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METEORITE CHARACTERISTICS

STONES: SILICATE DOMINATED (96% OF ALL FALLYS)

CHONDRITES (88%)

SRELATIVETO

DEIMOS
NASA/JPL
15X12X11 KM
C-TYPE



METORITE CHARACTERISTICS

STONY-IRONS (1% OF ALL FALLYS)

1 1 I
ABOUT 50% FERROUSMETAL ALLOYS, 50% SILICATES

e APPARENTLY RELATED TO HIGH PRESSURE CRYSTALLIZATION IN
MANTLE OF A NOW DISINTEGRATED PLANET.

> ALL FALLS)

n ws
ABOUT 99% METALLIC FE-NI-CO ALLOYS

u 1
g « INCLUSIONS OF FES, PHOSPHIDES, CARBIDES, GRAPF aMONDS,

SILICATES B
1

"

« APPARENTLY RELATED TO HIGH PRESSURE CRYSTALLIZATION, SUCH

GEOGRAPHOS ASIN THE CORE OF A NOW DISINTEGRATED PLANET.
NASA/GOLDSTONE

~75X30KM,



ASTEROIDSIN GENERAL

MAIN BELT ASTEROIDSBETWEEN JUPITER A

_‘. ¥
“CENTAUR” ASTEROIDSBETWEEN JUPITER
CHIRON, 1979 VA, AND 133P/EL ST -

URANUS
RRO ALSO HAVE COMET-LIKE BEHAVIOR

“TROJAN” ASTEROIDSJUPITER'SORBIT AND CONTROLED BY IT

GENERAL CHARACTERISTICS

RUBBLE PILES (?)

STER THAN ONE REVOLUTION PER 2 HOURS

N ORBITAL CHARAC CSAND/OR COMP ME
ETS %

EROS C-TYPE
NASA/NEAR SHOEMAKER/APL
11X11X34 KM

1.3 GM/CM3



=HNON)
FINAL DESCENT
NASA/NEAR SHOEMAKER/APL

GROVES

NOTE DEPRESSIONS, I .E.,
SUSIDENCE FEATURES

157417133
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SPACE WEATHERING

(TENDSTO GIVE A RED
TINT TO THE SURFACES OF
MOST ASTEROIDYS)

WEATHERING FACTORS:

MICROMETEORS (PRODUCE
NANO-PHASE |RON)

SOLAR WIND/SOLAR FLARE
IONS

GALACTIC COSMIC RAYS

COLD/HEAT

—
o

=

— e —— -

—

: = ~ NASA/NEAR SHOEMAKER/APL




EROS
CLOSE-UPSAND COLOR
NASA/NEAR SHOEMAKER/APL



CHONDRITES

C-TYPE ASTEROIDS

80% OF OBSERVED METEORITE FALLS

SILICATE-RICH /UNDIFFERENTIATED
— MONAHANSMETEORITE HASWATER BRINE IN SA

— OXYGEN ISOTOPES SHOW. NON-SOL .
Al-RICH INCLUSIONS, AND ®LLVINE
Hiyagon and Hahimoto, 1999) 3

REMNANT MAGNETISM INDICATESFIELD OF 1-10 G

ALIESIN SPINEL, Ca-
egan, et al, 1998; Choi, et al, 1998,

951 GASPRA 19X12/11 KM

HIGH PRESSURE SHOCK ASSEMBLAGESIN VEINS 7HR ROTATION PERIOD

NASA/GALILEO/IPL



TWO OTHER ASTEROIDS, EUGENIA
AND ANTIOPE, AREKNOWN TO HAVE
MOONS. 120 KM ANTIOPE CONSISTS
OF TWO, EQUAL SIZED BODIES,
SEPARATED BY 170KM.

CHONDRITES-2

CONTAIN "CHONDRULES" RICH IN CA AND AL

Al LIMETER-SCALE IGNEOUSSILICATE

PHERICAL, GLASSY, CRYSTALLINE

RME CHONDRITES

S »
IN THE SOLAR
MALSFORMED

AT 0.6 AU AND

ATION OF THE DUST OF

THE NEBULA INTO PLA (?

243 1DA (56 KM LONG) AND
ITSMOON, DACTYL (1.5KM)
STYPE

2.6 GM/CM?3



7 CHONDRITES-3

CHONDRULES CONTAIN “PRE-SOLAR” MATERIAL
(IDENTIFIED BY NON-SOLAR ISOTOPIC RATIOS)

MOST ABUNDANT PRE-SOLAR MATERIAL YET IDENTIFIED

ll Al

7% SILICON CARBIDE

' GRAPHITE

# " 'NANOMETER-SIZED DIAMONDS
' REFRACTORY (Al,0,) OXIDES
SPINEL

SILCON NITRIDE

METAL CARBIDES

EROS MOSAICS
VEVERKA, ET AL, 2000, SCIENCE, 289 1 5 km i
I NASA/NEAR SHOEMAKER/ARL




. S-—-I-Y:DI\II:NERAS'I'EROIDBELT OTH ER AST EROI DS

— EVIDENCE OF HEATING AND DIFFERENTIATION
— 29TELESCOPIC SPECTRA (Binzdl, et al., 1996)
« INTERMEDIATE BETWEEN S-TYPE AND ORDINARY CHONDRITES
— 1.DISTINCT ROCK TYPESVSDIVERSE LARGER BODIES
— 2. ABUNDANCE OF OPAQUE MATERIALS

RESH SURFACES (MOST LIKELY)

. ce, 288 - .
D-TYP ARB@NAC EOL SCHONDRITE(BEYONDMAIN BEL
— TAGISHLAKEM ETEORITE(HIROI ET AL, 2001, SCIENCE, 293) =~ ; v;&r ,‘
o 4-5% CARBON(MOST KNOWN) A O -
« PRESOLAR GRAINS
« CARBONATE MINERALS

e M-TYPE (MAIN BELT)

— 16 PSYCHE EROS
* RADAR SUGGESTSMETAL _ C-TYPE (REVISED BY GRS DATA)
— KLEOPATRA (Ostro, et al, 2000, Science, 288) 11X11X33 KM

« RADAR: 217X94X81 KM, DUMBELL SHAPE, 3.5 GM/CM 3 REEFGEMTGM?3
5.27 HR ROTATION

NASA/NEAR SHOEMAKER/APL



VESTA

BASALTIC A-CHONDRITE (?)
MEAN DIA 530KM

460 KM DIAMETER CRATER,
13 KM DEEP
MAPPED USING SPECTRAL PROPERﬁES\A &

CRATERING ON ASTEROIDS (Veverka, et al, 1997)

CRATERSFORM WITH DIAMETERS COMPARABLE TO
ASTEROIDS MEAN RADIUS

IMPACT DOESNOT BREAK UP BODY
AT THISSIZE

CRATER SIZE-FREQUENCY DISTRIBUTION SIMILAR
TO THAT ON THE MOON

LARGE CRATERSHAVE NOT DISTROYED EACH
OTHER

PROBABLY DUE TO ACCELERATION OF
EJECTA TO ESCAPE VELOCITY




NEAR EARTH ASTEROIDS

ESTIMATES ARE THAT ABOUT 2000 NEAS EXIST (SEE BOTTKE, ET AL, 2000,

SCIENCE, 288)
_  ~950 DETECTED BETWEEN 4
_  ~000 OTHERSESTIMAT
. EJECTED FROM MAIN'
. COLLISIONS
_ CHAOTIC DYNAMICSIN

« RELATIVELY SHORT (10-100 M
REPLENISHED RAPIDLY COMP
SYSTEM.

DIAMETER
M DIAMETER
NSWITH JUPITER.

ECCENTRICITY.

ND THUSMUST BE
GE OF THE SOLAR

e AMOR TYPE (~29%)
— ORBIT OUTSIDE THE EARTH'S

e ATEN TYPE (~6%)
— ORBIT INSIDE THE EARTH'S.

REFLECTANCE SPECTRA INDICATE MANY NEASARE SIMILAR TO MAIN BELT

ASTEROIDS MATHILDE 59X47 KM
OTHERSAPPEAR TO BE EXTINCT COMET NUCLEI ALBEDO 3-4%
17.4DAY ROTATION
« SURFACE VOLATILESDEPLETED DENSITY 13

. INERT CRUST SEALSREMAINING VOLATILES INSIDE T A NEARIAPL



NEAR EARTH ASTEROIDS

e SPECTRA OF NEA 1862 APOLLO
.

— METAL, OLIVINE, AND PYROXENE

e G6TELESCOPIC SPECTRA OF OTHER NEASs

SIMILAR TO ORDINARY CHONDRITE METEORITE SPECTA

e ALTERATIONINMANY (HYDROUS, E.G.,, CLAYSAND IRON OXIDES)

BOTH PRE-DATED AND POST-DATED ACCRETION OF PARENT BODY

MATHILDE 59X47 KM
C-TYPE
ALBEDO 4% (6X<EROS)

1.3GM/CM3
NASA/NEAR/APL



ASTEROID RESOURCES

« MAJOR TYPES

—SILICATE DOMINATED REGOLITH
« SORTED BY SIZE AND OR DENSITY
« UNSORTED

— METAL DOMINATED REGOLITH

— SILICATE/METAL MIXED REGOLITH
« SORTED
« UNSORTED



SILICATE DO &
REGOL

e CHONDRITES(C-TYPE) AND

— UNSORTED REGOLITH V

REGOLITH |
. SOLAR WIND VOLATIL| S'_’ T
 SOLAR WIND DERIVED VOLATILESS =

« HYDROUSMINERALS E -
« RADIATION PROTECTIOR

- EXAMPLES : ' *:F
— EROS[NEAR-EARTH, C-T STEROI D]
REFERENCES, E.G., SCIENCE, 2000, 289) ,-u‘_‘* f'&‘ﬂ

« LOW DENSITY REGOLIT . TEaE
* FINE GRAINED REGOLITH LOCALLY'P
— MATHILDE [NEAR-EARTH, C-TYPE AST ROID] -

« MAY BE CARBON-RICH [LOW.A@‘I_  DEN.

T

g -



A NEAR SHOEMAKER "PONDED” DEPOSITS
Y NATURE AND DISTRIBUTION

N\ *APPEAR TO BE RESULT OF DOWN SLOPE MOVEMENT

* WHAT ARE THE RESOURCE IMPLICATIONS?
*SIZE DISTRIBUTION?

| \\ » *DENSITY?

*ELECTROSTATIC PROPERTIES?

NASA/APL: ROBINSON, ET AL, 2001,
NATURE, V, 413.

e
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sy

s - :
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Latitude

150° 100°

Longitude



METAL DOMINATED el
. IMAGESAND' RECONSTRUTIONS

2 (0STRO, ETAL, ZOWIENCE ogg T

REGOLITH

- -n__ - " om—

+ IRONS(M-TYPE) AND STONY IRONS (S-TYPE)

— PLATINUM OUCI% & .
— MANUFACT TAL

— SOLAR WIND" CES ("1 o FETT
e EXAMPLE: " . ; . .-— o poiy " '..-j;;_-
— KLEOPATRA [MAJN’ BELTM TYF'E A{STERGM D] -
(Ostro, et a, 2000,.Scienee, 288)-, . -

« RADAR: Z17X94X8#KM, DUM BELI:'SHA|5E, | o
3.5GM/CM3 REGOLITH

. POWDE I\/IET% RECEAAHH \

— 1986 DA [NE




SILICATE/METAL MIXED
REGOLIGH

STONY IRONS (S-TYPE)

PROBABLY WOULD COMPLICATE
CONCENTRATION PROCESSES

OTHERWISE, MAY BE BEST FOR SPACE
MANUFACTURING

— DIVERSITY OF PRODUCTS

EXAMPLE:

— CASTALIA [EARTH-CROSSING ASTEROID]
« 21 REGOLITH DENSITY



DORMANT COMETS

+ HYDROCARBON / DUST CRUST (?)

 |CE-RICH BENEATH CRUST
— WATER, HYDROGEN, OXYGEN



« ACCESSTO CAPITAL MARKETS
— COST OF CAPITAL
* HIGH RISK =HIGH COST
* REQUIRESHIGH RETURNSON INVESTMENT

— BRIDGE FUNDSTO COVER 10-15 YEAR START-UP WITHOUT A RETURN ON
INVESTMENT

e GOVERNMENT PARTICIPATION (?)
« EARLY SPINOFF TECHNOLOGY NOT OBVIOUS
e LOW COST LAUNCH ACCESS

— DEVELOPMENT MIGHT BE SHARED WITH LUNAR ENTERPRISE OR MARS
PROGRAM

« RECURRING OPERATIONAL COSTSUNDEFINED
e COST OF 100% RELIABILITY IFAUTOMATED
— COST OF HUMANSIF NOT AUTOMATED
« OPERATIONAL PROBLEMS
— VERY LOW GRAVITY
— ROTATION
« VARIABLE LOCATION OF ASTEROID RELATIVE TO EARTH
« COMPETITION FROM LUNAR RESOURCES
« SIZE OF IN-SPACE MARKET UNCERTAIN
« ECONOMICIMPACT ON TERRESTRIAL MARKETSFOR PRECIOUSMETALS




ASTEROID RESOURCE
VALUES e

e ASSUME 100 PPM PRECIOUSMETAL CONCENTRATION
— SAME ASSOME METEORITES

e CURRENT TERRESTRIAL PRODUCTION ~3000 TONNES PER YEAR
— WORTH ~$30-40 BILLION PER YEAR
« NEW SUPPLY THAT COULD UNDERSELL WOULD DEFLATE VALUE

e SIGNIFICANT WORLD WIDE PRIVATE AND GOVERNMENTAL
OPPOSITION TO SUCH COMPETITION FROM SPACE

— JOBS

— NATIONAL REVENUE (AUSTRALIA, CANADA, SOUTH AFRICA,
RUSSIA, CHILE, ETC.)

 LATERWEWILL COMPARE TO INTRODUCTION OF FUSION POWER BASED ON
LUNAR HELIUM-3

— GRADUAL AND LESSTHREATENING ECONOMICALLY
— FIRST 100KG HELIUM-3 SHIPMENT TODAY WORTH ~$500 MILLION



ASTEROID RESOURCES
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