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for Use in Lunar Simulants
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In order to colonize the
Moon, it must be known how
the Lunar Soil will interact
with the various systems

nfortunately, the Apollo
missions did not bring back
enough sample to study and
@har'terize fully

APOLLO
LANDING
SITES

') Emphasis has therefore been placed on making,
studying, and characterizing “simulants” such as:

» Minnesota Lunar Simulant (MLS-1) was developed in the
1970s and 1980s

Y Johnson Space Center (JSC-1) in 1990’s

» MLS-2, JSC-1A, JSC-1F JSC-2, JSC-3, etc. were developed
later but, like the others, all were consumed in various
studies



H&l E;]S-l and MKS-1)
» China (CAS-1)

D) E)E@mfl@m@ studies were ee-ntr'ed on using single

[@m @f igébus rock, predominantly

&E@E, with a focus on the elemental

‘ conten.t ot necessarily the mineralogy and
chemistry

) Most of the studies took these materials, added fluxes,
heated to a molten state, allowed to solidify, and, after
cooling, crushed, ground and pulverized the material

) Consequently, no simulant has accurately and
adequately reproduced Lunar Soil
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D 0ver95% ofiL _D]]E]]‘ il'is comprised of silicates
belonging to 4 mjozr‘ mineral groups:
) hwl]g,-_,ajm calcium E > [(Na,Ca)(Si,Al),Og]
> Orthopyroxene @E}Eﬁi‘@)

[(MgEe)Ca) (Mg Fe,Al)Si; O]
> Clinopyroxene (Augite) [(Ca,Na)(Mg,Fe)(Si,Al),04]
> ,

) There are over 100 other minerals present, mostly
‘oxides in minor amounts, including:

> Rutile (TiO,)
> [Imenite (FeTiO;)
» Chromite (FeCr,0,)



Lunar Soil

Olivine Plagioclase
(Calclum rich)

Pyroxene

Hornblé

Biotite Plagioclase

‘ (Sodium rich)

Feldspar

Muscovite




Anorthite

Bytownite
Labradorite

Andesine

Oligoclase

Albite
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Y Developla'simulant by producing mineral

‘“ e R L 4 ]

separates: from multiple resources

DS Mixithe'separates in the appropriate ratios to
match'both the physical and chemical
of the Lunar Soil
ppropriate resources at existing and
permitted mines :
Develop processes to concentrate and purify the
minerals into the “separates”
D Initial focus to be on the four major minerals
and later on the minor minerals



Project:

DEMaking separates would allow
1] J)MTJJ\,J to be removed thereby
allowing many t rrestrlal resources to be

considered

)" Mineral'se parates v would processmg of
rqslss to m_ma high grade f@@ﬂ stocks for later grinding

) Llajgam
) Tremendous savings in time,

labor and costs would be reallzéd
because the pyriometallurglcal"
(i.e., thermal) processes would be

avmded
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Develop Production Processes

)) wma;ﬁ&ﬂ“m s that would produce
tradltlona_l mineral processing

@J]Iﬂ extra tive metallurgy techniques

D)) tess to evaluate the

D) De51gn ﬂow sheets with cost-estimates such that
large amounts of separates ranging in size from
10 to 100 tons could be produced
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Terrestrial Co

) The search for roc
lunar rocks

) Archean Anorthosite

) Rare on earth

D) @Uﬂﬂgy formed during a
particular era of earth’s

hi sto “



Cooling



http://en.wikipedia.org/wiki/File:Fractional_crystallization.svg
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LAYERED SERIES

anorthosite
[ gabbro
ULTRAMAFIC SERIES

- orthopyroxenite
B peridotite (hartzburgite)

STILLWATER COMPLEX

2.7 billion years old
>30 miles long
~20,000+ feet thick

STILLWATER MINE

Younger sedimentary

rocks 8 km
Older metamorphic 5 mi

and igneous rocks
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)) Inadequate CaINa ratios



) Norite | Zone |
YrJustiabove Ultra mafic zone
D Plagioclase, Orthopyroxene,

Clinopyroxene l"axthS roughly

60/30/10 o
~ ) Average A :5:Ra"99 An,g oo
) Highest %Ca available

) All of these are needed for the
lunar simulant “ingredients”




) Ultramafic Zone

DEComposed mainly of Olivine below,
D“O”]Zﬁ‘l@ (pyroxene) above, and
@ﬁmfmﬁﬁ@ ayers

) Most of the O .Uﬁwﬁm@ has been
@@U’@@@@ﬁm to Chrysotile

) Other (OH) altered minerals i.e.
&ﬁ]ﬂ[}aﬁﬂﬂ []@D Chlorite, Antigorite exist
from altered .Pyroxenes

e

Y Unusable for lunar simulant
production



) @fj‘mﬁa and sieve to:remove fines
Y Use of 80-120 mesh fraction good for

magnetic separations



) Few other -’c‘able minerals as
Chromite is in the Ultramafic Zone



DEHess HHS 960, Stillwater Igneous Complex, pgs
2:157:3,80-87.
) plu@,lb]ﬂblimg @h@fﬂ@;@ S,, Laboratory Handbook of

Petrographic Techniques, pg 119

2dia ge-me-ral refereng;‘e for mineral

) Deer, Zussman, 1978, Single Chain
Silicates '
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MONTANA TECH

Available Technologies i
Metallurgical & Materials

YSCharacterization Tools
canning klectron Microscope/ Mineral

Libe *'JJJJ:J Analyzer (SEM/ MLA)

) X§= Spectrometer (XRF)
) Tti@iﬂ @re Microscopy



MONTANA TECH

_Ll\/lj‘&lﬂ]@lé)

> Gravity (shaking spiral, Knelson
concentrator)

» Hardness/Size crush"efs, grinding mills,

pulverlzers screens)

) Flotation (batch)

» Leaching (column, bottle roll, agitation, autoclave)
Y lon-exchange (column, agitation, titration)
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Y Crushea
DS Ground

)" Pulverized

) SEM/MLA Analysis
) XRD

2
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.AJJMa
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% NaAlSi,O, [ A % CaAl,Si,O0,
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DIPlagioclase

) Augite

Y Pyroxene
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(clino)enstatite (clino)ferrosilite
MgFeSizOg
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DRlagioclase

Y Augite

) Pyroxene
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) (Ca,Mg,Fe),Si, 0,
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YIRlagioclase
Y Augite

) Pyroxene

) Potassium Feldsp



Y KAISi,0,




KAISi 303
Orthoclase
and Microcline

Y,

",
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i n, An% Ants®
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) Pyroxene
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) (Mg,Fe),Si0,
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Anarthite - CalAl:SizDs)

Tip: wou can zoom indout by holding dowen the leftfright mouse button
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YFAlmagneticiseparation to be performed

DS Eromithe separation a accurate reading of
the pyroxene levels ompositions can be

) A accurate An% also be determined



YEMagneticSeparation
YEWetSieve Analysis

D) / Sieve' Mﬁﬂj
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Y Crushea
DEGround

)" Pulverized

) SEM/MLA Analysis
) XRD
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) (Mg,Fe),Si0,
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YEMagneticSeparation
YEWetSieve Analysis

D) / Sieve' Mﬁﬂj
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High Calciun

YEAnorthitelevellofi80 or higher

D Regolith'has'normal concentration of 90+ An
)" Outcrop'and Waste Pile Samples Analyzed



D Crushea

D' Ground

)" Pulverized
) SEM/MLA Analysis




Anorthite (outcrop)







) Plagioclase

A1 C =T
VAugite
Y Anorthite
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KAISi 204
Orthoclase
and Microcline

Oligoclase Andesine Labradorite
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An Outcrop Augite Peaks
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Physical Properties
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