Figure1: LEFT: Apollo 15 lander& launcherrockets, moonbuggy and astronautmore than 30 yearsago
RIGHT: NASA artist’s depictionof afuturelunarbase.

PERMANENT —Chapter 2 —Lunar Materials Utilization

Excerptsfrom a websitedevelopedby physicistMark Pradoon issuesrelatedto spacetransportatiorand
resourcesfwww.permanent.com]

1 Overview - of lunar materials and their Utilizaiton

1.1 Why Lunar Materials?

Lunarmaterialsaremoreeconomicallyattractve asfeedstockgor large scalespace-baseithdustrializatiorthan
are materialsblastedup from Earth,in the overall analysis. Whetherlunar materialsare more desirablethan
materials§rom asteroidsiearEarthis the subjectof muchdebate This websitepresentshe meritsof bothcases.
It would not be surprisingto seebothlunarandasteroidamaterialsused,in a synegistic manner

1.2 Transportation Costs

The Earthis 81 TIMES asmassie asthe moon. As aresult,it costsa whole lot moreto get materialsoff the
Earththanit doesto getthemoff the Moon. In orderto stayasnontechnicahspossible a visual examplewill
be presentedirst. Remembethe Apollo program,specificallythe lunar module. The lunar moduleconsisted
of two parts— thelanderandthe launcher Thelauncherwhich returnedthe menfrom the moons surfaceback
into orbital spacewasnot muchtaller thana man. Thefuel tankfor it wassetoff in acorner andsmallerthana
man-— if you hadoneof thosein yourroom,you couldroll it overandsit onit. In contrastthe fuel andvehicle
requiredto geta coupleof guysandtheir bagsof dirt off of the Earthwould be hugeandcomplex.

Indeed,imaginewhatwould berequiredto LAND alaunchableocket ontothe Earthfrom spacdespecially
without the assistancef a brakingatmosphere)We hadto land the returnrocket onto the Moon. This should
giveyouanideaabouthow easyit is to getonandoff themooncomparedo getonandoff of theEarth,assuming
chemicalrocket means(Remembemwe did thatway backin 1969,just 12 yearsafterthefirst successfulaunch
of anythinginto spacej.e, just 12 yearsafterthe RussianSputnikunmannedatellitein 1957.)

Secondlybecaus®f the Moon’s low gravity andlack of atmospheregngineerdiave decidedthatwe dont
evenneedrocketsto getstuff into space.Therearedesignsandlaboratoryprototypesof anelectric“slingshot”
calleda “Mass Driver” which would needno fuel. (It is actuallya launchtube,like a peashooter) The Mass
Driverwouldshootasteadystreanof smallfiberglasscontainerof lunarmineralsnto orbit to a“MassCatcher”,
wherebythe bagswill have sloved down to almostzerospeeddueto gravity by thetime they reachthe catcher
Thefiberglasscontainersencasinghe mineralswould be madefrom lunarmaterialon the surface. In thelong
term, this maybethecheapestvay to getmaterialsinto Earthorbit in very large quantities guickly.

A prototypeMassDriverwasdevelopedfor lunarduty by the SpaceStudiednstitute(SSI). TheMassDriver
andits initial power supplyallegedlycouldbelaunchedy oneof todays existing rocketsasonepayload though



additionallaunchesvould be necessaryo deliver thefuel propellant vehicleandgenerainfrastructurerequired
to deliver it from low Earthorbit to the Moon’s surface.However, the MassDriver maybea highrisk devicein
theinitial stage®of spacedevelopmentandoneshouldconsiderconventionalchemicalrocketry for lunarlaunch
in thefirst missions.Neverthelessin thelong run, the MassDriver couldmake the Moon morecompetitve with
asteroidsasa sourceof material. (The MassDriver is the antithesisof rockets. Unfortunately an Earth-based
MassDriver is not very feasibledueto the atmosphere- the payloadswould burn and possiblybreakup like
meteordn Earths atmosphereaswell asbeblown into unpredictableoursesgspeciallyatthe speedsequired
to shootstuf off of Earth.)In aprivatesectorscenariothelunarmaterialmight be processednainly by industry
basedn orbital spaceandnotonthe Moon. Why puttheindustryin space?

e 24-hour“noontime” sunlightin orbital spaceor electricalandthermalenegy

e zero-graity superhigh temperaturecontainerlesgprocessingn orbit, plus ary desiredgravity canbe
createdn orbit by centrifuge

e costsandcomplity of landinganddeploying industrialequipmenbntheMoon’s surface,includinghuge
solarovenmirror arrays;and

e sincesellableproductswill beusedin orbital spaceanyway, andmostsystemsn orbit will behuge, it may
be betterto manufcturethemat the sameplaceyou assembléhem.

Notably like with the transportof asteroidalmaterial, materialdeliveredinto spaceusinga MassDriver
would dwarf the quantitieshatcouldbefeasiblysuppliedfrom Earth,andatacostperpoundthatwould become
trivial within afew yearsof completionof a serioudfirst setof infrastructure.

1.3 What is Lunar Material?

Lunarmaterialis pretty muchlike Earth’s crust— silicatedirt — oxidesof metalsandsilicon. Unlike asteroids,
thereareno big free metaloreson the moon(thoughthereare somesignificantquantitiesof freeiron granules
in the soil, thanksmostly to asteroidcratersandthe lack of waterto rustit). Oxygenis alundantandcanbe
cooled out of the dirt, but othervolatilesarein questionablesupplyin lunar soil with the exceptionof ice in
supercold lunar craters. While metalscanbe extractedby space-basedrocessingthe easiesthingsto make
from semi-processeldinarmaterialsare“lunarcrete” fibemglass variousglass-ceramicompositesandoxygen.
Notably oxygen,which makesup roughly 40% of lunar soil (boundin molecularsilicatesand metal oxides),
makesup 86%of theweightof fuel propellantsn hydrogen-oxygemnocketry, with hydrogermakingup theother
14%. Therefore at least86% of the fuel usedin orbital operationscould comefrom the moon. Notably there
aresubstitutegor hydrogen suchasatomizedmetalpowder, suchasis usedfor the Shuttles two “solid rocket
boosters” andwhich canbereadilymadein spacerom lunaror asteroidamaterials. Thus,fuel to transporthe
materialsgs anothemproductof lunarmaterial.

1.4 Mining the Moon

Themoonis like abeachof fine ponvder. Mining this powvdercanbedoneby bucket-cable-reetiraglinesinstead
of heary Earth-breakingnachinery The moons powdery natureis due partly to the total lack of a protecting
atmospheravhich hasallowed every meteoy micrometear and cosmic particle to bombardthe surface and
pulverizeit over eons.Thisis combinedwith thefactthatthe Moon hasbeengeologicallydead(no reformation
of rocksby sedimentgcrustfolding, or volcanics)for thelast3 billion years.The Moon is smallandcooledoff
quickly, in contrasto Earth,which explainsdifferencesn theirgeologicnature . Eventheeons-aggulverization
by gigantic asteroidimpactshockshasbeenpresered. Indeed,the Moon is so finely povderedthat Apollo
plannersvereconcernedvith sinkageof the landerandastronautsRecallthe fine bootprints,sunlenyet every
contourof thebootfinely imprinted. RecallNeil Armstrongcomparingthe surfaceto charcoabsh. The moons
powderynatureis idealfor cheapmining andmineralprocessing.



2 The Origin and Composition of the Moon

It is importantto first understandvhatthe Moon is madeof, andhow it comparesanddiffers from Earthand
asteroids.To morefully understandhis, it helpsto know how the Moon cameinto existenceandthe general
processethatoccurredn its history Astrogeologyis alsodiscussedn the sectionon asteroidsbut this section
doesnotrequirethatyou readthe otherastrogeologyection thoughit maybe helpfulto readthelatter

2.1 Mystery Solved—Where the Moon CameFrom

Themysteryof the origin of the Moon hasbeensolved by modernscience Thefirst clueregardingthe origin of
theMoonis thefactthatthe Moon is gettingfurtherandfurtheraway from the Earthwith eachorbit. It's avery
slow rateof escapeandit will be billions of yearsbeforeEarthwill losethe Moon. It's awell understoodand
measuregbhenomenontn fact,if you go backwardsin time to seehow far the Moon wasfrom the Earthin the
earlydaysof thesolarsystemstarting4.6 billion yearsago,you find thatthe Moon would be extremelycloseto
the Earthif notpartof the Earthat thattime. The bestway we cantheorizethis happenings if the Moon were
madeof materialblown off of the Earthby giantasteroidimpact(s),andthatall the materialfloatingaroundin
low Earthorbitscreateda big cloudor ring aroundearth(muchlike SaturnandJupiters rings). Eventually the
materialstucktogethelby gravitational force,makingthe Moon.

This is called the “Collision-CondensatiorTheory” of the Moon, and is the generallyacceptedmodern
theory (Notably othermoonsin thesolarsystemorbit aroundtheir planets equatorjustlike theplanetsall orbit
in the planearoundthe sun’s equator However, Earths Moon is uniquebecausét doesnot orbit aroundEarths
equator It orbitsin the planeof the Suns planets,asyou would expectfrom materialblown off of a planetby
asteroidbombardmentomingfrom the planeof the otherplanets.Of course this is fortuitousbecauset puts
the Moon in the planeof presentay asteroidsn the solarsystem therebymakingit easyfor the Moon to give
gravity assistdo asteroidpayloadscomingin from interplanetaryspaceasdiscussedn chapter3.) The Apollo
andLunasamplesave furthersupportedhis theory

2.2 The Structur e of the Moon

The origin of the Moon hasseveral fundamentakffectson lunar geology First, the Moon is madeof lighter
weightmaterialblown off of the Earth’s surface,andis poorin materialsfrom the Earths mantleandcore. We
seethis in thealuminum-richlunarhighlandgeologies We alsoknow by measuringhe massanddensityof the
Moon by Apollo andotherscientificinstrumentsOverall,the Moonis not very dense The Moon doesnot have
alarge metalcore,unlike Earth,aswe know from seismicstudieson the Moon, thoughlater studiessuggesit
doeshave a smallheary, metal-richcore(if not puremetal). (In termsof percenttheres muchmoremetalin
asteroidson averagethanon the Moon.) The materialsavailablefrom the Moon for building thingsin spaceare
generallythelightweightsilicateandmetaloxide mineralsof thelunarcrust.

Secondthe Moon is extremely poorin volatilesof all kinds, with the exceptionof permanentlyshadaved
lunar polar craters. The Apollo soil androck samplesandvariousotherscientific studiesshav thatthe Moon
is deficientnot only in waterbut alsovery deficientin compoundsontainingcarbon,potassiumsodiumand
chlorine. Thatwould be expectedrom a planetthatformedlate, afterthe Sunhadalreadygottenbig andstarted
shining, andthe cloudsof interplanetarydust had alreadybeengobbledup by planetsso that the sun shined
through. The infant sunwould have causedhe dustrings aroundEarthto lose muchof their volatiles before
they hada chanceo accreteagainto form the Moon.

Third, this lack of volatilesnot only meangdeficientlunar supplies but alsomeanghat certainore forming
processeshat occurredon Earthcould not have occurredascommonlyif at all on the Moon. Certainvolatile
gaseselpedn theformationof oreson Earth,e.g.,by dissolvinganddepositingcertainminerals andin making
moltenmagmasmorefluid.

Fourth,theMoonis small,the Earthbeing81 TIMES asmassie asthe Moon. Hence platetectonicforces
werenot asstrongon the Moon. Also, smallerbodiescool off quicker (in effect having lessinsulation). The
Moonwasmoltenwhenit first formed,but it cooledoff quicker andunderwentessmetamorphosithanEarth.
Theres lesschancefor a diversity of deeplayersto have beenexposedon the surface. The lack of weather



meansno sedimentarnyresason Earth,andno exposedoresdueto weathering(thoughcrateringcan expose
surfacestrata oo, albeitnot nearlyasdeepasfolding mountaingeologies). The Moon haspracticallynofolding
mountainsor volcanoesandthe landformgeologicactvity still active todayon Earth’s surfacediedout on the
Moon billions of yearsago. Many of thelong, slow geologicprocessethat createdmary of the oreson Earth
today did not occuron the Moon'’s surface. Lunar mountainswere causedby materialsplashedup by giant
asteroidmpactsandthe accretionphase.

2.3 Distrib ution and Density of Ores

In generalmuchlessdiversityof oresis expectedontheMoon, accordingo the opinionsof mary geologists On
the otherhand,it shouldalsobe notedthatsomeof Earth’s richestoresarefrom its oldestgeologiesall lopped
togetherunderthe namePre-Cambrianwhich meansolderthan0.5 billion years. Earthrocksaretypically 10
million to 0.5 billion yearsold. (The“age” of arockis thetime sinceit lastsolidifiedfrom moltenliquid.) The
very oldestEarthrocksare3.5 billion yearsold, andarerarespecimensin contrastpracticallyno Moon rocks
areyoungerthan3.1billion yearsold. TheMoonrocksbroughtbackto EarthareALL quiteold, well presered
rocks,with highlandsrockshaving solidificationdatesasold as4.48billion yearsago.

The slow cooling of early molten planetarymaterialgenerallycauseseparatiorof differentelementsand
mineralsat differenttemperatureasthemagmacoolsslownly overtime. Themagmacooledmuchslower (dueto
nuclearradiation)andin alessdisturbedvay onthe Moon, comparedvith Earthvolcanism.This couldpossibly
have createdsomespecialores. While the oldestcrustaloreson Earthhave mostly beeneroded dissipatedr
buried on Eartheonsago, they're well presered on the Moon. Theres little physicalevidenceof an original
Earthcrust. Much morerecentPre-Cambriamock layershave beenexposeddueto uplifts anderosion,andat
someplacesat the continents edge. However, thesePre-Cambriamocksarent asrich asthe lunar highlands
in aluminumandcalcium,nor arethe oldestknown Earthrocks,on average.Of coursejt’s possiblethatsome
unusuaklndunpredictedrescouldbediscoreredon the surfaceof the Moon, thoughwe cant dependnthat.

2.4 Extraterr estrial depositsof oreson Earth

The Republicof South Africa, the richestcountry in mineral wealth (non-fuel minerals), is largely a Pre-
Cambriangeology Witwatersrand“the Rand”) in SouthAfrica is by far the singlerichestgold producerin
theworld. SouthAfrica hashalf theworld’s platinumgroupmetalresourcesandmostof theworld’s chromium
resourcesDeepgold minesin Brazil andIndia, andthe extraordinarydepositsof Kalgoorliein WesternAus-
tralia, are of Pre-Cambriarorigin, asis Siberiangold. The two mostimportantdepositsof uranium-bearing
mineralsarefoundin the Pre-Cambriamocksof the BelgianCongoandnorthernCanada.

Of coursethe Sudhury Astroblemen Ontario,thegeologythatproducesnorethanhalf of theworld’s nickel
andyieldscobaltandplatinum-groupmetals,is awell presered Pre-Cambriamsteroidmpactcraterof massie
size. It's possiblethatthe slowly cooling magmaoceangproducediy asteroidmpactson the Moon could have
concentrate@xotic asteroidelementsBut we won’t know until we go thereto investigate.

2.5 Theroleof water in ore formation — critical or optional?

Earthliteratureoften suggest®r impliesthatwateris vital in ore-formingprocessesgvenin igneousprocesses
(thoseresultingfrom cooling of moltenrock), becauseavaterdissolved in a magmaincreasedluidity (i.e., de-
creasewiscosity) and encourageglements¢o move aroundand becomeconcentrated However, wateris not
necessarilyital for ore production. Besidesasteroidcraterdeposits the Moon hasplenty of its own sulfur.
Besidesatomsandmineralsmove aroundin adry magmaalbeitslowvly, andanundisturbedmagmathatstayed
moltenfor millions of yearscould producesomeinterestingresults. Experimentsstill havent beendoneon
various“dry magmasystems’to seewhat processesccur; suchexperimentshaven't receved supportlargely
becausdhey arent seenascommerciallyrelevantto Earthoresandmagmas.But 3 billion yearold presered
magmalakesexist only onthe Moon. On Earth,they’re long gone.

We shouldguardagainsbeingoverly biasedby Earthores.Only a substantiapost-Apollosuney will tell us
for surewhetherthereareary specialoreson the Moon. If alienssenthalf a dozensmall Apollo-style scouting



expeditionsto Earth,it would be extremelyunlikely thatthey would find any of our greatores. A post-Apollo
suney could possiblyfind fantasticoresthathave no equvalenton Earth. Ore formationprocessefiave been
urveiled and understoodusually by hindsightafter discovery and analysis,not by prediction. Many oresare
still not well understoode.g.,in Pre-CambriarSouthAfrica deposits. Indeed,the Apollo and Luna samples
have given us mary surprisesand lunar geologyhasturnedinto a very comple field with mary mysteries.
However, we cant counton finding ary specialoreswhenit comesto investingto establishthe initial space
basednfrastructurebuilding solarpower satellitesetc..

Every major study into mining and processindunar materialassumeshat we will useonly what Apollo
samplesffer. Nonethelesghe Apollo sampleshawv thattherearemineralsabundantin the commonlunarsoil
which arefairly easilyprocessiblé¢o producemajor quantitiesof fibemlass,ceramicsclearglassesaluminum,
calcium, iron, magnesiumtitanium and chromium,aswell as other materials— the basichbuilding blocks of
spaceadevelopment.For the basicsof spacedevelopmentwe dont needarything exotic.

However, bulk suppliesof volatile elementse.g.,hydrogencarbon sulfur, will probablyneedto comefrom
asteroidsOneexceptionis thathydrogencould comefrom the permanenthyshadeved lunarpolar cratershased
onthediscorery of ice by the ClementineandLunarProspectoprobes asdiscussedater.

2.6 Highlands VersusLowlands Geology

Like on all planetarycrustsandthe dirt underyour feet hereon Earth, lunar materialconsistspredominantly
of silicateminerals,i.e., silicon and oxygenmolecularlybondedto variousmetalatoms. However, the lunar
highlandsdiffer from the lunar lowlandsmainly in their concentration®f the metal oxides. The early lunar
crustformed a “magmaocean”which solidified into a crustof the lightestmineralswhich hadfloatedto the
top, predominanthaluminumcalciumsilicates(“anorthositicmaterial”)about4.5billion yearsago. In fact, this
crustis quiterich in aluminumandcalciumcomparedo Earth’s crust. (Earth’s crustis split into two layers,the
top beingricherin aluminumsilicates,*SiAl”, with anunderlyinglayerof magnesiunrich silicates,*SiMg”.)
However, the periodbetweend.5and4.0billion yearsagowasmarked by heary bombardmenby meteorsand
asteroidscausingntensecratering.

The highlandsgeologyis mostly composedf overlappinglayersof materialejectedfrom craters predomi-
nantlytheinitial anorthositdaluminumrich) crust. Rocksbroughtbackfrom the highlandsvary in agebetween
3.84and4.48hillion yearsold.

Todays flat lowlands“mare” regions (“mare” is Latin for “sea”) formed about4 billion yearsagowhen
immenseasteroidmpactsfracturedthe crust,allowing the lavasfrom 300 kilometersdeep(200 miles)to erupt
throughtheimpactfracturesandform vastseasof lava. (For comparisonEarth’s crusttodayis 50 kilometers,or
30miles,thickin mostplaces.)Thismaterialwaspoorin aluminumandcalcium,but rich in iron andmagnesium.
However, thelavasmeltedpre&isting aluminum-richsurfacematerialsandmixedwith them. Thelava wasrich
in the heavier radioactve elementsvhich hadinitially settledwell belown the crust,andtheradioactvity keptthe
moltenseaof lava hot for millions uponmillions of years.Marerockshave beenmeasuredo be betweer3.15
and3.77yearsold. Thelastmoltenlakesarethoughtto have finally solidified about3 billion yearsago. The
resultingmaterialwhich makesup the surfaceof theseancientlava seass rich in iron andmagnesiunminerals,
with aremarkablyhigh contentof titaniumminerals.Whenyoulook atthemoon,themaresarethedarlker areas,
andtendto becircularin shapebecauséhey formedin giantasteroidmpactspots.

2.7 The Apollo and Luna Landings

TheUSA hadsix Apollo landings the lastthreehaving electricpowereddunebuggiesto transporsamplesand
astronautgonsiderablalistancedrom the landing site. Russiahad seven Luna missionsof unmannedobots,
someof which took samplesat the landingsite anda few of which useda robotvehicleto drive arounda little.
TheApollo samplesarebiasedo theflat lowlandsbecausét wassaferto landthere.

Apollo 11 and 12 were cautiousmissionslandingon the flat lava plainsof Mare Tranquillitatis(“The Sea
of Tranquility”) andOceanugrocellarum.The Apollo 13 missionwasaborted.Apollo 14 landedon the ejecta
blanket aroundthe vastMare Imbrium impactbasin. Apollos 15, 16 and 17 useda “roving vehicle”, thatis,
anelectricpoweredcarto transportsamplesandthe astronaufor muchlongerdistancegshanfeasibleon foot.
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Figure2: Thenearside(left) andfar side(right) of the Moon.

Apollo 15 landedat the edgeof the lava planeinside Mare Imbrium, taking samplesof both the Mare andthe
foot of the ApennineMountainswhich form the rim of the Imbrium Basin(andwhich straddlethe intersection
of Mare SerenitatiendMare Imbrium).

Apollo 16 wastheonly realhighlanddandingof theU.S.,albeitcloseto andsurroundedby mares.Thelunar
modulelandedon a slopeat a harraving 15 degreeangle. Apollo 17 wassentto the edgeof Mare Serenitatis,
wherescientistshad misinterpretedan unusuallydark areaas possiblerecentvolcanic deposits. Instead they
were 3.8 billion yearold lava deposits.The seven Soviet landingswereall in eitherthe maresor in marerim
mountains.

All samplesomefrom the lunarnearsidejn andaroundthe mares,dueto communicationgroblemswith
Earthfrom thefar side. Thefar sideis almostall highlandmaterial. Thelava flows forming the maresoccurred
almostexclusively onthe sideof the Moon facingthe Earth. The Moon haskeptonesidefacingthe Earthfrom
nearlythetime of its formationdueto gravitationaltidal forces,andthe Earths gravity may have contritutedto
theflows of lava onthe nearsideThe Moonis picturedbelow. The highlandsarethe bright areasthe lowlands
dark. Note the hugesize of the asteroidcraterswhich createdthe mare. The Moon is a 3000kilometer (2000
mile) wide planet,sosomeof thosecratersandresultantiava plainsarehundredsof kilometerswide.

The averagecompositionof the Moon'’s highlandsandlowlandsbasedon the averageApollo samplesare
alsogivenbelow, andfor comparisoraresetalongsidethe averagecompositionof Earths crust. Keepin mind
that we have limited highlandssamplessincethe Apollos landedin and aroundthe safe,flat lowlandsareas,
exceptfor Apollo 16 which landedin a semi-highlandplaceasdiscusse@bove.

Chemicalanalysisn weightpartspermillion.

2.8 Major Lunar Minerals

Beforewe discusamaterialgprocessingn Chapter3, we needto discusghemineralswe aremining. As always,
if this sectiongetstoo technicalfor you, pleaseskip it andcontinueon with the following one. In a planetary
crust,minesfor the basemetalslik e iron andaluminumdo not dig out pureiron or aluminumfrom the ground.
For example,for aluminumthey dig out mineralswherebyatomsof aluminumare bondedto atomsof oxygen
andsilicon, called“silicates”. This materialmustbe processedy heat,chemicalsand/orelectricalcurrentto



Lunarhighlandvs. lowland compositionandcomparisorto EarthAvg

Element Highland Lowland Earth Rank Issues Applications
Oxygen 446,000 417,000 466,000 1 Fuelpropellant/ife support
Silicon 210,000 212,000 277,000 2 Glassesceramicssolarcells
Aluminuum 133,000 69,700 81,300 3 highlandsrich  Electricalconductoy structuresmirrors
Iron 48,700 132,000 50,000 4 lowlandsrich Structuralsteel
Calcium 106,800 78,800 36,300 5 highlandsrich Ceramicsglectricalconductor
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|ife, chem.
Phosphorus 500 660 1,050 11
Manganese 675 1,700 950 12
Carbon 100 100 200 17 lunarpoor Life, chemicalprocessfuel?
Chlorine 17 26 130 20
Chromium 850 2,600 100 21 lunarhas Metal alloys

separatdhe metal from its oxide or silicate. The industrial facility to processthe materialis often called a
“smelter”.

For example thelunarhighlandsmineral“anorthite”is similar to the ore “bauxite” from which aluminumis
producedon Earth. Anorthiteis a mineralconsistingof aluminum(chemicalsymbolAl), calcium(Ca), silicon
(Si) andoxygen(O), with achemicalformulaof CaAlSi;Og. Thesmeltersjob is to split all thatup to produce
purealuminummetal,andoptionallycalciummetal,freeoxygen,“silica” glass(SiQs), andperhapspuresilicon.
Alternatively, anorthitecould be processedo produceceramicdike “calcia” (CaO,aka“lime”) and“alumina”
(Al20O3) insteadof the metals,or silica glassesvith variouspropertiedependingiponthe metaloxidesexisting
in thefinal glassproductandary otherimpuritiesadded.

Metals are generallyfound as metal oxides. (Whenmanmadepureiron rusts, it is returningto its natural
oxidizedstate.) Thesemetal oxidesusuallybondto silicato producevariousminerals,thoughsometimeghey
canbe foundin their metaloxide statewithout silica. For example,magnesiunoxide combineswith silica to
make a greenishmineralcalled“olivine”: MgO + MgO + SiO; = MgsSiOy.

Chapter3 includesa sectionon mechanicalglectricaland/ormagnetictechniquesalled“beneficiation”to
roughly separatdoulk lunarregolith into its componentminerals.NASA studiesinto lunarmaterialsutilization
usingApollo soilswhich arethenbeneficiatechave comeup with the following feedsfor a materialsprocess-
ing facility (after bulk beneficiation). Thereare mary other mineralswhich occurin lunar materialin lower
alundanceandsomeareexotic, but a moreexpansve coverageof this topic is beyondthe scopeof this book.
The above is intendedmainly to give the readeran understandingf the basicsof lunar materialsso that they
understandhe mainissuegelatedto lunarresourcesndmaterialsprocessing.

It hasalsobeenspeculatedhatthereareprobablybedsof nearlypureilmenite,anorthiteandotherminerals
whichwould not needto bebeneficiatedo producetheabove or betterpurity of minerals.Thesearemuchmore
likely to exist afew metersdown, underthecratersplashedurface. Thereadercannow understandhatoxygen
is themostalundantelementon the Moon eventhoughthereis no air on the Moon. Making air to breathds no
problem(within anenclosedatapsulepf course).Thereasoroxygenis themostalundantelemenis thatit bonds
to somary things. Sinceoxygen-bondednineralsarelightweight,they floatupto form the crustof aplanet.On
the otherhand,metalslik e nickel, gold andplatinumstayshiry becausdhey don't like to bondto oxygen.For
thatreasonthey usuallysink to the core of a planetandhencethey’re rarein the crustandpreciousto surface
dwellers.In someof thetablesandin thefollowing text, thenamef additionalmineralsarementioned Theres
no needto memorizearything, asl redundantlyremindthe readerwhatthe mineralsare,andkeepclearwhat
the mainpointsof thediscussiorare.



2.8.1 For Aluminum

Aluminum (spelled/pronoured“aluminium” by non-Americansjs a particularlyinterestingunarresourcelt’s
a goodelectricalconductorindeedthe mostwidely usedconductomaterialon Earth,even morethancopper
It's a lightweight structuralmaterial,which helpswhenbuilding large structuregotating for artificial gravity.
Aluminum mirrors are goodreflectorsand could competewith thoseplatedfrom asteroidahickel. Atomized
aluminumpowder alsomakesa goodfuel whenburnedwith oxygen. Indeed,it’'s the fuel sourceof the Space
Shuttles solid boostersOntheMoon, it couldbecomeheprimaryfuel sourcefor chemicalrocketry of material
to andfrom orbit (thoughwe would needa differentkind of rocket sincethe SpaceShuttlesolid boostersuse
aluminumin akind of rocket we cant malke from lunarmaterials).

Themaindisadantageof aluminumis thatit expandsandcontractsvith temperaturenuchmorethanmost
commonmetals,which could be an issuewith large exposedstructureson the Moon which are exposedto
the extremeday/nitetemperaturevariations,or equipmeniwhich operatever a wide temperatureange.iron
(steel)is betterusedon the Moon and othersuchplacesfor metal structures.We are fortunatethat the Moon
hasconcentrationsf aluminumin anattractve mineralform, anorthite.As McKay andWilliams conseratively
report:

“Anorthite can be consideredo be a potentialaluminumore in the sensethat it is a naturally occurring
concentratiorof aluminumfrom which it may be economicallyfeasibleto extractthe metal. Bauxite[, a sedi-
mentaryEarthore,] which containsabout25 percentaluminum[comparedo 20%in anorthite],is currentlythe
majorterrestrialaluminumore. However, terrestrialanorthitehasbeenusedin somecountriesasa commercial
aluminumore. The United StatesBureauof Minesrecentlystudiedthe economicf extractingaluminumfrom
anorthite... They concludedthat the costof extractingaluminumfrom anorthitewas within a factor of 2 of
the costof extractingaluminumfrom bauxiteandwould becomeeven more competitve asthe costof bauxite
increasedwith depletion]. The Bureauof Minesis currentlyplanningto build a pilot plantto extractaluminum
from anorthite.Alcoa Corp.,whichrecentlypurchased large areain Wyomingestimatedo containasmuchas
30 billion tonsof recoverableanorthosite

“If anorthiteis becomingattractie asa terrestrialaluminumresourcejt is even moreattractve asa lunar
aluminumresource.The lunar crustcontainsa muchhigherproportionof anorthitethandoesthe Earth’s crust
andthelunarhighlandsareparticularlyrich in anorthitg. Only oneof the Apollo missiondandedontherugged
lunar highlands(albeit at the junction betweentwo lowland areas). The averageanorthiteconcentrationvas
75 to 80%, andvariedup to 98%. Thereare mary otherhighlandareaswvhich arethoughtto have even better
anorthiteconcentrationshanthe Apollo 16 site. Rawv anorthiteis alsoagoodmaterialfor makingfiberglassand
otherglassandceramicproducts.

2.8.2 For Calcium

Interestingly productionof aluminumfrom anorthitewould createcalciumasa byproduct,sinceanorthiteis a
calcium-aluminursilicate (CaAl, Si;Og). Calciumis the fourth mostalundantelementin the lunar highlands.
Calciumoxidesandcalcium silicatesare not only usefulfor ceramicsbut pure calciummetalis an excellent
electricalconductor Calciummetalis not usedasa conductoron Earthsimply becausealciumburnssponta-
neouslywhenit comesin contactwith oxygen(muchlike the puremagnesiummetalin camerdlashhulbs). But
in vacuumervironmentsin spacecalciumbecomesttractve.

Calciumis abetterelectricalconductothanbothaluminumandcopper Calciumsconductvity alsoholdsup
betteragainsheating.A coupleof figuresmining engineeDavid Kuck pulledout of thescientificliterature:“At
[20C, 68F], calciumwill conductl6.7%moreelectricitythanaluminum,andat[100°C, 212°F] it will conduct
21.6% moreelectricity throughone centimetedengthand one grammassof the respectie metal: Compared
to coppey calciumwill conducttwo anda half times as much electricity at 20°C, 68°F, and 297% as much
at 100°C, 212°F. Like copper calciummetalis easyto work with. It is easilyshapedandmolded,machined,
extrudedinto wire, pressedandhammered.

As would be expectedof a highlandelementcalciumis lightweight, roughly half the densityof aluminum.
However, calciumis hotagoodconstructiomaterialbecausé is notstrong.Calciumalsosublimedqevaporates)
slowly in vacuum,so it may be necessaryo coat calcium partsto prevent the calciumfrom slowly coating



otherimportantsurfaceslike mirrors. In fact, calciumis sometimesusedto deoxidizesomemetal surfaces.
Calciumdoesnt meltuntil 845°C (1553 F). Utilization of lunarmaterialswill seetheintroductionof industrial
applicationsof calciummetalin space.

2.8.3 For Titanium

Titaniumis a“titan”-lik e high strengthmetal,offering morestrengthperunit weightthanaluminum.Titaniumis
usedfor military aircraftandmissiles.The Apollo 11 andApollo 17 sitesweresurprisinglyrich in aneconom-
ically attractve titanium mineral,ilmenite, FeTiOs (iron titanium oxide). Note thatit’s not a silicate. limenite
grainsof high purity make up morethanonefifth of the Apollo 17 maresamplespn average. Theseilmenite
grainsaverage53% TiO,, 44% FeO,2% MgO and 1% of variousimpurities. McKay andWilliams note: “Al-
thoughrutile [i.e., the mineralof pure TiO2 foundin someplaceson Earth]is moredesirablejlmeniteis also
consideredo be a commercialore for producingtitanium. DupontCorp.,for example,hasusedilmenite ores
onacommerciabasisandthe United StatesBureauof Mineshasrecentlyreviewed the feasibility of replacing
importedrutile with domesticilmenite asa sourcefor U.S. titanium? [Imenite mineralsalsotrap solarwind
hydrogenvery well, so that processingof ilmenite will alsoproducehydrogen,a rare elementon the Moon.
liImenitewasfoundin significantquantitieson the surfaceof two of thefive Apollo lowlandsites. Sinceit’s not
socommonin Earth’s crust,it’s a big lessonin lunargeologyandthe differencesbetweerEarthandthe Moon.

2.8.4 Forlron

Iron is mostalundantin lowland minerals,andfairly easyto extract, e.g., from ilmenite (abore, sameasfor
titanium). Smallquantitiesof freeiron alsoexist. In the above section,| statedthatthe mainindustrialmetals
dont exist in freeform in planetarycrusts.However, freeiron metalis abundantin asteroidsandasteroid$ave
impactedheMoon andspreadheirvaporizednaterialfarandwide. With thelack of waterandair ontheMoon,
this metalhasnot rustedinto iron oxide. Small grainsof freeiron exist in lunar soil. Freeiron averagesabout
half of onepercenof averagdunarsoil. Thegrainsizesaregenerallylessthanafew tenthsof amillimeter. (For
thecurious.thereis alsoatraceof freeiron from solarwind hydrogeratomsstealingthe oxygenfrom iron oxide.
Thiskind of freeiron is microscopic.)Thefreeiron metalis extractableby simplemagnetsaftergrinding. This
producesa supplyof iron powder. This powder canbe easilyhandledto malke partsusinga standardechnique
on Earthcalled“powder metallugy”. On Earth,the metalhandlecdthis way wasmustbe powvderized,whereas
on the Moon andwith mary asteroidst’s alreadypowder. Freeiron metalfrom the Moon probablycould not
competewell with asteroid-devied iron due to the alundanceand cheapnessf asteroidaliron. However, it
would bevaluablefor useonthe Moon’s suriace. Thefreeiron metalis naturallyalloyedwith nickel andcobalt.

2.8.5 Lunar Polar Volatiles

In 1998, the Lunar ProspectolLP) probediscoreredhydrogenat the lunar polesin large quantitiesand high
concentrationspresumablyin the form of waterice, locatedin cratersthatarepermanentlyshadeved from the
sunandextremelycold. Existenceof carbonandothervolatilesis unknavn, asLP sensorgaredesignedo detect
hydrogen.Volatileswill be usefulfor rocket fuel propellant,industry andlife support. The challengewill be
mining this extremelycold material,at-220 Celsius/ -370Fahrenheit 50 Kelvin.

2.8.6 Origins of Lunar Ices

Cratersexist atthelunarpoleswhich arenever sunlitin theirinterior. Thisis becauséheMoon’s axisof rotation
is nearlythe sameasits orbit aroundthe sun— 1.6 degrees— so that the Moon doesnt have “seasons”. The
insidesof thesecratersare extremely cold, at roughly -220 Centigrade(50 K), or -370 Fahrenheit. Over the
eons,cometsandasteroidgich in volatilessuchaswater hydrogen,carbonandnitrogenhave bombardedhe
Moon. Eachimpactresultedin vaporizationof thesevolatilesanda temporary extremelythin gasaroundthe
Moon. Someof this gaswould have impingedon thesepolarcraterswhich sened as“cold traps”. Theamount
of vaporcapturederimpactis small,but it hasaddedup overtheeonsandcountlessometandasteroidmpacts.
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2.8.7 History of Discovery

The US Departmentof Defenses probe Clementine fundedby the Strategjic Defenselnitiative Organization
(SDIO, aka“Star Wars”) in conjunctionwith NASA, senta probeinto a lunar polar orbit in 1994to mapthe
Moon beforeheadingoff for an asteroidnearEarth. Datafrom Clementines radarindicatedthe existenceof

concentration®f waterice at the lunar southpole, thoughotherinterpretationsvere possiblealbeitlesslik ely.

(Mission costwas $75 million, with multiple other purposesaswell.) In responseNASA fundedthe Lunar
Prospectospacecraftbasedon a preliminarydesigndueto SSI?sprevious private sectorsupport,andbuilt by
LockheedMartin Astronauticsin Denver, Colorado. Datafrom Lunar Prospectoiconfirmedthe existenceof

hydrogerandgave a vastly bettermeasurementjsinga neutronspectrometerfThe hydrogeris inferredto bein

theform of waterice. (Total missioncost: 63 million dollars.)

2.8.8 Quantities and Concentrationsof Lunar Ices

Hydrogenexistsin cratersat boththe north andsouthpoles. Total ice at the north pole totalsabout50% more
thanice atthe southpole. The sensoon LunarProspectocandetectwaterup to a depthof 0.5 meters sothat's
whatthedatareportson. It's possiblethattheres morewater sincethelunarsuriacehasbeencoveredwith layers
of craterejectato an averagedepthof 2 meters,thoughthe depthvariesby location. Practicallyall the water
ice is thoughtto comefrom cometandasteroidimpacts. Theres little mentionof hydrocarbonsn the NASA
analyseseleasedo the public, astheequipmentvasnotdesignedo measurearbonabundanceor certainother
volatiles. Thelocationof theice hasnotyet beenpinpointed.Thisis becauseéhe LP spacecraft sensorhiave a
wide field of view, or “footprint” — roughly 150kilometersby 175kilometers.At any goodviewing time, there
areseveralpermanenthshadeved cratersin the sensors field of view, asillustratedin thefirst figurefollowing.
The secondigure shaws the footprint of the prospectoragainsta realimageof the lunar polesandtheir larger
craters.
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Mosaics of Lunar Poles

North Pole south Pole

Figure4: Source:NASA.

Theinitial estimatef waterice in March, 1998, were awesomelyhigh. However, uponfurther collection
andanalysisof data,theseestimatesveredramaticallyincreasedy a factorof about10 timesby the time the
next majorreportwaspublishedn Septemberl998. 1t wasinitially thoughtthatthe hydrogerexistsin theform
of small crystalsof waterice in concentration®f 0.3%to 1%, dispersedver a large surfaceareaof 5,000to
20,000squarekilometersatthesouthpoleand10,000to 50,000squarekilometersatthenorthpole. However, as
of thetime of this writing in Decembe1998,the mostrecentdata,analysisandpredominatingheorysuggests
atotal of six billion metrictonsof waterareconcentratedth a smallnumberof lunarpolarcraters.As explained
by Dr. Alan Binder, theLunarProspectoprincipalinvestigator“if themainsources cometaryimpactsasmost
scientistsbelieve, our expectationis thatwe have areasat both poleswith layersof nearpurewaterice” in the
form of “discrete,confined,nearpurewaterice depositsduried beneatrasmuchas18 inches(40 centimeters)
of dry regolith”, whichis aroundthe 50 centimetemaximumdepththatLunar Prospectocandetectwater

2.8.9 Mining Challenges

Themain challengen recoveringthesevolatilesis handlingthe extremelycold material,at -220 Celsius/ -370
Fahrenheit 50 Kelvin. We've never minedarything nearthattemperature.Thus,a valid questionis “What's
the scoop?” To successfullyscoopup materialwithout breakingour machinery we would probablywarm the
surfacematerialto be mined, e.g., usingmicrowvavesor infra-redheatersn front of the mining equipmentand
scrapingup the warmedsurface. We would mine the materialslowly, limited by the heattransferpropertiesof

the material. The vehicleandary appendagesould alsoneedto be warmed. Anotheroptionis to puta hood
over anareaandheatthe materialunderneathbringingin the waterasvaporthroughpipesandinto tanks.On
the plus sideis the likely prospecthat someplaceson the rims of polar cratersmay be permanentlysunlit. If

so,they could provide continuoussolarpower. Thisis onegeographicalssuethathasyetto beresoledatthe
time of this writing. The southpole hasbigger permanentlyshadaved depressionsThe northpole hasa larger
numberand moreinterspersegrermanentlyshadaved areaswhich may give more choicesof placesto mine,
e.g., nearacraterrim thatis alwayssunlit to produceelectricalpowver. However, the exactlayoutin detail has
yetto be determinedMore informationon the LunarProspectodiscorery of waterice canbefoundhereatthe
NASA AmesResearciCenter
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2.8.10 For Other Minerals

ThemainmineralsontheMoonare“plagioclase’minerals(aluminumsilicatesof which anorthite- calciumalu-
minum silicate— is the mostcommonplagioclasamineral),“olivine” (predominantlynagnesiumandiron sili-
cates- Mg, SiO, andFe,Si0;,), ilmenite(discusse@dbove, FeTiO3), andpyroxenegMgSiOs, CaSiG;, FeSiQ).
However, thereare mary othermineralsandglassesnixedin. Coveringlunargeologyin detailis beyondthe
scopeof thiswebsite.

2.9 Powdery Texture (Helpsin Mining and Processing

One of the benefitsof dealingwith lunar materialis thatit’s powdery on the surface. Indeed,the astronauts
comparedt to ash.Look at how fine the imprints of their sunlenfootprintsare. Thereasorfor thisis thelack
of ary shieldingatmospherewhich hasallowed meteoritesmicrometeoriteandsolarandcosmicradiationto
bombardthe surface over the eons,pulverizing it into powder. Typically, the thicknessof the powderis 2 to
10 metersin the lowlands,and 100sto 1000sof meters(kilometers)in the highlands the highlandsconsisting
of piles of craterejecta. Sincethe surfaceof the Moon hasbeenunchangedy ary geologicactvity for 3+
billion years,we seethe accumulateaffectsof 3+ billion yearsof meteoritebombardmenand pulverization.
As a NASA reportsummarizes:“The fragmentedmaterial consistsof as much as 25% by weight under20
micrometersan diameteri.e., onefiftieth of a millimeter!], andmorethan70% under150 micrometersn size
[i.e., oneserenthof a millimeter]. Approximately90% by weightof the lunar soil consistsof particlesunderl
millimeter in size” It's more powderyin someplacesthanin others. The materialpropertiesof lunar soil are
discussedurtherin the sectionon mining.

3 Mining the Surface

The fine, powdery materialthat makes up the lunar surfaceis mostcommonlycalled“regolith” in the scien-
tific and engineerinditerature, so that tradition will be followed here. The earlieststudieshad corventional
equipmentstrip mine the moon’s surface,e.g., “front loader”vehiclesto scoopup the regolith anddropit into

“haulers”which would bring it backto the materialsprocessingite. In thesescenariosthe vehicleswould be

launchedrom Earthandneedto be assembledfterlandingon the lunar surface. The haulerswould not be as
structurallymassve asEarthhaulersdueto the Moon’s one-sixthgravity. However, theloadersvould be nearly
thesamesincethey needacounterweightvhenscoopingupregolith. Simplecounterweightsvould beproduced
from lunar materials,not launchedrom Earth. Application of terrestrialmining experienceandtechnologyto

the lunarenvironment,with emphasion teleoperatedndautomatedsystemsijs coveredin a U.S. government
(publicdomain)paperpresentectthe 1993AIAA/SSI conferencdoy E.R.PodniekgSeniorStaf Scientist)and
J.A. Siekmeier(Civil Engineer Twin Cities ResearclCenter)of the U.S. Bureauof Mines, entitled Terrestrial
Mining TechnologyAppliedto LunarMining (papermreference)A significantlyimprovementmaybeto replace
thefront endloaderswith a simplebucket-and-reebystemcalleda “flail” or “slusher”,asshavn below, asput

forwardby mining engineemRobertGertschref. 3). It pullsthedirt up arampandinto the hauler

Sincethe surface materialis powvdery a flail may handlethe job of collecting bulk lunar material. The
above aremethodsusedon Earthandadaptedo the Moon. Othermethodshave beenproposedvhich have no
precedenbn Earth, but they may be consideredoo nev and unprosen to be considereddy a private venture
in the nearterm. For mostof the Moon, the top few metersof the lunar surfaceconsistsof a mix of minerals,
whereadower depthsprobablyoffer more uniform minerologyfrom the old magmaoceans.The mix on the
surfaceis dueto all the splashesf asteroidmpactswhich hasmixedmaterialsfrom distancesAlso, thesurface
is glassierdueto the superheatedatureof the asteroidejectaandthe subsequemjuick cooling.

Many proposedmethodsfor materialsprocessingcall for processingust one particularmineral, e.g., il-
menite.Thiswouldrequireeitherseparatinghe desiredmineralfrom theregolith mix, or miningunderneatithe
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Figure5: NASA artwork by L. Ortiz shaving RichardGeitschs slushrmining system.

surfacewherethemineralmaybefoundin afairly uniform state.Which mining methodis used,andwhichmin-
ing site exploited,dependsiponwhich productsaredesiredthe processingnethodsemplo/ed, andthe amount
of investmenthatfinanciersarewilling to putforth.

3.1 Various Issuesin Lunar Mining

The Apollo missionswere surprisedby the difficulty of extracting subsurice samples. While the top was
powdery and soft, attemptsto drill into the surfaceand extract subsurdce materialresultedin seizingof drill
tubeswhich could not be remored and hadto be abandoned.t is now thoughtthat underneattihe very top
layers,lunar soil is actually more densethanequivalentEarthsoils at the samedepth. Due to small, repeated
vibrationsby distantmeteorimpactsover the eons,the soil particleshave settleddown by shifting relative to
eachotherinto ever moredensegeometricabrientations.Thus,it is now recommendethatary experimentsn
mining lunar simulantsfirst settlethe materialby vibration, not by compressinghe material. Indeed,it's been
found that compressions not nearly as effective asvibration (within nondestructie compressiompressures).
(Asteroidsare probablythe opposite- they dont have the stronggravity to causesettling,andin fact meteor
impactsmay sere to make asteroiddluffier.)

Anotherissueis rubbingfriction in vacuum.The U.S. Bureauof Minesfoundthatexposinglunar simulant
to vacuumlong enoughfor nearly completeoutgassingcausedncreasedtiction betweenthe tool and lunar
simulant— from 1.5 to 60 times morefriction! On the lunar surface, it will probablybe even higherdueto
incompletelyoxidized mineralsand total absencef moisture. Tools shouldbe madefrom (or coatedwith)
materialswhichwill minimizefriction, andexperimentshouldbe performedon simulantghathave beensitting
in vacuum.(This appliesto asteroidsaswell.)

OntheMoon, temperaturesary from approximately170°C (-275°F) at night (duelargely to thelong, two
weeklunar night) to around140°C (280°F) in theday Significantdifferencesn temperatureoccur between
shadaevs andsunlitareas Eithersurfacemining equipmeninustbe designedo operaten hightemperatureyr
apartialsunscreeishouldbe put over the mine, possiblycomplimentedwith foil mirrorsto eliminateshadas.
Variousschemesnay be employedto regulatethe temperaturef areasheingmined. At night, surfacemining
equipmentvill needto beshelterede.g., atunneledyarageor acanopy with heaters(Thetemperaturextremes
aremuchlesswith asteroidswhich typically rotateroughly four timesa day thoughrotation period canvary
overawide rangefrom asteroidto asteroid.)

Gravity onthe Moonis onesixth thaton Earth,andthe mining andprocessingquipmenmustbe designed
accordingly This doesnot posea majorchallengeput like working in vacuumwith electricityinsteadof petrol,
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the Moon will requiredesignof new equipmentgvenif it's basedon Earthmining corventions. (For asteroids,
the mining processesieedto be radically differentfrom most mining processe®n Earth.) One of the best
sourcef expertiseon lunar mining canbefound at: The Centerfor SpaceMining ColoradoSchoolof Mines

Golden,Colorado80401

4 Lunar Bases

The objective of the early lunar baseis to get materialinto orbit so that productsand servicescanbe sold to
supportspacedevelopment. Somestudieshave the lunar basemakingcomponent®n the surfaceof the Moon
andblastingthemup. However, it maybebetterto senda minimallunarbaseo collectsemi-processeaiinerals,
andto locatemostof the processingndustryin orbital space.Thereareadwantageso industrylocatedin orbit
— continuoussolarenegy with no nightsfor power andthermalenegy, hugesolarovens,gravities from zero
to whatever a centrifugewill provide, saving the costsof landinganddeplo/ing processingequipmenton the
Moon’s surface,andthe capabilityto usethe sameindustryin orbit for processingooth asteroidaland lunar
material. It seemghatbeneficiation(discussedn 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-basethdustrial processesvhich will be ableto corvert almostall of the lunar minerals
deliveredinto very usefulfinal productswithout muchwaste.

Surfacemanugcturingcapabilitiesfor the purposeof building up thelunarbaseusinglocal materialswvould
be quite worthwhile, e.g., for making steeland glass-ceramistructuralitems. A mobile solarreflectoroven
couldmale thelanding/launchpad,roadsurfaces domeroofs,etc. Most of thebasejn termsof weight, will be
producedn-sitefrom localmaterialsnotblastedupfrom Earth. Thelunarbasewill needalanding/launctpad,a
power plant(perhapssolarcell arrayfor daytime“peak” enegy anda smallnucleampower plantfor nighttime),
baseconstructiorequipmentasparepartsandmaintenancgarageacentralcontrolandcommunicationsenter
housingfor the peopleon-site, andlife supportsystemsOf coursejt will alsoneedthe miningandbeneficiation
equipmentdiscussedn othersections.The mining equipmentflail andhaulers)anda solarovenwould beused
in building theinitial lunarbasebeforebeingemployedfor supplyingmaterialfor industryin orbital space.

5 Other'swebpageson Lunar Materials and Utilization

The following links eitherdont fit in elsavherein the lunar sectionor are particularly notevorthy for their
broadbasethformation.

e Oneof thebestandmostreliablesourcesf currentinformationon lunardevelopments the Lunar Enter
priseDaily, anelectronicnewsletterfrom SpaceAge Publishing which hasbeenputtingout newsreliably
backinto the 1980s(whenit wasa nice papemewsletterin the mail). Over time, they’ve compileda Lu-
nar EnterpriseDirectory of organizationsaandindividualswhich is instantlyaccessiblen theweh With
thatkind of servicecomesa significantprice for an individual, thoughit shouldbe standardarefor an
organization.For moreinformation,seewww.spaceageputpm

e Artemis SocietyInternationalandthe Lunar ResourcesCompaly aretwo importantand closelyrelated
privatesectoroperationsvhich arediscussedh section8 on Mission Scenarios.

e ThelInternationalLunar ExplorationWorking Group (ILEWG) wasfoundedin 1995at a meetingin Eu-
rope,andseeminglydevelopedmainly in Europearsettings.It’'s supportedvith governmentmoney, and
is heavily establishedor internationalcooperationbetweengovernments. The ILEWG home pageis
sponsoredby the Missionfrom PlanetEarth StudyOffice at NASA HeadquarteraNashingtorDC, andis
maintainedby researcherat the JohnsonSpaceCenterin Houston,Texas,now contractingwith USRA
(UniversitiesSpaceResearctssociation)for web curatorialsupport,but Europearactvity hasbeenris-
ing. Strengthsncludethe LunarExplorersRagister the sponsoredCEUM conferenceglnt’| Conference
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on ExplorationandUtilization of the Moon) andLUNEX (the Lunar Explorers Society). Oneweakness
is thattheinformationis a bit datednow. If thegovernmentmoney stopsflowing, wouldit continue?

The Lunar and Planetaryinstitute (LPI) runs an excellentwebsitewhich includeslunar baseand space
resourceselatedmaterials,amonga bunchof otherplanetarystuff. Of particularinterestwithin this site
aretheexcellentlunarbasedocumentpreparedy NASA andcontractoemploeesattheNASA Johnson
SpaceCentey sereralissuesof the Beyond LEO Newsletter andthe Lunar Explorers Digestreviews of
booksonthemoon.

TheLunarBaseQuarterlyis awell doneresourcenhich, if you go throughthetext, revealsgoodsupple-
mentarycoverageof currentactvity, progressandprospectsn the internationalarena.lt’'s agood,active
site wherebyonecangetinvolved andcontritute to their processwhich includestheir “Lunar Database”
concepts.You'll atleastwantto revisit themfor their substantie quarterlynewsletters. The emphasis
is on governmentsponsorshi@roundthe turn of the century with little on purely commercialinitiatives,
however. The materialsarecompiledandproducedby Dr. H. H. Koelle, TechnicalUniversity of Berlin,
Chairmanof the Subcommitte®n Lunar Developmenif the InternationalAcademyof Astronauticsand
longtime participantand enthusiastor lunar materialsutilization. Dr. Koelle haseditedan interesting
paperfrom the InternationalAcademyof AstronauticsentitiedProspectandBlueprintsfor FutureLunar
Developmentwith an emphasison governmentfunding. Seealso his 100 kilobyte report entitled The
LunarLaboratory anotherlOOK reportanalyzinga lunar settlementanda 60K reporton an Earthheavy
launchvehicleandlunarlanding,launchandinterorbitalvehicles.All areimpressie. For all thisandmore
from this enepgetic 72-yearold veteran keepin touchwith the homepageof ProfessoHeinz-Hermann
Koelle,whichis alsowhereyou canFTP his maindocuments.

A currentproposalwithin NASA, Icebreakr One,to fund a surfacelandermissionto the lunar pole to
verify ice atthepole,asafollow-up missionto Clementineandthe LunarProspector

The LunarRover Initiative is a joint venturebetweenCarngie-Mellon University (CMU) andLunaCorp
of Arlington, Virginia, to develop andland two entertainmentobotson the Moon by year2000, which

wouldreturnlivevideofor audiencesf themeparks,TV networksandeducationaimedia,aswell asallow

peopleto teleoperatehe exploring vehicle. LunaCorphas,amongotherbookson outerspace authored
and publishedReturnto the Moon, which hassold more than22,000copiesto date,and authoredand
publishedMission: PlanetEarth

An excellentarticle, “Using SpaceResources’py Dr. ThomasA. SullivanandDr. David S. McKay,
NASA JohnsonSpaceCentey New Initiatives Office, PlanetSurface SystemOffice, and Solar System
ExplorationDivision, Mission ScienceandTechnologyOffice.

The SpaceStudieslinstitute hasmary researchreportson elementsof lunar materialsutilization which
would be usefulfor a privatesectorinitiative. SSIbelongsat thetop of ary list of establishedndquality
organizationgo contactfor a privatesectorventure having a breadthof active researchimembersn indus-
try andgovernmentandhasled muchof theresearchn this field asa private organizationfor morethan
20years.

TheNASA NationalSpacescienceDataCentei(NSSDC)makesavailableontheinternetdatafrom NASA
(e.g.,Apollo sampleslLunarProspectqgrothers),U.S. DefenseDepartmen{Clementine)andSoviet mis-
sionsto the Moon. Their Moon pagesstartat http://nssdc.gsfc.nasavgplanetary/plands/moorpage.iiml

Forimagesandgoodpicturesof the Apollo missionsgoto theNASA JohnsorSpaceCenterPublicAffairs
Office’s Apollo Pages

15



