbro 
and the average mafic igneous rock are given in Table C-1. For comparison, 
the average diorite, eclogite, and Stillwater magma are included in this table 
as these all approximate the average mafic or gabbroic composition. 
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TABLE C-1 

REPRESENTATIVE ANALYSES OF MAFIC COMPOSITION 

Basalt and Gabbro 
1 2 3 4 5 6 7 8 9 

SiO 48.36 48.4 50.83 45.78 47.0 49.06 50.68 51. 86 49. 0 
2 

T"O 1. 32 1. 8 2. 03 2. 63 3. 0 1. 36 . 45 1. 50 1 2 

Al 0 16.84 15.5 14.07 14. 64 1 5. 1 15. 7 0 17. 64 16. 40 14. 5 2 3 
Fe o 2. 55 2. 8 2. 88 3. 16 3. 7 5. 38 . 26 2. 7 3 3. 8 

2 3 
FeO 7. 92 8.1 9.06 8.73 8. 1 6. 68 9. 88 6. 97 9. 1 

Mno . 18 .17 .18 .20 . 2 . 15 . 18 

MgO 8. 06 8. 6 6. 34 9. 39 7. 9 6. 1 7 7. 7 1 6.12 8.9 

CaO 11. 07 10. 7 1 0. 42 10.74 10.9 8. 95 10. 47 8. 40 11. 5 

Na 0 2. 26 2. 3 2. 23 2. 63 2. 7 3. 11 1. 87 3. 36 2. 5 2 
K 0 . 56 . 7 . 82 . 95 1. 0 1. 52 . 24 1. 33 . 7 

2
H o . 64 . 7 . 91 . 76 1. 62 . 48 . 80 

2
.24 . 27 . 23 . 39 . 3 . 45 . 09 . 35 P205 

'!:: 
1 - Average gabbro ( 160 analyses), Nockolds, #I, p. 1020 (Ref. 5) 

2 - Average mafic igneous rock (637 analyses), Nockolds, #V, p. 1032(Ref. 5) 

3 - Normal tholeiite basalt (137 analyses), Nockolds, #VII, p. 1021 (Ref. 5) 

4 - Normal alkali basalt (96 analyses), Nockolds #IX, p. 1021 (Ref. 5) 

5 - Average Pacific olivine basalt, Poldervaart, #22, p. 134 (Ref. 7) 

6 - Average basalt, Daly 

7 - Average Stillwater "magma" (border zone), Hess, p. 152 (Ref. 3) 

8 - Average diorite (50 analyses), Nockolds, #I, p. 1019 (Ref. 5) 

9 - Eclogites (34 analyses), Poldervaart, p. 136 (Ref. 7) 

References in this Appendix are listed in Section C. 1. 4. 
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C. 1. 1. 2 Ultramafic Compositions 

Ultramafic rocks have been formed by the extreme crystal dif-
ferentiation of gabbroic or basaltic magmas. Extrusive types or lava flows 
are not known. It is suggested that ultramafic rocks might have been pro-
duced in the lunar crust where great thicknesses of basaltic magma have 
poured into deep craters such that subsequent crystallization has been ex-
tremely slow and crystal settling possible. Such rocks would be exposed, 
therefore, in younger crater walls and in explosion blocks. 

Ultramafic rocks are usually very coarse grained and show either 
a coarse granular or a poikilitic texture. 

The mineralogy of the ultramafic rocks is relatively simple, in-
cluding olivine, orthorhombic pyroxenes, and monoclinic pyroxenes. Some 
rock types contain only one major mineral. For example, the dunitie s are 
composed almost entirely of pyroxene. Peridotites contain reasonable 
amounts of both pyroxene and olivine. Accessory minerals in the various 
ultramafic rock types include ilmenite, chromite, magnetite, pyrrhotite, 
spinel, and biotite. 

Calcic plagioclase 1s usually pre sent in small amounts. Occasionally, 
layers composed almost entirely of such plagioclase are found associated 
with ultramafic rocks. These plagioclase-rich rocks are the anorthosites. 

The common alteration product of ultramafic rocks is serpentinite, 
a rock composed of minerals of the serpentine group (antigorite and chrosotile) 
with minor amounts of talc and brucite. This is a massive, dark green, 
fibrous rock in which the fibers usually occur in a matted texture. 

On earth, the major occurrence of ultramafic rocks is in thick 
(four to ten miles) strataform sheets or lopoliths. The most famous of 
these are the Bushveld in South Africa, the Stillwater in Montana, the 
Skaergaard in Greenland, the Duluth lopolith in Minnesota, and the Sudbury 
lopolith in Ontario. 

Some of the rocks in these ultramafic complexes show well-
developed crystal layering, sometimes only an inch or so in width. Such 
layering might be a significant structural feature. 
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The chemical composition of various ultramafic rock types and 
of the average ultramafic rock are presented in Table C- 2. Also included 
is a serpentinite composition and a peridotite nodule found in a lava flow, 
which Hess suggests may be a fragment brought up by the lava from the 
peridotite of the earth's mantle. 

C. I. I. 3 Silicic Compositions 

Silicic rocks occur in both the extrusive and hypabyssal environ-
ments. The extrusive rocks occur in lava flows and ash flows (ignimbrites). 
The coarse-grained or hypabyssal rocks can be expected again in crater wall 
exposures or in blocks thrown out by impact or volcanic explosion. 

Rhyolite 

Rhyolites and rhyodacite s are holocrystalline to holohyaline rocks 
in which vitrophyric textures are common. Well-developed flow banding is 
also exceptionally common in the glassy rhyolitic lava flows. Rhyolites 
are in general light colored rocks and exhibit a considerable amount of 
porosity when present in surface flows. In fact, extremely vesicular light-
weight rock froth (pumice) is typically developed in association with rhyolite 
flows. 

The minerals of rhyolites include orthoclase or sanidine feldspars, 
quartz or tridymite (in excess of 10%), small amounts of sodic plagioclase, 
biotite or hornblende. Accessory minerals include fayalite, iron-rich 
pyroxene, manganese garnet, topaz, and fluorite. 

A characteristic alteration of rhyolites in fumerolic areas pro-
duces a rock composed largely of opal, clay, and alunite with smaller 
amounts of chlorite. 

The chemical composition of average rhyolites is summarized m 
Table C-3. 

Granite and Granodiorite 

Granites and granodiorites are the common coarse-grained 
silicic igneous rocks present in the continental crust of the earth. They 
are light colored rocks, although quite variable, and show a hypidiomorphic 
grandular texture. 
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TABLE C-2 

REPRESENTATIVE ANALYSES OF ULTRAMAFIC COMPOSITIONS 

1 2 3 4 5 6 7 8 

SiO 
2 

43. 8 47. 23 52. 33 54. 68 43. 54 40. 16 35.48 44. 35 

T"O 1 2 1.7 0. 12 . 11 . 81 . 20 . 14 

Al 0
2 3 

Fe 2o 3 
FeO 

6. 1 

4. 5 

8. 7 

4. 82 

2. 94 

6. 54 

3. 54 1. 80 3. 99 . 84 

2. 61 .50 2.51 1. 88 

5. 34 9. 19 9. 84 11. 87 

1. 14 

13. 7 5 

2. 79 

2. 97 

. 67 

7. 59 

MnO 0. 18 . 17 . 21 . 21 . 21 . 11 . 13 

Mgo 22. 5 29. 98 23.92 30.19 34.02 43.16 32. 01 40. 80 

CaO 10. 1 2.44 10. 29 2. 22 3. 46 . 75 . 29 2. 55 

Na o 2
K o 

2
H 0 

2

0. 8 

0. 7 

0. 6 

. 19 

. 02 

5. 40 

. 43 

. 35 

1. 05 

. 04 

. 03 

. 51 

. 56 

. 25 

. 76 

. 31 

. 14 

. 44 13. 42 

. 20 

. 01 

. 09 

P205 0. 3 . 01 . 06 . 02 . 05 . 04 . 02 

Cr o
2 3 

. 48 . 47 . 72 . 41 

1 - Average ultramafic rock (182 analyses), Nockolds, #VI, p. 1032 (Ref. 5) 

2 - Composite ultramafic zone, Stillwater Complex, Hess, p. 100 (Ref. 3) 

3 - Average pyroxenite, Daly (Ref. 2) 

4 - Bronzitite (pyroxenite), Stillwater Complex, Hess, p. 62 (Ref. 3) 

5 - Average peridotite (23 analyses), Nockolds, #I, p. 1023 (Ref. 5) 

6 - Dunites (9 analyses), Nockolds, #I, p. 1023 (Ref. 5) 

7 - Serpentinite, Stillwater Complex, Hess #4, p. 67 (Ref. 3) 

8 - Peridotite nodule in lava flow, Hess, p. 179 (Ref. 3) 
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TABLE C-3 

REPRESENTATIVE ANALYSES OF SILICIC COMPOSITIONS 

l 2 3 4 5 6 7 8 

Si0
2 

Ti0
2 

73.66 74.57 

0. 22 0. 17 

72. 31 74. 04 72. 08 66. 88 

. 42 . 18 . 3 7 . 57 

66.4 

. 6 

68. 9 

. 5 

AI 0
2 3 

Fe o
2 3 

FeO 

13.45 

1.25 

0. 7 5 

12.58 

1.30 

1. 02 

10.88 

2.92 

2. 42 

13. 19 

1.35 

l. 0 l 

13.86 

.86 

l. 67 

15.66 

1.33 

2. 59 

15. 5 

1.8 

2. 8 

14. 5 

1.7 

2. 2 

MnO 0. 03 . 05 . 14 . 04 . 06 . 07 . l . 07 

MgO 0.32 .11 . 16 . 32 . 52 l. 57 2. 0 l. l 

CaO 1.13 .61 . 68 l. 19 l. 33 3. 56 3. 8 2. 6 

Na o 
2

2. 99 4. 13 5. l 7 3. 88 3. 08 3. 84 3. 5 3. 9 

K 0 
2

H 0 
2

5.35 

0.78 

4.73 

.66 

4. 42 

. 45 

3. 75 

. 77 

5. 46 

. 53 

3. 07 

. 65 

3. 3 3. 8 

. 6 

P205 0. 07 . 07 .03 .03 .18 .21 . 2 . 16 

Rhyolites - Granites 

l - Average calc -alkalic rhyolite, Nockolds #II, p. 1012 (Ref. 5) 

2 - Average alkali rhyolite, Nockolds #IV, p. l 012 (Ref. 5) 

3 - Average peralkali rhyolite, Nockolds #VI, p. 1013 (Ref. 5) 

4 - Rhyolites of Yellowstone Nat. Park, Daly, p. 26 (Ref. 2) 

5 - Average calc-alkalic granite, Nockolds, #I, p. 1012 (Ref. 5) 

6 - Average diorite (137 analyses), Nockolds #III, p. 1014 (Ref. 5) 

7 - Average Continental Shield crystalline surface rock, Poldervaart, 
p. 127 (Ref. 7) 

8 - Average silicic igneous rock (794 analyses), Nockolds #I, p. 1032 (Ref. 5) 
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The major minerals in granite are quartz- 10- 20o/o, plagioclase 
(oligoclase)- less than 20o/o, orthoclase - over 40o/o, and biotite or hornblende-
5-lSo/o. The same minerals are found in granodiorite, but in slightly dif-
ferent proportions: plagioclase (acid andesine) - about 40o/o, and orthoclase-
about 18o/o. Accessory minerals in both granites and granodiorites include 
magnetite, ilmenite, apatite, sphene, zircon, allanite, muscovite, and 
lithium micas. 

Thin discontinuous layers and veins of silicic material occur in 
some of the layered gabbros and ultramafic complexes. These silicic zones 
are known as microgranites or granophyres. They are fine grained but 
contain the same minerals as granite or rhyolite. 

Significant trace elements associated with the granite- rhyolite 
clan includes zirconium and lithium; also barium, zirconium, rubidium, 
lanthanium, and yttrium in the granophyre phase of the Skaergaard complex 
in Greenland. 

Figure C-1 summarizes the variation in oxide percentages con-
tained in average silicic, mafic, and ultramafic rocks. 

C. 1. 2 Unconsolidated Rocks 

C. 1. 2. 1 Impact Ejecta 

A blanket of impact ejecta is probably the most abundant rock 
material on the moon 1 s surface. This would include most of the surficial 
materials of the moon, but especially the ray material and a great deal of 
crater fill material. 

This material must be composed of dust and rock fragments of all 
sizes. Such fragments should be angular, and the deposits should show a 
minimum of sorting. Fragments of all rock types mentioned above should 
be pre sent and in addition fragments of the various types of meteorites. 
The latter should be more abundant than on earth, since there has been no 
weathering of meteorites impacting on the moon throughout its history. The 
chemical composition of typical meteorites is summarized in Table C-4. 

Seventy-five per cent of all meteorite falls one arth show a 
chondrite composition. The mineral composition of chondrites is as follows: 
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Figure C -1 Diagram to Show Variations in Oxide Percentages in Average 
Silicic, Mafic, and Ultramafic Rocks 
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TABLE C-4 

REPRESENTATIVE ANALYSES OF METEORITES AND TEKTITES 

1 2 3 4 5 6 

Si0
2 

38. 29 27. 31 47. 60 17. 05 

Ti0
2 

. 11 . 10 . 43 . 00 

AI 2°3 
2. 72 2. 31 13. 01 . 38 

FeO II. 95 20. 06 16. 56 6. 65 

MnO . 26 . 17 . 47 . 08 

MgO 23.93 19. 00 8. 46 19. 83 

CaO I. 90 2.03 10. 18 . 28 

Na
2

0 . 90 .54 . 43 . 07 

K
2

0 . 10 . 05 . 06 . 03 

H
2

0 . 27 13. 23 . 61 ---

Cr
2
o

3 
. 37 . 39 . 36 . 68 

p 0 
2 5 

. 20 . 27 . 09 ---

NiO --- I. 56 --- . 29 -- --- --- --
Total silicate 81. 00 87. 02 98. 27 45. 34 

Fe II. 65 . 00 I. 18 48. 98 88. 95 92.76 

Ni 1.34 . 16 --- 4. 66 8. 08 5. 56 

Co . 08 . 00 --- . 30 . 58 . 66 

p . 05 --- --- . 11 . 18 . 29 --- --- -- ---
Total metals 13. 11 . 16 I. 18 54. 05 

FeS 5. 89 8. 58 . 56 . 53 I. 80 ---

c --- 4. 24 --- . 08 . 08 . 19 

Cu --- --- --- --- . 03 . 35 

Mise --- --- --- --- . 30 . 19 

Stony Meteorites Irons 

7 8 

80. 73 72. 26 

--- ---

9. 61 13. 18 

I. 93 5. 32 

--- ---

I. 59 2. 15 

2. 13 2. 42 

. 37 1. 43 

3. 60 2. 15 

. 02 . 20 

--- . --

--- ---

--- ---

Tektites 

- Ordinary Chondrites (I 00 analyses) 

2 - Carbonaceous Chondrites Type II (8 analyses) 

- Eucrites (13 analyses) 

4 - Pallasites (10 analyses) 

5 - Medium Octahedrites (92 analyses) 

6 - Hexahedrites (34 analyses) 

7 - Moldavite s 

8 - Indo-Malayan Bodies 

Note: Columns 1-6: Ref. 8, Tables 10 and 11, p. 348-349 
Columns 7 and 8: Ref. 6, p. 4 
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metallic nickel iron - 12%, olivine - 46%, hypersthene pyroxene - 21%, 
diopside pyroxene - 4%, plagioclase - 11 %; minor minerals include chromite, 
ilmenite, pentlandite, quartz, apatite, merrillite (a phosphate mineral), and 
native copper. The eucrites are another type of stoney meteorite which in 
texture and composition is most like an igneous rock of any known meteorite. 
The eucr'ites are composed of pigeonite pyroxene, augite pyroxene, plagio-
clase (30-35%), and orthorhombic pyroxene, with the following minor min-
erals: magnetite, ilmenite, troilite, chromite, .quartz or tridymite, and 
kamacite. The pallasites consist of about half and half of silicates and 
metallic nickel iron. The most abundant silicate is olivine. The iron 
meteorites or siderites average about 98% metaL The tektites are com-
posed of glass with a composition similar to siliceous obsidian. Tektites 
are characterized by high silica (about 7 O%), an excess of potash over soda, 
and an absence of water. 

Some impact ejecta, especially the older deposits, may be par-
tially or even completely consolidated by cementation of fra,gments to a 
breccia. Such cementation might take place through compaction due to 
weight of overlying deposits or through the deposition of solids by sublima-
tion from gases rising from the interior of the moon. 

C. 1. 2. 2 Pyroclastic Material 

Pyroclastic materials are those thrown out in a fragmental condi-
tion by volcanic eruption and include such materials as dust, ash, and cin-
ders. This material might have the composition of basalt or of rhyolite as 
outlined above. Such material might have been welded together while still 
hot or compacted or recrystallized at a later time into a consolidated rock. 
Such material would be known as volcanic tuff, if fine -grained, and volcanic 
breccia, if coarse-grained. 

Pyroclastic materials on the moon's surface might be expected in 
the material of domes, if the domes are volcanic cones in the maar-type 
craters. If some of the craters turn out to be volcanic caldera, pyroclastic 
rocks will be found associated both inside and outside such structures. 

Pyroclastic materials will show a minimum of sorting, but some 
of the fragments may be partially rounded as a result of volcanic processes. 
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C. 1. 2. 3 Erosion and/ or Extralunar Deposits 

Material produced by the breakdown of previously existing lunar 
rocks, due possibly to temperature changes or impact phenomena, will 
include a considerable part of the surface dust layer, some of the crater-
fill deposits, and slope deposits (talus) on steep slopes such as the inside 
of craters. 

These deposits will contain fine fragments of all rock types men-
tioned above, including meteorite and micrometeorite fragments and cos-
mic dust particles. 

C. 1. 3 Gases 

Various gases may be found escaping from fractures associated 
with old volcanic activity. Along the surface of such fractures, mineral 
deposits may be found which were formed as sublimates from the gases es-
caping. 

The gases associated with basaltic lavas and magmas may be rep-
resented by the gases analyzed at the Kilauea lava lake by Shepherd. These 
analyses showed that water vapor made up two-thirds of the total emanation 
but that carbon dioxide, sulfur dioxide, and nitrogen were important con-
stituents with minor amounts of carbon monoxide, hydrogen, and chlorine. 
Native sulfur is the most important sublimate deposit formed. 

As an example of gases associated with the rhyolitic magma, in the 
analyses of gases in the Valley of the 10, 000 Smokes near Katmai Volcano 
by Allen and Zeis, steam formed 99o/o of the gas, but appreciable amounts 
of carbon dioxide, hydrochloric acid, hydrofluoric acid, hydrogen sulfide, 
and nitrogen were pre sent as well as traces of boron. While the percentages 
seem low, it was estimated by Allen and Zeis that in the year 1919 alone 
1, 250,000 tons of HCl, 200,000 tons of HF, and 30,000 tons of H 2S escaped 
into the atmosphere. The incrustations or fine -grained mineral deposits 
around the mouths of fumeroles in the Valley of the 10,000 Smokes included 
several thousand pounds of magnetite and the presence in consistent though 
small amounts of lead, zinc, molybdenun, copper, arsenic, antimony, tin, 
silver, barium, boron, and occasionally bismuth and thalium. The concen-
trations of gases measured from Kilauea Lava Lake and the Valley of the 
10,000 Smokes are given in Table C-5. 
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TABLE C-5 

MEASURED CONCENTRATIONS OF GASES 

Vol. % Wt.% 

H 0 67.68 
2

45. 12 

C0 12. 71 
2 

co 0. 67 

20. 71 

0. 69 

0. 75 H2 0. 06 

7. 65 N2 7.93 

A 0. 2 0. 30 

so 7. 03 2 16. 67 

I. 04 s2 2. 47 

so 1. 86 
3 

5. 51 

Cl 0. 41 
2 

0. 54 

2 
GASES IN VALLEY OF 10,000 SMOKES

99. 66 

0. 097 

0 0. 002 
2 

co trace 

CH 0. 015 
4 

H S 0. 029 
2

N and A 0. 041 
2 

HCl o. 117 

o. 032 

trace 

GASES AT KILAUEA LAVA LAKE l 

1 
By Shepherd as quoted in Ref. 4, p. 140. 

2 
By Zeis (Ref. 1 ). 
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C. 2 PHYSICAL AND ENGINEERING PROPERTIES 

Physical and engineering property data were collected from 177 dif-
ferent samplings of the fundamental rock types that are outlined in Appen-
dix C. l. Data on approximately 1550 specimens wa.s tabulated. Properties 
included in this tabulation were: 

l. Density 

2. Porosity 
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3. Electrical Conductivity 

4. Relative Permittivity 

5. Magnetic Susceptibility 

6. Heat Capacity 

7. Coefficient of Thermal Expansion 

8. Seismic Velocity 

9. Radioactive Content 

10. Heat Production 

11. Compressive Strength 

12. Modulus of Rupture 

13. Impact Toughness 

14. Abrasive Hardness 

15. Sc1eroscope Hardness 

16. Specific Damping Capacity 

17. Young's Modulus 

18. Modulus of Rigidity 

19. Bulk Modulus 

20. Poisson's Ratio. 

Due to lack of space, these tables are not included in this report but 
can be obtained from Bendix (Memo Report SMSS-60). 
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