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Harshman K.   Finch M. J.   Droege G.   Shevchenko V. V.   Timoshenko G. N.   Shvetsov V. N.   Tomilina T. M. 
Probing the Hydrogen Content Distribution on Lunar South Pole at the Highest Spatial Resolution  
Using LEND Data [#3050] 
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Nefian A. V.   Moratto Z.   Beyer R.   Broxton M.   Kim T.   Fong T. 
Digital Terrain, Image and Albedo Mosaics from Apollo Metric Camera Imagery [#3071] 
 
Sridhar J. 
Earth Based Communication Systems and Emerging Technologies for Sustainable Lunar and Solar System  
Robotic Exploration [#3023] 
 
Stubbs T. J.   Farrell W. M.   Collier M. R.   Glenar D. A.   Richard D. T.   Jackson T. L.   Killen R. M.   Sarantos M.   
Delory G. T.   Halekas J. S.   Vondrak R. R. 
Acquiring “Ground Truth” About the Dynamic Lunar Environment:  Implications for  
Science and Exploration [#3063] 
 
 
 

What are the Main Technology Developments Needed 
to Enable a Sustainable Lunar and Solar System Exploration Program? 

 
Bahrami P.   Elnimeiri M. 
Habitat Architectural Design System (HADS), Proposed Module for Lunar Habitat [#3020] 
 
Clark P. E.   Curtis S. A.   Rilee M. L. 
Extreme Mobility:  Next Generation TET Rovers for the Lunar Surface [#3009] 
 
Clark P. E.   Gendreau K.   Arzoumanian Z.   MacAdam A.   Bleacher J. 
A Portable Tool for In Situ Sample Screening and Site Characterization on the Moon [#3008] 
 
Clark P. E.   Millar P. S.   Brigham W. D.   Yeh P. S.   Feng S.   Beaman B.   Chalmers R.   Johnson M. A. 
Small Cold Temperature Instrument Packages for Planetary Surfaces [#3006] 
 
Crosby K. M.   Bakkum A.   Finnvik S.   Fritz I.   Frye B.   Grove C.   Hartstern K.    
Kreppel S.   Schultz K.   Braun J. P. 
Slosh Dynamics in the Orion Downstream Propellant Tank [#3021] 
 
Paul A.-L.   Toghranegar S.   Amalfitano C.   Sarafan A.   Giongo A.   Triplett E.   Lee P.   Berinstain A.   Ferl R. J. 
Planetary Analogs as Models for Biologically Relevant Extraterrestrial Exploration [#3044] 
 
Zacny K.   Kumar N.   Mumm E.   Hedlund M.   Shasho J.   Pierides A.   Morgan P. 
Testing Heat Flow Probe in Lunar Analog Site on Mauna Kea, HI [#3015] 
 
Zelenyi L. M. 
Russian Investigations of the Moon by Robotic Space Missions:  Goals and Perspectives [#3043] 
 
Zhou G.   Mardon A. A. 
Lunar Concrete Preliminary Feasibility Analysis [#3004] 
 
Zhou G.   Mardon A. A. 
Structural Stability and Sulfur Based Lunar Concrete Components for Lava Tube Suitability [#3001] 
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How Can the Moon be Used as a Target for Solar System Exploration, 
Science, Commerce, Education, and Technology Development? 

 
Arvidson R.   Foing B. H.   Blamont J. E.   Plescia J.   Cohen B.   GLUC-ICEUM1 Participants 
Beijing Lunar Declaration 2010:  B) Technology and Resources; Infrastructures and Human Aspects;  
Moon, Space and Society [#3051] 
 
Currie D.   Zacny K. 
Pneumatic Drilling for the Lunar Laser Ranging Reflectometer Array [#3029] 
 
Jolliff B. L.   Wiseman S.   Lauber C.   Lawrence S. J.   Robinson M.   Beyer R.   Gaddis L. R.   LROC Team 
Imaging Constellation Regions of Interest with the Lunar Reconnaissance Orbiter Cameras [#3076] 
 
Miller R. S.   Bonamente M.   Gregory D. A.   Ebbets D.   Freelove R.   Harwit A.   Lawrence D. J.    
O’Brien S.   Paciesas W. S.   Young C. A. 
Ex Luna, Scientia — The Lunar Occultation Observer (LOCO) Nuclear Astrophysics Mission Concept [#3039] 
 
Miura Yas. 
Anomalous Ca-rich Plagioclase Compositions with Impact Carbon in the Apollo Lunar Samples [#3027] 
 
Miura Yas. 
Estimated Sources of Spherule-chained Textures with Carbon in the Lunar Breccias [#3005] 
 
Pestak C. J. 
Designing a Participatory Space Exploration Program to Achieve Exploration Goals and Support National 
Educational Objectives [#3022] 
 
Pettinari A.   Saturni A.   Rossettini L. L. 
Development of a Simulation Tool for the Propulsion Subsystem of ESMO Lunar Mission [#3003] 
 
Roberts J. H.   Lorenz R. D. 
Geophysical Tiltmeter for Measuring Tidal Distortion of the Moon [#3058] 
 
Zhou G.   Mardon A. A. 
Lunar Oxygen Production Through Hydrogen Reduction at High Temperatures [#3012] 
 
 
 

Miscellaneous 
 
Crotts A. 
Several Searches for Short-Term Changes in the Lunar Surface [#3081] 
 
Osinski G. R.   Antonenko I.   Barfoot T.   Ghafoor N.   Jolliff B. L.   Sylvester P. 
An Analogue Mission in Support of MoonRise and Other Sample Return Missions to the  
South Pole–Aitken Basin [#3047] 
 
Petro N.   Bleacher L.   Santiago D. 
Toward a Sustainable and Inspired Lunar Science Community:  Developing the Next Generations of  
Lunar Scientists and Engineers [#3074] 
 
Teodoro L. F. A.   Elphic R. C.   Sigler M.   Eke V. R. 
Realistic Models of Ice Distribution on the Lunar Sub-Surface [#3080] 
 
Zhou G.   Mardon A. A. 
Gold Plating for Lunar Solar Protection and Temperature Control [#3019] 
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Wednesday, September 15, 2010 
LUNAR VOLATILES AND OPERATING SAFELY ON THE MOON:  HOW CAN RECENT 

DISCOVERIES DRIVE THE NEXT GENERATION OF ROBOTIC LUNAR MISSIONS? 
8:30 a.m.   Columbia Ballroom I 

 
Chairs: Ben Bussey 
  Charles Shearer 
 
8:30 a.m. Schultz P. H. *   Colaprete A.   Hermalyn B.   LCROSS Team 

Shooting the Moon:  A Review of the LCROSS Results [#3073] 
 

8:45 a.m. Mitrofanov I. G. *   Litvak M. L.   Sanin A. B.   Tretyakov V. V.   Kozyrev A. S.   Malakhov A. B.   
Mokrousov M. I.   Vostrukhin A. A.   Golovin D. V.   Varenikov A. V.   Shvecov V. V.   
Boynton W. V.   Harshman K.   Sagdeev R. Z.   Milikh G.   Chin G.   Trombka J.    
McClanahan T.   Starr R.   Evans L.   Shevchenko V. V. 
Main Results from LEND Instrument After One Year of Lunar Mapping Onboard  
NASA’s LRO [#3041] 
 

9:00 a.m. Sanin A. B. *   Mitrofanov I. G.   Litvak M. L.   Tretyakov V. I.   Kozyrev A. S.   Malakhov A. V.   
Mokrousov M. I.   Vostrukhin A. A.   Golovin D. V.   Varenikov A. B.   Shvecov V. N.   
Boynton W. V.   Harshman K.   Sagdeev R. Z.   Milikh G.   Chin G.   Trombka J.   McClanahan T.   
Starr R.   Evans L.   Shevchenko V. V. 
Which Spot on the Moon has the Highest Content of Hydrogen? [#3040] 
 

9:15 a.m. Boynton W. V. *   Mitrofanov I. G.   Sanin A. B.   Litvak M. L.   Hamara D. K.   Droege G. F.   
Tretyakov V. I.   Kozyrev A. S.   Malakhov A. V.   Mokrousov M. I.   Vostrukhin A. A.   Golovin D. V.   
Varenikov A. B.   Shvecov V. N.   Sagdeev R. Z.   Milikh G.   Chin G.   Trombka J.   McClanahan T.   
Starr R.   Evans L.   Shevchenko V. 
Much of the Hydrogen Enrichment near the Lunar South Polar is Outside the Permanently  
Shadowed Regions [#3061] 
 

9:30 a.m. Klima R. L. *   Pieters C. M.   M3 Team 
The Colorful Moon:  Science Discoveries from the Moon Mineralogy Mapper  
on Chandrayaan-1 [#3057] 
 

9:45 a.m. McCubbin F. M. *   Steele A.   Hauri E. H.   Nekvasil H.   Yamashita S.   Hemley R. J. 
Nominally Hydrous Magmatism on the Moon [#3078] 
 

10:00 a.m. Sharp Z. D. *   Shearer C. K.   McKeegan K. D.   Barnes J. D. 
The Chlorine Isotope Composition of the Moon and Evidence for an Anhydrous Mantle [#3014] 
 

10:15 a.m. Spence H. E. *   CRaTER Science Team 
An Overview of Results from the Lunar Reconnaissance Orbiter (LRO) Cosmic Ray Telescope for the 
Effects of Radiation (CRaTER) [#3064] 
 

10:30 a.m. De Angelis G. *   Dachev Ts. P.   Tomov B.   Matviichuk Yu.   Dimitrov P.   Spurny F. 
A Comparison Between Models of the Moon Radiation Environment and the Data from the RADOM 
Experiment Onboard the Indian Chandrayaan-1 Satellite [#3026] 
 

10:45 a.m. Farrell W. M. *   Jackson T. L.   Halekas J. S.   Stubbs T. J.   Delory G. T.   Killen R. M.   Collier M. R.   
Vondrak R. R.   L.S.I. DREAM Team  
Are There Electrical Hazards Associated with Operations in the Lunar Polar Region? [#3033] 
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11:00 a.m. Elphic R. C. *   Delory G. T.   Grayzeck E. J.   Colaprete A.   Horanyi M.   Mahaffy P.   Hine B.   
Boroson D.   Salute J. S. 
The Lunar Atmosphere and Dust Environment Explorer (LADEE):  New Mission,  
Longstanding Questions [#3065] 
 

11:15 a.m. Cook D. * 
Role of the Moon in Solar System Exploration  
 

11:35 a.m. Leshin L. * 
Robotic Precursors  
 

11:55 a.m. LUNCH 
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Wednesday, September 15, 2010 
UNEXPLORED REGIONS ON THE MOON AND IMPACT HISTORY OF THE  
INNER SOLAR SYSTEM. HOW CAN RECENT DISCOVERIES DRIVE THE  

NEXT GENERATION OF ROBOTIC LUNAR MISSIONS? 
1:30 p.m.   Columbia Ballroom I 

 
Chairs: Stephen Mackwell 
  Greg Schmidt 
 
1:30 p.m. Garry W. B. *   Bleacher L. V.   Bleacher J. E.   Petro N. E.   Mest S. C. 

What if Apollo Explored Washington D.C.? Lunar Exploration in the Context of  
Our Nation’s Capital [#3067] 
 

1:45 p.m. Zuber M. T. *   Smith D. E.   Lehman D. H.   Watkins M. M.   GRAIL Team 
Prospects for Understanding the Internal Structure and Thermal Evolution of the Moon:  Status and 
Plans for the Gravity Recovery and Interior Laboratory (GRAIL) Mission [#3028] 
 

2:00 p.m. Cohen B. A. *   Bassler J. A.   Ballard B.   Chavers D. G.   Eng D. S.   Hammond M. S.   Hill L. A.   
Harris D. W.   Holloway T. A.   Kubota S.   Morse B. J.   Mulac B. D.   Reed C. L. B. 
NASA’s International Lunar Network Anchor Nodes and Robotic Lunar Lander  
Project Update [#3025] 
 

2:15 p.m. Shearer C. K. *   Burger P. V.   Guan Y.   Papike J. J.   Sutton S. 
Vapor Element Transport in the Lunar Crust. Implications for Lunar Crustal Processes, Water on the 
Moon and Lunar Ore Deposits [#3031] 
 

2:30 p.m. Garry W. B. *   Hawke B. R.   Robinson M. S. 
Volcanism on the Aristarchus Plateau:  Details from the Lunar  
Reconnaissance Orbiter Camera [#3054] 
 

2:45 p.m. Bussey D. B. J. *   Mini-RF Team 
Mini-RF:  A Synthetic Aperture Radar on Lunar Reconnaissance Orbiter [#3068] 
 

3:00 p.m. Lawrence S. J. *   Jolliff B. L.   Denevi B. W.   Hawke B. R.   Robinson M. S.   Stopar J. D.   
Banks M. E.   Garry W. B.   Sato H.   Bray V. J.   LROC Team 
LROC Views the Constellation Regions of Interest:  Science and Exploration Observations [#3032] 
 

3:15 p.m. Petro N. E. *   Pieters C. M.   M3 Science Team S. R. 
Compositional Diversity in the South Pole-Aitken Basin (SPA) as Viewed by the  
Moon Mineralogy Mapper (M3) [#3069] 
 

3:30 p.m. Jolliff B. L. *   Shearer C. K.   Papanastassiou D. A.   Alkalai L.   MoonRise Team 
MoonRise:  South Pole-Aitken Basin Sample Return Mission for Solar System Science [#3072] 
 

3:45 p.m. Robinson M. S. *   Lawrence S. J.   Speyerer E. J.   Tran T.   Wettergreen D.   Cloutis E. A.   
Spence H. E.   Klaus K. 
Lunar Roving Prospector:  A Long Duration Explorer [#3046] 
 

4:00 p.m. Kring D. A. * 
The Moon — A Guiding Light of Space Exploration [#3055] 
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4:15 p.m. Delano J. W. *   Zellner N. E. B.   Swindle T. D. 
Lunar Impact Glasses and Biomolecular Clocks [#3035] 
 

4:30 p.m.  PANEL DISCUSSION  
 Panelists: Mackwell S. J. Schmidt G.   
  Shearer C. K. Cohen B. A.  
  Petro N. E. Bussey D. B. J. 
 
5:30 p.m. ADJOURN 
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Thursday, September 16, 2010 
HOW CAN COMMERCIAL PARTNERSHIPS BE FOSTERED  

IN THE ROBOTIC EXPLORATION OF THE MOON? 
9:00 a.m.   Columbia Ballroom I 

 
Chairs: Paul Eckert 
  Robert Kelso 
 
9:00 a.m. Eckert P. * 

Intro:  Lunar Roundtables, Sustainability Theme, Roadmap  
 

9:30 a.m. Kelso R. * 
Commercial Opportunities and Quantitative Business Analyses (QBA)  
 

10:00 a.m. Pittman B. * 
Qxygen QBA Case Study  
 

10:30 a.m. Slye P. * 
Transportation and Communications/Navigation QBAs  
 

11:30 a.m. PANEL DISCUSSION AND AUDIENCE Q&A 
  Panelists: Eckert P.    
   Kelso R. 

 
12:00 p.m. LUNCH 
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Thursday, September 16, 2010 
WHAT APPROACHES TO LUNAR EXPLORATION WOULD SUPPORT  

SUSTAINABLE SOLAR SYSTEM EXPLORATION? 
1:00 p.m.   Columbia Ballroom I 

 
Chairs: Kurt Sacksteder 
  Gerald Sanders 
 
1:00 p.m. Carey W. *   Hipkin V.   Hufenbach B.   Matsumoto K.   Piedboeuf J.-C.   Rhatigan J. 

Inspiration Enabled by the ISECG Reference Architecture for Human Lunar Exploration [#3037] 
 

1:20 p.m. Sacksteder K. R. *   Wegeng R. S. 
Thermal Wadis and Compact Rovers:  Creating an Affordable Lunar Infrastructure to Enable 
Resource Evaluations and Technology Demonstrations [#3079] 
 

1:35 p.m. Zacny K. *   Paulsen G.   Szczesiak M.   Craft J. 
Introduction to Lunar Drilling and Sampling [#3016] 
 

1:50 p.m. Hibbitts C. A. *   Orlando T. M.   Grieves G.   Poston M.   Dyar M. D.   Johnson A. 
Considerations for Extracting Adsorbed Water and Hydroxyl from the Lunar Regolith [#3077] 
 

2:05 p.m. Gump D. P. * 
Three Lunar Volatiles Answers Required for the Design of a Space Exploration Architecture [#3030] 
 

2:25 p.m. Wegeng R. S. *   Abbud-Madrid A.   Boucher D. 
Assessing the Resource Potential of the Moon:  The Case for a Decadal-Scale Robotic Lunar 
Exploration Program [#3062] 
 

2:45 p.m. Zhou G.   Mardon A. A. * 
Space Mineral Resource Utilization [#3034] 
 

3:05 p.m. Clark P. E. * 
Apollo in the Field:  Breakthrough and Baseline for Future Planetary Surface Exploration [#3007] 
 

3:25 p.m. Alkalai L. * 
A Blueprint for an International Lunar Robotic Village [#3106] 
 

3:45 p.m. Fong T. *   Bualat M.   Deans M.   Heggy E.   Helper M.   Hodges K.   Lee P. 
Improving Lunar Exploration with Robotic Follow-Up [#3011] 
 

4:00 p.m. Bleacher J. E. *   Eppler D. B.   Hörz F.   Shearer C. K.   Neal C. R. 
The Lunar Sample Acquisition and Curation Review Recommendations for Human Surface Science 
Capabilities During Planetary Exploration [#3049] 
 

4:15 p.m. PANEL DISCUSSION AND AUDIENCE Q&A 
 
5:00 p.m. MEETING ADJOURNS 
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The Role of a Lunar Development Corporation in facilitating Commercial Partnerships in Lunar Explora-
tion.  Buzz Aldrin1 Thomas L. Matula2 and Stan Rosen3, 1United Space Visions, (10380 Wilshire Blvd, APT 703, Los 
Angeles, CA, 90024, starbuzz1@buzzaldrin.com), 2TL Matula & Associates, (12665 Sundance Ave, San Diego, CA 
92129), 3Consultant, (8004 Kentwood Ave Los Angeles CA 90045, srosen6@aol.com). 

 
 
Introduction: This abstract proposes the creation 

of an International Lunar Development Corporation 
(ILDC) as a mechanism to facilitate commercial part-
nerships for lunar exploration. The ILDC would be 
based on the successful model of Intelsat which 
brought the benefits of satellite communication to the 
nations of the Earth. Like Intelsat, the ILDC will pool 
the financial, technical and human resources of its 
member nations to facilitate commercial involvement in 
lunar exploration. A key goal of the ILDC will be to 
construct lunar communication, navigation, transporta-
tion and surface infrastructure systems that would re-
duce the cost of lunar operations and make Moon ex-
ploration easily accessible to all humanity. 

Lunar Development Corporations: Several au-
thors have noted the potential of a lunar development 
corporation in creating commercial partnerships to 
explore the Moon [1], [2], [3], [4]. Charted as a corpo-
ration, a lunar development corporation has flexibility 
in organizing and financing lunar activities through the 
partnering with academic, commercial and governmen-
tal entities for exploration missions.  

In addition to traditional government funding, the 
ILDC would also enable private and corporate donors 
to contribute to individual expeditions. University 
alumni could pool their resources to allow students and 
faculty at their institution to take part in a lunar mis-
sion. Small nations, unable to afford a space program, 
could still fund researchers at their education and re-
search institutions to be join a robotic mission. 

This funding flexibility would allow even the 
smallest nations, companies and educational institu-
tions to join in the exploration of the Moon by ena-
bling them to contribute to missions at a level that is 
sustainable for their economies. In doing so it will also 
give rise to a new age of international cooperation and 
interest in lunar exploration and development. 

Beyond the individual exploration missions that a 
ILDC would enable it would also have the ability to 
partner with different nations and private entities to 
finance and operate the facilities and equipment 
needed for sustained lunar exploration . [3]. The flexi-
bility of an ILDC that is able to partner with academic, 
commercial and government entities would allow the 
development of a sustainable lunar infrastructure for 
communication, navigation, and mission support that 
would reduce the risk and costs of lunar exploration 
[4]. For example the placement of a communication 

relay satellite in a halo orbit around the Earth-Moon L2 
LaGrange point would enable robotic landers and rov-
ers to explore the lunar farside. [4] A lunar communi-
cation relay satellite would also eliminate the “black-
out” periods for spacecraft that are orbiting the Moon 
or engaged in critical maneuvers while on the lunar 
farside. This would both reduce the risk to such mis-
sions and their complexity. 

Finally, a ILDC would allow a smooth transition 
from exploration of the Moon to the creation of a per-
manent research presence on the Moon. Just as perma-
nent research stations in the Antarctic have greatly 
facilitated human understanding of that continent, the 
eventual creation of permanent research stations on the 
Moon will revolutionize human understanding of it and 
the development of the Moon and the Solar System. 

Implementation: This abstract proposes that the 
first step be taken towards the creation of an Interna-
tional Lunar Development Corporation by the creation 
of a series of workshops and conferences towards that 
objective. The Lunar and Planetary Institute may 
choose to partner with NASA and other national space 
agencies towards that goal. At these conferences, ex-
perts in international law, organizational design, lunar 
exploration and aerospace engineering could be bought 
together to create the charter and organization structure 
needed to create an International Lunar Development 
Corporation. 

References: [1] Benaroya, H. (1994) The Journal 
of Practical Applications in Space, 6, 85-94. [2] Har-
ris, P. R. (1996) Living and working in space: Human 
behavior, culture and organization. 267-274 [3] Durst, 
S. (2000) Return to the Moon II: Proceedings of the 
2000 Lunar Development Conference. [3} Sadeh, E. et 
al. (2005) Space Policy, 21,  267-275. [4} Matula, T.L. 
and K. A. Loveland (2006). Beyond Earth - The Future 
of Humans in Space, 281-285. 
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A BLUEPRINT FOR AN INTERNATIONAL LUNAR ROBOTIC VILLAGE. 
Leon Alkalai, Jet Propulsion laboratory, 4800 Oak Grove Drive, Pasadena, CA 91109. 
Leon.Alkalai@jpl.nasa.gov 

 
 

   This position paper describes a vision of space 
exploration that places in its forefront a coordi-
nated and concerted international effort, lead by 
the USA, towards the establishment of a perma-
nent robotic presence on the Moon as part of a 
long-term effort to conduct ground-breaking and 
unique space science investigations coupled with 
first of a kind robotic demonstrations as precur-
sors to future human expansion.  Such a vision is 
consistent with and complementary to the recently 
announced redirection of the Human Space Flight 
(HSF) program away from the comfort zone of 
the Earth-Moon System and towards destinations 
such as a Near Earth Object (NEO) asteroid, a 
Lagrange point, or other destinations as stepping 
stones towards the ultimate human exploration of 
Mars. However, rather than giving the impression 
that the US has ‘left’ the Moon (‘been there done 
that’), such a supplement to the proposed vision 
would send a clear and strong message to the US 
public and to the world, that, whereas our astro-
nauts are taking on new and more ambitious ex-
ploration objectives (40 years after the initial 
landing on the Moon), our highly intelligent, 
autonomous and cooperative robotic systems are 
busy building and assembling an ‘International 
Robotic Village’ that can  host future robots from 
various international agencies, and also eventually 
host humans, when and if they chose to return.  
Such a coordinated and permanent science and 
exploration based robotic village has many advan-
tages over an ad-hoc set of independent lunar ro-
botic destinations, including: 

1) Creation of an international testbed for the 
development and demonstration advanced 
mission operation architectures ranging from: 
human in the loop time-drive or event- driven 
command sequencing; human in the loop tele-
operations; autonomous pre-programmed op-
erations; or self-adapting machine learning 
systems with human supervisory control. 

2) Demonstration of in-situ resource exploration 
using long-range mobility systems and in-situ 
measurement devices and instruments. 

3) Robotic assembly of complex structures such 
as human or robotic radiation shelters, human 
habitats, modular structures, science stations 
for in-situ whether monitoring, scientific ob-
servatories, etc. 

4) Bulk regolith movement and transfer using 
advanced mobility systems. 

5) Sample manipulation, transfer and caching 
using advance robotic arms, end-effectors, 
sample canisters, etc. 

6) The establishment of a central repository of 
common resources and utility services such as 
power sources, high-bandwidth telecom 
downlink, health monitoring, battery servic-
ing and replacement, parts scavenging and re-
pair using standard interfaces, etc.  

The realization of such an international robotic 
village holds the prospects for galvanizing a new 
generation of young men and women to excel in 
math and science; such a vision can reach across 
international boundaries to generate international 
good will by fielding robotic systems designed by 
multiple nations, universities, high-schools, etc. 
Moreover, and perhaps most importantly, it would 
become a testbed for the demonstration of both 
robotic and human rated systems and services for 
the future exploration of more distant destinations 
such as Mars. 

In this paper, I describe one instance of such a 
vision, in which NASA assumes international 
leadership for its ultimate realization.  
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BEIJING LUNAR DECLARATION 2010: A) GLUC-ICEUM11 REPORT AND RECOMMENDATIONS 

ON SCIENCE & EXPLORATION     R. Arvidson
1,3

,  B.H. Foing
1,2

, B. Cohen
1,5

, J. Plescia
1,5

, J.E. Blamont
1,2,4 

& 

participants to GLUC-ICEUM1 (Global Lunar Conference-11th ILEWG Conference on Exploration and Utilisation of the 

Moon, Beijing 2010), 1GLUC-ICEUM11 International Programme Committee, 2ILEWG c/o ESTEC PB 299, 2200 AG Noord-

wijk, NL  (Bernard.Foing@esa.int),  3Washington U. St Louis (arvidson@wunder.wustl.edu),  4CNES, 5 MSFC (Bar-

bara.A.Cohen@nasa.gov) 
 

GLUC-ICEUM11 2010:  We report on the Beijing 

Lunar Declaration for those topics related to science 

and exploration . 

Beijing Lunar Declaration 2010 (part A): “ Four 

hundred sixty seven lunar scientists, engineers, and ex-

plorers from 26 countries assembled at GLUC Global 

Lunar Conference including the 11th ILEWG Confe-

rence on Exploration and Utilisation of the Moon 

(ICEUM11) from 31 May to 3 June 2010, in Beijing. 

The GLUC-ICEUM11 was co-organised by the Interna-

tional Lunar Exploration Working Group (ILEWG), the 

International Astronautical Federation (IAF) and the 

Chinese Society of Astronautics (CSA), with the support 

of China Aerospace Science & Technology Corporation 

(CASC). More than 50 International and Chinese high-

level officials attended the opening ceremony of the 

Global Lunar Conference and 400 students joined a 

Youth event at Beijing Institute of Technology.  

The conference engaged scientists, engineers, and 

explorers with representatives of various agencies and 

organisations in the discussion of recent results and 

activities, and the review of plans for exploration. 

Space agency representatives gave the latest reports on 

their current lunar activities and programmes. 

GLUC-ICEUM11 was a truly historical meeting 

that demonstrated the world-wide interest in lunar ex-

ploration, discovery, and science.  

More than 400 abstracts were accepted for oral and 

poster presentations in the technical sessions which 

were organised in 32 sessions within 4 symposia: 

Science and Exploration; Technology and Resource 

Utilisation; Infrastructure and Human aspects; Moon, 

Space and Society.  

The latest technical achievements and results of re-

cent missions (SMART-1, Kaguya, Chang'E-1, Chan-

drayaan-1, LCROSS and LRO) were discussed at a 

plenary panel and technical sessions, with the Lunar 

Reconnaissance Orbiter (LRO) still in operation. In 

particular, new Chang'E-1 results demonstrated the 

importance of these new observations for understand-

ing the Moon.   

Four plenary panel sessions were conducted: 1. 

What are the plans? 2. New mission results; 3. From 

space stations and robotic precursors to lunar bases; 4. 

Moon, Space, Society 

The participants summarized their findings, discus-

sions and recommendations as reported below.  

 

1. Science and exploration 

- World-wide access to raw and derived (geophysi-

cal units) data products using consistent formats and 

coordinate systems will maximize return on invest-

ment. Detailed plans should be developed and imple-

mented for generation, validation, and release of these 

data products.  Data should be made available for 

scientific analysis and supporting the development and 

planning of future missions.  It is particularly important 

that the raw data be made available. 

- There are important outstanding questions about 

the Moon that focus on understanding the: Structure 

and composition of crust, mantle, and core and impli-

cations for the origin and evolution of the Earth-Moon 

system; Timing, origin, and consequences of late heavy 

bombardment; Impact processes and regolith evolu-

tion; Nature and origin of volatile emplacement; Impli-

cations for resource utilization. These questions require 

international cooperation and sharing of data and re-

sults in order to be answered in a cost-effective manner 

- Ground truth information on the lunar far side is 

missing and needed to address many important scientif-

ic questions, e.g., with a sample return from South 

Pole-Aitken Basin. 

- Knowledge of the interior is poor relative to the 

knowledge of the surface, and is needed to address a 

number of key questions, e.g., with International Lunar 

Network for seismometry and other geophysical mea-

surements. 

- Lunar missions will be driven by exploration, re-

source utilization, and science; we should consider 

minimum science payload for every mission, e.g., lan-

ders and rovers should carry instruments to determine 

surface composition and mineralogy. 

- It is felt important to have a shared database about 

previous missions available for free, so as to provide 

inputs to future missions, including a gap analysis of 

needed measurements. Highly resolved global data sets 

are required. Autonomous landing and hazard avoid-

ance will depend on the best topographic map of the 

Moon, achievable by combining shared data. 

- New research topics in such areas as in life sciences, 

partial gravity processes on the Moon should be pur-

sued to support future missions.” 

 

Links: http:/sci.esa.int/ilewg, www.gluc2010.org 
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BEIJING LUNAR DECLARATION 2010:  B) TECHNOLOGY AND RESOURCES; INFRASTRUCTURES    

AND HUMAN ASPECTS; MOON, SPACE AND SOCIETY     R. Arvidson
1,3

 ,  B.H. Foing
1,2

, J.E. Blamont
1,2,4

, J. 

Plescia
1,5

,  B. Cohen
1,6

, and participants to GLUC-ICEUM1 (Global Lunar Conference-11
th

 ILEWG Conference on 

Exploration and Utilisation of the Moon, Beijing 2010), 
1
GLUC-ICEUM11 International Programme Committee, 

2
ILEWG c/o ESTEC Postbus 299, 2200 AG Noordwijk, NL  (Bernard.Foing@esa.int),  

3
Washington U. St Louis (ar-

vidson@rsmail.wustl.edu) ,  
4
CNES, 

5
JHU APL (Jeffrey.Plescia@jhuapl.edu),  

6 
MSFC (Barbara.A.Cohen@nasa.gov) 

 

GLUC-ICEUM11 2010:  We report on the Beijing 

Lunar Declaration endorsed by the delegates of the 

Gobal Lunar Conference/ 11
th

 ILEWG Conference on 

Exploration and Utilisation of the Moon, held at Bei-

jing on 30 May- 3 June 2010. Specifically we focus on 

Part B:Technologies and resources; Infrastructures and 

human aspects; Moon, Space, Society and Young Ex-

plorers.  We recommend continued and enhanced de-

velopment and implementation of sessions about lunar 

exploration, manned and robotic, at key scientific and 

engineering meetings. 

 

Beijing Lunar Declaration 2010 (part B):  

 

“2. Technologies and resources  

- A number of robotic missions to the Moon are 

now undertaken independently by various nations, with 

a degree of exchange of information and coordination.  

This should increase towards greater cooperation, 

while still allowing areas of competition to keep the 

process active, and time and cost effective. 

- Lunar landers, pressurized lunar rover projects as 

presented from Europe, Asia and America are impor-

tant steps that can create opportunities for international 

collaboration, including a coordinated village of robot-

ic precursors and assistants to crew missions.  

- We have to think about development, moderniza-

tion of existing navigation capabilities, and provision 

of lunar positioning, navigation and data relay assets to 

support future robotic and human exploration. New 

concepts and new methods for transportation have at-

tracted much attention and are of great potential. 

 

3. Infrastructures and human aspects 

- It is recommended to have technical sessions and 

activities dealing with different aspects including hu-

man adaptation to space environments, the modeling of 

sub-systems, microbial protection and use of inflatable 

technologies. 

- While the Moon is the best and next logical step 

in human exploration, we should make effective use of  

the space station as a stepping stone for exploration 

and human spaceflight beyond low Earth orbit.  

- Further research is needed on lunar dust in regard 

to humans and interaction with habitats. We note high 

interest in CELSS (Closed Ecological Life Support 

Systems) for Moon and Mars bases, and recommend 

further research and development.  

- We recommend the development and use of terre-

strial analogues research sites and facilities, for tech-

nology demonstrations, comparative geology and hu-

man performance research, and public engagement. We 

endorse the proposal of development of a site at La 

Reunion for international Moon-Mars analogue re-

search. 

 

4. Moon, Space, Society and Young Explorers 

- We consider that the current legal regime as set 

out in the Outer Space Treaty and the Moon agreement 

are satisfactory for current and future missions, but 

may require further clarification for future exploration. 

Issues of transparency and security will need to be ad-

dressed. 

- Young Lunar Explorers have developed exciting 

mission concepts and hands-on activities as coordi-

nated by ILEWG. Lunar exploration is encouraging 

students of all ages to pursue higher education.  

- More possibilities for participatory engagement 

should be offered to the society, e.g., via interdiscipli-

nary activities with the humanities. 

- We appreciate the work from COSPAR panel on 

Exploration PEX that should be shared further. 

- Continued cooperation should be enforced at all 

levels. The space community feels strongly that joining 

the forces of space faring nations to explore the Moon 

should be a priority, with the views of creating a Glob-

al Robotic Village and eventually a Manned Interna-

tional Lunar Base.  

- We propose that a panel be formed through 

ILEWG with the help of IAF and Chinese Society of 

Astronautics in cooperation with space agencies, 

COSPAR and other stakeholders in order to initiate a 

permanent International Space Exploration Governance 

Forum. 

We, the participants of the GLUC-ICEUM11 con-

ference, commit to an enhanced global cooperation 

towards international lunar exploration for the benefit 

of humankind. 

Endorsed by the delegates of GLUC-ICEUM11  

Beijing, 2 June 2010” 

 

Links: http:/sci.esa.int/ilewg, www.gluc2010.org 
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HABITAT ARCHITECTURAL DESIGN SYSTEM (HADS), PROPOSED MODULE FOR LUNAR 

HABITAT.     Payam Bahrami1 and  Dr. Mahjoub Elnimeiri2,      1Illinois Institute of Technology (S.R. Crown Hall, 
3360 S. State Street, Chicagi, IL 60616 – pbahrami@iit.edu), 2Illinois Institute of Technology (Elnimeiri@iit.edu). 

 
 
Introduction:  The future lunar missions will in-

volve long-term human presence on the moon. We 
must endeavor to provide a habitability environment 
for the lunar crew which should be safe, pleasant place 
to live and productive place to work. There are many 
challenges to design lunar habitat, such as technical 
and functional problems, human physiological and 
psychological needs, engineering, science and logistics 
operations. A number of concepts have been proposed 
for lunar settlement that most focus has been on devel-
oping structure systems. 

Habitat Architectural Design System (HADS):  
This paper offers HADS for human habitation. HADS 
is the combination of science and engineering investi-
gations within design aspects. It will provide a guide-
line dependent upon mission objectives to standardize 
architectural needs within engineering application and 
scientific demands. It has been shown which involving 
architects and designers in the early stage of space 
project have many benefits.  

The significance of such a system is that HADS 
helps to integrate human being and technology from 
the beginning to develop lunar habitat. It will enhance 
crew productivity and performance quality, and will 
optimize safety and reliability as well (Fig 1). 

 
Fig 1: Habitat Architecture Design System (HADS) process 

through mission scenario 

HADS is proposed to set up new approaches in the 
long-duration stay on the moon. It is a kind of system 
which act to translate scientific language to the design 
language. The outcome of HADS will be understanda-
ble for space engineer and scientist, and it would en-
hance collaboration between architect, engineer and 
scientist to provide a livable habitat on the moon. 

The system is like hardware and each member is 
acting like software in their own area. The result will 
establish a flexible lunar habitat to accommodate a 
wide range of activities. The operation objectives de-
fines approach; scientific and engineering outputs re-
solve technical and some functional issues. All thease 
information are inputted to the system, and then HADS 
provides two procedures for them; HABITABILITY 
CRITERIA and EVALUATION to review and inte-
grate schematic design for lunar habitat. This is the 
methodology of the system (Fig 2). 

In addition the design teams need to be multidisip-
linary and include among others, engineers, architects, 
scientists, industrial designer, psychologists, physiolo-
gists, and cognitive experts. 

 
Fig 2: Habitat Architecture Design System (HADS) Diagram 

 
References:  

- Larry Toups, Kriss J. Kennedy (2008), Constellation 
Architecture Team-Lunar, Lunar Habitat Concepts, 
NASA/ JSC  

- Ian O’Neill (2008), Building a moon base. 
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THE LUNAR SAMPLE ACQUISITION AND CURATION REVIEW RECOMMENDATIONS FOR 
HUMAN SURFACE SCIENCE CAPABILITIES DURING PLANETARY EXPLORATION     J.E. Bleacher1, 
D.B. Eppler2, F. Horz3, C.K. Shearer,4, C.R. Neal5. 1Planetary Geodynamics Laboratory, Code 698, NASA GSFC, Greenbelt, 
MD, 20771, Jacob.E.Bleacher@nasa.gov, 2Exploration Sciences, Astromaterials Research and Exploration Sciences Directorate, 
NASA JSC. 3LZ Technology/ESCG, NASA JSC, 4 Department of Earth and Planetary Sciences, University of New Mexico, 5 

Department of Civil Engineering & Geological Sciences, University of Notre Dame. 
 

The Lunar Sample Acquisition and Curation Review 
addressed the topic of crew skills and requirements for 
future human exploration and planetary surface 
operations. Here we review the recommendations that 
are to be made to NASA HQ. Crews must have a level 
of scientific training that is, at a minimum, comparable 
to the Apollo crews. We recommend that all astronauts 
be trained to the same scientific level regardless of their 
background or potential participation in sortie or 
outpost missions. It is reasonable to assume that crews 
will include science or curation leads or experts. 
Therefore, we recommend that each science mission 
includes at least one astronaut with background training 
(prior to astronaut science training) as a geology expert, 
and that outpost missions include at least one 
curation/inventory management expert.  

The success of Apollo surface science operations was 
the result of the leadership of the Field Geology PI. 
Therefore, we recommend that a Lunar Surface 
Geology Principal Investigator (PI) position be 
established and filled as soon as possible to oversee all 
surface science operations on the Moon. As in Apollo, 
The PI will be responsible for directing the field 
training campaign for the astronauts, traverse design, 
and will make final decisions for most field operations. 
Under the guidance of the PI all astronauts should be 
trained for efficiency in: 1) fundamental field geology 
skills, 2) hand specimen petrography, 3) sample 
collection tool use and protocols, 4) science instrument 
use, 5) navigation and rover operation, 6) sample 
collection protocols, 7) outpost laboratory analytical 
capabilities, and 8) science support room interaction.  

The astronaut training program must identify sites 
where personnel will be educated. As in Apollo, 
training can be broken down into three categories, 1) 
instrument/tool training, 2) basic geology training, and 
3) integrated simulations. Equipment tests under 
conditions relevant to crew operations on the lunar 
surface need not require analogs in remote locations. 
Training the crew to use specific instruments or tools 
can be conducted in pressurized suits to simulate lunar 
conditions while at NASA field. Analog science 
curriculum will require geology and petrography 
classrooms in the field and therefore the identification 
of appropriate geologic sites. For each site a specific 
geologic problem should be clearly identified and the 
approach to teaching those geologic principles should 
be well drawn out. Integrated simulations of science 
traverses at relevant analog field sites will again require 
travel to the appropriate geologic sites, but must also 

include those team members who are to be trained for 
participation as science support room personnel.  

Basic geologic training can occur over a number of 
sites, and advanced geologic training tied to specific 
mission plans will require unique sites to be identified. 
Thus, we recommend that once PI is identified, a 
training curriculum be established and the proper sites 
identified for all three training and teaching categories. 
Each analog site must have a well defined 
teaching/training goal. The cost/benefit balance of any 
potential site should be well established and should 
always be a critical factor in site selection. Efforts 
should be made now to revisit the Apollo sites to 
determine if they remain unmodified and appropriate.  

Petrographic training of the Apollo astronauts relied 
not only on field trips, but class room activities 
introducing rock forming minerals and hand specimen 
petrography. The Apollo collections of minerals and 
rocks must be replenished and expanded to include 
more crustal lithologies and rock specimens. In this 
endeavor the lunar rock collection must be consulted 
extensively. Furthermore, astronaut science education 
and training during Apollo was essentially a 
collaborative effort between NASA MSC (JSC) and 
USGS Flagstaff personnel. The ability of NASA and 
USGS personnel to lead the astronaut training effort 
should be assessed. Personnel needs within NASA and 
the USGS should be identified and addressed through 
personnel hires and the inclusion of participants from 
academia to ensure a well rounded education and 
training team. Developing the training team at an early 
stage ensures a knowledgeable base of participants 
from which PI can form a science support room. 
The development of the training curriculum and sites 
will be a critical factor in the success of future human 
science operations.  However, neither will be effective 
if the personnel who lead the training do not themselves 
possess experience in field geology.  Between May 
1970 and November 1972 a total of 59 field 
experienced geologists trained the Apollo 15-17 crews.  
This is a ratio of nearly 10:1 field experienced 
geologists to astronauts who worked on the lunar 
surface. As such, it is critical that the NASA SMD 
continue to fund planetary analog field science.  This is 
the only way to ensure a cadre of field experienced 
planetary scientists to maintain a 10:1 ratio of trainers 
to astronauts. Furthermore, such research will continue 
to drive the development of new science questions and 
hypotheses that are required to support human 
exploration of other planets 
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MUCH OF THE HYDROGEN ENRICHMENT NEAR THE LUNAR SOUTH POLAR IS OUTSIDE THE 
PERMANENTLY SHADOWED REGIONS.  W. V. Boynton1, (wboynton@LPL.Arizona.edu), I. G. Mitro-
fanov2, A. B. Sanin2, M. L. Litvak2,   D. K. Hamara1, G. F. Droege1, V.I. Tretyakov2, A.S. Kozyrev2, A.V. Malak-
hov2, M.I. Mokrousov2, A.A Vostrukhin2, D. V. Golovin2, A.B. Varenikov2, V. N. Shvecov3, R.Z. Sagdeev4, G. 
Milikh4, G. Chin5, J. Trombka4, T. McClanahan4, R. Starr6, L. Evans6, V. Shevchenko8, 1Lunar and Planetary Labo-
ratory, University of Arizona, Tucson AZ 85722, 2Space Research Institute, RAS, Moscow, 117997, Russia, 3Joint 
Institute for Nuclear Research, Dubna, Russia, 4University of Maryland, College Park, MD, USA, 5Goddard Space 
Flight Center, Greenbelt, MD, USA., 6Catholic University, Washington, DC, USA, 7Computer Sciences Corpora-
tion, Glenndale, MD, USA. 8Sternberg Astronomical Institute of Moscow State University, Moscow, Russia.  

 
 
Introduction:  Analysis of S-band radar reflection 

data returned from the Clementine spacecraft sug-
gested that deposits of water ice might exist in perma-
nently shadowed regions (PSRs) near the lunar south 
pole [1]. Later, results from the Lunar Prospector (LP) 
mission showed clear evidence for enhanced hydrogen 
at both lunar poles [2], but the spatial resolution was 
not sufficient to determine if the enriched hydrogen 
was, in fact, located in the PSRs. Consequently NASA 
recently launched the Lunar Reconnaissance Orbiter 
carrying the Lunar Exploration Neutron Detector 
(LEND), which has dramatically better spatial resolu-
tion for neutrons [3].  
 In this work we present maps of epithermal neu-
tron count rates in the south polar region using data 
from the collimated epithermal neutron detectors on 
LEND. The flux of epithermal neutrons are signifi-
cantly suppressed in regions of high hydrogen content, 
and if the hydrogen were associated with the PSRs, the 
LEND detectors should see this association.  
 Results:  The map of LEND collimated neutron 
data are shown in Figure 2. The map is in units of the 
count rate difference from the average count rate in the 
region between -75° S to -84° S latitude. Also shown 
are the locations of the PSRs as determined from the 
Kaguya data [4]. It can be seen that the high spatial 
resolution data from the LEND collimated detectors 
has little relationship to the PSRs.  There is a large flux 
depression associated with the Shoemaker crater, but 
otherwise none of the other PSRs appear to have any 
associated flux depression.  
 The stastical quality of the data are such that even 
the weaker flux depressions (in yellow) are significant 
at the 3-sigma level. The largest flux depression is 
clearly associated with the Shoemaker crater, but there 
is also a large area of hydrogen enrichment throughout 
the region, bounded between 90° S to 87° S and 0° to 
60° E, that is not associated with any PSRs. 
 Implications for future lunar missions:  The 
search for water in the polar regions of the moon has 
been of interest both for scientific reasons as well as 
for human exploration.  

 If the only source of water were in the deep cra-
ters that are in total darkness, it would have made ac-
cess to the water-rich areas very difficult. The fact that 
much of the hydrogen is located outside the PSRs 
should make future access substantially easier. 
 Considering the scientific implications of these 
data, understanding hydrogen enrichment shown by 
these observations will clearly spark new theories and 
hypotheses on why the hydrogen is located where it is. 
Most likely future science missions will be conceived 
to test some of these new hypotheses. 
  References:  [2] Nozette S.  et al., Science 274, 2495 
(2996). [2] Feldman W. et al., Science 282, 2496 (2998). [3] 
Mitrofanov I. G. et al., Astrobiol. 8,  793 (2008). [4] H. 
Noda H. et al. (2008), Geophys. Res. Lett, 35, L24203.  
 

Figure 1. Map of count rate of LEND collimated epi-
thermal neutron detector. Units are in counts/s and are 
the difference from the values in the -75° S and -84° S 
latitude band. The uncertainty in count rates range from 
0.02 to 0.025 cps. The PSRs are indicated.The limit of 
the graph is -82°. 
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MINI-RF: A SYNTHETIC APERTURE RADAR ON LUNAR RECONNAISSANCE ORBITER., D.B.J. 
Bussey1, and the Mini-RF Team.  1Applied Physics Laboratory, Laurel MD 20723,  

 
 
Introduction:  Mini-RF on LRO is a lightweight 

Synthetic Aperture Radar (SAR) flying on NASA’s 
Lunar Reconnaissance Orbiter. It is the sister instru-
ment to one which flew on the Indian Chandrayaan-1 
lunar orbiter [1]. Mini-RF operates in both S band (like 
Chandrayaan-1) and X-band.  Also as well as the base-
line resolution (150 meters) it can also operate in zoom 
mode with a spatial resolution of 30 meters. Mini-RF 
uses an hybrid dual polarization technique, transmit-
ting a left circular polarized signal  and then receiving 
Horizontal and Vertical polarization signals, as well as 
the phase information between the two polarizations 
[2].  This is an unusual architecture, but it preserves all 
of the information conveyed by the reflected signals.  
From these data we determine all four Stokes parame-
ters of the backscattered field.  The Stokes parameters 
offer a very powerful tool to investigate the nature of 
lunar radar backscatter.  In addition to calculating the 
response at both circular polarizations, and therefore 
also the circular polarization ratio, it will also be pos-
sible to ascertain properties which should help to dis-
tinguish between multiple surface reflections versus 
volume scattering.  This is key in trying to determine if 
the nature of the returned signal is due to an ice-
regolith mixture, or simply rocks on the lunar surface.  
Examples of these key properties include the Degree of 
Polarization and the Degree of Linear Polarization. 

Goals:  The goal of Mini-RF is to acquire data in 
support of  mission goals [3].  Some of the goals that 
Mini-RF data can help address include:- 1. Landform-
scale imaging of the permanently shadowed craters. 2. 
Search for ice deposits. 3. Provide information on me-
ter-scale features of the Constellation landing site list. 
4.  Acquire global topgraphic information. 5. Charac-
terize lunar mineralogy.  All of these level 1s are best 
served by combined analysis of several of the LRO 
data sets.  However Mini-RF can make a major contri-
bution to the level 1s listed above. 

Current Progress: Mini-RF is operating well and 
has demonstrated an ability to acquire high-quality 
SAR images in S & X bands at both baseline and zoom 
spatial resolutions.  Initial analysis of images amd 
backscatter data indicate that Mini-RF is a fully func-
tional imaging SAR, capable of providing new and 
unique information about lunar surface properties.  
Current Mini-RF activities primarily have fallen into 
three categories:- 1. LCROSS support, 2. Non-polar 
imaging, and 3. Polar campaign. 

LCROSS Support. During the commissioning por-
tion of the LRO mission, whilst the spacecraft was in 

an elliptical orbit, Mini-RF acquired data in support of 
the LCROSS mission [4].  Mini-RF acquired primarily 
S-band zoom data of potential LCROSS target sites.  
These were one of the data sets used by the LCROSS 
team to select their final target site inside Cabeus cra-
ter.  Mini-RF continues to support LCROSS by acquir-
ing post-impact data of the target site. 

Non-Polar Imaging. Mini-RF has been taking advan-
tage of excees downlink capacity to acquire nighttime 
imaging of non-polar targets.  The Mini-RF target da-
tabase includes the Constellation potential landing site 
listand areas of scientific and exploration interest.  As 
of May 20th 2010 Mini-RF had acquired more than 
700 non-polar passes.  The coverage map for these 
data is shown in Figure 1.   

 
Figure 1.  Non-polar coverage map as of May 20th 
2010. 
 
Polar Campaign.  During times of high solar beta an-
gle (> 60°) Mini-RF is permitted to acquire data of the 
polar regions.  This corresponds to approximately two 
2-month periods every year.  Mini-RF is currently in 
the first of these opportunities and has been collecting 
data in S-zoom mode covering within 20° latitude of 
both poles.   

Conclusions:  Mini-RF is acquiring good quality 
data of the radar backscatter properties of the lunar 
surface.  These data will help Mini-RF address it’s 
level 1s, particularly when synergistaically analyzed 
with other LRO data sets [5].  

References: [1] Spudis P.D. et al., (2009) Current 
Science, V96 #4, 533-539. [2] Chin G., et al., (2007) 
Space Sci Rev. 129, 391-419. [3] Raney R.K. (2007) 
IEEE trans. Geosci. Rem. Se.,  45, 3397-3404.  [4] 
Neish C.D. et al., (2010) LPSC XLI. [5] Lawrence S. 
et al., (2010) LPSC XLI. 
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Inspiration Enabled by the ISECG Reference Architecture for Human Lunar Exploration. William Carey1, 
Vicky Hipkin2, Bernhard Hufenbach1, Kohtaro Matsumoto3, Jean-Claude Piedboeuf2 and Jennifer Rhatigan4 1. Ex-
ploration Architecture Office (HSF-EA), Directorate of Human Spaceflight, ESA-ESTEC, Keplerlaan 1, Postbus 
299, 2200 AG, Noordwijk, The Netherlands (William.Carey@esa.int, Bernhard.Hufenbach@esa.int). 2. Canadian 
Space Agency, 6767 Route de l'Aéroport, Longueuil (St-Hubert), QC, Canada, J3Y 8Y9 (Victoria.Hipkin@asc-
csa.gc.ca, JeanClaude.Piedboeuf@asc-csa.gc.ca). 3. System Engineering Office, Lunar and Planetary Exploration 
Program, JAXA, 3-1-1 Yoshinodai, Sagamihara, Kanagawa, 229-8510 Japan (Matsumoto.Kohtaro@jaxa.jp). 4. Na-
tional Aeronautics and Space Administration, Johnson Space Center, Houston TX 77058. USA 
(Jennifer.l.Rhatigan@nasa.gov). 
 

 
 

Introduction:  The focus of this presentation will be 
on introducing how the development of the reference 
architecture has been driven by a set of 15 common 
goals (Figure 1), to which the particular objectives of 
individual space agencies may be mapped. More spe-
cifically, to highlight how such an architecture pro-
vides opportunities for inspiration through the selected 
campaign approach, in comparison with purely “sor-
tie” and “outpost” human lunar exploration scenarios. 

 
The Global Exploration Strategy: In mid-2007, 
“The Global Exploration Strategy(GES): The Frame-
work for Cooperation” document was published [1] 
which expressed the vision of fourteen international 
space agencies for a coordinated approach to robotic 
and human space exploration, focusing on destinations 
within the Solar System where humans may one day 
live and work. In was in this spirit, that these fourteen 
agencies established the International Space Explora-
tion Coordination Group (ISECG) in late-2007, 
through a voluntary, non-binding international coordi-
nation mechanism as a means to strengthen both their 
individual agency exploration programs and a global 
collective effort. In mid-2008, and founded upon the 
GES document, the ISECG initiated the joint devel-
opment of a multilateral reference architecture for hu-
man lunar exploration, assuming the Moon to be a 
“stepping-stone” to Mars and beyond. Over the last 
eighteen months a number of interested agencies of the 
ISECG have been engaged in a series of Lunar Archi-
tecture Workshops to define the reference architecture 
which will serve as a “global point of departure” (or 
gPOD for short) for further development and refine-
ment. 
 
Inspiration via the gPOD: The architecture develop-
ment process began with a review of respective agen-
cies lunar exploration objectives, more than 600 in 
total, together with relevant lunar exploration studies. 
This process identified 15 common goals for human 
lunar exploration which expressed the shared interests 
of the participating agencies and reflected the five ma-
jor themes of the GES, i.e. New Knowledge in Science 

and Technology, Extending Human Frontiers, Eco-
nomic Expansion, Global Partnership, and Inspiration 
and Education. A major emphasis of the process was 
to develop an architecture that would achieve a bal-
ance amongst the associated objectives of all these five 
GES themes. This presentation will highlight those 
particular characteristics of the gPOD campaign which 
offer opportunities to facilitate inspiration in the areas 
of Solar System exploration, science, commerce, edu-
cation, and technology development. 
 

References:  
[1] http://www.globalspaceexploration.org/. 
 

 
Figure 1: ISECG Common Goals. 
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Apollo in the Field: Breakthrough and Baseline for Future Planetary Surface Exploration.  P.E. Clark; 
CUA@NASA/GSFC, Greenbelt, MD 20771 (pamela.e.clark@nasa.gov). 

 
Apollo Approach to Field Work:  The extraordi-

nary challenge field geologists faced in planning the 
first human expeditions to the surface of another solar 
system body led to the development of a new and dis-
tinctive approach to geological field work [1]. Not An 
extensive archive of the Apollo era science activity 
related documents [2] provides evidence of the prin-
cipal aspects and keys to the success of the field work. 
The Apollo Surface Journal [3] allows analysis of the 
astronaut’s actual performance in terms of capability 
for distance on foot, documentation and sampling of  
field stations, and manual operation of tools and in-
struments, all as a function of time.  The application of 
these analysis as ‘lessons learned’ for planning the next 
generation of field science activities on the Moon and 
elsewhere are considered here as well.   

Constraints and Requirements: Robotic precur-
sors had to provide ‘on the ground’ images and orbital 
coverage at up to 1 meter resolution for potential land-
ing sites would be essential. The astronauts relied on 
intensive simulation and training [e.g., 4] and the inno-
vative use of a co-trained geological ‘back room’. The 
astronauts had to be successful at capturing the geolog-
ical character of the site accurately and succinctly the 
first and only time, despite the fact that they had very  
little time (3 EVAs of up to 24 hours in the field for the 
later J missions). The astronauts were restricted to tens 
of kilometers in the rover and normally tens of meters 
on foot.  

Equipment: Fortunately, geological surface sample 
collection tools [9], including rock hammer and chisel, 
tongs, rake and shovel, lend themselves to easy han-
dling, but even these were optimized for use in the 
gloved hand of the astronaut. Scoops were added for 
the collection of representative regolith samples. Most 
problematic were the subsurface sampling devices, 
including manual shallow drive tubes (20-30 centime-
ters) and the powered regolith drill (up to 2 meters in 
40 cm stem sections) and designs were modified sub-
sequent to first use on the Moon.  

Documentation: Obviously, the indispensable geo-
logical field notebook, requiring use of a writing im-
plement and both hands, was not practical [10]. Train-
ing played a crucial role in producing articulate, syste-
matic, logical, flexible audio streaming to provide geo-
logical context in a common language accompanied 
with panoramic/portrait photos to confirm position and 
context of collected samples numbered for later use.  

Sampling and Site Characterization: Systematic 
yet flexible sampling accompanied by documentation 
was the primary geological activity. Major sampling 

stations, typically boulders, were planned ahead of time 
and dictated the traverse. Astronauts had been trained 
to minimize the time required for sample collection 
during their training, which involved time motion stu-
dies [8]. At a typical station, 3 to 4 prime sampling 
sites were reachable on foot from the rover, separated 
by tens of meters. Sampling at a site typically took 15 
to 20 minutes and was repeated for each sampling site 
[1]. Systematic sampling typically involved sampling 
soils and rock fragments around and under a boulder as 
well as obtaining chips of the boulder or rocks on the 
ground that apparently originated from it. During the 
course of each of the day’s traverse, astronauts typical-
ly gathered 30 to 35 kg of samples from 4 to 5 major 
stations, averaging between 7 and 8 kg per station. The 
Apollo astronauts used an unpressurized rover to travel 
distances of up to 25 to 30 km during the course of a 
traverse during an EVA. They spent about half of their 
time at the stations, and the rest driving.  This pattern 
was developed during their training with a simulated 
rover [3,8]. 

Application for Future Field Work: A much 
greater variety of instruments can be use dto generate 
‘baseline’ maps.  We certainly have a greater capability 
for streaming audio, video, and instrument feeds, and 
for hands free operation. Rover-mounted instrument-
ments could provide local remote sensing along tra-
verses. In fact, we could easily generate too much in-
formation for anyone to process in real time, as indi-
cated by the Apollo experience. None of these capabili-
ties mitigate the need for efficient, systematic docu-
mentation and sampling methodology, as used on 
Apollo.  In fact, the need is more critical, because of 
the limited mass available for sample return, translating 
into the need for down-selecting samples of potential 
interest in situ, through the use of new portable analysis 
tools, as an additional step in the sampling and site 
characterization process. 

References: [1] Clark, 2010, GSA Bulletin, in pub-
lication; [2] Schaber, 2005, USGS Open File Report 
2005-1190; [3] NASA History Office, accessed 2010, Apollo 
Lunar Surface Journal website; [4] England et al, 1971, 
Traverse Briefing for the Apollo 16 Crew; [8] Bailey et 
al, 1967, Apollo Applications Program Field Test 8 with 
Section on Task Analysis, USGS Technical Letter 26; [9] 
Allton; 1989, Catalog of Apollo Lunar Surface Geological 
Sampling Tools and Containers, JSC-23454/LESC-26676; 
[10] M’Gonigle et al, 1969, A proposed scheme for lunar 
geologic description, USGS Interagency report: Astrogeolo-
gy 18. 
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Addressing the Need for Autonomically Smart 

‘Target of Opportunity’ Rovers: Tetrahedral Explor-
er Technology is addressable reconfigurable robotic 
architecture with bilevel intelligence applied to rovers 
to achieve a high mobility and truly autonomous opera-
tion [1,2]. TETs are shape shifting mobile platforms 
based on the tetrahedron as ‘building block’ with re-
versibly deployable struts forming edges and connect-
ing via nodes at apices. Conformable tetrahedra are the 
simplest space-filling forms the way triangles are sim-
plest plane-filling facets. The 12Tet consists of 26 
struts and 9 nodes forming 12 interlinked tetrahedra. 
These undifferentiated (with no permanent appendages 
such as wheels) interlinked forms have the degrees of 
freedom necessary to develop a variety of gaits from 
simple rolling to crawling or reaching, and, at their 
most efficient, resembling amoeboid movement. As a 
result, tetrahedral rovers are optimally reconfigurable 
to allow operation on rugged, unprepared surfaces in 
natural terrains. 

 Control is a key challenge in realizing a rover with 
a highly addressable structure that can operate in high-
ly irregular terrain such as a highly bombard or volcan-
ic landscape filled with rocks or sheer cliffs, where 
locomotion requires an intimate blending of dynamics 
and statics, i.e. pushing, bracing, and balancing to 
make progress. Most means of locomotion "finesse" 
the situation by minimizing the complexity of the ter-
rain: typically, rovers have featured wheels or legs that 
are larger than the terrain scale sizes, or locomotion 
that is slow to allow expert computer systems time to 
figure out where to go next. The 12 TET rover is de-
signed to become a moving part of the terrain, its vi-
sion system providing volumetric information about its 
surroundings. Gaits suitable to rugged terrains and me-
trics to measure performance are being developed and 
tested. With information about the geometry of its en-
vironment as well as information about its own geome-
try, the 12 TET places itself within and moves through 
its environment. 

This capability is accomplished with the use of a 
neural basis function with bilevel intelligence. Genetic 
algorthims dynamically generate gaits (a series of actu-
ator deployments) in response to sensory input in a 
simulated environment appropriate for a given land-
scape (such as the Moon).  This autonomically smart 
system, which allows the rover to travel from target to 
target with out external direction, is linked to higher 
level heuristic (decision making for target selection) 

intelligence system through an evolvable interface. 
Target selection could also occur via human interface.   

 Progress in Meeting Tetrahedral Mechani-
cal/Mobility Challenges: To date, we have built and 
tested three operational prototypes. Prototype 3 is a 
12Tetrahedral Walker with 5:1 extension ratio double 
sided struts expandable. It has extrudable plastic, 
strong but lightweight struts and nodes, with keyed 
shape to prevent slipping, a ruggedized (screw drive) 
deployment mechanism, patented string pots to allow 
accurate determination of strut length, 3-axis accelero-
meter chip to measure strut inclination, and lightweight 
piezoelectric gauges to assess strain on deployment 
mechanisms.  

We have initiated the development of TET opera-
tional scenarios by considering mobility requirements 
as a function of terrain and by developing test gaits, 
such as the ‘amoeboid gait’ inspired by the most effi-
cient naturally-occurring 3D locomotion mechanism. 
The present prototypes are teleoperated, which has 
required the design of macros for coordinated move-
ments, definition of actuator commands and incorpora-
tion of sensor telemetry parameters as feedback for the 
actuation process via a wireless communication scheme 
through a user interface. The next step will be to de-
velop autonomic intelligence to modify the basic gaits 
as the terrain requires. The behavior of the rover will 
be dynamically controlled by SANE (Stability Algo-
rithm for Neural Entities) to maintain the system within 
operational limits. ST8 Autonomous Rendezvous and 
Capture algorithms are being used to develop the syn-
thetic neural system. 

Effective gait selection, maneuvering and naviga-
tion will require feedback from other systems being 
developed as well: a multichannel laser altimetry sys-
tem for near (maneuvering relative to obstacles) and far 
(navigating relative to target) scene characterization, 
combined with touch and motion sensors (accelerome-
ters), miniature transmitter/receivers, and central node 
camera.  

References: [1] Clark, P.E. et al, The next generation 
of tetrahedral rovers, in Space Technology and Applications 
International Forum (STAIF-07), edited by M.S. El-Genk, 
AIP Conference Proceedings, 880, 711–718, 2007. [2] 
Clark, P.E. et al, ALI(Autonomous Lunar Investigator): 
Revolutionary Approach to Exploring the Moon with 
Addressable, Reconfigurable Technology, Lunar and 
Planetary Science XXVI, 1217.pdf 
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A Portable Tool for In Situ Sample Screening and Site Characterization on the Moon. P.E. Clark1, K. Gen-
dreau2, Z. Arzoumanian2, A. MacAdam2, J. Bleacher2. 1Catholic University of America (Physics Department), 
2NASA/GSFC, Greenbelt, MD 20771, Pamela.E.Clark@NASA.gov. 

 
Addressing the Need for In Situ Sample Screen-

ing Site and Characterization: In situ analysis of 
lunar rock, regolith, and dust samples is an essential 
need for planetary surface exploration by human, ro-
botic rover, or sample return missions to the Moon [1]. 
Optimally, such a capability should allow rapid, com-
prehensive, quantitative compositional (elemental and 
mineralogical) and textural analysis of a wide range of 
samples and surfaces, with minimal mass, volume, use 
of consumables and expenditure of power. To meet 
these needs, we are developing and testing the CMIST 
(Chromatic Mineral Identification and Sample Texture) 
instrument, a breakthrough combined X-ray diffrac-
tion/fluorescence spectrometer (CXRDF) with sample 
imaging capability currently at the laboratory prototype 
stage. CMIST is designed to perform sample classifica-
tion (e.g., petrology) and texture analysis (e.g., petro-
graphy) without sample preparation [2]. 

In-Situ Tool Description: The goal is to design 
CMIST (Figure 1) to be low power (<5 W), low mass 
(<5 kg), extremely compact (eventually, large coffee 
cup size) instrument, useful in either handheld or rov-
er–mounted modes, to provide sample measurements 
adequate for rock type discrimination within minutes.  
The combined X-ray diffractometer and fluorescence 
spectrometer has already demonstrated the ability to 
measure element abundances, distinguish mineral 
phases, and identify ice polymorphs.  

Current Development: Our objectives are to de-
termine phases of, sizes of, orientations of, and rela-
tionships among mineral grains to determine a rock’s 
type, origin, and formation history. The novel analyti-
cal methodology is being built around the XSPEC 
software package, long a standard spectroscopy tool in 
X-ray astrophysics, modified to include elements of 
Rietveld phase refinement informed by crystalline tex-
ture analysis. In order to calibrate the instrument, we 
are currently developing a 3D configurable sample 
interface and lunar mineral standards set to analyze 
spectra from a standard suite of terrestrial rock and 
mineral analogs for lunar samples to determine geome-
tric distribution functions. The known-orientation ana-
log rock sample suite will include impact ejecta, vol-
canic rocks, and with this input, we will construct a 
portable unit and demonstrate its utility in field studies.  
The CMIST prototype has already demonstrated the 
capability to characterize mineral phases in an unpre-
pared rock sample of known composition analogous to 
the common lunar rock anorthositic gabbro as a proof  
of concept (Figure 2). Our next step is determining 

how rapidly to identify d-spacing and fluorescent line 
signatures characteristic of major lunar rock types. 

References: [1] Committee on Scientific Explora-
tion of the Moon, 2007, NRC, Final Report, 
http://www.nap.edu/catalog/11954.html; [2] K. Gen-
dreau, Z. Arzoumanian, V. Martins, R. Millham, G. 
Ricker, P. Fort, R. Starr, J. Trombka, 2006, 
http://esto.nasa.gov/conferences/ESTC2006/presentatio
ns/c1p1.pdf; [3] Hirose and Sasaki, 1999, Chung and 
Smith, Ed., CRC Press, 317-372.  
  

Figure 1. Above, CMIST advanced XRF/XRD per-
forms mineral and texture analysis without sample 
preparation. Figure 2. Below, Proof of concept data 
from unprepared known sample of lunar analogue 
anorthositic gabbro showing CMIST capability to dis-
tinguish and characterize phases for anticipated miner-
als. Color coded d-spacings (left) distinguish major 
mineral by Miller indices. Map of 1x2 mm target area 
(right) shows orientations and Laue distribution pat-
terns for mineral grains. 
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Small Cold Temperature Instrument Packages for Planetary Surfaces. P. E. Clark1, P.S. Millar2, W.D. Brig-
ham2, P.S. Yeh2, S. Feng2, B. Beaman2, R Chalmers2, M.A. Johnson2. 1Catholic University of Ameri-
ca@NASA/GSFC, Greenbelt, MD 20711 (Pamela.E.Clark@nasa.gov), 2NASA/GSFC. 
 

Introduction: We are currently developing a small 
instrument package concept analogous to the Apollo 
Lunar Science Experiment Package (ALSEP) and 
comparable in size (<150 kg) designed to operate un-
der conditions as extreme as those of lunar night with 
mass and power requirements comparable to or less 
than radioisotope based power systems but considera-
bly less costly. In phase 1 of our work, we achieved 
considerable reduction in an environmental monitoring 
instrument package mass by applying  a) radiation 
hard, cold temperature (operational to –40oC) electron-
ics and b) innovative thermal balance strategies using 
unconventional materials and mechanisms. Now, in 
Phase 2, we are incorporating ULT/ULP electronics, 
lower voltage power supplies required to support them, 
and power systems that operate at colder temperatures.  

ULT/ULP Electronics: The 0.35µ CMOS RHBD 
ULP electronics was demonstrated in NASA’s ST-5 
mission for a chip operating at 0.5 volt logic in space 
and achieved 100:1 power reduction as compared to its 
5 volt part in space.  The ULP chip was also tested at 
cryogenic temperature of near 20K and demonstrated 
full functionality. A newer generation CMOS RHBD 
technology was developed for 0.25µ for several ASICs 
for NASA’s missions including LDCM, GOES-R, 
MMS (Magnetospheric Multi–Scale Mission). This is 
operating at a core voltage of 2.5 volt.  The circuit has 
already passed 70K low-temperature test and is in the 
process of being tested to even lower temperature.  At 
this level of CMOS technology, one ASIC can include 
over several million transistors to support complicated 
processing logic. A 130nm RHBD test chip with mem-
ory elements is being developed. At this CMOS node, 
core voltage will drop to 1.2 volt or 1.1 volt and will 
allow system-on-a-chip concept to be implemented. A 
90nm RHBD test chip has been submitted for fabrica-
tion. At this CMOS node, core voltage will be close to 
1 volt and will allow us to realize sub-system as well as 
system power reduction at relatively large scale, esti-
mated for over 50% for conventional C&DH system. 
The developed digital core includes several communi-
cation channel coders, several high-end data compres-
sion coders, reconfigurable base-band modulator, en-
hanced micro-processor CPU, mass-memory protection 
circuit, large-scale multi-cross-correlators-on-a-chip 
and on-chip memory modules.  These will be available 
for any SOC concept in addition to other openly avail-
able cores such as the Spacewire, ARM processor, etc. 

Colder Temperature Power Systems: Our work 
will support development of small batteries and power 

supplies operating efficiently over many diurnal cycles 
at lower voltages and colder temperatures (down to a 
minimum of –50oC, with a goal of –80oC). Building on 
ST–5 technology, our distributed micro-battery-based 
power supply concept incorporates cold temperature 
power supplies operating with a 4V or 8V battery. Im-
provements in operation of Li–based battery systems 
below –40oC have already been demonstrated in re-
chargeable Li–ion systems (with low temperature or-
ganic electrolyte systems to enhance conductivity and 
charge transfer (Lithion, SAFT)), as well as lower TRL 
Li–S and Li–CuCl2 systems (Kolawa et al, 2007). To 
support the proposed instruments we are testing low 
temperature battery systems for capability (capacity, 
power density, recharge) and efficiency of operation 
below –40oC using available Li–Ion systems at appro-
priate rates of charge/discharge.   

Lower Voltage Power Supplies: Advances in 
MOSFET technology provide the lower voltage thre-
sholds for power switching circuits incorporated into 
our low voltage power supply concept. Conventional 
power conversion has lower efficiency. Our low power 
conversion circuit concept based on ‘synchronous rec-
tification’ will produce stable, regulated voltages as 
low as 0.6V with at least 85% efficiency.  Require-
ments for consumer electronics have produced a varie-
ty of low power circuits designed to operate from one 
or two Li-ion batteries in series.  These parts are gener-
ally rated for operation down to -40°C with a few rated 
for -55°C.  These and other representative circuits will 
be tested for reliable operation at temperatures extend-
ing into cryogenic regions.  If the entire electronic cir-
cuit including power supply will operate reliably at 
cryogenic temperatures, then only the battery itself will 
need to be heated to its minimum operating tempera-
ture, saving a significant amount of battery power. It is 
also possible to harness thermal discharge of the cir-
cuits as a heat source for the batteries. We will explore 
the potential for the use of cold temperature batteries to 
provide the power system for our optimized mass spec-
trometer instrument package. We have obtained repre-
sentative voltage regulators and several of these highly 
efficient voltage regulators that use switching technol-
ogy or synchronous rectification have already been 
tested successfully to -50°C, confirming minimum per-
formance specifications.  

References: [1] Clark et al, SPESIF-09 Proceed-
ings, Huntsville, AL, 2009); [2] Clark et al, SPESIF-10 
Proceedings, Columbia, MD, 2010. 
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NASA’S INTERNATIONAL LUNAR NETWORK ANCHOR NODES AND ROBOTIC LUNAR LANDER 
PROJECT UPDATE. Barbara A. Cohen1, Julie A. Bassler1, Benjamin Ballard2, D. Greg Chavers1, Doug S. Eng2, 
Monica S. Hammond, Larry A. Hill, Danny W. Harris1, Todd A. Holloway1, Sanae Kubota2, Brian J. Morse2, Brian 
D. Mulac1, and Cheryl L. B. Reed2. 1NASA Marshall Space Flight Center, Huntsville AL 35812 (Bar-
bara.A.Cohen@nasa.gov); 2The Johns Hopkins University Applied Physics Laboratory, Laurel MD 20723. 

 
 
Introduction: NASA Marshall Space Flight Center 

and The Johns Hopkins University Applied Physics 
Laboratory have been conducting mission studies and 
performing risk reduction activities for NASA’s ro-
botic lunar lander flight projects. Additional mission 
studies have been conducted to support other objec-
tives of the lunar science and exploration community 
and extensive risk reduction design and testing has 
been performed to advance the design of the lander 
system and reduce development risk for flight projects.  

Mission Designs: Since 2008, the team has been 
supporting NASA’s Science Mission Directorate de-
signing small lunar robotic landers for diverse science 
missions. The primary emphasis has been to establish 
anchor nodes of the International Lunar Network 
(ILN), a network of lunar science stations envisioned 
to be emplaced by multiple nations. This network 
would consist of multiple landers carrying instruments 
to address the geophysical characteristics and evolu-
tion of the moon.  

Based on the ILN studies, the team developed mis-
sion scenarios for two polar landers that share many 
common features: a Lunar Polar Rim mission rapid 
mission architecture for quickly demonstrating tech-
nology and landing on a polar rim, and a Lunar Polar 
Volatiles single point lander to study volatiles in a 
permanently shaded region. 

Finally, the team worked with the Planetary Sci-
ence Decadal Survey to develop a Lunar Polar Vola-
tiles Explorer mission, consisting of a lander plus rover 
to study volatiles at multiple locations in a perma-
nently shaded region. This mission uses a medium 
class lander and leverages from previous efforts on the 
Robotic Lunar Exploration Program 2 (RLEP-2) in-
formed by new knowledge gained from the small 
lander class efforts. 

Risk Reduction: During the pre-phase A studies 
for the ILN mission, lander subsystem technology risks 
were identified and prioritized based on technology 
readiness level (TRL) and commonality across multi-
ple mission designs. The mass and power constraints 
of the lander system are key drivers for the risks. Risk 
mitigation activities to increase the TRL or reduce the 
development risk of key technologies were instigated, 
including high pressure propulsion system testing, 
structure and mechanism development and testing, 
long cycle time battery testing, thermal management 

system development and testing, and combined GN&C 
and avionics testing. The most visible elements of the 
risk reduction program are two free-flying autonomous 
lander test articles: a compressed air system with lim-
ited flight durations and a second version using hydro-
gen peroxide propellant to achieve significantly longer 
flight times and the ability to more fully exercise flight 
sensors and algorithms. 

Uses for the Lunar Landers: For almost five 
years now, the MSFC/APL team has developed a 
flexible architecture of robotic lunar landers to envelop 
multiple mission scenarios. This architecture has both 
nuclear and solar array battery powered versions that 
interface to multiple launch vehicles depending on 
payload requirements, the number of landers desired, 
and available funding. The basic lander bus constitutes 
a transportation system that can be easily adapted to 
perform a number of different lunar science missions 
for NASA’s SMD or lunar exploration missions for 
ESMD. The U.S. lunar science missions of the next 
decade, and their priority, will be determined by the in-
progress Planetary Science Decadal Survey, and the 
lunar exploration missions are currently under study as 
defined by President Obama’s new space policy and 
vision. For lunar robotic missions in general there is an 
intersection between science and exploration, and this 
robotic lander will satisfy requirements of the first of 
several surface missions envisioned to be implemented 
over the next five years. Combining missions in this 
way would constitute prudent use of NASA funds in an 
exciting partnership of two key Directorates (SMD and 
ESMD), and still provide the U.S. contribution to in-
ternational ILN collaboration. Equally important, many 
of the robotic lander technologies to be demonstrated 
also have extended application to future robotic mis-
sions of other inner planet airless bodies, destinations 
of both SMD and ESMD. 
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LUNAR SURFACE ORIGINS EXPLORATION (LUNASOX): VIRTUAL OBSERVATORY FACILITY 
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Abstract: A new virtual observatory facility is being 
implemented in support of advanced modeling for so-
lar wind plasma interactions with the lunar surface and 
atmospheric environments. The NASA Heliophysics 
virtual observatory approach of open on-line metadata 
registration, discovery, access, and supporting value-
added tools is being applied to selected data products 
from lunar surface, lunar orbital, and earth-orbiting 
solar wind monitors. The LunaSOX facilty at luna-
sox,gsfc.nasa.gov will be operated by a science focus 
group for NASA's Virtual Heliospheric Observatory. 
Initial primary focus is on the Apollo ALSEP 12 and 
15 solar wind monitor data products already accessible 
on-line in through the Coordinated Data Analysis Web 
(CDAWeb) service of the NASA Space Physics Data 
Facility (SPDF). These data have been recast in forms 
appropriate for support of plasma interaction modeling 
and the new value-added data products will be posted 
through the virtual observatory. Data browser services 
reapplied to the ALSEP data from the OMNIWeb ser-
vice for solar wind monitor data are available for plots, 
listings, occurrence frequency distributions and statis-
tics, and scatter plots, and linear regression fits. Sup-
porting lunar and Earth orbit data of the Apollo era in 
the NASA archives will be similarly treated and posted 
on-line. Selected data analysis (e.g., OMNIWeb), or-
bital ephemeris (SSCWeb), and associated visualiza-
tion tools of SPDF are being utilized in support of the 
virtual observatory and plasma interaction modeling 
efforts. Hourly resolution impact parameters are being 
provided for heliocentric longitudinal offsets of posi-
tions for solar wind monitors and objects (e.g., IMP-8, 
Wind, ACE, Geotail, Earth) with respect to the Moon. 
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Slosh Dynamics in the Orion Downstream Propellant Tank Kevin M. Crosby1, Amber
Bakkum1, Stephanie Finnvik1, Isa Fritz1, Bradley Frye1, Cecilia Grove1, Kay Hartstern1, Samantha Kreppel1, Kim-
berly Schultz1, and Jonathan P. Braun2, 1Department of Physics, Carthage College, Kenosha, WI, 2Lockheed Martin
Space Systems, Houston, TX

A slosh analysis of a scale model of the Orion Service
Module (SM) downstream propellant tanks was carried
out by a team of undergraduate researchers under the aus-
pices of NASA’s Systems Engineering Educational Dis-
covery (SEED) program. Slosh modes, zero-g equilib-
rium propellant configuration, interface formation times,
and dynamical instabilities in reduced gravity were ex-
plored over the course of two hours of parabolic flight
maneuvers.

Research Objectives The key research objectives of
this study are (1) to carry out a Linear Sloshing Analysis
to identify frequencies of the fundamental symmetric and
anti-symmetric slosh modes; (2) to establish the equilib-
rium free-surface configuration of propellant at different
g-levels, and (3) to establish the nature of surface insta-
bilities during high-g to low-g transitions. Each objective
is pursued in the context of both experimental modeling
and computational simulation using Flow-3D[1].

Experimental Design The model tank preserves the
geometry of the Orion SM propellant tank (at 1/6 linear-
scale) and includes internal structures representing the
mass-gauging probe and the propellant management de-
vice (PMD). Our tank was constructed of acrylic and
Lexan to permit visual observation of fluid motion. The
propellant simulant used in the present study is a 60/40
ethanol/water mixture. Ethanol on acrylic achieves a
contact angle of θc ≈ 15◦, which is similar to the contact
angle of the actual propellant (MMH) on steel. Sixty mi-
crogravity transitions were recorded at fill-fractions (ra-
tio of the fluid surface height h to the tank radius R) h/R
from 0.2-0.9.

Results A Linear Slosh Analysis examines the lowest
resonant slosh frequencies present in the tank. Antisym-
metric slosh frequencies are shown in Fig. 2 for a range
of fill fractions h/R. Slosh frequencies in the full scale
tank can be obtained from those in Fig. 2 by multiplying
model frequencies by the factor (Rmodel/Ractual)

1/2 ≈

0.4. Flow-3D simulations of the free surface config-
uration of the (low contact angle) propellant at zero-g
suggest that the spherical free surface associated with a
clean cylindrical tank is modified by the presence of the
mass-gauging probe. Capillary forces cause fluid wick-
ing along the mass gauging probe and may adversely af-
fect the accuracy of propellant volume measurements.

The free surface formation time (t f ) is the time for
the fluid surface to obtain its equilibrium shape after a
step reduction in gravitational acceleration [2]. For our

tank, t f ≈ 100 sec., exceeds the time available in reduced
gravity (≈ 20 sec./parabola). Accordingly, we were not
able to verify equilibrium surface shape in zero-g. In-
stead, we examine the surface instability driven by the
transition from accelerated motion to zero-g. This swirl
instability is characterized by the rotation of the liquid
surface plane about the vertical axis. The axial rotation
of the slosh plane occurs at frequencies of approximately
half the lowest anti-symmetric slosh mode. The ampli-
tude of the slosh grows as the plane rotates until the fluid
circulates vertically around the tank. We suggest that this
swirl instability arises from the nonlinear interaction of
surface waves as the pressure gradient in the fluid van-
ishes in the transition from high-g to microgravity.

Figure 1: The slosh tank consists of a 12” OD cast acrylic cylinder with dome
end caps. Fill fractions in the upper and lower compartments can be indepen-
dently set.
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Figure 2: Lowest antisymmetric slosh-mode frequencies plotted against tank
fill-fraction. Solid lines are are predicted curves derived from potential theory.
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SEVERAL SEARCHES FOR SHORT-TERM CHANGES IN THE LUNAR SURFACE.  Arlin Crotts1 for the
AEOLUS Consortium2, 1Department of Astronomy, Columbia University, 550 W. 120th St., New York, NY 10027,
arlin@astro.columbia.edu    ; 2Atmosphere seen from Earth, Orbit and the LUnar Surface.

Introduction:  Several phenomena have been
traced to the transient production of volatiles at or near
the lunar surface, and these may or may not be related.
The undertsnding of some or all of these phenomena
may prove crucial to future lunar exploration. Herein
we describe several investigations that are underway or
recently completed to search for such changes, using
novel techniques, We plan to present results from all or
some of these at the meeting.

Volatiles in the form of hydration (water and/or
hydroxyl) were detected in the outer layer of lunar re-
golith by several spacecraft recently. [1,2,3] Specula-
tion as to the origin of this signal includes the reaction
of solar wind protons with regolithic oxygen.  Other
forms of lunar hydration are found intrinsic to several
types of lunar materials. [4,5,6] A third source consists
of significant masses of ice rertained in permanently
shadowed regions near the lunar poles, probably of
cometary/meteoritic origin. [7,8] Several prior reports
of hydrated lunar material can be found. [9,10,11]

Before the recent hydration results, lunar volatiles
were also detected in transient 222Rn outgassing events,
seen with alpha-particle spectrometers on Apollo 15
and Lunar Prospector. [12,13,14] Episodic outgassing
is also indicated for the major lunar atmospheric mass
constituent 40Ar. [15] Recently, this 222Rn activity has
been shown to correlate at high significance with lunar
optical transient activity. [16,17] This correspondence
can plausibly be understood in terms of gas from the
lunar interior accumulating at the base of the regolith
at a  rate so fast as to release explosively rather than
percolate slowly to the surface. [18] Curiously, the
predicted spatial scale and timescale of such explosive
outgassing events correspond closely to those typically
reported for lunar optical surface transients.

Is there any relation to the endogenous hydration
detected in lunar materials and endogenous volatile
outgassing form the lunar surface?  Might these or
other mechanisms change features on the lunar surface
on short timescales?  We suggest several investigations
into these and related questions [18] and have made
progress on several of these.  Some of these might also
reveal the effects of other lunar processes, such as im-
pacts and mass wasting.

Permanent Changes over Four Decades:  The
comparable imaging resolutions of the Lunar Recon-
naissance Orbiter (LRO) Camera narrow angle channel
and high-resolution modes on Lunar Orbiter III and V
(LO) more than 40 years ago allows one to survey
large areas (~ 105 km2) for changes over a few meters.

We will soon complete a systematic comparison of
LROC-NAC data with LO images that have been op-
timally processed to eliminate cosmetic defects. [19]

Transient Changes on Minute Timescales:  The
typical duration of reported lunar optical transients, as
well as the dynamical timescale of explosive out-
gassing through the regolith, is of order several to tens
of minutes. [18] We are conducting an automated
search using robotic imaging telescopes for changes
anywhere on the entire lunar Near Side on timescales
of 1 min or more. [20] These robotic telescopes have
already produced about 200,000 nearside images and
some plausible candidates for optical transients.

Rapid Changes in Lunar Surface Hydration:
We show that hydration 2.9 µm-band absorption can
be used even within ground-based data (from InfraRed
Telescope Facility/SpeX) to measure OH or H2O ab-
sorption strength over large lunar areas. [21] We are
completing a program sensitive to changes in this sig-
nal over a lunation, and as a function of latitude.

We will also detail several smaller studies.  For in-
stance, we are also probing changes in surface age-
sensitive bands e.g. 0.9 µm, revealing of recent
changes and activity perhaps inaccessible to LROC.
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PNEUMATIC DRILLING FOR THE LUNAR LASER RANGING REFLECTOMETER ARRAY. D. Cur-
rie1, K. Zacny2, 1University of Maryland, 2Honeybee Robotics Spacecraft Mechanism Corp. 
(zacny@honeybeerobotics.com). 

 
Introduction: The Lunar Laser Ranging Retrore-

flector Array for the 21st Century (LLRRA-21) in 
combination with a Lunar Laser Ranging (LLR) pro-
gram within the International Laser Ranging Service 
(ILRS) should provide extensive new information on 
the lunar interior, General Relativity and cosmology. 
Since Apollo, the ground stations improved the rang-
ing accuracy by 200x and now the Apollo arrays pro-
vide a significant limitation of the LRR accuracy. 
While the LLRRA-21 package can provide 100x im-
provement, to achieve 10 µm ranging performance, we 
must anchor the CCRs to a thermally stable mass. Dur-
ing the day/night lunar cycle, the regolith will rise and 
fall by almost 500 µm. Yet, it is estimated that the 
thermal variation 1 m below the surface is < 0.1°C. 

Deploying CCR Pneumatic Drilling: Lunar re-
golith below the first 10-20 cm is highly compacted 
and highly cohesive [1]. The only way a probe can 
move forward is if it can remove the regolith from 
underneath or if it has enough energy to 
crush/pulverize the regolith, re-compact it and push it 
to the side. 

The pneumatic penetration approach relies on ex-
cavating the soil by displacing it (moving it out of the 
hole with gas). In vacuum, 1g of gas can loft 6000 g of 
soil [2]. The gas could be provided from the lander 
propulsion system, which uses compressed Helium to 
pressurize tanks. This Helium is vented to vacuum 
upon touch down. But in our case, it could be used to 
penetrate to 1m depth.  

When penetrating lunar regolith, the penetrometer 
may also run into a rock. The probability of running 
into a rock with a diameter twice or greater than that of 
the penetrometer cone (in our case ~2.5cm or less) in 
5m depth is only 1%. [3]  

The pneumatic system is the game-changer for sub-
surface access. The extremely low mass and volume 
required to reach 1m, along with very simple penetra-
tion method allow the CCR to remain in a variety of 
payload architectures. The low mass and power cost of 
such a system may result in higher risk tolerance be-
cause it does not come at a large cost with respect to 
other payload elements.  

Laboratory Tests: In these tests 1inch diameter 
cone was pushed 2inches into compacted JSC-1a with 
100lb force before penetration ceased (Figure 1). 
However, when gas was injected below the cone (via 
injector holes in the cone) the vertical thrust force was 
reduced to zero (the rod was falling into the hole under 
its own weight). 

Field Tests: We performed tests in lunar analog: 
Mauna Kea tephra, HI (Figure 2). The experiment in-
cluded a hollow rod with a cone at the bottom and 
CCR on top. A pneumatic line (from air compressor) 
was connected to the side of the rod. Prior to testing, 
we measured soil strength using geotechnical tool – a 
rod with a load cell on top and the same diameter cone 
as in CCR. We found it takes >130lbs to manually 
push the cone into the soil to ~0.5m depth. When the 
pneumatic line was opened the rod almost fell into the 
subsurface with little push. We estimate the push force 
must had been <5lbs.  

 
Figure 1. Pneumatic spear approach for excavating 
holes in granular materials. 

Figure 2. CCR deployed pneumatically in Mauna Kea, 
HI tephra (lunar analog). Left: the system before de-
ployment. Right: system after deployment.  
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"New Moon!" New Lunar Education and Public Outreach Efforts! 
Doris Daou. NASA Lunar Science Institute
doris.daou-1@nasa.gov 
  
Abstract : 
 
The global scientific community has experienced a renewed focus on 
lunar science and exploration, as evidenced by a recent series of 
lunar programs and spacecrafts. This renaissance has provided a 
unique opportunity to engage the public in lunar outreach events and 
students in STEM education.  In the goal of capitalizing on this 
renewed interest, lunar scientists and education professionals have 
established a wide variety of programs, resources, and projects for 
Public Outreach, Citizen Science, and K-14 education.  This 
presentation will showcase those projects and programs, as well as 
opportunities for scientists to engage the public, teachers and their 
students in the science and exploration of the Moon. 
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Introduction: Radiation protection is one of the 
two NASA highest concerns and priorities [1]. In view 
of manned missions targeted to the Moon [2], for 
which radiation exposure is one of the greatest chal-
lenges to be tackled [3], it is of paramount importance 
to be able to determine radiation fluxes and doses at 
any time on, above and below the lunar surface [4]. 
With this goal in mind, models of radiation environ-
ment due to Galactic Cosmic Rays (GCR) and Solar 
Particle Events (SPE) on the Moon have been devel-
oped, and fluxes and spectra hereby computed [5]. The 
work is described [6] as models of incoming cosmic 
ray [7-9] and solar primary particles [6] impinging on 
the lunar surface, transported through the subsurface 
layers, with backscattering taken into account, and inte-
racting with some targets described as material layers. 
Time dependent models for incoming particles for both 
GCR and SPE are those used in previous analyses as 
well as in NASA radiation analysis engineering appli-
cations [10]. The lunar surface and subsurface has been 
modeled as regolith and bedrock (see discussion in [4-
6], [10]). The lunar-like atmosphereless body surface 
models are used to develop models for the surfaces of 
Martian satellite Phobos [11]. These results for the 
Moon Radiation Environment have been compared 
with data from the RADOM investigation onboard the 
ISRO CHANDRAYAAN-1 spacecraft. 

Results: In order to compare results from different 
transport techniques, particle transport computations 
have been performed with both deterministic 
(HZETRN) [12] and Monte Carlo (FLUKA) [13] 
codes with adaptations for planetary surfaces geometry 
for the soil composition and structure of the Apollo 12 
Oceanus Procellarum landing site [14,15], with a good 
agreement between the results from the two techniques 
[6,10]. GCR-induced backscattered neutrons are 
present at least up to a depth of 5 m in the regolith, 
whereas after 80 cm depth within regolith there are no 
neutrons due to SPE [6,10]. Moreover, fluxes, spectra, 
LET and doses for many charged particles and neu-
trons for various other lunar soil and rock compositions 
have been obtained with the deterministic particle 
transport technique [6]. Results have in particular been 
obtained for orbital scenarios, for surface (i.e. landers, 
habitats and rover) scenarios, for subsurface scenarios, 

and for lunar polar locations, with regards to ways to 
infer and detect locally the presence of water and/or 
volatiles. The results from this work can only be com-
pared in literature with previous versions of the same 
models or with very simplistic models [4-6,10], as also 
mentioned in [16]. These models have been then res-
caled to be tested against spacecraft instruments data 
(e.g. RADOM onboard the CHANDRAYAAN-1 
spacecraft from ISRO). The models have been set to 
100 km and 200 km altitude circular orbits, to the ac-
tual mission time frame (both punctual and averaged 
data), and to the actual environmental shielding inside 
the spacecraft. The detailed comparative analysis be-
tween models and data is currently underway, along 
with better trajectory analyses, with preliminary com-
parisons giving quite satisfactory results. 

Acknowledgements: The authors are indebted with 
M. Caldora, C. Tesei, T. Urlings, K.Y. Fan, S.H. 
Husch, G.D. Qualls, and W.A. Mickley for their inva-
luable help. This work has been performed under the 
ASI Grant I/033/06/0 and NASA Research Grant 
NCC-1-404, and under ISS agreement with BAS. 

† The authors mourn the untimely death of Prof. 
Frantisek Spurny, one among the authors of this paper. 

References: [1] O’Keefe, S. (2002) 
http://www.spaceflightnow.com/news/n0203/27okeefe 
[2] Duke M.B. et al. (2003) NASA TP2003-212053. 
[3] Cucinotta F.A. et al. (2001) Radiat. Res., 156, 682-
688.  [4] De Angelis G. et al. (2002) J. Radiat. Res., 
43, 41-45.  [5] De Angelis G. et al. (2002) Proc.Lunar 
Plan. Sci. Conf.  XXXIII, pp. 1417-1418. [6] De Ange-
lis G. et al. (2007) Nucl.Phys. B, 166, 169-183. [7] 
Badhwar G. D. et al. (1994) Radiat. Res., 138, 201-
208. [8] Badhwar G. D. and O’Neill P. M. (1996) Adv. 
Space Res., 17, 7-17. [9] Wilson J. W. et al. (1999) 
NASA TP-209369. [10] De Angelis G. et al. (2005) 
SAE-2005-01-2831, pp. 1-11. [11] De Angelis G. et al. 
(2007) Nucl.Phys. B, 166, 184-202. [12] Wilson J. W. 
et al. (1995) NASA TP-3495. [13] Fassò A. et al. 
(1993), Nuc. Instr. & Meth. Phys. Res., A, 332, 459-
470. [14] 'Apollo 12 Preliminary Science Report' 
(1970) NASA SP-235. [15] Warner J. (1970) 'Apollo 
12 Lunar Sample Information', NASA TRR-353. [16] 
‘Space Radiation Hazards and the Vision for Space 
Exploration: Report of a Workshop (2006) SSB, NCR.

 

LPI Contribution No. 159520

mailto:gianni.deangelis@iol.it�
mailto:giovanni.angelis@dlr.de�
mailto:tdachev@bas.bg�
mailto:spurny@ujf.cas.cz�


LUNAR IMPACT GLASSES AND BIOMOLECULAR CLOCKS.  J. W. Delano
1
, N. E. B. Zellner

2
, and T. D. 

Swindle
3
, 

1
Dept. of Atmospheric and Environmental Sciences, University at Albany (SUNY), Albany, NY 12222 

(jdelano@csc.albany.edu), 
2
Dept. of Physics, 611 E. Porter St., Albion College, Albion, MI 49224 (nzell-

ner@albion.edu), 
3
Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721 

(tswindle@U.Arizona.edu) 

 

Introduction: With the confirmation of a large im-

pact having occurred at the time of the global K/T mass 

extinction event [e.g., 1], the role of cosmic events in 

affecting the course of biological evolution on Earth, 

although previously hypothesized [2], was demonstrat-

ed, and has generated widespread, multidisciplinary 

interest [e.g., 3]. Links between other important biolog-

ical events in Earth history with large impacts have 

been proposed, but remain less certain. The lack of an 

accurate, detailed impact chronology of the Earth-

Moon system contributes to this current state of affairs. 

While major biological events during the Phanerozoic 

eon ( 542 Ma) are well-defined using the fossil record 

of macro-organisms, most of Earth’s history with its 

biological evolution occurred before the Phanerozoic (> 

542 Ma) remains poorly constrained due to the micro-

scopic nature of the fossilized organisms. 

Timetree: Molecular sequences of >1600 families of 

organisms define a ‘Timetree’ [4]. Using biomolecular 

clocks, divergence times of organisms throughout 

Earth’s history are being mapped. As argued by Ryder 

[5] and others, biochemists now believe that life on 

Earth originated at ~4200-4400 Ma [6] (i.e., before the 

lunar cataclysm at ~3800 Ma). How many of the biodi-

vergence events were preceded by large impact events? 

Impact glasses: Mature lunar regoliths typically 

contain 100 clast-free, impact glasses in the form of 

either spherules or shards with dimensions 100µm per 

5-gram sample. Many of these glasses contain sufficient 

masses of either K and/or U to be isotopically dateable 

using the 
40

Ar/
39

Ar [e.g., 7-9] and 
206

Pb/
238

U [A. Nem-

chin, pers. comm., 2010] methods. To define an accu-

rate, detailed record of the time-dependent impact flux, 

lunar glasses of impact origin must be confidently dis-

criminated from glasses of volcanic origin. Criteria for 

doing this successfully, which are principally chemical 

in nature [10], have been successfully applied [e.g., 11]. 

Without chemically analyzing each glass prior to an 

isotopic age determination, a set of ages will be conta-

minated by volcanic events. While lunar glasses with 

ages <2500 Ma are likely to be wholly impact in origin, 

a set of lunar glasses with ages >2500 Ma that had not 

been chemically analyzed are certain to contain ages of 

volcanic and impact events. That may have occurred in 

one study [e.g., 7] since >20% of glasses in some Apol-

lo 14 regolith samples are of volcanic origin [12]. 

Therefore, while impact glasses are abundant in mature 

lunar regolith, and have a rich story bearing on the 

time-dependent impact flux in the Earth-Moon system, 

chemical and petrographic analysis of each glass prior 

to isotopic analysis is needed to ensure a clean record 

of impact events (uncontaminated by volcanic events). 

The chemical compositions of the impact glasses pro-

vide information about the source provenance, which is 

a useful context for interpretations [e.g., 9]. The sheer 

abundance of impact-generated glasses in the mature 

regoliths from the Apollo missions ensures that an ac-

curate, detailed chronology can be developed. That 

impact chronology is beginning to emerge showing 

spikes in the impact flux during the Phanerozoic, which 

may correspond with those independently observed in 

meteorites [e.g., 13, 14] and terrestrial studies [e.g., 15, 

16]. With concerted effort in measuring the ages of 

lunar impact glasses and in refining the Timetree, the 

Moon would be the Rosetta Stone for linking cosmic 

events with major biomolecular events during the last 

~3800 Ma. 

Conclusions: (a) Lunar impact glasses are capable 

of providing an accurate and detailed record of the 

time-dependent impact flux during the last 3800 Ma. 

(b) Since questions linked to Astrobiology will increa-

singly capture the interest of NASA and the public for 

future missions, lunar science should consider finding 

important linkages to Astrobiology. This abstract de-

scribes one example. 
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Introduction: Nearly 40 years have passed since 

the last Apollo missions investigated the mysteries of 
the lunar atmosphere and the question of levitated lu-
nar dust. The most important questions remain: what is 
the composition, structure and variability of the tenu-
ous lunar exosphere?  What are its origins, transport 
mechanisms, and loss processes? Is lofted lunar dust 
the cause of the horizon glow observed by the Sur-
veyor missions and Apollo astronauts? How does such 
levitated dust arise and move, what is its density, and 
what is its ultimate fate?   

National Research Council decadal surveys and the 
recent “Scientific Context for Exploration of the 
Moon” (SCEM) report have identified studies of the 
pristine state of the lunar atmosphere and dust envi-
ronment as among the leading priorities for future lu-
nar science missions. These measurements have be-
come particularly important since recent observations 
by the Lunar Crater Observation and Sensing Satellite 
(LCROSS) mission point to significant amounts of 
water and other volatiles sequestered within polar lunar 
cold traps.  Moreover Chandrayaan (M3), EPOXI and 
Cassini (VIMS) have identified H2O and OH on sur-
face regolith grains.  Variability in concentration sug-
gest these species are likely to be present in the exo-
sphere, and thus constitute a source for the cold traps. 

The LADEE Mission: The Lunar Atmosphere and 
Dust Environment Explorer (LADEE) is currently un-
der development to address these goals. LADEE will 
determine the composition of the lunar atmosphere and 
investigate the processes that control its distribution 
and variability, including sources, sinks, and surface 
interactions. LADEE will also determine whether dust 
is present in the lunar exosphere, and reveal its sources 
and variability. LADEE’s results are relevant to sur-
face boundary exospheres and dust processes through-
out the solar system, will address questions regarding 
the origin and evolution of lunar volatiles, and will 
have implications for future exploration activities.  

The LADEE Payload: LADEE employs a high 
heritage instrument payload: a Neutral Mass Spec-
trometer (NMS), an Ultraviolet/Visible Spectrometer 
(UVS), and the Lunar Dust Experiment (LDEX). It 
will also carry a space terminal as part of the Lunar 
Laser Communication Demonstration (LLCD) which 

is a technology demonstration.  LLCD will also supply 
a  ground terminal. LLCD is funded by the Space Op-
erations Mission Directorate (SOMD), managed by 
GSFC, and built by MIT Lincoln Lab. NMS was di-
rected to the Goddard Space Flight Center (GSFC) and 
UVS to Ames Research Center (ARC).  LDEX was 
selected through the Stand Alone Missions of Oppor-
tunity Notice (SALMON) Acquisition Process,  and is 
provided by the University of Colorado at Boulder. 

The LADEE NMS covers a m/z range of 2-150 and 
draws its design from mass spectrometers developed at 
GSFC for the MSL/SAM, Cassini Orbiter, 
CONTOUR, and MAVEN missions.  The UVS in-
strument is a next-generation, high-reliability version 
of the LCROSS UV-Vis spectrometer, spanning 250-
800 nm wavelength, with high (<1 nm) spectral reso-
lution. UVS will also perform dust occultation meas-
urements via a solar viewer optic.  LDEX senses dust 
impacts in situ, at LADEE orbital altitudes of 50 km 
and below, with a particle size range of between 100 
nm and 5 µm. Dust particle impacts on a large hemi-
spherical target create electron and ion pairs. The latter 
are focused and accelerated in an electric field and 
detected at a microchannel plate.  The overall LADEE 
payload configuration is shown below. 

Where LADEE Fits In:  LADEE is an important 
part of NASA’s portfolio of near-term lunar missions; 
launch is planned for March, 2013. The lunar atmos-
phere is the most accessible example of a surface 
boundary exosphere, and may reveal the sources and 
cycling of volatiles. Dynamic dust activity must be 
accounted for in the design and operation of lunar sur-
face habitats. 
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fett Field, CA.  

 
 

Motivation: Under the new realignment, robotic 
and human systems are anticipated to visit the Moon, 
near-Earth objects, and the moons of Mars. Each of 
these near-airless rocky bodies has a common element: 
They are each directly exposed to the harsh space envi-
ronment that includes large and small impactors, solar 
photonic radiation, solar wind plasma, solar storm gen-
erated energetic particles and galactic cosmic radiation.  

For the Moon, the permanently shadowed regions 
at the poles are considered especially-harsh but re-
source rich environments. Due to the extreme cold, 
these regions will trap migrating volatiles like water. 
Other resources are anticipated to lie within these cra-
ters. As such, these regions remain highly desirable 
robotic targets. We suggest herein that lunar polar re-
gions also possess electrically complex special envi-
ronments [1-3] which can pose a challenge to any 
landed system. Specifically, the lunar regolith is a 
semi-conductor and in extreme cold becomes an insula-
tor (see Figure 9.48 of [4]). As such, landed systems 
are electrically grounded to the passing solar wind 
plasma – like any spacecraft in the solar wind. Howev-
er, recent analysis of solar wind flow at polar craters 
[5] indicates that plasma currents become vastly re-
duced within (i.e., crater floors) due to the obstruction 
of the flow by surrounding topographic features. As 
such, human or robotic systems run a risk of becoming 
electrically isolated – to effectively have an electrical 
reference that ‘floats’ relative to surrounding features 
and objects.   

The Equivalent Electrical Circuit of a Roving 
System: Figure 1 shows a simple electrical model of a 
roving system in the lunar environment. As the system 
moves over the regolith, it will collect charge via tribo-
charging (contact electrification) between the object 
and surface. In essence, the system is a capacitor stor-
ing this tribo-charge. The system is electrically con-
nected to both the regolith and the plasma (shown on 
the figure). However, in cold polar regions, the regolith 
is a very poor conductor (Rg large). As such, the path-
way to ‘bleed off’ the capacitor tribo-charge build up is 
via plasma currents. In essence, the human system is 
‘grounded’ to the plasma reference.  

Polar Electrical Environment: However, recent 
studies of solar wind current flow into polar craters 
suggest that the plasma flow is obstructed directly be-
hind the obstacle. Plasma expansion models applied to 

topographic maps of 
Shoemaker crater [5]  
indicate that environ-
mental current flow is 
reduced from near 100 
nA/m2 at topside re-
gions to below 0.1 
nA/m2 along the lee-
ward edges of the crater 
floor. As such, the am-
bient plasma currents 
(Iamb in Figure 1) are 
also no longer effective 
pathways for dissipat-
ing tribo-charge buil-
dup. Hence, in lunar  
polar craters, both ma-
jor electrical dissipa-
tion pathways for the system (i.e., the capacitor) be-
come effectively ‘disconnected’.  

Implications for Disconnection: An obvious issue 
to consider is the dissipation time for a charged object 
and the nature in which excess charge buildup is ulti-
mately removed. Calculations suggest that dissipation 
times for a charged system can exceed 100s within 
polar craters (compared to milliseconds in dayside re-
gions). Such times challenge the ability for fast roving 
where tribo-charge buildup times can exceed the time 
for dissipation. Digging and drilling operations would 
also have to contend with the challenges of charge 
buildup (and possibly excessive dust cling that acts to 
remediate the charge). In essence, in PSRs, there is a 
lack of a large charge reservoir which provides an elec-
trical reference or ‘ground’; this possibly creating envi-
ronmental ESD hazards that should be considered in 
engineering approaches to visiting robotic and human 
systems.  Such ‘grounding’ considerations are also 
relevant to landed mission to any rocky body (NEO, 
moons of Mars).  

References: [1] Stubbs, T. J., et al. (2006), Adv. 
Space Res., 37, 59.   [2] Farrell, W. M., et al. (2008) 
Geophys. Res. Lett., 35, L19104. [3] Halekas, J. S., et 
al. (2010), Planet. Space Sci., submitted. [4] Carrier, 
W. D., et al., (1991), in The Lunar Sourcebook, edited 
by G. H. Heikenet al., pp. 475–594, Cambridge Univ. 
Press, Cambridge, U. K.. [5] Farrell, W. M., et al. 
(2010) , J. Geophys. Res., 115, E03004.  

 
Fig 1 – Equivalent circuit for a 
human or robotic system.   
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IMPROVING LUNAR EXPLORATION WITH ROBOTIC FOLLOW-UP.  T. Fong1, M. Bualat1, M. Deans1, 
E. Heggy2, M. Helper3, K. Hodges4, and P. Lee5. 1NASA Ames Research Center, Moffett Field, CA, 
terry.fong@nasa.gov. 2Jet Propulsion Laboratory, 3Univ. of Texas / Austin,  4Arizona State Univ., 5Mars Institute. 

 
Introduction:  We are investigating how augment-

ing human field work with subsequent robot activity 
can improve lunar exploration. Robotic “follow-up” 
might involve: completing geology observations; mak-
ing tedious or long-duration measurements of a target 
site or feature; curating samples in-situ; and perform-
ing unskilled, labor-intensive work. To study this tech-
nique, we have begun conducting a series of lunar ana-
log field tests at Haughton Crater (Canada). 

Motivation: In most field geology studies on 
Earth, explorers often find themselves left with a set of 
observations they would have liked to make, or sam-
ples they would have liked to take, if only they had 
been able to stay longer in the field. For planetary field 
geology, we can imagine mobile robots – perhaps 
teleoperated vehicles previously used for manned ex-
ploration or dedicated planetary rovers – being de-
ployed to perform such follow-up activities [1]. 

Robotic rovers will be needed on the Moon. Both 
the National Research Council [2] and the NASA Ad-
visory Council [3] identify key roles for robots. The 
NAC report states that “to achieve the highest-ranked 
lunar science objectives, continued robotic sortie mis-
sions will be needed, before and after human presence 
is established”.  

Humans themselves will be on the Moon. Because 
humans are able to explore the Moon in-situ, robotic 
rovers do not need to be conceived as primary (or sole) 
science instruments. Instead, robots may be designed 
to perform rote, tedious, or long-duration follow-up 
tasks and enable humans to focus on activities that 
require human intelligence, skills and decision-making.  

Substantial time is available for robotic follow-up 
work. With the “Global Exploration Strategy” [4], 
there will be substantial amounts of time and opportu-
nities to use robotic assets positioned on the Moon to 
perform work. Robotic rovers could be put to good use 
during the time between crews to finish a variety of 
field work tasks and to prepare for future crews.  

We do not know how to use robotic follow-up for 
human exploration. While the notion of operating ro-
bots to complete work started by humans is conceptu-
ally simple, many unknowns become quickly apparent 
if one attempts to establish a practical lunar concept of 
operations. Even on Earth, little has been done to 
study, assess, and document the impact and value of 
robotic follow-up in support of humans.  

Field Tests: In July 2010, we conducted the first of 
a series of field tests at the Haughton Crater impact 
structure on Devon Island, Canada [5]. In this test, we 

remotely operated a K10 planetary rover equipped with 
a variety of instruments (3D scanning lidar, color im-
agers, XRF spectrometer, and ground-penetrating ra-
dar) to perform follow-up work. 

 
K10 planetary rover at Haughton Crater 

Robotic follow-up for sample characterization in-
volved extending in time, space, and detail, the general 
geologic characterization by a human crew of key ar-
eas in and around Haughton Crater. In our field work, 
we focused on characterizing in greater depth the com-
position (petrography and mineralogy), distribution, 
and geologic context, of major lithologies. We paid 
special attention to Haughton's distinctive impact brec-
cia materials in order to characterize the major types of 
clasts and textures encountered in them. 

Robotic follow-up for systematic mapping involved 
investigating the near-subsurface structure and 3-D 
distribution of ground ice at Haughton as an opera-
tional analog to investigating near-subsurface volatiles 
on the Moon. In our field work, we focused on per-
forming transect surveys so that 3D maps of the struc-
ture of the near-subsurface and the distribution of 
ground ice in different substrates could be constructed. 

Observations: Based on our initial field testing, 
we have identified key differences between robotic 
exploration (e.g., as done by the Mars Exploration 
Rovers) and robotic follow-up. In particular, whereas 
robot explorers serve as principal science tools, the 
primary function of robotic follow-up is to augment 
and complete human field work. This has significant 
implications for mission design and science operations. 

References: [1] Hodges, K. and Schmitt, H.H 
(2010) GSA Special Paper: Analogs. [2] NRC (2007) 
“The Scientific Context for Exploration of the Moon: 
Final Report”. [3] NASA Advisory Council (2008) 
NP-2008-08-542-HQ. [4] ISECG (2009) Global Ex-
ploration Strategy. [5] Fong, T., et al. (2010). “Robotic 
Follow-up for Human Exploration” AIAA Space 2010. 
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Introduction: Apollo Astronauts landed at six dif-

ferent locations on the Moon between 1969 and 1972.  

While the general public is familiar with this fact and 

have seen photographs and video footage of the Astro-

nauts walking around and driving the lunar rovers, the 

scale of these missions can be deceiving to the un-

trained eye. While traverse maps show the routes the 

Astronauts took on the lunar surface, without the con-

text of familiar landmarks, it is difficult to grasp just 

exactly how much ground they covered. Comparing 

Apollo traverse routes to cities here on Earth provides 

that context. 

Statistics from the Apollo Missions: Comparing 

the statistics for Apollo missions 11, 14, and 17 illu-

strate the increase in the number of extra-vehicular 

activities (EVAs) (A11:1, A14: 2, A17: 3), total EVA 

duration (A11: 2:31, A14: 9:22, A17: 22:04 

hours:minutes), distance from the Lunar Module (LM) 

(A11: 100 m, A14: 1.4 km, A17: 7.4 km), and total 

distance traveled (A11: 100s m, A14: 3.5 km, A17: 36 

km) from the first to the last mission [e.g. 1, 2].   

Apollo in Washington, D.C.:  Here, we place the 

traverses for the Apollo missions in the context of 

Washington, D.C. using the Smithsonian Metro Station 

as a common landing site. The Apollo 11 crew would 

not get to visit any of the museums or monuments and 

would have been confined to a small area on the Mall 

the size of a baseball field. Mission priorities can be 

illustrated using the Apollo 14 traverse.  If the crew 

travels to the east, they could visit several museums 

and make it to the U.S. Capitol.  If they traveled west, 

they could visit the Washington Monument and the 

WWII Memorial, but would not reach the Lincoln 

Memorial.  Using the lunar rover, the Apollo 17 crew 

could visit any of the museums and monuments down-

town, plus cross the Potomac River into Virginia to 

visit Arlington Cemetery. 

Education: Classroom activities that involve the 

lunar missions can combine map reading, scale, unit 

conversion, geography, problem solving, and decision 

making skills. Example questions that could be asked 

to students: 1) If you had to choose one Apollo EVA to 

do in DC, which one would it be and why? 2) If you 

could create your own EVA in DC, but only had 6 

hours, where would you go, and why? 3) If you had to 

plan an Apollo-style Mission in your hometown, where 

would you send the Astronauts and why?   

Summary:  These comparisons show the signifi-

cant progress made with each mission, the importance 

of choosing a landing site, and the enhancement in mo-

bility that technology provides to surface exploration 

on the Moon.   

Apollo 11 

 
 
Apollo 14 

 

 
 
Apollo 17 

 
Figure 1. Traverse routes for Apollo 11, 14, and 17 

overlain on satellite images of Washington, D.C.  Base 

images from Google Earth. 

  
References: [1] Orloff R. W. (2001) Apollo by the Num-

bers: A Statistical Reference, pp. 348. [2] Lunar and Planeta-

ry Institute (2010) Lunar Mission Summaries website, 

http://www.lpi.usra.edu/lunar/missions/. 
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Introduction: The Aristarchus Plateau has a varie-

ty of volcanic features including sinuous rilles, exten-

sive pyroclastic deposits, mare deposits that embay the 

perimeter, and domes (Fig. 1) [1, 2]. While previous 

data sets have been used to gain an overall understand-

ing of the volcanic history of the region [3-7], high 

resolution images from the Lunar Reconnaissance Or-

biter Camera (LROC) provide new details about the 

formation and emplacement of these features (Fig. 2). 
 

 
Figure 1. LROC Wide Angle Camera (WAC) mosaic of the 

Aristarchus Plateau.  A: crater Aristarchus. H: crater Herodo-

tus. VS: Vallis Schröteri. 1. Mounds on the Cobra Head. 2. 

Lava Fan. 3. Distal end of Vallis Schröteri. 4. Outcrops 

along rille wall. 5. Impact melt from crater Aristarchus. 

 

Volcanism on Aristarchus Plateau: Vallis 

Schröteri is a large sinuous rille that cuts through the 

center of the Aristarchus Plateau. Topographic mounds 

observed on the Cobra Head in LROC images and Dig-

ital Terrain Models [8] are interpreted as either rootless 

vents or are constructed from individual sources (Fig. 

2a).  Lava from the Cobra Head is interpreted to have 

flowed into crater Herodotus and formed a lava fan 

(Fig. 2b). At the distal end of the Primary Rille, a po-

tential flow margin is observed which could indicate 

that the lava stalled when it encountered a topographic 

high and a crater rim then backed up and overflowed 

[7] to the south to form Inner Rille (Fig. 2c).  Outcrops, 

stratigraphic layers, and boulders are observed at sev-

eral locations along the walls of both the Primary and 

Inner Rilles (Fig. 2d). Pristine impact melt sheets that 

are preserved on the flank of crater Aristarchus exhibit 

morphologies similar to lava flows (Fig. 2e). 

Exploration: The Aristarchus Plateau offers access 

to several volcanic features for both human and robotic 

missions [9]. LROC images reveal new details of these 

volcanic and impact events that can be used to priorit-

ize science objectives and develop mission scenarios.  

Detailed plans can be made for specific sites regarding 

potential features, outcrops, and boulders to survey, as 

well as, hazards to avoid using the NAC images. 
References: [1] Zisk S.H. et al. (1977) Earth, Moon Planets, 

17, 59–99. [2] Whitford-Stark J.L. and Head J.W. (1977) 8th LPSC, 

2705-2724. [3] Lucey P.G. et al. (1986) 16th LPSC, 91, D344-D354. 

[4] McEwen A.S. (1994) Science, 266, 1858–1862. [5] Weitz et al. 

(1998) JGR, 103, 22,725-22,759. [6] Le Mouélic S. (2000) JGR, 

9445-9455. [7] Campbell B.A. et al. (2008) Geology, 36, 135-138. 

[8] Rosiek M.R. et al. (2010) 41st LPSC, Abs. 2506. [9] Zhang J. 

and Jolliff, B.L. (2008) 39th LPSC, abs. 2534. 
 

    
 

     
 

 
Figure 2. a) Mounds on the Cobra Head of Vallis Schröteri 

(1 in Fig. 1). b) Fan on interior wall of crater Herodotus 

(white arrow) formed by lava flows from the Cobra Head 

(WAC). Base of fan is ~4 km across (2 in Fig. 1). c) Flow 

margin (dotted line) observed at end of the Primary Rille 

(WAC) (3 in Fig. 1). d) Outcrops and boulders along the wall 

of the Primary Rille (NAC) (FOV = 250 m across). (4 in Fig. 

1). e) Impact melt from crater Aristarchus (NAC) (FOV = ~1 

km across) (5 in Fig. 1). 
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c d 

10 km  

10 km  

e 

LPI Contribution No. 159526

mailto:garryw@si.edu


THREE LUNAR VOLATILES ANSWERS REQUIRED FOR THE DESIGN OF A SPACE EXPLORATION 
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Introduction:  A 2005 study for NASA by Trans-

formational Space Corp. and Carnegie Mellon Univer-

sity [1] found that propellant produced on the Moon by 

robotic machinery would have a net present value twice 

that of the cost of delivering that machinery, assuming 

the maximum one percent volatiles concentration indi-

cated by Lunar Prospector data.  With LCROSS data 

suggesting volatiles may be six times richer, the ra-

tionale for basing space exploration architectures on 

lunar propellant production is even more cost-effective.  

Refueling space vehicles on the Moon, and exporting 

propellant to Earth orbit for use in Mars and NEO mis-

sions, will greatly affect decisions on how large “heavy 

lift” vehicles should be to support cost-effective explo-

ration. 

Agenda: The current Exploration Precursor Robot-

ic Mission plan calls for a single lander in 2015 with an 

ancillary small rover servicing it.  A similar expendi-

ture (~$500 million) on prospecting rovers from com-

mercial sources would provide a fleet of five to six 

machines capable of examining wide areas of both 

poles. 

This fleet could answer three major questions that 

must be resolved quickly to plan future architecture. 

1) Which pole has the most economically attrac-

tive volatiles?  This will be governed by the  

richness of localized deposits, navigability of 

terrain, depth of overburden, and the availabil-

ity of solar power and line-of-sight communi-

cations with Earth. Concentration of activities 

at one pole will reduce costs through the ability 

to specialize machinery types and to share 

backup capabilities, compared to dispersal at 

both poles.   

2) Do Partially Shadowed Regions outside crater 

floors offer economically recoverable vola-

tiles? Operation in PSRs by solar-powered ro-

bots does not require the bureaucratically com-

plex and unpredictable approvals needed to 

utilize isotope-powered machines in crater 

floors, and thus prospecting and early produc-

tion can be accomplished sooner.  Recovery 

economics will hinge on the  depth of overbur-

den to be removed and the periodicity of illu-

minated phases. 

3) Does the concentration of volatiles vary signif-

icantly on a local scale, and what species are 

present?  Orbital surveys of volatiles, for ex-

ample, have resolutions measured in tens of 

kilometers.  Only multiple and wide-ranging 

surface expeditions can determine whether 

richer local concentrations are hidden within 

these multi-kilometer pixels, and the specific 

species that can only be inferred from orbital 

data.  Volatile concentrations in crater floors, 

for example, may be skewed by the lopsided 

solar-wind-induced electric charge predicted 

for the sunward-side interior wall [2].  If rich-

ness varies at meter-level scales, more detailed 

prospecting is required than would be the case 

for uniform concentrations.   

Approach:  Cost-effective commercial robotic pro-

spectors can be created that either survive through mul-

tiple night cool-downs to ambient levels, or which 

avoid night temperatures by circumnavigating the poles 

to stay in constant sunlight.   

Rigorous testing cycles conducted at Carnegie 

Mellon University have determined that some batteries 

with non-aqueous electrolytes will return to normal 

functioning after two weeks at -180°C.  One-time 

freezes of computer boards and solid state drives also 

have shown full function when warmed back to room 

temperature.  This indicates that robotic surveyors 

could hibernate at a PSR during the period that sunlight 

is not available, or could hibernate along a route re-

quired to reach another PSR. 

The alternate strategy of following the sun by cir-

cumnavigating the poles requires very little speed: 

When a prospector is out of line of sight communi-

cation with Earth, it will require either autonomous 

navigation capabilities as demonstrated by Carnegie 

Mellon’s DARPA Urban Challenge winner, or a relay 

satellite. 

 

References: [1] Gump, D.P., (2005) t/Space Final 

Briefing to NASA, Concept Exploration & Refinement 

BAA, 18-31. [2] Farrell, W.M. et al. (2010) J. Geophys. 

Res., 115, E03004, doi:10.1029 /2009JE003464.  
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LUNAR ORIENTALE BASIN: INTEGRATED LUNAR AND PLANETARY EXPLORATION 
OBJECTIVES.  James W. Head, Department of Geological Sciences, Brown University, Providence, RI 02912 
USA (james_head@brown.edu). 

 
Introduction: The Orientale basin (Fig 1), due to its 

relative youth and its near-pristine condition, has 
historically been viewed as a laboratory for the study 
of large impact basins [1]. New data from the armada 
of spacecraft exploring the Moon have provided a firm 
basis for proposing Orientale as a robotic and human 
exploration destination that can bring together numer-
ous fields of study in lunar science and help to resolve 
some of the most fundamental outstanding lunar and 
planetary evolution problems, as follows: 

Impact Basin Formation: What is the nature of the 
basin-forming process, the origin of the prominent 
basin rings (Cordillera, Outer and Inner Rook and in-
ner depression) and the major associated units (from 
the exterior inward, the Hevelius Formation, the Mon-
tes Rook Formation and the Maunder Formation).  
What is the proportion of primary ejecta and local ma-
terial as a function of increasing range? Is the Maunder 
Formation properly interpreted as an impact melt 
sheet, and what are its constituents?   

Depth of Sampling and Crustal Stratigraphy: 
How deep did the Orientale basin sample? What is the 
fate of the most deeply sampled material? What are the 
implications for current models of crustal stratigraphy?     

Provenance of Highland Breccias: The current 
range of characteristics of highland breccias can be 
placed in the context of actual basin deposits, and in 
situ collection can provide a new framework for the 
highland breccia samples.   

Production of Differentiated Rock Suites in Basin 
Melt Seas: Recent studies suggest that the basin inte-
rior depression is the result of a collapsed nested melt 
cavity that may have left a sea of impact melt at least 
several kilometers deep [2]. How would such deep 
melt seas undergo differentiation and what is the range 
of igneous melt-rock types produced by such differen-
tiation?  How do these compare to rocks thought to 
represent pristine highland magmatic melts.       

Volcanism: Sampling and radiometric dating of the 
sparse basaltic fill in Mare Orientale, Lacus Veris and 
Autumni, and the dark pyroclastic ring  can provide 
insight into the onset and duration of mare volcanism, 
and its relationship to the basin-forming event.   

Tectonism: What is the origin of the faults around 
the interior depression and the graben and wrinkle 
ridges on the Orientale basin interior?  Is the interior of 
the basin still seismically active?   

Geophysics and Gravity: What is the three-
dimensional structure of the crust and the crust-mantle 
boundary beneath the Orientale basin, and what are the 

implications for basin excavation and collapse?   What 
is the explanation of the negative gravity annulus 
around the positive anomaly beneath the center of Ori-
entale?   

Linking Apollo and Luna Sites: Apollo and Luna 
sample return missions were targeted to a number of 
basin-related sites at different basins (e.g., Imbrium, 
Serenitatis, Crisium), and exploration of Orientale at 
the analogous position of each sample return site can 
provide context and new insight into the findings there.   

Lessons for Planetary Processes: How can explo-
ration of the Orientale basin inform us about other ba-
sin-related processes on Mars, Mercury, Venus and 
early Earth?   

Robotic and Human Exploration: The Orientale 
basin offers an excellent example of how robotic ex-
ploration [e.g., geophysical networks, extended (inter-
polative and extrapolative) rover missions, and sample 
return missions] can explore a host of major planetary 
science questions and objectives.  As precursor mis-
sions, these can pave the way for human exploration, 
during which scientist-astronauts can undertake explo-
ration that humans can best accomplish. Parallel hu-
man-robotic partnerships can be designed for this 
phase. Subsequent robotic successor missions can then 
be dedicated to follow-up questions raised by analysis 
of samples and data on Earth, and to further extrapola-
tion and interpolation to increase the scientific return 
for this important data base.   

[1] Spudis, P. D. The Geology of Multi-Ring Basins. 
Cambridge Univ. Press, Cambridge, (1993). [2] Head, J. W. 
Geophys. Res. Lett. 37, doi: 1029/2009GL041790 (2010). 

 
Fig. 1. LRO Lunar Orbiting Laser Altimeter (LOLA) 

gridded topography map of the Orientale basin. 
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THE MOON AS A TOUCHSTONE FOR SOLAR SYSTEM SCIENCE. James W. Head, Department of Geological Sci-
ences, Brown University, Providence, RI 02912 (james_head@brown.edu). 

 
Lessons From Lunar Exploration: Ten things we have 

learned about the Moon have set the stage for our thinking 
about the early evolution of the Earth and other planetary bod-
ies: 1) The Moon formed from the impact of a Mars-sized 
object into early Earth: How does this process, and its imme-
diate aftermath, set the Moon on an evolutionary path that is 
the same as, or different than, other planetary bodies? 2) The 
early Moon was characterized by a global-scale magma ocean: 
Near-global melting caused by accretional energy produced an 
anorthositic highland crust, a "primary crust". Is the evolution 
of the lunar "primary crust" unique? How do primary crusts on 
planets with different compositions and interior structures 
form and evolve? 3) The Moon initially differentiated into 
chemical layers, including a crust and mantle, which set the 
stage for further evolution. What is the nature of late-stage 
crustal differentiation processes and how do they contribute to 
the character of lower planetary crusts? 4) The chemical and 
thermal nature of these stratified layers may have led to net 
negative buoyancy, large-scale overturn, and significant verti-
cal mixing. Is this predicted early overturn unique to the Moon 
or applicable to other planets? 5) The Moon is stratified into 
mechanical layers; the lithosphere, the outer thermal boundary 
layer, thickened and became less heterogeneous with time.  
What controlled the initial thickness, variability and rates of 
thickening on the Moon and other planets? 6) Tectonically, the 
Moon is a one-plate planet, characterized by a globally con-
tinuous lithosphere; how does the evolution of the global state 
of stress in the lithosphere, recorded in the sequence of tec-
tonic features, and the thickness of the lithosphere with time, 
as recorded in its flexural response to loads and in the gravity 
field, vary from body to body? 7) Lunar volcanism records 
processes of mantle melting in space and time, and the vol-
canic record reflects the general thermal evolution of the 
Moon, including the state and magnitude of stress in the litho-
sphere. The unique ability to link lunar samples to specific 
deposits significantly enhances our understanding of these 
processes: for example, recent results implicate water in the 
formation of volatile-rich pyroclastic eruptions. How does the 
volcanic record of the planets differ? 8) The Moon is a funda-
mental laboratory for the study of impact cratering processes, 
particularly at the complex crater to multi-ring basin scale.  
The ability to combine studies of lunar impact breccias and 
melts with crater and basin deposits considerably enhances 
this understanding. How can this understanding be applied to 
other planets? 9) The Moon is a template for the record of the 
distribution and history of impactors in the inner solar system.  
The lunar cratering record, in conjunction with the unique 
chronology afforded by returned and dated samples, can in-
form us about a) the reality of a Late Heavy Bombardment, b) 
the changing size-frequency distribution of impactor popula-
tions with time, and c) the potential non-linear nature of the 
bombardment record in the last half of solar system history. 
10) Volatiles play a more important role in lunar evolution 
than previously thought: Recent reports of detection of water 
and water-related species: a) as coatings on surface minerals, 
b) in buried near-polar deposits, and c) in mantle derived 
melts, all provide exciting insight into a range of water-related 
processes during different time in lunar history, including 
accretion, differentiation, cometary impact, and interaction 
with the solar wind. 

Role of the Moon in Future Planetary Exploration: In what 
context does this integrated comparative planetology perspec-
tive place the Moon? Some see the Moon as a cornerstone: 
this metaphor implies that the Moon is of extreme importance 
because all other stones will be set in reference to it, thus de-
termining the position of the entire structure. The Moon as a 
keystone implies a central cohesive source of support and sta-
bility for ideas about the formation and evolution of planets. 
Still others see the Moon as a Blarney stone: those who have 
"kissed the stone" have been imparted with an excessive skill 
in flattery about the Moon. It can be argued that the lessons 
from comparative planetology place the Moon where it be-
longs, as one member of a family of Solar System objects, 
each of which provides insight into fundamental lessons of 
planetary evolution. As such, an appropriate metaphor for the 
Moon might be a touchstone, which refers to any physical or 
intellectual measure by which the validity or merit of a con-
cept can be tested. 

The Renaissance of Lunar Exploration and What it Means 
for the Future:  At the advent of the atomic age, Albert Ein-
stein is reported to have said: "Everything has changed but our 
way of thinking", a thought that might be applied to our cur-
rent understanding of the Moon and its role in solar system 
exploration. ESA, Japan, China, India and the United States 
have launched comprehensive missions to the Moon, and each 
has plans for continuing lunar exploration. The onslaught of 
new data is monumental, and the data are just barely starting 
to be ingested, digested and analyzed. Nonetheless, the future 
is clear. We are on the verge of a renaissance in our study and 
understanding of the Moon. We are acquiring extremely high 
spatial and spectral resolution data across a wide wavelength 
range. This has changed everything, and fundamental changes 
in our way of thinking will surely follow: The distribution of 
rocks from the lunar sample collection can now be mapped 
globally. New minerals and rock types are being discovered. 
The provenance of recognized rock types can be studied and 
established using new very high spatial and spectral resolution 
data. The mineralogy and context of individual large boulders 
and clusters of boulders can be mapped, and then placed in 
their geological contexts. Models of crustal stratigraphy can be 
tested and depth of sampling of craters can be assessed.  Re-
fined models of crustal stratigraphy and evolution can be con-
structed. New avenues of communication are being opened 
between planetary scientists utilizing approaches such as min-
eralogy, petrology, geochemistry, geology, spectroscopy, geo-
physics, etc. The lunar renaissance is propelled not just by the 
new data, but also by the fundamental foundation and interpre-
tative context provided by information collected by dozens of 
previous missions, and analyzed in sophisticated laboratories 
on Earth. These data have provided a basic framework that is 
unequalled on any planetary body other than the Earth. 

Lessons for Future Lunar Exploration: The basic framework 
of the lunar renaissance will crisply define the questions to be 
addressed by a range of new lunar robotic missions including 
geophysical networks, sample return, and integrative rover mis-
sions. When humans inevitably return to explore the Moon in 
the coming decades, the lunar renaissance will have provided 
both compelling reasons for human exploration and detailed 
locations at which humans can optimize their exploration skills. 
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CONSIDERATIONS FOR EXTRACTING ADSORBED WATER AND HYDROXYL FROM THE LUNAR 
REGOLITH.  C. A. Hibbitts1, T.M. Orlando2, G. Grieves2, M. Poston2, M.D. Dyar3, and A. Johnson2, 1Johns Hop-
kins University Applied Laboratory, 11100 Johns Hopkins Rd., Laurel, Md., 20723, karl.hibbitts@jhuapl.edu, 2A 
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The H2O and hydroxyl discovered 
on the illuminated portion of the Moon by three inde-
pendent spacecraft [1,2,3], and the excavated water ice 
from within a permanently shadowed crater (LCROSS 
homepage), may represent reservoirs of accessible H2O 
and OH.  Understanding the distribution, stability, and 
abundances of water and hydroxyl represented by these 
potential reservoirs requires understanding the proc-
esses that control the adsorption, migration, and 
desorption of both water and OH on lunar grains. 

The water and hydroxyl-related infrared absorption 
bands on the illuminated Moon likely represent ~ a 
monolayer, dominated by OH at mid to lower latitudes 
and by water for some (cooler) polar regions [1,2,3]. 
The abundance, while only ~ monolayer, represents 
~1000 ppm because of the fine granularity and rough-
ness of the soil [4].  Distributed throughout a regolith, 
concentrations are significantly greater than currently-
mined disseminated metal deposits on Earth [e.g. 5], 
and could be extracted with less energy. 

Results & Discussion: The surface of the Moon 
contains a wide range of materials of various composi-
tions and surface properties and will differ in adsorb-
ing water and OH.   

Lunar Agglutinates. The lunar soils have a signifi-
cant component (~ 40%) of agglutinate glass, formed 
from the finest size fraction of the soil. In our experi-
ments, lunar agglutinates are simulated with a very low 
water content lunar basaltic glass analog. Dosed with 
water at 110K,  water desorbs very quickly at ~ 170K, 
consistent with sublimation of ice.  There is no evi-
dence for adsorption of water or OH, though high sur-
face roughness may increase adsorption for all lunar 
materials [6].   

Nanophase Iron. Associated with agglutinates, 
npFe0 is ubiquitous in mare soils but is also found on 
highland grains.  Native metal is not expected to 
strongly adsorb water or OH because of the lack of a 
strong electronic attraction. 

Silicates. Olivine, pyroxene, and plagioclase are 
major components of the lunar soil. Crystal structure 
and the presence of any unsatisfied bonds, such as cre-
ated through rock fracturing, micrometeoroid bom-
bardment, and even solar wind bombardment, would 
affect the adsorptivity. Desorption experiments show 
that the lunar mare simulant (JSC1A) desorbs water 
over a continuum of temperatures relevant to the illu-
minated Moon, from 200K to 400K [7].   

Migration of H2O and OH.  Water will become 
mobile and migrate at temperatures below which it 
desorbs [6]. Additionally, OH may become mobile to 
combine with nearby OH or hydronium to then desorb 
as H2O.  This mobility can result in the diffusion of 
water (including recombinant OH) into and out of the 
regolith (Figure 1).   

Implications: The thermal mobility of water and 
hydroxyl will possess a compositional as well as ther-
mal dependency.  Hydroxyl created through solar wind 
implantation may potentially mobilize at lunar tem-
peratures to desorb as water with a portion accumulat-
ing both within the regolith as well as in local cold-
traps or PSRs. These would likely be disseminated 
deposits.  Observed diurnal variations in the depth of 
the 3-μm band [2] may represent desorption and mi-
gration of this water.  Compositional dependencies, 
including maturity effects, may further affect the 
abundance of adsorbed water and OH.  This water and 
OH is weakly bound compared to mineralic OH or O, 
and may represent an accessible volatile resource. 

References: [1] Pieters, C. et al., (2009), Science, 
326, 568-572. [2] Sunshine et al., (2009), Science, 326, 
565-568. [3] Clark, R.N. (2009), 0.1126/ sci-
ence.1178105. [4] Dyar, M.D. et al. (2010), Icarus, 
208, 425-437. [5] Gonen, N. (2003), Hydrometallurgy, 
69, 169-176. [6] Grieves et al. (2010), LPSC XLI, 
#1533. [7] Hibbitts et al., (2010), LPSC, XLI, #2552. 

 

Figure 1.  Model result of H2O desorbing from grains to 
escape to space (not shown) but also to migrate into the 
regolith until cold trapped at about 30cm beneath the 
surface 
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of Earth and Planetary Sciences, Washington University, St. Louis, MO; 2Institute of Meteoritics, University of New 
Mexico, Albuquerque, NM, 87131; 3Jet Propulsion Lab, Pasadena, CA 91109. (blj@wustl.edu)  

 
Introduction: MoonRise is a New Frontiers III mis-

sion concept currently in Phase A. MoonRise would 
land in the South Pole-Aitken (SPA) Basin, collect 
samples, and return them to Earth for analysis to ad-
dress issues of significance for Solar System history. 
Goals are to (1) better understand early impact bom-
bardment and test the Cataclysm hypothesis [1], (2) 
elucidate the characteristics of the Moon’s lower crust 
and crust-mantle transition [2], and (3) gain a better 
understanding of giant impact processes and how giant 
basin formation affected the early crust of the Moon 
[3]. These goals have important implications for early 
Earth and the development of its crust, habitable envi-
ronments, and early life [4]. Implications include con-
straining the process(es) that led to the heavy bom-
bardment (e.g., Nice model [5]). In this abstract, we 
summarize science objectives, present an overview of 
the mission, and follow the samples from landing-site 
selection through surface operations and return to Earth, 
to preliminary examination and curation. 

Science Objectives. MoonRise has five specific ob-
jectives: (1) determine the age of SPA Basin formation 
and test the Cataclysm hypothesis; (2) improve under-
standing of giant impact-basin processes by providing 
ground truth for orbital remotely sensed data (mineral-
ogy, composition, lithologic components) for SPA; (3) 
determine compositional and lithologic characteristics 
of lower crust and possibly upper mantle components 
recorded in impact-melt rocks and breccias of the Basin 
and thus better understand the crust-mantle transition; 
(4) determine the lithologic hosts and compositional 
characteristics of radiogenic heat-producing elements to 
better understand thermal evolution on a planetary 
scale; and (5) determine compositions of basalts and 
volcanic glasses that occur in the Basin and thus test for 
variability of far-side mantle compared to near-side 
volcanics of mantle origin sampled by Apollo and 
Luna. Return and analysis of samples from SPA Basin 
will enable additional understanding of the SPA Ter-
rane through correlation with lunar meteorites whose 
origin may be shown to be from within SPA once we 
have firm ground truth. These objectives will be 
achieved through analysis of SPA samples by a wide 
variety of techniques in the best terrestrial laboratories. 

Mission: MoonRise would launch in 2016 and, fol-
lowing a low-energy trajectory to the Moon, land in the 
interior of the SPA Basin at a location determined by 
analysis of existing orbital data and safety considera-
tions. MoonRise will document the geologic context of 
the landing site with descent imaging; wide-angle, ste-

reo, multispectral surface imaging; and monoscopic, 
high-resolution images of selected targets [6]. A vol-
ume of soil near the lander will be sieved to collect 
thousands of rock fragments. The regolith, well-mixed 
from impact processes, is expected to yield small rock 
fragments that represent a broad area of the SPA Basin 
interior. The main anticipated lithologic components 
are impact-generated rocks from the Basin formation, 
and from the formation of other large impact craters 
and basins within SPA, subsequent to SPA formation. 
An unsorted bulk regolith sample will also be collected 
to determine characteristics for orbital ground truth and 
to search for components that may be absent from the 
coarse, sorted rock fragments, such as volcanic glass. 
Sample materials will be returned to Earth for minera-
logical, chemical, and petrologic analyses, and isotopic 
age determinations in state-of-the-art laboratories. Fol-
lowing a complete preliminary examination and docu-
mentation by the MoonRise science team at the JSC 
Curatorial Facility, MoonRise samples will be made 
available for allocation to the scientific community 
worldwide. 

Benefits of MoonRise. Although much is known 
about the Moon from previous missions and samples, it 
is because of that knowledge that we can ask – and ad-
dress – fundamental questions about the early history of 
the Earth-Moon system and impact history and dynam-
ics of the early Solar System. The Moon is a strongly 
differentiated planetary body, with a crust, mantle, and 
core, and demonstrated global heterogeneity the cause 
of which is not well understood. The potential payoff is 
high for a MoonRise sample to advance current under-
standing to the next level, and to provide substantial 
and key new knowledge about the first 500-600 million 
years on Earth when life was emerging and continents 
were taking shape.  

In addition to the tremendous science potential of a 
returned SPA Basin rock and regolith sample, Moon-
Rise would constitute several important “firsts” – in-
cluding the first far-side landed spacecraft, the first US 
robotic sample return mission from a planetary body, 
and demonstration of a cost-effective capability to de-
liver 900 kg payloads to the lunar surface. 

References: [1] Tera, F., et al. (1974) Earth Planet. 
Sci. Lett. 22, 1-21; [2] Jolliff, B. L., et al. (2000) J. 
Geophys. Res. 105, 4197-4216. [3] Potter, R. W. K.,  et 
al. (2010) 41st Lunar Planet. Sci. Conf., #1700. [4] Bot-
tke, W. F. et al. (2007) Icarus 190, 203-223 [5] Gomes, R., 
et al. (2005) Nature 435, 466-469. [6] Jaumann et al. 
(2010) Lunar Science Forum 2010, #108. 
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Introduction:  Among the highest priorities for tar-

geting the LRO Narrow-Angle Cameras (NAC, 0.5 to 2 
m/pixel) during the first year or ESMD Phase of the 
LRO mission has been the 50 Constellation Program 
Regions of Interest (ROI) [1, 2]. These sites cover a 
broad range of locations around the Moon, including 
the poles, different geomorphic terrains, and areas with 
resource potential. All are areas of high scientific inter-
est [3] and provide reference sites for future mission 
planners in terms of landing-site safety, accessibility, 
and science value [4-6]. 

Observations: Each Constellation ROI consists of 
three nested square areas 10, 20, and 40 km in size (Fig. 
1). The 10-km ROIs are priority-1 targets and include 
overlapping or repeat observations suitable for geomet-
ric and photometric stereo. The 20-km ROIs have the 
same planned observations, but at priority level 3. The 
40-km ROI’s have priority level 4 and are “best effort” 
targets for full NAC coverage. The 10- and 20-km ROIs 
are targeted to the extent possible at both high and low 
Sun angles to characterize albedo variations as well as 
to maximize feature identification and definition of 
fine-scale morphologies, boulders, and small craters. 

Geometric Stereo: During the ESMD Phase, em-
phasis has been placed on targeting to maximize geo-
metric stereo coverage of the 10 km ROIs whenever 
illumination conditions were favorable (i.e., when 
shadows are at a minimum). Most stereo pairs are taken 

under similar illumination conditions (same incidence 
angle) by twice imaging an area in subsequent orbits. 
This method requires slewing the spacecraft for one or 
both observations on sequential orbits to provide emis-
sion angles that differ enough for a good stereo solution 
(e.g., Figure 1, i=77º). Limits on the number of slews 
possible and the time required for data read-out mean 
fewer opportunities to target ROIs that occur along the 
same longitude in the same day. 

Coverage Results. At present, NAC images ob-
tained for Constellation ROIs number ~1500 frames 
(left and right image pairs, 0.5 to 1 m/pixel) for the 46 
non-polar sites and many thousands for the polar sites. 
For the nominal mission phase (excluding data from the 
early commissioning phase), 46 of the sites have 100% 
coverage of the 10-km ROI, and for the 20-km ROI 22 
have 100% coverage, 15 have >90%, and 13 have 
>70%. For geometric stereo coverage in the 10-km 
ROI, 10 sites have 100% coverage, 10 have >90%, 8 
have >75%, 12 have >50%, and 6 have <50%. Imaging 
for stereo coverage in August and September 2010, 
near the end of the ESMD Phase, will focus on those 
sites with <100% geometric stereo coverage. Commis-
sioning phase images provide additional stereo cover-
age for many of the sites but with lower resolution in 
many cases (1 to 2 meters/pixel). ROIs lacking full 
coverage mostly lie along longitudinally ‘busy’ or 
crowded orbital tracks. 

Conclusions: The LROC images for the Constella-
tion ROIs will be leveraged for many years by lunar 
scientists and exploration planners. With the coming 
transition of the LRO mission from ESMD to SMD, the 
targeting strategy for the Constellation sites will shift 
emphasis from landing-site assessment to discovery-
driven, compelling science targets surrounding the cen-
tral regions of interest to provide a scientifically useful 
data set that will further benefit future exploration.  
Members of the scientific community are encouraged to 
participate in this process by submitting NAC targeting 
suggestions at the LROC site: http://lroc.sese.asu.edu. 

References: [1] Gruener and Joosten (2009) LRO 
Sci. Targ. Mtg., #6036; [2] Jolliff et al. (2009), LPSC 
#2343. [3] Lawrence et al., this conference. [4] Taylor 
and Spudis (1990) NASA Conf. Pub. 3070 [5] NASA 
JSC Solar System Exploration Division (1990) A Site 
Selection Strategy for a Lunar Outpost [6] Lucey et al. 
(2009) LRO Sci. Targ. Mtg. #6022. 

Figure 1. A sample Constellation ROI at Compton Belk-
ovich showing overlapping NAC observations made on day 
of year 2010-027. Both NAC images are left-right pair mo-
saics with geometric stereo coverage; WAC for context. 
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Introduction:  Data from the Moon Mineralogy 
Mapper (M3) onboard India’s Chandrayaan-1 spacecraft 
provides an excellent opportunity to expand our knowl-
edge of the nature of the mineralogy and composition of 
the lunar surface.  The M3 instrument is an imaging 
spectrometer which measures the spectral range of 0.4-3 
µm, with just under 10 nm sampling at full resolution.  
In global mode,  data are compressed to a sampling of 
20-40 nm and ~140 m/pixel at a 100 km orbit.  Over the 
course of the Chandrayaan-1 mission, >95% of the Lu-
nar surface was imaged by M3, though only a portion of 
these data were at nominal operating conditions, as de-
scribed in detail by [1,2].  The spectral range and resolu-
tion of the M3 instrument was chosen to allow diagnostic 
crystal field absorptions [3] to be mapped directly, ena-
bling quantitative mineralogic analyses at high spatial 
resolution.  The range was extended to 3 µm to search 
for any signs of water or hydroxyl on the lunar surface.  

The Moon in 85 Dimensions: Shown in Fig. 1 is 
the nearside global mode coverage from optical period 
(OP) 1a, displayed using the ‘M3 standard’ color com-
posite.  This composite is designed to incorporate a large 
number of bands in the regions of the spectrum that are 
sensitive to mafic mineralogy by displaying the contin-
uum-removed integrated band depth (IBD) at 1 µm in 
red, the 2 µm IBD in green, and the IR reflectance at 1.5 
µm in blue.  In this depiction, highland crust appears 
blue, basalts and pyroxene-bearing units appear orange 
and yellow, and olivine-bearing units appear red.  
 Early Discoveries: Initial analyses performed by 
the M3 science team to validate and calibrate the data 
immediately revealed surprises.  Among the first data, a 
couple of discrete, small (<5 km) deposits were detected 
that exhibited an unexpected spectral character within 
the Moscoviense basin.  These spectra contain an ex-
tremely strong 2 µm integrated band depth, without a 
corresponding 1 µm band.  Such a spectral signature is 
typical of spinel group minerals [4], but is usually hidden 
by coexisting mafic silicates such as pyroxenes. Though 
spinel is not uncommon in lunar samples, these outcrops 
provide important constraints on the subsurface geology 
of the region, and perhaps of the Moon as a whole [5]. A 
global survey of the OP1 data revealed a similar spectral 
signature in only one other place—the pyroclastic depos-
its of Sinus Aestuum. The spectra of the deposits are 
most consistent with chromite [6]. These chromite-rich 
deposits are restricted to Sinus Aestuum, though many 
other pyroclastics have been measured, including those 
in Rima Bode to the North, providing new clues to the 
nature of late stage lunar volcanism in the region [6]. 

  
Fig. 1. Nearside of the moon as imaged in optical period 
1 displayed using (left) the M3 standard color composite 
and (right) B=3µm absorption associated with OH/H2O, 
G=reflectance at 2.4µm, and R=absorption at 2µm [7]. 
 Hydroxyl and Water: One of the biggest surprises 
encountered in the M3 data was the presence of absorp-
tion features near 2.8 and 3 µm in much of the data [7].  
Absorptions at these wavelengths are characteristic of 
OH- and H2O bearing minerals.  Shown in Fig. 1 is the 
extent of the strongest 3µm absorptions as measured by 
M3 and reported in [7]. Though the absorptions are 
strongest at the poles, they are not absent from the mid 
latitudes. The origin of the OH- and or H2O responsible 
for these absorptions is still under debate. Though the 
lunar samples have been generally considered anhy-
drous, recent studies suggest that the early Moon may 
have wetter than originally believed [8, 9]. It is thus pos-
sible that the water viewed by M3 is internally sourced, 
though alternative hypotheses include delivery by water-
rich impactors, or surficial chemistry induced by bom-
bardment of the lunar surface by solar wind protons [10].   
 Basalts and Mafic Mineralogy: In addition to the 
more unexpected discoveries of M3, the quality of the 
data is enabling detailed reanalysis of mare basalt com-
positions [11], iron-magnesium content of deposits of 
lunar pyroxenes [12] and the compositions of olivine-
rich deposits [13]. At the LEAG meeting, we will pre-
sent an overview of the most recent new discoveries by 
M3, and discuss how these discoveries can be used to 
inform and assist in planning future lunar exploration. 
 References: [1] Green et al. (2010) LPSC 41. [2] 
Boardman et al. (2010) LPSC 41. [3] Burns (1993) 
Cambridge Uni Press. [4] Cloutis et al. (2004) MAPS. [5] 
Pieters et al. (2010) LPSC 41. [6] Sunshine et al. (2010) 
LPSC 41. [7] Pieters et al. (2009) Science. [8] Saal et al. 
(2008) Nature. [9] McCubbin et al. (2010) LPSC 41. 
[10] McCord et al. (2010) LPSC 41 [11] Staid et al. 
(2010) LPSC 41. [12] Klima et al. (2010) LPSC 41. [13] 
Isaacson et al. (2010) LPSC 41.  
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Introduction:  The National Research Council 

(2007) defined the science objectives for future lunar 
exploration and outlined how they can affect models for 
the evolution of the entire solar system.  The Lunar Ex-
ploration Analysis Group (Draft Roadmap 2009) has 
integrated those science objectives with additional ob-
jectives related to the sustainability of space exploration 
and its expansion beyond the Moon.   In part to meet 
those science objectives and integrate them with a suc-
cessful robotic-human exploration program, NASA’s 
Science Mission Directorate (SMD) and Exploration 
Systems Mission Directorate (ESMD) created the NASA 
Lunar Science Institute and selected seven teams to pro-
vide a catalyst for that development.  To illustrate the 
impact of that program, I have been asked to provide a 
status report of first year activities for one of those 
teams, the LPI-JSC Center for Lunar Science and Explo-
ration (http://www.lpi.usra.edu/nlsi/).  

Science:  Our team is testing the giant impact hy-
pothesis for the origin of the Moon, testing the lunar 
cataclysm hypothesis for the early bombardment of the 
Earth-Moon system (and all other inner solar system 
planets), and assessing the post-basin-forming impact 
flux.  The work involves a large program of analysis that 
is impossible within the limits of traditional research and 
analysis programs.  Initial results are providing baseline 
isotopic compositions for the bulk Moon, an integrated 
analysis of complementary radiometric systems affected 
by impact cratering processes, and a similar study to 
trace the evolution of the lunar regolith: 
http://www.lpi.usra.edu/nlsi/publications/. 

Exploration:  Science team members have been 
working closely with exploration architects, hardware 
development engineers, mission operations staff, and the 
astronaut office to develop realistic mission concepts for 
specific locations on the lunar surface and to test opera-
tional concepts in full-scale simulations of lunar mis-
sions.  The former are conducted at LPI and JSC, while 
the latter often involve field exercises at lunar analogue 
sites with the NASA JSC Desert Research and Technol-
ogy Studies (DRATS) group.  Portions of the team have 
also been tasked to help train a new class of astronauts 
about impact cratered surfaces, the lithologies associated 
with them, and sampling concepts that can be used to 
accomplish science and exploration objectives. 

Training:  We are providing undergraduate and 
graduate students with research opportunities at their 
universities and in Houston.  In addition, we have devel-
oped a Lunar Exploration Summer Intern Program 

(http://www.lpi.usra.edu/lunar_intern/) that has, thus far, 
involved five teams of graduate and advanced under-
graduate students in studies of lunar landing sites.  These 
teams have evaluated areas on the Moon where four of 
the eight concepts identified by the NRC (2007) can be 
addressed.  Furthermore, they produced a strong rec-
ommendation for a mission to the Schrödinger Basin 
(http://www.lpi.usra.edu/nlsi/publications/), where we 
can determine the duration of the entire basin-forming 
epoch and provide calibration bench marks for more 
recent epochs in planetary evolution.  Those training 
activities have been augmented by college-level class-
room activities that are being fostered by the Lunar Con-
sortium for Higher Education.  A high school-level pro-
gram has also been organized. Finally, we have devel-
oped a Field Training and Research Program at Meteor 
Crater to train graduate and advanced undergraduate 
students to work in impact cratered terrains 
(http://www.lpi.usra.edu/nlsi/mcFieldCamp/).  

Conclusions:  These lunar activities demonstrate 
that: 
• The Moon is the best and most accessible place in the 

solar system to address fundamental questions about 
our origins.  Lunar science is answering questions 
about the formation and early evolution of the Earth-
Moon system, providing the data needed to evaluate 
impact cratering’s effect on the origin and early evo-
lution of life, determining the magnitude of impact 
bombardment of all terrestrial planets (including 
Mars), providing a calibrated timeline for the geo-
logic history of those same planets, and revealing un-
expected details about accretion and orbital evolution 
of the outer solar system planets. 

• An integration of science into exploration planning, 
the development of mission concepts, and the testing 
of surface operations in analogue terrains is reducing 
the risk, while enhancing the productivity, of future 
mission activities.  We are developing the tools 
needed to explore the Moon and beyond, including 
Mars. 

• Robotic-human exploration of the Moon is inspiring 
students and producing a level of excitement that cur-
rently overwhelms our capacity to satisfy it, even 
with the current level of NLSI support.  The program 
needs to grow to have the maximum impact on the 
technical and intellectual capabilities of the next gen-
eration.
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Introduction:  The Lunar Reconnaissance Orbiter 

Camera (LROC) Team is executing an ambitious cam-

paign to collect a comprehensive suite of data includ-

ing geometric and photometric stereo observations, 

multispectral imagery, and high-resolution (0.5 

m/pixel) observations for fifty high-priority sites iden-

tified by NASA’s Exploration Systems Mission Direc-

torate (ESMD) as regions of interest (ROI) for future 

human and robotic exploration [1].  These fifty ROIs 

were carefully selected [2] from sites defined for future 

human and robotic exploration in previous studies [3-

5] and were vetted by a Lunar Exploration Analysis 

Group Special Action Team [6].  These ESMD ROIs 

were designed to provide a globally representative 

subset of important terrains with high science and re-

source potential to effectively capture the diversity of 

the lunar surface.  Here, we provide a few example 

highlights of findings derived from LROC studies of 

the ESMD ROIs, and discuss implications for future 

human and robotic precursor exploration.  

Key Findings: To date, ongoing LROC scientific 

analyses of the ESMD ROIs have primarily focused on 

geomorphology, including analyses of digital terrain 

models derived from geometric stereo observations, as 

well as multispectral investigations of these important 

regions. Select example findings are summarized be-

low. 

Impact Craters: Tycho: The floor of Tycho is 

drenched in impact melt, with large-scale flows of melt 

that appear to originate from the central peak near the 

ESMD region of interest.   

Central Peaks and Peak Ring Structures: Tsiol-

kovskiy Crater: The Tsiolkovskiy region of interest is 

located next to Tsiolkovskiy's complex central peak on 

the smooth lava-flooded floor. The mare floor is 

smooth and largely free of boulders >25 m in diameter, 

although LROC Narrow Angle Camera (NAC) images 

reveal several boulder fields (from the uplifted central 

peak) that have accumulated on the mare. Such boulder 

fields provide astronauts samples of central peak mate-

rials that originated from deep beneath the lunar sur-

face.  

Mare Units:  Mare Crisium: Within Crisium, at 

least two distinct mare basalt compositional units can 

be discerned using LROC Wide Angle Camera (WAC) 

ultraviolet images. The WAC images demonstrate that 

the ESMD site is compositionally distinct (i.e., higher 

Ti content) from the mare unit sampled by the Luna 24 

mission, which contains ~1% TiO2. 

Flamsteed: The Flamsteed region of interest is lo-

cated in a site thought to have a very thin mare rego-

lith. In NAC images, craters whose morphology (i.e., 

benches, flat floors) indicate penetration through the 

regolith layer into a more competent substrate are ab-

undant consistent with the proposed thickness. 

Frigoris: In the Frigoris ESMD ROI, the regolith is 

much thicker than at Flamsteed, and the distinctive 

elephant-skin texture is observed.  

 Cryptomare: Balmer: NAC images reveal ejecta 

from fresh craters that serve as natural drill holes into 

the surrounding light plains deposits.  Impact craters 

(400-500 m) in the Balmer region penetrated far 

enough to reach the deeper basaltic bedrock of the bu-

ried mare deposits. The regolith in the vicinity of the 

Balmer ROI is fairly thick, possibly several tens of 

meters in places.  

Volcanic Domes: Marius Hills: The ROI is located 

in easy traverse range of several sinuous rilles and vol-

canic domes. The volcanic domes are characterized by 

rough surface textures, including the presence of large 

boulders at the summits (~3-5 m diameter), which is 

consistent with the radar-derived conclusions of [7]. 

Gruithuisen: The textures on Gruthuisen γ are re-

markably distinct from the higlands and crater surfac-

es, with irregular furrows oriented radially downslope.  

The largest of these ridges are measured in DTMs de-

rived from NAC stereo to be ~ 30-50 m in relief. 

Conclusion: Targeting of the ESMD ROIs will 

continue until the end of LRO's Exploration mission, 

but the comprehensive set of observations being col-

lected for these 50 sites already provide an enormously 

useful dataset for lunar scientists and future explora-

tion planners.  
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Introduction:  High-resolution imagery (0.5 to 2.0 

m/pixel) collected by the Lunar Reconnaissance Orbit-

er (LRO) Narrow-Angle Cameras (NACs) [1] offers 

new opportunities for high-precision 3-D topographic 

mapping of the lunar surface while presenting unique 

challenges in precision photogrammetric modeling of 

the cameras. In the nominal phase of the mission, LRO 

has an average altitude of about 50km [2][8]. Images 

taken from two cross-track orbits over a lunar surface 

region forms a stereo image pair through a slew angle 

mechanism for generating a DEM (Figure 1) [3][6]. 

The overall process of obtaining 3-D mapping products 

(Figure 2) from such stereo image pairs consist of three 

major steps. First, we obtain the geometric parameters 

depicting the stereo imaging geometry of NACs, in-

cluding the interior orientation (IO) and exterior orien-

tation (EO) parameters of NACs, relative alignment 

(boresight parameters) between two NACs, and im-

prove their accuracy through boresight calibration and 

bundle adjustment. Second, we extract and match im-

age features from the stereo pairs. Last, we use these 

geometric parameters and matched image features to 

reconstruct 3-D lunar terrain points and produce a 

DEM and relative topographic products of the region.  

 
Figure 1. LROC stereo image simulation 

This paper mainly focuses on obtaining and im-

proving boresight parameters and EO parameters of 

cameras. Although these parameters are available or 

can be derived from the LRO SPICE kernel [4], in re-

cent work we have used SPICE-based values as initial 

values and improved the boresight parameters and EO 

parameters substantially for DEM degradation. It was 

proven that it is critical to obtain high quality topo-

graphic products by achieving precision boresight cali-

bration [2] and bundle adjustment [2][5]. 

Boresight Calibration: Boresight parameters de-

scribe the relative alignment between two NAC frames. 

Lack of precision in these parameters can cause incon-

sistencies between two NACs. Based on an analytical 

model of the transformations between the two NAC 

frames, we developed an algorithm to compute highly 

accurate boresight parameters based on least-squares 

solution of the three orientation angles between the two 

NACs. Analysis of residuals [7] and comparison of 

DEMs generated before and after boresight calibration 

have indicated that our boresight calibration algorithm 

is effective. 

Bundle Adjustment: Bundle adjustment is used to 

improve the accuracy of the EO parameters of the ste-

reo imagery. Being push-broom sensors, the positions 

and orientations of the NACs are time-dependent; 

therefore polynomial functions with time as a parame-

ter were adapted to model the EO parameters [5]. By 

minimizing observation inconsistencies, least-squares 

analysis was able to adjust polynomial coefficients 

(including camera positions and orientations) iterative-

ly during the bundle adjustment. After adjustment, the 

residuals of the observations were reduced from tens of 

pixels to a sub-pixel level. 

 
Figure 2. 3-D view of DEM from LRO stereo pairs. 
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Introduction: The Lunar Exploration Neutron Detec-
tor (LEND) is installed onboard Lunar Reconnais-
sance Orbiter (LRO) and is capable for mapping hy-
drogen content over the entire Moon and on testing 
the presence of water-ice deposits at the bottom of 
permanently shadowed craters at the lunar poles. To 
accomplish these tasks LEND uses neutron spec-
trometry methods based on the orbital mapping of 
Moon neutron flux in wide energy range starting from 
thermal neutrons up to high energy neutrons above 10 
MeV [1-3]. LRO mission has started  in June 2009 
and now it has completed commissioning phase and 
approaching to the end of primary mapping phase.  
First LEND data has already been published in Plane-
tary Data System. 
Data Analysis:  Here we have focused on the verifica-
tion of LEND capabilities including  measuring of 
epithermal and fast neutron flux from the Moon with 
enhanced spatial resolution providing distinguishing 
most H-rich spots on Southern pole with sizes 10-20 
km. We plan to support it with results of ground cali-
brations with estimation of LEND point spread func-
tion (figure 2) and estimation of LEND local back-
ground derived from onflight measurements in cruise, 
orbit insertion and on the elliptical orbit at the com-
missioning phase.  
Results: Conclusions are drawn that capabilities of 
LEND correspond to original LRO mission require-
ments (see [3]), and that recently published critism of 
this instrument (see [4]) is not supported by observa-
tional data.    
 
 
 
 
 
 
 
 
 
 
 

 

Figure.1   LEND/LRO instrument. 
  

 
Figure. 2. Differential plot of LEND “collimation 
curve,” as the distribution of counts for detected neu-
trons from the lunar surface as a function of the angle  
from the axis of the instrument and as the number of 
counts for neutrons with directions within the angle.   
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Introduction:  The Lunar Reconnaissance Orbiter 
Camera – Narrow Angle Camera (LROC-NAC) is 
acquiring images at pixel scales ranging from 0.5-1.5 
m, depending on the altitude and camera mode at the 
time of imaging [1]. Digital Terrain Models (DTMs) 
are generated from NAC stereo images at 2-5 m grid 
spacing. Vertical precision is <1 m, given 0.5 m pixels 
correlated to 0.2-pixel precision and ~20º stereo con-
vergence angle [2]. Several groups on the LROC team 
are using various methods to generate DTMs [3]. DTM 
production has contributed to NAC geometric calibra-
tion and correction of lens distortion, improving image 
map projection as well as DTM quality [4,5,6].   

Geometric Stereo Imaging:  Stereo pairs are ac-
quired by imaging the target area from consecutive 
orbits, with off-nadir rolls, to minimize resolution and  
lighting differences between images. Some targets 
have been imaged from opposite roll angles as well as 
from the nadir angle, to form stereo triplets. The ma-
jority of stereo images are targeted at the 50 Constella-
tion regions of interest [7] to create DTMs for the Lu-
nar Mapping and Modeling Project (LMMP) [8,9]. 
Science targets are also being imaged in stereo to study 
tectonic, volcanic and impact features [e.g. 10,11,12].  

DTM Production:  Results are validated by col-
laboration and comparison of methods among the vari-
ous institutions producing DTMs. Arizona State Univ., 
the U.S. Geological Survey, the Univ. of Arizona, and 
NASA Ames use USGS ISIS 3 applications 
(http://isis.astrogeology.usgs.gov) with the commercial 
photogrammetry software SOCET SET (© BAE Sys-
tems). The NASA Ames group is actively developing 
the publicly available NASA Ames Stereo Pipeline 
(http://ti.arc.nasa.gov/project/ngt/stereo), which is built 
on ISIS 3 and is intended to automate DTM production 
[13]. Ohio State University uses Orbital Mapper soft-
ware they developed [14] along with the Leica Photo-
grammetry Suite for manual editing. The group at 
Technical University Berlin is using the software de-
veloped by German Aerospace Center (DLR) that was 
developed to process Martian stereo imagery [15]. 
DLR is also contributing NAC DTMs with an empha-
sis on landing sites.  

Ground Control.  The Lunar Orbiter Laser Altime-
ter (LOLA) boresight is aligned with the NAC, provid-
ing synchronous altimetric information that aids in 
controlling the terrain models [16]. Each group pro-

ducing NAC DTMs uses the LOLA data along with 
other available topographic models when appropriate 
for absolute control.  

Final Products:  The LROC team generally uses a 
grid spacing of 4 times the source image pixel scale for 
DTMs to minimize noise. The source images are 
orthorectified at the pixel scale of the DTM and the 
original pixel scale. Figure 1 is an example of a 3D 
perspective view of a NAC orthoimage draped over the 
corresponding DTM. File formats, metadata standards, 
and extra products are in development. 

Summary:  The distribution and precision of NAC 
DTMs is unprecedented and will greatly assist in lunar 
exploration planning and scientific analysis. 

Figure 1. Orthoimage from NAC frame M104527070L 
draped over a DTM of a portion of Alphonsus crater (4 
m/pixel, no vertical exaggeration). Image width ~4.8 km. 
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Introduction:  One of the first scientific discoveries 

resulting from the Apollo missions was the pervasive 

waterless nature of the Moon and its rocks. Moreover, 

the subsequent forty years of lunar sample analysis 

have only supported and strengthened the idea that 

indigenous water was nearly absent from the Moon’s 

interior, and this conclusion has been incorporated into 

many petrologic and geophysical models constructed to 

aid in our understanding of lunar formation and lunar 

geology. The bulk water content of the Moon was re-

cently estimated to be less than 1 ppb [1], which would 

make the Moon at least six orders of magnitude drier 

than the interiors of Earth and Mars.  

Facilitated by advancements in analytical detection 

sensitivities for water, several recent discoveries have 

indicated that the story of water on the Moon is far 

from complete. Evidence for hydroxyl/water on the 

lunar surface has been detected using remote sensing 

data from the Moon Mineralogy Mapper (M
3
) instru-

ment on board the Chandrayaan-1 space craft [2-4]. 

Moreover, evidence for water within the lunar interior 

has been reported through ongoing lunar sample analy-

sis efforts. Specifically, up to 46 ppm water has been 

directly measured in some pyroclastic lunar glasses [5], 

and hydroxyl has been qualitatively identified in 

fluorapatite grains (fluorapatite is a calcium phosphate 

mineral depicted as [Ca5(PO4)3F]) from Apollo 15 

mare basalt 15058 [6]. Significantly higher water con-

tents of the lunar interior could hold profound changes 

in our understanding of the Moon’s geologic history, 

from models of lunar formation to our understanding of 

its thermal and magmatic evolution. 

In the present study, apatites from three different 

lunar samples were analyzed for hydroxyl using secon-

dary ion mass spectrometry (SIMS). The samples ana-

lyzed are from rock types that have not been previously 

analyzed for water. The samples investiengated include 

a high-Al basalt (14053,16), a clast-bearing impact 

melt rock (15404,51), and an olivine-gabbro cumulate 

lunar meteorite (Northwest Africa 2977). We also note 

that 2 other ongoing studies report the water contents 

of lunar apatite [7-8] 

Results: All of the apatites analyzed in this study had 

measurable water, and the water contents ranged from 

about 100-3700 ppm H2O. the water contents for all 

the apatite analyzed are reported in table 1. 

 

 
 

Discussion:  Using the analyses from table 1, we can 

bracket the lower limit water content of the magmatic 

source region from which the magmas parental to these 

samples originated. In order to make this estimation, a 

few assumptions must be made. 1) apatite did not enter 

the phase assemblage until 99% crystallization. 2) 

There was no flux in the water budget of the system 

and apatite was the first OH-bearing phase to form. 3) 

The parental melt resulted from low degrees of partial 

melting (3%) of the lunar source (higher degrees of 

partial melting result in higher source region water 

contents). 

Using these assumptions, the minimum water con-

tents of the lunar magmatic source regions range from 

64 ppb to 5 ppm H2O. This lower limit range of water 

contents is at least two orders of magnitude greater 

than the previously reported value for the bulk Moon 

(<1 ppb), and the actual source region water contents 

could be significantly higher. However, the lower limit 

values alone do not cause a complete re-write of the 

current theories for lunar formation and its subsequent 

magmatic evolution. 
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(richard.s.miller@uah.edu), 2Ball Aerospace, 3Applied Physics Laboratory,  Johns Hopkins University,  4ADNET 
Systems/NASA-GSFC.

Introduction: The Moon is a unique location for 
experimental astrophysics. It’s dense regolith and lack 
of an appreciable atmosphere are just two of the char-
acteristics that can be leveraged to address key chal-
lenges in high-energy astrophysics. The long-term goal 
of our program is the development of a next-generation 
mission capable of surveying the Cosmos in the nu-
clear γ -ray regime (~0.1-10 MeV), and the Moon en-
ables a unique approach to this endeavor.

The Lunar Occultation Observer (LOCO) [1, 2] is 
a new γ -ray astrophysics mission concept having un-
precedented flux sensitivity, high spectral resolution, 
excellent spatial resolution, and very uniform sky cov-
erage. It meets or exceeds the capabilities required of 
the next-generation nuclear astrophysics mission, and 
is therefore capable of addressing multiple high-
priority science goals such as Galactic nucleosynthesis, 
supernovae & novae, orbital geochemistry of the 
Moon, etc.

Occultation Imaging: LOCO will be a pioneering 
mission in high-energy astrophysics: the first to utilize 
the moon as a scientific platform, and the first to suc-
cessfully employ occultation imaging as the principle 
detection method. This is a powerful, yet relatively 
simple, approach to imaging in regimes where tradi-
tional imaging approaches are inappropriate, complex, 
or cost prohibitive [3, 4]. 

Specifically, LOCO will utilize the Lunar Occulta-
tion Technique (LOT) [5] - the temporal modulation of 
source fluxes from lunar orbit as they are repeatedly 
occulted by the Moon. The encoded temporal modula-
tion is used to image the sky thereby enabling spectro-
scopic, time-variability,  point- & extended-source 
analyses. The benefits of this concept derive from the 
innovative imaging technique and lack of a lunar at-
mosphere & magnetosphere, and maximize perform-
ance relative to other Earth-orbit endeavors.

Status: A preliminary feasibility study has been 
completed and fundamental performance capabilities  
of the LOCO concept have been evaluated.  Techniques 
for image reconstruction of astrophysical point-sources 
[5], as well as spatially extended sources, have been 
developed. Detailed mission design, as well as detector 
evaluation and prototyping, is now ongoing. 

Open issues relate primarily to implementation 
rather than development, and are the focus of our cur-
rent efforts.  Ongoing development tasks include re-

finements to analysis techniques, detector prototyping 
and design,  as well as spacecraft and mission architec-
ture planning. 

Summary: LOCO is a nuclear astrophysics mis-
sion concept whose goal is to probe the Cosmos and 
study the ``fires of creation”. We will report on the 
motivations for this mission, the estimates of science 
return, the concept’s cost-effectiveness and scaleabil-
ity, as well as implementation tradeoffs. 

References: [1] R.S. Miller (2008), IEEE Trans. 
Nucl. Sci. 55, 1387. [2] R.S. Miller (2008), SPIE Conf. 
Proc, 6686. [3] B.A. Harmon, et al.  (2002), ApJ Supp., 
138, 149. [4] S.E. Shaw, et al. (2004), A&A, 418, 
1187. [5]R.S. Miller & D. A. Gregory (2010), Nucl. 
Instr. Meth. A, submitted. 

Figure 1. Occultation image generated for one configura-
tion  of the LOCO concept. Shown are the raw lunar  limb 
projections simulated for  1 day of lunar orbit (top), an  
occultation object  template (middle), and a correlation 
image for a hypothetical astrophysical source at the posi-
tion of the Crab Nebula (bottom, inset).
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Hydrogen at the Lunar Poles: Search Strategies and Tradeoffs for a Surface-based Neutron Spectrometer.  R. 
S.  Miller1,  Mikhail V. Gubarev2, D. J. Lawrence3, Brian D. Ramsey2, A. Souza1, 1University of Alabama in Hunts-
ville (richard.s.miller@uah.edu), 2NASA/MSFC (VP62), 3Applied Physics Laboratory, Johns Hopkins University.

Introduction:  One of the major science and explo-
ration objectives of future lunar studies is to determine 
the distribution and compositional state of hydrogen on 
meter-sized spatial scales. This is particularly true for 
the lunar-polar regions where substantial deposits are 
anticipated within permanently shadowed craters.  The 
morphology of these hydrogen deposits will enable a 
deeper understanding of the sources of lunar polar 
volatiles, and provide critical information and addi-
tional insights into transport processes operating at the 
poles. 

Results from multiple lunar missions show strong 
evidence for hydrogen deposits at the lunar poles. Un-
fortunately, the lateral distribution information pro-
vided by these missions is limited to very large areas 
(e.g. 1-10 km2) [1,  2], with limited knowledge of com-
position or depth. A straightforward and robust way to 
make detailed hydrogen composition and distribution 
measurements is via surface-based neutron spectros-
copy. 

We will present preliminary analysis of the trade-
offs, capabilities, and survey strategies for a rover-
mounted neutron telescope capable of addressing the 
lunar-polar hydrogen exploration challenge. In addi-
tion,  performance of one relevant instrument concept 
under consideration, a grazing-incidence neutron tele-
scope, will also be presented.

Developmental Approach: Our development ef-
fort, supported in part by a NASA Lunar Science Insti-
tute, is focused on simulation and software develop-
ment. Specifically, we have developed a set of tools 
that enable neutron spectroscopic tradeoff analyses in 
the context of a surface-based hydrogen search. The 
foundation of the numerical simulation is a (user de-
fined) crater geometry, as well as variable hydrogen 
morphologies incorporated into this geometry. 

Given knowledge of the neutron flux expected 
from dry regolith and anticipated changes in the flux 
due to the presence of hydrogen (as a % weight of 
H2O) [3, 4], as well as other physical parameters (e.g. 
backgrounds), the neutron environment can be esti-
mated within the crater. This simulation tool enables 
detailed tradeoff analyses to be performed, ultimately 
maximizing the telescope design and science return 
from a future surface-based neutron endeavor. 

Issues related to neutron count rates, dwell times,  
and backgrounds effects, will be reported within the 
context of characterizing the presence of any hydrogen 
deposits within lunar craters. In addition, we are lever-

aging these tools to produce search strategies capable 
of producing neutron maps having high-spatial resolu-
tion.

Summary: Surface-based neutron spectroscopy 
holds promise for future investigations of hydrogen 
deposits within craters at or near the lunar poles.  The 
work presented here will provide important informa-
tion with which to optimize search strategies and in-
strument specifications needed to characterize this in-
teresting and valuable resource.

References: [1] W.C. Feldman,  et al.  (1999), Nucl. 
Instr. Meth., A422, 562. [2] D.J. Lawrence, et al. 
(2010) Astrobiology, 10, 1. [3] D.J. Lawrence, et al. 
(2005), J. Geophys. Res., 111, E08001. [4] S.D. 
McKinney, et al. (2005), J.  Geophys. Res., 111, 
E06004.

Figure 1. Examples of lunar crater simulation. Hypo-
thetical neutron telescope, with user defined field-of-
view, pointing direction, and flux sensitivity, placed 
into  ellipsoidal crater. Sampled area shown (dark) 
for two different telescope pointing directions. 
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Scientific investigations onboard Russian Lunar Landers of missions LUNA-RESOURCE and LUNA-GLOB 
I.G. Mitrofanov1,  1Space Research Institute, RAS, Moscow, 117997, Russia, imitrofa@space.ru 

Introduction: Scientific payload of two lunar landers 
will  be  presented  of  Russian  missions  to  the  Moon 
LUNA-RESOURCE and LUNA-GLOB. The main ob-
jectives of investigations onboard these landers will be 
presented, which mainly address to studies of polar re-
gions of the Moon.
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Main Results from LEND instrument after one year of lunar mapping onboard NASA’s LRO  I.G Mitro-
fanov1 , M.L. Litvak1 , A.B. Sanin1, V.I. Tretyakov1, A.S. Kozyrev1, A.V. Malakhov1, M.I. Mokrousov1, A.A 
Vostrukhin1,  D. V. Golovin1, A.B. Varenikov1, V. N. Shvecov2, W.V. Boynton.3, K Harshman3, R.Z. Sagdeev4, G. 
Milikh4, G. Chin5, J. Trombka5,  T. Mcclanahan5, R. Starr6, L. Evans7, V. Shevchenko8,  1Space Research Institute, 
RAS, Moscow, 117997, Russia, imitrofa@space.ru, 2Joint Institute for Nuclear Research, Dubna, Russia, 
3University of Arizona, Tucson, AZ, USA, University of Maryland, College Park, MD, USA, Goddard Space 
Flight Center, Greenbelt, MD, USA., Catholic University, Washington, DC, USA, Computer Sciences Corpora-
tion, Glenn Dale, MD, USA. Sternberg Astronomical Institute of Moscow State University, Moscow, Russia. 
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Introduction: Main scientific results are presented 
from Lunar Exploration Neutron Detector (LEND, 
[1,2]) after 1 year of lunar mapping onboard NASA’s 
Lunar Reconnaissance Orbiter [3]. The main findings 
from LEND measurements will be described, which 
corresponds to the major objectives of LEND investi-
gations at the first stage of LRO mission devoted to 
Moon exploration. They are mapping of hydrogen 
distribution over the lunar surface with spatial resolu-
tion of 10 km on the poles, testing of presence of wa-
ter ice within cold traps at lunar poles and characteri-
zation of neutron component of lunar radiation envi-
ronment. Perspectives of further LEND investigations 
will be discussed during the next stage of LRO, as the 
mission for space science. 
 
References:  
[1] Mitrofanov I.G.  et al.  (2008)  Experiment LEND 
of the NASA Lunar Reconnaissance Orbiter for High-
Resolution Mapping of Neutron Emission of the 
Moon, Astrobiology, Volume 8, Issue 4, pp. 793-804 
[2] Mitrofanov, I.G. et al. (2010) Lunar Exploration 
Neutron Detector for the NASA Lunar Reconnaissance 
Orbiter, Space Science Reviews, Volume 150, Issue 1-
4, pp. 183-207, 2010 
[3] Chin G (2007) Lunar Reconnaissance Orbiter 
Overview: The Instrument Suite and Mission, Space 
Science Reviews, Volume 129, Issue 4, pp.391-419  
 

Annual Meeting of the Lunar Exploration Analysis Group 43



ANOMALOUS CA-RICH PLAGIOCLASE COMPOSITIONS WITH IMPACT CARBON IN THE 
APOLLO LUNAR SAMPLES. Yas. Miura, Yamaguchi University, 1677-1 Yoshida, Yamaguchi University, 753-
8512, Japan (yasmiura@yamaguchi-u.ac.jp)

Introduction: Plagioclase minerals on the Earth’s  
crust are not obtained on the lunar crust, which indi-
cates formation condition of the Moon with impact 
processes [1-4]. The main purpose of the paper is to 
elucidate anomalous Ca-rich plagioclase compositions 
with carbon, of which carbon and hydrogen are in-
creased in the lunar breccias in bulk composition [3]. 

  Anomalous compositions of lunar plagioclases: 
Lunar Ca-rich plagioclase minerals are considered to 
be main characteristics as follows [3, 4] (Table 1): 
     1) Progressive changes from Na- (albite) to Ca-
(anorthite) end members on terrestrial crust formed by 
progressive magmatic crystallization are not obtained 
in the lunar crust which is mainly Ca-rich anorthite [1]. 
     2)  Lunar plagioclases contain significant contents 
of Mg and Fe elements [2], which are mixed from 
magic silicates by  impact-related mixing events [3]. 

Table 1. Anomalous data of lunar plagioclases .
1) Ca-rich anorthite: 

Isolated growth only Ca-end member (with C) 
2) Significant contents of Fe an Mg: 

Rapid mixing of crust-mantle mafic minerals. 
3) Compositional vacancies at major elements: 
     Storages of light carbon for plagioclase elements.

Contents of carbon in lunar Ca-breccias: Signif-
icant contents of carbon are found in lunar rocks of 
basalts, regoliths and breccias in bulk sample data [1], 
which higher contents of carbon are found in lunar 
polymict breccias with higher Ca contents [2, 4] by 
rapid mixing with impact events (Table 1 and Fig.1).  

   Vacancies of plagioclase structure: Although the 
terrestrial plagioclase mineral crystal formed magmatic 
crystallization shows stoichiometric composition with 
M(K, Na, Ca), T(Al, Si) and O (with traces of FM(Fe 
and Mg)) [1, 3, 4], however  impact-generated plagioc-
lases of the Moon, Mars, Earth and meteoroids reveal 
anomalous composition and structure of plagioclases 
with significant M and FM (Fe and Mg) and vacancies 
(VT or M(MT)) [2, 4]. The Apollo samples based on 
our EPMA data show the following main calculated 
data of  lunar Ca-rich plagioclases (Fig.2): 

   1) The Apollo breccias (63355, 73215 and 77515)
show high value of vacant SiO tetrahedra VT (in 
Fig.2), of which vacancies are filled mainly by carbon.  
      2) Two types of the  Mare basalts are obtained as 
a) high value of  M(MT) with Ca-replacement in va-
cant SiO tertrahedra (14310), and b) high value of 
VT(15555, 70017). The above two data correspond 

with lunar volcanic basalt and lunar impact-related 
basalts, respectively, as shown in Table 1 and Fig.2. 
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Fig.1. Average contents of carbon  (max. value) and 
Ca (XRF bulk data) in the reported samples of 
the Apollo basalts, regoliths and breccias [1,  3]. 
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Fig.2.Bulk EPMA data of two vacant VT and M(MT) 
of SiO tetrahedral in the Apollo basalts, rego-
liths and breccias [4]. The VT means vacancy of  
SiO tetrahedral (with C). M(MT) reveals vacant 
SiO tetrahedral with Ca-replacement [4] from 
the EPMA calculated data based on stoichiome-
tric composition M-T-O [2, 4].  

Summary: Calculated EPMA data with vacan-
cies of SiO tetrahedra of the lunar Apollo breccias 
and some basalts based on the EPMA data are cor-
respondent with Ca, carbon to the vacancies by filling 
during impact-related processes. 

References: [1] Heiken G.,Vaniman D. & French   
B. (1991): Lunar source book (Cambridge Univ. 
Press). 468-474.  [2] Wenk H.-R and Wilde W.R. 
(1973) : Contrib. Mineral. Petrol., 41, 89-104. [3]  
Miura Y. (2009). LPI Contrib. No. 1515  (LEAG 
2009),  2042,  2043.  [4] Miura Y. (1984): Mem. Natl 
Inst. Polar Res., Spec. Issue (NIPR, Tokyo), 35, 210-
225; 226-242. 
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ESTIMATED SOURCES OF SPHERULE-CHAINED TEXTURES WITH CARBON IN THE LUNAR 
BRECCIAS. Yas. Miura, Yamaguchi University, 1677-1 Yoshida, Yamaguchi University, 753-8512, Japan 
(dfb30@yamaguchi-u.ac.jp) 
 

Introduction: Main carbon storages on water pla-
net Earth are reported in the present life-materials with 
short cyclic periods. whereas the Venus and Mars 
without present sea-water  have atmosphere with car-
bon dioxides gas. Smaller asteroids (or meteoroids) 
without air and ocean contain carbon mainly in the 
solid rocks as in carbonaceous meteorites, which is the 
similar situation on the Moon without ocean and air. 
The main purpose of the paper is to discuss origins of 
carbon and carbon-bearing texture with spherule-
chaines probably found in the lunar breccias [1, 2]. 
      Carbon characteristics found in the three states: 
Carbon can be found in three states of gas (as carbon 
dioxides in atmosphere of the Venus or Mars), liquid 
(as ions in water and life-materials of the Earth) and 
solid (as rocks) in Earth-type planets. In this sense, the 
Moon has carbon in lunar rocks, together with mete-
oroids of asteroids (Table 1). 
 

Table 1. Three states of carbon-bearing materials of 
Earth-type planets and the Moon.                                  
 
1) Gas (as carbon dioxides in atmosphere ): 

On the Venus and Mars (as major sources) 
2) Liquid (as ions in various water and life-materials) 

On the Earth  
3) Solid (as rocks) 
       On Earth-type planets, the Moon  & Asteroids   .                       

 
      Carbon storage-features on the mineral-rocks: 
Carbon-bearing solids in large sizes (more than mm in 
size) are found in various Earth-type minerals and 
rocks with stable growth (as one of state of material 
circulation), which is included in organic to inorganic 
cycles of life-materials. On the other hands, carbon-
bearing materials (as in smaller sizes of nm scale) 
formed by rapid transformation of dynamic reaction 
are found various types of minerals and rocks, such as 
those of the Moon, Earth,  Mars and meteorites (Table 
2). 
       

Table 2. Various carbon storages in mineral  rocks.                             
 
1) Large sizes (more than mm scale ): 

Various types of Earth-type minerals and rocks 
(with short cycles of materials with stable growth)   

2) Smaller sizes (nm scale): 
      Rapid transformation with long cycles 
      (on the Earth-type planets, the Moon  & Asteroids                 

Carbon-bearing materials in the Moon: The  
Moon has carbon-bearing materials as the following 
states [1, 2]: 

1) Inside the glass and breccias (type A): Carbon is  
easily mixed with various glasses and breccias during 
high temperature and pressure formation, which is 
stored in atomic dimensions in trace or minor contents. 

2) On the lunar breccias (type B): Carbon-bearing  
solids transformed from carbon dioxide gas are fixed 
on previous solid minerals and rocks mainly by dy-
namic reaction of impact processes on the Moon, 
which is found  in the lunar breccias with minor con-
tents. 

3) High-pressure type of lunar interior (type C): 
There is few high-pressure type carbon of diamond on 
the Moon with less size of total rock pressure, only the 
way to find high-pressure type of diamond carbon in 
the lunar interior is considered to be shock-wave ex-
plosion by moonquake which will be found mainly at 
geological boundary between the highland and lunar 
Mare in the next lunar-exploration. 
       4) Spherule-chained or nano-bacteria-type tex-
tures in the Moon (type D): There is few texture with 
spherule-chained or nano-bacteria-type by the above-
mentioned cases of carbon-bearing materials on the 
dry and airless-Moon (even by impacts by meteoroids 
on the Moon), only the way to find spherule-chained 
and/or nano-bacteria-type textures with iron-rich 
oxides are remnants by giant impact process  mainly 
from air and water-planets (Fig.1). 
 

 
Fig.1. Estimated spherule-chained texture found in lunar 
spherules or breccias (as type D carbon with iron). 
 

Summary: Results are summarized as follows. 1) 
Carbon-bearing materials with three states are found 
as smaller solids on the Moon. 2)  In four types A-D 
of carbon-bearing solids, spherule-chained and/or na-
no-bacteria-type textures (Type D) will be formed  by 
giant impact mainly from air and water-planets. 
 
References: [1] Miura Y. (2009). LPI Contrib. No.  
1515  (LEAG 2009), 2042, 2043.  [2] Miura Y.  
(2010): LPS XL, Abstracts  #2462, #2489. 
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EXPECTED STORAGES OF NANO-DIAMONDS AND/OR DIAMONDS IN THE LUNAR ROCKS. 
Yas. Miura, Yamaguchi University, 1677-1 Yoshida, Yamaguchi University, 753-8512, Japan (yasmi-
ura@yamaguchi-u.ac.jp) 
 

Introduction: Diamonds with large size formed at  
deeper mantle are main characteristics of the active 
water-planet Earth due to main sources of carbon from 
life-materials on the dynamic surface and circulated  
plate-tectonics and mantle convection, though there is 
still problem to explain to move down and up by  light 
element carbon. Main carbon storage on the Moon 
without ocean and air is mainly in the brecciated or 
metamorphosed rocks [1]. The main purpose of the 
paper is to discuss source of diamonds with nano- and 
large sizes probably found in the lunar breccias [1, 2]. 
     Diamonds formed at deeper Mantle of the 
Earth: 
Large diamonds (more than mm in size) are formed in 
deeper Earth of the mantle based on the pressure and 
large crystal size, though there are remained questions   

1) how to transport many carbon elements to deeper 
mantle (without Ca element so much),  and   

2) how to keep large diamond crystal shape from 
deeper Mantle to shallow crust (around hard continen-
tal rocks). These questions are to be explained mainly 
by active planet of the Earth of plate tectonics, mantle 
convection and cracks with the continental drift. In 
fact, recent result of diamond from R.D. Congo indi-
cates metamorphosed crystal with inclusions of shal-
low sources of calcite carbonates and halite crystals [5], 
as listed in Table 1. 
     Nano-diamonds formed at shallow crust of the 
Earth: Nano-diamonds (as in nm scale) formed by 
rapid transformation of dynamic reaction can be ob-
tained by Raman spectra pattern [6] between graphite 
and normal diamond. Quenched process of nano-
diamond formation can be found at meteoritic impacts 
(in air and ground), earthquake explosions (i.e. under-
ground explosions similar with volcanic event of 
shock wave) , and artificial explosions. This suggests 
that nano-diamond carbon is expected to find also at 
lunar rocks also, as listed in Table 1. 
            

Table 1. Diamonds and nano-diamonds on the Earth .                                                                                     
1) Diamond with large size (more than mm scale ): 

Deep mantle-source rocks  (with stable growth)   
2) Nano-diamond with smaller size (in nm scale): 
      Quenched formation (at surface & deeper places) .   

     
Expected diamond crystal in the lunar rocks:  

If carbon-bearing materials (such as carbon dioxides) 
are stored in deeper Moon during giant impact event 
with air-planets of primordial Earth, these carbon-

bearing materials are main sources of diamond carbon 
of the lunar  mantle. Evidences of such deeper carbon 
are found by increased carbon content of lunar brec-
caiated rocks [1, 2, 3, 4], and deeper sources of terre-
strial diamonds which has big event of giant impact [3, 
4], as shown in Table 2. The problem is the way how 
to move up from the interior on silent Moon body. The 
only way to go surface is larger impact event to the 
Moon. This suggests that smaller diamond crystal will 
be found at rim of impact craters, some boundary of 
the highland and lunar Mare, or deeper cliffs on the 
Moon in future explorations. 

Expected nano-diamonds in the lunar rocks: As  
nano-diamonds formed by shock-wave process with 
quenched reaction can be found at lunar surfaces of 
meteoritic impacts, and deeper interiors of moonquake 
explosions (i.e. underground explosions similar with 
surface quake) [2]. This suggests that  nano-diamond 
is expected to find by in-situ raman spectra and elec-
tron microscopic data, as shown in Table 2. Nano-
diamond will be found at all event places on the Moon 
in future explorations. 
 
Table 2. Expected materials of nano-diamond and  
              smaller diamond in the Moon                       .  
1) Nano-diamond:  

Lunar breccias (surface and deeper interiors) 
2) Smaller diamond: 

From Deeper interior to shallow highland. 
        (at crater rim, boundary of Mare and Highland)  .   
 

Summary: The present results are summarized as 
follows.  
1) Smaller diamond crystal  is expected to find in the  
lunar rocks derived from the lunar interior with im-
pact events. 
2) Nano-diamonds will be found at lunar brecciated  
Rocks.  
 
References: 
[1] Heiken G., Vaniman D. & French B. (1991): Lu-

nar source book (Cambridge Univ.Press). 468-474.    
[2] Miura Y. (2010): LEAG2010 (submitted). 
[3] Miura Y. (2009). LPI Contrib. No. 1515  

 (LEAG 2009), 2042, 2043.   
[4] Miura Y. (2010): LPS XL, Abstracts  #2462,  
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[6] Nemanich R.J. et al. (1988): J. Vac. Sci. Technol.  
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The Lunar Mapping and Modeling Project.  M. Nall1, R. French1, S. Noble1,2, K. Muery1 and the LMMP team,
1NASA Marshall Space Flight Center 320 Sparkman Drive, Huntsville AL 35805 mark.e.nall@nasa.gov,
2University of Alabama Huntsville, Huntsville AL 35805.

Introduction:  The Lunar Mapping and Modeling
Project (LMMP) is managing a suite of lunar mapping
and modeling tools and data products that support lu-
nar exploration activities, including the planning, de-
sign, development, test, and operations associated with
crewed and/or robotic operations on the lunar surface.
Although the project was initiated primarily to serve
the needs of the Constellation program, it is equally
suited for supporting landing site selection and plan-
ning for a variety of robotic missions, including NASA
science and/or human precursor missions and commer-
cial missions such as those planned by the Google Lu-
nar X-Prize participants.  In addition, LMMP should
prove to be a convenient and useful tool for scientific
analysis and for education and public outreach (E/PO)
activities.

Project Team: LMMP is managed at Marshall
Space Flight Center but draws expertise from across
NASA and other agencies, including the Ames Re-
search Center, Goddard Space Flight Center, the Jet
Propulsion Lab, the US Geological Survey, and the US
Army Corps of Engineers Cold Regions Research and
Engineering Laboratory.

Data Sources: LMMP will utilize data predomi-
nately from the Lunar Reconnaissance Orbiter, but also
historical and international lunar mission data (e.g.
Lunar Prospector, Clementine, Apollo, Lunar Orbiter,
Kaguya, and Chandrayaan-1) as available and appro-
priate.

Anticipated Products: LMMP will provide such
products as image mosaics and DEMs at local, re-
gional, and global scales; local hazard assessment
maps, including slope and roughness, as well as crater
and boulder distributions; temperature maps, lighting
maps and models, gravity models, and resource maps.
Local scale products are initially being produced for
the established set of Exploration Regions of Interest
[1].  Other sites may be considered based upon avail-
able time and resources.  We are working closely with
the LRO team to prevent duplication of efforts and
ensure the highest quality data products.  A select few
representative preliminary products based on LRO data
will be released through March 2011.  These are pre-
liminary in the sense that they are developed with data
obtained early in the exploration phase of the mission
and only geodetically controlled to preliminary Lunar
Orbiter Laser Altimeter (LOLA) topography.  Final
products, those based on the best available exploration

mission phase data and LOLA topography, will be
released between March and September 2011.

Software:  The LMMP system is designed to make
data as accessible as possible in order to meet the
needs of a wide variety of users.  Our system (fig. 1)
consists of three visualization options: the Portal,
which provides limited browsing, data layering and
analysis options; Lunar Mapper, a light web-based GIS
client; and ILIADS, a downloadable desktop GIS cl i-
ent with more advanced capabilities.

Figure 1. Diagram of the LMMP system

Project Timeline: A beta version of the LMMP
software was released for limited distribution in De-
cember 2009, with a first public release planned for
late Fall of 2010.  The final release is expected in
September 2011.

References: [1] Noble S. K. et al. (2009) Abstracts
to the NASA Lunar Sci Forum #70.
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Probing the Hydrogen Content Distribution on Lunar South Pole at the Highest Spatial Resolution 

using LEND Data. 
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Analysis of data from collimated detectors of the Lunar Exploration Neutron Detector (LEND) 

experiment, on board NASA’s Lunar Reconnaissance Orbiter show multiple sites on the south pole, 

where the neutron suppression indicates substantial hydrogen enhancement. Some of the neutron 

suppressed regions are not correlated with the permanently shadowed regions (PSRs) which were 

previously suggested as the only sites of possible hydrogen enrichment.  We present the analysis of a 

few of the targets with strongest gradients of epithermal neutron signatures, including the Cabeus 

region that was selected as the impact site by the Lunar Crater Observation and Sensing Satellite 

(LCROSS). Our analysis probes these targets at the highest spatial resolution of LEND. The level and the 

spatial scales of neutron suppression shown by the raw data itself are substantially higher than that 

seen by previous missions (e.g. Lunar Prospector and Clementine).  A finite point spread function (PSF) 

of LEND only dilutes the level and the spatial resolution of the neutron suppression. We will present the 

hydrogen content distribution for these sites after de‐convolving with the instrument PSF.  We will 

compare and contrast our data with the neutron distribution seen by Lunar Prospector.  We are also 

conducting a spatial‐Fourier analysis to get independent estimates of the instrument PSF based on 

observations at different altitudes during the commissioning and the mapping phases. 
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Digital Terrain, Image and Albedo Mosaics from Apollo Metric Cam-
era Imagery. Ara V Nefian1,2, Zach Moratto2, Ross Beyer3, Michael Broxton1,2,Taemin Kim2 and
Terry Fong2, 1Carnegie Mellon University, 2NASA Ames Research Center, MS 245-3, Moffett Field, CA, USA
(ara.nefian@nasa.gov),3Carl Sagan Center at the SETI Institute

The images captured by the Apollo metric camera
(AMC), and recently scanned in digital format, con-
tain rich information that supports the creation of accu-
rate digital terrain, image and albedo maps of the Lu-
nar surface. The goal of this paper is to present the
most recent results in mapping the Apollo 15 zone us-
ing an open source software package developed at NASA
Ames. The terrain, image and albedo maps are generated
an unprecedented resolution (10m/pixel and 40m/pixel
for DTM) for the complete coverage of the Lunar equa-
torial zone covered by the Apollo 15 mission. The tech-
niques used by our software will be used to complete the
maps of the entire Apollo zone including Apollo 16 and
17 missions as well as the more recent Lunar missions.

The AMC stereo pairs [1] generate high resolution
digital terrain mosaics (DTM) using the Ames Stereo
Pipeline [2]. A robust bundle adjustment technique [3]

Figure 1: Digital terrain mosaics before (left) and after
(right) using our bundle adjustment technique.

refines the original estimates for the orientation and po-
sition of the AMC and co-registers the stereo image pairs
into an accurate digital terrain mosaic. Figure 1 shows
the colorized hillshade of the resulting DTM before and
after using our robust bundle adjustment technique.

Figure 2 shows an image mosaic of the entire Apollo
15 zone and a detail around the landing site using a mo-
saicking technique that compensates for various levels of
exposure and reflectance. The resulting image mosaic is
generated at 10m/pixel resolution.

Figure 3 illustrates our preliminary results in recon-
struction the Lunar albedo map using a technique de-
scribed in [4] and that uses the computed DTM and the
Lunar-Lambertian reflectance model.

Figure 2: Image mosaic of the Apollo 15 zone (top) and
a detail around the landing site (bottom).

Figure 3: Albedo mosaic of the Orbit 33 of Apollo 15
mission.
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AN ANALOGUE MISSION IN SUPPORT OF MOONRISE AND OTHER SAMPLE RETURN MISSIONS 
TO THE SOUTH POLE–AITKEN BASIN.  G. R. Osinski1, I. Antonenko1, T. Barfoot2, N. Ghafoor3, B. L. Jol-
liff4, and P. Sylvester5.  1Centre for Planetary Science and Exploration & Canadian Lunar Research Network, Uni-
versity of Western Ontario, London, ON, Canada (gosinski@uwo.ca), 2Institute for Aerospace Studies, Univerisity 
of Toronto, Toronto, ON, Canada, 3MDA Space Robotics, Brampton, ON, Canada, 4Dept. Earth & Planetary 
Science, Washington University, MO, USA, 5Dept. of Earth Sciences, Memorial University, St. John’s, NL, Canada. 

 
Introduction:  The return of samples from the 

South Pole–Aitken (SPA) basin on the Moon is a high 
priority target for Canadian, U.S., and international 
scientific communities [1]. Analysis of materials from 
this oldest and deepest of the lunar basins is fundamen-
tal for addressing questions such as the bombardment 
history of the inner solar system, the role of large ba-
sins in modifying planetary surfaces, and the differen-
tiation of planetary bodies.  

A New Frontiers Phase A concept study, called 
MoonRise, is designed specifically to address these 
questions (http://moonrise.jpl.nasa.gov/). Using a ro-
botic lander, this mission proposes to collect materials 
from the Moon’s South Pole-Aitken basin and return 
them to Earth for analysis. 

In order to prepare and train for such a mission, and 
for future potential robotic and human sample return 
missions in general, we plan to carry out a series of 
analogue missions on the Earth that will be used to 
develop and test procedures and techniques.  

Analogue Mission Overview:  This analogue mis-
sion, which is being funded by the Canadian Space 
Agency, will consider two scenarios: 

1) A robotic sample return mission to SPA. 
2) A robotic precursor mission to SPA with a 

follow-on 7-day human sortie mission. 
Scenario 1. Robotic sample return is widely ac-

cepted as a priority for lunar science. The first scena-
rio, therefore, will consider a purely robotic mission, 
such as the proposed MoonRise concept mission. 
MoonRise, lead by PI Brad Jolliff from Washington 
University and a technical team from the Jet Propulsion 
Laboratory, consists of a lander that will set down in 
the SPA, deploy a robotic arm and collect regolith 
samples that will be returned to Earth for analysis. 

Scenario 2. The ultimate goal of lunar exploration, 
however, includes astronauts. Scenario 2 considers a 
robotic precursor mission to SPA that is followed, ap-
proximately 6 months later, by a human sortie mission. 
The precursor mission would involve robotic surveying 
and prospecting of Sites of Interest (SOIs) in prepara-
tion for human field geology operations.  

Analogue Sites:  Through an advanced site selec-
tion process, two locations were identified as targets 
for this analogue mission; the Mistastin impact struc-
ture, Canada, and the Ries impact structure, Germany.   

Impact craters are the dominant feature on the 
Moon, and lunar sampling missions will naturally 
strive to navigate these ubiquitous structures and use 
them as probes to lunar stratigraphy. For this reason, 
impact structures have been selected as the target sites. 
The SPA basin is located in the lunar highlands, which 
consists predominantly of anorthosite. The Mistastin 
impact structure is one of few terrestrial impact sites 
that contain significant amounts of anorthosite.  
Feldspars are also a significant component of the im-
pact melt-bearing breccias of the Ries impact. 

Other factors that affected site selection included 1) 
a lack of vegetation, required to conduct lunar-like 
deployments, 2) accessibility, and 3) preservation of 
impact structures, required to adequately model lunar 
crater topography.    

Analogue Mission Objectives:  This mission has a 
number of purely scientific objectives, relating to the 
understanding of impact chronology, shock processes, 
impact ejecta, and the resource potential of impact cra-
ters. However, most pertinent to lunar mission prepara-
tion are the operational objectives.  

It is no longer sufficient to simply “grab” a sample 
of the lunar soil for study. Contemporary questions in 
lunar studies require that specific samples of melt, ejec-
ta, or bedrock be targeted and collected. One of the 
main goals of this analogue mission is to develop map-
ping, analysis, selection, and sampling, protocols for 
identifying and collecting specified target materials. 
This will require a detailed set of decision-making 
processes for outcrop mapping, site targeting, micro-
imaging, sample selection, and sample acquisition. 

Today’s robotic technologies are also far more ad-
vanced than what was available during the Apollo era. 
Therefore, it is important to re-evaluate which opera-
tional strategies are appropriate for robotic vs. human 
activities. This comprises the final objective for this 
mission, to evaluate the optimal combination of robot 
and/or human workers for each task, be it astronaut 
only, astronauts with robotic assistants, or unmanned 
robotic surrogates. Analogue missions such as this are 
also important for highlighting the technological de-
velopments that are needed to enable a sustainable lu-
nar and solar system exploration program. 

References: [1] NRC 2007. The Scientific Context for 
the Exploration of the Moon. Washington D.C.: The 
National Academies Press. 107. 
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PLANETARY ANALOGS AS MODELS FOR BIOLOGICALLY RELEVANT EXTRATERRESTRIAL 
EXPLORATION.  A-L. Paul1, S. Toghranegar1,  C. Amalfitano1, A. Sarafan1, A. Giongo1, E. Triplett1, P. Lee2, A. 
Berinstain3  and R. J. Ferl1  (1University of Florida, Gainesville FL, 32611-0690; alp@ufl.edu / robferl@ufl.edu)     
(2 Mars Institute, 3Canadian Space Agency) 

 
 
Introduction:  There are two reciprocal, biologi-

cally relevant questions for planetary exploration: 1) 
what are the potential life systems present and 2) can 
exploration-environment resources support terrestrial 
organisms? We have applied a variety of molecular 
tools to evaluate these questions in impact breccias 
collected from a well characterized analog site, the 
Haughton Crater on Devon Island. We addressed the 
first question through the interaction of geology and 
biology within the impact crater environment by using 
plants and microbes as measures of diversity among 
breccias from distinct sites. These experiments serve as 
models of approaches that could be taken in planetary 
sortie and lander experiments, but also provides insight 
into the biological relevance of a seemingly desolate 
terrain. The microbial diversity of sample sites was 
evaluated with high-throughput DNA sequencing that 
produced a set of uniquely tagged DNA sequences for 
each site that provide an indication of the mibrobial 
populations. The end result was a cataloging of the 
microorganisms at 11 breccia sites of Haughton Crater 
for relative abundance and diversity. Each collection 
had a distinct microbial profile which is being corre-
lated with mineralogical features and the ability to 
support plant growth. 

Support of Plant Growth:  Breccia samples were 
evaluated for their ability to support plant growth with 
and without supplemental nutrients. The results show 
that the breccias of Haughton Crater are complex with 
regard to supporting plant life, and further, that there is 
not a direct correlation between amount of supplemen-
tal nutrients and plant vigor.  Figure 1 shows a sample 
set of plants growing materials from several different 
breccias from Haughton Crater, and well as a lunar 
stimulant and a non-breccia material from the crater 

(E). In some cases, adding nutrients to those materials 
can have a positive impact on plant growth. This result 
is in keeping with the native micro-oasis phenomenon 
of the region [1]. However, it is not always the case 
(e.g. Figure 1C), suggesting there are clearly more 
factors involved than simple nutrient abundance.  

Microbial Diversity:  The microbial diversity of 
samples taken from a variety of sites in and around the 
Haughton Crater was evaluated with a high-throughput 
DNA sequencing. Briefly, DNA was isolated from 
crater samples and amplified with DNA primers to 
microbial 16s ribosomal DNA, which were tagged 
with unique “barcodes” – one barcode for each sample 
site.  This technique produced a set of DNA sequences 
for each of the 11 sample sites that could then be used 
for measure of microbial presence and diveristy. Sam-
ples were collected in the field with sterile gloves into 
sterile bags, and kept in a dark container. Upon return 
to the University of Florida, the samples were handled 
aseptically and kept in the dark until DNA extraction 
procedures. Table 1 shows an overview of microbial 
diversity for each of the sites.  The two sites with the 
highest diversity of microorganisms were represented 
in collections from “Drill Hill” and “Gemini Hills”. 

 
Haughton Crater Site  Shannon  

Diversity Index 
Drill Hill surface  5.39
Drill Hill 12.5 cm below  5.41
Drill Hill 48 cm below  4.86
Gemini Hills surface  5.44
Bruno Escarpment surface  4.31

 
Table 1.  Shannon Diversity Index [e.g. 2] values 
for several sites in the Haughton Crater.  The di-
versity of microorganisms varies among sample 
sites. The index values shown are for the species 
level. 
 
References: [1] Cockell, C.S, Lee, P., Schuerger, A., 
Hidalgo, L., Jones, J. and Stokes, M. (2001) Arctic, 
Antarctic, and Alpine Research. 33:306. [2] Giongo, 
A., Crabb, D., Davis-Richardson A., Chauliac, D., 
Mobberley, J., Gano, K., Mukherjee, N, Casella, G., 
Roesch L, Walts B, Riva A, King, G. and Triplett, E. 
(2010) ISME Journal 4, 852–861.  

Figure 1.  Several breccias from Haughton Crater 
(A,B,C), lunar stimulant JSC1a (D) and a non-
breccias sample (E) from Haughton Crater (E). The 
top row plants given water alone, the bottom row was 
augmented with a 10% MS nutrient solution.
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Designing a Participatory Space Exploration Program to Achieve Exploration Goals and Support National 
Educational Objectives  C. J. Pestak, Battelle Memorial Institute, 20445 Emerald Parkway Drive SW, Suite 200, 
Cleveland, OH 44135.  pestakc@battelle.org 

 
Introduction:  Battelle is the world's largest non-profit 
independent research and development organization, 
providing innovative technology solutions to some of 
the world's most important problems in the areas of 
health and life sciences, aerospace and defense, and 
energy technology. As a non-profit charitable trust 
with an eye toward the future, Battelle also actively 
supports and promotes science, technology, engineer-
ing and mathematics (STEM) education.  

With this in mind, Battelle is endeavoring to be a 
catalyst for sustainable positive change in STEM edu-
cation on a national scale. Battelle delivers and sus-
tains numerous educational programs that engage K-
12, higher education, business and informal science 
education centers by utilizing its award-winning, staff-
driven employee volunteer program; by employing 
innovative means to collaborate and build networks; 
and by leveraging connections to the world-class re-
search facilities that Battelle manages for the U.S. De-
partment of Energy and Department of Homeland Se-
curity.  

Battelle wants to change the way children are edu-
cated by immersing them in cross-curricular, project-
based learning delivered by teachers trained to do so. 
Participatory Space Exploration holds great potential 
for engaging many thousands of students in hands-on 
space exploration projects that immerse the students in 
activities that both educate and inspire them. Seeing 
the tremendous potential for STEM education initia-
tives within NASA’s Participatory Space Exploration 
framework, Battelle coordinated with NASA to plan 
and host the inaugural Participatory Space Exploration 
& Education Workshop April 13- 15, 2010, at Bat-
telle’s corporate headquarters in Columbus, Ohio.  
 
Workshop Description: The workshop brought to-
gether leaders from NASA, industry, academia, infor-
mal science centers, and the K-12 education communi-
ty (both teachers and administrators). In addition, the 
workshop directly engaged more than a dozen high 
school students currently involved in STEM education 
curriculum. The students provided an important and 
valuable perspective on what type of involvement stu-
dents want to have in NASA’s space exploration and 
Earth science initiatives. The workshop recommenda-
tions were developed in an open forum where students 
and educators were on equal footing with NASA and 
industry personnel.  

The basic premise of the workshop is that by ac-
tively engaging students in space exploration and earth 
science projects throughout their educational expe-
rience, we can create a generation that is excited about 

and supportive of space exploration and earth science; 
understands the challenges and opportunities involved; 
and is already experienced and “primed” for the mis-
sions ahead  
The activities of the workshop were centered on the 
following focus question: 

What is the design of an exploration program that 
meets exploration goals while also supporting the 
achievement of national education goals? 

The objectives of the workshop were to discuss, con-
ceptualize, and recommend concepts that can enable 
the US and the international community to: 

1. Cost effectively explore the Moon, Mars, as-
teroids and Near Earth Objects (NEO) 
2. Lay the groundwork for commercial prospect-
ing on the lunar surface  
3. Establish a participatory exploration program 
in a way that engages large numbers of students 
and promotes STEM education 

Workshop Results:  The workshop enabled spirited, 
yet thoughtful discussions amongst students, educators, 
NASA, and industry personnel that resulted in numer-
ous unique and useful recommendations. Based on the 
intensity, sincerity, and personal commitment that the 
workshop participants exhibited, it is clear that stu-
dents and educators are truly passionate about NASA’s 
mission and they are seeking to find new and better 
ways to partner with NASA to improve STEM educa-
tion. 

Participatory Exploration offers NASA, the Nation, 
and the world community a unique and significantly 
impactful opportunity to cooperate, on a large-scale, in 
the exploration, discovery, and possible economic ex-
ploitation of the Moon, Mars, and other celestial ob-
jects. A successfully implemented Participatory Explo-
ration program has the power to engage, educate, and 
inspire an entire generation of future scientists, engi-
neers, and entrepreneurs like no other.  

This presentation will provide an overview of the 
14 recommendations generated by the participants and 
give an overall summary of the findings of the work-
shop.  
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TOWARD A SUSTAINABLE AND INSPIRED LUNAR SCIENCE COMMUNITY: DEVELOPING THE 
NEXT GENERATIONS OF LUNAR SCIENTISTS AND ENGINEERS. N.Petro1, L. Bleacher1,2, D. Santiago3; 
1NASA\GSFC,2SSAI.,3NASA\ARC/LM; Noah.E.Petro@nasa.gov 

 
Building a Community:  The Lunar Exploration 

Roadmap (LER) as developed by LEAG contains a 
sustainability theme that focuses on “Extend Sustained 
Human Presence to the Moon to Enable Eventual Settle-
ment.” Any sustainable human presence on the Moon will 
require, in addition to commercial partnerships, a long-
term investment in future generations of lunar scientists 
and engineers. Fortunately, due to the recent lunar mis-
sions and increase in funding opportunities for lunar sci-
ence, the number of early career lunar scientists and engi-
neers has grown substantially in the last few years. 

With plans for future US and international orbital and 
landed spacecraft, the Moon will become a place of intense 
scientific scrutiny.  But who will build the instruments and 
spacecraft and analyze data from these missions? Certainly 
the current generation of established scientists and engi-
neers will play a major role in these endeavors, but who 
will follow them? The Next Generation Lunar Scientists 
and Engineers (NGLSE) is a grass-roots effort at fostering 
the growing community of early career lunar scientists and 
engineers. We are fortunate to be in a position to develop 
the next generation of lunar enthusiasts with the support of 
the first generation of lunar scientists and engineers, ensur-
ing continuity of a base of lunar knowledge. 

The need to foster the next generation of lunar scien-
tists is recognized within NASA, is acknowledged by the 
NASA Lunar Science Institute (NLSI), and is recognized 
by the international community (e.g., ILEWG, Lunar Ex-
plorers Society, and the Canadian Lunar Research Net-
work).  A primary goal of the NLSI is to support “...the 
development of the lunar science community and training 
the next generation of lunar science researchers.”  Addi-
tionally, the NASA HQ (OSEWG), which is composed of 
representatives from the SMD, the ESMD, and SOMD, is 
tasked with the integration of science and engineering for 
the successful exploration of the Moon. The NGLSE aims 
to bring early career scientists and engineers together and 
help in creating, fostering and supporting the next genera-
tion of lunar scientists and engineers.  

Currently with over 150 members from academia, in-
dustry, and NASA, the NGLSE is building a representative 
cross-section of the lunar science and engineering commu-
nities. The NGLSE has and will meet twice a year in con-
junction with the annual LPSC as well as the NLSI Lunar 
Science Forum and informally at large meetings (i.e., 
AGU). The NGLSE provides opportunities for social and 
professional networking among our members and across 
generations. We provide opportunities to give and receive 
feedback on research in a small setting, and will provide a 
forum to allow members to suggest and hold topical work-

shops. Ultimately, the NGLSE will provide communica-
tion to the larger community via a website, in addition to 
our existing Facebook group and email listserve. Feedback 
from previous workshops indicates that meeting with 
community leaders has been beneficial to the NGLSE 
members. We encourage leaders in the lunar science and 
engineering field to participate in future workshops as a 
critical step in sustaining the next and future generations. 

Sustaining A Community: In order to maintain a sci-
ence/engineering community capable of sustaining a long-
term presence on the Moon, regardless of when that pres-
ence begins, a continuing lunar funding program is re-
quired. Should funding for lunar science continue and in-
crease over the next few decades, a lunar science and engi-
neering community should evolve and grow simultane-
ously, with new community members continually being 
brought into the fold.  

However, if there is a decrease in near-term lunar mis-
sions and/or funding over the next few years, maintaining 
a lunar community should be a top priority. Without the 
financial support or the promise of upcoming lunar mis-
sions, the recent growth of the domestic lunar community 
would likely wane. Coupled with a potential decline in a 
lunar community through attrition and age, postponing a 
lunar program without sustained funding opportunities 
could lead to a near depletion of the ranks and a loss of the 
inherited lunar knowledge base, while the international 
community may continue its growth. While a total deple-
tion of a lunar science community is unlikely, losing 
members from the recent increase in lunar scientists and 
engineers would certainly be a setback for the community. 

Apart from a sustained lunar funding program, regard-
less of the near-term future of lunar exploration, what else 
can be done to inspire a developing lunar community? 
With the possibility of future commercial lunar explora-
tion, commercial partners should develop relationships 
with members of the next generation; likely the generation 
who will be leading the way back to the Moon. 

The lunar science and engineering communities need to 
also begin fostering future generations of scientists and 
engineers.  This generation is currently in grade school and 
can be reached and engaged through effective, sustained 
education and public outreach efforts. Building a commu-
nity of active participants who are dedicated to, and trained 
in, writing winning proposals, leading effective education 
and public outreach efforts in order to engage students, 
policy makers, and the general public is fundamentally 
important in building a sustainable, long-lived, and pub-
licly supported lunar science program. Please visit our 
website at http://nextgenlunar.arc.nasa.gov/. 
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COMPOSITIONAL DIVERSITY IN THE SOUTH POLE-AITKEN BASIN (SPA) AS VIEWED BY THE 
MOON MINERALOGY MAPPER (M3).  N. E. Petro1 and C. M. Pieters2, and the M3 Science team. 
1NASA\GSFC, Planetary Geodynamics Branch (Noah.E.Petro@nasa.gov), 2Brown University, Department of Geo-
logical Sciences. 

 
Spectral data from the Moon Mineralogy Mapper 

(M3), an imaging spectrometer with both high spatial and 
spectral resolution on Chandrayaan-1, shows clear com-
positional diversity across the South Pole-Aitken Basin 
(SPA) interior.  

Data from the second optical period of the mission 
(Figure 1) covers most of the basin interior and shows 
that 1) the central peaks of a number of large craters and 
basin rings are dominated by low-Ca pyroxenes (norite), 
2) most of the non-mare interior of the basin is largely 
noritic, and 3) the center of the basin contains a high-Ca 
pyroxene-bearing (gabbro) lithology [1]. The identifica-
tion of highly crystalline low-Ca pyroxene in central 
peaks by M3 confirms previous findings from the 
Kaguya Spectral Profiler [2], suggesting that either a 
several kilometer thick recrystallized zone of noritic im-
pact melt is distributed across the basin or these large 
craters tapped an underlying crystalline noritic basement. 
The less spectrally prominent, but pervasive, noritic sig-
nature across SPA’s interior likely represents a mixed 
impact-melt breccia derived from the lower crust pro-
duced during SPA’s formation. The distinctive gabbroic 
zone found in the center of SPA is centered on what is 
now called Mafic Mound (formerly Olivine Hill [3]) and 
probably includes a deep component derived from the 
lower crust or upper mantle. While olivine is not seen at 
Mafic Mound, exposures of olivine are reported in the 
inner ring of the Schrödinger Basin and the central peak 
of Zeeman Crater [4]. 

Spectra Example – The Apollo Basin: Data from 
the northeastern portion of SPA, covering the Apollo 
Basin is shown in Figure 2. In the Apollo example im-
ages A and B illustrate variations in albedo and mor-
phology (from long-wavelength bands), and C illustrates 
compositional variations in a simple 3-color composite 
[5]. In Figure 2c, low-Ca pyroxenes are illustrated as 
green, high-Ca pyroxenes as yellows and oranges, and 
anorthositic materials as blue. Example spectra illustrat-
ing the diversity in pyroxene content of mafic materials 
in and around Apollo are illusrated in Figure 3. 

References: [1] Pieters,C.,et al.,(2010),JGR,submitted.  
[2]Nakamura,R.,et al.,(2009),GRL,36,L22202. [3]Pieters, C., et 
al., (2001), JGR. [4]Yamamoto, S., et al. (2010) Nature Geo., 
DOI: 10.1038/NGEO897. [5]Petro,N. (2010), LPSC, 1802. 

Figure 3 (Right): M3 3x3 averaged spectra extracted from loca-
tions across the interior of Apollo.  The fresh mare spectrum was 
extracted from Mare Orientale and dashed spectrum is from the 
central peak of Antoniadi. The inset image illustrates where 
Apollo spectra were extracted. 

 
Figure 1. M3 coverage from the Optical Period 2a (top) and 2c 
(bottom). Projection is Simple Cylyndrical centered on 180º, 
below the equator. Registration errors due to spacecraft point-
ing issues are readily apparent in data from optical period 2c 
and are presently being addressed. 
 

 
Figure 2.  Mosaiced M3 data at 1.4 km/pixel from OP2c. A) 750 
nm albedo image of Apollo Basin. Main (D=480 km) and inner 
rings (D=240 km) of the basin are identified by dashed circles. 
B) Long wavelength (2936 nm) image, which is sensitive to 
surface topography. C) Color composite image with R = Inte-
grated Band Depth (IBD) of the 1000 nm band, G = IBD of the 
2000 nm band, and R = 1580 nm reflectance. 
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DEVELOPMENT OF A SIMULATION  TOOL FOR THE  PROPULSIVE SUBSYSTEM  OF  ESMO 
LUNAR MISSION. Alessandro Pettinari1, Alessandro Saturni1 and Luca L. Rossettini1 
1Politecnico di Milano, Aerospace Engineering Department, Via La Masa 34, 20156 Milano, Italy, pettinari.a-
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Introduction:  The Moon is the main objective for next 
decade Space missions. Exploitation, scientific research, 
robotic and manned exploration are planned by the most 
important space agencies. This renewed interest involves 
both the main Space Players down to the academic level. 
The European Student Moon Orbiter (ESMO) is the first 
student mission to the Moon. Promoted and directed by 
ESA, ESMO represents a “unique and inspirational op-
portunity  for  university  students,  providing  them  with  
valuable and challenging hands-on space project experi-
ence in order to fully prepare a well qualified workforce 
for future ESA missions, particularly those planned by the  
Exploration and Science programmes in the next decades” 
[1].
The mini-satellite class ESMO Orbiter is  launched as an 
auxiliary payload into a highly elliptical low inclination 
Geostationary Transfer Orbit (GTO) using the Ariane Sup-
port for Auxiliary Payloads (ASAP) by Ariane 5 or Soyuz 
from Kourou.  An on-board  bipropellant  liquid  thrusters 
system accomplishes the lunar transfer and the lunar orbit 
insertion. After Moon orbit injection several scientific ob-
jectives will be achieved during the minimum six months 
mission time [7].
The main objective of this paper is to describe the whole 
ESMO propulsion system control algorithm and the cor-
responding simulator [2],  which will be used during mis-
sion Phases  C,  D and especially  during mission  opera-
tions.
More in details, the modelled Fuel Management System is 
in charge of the control of the entire propulsion system, 
regulating  the  propellant  flow  for  the  different  orbital 
manoeuvres.

Fig. 1 : Structure of the simulation tool; each coloured 
block contains other subsystem components.

Design and structure:  Orbiter propulsion system is con-
stituted by four R6 thrusters working with MON-3 oxid-
izer and MMH fuel, contained in four spherical tanks. The 

propellant is pressurized by 300bar tank of nitrogen, used 
also as propellant for attitude control cold gas thrusters.
The model here presented includes piping devices - such 
as valves and filters - simulation in order to have a com-
prehensive control over the propulsive system behaviour. 
      Each component has been modelled, step-by-step,  in 
order to follow a “close to reality” approach. Thus line 
losses,  thermodynamic  relations  and  other  performance 
features were considered [3]. Matlab Simulink Simulation 
Tool is used for the model implementation, as shown in 
Fig. 1:  any coloured block corresponds to another Sim-
ulink model, blue blocks for the tanks subsystem, green 
for  the  pressure  transducers  and  pink  for  the  thrusters 
(Fig. 2). The Propulsion System Simulator is connected to 
the main Orbiter simulator [4] in order to communicate 
the failure detection system outputs, such as thrust mis-
alignments, leakages, measurement uncertainties and in-
sufficient fuel level.
This  highly challenging and demanding project, far over 
the common expectations for a preliminary design phase, 
has demonstrated to be complete and completely reliable 
[5] as well as suitable to be used as the primary mission 
control system.
Conclusions and further work:  The Propulsion System 
Simulator has been tested and approved by ESA project 
manager. 
Preliminary experimental tests on R6 thrusters conducted 
in ESA-ESTEC facilities were used to validate the simu-
lator. More detailed functional and performance tests are 
going to be performed [6], followed by extensive model 
validation. The Simulator will be improved including dy-
namic  figures  for  the  thrusters,  updated  frequency  and 
damping, in order to maximize reliability and minimize 
failure events.
Eventually, Propulsion System Simulator will then be in-
tegrated with other Orbiter subsystems models and tested 
before launch. 

References: 
[1] Walker R.,  The ESMO Mission: Education, Outreach 
and Science. [2] Pettinari A., Theoretical model and func-
tioning test  on ESMO propulsive system p.32, bachelor 
thesis (2009). [3] ESA,   Design_Justification_File (2009). 
[4]  ESA,  Model_Specification_Document  (2008).  [5] 
Moro V., Mengaldo G., Moon Orbiter, Propulsion Issues 
(2008).  [6]  ESMO Functioning   Test   Plan  (2009).  [7] 
ESMO_PhaseA_StudyReport p.18-19 (2008).
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I ntr oduction:   The Canadian Space Agency (CSA) 

is one of the fourteen agencies that developed the 
Global Exploration Strategy and is also an active 
member of the International Space Exploration Coor-
dination Group (ISECG). At the CSA, Space Explora-
tion includes the International Space Station (ISS), 
space robotic servicing, and exploration of the Moon, 
Mars and asteroids as well as astronomy. Recently, the 
CSA was reorganized and a dedicated branch was 
created for all exploration activities, for science and 
human exploration objectives. 

From 2007 to 2010 considerable emphasis has been 
on developing advanced technologies for lunar explo-
ration, though many of these are relevant to multiple 
destinations  

In 2007, the CSA started the Exploration Core Pro-
gram to ensure Canada’s readiness for future explora-
tion missions. The Canadian Stimulus Budget of 2009 
increased the pace of activities targeting lunar and 
mars surface mobility systems, and robotic servicing in 
two special projects: Exploration Surface Mobility and 
Next Generation Canadarm. By the end of 2012, the 
CSA will have a fleet of rovers along with payloads all 
controllable from a central operation centre. 

E xplor ation C or e Pr epar ator y A ctivities:   The 
Exploration Core was created in 2007 to shape and 
determine the nature of Canada’s contribution to po-
tential international space exploration and astronomy 
missions. Exploration Core includes the design and 
development of advanced signature technologies to be 
used in potential missions destined for Space Explora-
tion targets. In addition, it includes terrestrial deploy-
ments in analogue sites to test prototypes and develop 
proof-of-concept for surface science and In Situ Re-
source Utilisation (ISRU) operations.  Canada's vast 
and varied geography includes significant impact cra-
ter sites (Sudbury, Haughton, Mistastin and Manicou-
gan) as well as polar desert, badlands and mine tailings 
which provide analogue environments for many differ-
ent lunar activities and investigations. Other sites 
across the world also present significant interest for 
moon terrestrial analogue missions.  

Exploration Core is performed in collaboration 
with Canadian industry and academia, and with other 
space agencies. Technology developments are in-
formed by the Canadian Space Agency’s participation 
with international groups such as the International 
Space Exploration Coordination Group (ISECG) or 

iMARS. CSA is developing international partnerships 
in analogue activities, and has enjoyed successful part-
nership with NASA in lunar ISRU test deployments in 
Hawaii in 2008 and 2010.  

Exploration Core activities are incremental, flexi-
ble and adaptable, gradually building on the niche 
technology expertise developed for the International 
Space Station and other missions. When beneficial, 
Exploration Core supports the development of spin-off 
products used in other sectors. For example, develop-
ing an electric vehicle or an automated resource extrac-
tion plant could benefit the automotive and mining 
industries; two pillars of the Canadian economy. Tech-
nological advances from developing medical autonomy 
for crew members are likely to offer commercial po-
tential in the health sector, both nationally and interna-
tionally. 

Exploration Core engages in three types of activi-
ties: (i) requirements development; (ii) prototyping and 
deployment; and (iii) building and maintaining opera-
tional infrastructure required to support prototype inte-
gration and deployment. 

Special Projects:  
The Next Generation Canadarm Project is devel-

oping prototypes of the next generation of the “Cana-
darm” on-orbit servicing system.  

The Exploration Surface Mobility Project is an 
umbrella project that covers contracts for the develop-
ment of small and medium sized rovers, advanced la-
ser-based vision systems, drills, manipulators and 
science instruments. The systems will be integrated 
and deployed in 2012, and will make use of CSA's 
ExDoc, a centralised operations centre being built at 
CSA HQ for command and control. 
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Introduction:  While lunar exploration has been 

occurring for almost 50 years (beginning with the So-
viet Luna 1 mission in 1959) and the surface has been 
explored by robots and humans and samples have been 
returned to the Earth, our understanding of the origin 
and evolution of the Moon is far from complete.  Many 
questions remain unanswered and as existing questions 
are answered, new ones are posed.  The recent suite of 
lunar robotic missions has provided significant new 
data and progress has been made on some questions.  
It is important to assess the direction future missions 
should take to make further progress. 

Outstanding Questions of Lunar Science:  Lists 
of the outstanding questions of lunar science have been 
developed by various groups.  These lists include those 
in The New Views of the Moon [1], that prepared by 
the Lunar Exploration Analysis Group [2], and those 
outlined by in Scientific Context for Exploration of the 
Moon (SCIM): Final Report [3].  These lists were 
compiled with different philosophies and priorities, but 
they are largely similar. 

Topics from the SCIM report include: 
Bombardment history. 
Interior structure and composition. 
Diversity of lunar crustal rocks. 
Lunar poles. 
Lunar volcanism. 
Impact process on planetary scales. 
Regolith processes and weathering.  
Atmosphere and dust environment. 
Key Results from Recent Missions: Five lunar 

orbiter mission have been flown within the last few 
years including: Lunar Reconnaissance Orbiter (LRO, 
Chandrayaan-1, Chang’e-1, Kaguya, and SMART-1 
respectively by the US, India, China, Japan, and ESA.  
In addition, LCROSS impacted into a permanently 
shadowed area near the south pole.  Each mission car-
ried a different suite of instruments and had a some-
what different set of scientific objectives. 

Some of the more important results to date include: 
identification of water ice in north polar craters using 
LRO Mini RF [4]; measurement of temperatures in 
permanently shadowed areas from LRO Diviner and 
Chang’e radiometer data [5, 6]; identification of exten-
sive adsorbed and bound H2O and OH using M3 data 
from Chandrayaan [7]; recognition of significant areas 
of pure anorthosite and olivine from Kaguya data [8]; 
definition of the far-side gravity field with Kaguya [9]; 
a global topographic map from Kaguya, Chang’e and 

LRO laser altimeter data [10-12]; global elemental 
maps using gamma-ray and X-ray data from 
Chandrayaan, Chang’e and Kaguya [13-15]; and the 
LCROSS impact into a polar shadowed area [16]. 

Next Steps:  Most of the outstanding lunar 
sciencequestions can not be addressed by a single mis-
sion or experiment; many require multiple samples 
from across the Moon; multiple concurrent extended 
observations; or numerous samples.  Any lunar mis-
sion can make important relevant observations if the 
capabilities of the spacecraft are used appropriately.  
Some questions could be addressed by a single mission 
(e.g., presence of a core by a seismology network) 
whereas others require multiple independent missions 
and may never be fully resolved (e.g., bombardment 
history of the solar system by dating of impact craters). 

Among the most important questions that should be 
addressed next include: definition of the lunar interior; 
calibration of the recent cratering chronology and de-
termination of the youngest volcanic events; determi-
nation of the species, form and distribution of polar 
volatiles, understanding the nature of spectroscopically 
recognized H2O and OH, and assessment of the lunar 
exosphere.  These objectives can all be met with single 
missions (although the network mission requies multi-
ple vehicles) and significant understanding can be 
achieved with in situ experiments.  None of these re-
quire sample return. 

References: [1] New Views of the Moon, Jolliff, 
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L06204, doi:10.1029/ 2009GL042259, 2010. [5] 
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Sci. 41st, Abstract 1993. [12] Ping, J., et al., 2009, 
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41st, Abstract 1046. [15] Ling, Z., et al., Lunar Planet. 
Sci. 41st, Abstract 2061. [16] Colaprete, A., et al., 
Lunar Planet. Sci. 41st, Abstract 2335. 

Annual Meeting of the Lunar Exploration Analysis Group 57

mailto:Jeffrey.plescia@jhuapl.edu


GEOPHYSICAL TILTMETER FOR MEASURING TIDAL DISTORTION OF THE MOON. James H. Roberts, Ralph D.
Lorenz,Johns Hopkins University Applied Physics Laboratory, Laurel, MD 20723 (James.Roberts@jhuapl.edu).

A ground-based lunar network offers the prospect of mak-
ing a novel geophysical measurement that provides informa-
tion on the rigidity of the lunar interior. This measurementis
simply one of the tilt of the ground (or equivalently, the chang-
ing orientation of the local gravitational vector to the surface)
which can be made with quite simple and robust instrumenta-
tion [1] which complements other proposed measurements.

In essence, the horizontal component of the changing tidal
acceleration on a satellite in an elliptical orbit is expressed in
a tilt of the local gravity relative to an inertial frame. A lander
on a perfectly rigid satellite would measure this changing tilt.
However, if the surface of the satellite itself distorts in phase
in response to the changing tide, then the tilt measured on the
surface is reduced (see figure 1).

The tilt measurement effectively measures the difference
between surface deformation (characterized by the tidal Love
number

��
), and the equipotential. The tilt sensed on the sur-

face is greatest for a high rigidity, such that the planet does
not deform to follow the changing equipotential. An in-situ
measurement of the lander tilt in this way is strongly comple-
mentary to orbital measurements, such as laser altimetry and
Doppler tracking that measure the Love numbers separately
[3,4], and are most sensitive when the body is fluid. Figure
2 shows the amplitude of the expected tidal tilts on the Moon
(relative to the tilt measured at perigee) for different values of��

[2].
��

is a function of the satellite’s rigidity (for a purely
fluid planet,

�� � � ��
and the tilt is zero). However, the

expected tilts for even a rather weak interior (
�� � � ���

) are
well above the expected measurement resolution of a few nrad.
The tidal tilt history shown in figure 2 is perfectly analytical,
and corresponds to a uniform crust responding with no phase
lag. In reality, there may be some phase lag which could be
detected through an asymmetry of the curve [2].

Instrumentation and Requirements: A tiltmeter is an intrin-
sically simple instrument. A variety of sensing techniquesis
possible. For a lander application a simple pendulum sensor
may be better. Modern optical or capacitive position sensing
techniques can be used - the best approach to use should be
considered taking the lander environment into account. Pre-
venting large temperature changes nearby is important to avoid
thermally-induced tilts via differential expansion.

A star tracker telescope can be rigidly mounted to a pendu-
lum style tiltmeter. The star tracker measures the orientation
of the system with respect to the celestial sphere to a few�rad
accuracy, and measures the Moon’s rotation state. A tiltmeter
on a lander needs to incorporate a leveling mechanism to set the
pendulum measurment within 1�, but the star-tracker obviates
the need for precision alignment. The system can also be used
to measure thermal distortion in the ground, discriminating
thermal expansion from tidal forcing at the same period.

A pendulum tilt meter acts as a long-period seismometer
and thus can augment or replace other seismic instrumentation.

For a pendulum a few tens of cm in length, the angular reso-
lution acheivable corresponds to	10 nrad, amply sensitive to
detect teleseismic events. Data over two tidal periods (60 days)
would be desirable to reliably characterize the tidal cycle. For
that measurement, only a few tens of measurements, at 2 axes
x 24 bits each - say 5000 bits total - is adequate. Measuring
seismic activity obviously demands a larger dataset, perhaps
exploiting event-driven sampling and data compression.

The mass of the pendulum structure and position sensors
can be quite small (<1 kg). The leveling mechanism may en-
tail 	0.3 kg, and the star-tracker and imager may add another
2 kg. However, these values depend strongly on the impact
decelerations expected on the lander and on the range of angles
that the leveling mechanism must accommodate. A nominal
total on the order of 9 W is ample for continuous operation,
although the instrument can be operated at a low (10%) duty
cycle if this is considered prohibitive.

Figure 1: Tiltmeter (red) sitting on a tide-free (a), and tidally
excited rigid (b) and fluid (c) bodies. The pendulum (bold
arrow) is always normal to the equipotential surface.

Figure 2: Tidal tilt as a function of orbital phase.

References: [1] Lorenz, R. D. (2009)International Workshop
on Europa Lander: Science Goals and Experiments, 45. [2]
Roberts, J. H. and R. D. Lorenz (2010)Ground-based Geo-
physics on the Moon, 3031. [3] Wahr, J. et al. (2006)JGR,
111, E12005. [4] Wu, X. et al. (2000)GRL, 28, 2245-2248.
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Introduction: As NASA plans for future human 
exploration beyond low-earth orbit, critical informa-
tion is needed from the Moon. LRO and LCROSS 
were designed to provide key information about poten-
tial landing sites and resources. However, these mis-
sions cannot provide all information about the lunar 
surface needed to support human exploration. We pro-
pose a dedicated Lunar Roving Prospector (LRP) to 
provide ground truth for orbital remote sensing, collect 
essential measurements to address key scientific and 
exploration questions, and demonstrate technology 
required for future human exploration of the Moon. 

Objectives:  LRP provides a robust, capable plat-
form that travels over 1,000 km during two Earth 
years, providing information to enable future human 
exploration. Key goals of the mission include:  
• Detect, assay, and map potential resources (identi-

fying and quantifying ISRU potential) 
• Provide ground truth for orbital datasets thus im-

proving models and extending results globally 
• Determine the nature of regolith structure and its 

mechanical properties  
• Quantify the nature of dust, its environments, and 

its interactions with systems/humans and demon-
strate dust mitigation strategies and technologies 

• Measure radiation (primary and secondary) hazards 
to future human explorers 

• Demonstrate precision landing, autonomous navi-
gation, teleoperations, dust mitigation, sampling, 
and long-duration operations 
Mission Concept and Capabilities: LRP will in-

vestigate over twenty major (and hundreds of minor) 
sites. The rover will conduct most measurements dur-
ing the two Earth weeks of sunlight per lunar cycle, 
with limited operations during the lunar night. LRP is 
powered using a Stirling radioisotope generator (SRG) 
and solar arrays.  LRP will travel between exploration 
sites using supervisory teleoperation and autonomous 
navigation as needed in context.  Its sustained speed of 
up to 2 km/h (Sojourner 0.0036 km/h, MER 0.036-0.1 
km/h, MSL 0.37 km/h) enables it to cover large dis-
tances between exploration locations. Furthermore, in 
order for robots to serve as adjuncts in future human 
exploration activities, they must move at a human 
pace.  

Any human or robotic interaction with the lunar 
surface involves the regolith, thus a comprehensive 
understanding of the regolith is required to facilitate 
both human and robotic exploration of the Moon. A 
robotic precursor must characterize the composition 
and structure of the lunar regolith to provide foresight 

for future lunar exploration endeavors. LRP instrumen-
tation will determine major mineral abundances and 
major elemental chemistry, including a key measure-
ment of the presence of OH-. In addition, instrumenta-
tion will enable the measurement of the regolith grain 
size and morphology at the mm scale. LRP can deter-
mine regolith thickness and identify any discontinuities 
at depth using a sounder and from images of craters. In 
addition to measuring the regolith structure and com-
position, onboard instrumentation will characterize 
variations in magnetic fields and measure background 
and secondary radiation. 

With a range of 
1,000 km, a series of 
high-priority targets for 
human exploration can 
be reached in a single 
mission. One high 
value traverse initiates 
in southern Oceanus 
Procellarum, travels 
north through regions 
of unexplained albedo, 
color, and magnetic anomalies, and a full range of lu-
nar volcanic types and ages and crosses four Constella-
tion regions of interest (Reiner Gamma, Marius Hills, 
Aristarchus 1 and 2). The two Aristarchus sites provide 
rich ISRU potential. This traverse is highly comple-
mentary to both ESMD and SMD objectives. Many 
other traverses, including polar, are possible.  

Rovers offer many operational advantages over 
static landers. LRP offers flexibility and the capability 
to perform wide-scale prospecting that characterize 
resources over hundreds of square kilometers. Mobility 
allows assessment of grade and tonnage of an ore 
body – essential information for planning ISRU. The 
success of a static lander is heavily dependent upon 
meter scale geology of a landing site. If the resource 
under assay is not present at the chosen landing site 
(perhaps only 10 meters away from the target), then 
the mission fails to meet its primary objectives. 

Participatory Exploration: The proposed LRP has 
outstanding opportunities for immersive public en-
gagement with both passive (live high-definition video 
streams, 3-D surface panoramas, and daily views of 
Earth) and participatory (remote rover driving and  
imaging, collective data analysis, and communication 
via social media) participation throughout the two-year 
nominal mission. LRP operations and data analysis 
will also contribute to developing NASA’s future 
workforce (undergraduates, graduates, and postdocs). 
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Introduction: Many in the space resources com-

munity, including scientists, engineers, entrepreneurs, 
economists and others, have arrived at the conclusion 
that identifying, locating, harvesting and processing of 
resources on the moon is possibly the most compelling 
theme around which to discuss why, when and how 
humans should return to the moon.  While it is clear 
from ongoing data coming from recent lunar probes 
that promising resources including water and other 
volatile species are present, the true abundance and 
accessibility of these materials cannot be quantitatively 
established without substantial and widespread in-situ 
prospecting assays and demonstrations of mining and 
processing - all in the challenging lunar environment.  
The potential significance of these resources is clear to 
lunar and planetary science, but also to the economic 
sustainability of human space travel to both the moon 
and beyond.  Consequently, robotic “ground truthing” 
of orbital observations is essential to adequately in-
formed determinations about the value of sending hu-
mans back to the moon. 

Because it is unlikely that one or two robotic re-
source prospecting and processing missions could ade-
quately evaluate the resource potential of the moon, 
advocates of completing a resource mapping must con-
sider affordable ways this can be achieved. Improving 
lunar prospecting productivity must involve surviving 
the thermal challenges on the moon, especially the cold 
lunar darkness, and reducing the unit cost and size of 
individual rover-based assets to enable economies of 
scale in production and transportation. 

Thermal Wadis and Compact Rovers: The 
Thermal Wadi concept[1] is an approach to utilizing 
modified lunar regolith as solar-thermal energy storage 
media that can be heated during periods of solar illu-
mination and used as a thermal energy source for mo-
bile assets during periods of darkness.  Lunar regolith 
is modified to improve its thermal properties, then 
heated using a sun-tracking reflector.  During dark 
periods, the reflector is reconfigured as a radiation 
umbrella to limit the radiative cooling of the thermal 
mass and the assets it protects. 

Ongoing simulations of the thermal performance of 
the thermal wadi concept have suggested that in equa-
torial sites a thermal mass no deeper than 50 cm and 
heated during the lunar day would sustain rover assets 
for the 300+ hour lunar night within the working tem-

perature range of conventional electronics.  This pro-
tection is provided without requiring the rover to carry 
insulation or internal energy sources for nighttime 
thermal protection.   Near-polar locations have irregu-
lar illumination and thermal simulations have shown 
that for at least one such site, similar thermal protec-
tion can be provided by a thermal wadi configuration.   

Laboratory work has been conducted to validate the 
thermal property values used in the wadi thermal simu-
lation, and to consider methods for modifying lunar 
regolith simulant to produced thermal mass, including: 
the use of concentrated solar energy, resistive heating, 
or SHS reactions to melt and consolidate simulant into 
continuous slabs, and collecting partially metalized 
byproducts of ISRU oxygen production.  Each method 
has advantages and disadvantages related to equipment 
mass and power consumption needed to form thermal 
mass with the needed properties. 

Related thermal simulations[2] of small lunar rover 
designs have indicated that as rover size decreases, the 
mass of energy storage capacity, i.e. batteries, needed 
for nighttime survival overwhelms any reasonable 
rover payload mass. Hence, offloading nighttime ther-
mal protection from small rovers increases the instru-
ment payload mass and/or allows the rovers to be 
smaller than they could otherwise be.  Further reduc-
tions in rover mass might be realized by creating other 
simple lunar surface infrastructure, perhaps integrated 
with the thermal wadi, that offloads communication, 
battery charging and other functions from a lightened 
rover.  Moreover, standardizing rover design to utilize 
this distributed support infrastructure leads to the pos-
sibility of amortizing rover development cost, ap-
proximately $2-5M/kg for contemporary Mars rovers, 
over what could become a fleet of affordable rovers. 

Conclusion: Affordable distributed lunar surface 
infrastructure, including thermal wadis, that supports 
affordable lunar prospecting rovers provides a basis for 
lunar resource mapping that encompasses sufficient 
geographical diversity and intense local abundance and 
accessibility determinations.  With detailed knowledge 
of exploitable lunar resources, governments and com-
mercial enterprise will be able to make sound decisions 
about investing in the human return to the moon. 

References: [1]Balasubramaniam, et.al., (2010) 
AIAA–2010–797, NASA TM 2010-216255. [2]Thorn-
ton,  et. al., (2010) AIAA–2010–798. 
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Introduction: In this analysis we have used  the data 
gathered by the Lunar Exploration Neutron Detector 
(LEND) installed onboard Lunar Reconnaissance Or-
biter (LRO) [1-3]. LEND is a collimated neutron spec-
trometer of epithermal and fast neutrons with spatial 
resolution about 10-20 km. One of the LEND primary 
goals is  mapping/testing hydrogen (as possible water 
ice deposits) content at the permanently shadowed 
craters at the lunar poles. LEND started onboard 
measurements in June 2009 during LRO commission-
ing phase and successfully continues it during primary 
mapping phase.  
Data Analysis:  Here we used LEND data from com-
missioning and mapping phase to create southern polar 
map of hydrogen rich areas to detect candidates to be 
most “wet” spots on Moon. We also plan to make 
comparison of these hydrogen rich locations with tem-
perature, albedo, altimetry data (all data sets are avail-
able form the other science instruments onboard LRO) 
and to correlate it with known polar shadow regions 
and its vicinities.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Preliminary map of epithermal neutron flux 
in southern polar region. Blue regions correspond to 
the best southern candidates of spots with the highest 
content of Hydrogen on the Moon 
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Introduction:  The Lunar Atmosphere and Dust 

Experiment Explorer (LADEE) spacecraft will monitor 

the surface-bounded, collisionless exosphere of the 

Moon during a brief, three-month period in 2012 or 

2013. Models for the production and loss of regolith–

derived exospheric species are relevant to the visi-

ble/ultraviolet spectrometry (UVS) investigations 

planned by LADEE. The release processes considered 

are micrometeoroid impact vaporization and solar wind 

sputtering, complemented, for sodium and potassium, 

by photon–stimulated desorption. Losses include bal-

listic escape and recycling to the surface. 

       Modeled column abundances:  We modeled col-

umn abundancies in the dayside exosphere from all 

sources for eight species which have strong emission 

lines in the UVS range (200 – 800 nm). Sightlines for 

these simulations lie in the equatorial plane and have 

low-altitude tangent points (10, 40 km).  To convert the 

modeled column abundance to expected intensity due 

to resonant light scattering, we calculated improved 

resonance scattering g-factors for ground state transi-

tions for the species of interest including silicon and 

metallic species. 

  Assumptions for impact vaporization are: total 

impact vapor rate for all species 1.78x10
-16

 g cm
-2

 s
-1

; 

T=3000 K; and the assumption of no losses to the for-

mation of condensates or molecules within the impact 

cloud for a "best case" estimate. For sputtering, a yield 

of 0.1 atom/ion and a solar wind flux of 4x10
8
 ions cm

-

2
 s

-1
 are assumed. A mean lunar composition of low-Ti 

Mare soils was assumed. Furthermore, the intensities 

that are consistent with the 5-σ limits from ground-

based and space-borne observations [1] were calcu-

lated for undetected species. Prior to this application, 

the model was validated with sodium telescopic obser-

vations [2]. Sputtering profiles from our model agree 

with those by [3]. The impact-driven intensities agree 

with those by [4] when we use the same g-factors as-

sumed in that work. 

      Detectability in the presence of coronal and zo-

diacal light:  To examine the detectability of these 

species by UVS, we superimposed zodiacal light onto 

the modeled intensities in the sunlit hemisphere. Re-

sulting spectra were convolved to the UVS resolution 

(~0.70 nm) with Gaussian noise added at about the 

level anticipated for UVS. According to our models, 

Si, Mg, Al, Fe, Ti and Ca will be measureable with 

instrument integration times as short as ~10–60 sec, 

and thus with longitude resolution exceeding ~3°, when 

the Moon is exposed to the combined influence of mi-

crometeoroids and the solar wind.  Dayside sodium and 

potassium will be observed by UVS with a high signal 

to-noise ratio under nearly all circumstances. In con-

clusion, identification of these species from orbit is not 

only possible, but, given these measurements, we can 

identify the processes and constrain the microphysical 

parameters (e.g., sputtering yields, the degree of forma-

tion of condensates and molecular constituents, etc.) 

controlling the supply of lunar gas and its interaction 

with the surface. 

 

        
 

 
Figure 1: Example of an expected detection by 

LADEE UVS: (Upper Panel) Model of emission of 

lunar Mg owing to a number of sources; (Lower Pan-

el) The expected line rises above noise for a 30-s inte-

gration 

 

References: [1] Stern, S. A (1999), Rev. Geophys., 

37, 4, 453 – 491. [2] Sarantos M. et al. (2010), Icarus, 

205, 364-374. [3] Wurz P. et al (2007), Icarus. 

[4] Morgan T. H. and Killen R. M. (1997) Planet. Space 

Sci., 45, 81-94. 

LPI Contribution No. 159562



Shooting the Moon: A Review of the LCROSS Results.  P. H. Schultz1, A. Colaprete2, B. Hermalyn and the 
LCROSS Team. 1Brown University, Providence, RI 02912-1846 (peter_schultz@brown.edu), 2NASA Ames 
Research Center, Moffett Field, CA 94035 

 
Introduction:  The Lunar Crater Observation and 
Sensing Satellite (LCROSS) mission used the detached 
and emptied upper stage rocket (Centaur) to impact the 
lunar surface near the lunar South Pole in the crater 
Cabeus (1).  Instruments on board the trailing 
Shepherding Spacecraft (or “SSc”) recorded the 
evolution and composition of the resulting ejecta as 
they reached sunlight ~830m above the crater floor.  
 
First Light: The Mid-Infrared (MIR) cameras on the 
SSc recorded “first light” in the first frame after impact 
and remained visible in multiple frames thereafter.  
The duration of the MIR “flash” indicated an impact 
into a porous regolith, rather than a solid surface.  The 
Near-Infrared Spectrometer (NSP1) operated in a 
“flash mode” (1ms integration times) during the time 
of impact, thereby functioning as a thermal flash 
detector.  The NSP1 revealed a relatively slow rise in 
radiance that peaked after 0.3sec (but began about 0.3 
second after the moment of contact). This is interpreted 
as an expression of a highly porous upper surface layer 
[2]. The UV/VIS Spectrometer (VSP) captured the 
moment of impact expressed by a number of atomic 
and molecular emission lines including CO2, NH, and 
OH.  Because there was no rise in background, these 
first-appearing species are interpreted as volatiles 
excited by the energy of the impact (not sunlit 
components).   
 
Evolving Compositions: The next 2-second exposure 
exhibited an elevated thermal background, thereby 
confirming the arrival of ejecta into sunlight.  
Thereafter, other volatile species emerged as emission 
lines, including Na, NH2, and H2O+.  Hydroxyl 
absorptions exhibited band strengths that rapidly 
increased, peaking ~17sec after impact and then 
leveling-out between 70sec and 200sec before falling 
to pre-impact levels. The near infrared spectrometer 
(NSP) captured absorptions due to water molecules 
(and other H-species) over most of the approach.   

The visible (VIS) camera revealed that the ejecta 
cloud did not exhibit the expected expanding ring of 
ejecta.  Rather, it emerged as a diffuse cloud, persisting 
longer than expected.  Laboratory impact experiments 
[2] reveal that the low-density nature of the Centaur 
upper stage should have produced a high-angle plume, 
in addition to the classic advancing ejecta curtain.  
Moreover, experiments also reveal that the earliest 
stages of ejection result in ejection angles much lower 
than usually assumed, the multi-pixel component in the 
first MIR images [3]. 
 

Final Moments: Just prior to impact, changes in 
exposures and sensitivity of the NIR detector allowed 
imaging the shadowed surface during the final stages 
of approach.  These images revealed a “ghost-like” 
feature moving across the scene.  This feature is 
interpreted as sunlit ejecta still-returning to the surface.  
The diameter of the cloud requires very high-angle 
ejection angles, very similar to the laboratory 
experiments [2].  The location of the Centaur crater 
was identified in NIR images by correlation with a 
warmed region in MIR images during final approach.  
The crater is about 20-30m in diameter and appears as 
a dark (cooler) interior surrounded by a lighter colored 
(or slightly warmer) ejecta deposit.  
 
Conclusions: The total amount of water-ice reaching 
sunlight represents a concentration of about 4-8%.  
This, however, represents only the sunlit fraction from 
the upper surface with speeds sufficient to reach an 
altitude of ~830m.  The lowest speed ejecta (and from 
the greatest depths) never reached sunlight and would 
have represented the greatest excavated mass.  
Consequently, the derived concentrations might only 
provide a hint of the reservoir of volatiles trapped in 
permanent shadows at greater depths.  

The existence of a variety of light hydrocarbons 
and other volatiles resemble constituents of primitive 
bodies, such as asteroids and comets.  In addition to 
the flux of solar particles [4,5,6], hypervelocity 
collisions might be contributing to the volatile 
inventory 
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The chlorine isotope composition 

(37Cl/35Cl ratio) of lunar basalts and glasses span a 
range of over 25‰ (Fig. 1) in contrast to terres-
trial and meteoritic materials that generally have a 
spread of only 2-3‰.  Water-soluble  and insolu-
ble (silicate) portions of basalts and glasses were 
analyzed using gas source mass spectrometry, and 
apatite grains were analyzed using a Cameca 1270 
large-radius ion microprobe.  The water-soluble 
fractions, which represents vapor condensates of a 
degassing lava, always have lower δ37Cl values 
than the corresponding silicate fraction.  There is 
no correlation of δ37Cl value with rock type or 
degree of surface exposure.  The uniquely large 
range of 37Cl/35Cl ratios of lunar materials could 
be due to 1) heterogeneities inherited or induced 
during the Moon forming event, 2) isotopic frac-
tionation by solar wind bombardment, or 3) frac-
tionation during volatile degassing of lunar lavas 
related to the distinctive chemistry of the Moon.  
We believe that only the third possibility is rea-
sonable, and can be explained if lunar mag-
mas/lavas were H-free (anhydrous). 

It is possible that the impactor responsible 
for the formation of the Moon had a different 
composition than the proto-Earth.  It is also pos-
sible that volatilization and condensation during 
Moon formation would lead to unique δ37Cl val-
ues of the Moon.  However, it is unlikely that 
small scale heterogeneities could be preserved in 
a body that had an extensive magma ocean.  Simi-
larly, proton or micrometeorite bombardment 
could lead to a preferential loss of 35Cl as HCl 
gas, but there is no correlation between δ37Cl 

value and degree of surface exposure/weathering.  
Furthermore, the highest δ37Cl value was meas-
ured on an apatite grain that was completely 
shielded from the solar wind.  Instead, we propose 
that the large range of δ37Cl values of lunar sam-
ples is due to the unique anhydrous conditions of 
the Moon.  On Earth, the δ37Cl values of basalts 
are generally close to 0‰, the same as the mantle 
source.  The volatilizing species is always HCl, 
which preferentially incorporates 37Cl due to the 
strong H-Cl bond.  This fractionation is offset by 
the preferential loss of 35Cl based on kinetic con-
siderations.  On an anhydrous Moon, the vapor 
phase would be metal chlorides (NaCl, KCl, 
FeCl2, ZnCl2) which have similar bonding to Cl in 
the melt.  Vaporization into a vacuum causes a 
preferential removal 35Cl, leading to ever-
increasing δ37Cl values of the remaining melt.  
The lowest δ37Cl values are close to Earth values; 
all higher values are explained by volatilization.  
The consistently lower δ37Cl values of the water-
soluble fraction supports the idea of a light vapor 
phase.   

The initial Cl concentrations of degassed 
lavas are variable but are in the range of 10-100 
ppm.  Assuming that H contents must be lower 
than this (to prevent HCl formation), we calculate 
that the lunar mantle must have had H contents 
below 30 ppb, significantly lower than Earth and 
suggesting that the lunar mantle is anhydrous. 
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Fig. 1.  Isotopic 
composition of ter-
restrial, meteorite 
and lunar materials.    
Triangles – ion 
probe; diamonds, 
bulk.  Leached 
samples –unfilled, 
silicate samples-
filled.  Paired sam-
ples are circled. 
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   Introduction:  In planetary environments with stable 

H2O in their crust (Earth, Mars), hydrothermal systems 

may be associated with ejecta blankets generated by 

large impacts [1,2 and references within] or with the 

crustal emplacement of mantle derived magmas. This 

will result in the mobilization of elements within these 

hydrothermal systems [i.e. 3]. Although the Moon’s 

crust has long been considered dry by most standards, 

there are textures preserved in the lunar sample collec-

tion that imply that elements have been mobilized in 

the lunar crust.  As an example, [4-6] reported the exis-

tence of troilite fracture-fillings, veins and textures 

suggesting the replacement of olivine and pyroxene by 

troilite.  Both [5,7] speculated that C-O-S-(±Cl) species 

of various forms might serve as circulating fluids caus-

ing fractional distillation, sublimation, or extraction of 

individual vapor-mobilized elements. Whereas, [7] 

suggested that these processes may occur in ejecta 

blankets and the fluids may have had an exogenous 

origin (solar wind, comets, meteorites), [5] concluded 

that the source of the fluids was indigenous and mag-

matic in origin. In contrast to both [4,6] models, Col-

son [8] concluded that such textures only required the 

mobility of S and not other chalcophile elements. 

   These models all assumed a dry Moon. However, 

more recently several studies have reevaluated the as-

sertion that the Moon is essentially dry. Data on vol-

canic glasses and nominally hydrous phases revealed in 

recent papers [e.g. 9,10] have been interpreted as indi-

cating the lunar mantle sources for mare basalts were 

significantly wetter. Contrasting conclusions have been 

reached by [11] based on Cl isotopes. On the lunar 

surface and within the regolith, the existence of H, H2O 

(solid or liquid), and OH has been explored by numer-

ous missions over the last 15 years.   

   The goals of this study are to differentiate between 

the transport models previously proposed  [6-8], ex-

amine the potential effect of additional crustal or mag-

matic H (or OH, H2O) on these models, and to identify 

potential sources for the S.  These inquires may pro-

vide a clearer understanding of volatile element trans-

port in the lunar crust, the composition of such vola-

tiles, and the existence of "mineral deposits" on the 

Moon. 

    Analysis:  Several Apollo samples exhibiting sulfide 

veining and silicate replacement by sulfides were ana-

lyzed in this study: 67016,294, 67915,150, and 

67016,297. In addition, sulfides in several mare basalts 

were analyzed and are reported in Papike et al. [12]. 

Sulfides were analyzed and imaged for major and trace 

elements using electron microprobe (EMP) at the Uni-

versity of New Mexico and the synchrotron x-ray mi-

croprobe at the GeoSoilEnviroCARS sector (SXRF) 

[12] at the Advanced Photon Source (APS, Argonne, 

IL, USA). Furthermore, the sulfur isotopic composition 

of individual sulfides was analyzed using the Cameca 

nanoSIMS at the California Institute of Technology. In 

addition to the sulfides, silicate host and reaction phas-

es were analyzed by EMP 

Results:  Based on the mineral chemistries, the re-

placement reaction is approximately: 

7(Mg.6Fe1.4SiO4)+4S2(g)  (Mg.7Fe.3SiO3)+SiO2 

+8FeS+4O2(g) or  7 olivine+4S2(g)  6orthopyroxene 

+SiO2+8troilite+4O2(g). This will vary depending on 

olivine composition. Although the sulfides exhibit 

some compositional variation, they exhibit limited ex-

solution features. The sulfides have compositions that 

are similar to those found in mare basalts [12]. In par-

ticular, the sulfides are enriched in Co relative to Ni. 

The isotopic composition of these sulfides is slightly 

enriched in light sulfur compared to the mare basalts.  

Conclusions: (1) The fluids were most likely de-

rived from indigenous sources (magmatic) and do not 

appear to have exogenous components; (2) while S and 

several other elements were not derived from the host, 

it appears that most of the Fe is derived from olivine-

breakdown reaction; (3) the somewhat fractionated S 

isotopic composition suggests a third S isotopic rese-

roir on the Moon or hints at a process that enriches the 

sulfide in light S; (4) if the source of these metasomatic 

fluids are indeed magmatic in origin, the volatiles ex-

solved from these magmas are S-rich and water-poor.     
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Introduction:  We present an overview of science 

results from the Cosmic Ray Telescope for the Effects 

of Radiation (CRaTER) [1] obtained during its first 

year of operations aboard the Lunar Reconnaissance 

Orbiter (LRO) [2] at the Moon. CRaTER has been 

immersed in the ionizing radiation environment of the 

Moon since its launch on NASA’s LRO in June 2009.  

CRaTER measures the linear energy transfer (LET) of 

energetic particles traversing the instrument, a quantity 

that describes the rate at which particles lose kinetic 

energy as they pass through matter.  A significant por-

tion of the kinetic energy converts into deleterious io-

nizing radiation through the interactions with matter, 

thus posing a major radiation risk for human and robot-

ic space explorers subjected to deep space energetic 

particles.  CRaTER employs strategically placed solid-

state detectors and tissue equivalent plastic (TEP), a 

synthetic analog for human tissue, to quantify radiation 

effects pertinent to astronaut safety.   

 

 
 

Background: The Sun has experienced a remarka-

ble period of inactivity, including an absence of explo-

sive solar events capable of accelerating charged par-

ticles to energies above a threshold of radiobiological 

importance (> 10 MeV/nucleon), both before LRO’s 

launch and until at least to date.  However, the pro-

longed and deep solar minimum also produces solar 

interplanetary conditions that maximize another po-

werful source of ionizing radiation, galactic cosmic 

rays (GCR), which reached record high levels in the 

inner solar system in early 2010.  CRaTER LET mea-

surements taken during the first six months of opera-

tion therefore provide a measure of the worst-case lu-

nar radiation environment seen during the space age.  

The ionizing radiation resulting from all GCR ion spe-

cies and over all incident energies of radiobiological 

interest (10 MeV/nucleon to > 1 GeV/nucleon) is 

greater than best model predictions.   

Results: In this presentation, we present science 

highlights resulting from CRaTER research; each 

study in some way provides understanding needed to 

enable safe, future lunar exploration.  These CRaTER 

science results include: radiation dose rate estimates 

during the current deep, prolonged solar minimum; 

lunar orbit dose rate comparisons with Apollo-era es-

timates; assessment of variability of galactic cosmic 

rays and their sources; first direct observations of albe-

do protons from the lunar regolith and comparison 

with models; and detection of first, weak solar-related 

energetic particle event of the new solar cycle.  These 

results will be discussed in the context of lunar explo-

ration. 
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Introduction: The systematic exploration by robotic and 
human means of Solar System destinations depends upon the 
foreseeable Future humans who will live and work with new 
technology .It starts with a new technological idea, via 
research and development and makes it highly sustainable. 
Alternative definitions of sustainability are evolving in 
different contexts, with regard to the environment, science, 
economics or operations.
Challenges & purposes: 

Robotic 
Mission

Space flight 
transportation

Surface 
conditions & 
composition

Human 
Research

Propulsion & 
reduction of cost

Production & 
settlement

Emerging Technologies:
These are some of the fast growing emerging technologies 
which have got wide applications in space exploration.

Biochips To perform Biological 
reactions

Bionics To make robots like humans
Basalt Rock Fibre Reinforcing material for 

concrete and for making 
composites 

Nano Technology Widely used for developing 
fields like IT, medical, 
electronics, molecular & 
robotics

Thermal Barrier 
Coatings

To sustain high 
temperatures 

Friction less 
Compressor technology

To make air conditioning, 
refrigeration

Biomechatronics For the interactivity of the 
Biological organs

CNT Flow sensors To measure the streamline 
velocities and effect of the 
drag forces 

Biomimicry The mimicking of 
biological designs and 
processes 

Light Emitting Polymer To make flexible displays 
Hydroponics For growing plants with 

nutrients in water without 
soil 

Robotic Mission: My control strategy is to allow a group of 
mobile robots to position themselves to optimize the 
measurement and working according to the sensory 
information with mesh-topology.
The basics of programming robots of the future are based on 
three main principles:
1. When the interaction between two objects becomes 
weaker, objects synchronized communication is based on 
swarm intelligence that runs parallel to one another.
2. The notion of micro-components is strongly connected to 
the spreading of the code controlled on a macroscopic level.
3. Algorithms need to adapt to certain problems.

Swarm Robots: Swarm robotics is a new approach to the 
coordination of multi-robot systems which consist of large 
numbers of mostly simple physical robots. Swarm robotics 
emphasizes a large number of robots, and promotes 
scalability. The communication can be achieved by wireless 
transmission systems, like radio frequency or infrared. Using 
wireless sensor networks and swarm robots the operations 
can be performed from the earth.
Analysis of the human perceptual system and its 
bandwidth limitations:
Optimal leverage multi-modal input
Rich non-speech and non-text interfaces
Simple Augmented Reality Devices
Hand-held tools to query robots: Tricoder-like device.
IMPLEMENTING WIRELESS SENSOR NETWORKS
 Communication Networks
1. Network Topology
2. Fully connected networks
Routing Protocols for Mesh Networks
1. On-demand Routing
2. Proactive Routing
A group of robots is dispatched over a bounded region of 
interest. The task is to sample a sensory function over the 
region. The sensory function is a scalar function unknown to 
the robots that indicates the relative importance of different 
areas in the region. Our solution composes an approximation 
of this function from sensory measurements. A decentralize 
control law then uses this approximation, as well as 
neighbour positions, to drive the robots to a configuration 
such that the sampling of the sensory. Function is near-
optimal. This enables the network to record observations 
about the environment with varying resolution, so that areas 
with high values of the sensory function receive higher-
density data observations than areas with low values.
Conclusion: The fragmentary character of our knowledge of 
the interactions between science, technology, and 
development and fundamental changes experiencing in these 
concepts now makes it difficult to derive authoritative and 
unambiguous conclusions for advances in the field. With the 
help of these emerging technologies and robots the 
exploration of solar system destinations can be achieved 
successfully. Tackling such challenges brings out the best in 
humanity. 
Acknowledgement: This work evolved from my 
imagination and current research. I have referred several 
books and paper works for doing this project. 
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[1].Exploration Systems Research & Technology, Dr.Chris 
Moore.
[2].Human-Robot Interface design for large swarms of 
autonomous mobile robots by James McLurkin 
[3].A New Space Enterprise by Dr.Laurie Leshin.
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Background:  As with many other airless bodies 

in the solar system, the surface of the Moon is directly 
exposed to the harsh space environment. It is irradiated 
by the unfiltered solar spectrum, perpetually peppered 
by space plasmas and energetic particles (e.g., the solar 
wind and galactic cosmic rays), and bombarded by 
meteoroids. These interactions produce a host of phe-
nomena, including a multi-species exosphere, rego-
lith/dust transport, surface charging, surface chemistry, 
and volatile transport (a water cycle?). These processes 
vary both spatially and temporally on the lunar surface, 
and in many cases are coupled together in complex 
ways. Despite recent ground-breaking discoveries by 
missions, such as LRO, Kaguya, and Chandrayaan-1, 
and theoretical developments, we are still in the early 
stages of being able to really understand the dynami-
cally-coupled environment of the Moon. 

Characterizing and understanding the lunar envi-
ronment is clearly of intrinsic scientific interest, but it 
can also provide vital insights into the fundamental 
processes occurring at all airless bodies, such as Mer-
cury, asteroids, and many of the outer planet moons. In 
this sense the Moon can be regarded as our “Rosetta 
Stone” for deciphering the rest of the solar system. 
Such insights are also invaluable for determining what 
science can be undertaken at/from the Moon, such as 
various types of astronomical observations.  

Human exploration of the Moon during the Apollo 
missions was limited to near-equatorial regions during 
“lunar morning”, and so did not experience the more 
hostile conditions that exist at other locations and 
times of lunar day. As well as the extremes in tem-
perature, there are good reasons to believe that ha-
zards, such as those associated with electrostatic 
discharges and dust adhesion, need to be adequately 
addressed in order to permit successful surface oper-
ations in the future. 

Next Steps:  The recent, current, and future or-
bital lunar missions have, or will, significantly in-
crease our understanding of the lunar environment. 
Although a dedicated future orbital mission(s) to 
comprehensively study the lunar environment would 
undoubtedly make many major discoveries, we will 
focus on the crucial breakthroughs that could be 
made by acquiring “ground truth” with a suite of in-

struments deployed on the lunar surface (Table 1). 
Many of the crucial details of how fundamental lunar 
processes work cannot be adequately probed from or-
bit; for example, the subtle physics of the near-surface 
plasma sheath, or the size, charge, and velocity distri-
bution of electrostatically transported dust. 
Measurement: Possible Instrumentation: 
Surface electric fields Electric fields boom 
Plasma characteristics Electron and ion Spectrometers 
Energetic particles Solid State Telescope 
Ion species Ion Mass Spectrometer 
Neutral species Neutral Mass Spectrometer 
Magnetic field Magnetometer 
Dust mass, velocity 
and electric charge 

Radio Frequency (RF) Detector 

Exospheric dust  
concentrations 

Photometer or CCD imager with 
filters (passive); LIDAR (active) 

Table 1:  Measurements and instrumentation for characteriz-
ing the dynamically-coupled lunar environment. 

Ideally, several inter-calibrated instrument suites 
would be distributed across the lunar surface in order 
to investigate spatial and temporal variations, as well 
as the influence of geologically active sites and rema-
nent crustal magnetic fields (Figure 1). Such an ap-
proach could be viewed as somewhat analogous to 
meteorological networks here on Earth, but geared 
toward the alien processes relevant to “lunar weather”. 

Figure 1:  Options for the placement of a lander/network to 
characterize the dynamically-coupled lunar environment. 
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Introduction: In the context of the Lunar Science 

Institute “Scientific and Exploration of the Moon'” we 
study models of ice distribution in the lunar sub-
surface. The main aim of this research is to constrain 
such models with state-of-art lunar data and gain a 
better understanding of water ice dynamics in the lunar 
sub-surface throughout the lunar history.  

Although controversial in its physical form (e.g., 
crystalline as oppose to amorphous) there is increasing 
evidence of water ice at the lunar poles “cold traps”. 
Such locales plausibly hold not only water ice but also 
other volatiles of economic and scientific value. Future 
lunar missions may include rovers with the ability to 
sample materials from the top meter of the surface. 
This requires the identification of regions to explore 
and sample with the highest likelihood of finding water 
ice. Cold traps are the most plausible candidates. 

To understand the current distribution of water ice 
in the polar neighborhood one needs to study the dy-
namics of  water in the top layer of regolith throughout 
lunar history. In a seminal paper [1] investigated the 
migration of H2O molecules in the lunar regolith by 
random hops within the pores. They discussed several 
scenarios for subsurface accumulation. In the current 
study, we propose to apply a more realistic diffusion 
process than the ones used in [1] to regions of the lunar 
surface where the measured temperatures and the hy-
drogen maps, as measured by Lunar Prospector, indi-
cate that the presence of water ice has been stable over 
the last few billion years. 

Subsurface water ice migration and stability: 
Water molecules move through the interstices in a po-
rous regolith. In the Knudsen diffusion regime, the 
molecules do nor interact with one another, but move 
in straight lines between points on the pore channel 
surface. Upon collision with the surface, a molecule 
adsorbs for some time, the residence time, that depends 
on the local temperature.  A general pore with an ir-
regular surface can be mentally constructed by a per-
turbation on top of a pore with a smooth surface. 
Along the pore, there are a large number of voids with 
a power law size distribution within the fractal range 
which describes the regolith at the Apollo sites [2]. In 
order to produce more realistic water ice distributions 
the effects of the all grain surface specifications are 
included in our novel analysis.  

An accurate understanding of the temperature pro-
file  in the sub-surface is central to the modelling of the 

water ice distribution in depth since the molecules’ 
mobility is controlled not only by the pore size and 
geometry but also by the residence time. We use tem-
perature maps constrained by the latest LRO Diviner 
measurements (nighttime surface temperatures for the 
north pole are shown below) [3]. However, besides the 
physical conditions for ice stability one needs also to 
consider the locales where there has been a delivery of 
volatiles over the last two and half billion years. The 
best candidates are the regions that present the highest 
hydrogen concentrations as seen by the Lunar Prospec-
tor Neutron Spectrometer [4]. Currently, we are con-
sidering including weathering and/or gardening in our 
models [5]. 
 
References: [1] Schorghofer, N., and G. J. Taylor 
(2007), J. Geophys. Res., v. 112, E02010, 
doi:10.1029/2006JE002779. [2] Heiken, G. H., D. T. 
Vaniman, and B. M. French (Eds.) (1991), Lunar 
Sourcebook: A User’s Guide to the Moon, 753 pp., 
Cambridge Univ. Press, New York. [3] Page, D. et. al 
(2010) Science (in press) (see also 
http://diviner.ucla.edu/). [4] Teodoro, L.F.A., Eke, 
V.R.and Elphic, R.C. (2010),  v. 37, L12201. [5] 
Crider, D., and R. Vondrak (2003), Adv. Space Res., v. 
31(11), 2293-2298. 
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Introduction:  Many problems must be overcome 

for human civilization to thrive throughout and beyond 
the 21st Century.  Among them are the seemingly unre-
lated problems of economic access to space; the con-
tinuing depletion of Earth’s material resources in order 
to maintain national and international economies; and 
conflicts among culturally different nations, sometimes 
of different political ideologies. 

At least a portion of these problems may be re-
solved through the application of resources from the 
Earth’s nearest neighbor, the Moon. 

Potential Lunar Resources and their Applica-
tions:  The confirmation that volatiles, especially wa-
ter, are present in cold traps in the Moon’s polar re-
gions have recently generated intensifed discussions 
on how lunar resources might serve cis-Lunar space 
operations and NASA’s ambitions for the exploration 
of Mars.  For example, if propellant depots are estab-
lished in Earth orbit, they may be supplied more eco-
nomically from the Moon than from the Earth and may 
become the first products of economical value from 
the Moon. 

Other volatiles that are believed to have migrated 
into lunar cold traps include methane and other hydro-
carbons, oxides of carbon, and ammonia – basically 
the constituents of comets – providing the elements 
needed in order to grow food on the Moon.  In short, 
the cold traps may be chemical repositories that enable 
human lunar settlements, providing both consumables 
for the settlements and exportable products. 

The economics of settlements may be further en-
hanced through their use of some of the major ele-
ments of the Moon, for example, aluminum, iron and 
titanium for structures and silicon for solar cells, the-
reby reducing what must be brought from the Earth to 
the Moon.  In turn, the presence of lunar mining set-
tlements may lower barriers associated with other 
possible uses of lunar resources, such as materials 
and/or components for space solar power satellites 
which would perhaps justify the construction of elec-
tromagnetic launch systems on the lunar surface.  In-
expensive launch capabilities might additionally ena-
ble favorable economics for transporting high value 
elements to the Earth, for example platinum-grade 
metals from the meteoritic component of regolith or 
other elements from the maria or highlands of the 
Moon that might be used in terrestrial energy and/or 
electronics components (e.g., tellurium for cadmium-
telluride solar cells). 

While this sequence is notional and incomplete, it 
is nevertheless illustrative of the kind of evolving, 
growing economic scenarios, invoking positive feed-
back loops, that will be necessary in order to colonize 
bodies other than the Earth. 

A New Kind of Exploration Program:  In order 
to evaluate whether lunar resources can enable more 
affordable space activities or provide solutions for 
terrestrial problems, a campaign of lunar surface mis-
sions, perhaps a decade in length, are needed to ac-
complish the following objectives: 
• Identify the locations, forms, and concentrations 

of lunar resources (i.e., resource prospecting), 
• Evaluate various methods of extracting and 

processing lunar resources (i.e., technology devel-
opment and demonstrations), and 

• Determine the institutional conditions that would 
enable the productive use of lunar resources (i.e., 
economics evaluations). 

Because the Moon is in close proximity to the 
Earth, a lunar exploration program designed to accom-
plish these objectives does not require a human lunar 
presence.  The program, in fact, can be conducted in 
the context of a new space exploration paradigm – 
participatory exploration – where students and other 
members of the public, including people of multiple 
nations, are highly engaged in the cooperative and 
collaborative exploration of the Moon. 

Conclusions: During the next decade, the Moon 
can be the setting for the accomplishment of a new 
kind of exploration program, one that has the triple 
goals of 1) assessing the resource potential of the 
Moon, 2) substantially supporting national education 
objectives and 3) broadly engaging international part-
ners in peaceful space exploration activities. 

The effort may lead to the use of lunar resources to 
reduce the mass of what must otherwise be launched 
from the Earth, making operations in cis-Lunar space 
more affordable;  to support the human exploration of 
Mars and other destinations beyond Earth’s orbit; and 
to provide affordable, sustainable energy systems for 
the Earth and/or solutions to other materials-related 
terrestrial problems.  In the end, a determination that 
lunar resources are economically useful and important 
to society may constitute the strongest possible ratio-
nale for the return of humans to the Moon. 
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Introduction: The heat-flow probe directly ad-

dresses the goal of the Lunar Geophysical Network, 
which is to understand the interior structure and com-
position of the Moon [1].  

To place 1kg on the surface of the Moon costs 
~$50k to$100k. Thus, any scientific instruments must 
be efficient with respect to limited spacecraft resources 
such as mass, power, and volume without compromis-
ing on quality scientific measurements.  

A key challenge for a heat-flow probe will be get-
ting to a 3m depth, i.e. below the depth of penetration 
of the annual thermal wave.  

Pneumatic Proboscis Heat-Flow Probe Concept: 
The heat flow probe system uses a pneumatic (gas) 
approach to lower the temperature and thermal con-
ductivity sensors attached to a bi-convex tape to >3 
meters. The system is a revolutionary innovation for 
small landers as it has extremely low mass, volume, 
and simple deployment.  

The pneumatic heat flow architecture implements 
concave/convex tapes in a different manner to arrive at 
a bi-convex (lenticular) shape.  A set of two tapes are 
arranged in a biconvex configuration and bound to-
gether, forming a rigid rod capable of pressing the 
needle tip into the soil.  RTDs are integral to the tape.  
The tape is coiled around a deployment drum similar 
to how a tape measure functions.  The full length of 
the heat flow probe can then be packaged in a small 
form factor around the drum.  Compressed gas is 
plumbed to the nozzle at the end of the tape which 
provides the mechanism for penetration into the re-
golith. A heating needle with an RTD protruding from 
below the cone measures the temperature and conduc-
tivity of undisturbed regolith ahead of the cone.  

Helium gas, used for pressurizing liquid propellant 
and typically vented once on the surface, can be scav-
enged from the lander propulsion system, making the 
thermal probe system lighter. Honeybee demonstrated 
that 1 gram of N2 at 5 psia can lift 6000g of JSC-1a in 
lunar conditions (vacuum, 1/6g) [3]. Thus, only a 
small amount of gas would be required. 

The purpose of the heat flow probe experiment was 
two-fold. First, it was to demonstrate deployment of 
the probe into the air-dry tephra on the slopes of 
Mauna Kea volcano on the Big Island of Hawaii to a 
depth of ~50cm (20 inches) using pneumatic-proboscis 
system. Second, it was to demonstrate data acquisition 
system by acquiring thermal data, that includes actual 

temperature in at least two subsurface locations and to 
acquire thermal conductivity data of the soil. 

The system successfully reached a depth of ~50cm 
(maximum extend of the proboscis tape) and acquired 
thermal data (thermal gradient and conductivity using 
a needle probe). We calculated thermal conductivity 
and found it to be ~0.2 W/m/K. 

 
Figure 1. Pneumatic Proboscis deployment of heat flow 
probe uses compressed helium gas to advance below 
the regolith surface. 

 
Figure 2. The prototype system a size of a laptop was 
deployed on Mauna Kea lunar analog in February 
2010. 

References: [1] Science Definition Team for the 
ILN Anchor Nodes, ILN Final Report (2009). [2] 
Zacny, K. Methods and Considerations for Heat Flow 
Probe Deployment, NLSI (2009). [3] Zacny, K. (2009) 
LPS XXXX, Abstract #1070. 
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Introduction: There are many reasons for pene-

trating below the surface of an extraterrestrial body. 
These include obtaining a core or powder samples that 
have been preserved for millions of years. Another 
reason is to provide subsurface access for scientific 
instruments such as heat flow probe and neutron spec-
trometer.  

There are a number of challenges associated with 
penetrating extraterrestrial bodies, which include sci-
ence drivers (depth and size of a sample), mission con-
straints (mass, power, volume, communication delay) 
and environmental constraints (temperature, atmos-
pheric pressure or vacuum, dust, geological uncer-
tainty).  

This presentation will outline history of lunar drill-
ing with emphasis on Apollo and Luna missions. Chal-
lenges associated with drilling on the Moon will be 
described and a number of available drill systems and 
new lunar drill developments will be shown. We will 
also report test results with various drilling systems 
(sonic, percussive, and rotary) and describe how these 
two different approaches compare. 
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 Russian investigations of the Moon by robotic space missions: goals and perspectives  L.M Zelenyi1  

Space Research Institute, RAS, Moscow, 117997, Russia, lzelenyi@iki.rssi.ru 
 
Introduction: The Russian projects are presented which 
are included into the Federal Space Program for Moon ex-
ploration by robotic space missions. The goals of these mis-
sions are considered, which are mainly focused on under-
standing of the origin of the Moon, on studies of natural 
environment on the Earth’s satellite and on exploration of 
possibilities of practical utilization of the lunar natural re-
sources in the future. Perspectives of international coopera-
tion are also discussed within the frames of these missions, 
as well as possibilities of implementation of joint missions 
for lunar exploration with another space agencies.   
. 
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Introduction: Gold plating can be used in space tech-
nology against radiation and for temperature control. 
On the lunar surface, astronauts will be exposed pri-
marily to solar radiation from the sun.  The sun has a 
peak radiation at shorter wavelengths at approximately 
0.5 microns. In order to protect astronauts, scientists 
use gold plating to act as a reflector against tempera-
ture due to this radiation.  Compared to 3 other feasible 
metals: aluminum, silver, and copper; gold is the better 
alternative in terms of protection.  Although silver and 
aluminum would offer a superior reflective quality to 
visible light, these metals would chemically react to 
form sulphides and lose their reflective qualities. [1] 
Although being the most expensive material out of the 
rest, gold is still preferred for many space applications 
because of its versatility to be applied to many sub-
strate materials.  Unlike aluminum, it can only be ap-
plied to thermal evaporation or sputtering to substrate 
materials decreasing its feasibility by its lack of worka-
bility. 
 
Two major techniques for the application of thin gold 
coating to organic and inorganic substrates have been 
heavily researched.  The 'Liquid bright gold" method 
use complex gold compounds applied to organic sol-
vents. The solution is sprayed through heavily con-
trolled heating operations to ensure that the compound 
will decompose the organic material to form a film like 
reflector. An extension of this method is to add with an 
aliphatic amine with salt gold to form an aqueous solu-
tion.  The advantage of this method is that it can be 
applied to a larger array of substrates and does not re-
quire heat treatment during the process. [2] 
 
The cost of golden reflector film production must be 
cost feasible.  Scientists have employed a method to 
achieve film thickness at minimal cost while giving the 
full reflective properties.  It has been found that the 
effective thickness must be 1000 Angstroms consisting 
of approximately 2 grams of gold.  This amount will 
cover one square meter costing about $2.50. [3] For the 
reflector of astronauts' space helmets, the film is about 
500 Angstroms.  The optical coating will reduce glare 
from sunlight while offering sufficient vision for space 
missions. 
 
By acting as a reflector, the gold coating also acts as a 
passive temperature control application.  This will con-

tain heat, along with its low emission of radiant energy 
governed by this formula: 

 
 

W = εσ(T4 - TO
4) 

 
where: 
 

     W  = Radiant flux 
ε   = Emissivity of the surface 
σ = Stefan-Boltzman constant 
T  = absolute temperature of the surface 
To  = absolute temperature of the 
 surroundings 
 

Compared with oxidized Inconel that has a emissivity 
of 0.8, the value for gold is only at 0.05 which is com-
paratively lower. [4] This property can effectively con-
trol temperature such as in the fuel capsules at design 
temperature. During the Apollo mission, low emissivity 
gold coating was used for the pressure vessels of fuel 
cells to maintain constant temperature to keep hydro-
gen and oxygen at constant pressure.  This is important 
as this is needed to have stable chemical reactions 
within these tanks. 

 
Conclusion: The low emissivity and ability to be ap-
plied to many different substrates are properties of gold 
that enables it to be a good application for useful and 
feasible temperature control in space.  Future manned 
missions should focus on further developments and 
research to develop a composite gold film with similar 
properties at a more effective and lower cost. 
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Introduction: Concrete has long been proposed for 

the use of lunar mission habitations due to its strength 
and temperature variation and abrasive resistance. [1] 
It is a versatile material that is capable of withstanding 
radiation and micrometeorites. The data is based on the 
findings from the Apollo 16 lunar soil sample findings 
from Construction Technology Laboratories (CTL). [2] 

In 1986, the National Aeronautics and Space 
Administration (NASA) awarded 40g of lunar soil to 
CTL to investigate using native mare soil in the con-
struction of concrete. Using a scanning electron micro-
scope (SEM) equipped with a Tracer Northern Energy 
Dispersive X-Ray (EDX) spectrometer system, they 
have found that the major elemental composition in-
cluded Calcium (Ca), Aluminum (Al), and Silicon (Si). 
Further investigation into other available data on Apol-
lo lunar samples show that lunar regolith have a typical 
calcium oxide (CaO) content of nearly 12% by weight, 
highland soil of 17%, basalt rocks of 14% and calcium-
rich plagioclase of 19%. [3] The composition can be 
compared to the typical Portland cement that is current-
ly the most frequent used cement in concrete in the 
world. Portland cement contains 65% CaO, 23% silica 
(SiO2) and 4& Alumina (Al2O3). [4] It can be derived 
that lunar regolith has the high potential for being used 
in concrete. The crystalline structure observed show a 
high level of angularity in particles. This characteristic 
will increase the bonding between aggregate and ce-
ment paste increasing the strength, durability, abrasive 
and temperature variation resistances.  Lin concludes 
that the investigation from data obtained from the 
scientific experiment that lunar regolith can produce 
high quality concrete for lunar construction. [5] 

Lin’s study however did not take into account the 
effect of vaccum present on the moon.  This posed as a 
potential problem as little investigations have been 
made into the behavior of concrete in vacuum. The 
Novel Testing Program initiated at the Los Amalos 
National Laboratory compared test (under vacuum) and 
control cylinders (with atmospheric pressure) to ana-
lyze the effects of vacuum on the water content 
changes within the structure of concrete. A vacuum of 
3.99 x 10 .4 Pa was used during the experience. 

In concrete, water is found in the in the hydration 
product, the absorbed water in particulars and con-
densed within capillary pores. Under vacuum treat-
ment, Cullingford and Keller found that this produced 
an increased of free water loss. This evaporation is 
found to be 0.92 x 10-8g/sec•cm2 in the test specimen.  

Theoretically, the value of evaporation under vacuum 
is 3.97 x 10-8g/sec•cm2 calculated from the formula 
derived from the kinetic theory of gases equation: 

 
W = 5.83 • 10-2 α Pv (M/T)-0.5 

where 
 

W = rate of evaporation (g/sec•cm2) 
α = rate of evaporation  
 Pv = saturation vapour pressure (torr) 
M = molecular weight 
T = temperature (K) 
 

The discrepancy is within a reasonable change and 
along with reasonable constant temperatures allow for 
the conclusion that concrete is relatively stable in a 
vacuum environment. [7] The internal structure of con-
crete was not compromised in terms of compressive 
strength as shown in the chart below. 
 

 
Figure 1: Water Content based on Dry Mass vs Time (days) [8] 
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Introduction: Terrestrial Construction Techniques 
face numerous challenges posed by the different  lunar 
geography and can not be used.  One daunting problem 
is the production of suitable construction materials.  
Materials must offer similar strength, durability and 
other engineering properties to support human habita-
tion as on earth.  It is not feasible to transport large 
amount of construction material from earth to the moon 
due to large transport costs.  Like many space explora-
tion missions, cost is a determining factor. Transporta-
tion alone imposes a cost of $10,000 per kilogram for 
the entire mission making it simply not profitable or 
attractive to potential investors. [1] A potential near-
instantaneous solution would be to develop an asteroid 
mining economy developing of a human-commercial 
market.  It is suggested that this scenario will create the 
economical and technological opportunities not availa-
ble today. The National Aeronautics and Space Admin-
istration (NASA)'s Space Exploration Initiative (SEI) 
promoted industrial involvement in the research and 
exploitation of lunar resources in the early 1900's.  
Although this initiative failed in the end, it prompted 
NASA to consider engaging industry for financial in-
vestments.  Future lunar missions must prioritize pri-
vate investments in this sector in order to meet prelimi-
nary program cost. Therefore due to the lack of fund-
ing, one feasible solution to reducing mission costs is 
to use native material such as lunar regolith to produce 
useful construction material.   
 

It is proposed that a process to devise and extract 
volatiles from lunar regolith can be used to create con-
struction material on the moon.  Currently, space tra-
velling require missions to carry life necessities such as 
air, food, water and habitable volume and shielding 
needed to sustain crew trips from Earth to interplaneta-
ry destinations. [2] In theory, the focus from any lunar 
mineral mission will focus on regolith excavation and 
transportation, water and oxygen production and 
fuel/energy production.  All of these necessities along 
with construction and site preparation will be taken 
from the lunar regolith. [3] In-Situ Resource Utilization 
(ISRU) offers long term sustainability for large human 
colonization.   

 
  The majority of the mineral found on the moon is 

composed of silicates.  Composition of lunar basalts is 
approximately 50% pyroxenes, 25% plagioclase and 
10% olivine by volume. [4] With the chemical compo-

sition in mind, the designer must take into account the 
loads for structure.  In basis structural mechanics, a 
designer must take into account the dead load which is 
primarily from the weight of the construction material 
caused by gravity. Internal pressurization and the 
amount of shielding must also be taken into account as 
this may increase the dead load.  Live loads caused by 
moving or vibrating objects such as ventilation machi-
nery must be also included in the calculation of overall 
design.  A Factor of Safety (like for terrestrial designs) 
must be included for accidental impact loads from po-
tential micrometeorites, possible seismic activity, ex-
treme solar maximums and the like.  This value needs 
to be estimated through experimentation.  As we can 
not test the experiments on the moon, scientists and 
engineers can only conduct these tests under similar 
environment which will have a larger factor of error. 

 
Conclusion: Robotic surveys of the lunar surface 

would be the precursor to the development of in situ 
resources. Advanced technology directed towards 
space mineral exploitation, excavation and effective 
transportation is necessary.  
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Introduction: A typical spacecraft at launch stores 
85% by weight of oxygen for the combustion reaction 
during takeoff. [1] Lunar oxygen produced from lunar 
metals would jumpstart advanced development of a 
space transportation system. It is also suggested that 
because of the abundance of oxygen found in lunar 
soil, lunar oxygen can become a very important eco-
nomic export.  This would enable missions to use the 
moon as a 'refueling hub' for deep space exploration.  
Lunar oxygen, if able to be created, can be condensed 
into a liquid state and stored in tanks to give commer-
cial/military spacecraft the extra fuel to fly into deeper 
space or back onto Earth. 
 
Oxygen production experiments have been carried out 
on natural and synthetic material before. Lunar basalt, 
mare soil and volcanic glass have been tested on its 
nature to produce oxygen.  The NASA Johnson Space 
Center Group has studied the release of oxygen 
through reduction of hydrogen gas at high temperature.  
This chemical reaction will initiate the conversion from 
FeO within the lunar material to iron metal and the 
release of oxygen. Ilmenite (a mixture of iron, titanium, 
oxygen and magnesium) and volcanic glass can be 
found freely on the lunar surface and is comprised of 
considerable oxygen. Therefore, both will become the 
focus of this discussion. [2] 
 
Ilmenite Hydrogen Reduction: 
The experiments use powdered lunar specimens and 
reacted it in flowing hydrogen (122cm3/min) in a mi-
crobalance furnace at temperatures between 900 and 
1100 degree Celsius.  
 

FeTiO3 + H2 --> Fe + TiO2 + H2O 
 

The purpose of the hydrogen flow is to separate ilme-
nite into its primary constituents. This produces iron, 
rutile and water. After reacting the material in this 
manner for 2 to 3 hours, the resulting surface and inter-
nal textures of the material were examined by scanning 
electron microscopy (SEM).The oxidation states and 
relative abundances of iron metal and oxides were de-
termined by iron Mossbauer spectroscopy (FeMS). [3] 
The NASA Group found that the amount of oxygen in 
an ilmenite specimen is independent on the ilmenite 
content.  The availability of oxygen is controlled by 
TiO2.  From the experiment, the predicted maximum 
oxygen yield is approximately 20% of the TiO2 abun-
dance. Further reduction release from TiO2 to Ti4O7 

produces another 5% of oxygen. [4] These results are 
found to be independent on temperature, though expe-
riments have found that FeO in ilmenite is completely 
reduced between the temperature of 900 and 1050 Cel-
sius. 
 
Synthetic Glass Hydrogen Reduction: 
For comparison purposes, the same methodology was 
applied to synthetic glasses with similar elemental 
composition of lunar volcanic glass.  The reduction 
experiment used synthetic glass powder at a tempera-
ture range of 1000 - 1100 degree Celsius to demon-
strate oxygen yield. The results shown that using glass 
as a starting material also yield a large percentage of 
oxygen from reacting FeO.  Other glasses with similar 
composition to Apollo volcanic glass samples have 
also been tested with similar results in terms of oxygen 
yield. [5] The difference between the synthetic glass is 
that the yielding oxygen is dependent on both composi-
tion AND temperature. 

 
Conclusion: High temperature hydrogen reduction 
experiments have shown that it is feasible to produce 
oxygen using lunar ilmenite and volcanic glass.  Both 
have confirmed results that would yield an acceptable 
amount of oxygen. 
 
Further Research: Although the process is a feasible 
method of extracting oxygen from lunar material.  Fur-
ther research should focus on defining efficient mineral 
extraction methods to identify high grade ilmenite.  
Instrumentation to control and monitor the chemical 
process and report on the experimental results must be 
investigated.  From a social and economical point of 
view, an economic model for lunar oxygen business 
must be developed and analyzed. 
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  Introduction:  In 2004, the world’s iron steel 
consumption exceeded 1 billion tons. [1] Spec-
troscopic studies suggest certain asteroids contain 
much needed material such as “nickel-iron metal, 
silicate minerals, semiconductor and platinum 
group metals, water, bituminous hydrocarbons, 
and trapped or frozen gases including carbon dio-
xide and ammonia.”  [2] Platinum metals found in 
asteroid have significant richer grades (up to 20 
times richer) as compared to levels found on 
Earth. [3] As a starting point to “asteroid coloni-
zation”, Near-Earth asteroids (NEA) orbiting 
Earth could potentially be the first locations to 
excavate asteroid mines. Like many space explo-
ration missions, cost is a determining factor. 
Transportation alone imposes a cost of $10,000 
per kilogram for the entire mission making it 
simply not profitable or attractive to potential 
investors. A potential near-instantaneous solution 
would be to develop an asteroid mining economy 
developing of a human-commercial market.  It is 
suggested that this scenario will create the eco-
nomical and technological opportunities not 
available today.
  Missions of that caliber would require the use of 
native material and energy on celestial objects to 
support future human and robotic explorations. 
The process of collecting and processing usable 
native material is known as In-situ resource utili-
zation (ISRU). Currently, space travelling require 
missions to carry life necessities such as air, food, 
water and habitable volume and shielding needed 
to sustain crew trips from Earth to interplanetary 
destinations. [4] ISRU is a concept to increase the 
efficiency of space missions by reducing the 
amount of material brought from Earth. This is a 
difficult obstacle and ISRU researchers are striv-
ing to greatly reduce expenses by proposing tech-
nologies that will enable missions to be self-
sufficient. In addition, mission consumable pro-
duction, surface construction, manufacturing and 
repair with in-situ resources and space utilities 
and power from space resources are technological 

areas that would significant advanced through 
advanced research in ISRU. [5] NASA currently 
has centers directly involved in the research of 
ISRU technology.  The cost/benefit ratio of such 
a technology is still a widely debated topic 
amongst the academic community.
  Conclusion: The horizon for this is not the cur-
rent moment but resources are running out on 
Earth and companies and governments are look-
ing at this.  What needs to be done is a cost anal-
ysis of rare minerals that could be accessed even-
tually.  Robotic surveys of the NEA would be the 
precursor to the development of in situ resources. 
Methods for comparing different asteroids based 
on trajectory and other criteria to maximize 
project economic feasibility needs to be further 
researched and explored. 
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Introduction:  Facilities on the lunar surface will 

challenge contemporary ideas of structural analysis by 
structural and civil engineers, as well as designers, 
constructors and logistics planners. Exposed habitation 
units will face many issues regarding the extreme lunar 
temperature cycles and effects of high vacuum. [1] 
Exposed material and structural fatigue due to extreme 
lunar temperature cycles and temperature sensitivity 
differential on continuous structural components must 
be addressed.  Nighttime lows of -110°C (-170°F) 
would mean designers must look at the potential brittle 
fractures and stress concentrations within the potential 
material.  [2] 

A potential partial solution would be to internally 
pressurize supporting members such as those for buck-
ling, stiffening and bracing to meet safety and reliabili-
ty requirement. The unpredictable nature of the lunar 
environment requires minimization of risk to an ac-
ceptable level.  [3] Loading must take into account the 
1/6 gravity of the moon. This means a structure will 
have six times the weight-beating capacity (dead 
weight) on the moon as on the Earth. However, it can-
not be assumed that the structure is able to support 
more load due to this fact.  This would only be true if 
the material is linearly elastic. However, most materials 
have a non-linear. Current engineering thinking and 
design is based on the limit-state conditions. Chua et al 
(1992) propose a nonlinear hyperbolic stress-strain 
model to better reflect how structure-regolith simula-
tions can be done using the finite element approach. 

This is exactly the reason explaining the implemen-
tation using kgforce (calculations without gravity com-
ponent).  Structural components must display a level of 
redundancy as in statically indeterminate structures.  
This implies that loads are redistributed to an equili-
brium state when members are to fail. A level of ac-
ceptable risk and safety factors needs to be derived. 

Structural Concepts: Inflatables have long been 
proposed as a feasible and economic method for a 
permanent lunar base. [4] The inflatable pressurized 
tensile structure of fibre composites offers radiation 
shielding under native regolith and little temperature 
variations. Erectable tetrahedral, hexahedral, octahe-
dral structures have also been proposed and offers 
many of the same benefits as inflatables. [5] The vari-
ous geometrically configured space frame elements can 
be easily expandable and is quick to construct and in-
stall.   As members of these structures are not natively 

found, it must be pre-fabricated and brought to the 
moon.  Currently it is not economically feasible. 

Summary and Conclusion: This paper presents a 
summary of pressing issues surrounding the designing, 
engineering and construction of lunar habitation units. 
Structural integrity depends on various unpredictable 
factors present on the moon.  Temperature and regolith 
variations must be factored into the design criterion of 
the structure.  Foundational, Material and Structural 
mechanics and behaviour are dependent on these va-
riables. 

Suggested Research: Due to different variables 
within the scope of designing of lunar structures, a me-
thod criterion for the consideration of failure modes 
that differ from terrestrial structures must be created. 
The challenge during the design phase is the inability 
to test design prototypes under lunar environment.  A 
realistic testing scenario can be not realistically tested. 
This in turn does not allow engineers and designers to 
effectively and accurately evaluate the complete struc-
tural life cycle.  

The distance away from Earth in conjunction with 
high costs associated with transport of material to the 
lunar surface suggests the need for the use of native 
material. This is also known as In-situ Resource Utili-
zation (ISRU). This will be extremely important but 
future feasibility analysis into this topic must be re-
searched. 
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Introduction:  Lava tubes are natural conduits 

formed from lava flows.  When the supply source 
stops, this underground tube is formed as the outer 
surface of the lava cools and hardens. Unlike lava tubes 
on Earth which has a maximum diameter of 25 meters, 
lunar lava tubes can span several hundred of meters 
wide and tens of kilometers long. [1] This is due to the 
conditions of basaltic eruptions given the moon's lower 
gravity field and little atmosphere and low viscosity 
flows. Although the size differs, the formational 
processes appear to be similar. [2] 

Evidence derived from the study of terrestrial lava 
tubes along the coast of Hawaii such as the east and 
southwest rift zones of Kilauea Volcano.  Studying the 
structural stability of the Thurston and Kilauea Caldera 
Lava Tubes in this region under seismic activities for 
the past century leads to the conclusion that varied lu-
nar seismic history have minimal effect on lava tubes 
generated by meteorite impacts and tectonically origi-
nated moonquakes. [3] 

A variety of factors must be considered to deter-
mine the structural stability of lunar lava tubes.  Gener-
ally, visual inspection identifying faults and slumps 
along lunar rilles will filter out candidates for feasible 
lava tubes. The ratio of roof thickness to interior tube 
width determines the feasibility of lunar lava tubes. 
Under lunar conditions, a ratio of approximately 0.17 
is needed for the structure to remain stable.  Depending 
on the arching of the roof, this ratio can decreased to 
0.10 to 0.13 allowing for thinner roof depths. [4] Using 
the Lunar Orbiter and Apollo photographs, the tube 
lengths can be used and an estimate for the tube depth 
and roof thickness can be estimated following the cra-
ter-geometry Horz formula:  

 
t = d • 0.25 • 2 

where 
 

d = maximum crater diameter 
 t = estimated minimum roof thickness 

 
Using this equation, Coombs and Hawks have identi-
fied 90 lava tube candidates along 20 lunar rilles from 
the lunar regions of Oceanus Procellarum, Northern 
Imbrium, Mare Sereitatis and Mare Tranquillitatis.   

Composition of lunar lava tube regolith is also a va-
riable determinant of structural stability.  After identi-
fying intact lava tubes, the concept of “lunar concrete” 

is introduced to increase loading capacity.  Cast rego-
lith would be very similar to terrestrial cast basalt 
where the regolith is melted and let to cool to form a 
crystalline structure.  The compressive and tensile 
building components are strengthened as a result. Ad-
vantages of sulfur based lunar concrete is its strength, 
durability and excellent shielding properties. In terms 
of economics, the construction and transport costs are 
both reduced using the concept of In-Situ Resource 
Utilization (ISRU). 

Sulfur based concrete samples were created to 
study the feasibility of using lunar regolith and binders.  
The most important factor in using sulfur concrete 
compared to terrestrial hydraulic concrete is that it 
does not need water to gain strength through chemical 
reaction.  The test shows that this type of concrete can 
gain full strength in a relatively short period of time 
and requires less heat to manufacture. [5] Because con-
crete of any sort is a rather brittle substance, Dr. Omar 
introduced metal fibres in the matrix to increase tensile 
strength and reduce brittleness.  The finding concludes 
that the 25.4mm fiberglass fibres of 0.25% and 0.50% 
weight reduced compressive strength by 27% and ten-
sile strength by 20%. [6] 

Summary and Conclusion: More rigorous method 
of identification of structural stability of lava tubes 
must be identified.  Loading capacity of identified lava 
tubes can be increased by using sulfur-based concrete 
based on lunar regolith.  Sulfur based concrete has 
shown in labs to have higher compressive and tensile 
strength than hydraulic concrete. The maximum com-
pressive strength found was 33.8 MPa with 35% sulfur 
by weight. [7] 
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Introduction: The structure of the lunar interior 

(and by inference the nature and timing of composi-
tional differentiation and of internal dynamics) holds 
the key to reconstructing the thermal evolution of the 
Moon.  Longstanding questions such the origin of the 
maria, the reason for the nearside-farside asymmetry in 
crustal thickness, and the explanation for the puzzling 
magnetization of crustal rocks, all require a greatly 
improved understanding of the Moon’s interior.  
Knowledge of the interior and evolution of the Moon, 
and by extension, other terrestrial planets, will be 
greatly advanced by the Gravity Recovery And Interior 
Laboratory (GRAIL) mission.  GRAIL has completed 
its System Integration Review, and the dual spacecraft 
are currently being assembled in anticipation of a Sep-
tember 2011 launch. 

The GRAIL Mission: GRAIL is the lunar analog of 
the very successful GRACE [1] twin-spacecraft terres-
trial gravity recovery mission that continues to operate. 
GRAIL will be implemented with a science payload 
derived from GRACE and a spacecraft derived from 
the Lockheed Martin Experimental Small Satellite-11 
(XSS-11), launched in 2005. 

GRAIL has two primary objectives: to determine the 
structure of the lunar interior, from crust to core; and to 
advance understanding of the thermal evolution of the 
Moon.  These objectives will be accomplished by im-
plementing the following lunar science investigations: 
• Map the structure of the crust & lithosphere. 
• Understand the Moon’s asymmetric thermal evolu-

tion. 
• Determine the subsurface structure of impact basins 

and the origin of mascons. 
• Ascertain the temporal evolution of crustal breccia-

tion and magmatism. 
• Constrain deep interior structure from tides.  
• Place limits on the size of the possible inner core. 

In addition, as a secondary objective, GRAIL obser-
vations will be used to extend knowledge gained on the 
internal structure and thermal evolution of the Moon to 
other terrestrial planets. 

GRAIL will place two twin spacecraft in a low-
altitude (50 km), near-circular, polar lunar orbit to per-
form high-precision range-rate measurements between 
them using a Ka-band payload. Subsequent data analy-
sis of the spacecraft-to-spacecraft range-rate data will 
provide a direct measure of the lunar gravity, that will 

lead to a high-resolution (30x30 km), high-accuracy 
(<10 mGal) global gravity field. 

The payload, flight system and mission design en-
sure that all error sources that perturb the gravity 
measurements are contained at levels well below those 
necessary to meet science requirements.  

GRAIL’s total mission duration (270-days) includes 
a planned launch in September of 2011, followed by a 
low-energy trans-lunar cruise for the dual-spacecraft 
check-out and out-gassing, and a 90-day gravity map-
ping Science Phase. Initial science products will be 
available beginning 30 days after the start of the Sci-
ence Phase and will be delivered to NASA’s Planetary 
Data System (PDS) no later than 3 months after the 
end of the Science Phase. 

The GRAIL mission team completed its System In-
tegration Review in June 21-24, 2010 and spacecraft 
assembly is underway (Figure 1) at Lockheed Martin 
Space Systems in Denver, CO.  The mission’s single 
science instrument, the Lunar Gravity Ranging Sys-
tem, designed and assembled at the Jet Propulsion 
Laboratory in Pasadena, CA, is nearly complete and 
anticipating on-time delivery for spacecraft integration. 

References: [1] Tapley B. D. (2004) Science, 305, 
doi: 10.1126/science.1099192.   

 

 
 
Figure 1. GRAIL spacecraft assesmbly at Lockheed 
Martin Space Systems, Denver. 
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