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¢ƘŜ aƻƻƴΩǎ wŜǎƻǳǊŎŜǎ 

ÅSunlight 

ÅRegolith 

ÅVolatiles 

ÅExotics 
ïAsteroids? 

ïRecycled spacecraft 

ÅDerived resources 

ÅVacuum 
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Global Average Elemental Composition  

This is 
supplemented 
by lunar ice, 
which provides 
Hydrogen, 
Carbon and 
Nitrogen (plus 
many other 
elements) 

Elemental composition 
of Lunar Soil 
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Terminology 

ÅRegolith:  broken up rocky material that blankets 
a planet, including boulders, gravel, sand, dust, 
and any organic material 
ÅLunar Soil:  regolith excluding pieces larger than 

about 1 cm 
ïhƴ 9ŀǊǘƘΣ ǿƘŜƴ ǿŜ ǎŀȅ άǎƻƛƭέ ǿŜ ƳŜŀƴ ƳŀǘŜǊƛŀƭ ǘƘŀǘ 

has organic content 
ïBȅ ŎƻƴǾŜƴǘƛƻƴ άƭǳƴŀǊ ǎƻƛƭέ ƛǎ ǾŀƭƛŘ ǘŜǊƳƛƴƻƭƻƎȅ ŜǾŜƴ 

though it has no organic content 

ÅLunar Dust:  the fraction of regolith smaller than 
about 20 microns (definitions vary) 
ÅLunar geology does not generally separate these 
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Regolith Formation 

ÅImpacts are the dominant geological process 
ÅLarger impacts (asteroids & comets) 
ïFracture bedrock and throw out ejecta blankets 
ïMix regolith laterally and in the vertical column 

ÅMicrometeorite gardening 
ïWears down rocks into soil 
ïMakes the soil finer 
ïCreates glass and agglutinates 
ïCreates patina on the grains via vapor deposition 

ÅLunar soil is completely unlike terrestrial soil 
ïNo lunar soil simulant can meet every need 
ïToo expensive, $10K - $100K per ton for the best simulants 
ïWe must design simulants to meet specific needs 
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Boulders & Cobbles 

ÅRock fields usually 
around young craters 

ÅExposed rocks slowly 
άŘƛǎǎƻƭǾŜέ ƛƴǘƻ ǊŜƎƻƭƛǘƘ 
by micrometeoroid 
impacts 

ÅBuried rocks can survive 
long times 

ÅSoil rakes may extract 
them from the regolith 
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Soil Particle Size Distribution 

Credit: Khalid Alshibli 
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Soil Maturity 

ÅSoil formed by a recent 
impact is immature 

ïCoarser, less glass 
content, fewer 
agglutinates, less 
nanophase iron 

ÅExposure to 
micrometeorite garding 
makes it submature 
then mature 
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Soil Compaction 

ÅLoose on the surface 

ÅGenerally increases in 
compaction with depth 

ÅLooser at the rims of 
young craters 

ÅMay be looser in the 
permanently shadowed 
craters and areas of low 
insolation 
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Flowability of Lunar Soil 
ÅLunar soil does not flow 

well 
ïSharp, angular particles = 

high friction 
ïDust content = high cohesion 
ïLow Gravity 

ÅLunar soil simulants often 
flow too easily 
ïJSC-1A flows far too easily 
ïNU-LHT series much better 

but very expensive 

ÅTechnologies developed to 
keep it from jamming 
ïPneumatic 
ïMagnetic 
ïVibration (risk of compacting) 
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Composition of Lunar Soil 
ÅMixture of minerals, rock 

fragments, glass spherules, 
breccias, and agglutinates 

ÅMinerals include pyroxene, 
plagioclase, ilmenite, basalt, 
etc. 

ÅMixed laterally by impacts 
ïEvery location on the Moon 

contains soil particles from every 
part of the Moon 

ÅNevertheless, soil composition 
varies both locally and 
regionally 
ïHighlands vs. Mare 

ÅCan we somehow sort the 
minerals? (Beneficiation) 
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Magnetic Susceptibility of Lunar Soil 

ÅParticles coated with a 
glass patina or rim from 
impact vapor deposition 

ÅRims contain nanophase 
iron particles, npFe 

ÅnpFe is 
superparamagnetic, 
dominates among fines 

ÅLarger particles may be 
paramagnetic 

Å[Φ ¢ŀȅƭƻǊΩǎ ǊŜǎŜŀǊŎƘ 
showed a null result (so 
far) in magnetic 
beneficiation of minerals 
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Source: Credit: Keller et al, 1999, via Larry Taylor 



Electrostatics of Dust 

ÅDust becomes electrically 
charged via: 
ïUV light (photocharging) 
ïFriction (tribocharging) 

ÅElectrostatic charge can make 
dust cling to surfaces 

ÅElectrodynamic dust screens 
developed to move dust by its 
charge 

ÅElectrostatic beneficiation  
ïQuinn, et al successfully 

concentrated desirable minerals 
ïOthers in the community have 

disputed this result 
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Mare and Highlands 

Mare Highlands 

Resources for 3D Additive Construction on 
the Moon, Mars and Asteroids 

16 



Regional Composition Variations  

From S. 
Schreiner, 
άaƻƭǘŜƴ Regolith 
Electrolysis 
Reactor 
Modeling and 
Optimization of 
In-Situ Resource 
Utilization 
{ȅǎǘŜƳǎέΣ tƘ5 
Dissertation, MIT, 
2013. 
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Procellarium KREEP Terrane 
ÅKREEP = Potassium (K), Rare Earth Elements (REE), 

and Phosphorus (P) 

ÅCorresponds to region of high uranium, thorium (see 
map), and potassium 
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Binders on the Moon? 

ÅNo clay minerals 
ïMay be formed by artificial chemical weathering of 

plagioclase minerals 

ïNever has been tested 

ÅSulfur 
ï0.16% to 0.27% in mare soils 

ïMay be extracted (along with solar wind implanted 
volatiles) via heating 

ïLunar daytime temperatures approach its melting point 

ÅBasalt fibers have been spun from simulants but the 
process needs more development 

ÅOthers? This is a key challenge in additive construction! 
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Lunar Volatiles 

ÅHydrogen (H, OH, H2O) has been implanted via 
solar wind and other processes 

ï65 ppm equatorially 

ïAveraging about 120 to 150 ppm near the poles 

ïA monolayer or worked into the bulk? 

ÅIce deposits in the bulk regolith inside the 
permanently shadowed regions (PSRs) 

ÅPossibly also surface frost in the PSRs 
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Figure 8 Overlay of epithermal* counting rates in each 2 ° by 2° equal area pixel poleward of 

±70° with surface relief maps of the lunar poles (28).  

W. C. Feldman et al. Science 1998;281:1496 -1500 

Published by AAAS 
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LCROSS Impact 

Å4 to 6 MT material 
ejected 

ÅVolatiles comprised 
much as 20% of mass 

ÅNot just water 

ïCH4, NH3, H, CO2, CO 

ïMetals including sodium, 
silver and mercury 

ÅPhysical state of the ice 
is unknown 
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Other resources 

ÅAsteroid remnants on the Moon? 

ïA paper in Nature suggests 25% of asteroid 
impactors did not vaporize and the fragments 
exist in the central uplift peaks of the craters 

ÅRecycling old spacecraft parts 

ïBut the historic lunar sites (Apollo, Surveyor, 
Ranger, and presumably the Soviet sites) are 
protected for their historic and cultural value 
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Derivative Lunar Resources 

ÅPlastics made from lunar volatiles via Fischer 
Tropsh process 

ÅMetals refined from lunar soil 

ÅCeramics 

ÅProcessing for these derivative materials 
requires significant infrastructure and energy 
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Molten Regolith Electrolysis 
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Molten Regolith Electrolysis 

The metals and silicon will be dissolved in the iron, not separated. A subsequent 
processing stage such as vacuum distillation is needed to isolate elements. 
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From S. 
Schreiner, 
άaƻƭǘŜƴ 
Regolith 
Electrolysis 
Reactor 
Modeling and 
Optimization of 
In-Situ Resource 
Utilization 
{ȅǎǘŜƳǎέΣ tƘ5 
Dissertation, 
MIT, 2013. 



Molten Regolith Electrolysis 

¦ǎƛƴƎ ǊŜŀǎƻƴŀōƭŜ ŀǎǎǳƳǇǘƛƻƴǎΣ ƛǘ ǘŀƪŜǎ рȄ ƳƻǊŜ ŜƴŜǊƎȅ ǘƻ ŜȄǘǊŀŎǘ ŀ άƳƻƴƎǊŜƭ 
ŀƭƭƻȅέ ǘƘŀƴ ǘƻ ƳŀƪŜ ŀƭǳƳƛƴǳƳ ǳǎƛƴƎ ǘŜǊǊŜǎǘǊƛŀƭ ōŀǳȄƛǘŜ 
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From S. 
Schreiner, 
άaƻƭǘŜƴ 
Regolith 
Electrolysis 
Reactor 
Modeling and 
Optimization of 
In-Situ Resource 
Utilization 
{ȅǎǘŜƳǎέΣ tƘ5 
Dissertation, 
MIT, 2013. 



Fluorine Processing of Regolith 
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Caustic Dissolution & Electrolysis 
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Source: Taylor, Lawrence A., and W. David Carrier III. "Oxygen production 
on the Moon: an overview and evaluation." Resources of near-earth space 
1 (1993): 69-108. 
 



Hydrogen Reduction of Ilmenite 
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 SPENT, REACTED  
SOLIDS 

Å Requires beneficiation to 
isolate ilmenite, otherwise it is 
less energy efficient and the 
spent solids are mixed minerals 

Å Much of the ilmenite is left 
unreduced 

Å Useful for oxygen production 
but probably not for metal 
production 

Å A version has been field tested 
on Mauna Kea in the 2008 ISRU 
Field Test 
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2008 ISRU Field Test 
ROXYGEN: Hydrogen Reduction 
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Methane Reduction of Ilmenite 

 

FeTiO3 + CH4 ăĄ Fe + TiO2 + CO + 2H2 

2CO + 6H2 ăĄ 2CH4 + 2H2O 

H2O ăĄH2 + ½ O2 

ÅάCarbothermalέ 
Å Requires beneficiation to 

isolate ilmenite 
Å Useful for oxygen production 

but probably not for metal 
production 

Å A version has been field tested 
on Mauna Kea in the 2010 ISRU 
Field Test 
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Source: Taylor, Lawrence A., and W. David Carrier III. 
"Oxygen production on the Moon: an overview and 
evaluation." Resources of near-earth space 1 (1993): 69-108. 



2010 ISRU Field Test 
Carbothermal: Dust-to-Thrust 
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1980 Ames Summer Study 
100 Ton, Self-replicating Lunar Factory, 80% Closure 
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Lunar Factory Components 

ÅMining robots 

ÅPaving robots 

ÅSolar cell makers 

ÅAssembly robots 

ÅFactory warehouse robots 

Å¢ǊŀŘƛǘƛƻƴŀƭ ƳŀƴǳŦŀŎǘǳǊƛƴƎ όάǎǳōǘǊŀŎǘƛǾŜέύ 

ÅEtc. 
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Self-Replicating Lunar Factories 
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Asteroids 
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Some Basics 

ÅMany (or most?) asteroids are covered with 
regolith 

ïApparently formed by thermal fatigue (rocks cracking 
by thermal cycling) and impact processes 

ÅMany asteroids are rubble piles 

ÅAsteroids are divided into many spectral classes 

ïMeteorites give compositional insight into these 
classes 

ÅAsteroids are divided into many trajectory classes 
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Regolith 

ÅBoulders, cobbles, 
gravel 

ÅNot sure how much fine 
material (sand) 

ÅElectrostatics and solar 
wind might winnow off 
the dust and even sand 

Åά5ǳǎǘ ǇƻƴŘǎέ 

ÅNew regolith constantly 
generated 
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Credit: Mark Robinson, Northwestern University 



Asteroid Spectral Classes 

 

Some major Near -
Earth Asteroid 

Class es 
Inferred Major Surface Minerals  

S Olivine, pyroxene, metal 

Q Olivine, pyroxene, metal 

C (dry) 
Olivine, pyroxene, carbon compounds 

C (wet) Clays, carbon, organics, ice 

M Metal, enstatite 

B Clays, carbon, organics 

D Organics, silicates, ice 

P Organics, silicates, ice 

K Olivine, orthopyroxene, opaques 

E Mg-Pyroxene 
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Iron Meteorites 

Composition:  metals, primarily iron, nickel  and cobalt 
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Source: 
http://www.arizonaskiesmeteorites.com/AZ_Skies_Links
/Meteorite_Photos/Irons/ 

Credit: Wikimedia 



Stony-Iron Meteorites 

Metal: nickel-iron 
Silicates: primarily olivine  44 
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Source: https://glacialtill.wordpress.com/2011/04/25/meteorite-
monday-stony-iron-meteorites-or-space-rock-bling/ 

Source: http://www.earthsciences.hku.hk/shmuseum/ 
earth_evo_02_meteorities.php 


