
Figure 1: LEFT: Apollo 15 lander& launcherrockets, moon buggy, and astronautmore than 30 yearsago
RIGHT: NASA artist’s depictionof a futurelunarbase.

PERMANENT – Chapter 2 – Lunar Materials Utilization

Excerptsfrom a websitedevelopedby physicistMark Pradoon issuesrelatedto spacetransportationand
resources.[www.permanent.com]

1 Overview – of lunar materials and their Utilizaiton

1.1 Why Lunar Materials?

Lunarmaterialsaremoreeconomicallyattractive asfeedstocksfor largescalespace-basedindustrializationthan
arematerialsblastedup from Earth, in the overall analysis. Whetherlunar materialsaremoredesirablethan
materialsfrom asteroidsnearEarthis thesubjectof muchdebate.Thiswebsitepresentsthemeritsof bothcases.
It wouldnotbesurprisingto seebothlunarandasteroidalmaterialsused,in asynergistic manner.

1.2 Transportation Costs

TheEarthis 81 TIMES asmassive asthemoon. As a result,it costsa whole lot moreto getmaterialsoff the
Earththanit doesto get themoff theMoon. In orderto stayasnontechnicalaspossible,a visualexamplewill
be presentedfirst. RemembertheApollo program,specificallythe lunarmodule. The lunar moduleconsisted
of two parts– thelanderandthelauncher. Thelauncher, which returnedthemenfrom themoon’s surfaceback
into orbital space,wasnotmuchtaller thanaman.Thefuel tankfor it wassetoff in acorner, andsmallerthana
man– if you hadoneof thosein your room,you couldroll it over andsit on it. In contrast,thefuel andvehicle
requiredto getacoupleof guysandtheirbagsof dirt off of theEarthwould behugeandcomplex.

Indeed,imaginewhatwouldberequiredto LAND alaunchablerocketontotheEarthfrom space(especially
without theassistanceof a brakingatmosphere).We hadto land thereturnrocket onto theMoon. This should
giveyouanideaabouthow easyit is to getonandoff themooncomparedto getonandoff of theEarth,assuming
chemicalrocket means.(Remember, wedid thatwaybackin 1969,just12yearsafterthefirst successfullaunch
of anything into space,i.e., just12yearsaftertheRussianSputnikunmannedsatellitein 1957.)

Secondly, becauseof theMoon’s low gravity andlack of atmosphere,engineershave decidedthatwe don’t
evenneedrocketsto getstuff into space.Therearedesignsandlaboratoryprototypesof anelectric“slingshot”
calleda “MassDriver” which would needno fuel. (It is actuallya launchtube,like a peashooter.) TheMass
Driverwouldshootasteadystreamof smallfiberglasscontainersof lunarmineralsintoorbit to a“MassCatcher”,
wherebythebagswill have sloweddown to almostzerospeeddueto gravity by thetime they reachthecatcher.
Thefiberglasscontainersencasingthemineralswould bemadefrom lunarmaterialon thesurface. In the long
term,thismaybethecheapestway to getmaterialsinto Earthorbit in very largequantities,quickly.

A prototypeMassDriverwasdevelopedfor lunardutyby theSpaceStudiesInstitute(SSI).TheMassDriver
andits initial powersupplyallegedlycouldbelaunchedby oneof today’sexistingrocketsasonepayload,though
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additionallauncheswouldbenecessaryto deliver thefuel propellant,vehicleandgeneralinfrastructurerequired
to deliver it from low Earthorbit to theMoon’s surface.However, theMassDriver maybea high risk device in
theinitial stagesof spacedevelopment,andoneshouldconsiderconventionalchemicalrocketry for lunarlaunch
in thefirst missions.Nevertheless,in thelongrun, theMassDrivercouldmake theMoonmorecompetitivewith
asteroidsasa sourceof material. (TheMassDriver is theantithesisof rockets. Unfortunately, an Earth-based
MassDriver is not very feasibledueto the atmosphere– the payloadswould burn andpossiblybreakup like
meteorsin Earth’s atmosphere,aswell asbeblown into unpredictablecourses,especiallyat thespeedsrequired
to shootstuff off of Earth.)In aprivatesectorscenario,thelunarmaterialmightbeprocessedmainlyby industry
basedin orbital space,andnoton theMoon. Why put theindustryin space?

� 24-hour“noontime”sunlightin orbital spacefor electricalandthermalenergy

� zero-gravity super-high temperaturecontainerlessprocessingin orbit, plus any desiredgravity can be
createdin orbit by centrifuge

� costsandcomplexity of landinganddeploying industrialequipmentontheMoon’ssurface,includinghuge
solarovenmirror arrays;and

� sincesellableproductswill beusedin orbitalspaceanyway, andmostsystemsin orbit will behuge,it may
bebetterto manufacturethemat thesameplaceyouassemblethem.

Notably, like with the transportof asteroidalmaterial,materialdeliveredinto spaceusinga MassDriver
woulddwarf thequantitiesthatcouldbefeasiblysuppliedfrom Earth,andatacostperpoundthatwouldbecome
trivial within a few yearsof completionof aseriousfirst setof infrastructure.

1.3 What is Lunar Material?

Lunarmaterialis prettymuchlike Earth’s crust– silicatedirt – oxidesof metalsandsilicon. Unlike asteroids,
thereareno big freemetaloreson themoon(thoughtherearesomesignificantquantitiesof free iron granules
in the soil, thanksmostly to asteroidcratersandthe lack of waterto rust it). Oxygenis abundantandcanbe
cooked out of the dirt, but othervolatilesarein questionablesupply in lunar soil with the exceptionof ice in
supercold lunar craters.While metalscanbe extractedby space-basedprocessing,the easiestthingsto make
from semi-processedlunarmaterialsare“lunarcrete”,fiberglass,variousglass-ceramiccomposites,andoxygen.
Notably, oxygen,which makesup roughly 40% of lunar soil (boundin molecularsilicatesandmetaloxides),
makesup86%of theweightof fuel propellantsin hydrogen-oxygenrocketry, with hydrogenmakinguptheother
14%. Therefore,at least86%of thefuel usedin orbital operationscouldcomefrom themoon. Notably, there
aresubstitutesfor hydrogen,suchasatomizedmetalpowder, suchasis usedfor theShuttle’s two “solid rocket
boosters”,andwhichcanbereadilymadein spacefrom lunaror asteroidalmaterials.Thus,fuel to transportthe
materialsis anotherproductof lunarmaterial.

1.4 Mining the Moon

Themoonis like abeachof finepowder. Mining thispowdercanbedoneby bucket-cable-reeldraglinesinstead
of heavy Earth-breakingmachinery. The moon’s powdery natureis duepartly to the total lack of a protecting
atmospherewhich hasallowed every meteor, micrometeor, and cosmicparticle to bombardthe surfaceand
pulverizeit over eons.This is combinedwith thefactthattheMoonhasbeengeologicallydead(no reformation
of rocksby sediment,crustfolding, or volcanics)for thelast3 billion years.TheMoon is smallandcooledoff
quickly, in contrastto Earth,whichexplainsdifferencesin theirgeologicnature.Eventheeons-agopulverization
by giganticasteroidimpactshockshasbeenpreserved. Indeed,the Moon is so finely powderedthat Apollo
plannerswereconcernedwith sinkageof thelanderandastronauts.Recallthefine bootprints,sunkenyet every
contourof thebootfinely imprinted.RecallNeil Armstrongcomparingthesurfaceto charcoalash.Themoon’s
powderynatureis idealfor cheapminingandmineralprocessing.
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2 The Origin and Compositionof the Moon

It is importantto first understandwhat theMoon is madeof, andhow it comparesanddiffers from Earthand
asteroids.To morefully understandthis, it helpsto know how the Moon cameinto existenceandthegeneral
processesthatoccurredin its history. Astrogeologyis alsodiscussedin thesectionon asteroids,but this section
doesnot requirethatyou readtheotherastrogeologysection,thoughit maybehelpful to readthelatter.

2.1 Mystery Solved– Where the Moon CameFrom

Themysteryof theorigin of theMoonhasbeensolvedby modernscience.Thefirst clueregardingtheorigin of
theMoon is thefactthattheMoon is gettingfurtherandfurtheraway from theEarthwith eachorbit. It’s a very
slow rateof escapeandit will bebillions of yearsbeforeEarthwill losetheMoon. It’s a well understoodand
measuredphenomenon.In fact,if you go backwardsin time to seehow far theMoon wasfrom theEarthin the
earlydaysof thesolarsystem,starting4.6billion yearsago,youfind thattheMoonwouldbeextremelycloseto
theEarthif not partof theEarthat that time. Thebestway we cantheorizethis happeningis if theMoon were
madeof materialblown off of theEarthby giantasteroidimpact(s),andthatall thematerialfloatingaroundin
low Earthorbitscreateda big cloudor ring aroundEarth(muchlike SaturnandJupiter’s rings). Eventually, the
materialstucktogetherby gravitational force,makingtheMoon.

This is called the “Collision-CondensationTheory” of the Moon, and is the generallyacceptedmodern
theory. (Notably, othermoonsin thesolarsystemorbit aroundtheirplanet’sequator, just like theplanetsall orbit
in theplanearoundthesun’s equator. However, Earth’s Moon is uniquebecauseit doesnotorbit aroundEarth’s
equator. It orbits in theplaneof theSun’s planets,asyou would expectfrom materialblown off of a planetby
asteroidbombardmentcomingfrom theplaneof theotherplanets.Of course,this is fortuitousbecauseit puts
theMoon in theplaneof presentdayasteroidsin thesolarsystem,therebymakingit easyfor theMoon to give
gravity assiststo asteroidpayloadscomingin from interplanetaryspace,asdiscussedin chapter3.) TheApollo
andLunasampleshave furthersupportedthis theory.

2.2 The Structure of the Moon

The origin of theMoon hasseveral fundamentaleffectson lunar geology. First, the Moon is madeof lighter-
weightmaterialblown off of theEarth’s surface,andis poor in materialsfrom theEarth’s mantleandcore.We
seethis in thealuminum-richlunarhighlandgeologies.Wealsoknow by measuringthemassanddensityof the
Moonby Apollo andotherscientificinstruments.Overall, theMoon is not verydense.TheMoondoesnothave
a large metalcore,unlike Earth,aswe know from seismicstudieson theMoon, thoughlaterstudiessuggestit
doeshave a smallheavy, metal-richcore(if not puremetal). (In termsof percent,there’s muchmoremetalin
asteroidson averagethanon theMoon.) Thematerialsavailablefrom theMoon for building thingsin spaceare
generallythelightweightsilicateandmetaloxidemineralsof thelunarcrust.

Second,theMoon is extremelypoor in volatilesof all kinds,with theexceptionof permanentlyshadowed
lunar polar craters.The Apollo soil androck samplesandvariousotherscientificstudiesshow that theMoon
is deficientnot only in waterbut alsovery deficientin compoundscontainingcarbon,potassium,sodiumand
chlorine.Thatwouldbeexpectedfrom aplanetthatformedlate,aftertheSunhadalreadygottenbig andstarted
shining,andthe cloudsof interplanetarydusthadalreadybeengobbledup by planetsso that the sunshined
through. The infant sunwould have causedthe dustrings aroundEarthto losemuchof their volatilesbefore
they hadachanceto accreteagainto form theMoon.

Third, this lack of volatilesnot only meansdeficientlunarsupplies,but alsomeansthatcertainoreforming
processesthatoccurredon Earthcould not have occurredascommonlyif at all on theMoon. Certainvolatile
gaseshelpedin theformationof oresonEarth,e.g.,by dissolvinganddepositingcertainminerals,andin making
moltenmagmasmorefluid.

Fourth,theMoon is small,theEarthbeing81 TIMES asmassive astheMoon. Hence,platetectonicforces
werenot asstrongon the Moon. Also, smallerbodiescool off quicker (in effect having lessinsulation). The
Moon wasmoltenwhenit first formed,but it cooledoff quicker andunderwentlessmetamorphosisthanEarth.
There’s lesschancefor a diversity of deeplayersto have beenexposedon the surface. The lack of weather
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meansno sedimentaryoresason Earth,andno exposedoresdueto weathering(thoughcrateringcanexpose
surfacestrata,too,albeitnotnearlyasdeepasfolding mountaingeologies).TheMoonhaspracticallynofolding
mountainsor volcanoes,andthe landformgeologicactivity still active todayon Earth’s surfacediedout on the
Moon billions of yearsago. Many of the long, slow geologicprocessesthatcreatedmany of theoreson Earth
todaydid not occuron the Moon’s surface. Lunar mountainswerecausedby materialsplashedup by giant
asteroidimpactsandtheaccretionphase.

2.3 Distrib ution and Densityof Ores

In general,muchlessdiversityof oresis expectedontheMoon,accordingto theopinionsof many geologists.On
theotherhand,it shouldalsobenotedthatsomeof Earth’s richestoresarefrom its oldestgeologies,all lopped
togetherunderthenamePre-Cambrian,which meansolder than0.5 billion years.Earthrocksaretypically 10
million to 0.5billion yearsold. (The“age” of a rock is thetime sinceit lastsolidifiedfrom moltenliquid.) The
very oldestEarthrocksare3.5billion yearsold, andarerarespecimens.In contrast,practicallyno Moon rocks
areyoungerthan3.1billion yearsold. TheMoonrocksbroughtbackto EarthareALL quiteold, well preserved
rocks,with highlandsrockshaving solidificationdatesasold as4.48billion yearsago.

The slow cooling of early moltenplanetarymaterialgenerallycausesseparationof differentelementsand
mineralsatdifferenttemperaturesasthemagmacoolsslowly over time. Themagmacooledmuchslower (dueto
nuclearradiation)andin a lessdisturbedwayontheMoon,comparedwith Earthvolcanism.Thiscouldpossibly
have createdsomespecialores. While theoldestcrustaloreson Earthhave mostlybeeneroded,dissipatedor
buried on Eartheonsago,they’re well preserved on the Moon. There’s little physicalevidenceof an original
Earthcrust. Much morerecentPre-Cambrianrock layershave beenexposeddueto uplifts anderosion,andat
someplacesat the continent’s edge.However, thesePre-Cambrianrocksaren’t asrich asthe lunar highlands
in aluminumandcalcium,nor aretheoldestknown Earthrocks,on average.Of course,it’s possiblethatsome
unusualandunpredictedorescouldbediscoveredon thesurfaceof theMoon,thoughwecan’t dependon that.

2.4 Extraterr estrial depositsof oreson Earth

The Republicof South Africa, the richest country in mineral wealth (non-fuel minerals), is largely a Pre-
Cambriangeology. Witwatersrand(“the Rand”) in SouthAfrica is by far the single richestgold producerin
theworld. SouthAfrica hashalf theworld’s platinumgroupmetalresources,andmostof theworld’s chromium
resources.Deepgold minesin Brazil andIndia, andtheextraordinarydepositsof Kalgoorlie in WesternAus-
tralia, areof Pre-Cambrianorigin, as is Siberiangold. The two most importantdepositsof uranium-bearing
mineralsarefoundin thePre-Cambrianrocksof theBelgianCongoandnorthernCanada.

Of course,theSudbury Astroblemein Ontario,thegeologythatproducesmorethanhalf of theworld’snickel
andyieldscobaltandplatinum-groupmetals,is awell preservedPre-Cambrianasteroidimpactcraterof massive
size. It’s possiblethat theslowly coolingmagmaoceansproducedby asteroidimpactson theMoon couldhave
concentratedexotic asteroidelements.But we won’t know until we go thereto investigate.

2.5 The role of water in ore formation – critical or optional?

Earthliteratureoftensuggestsor impliesthatwateris vital in ore-formingprocesses,evenin igneousprocesses
(thoseresultingfrom coolingof moltenrock), becausewaterdissolved in a magmaincreasesfluidity (i.e., de-
creasesviscosity)andencourageselementsto move aroundandbecomeconcentrated.However, wateris not
necessarilyvital for ore production. Besidesasteroidcraterdeposits,the Moon hasplenty of its own sulfur.
Besides,atomsandmineralsmovearoundin adry magma,albeitslowly, andanundisturbedmagmathatstayed
molten for millions of yearscould producesomeinterestingresults. Experimentsstill haven’t beendoneon
various“dry magmasystems”to seewhat processesoccur;suchexperimentshaven’t received supportlargely
becausethey aren’t seenascommerciallyrelevant to Earthoresandmagmas.But 3 billion yearold preserved
magmalakesexist only on theMoon. On Earth,they’re long gone.

Weshouldguardagainstbeingoverly biasedby Earthores.Only asubstantialpost-Apollosurvey will tell us
for surewhetherthereareany specialoreson theMoon. If alienssenthalf a dozensmallApollo-stylescouting
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expeditionsto Earth,it would beextremelyunlikely that they would find any of our greatores.A post-Apollo
survey could possiblyfind fantasticoresthathave no equivalenton Earth. Ore formationprocesseshave been
unveiled andunderstoodusuallyby hindsightafter discovery andanalysis,not by prediction. Many oresare
still not well understood,e.g., in Pre-CambrianSouthAfrica deposits.Indeed,the Apollo andLuna samples
have given us many surprises,and lunar geologyhasturnedinto a very complex field with many mysteries.
However, we can’t counton finding any specialoreswhenit comesto investingto establishthe initial space
basedinfrastructure,building solarpower satellites,etc..

Every major study into mining andprocessinglunar materialassumesthat we will useonly what Apollo
samplesoffer. Nonetheless,theApollo samplesshow thattherearemineralsabundantin thecommonlunarsoil
which arefairly easilyprocessibleto producemajorquantitiesof fiberglass,ceramics,clearglasses,aluminum,
calcium, iron, magnesium,titanium andchromium,aswell asothermaterials– the basicbuilding blocksof
spacedevelopment.For thebasicsof spacedevelopment,we don’t needanything exotic.

However, bulk suppliesof volatileelements,e.g.,hydrogen,carbon,sulfur, will probablyneedto comefrom
asteroids.Oneexceptionis thathydrogencouldcomefrom thepermanentlyshadowedlunarpolarcratersbased
on thediscovery of ice by theClementineandLunarProspectorprobes,asdiscussedlater.

2.6 Highlands VersusLowlands Geology

Like on all planetarycrustsandthe dirt underyour feet hereon Earth, lunar materialconsistspredominantly
of silicateminerals,i.e., silicon andoxygenmolecularlybondedto variousmetalatoms. However, the lunar
highlandsdiffer from the lunar lowlandsmainly in their concentrationsof the metaloxides. The early lunar
crust formeda “magmaocean”which solidified into a crustof the lightestmineralswhich hadfloatedto the
top,predominantlyaluminumcalciumsilicates(“anorthositicmaterial”)about4.5billion yearsago.In fact,this
crustis quiterich in aluminumandcalciumcomparedto Earth’s crust.(Earth’s crustis split into two layers,the
top beingricher in aluminumsilicates,“SiAl”, with anunderlyinglayerof magnesiumrich silicates,“SiMg”.)
However, theperiodbetween4.5and4.0billion yearsagowasmarkedby heavy bombardmentby meteorsand
asteroids,causingintensecratering.

Thehighlandsgeologyis mostlycomposedof overlappinglayersof materialejectedfrom craters,predomi-
nantlytheinitial anorthosite(aluminumrich) crust.Rocksbroughtbackfrom thehighlandsvary in agebetween
3.84and4.48billion yearsold.

Today’s flat lowlands“mare” regions (“mare” is Latin for “sea”) formedabout4 billion yearsagowhen
immenseasteroidimpactsfracturedthecrust,allowing thelavasfrom 300kilometersdeep(200miles) to erupt
throughtheimpactfracturesandform vastseasof lava. (For comparison,Earth’scrusttodayis 50kilometers,or
30miles,thick in mostplaces.)Thismaterialwaspoorin aluminumandcalcium,but rich in ironandmagnesium.
However, thelavasmeltedpreexisting aluminum-richsurfacematerialsandmixedwith them.Thelava wasrich
in theheavier radioactive elementswhichhadinitially settledwell below thecrust,andtheradioactivity keptthe
moltenseasof lava hot for millions uponmillions of years.Marerockshave beenmeasuredto bebetween3.15
and3.77yearsold. The lastmoltenlakesarethoughtto have finally solidified about3 billion yearsago. The
resultingmaterialwhichmakesup thesurfaceof theseancientlavaseasis rich in iron andmagnesiumminerals,
with aremarkablyhighcontentof titaniumminerals.Whenyoulook atthemoon,themaresarethedarkerareas,
andtendto becircularin shapebecausethey formedin giantasteroidimpactspots.

2.7 The Apollo and Luna Landings

TheUSA hadsix Apollo landings,thelastthreehaving electricpowereddunebuggiesto transportsamplesand
astronautsconsiderabledistancesfrom the landingsite. Russiahadseven Luna missionsof unmannedrobots,
someof which took samplesat thelandingsiteanda few of which useda robotvehicleto drive arounda little.
TheApollo samplesarebiasedto theflat lowlandsbecauseit wassaferto landthere.

Apollo 11 and12 werecautiousmissionslandingon the flat lava plainsof Mare Tranquillitatis(“The Sea
of Tranquility”) andOceanusProcellarum.TheApollo 13 missionwasaborted.Apollo 14 landedon theejecta
blanket aroundthe vastMare Imbrium impactbasin. Apollos 15, 16 and17 useda “roving vehicle”, that is,
anelectricpoweredcar to transportsamplesandtheastronautfor muchlongerdistancesthanfeasibleon foot.
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Figure2: Thenearside(left) andfarside(right) of theMoon.

Apollo 15 landedat theedgeof the lava planeinsideMare Imbrium, takingsamplesof both theMareandthe
foot of theApennineMountainswhich form therim of theImbrium Basin(andwhich straddlethe intersection
of MareSerenitatisandMareImbrium).

Apollo 16wastheonly realhighlandslandingof theU.S.,albeitcloseto andsurroundedby mares.Thelunar
modulelandedon a slopeat a harrowing 15 degreeangle.Apollo 17 wassentto theedgeof MareSerenitatis,
wherescientistshadmisinterpretedan unusuallydark areaaspossiblerecentvolcanicdeposits.Instead,they
were3.8 billion yearold lava deposits.The seven Soviet landingswereall in eitherthemaresor in marerim
mountains.

All samplescomefrom the lunarnearside,in andaroundthemares,dueto communicationsproblemswith
Earthfrom thefar side.Thefar sideis almostall highlandmaterial.Thelava flows forming themaresoccurred
almostexclusively on thesideof theMoon facingtheEarth.TheMoon haskeptonesidefacingtheEarthfrom
nearlythetime of its formationdueto gravitationaltidal forces,andtheEarth’s gravity mayhave contributedto
theflows of lava on thenearside.TheMoon is picturedbelow. Thehighlandsarethebright areas,thelowlands
dark. Note thehugesizeof theasteroidcraterswhich createdthemare. TheMoon is a 3000kilometer(2000
mile) wideplanet,sosomeof thosecratersandresultantlava plainsarehundredsof kilometerswide.

The averagecompositionof the Moon’s highlandsandlowlandsbasedon the averageApollo samplesare
alsogivenbelow, andfor comparisonaresetalongsidetheaveragecompositionof Earth’s crust. Keepin mind
that we have limited highlandssamplessincethe Apollos landedin andaroundthe safe,flat lowlandsareas,
exceptfor Apollo 16which landedin asemi-highlandsplaceasdiscussedabove.

Chemicalanalysisin weightpartspermillion.

2.8 Major Lunar Minerals

Beforewediscussmaterialsprocessingin Chapter3, weneedto discussthemineralswearemining. As always,
if this sectiongetstoo technicalfor you, pleaseskip it andcontinueon with the following one. In a planetary
crust,minesfor thebasemetalslike iron andaluminumdo not dig out pureiron or aluminumfrom theground.
For example,for aluminumthey dig out mineralswherebyatomsof aluminumarebondedto atomsof oxygen
andsilicon, called“silicates”. This materialmustbe processedby heat,chemicalsand/orelectricalcurrentto
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Lunarhighlandvs. lowlandcompositionsandcomparisonto EarthAvg
Element Highland Lowland Earth Rank Issues Applications
Oxygen 446,000 417,000 466,000 1 Fuelpropellant,life support
Silicon 210,000 212,000 277,000 2 Glasses,ceramics,solarcells

Aluminuum 133,000 69,700 81,300 3 highlandsrich Electricalconductor, structures,mirrors
Iron 48,700 132,000 50,000 4 lowlandsrich Structuralsteel

Calcium 106,800 78,800 36,300 5 highlandsrich Ceramics,electricalconductor
Sodium 3,100 2,900 28,300 6 adequate? Chemicalprocessing

Potassium 800 1,100 25,900 7 adequate? Chemicalprocessing
Magnesium 45,500 57,600 20,900 8 Metal alloying element
Titanium 3,100 31,000 4,400 9 lunarrich High strengthmetal
Hydrogen 56 54 1,400 10 lunarpoor Fuelpropellants,life, chem.

Phosphorus 500 660 1,050 11
Manganese 675 1,700 950 12

Carbon 100 100 200 17 lunarpoor Life, chemicalprocess,fuel?
Chlorine 17 26 130 20

Chromium 850 2,600 100 21 lunarhas Metalalloys

separatethe metal from its oxide or silicate. The industrial facility to processthe material is often called a
“smelter”.

For example,thelunarhighlandsmineral“anorthite” is similar to theore“bauxite” from whichaluminumis
producedon Earth. Anorthite is a mineralconsistingof aluminum(chemicalsymbolAl), calcium(Ca),silicon
(Si) andoxygen(O), with achemicalformulaof CaAl� Si� O� . Thesmelter’s job is to split all thatup to produce
purealuminummetal,andoptionallycalciummetal,freeoxygen,“silica” glass(SiO� ), andperhapspuresilicon.
Alternatively, anorthitecouldbeprocessedto produceceramicslike “calcia” (CaO,aka“lime”) and“alumina”
(Al � O� ) insteadof themetals,or silicaglasseswith variouspropertiesdependinguponthemetaloxidesexisting
in thefinal glassproductandany otherimpuritiesadded.

Metalsaregenerallyfound asmetaloxides. (Whenmanmadepureiron rusts,it is returningto its natural
oxidizedstate.)Thesemetaloxidesusuallybondto silica to producevariousminerals,thoughsometimesthey
canbe found in their metaloxide statewithout silica. For example,magnesiumoxide combineswith silica to
make agreenishmineralcalled“oli vine”: MgO + MgO + SiO� = Mg� SiO� .

Chapter3 includesa sectionon mechanical,electricaland/ormagnetictechniquescalled“beneficiation”to
roughlyseparatebulk lunarregolith into its componentminerals.NASA studiesinto lunarmaterialsutilization
usingApollo soilswhich arethenbeneficiatedhave comeup with the following feedsfor a materialsprocess-
ing facility (after bulk beneficiation).Therearemany othermineralswhich occur in lunar materialin lower
abundance,andsomeareexotic, but a moreexpansive coverageof this topic is beyondthescopeof this book.
The above is intendedmainly to give the readeran understandingof the basicsof lunar materialsso that they
understandthemainissuesrelatedto lunarresourcesandmaterialsprocessing.

It hasalsobeenspeculatedthatthereareprobablybedsof nearlypureilmenite,anorthiteandotherminerals
whichwouldnotneedto bebeneficiatedto producetheaboveor betterpurity of minerals.Thesearemuchmore
likely to exist a few metersdown, underthecratersplashedsurface.Thereadercannow understandthatoxygen
is themostabundantelementon theMooneventhoughthereis no air on theMoon. Making air to breatheis no
problem(within anenclosedcapsule,of course).Thereasonoxygenis themostabundantelementis thatit bonds
to somany things.Sinceoxygen-bondedmineralsarelightweight,they floatup to form thecrustof aplanet.On
theotherhand,metalslike nickel, gold andplatinumstayshiny becausethey don’t like to bondto oxygen.For
that reason,they usuallysink to thecoreof a planetandhencethey’re rarein thecrustandpreciousto surface
dwellers.In someof thetablesandin thefollowing text, thenamesof additionalmineralsarementioned.There’s
no needto memorizeanything, asI redundantlyremindthe readerwhat themineralsare,andkeepclearwhat
themainpointsof thediscussionare.
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2.8.1 For Aluminum

Aluminum(spelled/pronounced“aluminium” by non-Americans)is aparticularlyinterestinglunarresource.It’s
a goodelectricalconductor, indeedthemostwidely usedconductormaterialon Earth,evenmorethancopper.
It’s a lightweight structuralmaterial,which helpswhenbuilding large structuresrotatingfor artificial gravity.
Aluminum mirrors aregoodreflectorsandcould competewith thoseplatedfrom asteroidalnickel. Atomized
aluminumpowder alsomakesa goodfuel whenburnedwith oxygen. Indeed,it’s the fuel sourceof theSpace
Shuttle’s solidboosters.OntheMoon,it couldbecometheprimaryfuel sourcefor chemicalrocketryof material
to andfrom orbit (thoughwe would needa differentkind of rocket sincetheSpaceShuttlesolid boostersuse
aluminumin akind of rocket wecan’t make from lunarmaterials).

Themaindisadvantageof aluminumis thatit expandsandcontractswith temperaturemuchmorethanmost
commonmetals,which could be an issuewith large exposedstructureson the Moon which are exposedto
theextremeday/nitetemperaturevariations,or equipmentwhich operatesover a wide temperaturerange.Iron
(steel)is betterusedon the Moon andothersuchplacesfor metalstructures.We arefortunatethat the Moon
hasconcentrationsof aluminumin anattractivemineralform, anorthite.As McKay andWilliams conservatively
report:

“Anorthite canbe consideredto be a potentialaluminumore in the sensethat it is a naturally occurring
concentrationof aluminumfrom which it maybeeconomicallyfeasibleto extract themetal. Bauxite[, a sedi-
mentaryEarthore,]whichcontainsabout25 percentaluminum[comparedto 20%in anorthite],is currentlythe
majorterrestrialaluminumore. However, terrestrialanorthitehasbeenusedin somecountriesasa commercial
aluminumore.TheUnitedStatesBureauof Minesrecentlystudiedtheeconomicsof extractingaluminumfrom
anorthite... They concludedthat the costof extractingaluminumfrom anorthitewaswithin a factorof 2 of
thecostof extractingaluminumfrom bauxiteandwould becomeevenmorecompetitive asthecostof bauxite
increased[with depletion].TheBureauof Minesis currentlyplanningto build apilot plantto extractaluminum
from anorthite.AlcoaCorp.,whichrecentlypurchaseda largeareain Wyomingestimatedto containasmuchas
30 billion tonsof recoverableanorthosite

“If anorthiteis becomingattractive asa terrestrialaluminumresource,it is even moreattractive asa lunar
aluminumresource.Thelunarcrustcontainsa muchhigherproportionof anorthitethandoestheEarth’s crust
andthelunarhighlandsareparticularlyrich in anorthite.” Only oneof theApollo missionslandedontherugged
lunar highlands(albeit at the junction betweentwo lowland areas).The averageanorthiteconcentrationwas
75 to 80%,andvariedup to 98%. Therearemany otherhighlandareaswhich arethoughtto have evenbetter
anorthiteconcentrationsthantheApollo 16site.Raw anorthiteis alsoagoodmaterialfor makingfiberglassand
otherglassandceramicproducts.

2.8.2 For Calcium

Interestingly, productionof aluminumfrom anorthitewould createcalciumasa byproduct,sinceanorthiteis a
calcium-aluminumsilicate(CaAl� Si� O� ). Calciumis thefourth mostabundantelementin thelunarhighlands.
Calciumoxidesandcalciumsilicatesarenot only useful for ceramics,but purecalciummetal is an excellent
electricalconductor. Calciummetalis not usedasa conductoron Earthsimply becausecalciumburnssponta-
neouslywhenit comesin contactwith oxygen(muchlike thepuremagnesiummetalin cameraflashbulbs). But
in vacuumenvironmentsin space,calciumbecomesattractive.

Calciumisabetterelectricalconductorthanbothaluminumandcopper. Calcium’sconductivity alsoholdsup
betteragainstheating.A coupleof figuresminingengineerDavid Kuckpulledoutof thescientificliterature:“At
[20C,68F], calciumwill conduct16.7%moreelectricitythanaluminum,andat [100

�
C, 212

�
F] it will conduct

21.6%moreelectricity throughonecentimeterlengthandonegrammassof the respective metal.” Compared
to copper, calcium will conducttwo anda half times asmuch electricity at 20

�
C, 68

�
F, and297%as much

at 100
�
C, 212

�
F. Like copper, calciummetal is easyto work with. It is easilyshapedandmolded,machined,

extrudedinto wire, pressed,andhammered.
As would beexpectedof a highlandelement,calciumis lightweight,roughlyhalf thedensityof aluminum.

However, calciumisnotagoodconstructionmaterialbecauseit isnotstrong.Calciumalsosublimes(evaporates)
slowly in vacuum,so it may be necessaryto coat calcium partsto prevent the calcium from slowly coating
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other importantsurfaceslike mirrors. In fact, calcium is sometimesusedto deoxidizesomemetal surfaces.
Calciumdoesn’t melt until 845

�
C (1553

�
F). Utilization of lunarmaterialswill seetheintroductionof industrial

applicationsof calciummetalin space.

2.8.3 For Titanium

Titaniumis a“titan”-lik e highstrengthmetal,offeringmorestrengthperunit weightthanaluminum.Titaniumis
usedfor military aircraftandmissiles.TheApollo 11 andApollo 17 sitesweresurprisinglyrich in aneconom-
ically attractive titaniummineral,ilmenite,FeTiO	 (iron titaniumoxide). Note that it’s not a silicate. Ilmenite
grainsof high purity make up morethanonefifth of theApollo 17 maresamples,on average.Theseilmenite
grainsaverage53%TiO
 , 44%FeO,2% MgO and1% of variousimpurities. McKay andWilliams note: “Al-
thoughrutile [i.e., themineralof pureTiO2 found in someplaceson Earth] is moredesirable,ilmenite is also
consideredto bea commercialore for producingtitanium. DupontCorp., for example,hasusedilmeniteores
on a commercialbasisandtheUnitedStatesBureauof Mineshasrecentlyreviewedthefeasibility of replacing
importedrutile with domesticilmenite asa sourcefor U.S. titanium.” Ilmenite mineralsalsotrap solarwind
hydrogenvery well, so that processingof ilmenite will alsoproducehydrogen,a rareelementon the Moon.
Ilmenitewasfoundin significantquantitieson thesurfaceof two of thefive Apollo lowlandsites.Sinceit’s not
socommonin Earth’s crust,it’s abig lessonin lunargeologyandthedifferencesbetweenEarthandtheMoon.

2.8.4 For Ir on

Iron is mostabundantin lowland minerals,andfairly easyto extract, e.g., from ilmenite (above, sameasfor
titanium). Smallquantitiesof free iron alsoexist. In theabove section,I statedthat themain industrialmetals
don’t exist in freeform in planetarycrusts.However, freeiron metalis abundantin asteroids,andasteroidshave
impactedtheMoonandspreadtheirvaporizedmaterialfarandwide. With thelackof waterandair ontheMoon,
this metalhasnot rustedinto iron oxide. Smallgrainsof free iron exist in lunarsoil. Freeiron averagesabout
half of onepercentof averagelunarsoil. Thegrainsizesaregenerallylessthanafew tenthsof amillimeter. (For
thecurious,thereis alsoatraceof freeiron from solarwind hydrogenatomsstealingtheoxygenfrom iron oxide.
This kind of freeiron is microscopic.)Thefreeiron metalis extractableby simplemagnetsaftergrinding.This
producesa supplyof iron powder. This powdercanbeeasilyhandledto make partsusinga standardtechnique
on Earthcalled“powdermetallurgy”. On Earth,themetalhandledthis way wasmustbepowderized,whereas
on theMoon andwith many asteroidsit’s alreadypowder. Freeiron metalfrom theMoon probablycouldnot
competewell with asteroid-derived iron due to the abundanceandcheapnessof asteroidaliron. However, it
wouldbevaluablefor useontheMoon’ssurface.Thefreeiron metalis naturallyalloyedwith nickel andcobalt.

2.8.5 Lunar Polar Volatiles

In 1998,the Lunar Prospector(LP) probediscoveredhydrogenat the lunar polesin large quantitiesandhigh
concentrations,presumablyin theform of waterice, locatedin cratersthatarepermanentlyshadowedfrom the
sunandextremelycold. Existenceof carbonandothervolatilesis unknown, asLP sensorsaredesignedto detect
hydrogen.Volatileswill be usefulfor rocket fuel propellant,industry, andlife support.The challengewill be
mining thisextremelycold material,at -220Celsius/ -370Fahrenheit/ 50Kelvin.

2.8.6 Origins of Lunar Ices

Cratersexist at thelunarpoleswhichareneversunlit in their interior. This is becausetheMoon’saxisof rotation
is nearly the sameas its orbit aroundthe sun– 1.6 degrees– so that the Moon doesn’t have “seasons”.The
insidesof thesecratersareextremelycold, at roughly -220 Centigrade(50 K), or -370 Fahrenheit.Over the
eons,cometsandasteroidsrich in volatilessuchaswater, hydrogen,carbonandnitrogenhave bombardedthe
Moon. Eachimpactresultedin vaporizationof thesevolatilesanda temporary, extremelythin gasaroundthe
Moon. Someof this gaswould have impingedon thesepolarcraters,whichservedas“cold traps”.Theamount
of vaporcapturedperimpactis small,but it hasaddedupovertheeonsandcountlesscometandasteroidimpacts.
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Figure3:

2.8.7 History of Discovery

The US Departmentof Defense’s probeClementine,fundedby the Strategic DefenseInitiative Organization
(SDIO, aka“Star Wars”) in conjunctionwith NASA, senta probeinto a lunar polar orbit in 1994to mapthe
Moon beforeheadingoff for an asteroidnearEarth. Datafrom Clementine’s radarindicatedthe existenceof
concentrationsof waterice at the lunarsouthpole,thoughotherinterpretationswerepossiblealbeit lesslikely.
(Mission costwas$75 million, with multiple otherpurposesaswell.) In response,NASA fundedthe Lunar
Prospectorspacecraft,basedon a preliminarydesigndueto SSI?spreviousprivatesectorsupport,andbuilt by
LockheedMartin Astronauticsin Denver, Colorado. Data from Lunar Prospectorconfirmedthe existenceof
hydrogenandgave avastlybettermeasurement,usinganeutronspectrometer. Thehydrogenis inferredto bein
theform of waterice. (Totalmissioncost:63 million dollars.)

2.8.8 Quantities and Concentrationsof Lunar Ices

Hydrogenexists in cratersat both thenorthandsouthpoles.Total ice at thenorthpoletotalsabout50%more
thaniceat thesouthpole.ThesensoronLunarProspectorcandetectwaterup to adepthof 0.5meters,sothat’s
whatthedatareportson. It’spossiblethatthere’smorewater, sincethelunarsurfacehasbeencoveredwith layers
of craterejectato an averagedepthof 2 meters,thoughthe depthvariesby location. Practicallyall the water
ice is thoughtto comefrom cometandasteroidimpacts.There’s little mentionof hydrocarbonsin the NASA
analysesreleasedto thepublic,astheequipmentwasnotdesignedto measurecarbonabundanceor certainother
volatiles.Thelocationof theice hasnot yetbeenpinpointed.This is becausetheLP spacecraft’s sensorshave a
wide field of view, or “footprint” – roughly150kilometersby 175kilometers.At any goodviewing time, there
areseveralpermanentlyshadowedcratersin thesensor’s field of view, asillustratedin thefirst figurefollowing.
Thesecondfigureshows thefootprint of theprospectoragainsta real imageof the lunarpolesandtheir larger
craters.
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Figure4: Source:NASA.

The initial estimatesof waterice in March,1998,wereawesomelyhigh. However, uponfurthercollection
andanalysisof data,theseestimatesweredramaticallyincreasedby a factorof about10 timesby the time the
next majorreportwaspublishedin September, 1998.It wasinitially thoughtthatthehydrogenexistsin theform
of small crystalsof waterice in concentrationsof 0.3%to 1%, dispersedover a large surfaceareaof 5,000to
20,000squarekilometersat thesouthpoleand10,000to 50,000squarekilometersat thenorthpole.However, as
of thetime of this writing in December1998,themostrecentdata,analysisandpredominatingtheorysuggests
a totalof six billion metrictonsof waterareconcentratedin asmallnumberof lunarpolarcraters.As explained
by Dr. Alan Binder, theLunarProspectorprincipalinvestigator, “if themainsourceis cometaryimpacts,asmost
scientistsbelieve, our expectationis thatwe have areasat bothpoleswith layersof near-purewaterice” in the
form of “discrete,confined,near-purewaterice depositsburiedbeneathasmuchas18 inches(40 centimeters)
of dry regolith”, which is aroundthe50centimetermaximumdepththatLunarProspectorcandetectwater.

2.8.9 Mining Challenges

Themainchallengein recovering thesevolatilesis handlingtheextremelycold material,at -220Celsius/ -370
Fahrenheit/ 50 Kelvin. We’ve never minedanything nearthat temperature.Thus,a valid questionis “What’s
thescoop?”To successfullyscoopup materialwithout breakingour machinery, we would probablywarmthe
surfacematerialto bemined,e.g., usingmicrowavesor infra-redheatersin front of themining equipmentand
scrapingup thewarmedsurface.We would minethematerialslowly, limited by theheattransferpropertiesof
thematerial.Thevehicleandany appendageswould alsoneedto bewarmed.Anotheroption is to put a hood
over anareaandheatthematerialunderneath,bringing in thewaterasvaporthroughpipesandinto tanks.On
theplussideis the likely prospectthat someplaceson the rims of polarcratersmaybe permanentlysunlit. If
so,they couldprovide continuoussolarpower. This is onegeographicalissuethathasyet to beresolvedat the
time of this writing. Thesouthpolehasbigger, permanentlyshadoweddepressions.Thenorthpolehasa larger
numberandmoreinterspersedpermanentlyshadowed areas,which may give morechoicesof placesto mine,
e.g., neara craterrim that is alwayssunlit to produceelectricalpower. However, theexact layout in detail has
yet to bedetermined.More informationon theLunarProspectordiscovery of waterice canbefoundhereat the
NASA AmesResearchCenter.
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2.8.10 For Other Minerals

ThemainmineralsontheMoonare“plagioclase”minerals(aluminumsilicatesof whichanorthite– calciumalu-
minumsilicate– is themostcommonplagioclasemineral),“oli vine” (predominantlymagnesiumandiron sili-
cates– Mg� SiO� andFe� SiO� ), ilmenite(discussedabove,FeTiO
 ), andpyroxenes(MgSiO
 , CaSiO
 , FeSiO
 ).
However, therearemany othermineralsandglassesmixed in. Covering lunargeologyin detail is beyond the
scopeof thiswebsite.

2.9 Powdery Texture (Helps in Mining and Processing

Oneof the benefitsof dealingwith lunar materialis that it’s powdery on the surface. Indeed,the astronauts
comparedit to ash.Look at how fine the imprintsof their sunken footprintsare.Thereasonfor this is thelack
of any shieldingatmosphere,which hasallowedmeteorites,micrometeoritesandsolarandcosmicradiationto
bombardthe surfaceover the eons,pulverizing it into powder. Typically, the thicknessof the powder is 2 to
10 metersin the lowlands,and100sto 1000sof meters(kilometers)in thehighlands,thehighlandsconsisting
of piles of craterejecta. Sincethe surfaceof the Moon hasbeenunchangedby any geologicactivity for 3+
billion years,we seetheaccumulatedeffectsof 3+ billion yearsof meteoritebombardmentandpulverization.
As a NASA report summarizes:“The fragmentedmaterialconsistsof as much as 25% by weight under20
micrometersin diameter[i.e., onefiftieth of a millimeter!], andmorethan70%under150micrometersin size
[i.e., oneseventhof a millimeter]. Approximately90%by weightof thelunarsoil consistsof particlesunder1
millimeter in size.” It’s morepowdery in someplacesthanin others.Thematerialpropertiesof lunarsoil are
discussedfurtherin thesectiononmining.

3 Mining the Surface

The fine, powdery materialthat makesup the lunar surfaceis mostcommonlycalled“regolith” in the scien-
tific andengineeringliterature,so that tradition will be followed here. The earlieststudieshadconventional
equipmentstrip mine themoon’s surface,e.g., “front loader”vehiclesto scoopup theregolith anddrop it into
“haulers”which would bring it backto thematerialsprocessingsite. In thesescenarios,thevehicleswould be
launchedfrom Earthandneedto beassembledafter landingon the lunarsurface.Thehaulerswould not beas
structurallymassive asEarthhaulersdueto theMoon’s one-sixthgravity. However, theloaderswouldbenearly
thesame,sincethey needacounterweightwhenscoopingupregolith. Simplecounterweightswouldbeproduced
from lunarmaterials,not launchedfrom Earth. Applicationof terrestrialmining experienceandtechnologyto
thelunarenvironment,with emphasison teleoperatedandautomatedsystems,is coveredin a U.S.government
(publicdomain)paperpresentedat the1993AIAA/SSI conferenceby E.R.Podnieks(SeniorStaff Scientist)and
J.A. Siekmeier(Civil Engineer, Twin CitiesResearchCenter)of theU.S.Bureauof Mines,entitledTerrestrial
Mining TechnologyApplied to LunarMining (paperreference).A significantlyimprovementmaybeto replace
thefront endloaderswith a simplebucket-and-reelsystem,calleda “flail” or “slusher”,asshown below, asput
forwardby miningengineerRobertGertsch(ref. 3). It pulls thedirt up a rampandinto thehauler.

Sincethe surfacematerial is powdery, a flail may handlethe job of collecting bulk lunar material. The
above aremethodsusedon Earthandadaptedto theMoon. Othermethodshave beenproposedwhich have no
precedenton Earth,but they may be consideredtoo new andunproven to be consideredby a privateventure
in thenearterm. For mostof theMoon, the top few metersof the lunarsurfaceconsistsof a mix of minerals,
whereaslower depthsprobablyoffer moreuniform minerologyfrom the old magmaoceans.The mix on the
surfaceis dueto all thesplashesof asteroidimpactswhichhasmixedmaterialsfrom distances.Also, thesurface
is glassierdueto thesuperheatednatureof theasteroidejectaandthesubsequentquick cooling.

Many proposedmethodsfor materialsprocessingcall for processingjust one particularmineral, e.g., il-
menite.Thiswouldrequireeitherseparatingthedesiredmineralfrom theregolith mix, or miningunderneaththe
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Figure5: NASA artwork by L. Ortiz showing RichardGeitsch’s slushrminingsystem.

surfacewherethemineralmaybefoundin afairly uniformstate.Whichminingmethodis used,andwhichmin-
ing siteexploited,dependsuponwhichproductsaredesired,theprocessingmethodsemployed,andtheamount
of investmentthatfinanciersarewilling to put forth.

3.1 Various Issuesin Lunar Mining

The Apollo missionswere surprisedby the difficulty of extracting subsurface samples. While the top was
powdery andsoft, attemptsto drill into the surfaceandextract subsurfacematerialresultedin seizingof drill
tubeswhich could not be removed andhadto be abandoned.It is now thoughtthat underneaththe very top
layers,lunar soil is actuallymoredensethanequivalentEarthsoils at the samedepth. Due to small, repeated
vibrationsby distantmeteorimpactsover the eons,the soil particleshave settleddown by shifting relative to
eachotherinto ever moredensegeometricalorientations.Thus,it is now recommendedthatany experimentsin
mining lunarsimulantsfirst settlethematerialby vibration,not by compressingthematerial. Indeed,it’s been
found that compressionis not nearlyaseffective asvibration (within nondestructive compressionpressures).
(Asteroidsareprobablythe opposite- they don’t have the stronggravity to causesettling,and in fact meteor
impactsmayserve to make asteroidsfluffier.)

Anotherissueis rubbingfriction in vacuum.TheU.S.Bureauof Minesfoundthatexposinglunarsimulant
to vacuumlong enoughfor nearlycompleteoutgassingcausedincreasedfriction betweenthe tool and lunar
simulant– from 1.5 to 60 timesmore friction! On the lunar surface,it will probablybe even higherdue to
incompletelyoxidized mineralsand total absenceof moisture. Tools shouldbe madefrom (or coatedwith)
materialswhichwill minimizefriction, andexperimentsshouldbeperformedonsimulantsthathavebeensitting
in vacuum.(Thisappliesto asteroidsaswell.)

On theMoon, temperaturesvary from approximately-170
�
C (-275

�
F) at night (duelargely to thelong, two

week lunar night) to around140
�
C (280

�
F) in the day. Significantdifferencesin temperatureoccurbetween

shadows andsunlit areas.Eithersurfaceminingequipmentmustbedesignedto operatein high temperatures,or
a partialsunscreenshouldbeput over themine,possiblycomplimentedwith foil mirrorsto eliminateshadows.
Variousschemesmaybeemployed to regulatethe temperatureof areasbeingmined. At night, surfacemining
equipmentwill needto besheltered,e.g., a tunneledgarageor acanopy with heaters.(Thetemperatureextremes
aremuchlesswith asteroids,which typically rotateroughly four timesa day thoughrotationperiodcanvary
overa wide rangefrom asteroidto asteroid.)

Gravity on theMoon is onesixth thaton Earth,andthemining andprocessingequipmentmustbedesigned
accordingly. Thisdoesnotposeamajorchallenge,but like working in vacuumwith electricityinsteadof petrol,
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theMoon will requiredesignof new equipment,evenif it’s basedon Earthmining conventions.(For asteroids,
the mining processesneedto be radically different from most mining processeson Earth.) One of the best
sourcesof expertiseon lunarmining canbefoundat: TheCenterfor SpaceMining ColoradoSchoolof Mines
Golden,Colorado80401

4 Lunar Bases

The objective of the early lunar baseis to get materialinto orbit so that productsandservicescanbe sold to
supportspacedevelopment.Somestudieshave the lunarbasemakingcomponentson thesurfaceof theMoon
andblastingthemup. However, it maybebetterto sendaminimal lunarbaseto collectsemi-processedminerals,
andto locatemostof theprocessingindustryin orbital space.Thereareadvantagesto industrylocatedin orbit
– continuoussolarenergy with no nightsfor power andthermalenergy, hugesolarovens,gravities from zero
to whatever a centrifugewill provide, saving the costsof landinganddeploying processingequipmenton the
Moon’s surface,and the capability to usethe sameindustry in orbit for processingboth asteroidaland lunar
material. It seemsthatbeneficiation(discussedin the industrialsection)will producematerialof high enough
quality to launchinto orbit. In the early years,wasteis generallyusablefor things rangingfrom radiation
shieldingto melt-castbulk “lunarcrete”walls andlight duty structuralelementsandoutfittings. It’s likely that
we will adoptspace-basedindustrialprocesseswhich will be ableto convert almostall of the lunar minerals
deliveredinto very usefulfinal productswithout muchwaste.

Surfacemanufacturingcapabilitiesfor thepurposeof building up thelunarbaseusinglocalmaterialswould
be quite worthwhile, e.g., for makingsteelandglass-ceramicstructuralitems. A mobile solar reflectoroven
couldmake thelanding/launchpad,roadsurfaces,domeroofs,etc.Mostof thebase,in termsof weight,will be
producedon-sitefrom localmaterials,notblastedupfrom Earth.Thelunarbasewill needalanding/launchpad,a
powerplant(perhapsasolarcell arrayfor daytime“peak” energy andasmallnuclearpowerplantfor nighttime),
baseconstructionequipment,asparepartsandmaintenancegarage,acentralcontrolandcommunicationscenter,
housingfor thepeopleon-site,andlife supportsystems.Of course,it will alsoneedtheminingandbeneficiation
equipmentdiscussedin othersections.Theminingequipment(flail andhaulers)andasolarovenwouldbeused
in building theinitial lunarbasebeforebeingemployedfor supplyingmaterialfor industryin orbital space.

5 Other’ sweb pageson Lunar Materials and Utilization

The following links eitherdon’t fit in elsewherein the lunar sectionor are particularlynoteworthy for their
broadbasedinformation.

� Oneof thebestandmostreliablesourcesof currentinformationon lunardevelopmentis theLunarEnter-
priseDaily, anelectronicnewsletterfrom SpaceAgePublishing,whichhasbeenputtingoutnewsreliably
backinto the1980s(whenit wasa nicepapernewsletterin themail). Over time, they’ve compileda Lu-
narEnterpriseDirectoryof organizationsandindividualswhich is instantlyaccessibleon theweb. With
that kind of servicecomesa significantprice for an individual, thoughit shouldbe standardfarefor an
organization.For moreinformation,seewww.spaceagepub.com

� Artemis SocietyInternationalandthe Lunar ResourcesCompany aretwo importantandcloselyrelated
privatesectoroperationswhicharediscussedin section8 onMissionScenarios.

� TheInternationalLunarExplorationWorking Group(ILEWG) wasfoundedin 1995at a meetingin Eu-
rope,andseeminglydevelopedmainly in Europeansettings.It’s supportedwith governmentmoney, and
is heavily establishedfor internationalcooperationbetweengovernments. The ILEWG homepageis
sponsoredby theMissionfrom PlanetEarthStudyOfficeat NASA Headquarters,WashingtonDC, andis
maintainedby researchersat theJohnsonSpaceCenterin Houston,Texas,now contractingwith USRA
(UniversitiesSpaceResearchAssociation)for webcuratorialsupport,but Europeanactivity hasbeenris-
ing. StrengthsincludetheLunarExplorersRegister, thesponsoredICEUM conferences(Int’ l Conference
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on ExplorationandUtilization of theMoon) andLUNEX (theLunarExplorer’s Society).Oneweakness
is thattheinformationis abit datednow. If thegovernmentmoney stopsflowing, would it continue?

� The Lunar andPlanetaryInstitute(LPI) runsan excellentwebsitewhich includeslunar baseandspace
resourcesrelatedmaterials,amonga bunchof otherplanetarystuff. Of particularinterestwithin this site
aretheexcellentlunarbasedocumentspreparedby NASA andcontractoremployeesattheNASA Johnson
SpaceCenter, several issuesof theBeyondLEO Newsletter, andtheLunarExplorer’s Digestreviews of
bookson themoon.

� TheLunarBaseQuarterlyis a well doneresourcewhich, if you go throughthetext, revealsgoodsupple-
mentarycoverageof currentactivity, progressandprospectsin theinternationalarena.It’s a good,active
sitewherebyonecangetinvolvedandcontribute to their process,which includestheir “Lunar Database”
concepts.You’ll at leastwant to revisit themfor their substantive quarterlynewsletters. The emphasis
is on governmentsponsorshiparoundtheturn of thecentury, with little on purelycommercialinitiatives,
however. Thematerialsarecompiledandproducedby Dr. H. H. Koelle,TechnicalUniversityof Berlin,
Chairmanof theSubcommitteeonLunarDevelopmentof theInternationalAcademyof Astronautics,and
longtimeparticipantandenthusiastfor lunar materialsutilization. Dr. Koelle haseditedan interesting
paperfrom theInternationalAcademyof AstronauticsentitledProspectsandBlueprintsfor FutureLunar
Developmentwith an emphasison governmentfunding. Seealso his 100 kilobyte report entitled The
LunarLaboratory, another100K reportanalyzinga lunarsettlement,anda 60K reporton anEarthheavy
launchvehicleandlunarlanding,launchandinterorbitalvehicles.All areimpressive. Forall thisandmore
from this energetic 72-year-old veteran,keepin touchwith thehomepageof ProfessorHeinz-Hermann
Koelle,which is alsowhereyoucanFTPhis maindocuments.

� A currentproposalwithin NASA, Icebreaker One,to fund a surfacelandermissionto the lunar pole to
verify iceat thepole,asa follow-up missionto ClementineandtheLunarProspector.

� TheLunarRover Initiative is a joint venturebetweenCarnegie-MellonUniversity (CMU) andLunaCorp
of Arlington, Virginia, to develop andland two entertainmentrobotson the Moon by year2000,which
wouldreturnlivevideofor audiencesof themeparks,TV networksandeducationalmedia,aswell asallow
peopleto teleoperatetheexploring vehicle. LunaCorphas,amongotherbookson outerspace,authored
andpublishedReturnto the Moon, which hassold more than22,000copiesto date,andauthoredand
publishedMission: PlanetEarth

� An excellentarticle, “Using SpaceResources”,by Dr. ThomasA. Sullivan andDr. David S. McKay,
NASA JohnsonSpaceCenter, New Initiatives Office, PlanetSurfaceSystemOffice, andSolarSystem
ExplorationDivision,MissionScienceandTechnologyOffice.

� The SpaceStudiesInstitutehasmany researchreportson elementsof lunar materialsutilization which
would beusefulfor a privatesectorinitiative. SSIbelongsat thetop of any list of establishedandquality
organizationsto contactfor aprivatesectorventure,having abreadthof active researchmembersin indus-
try andgovernment,andhasled muchof theresearchin this field asa privateorganizationfor morethan
20 years.

� TheNASA NationalSpaceScienceDataCenter(NSSDC)makesavailableontheinternetdatafrom NASA
(e.g.,Apollo samples,LunarProspector, others),U.S.DefenseDepartment(Clementine)andSoviet mis-
sionsto theMoon. TheirMoonpagesstartat http://nssdc.gsfc.nasa.gov/planetary/planets/moonpage.html

� For imagesandgoodpicturesof theApollo missions,goto theNASA JohnsonSpaceCenterPublicAffairs
Office’sApollo Pages
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