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Asteroid Exploration

From Telescopic Discovery to Spacecraft Investigation
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Exploration is a basic human instinct
rooted to our survival.
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Pyramid of Planetary Exploration:

Basic research as the foundation.
Spacecraft missions as the capstone.
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y Spacecraft
< Exploration

Science questions \
and their consequences ™\

Tantalizing prospects

Physical measurements \

\ Discovery surveys
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Richard P. Binzel
SCIENCE VOL 338 12 OCTOBER 2012
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1978 — 2006:
Journey to the
launch pad
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journey of

Uranus

Distance from Earth (AU): 31.90

Distance from Pluto (km): 14,293

Velocity Relative to Pluto (km/s): 13.78
Round-Trip Light Time (hh:mm:ss): 08:50:38
14 Jul 2015 11:45:00 UTC

Pluto-Charon Closest Encounter: (~13,000 km)
14 July 2015

+—Hydra
Charon-Earth S/C trajectory time ticks: 10 min
Occultation Occultation: center time
14:20:09 Position and lighting at Pluto C/A

Pluto-Earth Distance relative to body center
Occultation
15:00

12:52:30

14:00 \ ++—Charon

{=je=—Pluto
Charon-Sun 12:0
Occultation q,.

14:17:50 Pluto-Sun t
Occultation
12:51:28  Charon C/A

12:04:00 ; & .
29,432 km Pluto C/A 177 Nix New Horizons Trajectory

11:50:00
13.87 km/!
* 13,695 km /
13.78 km/s OrbitPeriod  a

Charon 64d 19,571 km
Nix 249d 48,675 km
Hydra 38.2d 64,780 km
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Timeline near Closest Approach

PLUBRRI 169154 2052 197 0.00 Pluto global pan maps at 0.9 km/pix
caloBRiR traz8—a0xz 244 8§ -w Charon global pan maps at 0.9 km/pix
Pluto global IR at 9 km/pix
Nix global color maps at 2 km/pix
R e P e e \_COLOR Charon global IR at 9 km/pix (+ pan at 0.6 km/pix)
ECESAT ORI 000 & s Pluto global IR at 6 km/pix
P_LEISA_Alice_2a 108745 189.8 222 0.01 ! NIX |R at 4 km/p|x & pan at 03 km/p|x
P_LEISA_Alice_2b 97055 169.4 | 23.1 0.01 i B 20 Pluto pan images at 0.4 km/pix
HRTBE - m BEST Charon IR at 5 km/pix (+ pan at 0.4 km/pix)
TRl f ER-hoen Charon global color at 1.4 km/pix
CLEJSA_HIRES- 764171334372 000 - Pluto IR at 3 km/pix
o (B Hred > il M ol | i Pluto global color at 0.7 km/pix
; i3 | 023| 357 i SA_HIRE Nix pan at 0.5 km/pix
e S W [ Pluto global pan at 0.5 km/pix, strip at 0.12 km/pix
o T Pluto pan at 0.3 km/pix, strip at 0.08 km/pix
e = r— Charon global pan at 0.6 km/pix, strip at 0.16 km/pix
FRABCERRGIWMDY, | 1278 225) ofs 6008y o A Pluto (smeared) at 110 deg phase
P_ALICE_AIRGLOW DUMP_2 090 _ = : < Pluto radiometry at 230 km/pix
B g CBHRSE . Pluto at 0.34 km/pix, 146 deg phase
Pluto in reflected Charonlight, 0.44 km/pix
e ———sssmmml Pluto solar and earth occultation
Plasma roll
Charon solar and earth occultation
*Timeline addresses all group 1 (required) and 2
(strongly desired) goals, and all but one group 3
X )PEASERRaUL 3 (desired) goal.
«All group 1, and most of group 2 and 3 are addressed
) Lt redundantly
118870 ! +P-7 days to P+2 days has already been sequenced
and reviewed by the science team, with the final
delivery due in November.

P_LEISA_Alice_Ta T 144203 2517 205 0.00 i
P_LEISA_Allce_1 1339332338 20.9.0.00 4

P'A(ICE ARGLOW HELD 1 20063 350 883 666
1

After 9.5 years of flight, with a spacecraft that must

work autonomously, and 4.5 hours of light-travel to

wait, there was only one thing we could do . . .

BUCKLE UP
NEXT MILLION MILES
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Farewell to Pluto

THE PLUTO SYSTEM
AFTER NEW HORIZONS
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Asteroid Exploration:

How do we decide
where to go? -

Asteroid Exploration:

A
@Spacecraﬂ ‘
Exploration ™\
Science questions
and their consequences

Tantalizing prospects

Physical measurements

Discovery surveys

Richard P. Binzel
SCIENCE VOL 338 12 OCTOBER 2012
P

iblished by AAAS
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Our Challenge:

e How do we know what asteroids are?

L

How do we know what asteroids are?

Large TeIescopes Spectroscoplc Analy5|s

IRTF 3.0m

Mauna Kea, Hawaii Binzel, Birlan et al. 2004

11
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Relative reflectance

diance (W/m2/nm)

250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

4Vesta
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Absorption features due to the presence of Fe?*

Splitting due to the /__]_ — o-

application of a /
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Mineral Spectral Signatures

Pyroxene |
(Mg ,F¢)2Si206

0.5 1.0 1.5 2.0
Wavelength (um)
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Mineral Spectral Signatures

Pyroxe;
Mg F ?)2 206
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A= . §
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Spacecraft
Exploration

Science questions
and their consequences

Tantalizing prospects

Physical measurements

Discovery surveys

Richard P. Binzel
SCIENCE VOL338 12 OCTOBER 2012
Publrshedb‘AAAS
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Thomas, Binzel,

Zellner et al. (1997)
Science 277, 1492-1495

Impact basin
460 km across

Topographic Reconstruction

T
Mesosiderites
HEDs

Diogenites
Cumulate eucrites

Basaltic eucrites 000
Chondrites

09.
Lunar Q.‘?&ESTA

Prettyman et al. (2012)
Science 338, 242-246
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Binzel et al. (2001)
Meteoritics & Planetary Science 36, 1167-1172

MUSES-C target asteroid (25143) 1998 SF36: A reddened ordinary chondrite

RICHARD P. BINZEL!*, ANDREW S. RIVKIN!, SCHELTE J. BUS2, JESsicA M. SUNSHINE3
AND THOMAS H. BURBINE#

Abstract-N. rth asteroid (25143) 1998 SF36 is a planned target for uu Japane SE!

sample return mission. High and relatively high-res 0 A) visible and near
infrared spectroscopic mea ,-mcmcmmbmncd during this asteroid's \on\blc 2001 apparition rev

it to have a red-sloped S(IV)-type spectrum with strong 1 and 2 gm absorption bands analogous to

sured for ordinary chor s slope, which is the primary spectral

9 ortes is well modeled by the

spectrum of 0.05% nanoj s

(2000). Asteroid 1998 § sto l\mc a \umm composition wncspundm“ to that of ordin
chondrite meteorites and i ristics and modeled pyroxene content
to thd LL chondrite class.
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Binzel et al. (2001)

Meteoritics & Planetary Science 36, 1167-1172

MUSES-C target asteroid (25143) 1998 SF36: A reddened ordinary chondrite

RICHARD P. BINZEL!*, ANDREW S. RIVKIN!, SCHELTE J. BUS1 JEssicA M. SUNSHINE?
AND THOMAS H. BURBINE#

Abstract-Near-Earth asteroid (25143) 1998 SF36 is a planned target for the Japanese MUSES-C

mple return mission. Hi ise and relatively high 1 (50 A) visible and near-

infrared spectroscopic measurements obtained during this asteroid ~f(|\'0|(lhh: 2001 apparition reveal

it to hmc a red-sloped S(IV)-type spectrum with strong 1 and 2 #m absorption bands analogous to

fi which is the primary spectral

between (25143 ary cl is well modeled by the

spectrum of 0.05% nanopfia F as a wea g mechanism by Picters ef al.

(2000). Asteroid 1998 S| ave a surface composition corresponding to that of ordinary
chondrite meteorites ,mm imilar in spectral characteristics and modeled Dy

Itokawa Dust Particles: A Direct Link
Between S-Type Asteroids and
Ordinary Chondrites

[Tomoki Nakamura,* Takaaki Noguchi,> Masahiko Tanaka,? Michael E. Zolensky,®
[Makoto Kimura,? Akira Isucniyama,‘ Aiko Nakato,* Toshihiro Ogami,* Hatsumi Ishida,*
Masayuki Uesugi,* Toru Yada,“ Kei Shirai,* Akio Fujimura, Ryuji Okazaki,” Scott A. Sandford,”
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¢ Masanao Abe, Tatsuaki Okada,® Munetaka Ueno, Toshifumi Mukai,®
§o2 §o2 Junichiro Kawaguchi

H H

§oa 8oa cessfully recovered dust particles from the surface of near-Earth asteroid 25143
H H jon x-ray diffraction and transmission and scanning electron microscope analyses
Sas Sos a 2 he ltokawa dust particles are identica

Average L Chondrite
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20 5
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Itokawa is an asteroid made of reassembled pieces of the interior portions of a once larger asteroid.
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Binzel et al. (2001)

Meteoritics & Planetary Science 36, 1167-1172

MUSES-C target asteroid (25143) 1998 SF36: A reddened ordinary chondrite

RICHARD P. BINZEL!*, ANDREW S. RIVKIN!, SCHELTE J. BUS?, JESSICA M. SUNSHINE3

AND THOMAS H. BURBINE#

Abstract-Near-Earth asteroid
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BREAKTHROUGH

OF THE YEAR

HIV Treatment as Preven!mr\
e °

HAYABUSA

* Top Ten Breakthrough

of the Year2011

Asteroid Dust Solves Color Conundrum

This year the first samples
returned from another plan-
etary body in 35 years settled
a decades-old planctary mys-
tery: why the most common
meteorites that fall to Earth
didn’t seem to come from the
most common asteroids in
the asteroid belt. It turns out
they do. By examining bits of
asteroid Itokawa brought back
by Japan’s Hayabusa space-
craft, researchers discovered
that the solar wind had been

discoloring asteroids enough

to cause a m.mwe case of Made it! Touchdown on Itokawa, as portrayed in the Japanese movie

a’s odyssey to

and from the 535-meter-long Itokawa was as
harrowing as anything in Homer. En route,
the spacecraft lost two of its three gyro-
scopelike reaction wheels that controlled its
attitude, 5o it had to fall back on small rock-
ets normally used for course corrections. A
% tiny rover meant to explore Itokawa’s sur-
face instead wound up being launched into

Hayabusa: Back to the Earth.

deep space. Before the return trip, the space-
craft's attitude-control thrusters sprang a fuel
leak; the spacecraft lost its proper orienta-
tion, breaking off communications, losing
solar power, short-circuiting its batterics, and
sinking into a deep freeze.

In a stunningly successful rescue mis-
sion, Hayabusa’s controllers managed to pull

the spacecraft back from the brink of disaster.
It returned in June 2010, 3 years late and car-
rying only a dusting of Itokawa pmclek
but that was enough, Analyzing 52 particles,
each less than 100 micrometers in dlameler,
Japanese researchers showed that the ele-
‘ments and minerals that make up Itokawa—
a member of the largest class of asteroids,
the S types—match the composition of the
most abundant type of meteorite, ordinary
chondrites. Researchers had long been infer-
ring the composition of asteroids from their
remotely recorded spectral colors. But the S
types looked too red to be the source of the
ordinary chondrites. Sophisticated spectro-
scopic analyses eventually showed that the
tint was misleading and the link real. This
year, Hayabusa’s wispy cargo of asteroid dust
Closed the case for good.

Probing further, researchers used scan-
ning transmission electron microscopy to
look beneath the surface of Itokawa particles.
There they could see tiny “nanoblobs™ of
‘metallic iron small enough to scatter sunlight
and redden the asteroid’s surface. Most of the
nanoblobs probably formed when charged
particles such as protons blowing in the solar
wind penetrated the particles on Itokawa’s
surface. Mission accomplished, Hayabusa.

OSIRIS-REX

ASTEROID SAMPLE RETURN MISSION

1/16/24
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Sept. 8, 2016

Bennu Scale:

BENNU.

September 24,2023
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Nightingale Site

»  Within the 20-m-diameter Hokioi crater
» Spectrally redder in VISNIR than

the average surface
Among the youngest impact
features
Mid-latitude (56°,43°) location
Limited peak T ~360 K (versus
~390 K at equato

» Selected based on
» Navigation and safety
considerations
Expected higher abundance of
particles <2 cm in diameter
Spectroscopic observations
* hydrated phyllosilicates
* iron oxide magnetite
* organic molecules

carbonates
10 meters

21
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Sample Stowed

» Size range from sub-micron to 3 cm

» Expected Mineralogy and Chemistry:
* Hydrated phyllosilicates
+ Carbonates
* Magnetite
+ Sulfides (not spectrally active — but inferred from
analog meteorites)
Organic compounds

* The sample will contain multiple lithologies

»  Similar to type-1 Cl and CM chondrites

* Non-chondritic and igneous in nature, like HED
meteorites
Some with properties distinct from known
meteorites
Monomineralic cm-scale carbonates
Ejected cm-scale platy particles

Lauretta et al. 2022 — Science

44
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Dante Lauretta

\ } OSIRIS-REX P.I.

23



Total extracted mass = 70.32 g

Mass remaining in TAGSAM =30-70 g

Erika Blumenfeld
Joseph Aebersold
JsC

1/16/24

OREX-500003-0 0REX-5000070

Dante Lauretta - Shoemaker Lecture - AGU - December 11, 2023

48
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Abundant Hydrated Minerals and
Magnetite

*  The VIS-NIR spectrum has a blue (negative) slope, confirming the B-type taxonomy. A 2.7-um
spectral absorption band is present, consistent with the hydrated phyllosilicates

*  Thermal emission spectra contain a spectral feature at 23 pm, also consistent with phyllosilicates
and CM1 chondrites

*  The darkest material show a spectral absorption at 0.55 pm, suggestive of magnetite (Fe304)

»  This interpretation is consistent with OTES spectra, which show features at 18 pm and 29 ym that

may be due to magnetite
Lauretta et al. 2019a — Nature; Hamilton et al. 2019 - Nature Astronomy

Organics/Carbonates!
Wavelength (um)
7 8 0 12 15 20 %
\ T T — e
11
Bennu
‘
e 1) - WAG105
0 o 10
04 05 06 07 08 09 g
Wavelength (microns) s
8
B8 Dark outcrop reflectance normalized to global average S 09 _
2095 < S| Magnetite (<90 um)
g & 2
H E 5
E o1 S 08
H = = Bennu
= — Clarketal. [2011]
% 0905 07
H oo v by e by v b e a by v nbeeay
1. 05 10 15 20 25 30 35
04 05 06 07 08 09 Wavelength (um) [ IR R N R B SR
Wavelngih (microns) 1400 1200 1000 800 600 400 200

Wavenumber (cm”’
Dante Lauretta - Shoemaker Lecture - AGU - December 11, 2023 avenumber (cm")
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IcaRus 117, 443445 (1995)

NOTE
Rotationally Resolved Spectra of Asteroid 16 Psyche'

RicHARD P. BINZEL, SCHELTE J. BUs, Sl XU, JEssica SUNsHINE,? AND THoMAS H. BURBINE

Department of Earth, Atmospheric, and Planetary Sciences, Massachusets Institute of Technology, Cambridge, Massachusetts 02139

E-mail ipb@astron.mit edu - ) s Iron Meteorite
444 No change BINZEL ET AL R P : {Quinn Canyon)
{ with rotation. — 1 = T g :

Reltive Reflectance

Rolative Refiectance.

1
]
1
]

il

Wavelength (A)

5000 9000

5000 5000 7000
Wavetength (A) i
sl FIG. 3. Calculated specira of metal and olivine mistures presented
i 100

FIG. 1. Average visible wavelength reflectance spectra for asteroid

e 3
metal (0 85%: 15% metal-olivine ractions are shown a top. lntimate
70% below. Anerror

These intervals, labelcd A through D, are defined in Fig. 2. The solid

inerepresents he nvcrase or 1 et and the satter ope indivieual D37 COTESponding o a =20 variaion in th visble spectrum messure-

ments appears at right. Results indicate that within he precision of the
p . if any olivine s present on Psyche’s surface, an
upper limit of about 15% i placed on any large-scale surface variegation
assuming areal mixing. olivine exisis on Psyche’s surface s an
upper limit for any large-scalc surface
variegation is about 30%. The 100% metal line i a diffuse spectrum of
the iron meteorite Mundrabilla (RELAB spectrum clmb34) ust
Hiroi ef al (1993) as a spectral analog to 16 Psyche. The ofivine is a
<ds. Fo92(REL
courtesy of E. Clouts). For comparison (0 observational dara. these g

significant variations from the average are seen. Signaturcs of terrestrial
features are apparent at 6900, 7600, and 8200 A. The spectra have
been offset vertically for cla

® Jupiter

50
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Arrival:
2029 August

P S YCHE
JouRNEMIO. AL METAL WORD

Exploring “Fossil”’ remnants of
our solar system’s formation.

® Jupiter

rrival e
2032 |

26
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Orus , _ ) .
Encounter , Frame rotating with Jupiter ™

Leucus
Encounter
1~

2
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K Launchl Earth .
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Patroclus + 5
SEm Menoetius " Lucy

Eurybates EEEF-H Encounter

Polymele Encol

Launch: 10/21 : Flyby 4: Leucus,/D-type Trojan, 4/28
Flyby 1: DonaldJohansen, C-type Main Belt, 4/25 Flyby 5: Orus;D-type Trojan, 11/28
Flyby 2: Eurybates, C-typeTrojan, 8/27 Flyby 6:-Patroclus & Menoetius,
Flyby 3: Polymele, P-type Trojan;-9/27 P-type Trojan Binary, 3/33

5 @'ﬁuwbates
“ . “Polymele

G
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Asteroid (152830) Dinkinesh:
Encounter 2023 November 1

Asteroid (152830) Dinkinesh:
Encounter 2023 November 1

a=~3000m
P= 52.67h




Apophis 2029

- 340m asteroid passing within 5.8 Earth-radii.

| “A once-per-thousand year natural experiment.”
) » 300 X More massive than Tunguska body.

,,/ * 5000 X More massive than Chelyabinsk body.
Friday 4

| " April 13, 2029 Knowledge opportunity for the
science of planetary defense.

Key Science Questions / Uncertainties:

« Will tidal stresses by Earth induce any measurable effects?
-Seismic shaking? -Surface landslides? -Shape reconfiguring?

* Can measurements of effects produce significant scientific
advances in planetary geophysics ?

* How would measurements be implemented ?

Comet Shoemaker-Levy 9 (1994)

1/16/24
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