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• Background about asteroid/meteorite science
• Ground-based astronomy of primitive asteroids
• Laboratory studies of primitive meteorites
• Linking primitive asteroid-meteorite science
• NASA’s OSIRIS-REx mission to asteroid Bennu
• JAXA’s Hayabusa2 mission to asteroid Ryugu



Solar Nebula

An artist’s conception of the solar nebula, surrounding the violent young sun 

Credit: Dr. William K. Hartmann, Planetary Science Institute, Tucson, AZ



Images courtesy of G.K Benedix (NHM)
https://physics.ucf.edu/~campins/paris2011/

Meteorites: a record of nebular  & 
Planetary processes

CM: Carbonaceous Chondrites Mighei-like
CI: Carbonaceous Chondrites Ivuna-like
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Image courtesy of G.K. Benedix (NHM)

https://physics.ucf.edu/~campins/paris2011/  

Chondrules



Hydrated Minerals

• Hydrated minerals: any mineral that 
contains structurally bound OH or 
H2O

• 275 different mineral species 
reported in meteorites 

• 78 different hydrated minerals in 
meteorites

Graph courtesy of G.K. Benedix(NHM)

https://physics.ucf.edu/~campins/paris2011/
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Asteroid Spectroscopy in VNIR 

Solar Radiation
(Photons)

Reflected Radiation

Credit: http://www.pion.cz/en/article/electromagnetic-spectrum

Credit: http://www.thewhitegoddess.co.uk/the_elements/the_planets/the_sun.asp

Credit: NASA



Remote Sensing: Crystal Field Theory

• Partially Filled d-orbital of Fe2+:

O

Solar Radiation
(Photon) 

O is the energy difference between the ground state and the upper state (excited) 



Mineralogy & Remote Sensing

1) H2O + (Fe metal, sulfide) = Tochilinite

 2[(Fe,Mg,Cr,Ni[ ])S]•1.57-1.85[(Mg,Fe,Ni,Al,Ca)(OH)2]

2) Solution + Silicates  = Fe-rich phyllosilicates

Cronstedtite- Fe2
+2Fe+3(Si, Fe+3O5)(OH)4

3) Mg-phyllosilicates are last to form

 Mg-serpentine(chrysotile/lizardite/antigorite)- Mg3Si2O5(OH)4

 Saponite- (Ca, Na)0.3(Mg, Fe+2)3(Si, Al)4O10(OH)2
4H2O

Vermiculate- (Mg, Fe2+, Al)3(Al, Si)4O10(OH)2
 4H2O

3-μm asymmetric stretch 

0.7-μm charge transfer 

3-μm symmetric stretch 2.2-μm OH-metal 

3-μm asymmetric stretch 

3-μm asymmetric stretch 

3-μm symmetric stretch 

Early Solar System



Remote Sensing: Water Vibrations

Solar Radiation
(Photons)

Molecular vibrations also produce spectral features

S.J. Gaffey (1988)S.J. Gaffey (1988)



Main  Asteroid Belt

Credit: Minor Planet Center

1 AU



Asteroid Taxonomies

Tholen (1984)

Tedesco et al. (1989)

Bus and Binzel (2002)

DeMeo et al. (2009)
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Main Belt Taxonomy (Classification)

Open questions :
• The hydration state of these asteroids
• The nature of phyllosilicate mineralogy on the surface of these 

asteroids 

adapted from:

Gradie & Tedesco (1982); Bus & Binzel (2002)

inner belt *E-type *high T, silicates 

S-type *mod. T, silicates 

C-type*low T, C-rich silicates

outer belt* P+D-type*lower T, more C-rich silicates

• Main Belt is compositionally stratified



Asteroid-Meteorite Research

Primitive Meteorite
Petrology & 

Cosmochemistry

Primitive Asteroid
Astronomical 
Observations

3-μm Reflectance 
Spectroscopy 

1 mm 10 km



Research’s Goals & Motivation 

Hydration state of these asteroids
Nature of phyllosilicate mineralogy on their surfaces

Address the question of the abundance and distribution of H2O in 
the early Solar System and test current theories on the formation 
and evolution of the giant planets in the early Solar System. 

The goal: is to apply the 3-m spectral indicators (e.g., band 
center, band shape, band depth) in CM and CI chondrites to 
outer Main Belt asteroids (2.5 < a < 4.0 AU)

To better understand

Broad implication



Asteroid Observations
• Observations: 45 asteroids (2009-present)

NASA Infrared Telescope Facility (IRTF)

 3-m telescope on Mauna Kea, Hawai’i

SpeX: Prism (0.8-2.5-μm) and LXD (1.9-4.1-μm)

• Data reduction: IRTF Spextool & IDL custom routines

• We are observing 60 additional primitive asteroids in 
the next three years (IRTF & Gemini North)



Asteroid observations: Difficulties & 
Procedures

CO2

H2

O

H2

O

H2

O • Atmosphere not 100% transparent
(the OH band at 2.7 μm is not 
observable from Earth)

• Thermal Excess(tail)

(for most main-belt low-albedo asteroids 
the thermal contribution is 1–10% of the 
total flux at 3.1-3.5 μm)

• Observe object and nearby star (~few degrees)

• Subtract nearby (~10 arcsec) sky emission
• Divide object by star

(remove transmission & solar spectral shape)

• Average all frames



NASA IRTF Spectrometer

Asteroid observations: SpeX is used in the low-resolution mode 
(R~95) Prism (0.8-2.5-μm) and LXD (1.9-4.1-μm) mode



Four 3-µm spectral groups

“Sharp” group: OH-stretching (phyllosilicates) 

20
Takir and Emery 2012

Takir & Emery(2012)



Four 3-µm spectral groups

“Rounded” group: H2O ice

Rivkin and Emery (2010)
Takir and Emery 2012



Four 3-µm spectral groups

“Ceres-like” group: Ammoniated Phyllosilicates
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Takir and Emery 2012

Takir & Emery(2012)



Four 3-µm spectral groups
“52 Europa-like” group: phyllosilicates (with interlayer H2O)?

23
Takir and Emery 2012

Takir & Emery(2012)



Diversity in the 3-µm band

Sharp Group: OH-stretching (phyllosilicates) 

Takir and Emery 2012

Rounded Group: Possibly H2O ice

Ceres-like Group: Ammoniated phyllosilicates
52 Europa-like Group: phyllosilicates (with interlayer 
H2O)?



Intriguing Orbital Distribution

Ceres-like

Sharp
Rounded

Europa-like

Takir & Emery(2012), Takir et al. (2015) + additional asteroids



Water Detected on largest Metallic 
Asteroid in Solar System: Psyche

Takir et al. (2016)



Meteorite Petrology, Mineralogy, 
and Spectroscopy

Carbonaceous chondrites (powders & thin 
sections):

• Petrology & geochemistry (UTK)

• NIR reflectance spectroscopy (USGS & APL)

 ASD spectrometer(0.35-2.5 μm)

 Nicolet (FTIR: 1.3 to 15.5 μm)

 Bruker Vertex-70 FTIR

• Raman spectra (Wash U)

• High resolution SEM imaging (USGS)



Diversity in the 3-µm band
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“CM Group 1”: Fe-serpentine (cronstedtite) rich
Takir et al. (2013)



Diversity in the 3-µm band

29

“CM Group 2”: Intermediate b/w Fe & Mg-serpentine Takir et al. (2013)



Diversity in the 3-µm band

30

“CM Group 3”: Mg-serpentine-rich Takir et al. (2013)



Diversity in the 3-µm band
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“CI Ivuna”: Mg-serpentine-rich
Takir et al. (2013)



Diversity in the 3-µm band
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CM Group 1: Fe-serpentine (cronstedtite) rich

Takir et al. (2013)

CM Group 2:Intermediate b/w Fe & Mg-serpentine

CM Group 3 : Mg-serpentine-rich CI Ivuna: Mg-serpentine-rich



Degree of Aqueous Alteration & the 
3-µm band 

Takir et al. (2013)



Asteroid & Meteorite matches

Takir et al. (2015)



NASA’s OSIRIS-REx Mission to a 
Primitive Asteroid

Credit: http://www.lpi.usra.edu/sbag/meetings/



OSIRIS-REx Defined

Credit: http://www.lpi.usra.edu/sbag/meetings/



Asteroid (101955) Bennu  

Image credit:
http://www.touregypt.net

• Formally named 1999 RQ36
• Bennu is an Egyptian 

mythological bird that was 
born from the heart of Osiris

• It is associated with the Sun, 
creation, and renewal 

• The name was selected in an 
international contest run by 
the Planetary Society 

Credit: http://www.lpi.usra.edu/sbag/meetings/



Asteroid Bennu is well-characterized

Credit: http://www.lpi.usra.edu/sbag/meetings/



OSIRIS-REx Instruments

Credit: http://www.lpi.usra.edu/sbag/meetings/



OSIRIS-REx Instruments

Credit: http://www.lpi.usra.edu/sbag/meetings/



Sample Collection System: TAGSAM

Sample Return Capsule

Credit: http://www.lpi.usra.edu/sbag/meetings/



Successful Launch of OSIRIS-REx a 
Few Weeks Ago



OSIRIS-REx Timeline

Credit: http://www.lpi.usra.edu/sbag/meetings/



JAXA’s Hayabusa2 Mission to a 
Primitive Asteroid

Credit: http://www.lpi.usra.edu/sbag/meetings/



Highlights of Hayabusa2 Mission

Credit: http://www.lpi.usra.edu/sbag/meetings/



Hayabusa2 Spacecraft (1/2)

Credit: http://www.lpi.usra.edu/sbag/meetings/



Hayabusa2 Spacecraft (2/2)

Credit: http://www.lpi.usra.edu/sbag/meetings/



Robotic Exploration with 12 
Deployable “Robots”

Credit: http://www.lpi.usra.edu/sbag/meetings/



Hayabusa2 Timeline

Credit: http://www.lpi.usra.edu/sbag/meetings/



Solar Nebula

An artist’s conception of the solar nebula, surrounding the violent young sun 

Credit: Dr. William K. Hartmann, Planetary Science Institute, Tucson, AZ


