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FOREWORD 

This document contains a summary of findings on the work performed 
by Bendix, its subcontractors, and consultants in the definition and descrip-
tion of scientific experiments and experiment operations to be performed 
from a manned lunar roving vehicle. 

This work has been performed by a team composed of personnel 
from Bendix Systems Division, United Electrodynamics and United Geo-
physical, Illinois Institute of Technology Research Institute, Bendix Re-
search Laboratories Division, Space/ Defense Corporation, Michigan State 
University, Wayne State University, and The University of Michigan. The 
areas of responsibilities 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 

E. M. Zaitze££ 

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

M. E. Amdursky 
H. Graboske 

Dr. D. Ebeoglu 
R.M. Magee 

L. R. Lewis 
W. Fahling 
E. M. Zaitze££ 
S. Seely 

R. Gill 
D. Lamphier 
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United Electrodynamics 

Management and Coordination 

Gravitational Measurements 

Magnetic Field Measurements 

Surface Electrical Measurements 

Active Seismic Measurements 

Core-Hole Sonic Velocity Measure-
ments 

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. Peterson** 

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 

M. Ross 
B. Pine 

Michigan State and Wayne State Universities 

Geological Exploration Objectives and Dr. W. Par sons ( WSU) 
Measurements Recommendations Dr. W. Hinze (MSU) 

Lunar Topographical Features 
Summary G. Secor (MSU) 

Chemical and Physical Properties Dr. W. Parsons (WSU) 
of Lunar Materials Dr. W. Hinze (MSU) 

The University of Michigan 

Electromagnetic Probing H. Schulte 

v 





CONTENTS 

1. INTRODUCTION 

2. LUNAR GEOLOGICAL EXPLORATION OBJECTIVES 
AND MEASUREMENTS 

Page 

1-1 

2. 1 LUNAR GEOLOGICAL EXPLORATION OBJECTIVES 2-1 

2. 1. 1 Objectives 
2. 1. 2 Method of Study 
2. 1. 3 
2. I. 4 

Exploration Objectives 
Summary 

2. 2 GEOLOGICAL MEASUREMENTS AND EXPERIMENTS 
RECOMMENDATIONS 

2-2 
2-4 
2-5 
2-14 

2-14 

2. 2. 1 Evaluation of Measurements and Experiments 2-15 
2. 2. 2 Recommendations 2-16 

3. INSTRUMENTATION SELECTION CRITERIA 3-1 

4. CONTINUAL SURFACE MEASUREMENT INSTRUMENTATION 4-1 

4. 1 SYNOPTIC IMAGERY MEASUREMENTS 

4. 1. 1 
4. I. 2 
4. 1. 3 
4. 1. 4 
4. 1. 5 
4. 1. 6 
4. 1. 7 

Basic Principles of Synoptic Observations 
Instrument Requirements 
Film Type 
Development Time and Cost 
Operation of Synoptic Instruments 
Reliability Considerations 
Data Handling 

4. 2 POINT DETECTOR IMAGERY MEASUREMENTS 

4. 2. l Total (Integrated) Radiation Measurements 
4. 2. 2 Spectral Radiance Measurements 

4. 3 COMBINED INSTRUMENT PACKAGE 

4. 3. 1 Data Handling 

4-1 

4-2 
4-2 
4-3 
4-5 
4-5 
4-6 
4-6 

4-7 

4-9 
4-12 

4-14 

4-14 

vii 



5. 

Vlll 

CONTENTS (CONT.) 

4. 3. 2 Instrument Development Time and Cost 
4. 3. 3 Reliability Considerations 

4. 4 AUXILIARY SUPPORT INSTRUMENTATION 

4. 5 BIBLIOGRAPHY 

SURFACE GEOPHYSICAL MEASUREMENT INSTRUMENTS 

5. I GENERAL GEOPHYSICAL CONSIDERATIONS 

5. I. l Geological Parameters 
5. L 2 Lunar Operating Conditions 
5. l. 3 Magnitude Scale 

5. 2 GRAVITY MEASUREMENTS 

5. 2. I 
5. 2. 2 
5. 2. 3 
5. 2.4 

5. 2. 5 

Data Obtainable from Gravity Measurements 
Gravity Measurements 
Instrument Requirements 
Conceptual Design of Gravity Measurement 
Instrument 
Selected Bibliography 

5. 3 MAGNETIC FIELD MEASUREMENTS 

5. 3. l 
5. 3. 2 

5. 3. 3 
5. 3.4 
5. 3. 5 
5. 3.6 

Special Problems of Lunar Magnetics 
Data Obtainable from Magnetic Field 
Measurements 
Basic Principles of Magnetic Prospecting 
Natural Vs Induced Magnetism 
Magnetic Field Instrument Requirements 
Conceptual Design of Magnetic Measurement 
Instruments 

5. 3. 7 Comparison of Magnetometers for MOLAB 
Applications 

5. 3. 8 Response Time Required for Resolution of 
Magnetic Storms 

5. 3. 9 Selected Bibliography 

5. 4 SURFACE ELECTRICAL MEASUREMENTS 

5. 4. l Data Obtainable From Surface Electrical 
Measurements 

Page 

4-I8 
4-18 

4-18 

4-18 

5-1 

5-l 

5-l 
5-3 
5-3 

5-4 

5-6 
5-6 
5-9 

5-1I 
5-17 

5-18 

5-18 

5-19 
5-19 
5-23 
5-24 

5-27 

5-30 

5-31 
5-32 

5-34 

5-36 



6. 

CONTENTS (CONT.) 

5. 4. 2 Basic Principles of Surface Electrical 
Measurements 

5.4. 3 
5.4.4 

5.4. 5 
5.4. 6 

Instrument Requirements 
Conceptual Design and Evaluation of 
Measurement Techniques 
Operational Procedures for Measurements 
Selected Bibliography 

5. 5 AREAL RADIATION SURVEY AND BOREHOLE 
LOGGING MEASUREMENTS 

5. 5. l 
5. 5. 2 
5. 5. 3 
5. 5.4 
5. 5. 5 
5. 5. 6 
5. 5. 7 

5. 5. 8 

General Instrument Requirements 
Natural Gamma Ray Measurements 
Spectral Gamma Ray Measurements 
Gamma-Gamma Measurements 
Neutron-Gamma Measurements 
Neutron-Neutron Measurements 
Nuclear Measurements Evaluation and 
Selection Criteria 
Bibliography 

5. 6 SOIL MECHANICS EXPERIMENTS 

5. 7 GAS ANALYSIS MEASUREMENTS 

5. 7. l 
5. 7. 2 
5. 7. 3 
5. 7.4 

5. 7. 5 
5. 7. 6 

5. 7. 7 

Description of Gas Analysis Experiment 
Gas Analyzer Basic Principles 
Gas Analyzer Performance Requirements 
Gas Analyzer Measurement Technique 
Evaluation and Selection 
Conceptual Design of Gas Analyzer 
Operational Procedures for Gas Analysis 
Measurement 
References 

SUBSURFACE GEOPHYSICAL MEASUREMENTS 

6. l ACTIVE SEISMIC EXPLORATION 

6. l. 1 
6. l. 2 

Data Obtainable from Seismic Measurements 
Basic Principles of Seismic Measurements 

Page 

5-36 
5-40 

5-40 
5-45 
5-45 

5-46 

5-47 
5-48 
5-54 
5-57 
5-62 
5-68 

5-71 
5-73 

5-76 

5-77 

5-77 
5-78 
5-80 

5-80 
5-83 

5-86 
5-88 

6-1 

6-1 

6-1 
6-4 

lX 



X 

6. l. 3 
6. 1. 4 

CONTENTS (CONT. ) 

Instrument Requirements 
Seismic Measurement Technique Evaluation 
and Selection 

6. 1. 5 Conceptual Design of Seismic Measurement 
Instruments 

6. 1. 6 Operational Procedures for Seismic 
Measurements 

6. l. 7 Selected Bibliography 

6. 2 CORE-HOLE SONIC VELOCITY MEASUREMENTS 

6. 2. 1 Data Obtainable from Sonic Measurements 1n 
Core Holes 

6. 2. 2 Basic Principles of Seismic Velocity 
Measurements in Core Holes 

6. 2. 3 Core -Hole Instrument Requirements 
6. 2. 4 Seismic Measurement Technique Evaluation 

and Selection 
6. 2. 5 Conceptual Design of Recommended Sonic 

Measuring Instruments 
6. 2. 6 Selected Bibliography 

6. 3 CORE-HOLE ELECTRICAL MEASUREMENTS 

6. 3. I Data Obtainable from Core -Hole Electrical 

6. 3. 2 
6. 3. 3 
6. 3.4 

6. 3. 5 
6. 3. 6 

Measurements 
Basic Principles of Electric Logging 
Instrument Requirements 
Measurement Technique Evaluation and 
Selection 
Conceptual Design of Proposed Instrumentation 
Selected Bibliography 

6. 4 SUBSURFACE HEAT FLOW MEASUREMENT 

6. 4. l 
6.4. 2 
6.4. 3 
6.4.4 
6.4. 5 
6.4. 6 

Basic Principles 
Temperature Measurement 
Thermal Conductivity Measurement 
Thermal Equilibrium After Drilling 
Conceptual Design 
Selected Bibliography 

Page 

6-5 

6-8 

6-11 

6-23 
6-24 

6-25 

6-25 

6-25 
6-27 

6-27 

6-27 
6-31 

6-32 

6-32 
6-32 
6-34 

6-34 
6-35 
6-37 

6-37 

6-38 
6-39 
6-40 
6-41 
6-43 
6-46 



CONTENTS (CONT.) 

Page 

6. 5 CORE-HOLE NUCLEAR MEASUREMENTS 6-46 

7. CORE DRILL 7-1 

7. 1 EVALUATION OF DRILLING TECHNIQUES 7-2 

7. 2 STUDY OF DRILLING MECHANISMS 7-3 

7. 2. 1 Basic Operation 7-3 
7. 2. 2 Component Location 7-4 
7. 2. 3 Drive Mechanisms 7-6 

7. 3 FINAL DRILL DESIGN 7-8 

7. 3. 1 Percussor Analysis 7-8 
7. 3. 2 Analysis of Power, Torque, and Gas Flow 7-9 
7. 3. 3 Final Drill Designs 7-10 

7.4 CHIP AND CORE RECOVERY 7-15 

7. 5 FEED, THRUST, AND STORAGE UNITS 7-15 

7. 6 THERMAL CONTROL SYSTEM 7-16 

7. 6. l Passive Control 7-16 
7. 6. 2 Active Control 7-17 

7. 7 DRILLING SYSTEM TASK PROFILE 7-18 

7. 8 VEHICLE COMPATABILITY 7-25 

7. 9 ENVIRONMENTAL CONSIDERATIONS 7-25 

7. 9. 1 Evaporation of Metals 7-27 
7. 9. 2 De gradation of Plastics 7-28 
7. 9. 3 Friction and Lubrication 7-28 

7. 10 CONCLUSIONS 7-29 

7. 11 REFERENCES 7-30 

8. BIOENGINEERING ASPECTS 
ASTRONAUTS LIMITATIONS STUDY 8-1 

8. 1 UNIQUE HUMAN CHARACTERISTICS 8-1 

8. l. 1 Advantageous Characteristics 8-1 
8. l. 2 Disadvantageous Characteristics 8-2 

xi 



CONTENTS (CONT.) 

Page 

.8. 2 STUDY OBJECTIVE 8-2 

8. 3 ASSUMPTIONS 8-3 

8.4 PERFORMANCE ENVELOPES 8-4 

8. 4. 1 Actions and Motions 8-4 
8.4. 2 Dimensions 8-6 
8.4. 3 Strength 8-6 
8.4.4 Functional Work Envelopes 8-13 
8.4. 5 Locomotion 8-22 
8.4. 6 Work 8-25 

8. 5 EXPERIMENT RECOMMENDATION 8-27 

8. 5. 1 Study Phase 8-28 
8. 5. 2 Experiment Phase 8-29 

9. SCIENTIFIC INSTRUMENTATION SYSTEM DESIGN 9-l 

9. l RESTRAINTS AND GUIDELINES 9-l 

9. 2 INSTRUMENT SYSTEM FUNCTIONAL DESCRIPTION 9-3 

9. 3 OPERATIONAL MODES OF THE INSTRUMENTATION 
SYSTEM 9-5 

9. 3. l Automatic Sampling Mode -Traveling 9-5 
9. 3. 2 Automatic Sampling Mode at Station 9-6 
9. 3. 3 Manual Sampling Mode -Traveling 9-6 
9. 3.4 Manual Sampling Mode at Station 9-6 
9. 3. 5 Storage Mode Operation 9-6 

9.4 ASSUMED CHARACTERISTICS OF EXPERIMENTS 
AND EQUIPMENTS NOT THE RESPONSIBILITY OF 
THE SMSS STUDY 9-6 

9. 4. l Astronaut Hazards Instrumentation 9-7 
9. 4. 2 Apollo Inherited Equipments 9-8 

9. 5 RECOMMENDED SCIENTIFIC INSTRUMENT 
PACKAGE 9-14 

xii 



9.6 

CONTENTS (CONT.) 

SYSTEM DESIGN ITERATION 

9. 6. 1 
9. 6. 2 
9. 6. 3 

9.6.4 

Detailed Functional De scription 
Alternatives 
System Weight, Volume, and Power 
Estimate Summary 
Integration of SMSS and MOLAB 

Page 

9-18 

9-19 
9-31 

9-32 
9-33 

10. MISSION ANALYSIS 10-1 

10-1 

10-2 

10-5 
10-12 
10-lt) 

11. 

12. 

10. 1 SCIENTIFIC MISSION PLAN 

10. 2 STATION SCIENTIFIC ACTIVITIES 

10.3 FOURTEEN-DAY MISSION PLAN 
10. 3 1 Astronaut Time Allocation 
10. 3. 2 Scientific Mission Flexibility 

10.4 CONCLUSIONS AND RECOMMENDATIONS 
VALIDATION STU DIES 

11. 1 VALIDATION DEFINITION 

11. 2 VALIDATION SITES 

10-16 
11-1 

11-1 

11-4 

11. 2. 1 Criteria for Selection of Validation Sites 11-4 
11.2.2 Geographic Location of Validation Sites 11-5 

11.3 STATUS OF TERRESTRIAL GEOLOGICAL 
STUDIES 

11.4 INTEGRATED TRAVERSE VALIDATION 
EXPERIMENTS PLAN 

11. 4. 1 Suggested Site 
11.4.2 Traverse 
11. 4. 3 Experiments List 
11. 4. 4 Manpower Requirements 
11. 4. 5 Selected Bibliography 

INSTRUMENT DEVELOPMENT PROBLEMS 

12. 1 GROUND TRUTH INSTRUMENTS 

12.2 GRAVITY INSTRUMENTS 

11-17 

11-17 

11-18 
11-21 
11-23 
11-25 
11-25 

12-1 

12-1 

12-1 

xiii 



CONTENTS (CONT.) 

Page 

12. 3 MAGNETIC MEASUREMENT INSTRUMENTS 12-2 

12.4 SURF ACE ELECTRICAL INSTRUMENTS 12-2 

12. 5 NUCLEAR INSTRUMENTATION 12-2 

12.6 PENETROMETER 12-3 

12. 7 GAS ANALYSIS INSTRUMENTATION 12-3 

12. 8 ACTIVE SEISMIC INSTRUMENTATION 12-3 

12. 9 SONIC VELOCITY INSTRUMENTATION 12-3 

12. 10 BOREHOLE ELECTRICAL MEASUREMENT 
INSTRUMENTS 12-3 

12. 11 HEAT FLOW INSTRUMENTATION 12-4 

12. 12 CORE DRILL 12-4 

12. 13 INSTRUMENT SUPPORT SUBSYSTEM 12-4 

A. CHEMICAL AND PHYSICAL PROPERTIES OF POSSIBLE 
LUNAR MATERIALS A-1 

B. REQUIRED ACCURACY OF GEOPHYSICAL MEASUREMENTS B-1 

C. A REVIEW OF LUNAR MAGNETISM AND SOME APPLICA-

D. 

E. 

F. 

G. 

H. 

TIONS OF LUNAR MAGNETIC MEASUREMENTS 

ANALYSIS OF IMPACTOR FOR LUNAR DRILL 

DOWN-THE-HOLE PRIME MOVER DESIGN 

THE BASIS FOR THERMAL DESIGN 

LUNAR SUBSURFACE ELECTROMAGNETIC PROBING 

MEASUREMENTS SURVEY AND INSTRUMENT SUMMARY 

I. STATISTICAL TECHNIQUES FOR VALIDATION 
EXPERIMENTS 

J. GEOPHYSICAL VALIDATION EXPERIMENTS 

xiv 

C-1 

D-1 

E-1 

F-1 

G-1 

H-1 

I-1 

J-1 



Figure 

4-1 

4-2 
4-3 

5-l 
5-2 
5-3 
5-4 
5-5 
5-6 

5-7 

5-8 
5-9 
5-10 
5-11 

5-12 

5-13 

5-14 

5-15 
5-16 
5-17 
6-1 
6-2 
6-3 
6-4 

ILLUSTRATIONS 

Title 

Spectral Irradiance from Lunar Surface for the Spectral 
Range 0. 2 to 15 Microns Collected by 1. 5° FOV 
Instrument 

2 Spectral Irradiance {4 to 15 Microns} {w/ em } 
Functional Block Diagram and Possible Design 
Configuration 
Igneous Rock Classification 
Moon Gravity Total Elevation Corrections 
Station Spacing vs Gravity Accuracy Nomogram 
Falling Ball Absolute Gravity Device and Block Diagram 
Modification of Falling Ball Release Mechanism 
Magnetic Susceptibility of Igneous Rocks vs Magnetite 
Concentration in Earth's Magnetic Field {H = 60, 000 y) 
Graphs Showing Theory of non- Off"" Induction -
Natural Geophysical Surveys 
Metastable Helium Magnetometer Ope ration 
Metastable Helium Magnetometer Configuration 
Surface Electrical System Block Diagrams 
Block Diagram of Multipurpose Gamma Ray Detector 
and Analyzer 
Example of Calibration Standard for Gamma-Gamma 
Measurements 
Time Sequence for Gamma Rays in Neutron-Gamma 
Measurements 
Block Diagram of Instrumentation for Neutron-Gamma 
Logging Probe 
Block Diagram of Thermal Neutron Detector 
Gas Analyzer Block Diagram 
Gas Analysis Mission Profile-Preliminary 
Active Seismic Methods 
Examples of Signal Enhancement by Record Stacking 
Charge Size vs Effective Distance 
Geophone Package 

4-8 
4-11 

4-16 
5-2 
5-10 
5-10 
5-13 
5-16 

5-22 

5-25 
5-29 
5-29 
5-42 

5-50 

5-58 

5-64 

5-67 
5-70 
5-84 
5-87 
6-3 
6-7 
6-10 
6-13 

XV 



Figure 

6-5 
6-6 
6-7 
6-8 
6-9 
6-10 
6-ll 

6-12 
6-13 
6-14 
7-1 
7-2 
7-3 
7-4 
8-l 
8-2 
8-3 
8-4 
8-5 
8-6 
8-7 
8-8 
8-9 
8-10 
9-1 

9-2 

9-3 
9-4 
11- 1 
11-2 
11-3 
A-1 

B-1 
B-2 

xvi 

ILLUSTRATIONS (CONT.} 

Title 

Amplifier Block Diagram 
Tape Recorder and Electronic Package 
Digital Recorder Block Diagram 
Acoustic Velocity Energy Source 
Proposed Down-Hole Geophone Coupling Device 
Magnetic Susceptibility Logging Unit 
Temperature Increase for Borehole Thermal 
Conductivity Measurements 
Temperature Increase After Drilling, 240 Minutes 
Temperature Increase After Drilling, 30 Days 
Thermal Conductivity Probe 
Rotary- Percussive Drill Mechanism 
Gas-Driven Drill Concept With Single Air Motor 
Gas-Driven Drill Concept With Stacked Air Motors 
Task Flow Diagram 
Standing Dimensions, X and Z Axes 
Standing Dimensions, Y Axis 
Seated Dimensions, Y and Z Axes 
Kneeling, Bent Dimensions, X and Z Axes 
Crawling Dimensions (All Fours}, X and Z Axes 
Kneeling, Erect Dimensions, X and Z Axes 
Supine Dimensions, X and Z Axes 
Prone Dimensions, X and Z Axes 
Accommodation Envelope 
Functional Work Envelope 
Simplified Scientific Instrumentation System 
Functional Block Diagram 
Scientific Instrumentation Subsystem 
Functional Block Diagram 
Sampling Format~ 51,200 Bits/Sec 
Sync Format 
Experiment Design Flow Chart 
Geologic Map of the Snake River Lava Plains, Idaho 
West Yellowstone Rhyolite Area 
Diagram to Show Variations in Oxide Percentages 1n 
Average Silicic, Mafic, and Ultramafic Rocks 
Comparison of Resolution With Station Spacing 
Gravity Results vs Station-Spacing vs Accuracy 

Page 

6-13 
6-16 
6-16 
6-28 
6-28 
6-36 

6-42 
6-44 
6-44 
6-45 
7-5 

7-11/7-12 
7-13/7-14 

7- 19 
8-7 
8-7 
8-7 
8-8 
8-8 
8-8 
8-9 
8-9 
8-15 
8-20 

9-4 

9-21/9-22 
9-28 
9-28 
11-2 
11-9 
11-22 

A-10 
B-2 
B-3 



ILLUSTRATIONS (CONT.) 

Figure Title 

B-3 Minimum Number of Samples Required to Define a 

B-4 

C-1 

D-1 
D-2 
D-3 
D-4 
E-1 
E-Z 
F-1 
F-2 
G-1 

G-2 

G-3 

G-4 

G-5 

G-6 

G-7 

G-8 

G-9 
G-10 

Line or Area 
Total Allowable Geophysical Error vs Sampling 
Density as a Function of Geophysical Gradient 
Disturbed Magnetic Anomalies over Volcanic Lava 
Flows 
Basic Impactor, Single -Acting Cylinder 
Pres sure- Disp1ac ement Diagram of Gas 1n Cylinder 
Length of Stroke vs Cutoff Ratio 
Cycle Efficiency vs Cutoff Ratio 
Closed- Cycle Gas-Driven Drill 
De sign Calculations 
Gas Driven Drill Cycle 
General Radiator Configuration 
Resistance vs Frequency for Dipole Antenna of Length 
2h = 20 Meters, Radius a = 1 mm, and a- = 0 
Reactance vs Frequency for Dipole Antenna of Length 
2h = 20 Meters, Radius a = 1 mm, and a- = 0 
Resistance vs Frequency for Dipole Antenna of Length 
2h = 20 Meters, Radius a= 1 mm, and J..L = J..L 0 , E = 2E 0 
Reactance vs Frequency for Dipole Antenna of Length 
2h = 20 Meters, Radius a = 1 mm, and J..L = J..L 0 , E = 2E 0 
Resistance vs Frequency for Dipole of Length 2h = 
20 Meters, Radius a = 1 mm,, and a- = 0, J..L = J..L 0 , 
E=E 1 -jE11

, E1 =2E 0 
Reactance vs Frequency for Dipole of Length 2h = 
20 Meters, Radius a= 1 mm, and a- = 0, J..L = J..L 0 , 
E = E1 - J. E11 E1 = ZE 

' 0 
Resistance vs Frequency for Dipole of Length 2h = 
20 Meters, Radius a = 1 mm, and a- = 0, E = 2E 0 , 

J..LI= 2' - jJ..L", J..L' = ZJ..Lo 
Reactance vs Frequency for Dipole of Length 2h = 20 
Meters, Radius a= 1 mm, and a- = 0, E = 2E 0 , J..L = 
J..L'- jJ..L", J..L' = 2J..Lo 
Resistance and Reactance vs Permittivity 
Resistance and Reactance vs Conductivity, Dipole 
Antenna, Length 2h = 20 Meters 

B-9 

B-13 

C-11 
D-3 
D-6 
D-l 0 
D-15 
E-2 
E-3 
F-3 
F-8 

G-5 

G-6 

G-7 

G-8 

G-9 

G-10 

G-12 

G-13 
G-15 

G-16 

xvii 



Figure 

G-11 

G-12 

G-13 

xviii 

ILLUSTRATIONS (CONT.) 

Title 

Resistance of Dipole Antenna of Length 2h = 20 Meters 
and Radius a = l mm in Free Space Near Material 
Medium Half Space 
Resistance of Dipole of Length 2h = 20 Meters, Radius 
a = l mm in Free Space as Function of Height H Above 
Material Medium 
FunctionG(H,E,IJ.)foriJ.=IJ. ,H=Oas 
Function of ~ 0 

0 

Page 

G-18 

G-19 

G-21 



Table 

2-1 
2-2 
2-3 

2-4 

2-5 

2-6 
2-7 

4-1 
4-2 
4-3 
4-4 
4-5 
4-6 
5-1 
5-2 
5-3 
5-4 
5-5 
5-6 
5-7 
5-8 

5-9 
5-10 
5-11 
5-12 
5-13 

TABLES 

Title Page 

Evaluation of Experiments and Measurements 
Rating of Measurements and Experiments 
Measurements and Experiments of Major Scientific 
Importance 

2-19 thru 2-22 
2-23,2-24 

Measurements and Experiments of Intermediate 
Scientific Importance 
Measurements and Experiments of Minor Scientific 
Importance 
Geophysical Logging Methods Evaluation 
Specimen Measurements at a Lunar Base and/ or Re,-
turned to Earth 
Photographic Instruments 
Radiometers 
Spectral Radiometric Instruments 
Combined Instrument Package 
Specific Experiments to be Performed 
Auxiliary Support Instrumentation 
Magnitude Chart - Earth vs Moon 
Gravity Measurement Summary 
Recommended Gravity Instrument Specifications 
Magnetic Measurements Summary 
Recommended Magnetic Field Instrument Specifications 
Surface Electrical Measurements Summary 
Surface Electrical Instrument Summary 
Electromagnetic Measurements of "Moon Dry" Rocks 
and Rock-Forming Minerals 
Gamma Ray Sources 
Weight and Distribution of Nuclear Subsystems 
Penetrometer Characteristics 
Compilation of Composite Sample Characteristics 
Comparison of Specific Mass Spectrometer Techniques 

2-25 

2-26 

2-27 
2-28 

2-29 
4-4 
4-10 
4-13 
4-15 
4-17 
4-19 
5-5 
5-7 
5-12 
5-20 
5-26 
5-35 
5-41 

5-44 
5-60 
5-72 
5-76 
5-79 
5-82 

xix 



Table 

6-1 
6-2 
7-1 
7-2 
7-3 
7-4 
7-5 
8-1 

8-2 

8-3 

8-4 
8=5 
8-6 
8-7 
8-8 
8-9 
9-1 
9-2 
9-3 
9-4 
9-5 

9-6 
10-1 

10-2 

10-3 
10-4 
10-5 

XX 

TABLES (CONT.) 

Title 

Active Seismic Summary 
Core-Hole Logging Summary 
Relative Pentration Rates 
Thermal Properties 
Time-Task Schedule 
Task Power and Time 
Drill System Components 
Analysis of Typical Dress Modes for Various Physical 
Activities and Semiquantitative Expressions of Dif-
ficulty Anticipated With Lunar-G Compared With Earth-G 
Dimensional Description of 95th Percentile Astronaut-
Scientist for the Various Selected Dress Modes 
Force Values (Earth Pounds) for a 5th Percentile 
Astronaut-Scientist in Typical Activities for Various 
Dress Modes 
Functional Arm Reach (Sitting, Shirtsleeve Mode) 
Functional Arm Reach (Sitting, Standby Mode) 
Functional Arm Reach (Sitting, Suited, Unpressurized) 
Functional Arm Reach (Sitting, Suited, Pressurized) 
Functional Arm Reach (Standing) 
Problem Areas Which Should be Investigated 
Minimum Geophysical Prospecting Requirements 
Recommended Scientific Instrument Package 
Data Summary 
Data Collected at a Site Survey ( 10 Min) 
Data Collected During Traverse (Estimated Maximum 
for a 10-Min Period) 
MOLA B Integration Data 
Standard Station Geological Survey and Selective 
Observations 

Page 

6-2 
6-26 
7-3 
7-16 
7-20 
7-26 
7-27 

8-5 

8-10 

8-11 
8-16 
8-16 
8-17 
8-17 
8-18 
8-31 
9-13 
9-16 

9-23/9-24 
9-25 

9-26 
9-35/9-36 

10-3 
Standard Station Geological Survey and Extended 
Scientific Study 
Fourteen-Day Mission Profile 
Instr\nnent Operational Characteristics 
Astronaut Time Allocation 

10-4 
10-6 

10-13/10-14 
10-15 



Table 

A-1 
A-2 
A-3 
A-4 
A-5 
F-1 
F-2 
F-3 
G-1 
1-1 

TABLES (CONT.) 

Title 

Representative Analyses of Mafic Composition 
Representative Analyses of Ultramafic Compositions 
Representative Analyses of Silicic Compositions 
Representative Analyses of Meteorites and Tektites 
Measured Concentrations of Gases 
Station Conditions 
Radiator Design-First Cycle 
Radiator Design-Second Cycle 
Experimental Results of Impedance Measurements 
Analysis of Variance 

A-4 
A-7 
A-8 
A-ll 
A-14 
F-2 
F-9 
F-10 
G-23 
I-4 

xxi 





SECTION 1 

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 in-
vestigations during these first missions will be limited in scope due to the 
small Apollo scientific payload capabilities and the short duration of the 
lunar surface 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 ex-
ploration. One of the proposed approaches to Post-Apollo exploration is 
the ALSS. This approach consists of a 2-stage mission. First, an un-
manned automated LEM descent stage carrying a LEM/truck vehicle is 
landed on the surface and a mobile laboratory (MOLAB) vehicle is disem-
barked 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 MOLA B 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 instru-
mentation 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 
exploration requirements. 

More specifically this study has attempted to: 

1. Review the objectives of geological exploration of the moon 

2. Choose likely geological measurements to be performed 
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3. Review current state of the art 1n similar measurements 
carried out on earth 

4. Evaluate the best experimental techniques for performing 
the lunar measurement 

5. Perform conceptual de signs of selected geological exploration 
instrumentation 

6. Define the anticipated problem areas in instrument development 

7. Recommend terrestrial validation experiments to prove the 
feasibility of proposed experiments and mission operations 

8. Perform mission operations analyses to determine the op-
erational 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 

l 0. Perform a systems integration effort to ensure the selection 
of an optimum scientific experiment system 

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

This report represents the results of a 6-month study program. 

As part of this investigation, an instrument system is suggested. 
These instrument recommendations are made only to supply information 
for use in engineering design. Of course, the actual selection of lunar 
experiments 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 
technical information. In particular, minimum effort was given to ex-
periments to be conducted as part of the Emplaced Scientific Station (ESS), 
geological instruments inherited from Apollo, and scientific measurements 
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outside the areas of geological exploration and 11 ground-truth" measure-
ments. However, approximate characteristics for these contractually 
excluded experiments were assumed and included in the scientific integra-
tion study to obtain a realistic total instrument system de sign. 

The rating of experiments im order of priority has been prepared by 
a sample of the scientific community and should be treated as such. It is 
believed that other scientists and experimenters would very likely rate 
the ex:Reriinents in different order based on their specific interests. The 
presented ratinK table has not been modified and represents personal 
but objective ideas of the consultants. 

The instrument development cost estimates assume a development 
of an engineering prototype model and should be treated strictly as budge-
tary costs for information purposes only. 
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SECTION 2 

LUNAR GEOLOGICAL EXPLORATION OBJECTIVES 
AND MEASUREMENTS 

As the time approaches for manned exploration of the moon, 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 experiments 
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 geological 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 discus sed in 
this report. Their conclusions are summarized in the following section 
arid used in guiding Bendix in the selection of a sample instrument package 
for use in the engineering design of the MOLAB vehicle. 

2. l LUNAR GEOLOGICAL EXPLORATION OBJECTIVES 

Early manned lunar surface missions will concentrate on the geologi-
cal 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) earlymanned lunar geo-
logical studies is the acquisition of ground-truth data. Another major 
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reason for early lunar geological studies is to obtain data on the lunar 
environment- 11atmospheric, 11 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 advan-
tage 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 variations within any one geological 
province. Both of these objectives are extremely important in the study of 
the lunar surface. Terrestrial experience proves that geological features 
only can be understood and interpreted with a knowledge of the regional 
setting and the interrelationship of features. This only can be accomplished 
by a traverse mission. In addition, a traverse mission designed to carry 
out regional geophysical surveys is the optimum method of studying deep-
seated geological features and buried regional structures. Traverse m1s-
sions also permit the study of phenomena in the space domain. 

2. l. l 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 ob-
jective is geological mapping in three dimensions plus the measurement 
of selected phenomena in the fourth dimension, time. This over-all ob-
jective can be subdivided into seven exploration objectives. These scien-
tific objectives must be accomplished in order to meet completely the 
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over -all 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 ma-
terials, (4) lunar physical environment, (5) engineering properties of sur-
face and near-surface lunar media, (6) lunar internal structure, and (7) 
natural resources of the moon. Exploration for ice is not included with 
the other natural resources, but with the geology of surface features be-
cause of the unique potential of water in any of its forms in accelerating 
the inhabitation and exploration of the moon by man. The qualitative cri-
teria 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 meas-
urements and experiments to achieve various objectives. 

To accomplish these objectives, various lunar topographical fea-
tures have been considered for investigation during the traverse mission. 
The assumed characteristics of these features are discussed in detail in 
Appendix 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: 

l. Maria 
2. Craters -at least two of the following four ages, preferably 

a younger (post-maria) and an older type 
a. Copernican age craters 
b. Eratosthenian age craters 
c. Imbrian age craters 
d. Pre-Imbrian age craters 

3. Satellitic craters 
4. Highlands and/ or imbrian ejecta 
5. Stratigraphic contacts; various -especially the contact be-

tween mare material and highland or imbrian ejecta material 
6. Possible active volcanic areas: Aristarchus, Alphonsus, etc. 
7. Maar craters; chain craters 
8. Rills 
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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. l. 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: 

l. Geological mapping -three -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 meas-
urements and experiments: 
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l. Geological mapping -detailed geological mapping plus logging 
of drill holes 

2. Geochemical mapping- gas analysis plus collection of repre-
s entative 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, monitor-
ing of geophysical parameters that are studied in scientific 
traverse mission plus other measurements and experiments 
such as earthquake seismology studies. 

2. 1. 3 Exploration Objectives 

2. l. 3. 1 Geology of Surface Features 

Objective 

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

Significance 

The measurements made to satisfy this objective will: 

l. Provide ground-truth information for interpreting and 
verifying interpretation of extralunar 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 ong1n 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 
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d. Elastic behavior of crust under stress 

e. Expansion or cont:raction 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 

i. Origin of metallogenic provinces 

4. Provide information on the degree of eros ion 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 contour 
intervals from one decimeter to 10 meters 

c. Micromorphology- mapping of detailed surface texture 
at contour intervals 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; alternation- 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; inter-
relationship between particles; fabric; alteration) 

(3) Structure (surface texture; deformation; bedding 
(layering); thickness; vertical and lateral forma-
tional 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. 

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

b. Determined from drill holes 

( 1) Vertical variations in lithology and structure 

(2) Temperature variations (heat flow) 

(3) Vertical variations in seismic velocity 

(4) Vertical variations in electrical conductivity 
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2.1.3.2 

( 5) Vertical variations ln radioactivity 

(6) Vertical variations ln density 

(7} Ve ;rtical variations ln electrical potential 

( 8) Vertical variations ln dielectric phenomena 

(9) Vertical variations in magnetic susceptibility 

( 10} Vertical variations in element and isotope composi-
tion 

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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1. Parameters listed above under topographic mapping, surface 
geological mapping, and subsurface geological mapping-
especially the stratigraphic relationships of consolidated 
rocks and unconsolidated deposits 

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 sur-
face geologic features. 

Significance 

The measurements made to satisfy this objective will: 

I. Provide ground-truth information necessary for the inter-
pretation of remote sensor data 

2. Provide basic data necessary for the interpretation of geo-
physical 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 understanding and de-
fining the characteristics of engineering properties of 
materials. 

Possible Parameters 

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

I. 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 

ll. Remanent magnetic polarization 

12. Reflectance- intensity, wavelength, and polarization 

13. Radioactivity 

14. Radiation emissivity. 

2. l. 3. 4 Lunar Physical Environment 

Objective 

The objective is to determine the characteristics of the lunar 
"atmosphere" and the phenomena associated with the atmosphere and the 
lunar surface. 
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Significance 

The measurement made to satisfy this objective will: 

l. Identify those characteristics of the lunar environment which 
might prove to be hazardous or helpful to man 1 s inhabitation 
of the moon 



2. Provide information which may sl.lggest 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: 

l. Solar and cosmic radiation flux 

2. Electrical potential gradient 

3. Atmospheric pres sure and composition 

4. Seismic activity 

5. Time and space variations in 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. I. 3. 5 Engineering Properties of Surface and Near -Surface Lunar Media 

Objective 

The objective is a quantitative description of engineering pro-
perties of lunar surface and near-surface media. 
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Significance 

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

Possible Parameters 

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

2. 1. 3. 6 

1. Strength (bearing strength, shear strength, 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 

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 1n relative gravity 

5. Time variations in relative gravity 

6. Heat flow 

7. Space and time variations in the magnetic field 

8. Telluric currents. 

2. l. 3. 7 Natural Resources 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., sulfur, 
basalt, hydrothermal, metasomatic, and magnatic dif-
ferentiation deposits) that are potentially useful to man's 
survival and inhabitation of the lunar surface 

2. Provide information on the origin of terrestrial metallogenic 
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. 1. 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 purposE;!s, 
seven lunar geological exploration objectives have been defined and their 
significance outlined. In order of priority they are a description of the geo-
logy of surfac;e features, the lunar geological history, the physical properites 
of lunar materials, the lunar physical environment, the engineering proper-
ties 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 experiments should 
be performed at selected fixed sites as well as on traverse missions cover-
ing 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, expecially a contact between mare 
material and highland or imbrian ejecta material; and possible active 
volcanic areas. 

2. 2 GEOLOGICAL MEASUREMENTS AND EXPERIMENTS RECOM-
MENDATIONS 

The recommendation of a sample geological measurements and ex-
periments package for engineering design purposes to be used on lunar 
surface scientific missions is based on the requirements necessary to 
achieve the lunar geological exploration objectives. Seven lunar geological 
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exploration objectives are defined and explained in Section 2. 1. In descend-
ing priority order they are: (1} a description of the geology of surface fea-
tures, (2) the lunar geological history, (3) the physical 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's natural resources. A series of parameters which may 
be measured to achieve each of these objectives also is listed in Section 2. l. 
These parameters in turn suggest a group of measurements and experiments 
for possible application to the lunar surface scientific mission. These in-
clude topographical, geological, and geochemical measurements to be made 
both on the mis sian traverse and at fixed sites. 

2. 2. l Evaluation of Measurements and Experiments 

Potential measurements and experiments to study the parameters 
listed in Section 2. l are given in relation to their discipline in the left-hand 
column of Table 2-l. Disciplines include topography; geology-surface and 
subsurface; geophysics -traverse geophysics, drill-hole geophysics, material 
properties, and natural phenomena; engineering; and geochemistry. In 
Table 2-l, 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 luna:r 
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 significance. Many of the measurements have additional 
secondary payoffs which are not listed, but have been considered in the final 
evaluation. Still another column lists collateral measurements and experi-
ments which refer to auxiliary or related measurements which are neces-
sary to the performance and/ or the interpretation of the experiment. 

Each measurement and experiment has been evaluated in terms of 
the importance of the resulting information or data to the achievement of 
the exploration objectives plus the reliability, including uniqueness and pre~· 
cision, of the measurement. The results of most measurements and experi-
ments can be utilized to achieve more than one exploration objective; there-
fore, they commonly are rated under more than one objective. The rating 
system is numerically arranged from l to 5 with 5 representing the highest 
rank. To determine an over -all rank for each measurement and experiment, 
the rating under each objective has been multiplied by the priority rating of 
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the objective. The priority rating of the objectives is numerically arranged 
from l to 7 with 7 representing the highest priority. The sum of the prod-
ucts of the multiplication of the measurement rating and the objective pri-
ority provides the over -all rating of the measurements and experiments. 
This rating is given in the right-hand column of Table 2 -l. In the case of 
the geology of surface features objective which is divided into morphology, 
lithology, and structure, each subdivision has been considered individually 
with a priority rating of 7 because of the individual significance of each of 
the subdivisions. 

The measurements and experiments are listed in order of numerical 
rating in Table 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 simi-
lar information. As a result, the principal scientific payoff must be consid-
ered in the final evaluation to avoid duplication of effort and results. More-
over, certain measurements and experiments must be given a high priority 
in the final evaluation, despite a relatively low numerical rating, because 
they provide important and unique results. 

2. 2. 2 Recommendations 

Following the measurements and experiments analysis system sum-
marized in Tables 2-l and 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 2-3, 2-4, 2-5, and 2-6. The 
measurements and experiments of "major importance" are those which 
provide the most significant or useful information on the most important 
lunar exploration objectives. The measurements and experiments of "inter-
mediate importance" are those which provide less significant information or 
are applicable to fewer or lower priority exploration objectives. This group 
also includes certain physical property measurements which could be per-
formed on samples at a lunar base or possibly returned to earth, but which 
would be more significant when measured "in situ". This especially is 
true of unconsolidated materials. The measurements and experiments of 
"minor importance" are of less significance 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. The measurements and experiments are not listed in priority 
order within these tables because of the subjective nature of the evaluation 
procedure. Table 2-6 separately lists the geophysical logging methods in 
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an analogous rating system. The nomenclature used for the geophysical 
logging methods follows as much as possible that used by the Schlumberger 
Well Surveying Corporation. Table 2-7 lists the measurements and experi-
ments to be performed on samples at a lunar base and/ or returned to earth. 

The recommendations included herein obviously may be altered as 
additional information becomes available on the lunar surface from remote 
sensors and/ or direct measurements on the lunar surface. 

2-17 





EXPLORATION OBJECTIVES 
Experiment & 

Grormd Geology Physica Engi- N ~ Measurement 
Truth Performed 

Collateral Measurements Experiments and .,........,..~~~e~!~~u;:r:~:;~~e=-~~e §:_Proper- Geo~hysical nee ring ~ ~ Sensor Principal Scientific Payoff • .-~ >- ies Env1ronment Proper-~ ~ r-l u and Experiments Measurements ~..c: Litho!- Struc- gf ~ (5) (4) ties a .B ~ ~ On Samples e-r:- ogy(7) ture(7) 'g~~ __ (3 ) M ~.B ~ll-:,..---r----lin 
~ - ,qub Sub '-' 51 Sub "~~. )3ub ub .Ei tl ~ ~ R Situ 
a__ fug.f~~r£ §.!gil Surf --lfu!.nsur£~ ~!Sur ~fulr£ ......---~ m:~e Surf - Earth Moon 

TOPOGRAPHY 
Survey control for aerial photographs 5 4 X X Topographic mapping from aerial Black & white and/ or color 80 

photos aerial photos 
Morphological mapping (contour in- 5 ~4 4 X X Topographic mapping of small Surface photography, geo- 85 

terval - 10 em to 10 m) scale morphologic detail logic mapping 
Micromorphological mapping {contour 5 4 X X Topographic mapping of micro- Surface photography 77 

interval-! rnm to 10 em} morphology illustrating surface 
texture 

GEOLOGY 
Surface 

Plane table type mapping 4 X X Areal distribution & structure of Specimen examination and col- 96 
rock types with vertical control lection, surface photography. 

Pace and compass type mapping 4 X X Areal distribution and structure Aerial and surface photo- 96 
of rock types without vertical graphy, specimen examina-
control tion and collection 

Measurement of geological sections 4 X 1 Stratigraphy and structure Specimen examination and 58 
Surface photography collection 

Black and white 5 4 X X X Lithology, structure, surface Specimen examination and 106 
configuration, and geological collection 
location of rock specimens 

Infrared X X X Lithology and structure Specimen examination and col- 36 
lection, thermal radiation 
properties measurements of 
specimens 

Ultraviolet 1 3_ X X X Lithology Specimen examination and col- 28 
lection 

Color 3 2 4 X X X Litholog)r, structure, surface Specimen exarnination and col- 124 
configuration, and geological lection 
location of rock specimens. 

Specimen examination and descrip- 5 4 4 X X X X X Lithology and structure Plane-table or pace and corn- 106 
tion pass type mapping 

Specimen collection 5 5 X X X Samples for physical and chemi- Specimen examination and. 114 
cal studies description 

Petrographic ,analysis 2 5 1 2 X X X X Mineral composition and micro- Specimen collection 93 
structure 

Subsurface 
Drilling with collection, description, X X X X Subsurface lithology, structure, & Geophysical drill hole logging 149 

and photographs of cores and/ or stratigraphy; pas sibly only method 
cuttings of obtaining an in situ consoli-

dated rock sample; 
Provides opportunity for in situ 
phenomena and parameter me as-
urernents 

GEOPHYSICS 
Traverse Geophysics 

Seismic 
Seismic reflection 4 2 X Rock layering and depths, Sonic logging, seismic re- 41 
Seismic refraction structure fraction 

Near surface (<30 rn depth) 4 4 2 X Rock layering depths, and a eis- 85 
Shallow (30-300 rn depth) 3 4 2 X rnic velocities (lithology), 72 

} Intermediate (300 rn - 10 km depth) 3 4 2 X structure 71 
Deep (>10 km depth) 2 4 3 X 80 

Gravity 
Geological 

Relative acceleration 4 2 2 X Subsurface structure, in situ Bulk density, position and 57 
density of near surface ma- elevation control 
terials 

Vertical gradient X Subsurface structure 21 
} Bulk density, position control 21 Horizontal gradient X Subsurface structure 

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

Total intensity 3 2 2 2 X X 47 

Vertical intene:ity 3 2 2 2 X X 47 

Horizontal intensity 3 2 2 2 X X l Spatial description of lunar mag- Time variation of lunar mag- 47 

Declination 1 1 z 1 X X netic field, subsurface structure netic field, position control 26 
Horizontal gradients 2 1 2 2 X 30 
Vertical gradiemts 30 2 1 2 2 X 

Electrical 
26 Spontaneous polarization X Structure, lithologic variation 

Resistivity sounding (vertical X X Lithology, structure & depth of Electrical spontaneous 42 

variations) layering polarization 
27 Resistivity profiling (horizontal X Structure, lithologic variation Electrical spontaneous 

variations) polarization 
14 Potential - drop X Structure, lithologic variation Electrical spontaneous 

polarization 
14 Equipotential point and line X Structure, lithologic variation Electrical spontaneous 

polarization 
20 Magnetotellurics X Structure 
23 Telluric currents X Structure 
14 Electromagnetic induction X Structure, lithologic variation 

Electromagnetic galvanic X Structure, lithologic variation Electrical spontaneous polariz. 14 
Electrical spontaneous polariz. 26 Induced polarization X Structure, lithologic variation 

22 Natural gamma ray emissivity X X Continuous spatial variation in 
lithology and structure, radia-
tion hazard 

Time variation of lunar sur- 41 Surface temperature X X Lithologic variation, 
igneous activity face temperature 

Drill hole geophysics 
21 Spontaneous polarization X X Electrical potential gradients, 

Resistivity stratigraphy 
32 Normal 1 X X Lithologic variation, stratigraphy 
37 Lateral 2 X X Lithologic variation, stratigraphy 
56 Microlog (Contact) 3 X X Stratigraphy, lithologic identifica-

tion 
50 Induction 3 2 X X Stratigraphy, lithologic variation Caliper logging 
19 Indue ed polarization 1 1 X X Stratigraphy, lithologic variation 
27 Ele ctrornagnetic 2 2 X X Stratigraphy, lithologic variation 

Radiation 
47 Natural gamma 2 2 X Natural radioactivity, lithologic 

variation 
Radioactive isotopes, lithologic 26 

Spectral gamma 2 2 X 
variation 

48 
Gamma-gamma X Density, porosity, lithologic 

variation 
70 

Neutron-gamma 4 X Element identification, litho-
logic variation 
Hydrogen concentration, litho- Gamma logging 63 

Neutron-neutron 3 3 X 
logic variation 

Thermal conductivity 65 Temperature 2 5 3 X X X Lithology and heat flow 
Temperature 58 Thermal conductivity 5 3 X X X Heat flow 
Time variation of magnetic 36 

Magnetic field 2 2 2 2 X X X Stratigraphy, structure, and 
environment field 

Caliper logging 57 Magnetic susceptibility 2 2 X X X Stratigraphy, lithology, and in-
terpretation of surface magnetic 
measurements 

78  Sonic {seismic velocity) 4 X X Lithologic variation, interpre-
tation of seismic reflections 

14 
Caliper {drill hole diameter) X Physical characteristics of ma-

terials drill hole diameter 
13 

Diprneter X Structure 
31 X X Lithologic variation, structure,  Gravity 

and bulk density  

 
 

N

N

N
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Compressional velocity 

Sur Surf!Atm.t:;ur :~u_r. s_u_r_f-!"S='u,-.r+-+-~m!!.o"'"t~e+S_u_r_f -1r ·--- E~~ ~~ r-------------------+ .. ---- ·-~ ______ -------1.-----1 1
X X X X Interpretation of seismic meas- J 18 

Shear velocity 
Attenuation 

Electric 
Conductivity 
Dielectric constant 

Density 
Bulk 
Mineral or particle 

Thermal 
Conductivity 
Specific heat 
Diffusivity 
Inertia 
Coefficients of expansion 

urements and determination of Specimen debcription and 
physical properties collection 

X X X X 13 
X X X X 8 

4 X X X X X Interpretation of electrical geo- } Specimen description and zo 
4 X X X X X physical measurements and collection zo 

groWld truth data 

4 4 X X X Gravity interpretation, porosity, } Specimen description and 3Z 
4 4 X X ~} and determination of other collection 3Z 

physical properties 
4 X X X X zo 
4 X X X X ~l zo Heat flow and groWld truth data Specimen description and 
4 X X X zo 

collection 
4 X X X ~j zo 
1 X X Interpretation of erosion 8 l phenomena 

Thermal radiation 
Intensity 
Power density 
Wavelength 

4 X X X X zo 
4 X X X X Ground truth data External radiation flux 20 } 4 X X X X zo 

Magnetic 
Susceptibility 
Remanent polarization 

Reflectance 
Intensity 
Wavelength 
Polarization 

Elastic constants 

3 X X X X X Magnetic interpretation Specimen collection and 15 
4 3 X X X X Magnetic interpretation & description, collection of 39 

paleomagnetism oriented specimens 

5 X X X X Z5 
~~ 

5 X X X X ::~ Ground truth data Extra-lWlar radiation flux Z5 } 5 X X X X Z5 
~) 1 X X Engineering properties Specimen description and 14 

Radioactivity 

Porosity 

Permeability 
Natural Phenomena 

Seismic Activity (passive) 4 
Meteorite flux 
Extra-lunar Radiation flux 

collection 
X X X X X Radioactive hazard and inter- Specimen description and 15 

pretation of natural gamma ray collection 
emissivity surveying 

4 X X X X X Engineering properties, ground Bulk and mineral or particle zo 
truth datq :density 

X X Gas mobility Porosity 19 

X Internal structure, meteorite flux 53 
X Hazard and meteorite flux Seismic activity (passive) zo 
X Hazard_ and geophysical environ- zo 

Atmospheric electrical potential 
gradients 
Magnetic field-time variation 

Total intensity 
Vertical intensity 
Horizontal intensity 
Declination 
Horizontal gradients 
Vertical gradients 

Erosion mechanism 4 

ment 

4 X X Hazard and geophysical Time variation of magnetic 16 
environment field 

z X X : Zl 
z X X Zl 
z X X Internal structure and geophysica Ele c;:tric field time variation 21 
z X X environment Zl 
1 X 17 

X 17 J 
X X Morphological development and Specimen description and collec- 50 

Gravity 
Absolute 
Tidal 

Heat flow 

Acoustic 
Temperature 

Time and space variations 

ENGINEERING 
Bearing strength 
Shear strength 
Penetration resistance 
Internal properties 

origin of surface WlConsolidated tion, extra-lunar radiation flux, 
material meteorite flux 

3 X Figure of Moon } Abs clute pas iti on and elevation Z6 
3 X Strength of Moon . control 14 
4 X Internal composition and thermal The:i·mal conductivity, subsur- 45 

history face temperature gradient 
X Communications LWlar 11Atmospheric 11 pressure 4 

X X Geophysical environment, ground Heat flow, thermal radiation, zo 
truth data and reflectance properties of 

surface materials 

5 X Density, porosity, specimen 15 
Suitability to overland transport-) 

5 X description and examination, 15 
ation and construction, physical--~ 

5 X electrical potential gradients, 15 
properties ) 

5 X J chemical and mineralogic com- 15 

GEOCHEMISTRY 
Rock- chemical composition 

Spectrometry 4 4 
Neutron-gamma analysis 4 4 
Wet analysis 3 3 

position~ temperature 

4 4 X X X X X) Origin and history of Moon, dis- 1) Physical properties, specimen 56 
4 4 X X X X ~~ tribution of elements and isotopes .I> description and collection 56 
4 4 X X X X'"} lithology f) 49 

Mineral-chemical composition and 
structure 

X-Ray diffraction 3 3 
Spectrometry 3 3 
Differential thermal analysis z z 
Neutron-gan1ma analysis 3 3 
Gas chromatography 3 3 

Gas 
~tmospheric 11 gas pressure 

and composition 
!!Volcanic!! gas pressure and com-

position 
Radioactive age determination 

X X X 4Z 
4Z X X X Origin and history of Moon, ~ Physical properties, mineral 

X X X distribution of elements and iso- separation, specimen descrip- 35 
X X X topes tion and collection 4Z 

X X X 4Z 

X X X X Geophysical environment 34 

X X X X Volcanic and igneous phenomena, Surface temperature, heat flow 35 
origin and history of Moon surface geological mapping 

X X X X Absolute time scale Surface geological mapping, 30 
drilling, measurement of 
geological sections, specimens 
description and collection 

N 

N 

N 

N 
N 

TABLE 2-1 (CONT.) 
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TABLE 2-2 

RATING OF MEASUREMENTS AND EXPERIMENTS 
Numerical 

Rating 

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 
Pace and compass type mapping 96 
Petrographic analysis 93 
Near- surface (< 30 m depth) seismic refraction surveying 85 
Morphological mapping 85 
Deep (> 10 km depth) seismic refraction surveying 80 
Survey control for aerial photographs 80 
Sonic (seismic velocity) logging 78 
Micro-morphological mapping 77 
Shallow (30 to 300 m depth) seismic refraction surveying 72 
Intermediate (300 m to 10 km depth) seismic refraction 

surveying 71 
Neutron-gamma logging 70 
Temperature logging 65 
Neutron-neutron logging 63 
Measurement of geologic sections 58 
Thermal conductivity logging 58 
Gravity surveying-relative acceleration measurements 57 
Magnetic susceptibility logging 57 
Spectrometry, study of rocks-chemical composition 56 
Electrical microlog (contact) logging 56 
Neutron-gamma analysis of rocks 56 
Seismic activity (passive) measurement 53 
Electrical induction logging 50 
Erosion mechanism measurement 50 
Wet chemical 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 measurement 45 
X-ray diffraction study of separated minerals 42 
Spectrometry, study of separated minerals-chemical 

composition 42 
Neutron-gamma analysis of separated minerals 42 
Gas chromatography study of separated minerals 42 
Electrical resistivity sounding (vertical variations) 42 
Surface temperature surveying 41 
Seismic reflection surveying 41 
Remanent magnetic polarizatiaon 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 measurement 35 
"Atmospheric" gas pressure and composition measurement 34 
Mineral or particle density measurement 32 
Electrical normal logging 32 
Bulk density measurement 32 
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TABLE 2-2 (CONT.) 

Gravity drill hole 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 (horizontal variations) 27 
Gravity-absolute measurement 26 
Gravity-geodetic measurement 26 
Magnetic surveying -declination 26 
Spontaneous polarization surveying 26 
Induced polarization surveying 26 
Spectral gamma logging 26 
Reflectance properties measurements-intensity, wavelength, 

polarization 25 
Telluric current surveying 23 
Natural gamma ray emissivity surveying 22 
Spontaneous polarization logging 21 
Gravity surveying-vertical gradient 21 
Gravity surveying-horizontal gradient 21 
Magnetic field measurements -time variations of total, 

vertical, and horizontal intensity and declination 21 
Magnetotelluric surveying 20 
Electrical conductivity measurement 20 
Dielectric constant measurement 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 measurement 20 
Extralunar radiation flux 20 
Induced polarization logging 19 
Permeability measurements 19 
Seismic compressional velocity measurement 18 
Magnetic field measurements-time variations of vertical 

and horizontal gradients 17 
"Atmospheric" electrical potential gradient measurement 16 
Magnetic susceptibility measurement 15 
Radioactive properties measurement 15 
Engineering properties measurements-bearing strength, 

shear strength, penetration resistance, and internal 
properties 15 

Gravity-tidal measurements 14 
Caliper (drill hole diameter) logging 14 
Elastic constants measurements 14 
Electromagnetic induction surveying 14 
Electromagnetic galvanic surveying 14 
Potential-drop surveying 14 
Equipotential point and line surveying 14 
Seismic shear velocity measurements 13 
Dipmeter logging 13 
Seismic wave attenuation measurements 8 
Coefficients of expansion measurements 8 
Acoustic experiments 4 



TABLE 2-3 

MEASUREMENTS AND EXPERIMENTS OF MAJOR 
SCIENTIFIC IMPORTANCE 

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

Survey control for aerial photographs 

Morphological mapping 

Micro-morphological mapping 

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

Specimen examination and description 

Specimen collection 

Measurement of geologic sections 

Surface photography 

Black and white 
Color 

Seismic refraction surveying 

Near-surface (< 30-m depth) 
Shallow (3 0-to 300-m depth) 
Intermediate (300-m to 10-km depth) 
Deep ( > l 0-km depth) 

Seismic reflection surveying 

Gravity surveying-relative acceleration measurements 

Magnetic field surveying-total, vertical, or horizontal intensity measure-
ments 

Seismic activity (passive) measurement 

Heat flow measurement 

Erosion mechanism measurement 

Meteorite flux measurement 

Extralunar radiation flux 

Temperature surveying-time and space variations 
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TABLE 2-4 

MEASUREMENTS AND EXPERIMENTS OF INTERMEDIATE 
SCIENTIFIC IMPORTANCE 

Infrared photography 

Electrical resistivity sounding (vertical variations) 

Electrical resistivity profiling (horizontal variations) 

Natural gamma ray emissivity surveying 

Surface temperature measurement 

''Atmospheric" gas pressure and composition measurement 

Volcanic gas pressure and composition measurement 

Gravity-absolute measurement 

Gravity-tidal measurements 

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

"Atmospheric" electrical potential gradient measurement 

':'Penetration resistance measurement 

':'Bulk density measurements 

':'Reflectance measurements- intensity, wavelength, and polarization 

':'Thermal radiation properties measurements- intensity, power 
density, and wavelength 

':'Electrical conductivity measurements 

':'Dielectric constant measurements 

To be performed "in situ" on unconsolidated deposits 
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TABLE 2-5 

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 measurements-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 

Acoustic experiments 
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TABLE 2-6 

GEOPHYSICAL LOGGING METHODS EVALUATION 

Major Importance 

Sonic (seismic velocity) 

Neutron-gamma 

Temperature 

Thermal conductivity 

Electrical induction 

Intermediate Importance 

Neutron-neutron 

Electrical microlog (contact) 

Gamma-gamma 

Gamma 

Caliper (drill hole diameter) 

Minor Importance 

Magnetic susceptibility 

Electrical lateral 

Electrical normal 

Magnetic field 

Gravity 

Electromagnetic 

Spectral gamma 

Spontaneous polarization 

Induced polarization 

Dipmeter 



TABLE 2-7 

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

Petrographic analysis 
Radioactive age determinations 
Chemical composition of rocks 

Spectrometry 
Neutron-gamma analysis 
Wet analysis 

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

Seismic 
Compressional velocity 
Shear velocity 
Attenuation 

Electric 
Conductivity 
Dielectric constant 

Density 
Bulk 
Mineral or particle 

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 
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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 recom-
mendation of the best instrument design techniques for lunar exploration, 
( 3) conceptual de signs of geological exploration instruments, and (4) the 
operational procedures for use of the instruments. The instrument selection 
and design philosophy to be used are discussed in this section. Section 9. 1 
gives the instrumentation system design philosophy, restraints, and guide-
lines. 

The following definitions are made for clarity in the discussion in 
the rem.ainder of this report; 

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

A technique is the method used to obtain the measurement~. g., 
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 characteristics of the in-
strument such as volume, mass, power, data output, etc. 

The following criteria were used in the selection of a measurement 
technique and the conceptual de sign of an experiment: 

1. The technique must be capable of measuring 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 
additional data are required, those techniques requ1nng minimal 
and easily obtainable additional data should be favored. 
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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 instrumentation is stored in 
a temperature -controlled environment prior to use. If an in-
strument is to be used on the lunar surface, it must operate 
satisfactorily during the temperature excursions occurring during 
surface operation or provide thermal control of sensitive elements. 

5. The basic technique should be proved, and suitable equipments 
should exist which can be easily modified. Any new technique 
proposed should not require large state-of-the-art advancements 
to prove its feasibility. Maximum use of existing space instru-
mentation 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 requue 
detailed and involved sample preparations or sample analysis 
should be avoided. 

10. Experiment operations requiring only voice recording of obser-
vations were favored over those requiring the astronauts' written 
records. 

1 L Of the techniques satisfying the above requirements, those with 
the minimum weight, power, volume, and data requirements 
were favored. 



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 dispersive type 
spectroradiometer and interferometer type spectrometers. At least three 
photographic cameras or a multi-lens camera system will be required. A 
fourth camera or one dual-lens type would provide stereoscopic capability. 
These cameras will be equipped with 70-mm film which is sensitive to the 
UV between 0. 20 micron. (f.L) and 0. 40 f.L; to the visible between 0. 36 and 
0. 72 f.L; and to the IR between 0. 65 and 0. 95 f.L. One TV camera would be 
mounted and bore sighted with the instruments to act as an observing and 
guiding telescope for the astronaut in the MOLAB cabin. Other TV capa-
bility may be provided by the cameras which are already de signed into the 
vehicle configuration for other purposes; e. g. , navigation and control. 

The measurements to_ be discussed have been categorized as: ( 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 resolution ele-
ment at a time such as a radiometer where the elemental area is defined by 
the size of the projected detector area. The former is called synoptic 
imagery, and the latter, point detector imagery. TV may be considered as 
a product of both categories since the frame 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. These data 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. Three -dimensional 
shapes, surface textures, patterns, and surface reflectance features can be 
derived from two-dimensional spatial distribution of luminance tones. 
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Rigorous derivation of three-dimensional spatial distributions of the sur-
face, of course, requires stereo imagery, with two overlapping images 
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 otherwise 
sens1ed which provide specific physical information to aid in interpreting 
images from earth- based or orbital sensors. 

4. 1. 1 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 replaces 
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 con-
siderably reduced fromthe present two hours for 90° to the order of sec-
onds. 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 photo-
metrically and have an accurate record of time, solar angles, and instru-
ment orientation angles. 

4. 1. 2 Instrument Requirements 

The following system parameters are of importance and have been 
discussed in the Interim Report. 
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Sensitivity Spectral bandwidth 

Exposure/ scan time Total amount of data 

Dyna·mic range Data storage capacity 

Spatial resolution Image motion compensation 

Field-of-view Data transmission capability 

Image size and format Exposure repetition rate 

Here it was shown that the range of exposure times required for 
day and night sensing may be from 1 o- 5 sec to 10 3 sec depending on the 
sensor sensitivity and the objects of interest. The cameras should there-
fore have as much versatility as possible; manual and semiautomatic opera-
tional modes should be provided. The photographic instruments examined 
during this study which are in use or in development and could be applied 
with some modifications to withstand the lunar environmental effects 
listed in Table 4-1. The model selected for the engineering purposes of 
this study is the ITEK Day/Night camera. The provision for image motion 
compensation (IMC) is important since it is anticipated that some photo-
graphy will be done while the vehicle is in motion. Studies have shown that 
image smear will result, and surface texture and structure investigations 
will be impossible unless IMC is used. The FOV of approximately 60° will 
provide resolution giving surface texture (0. 001 m scale) out to three meters, 
surface structure (0. 01 m scale) out to 30 meters, and surface element 
definition (0. 1 meter scale) out to 300 meters. 

4. 1. 3 Film Type 

The selection of film type is governed by many factors including 
required sensitivity, spectral range, dynamic range, resolution, and 
susceptibility to solar radiation. The ideal type would be a high fidelity 
color film with a dynamic range of at least 104 with spectral sensitivity 
from the UV through the IR region. Since this capability is not likely to 
be fully developed, and an inaccurate color rendition may be more mis-
leading than a monochrome image, it is recommended that photography be 
done in three or more separate spectral ranges. Until more specific guid-
ance can be provided through validation experiments and early lunar 
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TABLE 4-1 

PHOTOGRAPHIC INSTRUMENTS 

Manufacturer J.A. Maurer Photosonics Graflex Itek 
Itek Day or 

Night 

Instrument 
Model 

Automax G-1 
Cine-Pulse Camera 

9 Lens For 
AFCRL 

Film Format 16 mm up to 
2500 frames 

70mm 
(2 1/411 

2 1/411
) 

X 

16 mm 35mm 16 mm 
35mm 
70 mm 

70 mm 70 mm-
2. 25 X 2. 25 

Pulse Rate On command Up to 10 frames/ sec 
or cine 16 frames/sec 

FOV Lens 68° f/1. 8 
10 mm f/1 

50 mm-f/1 
8 mm-f/2. 8 

75mm 
35mm 
25mm 
2mm 

Variable 28 mm f/2. 8 
85 mm f/1. 5 
35 mm f/3. 5 
50 mm f/2; 90 mm f/4 

58. 6° 
52 mm f/2. 5 

Power 18-28 V DC 

Weight (Kg) < l. 0 ,.., 2. 5 3 5. 0 (plus lens and mag) 2.4 

Size (em) 7. 6 X 10. 2 
X 3. 8 

11. 4 X 

19. 0 
X 14.0 

4. 0 X 8 
x 14 lens 

22 X 11. 4 X 11. 4 
w / 400-ft mag, 36 X 

12. 5 X 3. 3 

10 X 22 X 17 

Exposure 0. 1-30 sec sec 
500 5 . 

mln 6 fps, 1 fps 1/64 sec Open to 
1/500 sec 

Remarks On BIOS 
satellite 

For astro-
naut use 
GEMINI 

Time se-
quence for 
APOLLO 

100-, 200-' 400-ft 
capacity 15 g in all 
directio.ns + 1 50° to -70°F 
90o/o humidity at J 50°F 
0. 05 vib ampl up to 58 cps 

Prelim 
studies 
made 



exploration missions, these regions should cover the UV (0. 2 IJ. to 0. 4 IJ. ), 
the visible (0. 4 IJ. to 0. 7 f.l ), and the IR (0. 65 IJ. to 1. OIJ.) to corroborate 
studies made recently by Rackham and Kopal. The visible region film should 
be of the same type as will be used in the Lunar Orbiter System so that cor-
relation may be facilitated by having the same spectral sensitivity and 
dynamic range or contrast properties. Type 103 films are suitable for the 
VV with transmis sian provided by reflective or quartz refractive optics; 
type 1-N emulsions should be used for the IR region;, 

4. 1. 4 Development Time and Cost 

To develop a camera which will satisfy the anticipated lunar appli-
cations will require the efforts of three engineers for a period of six to 
12 months. Theproblem areas foreseen are (1} modifying the camera body 
to withstand the temperature and vacuum environment, and (2} providing 
additional film capacity or a convenient means for a suited operator to change 
the film. The design and fabrication of an optical system which will transmit 
the short UV will also be a specifically required task. 

4. 1. 5 Operation of Synoptic Instruments 

Two modes of measurement are proposed: semiautomatic and manual. 
The semiautomatic mode is used for general, complete coverage along the 
traverse, 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 FOV, and ex-
posures are initiated simultaneously. For a four-camera system (two-
camera stereo system) all four exposures are taken at the same position. 
For a three -camera system, the fourth exposure (to provide stereo cuverage) 
is taken at some later time determined by FOV, vehicle speed, and desired 
percent overlap of the two frames. This mode is initiated at the start of a 
period of travel by the astronaut switching the system to the semiautomatic 
mode. 

The manual mode is used when the vehicle is 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, via a miniaturized 
closed-circuit TV system boresighted with camera 1, 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 

l. Astronaut engages manual mode 2 sec + warmup 
which automatically turns on TV 
monitor. 

2. Astronaut presses servo controls 10 to 60 sec/ scene 
to aim TV camera at desired 
target area. 

3. Astronaut exposes cameras 2 sec 
(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 standby until 2 sec 
traverse is resumed, when 
it is put into semiautomatic. 

Total Time 4 sec plus 

N x (12 to 62 sec) 

N = number of target areas photographed. 

4. l. 6 Reliability Considerations 

During the hardware development phases, primary consideration 
should be given to reliability to ensure high degree of confidence in sue-
ce s sful operation of the cameras. It is not considered feasible to replace 
parts or repair instruments during the mission where so many other scientific 
tasks are planned. 

4. 1. 7 Data Handling 

A flying-spot scanner readout device similar to that developed for 
Lunar Orbiter is to be included on MOLAB for returning the photographic 
data from the scientific mission to earth. This will as sure that the vital 
information is available in case of mishap in returning the film to earth 
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for subsequent study. Provision shall be made in the cameras sothat short 
sections oEiilm can be removed and sent through the scanner for earth-based 
observation during the course of the mission. 

Details of the data format and rates are discussed in Section 4. 3 for 
the total instrument package. 

4. 2 POINT DETECTOR IMAGERY MEASUREMENTS 

Point detector imagery measurements should be made 1n two different 
modes: (1) total radiance integrated over a broad wavelength region of, say, 
0. 2 to 25 fl. should be determined as a function of time, aspect angles, 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 anticipated spectral dis-
tribution is shown in Figure 4-1. In the solar region (below 3f.L ), the data 
collected will give the spectral reflectance, and may indicate the geological 
composition of surface features. Although less than 0. 1% of the solar radi-
ation is in the region below 0. 2 fl, it is realized that useful data which cannot 
be obtained through the atmosphere of the earth may be gathered by lunar 
surface spectrometers. As more definitive information similar to that 
gathered in the IR is received, instrumentation capability in the spectral 
regions between 0. 15 and 0. 20 fl and for the Lyman a (0. 12l6f.L) line can be 
added by using lithium fluoride or similar optical systems .and far UV sensi-
tive detectors. For the thermal region (between 4 and 25 fl ), 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 fl. at 10 flJ, the IR spectral reflectance or emittance may be used to 
identify composition (as has been done for the various silicate forms by 
Lyon & Burns. 

However, the measurements made to date have been under laboratory 
conditions on specially prepared samples or by attenuated total diffuse re-
flection. The ATR method would not be feasible from a roving vehicle, but 
the technique of measuring radiation emitted by the specimen, especially in 
the 8- to 20-f.L region,does appear potentially useful. Field investigations 
will be necessary to determine how wen unprepared raw samples can be 
identified, since it is well known that the signature peaks and valleys be-
come indistinct as the particle size decreases and as the surface becomes 
more roughened. 
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Thermal 
Emittance 
(T = 373 °K) 
E 5 = 0. 90 

10- ·~------------------4------------------+---------1------~ 

Reflected 
Sunlight 
(Reflectance = 

10 _ 6~--~~o~·~o3~6~5~J-------4--~--------~-------------4------~ 

10-8~--~--~_.~_.~~~------._--~--~_.~_.~~~----~ 
0. 2 1. 0 10. 0 

Wavelength 
(Microns) 

Figure 4-1 Spectral Irradiance From Lunar Surface for the Spectral 
Range 0. 2 to 15 Microns Collected by 1. 5° FOV Instrument 
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4. 2. 1 Total (Integrated) Radiation Measurements 

4. 2. 1. 1 Data Obtainable From Measurements 

The measurements made in the region below 3p. should be pri-
marily 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 bandpasses used on 
the radiometer should therefore correspond approximately to the spectral 
sensitivity of the films to be used. The range of luminance values will be 
from 0. 085 candlefm2' (0. 025 ft-lamberts) in the shadows to 3426 cm/m2 

( 1000 ft-lamberts) 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. 

The calculated integrated irradiance is plotted in Figure 4-2 (for the 
4- to 15- p. region) 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 factor is the product of the Stefan-
Boltzmann constant and the emissivity value, an accurate determination of 
the emissivity from the spectral measurements in conjunction with these 
integrated values would determine the surface temperature. 

4. 2. 1. 2 Instrument Requirements 

The functional parameters which must be considered for instru-
ment de sign include: field-of-view, sensitivity, system efficiency, spectral 
bandwidth, scan time, sampling interval, data rates, and data format. 
Consideration of each was included in the Interim Report. To facilitate cor-
relation, the FOV for each instrument of the elemental imaging or point 
detector type on this mission should be identical. 

Since two regions are of interest, either two instruments or a 
multi-channel instrument is required. The multi-channel device is preferable 
because of the lesser size, weight, and power. 
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Manufacturer 

2 
Sensitivity (w/ em ster) 

Available Spectral Range 

Detector 

Field of View 

·weight 

Size 

Power 

Block 
E-9B 

-6 
5. 25 X I 0 

Thermistor 
bolometer 

60° circular 

14 lb 6 kg 

510 in. 3 

8340 cm 3 

117 VAC, 20w 

Lunar Surface Radiance in 4-151-L 
Region 

(w/ cm2 ster} 

IRI 
TD-8 

(Radiation Thermometer) 

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

Viaible to 7JJ. 

InSb (PEM) 

0°.87 

16 lb 7 kg 

1l"x13"x6" 
3 X 10 X 6 

60 w 

to 

Barnes 
12-122 

2. 7 - 6. of.L 

Cooled PbSe 

2° max. 

77 lb 170 kg 

2900 in. 3 

47,500cm 3 

115 VAC, 90 VA 
28 VDC, 90 VA 

Barnes 
R-8D2 

-6 
l. 2 X 10 
or9.0xl0-6 
w/ cm2 ster 

6 position 
tiler wheel 

2 channel-
thermistor plug 
interchangeable 
package 

112° x 1/2° or 
I i l 7° X l l 7° 

l 70 lb 78 kg 

14, 350 in. 3 
235, 000 cm 3 

400 watts 

Block P-ll 
( 3 -channel) 

4. 9 x 10- 12w/cm 2 ster u 
at 6000~ 

0. 2 - 0. 65u; 0. 7 - 3. Ou; 
3. 0 - 25u 

1PZ8, PbS 
bolometer 

15 lb 7 kg 

lOw, 28 VDC 

TABLE 4-2 

RADIOMETERS 



€ = 0. 70 

I 0 System FOV = 1. 0 

€ = 0. 93 

System FOV I 0 = 0. 1 

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 

10-~~------~------~~----~~----~ 
200 250 300 350 400 

Surface Temperature 
(OK) 

2Figure 4-2 Spectral Irradiance (4 to 15 Microns) (w/ em ) 
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4. 2. 2 Spectral Radiance Measurements 

0 
The spectral reflectance and emittance measurements in the 2000 A 

to 15-J.L region can be performed by either a spectroradiometer or 
interferometer-spectrometer. Although interferometers have several de-
finite 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, the tentative values 
in Table 4-3 will be used. 

4. 2. 2. l Spectral Radiometric Instruments 

The instruments available for spectral measurements are listed 
1n Table 4-3. For purposes of temperature determination, any of these de-
vices which perform the reflectance measuring mission suitably are capable 
of providing the temperature and emissivity. Sensitivity is no problem 
during the lunar day, butdoes prevent temperature measurements during 
much of the lunar night. 

4. 2. 2. 2 Technique Evaluation and Selection 

The technique for measuring spectral radiance in the solar region 
(below 3 Jl.) can best be accomplished with dispersing spectroradiometers 
for several reasons discussed in detail in the Interim Report. 

Thus, it appears logical to select a standard grating or prism 
spectroradiometer over the interferometer- spectrometer for the short wave-
length and the latter for the long wavelength region. 

For the IR region, the resolution does present a design problem 
in that presently existing systems have a best resolution of 40 em -1 at l 0 Jl., 
while molecular vibration analysis for composition identification requires 
5 cm- 1 at 10 Jl.· This problem is under investigation by several design 
groups and it is highly probable that lunar qualified models of the prototypes 
now being tested will be available in time for the post-Apollo Program. 

For general exploration purposes, a spectral resolution of 
20 em -1 at l 0 Jl. would provide important spectral emissivity data, as well 
as surface temperature, heat flow, and some crude compositional information. 
This order of resolution can be obtained by selectively modifying presently 
existing equipment. 
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TABLE 4-3 

SPECTRAL RADIOMETRIC INSTRUMENTS 

t Manufacturer Block Beckman Perkin-Elmer U ofM Barnes 

Instrument I-S Grating UV -Visible SG-4 (Grating) SG-4 I-S Fabry Perot 
Spectrometer Spectrophotometer (Modified) Interferometer 

Model I-4T E-8A Developmental 

Spectral Range 2 - 16y. 0. 21 - 0. 68J.1 0. 35 to l5J.1 7 - 40p- 500 to 

(depends on detector) 1700 em 
-1 

(5. 9 - 20)-l) 

Spectral Resolutior: 40 em -1 50~ 0. 05p required 5 cm- 1 at 
(5 cm-l at lOp) lOJ.l and longer; 

8 cm-l at 6p. 

Sensitivity 2 x l0-7w/cm2/p 10 -l9w /cm 2/p 1. Z5 X 10-3w/ cm 2 at 5. ZJ.l with InSb 

FOV 1.5 
0 

Z0° x Z0° (Optional) 8 x 40 milliradians l. 50 I 
Detector I Thermistor lP28 or lPZl PbS, InSb, CuorAu doped Ge, Cooled doped Thermistor 

Bolometer Germanium bolometer 
with light 

· pipe 

Scan Time (40 spectral orders Is ec l - 20 sec/ spectra 1 - zo sec/spectra 

Weight {Kg} Z.5 4 8 + control unit 10 

Size {em) 8. 13 X 16 X 16 15 X 15 X 28 45 X Z6 X 15 + 45 X 54 X 19 

Power (watts} 10 42 50 (maximum) 10 

Aperture Stop 2.15 em 2 10.2 em diameter 15 em diameter i 
(155 cm2 ) l 

Remarks Laboratory Model (ruggedized} No additional Two Units Suggested by Development model. 
data available Lyon & Burns {1963} I Di'cu"ed >' 3<d 

Annual Remote 
Sensing Symp. {l964} 

I-S Interferometer Spectrometer 
S -R Spectroradiometer 



4. 3 COMBINED INSTRUMENT PACKAGE 

The total package should consist of the items listed in order of priority 
in Table 4-4. 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 as many exposures as desired 
per station. 

The selection of sites for the continual surface measurement is arbi-
trary at present. Periodic measurements should be made along traverse 
which the vehicle can negotiate. The actual terrain elements and geophysical 
features encountered will determine, through the judgment of the astronaut, 
that 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 determined from data obtained in simulation and 
validation experiments, and from earlier lunar mapping missions. A func-
tional block diagram and possible design configuration are given in Figure 4-3. 
This configuration is presented as the ideal situation and integration with the 
MOLAB design with due consideration of the constraints should yield the 
closest approach possible. Each instrument should be boresighted and have 
the widest clear FOV possible. The boresighted TV camera should have a 
display monitor located in the vehicle to permit guidance of the instruments 
and observation of the objects of interest. 

4. 3. 1 Data Handling 

The specific instrument types to accomplish the experiments listed 
and methods of data handling are summarized in Table 4-5. Sequencing of 
instrument operation, and data storage or transmittal is coordinated with 
other experiments in coordination with the entire mis sian profile. It is 
anticipated that all electrical data will be telemetered directly to earth with 
no analysis done by the astronauts. An A-scope display which can be switched 
to each of the instrument outputs should be provided for monitoring and house-
keeping purposes. 
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TABLE 4-4. 

COMBINED INSTRUMENT PACKAGE 

Warmup 
Mass Dimensions Power Time Instrument ON Time Modes of Data Data Bandwidth 

Instruments {kg) (ern) (watt) Model Selection (sec) (sec) Status Indicators Operation::~ Accuracy Data Display (BPS) 

70mm Pulse-tyEe Camera O.l-10. 0 Radiation Level M,SA 10% C-scope on Earth 
Monitor 

#1 (spectral reference and 3.1 lQ X 22 X 17 75 ltek 70rnm D/N Thermae ouple 
ill stereo) + magazine (modified) 

#2 (UV) 2. 5 10 X 22 X 17 75 Itek 70rnm D/K Thermocouple 

#3 (IR) 2. 5 10 X 22 X 17 75 Itek 70mm D/N Thermocouple 

#4 (2nd stereo) 2. 7 10 X 22 X 17 75 Itek 70rnm DIN Thermocouple 
+ magazine {modified) 

Spectroradiometer 10.0 45x26xl5 50 F-E SG-4 30-60 1 to lO Scope Display M,SA 5% e-s cope on Earth 2. 8 X 102 - 104 

+45x54x19 (modified) of Signal 

Interferometer Spectrometer 4.0 8.13xl6xl6 10 Block I-4T 30-60 0. l to 3. 0 Scope Display M,SA So/et e-scape on Earth 3. 0 3 X 10 2 - D. 1 X 10 3 

(modified) of Signal {with 0. 4 sec max:. 
scan rate) 

TV (includes display) 5. 0 15 X 20 X 28 25 GEe ED 6038 On during entire None M,SA 10% lv!onitor in Vehicle 
+ 15 X 15 X 20 (SONY monitor) experiment 

Radiometer (3 -channel) 7. 0 16.5x24x21 20 Block E-9B 30-60 1 to 10 Scope Display M,SA 5o/a e-scape on Earth 70-7xi03 

or P-11 of Signal 

Flying Spot Scanner 9.1 15 X 15 X Z5 20 30-60 Not in operation ~one SA 10% 3.2 X 104 -3.0 X 107 

during measure-
ment time pe:r 
frame 

Auxiliary Equipment 5. 0 SEE TABLE 4 

* SA - semiautomatic 
M - manual 



Interfero-Camera Camera Camera 2 Channel meter 3 - 2 ~ 1 - - Radio Spectro Spectro-
Film Film Film Meter Radiometer meter 
Processor· Processor Processor 

Flying Spot 
Sc_anner 

.__ 
Control 
Unit ~ 

Gimballed 
Platform 

Output to 
Control Vehicle Data Recorder 
Panel in and Processor 
Vehicle 

Radio 
Meter 

------------
Instrument Package ~ (',-~===--=~t===========~====;f~~=-----~~~ 

Miniaturized 
Vidicon Camera 

-·v ---- -r--..._-
Ct>ver I 

3 
Interferometer Cameras 
Spectrometer 

Sp~ctro

Ra¢iiometer 
Platform 

Figure 4-3 Functional Block Diagram and Possible Design Configuration 



Experiments 

Stereo Broadband 
Photography 

UV -Visible-NIR 
Spectral Analysis 

Spectral Emis-
sion Analysis 

Multi band 
Photography 

Instruments 

#l Camera 
#4 Camera 
TV 
FSS 

Spectroradiometer 

Short wavelength 
(2-channel) radiometer 

#l Camera 
TV 

Interferometer 
Spectrometer 

Long wavelength 
radiometer 

#l Camera 
TV 

#l Camera 

#2 Camera 

#3 Camera 

#4 Camera 
TV 

FSS Flying Spot Scanner 

Type of Data 

70mm film 
(435 stereo pairs) 

Tape (870 scans) 
Electrical - Analog 
Tape 
Electrical - Analog 

70mm film (870 frames) 

Tape (870 scans) 
Electrical - Analog 

Tape 
Electrical - Analog 

70mm film (870 frames) 

70mm film 

#l & #4 {218 stereo pairs) 

#2 {218 frames) 

#3 {218 frames) 

#l & #4 (218 stereo pairs) 

Parameters Measured 

Stereo pair - records 
spatial variations of 
surface luminances, Bv 

Spectral radiance, N 
Fluorescence 
Integrated radiance, N 

Spatial variations of 
surface luminance, Bv 

Spectral radiance, N 

Integrated radiance, N 

Spatial variations of 
surface luminance, Bv 

Spatial variations of 
surface luminance in 
3 spectral bands 

B uv 

Range of Measurements 

0 0 
3500A - 6500A 

0 
2000 - 8000A 
8000~ - 3. Ou 

2.0-25u 

0 
3500 - 6500A 

0 
2000 - 4000A 

0 
6500 - 8500A 

0 
3500 - 6500A 
4.31 x lQ-2 to 

3. 29 x 10 3 cd/m 2 

(luminance level) 

Resolution 

40 lines/mm 
(2. 5 x 105 spatial 
elements per 
frame for FSS} 

0 
lOA spectral 

2800 spectral ele-
ments per scan 

l 0 
- 10° FOV 

0. 05u spectral 
resolution 

520 spectral ele-
ments per scan 

l 0 
- 10° FOV 

40 lines/mm 
(2.5 x 105 spatial 
elements per 
frame for FSS) 

Time Resolution 

O.Oltolsec 

l. 5 to 20 sec 

l sec 

0.1-3.0 sec 

0. 0 l to l 0 sec 

TABLE 4-5 

SPECIFIC EXPERIMENTS TO BE PERFORMED 



4. 3. 2 Instrument Development Time and Cost 

Each of the instruments considered is in laboratory operation or in 
a stage of development for space applications. It is therefore estimated that 
lunar-qualified models could be available in a period of 6 to 12 months for 
costs approximating $50, 000 to $100, 000 for each type. 

4. 3. 3 Reliability Considerations 

Repair or maintenance of these instruments also is considered be-
yond the scope of tasks for the astronauts. Strict reliability programs by 
the manufacturers during development and fabrication should be sufficient to 
as sure satisfactory performance. In the case of point detector instruments, 
spare detectors may be included if weight and volume allotments permit. 

4. 4 AUXILIARY SUPPORT INSTRUMENTATION 

Several auxiliary parameters must be monitored, 1n addition to the 
measurements performed by the integrated experiment package, to provide 
meaningful ground truth information. Some of these auxiliary data or func-
tions may be performed by in-vehicle instrumentation, while others will 
require additional instrumentation. These auxiliary measurements or 
functions are tabulated in Table 4-6, together with the instrumentation re-
quired 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 in-
corporated 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 instrument 
package, as previously described. The accuracy requirements are approxi-
mate and will be revised as the system de sign is formalized, and the exact 
vehicle support instrumentation defined. Total weight is, 5. 0 kg (12 lb). 
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1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

Parameter Measured or 
Function Performed 

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 

Instrumentation 
Required 

Chronometer 
(incorporated in 
camera 1) 

Mechanical counter 
(incorporated in 
camera 1) 

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 

Degree of 
Accuracy 
Required 

±0. 1 sec 

±O.lo/o 

±0. lo/o 

± 10 em 

± 1 fps 

± 8o/o 

± lo/o 

Auxiliary 
Instr 

Required 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

TABLE 4-6 

AUXILIARY SUPPORT INSTRUMENTATION 
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SECTION 5 

SURFACE GEOPHYSICAL MEASUREMENT INSTRUMENTS 

This section contains a discussion of instrumentation studies for 
gravitational and magnetic fields, surface electrical properties, areal 
radiation and nuclear prospecting, and gas analysis. These instrument 
discussions are preceded by a brief discussion of general problems in-
herent in lunar geophysical surveys. 

5. l GENERAL GEOPHYSICAL CONSIDERATIONS 

5. l. l Geological Parameters 

Geophysical measurements are all made by instruments, in con-
trast to geological studies which are based on human observations. Geo-
logical judgment and coordination of different geophysical data enter geo-
physical prospecting at the "office interpretation" stage rather than being 
required during routine fieldwork. 

Geophysical prospecting requires measurable contrasts in the physi-
cal properties of the rocks being studied to give geologically significant re-
sults. There can be no structural or petrologic "anomalies" if there are 
no contrasts that can be measured by the instruments. 

Instrument designers and physicists should be aware that any geo-
logical terms (rock names, etc.) are merely qualitative classifications 
(like "stew"), rather than semiquantitative designations (like "beefsteak"). 
This is indicated by the igneous rock classification shown in Figure 5-1, 
based on mineral percentages and grain size, which shows the range of 
rock types that could fit any one name; e. g., basalt. Any review of the 
geological literature for physical properties of rocks is further compli-
cated because each petrographer uses a slightly different rock classifica-
tion. Therefore, all geop~ysical instruments for lunar use should be 
designed to measure the range of physical properties of any rock types, 
rather than their average physical properties. Appendix I summarizes 
physical and chemical properties of possible lunar materials. 
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5. 1. 2 Lunar Operating Conditions 

Several basically different geophysical operating conditions exist 
on the moon, each of which will require special instrumentation and field 
procedures, including: 

1. Continuous monitoring at permanent stations 

2. Automatic recording in moving vehicles 

3. Isolated readings by astronauts in stopped vehicles 

4. Isolated readings by astronauts outside vehicles. 

For convenience, these operating conditions are referred to by number, in 
Sections 5. 2, 5. 3, 5. 4, 6. 1, 6. 2, and 6. 3 of this report. 

The lunar astronauts 1 effective field work time on the moon will be 
extremely 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 to obtaining as much geophysi-
cal data as possible which will not require the astronauts 1 field time, and 
which will provide semiquantitative regional data to help interpret the more 
precise measurements obtained at the various stations. This can be imple-
mented by using automatic instruments that can continuously measure geo-
physical parameters, e. g. , gravity, magnetics, electrical, while the astro-
nauts are driving between stations or are engaged in other projects. 

5. 1. 3 Magnitude Scale 

It is often overlooked that most of the major geographical, geo-
logical, and geophysical features of the earth were outlined long ago with 
simple instruments of rather low resolution. A body of comparable primary 
data will also be required to solve many scientific problems of regional and 
planetary scale on the moon and thereby create a frame of reference to 
interpret properly the detailed data measured locally by high-resolution 
instrumentation. 

The critical geological factors on the earth are already well known 
and are normally used as a framework for the interpretation of any new 
geological or geophysical data, or for the design of experiments and field 
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measurement programs. Geologists normally know 75 to 98% of the basic 
facts required for any project before beginning field work to answer the 
unknown subsurface questions on earth. However, at present, no geological 
model of the moon, based on actual observational data, exists. All current 
geological discussions about the moon are based on assumptions, however 
plausible they may be. Since one of the prime objectives of this mission 
is to generate data which will contribute to the establishment of a lunar 
geological-geophysical model, the proper perspective of the measurements 
should be clearly understood. 

The magnitude chart given in Table 5-1 was compiled to facilitate 
comparisons of the areal scales of different geological and geophysical 
problems on the earth and moon, and to distinguish between gross and de-
tail features. It should be noted that this areal magnitude scale has no 
correlation with the scientific merits of any particular experiment. 

No geophysical or geological data are yet available for the moon. 
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. Con-
versely, the noninstrumental background "noise" for which corrections 
are normally made on earth will be scientific data on the moon. All valid 
geophysical measurements will be scientifically useful. 

The most extensive problems that can be studied on the moon are 
of magnitude B on this scale. The planned MOLAB traverse will cover 
an area of magnitude F (metropolis size), and the Apollo landing, an area 
of magnitude K (city block size). The range of scientific problems to be 
studied should be extended, whenever possible, toward the higher magni-
tudes (A through G) by utilizing a combination of ingenious experiments 
and multiple missions, instead of merely concentrating on lower magnitude 
problems (J through Q) around the lunar bases. 

5. 2 GRAVITY MEASUREMENTS 

Gravity is the only geophysical exploration technique that is certain 
to obtain usable subsurface data on the moon for problems of all magni-
tudes. Gravitational attraction is an inherent quality of all bodies. Con-
sequently, rock density distributions that affect the moon's gravity field 
can be detected with gravity meters. By contrast, other geophysical tech-
niques may not be practical or applicable due to factors such as the low or 
nonexistent magnetic field, problems of seismic energy coupling or trans-
mission through unknown near-surface formations, or conductivities too 
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low to utilize conventional electrical methods. Rock outcrops may be 
difficult to find and shallow core holes 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. I Data Obtainable from Gravity Measurements 

Gravity measurements are useful for all magnitudes of geological 
and geophysical problems. The more important uses of lunar gravity are 
summarized in Table 5-2 and·are discussed in detail in Section 5. 2 of the 
Interim Report BSR 1074. 

5. 2. 2 Gravity Measurements 

Gravity can be measured by several different types of instruments, 
all of which measure either: (I) absolute, or ( 2) relative gravity. Abso-
lute 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 than to measure a small difference in the 
field. The problem is analogous to that of measuring absolute time (which 
can be measured any place with a sundial) versus relative time (which can 
be precisely measured with a stop watch). Both types of measurements are 
required, depending upon the problem involved. 

5. 2. 2. l Absolute Gravity Measurements 

Two methods are feasible for measuring absolute gravity: ( l) 
falling weight, and (2) pendulum. 

Falling Weight 

The gravity force unit, the "gal," is defined as being an accelera-
tion of l em/ sec 2 . 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 dis-
tance. However, this method has never been practical for field measure-
ments on earth due to large gravity acceleration and the need for vacuum 
conditions. 
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TABLE 5-2 

GRAVITY MEASUREMENT SUMMARY 

PRINCIPLES 

MEASURING NATURAL FORCES (ACCELERATION) OF GRAVITY INHERENT IN ALL MASSES. 

MOON PROBLEMS 

1. MOON'S G.RAVITY FIELD 1/6 OF EARTH'S (162,000 VS. 980,000 MILLIGALS) 
2. ABSOLUTE VS. RELATIVE GRAVITY MEASUREMENTS 

LUNAR DESIRED 
EXPERIMENT OPERATING INSTRUMENT 
MAGNITUDE OBJECTIVE CONDITION ACCURACY 

SOLAR MILL I GAL 

INSTRUMENT 
TECHNIQUE 

A,B 
A,B 

TIDES - MINOR DETAILS 
MOON "WOBBLE" 

(1) 
(1) 

0.01 (RELATIVE) 
II 0.01 

(TIDAL GRAVITY MET:ER) 
II 

B MOON RIGIDITY (1) 0.01 II II 

LUNAR 

B,C 
E,F 

SHAPE OF MOON 
ISOSTASY 

(2, 3) 
(2, 3) 

20. (ABSOLUTE) 
II 5. 

FALLING BALL 
II II 

E,F,G ABSOLUTE GRAVITY REGIONAL TIES (2, 3) II 1. II II 

E,F,G ELEVATION DATUM-REGIONAL TIES (2, 3) II 1. II 

E,F,G REGIONAL GEOLOGY TRENDS (2' 3) II 1. II II 

G,H,I TIDES - GROSS FEATURES (3) 0.1 (RELATIVE) GRAVITY METER 

PROSPECTING 
H,I LOCAL GEOLOGIC STRUCTURE (FOLDS, FAULTS) (3) 0.1 
I,J EJECTA VS. SOLID ROCK OUTLINES (3) 0.1 " 
J,K,L SURFACE ROCK DENSITIES VS. TOPOGRAPHY (3 ,4) 0.01 
K,L,M 
L,M,N 
M,N,O 

DUST FILLED GULLIES 
CAVES AND TUNNELS 
GRAVITY GRADIENTS 

(3, 4) 
(3, 4) 
(3,4) 

0.01 
0.01 

II 0.01 

(TORSION BALANCE 
" 

N,O IRON METEORITES AND ORES (3, 4) 0.01 



On the moon, however, the gravity field is only 1/6 that of the 
earth, so a weight will fall less than 80 ern (3ft) 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 ad-
vances also make it possible to measure precisely small time differences. 
The fortunate combination of these factors will make it feasible to use the 
falling-weight method to measure absolute gravity on the moon. 

Pendulum 

The acceleration of gravity can be obtained by measuring the period 
of a physical pendulum if the mass, length, and morn ent of inertia of the 
pendulum are known. 

High accuracy can be obtained by this method in a laboratory by 
measuring the period over a long time. The pendulum method was used 
in establishing the original absolute gravity bases on earth. 

5. 2. 2. 2 Relative Gravity Measurements 

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 the refined absolute 
measurements. Instruments that have been used to measure relative gravity 
for oil prospecting include the torsion balance, surveying pendulum, and 
the gravimeter. These instruments are reviewed in detail in Section 5. 2. 2. 2 
of the Interim Report. 

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. 
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The corrections for gravity surveys on earth include: 

I. Free-air correction (always used in prospecting) 

2. Bouguer correction (always used in prospecting) 

3. Latitude correction (always used in prospecting) 

4. Terrain correction (infrequently used in prospecting) 

5. Tidal correction (very rarely used in prospecting). 

On the moon, only the elevation correction (free-air plus Bouguer) 
will be critical for the initial surveys. The average elevation correction 
on the moon will be 0. I milligal/ meter. (See Figure 5-2. ) Field procedures 
and corrections are discus sed in detail in the Interim Report. 

5. 2. 2. 4 Nomogram -Spacing Vs Accuracy 

Figure 5-3 was prepared to help evaluate gravity station spacing 
vs accuracy requirements. The critical factors include: (I) station spacing, 
(2) elevation accuracy, and (3) regional gravity gradients. 

This nomogram shows 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, anticipated differences 
in elevation may be ignored when mapping the regional gravity gradients 
(magnitude scales E, F, G, and H). 

5. 2. 3 Instrument Requirements 

Field problems involved in making gravity measurements on the 
moon, include: 

I. Absolute gravity at base stations and along the traverse 

2. Relative gravity inside the vehicle 

3. Relative gravity outside the vehicle. 
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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. 

Instruments that show best promise for lunar functions include: 

1. Falling ball absolute gravity device 

2. LaCoste-Romberg gravity meter (vehicle mounted) 

3. LaCoste-Romberg gravity meter (portable). 

An instrument specification summary for each of the gravity meas-
uring devices is pres entedin Table 5-3. Further engineering and develop-
ment work will be required to produce working models of these instruments 
for lunar us e. 

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 astronauts 1 working time. (See Sec-
tion 5. 1. 3. ) 

5. 2. 4 Conceptual Design of Gravity Measurement Instrument 

The moon 1 s gravity field ( 126, 000 mgl) is only 1/ 6 that of the earth 
(980, 000 mgl). This contrast will seriously affect the design and calibra-
tion of instruments to measure relative gravity on the moon. 

5. 2. 4. 1 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 
acceleration of gravity on the moon (see Section 5. 2. 2. 2). 

United Electrodynamic 1s falling-ball device for the measurement 
of absolute gravity (see Figure 5-4) is recommended for use in the MOLAB 
vehicle because of the following outstanding advantages: 

1. The device employs the most fundamental method known for 
measurement of gravity acceleration. 
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Figure 5-4 Falling Ball Absolute Gravity Device and Block Diagram 
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2. The device 1s small and light in weight, and can be mounted 
outs ide the vehicle. 

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

4. The design lends itself readily to automatic setup and readout 
with a minimum of equipment. 

5. The device is self -leveling by pendulum, gimbals, or a com-
bination of 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 is employed 
to return the ball to its initial position. An alternative method 
is to support the instrument in gimbals and turn upside down 
when ball is to be returned. 

8. Output signal will be digital. 

9. Accuracy is independent of tilt within ± 10°. 

10. Temperature compensation can be effected for the lunar 
environment. Temperature control is not required. 

11. Readout is rapid, a fraction of a second. A precise reading 
can be taken any time the vehicle is stopped. Sets of read-
ings taken when the vehicle is in motion can be averaged for 
a quasicontinuous gravity profile. 

Instrument Design and Operation 

A sharp pulse initiates the release of the ball and on impact with 
a piezo bi-morph crystal, a second pulse is generated. These pulses are 
employed to start and stop an electronic period time counter. Resolution 
is adequate since the frequency of the counter oscillator will be 107 cps 
or higher. 
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The following sources of error are contemplated: 

1. Some force of acceleration or deceleration imparted by the 
ball-release mechanism 

2. Jitter in the gating signals applied to the counter 

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

These errors can be minimized by careful design considerations. 
Delays in release of the ball due to gradual collapse of the magnetic field 
can be reduced by use of an air, rather than an iron core. An improved 
concept (see Figure 5-5} uses a lever to hold the ball in the starting position. 
This lever is released by a solenoid and moves away with a velocity greater 
than that acquired by a body falling under the action of gravity. In the hold-
ing position, the lever contacts the ball with a minimum upward force at 
exactly its lower pole. Both the ball and the lever surface are hardened 
and highly polished. The ball thus falls freely when the supporting lever 
is removed. To determine the exact instant at which the ball starts to fall, 
the small spherically shaped pad which the ball contacts at its top pole is 
formed of four metal quadrants separated by insulating segments. With the 
ball on contact with this pad current (at very low voltage) flows between 
segments and this current is broken at the instant the ball starts to fall. 
The step of current is amplified and differentiated to form a sharp pulse 
indicative of the exact instant of start of fall. Complete freedom from 
appreciable temperature errors can be obtained by use of a bimetal dia-
phragm as indicated in Figure 5-4 and by careful selection of the materials 
in both the case and the ball-holding rod to cancel the expansion. Error 
from counter gating jitter will be minimized by the sharp microsecond 
pulses at ball release and at impact. Since the time required for a single 
measurement is small(~ 1/2 sec), a series of 3 to 5 drops can be averaged 
for a single measurement. 

5. 2. 4. 2 Relative Gravity Meter for Use Inside MOLAB 

A modification of the LaCoste ~Romberg Geodetic 
Meter, Model "G, " is recommended for this application. 
specifications are shown in Table 5-3. 

Gravity 
The detailed 
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Figure 5-5 Modification of Fc>lling Ball Release Mechanism 
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The LaCoste-Romberg instrument is a spring-mass gravimeter. 
The mass is adjusted to a neutral position at the main base, for which the 
value of gravity is already known, or for which a tentative datum is arbi-
trarily assigned. At some other location, the instrument is releveled, and 
the mass returned to a null position by adjustment of tension in the gravi-
meter 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. 

Calibration 

The major modification required for this application to be used 
inside the MOLAB vehicle is 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 problem 
since no known method exists for simulating the lunar gravity vector with 
respect to the instrument case in the much stronger earth environment 
(moon gravity= 162, 000 mgl vs 980, 000 mgl on earth). This is in con-
trast to an absolute gravity measuring instrument (like the UED falling-
ball device) that can be calibrated in any gravity field for use anywhere 
else. 

5. 2. 4. 3 Relative Gravity Meter for Use Outside Vehicle 

As shown in Table 5-3, the recommendation for this instrument 
is 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 MOLAB vehicle. 

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. 
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5. 3 MAGNETIC FIELD MEASUREMENTS 

5. 3. 1 Special Problems of Lunar Magnetics 

A theoretical review of the nature and application of lunar magnetic 
field measurements has been prepared by Dr. z. F. Danes of the University 
of Puget Sound, and is included as Appendix C of this report. 
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The natural magnetic field of the moon is so weak that it has not 
yet been detected by space vehicles. It is possible that a still undetected 
magnetic field of up to 100 gammas may exist at the moon's surface, but 
current estimates place the probable lunar magnetic field at less than 
50 gammas and possibly less than 10 gammas. By contrast, 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 varia-
tions routinely exceeding 100 gammas and over 1, 000 gammas during mag-
netic storms. By analogy, the moon is a magnetic vacuum. This condition 
has advantages for some scientific projects like studying solar magnetic 
storms, but drawbacks for magnetic prospecting and similar problems 
involving surface geology of the moon. 

The extremely low lunar magnetic field will require the use of 
much more sensitive magnetometers and different field techniques than 
are routinely used on earth. 

5. 3. 2 Data Obtainable from Magnetic Field Measurements 

Table 5-4 summarizes possible uses of magnetic measurements on 
the moon. These have been subdivided into (1) solar, (2) lunar, and (3) 
prospecting problems. Only the prospecting scale experiments are within 
the scope of the MOLAB mission, whereas the solar and lunar experiments 
will require monitoring over extended periods of time at fixed stations. 
The solar and lunar scale measurements that will be of interest for MOLAB 
prospecting will be the equivalent of "magnetic storms" on earth, since the 
best time to do lunar magnetic prospecting may be during high-intensity 
storms (see Interim Report, Section5.3.1.9). 

5. 3. 3 Basic Principles of Magnetic Prospecting 

The quantity ordinarily measured in magnetic prospecting is a com-
ponent of the intensity of the magnetic field at the surface of the earth, 
and the intensity unit is the "gamma," which is defined as 1 x lo-5 oersted 
( cgs unit). 

5. 3. 3. 1 Magnetic Properties of Rocks 

The source of geologic magnetic anomalies is magnetized ma-
terial in the rocks. For all practical purposes, the magnetic properties 
of most earth rocks are directly dependent on the amount of the mineral 
magnetite (Fe 304) that they contain. 

5-19 



N 

TABLE 5-4 

MAGNETIC MEASUREMENTS SUMMARY 

PRINCIPLES 

MEASURING OF NATUR.ZU. (OR INDUCED) MAGNETISM OF ROCKS (AND BACKGROUND "NOISE") 

MOON PROBLEMS 

1. "MAGNE·riC VACUUM" - LOW LUNAR FIELD (EST. 2-100 GAMMAS VS. 60,000 GAMMi\S 0~ EARTH) 

A) GOOD FOR SOLAR MONITORING 
B) BAD FOR PROSPECTING 

2. MAGNETIC "NOISE" OF MOLAB VEHICLE AND ASTRONAUTS SUIT EQUIPMENT 

3. LACK OF DATA ON MAGNETIC PROPERTIES OF ROCKS AND MINERALS IN LOW MAGNETIC FIELDS 

LUNAR 
EXPERIMENT OPERATING INSTRUMENT 
MAGNITUDE OBJECTIVE CONDITION TECHNIQUE 

0.01-250 GAMMAS 
SOLAR NATURAL FIELD 

A+ SOLAR PLASMA (1) AUTOMATIC MONITORING 
A+ SOLAR WINDS (1) II 

A+ SOLAR MAGNETIC STORMS (1) 
A+ EARTH .MAGNETOSPHERE EFFECTS (1) II 

LUNAR 

B LUNAR MAGNETIC FIELD SIZE AND SHAPE (1, 2) II II 

B LUNAR MAGNETIC POLES VS. N-S ROTATION POLES (1,2) 'I II 

B SECULAR CHANGES IN LUNAR MAGNETIC FIELD (1) II 

B-Q 
B-L 

LUNAR MAGNETIC STORMS 
LUNAR MAGNETO-TELLURIC CURRENTS 

( J.) 
(1) .. II 

B-E LUNAR INTERIOR COMPOSITION (2) II " 
PROSPECTING 

K,.L,M INDUCED ROCK MAGNETISM (POLARIZATION) (2,3,4) INDUCED FIELD "ON" 
K,L,M PERMANENT ROCK MAGNETISM (NATURAL FIELD) (2,3,4) II "OFF" 
K-Q 
K,L,M 
K,L,M 
K,L,M 
K1 L,M 

BURIED MAGNETIC BODIES (METEORITES, ORES, ETC.) 
IDENTIFICATION OF ROCK TYPES 
SOLID LAVA VS. EJECTA CONTACTS 
DELINEATION OF CONCEALED ROCK CONTACTS 
LOCATION OF SUBSURFACE FAULTS AND STRUCTURES 

(2,3,4) 
(2,3,4) 
(2,3,4) 
(2,3,4) 
(2,3,4) 

II "ON-OFF" " .. .. " 
II .. " .. II " " .. 

K,L,M 
K,L,M 

DEPTHS TO BEDROCK 
PRESENCE OF CHEMICAL "OXIDATION" (WATER, ETC.) 

(2,3,4) 
(2,3,4) 

II II II .. .. 



Figure 5-6 summarizes magnetic susceptibilities of igneous rocks 
vs magnetite concentration in the earth 1 s magnetic field ( 60, 000 gammas). 
(See also Interim Report, Table 5. 3-1.) 

Sedimentary rocks on earth are nonmagnetic, with freak excep-
tions, since magnetite breaks down rapidly when exposed to weathering and 
water. However, on the moon, neither air nor water are present at the 
surface. The sedimentary rocks will be unsorted ejecta-rubble of varying 
degrees of compaction, which will be mineralogically similar to the rocks 
from which they were derived, but with their magnetic properties diluted 
by the porosity. Any water on the moon could be expected to reduce the 
magnetic properties of themagnetic minerals in the same manner as on 
earth. 

5. 3. 3. 2 Permanent Vs Susceptibility Magnetization of Rocks 

There are two contributions to the total rock polarization: ( 1) 
susceptibility polarization which represents that part of the polarization 
that is induced by the present earth's (or moon's) magnetic field; (2) per-
manent or remnant polarization which the rock may retain from a previous 
state of magnetization and which may or may not be in the same direction 
as ( l ). The permanent polarization is from 20 to 80% of the magnitude of 
the induced polarization for most rocks on earth and its direction is quite 
variable. Some lavas have a permanent polarization many times greater 
than the induced polarization. This produces the erratic magnetic patterns 
typical of many earth lava flows. Such rocks became polarized while cool-
ing from the Curie point ( 5600) and have retained a high degree of polariza-
tion acquired under the conditions existing at that moment. Permanent 
polarization may be more important on the moon than on earth. 

Magnetic susceptibility of rocks varies with the strength of the 
magnetic field in which it is measured and decreases rapidly with decreas-
ing in grain size below 0. l mm. 

Lunar Rocks - Laboratory Tests 

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 
properties of the lunar rocks is due to the unknown differences between 
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Concentration in Earth's Magnetic Field (H = 60, 000 'Y) 
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the effects on minerals in the large omnipresent magnetic field on earth 
(avg. 60,000 gammas) vs the magnetic vacuum (estimated 0 to 100 gammas) 
on the moon. Research on this subject should be conducted in special lab-
oratories that are suitably shielded from the earth's magnetic field. How-
ever, all rocks and mineral specimens that are naturally available contain 
a sizable amount of permanent susceptibility and magnetic properties ac-
quired in the earth's field. The basic magnetic tests should therefore be 
made on both solid and broken rocks of all compositions that have been 
specially melted and recrystallized inside the shielded laboratory in order 
to have the results approximate the full range of geologic and magnetic con-
ditions that may be present on the moon. 

5. 3. 4 Natural Vs Induced Magnetism 

Two basically different kinds of magnetic measurements can be made 
on the moon: ( l) natural, and ( 2) induced magnetism. Both types of m eas-
urements will produce important magnetic data for different scientific 
purposes. 

5. 3. 4. l 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. Most of these are physical and astro-
nomical rather than geological problems, and will be conducted more satis-
factorily at permanent lunar stations rather than on the MOLAB vehicle. 
(See Table 5-4.) 

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. However, it seems likely 
that there will be at least some natural magnetism on the moon, due to a 
small local magnetic field, magnetic storms, solar winds, plasma, etc., 
or fossil magnetism frozen in the rocks. Provisions must therefore be 
made to measure any natural lunar magnetic field at the anticipated low 
levels (0 to 250 gammas). 

5. 3. 4. 2 Induced Magnetism 

An artificial magnetic field can be locally induced into the ground 
by means of a simple electrical coil. Within the induced magnetic field, 
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magnetically susceptible minerals will react as they would in the earth 1 s 
natural field and the resulting magnetic distortions can be detected and 
mapped as anomalies. 

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, 
l 00 -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 (see Figure 5-7). A mag-
netic survey of 200-meter radius (Magnitude J) could be conducted on the 
moon by merely setting out the coil and driving the recorder away from (or 
around) it until the instrumental threshold noise level is reached. 

5. 3. 4. 3 Induced Plus Natural Magnetic Measurements 

Both induced and natural magnetism within an area can be simul-
taneously measured by merely switching the inducing coil on and off while 
recording continuously. The availability of both complementary kinds of 
magnetic data will allow much improved geologic interpretations of the 
subsurface conditions, which would have considerable scientific value. 

The same "on-off" technique can also be used for electrical pros-
pecting or any geophysical survey where both induced and natural field meas-
urem ents are scientifically valuable. 

5. 3. 5 Magnetic Field Instrument Requirements 

The magnetometers which show best promise for lunar measure-
ments are ( 1) the metastable helium magnetometer developed by Texas 
Instruments, Inc., and the Jet Propulsion Laboratory, and (2) the fluxgate 
magnetometer developed by the Schonstedt Instrument Company. Instrument 
specification summaries for each of these devices are shown in Table 5-.5. 

As noted in Sections 5. 1. 3 and 5. 2. 3, continuously recorded data 
along the traverse significantly strengthen the validity of the geologic con-
clusions drawn from the data. Here the design problem involved is not 
that of the magnetometer, but of the mechanical boom or towed device re-
quired to take readings outside the vehicle 1 s self-generated magnetic field. 
(See Section 5. 3. 3. 3 of the Interim ReporL) 
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TABLE 5-5 

RECOMMENDED MAGNETIC FIELD INSTRUMENT SPECIFICATIONS 

INSTRUMENT M.O:TASTABLE HELIUM MAGNETOMETER FLUXGATE M'\GNETOMETE'< 

DESIGNER TEXAS INSTRUMENTS, INC., AND SCnO'<S·rEDT INSTRUMENT co., 
JET PROPULSION LABORATORY SILVER SPRINGS, MARYLAND 

RANGE 0 - 3JO GAMMA 0.1 - 300 GA"l.MA 

RESOL'JTION 0.1 GAMMA 0.1 GA'1MA 

OUT?UT BANDWIDTH 0 - 2 CPS (SENSOR IS NSARLY 0 - 2 CPS (SENSOR •-::APABILITY -

INSTAli!TANE'OUS 0 - 1,000 Cf'S) 

TIME R.":QUIRED 1 MINU'fE CONTINUOUS 
PER MEASUREHENT 

STABILIZATION 30 SECONDS (ESTIMATED) NONE 
(WARM-UP) TIME 

NOISE 0.16 GAMMA (VARIES WITH H) o.os Gl\MM,'\ (ESTIMZ\.TE) 

ZERO OFFSET NONE 2 - 5 GA"l.'L\ (ESTIMATE: HAS 
TRACKED PRO'TON MAGNETOMETER TO 
0.4 GAMMA) 

LONG TERM ABSO~U'rELY STABLE MZ\.Y VARY WITH TEMPERI\.TURE AND 
STABILITY TIME 

ORIENTATION OR NOT REQUIREO FOR TOTAL NOT RE•;:)UIRED FOR TOTAL INTLNSITY 
LF.:VELING REQ'D. INTENSITY MEASDRE~O:NTS MEAS'JREMEN rs 

TEMPERATURE -85° to +110°C (LO"IVER LIMIT -7 5° to +1l0°C 
OPERATING RANGE NEAR 0°K; TRANSISTORS IMPOSE 

U?PER Lll'UT; +150°C FEASIBLE 

WEIGHT 1.5 KG. (3 LB.) - SENSOR 0.5 Ku. (1 LB.) - SENSOR 
2.5 KG. (5 LB.) - ELECTRONICS 1 KG. (2 LB.) - ELECTR•)NICS 
4 KG. - TOTAL 1.5 KG. - TOTAL 

VOLUME 1,850 cc. (ll3CU.IN.) - SENSOR 960 CC.(58.8CU.IN.) - SENSOR 
2,000 CC. - ELECTRONICS 1,756 cc. (107 CU.IN.) - ELECTRONICS 

DIMENSIONS SPHERE 15 cc. (6") 00 - SENSOR 11.4 X 7.0 X 12.0CC. (4;, X 2f X 4~") 
10 X 10 X 20 cc. - ELECTRONICS SENSOR 

POWER 5 W. (OPERATIONAL) 2.5 W. (OPERATIONAL) 
NO STAND3Y POWER NO STANDBY POWER 

O:JTPUT ANALOG, 0-5 VOLT DC RANGE ANALOG, 0 - 2. 5 VOLT DC RANGE 

CALIBRATION RE•;:)UIRES VERY ACCURATELY REQUIRES VERY ACCURATELY 
CONTROLLED ~GNETIC SHIELDED CONTROLLED ~Z\.GNETIC SHIELDED 
LABORATORY LABORATORY 

DEVELOPMENT TIME 24 MONTHS 12 MONTHS 
ESTIMATE 

DEVELOPMENT COST $200,000 ESTIMATED $100,000 ESTI~\TED 
ESTIMATE 

REMARKS PRIMZ\.RY RECO}I)-1END.ATION SECONDARY RECOMMENDATION 
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5. 3. 6 Conceptual Design of Magnetic Measurement Instruments 

Two instruments warrant detailed investigation for the measurement 
of the very weak lunar magnetic fields: ( 1) the met astable helium magne-
tometer, (2) the fluxgate magnetometer. 

5, 3. 6. 1 Metastable Helium Magnetometer 

The basic principles of operation, and a description of the lab-
oratory prototype of the metastable helium magnetometer are discussed 
in detail by Slocum and Reilly (1963). The magnetic field information is 
obtained by disturbing the pumped state of the metastable helium. This is 
accomplished by controlling the direction of the magnetic field in the absorp-
tion cell, resulting in changes of transparency of the cell. 

Zeeman in 1896 showed that a monochromatic spectral line is 
separated into three components, one of lower frequency and one of higher 
when the source of radiation is passed through a strong magnetic field 
with the light beam and field parallel. Tests also showed that the upper and 
lower lines become right- and left-hand rotary polarized. When the field is 
at right angles to the light path, the light becomes plane polarized but with 
no change in wavelength or frequency. 

By use of a near infrared beam generated in a helium lamp and 
excited so as to produce radiation including the 3s1 - 3p0, 1, 2 energy levels, 
helium gas in the absorption cell (already excited to a metastable state) can 
be pumped with energy absorption in this same transition. The beam is 
rotary polarized before entry into the absorption cell which tends to align 
the magnetic moments of the helium atoms parallel to the direction of the 
light beam. Three sets of sweep coils formed in a triaxial fashion along-
side the triaxial Helmholtz coils are excited with 60-cps current, which 
produces three time-varying linear magnetic fields, one of which is paral-
lel to the light beam. The helium absorption cell is the chief sensing ele-
ment of the magnetometer and is located on the axis of the triaxial coil 
arrangement. 

In agreement with the principles of the Zeeman effect, radiation 
parallel to the magnetic field undergoes absorption or pumping action, 
while no such action occurs if perpendicular thereto. The phenomenon is 
more properly explained on the basis of probability of absorption between 
certain energy levels with the same results. 
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The device as recommended herein is essentially a null detector 
of an existing low amplitude magnetic field. With alignment of the helium 
atoms with electron orbits in a plane perpendicular to the axis (or light 
beam) of the absorption cell, the requirements for pumping action are met. 
By use of energy levels 3s1 - 3Po, 1, 2 of metastable helium which involve 
extremely low energies, the device becomes sensitive to very weak mag-
netic fields. Thus, setup pumping (energy absorption) action occurs with 
modulation in amplitude of the beam falling on the photo detector whenever 
a field exists along the axis of the instrument. 

By use of a rotating magnetic sweep field (50 cps) produced by 
two cross fields (90° in time and space) and by combining this rotating 
field with the ambient de field, a signal is secured, which, properly de-
modulated, produces an analog indication of two components of the de 
ambient field. If now the axial sweep is combined with the third triaxial 
sweep field, the third component of the total ambient field is secured. How-
eve:t:, where continuous monitoring of the total field is desired, it may be 
preferable to employ an instrument which includes two absorption cells 
and demodulator circuits. 

The operation of a single axis system is illustrated in Figure 5-8, 
in which the ambient magnetic field, HA, is opposed by a field, He, gen-
erated by the Helmholtz coils. For a zero magnetic field to exist in the 
optical pumping unit, 

The output of the optical pumping unit is an error signal, E, used to adjust 
the <r:urrent in the Helmholtz coils so that 

The value of the ambient field, HA, is proportional to the current through 
the Helmholtz coils when the magnetic fields are balanced, and can be read 
at "Eout" in terms of gamma/volt, where the voltage is measured across 
a precision resistor. 

A three-component system is conveniently packaged in a 6-in. 
spherical container, as shown in Figure 5-9. The Helmholtz coils are 
wound in slots machined in the body of the container. The sensor is packaged 
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Figure 5-9 Metastable Helium Magnetometer Configuration 
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1n the cylindrical housing within the sphere. The performance obtained 
from the laboratory instrument is as follows: 

Sensitivity 0. 2 gamma 

Bandwidth 1. 0 cps 

Dynamic range ± 150 gamma 

Zero field offset ± 1. 0 gamma 

Power 3. 0 watts 

Sensor weight 1. 0 lb 

Temperature range 0 0 -20 C to 65 C 

Axis Z axis continuous, X or Y axis on command 

Verbal communication from the Jet Propulsion Laboratory indicates 
that a low field metastable helium magnetometer installed in the current 
Mars space probe is functioning properly at the time of this report. 

5.3.6. 2 Fluxgate Magnetometer 

The basic principles of the fluxgate magnetometer were discussed 
1n detail in the Interim Report, Section 5. 3. 5. 2. Further details are given 
by Wyckoff ( 1948). 

Performance specifications of a modern fluxgate magnetometer as 
developed for spaceborne applications by the Schonstedt Instrument Co., 
of Silver Springs, Md., are shown in the right-hand column of Table 5-5. 

5. 3. 7 Comparison of Magnetometers for MOLAB Applications 

The fluxgate magnetometer is a reliable instrument with a satis-
factory performance record. It has the significant disadvantage of a small 
zero-offset, or drift, which varies with temperature, time, and the mag-
netic history of the sensor. It is not uncommon for the zero-offset to reach 
a value of 5 to 10 gammas, only a few percent of the earth field, but which 
could equal the entire lunar magnetic field. It is believed that zero-offset 
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can be reduced to the order of 2 to 5 gammas in the fluxgate magnetometer 
by careful design and a rigorous selection of materials. (Schonstedt in a 
personal communication claims zero drift on one instrument and 0. 4 gamma 
in the second in the IMP-1 Satellite. Other manufacturers cite larger 
values.) 

The rubidium vapor magnetometer, reviewed in the Interim Report, 
avoids the zero-offset problem, but requires that the rubidium lamps be 
temperature controlled. 

The metastable helium magnetometer has no zero-offset, does not 
require temperature control of the helium lamp or cell and offers resolu-
tion to 0. 1 gamma at low magnetic fields. Therefore, the metastable 
helium instrument is recommended as a primary standard since it is free 
of zero-offset, as contrasted to the fluxgate, and requires no temperature 
control for the sensor elements. The fluxgate instrument should be con-
sidered for isolated readings by the astronaut outside the vehicle because 
it is compact, relatively simple, and rugged. 

5. 3. 8 Response Time Required for Resolution of Magnetic Storms 

According to Heppner, et al., ( 1962), the data from Explorer X 
show major magnitude changes with periods from 20 sec to 1 hour. There-
fore, a bandwidth of 0 to 0. 2 cps (min. period= 5 sec) is considered adequate 
for lunar measurements. 

It is important to note that, with any magnetometer in which the 
total field is derived from the vector sum of three measured components, 
the three measurements should be either simultaneous or in rapid succes-
sian. Accordingly, it is specified that the sensors have a high response 
rate, whereas the system sampling rate will be determined by geophysical 
or data handling requirements. 

It is to be noted that the only consideration given in this report was 
to geologic uses of magnetic surveys. If the magnetic field of the moon 
is very small and if measurement of the magnetic field due to the solar 
plasma is desired, three components of the magnetic field may be required. 
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5. 4 SURFACE ELECTRICAL MEASUREMENTS 

Surface electrical measurements are used to resolve geologic con-
trasts producing anomalies in conductivity or resistivity, dielectric cons-
tant, and magnetic susceptibility. The MOLAB applications are sum-
marized in Table 'S,-6. The techniques which were considered in detail 
(see Interim Report, BSR-1074, Section 5. 4) included the following ex-
ploration methods: 

I. Self potential 5. Inductive field 

2. Equipotential line 6. Electromagnetic field 
intensity 

3. Resistivity 
7. Magnetotelluric. 

4. Induced polarization 

There are three fundamental methods of coupling electrical energy in-
to a medium: ( l) direct or resistive, ( 2) inductive, and (3) capacitive. All 
exploration techniques which employ electrodes depend on resistive coupling 
to the ground. Such methods are particularly suited to low resistivity ground 
and therefore have found wide application on earth. Relative to the lunar en-
vironment, resistive coupled methods have two serious drawbacks: ( 1) 
electrode- soil contact resistance is very difficult to control and introduces 
serious errors for a high resistivity soil; ( 2) the acquisition of a large 
number of carefully made measurements over a sizable area is a laborious, 
time-consuming process even for an unrestricted earth-bound field crew. 

In high resistivity soil, it is easier to transfer power to the ground 
without excessive loss by inductive or capacitive means rather than through 
electrodes. The so-called electromagnetic techniques are based on these 
two methods of energy transfer. Because of the expected high resistivities 
of lunar materials and the high premium placed on measurements which 
require a minimum of the astronaut 1 s attention, exploration techniques em-
ploying resistive coupling have largely been discarded in favor of inductive 
and capacitive techniques. 
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TABLE 5-6 

SURFACE ELECTRICAL MEASUREMENTS SUMMARY 

PRINCIPLE 

MEASUREMENT OF INDUCED (OR NATURAL) ELECTRICAL FIELDS IN LUNAR SURFACE MATERIAL. 
(WATER, ROCK LITHOLOGY, CHARGE, ROCK STRUCTURE) 

MOON PROBLEMS 

1. LACK OF SURFACE MOISTURE RESULTS IN ANTICPATED: 

A) HIGH SURFACE ROCK RESISTIVITIES 
B) WIDE RANGE OF SURFACE ROCK RESISTIVITIES 
C) LOCAL ACCUMULATIONS OF SURFACE ELECTRICAL CHARGES (NOISE) 
D) DIFFICULTY IN COUPLING ELECTRODES TO SURFACE 

2. VARIATIONS IN ROCK RESISTIVITIES DUE TO WIDE TEMPERATURE SURGE 

LUNAR 
EXPERIMENT OPERATING 
MAGNITUDE EXPERIMENT CONDITION INSTRUMENTS 

INDUCED 

K-L RADIO WAVE TRANSMISSION (2 1 3) BIDIRECTIONAL LOOP ANTENNA, TRANSMITTER, RECEIVER 
L-0 ELECTRICAL TRANSIENT (2,3,4) ELECTROMAGNETIC DUAL COILS, TRANSMITTER, RECEIVER 
L-0 DUAL FREQUENCY (2,3,4) ELECTROMAGNETIC DUAL COILS, TRANSMITTER, RECEIVER 
L-0 R. F. ANTENNA (3 ,4) DIPOLE ANTENNA-TRANSMITTER, RECEIVER 
N-Q INDUCTIVE FIELD (2,3,4) (MINESWEEPER) COIL, IMPEDANCE BRIDGE 

NATURAL 

N-0 POTENTIAL GRADIENT (2 1 3) CAPACITOR PLATES, VOLTMETER 



5. 4. 1 Data Obtainable From Surface Electrical Measurements 

The following electrical parameters of the lunar surface can be 
measured: ( 1) resistivity or conductivity, ( 2) magnetic susceptibility, 
( 3) dielectric constant, and ( 4) natural potentials. The type of information 
such measurements can yield with suitable interpretation are: (I) mapping 
of the subsurface structure, ( 2) detection of ore bodies and iron meteorites, 
(3) detection of water or ice, (4) location of faults, and (5} supplement to 
other geophysical data. 

5. 4. 2 Basic Principles of Surface Electrical Measurements 

5. 4. 2. 1 Electrical Transient 

This method, Barringer ( 19 6 2), utilizes electromagnetic pulses 
formed in a loop mounted on top of a vehicle. These pulses create eddy 
currents in conductive bodies lying within range of the system, which in 
turn create secondary electromagnetic fields. The secondary fields re-
quire a finite time to collapse following the abrupt termination of the pri-
mary pulse. This decay or transient is recorded. Since the conductivity 
of the surface material controls the rate of collapse of the secondary field, 
Bhattacharyya. ( 1964), the conductivity of the surface material can be de~ 
termined by an analysis of this rate of decay. According to Barringer, 
such apparatus has an exceptional ability to detect sulfides beneath con-
ductive overburden. It is capable of penetrating overburden depths of at 
least 100 meters. 

The system employs a horizontal transmitting loop and a vertical 
receiving coil mounted on a boom or cable and trailing the MOLAB. The 
rate of decay of the transient responses is measured by sampling at four 
different delays following the termination of the primary pulse, the average 
value of these samples being smoothed over a period of a few seconds and 
recorded as four separate and continuous profiles. The decay characteris-
tics of a conductive anomaly are determined by calculating the ratios ob~ 
tained between the peak values obtained on each trace. Interpretation 
methods rely almost entirely on model studies. 
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5. 4. 2. 2 Dual-Frequency Electromagnetic 

This method is used for locating conducting layers and is similar 
to the electric-transient method except the phase lag of the received signal 
is measured at two different frequencies. Instrumentation consists of a 
horizontal transmitting coil, mounted on top of a moving vehicle, generating 
electromagnetic fields at two frequencies, 400 cps and 2300 cps, and a 
vertical receiving coil located on a boom behind the transmitting coiL 
Phase detecting circuits enable the phase shifts of the received signals 
to be measured. 

Interpretation is based on theoretical curves and model studies 
described by Paterson (1961). These curves and model studies would 
have to be extended to cover the range of conductivities expected on the 
moon. Depth penetrations of up to 60 meters are claimed by Paterson in 
1 o4 ohm-em materiaL 

5. 4. 2. 3 RF Antenna 

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. Extrapolating the results of Pullen (19.53), 
a low power unit could have a depth penetration of up to 50 meters which would 
be valuable for probing the depth of a possible dust layer. 

Although a portion of the antenna theory required for this experi-
ment has been developed, the method has not been vigorously exploited on 
earth because of the availability of more direct methods. Furthermore, 
the relatively high water content of much of the earth's surface layers limits 
penetration of the RF energy due to skin-effect. On the moon, however, the 
expected low conductivity, at least in the surface layer, makes this method 
worthy of consideration. 

The instrument for lunar use can consist of a balanced electric 
dipole placed horizontally on the moon'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. Re-
sults of a preliminary study of this technique are discussed in Appendix G. 
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5. 4. 2. 4 Inductive Field Method (Mine Sweeper) 

The inductive field method is an excellent surface- surveying 
technique for measuring magnetic susceptibility and resistivity. It has 
some limitations concerning the depth to which it is effective, in that fairly 
large diameter coils are required for surveying to a great depth. The mag-
netic 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 in-
ductive field bridge; these measurements should permit determination of 
the local magnetic permeability, dielectric, and specific resistivity cons-
tants of the lunar surface material. By comparing local resistivity values 
with gross values obtained by other geophysical methods, fissures or other 
inhomogeneities may be detected, and information as to particle size :might 
be inferred. 

The sensing element consists of an induction coil which is part of 
an AC bridge. An oscillator feeds current to the sensor and also provides 
a reference signal to phase detecting networks. 

The amplified bridge unbalance is split into two signals 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 de-
rived from the reactive component of the signal. The outputs of the phase 
detectors are recorded simultaneously as electrical conductivity and ~mag
netic susceptibility. 

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-cgs to 106 rnicro-cgs with a 
sensitivity of the order of I micro-cgs units. 

It is desirable to include the range from 10 to 1, 000 micro~cgs 
units to indicate whether or not the lunar surface and subsurface materials 
have the same relative magnitude as nonsedimentary rocks on earth. If 
such is not the case, it is extremely desirable to ascertain the magnitude 
of the difference. 
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5. 4. 2. 5 Radio Wave Transmi$sion 

The use of radio waves in geological mapping is yet in its primi-
tive stages; however, sufficient technology has been developed that instru-
mentation can be built to obtain results commensurate with the objectives 
of this program. Pullen ( 1953) published a detailed account of his work in 
Illinois on radio wave transmission as applied to geology. The results 
indicated that the observed signal is dependent on topography, geology, 
and cultural features. Previous work done by Wadley ( 1946) reports 
depth of penetration by this method to have been up to 300 meters and in 
one instance 2000 meters in quartzite by a signal from a 10-watt trans-
mitter between 100 and 300 kc. It was noted that weak signals were pre-
ferable to strong signals because the weaker signals are influenced to a 
greater d~gree by geologic discontinuities. 

Instrumentation can consist of a field intensity meter with a 
bidirectional shielded loop antenna. Recording may be continuous and 
landmarks, time, and position noted. The major problem will be in 
shielding the MOLAB which may perturb the RF fields. 

This method is particularly attractive since it can provide geo-
logic information at a minimum of weight and labor. The communication 
equipment aboard the LEM would provide the excitation. The only ad-
ditional equipment required is a receiver aboard the MOLAB. 

5. 4. 2. 6 Electrostatic Potential Gradient 

It is proposed that natural lunar surface potential gradients be 
measured by means of capacitor plates mounted in close proximity to the 
ground at either end of the MOLA B. The potential difference between 
these plates would be monitored and would be a measure of the lunar po-
tential gradient. This is a high impedance measurement which, together 
with possible low signal levels, would require state-of-the-art instrumen-
tation to perform. 

Typical field values of potential gradients due to earth telluric 
currents range from l o- 2 to I 0 microvolts/meter (Paterson). Spontaneous 
potential gradients over a sulphide body may range from 400 to 4000 micro-
volts /meter (Dobrin, 19 60). The chemical reactions producing a spon-
taneous potential require the presence of water, 
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Strong surface potential may exist on the moon due to constant 
bombardment of charged particles from outer space. High surface re-
sistivity favors this condition. There is thus a possibility that a wide range 
of surface potentials may exist. The conceptual design of a proposed po-
tential gradient system is discussed in Section 5. 4. 4. 

Such measurements would establish whether telluric or other nat-
ural electric fields exist and could be coupled with magnetometer data to 
provide resistivity or depth information by the established magnetotelluric 
method. (See Vazo££, 1964, and Jakosky, 19 50. ) 

5. 4. 3 Instrument Requirements 

Existing commercial exploration instrumentation has been de signed 
for unrestricted human operators working in an earth environment, The 
human operator is utilized to the fullest extent in transporting the equipment, 
placing electrodes, manipulating dials and switches, performing calibra-
tions, maintaining equipment, data recording, and data interpretation. 
There has been no incentive to miniaturize exploration equipment or to auto-
mate these operations. The sensitivity of instrumentation has been low com-
pared to modern standards, requiring experimenters to use relatively large 
amounts of power to achieve satisfactory results. Presently available in-
strumentation is not satisfactory for the lunar experiment. Table 5-7 sum· 
marizes the major characteristics of equipment which could be developed 
by 1968 for lunar exploration. 

Estimated electrical characteristics are based on radar reflection 
data and laboratory experiments on simulated lunar materials. Estimated 
physical characteristics are based on microminiaturization and packaging 
experience. 

5. 4. 4 Conceptual Design and Evaluation of Measurement Techniques 

The choice between the transient and dual-frequency methods is 
largely a subjective one. One method measures the reaction of the medium 
to an electromagnetic step function while the other method measures the 
p1edium response to steady state sinusoidal electromagnetic excitation. 
Figure 5-10 shows diagrams for the two systems. Both methods yield the 
same kind of information about the medium. Inspection of Table 5-7 shows 
that the two systems are equivalent in almost every respect. The dual-
frequency system is somewhat less sophisticated than the transient system 
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TABLE 5-7 

SURFACE ELECTRICAL INSTRUMENT SUMMARY 

ELECTRICAL 
TRANSIENT 

ELECTROMAGNETIC 
(DUAL FREQUENCY) RF ANTENNA INDUCTIVE FIELD 

(MINE SWEEPER) 
RADIO WAVE 

TRANSMISSION 
ELECTROSTATIC 
P~NJtr:; REMARKS 

INSTRUMENTATION TRANSMITTER 
RECEIVER 

TRANSMI.T'l'ER 
RECEIVER 

TRANSMXTTER COIL 
IMPEDANCE-BRIDGE 

TRANSMITTER 
RECEIVER 

CAPACITOR-PLATES 
VOLTMETER* 

*VIBRATING REED 
ELECTROMETER 

PARAMETERS RESISTIVITY RESISTIVITY RESISTIVITY RESISTIVITY-
SUSCEPTIBILITY 

RESISTIVITY POTENTIAL-
GRADIENT 

RANGE 10- 1 - 1o• 10' - 10. 10-1 - 10"" 10- 1 - 104. 10- 1 - 1o• lo-a - 10. See Table 5.3-3 
OBM-CM OHM-CM OHM-CM OIIM-CM OHM-CM MV/M 

RESOLUTION (PERCENT 
FULLS~) "' 1% 1% 1% 1% 1% 

BAIIIJWl:DTH 0 - 5 0 - 5 0 - 5 0 - 5 0 - 5 0 - 5 
CPS CPS CPS CPS CPS CPS 

WEIGHT 3 

""" 
5 

KGM 
3 

KGM 
4 

KGM 
2 

KGM 
2 

KGM 

DIMENSIONS COIL 1.5 M 
ELECTRONICS 
28Xl3Xl3CM 

COIL 1.5 M 
ELECTRONICS 
30 X 15 X 20 CM 

ANTENNA 10M 
ELECTRONICS 
30 X 20 X 20 CM 

COIL 25 CM 
ELECTRONICS 
BXSXBCM 

COIL 25 CM 
ELECTRONICS 
SXSXBCM 

PLATES 25 CM 
ELECTRONICS 
BXSXSCM 

VOL molE 4700 
CM' 

9000 
CM' 

12,000 
eM' 

320 
eM' 

320 
CM' 

32~ 

eM' 
POWER a) OPERATIONAL 

b) STANDBY 
35 

1 
WATT 
WATT 

35 
1 

WATT 
WATT 

10 WATT 
.5 WATT 

1 WATT 
1 WATT 

1 
1 

WATT 
WATT 

1 WATT 
1 WATT 

FORM OF Ot11'PUT ANALOG ANALOG ANALOG ANALOG ANALOG ANALOG 

ACCURACY (PJ!lRCENT 
FULL SCALE) 5% 5% 5% 5% 5% 5% 

DATA FORMAT OPTIONAL OPTIONAL OPTIONAL OPTIONAL OPTIONAL OPTIONAL ANY CONVENIENT FORW..T 
CAN BE PROVIDED 

WARM-UP TIME 30 30 30 30 30 30 
SEC SEC SEC SEC SEC SEC 

ON-TIME OR 
DUTY CYCLE 

- - - - - - WILL VARY DEPENDING ON 
THE DISCRETION OF THE 
ASTRONAUT 

MEASUREMENT TIME 0 - 1 SEC 0-lSEC 5 MJ:N* 0-lSEC 0-SSEC 0-lSEC *INCLUDES INSTRUMENT 
SET-UP TIME 

DISPLAY TYPE OPTIONAL OPTIONAL OPTIONAL OPTIONAL OPTIONAL OPTIONAL ANY CONVENIENT READOUT 
SUCH AS CRT WOULD BE 
SATISFACTORY 

NtRBER OF DATA 
CHANNELS REQUIRED 

4 2 1 1 1 1 DOES OOT INCLUDE RELATED 
MEASUREMENT CHANNELS 

RELATED MEASURE-
MENTS 

SURFACE POSI-
TION TEMP. 

SURFACE POSI-
TION TEMP. 

SURFACE POSI-
TION TEMP. 

SURFACE POSI-
TION TEMP. 

SURFACE POSI-
TION FIELD DI-
RECTION TEMP. 

SURFACE POSI-
TION TEMP. 

TEMPERATURE MUST BE 
MEASURED SIN: E IT AFFECTS 
THE VALUES OF ROCK RES IS-
TIVITIES 

DEVELOPMENTAL 
STATUS 

MODIFICATION 
OF EXISTING 
APPARATUS 

MODIFICATION 
OF EXISTING 
APPARATUS 

MODIFICATICIIT 
OF EXISTING 
APPARATUS 

MODIFICATION 
OF EXISTING 
APPARATUS 

MODIFICATION 
OF EXISTING 
APPARATUS 

CONCEPTUAL* *SCIENTIFIC PRINCIPLES AND 
TECHNOLOGY ARE AVAILABLE 

DEVELOPMENT COST 
(DOLLARS) $200K $200K $lOOK $lOOK $lOOK $lOOK K,., $1,000 

DEVELOPMENT TIME 2 YEARS 2 YEARS 1 YEAR 1 YEAR 1 YEAR 2 YEARS 

MOUNTING 
REQUIREMENTS 

ROOF COIL 
Boa-t COIL 

ROOF COIL 
BOOM COIL 

PORTABLE EXTERNAL COIL 
NEAR GROUND 

DIRECTIONAL 
ANTENNA 

EXTERNAL PLATES 
NEAR GROUND 

OPERATION OPTIONAL* OPTIONAL* MANUAL OPTIONAL* OPTIONAL* OPTIONAL *OPERATION CAN BE AUTO-
MATIC, PROGRA*ED OR 
MANUAL 

EXPERIMENT 
MAGNITUDE 

L-~ L-~ L-~ N-Q K-L N-~ SEE FlGURE 5.1-1 
MAGNITUDE CHART 

ASTRONAUT SKILL SUPERVISORY, 
INTERPRET DATA 

SUPERVISORY, 
INTERPRET DATA 

EMPLACE, ACTI 
VATE APPARATUS, 
INTERPRET DATA 

SUPERVISORY, 
INTERPRET DATA 

SUPERVISORY, 
INTERPRET DATA 

SUPERVISORY, 
INTERPRET DATA 

RANGE OF PENETRA-
TION 

0 - 100 
METERS 

0 - 100 
METERS 

0 - 100 
METERS 

0 - 5 
METERS 

0 - 300 
METERS 

0 - 15 
METERS 

THESE VALUES ARE ACHIEV-
ABLE ON THE EARTH. MOON 
VALUES WOULD BE GREATER. 

LUNAR PROBLEMS l«>ISTURE ROCK 
LITHOLOGY 
STRUCTURE 

MOISTURE ROCK 
LITHOLOGY 
STRUCTURE 

MOISTURE ROCK 
LITHOLOGY 
STRUCTURE 

MOISTURE ROCK 
LITBJLOGY 
STRUCTURE 

MOISTURE ROCK 
LITBJLOGY 
STRUCTURE 

SURFACE CHARGE 
MOISTURE 

DEVELOPMENT 
PROBLEMS 

MINIMIZING 
M:)LAB INTER-
FERENCE 

TRANSDUCER SENSI-
TIVITY* 

*VALIDATION EXPERIMENT 
REQUIRED 



SENSOR 

~ ~ AMPLIFIER I PULSE 
~--~·~ __ A __ N_A_L_Y_z_E_R~~--~~ 4 OUTPUTS 

ELECTRICAL TRANSIENT 

SENSOR 

.__o_s_c_I~L.-LA_T_O_R__.f=() q.__AM_P_L_I_F_I_E_R__.~-~~~~-A-N_A_L..,Y.-z_E_R _ __.H= AMPLITUDE 

PHASE 

f 
COAL-FREQUENCY ELECTROMAGNETIC 

DETECTOR ~--~~ RESISTIVITY 

DETECTOR 1--~~ SUSCEP'l'IBILIT

MINE SWEEPER 

ANTENNA 

I I 
IMPEDANCE SWEEP 
DETECTOR GENERATOR 

I OUTPUT 

RF ANTENNA 

y 
TRANSMITTER RECEIVER ~----~~~ OUTPUT 

RADIO WAVE TRANSMISSION 

TRANSDUCER AMPLIFIER OUTPUT 
CAPACITANCE 

PLATES 

POTENTIAL GRADIENT 

Figure 5-10 Surface Electrical System Block Diagrams 
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since, in general, a transient is a more difficult signal to analyze than a 
simple sine wave. On this basis, the dual-frequency electromagnetic sys-
tem is favored over the transient system. 

The inductive field apparatus (mine sweeper) is recommended since, 
in addition to resistivity, it yields magnetic susceptibility information (see 
Figure 5-l 0). The sampling area of this device is limited to localized ef-
fects. Most of the other recommended apparatus samples a larger volume 
of the lunar surface. Therefore, large discrepancies between resistivities 
measured by the mine sweeper and measured by another method such as the 
electric transient might be interpreted as fissures or other types of discon-
tinuities. This technique might also yield depth of dust layer information. 

The radio wave transmission method is recommended because of its 
applicability to both large- and small- scale measurements. In addition, 
the excitation equipment will be available in the form of communication 
transmitters and the only extra equipment required is the detector. (See 
Figure 5-l 0.) 

The RF antenna apparatus is recommended in the form of a compact 
portable unit which the astronaut can place on the ground (see Figure 5-10). 
The advantage of such a unit is to obtain resistivity information as a function 
of depth at a point on the lunar surface without a large spread of surface 
measurements. This would provide the astronaut with some basis for de-
ciding whether or not to drill a hole at a given location. Variation of re-
si stivity with depth would indicate layering and hence a hole at this location 
would probably yield more information than a hole drilled at random. As 
mentioned previously, the depth of any dust layer may also be probed with 
this instrument. 

The capacitive coupling apparatus for measurement of potential grad-
ient is recommended since natural potential, if it exists, could be detected 
(see Figure 5-1 0). This apparatus is an attempt to accomplish such a me as-
urement without resistive coupling to the lunar surface. Whereas the in-
struments for the other electrical methods are proven and utilized for earth 
measurements, the potential gradient apparatus is presently in the concep-
tual stage and has not yet been built or proven. 

Table 5-8 shows the resistivities of a few materials which are based 
on laboratory measurements (Kopal, 1962). Radar reflection data give an 
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(3 Min. Reading) Relative 
Sample 

Peridotite (Mica-Aug) 
Basalts 

Obsidian 
Basalt 
Hornblende Basalt 
Olivine Basalt 
Vesicular Basalt 
01. Bas. Porphyry 
Scoria 
Diabase 

Andesites 
Andesite 
Hornblende Andesite 
Andesite Porphyry 

Diorite 
Diorite 
Mica Dacite Porph. 

Granites 
Rhyolite 
Alkali Granite 
Quartz Monzonite 
Trachyte Porphyry 

Pyroclastics 
Pumice 
Tuff 

Sedimentary & Metamorphic 
Sandstone 
White Marble 

Minerals 
Graphite 
Limonite 
Pyrrhotite 
Pyrite 
Microcline 
Albite 
Pyroxene (Diopside) 
Hematite 
Bytownite 
Magnetite 
Hornblende 
Augite 

*From Reference 8 

Ohm-CM Permittivity 

1.9 

9.1 
3.6 
9.1 
4.6 
2.0 
1.9 
6.3 
1.3 

5.8 
1.0 
2.0 

1.9 
4.2 

1.3 
4.6 
4.6 
7.1 

1.9 
1.9 

4.6 
4.5 

X 10 5 

X 10 5 

X 10 8 

X 107 
9 

X 10 
X 10 5 

X 10 8 

X 10 7 

X 10 7 
9 

X 10 
X 10 9 

X 10 8 

2.5 X 10- 2 

2. 7 X 10 6 

2. 3 X 10- 2 

47 
4.5 X 10 9 

2.0 X 10 9 

4.5 X 10 9 

1.2 
3.0 X 107 

3.4 X 10 2 

2.9 X 10 5 

5.6 X 108 

10.0 

7.76 
17.4 

9.94 
8.89 
6.51 

22.9 
6.08 

10.8 

19.3 
4.87 
7.65 

21.3 
8.84 

4.00 
6.82 
6.23 
8.19 

2.29 
5.32 

4.84 
9.84 

18.9 

6.52 
11.7 
8.30 

-7.61 

14.0 
9.22 

Susceptibility 
CGS 

0.65 

0.49 
1.19 
0.65 
0.57 
0.39 
1. 59 
0.36 
0. 71 

1. 33 
0.28 
0.48 

1.48 
0.57 

0.21 
0.42 
0.38 
0.52 

0.088 
0.31 

0.27 
0.64 

1. 30 

0.39 
0.77 
0.53 

-0.64 

0.94 
0.59 

TABLE 5-8 

ELECTROMAGNETIC MEASUREMENTS OF "MOON DRY" 
ROCKS AND ROCK-FORMING MINERALS':' 

Resistivity 
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average resistivity of the lunar surface of 3 x 1 o5 ohm-em, which is toward 
the high end of the indicated ranges. The data in Table 5-8 were used to 
establish resistivity ranges on instrumentation. 

5. 4. 5 Operational Procedures for Measurements 

With the exception of the direct coupled resistivity and self-potential 
methods requiring the deployment of cables and the emplacement of elec-
trodes, and the RF antenna device, all measurements can be automated or 
programmed, thus requiring only supervisory attention by the astronauL 
Instrument functions can be started or stopped by means of switches. Other 
instrument operations such as balancing or nulling and calibrating could 
also be accomplished by switches, thus requiring minimal dexterity. 
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5. 5 AREAL RADIATION SURVEY AND BOREHOLE LOGGING MEASURE-
MENTS 

Five nuclear measurements are de scribed in this section. It is be-
lieved that they would be of distinct value in geologic mapping and the analy-
sis of the lunar surface and subsurface:':' (1} natural gamma ray, (2) spec-
tral gamma ray, (3} gamma-gamma, (4) neutron-gamma, and (5) neutron-
neutron. 

The natural gamma and spectral gamma ray measurements will permit 
the construction of a continuous radioactivity profile along the traverse li.ces 
and boreholes. The spectral gamma-ray instrumentation will further per-
mit analyses of both small and large individual rock samples in the field. 

The gamma-gamma, neutron-gamma, and neutron-neutron will be per-
formed along the boreholes and also at individual sites. The gamma-
gamma measurement will determine the mass density of formations, the 
neutron-gamma measurements identify elements and their abundance, and 
the neutron-neutron measurements give simple indications of hydrogenous 
matter, such as water or permafrost. 

A sixth measurement, radioactive dating, was considered in the In-
terim Report. While of major importance, it can be performed on samples 
brought back to the laboratory. The complexity of the equipment and the 
experiment, and the time requirements are prohibitive in the case of the 
present schedule of lunar scientific experiments, and are thus not discussed 
in this report. 

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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5. 5. 1 General Instrument Requirements 

The instruments to be used for surface or subsurface nuclear ex-
ploration in general may consist of four subsystems: 

l. Radiation source 

2. Radiation detection and measurement 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, 
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. Thus the gamma detector has been designed for use 
in four and the spectral analyzer in two of the measurements. Features 
that differ from the multipurpose subsystems are de scribed along with the 
requirements for the measurement type. 

Subsystem 3 is of primary importance only in the areal survey along 
a traverse. A subsystem performing this function is assumed to be avail-
able and to simultaneously feed into the information recording subsystem 
along with the output from the radiation detector. 

In terrestrial applications it has 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 tools can be greatly reduced and the standard diameters of 4. 29 em 
(l-11/16 in.) or even 6. 67 em (2-5/8 in.), which generally include the 
width of the pressure housing, can be easily reduced for use on MOLAB 
for both surface and subsurface exploration. 

Although increases in temperature due to gradients in a 30-meter 
borehole are not expected to be more than a few degrees, the temperature 
swing from lunar day to lunar night covers an estimated span between -163°C 

0 
and +112 C. Temperature has, however, also caused problems in the ter-
restrial application of nuclear logs. Current detector state of the art is 
such as to make a rating of 180°C not very uncommon. The present low tem-

. . 0 perature rahng 1s around -50 C for most components. 
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Pre sent unknowns such as instrument behavior and data interpreta-
tion at these temperatures, length of time that the instrument might be sub-
jected to such temperatures, passive insulation schemes, and lack of basic 
data (such as rates of heat transfer along a borehole) all preclude making 
a firm recommendation on temperature rating at this time. 

The paucity of good data on background radiation on the lunar sur-
face precludes making estimates on minimum geological count rates nee-
essary to perform satisfactory areal and borehole surveys. Until such data 
become available, the background radiation has been assumed to have a 
spectrum and amplitude resembling that observed on earth at high altitudes. 

5. 5. 2 Natural Gamma Ray Measurements 

Natural gamma ray measurements will be used to explore and ana-
lyze the moon's surface and subsurface. The degree of radioactivity along 
traverse lines in conjunction with maps of other parameters such as mag-
netic anomalies make it possible to outline the lateral extent of geologic 
formations. Borehole measurements yield information about the nature of 
the strata and of their interfaces. 

Since the concentrations of radionuclide s and their host minerals 
are generally controlled by rock-forming processes~ patterns in the radia-
tion spectra usually parallel geological patterns. The areal technique wiiJ 
be of most value in :regions having low to moderate variations in topography 
and little residual soiL Distribution and continuity of lithologic formations 
m such areas are usually quite difficult to trace by conventional field methods. 

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. 

5. 5. 2. 1 Instrument Requirements 

The operational range of the lunar mission instrument should span 
the wide extent of radiation intensities that will be encountered. The follow-
lng scale ranges are recommended: 
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Smallest 
Scale Range Scale Range Scale Division 

{mr/hr) (cps) {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 checks, 
such as the incorporation of a small uranium source. 

The response rate of thee count-rate circuits should be fast enough 
to register significant changes in radiation level while the vehicle is travel-
ing at a speed of 5 km/hr. 

The detector 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 dis-
played on a meter for preliminary evaluation by the astronauL 

5. 5. 2. 2 Conceptual Design of Natural Gamma Weasuring Instrument 

Gamma ray detectors are used in four out of six of the techniques 
to be considered in this section. The reasons for the choice of the gamma 
detector are included in this section only. 

A block diagram of the recommended instrumentation is shown in 
Figure 5-11. It consists of a Csi {T£) scintillation detector surrounded by 
a plastic scintillator. Anticoincidence circuitry is used to reject charged 
particle events. The instrument can be used for gross counting with either 
a visual display or recording mode. Alternatively, the data can be routed 
through a multichannel analyzer for spectral analysis before recording. 

The efficiency of scintillation detectors for gamma ray counting 
is much higher than the efficiencies of G-M tubes. While the efficiency 
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depends on the crystal material and its thickness, it is typically 50o/o or 
more for commonly used Nai crystals. Thus, much lower gamma intensi-
ties can be discerned. 

Scintillation detectors can be made sufficiently rugged to be used 
in 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 a Csi (T£) crystal surrounded by a plastic scin-
tillator with a ruggedized photomultiplier tube has been aboard Ranger 3. 
This unit has included a 32-channel pulse height analyzer and covered a 
nominal gamma energy range of 0. 1 to 12 Mev. Scintillation detectors have 
also been used in many borehole logging devices, and thus appear to be well 
suited for most of the applications of interest here. 

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 effi-
ciency for gamma rays is less than that of scintillation detectors. 

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 ( -197°C) have re-
cently been shown to give excellent resolution in gamma ray spectroscopy. 
Although this kind of operation has only been achieved under laboratory con-
ditions, it indicates that future advances in semiconductor detectors may 
eventually make them competitive with scintillation detectors for survey 
instruments. 

It is recommended that scintillation detectors be used for gamma 
ray measurements. Thallium activated cesium iodide is recommended as 
the scintillating materiaL Csi (T.£) is fairly comparable to the more com-
monly used Nai (T£) in many of its characteristics; however, Csi is more 
plastic, less brittle, more resistant to moisture contamination and is pre-
ferred for the environments that would be encountered in this mis sian. 

A Csi (T£) crystal 12. 7 em long and 4. 13 em in diameter is rec-
ommended. A similar type of crystal is presently available from the Harshaw 
Chemical Co., Cleveland, Ohio. Harshaw type PF or type PA, high tem-
perature, ruggedized crystal assemblies will presently operate down to 
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- 50°C with air interfaces. The au interface, however, reduces the light 
output by 50o/o. The development of a crystal assembly with a regular inter-
face is expected within the next year at a cost of between $900 and $1400 
per crystal. 

The photomultiplier tube recommended is similar to RCA Develop-
ment No. C70, 150, which is a 5-cm OD tube, ha~ing a bialkali type photo-
cathode presently with a temperature rating of 90 C. An all-metal and 
ceramic tube with Venetian blind type construction is recommended for 
ruggedness. The development problems are to increase the operating tem-
perature beyond 90°C, and to possibly as low as that of lunar minimum 
(-l63°C). These are apparently being considered now and are expected to 
be overcome in less than two years. Present RCA goals are to have a tem-

o 0 
perature range of - 197 C to + 120 C. Dec rea sing the tube diameter to 4. 13 
or 4. 42 em is not considered to be a problem. The developmental tube is 
expected to cost around $2000. 

Another developmental tube which may be applicable is the Channel-
tron R photomultiplier 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 develop-
mental stage; however, they may be available as production items in the 
lunar mission time scale. 

Crystal and phototube assemblies having similar characteristics 
have been flown in space vehicles and missiles and thus do not represent 
a problem as far as the other environmental constraints of launch, flight, 
etc. , are concerned. 

The crystal and photomultiplier tube assembly is basic to all four 
gamma ray measurements, as are the preamplifier, amplifier, anticoin-
cidence circuitry, and power supply and gate. There are no developmental 
problems associated with designing integrated circuit devices to perform 
these functions. The development cost is expected to run to about $5000 
at present. Shelf items or microcircuits having the desired characteristics 
may, however, become available within the time scale of the mission prep-
aration, thereby reducing the cost. 

R 
Channeltron is a registered trademark of The Bendix Corporation. 
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The crystal is surrounded by a thin layer (about 0" 32 em) of Pilot B 
plastic scintillator, This material produces a light output when charged 
particles pass through it, but has low sensitivity to gamma rays. ThePilotB 
gives a pulse with a much faster rise time than the Csl (Tl'), Thus, by using 
anticoincidence circuitry, particles which produce pulses only in the Csi (Tl) 
are accepted. This feature may be quite important on the moon, where, be,~ 

cause of lack of atmosphere, the charged particle background may be high. 

The preamplifier provides some signal gain and has an emitter-
follower output for impedance matching. The anticoincidence circuit senses 
the presence of fast pulses from the Pilot B scintillator and closes the gate 
so that the following pulse from Csi (Tl') will not be analyzed. Thus, only 
the Csl (Tl') pulses which are not immediately preceded by a Pilot B pulse 
will be counted, The amplifier also includes a discriminator to exclude very 
low energy pulses. 

The mechanical design of the instrument is such that the detector, 
photomultiplier tube, preamplifier, and high voltage converter are packaged 
in a cylinder 4, 42 em in diameter or less, This sensor can be disconnected 
from the areal surveying instrument and connected to a different cable for 
use in borehole 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. 

The count-rate meter is again fairly standard and present cost 
estimates are $2000 per unit. 

Calibration of the instrument will be achieved with a small radio-
active source, This source can either by permanently mounted in the detector, 
or can be provided se~arately and used by the astronaut at periodic intervals. 
A source such as Cs 1 7 with a single gamma ray peak would be used if it is 
permanently attached to the instrument, since this would provide a minimum 
of confusion of other gamma ray spectra, A variety of sources, including 
K 40 or u 238, can be used if they are not mounted on the instrument during 
survey measurements, 

The same basic in strum en twill 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, Gross counting rate vs depth 
in the hole will be recorded and displayed for astronaut evaluation, The 
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operator will use this information to determine if more detailed information, 
specifically gamma ray spectra, should be obtained. An instrument estimate 
follows: 

Weight: 

Length: 

Diameter: 

Volume: 

Power: 

4. 55 kg 

20.4 em 

4.42 

31.4 

em 

3 
em 

5 watts 

Data format: digital, four channels, 6 bits/channel 

Logging speed: 6 meters/min 

Sampling frequency: 10 samples/ sec 

5. 5. 2. 3 Operational Procedures for Measurement 

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 borehole logging measurements, it can be 
connected to the cable together with other subsurface instruments. The total 
time consumed for a 30 meter log should not be more than 10 minutes. 

5. 5. 3 Spectral Gamma Ray Measurements 

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 
experiments should be conducted on rock samples. Gamma ray spectroscopy 
is a feasible method of obtaining information on potassium, thorium, and 
uranium concentrations in lunar rock formations. 
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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 volcanic ash that is enriched in potassium 
could be distinguished from basaltic ash and chrondritic particles. 

5. 5. 3. J 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. 1 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 ( > 1 Mev) expected from potassium and 
uranium and thorium deposits. Better resolution of lower energy peaks 
below J 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. 

5. 5. 3. 2 Conceptual Design of Gamma Ray Spectrometer 

The conceptual design of the instrument is shown in Figure 5~ 1 l. 
An instrument that could be recommended, with modifications is the gamma 
ray spectrometer carried on several of the Ranger spacecraft. This ins-
trument used a Csi (T £) crystal surrounded by a Pilot B scintillator and a 
32-channel analyzer for pulse height analysis. It was designed to measure 
the radioactivity of the lunar surface during the last 10 to 30 minutes of 
the Ranger flight before impact on the moon. 

The physical size of the Ranger unit is too large for MOLAB use. 
The Ranger unit is 10.5 em in,. over-all diameter while the M0LAB de-
tector is limited to roughly 4. 13 em in diameter to fit the expected 
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borehole diameterso Thus, the particular crystal unit, photomultiplier 
tube, and mounting configuration must be different. The crystal and photo-
multiplier tube recommended for the natural gamma measurements would 
give adequate counting statistics at a distance of less than 4 meterso 

One part of the Ranger instrument that could be directly applicable 
is the 32-channel pulse height analyzero The analyzer was developed by 
Radiation Instrument Development Laboratories, Melrose Park, Illinois, 
for NASA for general use in the space programo The analyzer, including 
power supply, amplifier analog-to-digital converter, memory, and program-
mer occupies 3500 cm 3 , weighs 20 27 kg, and consumes L 2 wattso This 
unit, with some modifications, could be adapted for the MOLAB instrument. 

Solid State Radiation, Inc. of Los Angeles, California, is at 
present designing a 10- channel unit for a Gemini mission using integrated 
circuit so 

A 128-channel analyzer with up to 13 bits/channel could be de-
signed and built in less than two yearso The development problem involves 
a power- temperature trade- offo However, unless the power allotted to the 
channel analyzer ( 7 watts) is reduced, the core memory can be de signed to 
operate over a temperature range of at least the limits of - 50°C to l 00°Co 

Weight: 

Length: 

Diameter: 

Volume: 

Power 

Data format: 

Sampling frequency: 

Logging speed and in situ: 
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.55o 6 em 

4o 42 em 

3 
860 em 

1 2 watts 

Digital, 3 2 channels required, 
10 bits per channel 

Areal survey- 1 sample/sec 

.5 to 1.5 minutes per sampling point 



5. 5. 3. 3 Operational Procedure for Spectral Gamma Ray Measurements 

There are actually 3 types of spectral measurements that can be 
performed with equipment that is being recommended. 

1. 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. 

2. Measurements outside the vehicle - This measurement 
would be made based on relatively low count rates obtained 
in the vicinity of large formations. For a decision to make 
the measurements, the counting rates would have to be such 
as to give good counting statistics in less than 15 minutes. 

3. Logging measurements - As in the areal survey, this ex-
periment consists of no more than a different type of output 
record of the natural gamma ray logging experiment. In 
this case again the data should be visually checked as the 
log progresses. Unless count rates are high, data will be 
accumulated for 5 to 1 5 minutes per sampling point. 

5. 5. 4 Gamma-Gamma Measurements 

Gamma-gamma methods can be used to evaluate the density of 
rocks. The technique consists of measuring scattered gamma radiation 
intensity as a rock formation 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 ( 1) the gamma rays interact only in the formation, 
and ( 2) the detector is completely shielded from receiving gamma rays 
directly from the source. 

Gamma-gamma 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 characteristics of the apparatus. Thus, to decrease the influence 
of extraneous factors, the magnitude of the scattered gamma radiation de-
tected by a particular sonde has to be compared against the magnitude of 
the scattered gamma radiation obtained in formations of known density. 
Figure 5-12 shows a typical density calibration curve for this tool. 
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Response 
(Arbitrary 
Units) 

l 2 3 4 5 
3 Density gm/cm 

Figure 5-12 Example of Calibration Standard for 
Gamma-Gamma Measurements 
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- -
Gamma Energy 

Isotope Half-Life (MEV) Gamma/Disint. Curries 
f-----

Co-60 .5.3 years l. 33, 1.17 l. 0, 1.0 45 

Cs -17 33 years 0.66 0.92 9 

Ir -192 75 days 0. 31' 0. 47, 0.60 1. 47, 0. 67' 0.27 8,00 
-- - -

Ir -192 has lately gained in popularity due to its high activity 
per unit volume, and cone omitant reduced shielding requirements. However, 

One of the theories of the lunar surface is that it is composed of 1 
to 2 meters of solidified foam composed of volcanic overflow and dust. 
Bendix has conducted experiments in which samples of Si02 that had been 
heated to 15000C were placed in a vacuum chamber. Irradiated samples 
of the resultant substance were subsequently shown to have similar photo-
metric properties as the lunar surface. These experiments and the well-
known existence of large amounts of materials such as pumice in lava 
fields in Hawaii and Alaska dictate the need for low-density measurements. 

The density range that can be expected in lunar rocks thus ranges 
from 0.12 gm/cm3 for volcanic froth [measured density of 11Simolivac 11 

(SIIica-MOLten-_!_n- VACuum) described above J to 8 gm/ cm 3 for nickel-
iron meteorites. Actually, the density of the most common igneous rocks 
and chrondrites (such as granites, gabbros, and basalts) is the same as 
shales and falls between 2. 5 and 3 gm/cm 3 . A requirement on the instru-
ment, therefore, would also be good density resolution in this range. 

5. 5. 4. 1 Conceptual Design of Gamma-Gamma Measurement Instrument 

Few of the hundreds of radioactive isotopes in existence have 
found use as gamma ray sources in nuclear geophysical exploration. Most 
radioisotopes are unsuitable because, for example, of their low gamma 
ray intensity, short half-life, and high cost. Table 5-9 gives details of 
the three isotope sources currently being used. 

TABLE 5-9 

GAMMA RAY SOURCES 
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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 
expected. This would reduce the source strength roughly to 1 I 8 of its 
original value. Furthermore, Ir -192 which gives a gamma ray spectrum 
with energies not higher than 0. 6 Mev (against 1. 33 Mev for Co-60) would 
reduce the effective investigation of the probe by a factor of roughly 2/5. 
(The effective radius of penetration for Co-60 is 5 to 25 em depending on 
the formation. ) 

These two disadvantages tend to null the advantage of the small 
source size of Ir-192 for the lunar mission and appear to indicate at this 
point very little difference between Co-60 and Ir-192. Until further con-
siderations (such as the length of the mission, possible use of the source 
on the moon beyond the initial 15 days, or source disposal) become trade-
off factors, the recommendation for an isotope for GG measurements is 
either a 5 millicurie Co-60 source or a 100 millicurie Ir-192 source. 
These sources are fairly standard and the source plus the housing are 
not expected to cost more than $2000. 

The detector requirements are otherwise the same as that for 
the other gamma measurements. The same instrument would be used, 
with small modification for both surface and subsurface exploration, as 
described in Section 5. 5. 2. 2. 

The use of a surrounding plastic scintillator for charged par-
ticle discrimination would not be required since the induced gamma radi-
ation would be much more intense than the charged particle background. 
Pulse height analysis would not be required since only the scattered gamma 
intensity (but not its energy spectrum) is used in making the measurement. 
Also, a visual readout would not be necessary (although it might be de-
sirable). The output in the logging measurements would be recorded 
along with the movement of the tool in the borehole, much like the recording 
used for the gamma log. 

The packaging of the detector would be very similar to that 
described before. The crystal, photomultiplier tube, preamplifier, and 
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the 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 direction radiation from the gamma source. 

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: 6. 85 kg 

Length: 55.6 em 

Diameter: 4. 42 em 

Volume: 

Power: 5 watts 

Data format: Analog, 0 to +5 vdc 

Resolution: 8 bits 

Logging Speed: 6 meters/min 

5. 5. 4. 2 Operational Procedures for Gamma-Gamma Measurements 

The normal calibration procedure for this instrument is a period-
lC (week to month} check of count rate when inserted into a solid aluminum 
density standard for l to 2 minutes. The gamma detector is usually checked 
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separately before and after each run using a small radioactive disk 
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 time 
is fixed by the logging speed and the depth or extent of the formation to 
be investigated. 

The data in counts per second would be converted to units of 
masE'l density by digital comparison to a basic chart established on earth 
for the device. This conversion would not require astronaut time except 
to initiate it. This experiment cannot be performed in the borehole at 
the same time as other gamma measurements. 

5. 5. 5 Neutron-Gamma 1\1easurements 

Neutron-gamma measurements in general describe a method of 
prospecting which involves irradiating a formation with fast neutrons and 
detecting gamma rays at various energies given off at certain times after 
the source has been turned off. 

Results indicate the neutron-gamma measurements to be particular-
ly suited for surface and subsurface identification of mineral- bearing 
strata. The measurement that is recommended consists of a combination 
of inelastic scattering, neutron capture, and short-lived (1 second) act-
ivation analysis. 

Another method that can be used to identify elements utilizes an 
alpha particle mass spectrometer. This technique, however, will only 
analyze surface layers (atoms at most 100 microns beneath the surface) 
and will identify elements with 1 <A.::::_ 40. An instrument prototype has 
been built for the Surveyor flight. This instrument requires two channel 
analyzers, a solid-state detector, an isotope alpha source, and about 
double the volume of the total nuclear measurement package recommended 
in this study. Although the measurement has merit, it does not have any 
strong advantages over the neutron-gamma measurement and it does mean 
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the disadvantage of additional equipment and mass. The recommendation, 
therefore, is that it be regarded as a useful cross-check experiment to be 
performed at some time later than the SMSS mission. 

5. 5. 5. 1 Instrument Requirements 

The instrument recommended for the neutron-gamma measure-
ments is a combination of a 14-Mev neutron pulse source and a scintillation 
gamma detector, separated by a shield. The requirements on the detector 
can best be explained with the aid of a diagram showing the time sequence 
of gamma ray emission following the irradiation (see Figure 5-13). 

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 microseconds. The gamma emission after this 
is due to long-lived unstable nucleus decay. Short-time activation measure-
ments will be made to detect gamma rays given off between 1 millisecond 
and 1 second. 

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 1 o9 neutrons I sec, with 1 o6 neu-
trons available per pulse. 

Capsule sources have often been employed in neutron-neutron and 
neutron-gamma logging tools. 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 sensi-
tivity detectors or large source weight. For example, approximately 
300 curies of Po- Be would be necessary to give the 109 neutron/ sec that 
can be expected from a pulsed neutron source. Capsule sources are not, 
therefore, considered for neutron sources. 
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Several pulsed neutron sources have been on the open market 
and in use 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 operated in both pulsed and continuous modes. 

There are two types of pulsed d-t sources that promise to have 
the size and power requirements recommended in this study within two 
years. 

The first is the conventional electrostatic accelerator d-t neutron 
source developed by High Voltage Engineering Corp., Burlington, Mass., 
which has been used in terrestrial field applications. The present charac-
teristics are: 

Neutron output: 
8 

10 n/sec 

Gene rat or voltage: 125 kv 

Weight: 10. 4 kg 

Power: 40 watts 

Diameter: 7. 62 em 

Length: 94 em 

Lifetime: 100 hours 

The second is a newly developed source capable of producing well 
over 1 ol 0 n/ sec. This tube, developed by Services Electronics Research 
Laboratory, Baldock, Merts, U.K., consists of an RF ion source from 
which a mixture of deuterons and tritons are accelerated onto a target 
composed of erbium deuteride and erbium tritide. The source is simple 
and compact compared to the accelerator type source and has the advantage 
of constant neutron output for at least 100 hours. Neutrons are produced 
by the d-t reaction using tritium both from the target and from the ion 
beam. A "K" tube generator having a maximum diameter of 8. 9 em has 
been developed for oil prospecting. This tube, which promises larger 
neutron fluxes over longer periods, is still in the experimental stage and 
thus cannot fully be recommended at this time. 
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5. 5. 5. 2 Conceptual Design of Neutron-Gamma Measurement Instrument 

The recommended instrumentation for the neutron- gamma measure-
ments has the following characteristics: 

Weight: 

Length: 

Diameter: 

Volume: 

Power: 

Source lifetime: 

Data format: 

Logging speed: 

Sampling frequency: 

11. 4 kg 

55. 6 em 

4. 42 em 

3 
1720 em 

2 5 watts 

100 hours 

Digital, 128 channels, l 0 bits per channel 

9 meters /min 

1 sample/ sec 

A block diagram of the electronics for the instrument is shown in 
Figure 5-14. 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-'1 logging, neutron capture, and short-lived neutron 
activation measurements to be performed with the same tool at the same 
time. Opening and closing the gate ensures that only gammas that are 
analyzed are those associated with either (n, '{) reactions or inelastic 
scattering reactions by the 14-Mev neutrons. 

The energy range of the detector has to be up to at least about 
8 Mev, since there are significant reactions up to these energies. For ex-
ample, the Fe (n, '{) reaction gives a line at 7. 6 Mev. Also the gamma 
ray spectrometer must have good resolution to separate clearly lines that 
are produced by different elements. Thus, a pulse height analyzer with a 
fairly large number of channels (> 100) is required. 
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Figure 5-14 Block Diagram of Instrumentation for 
Neutron-Gamma Logging Probe 
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Thus the pulse-height-analyzer energy span, which had been 
tentatively set at 32 channels for the spectral gamma ray measurement, 
can be established at 128 channels. This would give good resolution from 
0. 1 to about 9 Mev. Developmental problems for the analyzer are dis-
cus sed in Section 5. 5. 3. 2. 

The neutron source, shielding between source and detector, and 
some of the control electronics are packaged in the tool. The packaging 
arrangement would be such that the gamma detector could be easily re-
moved and used separately for the other measurements. 

5. 5. 5. 3 Operational Procedures for Neutron-Gamma Measurements 

The technique requires the least amount of astronaut time for the 
amount of lithologic information received. The pulser would be set to 
flash every second. The detector calibration has been described else-
where and will not be repeated. Although the detector would be designed 
to have negligible interference from long-lived decay gamma rays, actual 
field experiments may indicate that background awareness and subtraction 
might be necessary. 

The present plans are to repeat the experiment at 5 or 10 places 
outside the vehicle and in the boreholes. 

The expected calibration, and data taking time for this experiment 
is 5 to 10 minutes per setup. This experiment cannot be performed in 
tandem with any other nuclear measurement. 

5. 5. 6 Neutron-Neutron Measurements 

In this method, a source of fast neutrons is used to irradiate the 
formations and thermal or epithermal neutrons are detected as an indication 
of the characteristics of the formation. This method can best be employed 
to determine the hydrogen or water content of formations since the neutron 
flux at a given distance from the neutron source is proportional to the slow-
ing down eros s- section of the formations. 

The measurement has been used in surveying for petroleum to de-
termine porous zones filled with water or oil. On the moon it could be used 
to 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 
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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 environ-
ment 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 cross-
section materials. It does, however, mean the extra weight and require-
ment on astronaut attention of a detector that cannot be used for any other 
measurement. 

5. 5. 6. 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, Los Angeles, California, would be used with a boron-
1 0 converter foil. 

BF3 counters have been widely used for terrestrial prospecting 
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 Discoverer satellite flights. BF 3 counters have been used in virtually 
all neutron-neutron loggings on earth. 

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. 
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Figure 5-15 Block Diagram of Thermal Neutron Detector 

5. 5. 6. 2 Conceptual Design of Neutron-Neutron Measurement Instrument 

A block diagram of the detection system for n-n logging is shown 
m Figure 5-15. Here the solid-state detector feeds a preamplifier which is 
included in the logging tool. The preamp drives the signal cable and is fol-
lowed by an amplifier with a suitable discriminator. Since only thermal 
neutrons are detected, pulse height analysis is not required and only in-
tegral counting is performed. The amplifier feeds a count rate meter 
whose output is recorded along with the motion of the tool in the borehole 
or along a formation on the surface. 

A summary of parameters follows: 

Weight: 9. 1 kg 

Length: 55. 6 em 

Diameter: 4. 42 em 
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Volume: l 7 20 
3 

em 

Power: l 0 watts 

Data format: Analog, 0-5 vdc 

Resolution: 6 bits 

Logging speed: 6 meters/min 

5. 5. 6. 3 Operational Procedure for Neutron-Neutron Measurement 
Instrument 

The experiment would be repeated at 5 to l 0 places outside the 
vehicle and in the boreholes. The expected time required, based on ter-
restrial field use, is not more than 10 minutes per setup. The experiment 
should not be performed in a borehole containing other equipment. 

5. 5. 7 Nuclear Measurements Evaluation and Selection Criteria 

Measurement'' 

Natural 
gamma 
environment 

Spectral 
gamma 

Gamma-
gamma 

Neutron-
gamma 

Neutron-
neutron 

Specific 
Parameter 
Measured 

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 

Use 

Gross geologic 
mapping x strata 
identification 

l) Geologic 
mapping 

2) Strata identi-
fication 

3) Rock sample 
identification 

Remarks 

a and b 

l) a 
2) b 
3) c 

Determine mass b and c 
density of forma-
tions 

Qualitative and 
quantitative ele-
ment identifica-
tion (Fe, Si, Al, 
0, Mg, etc.) 

Identify hydro-
genous materials 
(water, perma-
frost, etc.) 

band c 

band c 

Complementary 
Experiments 

Magnetic 
anomalies, 
sonic, spectral 
gamma, etc. 

Magnetic, 
sonic, 
electrical 

Electric 
resistivity, sonic 
d neutron 

Neutron-neutron 
for some elements 

Neutron-gamma 

Alternate 
Methods 

None 

l) None 
2) Lab 
3) Experiments 

on samples 

Lab experiments 

'\n order of sequence of performance 

a. Automatic traverse measurement inside vehicle-no setup time 
b. Automatic borehole measurement outside vehicle-5 to 10 min setup per hole 
c. Individual measurements outside vehicle-5 to 10 min setup 
d. Mass spectrometer measurement performed on sample returned to earth 
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The weights given for each measurement in the preceding sec-
tions are those that would be required if only the measurement discussed 
were performed separately. As discussed in Section 5. 5. 1, however, 
several subsystems are common to more than one measurement. Ta-
ble 5-10 gives weight distribution estimates of key subsystems and a total 
weight assuming that all experiments are performed. 

TABLE 5-10 

WEIGHT AND DISTRIBUTION OF NUCLEAR SUBSYSTEMS 

Weight Natural Spectral Gamma Neutron Neutron 
(kg) Gamma Gamma Gamma Gamma Neutron 

Gamma source 1.8 X 

Pulsed neutron 
source 5. 5 X X 

Gamma-ray 
detector 0.9 X X X X 

Neutron 
detector 1.4 X 

Count-rate 
meter 0.9 X X X 

1 28 channel 
analyzer 2. 8 X X 

Data processor 1.8 X X X X X 

Source-detector 
shield 0. 5 X X 

Total weight l 5. 6 kg 

It should finally be noted that the design of the natural radio-
activity instruments has been arrived at without the benefit of satisfactory 
background radiation information. The instrument requirements for the 
two measurements in question should be critically re-evaluated when this 
information becomes available. 
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5. 6 SOIL MECHANICS EXPERIMENTS 

The MOLA B vehicle provides a very convenient and transportable plat-
form from which a soil-bearing strength penetrometer can be mounted. 
In addition to lunar drill investigations, IIT Research Institute, under con-
tract to Bendix Systems Division on another lunar program, has developed 
a penetrometer device which would be extremely useful in determining the 
bearing strength of the lunar surface as a function of the depths penetrated. 
Table 5-ll shows the pertinent characteristics of a proposed model. 

TABLE 5-ll 

PENETROMETER CHARACTERISTICS 

Size Weight Power Remarks 
(em) (kg) (w) 

28 X 18 X 15 2. 5 8 (peak) Needle type probe to exert 
800 psi bearing pressure. 

Note: Data output will be 0 to 5 volts analog from probe extension sensor 
and from pressure reading transducer. 

Additional information is available through Jet Propulsion Laboratory 
1n the Surveyor Lunar Roving Vehicle Final Report, BSR 903, prepared 
under JPL Contract 950656. 
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5. 7 GAS ANALYSIS MEASUREMENTS 

The purpose of the gas analysis measurements is to determine the 
local composition and pressure of surface gases. Both the general lunar 
atmosphere 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 in-
strumentation. 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 de sign of the selected instru-
ment, and an outline of operational procedures and constraints involved i::1 
actually performing the gas analysis measurement. 

The evaluation of existing gas analysis techniques performed under 
this study led to the choice of an instrument based on the quadrupole mass 
spectrometer principle of the type flown by Dr. E. Schaefer. 

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 fis-
sures 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 encoun-
tered during the traverse mission. Since the indigenous lunar atmosphere 
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is of scientific and perhaps operational interest, it should be sampled and 
analyzed 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 sub· .. 
surface gaseous emanations ar present will be desirable. 

To determine the set oi realistic instrument characteristics re-
quired to perform these analyses, it was necessary to define a model of 
both the "atmospheric 11 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 activ-
ities, as provided by Dr. Parsonsl ~:'. 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 Lkht2 modeL The composition model derived by 
assuming equal contributions from both of the two sources described above 
1s presented in Table .5-12. 

Several spe~_j.flc :m.tE.rference effects which can result in "contamina-
tion" of the gas sample to be analyzed will be present. The first of these 
is potent~.a1ly the most severe ar1 d m•J.st be considered in the design of the ex-
periment; this is outgassiDg frnm the surface vehicle and the astronaut's 
spacesc1~t. Partial press·d.re levels in the measured sample caused by out-
gassing can be approximately estimated by usi.ng the following equaUon: 

-4 
P(torr);:::: 3 x 10 J~lb/ sec) 

where Pis the partial pressure; level at a distance of 0, 35 km from the 
vehicle, which is outgassing at a :rate of J pounds per second. 

In short, it will be the goal of this experiment to measure the compo-
sition and pressure of the lunar atmosphere and the gases emanating from 
beneath the instrument lunar surface. 

5. 7. 2 Gas Analyzer Basic Pr~nciples 

-8 
For the purposes of this st':.:tdy, a total pressure of l x 10 torr was 

assumed~only mass spectrometric gas analysis techniques can be satis-
factorily used at these pressures. Hence, the mass spectrometer was 
chosen as the basic component of the gas analyzer. 

_,_ 

.,,References for Section 5. 7 are Estt::d 1n Section 5. 7, 7 
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TABLE 5-12 

COMPILATION OF COMPOSITE SAMPLE CHARACTERISTICS 

Type I Mass 
(AMU) 

Concentration 
( o/o ) Type 

Mass 
(AMU) 

Concentration 
(%) 

Kr 84 44 •:•co 28 
-1 

3. 4 X l 0 

H 0 
2

18 33 c1
2 

70 
-1 

2.0xl0 

C0
2 

44 6.5 Ar 40 
- l 

l.OxlO 

Xe rr 6 7rr 6 HCl 36, 38 
-2 

5.8xl0 

Nz 28 3.8 HF 20 
-2 

l.6xl0 

so2 64 3.5 H S 
2

34. 36 
-2 

L 5 X 10 

so
3 

80 
- l 9. 3 X l 0 CH4 

16 
-3 

8.0x 10 

sz 64, 66, 68 - l 
5.2xl0 02 32 "' -:J 

l.OxlO 

Hz 2 
-1 

3. 8 X l 0 ~:<B 0 
2 5 

102 
-4 

5.0xl0 

Components which are not to be measured. 

The remainder of the gas analyzer includes a calibration system 
and a pressure override system. To perform the desired measurement<O 
with accuracy, it is necessary to make a provision in the gas analyzer for 
performing 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 pres sure override system prevents the critical 
potentials from being applied to the spectrometer whenever the instrument 
is exposed to pressure bursts of a magnitude greater than l o- 4 torr. 
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In using the mass spectrometer, it is frequently necessary to re-
solve interferences between one channel and another; L e., many materials 
contribute to more than one mass position. For the gas models imposed 
on this study, no significant interferences exist. 

5.7.3 Gas Analyzer Performance Requirements 

The instrument performance requirements can be summarized: 

Mass range: 2 to 80 AMU 

Resolution: 100 AMU 

Sensitivity: 2 x 1 0 - 1 3 torr 

Dynamic range: 

Scan rate: l 0 sec full scale 

Response time: 0. 05 sec 

In addition to th8 above requirements, two additional characteristic" 
are necessary. As the total pressure of the transient gas sample is con-
jectural at the present time, the gas anzlyzer may be exposed to pressures 
considerably in excess of the 10-8 torr total pressure assumed for the pur-
poses 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, ar,d 
the gas analyzer must be designed to endure such baking with minimum 
changes in performance characteristics. 

5.7.4 Gas Analysis Measurement Technique Evaluation and Selection 

The generic types of mass spectrometers considered in this study 
were: (1) magnetic, (2) quadrupole, (3) time-of-flight, and (4) coincidence 
time- of-flight. As scientific skills and instrumental art are required in 
the development of successful mass spectrometers, this study did not treat 
the general comparison between, say, a magnetic and a quadrupole mass 
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spectrometer. Rather, a specific magnetic mass spectrometer was com-
pared to a specific quadrupole mass spectrometer. The selection criteria 
were 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: (1) 
double-focusing magnetic mass spectrometer of Nier 3 , (2) the quadrupole 
mass spectrometer (mas senfilter) of Schaefer 4 , ( 3) the time- of-flight mass 
spectrometer, Narcisi 5 , 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 
1s 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. 

The gas analyzer package includes more than just a ma3s spectro-
meter; however, the remainder of the instrument is independent of the 
specific mass spectrometer type used. Consequently, only the basic mass 
spectrometer need be considered in the parametric analysii::. No significant 
distinction could be made between the performances of the spectrometers 
considered- allpossessed the capability to meet the specifications. Hence, 
prime consideration was given to logistic characteristics. 

The following factors were considered and equally weighted in 
comparing and selecting the specific mass spectrometer type: ( l) 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), arcd 
an electronics system (everything else). 

The physical systems of each type were interrelated by assigning 
unity to the simplest source and estimating the relative complexity of each 
of the other sources. The electronics system complexity was treated as 
follows. Experience has shown that the total 11 component11 parts count of 
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I 
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Earth Weight, 
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• 
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3 Volume, em 

Power, watts 

Flight Information 

Basic Complexity 
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15.9(35) 

l 0 (22) 

3 20. 00 X 10 

15 

Yes 

(1.07/4] 
4.3 

4. 5 (l 0) 

7.5(16.5) 

3 8. 42 X 10 

23 

Yes 

[ l. 0/2] 
2 

l L 4 (25) 

8. 2 (18) 

3 
6. 39 X l 0 

24 

Yes 

(1.26/3] 
3. 78 

N/A 

6. 8 (1.5) 

3 
9.00xl0 

26 

No 

[ 2. 46/4] 
9.9 

Rating l. 54 1. 00 l. 13 L 79 

the rrfir st 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 Table 5-13, where the 
entry l. 07/4 means that the physical system complexity rates l. 07 against 
other physical systems, and the electronics system rates 4 against the other 
electronics systems. The remaining numbers are the products of the as-
sociated entries. 

Based on giving equal weight to each of the above four parameters, 
the quadrupole mass spectrometer was selected. 

TABLE 5-13 

COMPARISON OF SPECIFIC MASS SPECTROMETER TECHNIQUES 
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5. 7. 5 Conceptual Design of Gas Analyzer 

A functional block diagram of the complete gas analyzer is shown 
in Figure 5-16. The functions of the blocks conform to conventional usage, 
with the exception of: 

l. The instrument check sequencer is used only when requL ed 
and provides a set of key voltages to allow automatic checking 
of individual subsystem performance. 

2. The data conditioner accomplishes the required signal matching. 

3. The sensitivity gas source is a small (a few cubic centimeters) 
supply of pure nitrogen which is used to provide a sensitivity 
check for the over-all gas analyzer. 

Extrapolated estimates of the gas analyzer size, weight, and oper-
ating power are given under the nQuadrupole" entry in Table 5-13. Es-
timates of other parameters of ope rational interest are: 

Duty Cycle Estimate: 

Standby 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. 

Full Operation Mode: The instrument will be maintained in this 
mode approximately l. 5 minutes for each measurement. The data output 
channel should be available for the last minute of the l. 5-mi.nute measure-
ment interval. The measurement itself can be made in any l 0- second in-
terval of the one minute output channel on-time. 

Output 0 to 5 vdc. Logarithmic response-dynamic range of 
2 X l o5. Frequency re spouse of approximately 200 cps required to repro-
duce representative spectra. A complete spectrum scan is accomplished 
every ten seconds. Data output is analog-a series of pulses whose posi-
tions in time define the identities and whose amplitudes define the concen-
trations of the sample species under analysis. 
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The present state of the art of designing flyable mass spectrometers 
1s sufficiently advanced so that development of a gas analyzer appropriate 
for this lunar application requires only modifications of existing equipments 
and does not involve any long lead-time development of new components. 
The principal development tasks required are: 

1. Redesign of the ion source used with The University of Michigan 
quadrupole to increase its efficiency and to allow repeated 
bakeout at high temperature (-450°C). 

2. Redesign of the analyzer assembly and the detector mounting 
to allow 450°C bakeout and to pass qualification testing. 

3. Redesign of the instrument electronics to pass qualification 
testing. 

4. Replacement of the electrometer used in the instrument 
detector- readout assembly by one more appropriate for the 
lunar application. 

5. Development of qualified, completely automatic calibration 
equipment. 

Sufficient informatior, to define a reliability index for the complete 
lunar gas analysis system is not presently available 1cn the scientific com-
munity. Hence, this study was directed toward evaluation of existing in-
strumentation which was already "flight qualified' 11 for applications of a 
similar character, in the sense of having been designed to perform in an 
aerospace environment and having demonstrated a capability for obtaining 
data from that environment which was accepted by the general scientific 
community. The weak link in the gas analyzer system repeatability is the 
mass spectrometer ion source filament. To remove this problem, the 
following steps will be taken during the gas analyzer development phase: 

1. The longest lifetime filament available commensurate with 
desired ion source efficiency considerations will be determined 
and used. 

2. Multiple filaments to be used in consecutive order when fila-
ment failure occurs will be incorporated into the ion source 
de sign. 
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3. The filament mounting structure will be desl.gned to allow "plug-
in replacement" by the astronaut when fully suited. 

The only other area requiring additional definition prior to the gas 
analyzer development is that relating to the instrument location when analyz-
ing the lunar gases, i.e., on-vehicle or remote emplacement as conditioned 
by the severity of the vehicle outgassing characteristics. Definition of the 
severity of the effects of outgassing on the lunar gas analysis experiment 
is not complete. Using the analysis pre sen ted in Section 5. 7. 1, it can be 
shown that a partial pressure of 1 X l Q- 8 torr due to outgassing (and just 
equal to that of the assumed subsurface gas emanations) at a distance of 
350 meters can be caused by a vehicle outgassing rate of less than 3 lb/ day. 
Vehicle outgassing rates of this magnitude have been estimated; however, 
these estimates were based on the assumption that significant volumes of 
gas would be momentarily generated into the lunar vacuum from airlock 
opening and closure-outgassing estimates of gases evolved from "clean" 
external vehicle surfaces on a steady- state basis would be significantly 
lower. Hence, considering the transient nature of the major contribution 
to the vehicle outgassing and the relatively near distance assumed for the 
above calculation, it is clear that reasonably interference-free gas analyses 
measurements could be made at remote emplacements of greater than 350 
meters. Althoughitis feltthatusefulinformationfrom the gas analysis experi-
ment could be obtained by emplacements closer to the vehicle (indeed, even 
mounted on the vehiclej, a thorough verification of this view can only be 
demonstrated when a more complete model of the vehicle outgassing char-
acteristics is available. Recommendations in this area can be found under 
the section on VaHdation Experiments. 

5. 7. 6 Operational Procedures for Gas Analysis Measurement 

The preliminary gas analyzer mission profile is summarized in 
Figure 5-17, in which time increases downward. 

It is felt that immediately after landing, composition data will be 
unreliable due to residual contamination from the de scent operation. Es-
timated 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 will be 5 minutes. 
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The sensitivity check requires about 3 minutes; adjustment, 5 minutes. 
The astronaut decision may require from 0. 5 to 10 minutes depending on 
circumstances. 

The analysis of the lunar atmosphere will require about 2 minutes 
( 12 scans) followed by, say, 15 minutes. No astronaut time is required. 
The analysis of the gas emanation will require astronaut tirne from 5 min-
utes upward depending on the locale {observation) and the preliminary data 
analysis (earth data link). Bakeout is a four-hour operation not requiring 
astronaut time. Sensitivity check and adjustments will take 3 minutes and 
5 minutes respectively. 
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SECTION 6 

SUB SURF ACE GEOPHYSICAL MEASUREMENTS 

6. 1 ACTIVE SEISMIC EXPLORATION 

The role of active seismic exploration will be to help extend lunar 
geological mapping in the third dimension; i.e., downwards into the sub-
surface rocks not directly accessible to visual examination. 

6. 1. 1 Data Obtainable from Seismic Measurements 

Velocity data derived from seismic time-distance measurements 
provide general indicators of rock type and hardness. A wide range of 
velocities may be expected, extending from low values of 100 to 160 
meters I sec, indicative of very loose and unconsolidated surface soils, to 
high values of 5. 5 to 6. 5 kml sec, indicative of fresh exposures of extremely 
hard crystalline rocks. 

Variations of rock velocities vertically in depth and laterally with 
position may indicate subsurface structural features of considerable inter-
est to the geolgist. Features which might be studied by seismic explora-
tion include elongated scarps and lunar features, wrinkle ridges, mono-
clinal folds, rills, linear depressions, grabens, and other fault-related 
structures. (See Table 6-l.) 

Figure 6-1 (a and b) illustrate a completely hypothetical situation-
a vertical profile across a buried subsurface escarpment. Seismic meas-
urements in Figure 6-1 (a) indicate the presence of rock (perhaps lava) 
having a velocity of 4 kml sec at some depth below the surface. In 
Figure 6-1 (b), rock velocities are indicated to increase with depth below 
the surface, having a value of 1 kml sec at one particular depth. The 
geologist may then infer that this subsurface mate rial is composed of 
rubble and that no 4 km I sec lava is present, at least to the depth of pene-
tration of the seismic ray paths. 

Figure 6-1 (c) illustrates another hypothetical situation in which 
the seismic reflection method might be applicable. In this case, the 
presence of horizontally layered rocks at depth would be indicated. 
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TABLE 6-1 

ACTIVE SEISMIC SUMMARY 

PRINCIPLES: 

RECORDING OF TRAVEL TIMES OF INDUCED SOUND WAVES THROUGH ROCKS OVER KNOWN DISTANCES. 

MOON PROBLEMS: 

1. LIMITATIONS OF SOURCES OF ENERGY (EXPLOSIVES, GAS EXPLODERS, DROPPING WEIGHTS) 
2. SAFETY FACTORS (EXPLOSIVES) 
3. HARD LABOR TASKS FOR ASTRONAUTS 

EXPERIMENT OPERATING INSTRUMENT 
MAGNITUDE OBJECTIVE CONDITION TECHNIQUE 

REFRACTION 

B-N SEISMIC VELOCITIES (ROCK TYPES) {1,4) (VARIES WITH EXPERIMENT) 
B-D LD~AR INTERIOR COMPOSITION (1,4) MOONQUAKES, IMPACTS 
D-F LUNAR CRUSTAL STUDIES (1,4) VERY LARGE EXPLOSIONS 
F-H REGIONAL GEOLOGIC STRUCTURES (4) LARGE EXPLOSIONS 
H-K LOCAL GEOLOGIC STRUCTURES (FAULTS, FOLDS, ETC.) (4} SMALL EXPLOSIONS 
J-N DEPTHS TO BEDROCK (4) WEIGHT DROPPING 

B sEISMIC II NOISE II ( MICROSEISMS I QUAKES I ETC . ) (1/4) (BACKGROUND NOISE) 

REFLECTION 

H-J LOCAL GEOLOGIC STRUCTURES (4) SMALL EXPLOSIONS 
J-K DEPTHS TO BEDROCK (4) WEIGHT DROPPING 

B SEISMIC "NOISE" (MICROSEISMS, QUAKES I ETC.) (4) (BACKGROUND NOISE) 

LUNAR 
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6. 1. 2 Basic Principles of Seismic Measurements 

Active seismic exploration consists of measuring the travel time 
of elastic waves through the earth. The laws governing the propagation of 
elastic waves are the basic principles used in seismic exploration. These 
principles are generally similar to those applying to light wave propagation. 
It is usually adequate to assume that the laws of geometric optics can be 
utilized. Huygens principle, which states that every point on a wavefront 
may be considered as the source of a new wave traveling outwards in ex-
panding spheres (in a homogeneous medium), is also a fundamental concept 
convenient to uncle rstanding the seismic exploration method. 

6. 1. 2. 1 Methods of Seismic Exploration 

At interfaces between materials with different elastic properties, 
seismic waves change direction as well as velocity. The reflection, re-
fraction, 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: the refraction method and the 
reflection method. 

Seismic Refraction Method 

On the moon, refraction surveying will probably have important 
advantages over reflection work. Where no information is available on 
the subsurface geology, reflection surveys, which give mainly the geometry 
of the subsurface formations, can cast relatively little direct light on the 
composition of the underlying rocks. Refraction surveys, conversely, 
yield direct data on seismic velocities of the various formations as well 
as on their geometry and often make it possible to identify formations 
which are mapped. 

The refraction method is particularly valuable for reconnaissance 
1n areas where structures have appreciable relief and where there is at 
least one high- speed-marker bed uncle rlying 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. 
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Seismic Reflection Method 

On earth, the seismic reflection method is the most extensively 
used of all geophysical prospecting techniques. This is because petroleum 
is widely found in layered sedimentary rocks, which can be readily mapped 
by seismic reflection techniques. Rock layering, if present on the moon, 
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 suf-
ficient for satisfactory recording and measurement. 

6. 1. 3 Instrument Requirements; 

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 velocities may be expected in the 
range of 10-6 to 10-2 em/sec, in the general frequency range of 5 to 200 cps. 
In loose, soft materials, the recorded seismic energy may be largely at 
the low end of this range; e. g., 5-30 cps. Energy above 100 cps may be 
expected only rarely, in the close vicinity of shots fired in hard, high veloc-
ity rock. 

6. 1.3.1 Geophones 

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 14. 5 cps. With fur-
ther engineering, the miniature designs could be modified to provide nat-
ural frequencies as low as 4. 5 cps. The geophones should be installed in 
closed cases with gimbal mounting to provide automatic orientation. The 
geophones should be mounted integrally with the cable. 

6. 1. 3. 2 Amplifiers 

Some of the more important specifi.cations for the seismic ampli-
fier system include: 

1. Noise level referred to the input not to exceed 0. 1 microvolt 
for a 25 cps bandwidth (5-30 cps, or 25 to 50 cps). 
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2. AGC system to handle 1-microvolt to 0. 1-volt input signals. 
Approximately 0. 1- sec time constant. 

3. Three filter selections; e. g., 5 to 30 cps for refraction, 
25 to 60 cps for reflection, and 5 to 200 cps wide band. 
The same amplifier system can serve for both refraction 
and reflection surveying. 

4. Interchannel cross feed not to exceed -100 db under over 
load conditions on high level channel. 

It is presumed that the seismic recording system will be mounted inside 
the vehicle, and will not be required to operate over the entire environmental 
range outside the vehicle. The system should, however, survive prolonged 
storage under such conditions. 

6. 1. 3. 3 Magnetic Tape System 

are: 
The two principal reasons for employing magnetic tape recording 

l. 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 processing. Data can 
be telemetered to earth at convenient times. 

2. Magnetic tape recording provides the pas sibility of adding 
or stacking a number of weak recordings to obtain a single 
composite record with greatly improved signal-to-noise 
ratios. Figure 6-2 illustrates an example of signal enhance-
ment obtained by stacking. 

In the Interim Report a study was made of both analog and digital 
tape recording systems. An analog system has certain advantages for 
monitoring and stacking operations. However, in this report, the final 
recommendation is to use a digital tape system, since all data from the 
ALSS mission must be telemetered to earth (preferably in digital form). 
In this case, if any record stacking is to be done, it must be done on 
earth with telemetered data because of over-all system weight constraints. 
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6.1.3.4 Timing System and Shot Instant Control 

The basic digital sampling rate of 500/ sec for each 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. 

To ensure safety and to save astronaut walking time, it is rec-
ommended that explosive charges in shot holes be detonated remotely by 
uniquely coded radio signals transmitted from the MOL.AB aLd received 
by expendable radio receivers at each shot point. The receiver will pro-
vide an electric firing current only at the instant of reception of the coded 
message uniquely assigned to the particular receiver. 

General Requirements 

General requiren1ents applicable to all instruments such as environ-
ment and design philosophy are covered in Section 3.of the Interim Report. 

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 modification 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. 

In the Interim Report, a study was made of a variety of pas sible 
energy sources including explosive charges, a hydrogen- oxygen explosion 
chamber, various types of impactors, and swept frequency vibrating signals 
with signal recovery by correlation techniques. The use of small explosive 
charges in shallow drill holes is recommended on the assumption that drilled 
shot holes will be available. 

If in the final formulation of the ALSS program drilled holes are 
not available, two alternatives are available. First, explosive charges 
can be detonated on the surface of the ground. Second, a hydrogen-oxygen 
explosion chamber can be used. The second alternative is recommended 
because of the danger of flying debris from surface-exploded charges. 
Seismic record stacking techniques (Section 6. 1. 3. 3} would be necessary 
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in this case because of the relatively weak signals involved. Data recorded 
for each impact would be telemetered to earth where summation or stack-
ing would be accomplished in a digital computer. 

6. 1. 4. I Expl.o si ve Charge in Shot Hole 

The most compact form of stored energy for use in generating 
seismic waves or pulese is a high explosive charge such as RDX 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 sur-
face rocks of the moon. Because of stringent system constraints on weight 
and volume, charges in the range of 0. l to 0. 45 kg detonated at shot-hole 
depths in the range of 1. 5 to 7 m are contemplated. 

The amplitude of ground motion generated by an explosion diminishes 
rapidly with horizontal distance from the shot. The amflitude of the initial 
seismic pulse typically diminishes at a rate between d- and d- 4 where d 
is distance. Figure 6-3 illustrates the same phenomenon in a slightly 
different manner. Here the horizontal scale indicates the horizontal dis-
tance 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 signal-to-noise 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. Conversely, Figure 6-3 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 required. Be-
tween these two opposing factors, we may conclude that Figure 6-3 prob-
ably 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 0. I to . 45 kg 
(I I 4 to I lb) on the moon might allow recording of refracted energy up to 
a distance of I km under reasonably favorable conditions. However, under 
adverse conditions, shooting in very loose material, the effect might be 
"like shooting in a haystack" with recording limited to a few hundred feet 
at most. 
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There are several types of explosives which might be used. It is 
recommended that RDX be used because it can be safely handled and det-
onated over a very wide temperature range. The explosive should be pack-
aged in small, hermetically sealed aluminum cans, with threaded end 
fittings to allow assembly of charges. Suitable detonators must also be 
provided. 

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 firing due to electrostatic 
charges or radio waves from nearby radio transmitters. Operational pro-
cedures are discussed in Section 6. 1. 6 of the Interim Report. 

6. 1. 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 pf 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 should be placed deep enough 
in shot holes so that there will be no danger of generating flying debris. 

6. I. 5 Conceptual Design of Seismic Measurement Instruments 

6. 1. 5. 1 Status of Existing Equipment 

Geophysical instruments for oil exploration on the earth's surface 
have been designed for use in extremely rugged terrain,~must perform well 
in extremely cold areas of the earth, and must operate with a high degree 
of reliability in desert areas under dusty high temperature conditions. 
A great deal of well-tested reliable equipment and environmental engineer-
ing experience by the seismic equipment manufacturers offer reasonable 
assurance for successful design of practical moon exploration equipment 
based on present basic seismic instrument concepts. 

Digital equipment presently in geophysical use is relatively bulky 
and has not been widely used in rugged environments. However, digital 
recorders including necessary electronic instrumentation of lightweight 
compact design have been successfully designed for satellite use and can 
be adapted for use in a lunar exploration program. 
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6.1.5.2 Detailed Description of Instrumentation and Modifications for 
Lunar Application 

Geophones and Cables 

The use of a tripod coupling to the moon's surface such as shown 
1n Figure 6-4 will allow the instrument to be used either on a hard rock 
surface or in a very soft material with a minimum of planting time. This 
type of case will allow the astronaut to ensure good instrument-to- surface 
coupling without requiring the use of his hands to place the geophones. He 
may be required to step on the geophone or to move it slightly with his foot 
or with the surveyors staff to ensure a better coupling. 

Because of the relatively poor packing density, it will be nece s-
sary to wind the cable with geophones attached on a reel approximately 
50 em in diameter and 40 em in width mounted on the outside of MOLAB. 
The position should be easily accessible to the outside astronaut, and 
located so that the cable can be reeled in or out as the MOLAB traverses 
the survey line. A braking device and motor drive for reeling in the cable 
will be advisable. The cable will adjust the geophone spacing automatically 
as it is laid out so that surveying of individual geophone positions will be 
unnecessary. The astronaut will not be required to handle the cable except 
to make plug connections. Specifications for the cable and geophone are 
given in Section 6. 1. 5. 3 of the Interim Report. 

Seismic Amplifier System 

The 6-channel seismic amplifier system proposed would provide 
three modes of operation: a refraction mode, and two modes of reflection 
operation. The two means of reflection operation are: (1) automatic gain 
control, and (2) program gain control. A block diagram of the amplifier 
is shown in Figure 6-5. 

During the recording of refracted energy, the operator must ad-
just each individual channel for the proper fixed gain level. In the AGC 
reflection mode, the operator need only adjust the master attenuator 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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CABLE-~1' 
Figure 6-4 Geophone Package 

TIME 
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HI Gil ELECTRONIC GAIN 
FREQUENCY OUTPUT ATTENUATOR CONTROL OSCILLATOR 

INPUT FILTER FILTER 
HI- ATTEN >---1 LO- ATTEN AGC 

PASS PASS 

Figure 6-5 Amplifier Block Diagram 
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Specifications 

l. Maximum voltage gain: 120 db 

2. Input impedance: 600 ohm balanced to ground 

3. Noise level 20°C 0. 2-microvolt rms referred to 
input, 20 to 100-cps bandwidth 

4. Sensitivity: AGC threshold, l microvolt at 
max gain 

5. AGC -regulation: 

6. AGC rate:· 

7. Filter: 

8. Output: 

9. Distortion: 

10. Weight: 

ll. Size: 

12. Power: 

Digital Recording System>:~ 

Less than 3-db output variation for 
input signals from I microvolt to 0. 1 v 

Attack rate of 80 db/ sec; recovery 
rate of 125 db/sec 

12 db/octave bandpass 5to 30 cps, 
25 to 60 cps, and 5 to 200 cps 

J. 0 volt at 120 ohm 

Less than lo/o total harmonic 
distortion 

4. 53 kg 

3 
7080 em 

1 0 watts at 28 VDC 

The digital recorder would be adapted from designs similar to 
currently available equipment produced by the Leach Corporation .. Presently 
.. , .,, 

This section assumes that a complete waveform of the seismic recording 
is stored for transmission. In view of the heavy storage requirement for 

this short form experiment, it'is recommended that compression methods 
be investigated and that the need for complete waveform be verified during 
validation test. For engineering feasibility it is desired to decrease the 
digital word length to not more than 10 bits and preferably to 8 bits per word. 
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their 2100 Series of digital tape recorders designed for satellite operation 
are the most adaptable to the proposed exploration instrumentation. The 
proposed system consists of the following basic units: 

1. Multiplexer for 6-channel input 

2. Analog-to-digital converter (word samples J J bits plus sign) 

3. Programmer 

4. Formatting logic 

5. Tape drive logic and power unit 

6. 7- channel digital magnetic tape recorder. 

System Description 

A picture of a system very similar to the proposed system is 
shown in Figure 6-6 and a block diagram of the digital system is shown 
in Figure 6-7. A remote start command is initiated prior to the time 
break in sufficient time to enable the tape transport to attain operating 
speed; approximately 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, a word signifying the time 
break is written on the tape in digital format. 

Analog inputs from the seismic amplifiers are received at the 
multiplexer, which samples each of the 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 sign. 

The digital word is transmitted from the analog-to-digital con-
verter in parallel format to the tape format organizer, and the 12-bit word 
is then converted into two characters--seven bits of which include odd 
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Figure 6-6 Tape Recorder and Electronic Package 

7-CHANNEL TIME BREAK DIGITAL FORMAT AND 6-CHANNEL 
+ 6-CHANNEL 1-- f.- TO ANALOG r-- DIGITAL PARITY 1--MULTIPLEXER MAGNETIC 
DATA INPUT CONVERTER CHECK TAPE RECORDER 

PRO GAMMER 

Figure 6-7 Digital Recorder Block Diagram 
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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 syn-
chronization 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 programmer is the basic clock of the system and controls 
the commutation of the data channels and the digital-'to-aml.log converter:. 

The multiplexer (commutator) is a solid- state switching device 
for sequentially selecting the data channel for analog-to-digital conversion. 

The tape recorder drives the tape across magnetic heads at 
proper speed to store and play back data. 

Multiplexer 

The multiplexer utilizes the 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 five samples per data 
cycle is desirable. Since the over-all data of interest in lunar seismic 
exploration lie in the 4. 5- to 100-cps area, a maximum sampling rate of 
500 samples per channel will achieve the desired practical requirement. 

The multiplexer is designed to accept six channels of amplifier 
signal inputs. 

The analog signal level of the input accepted at the multiplexer 
is ±1. 024 volts. The multiplexer signal-to-noise ratio will be 86 db for 
full-scale operation with a maximum cross talk 66 db down from full scale. 

Programmer 

The programmer is the basic control unit for the entire pulse 
code modulation system. It commands the multiplex gates for channel 
selection and controls the analog-to-digital converter for quantizing. 
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A typical programmer consists of a master crystal-controlled 
clock, a clock counter, and diode matrix. Time stability of the clock is 
1 x 10 4 for thirty 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 multiplexer. 
If there are 2N power data channels, the matrix will be 2N/ 2 X 2NI 2 with 
N flip flops in the counter. 

Analog-to-Digital Converter 

The analog-to- digital converter determines the fundamental 
accuracy of the entire system. The technique used for quantizing the analog 
information is the put-and-take feedback method. The unknown data voltage 
is synthesized with successive increments of fractions of full scale, incre-
ments of I/2, I/4, 1/8, 1/16 ... J /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. A binary word corresponding 
to tbe 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 
analog-to-digital converter, selects the six most significant bits, adds odd 
parity, and releases this 7-bit parallel character on a clock pulse to the 
7 -digital record amplifiers of the tape recorder. Upon the second clock 
pulse, it releases the six next most significant bits plus odd parity. 
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Specifications 

Format 

Sample Rate 

Number Bits/Sample 

Number Channels 

Total Bit Rate at 11. 25 
''/sec. tape speed 

Standard IBM 7- channel 

500 samples/sec 

12 plus parity 

6 

42,000 bits/sec 



Recording Density 

Number Characters/Word 
or Sample 

Tape Speed 

Volume 

Weight 

Power Requirements at 
28 v 

Tape Transport 

556 bits/in. 

2 

11. 25 in. I sec 

3 5260 em 

4. 98 kg 

26 watts 

The digital record amplifiers of the tape recording system 
receive the parallel digital code together with the system clock and place 
the digital words on tape at precisely 556 bits I in. when running at 11. 25 ips, 
together with the system maximum sampling rate of 500 sampes/sec chan-
nel. 

The basic design of the Leach Corporation Model 2100 tape 
recorder can be used. It is proposed to modify the unit for 7- channel IBM 
format on 0. 5-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. 

Present Specifications 

Environmental 

Temperature 

Humidity 

Mechanical 

Size 

Weight 

Volume 

- 35°C to +45°C 

lOOo/o RH (hermetically sealed 
case} 

11.7 cmx 18 em x 19 em 

3. 4 kg 

400 cu em (246 cu in.} 
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Electrical 

Tape Speed 

Wow and Flutter 

Tape Capacity 

No, Tracks 

Startup Time 

Power Requirement 

Power Drain 

Radio Detonation Equipment 

J I. 25 in. /sec (proposed) 

2% 
2100 ft 

7 

5 sec 

22 to 29. 25 VDC 

4 watts 

A single channel radio link is required between the explosive 
shot point and MOLAB. The detonation command from the fire switch on 
the tape recorder will activate a pulse code modulator to modulate one of 
the lunar communication transmitters in MOLAB. Provision must be mane 
on the transmitter for an exclusive frequency to detonate explosives. Modu-
lation bandwidth will not exceed 2. 1 kc, and the range will be approximately 
700 meters. 

The radio receiver at the shot point will, upon receiVIng a 
unique code, allow current to fire through the detonator leads. 
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Specfications 

RF Receiver 

Same specification as Astronaut Receiver 

Frequency: to be determined 

Volume: 

Weight: 

Firing Circuit 

3 20 em 

280 grams 

Capacitance discharge through solid state switch 

Minimum Current: 5 amp for 0. 002 sec 

Voltage Out: 20 v minimum 

Firing current switch activated by reed relay decoding 
device in output of circuit of receivers. 



6.1.5.3 Possible Future .Advances Over Present State-of-the-.Art Re-
quiring New Developments. 

1. Geophones 

a. Digital output (at least 80-db dynamic range). 

b. Radio signal transmission to eliminate cables. 

c. Highly efficient geophone coupling to ground, 

2. Extremely lightweight hydrogen -peroxide exploder for lunar 
use, 

3. Combination Sonic Drill and Energy Source - programmed 
from: 

a. .Accurately repetitive source 

b. Magnetic tape chirp signal. 

4. Use of sonic drill for loading ge~:lphones arid explosive 
charges. 

Time and Cost Estimates 

It err\ Time (years) Costs ($JOOO. 00) 

1 2 $3'0.0 

2 1 . - '140 

3 3 500 

4 0.5 ·so 
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Explosives -

Digital Electronics 

200-m geophone Multiplexer 

cable with 6 geo-
6 amplifiers with A-D Converter 

~ AVC and/ or Program 1-- Conversion Format phones at 30-m Gain Control 
intervals 

Digital 
Tape 
Recorder 

6. 1. 5. 4 Environmental Constraints 

Present transistor temperature storage specifications of 
around -40°C to +65°C will not be adequate for lunar environments. Tem-
perature characteristics of present designs are listed below: 

Present Permissible Operating Ranges 

Equipment I Operating Storage I 
-200°C +65°C Geophones -40°C + 50°C 

-140°C +110°C Cable - 140 ° c + 1 1 0 ° c 

-40°C +60°C Amplifiers -40°C +50°C 

-40°C +65°C Digital Recorder - 35°C +45°C 

Unknown Radios Unknown 

-l40°C +ll0°C Dynamite - RDX and - J 40 ° c + J J 0 ° c 
Caps - special 

Lack of atmosphere does not appear to pose any equipment prob-
lems. Voltages used are very low, and arcing is not a problem. 

Dust may be a serious problem to instruments other than cablC's, 
geophones, and radios designed for lunar surface use; however, it is antici-
pated that all equipment inside MOLAB will be in a dust-free environment 
at all times. 

6. 1. 5. 5 
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Recommended System Based on Present State of the Art 

A functi anal block diagram is shown in the sketch below. 



System Weight, Volume, and POIN er Requirements 
'Vol Power Wt. 

cm3 kg lb in. 3 watts 

1. Six geophones in gimbals 1. 13 {2. 5) 443 {2 7) 0 

2. 200-meter geophone cable 3.84 (8. 5) 24600~' ,, ... ,, .. (J 50 0) "f"' ..... 

and reel 

3. Amplifier system 4.07 (9. 0) 7080 (432) 10 

4. Mod. 2100 Leach Digital 4.98 (11.0 5260 {322) 30 
Instrumentation 

5. Packaging and misc. 2.26 (5. 0) 4920 (300) 0 

6. Twenty-seven 100-gm 4.5 (9. 9) 3600 {220) 0 
explosive charges in 
aluminum cans 

7. Ten detonators with leads 2.3 (5. 06 1000 {61. 0 0 

8. Explosive loading poles 2. 6 (5. 7) 1620 (99) 0 

9. Ten expendable detonation 2.8 (6. 1 5 2000 (] 2 2) Unknown 
receivers -- -- -

28.48 50 3 '5,Z3 40 

~< Does not include volume of reel on outside of MOLAB. 
50-cm dia x 40-cm wide= 79,000 cm3 

>!<>!< It is assumed that the reel and drive will be part of the MOLAB 
unit with several cable reels including some type of drive 
system common to more than 1 reel. 

6. 1. 6 Operational Procedures for Seismic Measurements 

The use of explosives will create additional hazard problems to 
the astronauts. {See Section 6. 1. 6 of the Interim Report.) RF energy 
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1s a potential hazard both in the use and transportation of detonators, Under 
exceptional circumstances, electric blasting caps may pick up enough of the 
RF energy to cause them to explode, 

Special Tools Required (See Section 6.1 ,6 .3 of the Interim Report) 

1, Special knob for instrument adjustments, 

2, Special shovel to tamp charge, 

3, Explosive loading device, 

6, 1. 7 Selected Bibliography 
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6. 2 CORE HOLE SONIC VELOCITY MEASUREMENTS 

On earth, core or bore holes are typically filled with drilling fluid; 
i.e., a mixture of special mud materials and water. A colinear arrange-
ment of a sound pulse generator and two spaced sonic receivers is lowered 
in the hole, and repetitive measurement of pulse travel time between the 
two receivers is monitored at the surface. The fluid medium offers excel-
lent coupling between the sound generator and the wall rock, so that ap-
preciable amounts of seismic energy are transmitted into the wall rock 
material and back to the sonic receiver. 

6. 2. 1 Data Obtainable From Sonic Measurements m Core Holes 

Under conditions described above in fluid-filled bore holes drilled 
into rock with a seismic velocity of about 2 km/ sec, energy in the received 
seismic pulse will typically be predominantly in the 1000- to 3000-cps 
region of the frequency spectrum. In more rigid rocks (e. g. , with a ve-
locity of 5 km/ sec) the received seismic pulse energy will typically be at 
higher frequencies in the 10,000- to 15, 000-cps region. Accordingly, the 
resolution in pulse timing is quite good. With receiver spacing of 1 to 
1. 6 m, it is possible to measure wall rock velocities with an accuracy of 
about 5%. (See Table 6-2 for summary.) 

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 Of these factors, it is not very likely that earth-
type sonic logging equipment can be used successfully. Efforts in the 
first experiments should probably be confined to measuring a vertical time-
depth curve. The curve will give the seismic travel time between a sur-
face impact device and a receiving geophone placed at successive depth 
intervals; e. g., 3 m 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 deter-
minations will be much less than for the earth conditions described above. 
Conditions may vary widely, but it may be expected generally that meas-
urements will be made at frequencies under 200 cps, and therefore the 
data will be compatible with the active seismic instrt.1.mentation. 
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TABLE 6-2 

CORE-HOLE LOGGING SUMMARY 

PRINCIPLES 

MEASUREMENTS OF INDUCED (OR NATURAL) ROCK PROPERTIES IMMEDIATELY ADJACENT TO A 
BORE HOLE BY INSTRUMENTS LOWERED INTO THE HOLE ON AN ELECTRIC CABLE. 

MOON PROBLEMS 

1. SMALL SIZE OF CORE HOLES (MAXIMUM 2" DIAMETER, 100 FT. DEPTH) 
2 • LACK OF WATER IN: 

A) BORE HOLE (POOR ELECTRODE COUPLING) 
B) ROCKS (HIGH, ERRATIC RESISTIVITIES: NO ELECTROCHEMICAL-SF-REACTIONS) 

3. HARD LAsOR TASKS FOR ASTRONAUT ASSOCIATED WITH CORE HOLE 

EXPERIMENT 
MAGNITUDE OBJECTIVE 

LUNAR 
OPERATING 
CONDITION 

INSTRUMENT 
TECHNIQUE 

"SONIC LOGGING" 

N-P "ACOUSTIC" LOG (4) ENERGY SOURCE AND GEOPHONE IN ONE DEVICE 
L-N SEISMIC VELOCITY SURVEY (4) GEOPHONE IN HOLE 1 SURFACE EXPLOSIONS 

"ELECTRIC LOGGING" 

N-P SELF-POTENTIAL LOG (NATURAL) (4) -OUT REQUIRES WATER IN HOLE AND ROCKS 
N-P "RESISTIVITY" LOG (INDUCED) (4) -OUT 
N-P "INDUCTION" LOG (CONDUCTIVITY) (4) A.C. FIELD INDUCED IN UNCASED HOLE 
N-P MAGNETIC SUSCEPTIBILITY LOG (4) 



6. 2. 3 Core-Hole Instrument Requirements 

The instrument systems discus sed in Section 6. l. 5 describe the 
amplifier and tape system which would be used in core-hole measurements. 
Frequencies of 4. 5 cps to 200 cps can be recorded with good fidelity in the 
proposed instrumentation by: ( 1) removing the low- pass filter in the am-
plifier system, and (2) using the refraction mode of instrument operation. 
It is anticipated that data being transmitted to earth in digital format would 
utilize one channel of information at 500 samples/ sec. 

6. 2. 3. l Geophone and Cable 

A single geophone similar to an H. S. J. type (see Interim Report, 
Figure 6. l-18), having an output of approximately 0. 2 5 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 discus sed in Section 6. 2. 5. 

6. 2. 4 Seismic Measurement Technique Evaluation and Selection 

As pointed out in Sections 6. 2. l and 6. 2. 2, the moon 1 s environ-
ment :r:qakes it advisable that initially planned core- hole sonic measure-
ment be restricted to simple time- depth measurements. 

The development of a lightweight, small diameter; down-hole type 
of sonic velocity logger suitable for use under moon conditions is required. 
(See Section 6. 2. 5. 3.) 

Several alternative systems can be considered for the lunar appli-
cation. (See Interim Report,.Section.6. 2. 4. l.) A surface acoustic velocity 
energy source instrument similar to that proposed by Texaco Experiment, 
Inc. is recommended. (Figure 6-8.) The device fires Holex No. 3350A 
Squibs on the lunar surface to generate seismic energy. The geophone is 
lowered in the hole; at each successive 3-m depth in the hole, the surface 
acoustic source is fired. The firing time and the analog data from the 
hole are recorded for transmission to earth. 

6. 2. 5 Conceptual Design of Recommended Sonic Measuring Instruments 

With the exception of the down- hole geophone attachment and the 
cable, the instrument requirements are those of the seismic measurement 
equipment as discussed in Section 6. l. 5. 
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PULL ON CABLE WHILE HOLDING LOADING POLE IN POSITION 
PROJECTILE WILL FORCE GEOPHONE OUT AGAINST SIDE OF HOLE. 

SPRING METAL NORMALLY EXTENDED 
~0 MAXIMUM LENGTH 
(GEOPHONE CLOSE TO LOADING POLE.) 

6.65 CM 

WEIGHT .086 Kg. 

~-------------10.03 CM------------~~ 

7.85 C.,M 

MECHANICAL CONNECTIONS 
BETWEEN CABLE AND BOTTOM 

WEIGHT • 22 Kg. OF SPRING THROUGH SLOT 
IN BOTTOM OF TUBE 

Figure 6-8 Acoustic Velocity Energy Source Figure 6-9 Proposed Down-Hole Geophone 
Coupling Device 



6. 2. 5. 1 Down- Hole Instrumentation for Lunar Application 

Geophone 

The basic geophone is discussed in Section 6. 1. 5. 3. Some means 
of coupling the geophone to the wall of the hole is necessary. The loading 
poles, 1. 5-m hollow magnesium pipe with special bayonet coupling, are 
discussed briefly in Section 6. 1. 6. 4. The poles could be threaded over or 
around the 35-m 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~atic form in 
Figure 6-9 is designed to couple the geophone to the wall of the test hole. 
The geophone is mounted in the center of a 1-m spring-metal d;evice ap-
proximately 1- em wide and approximately 0. 25- em thick. The top of the 
spring is permanently fastened to the loading pole 1 m 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 shorten and force the geophone against the wall of the 
core hole, A cable clamping device is used to maintain the spring for.Ce 
during shot recording intervals. 

Cable 

The bottom end of the cable will be connected to the geophone. 
Specifications for the cable are: conductor, #26 gauge aluminum alloy 
( 7- strand #34 gauge), two conductors in cable with steel strand strength 
members. 

6. 2. 5. 2 Alternative Equipment Requiring New Development 

Included under this heading is the sonic interval velocity down-
hole instrument with following features: 

1. Detector and acoustic energy source separated 1 m by 
acoustic filter or isolation device. 

2. Acoustic energy source similar to device described in 
Patent No. 2, 993, 553. 
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Digital 
Down-Hole 1 Amplifier 

Equipment r- Part of Active - Electronics - 1 Chan 

Seismic Recorder at 500 Samples/ Sec 

I 
Digital Format 

Generator 
Tape Recorder/ 

Reproducer 

3. Means for achieving acoustic coupling between bore hole 
wall and energy source and detector. 

4. Lightweight instrument system for recording or storing 
data up to 20,000 cps. For digital transmission, suggested 
sampling rate- one 8- bit word sample every 10 microseconds 
for each of two channels, or 1. 6 x 106 bits per second. Alter-
native approach would involve transmission in analog forrn over 
wideband (TV) analog link. 

5. Means for pushing tool down the hole, possibly utilizing 
automatic drilling device on MOLAB. 

Estimated development time: one year. Estimated cost: $200,000. 

6. 2. 5. 3 Environmental Constraints 

No serious environmental problems are anticipated. Both the 
cable and acoustic detector will operate at -140° to + 11 0°C. The acoustic 
generator will operate at - 50°C to + 150°C. 

The recommended system based on present available equipment 
1s shown in the sketch below. 

6-30 



The volume weight and power summary are given below: 

Unit 
Volume Weight Power 

(cm 5 ) (in. 3) (kg) (lb) Watts 

Geophones 24. 6 ( 1. 5) 0.27 ( o. 6) 0 

Poles 3854 (23 5) 6.25 ( 13. 8) 0 

35-m Cable 14700 (900) 2.72 ( 6. 0) 0 

Acoustic Velocity Inst 515 (31. 4) 0.227 (0 .• 488) 0 

15 Squibs 204 (12. 45) 1.3 (2. 86) 0 

Electronic Instrumentation (see Section 6. 1. ) 

Mounting Features 

The down-hole unit, including cable, should be mounted on the 
outside of MDLAB. 

6. 2. 6 Bibliography 
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6. 3 CORE-HOLE ELECTRICAL MEASUREMENTS 

6. 3. 1 Data Obtainable From Core-Hole Electrical Measurements 

Electrical logging is the name given to geophysical measurements 
made of natural or induced rock properties immediately adjacent to the 
walls of a bore hole, via instruments lowered into the hole on the end of 
an electric cable. (See Table 6. 2. ) 

Down-hole geophysical devices can only measure the physical 
properties of rocks that are within inches from the walls of the boreholes 
(Magnitudes 0, P, Q}. Therefore, electric-logs will not sample a much 
larger area than the rock cores from the hole. It is questionable if any 
down-hole electric logging devices can gather any geophysical information 
in the proposed lunar core hole that cannot be measured equally well (or 
better} on the actual cores in an earth laboratory. 

6. 3. 2 Basic Principles of Electric Logging 

Electrical rock properties that can be measured on earth include 
the (natural) spontaneous potential and (induced) resistivity or conductivity. 
Most of the commercially available devices have been designed for the 
specific needs of the oil drilling industry, in an earth environment, where 
some water is always present. The quality and distribution of conductive 
water in the pore spaces of the highly resistant rocks is the key variable 
to the conductivity of the underground strata. Water is therefore the basis 
of all electrical logging techniques on earth, but no water is expected to be 
present in the first core holes drilled on the moon. 
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6. 3. 2. 1 Induction Log 

In induction logging, the conductivity of the formations is measured 
via inducing alternating currents, and insulated coils rather than electrodes 
are used to energize the formations. Therefore, induction logs will work 
in dry holes. This is in contrast to the electrode devices that require water 
in the hole to make contact between the electrodes and the wall rocks. 

Commercially available induction logs can, under favorable geo-
logic conditions, provide good boundary definitions for beds down to about 
60 em in thickness ( 1 1/2 x the coil length), but are not suited for the de-
tection of thin, hard streaks. As a practical rule, the instrument is in-
fluenced only by material within 1 to 3 coil lengths from the tool ( 15 em to 
45 em for a 15-cm coil). 

There is, however, some doubt as to how effective the device may 
be in the high-resistivity moon-dry lunar rocks. The commercial devices 
show excellent results where the wall rock resistivities are less than 
50 ohm -meten;J5 x 103 ohm- em) and acceptable results in resistivity ranges 
up to 200 ohm-m ( 2 x 1 o4 ohm- em). Beyond this limit, the induction log 
continues to respond to formation variations but with decreasing accuracy. 
Rock resistivities expected on the dry moon are shown in Table 5-8. These 
data indicate that the anticipated lunar range will be between 1 x 1 o6 -
109 ohm-em (which exceeds the 2 x 104 ohm-em functional earth limit by 
several orders of magnitude} and none of the lunar rocks will be in the 
< 5 x 103 range where good results could be expected. The high resistivity 
lunar rocks may react like thin, hard streaks on earth logs. 

It is recommended that laboratory studies be conducted to deter-
mine the probable effectiveness of induction logging of core holes on the 
moon. 

6. 3. 2. 2 Magnetic Susceptibility Log 

Measurements of the magnetic susceptibilities of rocks around a 
bore hole can be made in a dry hole, and therefore may be used on the 
moon. The magnetic susceptibility is a useful physical parameter that 
can be used to distinguish rocks of different magnetite content, meteorites, 
etc. (See Sections 5. 3. 2 and 5. 3. 4 of the Interim Report for a complete 
discussion of magnetic measurements.) 
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Magnetic susceptibility instruments are not used much in oil 
drilling (due to the non-magnetic nature of most sedimentary strata) and 
therefore are not as highly developed as electric logging techniques, The 
susceptibility of the wall rocks influences the tool out to about one coil 
length (15 em for a 15-cm coil). 

This technique should be very effective for identifying highly 
magnetic iron meteorites near the core hole. However, it may not be so 
effective for distinguishing rock types as on earth, due to the possible lack 
of strong alignments of the magnetite crystals in the lunar magnetic vac-
uum. (See Section 5. 3. 2. 4 of the Interim Report.) Magnetic susceptibility 
decreases rapidly with decrease in grain size below 0. l mm. 

It is recommended that research be conducted on the "lunar 11 

magnetic properties of rocks in a special, shielded laboratory to determine 
the possible effectiveness of this logging technique on the moon. 

6. 3. 3 Instrument Requirements 

Any core-hole electric logging device must meet the same basic 
requirements for foolproof portability, etc., that apply to all lunar in-
struments. In addition, the core-hole logging will be made in a dry hole 
of approximately 30-m ( 100 ft) depth and 3 em to 5 em (2 in.) in diameter. 

6. 3. 4 Measurement Technique Evaluation and Selection 

Electric (geophysical) logging devices have been highly developed 
for the specialized problems of deep oil well drilling on earth to: 

I. Eliminate the high expense of obtaining rock cores 

2. Evaluate the nature of underground fluids in place. 

Neither of these will be pertinent problems for the proposed shallow 
(100ft) hole on the moon, because: 

l. Cores will be taken throughout the length of the hole 

2. No underground fluids are expected. 
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Conventional "electrode" electric logging methods that will not 
work in a moon dry environment include: 

1. SP (spontaneous potential) 

2. Resistivity (normal and lateral) 

3. Resistivity (laterolog) 

4. Resistivity (microlog) 

5. Resistivity (microlaterolog). 

Electric logging techniques that may work in the proposed dry 
lunar core hole include: 

1. Induction (conductivity) log 

2. Magnetic susceptibility log. 

6. 3. 4. 3 Proposed Instrumentation 

A single instrument capable of measuring both the magnetic sus-
ceptibility and the electrical conductivity of a subsurface formation is 
proposed. This instrument operates in a core hole and measures and re-
cords both magnetic susceptibility and the electrical conductivity simul-
taneously. 

6. 3. 5 Conceptual Design of Proposed Instrumentation 

The principle selected for magnetic susceptibility sensing is the 
time-proven inductance method where the measured change in coil in-
ductance will be proportional to the magnetic susceptibility of the medium 
through which its flux passes. Conductivity is measured by use of alter-
nating currents induced in the formation by the coil where the induced cur-
rents will be proportional to the formation conductivity. 

Figure 6-10 summarizes technical data on the proposed logging 
tool. (See Section 6. 3 of the Interim Report for additional data. ) 
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6. 4 SUBSURFACE HEAT FLOW MEASUREMENT 

The theories concerning the formation, growth, and thermal balance 
of a planet may all be enhanced by the availability of subsurface heat flow 
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data. Such data for the earth are available in great quantities, and provide 
an excellent background for the extension of this type of measurement to 
the lunar subsurface. 

6. 4. 1 Basic Principles 

The flow of heat is computed from the product of two measured 
quantities: the temperature gradient, and the thermal conductivity of the 
material that exists in a direction parallel to the desired heat flow. 

q" -k 
dT = dz 

where 

q" = heat flow per unit area~ cal/m 
2 - sec 

k = thermal conductivity~ cal/m- sec - OK 

dT/dz 
. 0 = temperature grad1ent ~ K/m 

The discussion above relates to a steady- state heat flow condition. A 
similar equation, written for the transient case, introduces another var-
iable which may provide an additional area for experimental work. 

Thus t 

dQ" 
dT = -k -dz 

where now dQ" is the amount of heat transferred in the time interval dT. 
Next, applying this equation and an energy balance to a small volume element, 
the following equation may be derived: 

8T 
k v2 

T pc = p 8T 

or 

8T 2 
= a v T 

8T 
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where thermal diffusivity, a, is defined to be 

k 2 
Q = (m /sec) 

pc 
p 

where 

density gm/m 
2 

p = 

c = specific heat cal/m- °K 
p 

Thus there are two techniques available for measuring thermal conductivity. 
One measures conductivity directly by a steady- state process where the 
heat flow and temperature gradient are known. The second involves a 
transient process to measure thermal diffusivity and, with a knowledge of 
density and specific heat from other measurements, to compute conductivity. 

To provide a basis for investigating lunar subsurface heat flow 
measurements, the following nominal and representative data from earth-
based measurements of several investigators are presented. 

1 
Lunar 

q 
2 

cal/m sec 

-2 0.25xl0 

k 

cal/m sec 
0 

K 

dT/dz 

°K/m 

0.05 0.05 

2 Lunar -2 1.3xl0 0.008 l. 60 

3 Earth -2 
l. 2xl 0 0.4 0.03 

The temperature gradient shown is that which exists in the interior, below 
the influence of daily or seasonal effects. For the earth, this is approxi-
mately 20 meters, and estimated to be between one and three meters on 
the moon. 

6. 4. 2 Temperature Measurement 

The measurement of temperature requires the use of some type of 
sensor and generally an associated electronic circuit to convert the sensor 
output to a corresponding temperature. Bore-hole temperature measure-
ments have been made using mercury- in- glass thermometers, thermocouples, 
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resistance thermometers, and thermistors. Quartz crystals and nuclear 
resonance are two other techniques providing accurate temperature meas-
urem.ents. The requirements of the lunar bore-hole type of measurement 
have reduced the consideration to either a resistance sensor (resistance 
thermometer or thermistor} or a frequency sensor (quartz crystal}. Either 
type, with suitable electronic circuitry, is commercially available and 
will provide the required degree of accuracy. 

6. 4. 3 Thermal Conductivity Measurement 

Even in the laboratory, accurate thermal conductivity measurements 
are difficult, and certainly in- situ measurements must be accorded a lower 
degree of accuracy. However, the laboratory measurements on a returned 
core sample should be considered only as a support for, not a replacement 
of, the in- situ conductivity measurements. 

Laboratory techniques and equipment are numerous, commercially 
available, and are discussed in detail in the literature. In general,the 
methods are time consuming, require carefully controlled environment, 
and samples which have been specifically and accurately prepared. 

However, bore-hole conductivity instruments are not readily avail-
able, even for earth measurements. Further, only two such prototype 
probes for lunar exploration are known to exist. These were developed by 
Texaco Experiment, Inc., for the Surveyor Program. The theory associ-
ated with in- situ conductivity measurements, and experimental measure-
ments on earth, have been covered by Jaeger, Diment and Werre, and 
Simmons.':' These investigators also discuss the problem of anisotropic 
conductivity, or a conductivity which is dependent upon the direction in the 
materials. A further complication is seen in the general case when the 
plane of foliation of the rock is not perpendicular to the bore hole. 

A thermal analysis of an in- situ conductivity measurement was 
made to investigate the length of probe, the amount of heat, and duration 
of heating required for the measurement. For this preliminary type anal-
ysis, an isotropic material (k = I. 0 x I o- 2 cal/ m sec °K} with a tempera-
ture gradient of 0. 05°K/m was used. 

* See Section 6. 4. 6 for Selected Bibliography. 
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The computer program used was a finite difference type based on 
an electrical resistor- capacitor network analogy. The system to be studied 
must be divided into small volume elements or nodes, and therefore the 
total volume that may be analyzed is necessarily limited. The total volume 
selected was a vertical cylinder, representing the volume around the bore 
hole at a depth in the moon, with a height of two meters and a radius of 
two meters. Boundary conditions were used on the cylinder to apply a fixed 
equilibrium temperature gradient and heat flow. The 2. 5-centimeter radius 
drill hole passed through the center of this cylinder. The following range 
of parameters was investigated: 

Probe Length: 0. 10, 0. 30, 0. 50, 0. 70 meter 

Power Input: l, 5, 20, 100 watt/meter 

The results of the analysis are shown in Figure 6-ll as a plot of tempera-
ture increase of the rock adjacent to the center of the probe versus time 
after start of heating. As would be expected, increasing the input power 
increased the slope of the temperature rise. However, changing the length 
of the probe from 0. l to 0. 7 meter had no significant effect. Further 
analysis is necessary to relate these data to existing theory. The data 
indicated that, because of the low thermal conductivity, the temperature 
variations resulting from the heating did not extend as far as the edge of 
the cylinder, and the limited volume therefore did not affect the validity 
of the analysis. 

6. 4. 4 Thermal Equilibrium After Drilling 

The energy dissipated by the drill and absorbed by the rock alters 
the natural temperature gradient that existed in the lunar subsurface. It 
is this undisturbed gradient that is to be measured, and therefore bore-
hole temperature measurements are of greatest importance only after the 
material has returned to this equilibrium state after being heated by the 
drill. This will take considerable time in the interior of the moon because 
the only significant heat transfer is by conduction to adjacent material, 
which is not only nearly equal in temperature, but also an extremely low 
conductor. 
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The 2-m cylinder used in the previous thermal analysis was again 
used to investigate the temperatures surrounding the bore hole after drilling. 
The following factors were considered: 

0 
Initial temperature gradient: 0. 05 K/m 

Thermal conductivity: 
-2 0 

1 x 10 cal/m - sec K 

Drill (and bore-hole) radius: 2. 5 em 

Drill length: I. 5 m 

Drilling speed: 4 em/min 

Heat dissipations: 100 watts over drill area 
500 watts over drill area 

The 1. 5 m shown for the drill was assumed to be a good conducting casing, 
and the heat was dissipated uniformly over the total area. Figures 6-12 and 
6-13 show the results of the analysis as a plot of temperature increase of 
a small volume of rock adjacent to the bore hole versus time after the drill 
approaches the volume element. Figure 6-12 shows the data for the first 
240 minutes, and Figure 6-13 illustrates the same data extended to 30 days. 
This analysis showed that after 30 days, the surrounding material had not 
returned to its normal thermal state. 

6. 4. 5 Conceptual Design 

The thermal analysis indicated that it would be many days after 
drilling before the material around the bore-hole returned to an equilibrium 
temperature condition. Thus, it is not possible to make heat flow meas-
urements at a station along the traverse, and it is likely that they will be 
performed only at the Emplaced Scientific Station (ESS). 

The design must therefore be capable of measuring the temperature 
and conductivity along the total length of the bore hole with a single probe 
with no astronaut assistance. One such design would utilize six temperature 
and three conductivity measuring packages suspended alternately every 
5 meters along a main cable. The conductivity device would also serve as 
a temperature sensor, since this is part of the equipment necessary for 
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measuring conductivity. A sketch of such a package is shown in Figure 6-14, 
and a temperature package would be quite similar except for the absence of 
heaters. The major problem will be in obtaining good contact between the 
sensors or heaters and the borehole wall. 

Temp. Sensors Housing 

Power, Support 
!====~,._and Data Cable 

Borehole Inflatable 
Wall Heater Bag 

Figure 6-14 Thermal Conductivity Probe 

The heaters would be supplied direct current through the main power 
cable, which would also provide a second power source for the temperature 
sensor electronics. Each temperature sensor would be a part of a small 
milliwatt transmitter with capacitive or inductive coupling to the power 
cable to carry the signal to the surface. Suitable electronic equipment must 
be provided at the ESS to decode this information from the sensors and re-
lay it to the main ESS transmitter. It is estimated that approximately 
$250, 000 would be required for the mechanical and electronic development 
of the system and delivery of one complete and calibrated probe as described 
for the 30-meter borehole. Preliminary weight and power estimates of such 
a probe system for a thirty meter borehole are: 

Wt. (Kg) Power (Watts) 

Six Temperature Units 6. 0 2 

Three Conductivity Units 4. 5 120 

Cable 6. 0 

Total 16. 5 122 

6-45 



6. 4. 6 Selected Bibliography 

l. McDonald, G.; "Interior of the Moon"; Science, V. 133, N. 3458, 
Pages 1045-1050; April, 1961. 

2. Krotikov, V. D. and V. S. Troitskii; "Detecting Heat Flow From 
the Interior of the Moon"; Soviet Astronomy- AJ, V. 7, N. 6, 
Pages 822-826; May-June, 1964. 

3. Gutenburg, B., "Physics of the Earth's Interior''; Academic 
Press, New York; 1959. 

4. Jaeger, J. C. ; "Conduction of Heat in an Infinite Region Bounded 
Internally by a Circular Cylinder of a Perfect Conductor"; 
Australian Journal of Physics, V. 9, N. 2, pages 167-179; 
1956. 

5. Diment, W. H. and R. W. Werre; "Terrestrial Heat Flow Near 
Washington, D. C."; J. Geophysical Research, V. 69, N. 10, 
Pages 2143-2149; 1964. 

6. Simmons, G.; "Anisotropic Thermal Conductivity"; J. Geo-
physical Research, V. 66, N. 7, Pages 2266-2270; 1961. 

6. 5 CORE-HOLE NUCLEAR MEASUREMENT 

The following core -hole measurements to detect nuclear radiation or 
utilizing nuclear techniques have been considered: 

Discussed ln 
Measurement Technique Section 

Natural gamma rays Gross counting 5. 5. 6 

Radionuclide identification Spectral gamma ray 5. 5. 7 
analysis 

Rock density Gamma-gamma 5. 5. 8 

Element identification Neutron- gamma 5. 5. 9 

Presence of water or other Neutron-neutron 5. 5. 10 
hydrogenous material 

6-46 



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 in the Interim Re-
port. 
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SECTION 7 

CORE DRILL 

As part of the ALSS Scientific Package a coring drill would be used 
to acquire samples of lunar subsurface material and to provide a hole for 
insertion of instrumentation probes. It also would be available for pro-
viding holes for emplacement of explosives in seismic investigations. The 
drill must meet the following fundamental requirements: 

1. Capability of drilling a hole up to 30 meters (100 ft) deep 
suitable for insertion of instrumentation probes 

2. Capability of obtaining core samples of lunar subsurface 
material. 

3. Capability of efficiently penetrating all types of material 
likely to be encountered, including soft to hard rock, dust, 
rubble. and vesiculated material 

4. Compatibility with the lunar environment, particularly the 
thermal and vacuum effects that will be encountered on the 
moon. 

5. Use of maximum of 5 kw power at a nominal 28 vdc 

6. Compatibility with the ALSS vehicle and human interfaces. 

To develop a drilling system concept for the ALSS-SMSS, investi-
gation was required in each of the following areas: (1) drilling techniques; 
(2) drilling mechanisms, to include feedthrust-storage system de signs as 
well as chip and cor,; recovery concepts; (3) preliminary thermal control; 
(4) a time-line breakdown for drilling a 30 meter (100 ft) deep hole; and 
(5) validation experiment recommendations. As a result of these investi-
gations, the following system is recommended: 
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l. A drill capable of drilling a 5 em (2 in.) diameter hole and re-
covering a 1. 9 em (3/4 in.) diameter core 1-1/2 meters (5 ft) 
long (drilling chips are retained in the drill and removed from 
the hole when the drill is retracted for core removal) 

2. The drill is a down-the-hole rotary-percussive mechanism 
driven by a closed-cycle pressurized gas system which also is 
used to provide its own thermal control 

3. Extensions to the drill are in 3 meter (10 ft) increments which 
are stored in a magazine mounted externally to the vehicle 

4. Drill rod extensions are added to or removed from the drill 
automatically 

5. Astronaut participation is required only for drill set up and 
removal of cores from the drill mechanism. 

In a mechanism such as the one outlined above, many areas exist 
which cannot be optimized in a study program such as this but require 
further development and study. 

7.1 EVALUATION OF DRILLING TECHNIQUES 

The numerous drilling techniques which have been developed for 
various applications include conventional rotary, rotary diamond bit, 
percussive, rotary-percussive, high-frequency vibration, pellet impact, 
flame drill, electric arc, abrasive laden jets, and shaped charges. Some 
of these are not suitable for core drilling, others would physically change 
the material being drilled, and others would seriously contaminate the 

:::';: 
sample . 

Of the possible drilling techniques only conventional rotary, diamond 
core rotary, percussive, rotary-percussive, and high-frequency vibration 
could be considered for this core drilling task. Because high-frequency 
vibration drilling is not within the state of the art, and diamond core drilling 
is not compatible with the lunar environment, these are not feasible tech-
niques for this application. Rotary, percussive, and rotary-percussive 
techniques are all capable of drilling under the mission and environmental 
limitations. 
,~For a more detailed explanation of the various types of drilling tech-

niques refer to ALSS-SMSS Interim Report, BSR 1074. 
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Both published data and previous experimental work at IITRI indicate 
rotary-percussive drilling to be very effective over a wide range of rocks. 
For example, in some experimental 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}. 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 

RELATIVE PENETRATION RATES 

Sandstone Granite 

Percussive Drilling 3 

Rotary Drilling 19 1 

Rotary-Percussive 
Drilling 23 10 

Because it is highly efficient, is suitable for drilling a wide range of 
materials, and does not require cooling of the drill bit, 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 rotary, consideration was given to a system which would operate as a 
rotary-percussive drill in most materials but could be operated as a straight 
rotary drill in loose or very soft materials. 

7. 2 STUDY OF DRILLING MECHANISMS 

7. 2. 1 Basic Operation 

The basic operating principle of a rotary-percussive mechanism is 
the acceleration of a mass which impacts on an anvil, thereby trans-
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mitting an impulsive force to the drill bit. Mechanically, this is usually 
accomplished by means of an oscillating spring mass system such as that il-
lustrated in Figure 7-1. This mechanism is similar in layout and operation 
to the Skil Rota-Hammer manufactured by the Skill Corp., Chicago, Ill. 
A modified version of this basic mechanism was also used by Hughes Air-
craft Company in the drill developed for the Surveyor program. 

In operation, the driver draws the piston upward and, as the piston 
nears the end of its stroke, gas, injected below the striker, forces it up-
ward. As the striker moves upward, an exhaust port is uncovered 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 upward moving 
striker. This gas serves as a cushion to prevent piston-striker contact 
and also acts as the driving force to send the striker downward at a high 
velocity. The striker then impacts the anvil which transmits an impulsive 
force to the drill bit. 

The drive mechanism design illustrated in Figure 7-l. utilizes a 
pneumatic spring to isolate the driver from the impact mechanism. For 
lunar operation this requires that the case be pressurized, which creates 
a seal problem. However, this design is technically feasible. Replacement 
of the pneumatic spring by a mechanical spring would eliminate the require-
ment for case pressurization and would reduce the weight of the drill. 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, a two order 
of magnitude increase in spring life would be necessary. 

7. 2. 2 Component 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 commercial 
drilling operations, percussion application at the top of the hole is con-
sidered satisfactory for drilling up to depths of 9 m (30 ft) to 12 m (40 ft). 
For deeper holes, the loss of energy in friction against the hole sides and 
in accelerating the entire mass of drill pipe becomes excessive and a down-
the-hole percussor is required for efficient drilling. Previous experimental 
work has indicated that there could be an energy loss of 42% when a 1. 5 m 
(5 ft) extension was added to a drill bit. 
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Striker Drill Ro·t.ator 

Core Drill 

Figure 7-1 Rotary-Percussive Drill Mechanism 



Rotation of the drill bit could 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 of design placed the rotator 
adjacent to the percussor location in the recommended down-the-hole system. 

7. 2. 3 Drive Mechanisms 

Three basic drive mechanisms could be used in the lunar environ-
ment: electric motor, electromagnetic, or pressurized gas system. To 
compare the three mechanisms, an investigation was made of a 5 em (2 in.) 
diameter down-the-hole system. This represents approximately the min~" 
imum diameter hole that could be drilled and still provide an adequate core 
sample. This design investigation considered the drive mechanism integrat-
ed into a 3 meter (10 ft) long drill bit assembly. The complete assembly 
includes the percussor as well as core recovery and drilling chip removal 
and storage mechanisms. 

7. 2. 3. l Electric Motors 

The power output of a de 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. 

Saturation effects in the iron portions of the machine, particularly 
in the armature teeth, produce a practical limitation on the peak air gap 
flux density. Although flux densities of 20 kilogauss can be achieved in the 
lower portions of the armature teeth, the larger taper in the teeth of small 
diameter motors substantially reduces the air gap flux density that can be 
achieved. 

As a result of the practical limitations, the developed torque is 
almost directly related to the volume of the motor. Considering typical 
motors, a machine 5.7 em (2-l/4in.)indiameterandl6.5 em (6-1/2 in. 1) 

long has an output of about 1/8 hp at 30, 000 rpm. To package a relatively 
high horsepower motor (about 4 hp) in a downc~the-hole drill, a minimum 
hole diameter of 8. 9 to 10 em (3. 5 to 4 in.) would be required. The motor 
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would weigh at least 29. 5 kg (65 lb) and require about 2. 4 times the energy 
per unit depth of hole drilled. Drilling a 30 meter (100 ft) deep, 8. 9 em 
(3. 5 in. ) diameter hole would require an estimated 84 kwh of energy as 
compared with 35 kwh for a 5 em (2 in.) diameter hole. 

7. 2. 3. 2 Electromagnetic Drive 

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. The basic advantage is sim-
plicity-the piston, which acts as the percussor, has only one moving part. 
However, this method is not very efficient and the mechanism can be rela-
tively heavy. 

An analysis was made of a system which considered a 5 em (2 in.) 
diameter ,drill and a maximum flux density of 15, 000 gauss. When the gap 

' between the piston (percussor) is zero, the force acting on the drill bit is 
27.2 kg (60 lb). When the gap is increased to 0.127 mm (. 005 in.) the 
force acting on the drill bit drops to 0. 026 kg (. 06 lb). 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. A design which considered an 
electromagnetic drive for drilling a 5 em (2 in.) diameter hole would result 
in a drill bit assembly weighing 20 kg (44 lb). >!< 

7. 2. 3. 3 Pressurized Gas Drive 

Pressurized gas-operated drives feature a simple rugged mech-
anism that can readily be packaged compactly. For a lunar drilling sys-
tern the pressurized gas would be exhausted from the driver, recompressed, 
and recycled to the driver. Additional advantages of such a system are that 
the circulating 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 as-
sembly features a vane type motor which provides rotation through a plane-
tary gear system and an annular piston to provide percussion. The piston 
is located in the lower portion of the drill bit assembly, radially outboard 
of the core and chip recovery volume. The percussive forces are therefore 
For more detail on the electric motor and electromagnetic drives refer 
to the ALSS-SMSS Interim Report, BSR 1074. 
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applied directly to the drill bit. This system was designed to provide 
2000 blows per minute at an energy of 2. 29 m-kg (200 in. -lb) per blow. The 
output torque at the drill bit was 1. 14 m-kg (100 in. -lb). The total weight 
of the entire assembly was 8. 4 kg (18. 4 lb). 

A detailed analysis of the cycle (Appendix D) indicated some 
design modifications which were required to approach an optimized design. 
It is believed that these modifications will also result in a slight reduction 
in weight. 

As a result of the investigation into the various drive mechanisms, 
the following conclusions were drawn: Only the closed circiut pressurized 
gas driver can be packaged into a 5 em (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 30 meter 
(100 ft) deep hole, The pressurized gas driver results in a minimum weight 
drill assembly; however, the weight of the compressor, motor, gas storage, 
tankage and gas leakage must be added to this. Lines to carry the gas to 
the drill bit would be required with any down-the-hole drill for thermal 
control. The weight of the compressor and motor will be about 12.2 kg 
(27 lb) which, combined with the drill bit assembly, would result in a total 
weight of 20.6 kg (45. 4 lb). The gas leakage, which will determine the 
pressurized storage requirements, cannot be calculated until a more de-
tailed drill design is developed. However, as is discussed in Section 7. 4, 
some leakage may be necessary for operation of the chip and core recovery 
system. 

7. 3 FINAL DRILL DESIGN 

7. 3. 1 Percussor Analysis 

An analysis of the drill impactor (Appendix D) was conducted to 
determine what modifications would be required to improve the initial drill 
concept shown in the ALSS-SMSS Interim Report, BSR 1074. This analysis 
prompted the following recommendations: 
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1. The impactor should be a single acting cylinder with a spring 
return. 

2. The gas should be maintained at a relatively high pressure tore-
duce its specific volume and the need for large flow areas. 



3. Use as light a gas as is possible. This will not only cut 
down on the total fluid weight, but will also take advantage 
of the high thermal conductivity of the lighter gases, . 

Conversion of the original concept to a single acting system was 
investigated-both liquid and mechanical spring systems were studied. 
However, all of the spring systems studied promptly indicated serious 
disadvantages. Mechanical spring systems in this type of application 
have a very high failure rate. This has been found to be true not only 
by IITRI in past investigations, but also by other organizations. 

The use of liquid spring systems is not recommended in systems 
having a cyclic rate of over 2 cps, even when adequate cooling is avail-
able, because the high temperature induced in the fluid causes rapid seal 
failure. 

The fact that a single acting cylinder with a spring return does 
not, at this time, appear feasible does not remove this type of system 
from consideration. It only means that it is now beyond the state of the 
art in spring design and a very large amount of development and experi-
mental work would have to be done in this area. 

7. 3. 2 Analysis of Power, Torque, and Gas Flow 

Using the concept of a closed-cycle, gas-driven drill shown as 
Figure 7. 2-3 in the ALSS-SMSS Interim Report, BSR 1074, an analysis 
was undertaken to establish the torque, air motor speed, and gas flow 
rates of the drill unit (Appendix E). The investigation showed that a 
maximum power condition was obtained with the air motor speed was 
5000 rpm. Using a drill bit design speed and torque of 300 rpm and 
1. 14 m-kg (100 in. -lb), respectively, new calculations were made with the 
air motor operating at a speed of approximately 3600 rpm and a 12 . .1 to 1 
gear ratio. At this speed the rated torque of the drill bit is 1. 45 m-kg 
(126 in. -lb) and the gas flow rate of the air motor is 0. 91 kg/min (2. 02 
lb/min). To this must be added the gas flow rate of the impactor which 
was calculated to be 0. 53 kg/min (1.19 lb/min) making a total gas flow 
rate of 1. 44 kg/min (3. 2llb/min). Using the flow rate established in the 
analysis (Appendix E. 2) and the temperatures and pressures calculated 
for the active thermal control of the drilling system, a compressor horse-
power requirement was established. This was set at 4. 7 hp to provide an 
adequate reserve of power. 
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7. 3. 3 Final Drill Designs 

On the basis of the foregoing analysis, the gas driven drill concept 
shown in Figure 7. 2-3a of the Interim Report, was redesigned as shown 
in Figures 7-2 and 7-3. 

The concept shown in Figure 7-2 is quite similar to the one shown 
m the Interim Report, but with several rather important modifications. 
As recommended in the analysis (Appendix D), the piston has been changed 
from a one-piece annular type, which also acted as a percussor, to one in 
which the percussor has six extensions which perform as pistons, there-
by improving the valving conditions necessary for operation. The valve 
spools have been moved into the percussor atea and are inertia actuated 
by the incoming fluid. This should reduce the time required for valve spool 
actuation. 

The air motor length has been reduced in length to reduce the possi-
bility of bending of the rotor vanes and thereby reducing friction losses and 
fluid loss due to leakage. Air passages have been increased in size to mini-
mize the pres sure drop in the system. Area in the region of the planetary 
gearing has been increased to allow for greater drill chip storage. 

Figure 7-3 is an alternate drill design using stacked air motors in 
place of a single air motor and a planetary gear system. There are several 
reasons for investigating this alternate design: 

1. More efficient use of the fluid due to lower friction losses in the 
air motor as compared to friction losses in a gear train 

Z. Greater reliability of an air motor over a gear train 

3. Removal of the gear train allows for larger air passages to 
the percussor pistons 

4. An increase in available volume for drill chip storage. 

Although the alternate drill design presented in Figure 7-3 is con-
sidered to be a more practical approach to the lunar drilling problem, 
initial fabrication (i.e., a breadboard model) of each type should be under-
taken for evaluation purposes. 
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Figure 7-2 Gas -Driven Drill Concept With Single Air Motor 

7-11/7-12 



.,. e.e.e.::srev.c".e-
TP /MP-9C:TQtli? 

Figure 7-3 Gas Driven Drill Concept With Stacked Air Motors 
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7. 4 CHIP AND CORE REG OVERY 

The core sample and the drilling chips will be collected in the drill 
bitasserobly, then the entire assembly will be raised to the top of the 
hole. The chips ana core will be removed and the drill bit lowered to the 
bottom of the hole to resume drilling. Present designs assume that a l. 5 m 
(5 ft) long core will be collected in the center of the drill bit assembly. The 
chips would be mechanically transported around the core to be stored above 
and around the core. It is currently being considered to allow the core to 
project into a removable housing inside the drill to facilitate the handling 
of the core when it is removed from the drill. The housing could also be 
used for core storage until such a time as core preparation for transport 
back to earth becomes necessary. 

To remove a core from the drill hole, core cutters and closure units 
would cut off the core and close the end of the drill to prevent loss of any 
material.when the drill is removed from the hole. Since fluids to flush the 
chips from the hole cannot be used in this application, a mechanical chip 
transport 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 transport system. 
Therefore, a reliable chip transport design cannot be developed without an 
experimental program. Two potential solutions to be considered are the 
coating of metal surfaces with a solid lubricant and the bleeding of a small 
quantity of gas into the drill bit. 

7. 5 FEED, THRUST, AND STORAGE UNITS 

Several types of feed, thrust, and storage units were presented in the 
Interim Report. Each of the systems is a feasible approach to the problem; 
however, in all cases lubrication problems and the tendency of materials 
to cold weld in the lunar environment must be overcome before any system 
will approach reliable operation. 
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7. 6 THERMAL CONTROL SYSTEM 

7. 6.1 Passive Control 

Some of the heat generated by the drilling system will be absorbed 
by the lunar subsurface material through which the drill is pas sing. Sine e 
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 some other type of 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 dissipated into the sub-
surface material. However, the more energy added to this material the 
greater the disturbance 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 2120-K( -780F) 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 ther-
mal properties are restricted to values lying between two extreme cases: 
solid rock and dust in vacuum. Table 7-2 gives the values for the thermal 
properties used in these calculations. 

TABLE 7-2 

THERMAL PROPER TIES 

Solid Rock Dust in Vacuum 

Density, kg/m 3 2675.34 1698.12 
(lb/ £t3) (167.00) (106. 0) 

Specific heat, K cal/kg-°C 0.21 0.20 
(Btu/lb°F) 

K cal/hr-m-OC -3 Conductivity, 2.08 l..OOxlO 
(Btu/hr -ft-OF) ( l. 40) (6, 78 X 10- 4 

Diffusivity, m2/hr 3.7xlQ-3 2. 96 x Io-6 
(£t2 /hr) (0. 04) (3. 19 X 10-5) 
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These calculations were made assuming the heat dissipating surface 
to be a cylinder, 5 em (2 in.) in diameter by 3 meters (10ft) long. This 
assumption is justified because the drill housing will most probably be a 
continuous cylindrical metallic shell through which heat can pass so readily 
that axial temperature differences along the shell will be very small com-
pared to the radial temperature differences in the subsurface material. 

From the calculations made for the two extremes of thermal proper-
ties (dust and rock) and for drill housing touching or not touching the sub-
surface material, several important general observations can be made: 

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 
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 
260°C (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 is 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 Appendix E. 3, wherein the effects 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 a development design progresses and more data regarding power 
consumption and dimensions become available, more accurate numerical 
estimates of heat dissipation into the subsurface material can be made. 

7. 6. 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 space. For a closed-cycle gas -driven drill the driving gas and 
thermal control fluid would be the same. 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 
components. Two analyses were made of the thermodynamic cycles of a 
closed-cycle gas-driven drill (Appendix F). From these analyses a radi-
ator design for the drill system was developed. The basic requirements 
for the proposed finned radiator are that it must have 2. 32 square meters 
of surface area in which are contained 7. 60 meters of continuous cooling 
tubing. 

7. 7 DRILLING SYSTEM TASK PROFILE 

Knowledge of the power consumed by a system and time to perform 
system tasks are both of major importance in the design of the system. 
The ideal or optimum system also takes into account the percentage of time 
in which man participates as a component part of the system. Figure 7-4 
is a flow diagram illustrating the logical order of the operations required 
in the performance of a drilling task showing both time and power con-
sumption per task as well as astronaut participation. 

A detailed time-task schedule is shown in Table 7-3. Although it 
appears that the astronaut is continuously devoting his time to the drilling 
system it should be noted that he is not involved during the actual drilling 
of the hole which constitutes a total of 800 min or 63.6% of the total task 
time. During this drilling time, however, one of the astronauts will inter-
mittently monitor (from inside the vehicle) pressure, temperature, drill 
penetration rate, and any other pertinent parameters. In the event that the 
astronaut's attention is required for some other task, an automatic monitor-
ing system is provided which will sound a warning buzzer if a critical 
situation develops. 

The astronaut, then, is continuously involved only 36. 4i}fo of 
the total task time ,and the extent of his involvement is limited to removing 
the chips and core from the drill bit, inspecting and changing the drill bit 
as required, and pushing buttons to actuate the drilling system. Also, in 
keeping with the fourteen-day mission profile as presented in the Interim 
Report, it should be noted that the astronaut never remains outside in the 
lunar environment for more than a period of three hours. 
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TABLE 7-3 

TIME-TASK SCHEDULE 

~ Astronaut Partici~ation 
at In- Con- Out- In- I Egress- Time Activity 

·valved tinuous side side Inaress (Hr: Min: Sec) Number Activit_y 
X X X 00:20:00 1 Set up drill 

X X I 
I 01:00:00 2 Drill 1.5 m and cut core ( 1. 5 meters) 

X X 01:00:15 3 Retract drill 1.5 m 
X X 01:10:15 4 Remove chips and core 
X X 01:10:30 5 Lower drill 1.5 m 

I X X 01:50:30 6 Drill 1.5 m and cut core ( 3 meters} 

I X X 01:51:00 7 Retract drill 3 m 

1 X X 02:01:00 8 Remove chips and core 
I X X 02:02:09 9 Add drill rod 2 

i X X 02:42:09 10 Drill 1.5 m and cut core (4.5 meters) 
I 
I X X 02:42:24 11 Retract drill 1.5 m 
! X X 02:43:33 12 Retract drill rod 2 

X X 02:53:33 13 Remove chips and core 
X X 02:54:42 14 Add drill rod 2 
X X 02:54:57 15 Lower drill 1.5 m 

X X X 03:34:57 16 Drill 1.5 m and cut core (6 meters) 
X X 03:35:27 17 Retract drill 3 m 

I 
' I X X 03:36:36 18 Retract drill rod 2 

X X 03:46:36 19 Remove chips and core 
X l X 03:48:54 20 Add drill rods 2, 3 

I X X 
'-------

04:28:54 21 Drill 1.5 m and cut core (7. 5 meters) 
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Parti c ipation 
Out- In- Egress-
side side Ingress 
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X 
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X 

X 

X 

X X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

__ _X__ 
-------

TABLE 7-3 (Cont1 d) 

Time Activity 
(Hr:Min: Sec) Number Activity 

04:29:09 22 Retract drill 1.5 m 
04:31:27 23 Retract drill rodE ?, 2 
04:41:27 24 Remove chips and core 
04:43:45 25 Add drill rods 2, 3 
04:44:00 26 Lower drill 1.5 m 
05:24:00 27 Drill 1.5 m and cut core (9 meters) 
05:24:30 28 Retract drill 3 m 
05:26:48 29 Retract drill rods 3, 2 
05:36:48 30 Remove chips and core 
05:40:15 31 Add drill rods 2, 3' 4 
06:20:15 32 Drill 1.5 m and cut core (10. 5 meters) 
06:20:30 33 Retract drill 1.5 m 
06:23:57 34 Retract drill rods 4, 3' 2 
06:33:57 35 Remove chips and core 
06:37:24 36 Add drill rods 2~ 3~ 4 
06:37:39 37 Lower drill 1.5 m 
07:17:39 38 Drill 1.5 m and cut core (12 meters) 
07:08:09 39 Retract drill 3 m 
07:21:36 40 Retract drill rods 4, 3, 2 
07:31:36 41 Remove chips and core 
07:36:12 42 Add drill rods 2~ 3 ~ 4 ~ 5 
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! As ronaut Partici~ation 
\ 

Not In- Con- !Out- In- Egress-
:valved tinuouslside side Inqress 
l X I X I 

X l X I i I I 
I l X ! X 

X X l 
I 

X X l 
l j l 

I X X I 

r 
l X X X 
I X X X j 
J 

I X X l 

I I I X X 
I 

X X I I 

I ' ; l l 
1 l I I 

X l X 1 
1 

1 X X 
I 

X X 

X X 

X X 

X X 

X X 

X X 

I 
X X 

i J X X I 
l ! 

TABLE 7-3 (Cont1 d) 

Time Activity I 
(Hr:Min: Sec) Number Activity 

08:16:12 43 Drill 1.5 m and cut core (13. 5 meters) 
08:16:27 44 Retract drill 1.5 m 
08:21:03 45 Retract drill rods 5~ 4, 3 :l 2 
08:31:03 46 I Remove chips and core 
08:35:39 47 5 · Add drill rods 2 , 3 , 4 , 
08:35:54 48 Lower drill 1.5 m 

I 

09:15:54 49 Drill 1.5 m and cut core (15 meters) i 
j 

09:16:24 50 Retract drill 3 m I 
I 09:21:00 51 1 Retract drill rods 5 , 4 .. 3' 2 

I ! 09:31:00 52 I Remove chips and core I 
09:36:45 53 ! Add drill rods 2, 3, 4, 5, 6 I 

j Drill 1.5 m and cut core jl6.5 meters) I 10:16:45 54 
10:17:00 55 I Retract drill l. 5 m 
10:22:45 56 Retract drill rods 6, 5' 4, 3' 2 
10:32:45 57 Remove chips and core 
10:38:30 58 Add drill rods 2, 3' 4' s, 6 
10:38:45 

f 
59 Lower drill 1.5 m 

l 
11:18:45 j 60 drill 1.5 m and cut core (18 meters) 
11:19:15 l 61 Retract drill 3 m I 

I 
11:25:00 I 62 Retract drill rods 6, 5' 4, 3' 2 
11:35:00 i 63 Remove chips and core 
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I 

Astronaut Participation 
Not In- Con- OUt- In- Egress-
valved tinuous side side Inoress 

X X 

X X X 

X X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X X 

X X X 

X X 

TABLE 7-'3 (Cont1 d) 

Time Activity 
(Hr:Min: Sec) Number 

11:41:54 64 
12:21:54 65 
12:22:09 66 
12:29:03 67 
12:39:03 68 
12:45:57 69 
12:46:12 70 
13:26:12 71 
13:26:42 72 
13:33:36 73 
13:43:36 74 
13:51:39 75 
14:31:39 76 
14:31:54 77 
14:39:57 78 
14:49:57 79 
14:58:00 80 
14:58:15 81 
15:38:15 82 
15:38:45 83 
15:46:48 84 

Activitv 
Add drill rods 2, 3' 4, 5, 6' 7 
Drill 1.5 m and cut core (19.5 meters) 
Retract drill 1.5 m 
Retract drill rods 7, 6, 5' 4, 3, 2 I 
Remove chips and core I 
Add drill rods 2~ 3~ 4~ 5~ 6, 7 
Lower drill 1.5 m 
Drill 1.5 m and cut core (21 meters) 
Retract drill 3 m 
Retract drill rods 7, 6, 5' 4, 3, 2 
Remove chips and core 
Add drill rods 2, 3~ 4, 5, 6, 7, 8 
Drill 1.5 m and cut core (22. 5 meters) 
Retract drill 1.5 m 
Retract drill rods 8, 7, 6, 5, 4, 3, 2 
Remove chips and core 
Add drill rods 2, 3' 4, 5, 6' 7' 8 
Lower drill 1.5 m 
Drill 1.5 m and cut core (24 meters) 
Retract drill 3 m 
Retract drill rods 8~ 7~ 6~ 5~ 4 .. 3- 2 
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TABLE 7-3 (Cont'd) 

Astronaut Participation ~ 

. I i Not In- Con- jout-.In- jEgress- Time Activity 
·valved tinuouslsidelside Inqress (Hr:Min: Sec) Number Activity 

j l ! 15:56:48 85 Remove chips and core . X i X ' ~ . 
! l ~ 

X I X I ! 16:06:00 86 Add drill rods 2' 3' 4, 5, 6, 7' 8, 9 I 

X I X 16:46:00 87 Drill 1.5 m and cut core (25.5 meters) 

X I X 16:46:15 88 Retract drill 1.5 m 

I X ~ X 16:55:27 

I 
89 Retract drill rods 9,8,7 ,6,5,4,3,2 ~ 

X ~ X 17:05:27 90 Remove chips and core 

I X X 17:14:39 I 91 Add drill rods 2, 3' 4, 5, 6, 7' 8, 9 
X X 17:14:54 92 Lower drill 1.5 m 

X X X 17:54:54 93 Drill 1.5 m and cut core ( 27 meters) 

I 
I 17:55:24 94 drill 3 X X X Retract m 

X X 18:04:36 95 Retract drill rods 9,8,7,6,5,4,3,2 
X X 18:14:36 96 Remove chips and core 
X X 18:24:57 97 Add drill rods 2,3,4,5,6,7,8,9,10 

X X 19:04:57 98 Drill 1.5 m and cut core ( 28.5 meters) 
X X 19:05:12 99 Retract drill 1.5 m 
X X 19:15:33 100 Retract drill rods 10,9,8,7,6,5,4,3,2 
X X 19:25:33 101 Remove chips and core 
X X 19:35:54 102 Add drill rods 2,3,4,5,6,7,8,9,10 
X X 19:36:09 103 Lower drill 1.5 m 

X X 20:16:09 104 Drill 1.5 m and cut core (30 meters) 
X X 20:16:39 105 Retract drill 3 m I 
X X 20:27:00 106 Retract drill rods 10,9,8,7,6,5,4,3,2 I 
X X 20:37:00 107 Remove chips and core I 

I 
X X 20:57:00 108 Secure drill 
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A breakdown of power and time consumption per task is shown in Table 
7-4. The total time elapsed for continuously drilling a 30 meter hole is 
20. 95 hours and the total power consumed during this time is 47.6 kwh. 

7. 8 VEHICLE COMPATIBILITY 

Throughout this portion of the study only the drill system and its re-
lated equipment were of primary consideration. This was done to ensure 
completeness and not to disregard vehicle compatibility. The various basic 
components are shown in Table 7-5. 

It should be noted that, when the system is stored, the drill bit assembly 
and the drill rod extensions are contained in the feed, thrust, and storage 
system. This then means that the stored envelope is identical with the en-
velope shown i11 the table for the feed, thrust, and storage system. 

It is realized that, although the various sections of the system (drill 
rod extensions, 3 meters long) may be easily handled by the astronaut in 
the lunar environment, they may not be compatible with the desired en-
velope for storage. However, when a desired envelope is established by 
the vehicle designers, the existing drill design will be modified. It should 
be noted, however, that the envelope dimensions should be established as 
early as possible to provide greater flexibility for the drill designer when 
equipment is being designed for fabrication. 

7. 9 ENVIRONMENTAL CONSIDERATIONS 

The lunar environment, particularly the effects of the near vacuum, 
radiation, and temperature, must be considered ~n the selection of com-
ponents and materials for a lunar drilling system. The lunar atmospheric 
pressure is quite low, generally estimated to be in the range lo-12 to 
10 -14mm Hg. Radiation inter:sity under steady state conditions is estimated 
as: primary cosmic rays, 1. 3/ cm2 / sec; back scattered neutrons, 0. 3/ cm2/ sec, 
total gamma activity, 0 to 2 Mev at 1. 1/ cm2 / sec; and ultraviolet radiation 
having a maximum energy of 5. 5 ergs/cm2 /sec in the wavelength band of 
1100 to 1350°; and a total solar radiation energy of l. 40 x 106 erg/ cm2 / sec. 
At the subsolar point, the temperature ranges from 120°K to 400°K ( -153 ° to 
101°C) (-243°F to 214°F). All of these will affect physical properties of the 
materials employed in the operation of moving components in a drilling syste1n 
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TABLE 7-4 

TASK POWER AND TTiv1E 

No. of Power per Time per Total Power Total Time 
Times Task Task Consumed Consumed Astronaut 

Performed (Watt-Sec) (Min.) (Kw-Hrs) (Min.) Particip_atiol] 
Drill 1.5 meters 

and cut core 20 2.333* 40 46.67 800 Not Involved 

Remove chips and 
core 20 0 10 0 200 Continuous 

Retract drill rod 90 4664 1.15 0.1166 103.5 Continuous 

Add drill rod 90 4360 1.15 0.1090 103.5 Continuous 

Set up drill 1 ** 20 0.670 20 Continuous 

Secure drill 1 0 20 0 20 Continuous 

Retract drill 1.5 rn 10 2130 0.25 0.0059 2.5 Continuous 

Retract drill 3 m 10 4260 0.50 0.0118 5.0 Continuous 

Lower drill 1.5 m 10 0 0.25 0 2.5 Continuous 

47.6 kwh 1257 min *** 
20.95 hrs 

Expressed in KWH * 
** 

*** 
Set up includes using total power (4 kw) for a period of 10 min. for checkout purposes. 
Astronaut is not involved 63.6% of total task time. 



TABLE 7-5 

DRILL SYSTEM COMPONENTS 

Weight Space Envelope 
(kg) (meters) 
(1 b) {ft) 

Drill bit assembly 
Air Motor 8.4 5 ern dia x 3 rn long 
Impactor ( 18 .• 4) (2 in. dia x 10 ft long) 

Drill Rod Extensions 33. 1 5 ern dia x 3 rn long 
(9) 't( 7 3 .. 0) (2 in.dia x 10 ft long) 

Feed, Thrust and 26.3 .76 rn x .21 rn x 3.66 rn 
Storage System (58.0) (2.5 ftx0.7 ftx 12ft) 

Radiator 5. 2 . 0 18 rn x . 3 048 rn x 7. 6 rn 
(11.5) (. 06 ft X 1 ft X 25 ft) 

Air Cornpres sor 12. 2 . 15 rn dia x . 3048 m 
(27.0) (. 5 ft dia x 1 ft) 
85.2 

(18 7. 9) 

The ·lower 'lmiar gravity {cine-sixth that ·Of earth) must ·be considered 
in the design of mechanisms whose functioning is dependent upon gravity. 

A number of these environmental effects are discussed below. 

7. 9. 1 Evaporation of Metals 

Both metallic and nonmetallic materials will sublime in the near 
vacuum environment of the lunar surface. Because most metals lose mass 
very slowly, no appreciable amount would be lost during a typical mission. 
Among the materials which might be used in the lunar drilling application, 
zinc, cadmium, and pure magnesium have relatively high evaporation 
rates and should be avoided. Magnesium alloys should, however, prove 
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practical. A number of plastic materials lose mass rapidly and are not 
suitable for the present application. 

Even though evaporation of materials from the surface of a par-
ticular component may not affect functioning of the component itself, such 
evaporation may affect other components in the system. As an example, 
material subliming from a heated component may condense on an unheated 
component. This disposition of material on electrical or optical components 
may prove undesirable or even prevent functioning. Solutions to this problem 
include introduction of shielding or maintaining these critical areas at temper-
atures high enough to avoid condensation. 

7. 9. 2 Degradatio:Q .r;:_f Plastics 

The lunar environment differs in two important ways from that of 
the terrestrial environment: in the presence of short wavelength, ultra-
violet radiation, and the absence of a sensible atmosphere. Although both 
will influence the durability of plastics, their effects are in opposite dir-
ections. The more energetic short wavelength has been shown to produce 
many more free radicals by the cleavage of intermolecular bands in the 
polymer plastic. Under terrestrial conditions, oxygen in the atmosphere 
would combine with these radicals. Under lunar conditions, these would 
simply recombine. However, these polymers, which decompose by means 
of a nonoxidative process,. ("unzipping"), will be affected. They would 
probably have poor durability unless they were copolymerized wi.th a chain-
stopping constituent. More recent data indicate that some plastics may be 
more resistant against degradation than has been predicted. 

7. 9. 3 Friction and Lubrication 

In an automated system, mechanical devices are required for the 
feed, thrust, and storage system. To ensure proper operation on the 
lunar surface, the effects of increased friction under vacuum conditions 
must be considered. Magnitude of the coefficient of friction depends largely 
on the extent to which the material is outgas sed. Out gas sing has been found 
to vary as the square root of the time of exposure to vacuum conditions, 
and as an exponential function of the temperature of the component involved. 
It is estimated that the microscope will be exposed to an intermediate con-
dition of outgassing in which the coefficient will be increased by a factor of 
50 to 100 per cent. 
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Present data, based on studies at 10-5 to 10-6 mm Hg, indicate 
that a 50% increase in coefficient of friction is attained under the conditions 
of outgassing prevailing during these tests. When materials are thoroughly 
outgassed at elevated temperatures (1 to 2 hr at 600°C), the coefficient 
increases 400 to 600%. Experiments being conducted in the l0-8 to lo-9 
mm Hg range should influence design characteristics. 

At the present time, solid lubricants such as molybdenum disulfide 
and plated metal films (silver, gold, and barium) have proved satisfactory 

-6 at pressures to 10 mm Hg for as long as several thousand hours. Low 
vapor pressure oils and greases; silicone base, petroleum base, and ester 
base, have also been run for several thousand hours. Because most of these 
have evaporation rates of lo-4 g/cm2 /hr, care must be taken in sealing 
bearings to avoid excessive losses. 

7. 10 C ONC L USI ONS 

The results of the program have indicated the desirability of having 
a coring drill as part of the ALSS scientific experiments package. Evaluation 
of various drilling techniques has shown that a system using the rotary-per-
cussive type of pperation would be the most practical approach to the lunar 
drilling problem. The possibility of having pure rotary or pure percussive 
actions on demand can only improve the overall drill capability. 

Because of the very high energy losses in a deep drilling up-the-hole 
mechanism, it has been concluded that to meet hole depth requirements at 
a reasonable power consumption, a down-the-hole system becomes a nec-
essity. 

Of the various drilling systems studied, it was concluded that only 
the closed-cycle pressurized gas driven drilling system could be packaged 
into a 5 em (2 in.) diameter drill assembly. Either an electric motor or 
electromagnetic drive would require a larger diameter drill, thereby in-
creasing the power required for drilling a 30 meter (100ft) deep hole. 

Since the rotary-percussive type of drilling requires almost no 
cooling of the drill bit and the pressurized gas not only provides power for 
the down-the-hole mechanisms but cools them as well, it is concluded that 
the designed radiator will be more than adequate to handle the temperature 
rise which occurs in the mechanisms at the top-of-the-hole. 
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Although the mechanism presented in the study are conceptual in 
nature, it is felt that with proper selection of materials, sealing techniques, 
and experimentation in a simulated lunar atmosphere a practical mechanism 
can be designed for fabrication. 
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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. Cost effective-
ness analysis shows that man's unique characteristics amply justify his 
presence. The penalties associated with his presence require that the 
best use be made of the astronaut as a scientist. His capabilities will 
often be a determining factor in the selection of experiments to be ac-
complished, as well as the associated equipments and tasks. 

Man's peculiar capabilities and incapabilities have been documented 
elsewhere; accordingly, a summary enumeration will suffice to justify 
the approach taken, 

8, l UNIQUE HUMAN CHARACTERISTICS 

8. l, l Advantageous Characteristics 

Man is useful in serendipitous event reporting where, in a 
mission with a specific goal, other incidental events occur which should 
be sensed and reported, or in missions where the sensing, integrative 
analysis, and reporting constitute the mission objective. A perfect 
example is exploration, 

Man is useful where flexibility of decision patterns or response is 
likely to result from situations which are totally unforeseen or have low 
occurrence probability. 

Man is useful where problem solving 1s required, particularly 
when relative value judgments are required, 
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Man is useful when discrimination of signals in noise 1s 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-
gramed him, man does not need extensive pre-programing for unpredicta-
ble situations. 

8. I. 2 Disadvantageous Characteristics 

Man is less useful where: 

I. 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 nu.mbers 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. Z STUDY OBJECTIVE 

What man cannot do in a psychophysiologic context in SMSS should be 
broadly, but explicitly, defined. It then can be assumed that any perform··· 
ance requirement not violating these negative constraints is acceptable. 
All performance requirements that are stipulated after consideration of 
the negative envelope can be individually examined for degree of desira-
bility with fair certainty that the requirement itself is basically sound. 

Accordingly, this study identifies a series of envelopes and within 
these envelopes locates values defining the associated negative constraint. 
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Thus, the designer of the core drill may want to know if it is pas sible for 
the Surface Operator to participate physically in starting or "spudding in" 
the drill bit. This may require several actions including specified manual 
work while kneeling. This report could not hope to describe each possible 
action; it does 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 dimensions are when he kneels, what forces he can apply, and similar 
"envelope" data. 

8. 3 ASSUMPTIONS 

Several observations should be made about the assumptions implicit 
m this report. The wide range of numerical values in a biologic popu-
lation prohibit definition of fixed data; the best that can be done is to cite 
certain parametric limits. 

We have been guided m our selection by the principle of reasonable 
conservatism in design. For example, most present astronauts (about 
whom dimensional values are available) are in the 30th to 75th percentile 
in major anthropomorphic dimensions. We have not chosen either value 
as the conservative range figure, but use 5th to 95th ranges upon the 
assumption that, by the time the manned lunar surface exploratory 
missions are under way, the astronaut-scientist population may well in-
clude 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 a complete lunar 
surface ensemble will be able to get out through any hatch and, similarly, 
that the smallest (relatively weakest) astronaut can exert sufficient force 
to operate any mechanical control. 

Further, a conservative view of operational modes will be main-
tained at all times; this will have impact on several of the limits 
established. 

The biggest assumptions have to be made about the effects of lunar 
gravity of psychophysiologic performance. Simply "dividing or multi-
plying by six" will not suffice in most cases. Some work has been done 1n 
simulating 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. 
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8. 4 PERFORMANCE ENVELOPES 

8. 4. I Actions and Motions 

The scientist-astronaut, in performing various actions and motions 
in the lunar environment, will be aided by the lunar environment, Some 
of the estimates incorporated in Table 8-I are fairly speculative; all are 
reasonably conservative. The scale employed is only semiquantitative to 
reflect both the differences in units and the uncertainties about the con-
clusions. An explanation of some of the entries in Table 8-I follows: 
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Scale Values 

a. 0 

b. lto4-, 

c. l to 4 + 

d. N/ A 

Modes 

= Action or motion can be performed with the same 
ease as in identical environment and 1 g. 

= Action or motion can be performed only with ln-
c reas ed difficulty in lunar g. 4- action is 
impossible. 

= Action or motion can be performed with increased 
ease in lunar g. 4+ is extremely easy. 

= Action is not appropriate or pas sible in SMSS. 

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 garment; 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. 



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 Standbv Suited 
Suited, 
Pressure 

Suited, 
Outside 

Sit, Chair -f + + 0 -
Sit, Floor/Ground 
Sit In Chair & Control 
Recline to Supine/Prone 
Arise f-rom Supine/Prone 
Stand Erect 

2+ 0 0 - 2-
-f 0 0 0 N/A 

2+ + + + 0 
2+ + + + 0 

0 0 0 0 0 
Trunk Flex, Anterior - - - 2- 3-
Trunk Flex, Lateral 
Kneel, One Knee 
Kneel, Both Knees 
Hands & Knees 

- - - 2- 3-
-f 0 0 - 2-
-f 0 0 - 3-
0 0 0 0 0 

Squat 
Back Lift 

- - - 2- 3-
2-f 2+ 2+ + + 

Leg Lift 
Arm Carry 
Shoulder/Back Carry 
Arm Reach Overhead 

3-f 2+ 2+ + + 
N/A N/A N/A N/A 2+ 
N/A N/A N/A N/A 2+ 
2-f -f + - 2-

Arm Reach Front 2-f + + 0 0 
Arm Reach Lateral 2+ + + 0 0 
Arm Reach Down 2+ + + 0 0 
Arm Reach Behind 2-f + + - 2-
Crawl + 0 0 0 2+ 
Walk Slow 
Walk Fast 
Run 
Jump 
Hop 
Climb/Descend: 

Pole 

N/A N/A NJA 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 NfA 2+ 
N/A N/A N/A N/A 3-4+ 

2+ + -f 2+ 3+ 
Ladder 
~lone 

2+ 0 0 - -
N/A N/A NIA NIA :t 
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e. Suited, Outside: Includes same as in d, above, with anti-
micrometeorite coverall and thermal trousers and parka donned. 

8. 4. 2 Dimensions 

The measurements provided in Table 8-2 are the major dimensions 
of men in various dress modes. No documented measurements are avail-
able for many of the personal equipment combinations envisioned for the 
Apollo Scientific Mission. 

Much of the dimensional data are 11new'.' (in'the· sense that they are not 
entirely repetitive of data reported previously, but include interpolations 
and extrapolations, based on our experience, to satisfy the peculiar demands 
of SMSS). Accordingly, measurements of representative populations wear-
ing all varieties of operational personal equipment ensembles should be 
made soon as part of an experimental validation program. In fact, because 
of the lack of solid data, the contractor performed certain experiments 
needed to provide the minimal information (see paragraph 8. 4. 4. 3) needed 
for this report. The values given are for 95th percentile men in various 
realistic positions and attitudes. 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 syn~ 
thesis of anthropomorphic data derived from samples taken in the Air Force, 
NASA, and from certain other selected groups. It is a skewed sample, re~ 

presenting a selected, young, healthy male population. However, the Lunar 
Scientific Mission will probable draw heavily on just such a population, for 
it is improbable that a poor physical specimen will be accepted for lunar 
surface missions for some time to come, no matter what his other qualifica-
tions. Figures 8-1 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, based on certain assumptions. 

8. 4. 3.1 Effect of Lunar Gravity 

In all applications of muscular force in a lunar-g field (except in the 
case of lifting a weight where efficiency will be greatly enhanced), it is 
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TABLE 8-2. 

DIMENSIONAL DESCRIPTION OF 95TH PERCENTILE 
ASTRONAUT -SCIENTIST FOR THE VARIOUS SELECTED DRESS MODES 

Dress Mode 
Dimension Suited, Suited, Suited, 
(Inches) Shirtsleeve Standby Unpressurized Pressurized* Outside 

A 11.0 15.5 15.5 16.0 26.0 
B 74.0 75.0 77.0 77.0 79.0 
c 10.7 14.7 14.7 15.0 19.0 
D 20.0 25.4 25.4 26.9 28.9 
E 11.0 11.1 11.1 11.2 10.2 
F 25.6 26.9 26.9 26.9 29.0 
G 33.8 39.0 39.0 39.0 39.0 
H 39.0 39.7 40.7 40.7 43.0 
I 15.9 20.4 20.4 23.1 25.0 
J 35.2 35.4 36.4 36.4 38.9 
K 33.0 33.5 33.5 41.0 42.0 
L 48.8 49.2 50.0 50.0 52.0 
M 31.2 31.2 32.0 39.5 41.5 
N 58.9 60.0 61.0 61.0 63.0 
0 30.0 30.5 30.5 38.5 39.5 
p 47.7 48.0 49.0 49.0 51.0 
0 26.0 26.5 26.5 27.0 29.0 
R 35.0 35.0 35.5 36.0 38.0 
s 92.0 92.5 93.0 93.0 95.0 
T 11.5 15.5 15.5 26.0? 28.0 
u 94.0 94.5 95.0 95.0 97.0 
v 16.0 16.0 17.0 17.0 20.0 

* All x-axis dimensions through thorax include PLSS. 



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 & Standby Unpressurized Pressurized 
Back Lift 500 >:C 450* 3oo·>:C 
Leq Lift 2000>\< 1800~" 1200>\~ 

Arm Push (+x) 
Fixed 50 45 40 
Unfixed 22 >l<*>l< 32** 32** 

Arm Pull (-x) 
Fixed 56 51 45 
Unfixed 22 ~(** 32 >\<>\< 3 2 >:<~:· 

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 (+z) 

Fixed 26 25 23 
Unfixed 2 2 ~::::::<:::: 25 ~!<* 23 

Wrist Pronation 
Fixed 29 29 27 
Unfixed 22 *~:<:>:< 2 9 >:C>\~ 27 

Wrist Supination 
Fixed 35 35 32 
Unfixed 2 2 ~:;:~::::r:: 32 >l<>\< 32 

Hand Strengths 
Grasp 90 85 80 
Other 21 20 20 

Leg Push . (fixed onl_yl 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 could be expected to exert some 
5000 pounds of vertical lift for a brief period. 

*>l< Body weight has increased ( 132 man+ 63 gear} 6 32 lbs.; thus, 
available force has increased as a function of weight. 

*~:<~< Limiting value set by bodyweight of 5th percentile man. 
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likely there will be a substantial reduction in work efficiency below earth 
equivalence unless the operator is fixed in position relative to the force he 
exerts. This will be particularly true in cases 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 or force 
he can exert will be s orne function of his body weight, employed muscle 
group strength, and realistic work position. The latter term includes: use-
ful employment of body mass, balance, support, and reaction with the sur-
face. Some measurement and calculation of decrement in lunar work effi-· 
ciency has been done, but there are many questions remaining. It seems 
best to establish some rules that 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 exceptions 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 designing the work station 
so that there is a hand hold or body brace associated with the 
work. 

2. If the operator 1s not fixed at the work position or not using 
some kind of countervailing force, it is likely that the mc:s-
cular force he can effectively apply is equal to about 15 to 20o/o 
of his earth-equivalent body weight or the strength of the 
muscle group involved for the particular activity, whichever 
is the less ero 

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-sec) applications may permit use of 50 to 60% of max-
imum strength, while longer applications allow less until, at periods exceed-
ing 3 to 5 minutes, only about 20 to 30% of maximum strength can be applied. 
Maximum strength of any major muscle group can usually be exerted only 
under somewhat artificial circumstances. 
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8. 4. 3. 3 Effect of Frequency of Application 

Broadly spaced applications of effort allow use of about 50% of 
maximal muscle strength, but applicable force decreases as a function of 
frequency until, at higher rates, strength drops to but 20 to 30% of maximum. 

8. 4. 3. 4 Effect of Clothing and Other Gear 

Heavy restrictive equipment such as pressure suits, thermal gar-
ments, and the like tend to reduce applicable strength, and endurance is 
also affected; in one push-pull test, a restrictive harness reduced endurance 
12 to 14%. 

8. 4. 3. 5 Other Factors 

"Handedness 11 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 a chance 
by the spacecraft designer. 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-
imum (adjusted) force values for several typical situations. Design of de-
vices and controls regularly requiring application of forces greater than 
these cannot be allowed. The values are maximized for angle, handedness, 
frequency and duration, and the 5th percentile man in strength and weight; 
they are adjusted 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 

This section defines the dimensions of equipment postulated for 
use 1n the Lunar Scientific Mission. 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 
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the functional accommodation envelope, that space in which the operator 
is positioned for work" For purposes of this report, the accommodation 
envelopes for the MOLAB operator will be included" 

This combination of accommodation and work envelopes always pre~ 
sents 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" 

8" 4" 4. l 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 measure-
ments made on 5th percentile Air Force personnel. 

For 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 midplane 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 dis·~ 
tances above and below SRP and to the right of mid-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 shirtsleeve 
or standby mode. 

Tables 8~4 through 8-7 define the routine functional arm reaches 
of MOLAB operators variously garbed. 
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TABLE 8-4 

FUNCTIONAL ARI\1 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 .o 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 f 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 Plane 
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 



T.ABLE 8-6 

FUNCTIONAL _l-. 1~,1\-1 REACH (SITTING, SUITED, UNPRESSURIZED) 

Height 
above Degrees Right of Midplane 
SRP it). 0 15 30 45 60 75 90 105 120 135 

-6 
0 16.0 17.9 17.4 18.5 
6 17.0 22.4 23.8 23.9 25.6 

12 19.4 21.5 23.5 24.9 27.0 27.6 28.0 26.0 
18 21.3 22.9 25.4 26.9 28.1 29.3 30.0 28.0 
24 21.6 23.4 24.9 26.4 28.0 28.9 30.0 29.0 
30 20.1 22.0 23.7 26.4 27.4 28.3 29.3 28.0 
36 17.4 18.7 20.3 22.4 23.9 25.1 25.9 
42 12.7 13.2 13.6 16.0 ~ 19.2 20.3 21.1 
48 

TABLE 8-7 

FUNCTIONAL ARM REACH (SITTING, SUITED, PRESSURIZED) 

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 
6 17.0 22.4 23.8 23.9 25.6 

12 19.4 21.5 23.5 24.9 27.0 27.6 28.0 
18 21.3 22.9 25.4 26.9 28.1 29.3 30.0 
24 21.6 23.4 24.9 26.4 28.0 28.9 30.0 
30 20.1 22.0 23.7 26.4 27.4 28.3 29.3 
36 17.4 18.7 20.2 22.4 23.9 25.1 25.9 
42 
48 



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.) 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 subject 1s 
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 fjrst 
position; four with the arm pointing to the floor at 45 ° and at the lateral 
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. Tbe 
values used are normalized for the 5th percentile, so shoulder height stand 
ing is 52.8 inches. 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. 

TABLE 8-8 

FUNCTIONAL ARM REACH (STANDING) 

Degrees, Right or Left "Straightforward'' 
Degrees, 
relative to 
the floor 00 45° 60° 90° 

00 29.7 in. 30.7 in. 30.2 in, 29.5 in. 

45° 31.0 in, I 32.0 in. 32.5 in. 31. 0 in. 
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On the basis of this sparse information, it is recommended that 
no equipment-related tasks for the surface operator be programed outside 
a rough quartersphere ranging from 61 inches above the ground at its equator 
to 39 inches 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 inches above the floor. See 
Figure 8-10. 

Naturally, tasks allocated for the "0°-53 inch" location should 
be confined to adjustment controls, on-off and the like, while "0°, 45°-39 
inch" tasks can be those requiring substantial force applications. Tasks 
at the 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 casses, 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 inches from the 53-inch stature measurement point and the 39- and 61 inch 
work envelope dimensions, which now become, respectively, 31, 17 and 
39 inches. 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 11 ); 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 re-
strictions imposed by lunar conditions and the pressure suit. 
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Push buttons 

The minimum diameter is one inch; m1n1mum displacement is 
0. 5 inch; resistance range should be 15. 25 ounces. Deep concavities on 
the button face are desirable. Space between buttons need not exceed 0. 5 inch. 

Lever 

Levers used should ~ 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. 
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 inches and a minimum diameter of 2. 0 inches and 
be hand contoured whenever possible. Knob-end levers should be at least 
3. 0 inches long and have a 0. 75-inch minimum diameter knob. 

Toggle Switch 

Minimum dimensions or parameter should be: ( 1) tip diameter, 
0. 375 inch, (2) length, 1. 0 inch, (3) displacement, 60°, and (4) 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 rotary knobs described below. 

Rotary Knobs 

A minimum diameter and a depth of 1. 0 inch should be used. 
At least 1. 0 inch should be available around the 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 pas-
ition. 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 pounds 
of force. 
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8.4.5 Locomotion 

Self-locomotion by the scientist-astronauts under lunar gravity, 
both within and outside the MOLAB, will present both problems and oppor-
tunities. The problems encountered inside MOLAB will be minimaL princi-
pally 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. 

One problem likely to be encountered inside MOLAB, at least 
until crew members accommodate to lunar g, is that need for rapid move-
ments will produce earth-associated muscular responses. These responses 
will in turn produce major translations of the body and possible collisions 
with MOLAB instrumentation and structure. Accordingly, tasks to be per~· 
formed inside MOLAB should specifically exclude the need to go quickly 
from work place to work place. 

Locomotion prlblems outside MOLAB cannot be dismissed; they 
will be serious and require careful consideration in the specification of 
surface operator duties, The objective of this section is to identify some 
of the problems and their constraints on the surface operator 1s 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 sub· 
stantially on these values. However, the many unknowns, such as lunar sur· 
face characteristics and the design 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 ft/hr 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 avoided. The actual per-minute distance could 
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be substantially higher than the 45 feet per minute (fpm) rate suggested by 
this value, since this includes estimated periods for rest, pauses tore-
connoiter immediate terrain problems for alternate paths, etc. Actually, 
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 1/4 mile should be cov-
ered easily in 20 minutes. Tasks involving distances longer than this should 
allow for the slower average rate of 45 fpm. 

Local Walking 

The second "slow-walk rate 11 is designed for short-distance moves 
aroung a task site, such as moving from one piece of gear to another. The 
maximum attainable rate will be about 120 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 120 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 negotiated 
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 min at 
100 fpm, 15 min at 50 fpm, 30 min at 25 fpm, and at slower rates for longer 
times, Slopes of 15° or more can be ascended or descended only with 
di ffic ul ty, 

Inspection of such steep slopes, e, g., crater walls, scarps, and 
the like, are possible, 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 6 feet 
in width and jump up to or down from ledges up to 4 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 in excess of 120 fpm should not be programed into 
tasks. Some surface operators may eventually become suffic1ently 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 covering 
distances rapidly. It is likely that a form of locomotion peculiar to the 
lunar environment will be developed. This has been called "skimming or 
"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. 
It has been compared to the ballet leap in which one leg is extended behind, 
the other forward, alternately, This is envisioned as covering 16 to iO feet 
per effort at about 7 to 9 fps. This mode of locomotion is expected to be 
about as demanding, metabolically, as a rapid earth walk. When required, 
''hops'' (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 about 12. to 16 feet per effort, 
Because of the slow-motion effect produced by the 5. 36 fps of lunar gravi-
tation, the time in flight per effort will be lengthened, but 5 fps is a con-
servative value and can be maintained for perhaps five minutes by skilled 
surface operators. Difficulty will be encountered at first, because the small 
residual angular velocities normally present in a jump will have time to 
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produce 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 1s presence in the lunar 
mission, Prediction of man's ability to work is difficult for several reasons. 
Relatively little is known about ergonometrics. Uncertainties concerning 
the moon environment exist, The final configuration of the lunar surface 
ensemble is not established, The metabolic penalty the surface operator 
will pay for the personal 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? 

Best estimates of these uncertainties indicate that difficulties of 
surface, loss of foot reaction, balance keeping, overcoming personal equip-
ment restraints, and low level chronic psychophysiologic stress will doubt-
less have a substantial 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 to 2000 Btu/hr category (bottom of the "heavy-
work" range). This can probably be sustained for about 3 hours including 
rest pauses totaling 20 min. This is well within the range of the second gen~ 
eration 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 1s personal equipment 
ensemble is 95 earth pounds, An additional load of 105 earth pounds can 
be routinely carried by the surface operator. This weight should be shoulder-
packed if it is to be carried more than l 00 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 in both 
hands. However, the essential requirement of the astronaut to see the un-
familiar terrain directly ahead makes it appear best that hand loads be 
carried at his side, 
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Load configuration is important. Ideal loads for both hands should 
be in containers measuring about 2 x 2 x 2 feet. For single-hand carry, 
the container should be about 1 x 2 x 2 feet, with a generous handle centered 
in the 1-foot dimension. Ideal shoulder loads should be divisible into two 
and strap-hung, or configured in "rump packs 11 designed to encircle the lower 
back and buttocks. This should be particularly efficient in view of the need 
to lean the torso forward about 60° during moon locomotion. Long or awk-
ward loads must not be programed. Weights in excess of 200 earth pounds 
should be avoided, though very heavy weights can be carried for short dis-
tances (500 to 1000 earth pounds). 

8.4.6.2 Heavy Labor 

Heavy labor, such as pick and shovel work, carrying or lifting 
heavy weights, leaping, etc., over 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 

Work should be programed so that breaks in work allow 10 to 12 mm-
utes pause per work hour. Shifts on the surface should routinely be limited 
to three hours, or four hours under exceptional circumstances. 

Feeding should occur four times a day. Two meals and two or more 
snacks are probably desirable. Sleep need not exceed 6. 0 hours in 24, 
but 6. 5 to 7 is more desirable. 

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, communication, 
log keeping, planning, and recreation. 

8.4.6.4 Stress 

Man is a remarkably tough, resilient, adaptable, resourceful, 
brave animal. These qualities should be used to the fullest in this mission. 
The effect of multiple accumulative stress does degrade man 1 s performance. 
What the stresses are, what their combinative effects are, what degree of 
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degradation occurs, and how to reduce or avoid such performance reduction 
have been the subject of intense study. Here we can only offer some general-
izations: 

l. Do not be afraid to use man fully even if it involves 
substantial stress. He accepts stress well, within limits, 
and is a surprisingly effective operator under heavy stress 
loads. He 1s included in the lunar mission for this reason. 

2. Do not require man to perform one hard-work task longer 
than about 10 minutes. 

3. Do not require man to perform one or several medium-work 
tasks in sequence for more than 30 minutes. 

4. Allow man rest periods. If these are not programed in, 
he will either rest anyway and upset schedules, or he will 
work on, but at reduced efficiency. 

5. Do not program conflicting tasks. Tasks reqmnng the 
operator to do several things at once or to think about 
several problems at once reduces performance, increases 
stress, and results in frustration. This must be part-
icularly remembered in a continuously high-hazard environ-
ment like the lunar surface. 

6. Allow the operator alternatives and freedom to exercise 
his special capabilities. Too much scheduling discipline 
reduces performance. 

7. Avoid situations where physiologic and psychologic stresses 
accumulate. Because such stressors tend to add up geometric-
ally, man's tolerance threshold can be reached fairly quickly 
by inadvertent coupling of accumulating stresses. 

8. 5 EXPERIMENT REG OMMENDA TION 

By the time the Lunar Scientific Mission becomes an operational 
reality, many of the bioengineering problems associated with prolonged 
space flight and brief lunar surface operations will have been anticipated, 
stimulated, or pragmatically solved. Conversely, there will be several 
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bioengineering problem areas which are uniquely characteristic of the Lunar 
Scientific Mission and which require careful study and empirical evaluation. 
Such experiments will produce the data needed for valid final definition of 
the lunar traverse itself, the design of associated equipment and experiments, 
and the relationship of man to the operational events of the traverse, in-
cluding the experiments and equipmenL These experiments should be done 
with a thoroughness sufficient to assure reasonable believability of the re-
sults because of the importance of the data-dependent decisions. Naturally, 
such thorough experiments will be expensive and should not be entered upon 
unless there is certainty that credible data will not be available from any 
other source (such a Apollo, MORL, MOL, or foreign intelligence). Accord-
ingly, there should be an initial and continuing study phase accompanying 
the empirical study of selected problem areas. What, briefly, should be 
the knowledge goals of the study and experiment structure proposed? The 
purpose of the section to follow is to outline the goals without suggesting 
at this time the experiment plans and simulators required to generate the 
information. 

8. 5. 1 Study Phase 

Initial Phase 

The goal of this phase is to build a matrix of bioengineering 
information needs required to enter final design of the Lunar Scientific 
Mission (LSM) operations and equipment, The next task is to identify the 
information then available from all sources which appear to satisfy the data 
needs and assess them for validity and extrapolatability. That information 
judged acceptable will be incorporated in the matrix. Next, a survey of the 
lacking information will be made, resulting in an order of merit ranking 
based upon several parameters including probable future availability from 
other sources, importance to mission, cost of simulation and test, and the 
like. PERT-like pre-experiment planning guides should be prepared. 

8.5.1.2 Continuing Phase 

The second component of the study effort has two objectives: 
(I) to identify needed bioengineering information as it becomes available 
from other sources which affect the need for LSM-tests, and (2) to survey 
the performance of the LSM experiments to determine if the data being 
produced are adequate to the program needs and are producing significant 
new questions that should be attacked. 
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8. 5. 2 Experiment Phase 

This phase should include experiments in at least the areas of pre-
sent ignorance discussed in the following subsections. The general infor-
mational goals are presented only; the exact goals, experiment plans and 
methods used will be developed as a result of Study Phase One. 

8. 5. 2. 1 Physiologic Performance 

The goal of these investigations is to establish the specific and 
general response of the astronaut to the expected stressors peculiar to 
exposure to the lunar environment. At least the following areas will be 
of interest: 

a. Metabolic 

The goal is to understand the metabolic events occurring 
as a result of LSM activities. Little or no experiments 
have been done to establish the relative metabolic cost 
of life work in the lunar gravitational environment. This 
is further complicated by the practical penalties imposed 
by the lunar surface ensemble. A typical question is: 
Is there a total reduction in metabolic load engendered by 
chronic exposure to lunar gravity? If there is, is it offset 
by extra energy costs involved in balance-keeping and suit 
penalty? 

b. Central and Peripheral Nervous System 

The response of the vestibular apparatus and the other 
gravitational, proprioceptive, and kinesthetic sensory 
systems in chronic lunar gravity is quite unknown. The 
specific and general response of the organism must be 
evaluated to assure operational capability. 

c. Musculo-Skeletal; CVA; G. I.; Endocrine 

The general ability of the organism to perform 1n 
the anticipated combined stress environment must be 
examined. Biorhythms, work-rest cycles, altered 
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8.5.2.2 

gravitational loads, and other events may result in 
a low level physiologic stress that should be evaluated 
(particularly in terms of its closed-loop effect on met-
abolism and psychomotor performance). 

d. "Applied Physiology" 

The specific response of the organism to simple and 
multiple stressor s must be looked at. For example, 
lunar surface visual performance (as a physiologic, 
not psychomotor, event) may require special investiga-
tion. Given lunar lighting, lunar terrain, etc., just what 
can man see? This and many other areas must be 
assessed. 

Psychomotor Performance 

This is the area of principal ignorance and fortunately the most 
liable to imaginative and vigorous empiric clarification. The main goals 
are to establish knowledge about man's ability in: 

8.5.2.3 

a. Locomotion: This must include simulated investigations 
of walking, running, jumping ("skimming''), climbing 
structures and terrain, and jumping up and down from 
heights. 

b. Working: This must include simulated investigations of 
work with tools, controlling, lifting and carrying, and 
so on, 

c. Operational mission simulation must include simulated 
investigation of intravehicular experimentation, extra-
vehicular experimentation, part-task simulation, whole 
task simulation, and whole mission simulation. 

Dimensional Studies 

The shape and size of men wearing various varieties of LMS 
dress must be established in various work positions characteristic of 
SMSS. Standing functional accommodation and work envelope data must 
particularly be generated. 
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8.5.2.4 Experiment Matrix 

A set of problem areas which should be investigated by performing 
experiments is given in Table 8-9. Cost and difficulty of the experiments 
as well as estimated validity of the units are rated from l to+ 4. 

TABLE 8-9 

PROBLEM AREAS WHICH SHOULD BE INVESTIGATED 

Estimated Validity Site of Experiment Cost/Difficulty of Result 
Problem Area Analytic Lab/Simulator Field Estimate (l to 4+} (l to 4+} 

l. Planning Phase X +l +4 

2. Physic Performance 

a. Metabolic X X X +2 +3 

b. CNS and PNS X X +l +l 

c. Musculo-Skeletal; 
G.I. Endocrine X +4 +l 

d. Applied Physiology X X X +2 +4 

3. Psychomotor 

a. Locomotion X X +2 +3 

b. Work X X +2 +3 

4. Operational Mission 
Simulation 

a. Intra vehicular 
Activity Experiment X +2 +3 ! 

b. Extravehicular 
Activity X +3 +4 

c. Whole Mission X +4 +4 

d. Specific 
Experiments 

(l} Continuous 
surface 
Measurements X +l +4 

(2} Gravimetry X X ~2 -1-4 

(3} Magnetometry X X +2 +4 

(4} Electrical 
Measures exp. not required 

(5} Areal Rad. X X +2 +4 

(6} Gas Analysis exp. not required 

(7} Electromagnetic exp. not required 
~--~·· ---·---· 

(8} Seismic 
Geophones X +2 +4 

(9} Core Hole 
Sonic Velocity X +l +4 

---------------~--~ -
(10} Core Hole 

Electrologging X +l +4 

(11} Heat Flow exp. not required -- ------
(12} Drilling X X X +4 +3 
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SECTION 9 

SCIENTIFIC INSTRUMENTATION SYSTEM DESIGN 

This section describes a design iteration performed on the scientific 
instrumentation system. Included is a summary of the restraints upon the 
instrument system, available guidelines, a description of the operational 
modes of the system, a recommended experiment package, and a definition 
of the requirements of experiment supporting equipments. 

Based on the recommended experiment package, a complete system 
was designed which integrates the instruments and the necessary data 
handling equipment into the Unified S- Band Communication System to be 
used on N.cOLAB. Thus, the system designed is a function of the instruments 
and will change if the recommended instruments change. 

9. 1 RESTRAINTS AND GUIDELINES 

·'-The following restraints''' and guidelines were specified m the work 
statement for this study: 

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 318 kg (700 lb). 

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. 

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 boundary); while 
a guideline is of a particular feature, technique, etc. 
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9-2 

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 36. 3 kg (80 lb) 
including container weights. 

Guidelines 

l. 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 prob-
ably 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 l kw. 

2. Geological and geophysical measurerr.ents are to be considered of 
primary importance. 

3. Average traveling speed of the vehicle will be 5 kmlhour (3 mph). 
Speeds may increase to 8 kmlhour (5 mph) in good terrain and de-
crease 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 ~nstrumentation 
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 I 2 to l hour I outcrop, and these figures should be used for 
planning the hypothetical miss ion. 

7. Route surveying will be at least semiautomatic with anticipated 
accuracies in X, Y, and Z to l in 5000. 



8, In general, only one astronaut will be outside of the roving vehicle 
at any given time (one astronaut remaining inside), However, when 
mis sian 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 example scientific experiment package 
for MOLAB is given in Figure 9-1. The instrument system consists of the 
following major functional units. 

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 through 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. 4. 
The list of selected instruments for the 318-kg package is given in Section 9. 5. 

The data handling subsystem performs the following functions: ( 1) samples 
and routes digital and 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 that was taken; and (3) programs 
the sampling of data for the various modes of operation 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. Direct transmis sian of 
data is possible for all data and will always be done in the case of television 
data. 

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 judgments 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, and a monitor 
for the ground truth vidicons. Those experiments having parameters to be 
displayed are indicated below in Table 9,. 6. 
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Equipment stowage areas must be provided for the experiment equip-
ment both inside and outside MOLAB. It is presently envisioned that the 
stowage area for the external equipment will be divided into thermally con-
trolled and nonthermally 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 control. 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 con-
tinually along the traverse and at several points around each station. Some 
of these measurements can be completely automated and require no astronaut 
participation except to place the 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 
performed only at a few selected stations. These measurements can be 
handled only by a manual sampling technique with the astronaut having com-
plete 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 in the scientific package 
are considered: automatic sampling-traveling, automatic sampling at sta-
tion, manual sampling-traveling, manual sampling at station, and a storage 
mode. These do not necessarily describe the over-all SMSS system modes 
of operation, 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 earth in real time. 
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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 nonscientific 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 them 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 previous 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 operation 
will be the most often used mode. 

9. 3. 5 Storage 1\lwde Operation 

There might 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. 

Due to the anticipated limited power availability during this mode 
(of the order of 5 to 10 watts for scientific instruments), and due to infre-
guent communications (perhaps once a month), a very minimal scientific 
capability is expected in this mode. The most likely instruments to be used 
would be the extralunar radiation detectors, meteorite flux detectors, and 
possibly a magnetometer. Because of these limitations the storage mode 
operation was not included in the present system design. 

9. 4 ASSUMED CHARACTERISTICS OF EXPERIMENTS AND EQUIP-
MENT S NOT THE RESPONSIBILITY OF THE SMSS STUDY 

The 318-kg (700-lb) weight allotment for the scientific package includes 
the following eguipments whose conceptual design is not the responsibility 
of the MOLAB SMSS Study: 
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I. Astronaut radiation hazards evaluation instrumentation 

2. Apollo inherited equipments 

a. Topographical mapping equipments 

b. Surveyor 1 s staff 

c. Simple hand-carried geological instruments 

d. Sample containers 

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. I Astronaut Hazards Instrumentation 

The SMSS study does not have the responsibility to study means of 
making any of the hazards instrumentation (i. e. , biomedical, artificial 
cabin environment, hazards from lunar surface environment, and extra-
lunar radiation environment). The following hazards instrumentation is 
cons ide red to the extent of including the weight and power in the SMSS 
summary. 

I. Meteoroid measurement. 

a. Ejecta detector, acoustic type 

2. Radiation measurement 

a. Tissue equivalent ion chamber (4 chambers, preamp and 
cables) 

b. Gamma-ray detector. 

The data handling required for these instruments has been considered 
the responsibility of SMSS. Since a gamma-ray detector is already included 
in the nuclear instrumentation, the above measurement will be made with iL 
The combined weight of the remaining two hazards instruments is 2. 8 kg; 
the combined power requirement is I. 8 watts. 
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9. 4. 2 Apollo Inherited Equipments 

MOLAB will inherit the topographical mapping, Surveyor's staff, 
simple hand-carried geological instruments, and sample containers developed 
for the first Apollo short-duration lunar exploration missions. It is assumed 
that these devices will be used with little modification on MOLAB. 

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, (4) ranging laser, 
(5) inclinometer (two), (6) sun angle sensor, and (7)elevationmeter. 
It is assumed that the theodolite and range finder will be semi-
automatic. 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 navi-
gation. The theodolite and range finder can be either mounted outside and 
remotely operated or mounted inside and operated manually through viewing 
ports. The total weight of these equipment is estimated to be 13. 8 kg (30. 4 lb). 

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 real;" sight, (2) a single-axis pendulum clinometer, (3) a leveling de-
vice, (4) a film camera with optical axis perpendicular to staff, (5) a verti-
cally mounted optical range finder, (6) a simple device for measuring bearing 
strength, (7) stadia markings on staff for range finding from MOLAB, and 
(8) a scoop and scrapper for sampling unconsolidated materials. It is pro-
bable 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 is 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. 

:::~ 

D. P. Elston, et al, Monthly Reports for October and November 1964, 
US Dept. of Interior, Branch of Astrogeology, Geological Survey, Flagstaff, 
Arizona. 
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Weight: about 5. 4 kg (12 lb} 

Power: none 

Operation and stowage: The staff will be used exclusively outside 
MOLAB and will be stored externally. If 
required for temperature control require-
ments, the head may be detached and stored 
separately in a temperature -controlled 
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 1. 4 meters (55 in. ) 

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 

5. Dust scoop 10. Magnet 

11. Scales for weighing samples 

Also available for use inside MOLAB will be hand instruments 
such as binoculars, telescope, hand lens, small microscope, reference 
charts, tables, and astronaut check lists. All of this equipment is assumed 
to be manually operated and any information gathered will be in the form of 
astronaut dictating observations to be recorded. The total weight of this 
equipment is assumed to be 8 kg ( 17. 5 lb). 
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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 pressures 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 that the sample containers will be stored ex-
ternal to the MOLAB vehicle. One of the initial operations the astronauts 
will perform upon arrival at the LEM landing site will be to open the sample 
containers and allow trapped earth gases to escape prior to insertion of 
lunar samples. The assumed weight of the sample containers is 4. 5 kg (10 lb). 

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 drill cores will be l. 9 em (0.15 in.) in diameter. Assuming 
a mean density of lunar rock of 3. 8 gm/cm , then drill cores will average 
about l. l kg/ (0. 73 lb/ft). If it is assumed that one 30-meter, and four m 
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 the drill core material 
would be returned, this would weigh 10 kg (22 lb}. 

The studies on ground truth measurements predict that 5. 4 kg (12. lb) 
of exposed and processed film is required for the complete traverse. 

Thus based on the above assumptions, a preliminary estimate of 
mate rial being returned is: 

kg (lb) 

Sample containers 4.5 (10} 

Drill core samples 10.0 (22} 

Photographic film 5.4 (12) 

Lunar dust and rock 16.4 
36.3 

( 3 6) 
(80) 
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Mass Power 
(kg) (watts) 

Topographical Mapping 

Theodolite 4.5 16,400 10.0 

Sketchboard and maps 2. 2 3,280 

Ranging laser 3.2 13,800 10.0 

Inclinometer 0.9 302 3. 5 

Sun angle sensor l.O 375 0.3 

Elevation meter 2.0 2,000 10.0 

Surveyor's staff 5.4 8,200 

Hand tools 8.0 10,627 

Sample containers 4.5 

31. 7 

38,000 

92,984 33.8 

9. 4. 2. 5 Mass, Volume, and Power Estimate Summary 

A summary of the mass, volume, and power estimates for the 
Apollo inherited equipment is shown below: 

9. 4. 2. 6 Surveying Requirements and Recommendations 

Although the study of surveying instruments is not a responsibility 
of SMSS, the guidelines specify semiautomatic surveying with accuracies 
of 1 in 5000. To meet this guideline, theodolite, laser ranger, and eleva-
tion meter weights were included in the total scientific instrument package. 

In addition, estimates of surveying requirements for geophysical 
prospecting measurements were made and recommendations for performing 
the surveying based on photographic analysis are described. 
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MOLAB astronauts will have complete maps, photos, etc., avail-
able all along the time-position traverse schedule, plus APOLLO experience. 
Furthermore, their condition will be monitored continuously from the or-
biting satellite overhead, which will undoubtedly include taking of "aerial" 
photos of the LEM and MOLAB. 

It is believed that ground surveys should be referred to the MOLAB 1 s 
position and elevation. Horizontal mapping of the MOLAB 1 s position can be 
accomplished best by merely providing the orbiting satellite with an "aerial" 
camera of mapping quality. Photos should be used wherever possible for 
all ground surveying on the lunar surface and thereby eliminate the conven-
tional complex, awkward, optical surveying techniques that are subject to 
the common human errors that cannot be rechecked. MOLAB elevations 
should be determined with an automatic recording electronic time-distance-
clinometer device. 

Recommendations 

The following surveying recommendations are made: 

l. Photos should provide all primary control tied to time of photo. 

2. Optical theodolite type instruments should be used only for 
secondary control. 

3. The survey standards should be defined as final requirements 
(Ex. ± 0. 5 m elevation, etc.) for actual planned needs rather 
than a ratio (Ex. 1:5, 000) which is too vague and nonspecific. 

These requirements should clearly differentiate between local 
relative diffe renee s and regional differences. (For example: Elevation 
differences between seismic shot point and geophones, or relative positions 
of widely separated stations. ) Minimum requirements for geophysical 
surveys are about ± l m in elevation and ± 2 m in position at the MOLAB 
stations, and± 10 min elevation and± 100 min position between stations. 

The surveying requirements should be compatible with the needs 
and scope of the field experiments that will actually be performed. Many 
field procedures do not actually require the position and elevation accuracies 
that are routinely attained on earth. Expected minimum surveying require-
ments for geophysical prospecting measurements are given in Table 9-l. 
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TABLE 9-1 

MINIMUM GEOPHYSICAL PROSPECTING REQUIREMENTS 

1. Gravity 

A. Regional: Between separate MOLAB 
stations ± 10. ± 100 

B. Local: 200-m radius from MOLAB 
station ± 1. ± 2 

2. Magnetics 

A. Regional 

B. Local 

Not 
pertinent 
Not 

Not 
pertinent 
± 2 

3. Surface Electrical 
pertinent 

A. Regional 

B. Local 

Not 
pertinent 
Not 

Not 
pertinent 
± 2 

4. Active Seismic 
pertinent 

A. Regional (Pertinent only for crustal 
studies) ± 30 ± 100 

B. Local (Only end geophone normally 
essential) ± 1 ± 2 
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Photos 

Ground Photos 

All surveying photos should automatically include the time (and 
day) and a level (bubble or airplane horizon type) reference. 

The time will also provide shadow refe renee for ground photos 
which will give the bearing (direction} of the photo vs. the sun. The "level 
reference" should preferably be of the "horizon" type with a "background 
grid" to give the angle and direction of tilt of the camera at the time of the 
photo, and also to serve as "stadia" lines to give distances to calibrated 
targets (astronaut, MOLAB, LEM, etc.). Elevations (relative to the 
photographer} can be obtained from such photos with a "stadia background 
grid" and "horizon leveL" It may be desirable to provide a "stadia back-
ground grid" for all lunar cameras. 

Aerial Photos 

With good aerial photos, and knowing the location where the MOLAB 
was positioned on the aerial photo at any time, it will be very practical 
for a trained photo interpreter on earth to work out details of positions, 
directions, relative elevations, etc., of any ground photos, if the times 
of the aerial and ground photos can be correlated. 

Gaps between aerial photos can be determined by the timing of the 
satellite revolutions over the traverse area. For example, photos taken 
at hourly intervals will show a maximum change in the MOLAB position 
(when driving) of about 5000 meters, which can be adequately subdivided 
later on the basis of the odometer readings. Aerial photos of the moon 
will be exceptionally clear since there is no atmospheric haze, dust, 
clouds, etc., as on earth. 

9. 5 RECOMMENDED SCIENTIFIC INSTRUMENT PACKAGE 

The prime restriction on the instrument system is the 318-kg-mass 
restriction. Not all of the 318 kg can be allotted for instruments since 
several other items are chargeable to this weight. The Apollo inherited 
equipment and the astronaut hazards package are discussed in Section 9. 4. 
Section 9. 6. 3 contains a table summarizing the weight estimates for the 
above equipment as well as those for the data-handling equipment, the 
equipment stowage, the experiment connection panel, and internal cables. 
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A summary of the above weight allocations showing the total available 
weight for the scientific instruments and required stowage is given below. 

Total weight available for scientific package 318 kg 

Apollo inherited instruments 31. 7 kg 

Astronaut hazards instruments 2. 8 kg 

Data-handling equipment 30 kg 

Internal cabling 4. 4 kg 

Experiment connection panel 2. 4 kg 

Total available for instruments and their stowage 246.7kg 

Since this weight allowance is not sufficient to permit the use of all 
instruments recommended for lunar exploration by the instrument designers 
and discussed in this report, the entire list was thoroughly reviewed, 
considering the following factors: 

1. Relative priority of the experiment (based on Section 2. 2) 

2. Weight of instrument 

3. Weight of specially required support and data-handling equipment 

4. Operational problems 

5. Overlap of other experiments. 

The list of recommended instruments is shown in Table 9-2. It is 
well recognized that this list is one of many that could be recommended. 
However, it is thought to be reasonable and necessary in order to allow 
the system design to be completed. Priorities of various experiments will 
change as more information is obtained about the moon from other pro-
grams. All the experiments which were considered of either major or 
intermediate importance by Professor William Hinze, and Professor 
Willard Parsons, in Table 2-4 are included in Table 9-2 with the excep-
tion of the heat flow and passive seismic measurements. 
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TABLE 9-2 

RECOMMENDED SCIENTIFIC INSTRUMENT PACKAGE 

Instrument Weight (kg) 3 Volume (em ) Power (watts) 

Core Drill 85.4 643, 252 3252 

Mining Core Splitter 2.5 1, 969 0 

Nuclear Experiments Package, which includes: 

Gamma source, gamma detector, pulsed neutron 
source, neutron detector, count rate meter, data 
processor, 128 channel analyzer, source-detector 
shield 15.6 3, 496 52 

Active Seismic Package, which includes: 

Six geophones, 200m cable, amp system, tapes, 
packaging and shock mount, explosives, detonators, 
10 receivers 21. 4 43,500 10 

Sonic Velocity: 

Active seismic components plus wall coupling, cable, 
geophone, 15 squibs, acoustic velocity instrument 4.9 15,476 

70mm Framing Cameras (4} 10.0 13, 520 300 

Radiometer 7.0 8,340 20 

Spectra radiometer 10. 0 70, 300 50 

Interferometer Spectrometer 4.0 3, 790 10 

TV 5.0 3, 195 15 

Platform and Mounting for Boresighted Package 3.0 N.A. 

Film Readout Device 9. 1 16,400 20 

Falling Ball Gra vi meter 2.7 2, 125 3 

La Coste - Romberg Gravimeter (w/battery} 5.9 6,936 4 

Quadrupole Mass Spectrometer 4.55 8,430 28 

Metastable He Magnetometer 4.0 3,848 5 

Core Hole Electrical Induction Logging Sonde 2.3 100 2 

EM Probing Equipment: Antennas, Impedance Measuring Device 2. 7 14, 200 2 

Penetrometer 2.7 7,549 7 

Surface Electrical Package, which includes: 

Resistivity meter, potentiometer, cables, and electronics 1.5 

204. 25 

797 

867,223 

28 

3801 
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9. 5. 1 Assumptions 

The following assumptions were made 1n assembling the list of 
recommended instruments. 

1. Some cabling can be used for more than one experiment. 

2. Explosive charge loading poles can be replaced by drill rod 
sections. 

3, Both the nuclear experiment equipment and the radiation hazards 
equipment use a common gamma- ray detector. 

4. A separate recorder will not be provided for the active seismic 
experiment. The amplified analog outputs from the geophones 
will be digitized and transmitted directly, or if desired, recorded 
on the system digital recorder. 

5. Passive seismic instrumentation has not been included because 
of the support equipment weight requirements. A continuous 
operating recorder monitor would be required. In addition it is 
thought that this experiment is more suitably performed at ESS. 

6. Independence from MOLAB was assumed for route surveying 
instrumentation; i.e., ranging laser, theodolite, sun angle sen-
sor, and elevation meter were assumed to be part of the scien-
tific instrumentation package and not part of MOLAB. 

7. The ground truth gimbaled package should be mounted so as to 
have 360° azimuth coverage. A separate T.V. camera will be 
used for package pointing. 

8. A film readout device is a valuable addition to the ground-truth 
instruments to enable the film to be analyzed on earth, if necessary, 
before return of the astronauts. 

9. Both the falling-ball and LaCoste-Romberg Gravimeters have 
been included to obtain both the absolute and relative values of 
lunar gravity. 
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l 0. Heat flow measurements are not included since the time req'-li red 
for the drill hole to come to equilibrium is prohibitive and it was 
assumed that the measurement would be made at the LEM landing 
site with the equipment weight being charged to ESS. The equip-
ment will not be carried along with MOLAB on the traverse. 

9. 6 SYSTEM DESIGN ITERATION 

This section describes a design iteration performed to define the ele-
ments of the instrument support subsystem and to make an estimate of the 
weight requirements for the total system. Assumptions, including a dis-
cussion of each, are given below: 

9-18 

l. 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 astro-
naut monitoring of outside astronaut) communications will be es-
tablished with the earth. 

2. The priority of the scientific experiments is 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 if possible. A semipermanent record of all data will be 
maintained for a sufficient time to determine if retransmission is 
necessary. A film scanning device will be incorporated on- board 
to develop and scan films and to relay the data to earth. There is 
no reason to record data magnetically from a film scanner since 
the photo itself provides adequate storage if it must be retransmitted. 
It is not envisioned that the complete recording of all data collected 
on the mis sian will be brought back by the astronauts unless the 
3 6. 3-kg (80 lb) limitation on returned material is relaxed. It is also 
assumed that data will be displayed only during the manually oper-
ated mode and that no requirement exists to remove data from 
storage for display. 

3. In general all scientific data taken will be transmitted with no on-
board processing except that required for display of selected data. 
It is assumed that 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 36. 3 kg (80 lb) 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 film- scanner cannot 
duplicate the contrast or grey- scale range of the original photo-
graphs. The cases where film is to be returned will be determined 
prior to the mis sian. 

5. It was assumed that the PCM telemetry link can be made available 
periodically on a full-time basis for transmission of scientific 
data. 

6. Both automatic and manual means of sampling the scientific instr-
uments 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. 

Prior to a system desigE, the data requirements of the various instru-
ments were reviewed. A data summary is presented in Table 9-3. An 
optimum system cannot be designed until the data requirements are inte-
grated with a mission profile. To obtain a feel for the average aE well as 
peak data rates, a tabulation was made of the scientific data to be collected 
during typical time periods. Tables 9-4 and 9-5, respectively, pertain +;o 
a typical lO~minute site survey and a 10-minute segment of the traverse 
during which the maximum amount of data is generated. 

A functional block diagram of the SMSS system is shown in Figure 9 ~ 2. 
The interface shown is a responsibility interface between SMSS and MOLAB, 
and is not necessarily a physical interface. 

9. 6. 1 Detailed Functional Description 

The SMSS portion of the functional block diagram has been sub-
divided into smaller units. All data with the exception of TV-type data 
will be digitized and transmitted via the PCM link. Each of the units is 
discussed in the following sections. 

9-19 



9. 6. l. l Analog Equipment 

The data from all instruments whose output is of analog form will 
be digitized and combined with the digital data prior to recording or trans-
mission. An analog multiplexer will select the proper input data under the 
command of the programmer. That input data will then be digitized and 
routed to the digital multiplexer and formatter. The analog multiplexer 
must be rather flexible since it must handle a variety of inputs. Some of 
the inputs are DC or slowly varying and thus require only one sample per 
measurement. Other inputs require repeated sampling over a period of 
time for each measurement so that a waveform can be reproduced. A 
third type, such as active seismic, requires simultaneous monitoring of 
several channels. The six channels of active seismic data will therefore 
be time-multiplexed so the waveform of all six channels will be preserved. 

The data from the multiplexer will be converted from analog to 
digital form. The operation of the multiplexer and A/D conversion will be 
under the complete control of the programmer. 

9. 6. L 2 Digital Equipment 

The data from all instruments whose output is already in digital 
form will be routed directly to the digital multiplexer. Here again the in-
puts vary considerably. Some instruments will present the data in serial 
form on a single channel while others will have several channels. The 
nuclear instruments, because of the large amount of data provided, cause 
the most difficulty. In the case of the 128-channel analyzer the data will 
be pre sen ted on all channels simultaneously. The analyzer should there-
fore be designed to hold the output until the digital multiplexer has been 
able to sample all 128 channels. Upon completion of the sampling, the 
multiplexer will signal the analyzer to provide the next bit of information 
to each line. An alternative technique would be to have all the data read 
from each channel before proceeding to the next channeL These details 
can most effectively be worked out in the detailed design of a final system. 

A universal manual data entry input is provided to insert data 
from those instruments which do not have a direct connection to the multi-
plexer. The LaCoste Romberg gravimeter is one such instrument. In 
this c::-,se, the astronaut will manually enter the data. Since each recorded 
set of data will be identified, the manual entry input can be used for most 
any type of data. 
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TABLE 9-4 

DATA COLLECTED AT A SITE SURVEY (10 MIN) 

No. Meas. 
Instrument Taken 

Acoustic Ejecta 2 

T. E. Ion Chamber 2 

Gamma Spectrometer 2 

Mass Spectrometer l 

Gravimeter (LaCoste) 1 

Gravimeter (Falling Ball} 1 

Magnetometer 

Penetrometer 

Radiometer 

Channel A 
Channel B 

Inte rfe romete r 
Spectrometer 

Spectroradiomete r 

Channel A 
Channel B 

1 

1 

2 
2 

2 

2 
2 

Bits/ 
Meas. 

5 

20 

364 

240k 

16 

18 

10 

2. 8k 

5 
5 

910 

1k to 10k 
1k to 10k 

Total 
Bits 

10 

40 

728 

240k 

16 

18 

10 

2.8k 

10 
10 

1820 

2k to 20k 
2k to 20k 

Total (approximate) = 247k to 265k 

Bit 
Rate 

4k 

300 to 9. l kbps 

I 
50bps to 1 Okbp:: ! 
50bps to .i Okbps 

Approximate average bit rate = 427 bps I 



TABLE 9-5 

DATA COLLECTED DURING TRAVERSE 
(ESTIMATED MAXIMUM FOR A 10 MIN PERIOD) 

No. Meas. Bits/ Total 
Instrument Taken Meas. Bits 

Acoustic Ejecta 2 5 10 

T.E. Ion Chamber 2 20 40 

Radiometer 

Channel A l 5 5 
Channel B l 5 5 

Inte rfe romete r 
Spectrometer l 910 910 

Spectroradiomete r 

Channel A l lk to lOk lk to lOk 
Channel B l lk to lOk lk to lOk 

Gravimeter (Falling Ball) 10 18 180 

Magnetometer 10 10 100 

Natural Gamma 6,000 24 l44k 

Spectral Gamma 600 320 l92k 

Neutron Gamma 600 3,840 2,304k 

Gamma Gamma 6,000 10 60k 

Neutron-Neutron 6,000 10 60k 

Total (approximate) 2,800k 

Approximate average bit rate = 4. 7k 

Bit 
Rate 

-

- I 

-
-

300 to 9. lkbps 

50bps to lOkbp:-; 
50bps to 1 Okbps 

I - I 

-

-

-

3.84kbps 

-

-
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The formatting of the data will be accomplished within the digital 
multiplexer and formatter under control of the programmer. Status and 
synchronization information will be provided as required. The formatter 
output sampling and sync format will conform to the Apollo format which 
is shown in Figures 9-3 and 9-4. 

9. 6. L 3 Program Control 

The program control unit is the heart of the data-handling sy.stem 
and is reasonably complex because it must be able to control all the SMSS 
data handling equipment with its many modes of operation. Since many of 
the experiments are manually activated, the data will become available on 
a rather irregular basis. A fair amount of extra information must be 
supplied with each set of input data. The parameter being measured must 
be identified, timing data must be supplied, and other status information 
such as MOLAB orientation, sun angle, etc. , must also be provided. 

If the recorder is left running continuously, it is only necessary 
to record time periodically, such as once per minute, to aid in processing 
the data. However, it may be much more desirable to switch the recorder 
to a slower operating speed between major experiments when long periods 
of lower data rates are involved. New time information must then be re-
corded at the beginning of each new recording period to time~reference the 
current recording period. 

Some instruments such as those used to monitor astronaut hazards 
will be sampled automatically while others will be strictly under manual 
control. The programmer will alter the sampling of the automatically 
and continuously sampled inputs when necessary to accept data from the 
manually sampled instruments. 

The program control unit provides the necessary timing and con-
trol signals to other units in the system. It controls both the analog and 
digital multiplexer, the A/D converter, the storage unit, and the display 
units, 

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 
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eventually be recorded along with an ID (identification) tag and status in-
formation. All other inputs, especially automatically sampled inputs, 
would be inhibited until the recording of the specified parameter is com-
pleted. Some overriding of this process will be designed into the system. 

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. 6. l. 4 Storage Unit 

The data from all instruments will be stored on a magnetic tape 
recorder since real-time data transmission is not always possible. There 
is a trade-off between several factors such as maximum recording time, 
number of channels, number of bits per inch, and tape speed. It was 
assumed that MOLAB will utilize the Unified S-Band communication/sys-
tem which has PCM capability of l. 6 and 51. 2 kbits I sec. As shown in 
Tables 9-4 and 9-5, the average data rate at a site survey is below these 
two rates, while data output from some instruments lies between these 
two data rates. The average data rate during a complete traverse would 
be near the 1. 6 kbps rate. 

In general, the number of channels of recording is inversely pro-
portional to the tape speed for a given amount of information to be recorded. 
Multichannel recording will be used with the serial data from the multi-
plexer being split into groups with the data from each group being converted 
to parallel form prior to recording. When the data are reproduced, they 
will be converted back to serial form for the PCM data link, A timing 
signal is recorded on a single channel of the recorder and is used only to 
control the later serializing of the data. 

There is actually little advantage in matching the number of 
channels to the word length since most data will initially be presented in 
serial form. Some information such as status information may of course 
be more easily presented in parallel form. A nine-channel recorder will 
be used, with eight channels for data and one for timing. 

The Apollo spacecraft data storage system was investigated to 
determine if it could be utilized. It had both analog and digital record 
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capability whereas only digital is required in this case. Contacts with the 
Leach Corporation revealed that a newer version, Model 3300, of that re-
corder is being developed. Minor modifications to that recorder would 
provide a suitable unit for this application. 

The time profile of data is extremely uneven, ranging from zero 
to near 30 kbps {24 kbps plus parity and associated data) in the case of 
active seismic. The highest data rate other than active seismic is the 
spectroradiometer. There are only a few instruments with data rates 
between 1 and 10 kbps. 

The high data rate requirement of the active seismic experiment 
places an unnecessary restriction on the rest of the system since it re-
quires a record-to-play- back ratio of nearly 1:1. This is undesirable from 
an operational point of view. A much more favorable record-to-playback 
ratio can be used for all other data, namely 1:4. The system has there-
fore been designed assuming that active seismic data will not normally be 
recorded but will be transmitted directly. 

Of the 51, 200 bps data rate, 1 600 bps are used for synchronization 
leaving only 49,600 bps for data. Based on a 4:1 data compression ratio, 
12, 400 bps are used for data recording. With the addition of parity bits and 
status information there will be approximately 10,000 bps for actual data. 

The prime recorder system characteristics that have been selected 
are summarized below: 

Record speed 1-7/8 ips 

Playback speed 7. 5 ips 

Number of channels 8 data + 1 for timing 

Maximum record time 4 hours 

Maximum playback time 1 hour 

Length of tape 2200 ft 

9-30 



The data will normally be transmitted when transmission time is 
available and this would normally occur more often than every four hours. 
There are advantages in operating this way since the communication link 
will be utilized for time periods of less than one hour maximum. 

9. 6. 1. 5 Video 

A TV camera system is boresighted with the ground truth experi-
ment instruments and is used to aid the operator. A display monitor will 
present the picture to the operator. The same monitor can be used to 
display the output of the film scanner. The output of either the TV system 
or the film scanner can, if desired, be routed to the signal conditioner in 
the film scanner where it will be processed for transmission to earth 
through the MOLAB widebarid TV link. 

9. 6. 1. 6 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. 6. 1. 7 Display 

Both a digital and an analog display are provided to be used as 
general purpose displays. In the case of the analog display, the meter 
connection is made at the output of each instrument before the signal is 
converted to digital form. A register is provided with the digital display 
to retain the parameter to be displayed. The display register is controlled 
by the programmer. 

9. 6. 1. 8 MOLAB Communications 

It has been assumed that the Unified S- band System will be used 
1n MOLAB and that at least television, PCM, and voice transmission capa-
bilities will be available. 

9. 6. 2 Alternatives 

Several alternatives exist in the system design. As the SMSS over-
all system develops, improved data handling techniques may be possible. 
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As discussed above it is planned to transmit active seismic data 
direct to earth in real time. Other possibilities exist such as changing the 
record speed to accommodate the higher data rate or.utilizing a second re-
corder. The first technique complicates the playback since it cannot pro-
gress at a constant rate unless all data were recorded at the same speed. 
This higher speed reduces the maximum record time. The use of a second 
recorder solely for seismic work is desirable in many ways. It is, how-
ever, a significant weight and power penalty. 

A separate recorder (of the analog type) could be used to monitor 
passive seismic activity although currently a passive seismic experiment 
is not included in the recommended package. 

It was originally thought that some of the data would best be sent 
down the FM-FM telemetry link. Since a large portion of the data is either 
originally in digital form or else should be digitized because of the resolu-
tion requirement, it was decided to digitize the remaining analog data and 
transmit it all down a single link. 

There are obviously many trade-offs in the recorder area. The 
use of eight channels for data was felt to be most desirable. 

9. 6. 3 System Weight, Volume, and Power Estimate Summary 

The distribution of the 318 kg among the various equipments 1s par-
tially discussed in Sections 9. 4 and 9. 5. The weight, volume, and power 
of the data-handling equipment discussed in Section 9. 6. 1 is estimated at 
30 kg (66 lb) as shown below: 

Weight(kg) 
Volume 
(cm 3) 

Power 
(watts) 

Analog multiplexer and A/D converter 2. 5 1' 640 4.5 

Digital multiplexer 3.0 4,800 8.5 

Programmer (including input controls) 5.0 12,000 15 

Recorder 12. 7 19,300 35 

Displays (not including video monitor} 2.8 2, 500 25 

Power conversion equipment 4.0 
30.0 

1' 600 
41,840 

10 
98.0 
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A summary of the weight, volume, and power of the various e,rlip-
ments in the system is summarized below: 

Weight(kg) (cm 3 ) (watts) 

Recommended instruments 204. 25 867, 223 3801 

Apollo inherited equipments 31. 7 92,984 33.8 

Radiation hazards 2.8 2, 140 1.8 

Data handling 30.0 41,840 98 

Internal cabling 4.4 18,000 

Experiment connection panel 2.4 8,200 

Equipment stowage and 
contingencies 42.45 

318. 1,030,387 3934. 6 

Volume Power 

The equipment stowage and contingency weight was selected to use 
the remaining weight allowance. It is 15. 4% of the equipment weight, which 
is a reasonable portion. If this amount is not needed, the excess cari be 
considered contingency. 

9. 6. 4 Integration of SMSS and MOLAB 

All the instruments which appear on the recommended list, Table 9-2, 
were reviewed to determine how they could be integrated into the MOLAB 
vehicle. A summary of the integration data appears in Table 9-6. An 
optimum SMSS-MOLAB system would share as many equipments as possible 
to minimize weight and power requirements. For instance, the Apollo 
inherited equipment includes a theodolite which may also be necessary for 
the MOLAB navigation system. Anticipated integration problems are dis-
cussed below. 

I. The drill sections are quite long and will pose mounting prob-
lems. The drill section lengths can be changed to mount in 
any reasonable envelope available on MOLAB. 
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2, The mounting of the ground truth scientific package presents 
an integration problem. Top mounting is most desirable from 
an instrument point of view since it easily provides 3 60° of 
coverage. Other equipment already planned for the top of 
MOLAB may of course prevent this. Mounting of this package 
in a location such as on the front of the vehicle would cause 
ope rational problems since the vehicle must then be turned to 
obtain side and rear coverage. A TV camera used for MOLAB 
navigation might also be used for aiming the ground-truth pack-
age, thus eliminating one camera. The feasibility of sharing 
cameras can be determined only after a final mounting location 
is selected. 

3. Outgassing of the MOLAB vehicle may cause problems with the 
mass spectrometer measurements. The manner in which the 
mass spectrometer is used, such as near the vehicle or at 
some distance from it, can only be determined when the level 
of vehicle outgassing is determined. 

4. The magnetic field in the vicinity of MOLAB, especially when 
it is moving, will greatly affect any magnetometer measure-
ment. Special mounting techniques which utilize a boom or 
tow device or remote operation on the surface may be necessary 
to minimize the effect of the vehicle fields. 

5. Route surveying data in the form of position and inclination 
could possibly be provided by the MOLAB navigation system. 
A theodolite and ranging laser, if already provided on MOLAB, 
could be used in the ground truth experiments. The mounting 
and operational problems presented by common usage of these 
equipments must be resolved. 

6. Proper care must be taken in the storage and handling of the 
seismic explosives, detonators, and receivers to guard against 
dis charge. RFI protection must be as sure d. 

7. The penetrometer mounting, although posing no major problems, 
is a consideration. The distance of the instrument from the 
ground should be minimized. 



Instrument and Equipment 

I. Core Drill 

2. Gamma Ray Source 

3. Gamma Ray Detector 

4. Pulsed Neutron Source 

5. Neutron Detector 

6. Count-Rate Meter 

7. 128 Channel Analyzer 

8. Data Processor 

Recommended 
Instrument 
Mounting 

Outside 

Outside and 
Portable 

Outside and 
Portable 

Outside and 
Portable 

Outside and 
Portable 

Included in 
#3 

Inside 

Inside 

Recommended 
Instrument 
Monitoring 

Area 

Inside and 
Outside 

Inside 

Inside 

Inside 

Inside 

Inside 

Inside 

Inside 

Power Requirements 
Recommended (28 vdc} 

Stowage MOLAB MOLAB 
Area Moving Stationary 

Outside 0 3252. 

Outside 0 0 

Outside 5. 5. 

Outside 25. 25. 

Outside 10. 10. 

Inside Included Included 
#3 #3 

Inside 7. 7. 

Inside 5. 5. 

Signal 
Connection 
to MOLAB 

Hard-
Wired 

H2.rd-
Wired 

Hard-
Wired 

Hard-
Wired 

Hard-
Wired 

N.A. 

N.A. 

N.A. 

Display 
Requirements 

Status Meters 

None, except 
possibly visual 
y-ray check on 
areal survey 

None 

None 

Remarks 

ACTIVE SEISMIC 

9. Geophones and Cable 

10. Amp System 

II. Explosives 

12. Detonators and Receivers 

Outside 

Inside or 
Outside 

Outside 

Inside 

Outside 0 

Inside 0 10 

Outside 0 0 

Outside 0 Small bat-
terypower 

Hard-
Wired 

Hard-
Wired 

RF Link 

None 

None 

None 

None 

SONIC VELOCITY 

13. Geophone and Cable 

14. 70-rnrn Cameras 

15. Radiometer 

!6. Spectroradiomete r 

17. Interferometer 
Spectrometer 

18. TV (Camera and 
Control Unit} 

19. Film Readout Device 

20. Falling Ball Gravimeter 

21. LaCoste-Romberg 
Gravimeter 

22. Quadrupole Mass 
Spectrometer 

23. Metastable Helium 
Magnetometer 

24. Induction Logging Sonde 

25. EM Probing 

26. Penetrometer 

Outside 

Outside 

Outside 

Outside 

Outside 

Outside 

Inside (Close 
to Display} 

Inside 

Inside or 
Outside 

Outside 

Outside 

Outside 

Outside 

Outside 

Inside 

Inside 

Inside 

Inside 

Inside 

Inside 

Inside 

Inside 

Inside or 
Outside 

Inside 

Inside 

Inside 

Inside 

Inside 

Outside 0 Accounted 
inline 10 

Outside 300. 300. 

Outside 20. 20. 

Outside 50. 50. 

Outside 10. 10. 

Outside 15. 15. 

Inside 20. 20. 

Inside 3. 3. 

Inside 0 4. 

Inside or 28 or 0 28. 
Outside 

Outside (See "Re- 5. 
marks"} 

5. 

Outside 0 2. 

Outside (See "Re- 2. 
marks11} 

2. 

Outside 0 7. 

Hard-
Wired 

Hard-
Wired 

Hard-
Wired 

Hard-
Wired 

Hard-
Wired 

Hard-
Wired 

N.A. 

Hard-
Wired (to 
Counter} 

Voice Link 

Hard-
Wired 

Hard-
Wired 

Hard-
Wired 

Hard-
Wired 

Hard-
Wired 

None 

None 

None 

None 

None 

None 

Same Display 
as TV 

None 

None 

None 

None It is felt that use of this 
instrument while MOLAB 
moves is desirable in 
order to get a magnetic 
profile. But this depends 
on development of a boom 
or tow device. 

Could be operated while 
vehicle is traversing, as 
a crevasse detector, but 
this poses mounting and 
sensitivity problems. 

SURFACE ELECTRICAL 

27. Resistivity Meter 

28. Potentiometer 

Inside or 
Outside 

Inside or 
Outside 

Inside 

Inside 

Inside or 
Outside 

Inside or 
Outside 

0 

0 

27. 

1.0 

Ha>:d-
Wired 

Hard-
Wired 

None 

None 

Cables and probes 
stowed outside. 

29. 

30. 

Ranging Laser 

Sun Angle Sensor 

Portable 

Inside 

Inside or 
Outside 

Inside 

Inside or 
Outside 

Inside or 
Outside 

10. 

0.3 

]0. 

0.3 

Voice Display on 
Unit 

Display on 
Unit 

The range indicated by 
the instrument will be 
read by the astronaut. 

TABLE 9-6 

MOLAB INTEGRATION DATA 



8. A considerable amount of external cabling is required to 
conduct the seismic data. A reel or other storage device 
must be designed to be easily used by a suited astronaut. 
Other cabling such as that used for the drill operation 
should also be considered. 

9. Gravity measurements, if taken within MOLAB, will require 
a minimum of vibration. Thus, vibrations due to pump and 
motor operation should be minimized or the equipment shut 
off during measurement. 

10. Definition of the stowage mode operation requires considerable 
integration effort primarily due to the power limitation. A 
separate time source may have to be provided since the 
MOLA B timing equipment will probably be turned off. With 
the estimated 5 to 10 watts of power available during this 
mode, only very limited measurements can be made and 
data transmitted. 
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SECTION 10 

MISSION ANALYSIS 

This section contains the operations plans for the scientific activities 
on a MOLAB traverse mission, with emphasis on the observations to be 
made and their synthesis into a coherent mission plan. The following time 
line studies are presented and discussed: (1) fourteen-day MOLAB mis-
sion with emphasis on the scientific exploration portion, (2) standard sta-
tion geological survey to be performed at each station on the traverse, and 
(3) activities to be performed at a station where extended scientific study 
(such as core drilling and active seismic measurements) is undertaken. 

10. 1 SCIENTIFIC MISSION PLAN 

The mission plan developed here is intended for use in the earliest 
stages of manned lunar exploration. It is assumed that, prior to the mis-
sion, the area to be explored will be covered in detail by a set of high-
resolution images obtained from lunar orbiters. Resolution will be suffi-
cient 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 inter-
est set of lunar features. 

To bridge the gap between traverse coverage and point observations, 
the MOLAB vehicle is used at each station to aid in reconnaissance, map-
ping, and systematic spacing of certain observations over an area with 
radius of the order of 0. 3 kilometer. On the basis of this survey, a site 
is selected for detailed investigation. 

Following earlier NASA studies, extension of observations in time 
is accomplished by setting up a semipermanent instrument complex -
Emplaced Scientific Station (ESS) - which will continue to operate after 
astronaut departure. 
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10.2 STATION SCIENTIFIC ACTIVITIES 

The activities at each station begin with a systematic survey detailed 
as activities 1 to 37 of Table 10-1. Monitoring and consultation services 
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 inter-
est, short time period observations at seven points comprising the vertices 
and center of a regular hexagon. The outside astronaut will ride in the 
open airlock (or on running board?) between observation points. As a re-
sult of the survey, a rough force-field map will be available covering 
gravimetric and magnetic field observations. Indications of 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 ac-
curacy. The outside astronaut will have made visual observations of the 
area with opportunity for close examination of a few selected features. 
The boresighted optical package may be used by the inside astronaut to 
supplement these observations. 

On the basis of the data collected and possibly with the assistance of 
MSCC, the astronauts will select a site or sites for further observation. 
At a majority of the stations selective observations will be made as detailed 
in Table 10-1. These observations would normally consist of a detailed 
geological survey but might take the form of an intensive survey with the 
quadrupole mass spectrometer, gravimeter, nuclear, or other instruments 
as suggested by prior observations. 

Extended scientific study as detailed in Table 10-2 is scheduled for 
a few high interest stations. At these stations shallow holes are to be 
drilled. The time allotted couldprovide about a 20-ft hole in medium 
hardness rock and is adequate for a 10-ft hole in hard rock. 
Core hole logging and active seismic measurements are scheduled as well 
as surface measurements. Other observations will be made as suggested 
by the data collected. 
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Status Status 
Astronaut "A" Astronaut "B" 

Ill Ill 
Ill Ill Time 
<I) <I) 

't:l ..... 't:l ..... 1-1 
<I) 1:1 Ill bO <I) ,:: Ill bO 0 

<I) 
"' 1:1 <I) Hr:Min ~ ..... ::I ...... ~ ..... ::I .s z 

0 ..... 0 I ..... 0 I 
<I) 0 ::I <I) > ::I ·g Ill >-> Ill ..... Activities 

<I) Ill 1:1 ·a Ql Ill .s .E :s . s :s ..... ...... 
Ill <I) ..... 1-1 ..... Ill <I) ..... :E ..... Ql ,:: :s 1-1 Ill ..... <I) 1:1 :s 1-1 Ill ..... Ill ..... 0 "' ..... 0 Ill ~ till iii <I) ..... 0 ~ bO ell <I) (.) z .s u .s 0 fil fil 0:: ~ .s u .s 0 fil fil cr: .:;: 

M M 0:00 1 Arrive on station. 

X X 0:00-Comple- l 2 MSCC monitoring of all data and TV imaging. 
tion 

X X M 0:00-0:20 3 Position fix (stellar and/ or identifiable map features) using theodelite 
and laser ranging. Update Navigation System. "A" egress. 

X X X M 0:20-0:30 4 Deploy quadrupole mass spectrometer, obtain data, store instrument. 

X X X M 0:20-0:30 5 Visual observation, voice recording, sampling, ground truth observations 
from MOLAB. 

X X X M 0:20-0:30 6 Gravimeter, magnetometer, nuclear radiation, penetrometer readings, 
photography for mapping and recording. 

X X X M 0:30-0:34 7 Drive MOLAB 0. 3 krn. 

X X X M 0:30-0:34 8 Visual observation from open airlock (or running board). 

X X X M 0:34-0:44 9 Deploy quadrupole mass spectrometer, obtain data, store instrument. 

X X X M 0:34-0:44 10 Visual observation, voice recording, sampling, ground truth observations 
from MOLAB. 

X X X M 0:34-0:44 11 Gravimeter magnetometer, penetrometer, nuclear radiation reading, 
photographs for mapping and recording. 

X X X M 0:44-1:54 12-36 Repeat activities 7-11 five more times at vertices and center of hexagon. 

X X X X M X 1:54-2:10 37 Consultation with MSCC, drive MOLAB to selected location. 

X X X M X 2:10-3:15 38 Field geological survey with ground truth observations from MOLAB and/or, 
contingent on prior observations, intensive survey with quadrupole mass 
spectrometer, X-ray spectrometer, gravimeter, or other. 

X X M X 3:15-3:30 39 Ingress 

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 visual observation warranted. Overall time for survey 
should not be exceeded. 
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0 :00-2:10 1-37 Same as Table 10-1. 

X X X M X 2:10-2:20 38 MOLA B aided dispersal of geophones for active seismic experiments. 

X X X M X 2:20-2:40 39 Set up drill and start hole. 

X X 2:40-4:10 40 Semi-auto drilling, monitor from inside. Outside rifise 
drill, remove core and chips, add sections as necessary 
(approximately 30 min. attention). 

X X X X M X 2:40-3: 15 41 Surface electrical measurements, set up geochemical analysis 
on selected cutting from core sample. 

X X 3:15-3:30 42 Interchange astronauts, stop drill as necessary. 

X M X X X X 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, sonic 
instruments 

X M X X 4:45-5:40 45 Active seismic measurements 

X M X X X X 5:40-5:50 46 Consultation with MSCC, rest. 

X M X X 5:50-6:30 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. 

TABLE 10-2 

STANDARD STATION GEOLOGICAL SURVEY 
AND EXTENDED SCIENTIFIC STUDY 



10.3 FOURTEEN-DAY MISSION PLAN 

A timeline study of the activities comprising a fourteen-day scien-
tific 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. 

The timeline starts with activities associated with the lunar landing. 
Following these activities, the ESS is set up and checked out concurrent 
with the drilling of a 100-foot hole. The scientific exploration mission is 
then conducted over a 274 kilometer traverse including 13 stations at 
which detailed observations are made. The activities of Table 10-2 are 
scheduled to be performed at stations 1, 3, 5, 7, and 12. The activities of 
Table 10-1 are scheduled for the remaining stations. Additional scientific 
observations are made along the traverse. These include periodic photo-
graphs and gravimeter readings as wel1 as detailed optical (from inside 
MOLAB) examination of occasional outcrops. 

It is assumed that passage from lunar day to lunar night occurs on 
the ninth day. At this time the astronauts are scheduled to be in the vicin-
ity of LEM, largely to provide for an abort possibility if unforeseen envir-
onmental problems develop with the onset of lunar night. With the ESS 
located in the vicinity of LEM, the astronauts can provide valuable visual, 
photographic, and optical observations to supplement ESS operation during 
passage of the terminator. 

Following current practice, the timeline 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. Time periods on the lunar surface have 
been limited to three hours under current assumptions on space suit limi-
tations. It is assumed that the space suit is connected by umbilical to the 
MOLAB Environmental Control System during airlock operations. A lower 
limit of about 4. 5 hours has been used for the time period between surface 
space suit operations for a given astronaut. Table 10-4 presents a sum-
mary of instrument operational characteristics used in developing the 
time line. 
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TABLE 10-3 

FOURTEEN-DAY MISSION PROFILE 

Status Status 
Astronaut HA" Astronaut nB 11 

Time 

Hr:Min. " .. " .. ~ .. 0 g "" ~ z ~ 0 " " 
~ "' p, >-... 4b.,ctivities 

"0 " '0 ~ " '" 
~ 

'" ~ 
0 ~ ~ u .s " "" w 1-1 ~ u "" [,1 " ~ .-< Q " " .i! '" 

L L D 0:00-5:00 LE1.-1 pre-descent checkout 1 descent. touchdown. 

L L 5:00-7:00 Post-touchdown checkout)" communications with }vfSCC. 

L L 5:00-7:00 MSCC activate and checkout MOLAB. direct to LEl-A. 

L L 7:00-9:00 Astronauts visually assist MSCC in final stages of MOLAB 
approach. 

L 9:00-9:30 One astronaut transfer to ~fOLAB 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 A10LAB~ 

M M 13:00-16:00 Contingency, communications~ personal care. 

M M 16:00-24:00 10 Sleep. 

M M D 0:00-0:30 II Cornmu..'qications with MSCC. personal care 

M M 0:30-2:00 12 Mobility and navigation check~ drive to LEM/T making 
visual scientific observations. 

M Z:OO-Z: 15 13 Egress~ 

M Z: 15-3:15 14 Load equipment stored at LEM/T. 

M 3:15-3:30 15 Ingress. 

M M 3:30-4:00 16 Drive to LEM~ select site for ESS. 

M 4:00-4:!5 17 Egress~ 

M 4:15-4:35 18 Set up drill. 

4:35-ll:OO 19 Semi-auto drilling, monitor from inside. Outside raise 
drill, remove core and chips, add sections as necessary 
(approximately 40% time for outside astronaut). 

M 4:35-7:15 zo Transfer equipment from LE~ft set up ESS (time share vrith 
drill operations}. 

7:15-7:30 21 Interchange astronauts~ Stop drill as necessary. 

M 7:30-!0:30 22 Checkout and calibrate MOLAB scientific instruments. 
(Time share with drill operations). 

M 10:30-10:45 23 Ingress. Stop drill operations when outside attention required. 

M M 10:45-12:00 24 Continued checkout and calibrate MOLAB scientific 
instrUinents. 

M 12:00-12:15 25 Egress. 

M 12:15-15:15 26 Continue drilling 100ft hole, set up and checkout of ESS, core sampling. 

M 15:15-15:30 27 Ingress. Stop drill operations when outside attentior. reqtlired Set 
up quake seisometer. 

M -·- IS :3C- :f.:c::· i zs Communications with MS.CC. 

M _ .. x: 16:CC-Z.4:::-; 2C Sleep 



Status Status 
Astronaut "A" Astronaut "B" 

., "' .. "' Time <> <> 
'tl k 'tl k : <tl i: till 'll i: till 0 

<tl n! Hr.: Min. z ~ 2 "' ::1 .s ~ "' ::1 .s ..c:: 
0 0 I 0 0 I p.. 

::1 Q) ::1 Q) > ID .. ~ ] > ] ., <> .. <> k .E .s .s :s 
k ... .s k ., <> n! :s ~ <> 
'll ~ k .. 'll 1:: :s k t: l:l >- ~ 1) 0 ::i till ~ Q) 1) 0 ::i till ~ <tl ::1 !!! u Activities 

PI 0:: z u ] z .E u ] 0 PI .E 0 PI PI 0:: ....I 0 ~ 

X M X X M D 3 0:00-0:30 30 Communications with MSCC, personal care 

X X X M 0:30-0:45 31 Egress. 

X X X M X 0:45-3:45 3Z Continue drilling, core sampling, intensive geological survey 
of Lem-landing site. 

X X X X 3:45-4:00 33 Interchange astronauts. Stop drill as necessary. 

X M X X X 4:00-7:00 34 Complete drilling, store core samples in LEM continue inten-
sive geological survey of LEM-landing site. 

X M X X 7:00-7:15 35 Ingress. 

X M X X X M X X 7:15-8:15 36 MOLAB maintenance, communications with MSCC, personal 
care. 

X X X M 8:15-8:30 37 Egress. 

X X X M 8:30-10:00 38 Drill hole logging with nuclear, electrical, sonic 
instruments. 

X X X M l0:00-IO:Z5 39 Insert thermal probe in hole, check operation. 

X X X M 10:Z5-10:40 40 Ingress, 

X M X X M 10:40-11:10 41 Communications with MSCC, prepare for departure to Station 2. 

X M X M ll:!0-1Z:55 4Z *Travel 8 km to Station 2. 

X X X M 1 Z:55-l5 :05 43-79 Perform activities l-37 of Table 10-1. 

X X X M 15:05-15:15 80 Set up quake seismometer. 

X X X M 15:15-15:30 81 Ingress 

X M X X M X 15:30-16:00 82 Communications with MSCC, personal care. 

M X M X 16:00-24:00 83 Sleep. 

During traverse, astronaut who is not driving will take * 3 photos covering 180 degree forward sector every 0. 5 
km. Photos are taken with MOLAB moving and require 
about 1 minute out of 6. MOLAB 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 MOI.A B of interesting 
outcrops. Average speed without stops is 5 km/hour. 

! 
\. 
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Status Status 
Astronaut "A" Astronaut ''Brr 

~ Time .. .. '"g -g " Hr: Min 
> "'" "' ~ '0 6 ~ ~ " g ~ p,. 

;l > ~ 1 > .s .S .s s ;;; Actlvities " '"0 ., :;; ~ -~ " § " .. § § >-0 :; Of: '.;! "' " '.;! '" p:; p z u ~ 0 (il ;.:; " p:; i .s u .s "" (il ...:! "' "' M M D 0:00-0:30 84 Communications with l\.1SCC, Personal Care 

M 0:30-0:45 85 Egress. 

M 0:45-2:05 86-87 Perform activities 38-39 of Table 10-1 store quake 
seismometer. 

M M 2:05-5: IS 88 Travel 15 km to Station 3. 

5:15-12.:00 89-136 Perform activities 1-48 of Table 10-2. 

M M 12:00-15:25 137 Travel 16 km to Station 4. 

M M !5:25-16:00 138 Communications '\Vith MSCC, personal care. 

M M 16:00-24:00 139 Sleep 

M M D 0:00-1:30 140 Communications, personal care, 1.10LAB main-
tenance .. 

M 1:30-5:00 141- Perform activities 1-39 of Table 10-l. 
179 

M M 5: l)0-7: 20 180 Travel ll km to Station 5. 

7:20-14:05 181- Perform activities 1-48 of Table 10-2. 
228 

M M 14:05-15:35 22.9 Start ZO krn traverse to Statio~ 6. 

M M 15:35-16:00 230 Communications, pei"sonal care. 

M M 16:00-24:00 23! Sleep. 

M M D 0:00-0:40 2.32 Communications, personal. 

M M 0:40-3:30 2.33 Complete 20 km traverse to Station 6. 

M 3:30-7:00 234- Perform activities l-39 of Table 10-L 
272 

M M 7:00-7:20 273 Personal. 

M M 7:20-15:20 274 Travel 37 km to Statior' 7. 

M M l~:Z0-16:00 275 Communications, personal. 

M M 16:00-24:00 276 Sleep. 

M D 0:00-1:30 277 Communications 1 personal care, MOLAB 
maintenance. 

1:30-8:15 278- Perform activities 1-48 of T~;,le lQ-2. 
325 

M 8: 15-8:35 326 Personal. 

M 8:35-13:05 327 Travel 21 km to Station 8. 

TABLE 10-3 (CONT.) 
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Status Status Time 

Astronaut "An Astronaut 11 B 11 Hr:Min 
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Activities ~ 

M 13:05-15:15 328- Perform activities 1-37 of Tablel0-1. 
364 

M D 15:15-15:25 365 Set up quake seismometer_ 

M 15:25-15:40 366 Ingress. 

M M 15:40-16:00 367 C ornmunic ations, personal~ 

M M 16:00-24:00 368 Sleep. 

M M D 0:00-0:30 369 Communications, Personal Care 

M 0:30-0:45 370 Egress. 

M 0:45-2:05 371- Perform activities 38-39 of Table 10-1, 
372 store quake seismometer~ 

M M 2:05-ll:55 373 Travel 46 !an to Station 9. Cross 
original traverse at Station 5,. 

M 11:55-15:25 374- Perform activities 1-39 of Table 10-1. 
412 

M M 15:25-16:00 413 Communications, personal. 

M M 16:00-24:00 414 Sleep. 

M M D 0:00-1:30 415 Communications,. personal care. MOLAB maintenance. 

M M 1:30-7:05 416 Travel 26 !an to Station I (ESS). 

M M 7,05-7:30 417 Communications~ 

M 7:30-7:45 418 Egress. 

M 7:45-10:45 419 Checkout and maintenance of ESS. additional geological 
measurements: at recommendation of MSCC~ 

M 10:45-11:00 420 Ingress. 

M M T 11:00-16:00 421 Measurements in connection with passage of terminator,_ 
MOLAB maintenaTlce~ 

M M N 16:00-24:00 422 Sleep. 

M M N H 0:00-0:40 423 Communications, personal care. 

M 0:40-0:55 424 Egress. 

M 0:55-3:55 425 Checkout LEM, transfer samples. 

3:55-4:10 426 Interchange astronauts. 

M 4:10-7:10 427 Complete checkout of LEM, prepare for night traverse. 

M ?::0-7:25 428 Ingress. 
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Communications, personal. 

X M X M 8:05-11:05 430 Travel 14 km to station 10. 

X X X M 11:05-14:35 431-469 Perform activities 1-39 of Table 10-1. 

X M X X M X 14:35-16:00 470 Communications, personal, contingency. 

M v M X 16:00-24:00 471 Sleep. 

X M X X M X N 11 0:00-0:40 472 Communications, personal. 

X M X M 0:40-3:15 473 Travel 12 km to Station 11. 

X X X M 3: 15-6:45 474-512 Perform activities 1-39 of Table 10-1. 

X M X X M X 6:45-7:25 513 Communications, personal. 

X M X M 7:25-10:00 514 Travel 12 km to Station 12. 

X X 10:00-14:10 515-557 Perform activities 1-43 of Table 10-2. 

X M X X 14:10-14:20 558 Set up quake seismometer. 

X M X X 14:20-14:35 559 Ingress. 

X M X X M X X 14:35-16:00 560 Communications, personal, contingency. 

M X M X 16:00-24:00 561 Sleep. 

X M X X M X N 12 0:00-0:40 562 Communications, personal. 

X M X X 0:40-0:55 563 Egress. 

X M X X 0:55-3:35 564-568 Perform activities 44-48 of Table 10-2 store seismometer. 

X M X M 3:35-7:25 569 Travel 18 km to Station 13. 

X M X X M X 7:25-8:05 570 Communications, personal. 

X X X M 8:05-11:35 571-609 Perform activities l-39 of Table 10-l. 

X M X M 11:3 5-15; 25 610 Travel 18 km to Station 1 (ESS}. 

X M X X M X 15:25-16:00 611 Communications, personal. 

M X ~! X 16:00-24:00 612 Sleep. 
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X M X X M X N 13 0:00-0:40 613 Communications, personal. 

X X 0:40-7:25 614-661 Perform activities 1-48 of Table 10-2 in vicinity of LEM / 
ESS. 

X M X X M X 7:25 -11:45 662 Contingency. 

X M X X 11:45- 12:00 663 Egress. 

X M X X 

X M X 

X M X X I 2:00-15:00 664 Prepare ESS for extended operation, inspect LEM. 

X M X X :5:00-15:15 665 Ingress. 

X M X X M X 15:15-16:00 666 Communications, personal. 

M X M X 16:00-24:00 667 Sleep. 

X M X X M X N 14 0:00-0:45 668 Communications, perscnal. 

X M X X 0:45-1:00 669 Egress. 

X M X L 1:00-4:00 670 Remove heater connection thermal probe, activate LEM and 
check all systems. 

X M X X 4:00-4:15 671 LEM egress .. LEM in standby condition. 

X M X X 4:15-5:00 672 Final selection and preparation of samples for loading 
in LEM. 

X M X X 5:00-5:15 673 MOLAB ingress. 

X M X X X M X X 5:15-18:00 674 Contingency, consultation MSCC, rest, etc. 

X X X M 18:00-18:30 675 Transfer to LEM. 

X L X M 18:00-19:45 676 Prepare MOLAB for storage. 

X L X X 19:45-20 :00 677 LEM ingress. 

X L X L 20:00-24:00 678 Final countdown and liftoff. 
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10. 3. 1 Astronaut Time Allocation 

An accounting of astronaut time spent in several categories of activ-
ities is presented in Table 10-5. This table is derived from the mission 
timeline. Since dissimilar activities are frequently performed on a time~· 
shared basis, the categories chosen are somewhat arbitrary and overlap 
m certain cases as will be detailed below. 

A total of 20 man hours per day has been allotted for sleeping, eat-
ing, and personal care. Of these 20 hours, 8 hours/man/day have been 
explicitly scheduled for sleep on a cyclic basis except for the last day of 
the mission, when sleeping time will be taken as appropriate. Two hours/ 
man/day are allotted for eating and personal care. The timeline does not 
explicitly show a full 4 hours/day for these activities, but does indicate 
time periods during which they may be accomplished as time is available. 

Astronaut time for egress-ingress operations is explicitly sched-
uled in the timeline and totals 19 man hours. Fifteen minutes per egress 
or ingress is allotted, and the timeline shows 35 egresses from MOLAB 
and 3 from LEM with a like number of ingresses. 

Surface operations and driving require full time of one astronaut. 
The times for these activities are fully scheduled in the time line.~:~ Dur-
ing surface operations, the principal duty of the astronaut inside MOLAB 
will be to monitor and assist the outside astronaut. Table 10-5 shows 
100% of the surface operations time allotted to this activity together with 
routine maintenance activities. In practice, the inside astronaut might 
attend to personal needs rather than equipment maintenance during some 
part of the surface operation time. A like time period then would be avail-
able elsewhere for maintenance activities. 

Fifty percent of the non-driving astronaut's time during traverse 
has been estimated to be required for observations and maintenance checks. 
Blocks of time are allotted for landing and launch activities on the first 
and last days. 

Assuming that communications with the MSCC are accomplished 
largely as an integral part of the foregoing operations, the remaining astro-
naut time shown as "Other'' in Table 10-5 is available for contingencies. 

~:< It will be noted that Table 10-3 shows one astronaut spending considerably 
more time outside of MOLAB than the other. In practice this can be cor-
rected by interchanging the designations of Astronaut A and B. 
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Time Requirements Instrument Package Ins~rument Application Instrument Operation Astronaut Participation 

Core Drill 100 -foot hole 970 minutes in hard rock, including 270 minutes active participation 
set-up by outside astronaut. Monitor 

at other times from inside or 
outside MOLAB. 

1 0 -foot hole 110 minutes in hard rock, including 50 minutes active participation 
set-up by outside astronaut. Monitor 

at other times from inside or 
outside MOLAB. 

Nuclear Surface 
Natural 'Y Continuous operation while vehicle is Intermittent monitoring. 

moving. Calibrate as required. 

Spectral 'Y 5 to 15 minutes count time per sam- Calibrate about once every 2 hours 
pling point. of use. Hand carry to sample 

points of interest. 

. 'r1 - 'Y 5 to 10 minutes per sampling site . Calibrate at start. Hand carry 
to sample sites of interest. 

.., - 'r1 5 to 10 minutes per sampling site. Calibrate at start. Hand carry 
to sample sites of interest. 

Logging 
Natural 'Y 5 to 10 minutes in 100 -foot hole Calibrate as required. Lower 

and raise instrument. 

Spectral 'Y 5 to 15 minutes per sample point. Calibrate at start. Lower to 
desired position(s). 

'Y - 'Y 5 to 10 minutes in 100 -foot hole. Calibrate at start. Lower and 
raise instrument. 

.., - 'Y 5 to 10 minutes in 100-foot hole. Calibrate at start. Lower and 
raise instrument. 

'1 - 'l 5 to 10 minutes in 100-foot hole Calibrate at start. Lower and 
raise instrument. 

Active Seismic Active seismic 65 minutes for two refraction and Active participation by both 
measurements reflection shots. Includes MOLAB astronauts. 

aided dispersal and retrieval of Surface energy source assumed 
geophones. Excludes drill time. available for refraction shots. 

Sonic Velocity Sonic velocity 68 minutes in 100-foot hole. Active participation by both 
measurements astronauts. 

Surface energy source assumed 
available. 

Continual Surface Photography 1 minute per measurement. Operated from inside MOLAB. 
Measurements Radi~metry Astronaut turn on and orient 

Spectroradiometry boresighted package. 
TV 

Falling Ball Absolute gravity Semi-automatic with negligible Astronaut activate instrument. 
Gravimeter measurements running time. No egress required. MOLAB 

assumed stopped. 

LaCoste-Romberg Relative gravity 5 minutes if measurement made Inside measurement requires 
measurements inside MOLAB. MOLAB to be stopped, total 

reduction of vibration, and self 
15 minutes outside MOLAB. leveling giro bals. 

Quadrupole Mass Gas analysis 5 minutes standby mode. Astronaut place instrument so 
Spectrometer 2 minutes operate mode. as to avoid outgassing of MOLAB 

and space suit. Boom mounting 
may be feasible, but is not 
assumed feasible here. 

Metastable He Magnetic field Continuous and automatic. Boom mounting is assumed 
Magnetometer measurements feasible for this mission plan 

Core Hole Induction logging 10 minutes logging time. Astronaut turn on, lower, and 
Electrical raise. 

EM Probe Surface 5 minutes, not including time to Deploy antenna, operate 
electromagnetic deploy antenna. switches. 
characteristics 

Penetrometer Surface penetration Less than 1 minute per reading. Mounted on MOLAB. Astronaut 
resistance activate. 

Surface Surface resistivity 25 minutes. Place probes, operate switches. 
Electrical 

TABLE 10-4 
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Activities Man Hours/ Mission Day 

2 3 4 5 6 7 8 9 10 11 12 13 14 

Sleep, Eat, Personal Care 20 20 20 20 20 20 20 20 20 20 20 20 20 20 280:00 41. 7 

Surface Operations 0 10:00 10:00 7:05 9:00 3:00 8:05 4:05 3:00 9:00 7:20 5:40 9:00 I :15 86:30 12.9 

Monitor & Assist Surface 0 10:00 10:00 7:05 9:00 3:00 8:05 4:05 3:00 9:00 7:20 5:40 9:00 1:15 86:30 I 2. 9 
Operations, Routine Maintenance 

Drive Molab 0 2:00 I :45 6:35 3:50 10:50 4:30 9:50 5:35 3:00 5:10 7:00 0 0 60:05 8.9 

Observations & Maintenance Checks 0 2:00 0:55 3:20 I :55 5:25 2:15 4:55 2:50 1:30 2:35 3:20 0 0 31:10 4.6 
on Traverse by Non-Driver 

Egress-Ingress 1:00 2:00 2:00 1:30 1:30 0:30 I :30 1:00 0:30 1:30 I :30 1:00 I :30 2:00 19:00 2. 8 

Landing & Launch Activities 20:00 0 0 0 0 0 0 0 0 0 0 0 0 13:45 33:45 5. 0 

Other 7:00 2:00 3:20 2:25 2:45 5:15 3:35 4:05 13:05 4:00 4:05 5:10 8: 30 9:45 75:00 II. 2 

Totals 48 48 48 48 48 48 48 48 48 48 48 48 48 48 672 100. 0 

TABLE 10-5 

ASTRONAUT TIME ALLOCATION 



10. 3. 2 Scientific Mission Flexibility 

Although the mission timeline represents a fairly rigid mission 
structure, considerable flexibility is built into the mission activities. The 
intent of the mission plan is to provide a fixed set of observations at each 
station and to allow time for selective additional observations to be made. 
Thus, the mission plan allows selection of unusual features for detailed 
examination, but does not permit excessive time expenditure at one lunar 
feature to the exclusion of others which might be encountered later. 

Considerable time is spent in the vicinity of LEM-ESS, and much 
of this time is available for mission alternates. The day traverse begins 
and ends here (11:10 on day 3 to 7:05 on day 9), as does the night traverse 
(8: 05 on day 10 to 15:25 on day 12}, Prior to the day traverse, the activi-
ties have been tightly scheduled to provide for a properly functioning ESS 
while permitting the earliest possible departure on the traverse mission. 
The time between the day and night activities has been loosely scheduled 
to include checks of ESS and LEM as well as observations of terminator 
pas sage. Station l (which is in the vicinity of ESS and LEM) scientific 
activities have been scheduled to take place after the return from the night 
traverse. This permits a decision to eliminate a station (station 1) at any 
time through day 12 with no travel penalty. The remaining time has again 
been loosely scheduled to include checks of ESS and LEM, launch activities, 
and additional scientific observations. Thus, if no unforeseen difficulties 
arise, much of the time spent at the LEM-ESS site before and after the 
night traverse may be profitably spent in intensive study of the surrounding 
area or be re-scheduled for use on the night traverse. 

10.4 CONCLUSIONS AND RECOMMENDATIONS 

A 700-lb instrument package is adequate to provide meaningful sci-
entific capability for a 14-day manned lunar mission. The presence of the 
astronauts and the mobility provided by MOLAB yields flexibility in selec-
tion of both location and kind of observation to be made. The mission plan 
as conceived here uses a subset of the instrument package to provide a fer-
ret capability, and the entire package together with astronaut judgment to 
provide for the appropriate detailed observations of lunar phenomena en-
countered. It is clear that a larger instrument package would increase 
the probability that the astronauts will have available the instrumentation 
to make any measurement suggested by the reconnaissance findings. 
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The choice of a 24-hour work cycle for the astronauts should be the 
subject of a detailed study. Although a 24-hour cycle is currently in gen-
eral use for lunar studies, there is no evidence for considering it optimum. 
An alternate plan would be a 12 -hour cycle including 4 hours sleep, 7 hours 
work, and 1 hour eating and personal care. 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 time and back pack regeneration between periods on the lunar sur-
face) and to provide more frequent time intervals for data analysis to be 
completed and recommendations formulated on earth. 
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SECTION 11 

VALIDATION STUDIES 

11. l VALIDATION DEFINITION 

The extreme constraints placed on space, time, power, manpower, 
mobility, and other factors during manned lunar surface scientific tra-
verses require that the operations performed on these missions provide 
the maximum information on the most significant lunar characteristics in 
the minimum time with the optimum instrumentation. Further, the foreign 
nature of the lunar. environment requires a new orientation to our interpre-
tation of geologic data derived from geological, geophysical, and geochemical 
experiments. These factors necessitate terrestrial-based validation studies 
before lunar scientific missions are performed. The purpose of terrestrial 
validation studies is: ( 1) to establish by laboratory and field terrestrial 
measurements and experiments the relative advantages and disadvantages 
of proposed lunar geological exploration methods to select the optimum ex-
periment design to fulfill the objectives of lunar surface exploration mis-
sions, and (2) to determine by laboratory and field terrestrial measure-
ments and experiments reference data to enhance and increase the validity 
of the interpretation of data collected on the lunar surface. 

Factors which must be considered in designing the experiments to be 
conducted on the lunar surface are shown in Figure 11-1 in sequential order. 
These factors illustrate both the scientific and engineering validation studies 
that must be made to accomplish the purposes of lunar surface exploration. 
The first step in this process is to define explicitly the exploration objective. 
On the basis of this objective, the geologic characteristics that will solve 
this objective are determined and their relative significance established. 
These characteristics in turn sugg~st methods for measuring them and the 
optimum method or methods are defined. Then considering the weight, 
volume, configuration, power, and other constraints the optimum instru-
mentation for the method is developed. The next consideration is given to 
the optimum field or laboratory techniques for making the measurement; 
this is followed by establishing the optimum data reduction and enhance-
ment methods. Finally, consideration is given to the interpretation of the 

ll - l 



EXPLORATION 
OBJECTIVE 

SIGNIFICANT 
t 

GEOLOGIC 
CHARACTERISTICS 

OPTIMUM 
t 
t 
METHODS 

OPTIMUM 
INSTRUMENTATION 

OPTIMUM FIELD 
t 

AND/ OR 
LA BORA TORY 

t 
TECHNIQUES 

OPTIMUM DATA 
REDUCTION AND ENHANCEMENT 

LUNAR SIMULATED GEOLOGIC TERRESTRIAL GEOLOGIC 
REFERENCE DATA REFERENCE DATA 

OPTIMUM INTERPRETATION 

Figure 11- 1 Experiment De sign Flow Chart 
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data and integration of the results into the interpretation of data from other 
measurements. Terrestrial and lunar simulated geologic reference data 
obtained by terrestrial field and laboratory measurements must be used 
1n this interpretation process. 

Detailed surface and subsurface geological mapping should be per-
formed on the following terrestrial geologic terrains which simulate 
assumed lunar geologic features: 

l. Basaltic lava plateaus with associated volcanic features such 
as basaltic ash and cinder deposits, lava tubes, and strati-
graphic contacts 

2. Rhyolite ash flows and lava plateaus 

3. Man-made explosion craters and associated ejecta 

4. Astroblemes (meteorite impact craters) 

5. Calderas 

6. Maar (gas explosive) craters 

7. Fragment- filled basins 

8. Modern landslide and glacial moraine deposits 

9. Active volcanoes and fumerolic areas 

l 0. Volcanic rift zones and grabens 

ll, Permafrost in volcanic rock areas 

12. Fault scarps 

13+ Shield volcanic cones 

14. Laccoliths 

15. Intrusives of various rock types 
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16. Parallel and radial dike swarms 

17. Talus deposits. 

Specifically, studies in the geologic terranes listed above should 
include: 

l. Topographic mapping at a variety of scales and contour intervals, 
depending on the relief and complexity of the morphology. 

2. Areal geological mapping including all details of lithology, 
structure, and stratigraphy. 

3. Collection of rock specimens for petrographical investigation, 
chemical analysis, and determination of physical and engineering 
properties. 

4. In- situ physical and engineering property measurements and in-
situ chemical analysis of rocks and gases. 

5. Subsurface geological mapping using surface geophysical 
methods verified by core hole drilling and geological and 
geophysical drill hole logging. 

11. 2 VALIDATION SITES 

11. 2. l Criteria for Selection of Validation Sites 

Many of the validation experiments discussed above must be car-
ried out under field conditions in various terrestrial locations. Sites 
must be selected to give the maximum information for planning lunar sur-
face exploration missions and for interpreting data collected on the lunar 
surface. Several criteria are suggested that should be used in the selection 
of specific sites as follows: 

ll-4 

l. The over-all geology of the site should be a reasonable 
terrestrial analog of an assumed lunar geologic terrain. 

2. The site should have a minimum amount of weathering, erosion, 
and secondary alterations. In general, this means terrains in 
geologically recent rocks. 



3. The site should have geographic and topographic accessibility. 

4. There should be a maximum availability of existing surface 
and subsurface geological, geophysical, and geochemical data. 

5. The site should be favorably located for logistics support. 

6. The site should have a climate such that studies can be con-
tinued in the field throughout the year. 

7. There should be a minimum amount of soil and vegetation on 
the rock surfaces. 

8. The site should be accessible for integration with data obtained 
from remote sensors. 

9. Sites should be of interest to geologists from a terrestrial 
scientific viewpoint. 

The selection of a terrestrial analog site of an assumed lunar terrain 
obviously is of major importance. The analog site should have morpho-
logical, lithological, and structural similarities to lunar features. While 
these criteria should be the major ones used in selecting sites, a number 
of others also are significant. It is important that the rocks in the ter-
rains selected for field study be unaltered by earth-type weathering and 
erosion; in general, this means geologically recent terrain where there 
has not been time for weathering. This also implies terrains in dry 
climates where weathering due to the presence of water is at a minimum. 

11. 2. 2 Geographic Location of Validation Sites 

In a previous section, seventeen terrestrial geologic terrains 
which simulate assumed lunar geological features are listed. These ter-
rains are described below in detail with an explanation of why each terrain 
serves as an analog of a specific lunar feature. Geographic recommenda-
tions are made for each terrestrial terrain type with alternates and a 
brief description of each. The general types of validation tests to be per-
formed at each analog site are suggested. 
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11. 2. 2. 1 Basaltic Lava Plateaus With Associated Volcanic Features 

The most generally accepted concept as to the possible com-
position and structure of the maria suggests basalt lava flows with a sub-
surface structure similar to basalt plateaus composed of horizontal layers 
of many lava flows. Therefore, basalt lava plateaus are analogs of the 
maria, and the associated features of basalt plateaus in part may be an-
alogous to features on the mare surface. 

The Columbia basalt plateau of eastern Washington and Oregon 
and its eastern extension into southern Idaho covers 200, 000 square miles 
and includes many potential validation sites. The eastern Snake River 
Plains contain the youngest flows in this area and, therefore, have under-
gone the least erosion and weathering. It is recommended that a site be 
located somewhere between Craters of the Moon and Idaho Falls, Idaho. 
This site is easily accessible in every way. There is no soil or vegeta-
tion cover. Considerable data are available including recent deep drilling 
at the nuclear reactor site near Arco, Idaho. The site should be selected 
a few miles east of Craters of the Moon where the lava flows are known to 
be at least 2000-ft thick. In the vicinity of this site there are many features 
typical of basalt lava plateaus including basaltic ash and cinder deposits, 
cinder cones, rifts, lava tunnels, pahoehoe and aa lava surfaces, and a 
variety of stratigraphic contacts (Stearns, et aL, 1938; Stearns, 1963}. 

Validation experiments at this site should include all of the 
studies listed in Section 11. 2. 2 including topographical and geological 
mapping, with a collection of rock samples for later laboratory studies, 
in- situ physical and engineering property measurements, and subsurface 
geological mapping using surface geophysical methods. This also is an 
ideal site for core hole drilling and geophysical drill hole logging technique 
validation studies. 

The in- situ physical and chemical analyses should be performed 
not only on basalt lavas but also on basalt ash and cinders of various 
textures and structures. In short, terrestrial reference data could be 
obtained on all types of pyroclastic rocks of basaltic composition -- all of 
which are considered possible rock types on mare surfaces. 

Geophysical surveying techniques should be used to study lava 
tubes or tunnels. Several of these are known in the Craters of the Moon 
area. 
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Near Craters of the Moon and Arco, the Snake River lavas lap 
up against the older rocks which lie underneath the lavas and which rise 
to the west in the mountains of central Idaho. This provides an opportunity 
for tests on the stratigraphic contact between the lavas and the older high-
lands rocks which would be an analog of the contact between mare material 
and the highlands materials (Imbrian ejecta) that rise out from underneath 
the mare material. 

There are a number of other geographic locations where basaltic 
rocks, both flows and ash and cinders, are available for in-situ measure-
ments. These include the great lava flow in the Mohave Desert near Amboy, 
California, the young flows near Carrizozo, New Mexico, the Modoc lava 
beds in California which contain excellent lave tunnels, and the basalts in 
the Flatstaff area, Arizona, on which the US Geological Survey is already 
conducting studies. However~ in none of these areas are there great thick-
nesses of flat-lying basalts beneath the surface which are possible analogs 
to the structure of a maria. 

11. 2. 2. 2 Rhyolite Lava and Ashflow Plateaus 

The maria are assumed by many to be lava floods of impact 
basins of the lunar surface. One view suggests a basaltic composition as 
discussed above. Another view suggests a rhyolitic composition. Valida-
tion experiments should be carried out both on basalt and rhyolite plateaus 
so that data on both types of lava floods are available. 

Under terrestrial conditions, rhyolite lavas are often emplaced 
as fragment or ash flows that spread horizontally for great distances to be 
deposited as nearly flat-lying layers of tuffaceous material which often are 
welded by their own heat to dense rhyolite tuff. Rocks of this type are ex-
tremely widespread in many parts of the earth. 

A principal rhyolite lava and ash flow plateau in the US includes 
Yellowstone Park and adjacent parts of Idaho. Many of these flows are still 
largely uneroded and are covered by forest. The climate is such that a 
field season is only two-or three-months long. The associated features in-
clude dense rhyolite flows, coarsely brecciated rhyolite flows, unconsoli-
dated ash and pumice material, dense welded rhyolite tuffs, glassy (obsidian) 
flows, and small rhyolite domes (Boyd, 1961; Hamilton, 1960). 
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It is recommended that all the studies listed in Section 11. 2. 2. 
including core hole drilling and geophysical drill hole logging be carried out 
at this site. 

A number of other sites include excellent unweathered rhyolite 
ash flow materials. In the Jemez Mountains near Los Alamos, New Mexico, 
there is a complex of largely nonwelded ashflows, well exposed in canyon 
walls. Nonwelded pumice flows near Crater Lake, Oregon, are the freshest 
in the US, with the original surfaces less than 10, 000-years old. Ash flows 
are also present in the Nevada nuclear test site. In one of these areas, 
however, is there a continuation at depth of rhyolitic material to represent 
a possible analog of a maria. 

One other rhyolitic lava and ash flow plateau should be mentioned 
in spite of its distance from the US. This is the rhyolite plateau of the North 
Island, New Zealand. Here quite recent ash flows, welded and nonwelded, 
and considerably thick, are present over an extensive area. Here there is 
material erupted within historic times. Erosion and weathering are minor, 
and the climate is such that a considerably longer field season is possible. 

11. 2. 2. 3 Man-Made Explosion Craters and Associated Ejecta 

Extensive cratering studies have been carried out at various lo-
cations and thus several explosion craters are now ready to be used as ex-
cellent analogs of small lunar impact craters. Validation measurements 
at such man-made craters will allow the determination of significant geo-
logic characteristics and reference data for the study of lunar craters and 
will identify those parameters which can be used to distinguish impact frorr1 
volcanic craters. 

Many man-made craters have been produced in the AEC Nevada 
Test Site. TNT explosion craters have been formed in desert alluvium at 
Yucca Flats. At least four nuclear explosion craters have also been pro-
duced: three in alluvium and one in weakly consolidated tuff. Most of these 
craters were produced by shallow depth explosions and are excellent analogs 
of meteorite impact craters. In addition, three craters were formed on 
Buckboard Mesa in a basalt flow which are terrestrial analogs of craters 
on a solid mare surface. At the Dugway Proving Ground, TNT explosives 
have been used to produce craters in dry sand, dry clay, limestone, and 
sandstone (Crate ring Symposium, 1961). 
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Sufficient man-made craters are therefore in existence and a 
vast body of data has been determined on size-depth, energy and subsur-
face structure, and brecciation relationships. Various geophysical survey 
methods should be used on several of these craters in various materials 
(alluvium, tuff, and basalt) to determine which methods will give the most 
reliable data on the structure under the crater floors and on the thickness 
of the ejecta blankets. 

In- situ physical and engineering measurements and in- situ 
chemical analyses should be performed on the crater floor and crater rim 
materials (ejecta blankets). The texture morphology and structure of these 
unconsolidated deposits (crater fall back and ejecta blankets on and beyond 
rims) are reasonable analogs of crater floor materials and ejecta blankets 
on the lunar surface even though the compositions may not be similar. 

11. 2. 2. 4 Astroblemes (Meteorite Impact Craters) 

Meteorite impact craters on the earth are obvious analogs of 
impact craters on the moon even though formed in different rock types. 
Certainly, therefore, at least one such terrestrial crater should be studied 
in detail. 

Meteor Crater, Arizona, is recommended as the most suitable 
site. It is only slightly eroded, previously well studied (Shoemaker, 1963), 
and is ideally located from a geographic, topographic, and logistics stand-
point. 

The entire package of integrated geological, geophysical,and 
geochemical studies outlined in Section 11. 2. 2 should be performed both 
on the crater rim and crater floor. Special emphasis must be given to 
geophysical surveying methods to identify the optimum method or methods 
for determining the subsurface structure under this crater which will pro-
vide data for distinguishing between impact and volcanic craters. Strati-
graphic contacts beneath ejecta blankets should be located if possible. Core-
hole drilling and geophysical logging methods should be evaluatecl on crater 
floor materials. 
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11. 2. 2. 5 Calderas 

Some lunar craters may be of volcanic or1g1n. Some terrestrial 
volcanic calderas have the same over-all topography and depth-diameter 
ratios as impact craters and thus may serve as possible analogs of some 
lunar craters. Certainly reference data are needed which will allow the 
distinction between caldera and impact origin for lunar craters. 

Kilauea Caldera, Hawaii, is recommended for the study of a 
basaltic caldera of small size. Considerable geological, geophysical ,and 
geochemical information is available on Kilauea as a result of recent studies 
by the staff of the Hawaiian Volcano Observatory. 

The Island Park Caldera, Idaho, is recommended for study of 
a caldera in rhyolitic rocks and ash flow materials. This site has an inner 
basin 29 kilometers in diameter with a semi-circular ridge of rhyolite 
lavas and ash flows which dips outwards at a gentle slope (Hamilton, in 
press). The central basin is flooded by younger basalts. This caldera 
is a terrestrial analog of the flooded craters so common in the maria. 

Alternate rhyolitic calderas include the complex Valles Caldera, 
New Mexico, the Newberry Caldera, Oregon, and recently identified calderas 
in and near the AEC Nevada Test Site. 

The integrated studies recommended for astroblemes, plus 
in- situ physical and engineering measurements should be carried out on 
both a basalt and a rhyolite caldera. Again, special emphasis should be 
given to geophysical surveying methods for determining subsurface struc-
tures. The distinction between impact or caldera origin might be possible 
only from subsurface data because both impact craters and calderas in a 
basaltic maria would have crater floor and rim materials of fragmented 
basalt. Subsurface studies may indicate lenses of brecciated rock beneath 
both impact and caldera-type craters. However, various intrusive rock 
masses occur under caldera including pipes, dikes and dike swarms, and 
ring dikes. 

11. 2. 2. 6 Maar (Gas Explosive) Craters 

Maar craters are volcanic in origin, have a large crater de-
pression and a low rim with a gentle outward slope. These craters are pos-
sible analogs of some lunar craters and, therefore, should be studied. 
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l. Zuni Salt Lake, New Mexico, occupies a maar crater 
about 2 kilometers in diameter with a few small basalt 
cinder cones near its center (Shoemaker, 1962). 

2. The Menan Buttes, Idaho, are twin maar craters with a 
somewhat higher rim than the Zuni Crater (Hamilton and 
Myers, 1963). 

3. The Hopi Buttes region of Arizona contains about 300 
Pliocene maars in various stages of erosion (Shoemaker, 
1962). 

4. Diamond Head Crater, Honolulu, is a rather high-rimmed 
maar crater. 

It is recommended that a few of these craters, perhaps Zuni 
and Menan Buttes, be studied in the same way as the calderas and for the 
same reasons. 

11. 2. 2. 7 Fragment-Filled Basins 

The alternate hypothesis to a lava-fill for the maria is a frag-
ment fill, the material having been deposited by some undetermined pro-
cess, as. suggested by Gold. In order to obtain reference data to check this 
hypothesis, a fragment or clastic-filled intermontane basin should be se-
lected as a possible analog of this type of maria. This basin should con-
tain several thousand feet of poorly sorted sands and gravels. 

Many basins of this type occur in southern Nevada or south-
eastern California, such as Death Valley or Panamint Valley. These have 
nearly flat surfaces, little vegetation, dry climate, and contain great thick-
nesses of sand and gravel. 

It is recommended that the studies listed in Section 11. 2. 2 be 
performed on these or similar basins. 

11. 2. 2. 8 Modern Landslide and Glacial Moraine Deposits 

The coarse, broken rock of major rock-fall landslides repre-
sents a possible analog to ejecta blankets and to imbrian ejecta material 
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on the lunar surface. Similarly, some coarse grained, modern, terminal, 
and lateral moraines may be analogous to surface features of lunar ejecta. 
While the composition of their fragments and gross morphology may not be 
similar to lunar conditions, their texture, structure, and local surface 
morphology may be very similar. 

Two coarse landslides are suggested: the Gros Ventre slide in 
Jackson Hole, Wyoming, and the Madison Valley slide produced by the 
Hebgen earthquake of 19 59 in Montana ( Witkind et al. 1964). Both of these 
slides have very uneven, hummucky surface topography which seems to be 
a good analog to the imbrian ejecta hills in the Kepler region. Extensive 
coarse moraines of late Pleistocene age with a minimum of vegetation and 
soil can be found in Jackson Hole, Wyoming. 

It is recommended that morphological and micro-morphological 
mapping be done on such terrains along with the kinds of geophysical methods 
which would identify the fragmental and nonlayered structure of such de-
posits as well as determine their thicknesses. 

11. 2. 2. 9 Active Volcanoes and Fumerolic Areas 

It is recommended that certain studies be made in active vol-
canic areas including gas analysis and temperature measurements. Most 
of the studies involving subsurface structure and in- situ physical property 
measurements on volcanoes will have been performed previously in calderas, 
maar craters, and on lava plateaus. 

Kilauea Volcano in Hawaii is recommended for fumerole study 
where the groundwater is far below the surface. In addition, there are 
significant surface temperature variations in this area. Airborne IR studies 
have recently been completed at Kilauea to map surface temperature varia-
tions (Fischer, et al, 1964). 

Alternate localities where fumerolic gases are escaping in 
limited quantities from fractures on volcanic cones or small openings in 
craters include Vesuvius and the Island of Vulcano in the Mediterranean, 
and the volcanic belt in Central America. These are easily accessible, 
although they are a considerable distance from the US. 
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11. 2. 2. 10 Volcanic Rift Zones and Grabens 

Lines of craters and small volcanic cones parallel to fractures 
should serve as terrestrial analogs to the chain craters noted in a number 
of places on the lunar surface and perhaps to some of the rills which have 
been interpreted as fractures or grabens. Some rills have associated 
craters and dikes. 

The Puna rift zone, Hawaii, with its associated pit craters and 
cinder cones extends thirty miles east from Kilauea Caldera. This rift 
zone is a narrow shallow graben along most of its length. This rift must 
be underlain by a complex of parallel dikes. Although this rift zone is well 
known, it is covered by heavy jungle for much of its length, and only the 
eastern end is readily accessible. 

Another rift zone with associated active volcanoes, small cones, 
calderas, and craters occurs in Nicaragua. This is in a nearly flat terrain 
and is very easily accessible and, therefore, is recommended for study. 

An easily accessible rift zone is present at Craters of the Moon, 
Idaho, which extends southward for about thirteen miles. At this site the 
rift zone contains small open fractures, cinder cones, and associated re-
cent basalt flows. The climate is dry and soil and vegetation is at a mini-
mum. Parallel dikes are certainly present beneath the surface. 

A spectacular rift zone with a chain of craters and small cin-
der cones is the Laki fissure zone in Iceland (20-mi long) which was in full 
eruption its entire length in 1783. While this is one of the best analogs of 
lunar chain craters, it is located inaccessibly in central Iceland, where 
climatic conditions are most unfavorable. It is not recommended for present 
studies even though it is perhaps the outstanding terrestrial analog. 

At one or more of these sites, geological studies plus geo-
physical traverses should be performed across the rift to locate the under-
lying parallel dike system. The location of a dike system will prove the 
volcanic rift origin for chain craters and rills on the lunar surface. Nica-
ragua is also a possible location for gas collection and temperature meas-
urements of the type mentioned in Section 11. 2. 2. 9. 
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Many rills and other linear features on the lunar surface are 
probably not volcanic in origin. It is important to determine the optimum 
parameters to distinguish between a volcanic and non-volcanic origin of 
these features. 

11. 2. 2. 11 Permafrost in Volcanic Rock Areas 

The theory has been advanced that ice (permafrost) may be 
present just below the surface of the moon. If so, it is very important that 
it be found during early explorations. A permafrost area in volcanic rock 
is a terrestrial analog of possible subsurface ice on the moon. 

The Alaska Peninsula, especially in the Katmai areq., may pre-
vide areas of permafrost in volcanic rocks. Permafrost also occurs in 
basaltic volcanic rocks in Iceland. 

Permafrost areas are located in regions of difficult access and 
short field seasons, but it is important that studies be carried out in such 
regions to identify the characteristic parameters of permafrost to verify 
the optimum instrumentation and field techniques for locating ice beneath 
the lunar surface. 

11. 2. 2. 12 Fault Scarps 

Terrestrial fault scarps are analogs of fault scarps on the lunar 
surface. Many linear features are recognizable on the lunar surface, es-
pecially in highland and imbrian ejecta areas; many of these areas are prob-
ably faults. A validation study should be carried out to determine the op-
timum parameters to be measured to prove a fault origin for linear features. 

Fault scarps located in or near areas previously suggested 
should be the subject. of an intensive surface geological and geophysical 
investigation. For example, faults occur on the flanks of Kilauea Volcano, 
Hawaii, and at various locations in the Columbia-Snake River basalt plateau. 

A wide variety of faults, large and small, occur in northern 
Arizona and adjacent parts of the Colorado Plateau. 
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11. 2. 2. 13 Shield Volcanic Cones 

Shield cones, or gently sloping volcanic cones, are proposed 
as terrestrial analogs of the domes discernible on the maria surface. It 
has been suggested that domes on the moon may be shield-type volcanoes. 
There are no features yet discernible on the lunar surface comparable to 
the steep- sided volcanic cones such as Fuji san and Vesuvius. 

The Hawaiian volcanoes are shield volcanoes, but are so ex-
tensive that it may be difficult to use them as analogs of lunar domes. 

Irazu Volcano in Costa Rica is recommended as a gently sloping, 
shield-shaped volcano, composed of both lava and pyroclastic material. This 
volcano is about 20 km in diameter with slopes of 10 to 15°. 

Geological and geophysical studies should be made which will 
show the stratified character of the flows and pyroclastic layers making up 
the dome-shaped structure. 

11. 2. 2. 14 Laccoliths 

It has been suggested that the lunar domes may be laccolith-
like intrusives. Laccoliths which are not eroded and still have a covering 
of older rock have the over-all shape similar to a shield volcanic cone 
although without a summit crater. 

Sundance Mountain, Wyoming, is believed to be a covered lac-
colith of this type. This moderate- sized feature lends itself to geological 
and geophysical surveys to demonstrate its massive, igneous structure 
and distinguish it from a stratified volcanic structure. Other laccoliths in 
various stages of erosion are well exposed in the Henry Mountains of Utah. 
Such laccoliths may be poor terrestrial analogs of the lunar domes due to: 
( 1) the sedimentary rocks beneath and to a varying extent over the igneous 
rock, and ( 2) the erosion which has exposed the laccolithic structure. 

Volcanic domes are formed by the extrusion of magma in a 
very viscous condition on the earth 1 s surface building up great piles of 
massive-to-brecciated and vesicular volcanic rock. These domes are 
similar in over-all shape to laccoliths but have no sedimentary rock cover. 
They may be a better analog of the lunar domes than the laccoliths. 
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Several rhyolite domes are known in Yellowstone Park and in 
the Island Park Caldera. Many domes are present in Lassen National Park 
including Lassen Peak proper. 

11. 2. 2. 15 Intrusives of Various Rock Types 

Intrusive masses of various shapes and rock types may lie 
close to the lunar surface or be exposed along fault scarps and in crater 
walls. A variety of geophysical measurements to determine subsurface 
properties as well as in-situ physical and engineering property studies should 
be made on a variety of intrusive rocks from ultra-mafic to granitic com-
positions. Intrusive masses in and adjacent to localities previously selected 
for the study of other features might be investigated. Additional igneous 
masses in other areas will need to be located for the study of special rock 
types. 

11. 2. 2. 16 Parallel and Radial Dike Swarms 

Dike swarms are characteristically associated with volcanic 
centers. They may serve as terrestrial analogs of features associated 
with volcanic craters on the moon. 

Parallel dike systems should underlie rift zones: these have 
already been mentioned in Section 11. 2. 2. 10. 

A radial dike swarm occurs in the Spanish Peaks area of South-
Central Colorado. Such a dike swarm might be an analog to the radial rays 
associated with certain craters on the lunar surface. While lunar rays are 
usually thought to be ejecta deposits, some scientists have suggested that 
they may be radial dikes. Reference data should be collected on at least 
one terrestrial radial dike system that may be used to prove or disprove 
a dike origin for ray systems. 

11. 2. 2. 17 Talus Deposits 

Talus deposits will serve as terrestrial analogs of the slope de-
posits that exist on the steep, inward-facing scarp of lunar craters. Both 
the terrestrial talus deposits and the lunar slope deposits represent gravity 
accumulations at the foot of steep slopes. 

Talus deposits are available for study in most of the areas 
previously recommended for other studies. 
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11. 3 STATUS OF TERRESTRIAL GEOLOGICAL STUDIES 

Extensive geological mapping programs have been conducted in most 
land areas of the earth employing surface and subsurface geological map-
ping methods. In addition, considerable subsurface geological information 
has been obtained from surface and drill hole geophysical measurements. 
These studies have been concentrated to a large degree in areas of po-
tential economic importance. Consequently rather limited geological in-
formation is available on the largely igneous terrains which are important 
to validation studies for lunar surface missions. The available information 
on igneous terrains from geological and geophysical studies has been inte-
grated to only a limited degree. Thus the usefulness of the data to valida-
tion studies is restricted. An exception to this statement are the studies 
that have been made in the Hawaiian Islands. Although a substantial amount 
of petrologic and geochemical da'ta is avaiTaole on possible rock types, 
(terrestrial analogs of lunar rocks) limited information is available on the 
physical properties of these rocks and their relation to lithologic charac~ 
teristics. Also, only a limited amount of experimental work has been done 
in the laboratory to determine the physical characteristics of these rock 
materials under simulated lunar environmental conditions. 

Despite the limited inforlrlation available on terrestrial analogs of 
lunar terrains, the technology of exploration geophysics, which is of para-
mount importance to lunar geological studies, is highly advanced. Geo-
physical instrumentation, field techniques, data reduction enhancement 
procedures, and interpretational methods are available for application to 
validation studies on terrestrial sites. 

11. 4 INTEGRATED TRAVERSE VALIDATION EXPERIMENTS PLAN 

High priority should be given to an integrated series of experiments 
whose purpose would be to determine the application of geophysic measure-
ments which have been discussed in this report to geological mapping. To 
accomplish this, a field experiment should be carried out combining geo-
logical measurements with geophysic measurements, and correlating the 
geophysical data into a geological picture which can be compared with the 
geology studied during the same field trip. 

The ultimate objective of these scientific experiments is to optimize 
the experiments and measurements to be performed on the lunar surface, 
and to obtain scientific data on a terrestrial analog of lunar terrain. 
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11. 4. 1 Suggested Site 

The eastern Snake River basalt lava plain is recommended for 
this validation program (Figure 11- 2). This plain is underlain by a thick 
series of lava flows of a composition (olivine basalt) similar to that as-
sumed for the more material; these lavas fill a large, deep basin as an 
analog to a lunar maria. This site satisfies all of the criteria mentioned 
for above selection of sites except the possible field season is not over 
six months. 

The Snake River Plain is regarded as a structural depression 
(downwarp or graven) which has been filled with a few thousand meters of 
relatively thin Pliocene and Pleistocene olivine basalt flows which are lo-
cally intermingled with river sediments. Subsidence continued intermit-
tently during Pleistocene time so that the older rocks filling the depression 
are down-warped and locally broken by faults (Stearns, et al, 1938). Basalts 
covering the surface of the plain are late Pleistocene and recent and are 
practically undisturbed. 

A variety of topographical, geological, and geophysical information 
is available on the Snake River Plains. Topographic maps at the scale of 
1:250, 000 cover the entire area. Smaller scales maps are available for 
limited areas only. Reconnaissance geologic maps (Stearns, et al, 1938; 
Geologic Map of Idaho) cover the entire area, but only a few local areas 
have been mapped in more detail (as at Craters of the Moon). The US Geo-
logical Survey has initiated stratigraphic studies along the southern border 
of the plains (some of these studies have been published, Malde and Powers, 
1962). These studies indicate a thick section of basalt flows with inter-
layed sediments, well exposed in canyons of the Snake River and its tribu-
taries. Rather limited petrographic and geochemical studies have been 
performed on Snake River basalts. 

Many holes have been drilled in the lavas at the AEC Reactor Test 
Site near Arco, Idaho. Holes with recovered core samples have been drilled 
to 140 meters, and holes without recovered cores have been drilled to 500 me-
ters. Various drill hole logging measurements have been performed in all 
these holes including gamma ray, caliper, temperature, and water sensi-
tivity. 
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Regional gravity studies over the lava plains have been reported 
(LaFehr and Pakiser, 1962) and reconnaissance gravity and magnetic 
studies have been performed in limited areas; e. g., in the vicinity of the 
AEC Reactor Site. 
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The following surface features are among those present: 

1. Lava plains: Between Arco and Idaho Falls 

a. Pahoehoe and aa flow surfaces - irregular, vesicular, 
fresh, or weathered. 

b. Lava cones with small collapse craters 

c. Cinder cones, 20- to 200-meters high 

d. Basalt ash layers 

e. Lava tunnels; at Craters of the Moon National Monument. 

2. Great Rift Zone 

a. 20-km long, extending southward from Craters of the 
Moon 

b. Open cracks or fractures 

c. Flows emerging from rift fractures 

d. Spatter, cinder-spatter, and cinder cones along rift zone. 

3. Menan Buttes 

Maar-type craters m cones of glassy basalt tuff (Hamilton 
and Myers, 1962). 

4. Island Park Caldera ( 27 km in diameter) 

a. Ash and pumice flows of caldera rim (rhyolite composition) 

b. Rhyolite domes 



c. Post- caldera rhyolite flows 

d. Post-collapse basalt flows that cover caldera floor 

e. Circular caldera faults. 

An alternate site for the field validation experiment is the West 
Yellowstone Rhyolite area (Figure 11-3). The Yellowstone Plateau is a 
great expanse of rhyolite lavas and ash flows of Pliocene and Pleistocene 
age. The western part of this plateau, both in the southwestern part of 
Yellowstone National Park and in Idaho, contains the most recent flows 
and the best exposed ash, pumice, and welded tuff deposits. A large 
gravity low centered over the rhyolite plateau suggests a disc- shaped ac-
cumulation of rhyolite, with gently tapered sides, about 3500-m thick 
(Pakiser and Baldwin, 1961). The following surface features are present-: 

1. Thick, dense rhyolite flows (up to 300-m thick) 

2. Obsidian flows 

3. Coarsely brecciated flow tops and fronts 

4. Loosely consolidated ash and pumice deposits 

5. Dense, welded rhyolite tuffs 

6. Small rhyolite domes 

7. Fumerole alteration areas 

8. Major faults in rhyolite. 

11.4. 2 Traverse 

A traverse should be completed from the Craters of the Moon 
area eastward across the lava plains to Idaho Falls, then northward past 
Menen Buttes to the Island Park Caldera and return along the northern 
and western side of the lava plain via Arco. This traverse approximates 
the over-alllength of the MOLAB mission travers.e as proposed for the Kepler 
Region and includes several of the terrestrial geological terrains which 
have been cited as possible lunar analogs. 
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11. 4. 3 Experiments List 

The following list of experiments is recommended for the ex-
pedition traverse in the Snake River Lava Plains. 

1. Survey Control - Topography and Location 

a. Level line elevation control 

b. Detail surveying for seismic and detailed gravity studies 

2. Geological Mapping 

a. Ground truth mapping from photogrology derived from 
airborne sensor data 

b. Detailed plane table mapping of specific geologic 
features such as lava tubes, rift zones, fault scarps, 
contacts, etc. 

c. Collection of rock samples for petrologic, geochemical, 
physical, and engineering properties measurements 

d. Drill hole - 27 50-m total 

( 1) One 1 000-m drill hole for seismic verification 

( 2) Twenty-five 30-m drill holes for lunar verification 

(3) Five 200-m drill holes for geologic verification of 
caldera, volcanic cones, etc. 

3. Geophysics 

a. Airborne 

( 1) Multiband photography - complete traverse 

( 2) Infrared photography - complete traverse 
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(3) Ultraviolet photography - complete traverse 

( 4) Magnetic field 

(5) Radar and electrical systems (if available} 

b. Surface 

( l) Reflection - 30 spreads 

( 2) Refraction - 3 long spreads to determine the depth 
of the basin and layering (30 shallow spreads} 

( 3) Gravity - station spacing of ± l km and detail over 
selected geological features such as lava tubes, 
cinder cones, etc. 

( 4) Magnetics - continuous traverse measurements where 
ever possible plus detail over local geological features 

( 5) Nuclear 

(a) Natural gamma - continuous traverse measure-
ments wherever possible 

(b) Neutron gamma - intermittent measurements 

(c) Gamma-gamma - intermittent measurements. 

4. Drill Hole Logging at Each Drill Hole 

a. Resistivity 

( l} Normal 

(2) Lateral 

( 3) Microlog (contact) 

( 4) Induction 



b. Radiation 

( 1) Natural gamma 

(2) Spectral gamma 

( 3) Gamma- gamma 

( 4) Neutron- gamma 

( 5) Neutron-neutron 

( 6) Temperature 

( 7) Caliper 

( 8) Magnetic field 

( 9) Sonic (seismic velocity) 

11. 4. 4 Manpower Requirements 

The manpower for the expedition traverse in the Snake River Lava 
Plains is estimated to be as follows: 

Field Program - 13 men for six months 

- 12 men for three months 

Data Analysis and Integration 15 men for six months 
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SECTION 12 

INSTRUMENT DEVELOPMENT PROBLEMS 

Any instrument being designed for lunar surface operation would have 
to withstand the obvious rigors of lunar environment, such as extremes of 
temperature, vacuum condition, lunar dust, and meteoroid impact. The 
problems caused by such environment are being attacked by various studies, 
and it is believed will be satisfactorily solved for the time period of MOLAB 
operation. In addition to these obvious problems of instrument development, 
unique problems arise whenever a specific instrument is considered. During 
the conceptual design study of the instruments, a number of these unique 
development problems became apparent. Most of these are covered in the 
respective sections de scribing the instruments, but they are summarized 
in this section. 

The following paragraphs briefly discuss the anticipated development 
problems for the specific instruments covered in this study and are pre sen ted 
in the order of the instrument description in this report. 

12. l GROUND TRUTH INSTRUMENTS 

The majority of the instruments proposed for the ground truth meas-
urement package are presently used in laboratories or have airborne 
operational status. No major specific problems are anticipated. Never-
theless, some routine integration questions arise, such as means of getting 
the film from the camera to the readout device and integration of the package 
with MOLAB. 

12. 2 GRAVITY INSTRUMENTS 

Gravity meters, being essentially mechanical devices, do not present 
insurmountable problems in development. Nevertheless, due to the lower 
gravity of the moon, higher sensitivity of the instruments would be required. 
In the case of the LaCoste Romberg gravimeter, means of automatic readout 
might be necessary if astronaut suit limitations do not allow visual measure-
ment. In addition, leveling requirements might pre sent a problem. 
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In the case of the falling ball gravimeter, the problem of measuring 
the exact time of the separation of the ball will unquestionably arise, al-
though it is felt that it can be solved by careful design. Since the falling 
ball gravimeter is only a concept and no equipment has been built and 
tested, a number of unexpected problems might also arise as the develop-
ment progresses. This limited knowledge of the problems justifies a 
parallel study of a pendulum absolute gravity meter. 

12. 3 MAGNETIC MEASUREMENT INSTRUMENTS 

A number of space -qualified magnetometers have been built and flown, 
while some are presently operating in space. Nevertheless, due to the low 
lunar magnetic field anticipated, and the lack of data available on magnetic 
properties of rocks and materials in low magnetic fields, the magnetometer 
design would have to be much more sensitive than the magnetometers used 
on earth. In addition, magnetic noise generated by the MOLAB vehicle and 
the astronaut 1 s suit might require a boom or a towing device to get the 
magnetometer as far away from the vehicle as possible. Although the latter 
is not an instrument development problem, it might carry over into the 
design of the instrument if it has to withstand towing along the surface, or 
has to be light enough to be suspended on a long, lightweight boom. 

12.4 SURFACE ELECTRICAL INSTRUMENTS 

Anticipated lack of surface moisture on the moon results in expected 
high surface rock resistivity, a wide range of surface rock resistivity, and 
local accumulation of surface electric charge. In addition, difficulty in 
coupling electrodes to the surface is expected. These anticipated conditions 
would require an instrument with both exceptional sensitivity and wide range 
in addition to means of filtering out the surface noise. Electrodes would 
also be required of either extremely large size or a unique capability of 
making good electrical and mechanical contact with the surface material, 
for instance by means of liquid metal poured into a surface hole. 

12. 5 NUCLEAR INSTRUMENTATION 

No major problems in instrument development for nuclear measure-
ments are anticipated. The possible complications might arise in storing 
radioactive material and shielding the source from the detectors. A 128-
channel analyzer, although a comparatively complex electronic instrument, 
would be similar to the ones used in space with perfect results. 
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12. 6 PENETROMETER 

The major development problem of the penetrometer would be in 
selection of the proper material for the probe to allow it to fold or roll 
onto a cam and at the same time have rigidity in penetrating comparatively 
hard visiculated materials. The other problems are concerned mostly 
with integration in allowing the mounting of the penetrometer as close to 
the surface as possible to shorten the over-all length of the probe. 
Inaccuracies caused by probe expansion and the requirement for measur-
ing the payout to a high degree of resolution also require careful de sign. 

12. 7 GAS ANALYSIS INSTRUMENTATION 

The major anticipated problem with the mass spectrometer is caused 
by vehicle outgassing. Total pressure of the gas analyzer due to the vehicle 
outgassing might exceed the operating limit of the instrument, and partial 
pres sure of the gas analyzer due to the outgassing can cause significant 
interference with the performance of the experiment. Another weak link 
in the gas analysis system is the reliability of ion source filament. Re-
placement capability might have to be provided. 

12. 8 ACTIVE SEISMIC INSTRUMENTATION 

The major problems with seismic instrumentation are the limitation 
of the energy sources and safety factors connected with the use of energy 
sources. Guarding against accidental detonation, RFI shielding, etc., must 
be considered. Another area of possible development problems is the 
coupling of the geophones and energy sources to the lunar surface. 

12. 9 SONIC VELOCITY INSTRUMENTATION 

The major problem with sonic velocity instruments is the ability to 
package the detectors into the small size capable of being lowered into a 
narrow borehole ( 5 em). In addition, due to lack of moisture on the moon, 
coupling of the instrument to the walls of the borehole would require con-
siderable investigation during development. 

12. 10 BOREHOLE ELECTRICAL MEASUREMENT INSTRUMENTS 

The major problems anticipated are in the development of an instru-
ment that can be lowered into the borehole and that can make acceptable 
electrical contact with the borehole wall. 
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12. 11 HEAT FLOW INSTRUMENTATION 

The major problems to be resolved in borehole heat flow measure-
ments are the detector contact to the borehole wall, the construction of an 
instrument that can be lowered into the very small diameter ( 5 em) borehole, 
and independent operation without astronaut supervision since the experiment 
would be performed after the astronauts leave the lunar surface. 

12. 12 CORE DRILL 

A number of problem areas in de signing the core drill are anticipated. 
The major problems are the removal of the chips from the hole, cold weld-
ing, lubrication of bearings and sliding surfaces, lubrication of the chip 
transport system, sealing problems of the drill as well as the drill rod 
extension joints, sealing of operating motors and compressors, and means 
of heat dissipation during drilling. 

12. 13 INSTRUMENT SUPPORT SUBSYSTEM 

No major development problems are anticipated in the development 
of the instrument support subsystem. Most of the electronic circuitry 
has been de signed and space qualified. One of the areas of concern is the 
recorder storage device. Desirability of very long tapes, different speed 
operation, and reliability could pre sent some problems during the develop-
ment of the equipment. Nevertheless, it is felt that the recorder will be 
sufficiently developed before lunar traverse by MOLAB. 
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APPENDIX A 

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 presented as properties of earth rock are meant as re-
presentative figures to give an order of magnitude 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 1s crust. Included are properties of 
meteorites inasmuch as meteorite fragments may be present in many of 
the unconsolidated deposits on the lunar surface. 

A. 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: 

1, Consolidated Rocks 

a. Mafic compositions 
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(l) Extrusive type: basalt 

(2) Hypabyssal type: gabbro 

b. Ultramafic compositions 

(l) Hypabyssal types: peridotite, etc. 

c. Silicic compositions 

(l) 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. 

A. l. l Consolidated Rocks 

A.l.l. l Mafic Compositions 

Rocks of mafic composition, i.e., basalts and gabbros, are ex-
tremely abundant in the lower part of the earth 1 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 moderate 
distance beneath the lunar surface and would now be exposed in crater walls 
or as blocks blown out from impact or volcanic explosion craters. 

A-2 



Basalt 

Basalts are dense, dark colored, holocrystalline (glass-free) 
rocks. They commonly exhibit one of three textures; intergranular, 
ophitic, or porphyritic, Pronounced linear or flow structures are usually 
at a minimum. 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 
900 ft. 

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 magnetite, ilmenite, apatite, quartz, and basaltic glass. Character:-_ 
istic alteration products, apparently caused by high temperature solutions, 
include the formation of serpentines at the expense of olivine and clinopyr.-
oxenes,a type of alteration called saussurite, which is a fine grained 
mixture of zoisite, epidote, albite, and calcite; and the formation of zeo-
lites in cavities and cracks. 

The chemical composition of the more abundant types of basalt 
are presented in Table A-1. 

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 A-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. 

A-3 



1 3 4 s 6 7 8 9 

Si02 
Ti0

2 
Al 02 3 
Fe o

2 3 
FeO 

48.36 

I. 32 

16.84 

z.ss 
7.92 

48.4 

1. 8 

15.5 

2.8 

8.1 

50.83 

2. 03 

14.07 

2.88 

9.06 

45.78 

2. 63 

14. 64 

3.16 

8.73 

47.0 

3. 0 

15. 1 

3.7 

8.1 

49.06 

1. 36 

15. 70 

5.38 

6.68 

50.68 

. 45 

17. 64 

.26 

9.88 

51.86 

I. so 
16. 40 

2.73 

6.97 

49.0 

14. s 
3.8 

9.1 

MnO . 18 .17 .18 . 20 . 2 • 1 s . 18 

MgO 8.06 8.6 6.34 9.39 7.9 6.17 7.71 6.12 8.9 

GaO 11.07 10.7 10.42 10.74 10.9 8. 95 10.47 8. 40 11. S 

2. 26 2. 3 2. 23 2. 63 2. 7 3. 11 1. 87 3. 36 2. s 
. 56 . 7 . 82 . 95 1. 0 1. 52 . 24 1. 33 . 7 

. 64 . 7 . 91 . 76 1. 62 . 48 . 80 

. 24 • 27 . 23 . 39 • 3 . 45 . 09 . 35 

TABLE A-1 

REPRESENTATIVE ANALYSES OF MAFIC COMPOSITION 

Basalt and Gabbro 

* 1 - Average gabbro (160 analyses), Nockolds, #I, p. 1020 (Ref. S) 

2 - Average mafic igneous rock (637 analyses), Nockolds, #V, p. 1032 (Ref. S) 

3 - Normal tholeiite basalt (137 analyses), Nockolds, #VII, p. 1021 (Ref. S) 

4 - Normal alkali basalt (96 analyses), Nockolds #IX, p. 1021 (Ref. S) 

S - Average Pacific olivine basalt, Poldervaart, #22, p. 134 (Ref. 7) 

6 - Average basalt, Daly 

7 - Average Stillwater 11magma 11 (border zone), Hess, p. 152 (Ref. 3) 

8 - Average diorite (50 analyses), Nockolds, #I, p. 1019 (Ref. S) 

9 - Eclogites (34 analyses), Poldervaart, p. 136 (Ref. 7) 

* References in this Appendix are listed in Section C. 1. 4. 

A-4 



A.l. 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 produced in the lunar crust where great thicknesses or basaltic 
magma have poured into deep craters such that subsequent crystallization 
has been extremely 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, ln-
cluding olivine, orthorhombic pyroxenes, and monoclinic pyroxenes, 
Some rock types contain only one major mineral. For example, the 
dunities 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 is usually present in small amounts. Occasion-
ally, layers composed almost entirely of such plagioclase are found 
associated with ultramafic rocks. These plagioclase-rich rocks are 
the anorthosites. 

The common altetation 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 wh1ch 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 A-2. Also included 
is a serpentinite composition and a peridotite nodule found in a larva flow, 
which Hess suggests may be a fragment brought up by the lava from the 
peri dati te of the earth 1 s mantle. 

A. 1. 1, 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 rhyodacites 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 sadie 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 in 
Table A-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 
granular texture. 
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TABLE A-2 

REPRESENTATIVE ANALYSES OF ULTRAMAFIC COMPOSITIONS 

1 2 3 4 5 6 7 8 

SiO 
2 

T·o 
1 2 

43. 8 

1.7 

47. 23 

o. 12 

52. 33 54. 68 

.11 

43. 54 

.81 

40. 16 

.20 

35. 48 44. 35 

. 14 

AI 0
2 3 

Fe 2o3 
FeO 

6. 1 

4. 5 

8. 7 

4. 82 

2. 94 

6. 54 

3. 54 

2. 61 

5. 34 

1. 80 

. 50 

9. 19 

3. 99 

2. 51 

9. 84 

. 84 

1. 88 

11. 87 

1. 14 

13. 75 

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 1 o. 1 2. 44 10. 29 2. 22 3. 46 . 75 . 29 2. 55 

Na o 2
K o 

2
H 0 2

P205 

0. 8 

o. 7 

o. 6 
o. 3 

. 19 

. 02 

5. 40 

. 01 

. 43 

. 35 

1. 05 

. 06 

. 04 

. 03 

. 51 

. 02 

• 56 

. 25 

. 76 

. 05 

. 31 

. 14 

. 44 

. 04 

13. 42 

. 20 

. 01 

. 09 

. 02 

Cr o2 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 - Aver age 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 A-3 

REPRESENTATIVE ANALYSES OF SILICIC COMPOSITIONS 

1 2 3 4 5 6 7 8 

Si0
2 

73. 66 74. 57 72. 31 74. 04 72. 08 66. 88 66.4 68.9 

Ti02 
0. 22 o. 17 . 42 . 18 . 37 . 57 . 6 . 5 

Al 0
2 3 

13.45 12.58 10. 88 13. 19 13. 86 15. 66 15.5 14. 5 

Fe 0
2 3 

1. 25 1. 30 2. 92 1. 35 . 86 1. 3 3 1.8 1.7 

FeO o. 75 l. 02 2.42 1.01 I. 67 2. 59 2. 8 2. 2 

MnO o. 03 . 05 . 14 . 04 . 06 . 07 . 1 . 07 

MgO 0. 32 . 11 . 16 . 32 . 52 1. 57 2. 0 1. 1 

CaO 1.13 .61 . 68 1. 19 1. 33 3. 56 3. 8 2. 6 

Na 0 2 2. 99 4. 13 5. 17 3. 88 3. 08 3. 84 3. 5 3. 9 

K 0 
2

5. 35 4. 7 3 4. 42 3. 75 5. 46 3. 07 3. 3 3. 8 

H 0 
2

0.78 .66 . 45 . 77 . 53 . 65 .6 

P205 o. 07 . 07 . 03 . 03 . 18 . 21 . 2 . 16 

Rhyolites - Granites 

1 - Average calc -alkalic rhyolite, Nockolds #II, p. 1012 (Ref. 5) 

2 - Average alkali rhyolite, Nockolds #IV, p. 1012 (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 20%, orthoclase - over 40o/o, and biotite or hornblende 
5-15o/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 A-1 summarizes the variation in oxide percentages con-
tained in average silicic, mafic, and ultramafic rocks. 

A. 1. 2 Unconsolidated Rocks 

A.l. 2. 1 Impact Ejecta 

A blanket of impact ejecta is probably the most abundant rock 
material on the moon'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 present 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 
A-4. 

Seventy-five per cent of all meteorite falls on earth show a 
chondrite composition. The mineral composition of chondrites is as 
follows: 
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Figure A-1 Diagram to Show Variations in Oxide Percentages 1n 
Average Silicic, ~afic, and Ultramafic Rocks 
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TABLE A-4 

REPRESENTATIVE ANALYSES OF METEORITES AND TEKTITES 

I 2 3 4 5 6 

Si02 
38. 29 27. 31 47. 60 17. 05 

Ti02 . 11 . 10 . 43 . 00 

Al
2
o

3 
2. 72 2. 31 13. 01 . 38 

FeO 11. 95 20. 06 16. 56 6. 65 

MnO . 26 . 17 . 47 . 08 

MgO 23. 93 19. 00 8. 46 19. 83 

CaO 1. 90 2.03 10. 18 . 28 

Na
2
o . 90 . 54 . 43 . 07 

K 20 . 10 . 05 . 06 . 03 

H 20 . 27 13. 23 . 61 ---
Cr

2
o

3 
. 37 . 39 . 36 . 68 

P205 . 20 . 27 . 09 ---
NiO --- 1. 56 --- . 29 -- -- -- --
Total silicate 81. 00 87. 02 98. 27 45. 34 

Fe 11. 65 . 00 1. 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 1. 18 54. 05 

FeS 5. 89 8. 58 . 56 . 53 1. 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 

1. 93 5. 32 

--- ---
1. 59 2. 15 

2. 13 2. 42 

. 37 1. 43 

3. 60 2. 15 

. 02 . 20 

--- ---
--- ---

--- ---

Tektites 

- Ordinary Chondrites (1 00 analyses) 

2 - Carbonaceous Chondrites Type II (8 analyses) 

3 - Eucrites (13 analyses) 

4 - Pallasites (10 analyses) 

5 - Medium Octahedrites (92 analyses) 

6 - Hexahedrite s ( 34 analyses) 

7 - Moldavites 

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- 12o/o, olivine - 46o/o, hypersthene pyroxene - 2lo/o, 
diopside pyroxene - 4o/o, plagioclase - 11 o/o; 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 eucrite s are composed of pigeonite pyroxene, augite pyroxene, plagio-
clase (30-35o/o), 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 me-
tallic nickel iron. The most abundant silicate is olivine. The iron mete-
orites or siderites average about 98o/o metal. The tektites are composed of 
glass with a composition similar to siliceous obsidian. Tektites are char-
acterized by high silica (about 70o/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 fragments 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. 

A. 1. 2. 2 Pyroclastic Material 

Pyroclastic materials are those thrown out in a fragmental con-
dition by volcanic eruption and include such materials as dust, ash, and 
cinders. 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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A. 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 in-
clude 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. 

A. 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 escaping. 

The gases associated with basaltic lavas and magmas may be rep-
resented by the gases analyzed at the Kilanea 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 99% of the gas, but appreciable amounts 
of carbon dioxide, hydrochloric acid, hydrofluoric acid, hydrogen sulfide, 
and nitrogen were present 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 H2S escaped 
into the atmosphere. The incrustations or fine- grained mineral deposits 
around the mouths of fume roles 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;. molybdenum, 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 A- 5. 
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Vol. % Wt.% 

67.68 45. 12 

12. 71 20. 71 

0. 67 0. 69 

0. 75 Hz o. 06 

7. 65 N2 7.93 

A 0. 2 0. 30 

so 7. 03 2 
16. 67 

1. 04 sz 2. 47 

so 1. 86 
3 

5. 51 

CI 0. 41 
2 

0. 54 

2 
GASES IN VALLEY OF 10,000 SMOKES

H 0 99. 66 2
C0 o. 097 

2 
0 o. 002 

2 
co trace 

CH o. 015 
4 

H S 0. 029 
2

N and A o. 041 
2 

HCI o. 117 

HF 0. 032 

trace B205 

TABLE A-5 

MEASURED CONCENTRATIONS OF GASES 

GASES AT KILAUEA LAVA LAKE 1 

1By Shepherd as quoted in Ref. 4, p. 140. 
2

By Zeis (Ref. 1 ). 
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A. 2 PHYSICAL AND ENGINEERING PROPER TIES 

Physical and engineering property data were collected from 177 dif-
ferent samplings of the fundamental rock types that are outlined in Appen-
dix A. 1. Data on approximately 1550 specimens were tabulated. Proper-
ties included in this tabulation were: 

1. 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. Scleroscope 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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APPENDIX B 

REQUIRED ACCURACY OF GEOPHYSICAL MEASUREMENTS 

B.l INTRODUCTION 

This appendix coordinates the magnitude and scale of lunar features 
and geophysical problems so that workers can balance the factors of safety, 
field efficiency, instrument reliability, station spacing, and measurement 
accuracy consistent with the various scientific objectives of the lunar mission. 

The precision of geophysical measurements should be compatible with 
the scale of the geological problem (see Table 5-l, Section 5). The practi-
cality of relaxing the survey standards for reconnais sauce surveys is common-
ly overlooked on earth prospects. The extremely precise instruments that 
are available off-the-shelf have been designed to solve economically 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. Table 5-2 gives 
an example of the accuracies required of geophysical measurements for 
different magnitude problems. 

In Figure B-1, the resolution of magnetic anomalies is compared with 
variations of station spacing, ranging from a continuous measurement (lower 
curve) to a station spacing of one measurement per 3000 ft, spaced over a 
distance of some 19,000 ft. A statement as to which of these station spacings 
is "best" cannot be made without first defining the nature of the anomaly to 
be delineated. The upper curves, having spacings of 1500 or 3000 £t 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 1000-ft 
dimension is sought, then any station spacing greater than 500 £tis inade-
quate. 

The examples of station spacing combined with measurement accuracy 
are shown in Figure B-2. The figure shows, on the left, the Kepler MOLAB 
traverse overlaid on an actual gravity map of the southeastern Sierra Nevada 
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STATION SPACING 900 M (3 1000 ft •) 

4 

STATION SPACING 450 M (1,500 ft.) 

3 

(500ft.) 

2 

60 M SPACING 

1 

UNITED MoMag TOTAL INTENSITY -- CONTINUOUS RECORDING 

1, 000 METERS 

Figure B-1 Comparison of Resolution With Station Spacing 
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Note that the closer station spacing shows the location and correct 
magnitudes of the regional gravity anomalies much better than 
the more "accurate .. measurements at scattered stations. 

Basin Structures ultern Front Sierra Nevada, California 

D PLEISTOCENE 
VOLCANICS 

D PRE-PLEISTOCENE. 

D - VOLCANICS 
TERTIARY 
SEDIMENTARY ROCKS 

0 GRANITOID ROCKS 

Q METAMORPHIC ROCKS 
L___L___!_~~~LL--_L_---:-:-:~-;---------'35"00' 35~g015' 117"45' 117°30' 

Map of Bouguer gravity anomaly; 1,000 mgals have been added to all gravity values. 
GRAVITY RESULTS GRAVITY RESULTS 

tf 10 MILLIGAL ACCURACY 0.01 MILLIGAL ACCURACY 
MOLAB LUNAR TRAVERSE OVERLAIN ON 3-MILE (SKM.) STATIONS MAIN TRAVERSE STATIONS 

(.).) CALIFORNIA GRAVITY MAP ALONG TRAVERSE ONLY 

Figure B-2 Gravity Results vs Station Spacing vs Accuracy 



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 10-mgl contour intervaL 

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 traverse and precise readings only where there 
is time to make detailed surveys at the main stations. Several different 
types of special compact and rugged instruments will be needed for the moon 
projects in order to make the best possible compromise between difficult 
field problems, and the minimum accuracy compatible with the scope of the 
various geologic problems. 

In the following section of this appendix, a theoretical development 
is made of the factors of station spacing and measurement accuracy, so 
that an analytical tool will be avialable to make the optimum selection of 
these two factors. 

B. 2 SAMPLING THEORY APPLIED TO GEOPHYSICAL MEASUREMENTS 

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 map 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 { GJ i an integer, over a line L 
or area A, and a set of coordinates at which each G. was measured what are 

1 
the minimum and maximum sized anomalies that can be detected and what 
is the relationship between the accuracies of the geophysical parameter, 
position, and sampling density? In developing answers to the above questions, 
the basic strategem will be to develop, in a semirigorous fashion, some 
important results for periodic functions of a single independent variable. 
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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. 

B. 2. 1 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 fm, 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 O<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 may be expanded in a Fourier series: 

with 

e = 

m 
f(t) = l/2a

0 
+ L: (an cos ne + bn sin n9) 

n==l 

2 rrt 1 
=Zrrft f =-T o' o T 

r equivalently in complex notation 

+n 
f(t) == L: m c exp(in w t), 

-n n o 
w = 2 rrf = 

0 0 
m 

2rr 
T 

(B-1) 

(B -2} 

n 

o

It is assumed that the maximum frequency f corresponds exactly to one 
m 

of the harmonics off ; L e., f = n f , nm an integer. o m m o 

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

0 
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Suppose we select equidistant sampling points along L We thus 
have a set of function values { f{tm)}where tm= rn8, 8 = T /N, and N = 2fm T + 1. 
When the above sample points are known, the original function can be con-
structed as 

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

g{t) - 1 for t = 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: 

Therefore 

Sln {Nw t/2) 
0 

g(t) -----
Nsin {w t/2) 

0 

+n 
N 

+n 
1 m 

= N B exp{ -inw t) -n o 
m 

1 m 
f{t) = -:- B 

N -n m 
B f me xp [ -in w 

0 
{ t - m 8) ] 

m=l 

{B-4) 

(B -5) 

Comparing Equation B-5 with the complex equivalent to Equation B-1 gives 

1 N 
c = -- B f exp{ -inm w 8), 

n N m=l m o 
{B- 6) 

an equation which directly relates the Fourier coefficients c to the sampled 
n values f 

m 

Thus, it has been shown that a function f{t) extending over an interval 
T and having a highest frequency component f is completely determined by 

m 
N = 2f T + 1 sample points taken at regular intervals of T / N. An important 

m 
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corollary of this is that having sampled a function f(t) over an interval T at 
T /N regular intervals, the smallest component of the function which can be 
resolved is f = (N-1)/2 T. This result is known as the sampling theorem for 

m 
functions 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 a 2 be the period in the 
y direction. The function can be expressed in a double Fourier series 

where 

f(x, y) = !: ck, p_ exp 2rri(kbx + p_ by) 
k;£ 

b
1 

= l/a
1

, b
2 

= l/a
2

, k, p_ integers. 

(B -7) 

The Fourier coefficients are determined by the following integrals: 

al bl 

c =1/aa \ \ f(x,y)exp[-2rri(kb1x£b
2
y)]dxdy. 

k, p_ 1 2 ~ ~ 
(B- 8) 

It is evident from Equation B-7 that there are 

components of f(x, y) where p
1 

and p
2 

are maximum frequencies in the x 

andy directions respectively. Assuming a
1
p

1 
and a >>1, then 

2p2 

(B- 9) 

The product a 1a
2 

may be interpreted as the area A of a region 
being sampled. Assuming p

1 
= p

2 
= p, then Equation B-9 becomes 

(B-10) 

p corresponding to the sampling period l:sx and in fact l:sx = 1/p. 
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Therefore, Equation B-10 becomes 

N = 4A/(~) 2 = 4A/ M. (B-11) 

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

~X 
2L 

(B-12) 
IN 

Equation B-11 states the extension of the sampling theorem to a 
function of two independent variables. The results of the two sampling 
theorems are summarized in Figure B-3. 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 20 evenly spaced locations (i.e., every 0. 5 km), 
the smallest anomaly which could be resolved would be 1 km. Similarly, 
to resolve the same size anomaly in two dimensions (e. g., a square area 
10 km on a side) would require 400 equally spaced samples. 

Another interesting observation can be made from Figure B~3. If 
the asymptotes of the two curves are extended to the N = 1 axis, they are 
seen to intersect at ~x/L = 2. Thus, a limiting value which might be assign-
ed to the largest anomaly detectable would be twice the length of the area 
or line under investigation. This result would be expected to be independent 
of the sampling density and will be shown to be a consequence of another 
important theorem of sampling theory: the uncertainty principle, which is 
described in the following section. 

B. 2. 2 Uncertainty Principle 

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

~v T > 1 (B-13) 

Consider a pulse function such as that defined in Equation B-4. It is a short 
symmetrical pulse with maximum amplitude at t = 0, maximum spectral 

B-8 



10 

r.l- f--A¥A z .... 5 
...:1 l\. 
gj 1\. 
8 LINE 
t.. 
0 

\ 
8Q 

:2~ 
80. l.O 
0~ 

~ 'I' 
I' ~ 

8Ul "' 
~" 

"' 
>< 
<0 
-"' r.l 

z 
...:1 

.... ~ 0.5 
r.l .... I 

L' 
"'it\ "' :""' 

:z: - lil 
8 

"' 
<.!) N 

...:1 
- z ~ I...;; to-

~ .... I' I:-
r.l 
z 
...:1 e. ' \ 
~ ~ ...:1 ..... ;SYMPTOTES 

~ < >< ~ 
0. a: 1 

~ < 0 <l """ 
..; gj 

8 o.o 

' 
5 

t.. 
0 
0 .... 

"' 
" 

8 

<:! 

0.0 1 
1 5 10 50 100 "' 500 1000 

MINIMUM NO. OF SAMPLES 

Figure B-3 Minimum Number of Samples Required to 
Define a Line or Area 

; 

l 
' 
) 

B-9 



I f( o) I · T2 = S lf(t)l dt ?_IS f(t) dt I ::;: I C(O) I (B-16) 

-00 -00 

and similarly 

+oo +oo 

C(O) !::,v 2 =S C(v) dv > S C(v) dt I = f( 0) (B-17) 

-00 -00 

intensity at v = 0, and real amplitude C(v) in the Fourier spectrum. The 
following definitions for !::,.v 

1 
and T 

1 
will be seen to be consistent with Equation 

B-13: 

where 

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

nominal duration 
_oo 

+oo 

C(O). t::,.v 1 = s C(v) dv, t::,.v
1 

nominal bandwidth 

-00 

+oo 

C (v) = S f(t) exp ( -i2rrvt) dt. 

-00 

(B-14} 

(B-15) 

+oo 

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

C(O) f(O) 
T 1 = f ( 0 ) ' !::,v 1 = C ( 0 ) ' and t 1 !::,.v 1 = 1 

These definitions g1ve an equality instead of the desired inequality of 
Equation B-15. However, consider the following modified definition: 
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These definitions give 

and hence 

T 
2 

!::::.v > T !::::.v = 1 , 2 - 1 1 

which is the desired relationship. 

Since !::::.v = 2 fm where fm 1s the maximum frequency component of 
the function, Equation B-13 can be rewritten as 

2 f T>l. (B-18) 
m 

Two corollaries are immediately obvious from Equation B-18: 

Corollary 1. A pulse function having a period T 0 (and 
hence pulse repetition rate f 0 = 1/T0 ) has no 
frequency components less than 1/2 f , 

0 

Corollary 2. The period T of a pulse function having a 
0 

maximum frequency f must exceed 1/2 T 
m m 

where T = 1 / f . m 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 2, cannot exceed 2L and still be detected. Thus, 

x max> 2L 
and therefore 

y max~ 2L 
(B-19) 

which gives 

2 
x y < 4L or !::::.A < 4A max rr1ax - max - o 
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2 where 6A = x y and L = A . The area of the largest anomaly which 
max max o 

can be detected is therefore less than 4 times the area of exploration. 

B. 2. 3 Position and Parameter Accuracy vs Sampling Density 

Given a geophysical parameter gradient oG I ox along a line, the 
equivalent error iSx. in position is 

6G 
oG 

=- iSx. OX (B-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 iSx. of our position measurements, then the following relationship 
exists: 

6G 
oG 2L 
OX N 

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. 

B. 2. 4 Sampling Theory Applied to Gravity Measurements 

Typical Bouguer anomaly values and gradients encountered in the 
field were used together with Equation B-21 to obtain Figure B-4. ':' If a 
line of length L has been sampled at N evenly spaced locations, this implies 
that 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 6G = 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. 

':'Except for the numerical ranges involved, Figure B-4 is perfectly general 
and could be interpreted for any geophysical measurement. 
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APPENDIX C 

A REVIEW OF LUNAR MAGNETISM AND SOME APPLICATIONS OF 
LUNAR MAGNETIC MEASUREMENTS 

by 

Dr. Z. F. Danes 
University of Puget Sound 

Tacoma, Washington 

C. 1 GENERAL THEORY OF THE LUNAR MAGNETIC FIELD 

Like its terrestrial counterpart, the lunar surface magnetic field, if 
there is any, may be expressed as due to: 

1. Internal Field -magnetic poles or current loops entirely within 
the lunar body 

2. External field - magnetic poles or current loops entirely outside 
the lunar body 

3. Nonpotential field - current systems entering the lunar body in 
one place and leaving it in another. 

This is,basically, Adolph Schmidt's (1889, 1895) famous theory of geo-
magnetism. It is actually the only improvement upon Gauss's (1839) 

11 Allgemeine Theor:i_e des Erdmagnetismus, 11 where only the first component 
was considered. 

Components 1 and 2 can be derived as a gradient of a scalar magnetic 
potential (Bronwell, 1953, p. 247, 314). 

co n 
'::-· \ -n-1 n m 

V = \ ) (a r + b r ) cos m ( tjJ-tjJ ) P (Cos e ) 
t. u m, n m, n m n (C -1) 

n=1m=O 
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that satisfies Laplace's equation 
1 v zv = _l_ ~ ( r 2 a v ) + 

2 or \. or 2 
r r Sln E) 

+ 
l 

2 • 2£'> 
r s1n o 

( . av) sm 8 ae 
(C -2) 

= 0 

Only the P~ associated Legendre polynominals have to be considered; 
the Q~ have a singularity at the axis, and can therefore be neglected when-
ever the field has finite values at the axis. The tVm are constants. 

From surface data alone, the coefficients am, n and bm, n can be deter-
mined by making use of the orthogonality of the trigonometric functions and 
of the associated Legendre polynomials. However, the expension is not 
unique: we cannot distinguish between the internal {am, n) and external (bm, n) 
fields without making additional assumptions or taking additional data at 
different elevations. 

Gauss (1839) assumed that the external and nonpotential fields of the 
earth were zero, and subsequent observations found him right to within 
one percent. 

The internal field is responsible for the main component and its secular 
variation. 

The external field of the earth is due to electric currents in the ionosphere 
and magnetosphere: their variation is responsible for the major part of diurnaL, 
lunar, and yearly variation, as well as for the various perturbation fields. 

The nonpotential field was a source of heated controversy between 1889 
and 1939, in which the names of Adolph Schmidt (1889, 1895, 1898, 1918, 
1924-5, 1939) and Louis Bauer (1897, 1904, 1920, 1923) play the main part. 

The evidence for such a nonpotential field comes from contour integra-
tion of the B field a long a closed line: 

<j> B· d £ = 1.1. 2, 
0 

where Is the total current through the loop of integration. 
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It is now believed that, on the earth, the vertical earth-air currents 
do not exist, and that whatever evidence there was for their existence came 
from observational errors. On the moon, however, such current systems 
may exist. 

Now, having established what the physical and mathematical properties 
of a lunar magnetic field would be, we have to raise the question, doesthe 
moon possess a magnetic field at all? (Kopal, 1959). 

C. l. l Evidence for a Lunar Magnetic Field 

To date, there are only two direct bits of information pertaining to 
the existence, or otherwise, of a lunar magnetic field: on one hand, Do1gi-
nov, et. al. ( 1962) report that the lunar surface field does not exceed 100 
gamma; on the other, Ness et. al. (1964) find a variation in the Imp 1 (Ex-
plorer 18) magnetograms that may be interpreted as a hydromagnetic shock 
wave generated in the solar wind impinging on the lunar magnetic field. 

Former results have been dubbed as meaning that there is no lunar 
magnetic field; latter, that there is one. 

Either interpretation oversimplifies the matter and may be incor-
rect. Dolinov et. al. ( 1962) only report that in the vicinity of the moon 
there is no evidence for the sinusoidal variations that they observe near the 
earth, but they agree that their Y -component does show a systematical in-
crease of negative values. Neugebauer (1960) has shown that the solar 
wind may- so to speak- push a quite strong magnetic field into the lunar 
body, so that a space probe hitting the moon on the sunlit side, as did the 
Russian one, may miss the field, while a probe at the opposite side may 
have discovered one. This may account for the phenomena described by 
Wehner et. al. (1963) and Kopal and Rackham ( 1964). 

Likewise, Aronowitz and Milford ( 1965) derive a similar model for 
a compressed magnetic field at the sunlit side; nevertheless, they do not 
believe that such a compression must result in an exposure of the bare 
lunar lithosphere to solar charged particles. According to their results, 
even a lunar field of a magnetic moment of 5 x 1 o-5 times that of the earth 
would be sufficient to hold a fast solar wind of 900 km/ sec at a distance of 
100 km from the lunar surface. 
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Again, Michel ( 1965) doubts; Ness 1 s et. al. ( 1964) applicability of 
Hida 1 s (1953} numerical results on detachment of shock waves and shows 
that even if such a shock wave were present, Imp 1 could not have detected 
it. 

The wealth of papers on the existence or otherwise of the lunar mag-
netic field thus indicates that no definite agreement on the subject matter 
exists in the scientific community and that, pending better experimental 
results, speculation and intelligent guesswork is the best we can do. 

If, in the future, it is established that there is no lunar magnetic 
field, we may wonder why this is so, but the rest of this study, except for 
Section C. l. 5, will be pointless. 

If, on the other hand, at least some magnetic fields are found on the 
moon, they will be of paramount importance, for the purely academic in-
terest as well as for their practical exploitation. 

To make man ready for those alternatives is the purpose of the pres-
ent communication. 

C. l. 2 Possible Origin of the Earth 1 s Magnetic Field 

Our guess as to the presence or absence of a lunar magnetic field 
would be much more intelligent if we had a satisfactory understanding of 
the origin of its terrestrial counterpart. This, unfortunately, we do not 
have. 

Geomagnetic theories may be roughly divided into five categories, 
according to the nature of the phenomenon the proponent deems most signifi-
cant. Only the more modern work is reviewed here: 

C. 1. 2. 1 Dynamo Theories 

Original works of Schuster, Elsasser, Chapman, etc. were re-
viewed and supplemented by Inglis (1955). Of more recent papers on the 
subject, see e. g. Namikawa ( 1961 ). Those theories place the origin of the 
field in earth 1 s rotation and conductivity. A conductive, nonmagnetic ro-
tating body would be magnetically unstable: a spurious triggering field would 
excite itself and build up by rotation to a considerable equilibrium value. 
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Lowes and Wilkinson ( 1963) recently added credence to such theories by 
their laboratory experiments. 

C. 1. 2. 2 Remanent Field Theories 

Probably the oldest category (Gilbert, DeMagnete, 1600), was re-
jected after Curie's (1895) work, but have been revived recently by Weiss 
( 1963) who predicts a new high pres sure phase of iron in the inner core. 
This phase would have two of the 3p "argon core" electrons transferred to 
the "3d - 4s" bands. Its Curie point would be about 5500°K, so that in the 
earth's inner core a considerable amount of remanent magnetization may 
be present. This theory gives a very reasonable quantitative agreement 
with observations. In this connection, it is of interest that Aldredge (oral 
communication), expanding the earth's main magnetic field as a sum of a 
minimum number of dipoles, rather than an infinite series of orthogonal 
functions, comes to the conclusion that those dipoles must be at the inner 
core- outer core boundary. 

C. 1. 2. 3 Plasma Theories 

The principal proponent is probably Chatterjee (1961 ). Postulating 
a semiconductor effect of the mantle, he shows that subsequent magnetic 
storms may have a cumulative effect upon the rotating conductive earth's 
core, so that the field has been "whipped" to its pre sent value in the distant 
geologic past and kept in that magnitude by the solar activity. Criticism of 
the model was raised by Price (1962), and developed into an extended argu-
ment between the two authors; and by Fehlhaber (1963). Both find the plasma 
fields too insignificant for the effects assumed by Chatterjee. 

C. 1. 2. 4 Relativistic Theories 

Proposed connections between gravity, rotation, and magnetism 
have been appearing in the literature for about half a century. Recently 
the problem was reanalyzed by Aslanyan ( 1960). As the pre sent writer is 
no authority on general relativity, he does not feel qualified to comment on 
the merit of the above paper and takes the author's results at face value. 

C. 1. 2. 5 Precession Theory 

The only paper on this subject, as far as the pre sent writer can 
tell, is that by Malkus (1963), who derives stresses in the mantle from 
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Euler's equations for the free rotation of various layers of the earth. Those 
stresses are relieved by a flow field in the yielding earth, and the flow re-
sults in the magnetic field. 

C. 1. 3 Applicability of Geomagnetic Theories for the Moon 

Of the above theories, those of Sections. C. 1. 2. 1, C. 1. 2. 4, and 
C. 1. 2. 5 are not applicable because of the moon's small mass and slow ro-
tation. Those of Sections C. 1. 2. 2 and C. 1. 2. 3, on the other hand, may 
apply, and so may three other ones discussed below. 

C. 1. 3. 1 Remanent Fields 

If lunar rocks are akin to terrestrial igneous rocks, they can be 
magnetized to a considerable degree. The question then is, did they have 
any opportunity to get magnetized on the moon? And if so, did they retain 
their magnetization? The answer to the first question is in the affirmative. 
There is good evidence that perhaps the entire moon, or at least the lava 
flows (Baldwin, 1963, pp. 333-340; 406; 428 Urey, 1952, pp. 22; 27; 30), 
were at one time molten, then cooled down in a rather brief time. As the 
Curie point of just about all substances is below the melting point (Curie, 
1894; 1895; Cleaves and Thompson, 1935, pp. 101; 103; Burgess and Aston, 
1913), but well above the mean temperature of the lunar body (Shorthill, 1962), 
the materials must have pas sed through the Curie point in the course of 
cooling. If, at that time, the material had been exposed to an incidental 
external field- say, from a solar plasma burst- that field got trapped in 
the material and subsequently increased (Cleaves and Thompson, 1935, 
p. 224) by one-to-two orders of magnitude. As interplanetary fields may 
be of the order of 10 gamma (Ness et. al, 1964), lunar fields of the order 
of a few hundred gamma may be expected. This is well within the limits 
imposed by Neugebauer ( 1960) and in reasonable agreement with Jastrow' s 
(1960) estimate; it is large compared with the limits of Dolginov eL al. (1962) 
but we must not forget that their analysis pertains only to lower harmonic 
fields, in particular the dipole; high multipoles, such as are to be expected 
in the cooling rocks, will decay with altitude according to Equation C-1. 
Dolginov' s ( 1962) last information came from an elevation of 55 km above 
the lunar surface, (not from 1 km1 as believed by Neugebauer, 1960) so 
that an area of magnitude "E" (lO'±km2 ) may be magnetized to 300 gamma, 
yet the value observed by the Russian probe would be within 10 gamma. 
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C. 1. 3. 2 Induced Fields 

Another mechanism for the development of a remanent field was 
considered independently by Vestine (1957) and Baldwin (oral communica-
tion): if it is true that the moon at some time was closer to the earth than 
it is now, it may have been in the geomagnetic field and thus been magnet-
ized. Magnetization from this latter cause would probably be more uniform 
than that by stray fields of solar plasma blobs, and may even reveal some 
information on lunar rotation and revolution in the distant past. 

Now there is the second question: even if the moon did get magnet-
ized, has it retained the field to this day? 

Here we are ignorant. Magnetization of terrestrial rocks seems 
to have retained orientation over a period of about 3 x 108 years, but this 
is less than one tenth of the estimated age of the moon (Urey, 1952). The 
question may not be settled until lunar magnetic data have been secured and 
analyzed. Again, as before, a major part of this report is based on the 
assumption that the lunar magnetic fields do exist. 

C. 1. 3. 3 Fields of Thermoelectric Currents 

It is a well known fact that both thermal and electrical conductivity 
of the lunar surface material is very low. (Senior et. al. , 1962; Fensler 
et. al, 1962). Therefore, it is unlikely that temperature variation during 
lunation would produce enough of a thermoelectric current to be detectable 
by magnetic instruments. 

On the other hand, Shorthill, (1962) has shown considerable varia-
tion in thermal conductivity associated with recent craters; and Kozyrev's 
(1959) results seem to indicate the possibility of some internal activity in 
the lunar body. It is thus conceivable that in the vicinity of anomalous fea-
tures, thermoelectric currents may be appreciable, and at some time, may 
have even been triggers to the magnetization of lunar rocks when their tem-
perature was near the Curie point. (See Sections C. 1. 3. 1 and C. 1. 3. 2. ) 

C. 1. 3. 4 Fields Due to Currents of Chemical Origin 

Such fields, on earth, are associated with water saturated rocks. 
In principle, rocks of different chemical composition act as electrodes; 
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the formation water, as the electrolyte. Whether or not similar situations 
may exist on the moon is questionable; yet the possibility cannot be dis-
missed. 

C. 1. 3. 5 Fields of Photoelectric Origin 

One half of the lunar surface is exposed to solar radiation; the 
other one is in the shade. The entire moon is immersed in the highly con-
ductive plasma of the solar wind. It is thus conceivable that a continuous 
electronic current would be leaving the sunlit hemisphere, pass around the 
terminator through the plasma, and deposit the negative charge on the dark 
side. Such a current system would result in a clockwise, nonpotential, 
magnetic field as seen from the sun. 

The magnitude of such a field would depend on the intensity of the 
current; and that, in turn, would depend on the intensity and wavelength of 
the incident radiation; on the photoelectric work function of lunar surface 
material; on the conductivity of the lunar body; and on the conductivity of 
the plasma. The latter is high, and compared with the former can be 
treated as infinite. 

The work function- as far as the present writer can establish-
is unknown; but terrestrial materials (Handbook of Chemistry and Physics, 
p. 2554-2562, Chemical Rubber Publishing Company, Cleveland, 1959) do 
not seem to exceed 7eV; this then means 

hv 

thus 

= h5:. > 7ev 
A. = 

-18 
l. 12 x 1 0 joule , 

A. < 1660 angstrom. 

Approximating the sun as a blackbody at about 5 to 6x 10 3°K, 1660 angstrom 
is a rather short wave; nevertheless the Wien Planck's law indicates that a 
sufficient amount of energy is carried in the radiation above this threshold 
so that, if the moon were infinitely conductive, the photoelectric current 
may be of the order of amps per square meter~ 

Obviously, the limiting factor will be lunar conductivity. Radar 
data (Fensler et. al., 1962, Senior et. al., 1962) show that surface conduc-
tivity is very low, but do not tell us how far down the low-conductivity 
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layer reaches. If more than a few inches, the current will be cut down to 
negligible magnitudes. But even a current density of the order of 1 o- 7 amp/ 
m2 would result in a magnetic field of about 20 gamma, and may thus be de-
tected. 

Moreover, such a field would be of a toroidal type and would be 
oriented in such a direction as to deflect negative charges coming from the 
sun into the lunar body. The gyration radius of a solar wind electron would 
be of the order of a kilometer. In this connection, it would be interesting 
to look for scintillation in the dark hemisphere of the moon, close to the 
terminator. 

C. 1. 4 Data Obtainable from Magnetic Field Measurements 

C. 1. 4. 1 Internal Fields 

If such fields exist, and if their magnitude is of the order of 100 
gamma, their survey will yield data of considerable significance, both 
academic and practical. Among them, let us mention: 

1. Determination of thickness of dust layer 

2. Analysis of unconsolidated crater lips 

3. Analysis of shattered rock in and near impact craters 

4. Analysis of controversial lunar features 

5. Analysis of the internal constitution of the moon. 

Those points are briefly discussed below. 

Determination of Thickness of Dust Layer (Bird' s eye effect) 

Unconsolidated terrestrial rocks are almost nonmagnetic, while 
compact igneous rocks are invariably strongly magnetized. The overall 
magnetization is in the direction of the ambient field, but superposed over 
it is an almost random distribution of fields that give the re suiting field an 
appearance of "white noise". Assuming similar effects on the moon, and 
considering an area of linear dimensions much smaller than the lunar 
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radius, with the surface of the magnetized rock at a depth z below the level 
at which data are taken, we can write Equation C-1 as (Dane~, 1962): 

(C-4) 

where xm and Yn are constants. Here £ and L are of the order of the linear 
horizontal dimensions of the surveyed area; £ /M and L/N are of the order 
of the magnetic "do maine s, 11 of about one micron; am 1 n would be the mag-
nitudes of the harmonic components if data had been taken right at the mag-
netic surface, Z = 0. As long as L/n and £/mare large compared with z, 
the exponential factor in Equation C-4 is close to unity; in other words, 
those components of the field are almost the same as if the measurement 
had been taken right at the rock. However, as m and n increase, the ex-
ponential factor decreases; and when m/ £ and n/ L are of comparable mag-
nitude with z, the harmonic component of the field is reduced to about a 
thousandth of its value. Thus, surveying the area, expressing the field as 
a two-dimensional Fourier Series like Equation C-4, determining the co-
efficients, then finding the exponent that gives the best least squares fit to 
the decrease of the factors 

2 
-2rr 

m 2 n +- z 
L2 

with increasing m and n, will determine the distance, z, between the plane 
of observations and plane of magnetic bodies: i.e., the depth to consolidated 
rock plus the height of plane of survey above ground. This "bird 1 s eye" 
technique is commonly used in petroleum prospecting for the determination 
of thickness of sedimentary rocks, and usually gives results good to within 
I Oo/o, often better. An example of its applicability is illustrated on Fig-
ure C-1, where the sharp magnetic anomalies in the northern portion of the 
map delineate a shallow lava flow in Western Washington, the broad ones a 
deep sedimentary basin toward the southeast. 
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Analysis of Unconsolidated Crater Lips and Analysis of Shattered 
Rock in and Near Impact Craters 

These are similar in principle to the previous method, except that 
the circular symmetry of those surface features calls for a Fourier- Bessel 
expansion (Bronwell, 1953; p. 243): 

(C- 5) 

where ¢m designates angular constants. 

In all three above cases, of course, the expansion will be truncated 
long before 1./ m and L/ n reach the magnitude of one micron: the truncation 
will probably be determined by the spacing of points of observation. 

The technique can be checked on earth, wherever an impact or ex-
plosion crater in igneous rocks can be found. A systematical study of this 
sort is recommended. 

Analysis of Controversial Lunar Features 

The origin of many craters, maria, rays, rills, etc. , is still un-
known and is tentatively attributed to various processes by various writers. 
(Baldwin, 1963; Green, 1962: Kopal, 1962; Urey 1962). One of the strangest 
features is the crater Wargentin, filled to the brim with material that may 
be dust just as well as compact lava. Magnetic data should distinguish be-
tween the two without any trouble. 

Analysis of the Internal Constitution of the Moon 

Just like its terrestrial counterpart, lunar magnetism may reveal 
information on the conditions at which the moon was formed (Vestine, 1957), 
as well as on its present status: even a weak secular variation would strongly 
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corroborate Baldwin's ( 1962) expectation of a convective equilibrium in the 
lunar interior. In this connection, it would follow from Malkus 1 ( 1963) re-
sults that convection must exist if the lunar interior is viscous, even with 
a coefficient of viscosity, v' as high as 10 21 cm2 sec- 1 

C. 1. 4. 2 External Fields 

Those must originate in the plasma of the solar wind and may re-
veal (Jastrow, 1960): 

1. Shock waves originating at the lunar body or magnetic field 
(Michel, 1965; Ness et. al, 1964) 

2. Detached shock waves (Hida, 1953) 

3. Solar wind "pushing lunar magnetic field into the moon" 
(Neugebauer, 1960) 

4. Transient fields of solar plasma blobs generating various 
kinds of geomagnetic perturbations (Gold, 1959) 

5. Shock waves originating at the terrestrial magnetosphere 
(Ness et. al, 1964). 

Of those, the most intriguing is the third idea because, in the 
course of lunation, it should tell us about the depth to the seat of lunar mag-
netization. Specifically, a field of a small, strong, deep source may look 
exactly like that of a large, weak, shallow one (Gauss, 1839), as long as 
it is stationary; but a solar plasma will find it much harder to push in the 
latter than it would the former. In this way, we may even learn something 
useful for analogous speculation on the seat of the earth's magnetic field. 

Points 1, 2, 4, and 5 would reveal pertinent information on the 
solar plasma; yet it is possible that comparable data can be obtained from 
space probes with less difficulty and at a lower cost. 

C. 1. 4. 3 The Nonpotential Field 

As discus sed above, this field would require a charge exchange 
between the moon and the space arount it, as well as a modestly low con-
ductivity of lunar interior. It thus can reveal some information on the in-
terior of the moon. 
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C. l. 5 Man-Made Magnetic Fields 

Unlike the previous sections, this one is valid regardless of the 
presence or absence of a natural lunar field. 

Magnetic fields of this sort would probably be alternating ones only; 
such fields decrease with the inverse distance, and may thus reach con-
siderable depths with a limited supply of energy. On the other hand, steady-
state fields decrease very fast; dipole as an inverse cube, higher multipoles 
even faster, and the penetration of such a field would thus be quite limited. 

Senior et. al. (1962) and Fensler et. al. (1962) find extremely low 
values of permittivity, E, magnetic permeability, v, and electric conduc-
tivity, a-, at the lunar surface. This indicates that the lunar material is 
quite porous, and that electromagnetic waves may propagate through it al-
most like through vacuum. Using a loop antenna close to the ground, we 
may be able to transmit a large amount of electromagnetic energy into the 
ground. Such energy will then travel until it reaches an interface where at 
least one of the above quantities, E, !J., a- increases abruptly; then, the 
energy will be divided between a reflected and refracted component in such 
a way as to satisfy the boundary conditions on the electric and magnetic 
fields. 

The amount of energy reflected is a function of the parameters E, 
p., a- , as well as of the angle of incidence, a, and polarization of the wave. 

If the transmitted frequency is modulated, resonances may appear 
whenever the thickness of the unconsolidated layer is an odd integral multi-
ple of the quarter wavelength transmitted. 

This way, estimates of thickness of "dust" may be obtainable almost 
immediately, and may warn the explorer about hidden crevasses, lunar 
"quicksand," and similar dangers; but it also may reveal subsurface water 
table, ifany. 

An instrument for this purpose may be built and tested in dry desert 
alluvium, like Sahara sand dunes or the Nevada Test Site, where water 
table is at a depth of as much as 1600 ft (Bledsoe, oral communication). 
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C. 2 SYMBOLS USED 

a = coefficient of expansion of internal field 

b = coefficient of expansion of external field 

c = speed of light 

e = electronic charge; base of natural logarithms 

h = Planck's constant 

i = electric current 

k = coefficient of p in argument of Bessel function 

P. = line of integration "wave length" of anomaly in x-direction 

m = summation subscript; order of Bessel function 

n = summation subscript 

r = radial coordinate 

v = volt 

X = coordinate, north 

y = coordinate, east 

z = coordinate, down 

B = magnetic field 

D = electric displacement 

E = electric field 

H = magnetic intensity 
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J = Bessel function 

K = Kelvin 

L = "wave length' 1 of magnetic anomaly in y-direction 

M = upper limit of m 

N = upper limit of n 

P = associated Legendre polynomial, first kind 

Q = associated Lapendre polynomial second kind 

V = magnetic potential 

a = angle of incidence 

= 1 o- 5 gauss 

E = electric permittivity 

e = colatitude 

A. = wavelength of light 

J.L = magnetic permeability 

v = frequency, kinematic viscosity 

lT = 3. 14 . .. 

p = horizontal radial distance 

a- = conductivity 

¢ = easterly longitude 

r = gauss 

\ = 
L 

summation 
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APPENDIX D 

ANALYSIS OF IMPACTOR FOR LUNAR DRILL 

D. I IMPACTOR CONFIGURATIONS 

The purpose of the drill impactor is to communicate a certain amount 
of energy to the drill bit {and eventually to the ground) a given number of 
times per minute, in a more or less violent manner, so as to promote 
breakage of the rock or soil. This can be accomplished in several ways. 
One of the simplest, perhaps, consists of storing the required energy in 
the form of kinetic energy of a moving mass (impactor piston) and letting 
the mass impact against the drill bit, hopefully communicating this energy 
to the bit and eventually to the soil. A number of ways exist in which other 
forms of energy can be converted into kinetic energy of the piston; however-, 
other considerations will limit this analysis to just one energizing method, 
viz., pneumatic actuation. 

Defining the problem more specifically, the task consists of analyz-
ing a compressed gas actuated device, capable of acquiring at least I 72. 8 
kg- em (150 in. -I b) of kinetic energy and releasing it to the soil by impact 
at a rate of 2000 to 3000 cycles per minute. 

The simplest configuration possible would consist of a piston with the 
required valving so that high pressure gas would act on one of its faces, 
thus accelerating it to the required speed. The piston would then impact 
against the drill bit, and the kinetic energy would be transferred to the 
soil. Provisions would have to be made to allow the return of the piston, 
and then the cycle can be repeated again. 

However, if the cycle is going to be performed 2000 to 3000 times 
every minute, it will be necessary to return the piston to its initial posi-
tion rather quickly, so as to shorten the cycle period to the required value. 
If the piston is accelerated to a high velocity in the return stroke, it will 
have acquired a significant amount of kinetic energy which must be either 
dissipated in the drill head mechanism without performing any useful work, 
a wasteful and troublesome situation, or stored in some kind of spring 
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mechanism and returned to the piston on the downward stroke. The se-
cond alternative certainly seems to be the soundest. Thus, an energy 
storage mechanism should be incorporated in the de sign to allow useful 
utilization of the kinetic energy gained in the return stroke. The energy 
saved by this device would not have to be supplied on the forward or im-
pacting stroke. The means of returning the piston could vary, but in 
general, two ways can be considered: (l) pneumatic actuation, and (2) 
spring return. Let pneumatic actuation be considered first. If the piston 
is returned by compressed gas, then the impactor would be essentially a 
double acting pneumatic cylinder, with the consequent double valving re-
quired for operation. One method of simplifying this situation would be 
to impart the full amount of kinetic energy during the return stroke, v se 
a spring or similar device to store it, and release it back to the piston 
when traveling in the oppostie direction. Once the piston strikes the drill 
bit as required, it can be accelereated by the gas once again on the return 
stroke repeating the cycle. This scheme, illustrated in Figure D-1, con-
verts the basic impactor into a single acting cylinder with the consequent 
simplification in valving. It also offers some advantages in cycle rate, 
since the piston tends to travel at a higher average velocity throughout the 
cycle. Its major disadvantage, perhaps, is that, in stopping the piston on 
the return stroke, the change in momentum is rather large. 

The return of the piston by means of a spring offers interesting pos-
sibilities, since even higher average cycle speeds could be obtained. It 
also presents other complications, such as the requirement of special 
means to start the cycle if the piston is in a downward position (the position 
dictated by gravity), and the need of a second spring device. 

Concentrating on the scheme illustrated in Figure D-1 as probably 
the simplest and most practical one, let the various parameters affecting 
the design, the power requirements, cycle rate, flow rates, and other 
characteristics of such a device, be investigated. 

D. 2 IMPACTOR DESIGN 

The over-all design of the lunar drill is heavily influenced by two 
factors: size and weight. The limitations to a 5-cm (2-in.) diameter plus 
the space taken up by the core sampler imposes severe restrictions on 
such things as flow conduits and valves. Since very high gas velocities 
are to be avoided at all costs to reduce excessively high pressure drops, 
it becomes imperative to maintain the gas at a rather high pressure to 
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Figure D-1 Impactor, Single -Acting Cylinder 

D-3 



reduce its specific volume and therefore the need for large flow conduits. 
For instance, if the high pres sure gas is kept at about 84, 3 72 kg/ m 2 (120 
psia) and the low pressure gas at 14,062 kg/m 2 (20 psia), the pressure 
difference available for work is 70, 310 kg/ m 2 ( 100 psi); however, the ex-
pansion ratio is 6 to 1, and therefore the specific volume of the low pres-
sure gas will be about four times larger than that of the high pressure gas. 
This means that the conduits for the low pres sure gas, or return lines, 
would have to be double in size (or four times the area) compared to the 
high pressure gas conduits in order to keep the flow velocity about equal 
in both lines. Therefore, it would be desirable to maintain the low pres-
sure gas at a relatively high pressure, say half the high pressure value, 

2 so that the expansion ratio is kept low. A high pressure of 140, 6 20 kg/ m 
(200 psia) and a low pressure of 70, 310 kg/ m 2 (1 00 psia) would still offer 
a 70, 310 kg/ m 2 (l 00 psia) pres sure difference available for work, but the 
specific volume of the low pressure gas is only about 1. 5 times that of the 
high pressure fluid. This process could be carried to an extreme, making 
both the high and low pressure very high. However, little would be gained 
by it; also, the design of many components would be made more difficult. 
The nominal operating pressures of 140,620 kg/m 2 (200 psia) and 70,310 
kg/ m 2 ( 100 psi a) seem to offer a reasonable performance without the se r-
ious problems introduced by very high pressures. Therefore, the calcu-
lations following will be based on these pressure values; i.e., p

0 
= 140,620 

kg/ m 2 (200 psia) and p = 70, 310 kg/ m 2 ( 100 psia) for the high and low e 
pressure gas, respectively. 

D. 2. 1 Piston Velocity 

Consider a piston of area A being acted upon by a gas of pressure 
p on one side, and a gas at pressure Pe on the other side. If p > Pe• the 
piston will be accelerated by the force F = (p-pe)A, or if its mass is given 
by m, the acceleration rate will be a (p-pe)A/m. 

Let it be assumed that the flow of gas on the high pres sure side is 
controlled by a valve in such a way that high pressure fluid is admitted 
without restrictions for a certain length of the stroke, and then the valve 
closes so that no more enters the cylinder. Since the gas is still at high 
pressure, it will expand until the piston comes to the end of the stroke, or 
until static equilibrium has been attained. If the expansion takes place fast 
enough, heat transfer will be negligible, and the expansion can be considered 
to take place essentially adiabatically. 
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The process is best described in Figure D-2. Gas at pressure 
p 0 is admitted into the cylinder and pushes the piston until it reaches posi-
tion 5

0
• At that instant, the admission valve closes and the gas already 

in the cylinder expands adiabatically until the end of the stroke is reached 
(curve a), or until static equilibrium (curve b) is attained. The ratio 
5 0 /Sm' i.e., the quotient ofpistonpositionwhi:m the admission valve clo.ses 
(SJ to maximum stroke (5.m), will be called the cutoff ratio and will be ex-
pressed by rc. Mathematically, the pressure-travel history in the cylinder 
can be expressed by the relation: 

p = Po o<S<S - 0 

P0 ( :
0

) 

y y cmso) 'V 

p = = Po c:o) =Po S S s < s < s 
o- m 

m 

L' y 
c 

p = Po 
rY 

where r = s/s 
m 

The force acting on the piston will then be given as a function of 
position by; 

F = A (p - p ) o e 

and 
r 'V 

F = c 

Therefore, the acceleration will be 

A 
a = m (p o - p e) 

rY 
and a c 

for 

for 

for 

for 

o<S<S 
- 0 

s < s < s 
o- - m 

o<S<S 
- 0 

s < s < s 
o- - m 
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Figure D-2 Pressure -Displacement Diagram of Gas in Cylinder 
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for o<S<S ' - 0 

dV = a dt 

A 
(po - p ) dt = -

m e 

dt 
ds 

= -v but 

and 
Po 

pe = -2 

Therefore VdV 

v s 
or A = p s m o 

0 0 

= JA~o ss 
v m 

= s 
m 

and at S=S, r=r, V=V 
0 c 0 

Therefore v = 
0 

JAp s r o m c 
m 

for S < S < S 
o- - m 

Ap 
0 

2m 
ds 

and since V = 0 at S = 0, 

t~o s r 
m 

The velocity acquired by the piston can be obtained by integrating 
the acceleration over time, i.e., 
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VdV = ads 

= 
Ap r Y 

0 c 
m 

and integrating: 

or 

2 v v 2 = 
0 

2Ap r Y 
0 c 

m 

2Ap r" 
0 c 

2mr Y 
c 

s 
r "V 

c 

(S - S } 
0 

y 
m 

1 

2 r Y 
c 

v2 - v 2 == 
0 

2Ap r Ys 
o c m 

therefore 

v 

+ 
Ap s r o m c 

m 

m 

l-y 1-y 

[ 
r - rc 

l-y 

1 ( r- r c) J 
2 r 'V 

c 

l ( r - r c) J 
2r Y 

c 
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v = 

At the end of the stroke, S = S m and I' = 1; therefore, the velocity at 
the end of the stroke, V f• will be: 

2Ap r s [ 1 ( o c m 1 
m -1---y- r 1-y-

c 

1) - _!_ (2.... --· 2 r 
c 

2 
mY f ( 1 - y) 

s 
m' 2Ap (I' y - I' + y - 1) 

0, c y c 2 

= K. E. ( 1 - y) 
A P (-r · y'_ y r + .x.._::_J • 

0' c c 2 

or 

The velocity at the end of the stroke will be the maximum velocity, 
and in the absence of friction losses, will be determined entirely by the 
kinetic energy requirements. In terms of kinetic energy, the expressions 
can be rewritten to find the influence of rc on the length of stroke required, 
i. e. , 

Therefore, the length of the stroke appears to be a function of kinetic 
energy, area A, initial pressure p 0 , physical property of the gas y, and the 
cutoff ratio r c· The relationship between the dimensionless parameter, ~ 

Ap S 
om 

KE , and I' c is given in Figure D- 3. As expected, it shows that the 
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2.4 Assumed: y = 1.5, p /pe 0 = 2, 
adiabatic process, 
no losses 

2.3 
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K. E. 

2.2 

2.1 
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rc 1 
= 21/y 

Figure D-3 Length of Stroke vs Cutoff Ratio 
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length of stroke 
length of stroke 

required increases with decreasing r c until the minimum 
is reached for rc = --1-1-. This is the lowest value of r 

21 '{ c 
allowable, since it corresponds to a pressure p = p at S = S , while still e m 
imparting the required kinetic energy to the piston. 

D. 2. 2 Flow Rate 

The volume flow rate of fluid required for operation of the impactor 
will be determined by the length of the stroke and the cutoff ratio. 

The amount of high pres sure gas used in each stroke is equal to the 
volume displaced at S 0 , i.e.,, the position of the piston when the valve closes. 

Then: 

V =AS =AS r o o m c 

In terms of the low pressure gas, assuming an adiabatic expansion 
Po 

and pe = T' 

v 
e ( ) 

1/ '{ 
Po 1 I 

= V - = V 2.- y = 1. 588 AS r . 
o p o m c 

e 

This is the volume of low pressure gas used in one stroke; therefore, the 
volume flow rate will be this volume times the cycle rate, i. e. , Qe = fV e = 
volume flow rate of low pres sure gas and Q 0 = fV 0 = volume flow rate of 
high pressure gas where f =cycle rate (strokes per unit time). 

D. 2. 3 Compressor Work and Impactor Efficiency 

The power required from the compressor (exclusive of losses) in 
order to accelerate the impactor piston will be equal to the compressor 
work done in raising the pres sure of the gas from Pe to p 0 , plus the pumping 
work realized while pushing the gas out at constant pressure. 

D-11 



p 
W = (p - p ).6.V =~AS 

p o e 2 o 

Ap 
om c = 2 

and the compression work, assuming an adiabatic process, will be: 

l 
W = --(p V - p V.) 

c y- l o o e 1 

where 

v 
i 

= initial volume = V 
(

ppoe) 1 /y 
0 

Therefore 

Po V o ll pe (::) 1/y] w = ---
c y - l Po 

[ l 

-J (::) 
-

Ap S y 
0 0 

= y - l 

Ap s r [ ~] om c 2 y = y -1 

for the case when p = 2p . 
0 e 

The flow or pumping work is almost entirely recovered by the im-
pactor piston (the only losses take place in the lines and valves in the form 
of a pressure drop) and corresponds to the work done for 0 < S ~ S. The 
compression work is partially recovered, the fraction depending on r . c 
This stored energy could be entirely recovered (except for losses), if the 
expansion in the cylinder is carried far enough. However, the cycle time 
would tend to increase considerably, and it would probably be more practical 
to have a shorter expansion and higher average piston acceleration during 
the stroke. 

The pump1ng work required for one stroke is given by 

s r 
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or 

l-y 

2 " " - ~ +--2 

W = omc y+l Ap s r ~ 
T y - l 2 

!__:_y\ 
- 2 " ) 

but; 

w 
p 

Ap S 
0 0 

2 = 
Ap s r om c 

2 

w = -
1 
-(p v p v ) exp y - l o o - m m 

= 

= 

= 

= 

Po V o 

" - l 

Ap S [ V ~V rJ o o 1 _ ___:::: _o_ 
" - l v v o m 

Ap s r [, -(s~) y-J om c 

" - l 

Ap s r (I r c v-') om c 
'V - l 

Therefore, the total compressor work per stroke will be 

The work actually recovered in the cylinder and used to accelerate 
the piston is less than this amount, however, since the expansion, in gen-
eral, is not carried out until p = Pe· The constant pressure work will be 
equal to the pumping work, but the expansion work will be differenct, i. e. , 
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( Y + 1 r v-01. ApS r(y-1) - 2-- c om c 
= 

( 
. _!_:y) 

(y- l)Ap s r y+ 1 _ 2 Y 
o m c 2 

.,. r y-1 
c = 1-y 

y+l --v-- 2 
2 

therefore the total work extracted from the compressed gas in the impactor 
will be 

w . T, p1st. = 
Ap s r 

om c 
y - 1 

y-1) - r . 
c 

Using these two relationships, an impactor efficiency can be defined 
as the ratio of energy utilized by the piston-cylinder device to the energy 
stored in the fluid by the compressor per stroke, i.e., 

1") = impactor efficiency 

The efficiency is a function of r c and the physical properties of the 
gas only. The value of efficiency will vary between a maximum of 100% 

1/y 
when r = a) ' which is the minimum cutoff ratio possible, to 

c .J-
y - 1 

I = 0. 548 for y = 1. 5 when r. = 1, the maximum value possible. 
y+l-2ly c 
This relation is graphically illustrated in Figure D-4. 

D. 2. 4 Cycle Rate 

The cycle rate will be dictated by the time it takes to perform all 
the various processes such as piston acceleration, spring return, etc., 
that integrate a complete cycle. If it is assumed that the valves are actu-
ated instantaneously, and that the impact of the piston on the drill bit takes 
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Figure D-4 Cycle Efficiency vs Cutoff Ratio 
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or 

a t 
0 

t 
0 

A( p - p ) 
0 c 

m 
t 

0 

v = 

nd for S < S < S 
o- m 

v = 

dS 
dt ' dt = 

dS 
v 

nd the integralS~ is impossible to solve in closed form. Simplifying 
or the case of y = Y. 5, the following somewhat simpler integral is obtained: 

mS s df' m 
t - t = 

0 2Ap r 
0 c jz r c r 3. 5 ---+ r 2r c 

zero time to make the energy transfer, then the period for one cycle will 
be given by the sum of the following times: ( 1) to accelerate the piston to 
the required speed, (2) to stop the piston with the spring, (3) for the spring 
to accelerate the piston back in the opposite direction, and (4) for the piston 
to travel down to impact on the drill bit. 

The time required to accelerate the piston can be obtained by in-
tegrating the velocity over the distance of travel. 

For the piston traveling in the range 0 < S < S 0 , the acceleration is 
constant, and the time required to reach the velocity V 0 at S 0 will be given by: 

For piston position between S
0 

and Sm' the acceleration is not constant, 
and the integration is somewhat more difficult. 

a

a
f
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t - t 
0 

= 
mS 

m 
2Ap r 

0 c S dr 

;
1.7 r 

- 2r 
c 

and at the end of the stroke r = 1, therefore 

t -t ;; 2 }mSm t2. 4r --../3. 4r -1] 
f o Ap c c 

0 

c j 3. 5 -

dr 

r 1. 588 

rr 1. 26 

Even this simplified expression cannot be readily integrated, and 
two ways remain open to obtain the desired result. The term 2-Jrc /r 
may be assumed to remain almost constant, since it varies over the range 
I. 6 < 2...;r:;fr< 2. Therefore, assuming 2lrc /r = I. 8, the integral becomes: 

This analytical relation shows the influence of the various parameters 
on the acceleration time. Qualitatively, it shows the proper behavior since 
t - to = 0 at r = rc, and t - to increases monotonically for increasing r. 
The other way of checking this result is to solve the integral numerically 
and compare the answers. 

If the minimum cutoff ratio compatible with the pressures and ve-
locity increase stipulated is used, the time spent in acceleration will be 
maximum. The minimum value of the cutoff ratio is rc = l/2l/y ; sub-
stituting this value into the integral, 

r 
is obtained and the numerical integration of this expression by Simpson 1 s 
method yields a value of 0. 34'57. The approximate integral yields the 
value 0. 322 over the same limits, a discrepancy of only about 4. 5%. 
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 since 

n 

 

t 1 - t
0 

= ~ (0. 3457) j~c 

= fmS:: (0. 308) 
J~ 

'£ W- (0. 308 + 2 ~ ) = 
0 

1 r = 
c 21/-y' 

p 
e = 

tf = l. 896 
(0. 454 kg )(3. 907 em) 

2 2 2 
(980 em/sec )(8. 065 em )(14. 062 kg/em ) 

= 0. 00757 second 

Rewriting the equations in a more general form, 

and

the

for

This will be the maximum time required to accelerate the piston to the re-
quired final velocity, and corresponds to a value of 

1 
'Y = l . 5 and r = r-; 

c 2 '{ 

2 
If we take a piston mass of 0. 454 kg ( l lb), an area of 8. 065 em 

(l. 25 in. 2 ), p 0 = 140,620 kg /m 2 (200 psia), and Sm = 3. 907 em (l. 538in.) 
(this last value corresponds to the stroke required to attain a kinetic energy 
of 172.8 kg -em (150 in. -lb), then the time required for acceleration will be: 

(Note: It is necessary to use g = 980 
0 

the system of units homogeneous.) 
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'£ = 2~= 2 
(0.454 kg )(3.05 em) 

2 2 2 
(8.065 em )(14.062 kg/em )(980 em/sec )=0.00705sec. 

The shortest acceleration time will be obtained when rc = 1; i.e., 
when high pres sure gas acts on the piston throughout its entire motion. The 
time required then will be given by 

The difference in time is rather small, since the reduction took place in 
the expansion process which takes a rather small time anyway. This can 
be easily seen when it is realized that the expansion process contributes 
only about 20o/o of the energy. For example, for rc = 0. 63 and m = 0. 454 kg 
(1 lb), it increases the velocity of the piston from 7. 77 m/sec (25. 5 ft/sec) 
to 8. 66 m/sec (28. 4ft/sec), and the expansion lasts only for tf-t0 = 0. 00123 sec, 
while the full pressure acceleration takes t 0 = 0. 00634 sec. Therefore, we 
can conclude that for the case of a frictionless 0. 454 kg ( 1 lb m) piston, 
with high pres sure p 0 = 140, 620 kg /m2 (200 psia) and low pressure 
Pe = p

0
/2 = 70,310 kg/m2 (100 psia), the acceleration time for an area of 

A = 8. 065 cm2 (1. 25 in. 2) will be between 0. 00705 and 0. 00757 sec, depend-
ing on the value of rc. 

The time required to stop a mass m traveling with a given velocity, 
by impacting on a spring of constant k, is given by 

which, of course, is a function of m and k, but surprisingly, not of the 
velocity V. The total time required to stop the traveling mass and to 
propel it back in the opposite direction will be twice the time required for 
stopping; therefore, 

The time taken by the spring should be small compared to the acceleration 
and travel time, perhaps of the order of one tenth of it. At V f = 8. 66 m/ sec 
(28. 4 ft/ sec), the travel time down the cylinder is only 

s 
m 

= 
3. 907 em 

2 
8. 66 m/sec x 10 

= 0. 00452 sec. 
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Therefore, the acceleration and travel time combined is t = 0. 0121 sec, 
and the time required for the spring should be of the order oft = 0. 002 sec. 
With a piston mass of 0. 454 kg ( l lb m), the spring rate required to realize 
this time will be 

or 

t = 0. 002 = 'TT s 
(0. 454 kg) 

2 
(980 em/sec ) 

k = 1140 kg /em (6380 lb/in.) 

This spring rate is within the values typical of liquid springs. Even 
with a spring constant of 357 kg /em (2000 lb/in. ), the time required for 
the spring action will be about t~ = 0. 0018 sec, a rather short time. 

The cycle rate can now be found by adding up the time required for 
each operation in the cycle. 

Assuming rc = 0. 63, then the acceleration and travel time will be 
the longest, and combined with a spring of k = 357 kg/ em (2000 lb/ in. ) , 
the rate will be 

F= 
l 

t + t + t a v s 
= 

l = 63. 7 cps = 3820 cpm 
0.0157 

which is a rather high value. This rate, of course, would not be material-
ized in actual practice, since the piston is not frictionless and there is 
leakage around it. This would necessitate a large stroke, and the accelera-
tion would also be less. However, the high theoretical rate predicted indi-
cates that an actual rate between the 2000 to 3000 cpm desired is probably 
quite feasible. 

D. 2. 5 Pressure Drop in Conduits and Passages 

Assuming isothermal flow in the long gas conduits (usually a good 
approximation), the pressure drop can be found if volume flow rate and 
friction factor are known. Inversely, if a given pressure drop is not to be 
exceeded, then it is possible to calculate the size of the flow passages. 
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If, besides isothermal flow, the following assumptions are made-
( 1) the gas obeys the perfect gas equation, (2) the flow is steady, (3) the 
friction factor is constant, (4) the pipe is straight, (5) the acceleration of 
the fluid along the pipe is negligible, and ( 6) the fact that the pipe is verti-
cal is neglected- then the pressure-flow relationship will be given by the 
equation 

where 

. 2 
pl = incoming flmd pressure (kg /m ) 

2 
P2 = leaving fluid pres sure (kg /m ) 

f = friction factor 

L = conduit length (m) 

3 
Q = volume flow rate (m /sec) 

R = perfect gas constant 
m-kg f 
kgm OK 

T = absolute temperature of gas (°K) 

g = gravitational constant 9. 8 m/ sec 
2 

D = conduit effective diameter (m) 

The volume flow rate, for the impactor only, is given by the 
expression 

Q = volume flow rate of high pressure gas = FASmr 
0 c 

Q = volume flow rate of low pressure gas = 1. 588 FASmr 
e c 

Assuming the gas to be helium, a temperature of 600°R, an effective pipe 
length of L = 45. 72 m ( 150 ft), and a friction factor of f = 0. 004; i. e. , a 
typical average value, the following is obtained: 
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I - (::) 

2 

d. I 7 6 x I 0-
7 

sec 
2 I ft ~: 

2 . 2 
Now, let p 2 = 140620 kg /m (200 ps1a), and Pl = 168, 744 kg /m (240 psia); 
i.e., a 20% pressure drop. Then, the size of conduit required for the high 
pres sure gas will be 

If 

then 

r 
c 

2 Q2 -(1 40620) -7 0 l = 4. l 76 X l 0 
168744 D5 

= 0. 63, F = 3000cpm, S = 3. 907 em, and A 
m 

= 0. 306 

2 = 8. 065 em 

Q = 
3000 X 8. 0625 X 3. 907 X 0. 63 

10 6 
3 = 991 em /sec 

0 

and 

from where 

D = 0. 0042 m = 0. 42 em 

i. e. , 

0 

a flow area of 

A = 
-rrD2 
4 = 0. 138 

and an average velocity of 

2 
em 

v Q 
A 

3 
0. 035 x 991 em I sec = = 

O.l38cm 2 = 7174 em/sec 

This is a considerable velocity and is the reason for the somewhat 
large pressure drop of 28, 124 kg/m2 (40 psi). As a rule, the pressure 
drops will be reasonable if the fluid velocity is kept below 30. 48 m/ sec 
(100ft/sec.) 
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and if 

and 

then 

i. e., 

Q e = 

I = 4.176 X 10-
7 

l.588Q =0.00157m3 /sec 
0 

= 703lO·h-0.772 
2 

= 33, 608 kg /m 

2 
a pressure drop of 36702 kg /m (52. 2 psi). 

Now, assume the return lines will be of the same length, diameter, 
and friction characteristics; then the pressure drop experienced will be 

-c:Y :~ 

This calculation illustrates the reason for keeping the pressure 
high in the return line- to keep the volume flow rate low. It also indicates 
the need for a larger size conduit if a pressure drop of the same order as 
the one in the high pressure line is to be expected. 

D-23 





APPENDIX E 

DOWN- THE-HOLE PRIME MOVER DESIGN 

The layout design for the drill bit assembly which includes the gas 
driven prime movers (air motor and impactor) is shown in Figure E-1. 
This layout design established the radial dimensions of the down-the-hole 
components to relatively small tolerances because only 5 em (2 in.) 0. D. 
was available. In this part of the design, axial length, power, torque, 
speed, and gas flow rates were evaluated. The results of these design 
calculations, discussed below, are given as Figure E-2. All the calcula-
tions are based on air as the closed cycle gas. Concurrent studies have 
shown that other gases may be superior to air, but the same equations will 
still apply. 

E. 1 AIR MOTOR (ROTA TOR) 

From the layout design the volume expansion ratio ( V 1 /V 0 ) for the 
air motor was found graphically to be 1. 63. Assuming an adiabatic ex-
pansion through the air motor and an inlet pressure, p 0 ,of 140, 620 kg/m 2 

( 200 psia), the outlet pres sure, Pi• is found by 

p
1 

=p (Vo)" =71,013kg/m2 (101 psia) 
o v 1 

where 'I = ratio of specific heats ( 1. 4 for air). 

To find the torque developed by the air motor, it is necessary to know the 
mean pres sure, Pm• acting on each vane as the gas expands from p 0 to p 1. 
This is found from 
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The suction created by the air compressor inlet will make the exhaust 
pres sure slightly lower than p 1. Assume that the exhaust pres sure is 
66, 795 kg/m2 (95 psia). The mean pressure difference, .6Pm• acting on 
each vane is then 

.6p = p - 66, 79 5 
m m 

2 2 
=57,795kg/m :::;5.7795kg/cm (82.2psi) 

The stall torque, T s' (maximum torque is developed for no rotation) 
of the air motor is given by 

where 

.6p is expressed in kg/m
2 

m 

(E-1) 

b 
m 

"' mean vane breadth, em (mean distance between rotor and 
housing) 

L -- vane length, em 

R = mean torque radius, em (rotor radius + 1/2 b ) 
t m 

The actual output torque, T , of the air motor is the difference be-a 
tween T s and friction torque, Tf, or 

T = T - T a s f 
(E- 2) 

Friction torque is very difficult to predict because the characteristics 
of the lubricating film and the rubbing surfaces cannot be precisely defined. 
However, both the analytical expressions and experimental data agree that 
friction torque increases nearly linearly with rotational speed, Na• of the 
air motor rotor. From this, air motor catalogs were consulted to find 
free speed rpm (the speed at which all of the input torque is dissipated as 
friction) of similar air motor units. A good representative value was 
found to be 10,000 rpm for this size air motor. Thus 

Tf -- 0 at N "" 0, and Tf T at N 10, 000 rpm, or
a s a 

Tf - Ts(l:~ooo) 
= =  

(E- 3) 
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Equation E- 3 can be used to eliminate Tf from Equation E-2; 

T = T (-a s :~00~ 
The air motor horsepower, HP , is given by 

a 
TN 

a a 
HP a = 6-:-3::-,-0::-0::-0:--

(E-4) 

(E-5) 

Since T a decreases linearly with increasing Na' HP a is a maximum 
at Na = 112 ( 10, 000) = 5000 rpm. Therefore a minimum weight air motor 
will provide the desired torque, T d• and rotational speed, Nd' at the drill 
bit when HP a is a maximum. Earlier studies at IITRI and elsewhere have 
indicated that, for a 5 em (2 in.) 0. D. coring drill bit, Nd = 300 rpm and 
T d = 115. 2 kg - em ( 100 in. -lb) are good design values. Assuming no 
gearing and bearing inefficiencies, the horsepower at the drill bit is the 
same as the air motor, or 

and 

T = a = 115. 2 X 300 
5000 = 6. 912 kg- em (6 in. -lb) 

The stall torque, T s• is twice this value or 13. 824 kg - em ( 12 in. -lb). 
Rearranging Equation E- 1 

= 13. 824 kg-em 
(5. 7795 kglcmZ)(o. 635 em)( I. 905 em) 

= 1. 978 em (0. 779 in.) 

where values of bm and Rt were measured from the layout drawing to be 
0. 635 and 1. 905 em ( 1 I 4 and 3 I 4 in.), respectively. To account for bearing 
and friction losses, take L = 2. 54 em ( 1. 0 in.) and recalculate T s using 
Equation E-1: 

T = (5. 7795 kglcm2)(o. 635 cm)(l. 905 cm)(2. 54 em) s 

= 17.758 kg-em (15. 4125 in. -lb) 
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The gear ratio between the air motor and the drill bit rotation was 
based on the higher air motor torque at maximum HP , as follows: 

a 

N 
= = 115"2kg-cm a 

1/2 (17. 758 kg-em} 
= 12.1:1 

In Figure E-2, the "Torque at Drill Bit 11 curve was found using 
Equation E- 4 and multiplying by the gear ratio ( 12" 1}, with T s = 17" 758 kg-em 
( 15. 41 in. -lb}. The rated torque is shown as 126 in. -lb at 300 rpm, the 
extra 26 in. -lb above the design value of 115.2 kg-em allows for estimated 
bearing and friction losses. The 11 Air Motor Horsepower 11 curve was cal-
culated by using values from Equation E- 4 in Equation E- 5. Note that the 
ratings are made at less than maximum HPa• This is done to provide a 
small reserve of power above the ratings. In actual operation, the drill 
bit will slow down in hard material and speed up in soft material. The air 
motor speed variation should be controlled so that it operates between 
0 and 5000 rpm. Speeds above 5000 rpm allow the vane friction, Tf, to 
become excessive, and HPa and Td decrease rapidly to zero at 10,000 rpm. 

The theoretical air consumption of the air motor is given by 

where 

Gth = air flow rate, kg/min 

air density inlet, kg/m 
3 

Po = at 

v air volume at inlet for each vane, 3 
= m 

0 

z = number of vanes (4 for this design} 

N :::: air motor rotational speed, rpm 
a 

For air at 121°C (250°F) and 140620 kg/m
2 

(200 psia}, p
0 

= 12. 191 kg/m
3 

(0. 761}. The volume was found graphically from the layout design and the 
length L = 2. 54 em (I. 0 in.} to be V 0 = 3. 0 x Io-6 m 3 (0. 1833 in. 3}. Sub-
stituting known values, we get 

3 -6 3 (Na \ G th = 12. 1 9 1 kg I m ( 3. 0 x I 0 m } 4 x N a = 0. 14 6 10 0 0 J 
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To this, an additional amount must be added to allow for leakage flow 
around the vanes. The amount of leakage flow depends both on speed, Na' 
and manufacturing tolerances and allowances between the vanes and the 
housing. It was estimated that the leakage flow would be 25% of the theo-
retical flow, or 

Ga" !. 25 Gth" o. 183 ( 7;oo) kg/min 

This equation is used below to size the air compressor. 

E. 2 IMPACTOR (PERCUSSOR) 

(E-6) 

Concurrent studies are in progress to size the impactor more 
optimally. This part of the design was concerned only with impactor air 
requirements in order to establish total air flow for air compressor de-
sign. The rated output of the impactor can be achieved by an impactor 
stroke of 5 em (2. 0 in.) with gas expansion only in the return stroke. The 
impactor area was measured to be 6. 452 sq em ( 1. 0 sq in.) from the layout 
design. If the impactor has the same adiabatic expansion as the air motor, 
V 1 = 32. 78 cm3, and remembering that (V 1 /V 

0
) = 32. 78 cm3, then 

(
v o) 2. o 3 . 3) 

V 
0 

= V 1 ~ = 1.63 = 2 0. 11 c m ( 1. 2 3 m. 

The theoretical air consumption of the impactor is given by 

G h = p ( V ) N. kg I min t 0 0 1 

The desired impactor rate, N., was 2000 blows/min. 
1 

Then 

3 -6 3 
Gth = (12.191 kg/m )(20.11 x 10 ;rn) x 2000 = 0.491 kg/min(1.084lb/min) 

However, some leakage also occurs around the impactor, and this 
was ,estimated at 10 o/o of Gth since the impactor inherently fits better than 
the air motor vanes in operation. The actual air flow for the impactor, 
G., is 

1 

Gi = 1.10. Gth = 0. 54 kg/min (1. 19 lb/min) 
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This was considered a constant for air compressor design calculations. 
The total air flow rate for both the air motor and impactor is 

Gto "" Ga + Gi o 0" 54 kg/min+ 0. 183 (l:;o)kg/min 
(E-7) 

This is identical with the total closed gas cycle air flow rate. 

E. 3 AIR COMPRESSOR (AT LUNAR SURFACE) 

The specific type of air compressor for the closed gas cycle was 
not selected as a part of this study. A separate analysis would be re-
quired to determine the type of compressor which would operate with the 
desired inlet and outlet pressures, p 3 ~~ .52, 733 kg/m2 {75 psia) and 
p4 ::: 16.5, 228 kg/m2 (235 psia), respectively. However, the power re-
quired from the compressor, HPc' was calculated by 

where 

HP 
c 

G RT
3 to 

=-~-:--

( 4566)11 
c 

R = 
kg -m 

f 
specific gas constant (29. 2 for air), (ft-lb/lbm- 0 R) kg _ 0 K 

m 

T 
3 

= inlet temperature, (358°K) from second cycle analysis) (°K) 

Y)c - compressor efficiency, (estimated at 80% for this size) 

Substituting known values into the above equation 

HPc "(3. 222) Gto o (3. 222) rO. 54+ 0. 183 (l:;o) J 
Equation E-8 was used to calculate the values of "Air Compressor Horse-
power" shown in Figure E-2. The air compressor horsepower is seen to 
be 3. 86 hp at rated drill prime mover conditions. However the air com-
pressor should be capable of at least 4. 7 hp (Na = 5000 rpm) to provide 
for the same reserve that is provided in the air motor. 
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APPENDIX F 

THE BASIS FOR THERMAL DESIGN 

In a closed gas cycle such as the drill prime mover, the gas is ex-
panded to do work when driving the air motor and impactor and is com-
pressed in the compressor to return the gas to original pressure. The 
inherent nature of the processes in this cycle produces heat which mani-
fests itself primarily as a temperature rise across the compressor. Ta-
ble F-1 shows that the temperature rise between Stations 3 and 4-the in-
let and outlet of the compressor as shown in Figure F-1-wa.s 121 °K ( 21 7°R) 
and 139~ ( 250°R) for air motor and impactor inlet temperatures (at the 
drill) of 339°K(610°R) and 394°K(710°R) respectively. The radiator is 
provided in the cycle to return the gas to the original temperature at the 
prime mover inlets, Station 0, just as the compressor is in the system to 
boost the pres sure back to the original value. 

At the rated operating conditions, the net heat produced by the gas 
cycle is 2. 075 kw. This is based on the following assumptions: Process 0-1, 
air motor and impactor, is an adiabatic expansion, i.e. , no heat from 
drilling friction is transferred to the gas. The quantitative value of the 
drill friction heat will depend on drilling conditions which cannot be asses sed 
accurately at this time. There are no available data to indicate that large 
quantities of heat will be generated or that overheating of the drill bit will 
be a serious problem. 

The total energy delivered down the hole to the air motor and the im-
pactor at rated conditions is 1. 1 kw. This energy will be converted into 
the kinetic energy of drilling the lunar surface and heat energy of mechanical 
friction of the air motor and drill bit. A small amount of heat must be 
transferred to the lunar subsurface material because the gas and drill tem-
peratures are higher than the soil temperatures (predicted by Wesselink1 

and others). If it is estimated that 30% of the total energy delivered to the 
drill bit is converted to heat and delivered to the gas, then the temperatures 
at Station 1, air motor and impactor outlet, will be 1 7°K ( 30°R) higher than 
those given in Table F-1. To accommodate this additional heat load, the 
average radiator temperature would rise only 6. 6°K (12°R), which is 
negligible. 
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TABLE F-1 

STATION CONDITIONS 

First Cycle Second Cycle 

p p T p p 3 2 3 OK kg/m 2 kg/m kg/m kg/m 
Station ( psia) (lb/£t3 ) (OR) (psia) (lb /ft3) 

0 140620 14. 17 8 339 140620 1 2. 191 
( 200) (0. 885) ( 61 O) ( 200) {0. 761) 

T 
OK 

{oR) 

394 
( 71 0) 

1 71013 8.699 279 71013 7.481 
( 1 01) (0.543) ( 503) ( l 01) (0. 467) 

325 
(58 5) 

2 52733 6.456 279 52733 5. 559 
( 7 5) ( 0. 40 3) \ 503) { 7 5) (0.347) 

I 325 
{ 585) 

3 52733 5. 767 313 52733 5.030 
{ 7 5) ( 0. 360) ( 563} ( 7 5) (0.314) 

358 
( 645) 

4 165228 13.040 433 16 5228 114 374 
( 235) (0. 814) { 780) ( 23 5) (0. 710) 

497 
( 89 5) 

5 158198 1 5. 9 7 2 339 158198 13., 713 
( 225) (0. 997) ( 61 0} ( 225) ( 0. 856) 

394 
( 71 0) 
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Figure F-1 Gas-Driven Drill Cycle 
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Process 1 ~0 2, which accounts for pressure losses in the gas return 
piping, was assmned to be an isothermal expansion, i.e., the temperature 
remains constant while the pressure decreases. This assumption is very 
accurate but may be a little conservative. The gas, being warmer than the 
surrounding medium, will probably be cooled slightly but not significantly. 

Process 2-3 accounts for the removal of friction heat caused by the 
de motor driving the compressor. The motor is to be jacketed by the gas 
returning from down the hole, creating an artificial atmosphere and holding 
the motor temperature at reasonable values (less than 93°C ( 200°F)). The 
assumption of isobaric heating (constant pres sure) is justified because the 
pressure losses for the low velocity, short distance through the motor will 
probably be less than 703. l kg/m 2 (I psi). 

Process 3-4 a.ssmmed isentropic compression of the gas flowing 
through the air compressor. Because of mechanical inefficiencies, the 
process is not isentropic, but it will certainly be close to adiabatic if the 
air compressor is properly insulated. It was assumed that a flow rate 
slightly higher than ideally neces sary--1. 588 kg/min ( 3. 5 lb/min) rather 
than 1. 207 kg/min ( 2. 66 lb/:min)~would compensate for any mechanical 
inefficiencies in the compressor. 

Process 4-5 is the radiator dissipating heat in the cycle. Ideally a 
radiator could be eliminated if all of the cycle heat could be dissipated in-
to the lunar soils in the same way as an earth source heat pump operates. 
This was the motivation for the calculation of heat tranfer into lunar soils 
(passive control) as described below. If Process 4-5 is assumed to be a 
finned tube radiator, the gass pressure losses will be about 7031 kg/m 2 

(10 psi) as shown in Table F~L The assumption T 5 :::: T
0 

is necessary so 
that Process 4~ 5 will perform its function, i. e. , return the gas to original 
temperature, T 

0
• 

Process 5-0 is identical to Process 1-2 except that it accounts for 
supply line pressure loss rather than return line. The remarks made con-
cerning Process 1 ~ 2 are equally applicable to Process 5-0. Thus, the cycle 
is complete, and the gas is returned to its original properties. 

The statements made above about the cycle are given below in equation 
form. The first step is to assume some temperature and pressure for the 
gas at any str>tion. However, other conditions of this design problem made 
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it desirable to let p
0 

= 140620 kglm 2 (200 psia) and T = 121°C (250°F). 
These are the assumptions used in the second cycle c£~culations in 
Table F-1. Then, 

where 

Po 3 3 
P

0 
= .RT = 12. 191 kglm (0. 761 lblft ) 

2 2 
p = pressure, kglm (lblft ) (absolute) 

3 3 
p = density kglm (lblft ) 

T = absolute temperature °K ( 0 Rankine) 

R = gas constant, 
29. 2kgf -m 

0 
kgm. - K 

(

53. 3 ft-lbf 

lb -
0

R 
m 

) for air 

The volume expansion ratio for the air motor which fits into a 5. 08 em 
( 2-in.) OD housing was found graphically to be 1. 63, or p

0
l p1 = 1. 63. 

Then, 

3 3 
pl = p 11.63 = 7.481 kglm (0.467lblft) 

0 

(pl )y 2 
pl = p 

0 
p = 7 1 0 1 3 kg I m ( 1 0 1 p s ia) 

0 

where 

'I = the ratio of specific heats (1. 4 for air) 

Tl 
pl 

= R 
pl 

Tl = 325°K { 585°R) 

For Process 1-2, T 1 = T 2 = 325°K (585°R) and pi- p 2 was estimated to be 
18281 kglm 2 ( 26 psi), using the Darcy equation for pressure loss in 30m 
( 100 ft) of pipe plus tabular values of pres sure losses for fittings. Then, 

2 2 
p 2 = p

1 
- 18281 kglm (26 psia) = 52733 kg)rp (75 psia) 
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( 
Pz ) 3 3 

Pz =PI ~ = 5. 559 kg/m (0. 347 lb/ft ) 

For Process Z- 3, air flow rate is roughly proportional to motor hp for 
any drilling conditions, and air flow rate, m ~ I. 588 kg/min ( 3. 5 lb/min) 
for motor horsepower, P, of about 6. 0. Assuming motor efficiency, 1), 
to be 0. 8, the n1otor friction heat, q = ( 1-1)) P = I. Z hp or 12. 852 kcal/ m 
min (51 Btu/min). Then, 

me 
p 

where 

c 
p 

0 
- specific heat at constant pres sure 0. 133 kcal/kg- K .. 0 

( 0. 24 Btu/lb - F for air) 

0 0 
= T 2 + 60 = 3 58 K ( 645 R) 

2 
For isobaric heatmg, p

3 
= Pz =52, 733 kg/m (75 psia) 

and 

P~ 3 3· 
____,·::>~~ -- 5. 030 kg/m (0. 314 lb/ft ) 
RT.., 

::> 

2 
The pressure at the corn pressor outlet, p , was estimated at 16 5228 kg /m 
( 235 psia) to account for pressure losses t1hrough the radiator and the supply 
line. The air compressor, Process 3-4, was assumed to be an adiabatic 
compres sian (isentropic) from p.., = 527 33 kg /m 2 ( 7 5 psia) to p 4 = 16 5228 kg/m 2 

(235psia). Then, 

and 

F-6 

T = 4 

,) 

l/8 

- II. 374 kg/m 
3 

(0. 710 lb/ft
3

) 



For Process 4-5, the heat dissipating process which could be a radiator, 
assume T5 = T 0 = 394°K (710°R) and p 4 - p 5 = 7031 kg/m 2 (10 psi) or 
p 5 = 158, 198 kg/m 2 ( 225 psia). Then, 

P5 3 3 
p 5 = ~ = 13.713 kg/m (0. 856 lb/ft ). 

5 

As a check, calculate the conditions at Station 0. For isothermal 
expansion, T 5 = T

0 
= 394°K (710°R). Again assume p 5 - p

0 
= 17578 kg/m 2 

(25 psi) supply pressure line loss. Then, 

and 

p
0 

= p 5 - 17578 kg/m 2 (25 psia) = 140,620 kg/m
2 

(200 psia) 

Po 3 3 
p = -- = 12.191 kg/m (0. 761 lb/ft ) as before. 

o RT 
0 

F. l ACTIVE THERMAL CONTROL (RADIATOR DESIGN) 

Knowing that virtually all of the power cycle heat must be dissipated 
with a radiator, the radiator design was based on all cycle heat to be 
dissipated there. The basic assumptions of the radiator design as well 
as the major dimensional synibols are illustrated in Figure F- 2. The 
results of the calculations and the fin profiles assumed are given in Ta-
bles F-2 and F-3. 

Details of the design calculations will not be given here. The pro-
cedure was derived and developed in full detail in Reference 4, which was 
the sole basis for radiator design. 

The significant result of the two radiator de sign calculations is that 
0 0 radiator weight is reduced to less than 40% of the value for 66 C ( 150 F} 

outlet temperature when the outlet temperature is increased only 37. 8°C 
( l 00°F) to 121 °C ( 250°F). 

F. 2 REFERENCES 

l. Wesselink, A. J., "Heat Conductivity and Nature of the Lunar 
Surface Material, " Bulletin of the Astronomical Institute of 
the Netherlands, Volume X, No. 390, 23 April 1948. 
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Upper surface (Sun side) coated 
with Magnesium Oxide ((X= 0.08, 
f= 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 F- 2 General Radiator Configuration 
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TABLE F-2 

RADIATOR DESIGN- FIRST CYCLE 

~~-~~~L=h==~==~-lh 
Fin Profile (Fin of Least Material} 

Inlet temperature, Tfl 

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, c\ 
Fin thickness (tube end), cSh 

Single fin breadth, Lh 

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) 433°K 

(610°R) 339°K 

(3003, 2024, or 6063} 
3 3 (0. 814 lb/ft} 13.04 kg/m 

(0. 997 lb/ft
3

} 15.97 kg/m 3 

(30 ftl sec) 9. 14m/sec 

(0. 625 in.) l. 58 em 

(3. 5 lb/ min) . 0 26 kg/ sec 

(0. 018 in.}. 046 em 

(0. 085 in.} . 215 em 

(10. 25 in.} 26. 03 em 

(742°R} 412°K 

(594°R} 330°K 

(32. 38ft} 9. 87 m 

(30 lb} 13.6 kg 

F-9 



6e 

---Lh 

s' 
Fin Profile (Trapezoidal) 

TABLE F-3 

RADIATOR DESIGN- SECOND CYCLE 

F-10 

Inlet temperature, T fl 

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, c\ 

max 

Fin thickness (tube end), 8h 

Fin thickness (free end), 8 
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) 497°K 

(710°R) 394°K 

( 3003, 2024, or 6063) 
Fully heat treated! 

(0. 710 lb/ft 3 ) 11.37 kg/m 3 

3 3 
(0. 856 lb/ft) 13.71 kg/m 

(30ft/ sec) 9. 14m/sec 

( 0. 7 14 in.) 1. 8 1 em 

(3. 5 lb/min). 026 kg/sec 

(0. 018 in.) 0. 46 em 

(0. 080 in.) . 20 em 

(0. 020 in.) . 0 5 em 

(6. 0 in.) 15. 24 em 

(842. 6°R) 468.°K 

(685. 9°R) 381 ~K 

(24. 97ft) 7. 60 m 

(11. 5 lb) 5. 22 kg 
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APPENDIX G 

LUNAR SUBSURFACE ELECTROMAGNETIC PROBING 

by 
H. F. Schulte, E. K. Miller, A. Olte 

G. 1 INTRODUCTION 

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 ma-
terial, 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 ( ()) permittivity (E) and permeability ( p. ). 
The presence of a low-altitude lunar ionosphere might also interact with 
the antenna, but for the purposes of this discussion, the effect will be con-
sidered negligible. 

It should be noted here 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 sur-
face layers results in high soil conductivity and thus penetration of radio 
frequency energy is limited by the skin-effect. It will be assumed henceforth 
that the lunar material has a relatively low conductivity. If the lunar con-
ductivity is high however, the field penetration will be limited, but the dis-
covery of highly conductive lunar material will be of prime geological in-
terest in its own right. 

While the above technique is simple in concept, interpretation of the 
impedance versus frequency measurements in terms of absolute values of 
(), E, fl, and material density with respect to depth is difficult. This re-
sults from the potentially infinite number of combinations of subsurface 
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characteristics and possible material variations with respect to frequency. 
Also, there is not as yet a satisfactory solution for the problem of the im-
pedance of an antenna located at the interface between free space and a 
lossy medium. 

In spite of these difficulties in obtaining an unambiguous absolute in-
terpretation of the subsurface make-up, the proposed technique appears to 
be very useful in manned and unmanned 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 conclusions can be drawn from the results: 

1. 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 

Z. If the measurements at both sites are the same, or essentially 
so, then the probability is high (but not absolute) that the sub-
surface conditions are likely to be similar. 

Even the limited amount of information implicit in the above two con-
ditions is of value, for instance, in site selection for lunar core drilling. 
If the object of the drilling is to obtain (if possible) a series of cores of 
differing characteristics, then whenever criterion number one above is 
satisfied, the objective will be achieved. 

It might also be feasible to detect the presence of crevasses, par-
ticularly if they are not deeply buried. 

To investigate the sensitivity of the antenna impedance to material 
variations it will be assumed that the antenna is immersed in a homogeneous 
medium which has either the properties of the material medium or free 
space. Then it will be recognized that when the antenna is at the material-
space interface, its behavior will be somewhere between these two extremes, 
The impedance of an antenna placed in an infinite, homogeneous lossy me-
dium which may have a complex permeability, permittivity, and conductivity 
is considered in the following section. 
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G. 2 DIPOLE IMPEDANCE IN AN INFINITE HOMOGENEOUS MEDIUM 

According to King ( 19 56), solutions which apply to free space are 
correct for the material medium if the values for the electrical constants 
of the material medium are substituted for those of free space. Thus, an 
expression for the impedance of an antenna in free space may be trans-
formed into the correct form for the material medium with the appropriate 
substitution of electrical constants. Attention here will be limited to the 
electric dipole antenna, and due to the frequency range which is of interest 
and the practical limitations on the length of the antenna, as well as the 
theoretical simplification which arises, the antenna will be assumed to be 
short compared with the wavelength. With this restriction, an expression 
for the impedance in a material medium of an electric dipole antenna with 
zero base separation, obtained from the emf method and a first-order 
solution for the antenna current, is (King 19 56, p. 1 84): 

z = j (~- 2) 
21rhws 

' ~- 2 + j ~ ( w ~ h) 

l n - 2 + 2 I n : + j } ( w v'fj;: h) 3 ]= R + jx 

3 

where 

2 h = antenna length 

a = antenna radius 

w = 21Tf = 2 1T x frequency 

~ = 2 £ n ( 2h /a) 
(J . e 

w 

E =E'-o-"/w 
e 

a- =o-'+wE" 
e 

E =E'-jE 11 

(J =o-' 

f.L =f.L'-jf.L" 

(G-1) 
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This expression produces values within 10% of those obtained 
from a second- order solution for antenna lengths in the range 2 I k j h 

::: 2hw ...; 1 f.J-1 lsi _:::. l. 0 and within 20% in the range l. 0 _:::. 2 jk I h _:::. 2. 0. 

We have allowed for a complex permeability and permittivity while 
considering only a real conductivity, since most materials can be repre-
sented in this way. It should be noted that these electrical properties of 
the material may be functions of the frequency, but it will be assumed here 
that they are constant in value over the frequency interval under investi-
gation. 

This expression was programmed for solution on an IBM 7090 com-
puter. A frequency interval of 5 X 1 o4 to 5 X 1 o6 cps was investigated for 
an antenna length 2h of 20 meters and a radius a of 1 mm. The center fre-
quency fC about which the frequency f is incremented is fC :::: 5 X 10 5 CpS 
(we = 2 rr fc). Typical results for the resistance and reactance as the elec-
tric constants of the medium are varied are given in Figures G-1 through 
G-8. 

Figure G-1 and G- 2 show the results where fJ- and E are real and 
separately have values which are 4 times those for free space. The re-
sult is to increase the resistance in proportion to the 3/2 power of the in-
crease in permeability and to the square root of the increase in permittivity. 
The reactance decreases in proportion to the increase in the permittivity 
and is unaffected by changes in the permeability. 

In Figures G-3 and G-4 are shown the results for various real con-
ductivities when fJ- = fJ-' = f-Lo and E = E 1 = 2 E 0 • There is a very large in-
crease in the resistance of 4 to 6 orders of magnitude at the lower end of 
the frequency interval, while at the higher end the values are close to those 
for zero conductivity. A corresponding decrease of the same order of 
magnitude is observed in the reactance. 

Figures G- 5 and G- 6 present the impedance when <J= 0, fJ- = fJ- 1 = fl 0 , 

and E = E 1
- jE 11 = 2 E 0 - jE 11 for various ratios of E 11 /E 1

• Again, a large 
increase in resistance is seen, but there is relatively little decrease in re-
actance. It is especially interesting to observe in the frequency interval 
where dR/ df < 0, that R a: r 2 for the conducting medium and R a: f-l for 
the medium with a complex permittivity. This characteristic, as well as 
the great difference in their respective reactance curves for the larger values 
of conductivity, indicate that frequency swept measurements may provide a 
method for discriminating between a real conductivity and a complex per-
mittivity. 
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Figure G-2 Reactance vs Frequency for Dipole Antenna of 
Length 2h = 20 Meters, Radius a = 1 mm, and fT = 0 
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Finally, Figures Q-7 and G-8 show the results obtained for the case 
where CJ" = 0, E - E' = 2 E0 , and f.J. = f.J.' - jf.J. 11 = 2 f.J. 0 - jf.J. 11 for various values 
of the ratio of f.J. 11 / f.J. '. There is relatively little change in either the re-
sistance or reactance due to the complex permeability. 

On the basis of some radar scattering measurements of the moon, 
Brunschwig et. al. (1960) conclude that E' = 1. 08 E0 and and CJ" '/we E' ~ 11. 2 
(CJ"' = 3. 36 x 104 (mhos/meter) if f.l.' = f.l. • A study of lunar surface radio 

0 
communication recently concluded by Vogler (1964) uses E' = 2 Eo and 
CJ" = 10-4 mhos/meter as the values for the top layer of the lunar surface. 
Another study of lunar communication by Smith (1964) used E' = 4 and 
CJ"' = 4 x o-4 mhos/meter. The values which are employed for the calcu-
lations here are thus representative of those which are currently considered 
reasonable for the electrical properties of the moon's surface. 

More recently, King ( 1961) followed a new approach to find the im-
pedance of the electric dipole antenna. It involved rearranging the in-
tegral equation which was formerly used for the antenna current. The new 
form of the equation is again solved by an iterative procedure, but it has 
the advantage that the zeroth order solution produces results whose ac-
curacy lies somewhere between the first- and second- order solutions of 
the original equation. King presents some results for the impedance of 
a short dipole antenna immersed in a dissipative medium, obtained from 
this approach. Some calculations were performed with Equation G-1 for 
some of the parameter values used by King, with the result that impedance 
values obtained by the two methods agreed to within 1 Oo/o. 

It should be noted that the limit 2 ik I h < 2. 0 is satisfied over the en-
tire frequency range when the free space electrical properties are used. 
When, however, E' = 2 E0 f.J.' = 2f.J. 0 , then 2 lk I h exceeds this limit for fre-
quencies off> 4 x 10 6 cps, which could result in errors larger than 20% 
in the calculated impedances. This is a small portion of the total fre-
quency interval however, and does not invalidate the results. The dashed 
portion of the curves indicates the range where the above limit does not 
hold. 

There is an additional manifestation of the approximate character of 
Equation G-1. When a complex permeability is used, the resistance can 
be shown to become negative when the imaginary part of the permeability 
sufficiently exceeds the real part. It is unlikely that any real medium 
would possess such a permeability. 
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In Figures G-9 and G-1 0 the results are rearranged to illustrate 
the changes in resistance and reactance as a· and E vary at selected fre-
quencies. These curves demonstrate that adequate sensitivity to material 
parameter variations exists, even when allowance is made for the fact 
that these data are for the completely immersed antenna. 

G. 3 DIPOLE IMPEDANCE NEAR A FREE SPACE-MATERIAL MEDIUM 
INTERFACE 

The original study of the dipole antenna over an infinite conducting 
half- space was carried out by Sommerfeld ( 1909). There have been various 
treatments of this problem by many authors since then. Sommerfeld and 
Renner ( 1942) extended Sommerfeld 1 s original study to a :Calf- space of 
arbitrary properties and found the radiation resistance fro:m the emf 
method for horizontal (HED) and vertical electric Hertzian dipoles (VED) 
as a function of height above the interface. The surprising result is that 
when the half- space has finite conductivity, the radiation resistance of 
both antennas becomes infinite when their height above the interface de-
crea.ses to zero. When, however, their half- space is infinitely conducting 
or nonconducting, the radiation resistance is finite at the interface. This 
is a somewh<lt perplexing double limit process which King (1956) sidesteps 
by noting that since a physical antenna has a nonzero thickness, the limit 
of the antenna height decreasing to zero is meaningless. 

There is an interesting comparison which can be made between the 
HED at the free space boundary and the same antenna immersed in an in-
finite material medium which has the properties of the half-space. In both 
cases, the antenna radiation resistance becomes zero when the conductivity 
of the material medium goes to infinity. On the other hand, when the ma-
terial medium has a finite conductivity and then the frequency is allowed to 
approach zero, which is equivalent to letting the antenna height above the 
interface become zero, different results for radiation resistance are ob-
tained. The radiation resistance of the antenna in the infinite medium be-
comes a constant inversely proportional to the conductivity, while that of 
the HED, as mentioned above, becomes infinite. H seems intuitively ob-
vious that the antenna impedance would be most affected by the material 
medium when it is surrounded by it, and when the antenna is at the inter-
face between the material medium and free space, the effect should be 
smaller. Also, since an infinite radiation resistance is not acceptable on 
physical grounds, it is apparent that the present solution to the interface 
problem fails when the antenna is at, or near, the interface. Some ex-
perimental measurements by Proctor ( 19 50) indicate that the theory is quite 
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good in predicting the actual radiation resistance for an antenna height 
down to 6 x lo-4 wavelengths. The theory must fail for heights less than 
this for a lossy medium, however. 

With this limitation in mind, curves have been derived from results 
recently given by V~gler (1964) for the HED as a function of frequency. 
His results were obtained using the emf method for calculating the im-
pedance of the Hertzian dipole. Figure G-11 shows the radiation resistance 
over the same frequency interval for a Hertzian HED with same length, 
2h = 20 meters, as was used for the antenna in the previous calculations. 
For the parameters considered, 50 meters is as close as we can approach 
the interface and still reatl.the Vogler: curves. Two curves are presented 
for finite conductivities, and an antenna height of 50 meters, both of which 
resemble those obtained for the infinite medium except that the increase in 
resistance is not so pronounced. Also shown is the resistance when the 
conductivity of the half-space is zero and the antenna is at the interface. 
The increase in resistance then is not quite equal to the square root of the 
increase in permittivity as was the case for the infinite medium. No curve 
is shown for the reactance at the 50 meter height since it is relatively un-
affected by the half- space. When the antenna height is zero, the reactance 
is infinite according to this theory. 

Figure G-12 shows the resistance as a function of height above a half-
space with (J 

1 = 0, f.L 1 = f.L 0 , and E 1 = 4 E 0 , and a frequency of 5 x 105 cps. 
Since, for the infinite medium of zero conductivity and real permittivity E 
and permeability f.L 

R = F(h, a, w) -/E f.L 3 (G- 2) 

where F is a function of antenna length and readius and of frequency, it is 
reasonable to write for the same antenna in free space near the half-space 

(G- 3) 

where G is a function of the antenna height Hand shows the results of the 
half- space properties on the antenna resistance. This form is correct for 
the half- space problem and G(H) is given by (Sommerfeld, 1949). 
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3 G(H) = 
2 

sin 2k H sin 2k H - 2k H cos 2k H 
0 0 0 0 

_2_k_o_H __ + ____ (_2_k_H_) -3------
o 

1 + R 
k3 e 

0 

00 
- 2H ../'A. 2 - k 2' 

0 
2/k 2 -k2'{k Lk2-k 2 

[ ~E A 2_:2+1">.. 2 -k2' 
0 

(G- 5) 

and is seen to be independent of H. F 1 and F 2 are given by 

1 2 2 
= x + [ 1 - x( l :1- x)] d + 3 ( 1 + x) ( 1 - x ) d 

x( 1 + x) ( 2 - x) J d 
2 X 

3 + [ 1 + x ( 1 - x) J d + [ 1 = 

1 2 3 1 22 4 + 3 [ 1 + X ( 1 - x) ( 2 - X ) ] d ~ S ( 1 - x) ( 1 - X ) d 

with 

..JETE -1 
d 

0 
= 

../E/E 
0 

+l 

E/E -1 
D 

0 
= 

E/E +1 
0 

where k = w ..J;E in the propagation constant of free space and k =w-r;;€ 
0 0 0 

is the propagation constant of the material medium half space. Vogler has 
given an asymptotic form for G in the limit H .J E / E 0 < < 1, which is 

Figure G-13 shows Equation G-5 as a function of/ETE. It is apparent that 
G is slightly less than ../E/ E

0 
but that as ../E/E

0 
increas~s, G approaches 

{Ej E 0 or the resistance then approaches the infinite medium value. Thus, 
the theoretical indication is that the antenna radiation resistance for the 
HED located at the interface between free space and a material medium 
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half- space approaches that value which would result when the same antenna 
is immersed in the material medium if the permittivity of the material 
medium is greater than about 10 times that of free space. It should be re-
called, however, that the treatment followed by Vogler indicates an infinite 
reactance for the same antenna when at the interface, even for a lossless 
medium. 

It may be of interest to include some experimental results obtained 
by Proctor (1950, Iizuka (1964), and Seeley et. aL (1964) for impedance 
measurements of linear antenna near the interface between free space and 
a material medium half space. The work of Seeley ( 1964) et al. is es-
pecially interesting, in that measurements were made on a dipole antenna 
3. 25 miles long laid across an island, at frequencies between 3 kc and 45 kc. 
The experiment was carried out to determine whether an island could be 
made to radiate as a slot radiator. Table G-1 presents the results of some 
of these measurements. 

The smaller values of H/'A for Iizuka' s and Seeley's work represent 
the case when the antenna was actually touching the interface. It is interesting 
to observe that the resistance and reactance, in all cases but one, exhibit a 
decrease in magnitude when the antenna is brought into contact with the in-
terface with respect to the values just above the interface, contrary to the 
theoretical calculations from the Hertzian dipole theory. These results do 
show the possibility for a large increase in resistance over that free space. 
At the same time, they indicate the limitations of the available theory which 
predict infinitely large impedances in such situations. 

G. 4 FURTHER THEORETICAL WORK 

In a uniform material medium we may calculate the impedance of 
electrically short dipole antenna with relative ease and reasonably good 
accuracy largely because of the theoretical work of King and his students. 
The medium may be loss-free or lossy. The complexity of computations 
in the lossy medium are greater than in the loss-free medium, but, as shown 
above, they are still managable. The expressions for the impedance rest 
on a solution of an integral equation for the current of the linear antenna. 
The linear antenna consists of perfectly conducting cylinders joined by an 
ideal voltage generator. 
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I 
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Calculated 
Free Space 

Source Frequency H/}.. E/E 0 (J I WE k h R jXo 
0 0 

lizuka 114 Me -3 78 0.088 0. 178 0. 192 726 2. 97x10 -

(Monopole) 114 Me 
-3 

77 l. 06 0. 178 0. 192 726 2. 97x10 -
-3 

73 0. 088 0. 178 726 114 Me l. 43xl0 0. 192 -
114 Me 

-3 
77 1. 06 0. 178 0. 192 726 1. 43x1 0 -

-5 
,I; 

6 
0. 164 Seeley et aL 3 Kc 1. 52x10 .,, 1. 88x1 0 0. 54 -8010 

(Dipole) 3 Kc 4.4x10 
-8 

1. 88x10 
6 

0. 164 0. 54 -8010 

10 Kc 5.07x10 
-5 

5. 64-1 o5 
0. 548 6.25 -2400 

10 Kc 1. 37x10 
-7 

5. 64x10 
5 

0. 548 6.25 -2400 

20 Kc l. 01x10 
-4 

2. 82xl0 
5 

l. 096 27. 7 -1090 

6. 3x10 
-4 

6. 0 rr/2 Proctor 53.4 Me 0 80. 0 0 

(Dipole) 53. 4 Me . 1 o- 1 
6.0 0 rr/2 80. 0 0 

No dielectric constant given. Island consisted of sandy soil. 

Measured 

R jX 

68. 0 - 611. 0 

295.0 -1120. 0 

6. 1 - 9. 9 

13. 6 - 1.0 

325. 0 -2800. 0 

100. 0 - 970. 0 

100. 0 - 700. 0 

60. 0 - 140. 0 

310. 0 425. 0 

160. 0 0 

70.0 0 

TABLE G-1 

EXPERIMENTAL RESULTS OF IMPEDENCE MEASUREMENTS 



When the space consists of a material half- space and the rest vacuum 
(or air), then the only calculations for the dipole impedance which exist are 
based on the emf method and the Hertzian dipole fields. This procedure was 
first formulated by Sommerfeld at the turn of the century and since then ex-
tended by himself, his students, and other workers. Experience indicates 
that this method gives useable results when the half-space is either loss-
less and the medium electromagnetic parameters finite, or when it is of 
infinite conductivity. When the half-space is lossy, then the impedance re-
sults are of sufficient accuracy only as long as the dipole does not approach 
too close to the lossy interface. When the separation distance becomes less 
than one-half wavelength, it is clear that the error is bound to increase and, 
for example, as the horizontal Hertzian dipole approaches the lossy inter-
face the real part of the dipole impedance becomes infinite: a result that is 
completely wrong. How this comes about is easy to see. The Hertzian 
dipole is an oscillating point current. The electric field of this source be-
comes infinite at the rate of d- 3 for d < < X. where d is the distance of the 
observer from the source. As we let the horizontal Hertizian dipole ap-
proach the lossy interface, we impress on the finitely conducting interface 
an infinitely large electric field which gives rise to nonintegrable singularity 
in the power absorption by the medium. Such a situation will never arise if 
one considers a linear antenna as discussed in the first paragraph of this 
section. We are forced to conclude that the method of computing the dipole 
impedance which rests on the emf method and the He rtzian dipole fields 
leads to incorrect results when the dipole is chose to the material inter-
face. 

Thus there is a need to formulate an integral equation for the current 
of a linear antenna that is horizontal to a lossy interface, as shown below, 
as was done by King for the homogeneous lossy medium. From a solution 
of this integral equation one can obtain antenna currents that will lead to 
useful dipole antenna impedances close to the interface. This problem is 
involved and tedious mathematically, but the present need for a good solu-
tion and availability of high-speed computers should combine to solve this 
problem. Both of these factors were missing in the earlier studies. 
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G. 5 CONCLUSIONS AND RECOMMENDATIONS 

The preceding sections have demonstrated that the proposed method 
for lunar subsurface electromagnetic probing should provide useful re-
sults, particularly when advantage is taken of the ability to make relative 
measurements from one lunar site to another. Variations in both permit-
tivity and conductivity can be detected readily. Permeability changes have 
only minor effects on the electric dipole. An investigation of the loop an-
tenna might be undertaken in future work if sensitivity to permeability 
change is desired. 

In order to obtain the maximum amount of information from the meas-
urements, it will be necessary to carry out the analysis of an antenna at a 
material-free space boundary and then experimentally verify the theoretical 
predictions. It will then be possible to conduct an error analysis of the ef-
fect of lack of contact of the antenna with the interface at all points along its 
length. This will assist in specifying the care with which the antenna must 
be deployed prior to measurement. It will also allow an estimate of the 
feasibility of mounting an antenna on a traverse vehicle to obtain continuous 
readings during vehicle operation. 

As presently envisioned, the instrument would consist of a box con-
taining spring-loaded reels for antenna storage and all the electronics neces-
sary to make both resistive and reactive measurements of the antennat at a 
minimum of three frequencies. Instrument volume should be less than 1/2 cuft 
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and it should weigh less than 6 lb. During operation, less than 2 watts of 
power would be required. The data output would be in the form of analog 
voltages which would be displayed on self-contained voltmeters and also 
would be properly conditioned for tape recorder or telemetering inputs. 
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APPENDIX H 

MEASUREMENTS SURVEY AND INSTRUMENT SUMMARY 

The instrumentation charts which follow are intended to serve as a 
concise summary of the physical and operational characteristics and speci-
fications of all the instruments considered for possible inclusion in the 
final recommended scientific experiment package. The data which appear 
in the charts were obtained from each of the subcontractors and from 
Bendix in- house contributors. It should be noted that available data con-
cerning Apollo-inherited instruments and astronaut hazards devices are 
not included below, but can be found in Appendix A of the Interim Report 
( BSR 10 74) which groups many possible lunar experiments, whether they 
are the responsibility of SMSS or not. 

The following guidelines were employed as standards for interpreta-
tion of the column headings for eliciting the responses of contributors: 

1. Measurement- the name of the measurement to be made or ex-
periment to be performed should be indicated. 

2. Measurement Priority- these priority ratings were assigned by 
Bendix in accordance with the latest designations of Dr. W. Parsons 
and Dr. W. Hinze (Section 2.) 

3. Instrument- the name(s) or proposed name(s) of the instrument(s) 
used to perform the measurement(s). 

4. Parameters- those physical parameters actually measured by 
the instrument( s) such as d T / dt, velocity, current, temperature. 

5. Range of Measurement- anticipated bounds of the parameters 
to be measured by the instruments during the lunar mission. 

6. Resolution Required- the expected resolution nee es sary to per-
form the measurement or experiment. 

7. Output Bandwidth- anticipated bounds on the variation with time 
of the measured parameters during the lunar mission intervaL 
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8. Spatial or Time Resolution- the desired time or distance intervals 
anticipated between measurements. Units are (km), (hr), (min), etc. 

9. Mass- the known or estimated mass of all instruments and equip-
ment needed to perform the measurement. Units are (kg). 

10. Dimensions- the physical dimensions of the apparatus or instru-
ment(s). The shape should be indicated whenever ambiguity 
would otherwise result. Units are (em). 

11. Volume- the total volume of the instrument and/ or equipment, 
expressed in (cm3). 

12. Power (Operation and Standby) -the power consumed by the m-
strument( s) during both phases indicated. Units are watts. 

13. Temperature Operating Range- the maximum and minimum 
temperatures at which the instrument( s) can successfully function, 
expressed in degrees Celsius. 

14. Other Environmental Constraints - any other physical limitations 
to which the instruments are subject, exclusive of mounting re-
quirements. 

15. Analog or Digital- the form of the sensor output. 

16. Sampling Frequency- the required sampling frequency for non-
continuous measurements as determined by the anticipated output 
signal bandwidth. 

17. Instrument Accuracy- ( l) the accuracies of presently available 
equipment; (2) the desired accuracies for lunar applications ( %) . 

18. Data Format- the format of the data sent to the data-handling 
subsystem, such as 0 - 5 vdc, current, binary-coded decimal, etc. 

19. Warm-up Time- units are seconds. 

20. Instrument ''On- Time" per Measurement- indicated 1n appropriate 
units of time. 



21. Status Outputs- any parameters describing the status of the 
instrument, such as ambient temperature during measurement, 
power supply voltage during measurement. 

22. Mode(s) of Operation- designated by A for automatic, SA for 
semiautomatic, M for manual. 

23. Display Type- the means of data display, if any, such as meter, 
CRT, digital readout, or any others. 

24. Instrument Operation Problems- any possible operational 
problems, such as "requires delicate manual adjustment by 
astronaut wearing gloves, " etc. 

25. Related Measurements- any other measurements which must be 
made in order to interpret the experimental measurements, such 
as time, temperature, sun angle. 

26. Mounting Requirements -indicates whether the mounting of the 
instrument is internal or external to the MOLAB, as well as any 
other mounting restrictions or requirements, including portability. 

27. Developmental Status- the present status of the instruments. 

28. Remarks- any other necessary and pertinent information con-
cerning the instruments or measurements which has not been 
indicated elsewhere. 

29. References- the section of the Report in which the instrument 
is discussed or tabulated. 
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A. 

B. 

M:eaamt 
Mea•urement Priority' 

Core Drilling H Core Drill 
1. Drill bit assy 
z. Drill rods 
3. storage, feed, & 

thrust application 
:rnechanis:rn· 

4. High temp. radiator 
5. Compressor+drive 

H Mining Core splitter 

Surface and Cor~ 1. Gamma source 

~rMDeter 

NA NA NA NA NA 

3~: ~ 

26.4 
5. 2 

lZ. 3 
'85.'T 

NA NA NA NA NA 2.5 

1.8 

JJWelopmedtal 
Statu Reference• 

Up to Z2.4 None Known NA NA NA Moi:dter drill Conceptual paper NA SA To. be None known Posi't:iOJ External to MOLAI Section 7 
Chic hUt blt.temp_, deter- of hole Design I\ temp~ penetration mined 1(76, 3xZl. 3x ratea; · 594,660. anticipat.. 

1\ 365.8 at'ra<jiato 
~~~ 373. mlet:} 

30. Sx2. 1X763 43.042. 
5. 25diax30. 5 

64;:~~~: ~ 
IZ. 7xls.z 1969 NA None NA NA NA NA NA M None None Nooe Internal or Off this sheU for UED-BSD 
x 1o.z Exterttal eart&. applications. estimate 

545. 0 Estiinated time for * This item is also used Section 5. 5 
Hole Nuclear z. Pula ed neutron 
Measurements source 

·3. Gan:tma ray 
detector* 

4. Neuirondetector 
5. Count-rate meter 
6. 1Z8 channel 

analyzer 
7. Data processor 
a. Source-detector 

5.5 

o. 9 
1.4 
o. 9 

z. 8 
1.8 

860. 25. Sp~i!fcations fo 
these instru-
mepta other than· 

315. s. theae weight, 
860. 10. volUme, and 

f>ci.mf3 poWer estimates 
are given for 

546. 7. each experiment 
z~. s. bel~w 

complete develop- as part of the astronaut 
ment of all thee e hazards package. 
instruments is 
Z4 months. 

shield 

1. Gamma-Gamma #1 + #3 Above 

o. 5 

Counts/sec 10 bits Surface: 
10 min per 
set-up. 
logging: 
6m/rnin 

120. 
1 .... 

-163tb 50._g accelerati01 ANA 10 
+112 ·~k. lunar .• oamp 

va.=um 

0.1 o.1 0-5 10 rnin/100'ft Power supply M ANA I. Calibration check Bore- External toMOLA Dedaned but not Section 5. 5 
·vnc borehole. voltage Read- when inserted into hole and portable flown. Requir:ee 

5-10 min/ out solid Al standard posi- dete~'!;or modifi-
sUrface for one lninute. tion catiollse 
measurement Z. Safety pre-

c. S

z. Neutron-Neutron I #2 + #4 Above 

3. Natural gamma #3, #5, #7 above 
ray 

4. Neutron-gamma L #2 + #3 above 

5. Spectral gamma L #3 + 32 channels of 
/16 above 

eismic Meuures H f:ieophones (6) 
1. Active seismic Cable -ZOOm ·{7 pr)* 

Amp System 

Thermal • 01-10 ev 6 bits logging: 6m/ 
Neutron flux min. 

Measure• at 
5-10 sites: 
5-10 min/ 
site 

Counts/sec O-ro2 6 bits per - Continuous 
or 0-103 decade along travers 

mr/br 0-104 cpe Logging:6 m 
o-ros per minute 

Counte/sec o. 1 -8 Mev 10 bits I Continuous 
channel logging speed: 

9 m/rnin 
Measures at 
5-lOsites@ 
5-10 min per 
set-up 

Counts/eec o.r-z.s 10 bits/ Areal survey: 
Mev channel continuous 

along travers 

!i".!~~s":!! 
per sampling 
point 

4. 5 

-16Ho 50 g acceler~ 'ANA 
+llZ shock. lunar 10 

vacuum . sarnp/ 

-163 to 50 .g shoCk~ lunar DIG 10/ 
+UZ 

-163 to I/ sec 
+liZ 

Areal -163 to 50·g shock, lunar DIG surve • +HZ vao;uum lsam.p 
; sec. 
. Logg; • 
;&: in 

dtu: 
, 5-10Drl 

per ... 
-40 to-+5o '!:i9:,r·z ?.4,900 
-140to+ll0 

7080 10 -40 to +50 

z 

z 

2 

z 

cautions when so:urc 
is out of holder. 

0-5 5-10 min Power eupply M DIG 1. Calibration Bore- ExternaL to MOLAB Designed but not Section 5. 5 
VDC voltage, source :&eadout checks. hole and poitable flow~ 

current z. Radiological politio:t 
safety when sou~ce 
is on. 

Binary OD.tinUO,UII Power supply A,M [Meter !visual calibration Time, ~ernal to MOLA3 Designed and flown Section 5. 5 
urittg travers voltage checks every 10 min hole & and portable {different geometry} 
O~for vehicle 

too foot hole posit:lon 
Bmary 15-10 min Power supply M · jorgital fca!ibration chec~s, Hole ~mal to MOLAB jnesigneq, not flown Sections. 5 

voltage, sourc faeadout radiological safe~ j~m•ition Fd portable 
current [when source is oil 

Bihary ~ontinuous Power supply. ,M joigital Calibration checks Hole & ~erna.l to MOLAB joesigned and flown Section 5. 5 :uring survey voltage !Readout ehic1e fld portable different geometry) 
JPosition 

M Safety factors, . External to MOLAB *Specifications given Section 6.1 
M e:nergy source ~dport&ble do not include reel on 

Loading Poles 2.6 16ZO .SA None limitations 1 hard~ i"'ternal to MOLAB l outside of MOLAB. Ree 
Pkging + a hock mount Z.3 49ZO M a.bor taske for ~xternal and portabl should be equipped with 
Explosive• (Z7 pkges} 
Detonators (1(1 

4.5 
Z.3 

3600 -l.tl to +·110. 
1000 

astronauts 
.M 

jExternal and porta,bl 
j:External to MOLAB ~=~t;:I:~:: ~0~ ~~ 

R~ceiver,s {10) 2.8 zooo .SA ~mal to MOLAB 
Digital record system Reflected + Subsurface 0.1% 4.5-130 Surface: 30m s.o 

Refracted Horizons: cps subsurface: (recom 
energy vs tim • 003-3 km 15m mendeo 
10-5 sec) 

500/ 30.Zx35.6 21,825 40 35 to +45 Pres imt max DrG 
x zo. 3 s~age on best 

trandstors: lie• 
trace -i0° to +300°C 

.01 .01 
!tim•) 

SA 
1 min M 

~xternal to MOLAB 
[Surface jln~ment internal., ~milar recorder flown 
geophon fable external 
spread 
f>uot be 
surveyeC 

• 01 1 . Analog 0 mm M ~og fsuriace ~Wit remain inside Requires minor de-
Analog Record System Reflected + Subsurface + 2 msec 4.5-130 Surface: 13.5 0.3 X 30.5 25,590 40 35 to +45 to 3 v •cillo- eophon MOLAB elopment 

Refracted Horizons: (2-way cps 30m 
energy vs (. 03-3 kr:n} time 
tir:ne(0-5 sec) measure-

ment) 

X 380 1 ram on 
inaan•ti 
fa!'· 

pread 
F'"' be 

urveyeC 

z. Passive seismic H ~:W Freq. Geophone 0.9 Appendix A of 
eismic Switch Z. 7 ~.Zdiamx37. Z 6, 775 Interim Report 

3. Sonic Velocity H ~all Coupling Time VB 0-30 min 0.45 
peophone (1} Depth 3m ~tepa :1:2 msec 4. 5-150 3 meters 0.27 
Fable (35 meters) cpo z. 7 

oading Poles 6. 3 

3Z.8 United by s. 5. 
24.6 ecording 

14700. yotem 
3854. 

Analog .NA NA M 
voltage 

Pff the ehelf 
~ole tore on outside of Pevelopment time for 
position ~OLAB tru.s experip:1ent is es-

imated at 12 months 

Section 6. 2 

couetic Velocity Jnst. o. z 515. 
quibs (15) 1.3 204.. 

INSTRUMEJiill'S CONS.p)ERED FOR RECO~ED SCIENTIFIC INsTRUMENT PACKAGE 
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Y.easuremeat Wtrument Parameter 

IJulh'aiDellt Accu-

"'' ·--D. Surface Ph~tography 
Temp. Surveying, 
and Ground Truth 

H 70 mm Cameras (4) Radiance 
changes 

0,2-0,41J. 
0. 4-0.7 1-1. 
0. 7-1 I' 

401ines/mn 3xl07 bits 
per frame 
for data 
rate of 
105 b/sec 

Every! km 
along travers 

10. 4-10xZZxl7 13. 5ZO 300. o.S5to'+75 None known ANA To be 
Detmd. 

5-10 0-5 vdc 
analog -sig. 

30-60 <1 Temp~ calibra.-· 
tion, reference 
level 

SA,M 
I 

Po .. ibly changfug} 
film cartridges. ; 
Radiation shieldin* 

Time, 
count o 
exps. 
persc&J 

External.to MOLAB 
on gimbals 

Used f,n airborne 
applications 

The instruments in the 
surface photograph~grom 
truth section forn:a a bore 
sighted package . 

Section 4 

H Radiometer Radiance vs 
time 

4-15 1-1. 
0 

10 A spec-
tral resolu 
tion 

60 bits/ 
samp 

Every 1 km 
along travers 

7, 8340. zo. -55to+75 None known ANA To be 
Detmd. 

5-10 0-5 vdc 
analog sig. 

30-6~ <1 Temp. calibra.-
:ti.on. reference 
level 

~.M 
· 

PosSibly changing 
film cartridges. 
Radia:ti.on shielding 

Time, 
cal.ibra 
tion. 

External to MOLAB 
on gimbals 

Design¢ and used in 
la.borat?ry 

H Spectroradiometer Radiance vs 
Wavelength 

0.35-31J. ,051J. spec 
tral resolu 
tion for 
compositio 
analysis 

Bxl03 bits 
saznp 

Every 1 km 
along travers 

10. 2 Units: 
45, 7xZ6. 7x 
15.Z 

45, 7x56x 
19.3 

70, 300. 50. -55to.+75 None known ANA To be 
Detmd, 

5-10 0-5 vdc 
analog sig. 30-60. 1-ZO sec Tem~. calibra-

ti-on, refe.reuce 
level 

~.M Possibly changing: 
film cartridges. -
Radiation shieldin~ 

Time, 
calibra 
tion 

External to MOLAB 
on gimbals 

Designed and used in 
Laboratory 

H Interferometer 
Spectrometer 

Radiance vs 
Wavelength 

3-15" .05 IJ. spec 
tralresolu 
tion for 
compositio 
analysis 

Bxl0 3 bits 
samp 

Every 1 km 
along travers 

4. 3790. 10. -55to+75 Nmie known j\NA To be 
Debnd. 

5-10 0-5 vdc 
analog sig. 

~0-60 0.1-3 sec Temp, calibra.-
tion, reference 
level 

SA,M Possibly-cha.Dging 
film cartridges. , 
Radiation ehielctin8: 

Time, 
calibra 
tion 

External to MOLAB 
on gimbals 

Designed and used in 
laboratory 

TV f:amera head & con 
trol unit) 

Film Readout Device 

Visible 
spectral 
region 

Every 1 km 
along travers 

5. * 

9. 1 

Camera: 
3, Z dia.. x 12. 7 
Control: c 

1Z.lxl6,5 x 
14 

25.4 x ZS. 4x 
Z5,4 

3195, * 

16, 400,. 

15. * 

ZO, 0 

-55to+75 

j-55to+75 

No.n.Ei known 

N~e known 

ANA 

ANA 

To be 
Detmd. 

•To be 
Detro. d. 

5-10 0-5 vdc 
analog sig. 

30-60 0. 03 sec Temp, calibra-
tion~ reference 
level 

SA,M 
f 

Radiation shieldinf 
· 

Time, 
calibra 
tion 

Camera head ex-
ternal, control insid 
MOLAB 

Inside MOLAB 

Qualified for missiles *Less TV display 

E. Gravity Surveying H LaCoste-Romberg 
Gravity Meter 

Gravity 
differences 

161.750-
162,250 
mgal 

.01 mgal DC ,01-1 km 5. 9 
{with 
batter

15, Zx 12. 7x 
20,3 
y~~ery: 
lOx lOx 30 

6936. 4. 4 -45to+93 Must be accurate 
ly leveled 

VISUAL To be 
Detm.d. 

• 01 mgal • 01 mgal manual 
record 

3600.· 1 min. None Cal.ibra 
ted kn.o 

Manual adju.s"bn~ 
by ~tronaut 

Time 1 

temp. 
level, 
elev, 

Internal: or ex:terna.: 
and portable 

Available for earth 
prospecting. Est. 
development time is 
6 months 

For max. accuracy 
must be deployed by 
astronaut 

Section 5. Z / 

Falling Ball Gravim-
jeter 

P.ravity, 
absolute 

I mgal -o 1 km Z.. 7 ~~11 shape: 
18.5 base x 
Z3 tall 

2125. ~one Mu.at be in ther-
mal equilibriw:n 
before use 

DIG 1-Z 
sa.mp/ 
min 

not yet 
avail.a.ble 

1 mgal Binary o. 0. 25 sec None Counte 
output. 
of time 

None (self-leveruj.g 

automatic) ! 

positio 
Time, 

:a:~~o 
Attached to MOLAl 
either internal or 
external 

Only UED preliminary 
design available. Est. 
development time is 
lZ months 

Includes electronic 
counter to count time 
between signals 

F. Magnetic Field ~etastable Helium 
jMagnetometer 

choenstedt Fluxgate 
~a.gnetometer 
!Model RAM 43C 

!varian V4948 Rb 
jva.por Magentometer 

~agnetic 
!field variations 

Total magnetic 
field difference 

Total. magnetic 
field difference 

0-300 'V 

O.l-300-y 

0. 1-300 'V 

0.1 'V 

0. 1 'V 

0-Z cps 

0-2 cps 

0-Z cps 

pnce/min 

Once/min 

Continuous 

4. 

I. 5 

z. 7 

ens or: 15.2 cn 
phere 

jE!ec: 
0 X 10 X 20 

Sensor: 
11.4x7x1Z 
Elec: 
7.6xl4xl6.5 

Sensor: 
17.8x7.6dia 
Elec: 
8,3x8.3xl9 

3848. 

2713. 

2106. 

5. 

Z.5 

3.5 

85to+ll0 

-75to"+l10 

-40to+50 

None ANA 

ANA 

ANA 

1/10 

As re-
quir.ed 

Atleas 
once/ 

o.s 'V 

±.1 (of 
full 
scale) 

.±.1 (of 
full 
scale) 

o.z 'V 

±1 (of 
full 
scale} 

,u (of 
full 
scale} 

0-5 vdc 

0-2.5 vdc 

FM: 5 cps 
3 kc at 
0-5 vdc 

-30. 

o. 

10, 

1 min. 

As desired 

Continuous 
monitoring 

None A 

A,M 

None 

Zero offset ; 
Must adjust sensor 
orientation 

Tim8. 
poaitio 

=· 
locatio 

Ti:nie 

24 mos. to perfect 
l-unar design 

12 months to perfect 
lunar deaign. 

Off the s.helf for earth Requires temp control 
of vapor tubes 

Section 5. 3 

Varian 

G. Atmospheric and Vol 
canic Gas Pressure 
plus Composition 

I Quadrupole Mass 
Spectrometer 

Mass-to-Charg 
Ratio 

Z-80amu 1% of mass 
100 peak 

N.A. 4.55 76,2x9.5x 
11,4 

. 8430. Z3 • No prob-
lem 

Vehicle outgas-
sing 

ANA As re-
.quired 
byob-
serva-

· tions 

1-Z 0-5 vdc 300. 1.5min. A None ~ati.c Uncertain a.s yet No space-qualified 
units available 

Scan rate: 10 sec Section 5. 7 

H. Penetration Resist- Penetrometer Force vs pene-
tration 

To depths 
of 10 ft 

Z.7 2.7,9xl5,Zx 
17.8 

7549. 7. ANA 10/sec 0-5 vdc 
SA Locatio! ~ernal to MOLAJ Prototype built for Stroke exceeds ten feet 

of so that tube has lunar program 
-.L~S~u~r<.f~~e~E~le=c~tr~i~cal~-+-----+---------------f----------+-------f-------+-------f---------+---~~------~~----~~~~--~----~~----~--~~---1-----1------~----~~------~--~~------~~--------~--~----~-----------,4B~~~~~·~~pa~tosurfce 

1. Resistivity Resistivity Meter Distance, cur-
rent, an.d paten 
tial 

1-107 ohm 1% of full 
scale 

5 Measure only 
when stopped \ 10.2 x3,8 x 7..,6 Z95. Z7. 0. -135to 

+105 
Lack of surficial 
moisture 

ANA N.A. 3-5 5. 0-5 vdc 30. 10 sec per 
reading 

None SA DIG 
ead-

f-/or 
Electrode contacl: 
with surface 

Surfac 
temp, 
poaitio 

Instrument internaj 

:a~~r:! ~&~:-
Requires modification 
of existi.B.g inst:Du-
ments 

Technique is of doubtful 
use due to anticipated 
high resistivity of 

Section 5. 4 

visible external lunar materials 
eco:rdil: 

2. Spontaneous 
Polarization 

L 

(4) Electrodes for abov 

Cables for above 

tpotentiometer 

N,A 

[N.A. 

Potential vs 
iJ>lstance 

N.A 

N.A. 

0. 003-3 
vim 

N.A 

N.A. 

N.A. 

N.A 

N.A. 

N.A 

N.A. 

Measure only 
when stopped 

)' IZ1.9 xO. 950 

!Rolled 

flncludad with 
foeter above 

352. 

150, 

jesistivity 

N.A •

N.A •

o.s

. N.l! 

. N.A 

. o.s :o-135to 
105 

Lack of surfici21 
moisture 

N.A. 

N.A. 

ANA 
t-ee 
abov<} 

N.A. 

N.A •. 

N.A. 

N.A. 

N.A. 

N.A. 

N,A. 

N.A. 

N,A, 

N.A. 

·N.A. 

0-5 vdc 

N.A. 

N.A. "

30. 

N.A. 

N.A. 

5 sec per 
reading 

N.A. 

N.A. 

None 

N .. A 

N.A 

SA 

N.A. 

N.A. 

N.A. 

J 

Electrode conta.~ 
with surface 

N.A. 

N.A. 

Temp. 
positio 

Instrument interna: 
toMOLAB 1s elec-
troaes and cables 

Requires modifi.Catiolll 
of exis"lin.g instru· 
menta 

Al rods 4 ftx3/8 in.dia 
could be hollow. 

See resistivity meter 

Electrodes and cables external 

pre included with resis 
Jtivity meter 
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-Meaaurement Parameter 
Rauge of 
Neaamt 

Reaolution 
Rilquired 

Output 
[ ~~~dih 

8~=~ or 
R• aDlutir .. (q) 

Dimenaioua 
(em) 

Power wta Temp Oper 
Other 

Eaviroameatal Cooo•·-
Samp ...... !Jlllt~Ac;_~~

!':!:.. i .... ir ... 

:O.to .......... -tOpora,_ 
Problem• 

Rot-
.a•amta 

............ 
Requirem.ma 

Dft'elopmeatal 
Statua Remarb 

J. Core-Hble Elec-
tical 

L Induction Logging 
Sonde (Less Cable) 

1. Electrical 

z. ~::!~ty 
su~ceptibiJi1¥ 

1. 

z. 
102 -101 

~~~? 
micro~ 

oersted/ 
gauss 

5 ohm-em 

~er:!~::,-
gauss 

l.3 z. 54 dia xZO 100. 

n- ........ 

z. 

R&Dse(°C) 

-zo to +1Z5 ANA Cantin-
uous log 

3-5 5-10 Voltage 
Variation 

30 Continuous 
during loggin 

None A Strip 
Chart 

Requires calib. on 
lunar surface 

depth o 
unit 
(auto-
matic) 

External; readout 
device in MOIAB 

Requires modifications 
of existing instrUinents 

Could use coded cable 
from other logging de-
vices (Raised & Lowered 
by Astronaut) 

Section 6. 3 

K. Electromagnetic 

___ _::P_::r_::
L. Heat Flow 

L 

ob=in
H 

Antennas, Reels, Imped 

=g~---+---fa.n=
Temp Sensors and 
Thermal Conductivity 
Measuring Device 

c•::M=•a:
1.~ 

4. Q(powerdis 
sipated by 
pro be heater 

:•::u::rin~g::D
1. O.OSto T:±0.01°C 

1. 6°K/m Q: ±0. 1 wt 
z. -40° to t: ±.1 sec 

45°C 
3. UnknoWI 

4. 0-100 w 

_:•V1::
<< 1 

' 

z. 7 

"::••=f-::::-
T: every 10ft Z0.4 

in hole, 
every 15nir 

Q: 1/min for· 
10 hr 

£f: 1/min for 
10 hr 

---+----+
198xZ0.3 x 
15. z 

z. 
----+--'---
Storage v: I. 5 
56, 634. {cant) 

!ZO 
for 
10 hr 

+-----+--+-
-40to+45 

----4,----
None 

ANA 

--4---
ANA 

J---J
1 samp 
min 

----+-
±.OZ 

------
±.OZ 

J---+---
0-5 vdCI 

+---+
30 

----+----
Conductivity -
10 hrs. 
Heat flow-
months 

+---+-----
None 

M 

+--
SA 

---+--
Digital 
readout 

+_..:_-+----
None 

---'-
Time 

+---+-------+
Used in drill hole 

---------P.~i~
Conceptual: only sen-
sors are presently 
available 

Used to determine & ex-
plore possible drill sites. 

~=:~s crevasses, den-

Appendix A, 

Interim Report 

Section 6. 4 

M. Sample Analysis X-Ray Diffractometer 

X-Ray Fluorescence 
Spectrometer 

9.9 14,150. 

Z480. 

60. 
(over 
. oz 
sec) 

zs. 

ANA 

D!G 

Z Wave 
forms (0-5 
VDG) 

M 

M 

Inside MoLAB 

Inside MOLAB 

Prototype built for 
Surveyor progra:tn • 

No sp::tqe-quali&d 
versions 

Appendix A, 
Interim Report 

Appendix A 
Interim Report 

N. Electric Field Electric Field Meter Electric Field z.o 54Z. 0.4 M Appendix A 
Interim Report 0. Magnetotelluric Total Magnetomer plus 

~elf-Balancing Poten-
jtiometer 

E H vs Time O.l-300y 
jo. 0003-3 
vim 

lo/ooffull 
scale 

Continuous 
monitor 

3.0 x5x5 
!us 

5diax5 

300. 3.5 ~135to +105 NoJi-e Known DIG Cont. ±0.1 y 
±.3MV 

±0.1 y 
±.3MV 

10. Continuous 
monitoring 

Noce A D.igital 
readout 

Temp; large dis:-
tances between s:en 

Posi"tio Externa}. to MOLAB Requires mpdification 
of existing equipmeht 

Section 5.4 

P. Electric Puis e penerator Detector 
~ystem 

VoltagE< vs Tim 1-105 ohm-1% of full 
scale 

Noise-limited 3. 0 Z8x 1Z.5x IZ.5 4375. 10. -135to'+l05 None Known 400 cps 5-10 s. 0-5 VDC 30. 60 s.ec None. A Position Coil outside MO-
LAB 

Requires modifiCation 
of exi&ting equipment 

Section 5. 4 

Q. Magnetic Suscep-
tibility, Redstirit:J 

I ~pedance Detector ~pedance 10~105 
micro-cgs 
1-104 obm 

1% of full 
cale 

10 Noise-limited 3.7 7.5x5x6.3 Z36. 10. l35to+l05 NOI1e Known >100 <p 1. 5-10 0-5 VDC 300. 300. None Spurious fields Position Internal except for 
external coil 

Requires modification 
of existing equipment 

Section 5. 4 

R. Electrical Tran-
sient 

Transmitter, Receiver esistivity 10-lto 105 
hm-cm 

1% of full 
scale 

0-5 Astronaut's 
!<Uscretion 

3. 0 Coil: 1. 5 m 
~lee: 
Z8xl3xl3cm 

4 700. 
Electron-

ics only) 

35. ANA S% of full 
scale 

4 channels 30. 0-1 sec Moisture Position 
Temp 

Roof Coil 
Boom Coil 

Requires modifi:cation 
of existing equfpment 

Section 5. 4 

s. Electromagnetic 
(Dual Frequency} 

Transmitter, Receiver Resistivity 104 to109 
ohm-em 

lo/ooffull 
scale 

0-5 Astronaut's 
discretion 

5.0 Coil: 1. 5 m 
Elec: 
30xl5xZOcm 

9000. 
Electroil-
ics only) 

5. 31\ offul 
scale 

Z channels 30. 0-1 sec Moisture PositioD 
Temp 

Roof Coil 
Boom Coil 

Requires modification 
of existing equipment 

Section 5. 4 

T. RF Antenna ransmitter faesistivi ty l0-1 tol09 
hm-cm 

1%offull 
scale 

0-5 Astronaut's 
discretion 

3. 0 Ant: 10m 
~ect: 

OxZOxZO 

lZ, 000. 
-Electron-
cs only) 

0. j.\NA 51\ offul 
scale 

1 channel 30. 5 min. Moisture· Positioil 
Temp 

Portable Requires modification 
of existing equipment 

Section 5. 4 

U. Inductive Field 
(Mine Sweeper) 

oil, Impedance Bridge esistivity, 
!susceptibility 

10-l to 104 
lohm-cm 

lo/o of full 
scale 

0-5 Astronaut's 
discretion 

4. 0 Coil: Z5 em 
Elect: 
~ x 8 x 5 

3ZO. 
(ElecJron-
ics Only) 

1. NA 5o/oof 
ful! scale 

1 channel 30. 0-1 sec Moisture Positioil 
Temp 

Externlil. coil near 
ground 

Requires modification 
of existing equipment 

Section 5. 4 

V. Radio Wave 
Tra.nsmission 

Transmitter,Receiver Resistivity 10-ltol09 
obm-cm 

l%offu.ll 
scale 

0~5 Astronaut's 
discretion 

z. 0 oil: ZS em 
Elect: 
~ x 8 x 5 

3ZO. 
Electron-
ics only) 

1. 5'/G of 
full scale 

1 channel 30. 0-5 sec Moisture Position, 
field di-
rection, 
temp 

Direction antenna Requires modiiicati.o 
of existing equipment 

Section 5.4 

W. Electrostatic 
Potential Gradient 

Capacitor Plates, 
[Vibrating Reed 
Electrometer 

Potential 
Gradient 

1D-2 tol04 
mv/m 

lo/ooffull 
~cale 

0-5 Astronaut 1 s 
discretion 

z. 0 lates: Z5 em 
Elect: 

x 8 x 5 

3ZO. 
Electron-
ics only) 

1. 5% of 
full scale 

1 ·channel 30. 0-1 sec Surface charge, 
moisture 

Positio~ 

Temp 
External plates 
near ground 

Concep~al desrgn No experience with this 
technique 

Section 5. 4 
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APPENDIX I 

STATISTICAL TECHNIQUES FOR VALIDATION EXPERIMENTS 

By Richard F. Ward 
Associate Professor 

Wayne State University 

Although there is much that is well-known about rock bodies which 
are exposed at the earth's surface, one fact is clear: the overwhelming 
majority of data are based on carefully selected and consequently statisti-
cally questionable samples. The basis for selection is the geologist's 
intuition which has been developed by his years of training and experience. 
The information so gained has been very useful and has furnished geology 
with its present descriptive, qualitative foundation. From a quantitative 
viewpoint, however, these data are generally inadequate. A group of 
intuitively collected samples often shows the range of characteristics of 
the population but is a poor basis for computing the population mean 
(average) and variance (or standard deviation). This shortcoming springs 
from the understandable tendency for the sampler to collect one or more 
apparently rrtypical"' specimens, then to collect as many of the "unusual" 
specimens (statistically extreme values) as seem practical. Because the 
trained eye is usually able to detect even small textural or mineralogical 
variations, these extreme values are markedly overrepresented in the 
sample. Such specimens or measurements are valuable, but they cannot 
be used for reliable determination of such parameters as magnitude of 
variability (variance) and average composition (mean, etc.). 

This lack of knowledge of the scale of variability of lithologic units 
makes it difficult to set up an adequate random sampling scheme for rocks 
without a certain amount of experimentation. Only a random scheme can 
give unbiased estimates of the compositional parameters. However, the 
practical limitations on the size or number of samples that can be collected 
requires that the sampling plan be set up in such a manner as to get the 
greatest degree of reliability of infor>nation with the sample size dictated 
by time, weight, etc. This can be done best when some prior knowledge 
of the scale of variability already exists. This information can be gained 
by use of statistics of variation, and in this particular case, analysis of 
variance which can be used to deterrrine, roughly stated, that part of the 
variability which results from the difference, say, between adjacent samples 
of 10 grams, that variability which occurs between groups of samples taken 
a meter apart, and that which occurs between groups taken 100 meters apart. 
When some knowledge of the sources of variability is gained, it is then 
possible to decide whether more useful information can be obtained, for 
instance, from two groups of 10 samples each or fro>n l 0 groups of two 
samples each. Furthermore, when some estimates of the variance exist, 
it is possible to make a much better evaluation of the significance of very 
small samples (such as n = 1 or 2) than it is without this information. 
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It seems that with the proposed lunar exploration, such knowledge of 
possibly similar rocks on the earth's surface would make it possible to 
better plan lunar sampling to be done by men and to better interpret the 
results of small samples or individual measurements made by unmanned 
devices. 

In geological literature, statistically reliable information concerning 
the areal variability of rock units is not equally available for all rock types. 
By far the best information concerns sedimentary rocks, where statistical 
treatment has been fairly common in recent years, because of petroleum 
exploration. For planning or evaluating extraterrestrial exploration, these 
data are of very limited value, because the quantities reflect such processes 
as chemical weathering, stream and wind transport, and the effect of ocean 
currents and waves. The statistical techniques developed are, however, 
very useful. 

Information on the compositional parameters of volcanic and plutonic 
rocks is not at all common. Techniques developed for plutonic rocks have 
been employed by Whitten (1962, etc.) and Ward and Werner (1963, 1964). 
So far as I have been able to determine, pertinent published data on vol-
canic rocks are very rare. The most recent is by Ward and Mandelbaum 
(1964). The data in this short paper (and additional unpublished computer 
printouts) would be of help in interpreting certain kinds of compositional 
data which might be brought back from the moon. 

In order to properly plan and interpret results of lunar sampling, the 
best possible estimates of the population parameters (mean, variance) should 
be obtained by a rigorously designed analysis of variance of possibly simi-
lar rocks on earth. 

We therefore suggest that validation experiments be given the firmest 
possible statistical base in order that the results obtained from such ex-
periments and from lunar samples and measurements, provide information 
of known degree of reliability. 

A random sampling scheme should be employed for all validation ex-
periments in which in situ measurements are made or in which samples are 
to be collected for laboratory measurement and in which the measuremznts 
are to be used to determine the arithmetic mean (x) and the variance (s ) 
of some physical or chemical characteristic in the population. These 
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random samples should be collected according to a previously determined 
nested design which has been designed to estimate all possible meaningful 
levels of variation. 

Take a hypothetical variation example: 1n a validation experiment, 
it is desired to determine the density of a lava flow about 1 km long and 
about 5 m thick. There is an unknown population variance s2 which can 
be estimated from the samples, and this variance may have one or more 
of several components: that which occurs between different small specimens 
taken at the sampling points, that resulting from the vertical level of the 
sampling point, that resulting from the sampling points being at varying 
distances from the flow source. 

The model for this nested de sign is given in Table l-1. The com-
ponents of variation o- 2, o- ~' o- 5 are determined by solving the resulting 
system of equations. It is possible then to increase the number of sam-
ples at geological levels where the variation is greatest and to reduce 
sampling at levels where the variation is small or negligible. 

This simple statistical model is highly adoptable and may be modified 
as the geology and instrumentation require. With the information so ob-
tained, lunar sampling procedure may be designed to achieve the maximum 
amount of information with the number of samples or measurements pos-
sible. 

Furthermore, since confidence intervals on the mean are a function 
of the variance and the number of samples, C. I. = f(o- 2, N), it is possible 
to manipulate the independent variables of this function in such a way as 
to know, in the planning stages of lunar work, exactly how accurate the 
resulting data will be. 
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TABLE I-l 

ANALYSIS OF VARIANCE 

Source of Degrees of Sum of Mean Estimated 
Variation Freedom Squares Square Mean Square 

Between 
segments* k-l np L (X. 1· . 

2 
-X ... ) A (T 

2 + po-
2 + npo-b 

2 
a 

Between 
depths 

k(n-l) p rr: ex .. 
. . 1J. 
1 J 

- )2 - X. 
1 .. 

B (T 
2 + p 

2 
(T b 

within 
segments 

Between 
samples 

kri(p-1} EEE (x .. 
lJm ijm 

- }2 -X .. 
1J. 

c (T 
2 

within 
depths 

Total knp-1 L:L:E (x .. 
1Jm ijm 

}2 - X ... 

* segments - various distances from source 
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APPENDIX J 

GEOPHYSICAL VALIDATION EXPERIMENTS 

During the course of the SMSS study, a number oLexperiments to be 
performed on the earth, both in the laboratory and in the Jield, were sug-
gested. These experiments are intended to clarify anticipated problems 
in measurement techniques as well as instrument design. 

Validation levels (earth vs moon) indicated on the accompanying 
summaries are estimates based on the following scale: 

GEOLOGICAL OR PHYSICAL REALISM 

A - Excellent 90 - 100% 

B -Good 70 - 90% 

c - Fair 50 - 70% 

D- Poor 30 - 50% 

E - Very Poor l 0 - 30% 

F - Questionable 0 - IO% 

Geophysical realism cannot exceed either the geological or physical 
realism. 

This scale reflects the complete lack of first-hand knowledge about 
geological and physical conditions on the moon. A comparable grading scale 
on earth would probably indicate anything below 70% as 11 F". 
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J. 1 GROUND~TRUTH MEASUREMENT 

This experiment should be designed to determine how well a multi-
sensor capability can be utilized when the sensors have boresighted but 
different-sized fields of view and when the objects of interest display a 
directional characteristic as well as an albedo and spectral distribution 
variation. 

If prototype models of the instrumentation are utilized, the experimental 
procedure and results should be very similar to those anticipated during the 
lunar mission. 

The major source of error will result from the fact that the atmosphere 
0 

attenuates radiation in the spectral regions below 2900A and in the discrete 
absorption bands of C02 and H 20. This will affect airborne more than 
surface-based operations since the absorption paths will be longer. 

J-2 

1. 

2. 

3. 

4. 

Technique: 

Type of experiment: 

Field or laboratory: 

Recommended location: 

Surface radiometric, spectro-
metric, photographic 

Verification of sensing technique 
by photographic, radiometric, 
spectrometric instrumentation from 
surface roving and airborne platform,s 

Field 

All sites where objects of interest 
are available for other types of 
experimentation. 

5. Work estimate 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

6. Parameters to be measured: 

6 months 

See Table J -1 

2 engineers, 1 technician 

Luminance, spectrora.diom etric values, 
reflectance and emittance functions 

7. Validation level: 

A. Earth-vs -moon instrumental technique (o/o): 80o/o 

a. Remarks: Procedure and instruments should be very simi-
lar to those proposed, but not adapted to environ-
mental constraints. 



8. 

B. Earth-vs -moon geophysical realism (%): 50% 

a. Remarks: Atmospheric conditions and weathering on 
earth will create different spectrometric and 
reflectance characteristics from those antici-
pated on the moon. 

References: See bibliography following section 4. 
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TABLE J -l 

Instrument Specific Type Weight (lb) Power General Features Auxiliary Instruments 

Camera Itek 70mm 
dayfnight 

6 28 vdc 
75 w 

58. 6 ° FOV; 50-ft magazine; 
IMC 

None 

Spectrometer Block E-8A 
(grating type) 

10 28 vdc 
42 w 

2100-6800 i; 5o R resolution; 
self -calibrating; rapid scan 

Recorder; needs 
special fore-optics 

Block I-4SF 
(interferometer 
type) and JW -1 
spectrum analyzer 

33 28 vdc 
10 w 

o.3-3.o!J.; 3o.X resolution; 
0. 17 sec max scan rate; 
self -calibrating 

Needs special fore-
optics 

Radiometer Block P11 15 28 vdc 
10 w 

0 
1.5 FOV; 3-channel; 0.2-15!J. Recorder 

Remote viewfinder GEC ED 
6038 TV system 

10 24-36 vdc 
15 w 

500 lines; l 0 grey steps; l to 
104 ft-cd. 

Monitor and camera 
i 

I 
Optical platform Hercules tripod 

and base plate 
Azimuth, elevation controls Base-plate fabrication I 

! 
i 

Recorder 3-channel tape 
recorder plus strip 
recorder 

I 
j 
1 
I 

I 
I 
l 
l 

Monitor 

l 

SONY -5 110 v, 
60 cps I 

525 lines I 

-
j 



J. 2 GENERAL GEOPHYSICAL MEASUREMENTS 

Erratic "electrical noise" resulting from local movements of electro-
statically-charged dry surface dust may significantly reduce the signal-to-
noise ratio and quality of many geophysical measurements on the moon. 
Most geophysical instruments measure or are affected by electrical fields 
to some degree. Electrical "dust noise" may produce a very erratic local 
11popping 11 on records taken as the MOLAB or astronaut moves across the 
lunar surface, or as logging tools are run in core holes. Complete labora-
tory tests should be conducted to evaluate the possible magnitude and charac-
ter of electrical "dust noise 11 on the vacuum -dry moon, in order to appro-
priately design lunar geophysical instrumentation and field procedures to 
realistically match the anticipated signal-to-noise ratios. 

This "dust noise" problem was encountered by United Geophysical 
Corp. while conducting seismic surveys in 1951 at the AEC Frenchman 1 s 
Flat, Nevada test area. Even slight movements of cables in the dry charged 
dust produced substantial instrument noise. Special equipment was re-
quired to eliminate this "dust noise" which resulted from ground motion 
at the time of each seismic shot. 

I. Geophysical technique: 

2. Type of experiment: 

3. Field or laboratory: 

4. Recommended location: 

5. Work estimate 

A Time required: 

B. Equipment required: 

C. Personnel required: 

6. Parameters to be measured: 

7. Validation level 

Geophysical measurements - general 

Instrument noise vs electrostatically 
charged dust 

Both 

3 months 

Laboratory - high-frequency measur-
ing equipment, "lunar rocks, " vacuum 

I scientist, 2 technicians 

Instrumental noise due to movement 
of electrostatically-charged dust 

A. Earth-vs -moon geologic realism (%) 40% 
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B. Earth-vs -moon physical realism (o/o) 80o/o 

a. Remarks: Moon dry - fine broken ejecta dust 

C. Earth-vs -moon geophysical realism (o/o) 80o/o 

8. References: 

BSR1074, Sections 6. l. 5, 6. 2. 5 
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J. 3 GRAVITY: METER CALIBRATION 

Conventional gravity meters measure small relative changes in the 
earth's gravity field (980, 000 milligals ± 1, 000 milligals). On the moon, 
the range will have to bracket 162, 000 milligals due to the lower gravity. 

1. Geophysical technique: Gravity 

2. Type of experiment: Calibration of meters for lunar field 

3. Field or laboratory: Laboratory 

4. Recommended location: 

5. Work estimate 

A. Time required: 3 months 

B. Equipment required: Gravity meter and tilt table 

C. Personnel required: l instrument engineer and 1 technician 

6. Parameters to be measured: Relative gravity in 1/6 earth field 

7. Validation level 

A. Earth-vs -moon geologic realism (%): 

B. Earth-vs -moon physical realism (%): 

100% 

90% 

a. Remarks: Moon gravity = l / 6 of earth ( ± 5%) 

C. Earth-vs -moon geophysical realism (%): 90o/o 

8. References: 

BSR 1074, Sections 5.2.4.2, 5.2.5.2 
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J. 4 GRAVITY: ACCURACY 

Tests should be run to establish quantitatively the actual limits of 
accuracy of gravity measurements made on different types of surface ma-
terial (dry, loose dust, cinders, sand, lava, etc. ) with different leveling 
techniques (tripods, gimbals, etc.) and under the anticipated temperatures. 

The practical limits of accuracy that must be planned for on the moon 
may be found to be limited by the leveling rather than the instrument design. 
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1. Geophysical technique: Gravity 

2. Type of experiment: Test of accuracy vs leveling and 
temperature 

3. Field or laboratory: Laboratory 

4. Recommended location: 

5. Work estimate 

A. Time required: 1 week 

B. Equipment required: 1 gravity meter (LaCoste-Romberg) 

C. Personnel required: 1 man 

6. Parameters to be measured: Gravity error 

7. Validation level 

A. Earth-vs -moon geologic realism (o/o): 7 5o/o 

a. Remarks: Thickness and type of lunar dust layer unknown 

B. Earth-vs -moon physical realism(o/o): 90o/o 

a. Remarks: Moon gravity = 1/ 6 of earth 

C. Earth-vs -moon geophysical realism (o/o): 90o/o 

8. References: 

BSR 1074, Sections 5.2.6.3, 5.2.6.4 



J. 5 MAGNETICS: MOLAB AND ASTRONAUT NOISE LEVELS 

The probably magnetic noise level of the MOLAB and the astronaut's 
gear must be known in order to determine signal-to-noise ratios and 
accordingly plan magnetic surveys on the moon, where the signals will be 
very low in the lunar magnetic vacuum. 

If the noise level is too high, it may be impractical to conduct many 
types of magnetic surveys on the moon. 

1. Geophysical technique: Magnetics 

2. Type of experiment: Establish noise level of MOLAB and 
astronaut 

3. Field or laboratory: 

4. Recommended location: 

5. Work estimate 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

Shielded laboratory 

MOLAB and astronaut gear, 
shielded lab 

1 engineer and 1 technician 

6. Parameters to be measured: Magnetic field noise set up by equi.p~ 
ment 

7. Validation level 

A. Earth-vs -moon geologic realism ( o/o): 

B. Earth-vs -moon physical realism (o/o): 90o/o 

a. Remarks: Very low lunar magnetic field 

C. Earth-vs -moon geophysical realism \ o/o): 90o/o 

8. References: 

BSR 1074, Sections 5.3.2.4, 5.3.4.1, 5.3.4.2, 5.3.6.2 
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J. 6 MAGNETICS: ROCKS' MAGNETIC PROPERTIES 

All rocks on earth were crystallized in the earth's magnetic field 
(avg 60, 000 gamma). The magnetic characteristics of all earth rocks 
therefore reflect the earth's field, either for permanent or induced mag-
netic surveys. 

On the moon the magnetic field is expected to be less than 60 gammas. 
Thus, rocks may have very different magnetic properties than those of 
earth (susceptibility, etc). 

Assorted igneous rocks and meteorites should be melted and recrystal-
lized in a specially shielded "magnetic vacuum" laboratory under varying 
magnetic fields in order to provide basic data on the magnetic properties 
of lunar rocks and the feasibility of running magnetic surveys on the moon. 
This should include a complete study of crushed "lunar" rocks and any 
relationshipbetween grain size, texture, temperature, etc. and the mag-
netic properties. 
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1. Geophysical technique: 

2. Type of experiment: 

3. Field or laboratory: 

4. Recommended location: 

5. Work estimate 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

6. Parameters to be measured: 

7. Validation level 

Magnetics 

Magnetite and mineral crystallization 
properties 

Shielded laboratory 

Magnetically shielded lab, rock m el.ting 
equipment 

l scientist, 2 technicians 

Magnetic susceptibilities 

A. Earth-vs -moon geologic realism (o/o): 7 5o/o 

a. Remarks: Assume same minerals present 

B. Earth-vs -moon physical realism (o/o): 80o/o 

a. Remarks: Magnetic vacuum on moon 

C. Earth-vs -moon geophysical realism (o/o): 75o/o 

8. References 

BSR 1074, Section5.3.2.4; Chevallier & Mathiew (1937) 



J. 7 MAGNETICS: ERRATIC PATTERNS 

Model studies should be conducted to evaluate the possible presence 
and magnitude of erratic magnetic patterns on the moon that are com par-
able to those commonly found on earth over lava flows and iron meteorites. 

The presence and scale of any erratic patterns will significantly affect 
the planning of lunar magnetic surveys. 

1. Geophysical technique: Magnetics 

2. Type of experiment: Model study, erratic rock magnetism 
patterns 

3. Field or laboratory 

4. Recommended location: 

5. Work estimate 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

6. Parameters to be measured: 

7. Validation level 

Laboratory 

Electronic computer 

Mathematical model with lunar 
parameters 

A. Earth-vs -moon geologic realism (o/o): 40o/o 

B. Earth-vs-moon physical realism (o/o): 75o/o 

C. Earth-vs -moon geophysical realism (o/o): 40o/o 

8. References: 

BSR 1074, Figure 5. 3-1, Section 5. 3. 2. 4; USGS Geophysical 
Investigation Map G. P. 180 
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J. 8 MAGNETICS: STORMS 

The lunar "magnetic prospecting threshold level" may be exceeded 
only during magnetic storms. Theoretical model studies should be made 
to realistically estimate the possible magnitude of magnetic storms on the 
moon and thereby help plan lunar magnetic surveys. 
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l. Geophysical technique: 

2. Type of experiment: 

3. Field or laboratory: 

4. Recommended location: 

5. Work estimate 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

6. Parameters to be measured: 

7. Validation level 

Magnetics 

Model study, magnetic storm 
prospecting 

Laboratory 

Electronic computer 

Mathematical model with lunar param ~ 
eters 

A. Earth-vs -moon geologic realism (o/o): 40o/o 

B. Earth-vs-moon physical realism (o/o): 65o/o 

C. Earth-vs-moon geophysical realism (o/o): 30o/o 

8. References: 

BSR 1074, Sections 5. 3. l. 8, 5. 3. l. 9, 5. 3. 2. 4 



J. 9 MAGNETICS: ON-OFF INDUCTION 

Field test of induced vs natural on-off technique to determine functional 
limits and practicality for lunar surveys. Test over different rocks and 
with different field procedures. 

1. Geophysical technique: Magnetics 

2. Type of experiment: Test of on-off induction technique 

3. Field or laboratory: Field 

4. Recommended location: Dry lava beds with very dry surface 
layer (Death Valley) 

5. Work estimate 

A. Time required: 2 months 

B. Equipment required: 

C. Personnel required: 

on-off equipment and recorder 

4 -man field crew 

6. Parameters to be measured: 

7. Validation level 

A. Earth-vs -moon geologic realism (o/o): 

a. Remarks: Moon= magnetic vacuum 

B. Earth-vs -moon physical realism (o/o): 

a. Remarks: High earth noise 

25o/o 

25o/o 

C. Earth-vs -moon geophysical realism (o/o): 25o/o 

8. References: 

BSR 1074,Sections 5. 3.4.1, 5. 3. 2.4, 5. 3.1. 9 

The "lava" beds should include some tuffs with magnetic properties that 
approximate the "lunar" rocks as determined in the shielded laboratory 
experiments. 
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J. 10 SURFACE ELECTRICAL: ROCK PARAMETERS 

Basic data are required for model studies and to evaluate the probable 
effectiveness of electrical prospecting and core-hole logging method on the 
moon. Complete laboratory measurements should be made of all pertinent 
electrical properties (conductivity, resistivity, magnetic susceptibility, 
electromagnetism, dielectric constants, etc) under lunar type conditions 
and wherever required, with "lunar" rocks, specially melted and recrystal-
lized under controlled conditions (magnetic and atmospheric vacuum, etc). 
Test should be made on all types of the rocks that may be found, and on 
solid and broken (high porosity) specimens to resemble lunar surface rubble. 
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I. Geophysical technique: 

2. Type of experiment: 

3. Field or laboratory: 

4. Recommended location: 

5. Work estimate 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

Surface electrical 

Measurements of rock electrical 
parameters 

Laboratory 

12 months 

Vacuum, temperature control, and 
electrical measuring devices, "lunar" 
rock sample 

1 scientist, 1 engineer, 3 technic~ans 

6. Parameters to be measured: Rock and mineral electrical properties 
under lunar conditions; conductivity, 
resistivity, magnetic susceptibility, 
dielectric constant, etc. 

7. Validation level 

A. Earth-vs -moon geologic realism ( %): 70% 

a. Remarks: Use rock specim ents under lunar conditions 

B, Earth-vs -moon physical realism (%): 80% 

a. Remarks: Moon-dry vacuum, temperature, solid and broken 
rock samples 

C.. Earth-vs -moon geophysical realism (o/o): 70% 

8. References: 

BSR 1074, Section~ 5. 3. 2. 4, 6. 3. 2. l, 6. 3. 2. 2; 
Jakosk'y ( 1950); Kopal & Mikharlov, "The Moon, 11 Appendix 



J, ll SURFACE ELECTRICAL: RESISTIVITY 

Lab tests should be made to verify whether conventional electrical 
resistivity surveying techniques might be used on the moon. The basic 
problem is our apparent lack of ability to couple resistive electrodes to 
dry, high-resistivity soils. Various metals in the pure (unoxidized) state 
(e. g., lead, platinum, copper) should be tested as possible electrode ma-
terials. Field tests should follow any favorable results of the laboratory 
experiments. 

l. Geophysical technique: Surface electrical 

2. Type of experiment: Electrode contacts on "lunar" rocks 

3. Field or laboratory: Laboratory 

4. Recommended location: 

5. Work estimate 

A. Time required: 3 months 

B. Equipment required: Probes of different material, power 
source, voltmeter, "lunar" rock samples 

C. Personnel required: l engineer, 2 technicians 

6. Parameters to be measured: Electrode contact techniques for resistive 
electrical surveys 

7. Validation level 

A. Earth-vs -moon geologic realism (o/o): 50o/o 

a. Remarks: Moon-dry rocks and sand 

B. Earth-vs -moon physical realism (o/o): 70o/o 

a. Remarks: Moon temperatures 

C. Earth-vs -moon geophysical realism (o/o): 60o/o 

8. References: Jakosky ( 1950) 
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J. 12 SURFACE ELECTRICAL: MOLAB AND ASTRONAUT NOISE LEVELS 

It will be necessary to know the level of electrical "noisen produced 
by the MOLAB and the astronaut 1 s equipment and suits under all operating 
conditions, and at various distances from the MOLAB in order to evaluate 
the potential "signal-to-noise" ratios during all proposed surface electrical 
surveying. 

The results should be presented as intensity contours showing field 
strengths to be anticipated at various distances from the different equip-
ment on the MOLAB when combined with the various astronaut's activities 
outside the vehicles. 

On the moon trip, the only nonscientific noise will be that from the 
equipment. Everything else will be valid scientific background data. 
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l. Geophysical technique: 

2. Type of experiment: 

3. Field or laboratory: 

4. Recommended location: 

5. Work estimate 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

Surface electrical 

Electrical noise level of MOLAB 
and astronauts 1 suits 

Laboratory 

6 months 

Electromagnetic equipment, astro-
nauts 1 suits, RF equipment, recorders, 
truck or MOLAB-like vehicle 

1 engineer, 2 technicians 

6. Parameters to be measured: All natural or artificial electrical 
fields that may produce MOLAB noise 

7. Validation level 

A. Earth-vs -moon geologic realism (o/o): 

B. Earth-vs -moon physical realism (%): 

N/A 

80% 

a. Remarks: Eddy currents induced 1n metal parts of astro-
naut and MOLAB 

C. Earth-vs -moon geophysical realism (%): 75% 

a. Remarks: Anomalous signal on recording instruments 

8. References: 



J. 13 SURFACE ELECTRICAL: CALIBRATION 

The effective penetration of electrical fields and radio waves into the 
earth is in dispute. This should be checked by conducting surveys over the 
very dry AEC Nevada Test Site tunnels, where the geology is thought to 
compare with that on the moon. 

Once it is determined how well the induced electrical fields penetrate 
into this type of rock, field surveys at the surface can be properly calibrated 
and evaluated for lunar use. 

The field procedure might consist of setting out a set of detectors along 
a line inside a tunnel or shaft so they will be at different depths below the 
surface. These will then record any local fields when electrical surveys of 
all proposed types are conducted with different field strengths at the surface. 
The three-dimensional results would then be computed and evaluated. 

The tests should be run in the summer when the surface dust is dry 
and can produce electrical "dust noise." (See Section J. 2.) 

l. Geophysicaltechnique: Surface electrical 

2. Type of experiment: Field calibration of all techniques 

3. Field or laboratory: Field 

4. Recommended location: AEC Test Site, Las Vegas, Nevada 

5. Work estimate: 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

6 months 

Prototype of all instrumentation 

4- 6-man field crews 

6. Parameters to be measured: All pertinent field techniques 

7. Validation level 

A. Earth-vs -moon geologic realism ( o/o): 40% 

a. Remarks: Shafts and tunnels in dry lavas and tuffs 

B. Earth-vs -moon physical realism (%): 35% 

a. Remarks: Dry moon has lower conductivities than earth 

C. Earth-vs -moon geophysical realism (%): 40o/o 
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J. 14 NATURAL GAMMA RAY 

Sample surveys should be accumulated in igneous, meteoritic and 
volcanic terrain to determine counting periods and capacities more accur-
ately and to ascertain logging speeds more closely. 
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Position recording instrumentation is necessary. 

1. Geophysical technique: 

2. Type of experiment: 

3. Field or laboratory: 

4. Recommended location: 

5. Work estimate: 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

Natural gamma ray measurement 

Areal and bore -hole surveys in 
sample terrains 

Field 

1) Flagstaff, Arizona, 2) Barstow, Calif. 

6 months 

Prototype gamma detector 

3 - 4 men 

6. Parameters to be measured: Gross gamma count rates 

7. Validation level 

A. Earth-vs -moon geologic realism (%): 80% 

a. Remarks : Accurate geological duplication could be achieved. 

B. Earth-vs -moon physical realism (%): 50% 

a. Remarks: Meager data on lunar radiation environment 

C. Earth-vs -moon geophysical realism(%): 50% per terrain 

a. Remarks: Lunar terrain expected to be a composite of 
field locations. 



J. 15 SPECTRAL GAMMA RAY 

Experiments are necessary to determine calibration .curves on sample 
geologic materials for the prototype instrumentation and to perform field 
surveys to establish procedures for lunar use. 

1. Geophysical technique: 

2. Type of experiment: 

3. Field or laboratory: 

4. Recommended location: 

5. Work estimate 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

Spectral gamma-ray measurement 

Areal and borehole surveys in sample 
terrains 

Field 

1) Flagstaff, Arizona, 2) Barstow, Calif. 

6 months 

Prototype spectral gamma analyser 
and gamma detector 

2 - 4 men 

6. Parameters to be measured: Spectral gamma counts 

7. Validation level 

A. Earth vs moon geologic realism (%): 60% 

a. Remarks: U/ Th/k containing rocks not necessarily lunar 
complement 

B. Earth vs moon physical realism (%): 40% 

a. Remarks: Lunar radiation data necessary to judge effective-
ness 

C. Earth vs moon geophysical realism (%): 50% 

a. Remarks: Lunar terrain expected to be a composite of 
field locations 
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J. 16 NEUTRON-NEUTRON 

Field experiments are necessary to establish operating procedures 
and to assess the value of this experiment against the results of the neutron 
gamma measurements. 
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1. Geophysical technique: 

2. Type of experiment: 

3. Field or laboratory: 

4. Recommended location: 

5. Work estimate: 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

Neutron-neutron measurements 

Areal and bore -hole surveys in sample 
terrains 

Field 

1) Flagstaff, Ariz., 2) Barstow, Calif. 

6 months 

Neutron source and neutron detector 

3 - 4 men 

6. Parameters to be measured: Neutron flux profiles 

7. Validation level 

A. Earth vs moon geologic realism (o/o): 

B. Earth vs moon physical realism (o/o): 

80o/o 

4 Oo/o 

a. Remarks: Temperature-pressure constraints easier on earth 

C. Earth vs moon geophysical realism (o/o): 50o/o 



J. 1 7 GAMMA- GAMMA 

See above, Section J .. 14, on natural- gamma- ray experiment. 

1. Geophysical technique: 

2. Type of experiment: 

3. Field or laboratory: 

4. Recommended location: 

5. Work estimate 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

Gamma-gamma measurement 

Areal and bore-hole surveys in sample 
terrains 

Field 

1) Flagstaff, Ariz., 2) Barstow, Calif. 

6 months 

Gamma source and gamma detector 

3 - 4 men 

6. Parameters to be measured: Rock densities 

7. Validation level 

A. Earth vs moon geologic realism (%): 

B. Earth vs moon physical realism (o/o): 

80% 

4 Oo/o 

a. Remarks: Temperature -pres sure constraints easier on earth 

C. Earth vs moon geophysical realism (%): 50% per terrain 
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J. 18 NEUTRON-GAMMA (I) 

Laboratory experiments on rock and mineral samples should be per-
formed to determine the lower limits of sensitivity of the measurement 
and to establish operating techniques. 
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l. Geophysical technique: 

2. Type of experiment: 

3. Field or laboratory: 

4" Recommended location: 

5. Work estimate 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

Neutron-gamma measurement 

Element identification in samples 

Laboratory 

I year 

Pulsed neutron source and gamma 
spectral detector 

3 men 

6. Parameters to be measured: Gamma count as a function of energy 
and time 

7. Validation level 

Ao Earth vs moon geologic realism (o/o): BOo/a 

B. Earth vs moon physical realism (o/o): 80o/o 

Co Earth vs moon geophysical realism: 



J. 19 NEUTRON -GAMMA (II) 

Laboratory validation experiments should be followed by surface 
and subsurface field experiments to evaluate the experiments and experi-
mental procedures in performing exploration and analyses missions" 

I. Geophysical technique: 

2. Type of experiment: 

3. Field or laboratory: 

4. Recommended location: 

5" Work estimate 

A" Time required: 

B. Equipment required: 

C. Personnel required: 

Neutron-gamma measurement 

Areal and bore -hole surveys in sample 
terrains 

Field 

1) Flagstaff, Ariz., 2) Barstow, Calif" 

6 months (after laboratory experiments) 

Pulsed neutron source and gamma 
spectral detector 

3 - 4 men 

6" Parameters to be measured: Gamma count as a function of energy 
and time 

7. Validation level 

A" Earth vs moon geologic realism (o/o): 

B" Earth vs moon physical realism (o/o): 

80o/o 

40o/o 

a" Remarks: Temperature -pressure constraints easier on earth 

C. Earth vs moon geophysical realism (o/o): 50o/o per terrain 
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J. 20 ACTIVE SEISMIC: GIMBAL GEOPHONES 

This experiment is proposed to test the effectivenss of ground mechan-
ical coupling of the lightweight cables or gimbal-mounted geophones on 
"lunar-type'' rocks and surface materials. 

This experiment might be advantageously combined with that described 
below, Section J. 21. 
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1. Geophysical technique: 

2. Type of experiment: 

3. Field or laboratory: 

4. Recommended location: 

5. Work estimate 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

Active seismic 

Evaluation of gimbal geophones 

Field 

Death Valley, CaliL 

1 month 

Geophones and cable per BSR l 074, 
Section 6. 1; lab-type measuring 
equipment 

4 -man field crew 

6. Parameters to be measured: Seismic geophone response 

7. Validation level 

A. Earth-vs -moon geologic realism (o/o): 50% 

a. Remarks: Dry sand dunes, lavas and tuffs 

B. Earth-vs -moon physical realism (o/o): 50o/o 

a. Remarks: Moon gravity: 1/6 of earth's 

C. Earth-vs -moon geophysical realism (o/o): 50% 

8. References: 

BSR 1074, Section 6. I 



J. 21 ACTIVE SEISMIC: ENERGY SOURCES 

Complete signal-to-noise ratio field tests should be conducted under 
rrlunar field conditions 11 to determine the best source of seismic energy for 
the MOLAB missions. Potential energy sources to be tested include: small 
( 1/2 kg) high-explosive charges, dropping weights (hammers}, gas exploder, 
surface vibrator, shallow-hole vibrator. Field experiments should include 
evaluation of different seismic recording equipment (cables, geophones, 
etc). 

1. Geophysical technique: Active se1sm1c 

2. Type of experiment: Evaluation of seismic energy sources 

3. Field or laboratory: Field 

4. Recommended location: Death Valley, Calif. 

5. Work estimate 

A. Time required: 4 months 

B. Equipment required: Special seismic crews 

C. Personnel required: 6-man field crew, l scientist-engineer 

6. Parameters to be measured: Seismic recordings vs different energy 
sources 

7. Validation level 

A. Earth-vs -moon geologic realism (o/o): 50% 

a. Remarks: Dry sand dunes and lava tuffs 

B. Earth-vs-moon physical realism (o/o): 50% 

C. Earth-vs -moon geophysical realism (o/o): 50% 
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J. 22 ACTIVE SEISMIC: VELOCITIES 

Complete laboratory tests of seismic properties should be made on 
lunar -type, highly-porous, vacuum -dry tuff breccia in order to evaluate 
the possible effects of lunar seismic surveys. These lab data are required 
to supplement field experiments on earth which cannot match the vacuum-
dry moon. 

Seismic velocities should be tested for any anisotropic effects vs 
grain size, electrostatic welding, etc. 
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l. Geophysical technique: 

2. Type of experiment: 

3. Field or laboratory: 

4. Recommended location: 

5. Work estimate 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

6. Parameters to be measured: 

7. Validation level 

Active seismic 

Seismic velocities in vacuum dry 
"lunar dust" 

Laboratory 

2 months 

Vacuum lab, "lunar dust" 

l engineer, l technician 

A. Earth-vs -moon geologic realism ( o/o): 60o/o 

B. Earth-vs-moon physical realism (o/o): 75o/o 

C. Earth-vs-moon geophysical realism (o/o): 60o/o 



J. 23 SONIC LOGGING: ACOUSTIC VS VERTICAL-TIME TECHNIQUES 

A field test should be made to compare the relative effectiveness of 
"acoustic 11 logging vs vertical-time depth "velocity surveys 11 for the meas-
urements of seismic velocities under the anticipated lunar field conditions 
( 30 m deep with 5 -em OD borehole in very dry surface dust and lava-tuff 
rocks). This experiment will help determine the better technique for use 
in the MOLAB mission. 

The effects of possible electrical "dust noise" should be evaluated. 
(See above, Section J. 2. ) 

1. Geophysical technique: 

2. Type of experiment: 

3. Field or laboratory: 

4. Recommended location: 

5. Work estimate 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

Sonic logging of core holes 

Comparison of acoustic vs vertical-
time seismic technique 

Field 

Death Valley, Calif. or AEC Nevada 

Test Site 

1 month 

BSR 1074, Sections 6.2.5, 6.L5; 
standard oil-field logging equipment 

2 engineers, 2 technicians 

6. Parameters to be measured: Seismic velocities in shallow, dry, 
''lunar" rock core holes 

7. Validation level 

A. Earth-vs -moon geologic realism (o/o): 50o/o 

a. Remarks: Moon is drier than any earth rocks 

B. Earth-vs -moon physical realism (o/o): 75o/o 

C. Earth-vs -moon geophysical realism (o/o): 50o/o 

8. References: 

BSR 1074, Sections 6. 2. 5, 6. 1. 5 



J. 24 SONIC LOGGING: CORE-HOLE NOISE 

Tests should be run to determine the probable signal-to-noise ratio 
and effectiveness of running sonic -logging surveys in lunar -type core holes. 
This will enable us to evaluate the effectiveness of both acoustic and 
seismic -velocity logging techniques in the core holes vs laboratory meas-
urem ents of the seismic velocities on cores of both solid and unconsolidated 
material. A special problem is that of determining any "seismic noise" 
associated with the suspension device used in the core hole. 

The effects of possible electrical dust noise should be evaluated. 
(See above, Section J. 2.) 

J-28 

l. Geophysical technique: 

2. Type of experiment: 

3. Field or laboratory: 

4. Recommended location: 

5. Work estimate 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

Sonic logging of core holes 

Evaluation of seismic noise 1n 
lunar core hole 

Field 

Death Valley, Calif. , or AEC Nevada 
Test Site 

2 months 

BSR l 074, Section 6. 2. 5; 
MOLAB-type equipment 

6. Parameters to be measured: Seismic signal-to-noise ratios 

7. Validation level 

A. Earth-vs -moon geologic realism ( o/o): 50% 

a .. Remarks: Moon-dry surface material and lava tuffs 

B. Earth-vs -moon physical realism (o/o): 50o/o 

a. Remarks: Lunar noise level unknown 

C. Earth-vs -moon geophysical realism (o/o): 50o/o 

8. References: 

BSR 1074, Section 6. 2. 5 



J. 25 SONIC LOGGING: VELOCITY DETECTORS 

Field experiments (p_os sibly supplemented by laboratory work) should 
be run to study the effectiveness of coupling velocity detectors to core 
hole walls in the anticipated lunar environment. 

1. Geophysical technique: 

2. Type of experiment: 

3. Field or laboratory: 

4. Recommended location: 

5. Work estimate 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

Sonic logging of core holes 

Effectiveness of instrument and 
energy coupling field 

Field 

Death Valley, Calif. , or A EC Nevada 
Test Site 

1 month 

BSR 1074, Section 6. 2. 5; energy 
source, small borehole (special 
lab high-frequency recording equip-
ment) 

4-man field crew 

6. Parameters to be measured: Effectiveness of acoustic coupling 
of detector in borehole 

7. Validation level 

A. Earth-vs -moon geologic realism (o/o): 50% 

a. Remarks: Dry desert sand dunes, lava tuffs 

B. Earth-vs -moon physical realism (%): 50% 

C. Earth-vs -moon geophysical realism (%): 50% 

8. References: 

BSR 1074, Section 6. 2. 5 
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J. 26 SONIC LOGGING: MECHANICS 

Studies should be made of the problems associated with logging a 
borehole of lunar size under lunar conditions. This should include any 
problems of lowering the device into the hole ( 1/6 earth gravity), possible 
wall cave-ins, removing the logging device, etc. 
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1. Geophysical technique: 

2. Type of experiment: 

3. Field or laboratory: 

4. Recommended location: 

5. Work estimate 

A. Time required: 

B. Equipment required: 

C. Personnel required: 

Sonic logging of core holes 

Mechanics of logging a hole m lunar 
surface rocks 

Field 

Death Valley, Calif., or AEC Nevada 
Test Site 

1 month 

1 "lunar"-size core hole, logging 
tools on cable, etc 

2-man field crew 

6. Parameters to be measured: Mechanical feasibility of logging a 
core hole 

7. Validation level 

A. Earth-vs -moon geologic realism(%): 

B. Earth-vs -moon physical realism (%): 

C. Earth-vs -moon geophysical realism (%) 

80% 

80% 

N/A 



J. 27 CORE-HOLE LOGGING 

Tests should be made to determine the theoretical feasibility of 
designing a lunar core-hole logging device, including: 

1. Induction logging (in highly resistive-moon dry material) 

2. Magnetic susceptibility logging (in the lunar magnetic vacuum 
and loose unconsolidated material). 

Most of the basic data might be determined adequately by the valida-
tion experiments proposed for surface electrical and magnetic lab studies. 

1. Geophysical technique: Core -hole logging 

2. Type of experiment: Test of induction, magnetic suscepti-
bility 

3. Field or laboratory: Laboratory 

4. Recommended location: 

5. Work estimate 

A. Time required: 4 months 

B. Equipment required: Magnetic shielded lab 

C. Personnel required: 1 scientist, 2 technicians 

6. Parameters to be measured: Rock resistivities and magnetism 
in lunar conditions 

7. Validation level 

A. Earth-vs -moon geologic realism (o/o): 

a. Remarks: Moon dry 

B. Earth-vs -moon physical realism (o/o): 

a. Remarks: Magnetic vacuum and moon dry 

7 5o/a 

90o/o 

C. Earth-vs -moon geophysical realism (o/o): 80o/o 

8. References 

BSR 1112, Sections 6. 3. 2. 1, 6. 3. 2. 2 
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J, 28 HEAT FLOW 

The ability of a subsurface temperature and thermal conductivity 
measuring probe to accurately sense the conditions existing in the bore-
hole and to convert this information into the desired data may be deter-
mined from two types of experiments. 

The first type may be performed in a laboratory. It consists of 
calibrating the temperature sensors against known reference temperatures, 
and comparison of the results of thermal conductivity measurements of 
known materials. The latter may be done because with the low-conductivity 
materials the sample need not be more than a meter in radius, with a one-
centimeter hole. 

Actual field tests should be used to demonstrate the operational and 
technical feasibility of the instrument. A number of existing boreholes 
have been used by numerous investigators, and the temperature gradient 
and thermal conductivity of the subsurface have been measured by several 
independent means. Comparison of the results obtained with the lunar 
probe with other methods will provide the data necessary to establish the 
accuracy and reliability of the instrument. 
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I. Geophysical cechnique: Subsurface heat flow 

2. Type of experiment: Calibration of probe 

3. Field or laboratory: Laboratory and field 

4. Recommended location: Any existing borehole that has been 
under detailed thermal study 

5. Work estimate 

A. Time required: 2 months 

B. Equipment required: Prototype of probe 

C. Personnel required: 3-man crew 

6. Parameters to be measured: Temperature gradient, thermal 
c onduc ti vi ty 

7. Validation level 

A. Earth-vs -moon geologic: realism(o/o): 

B. Earth-vs-moon physical realism(o/o): 

C. Earth-vs -moon geophysical realism(o/o): 

I 0 Oo/o 

IOOo/o 

80o/o 
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