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Extreme habitable worlds



The big questions
Is any of these small 
worlds (extremely) 

habitable ? !
Or was it in the past ? !

And under which 
conditions ? !

!
and !

Can we make them 
habitable ?!

!
!
!

Or!
Did small bodies 

contribute to make 
other places 
habitable?

…look! There are only 
rocks and ashes

I will jump out and check 
the intensity of gravity! 

(4) Vesta from DAWN

The soil (regolith) of 
(25143) Itokawa from 

JAXA’s Hayabusa



Water and organics delivery to terrestrial 
planets by planetesimals 

Raymond, Quinn & Lunine (2006)



Grand Tack Scenario

Walsh+ 2011. Simulation by S. Raymond



Ordinary 
Chondrites

Carbonaceous 
Chondrites

Orbital elements from AstDys and Albedo from WISE
https://tools.cosmos.esa.int/AstPhys/astphys.html

https://tools.cosmos.esa.int/AstPhys/astphys.html


Water & organics in asteroids

LETTERS

Detection of ice and organics on an asteroidal surface
Andrew S. Rivkin1 & Joshua P. Emery2

Recent observations, including the discovery1 in typical asteroidal
orbits of objects with cometary characteristics (main-belt comets,
or MBCs), have blurred the line between comets and asteroids,
although so far neither ice nor organic material has been detected
on the surface of an asteroid or directly proven to be an asteroidal
constituent. Here we report the spectroscopic detection of water
ice and organic material on the asteroid 24 Themis, a detection
that has been independently confirmed2. 24 Themis belongs to the
same dynamical family as three of the five known MBCs, and the
presence of ice on 24 Themis is strong evidence that it also is
present in the MBCs. We conclude that water ice is more common
on asteroids than was previously thought and may be widespread
in asteroidal interiors at much smaller heliocentric distances than
was previously expected.

We observed 24 Themis on seven different dates between March
2002 and May 2008 using the SpeX instrument at the NASA Infrared
Telescope Facility3 (IRTF). Observations covered the 2–4-mm wave-
length region with a resolution (l/Dl; l, wavelength) of 2,500. We
used Spextool, a set of Interactive Data Language routines provided
by the IRTF, for data reduction4.

24 Themis was warm enough to contribute a significant amount of
thermal flux at the longest wavelengths measured. This flux was
removed by application of a modified version of the standard thermal
model5, so that the reflectance spectrum alone could be analysed. All
inputs to the standard thermal model are well known for 24 Themis
except for the ‘beaming parameter’, g, which can be fitted from the
data.

Although these spectra are of varying quality, they are all consistent
with one another. The four highest-quality spectra are shown in
Supplementary Fig. 1. All spectra show an absorption centred near
3.1 mm and roughly 0.4 mm wide, with a band depth of 10%. The band
shape is unlike what is seen in hydrated minerals, carbonaceous
chondrites or typical C-type asteroids (Supplementary Fig. 2). We
attribute this band to fine-grained water ice as a frost deposited on
regolith grains.

The presence of water ice is qualitatively supported by its wide-
spread occurrence in the outer Solar System and on comets. The
maximum absorption coefficient in the generally broad 3-mm water
band occurs near 3.1 mm (see, for example, ref. 6), which compares
well with the spectrum of 24 Themis. However, the absorption co-
efficient for water ice near 3.1mm is very large, so even what is normally
considered a short path length produces a strong, very broad, saturated
band, typical of that seen on icy satellites of the outer Solar System.
Intimate (‘salt-and-pepper’) mixtures, even using 1-mm-sized grains in
a Hapke–Mie hybrid model (see, for example, ref. 7), do not match the
feature in the spectrum of 24 Themis.

One way to generate shorter path lengths through water ice, as
indicated by the spectrum, is for the underlying grains to be coated in
a thin film of ice. We modelled coated grains using the procedure
outlined in ref. 8 (see Supplementary Information for details of our
implementation). Using this model, we were able to reproduce the

absorption band of 24 Themis very well with thin coatings of water
ice over a variety of materials. The film thickness that best matches
the shape of the 24 Themis spectrum is between 0.01 and 0.1 mm. A
typical example is shown in Fig. 1 (applications to all of the four best-
quality spectra are shown in Supplementary Fig. 3). We therefore
conclude that the surface of 24 Themis contains very fine water frost,
probably in the form of grain coatings.

After modelling of the ice feature, which dominates the spectrum,
the residuals show evidence of additional spectral structure (Fig. 2).
The features seen after removal of the model ice spectrum can be
attributed to the presence of various organic materials9–11. The posi-
tion and shape of the feature in the spectrum of 24 Themis suggests
that it is caused by C–H stretching in –CH2 and –CH3 functional
groups, although the absorption near 3.3 mm may indicate the pres-
ence of aromatic groups as well. The reflectance spectrum of 24
Themis in the 2–4-mm region can be fully explained by a mixture
of spectrally neutral material, water ice frost and organic material.

Given that ice will rapidly sublime at main-belt asteroid surface
temperatures (,210 K for the subsolar point of 24 Themis), its pres-
ence in surface spectra may be suggestive of recent or continuing
activity on 24 Themis. The presence of ice in the regolith of 24
Themis might be most easily explained as a result of a slow, steady
outgassing from the asteroid’s interior, with some amount of vapour
recondensing as frost on regolith grains. Detailed modelling of the

1Johns Hopkins University Applied Physics Laboratory, Laurel, Maryland 20723, USA. 2Earth and Planetary Science Department, University of Tennessee, Knoxville, Tennessee 37996,
USA.
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Figure 1 | The reflectance spectra of 24 Themis are well fitted by a mixture
of ice-coated pyroxene grains and amorphous carbon. The spectrum of 24
Themis from 2008 (filled symbols) is plotted (binned 36) along with an
example spectral model that includes a thin coating of water ice on surface
grains (grey line). The 24 Themis data are binned to lower spectral resolution
and plotted as geometric albedo. The model is an intimate mixture
containing 29% pyroxene coated with a 0.045-mm-thick layer of water ice
and 71% amorphous carbon6,14. All grains have a diameter of 30 mm. Error
bars, 1 sample s.d.

Vol 464 | 29 April 2010 | doi:10.1038/nature09028

1322
Macmillan Publishers Limited. All rights reserved©2010

24 Themis (Data) 

29% pyroxene coated with a 0.045-
mm-thick layer of water ice and 71% 
amorphous carbon	

Rivkin & Emery 2010; Campins+ 2010

Organics



Comets and 67P/CG
Organics from spectroscopy

Glycine (C2H5NO2) — Amino Acid — 
Methylamine (CH5N), 
Ethylamine (C2H7N) Altwegg+ 2016 
Also found in the dust of Wild2:  
Elsila+ 2009 
!
Phosphorus, never previously 
detected Altwegg+ 2016 

Capaccioni+ 2015

LETTERRESEARCH

Extended Data Figure 1 | Optical images of the particles Kenneth and Juliette. These sub-pixel sampled images have an equivalent resolution  
of 10 µ m (ref. 15). Each is the sum of two images, obtained with two grazing incidence illuminations from the left and the right. A square-root scaling  
has been used to bring out weakly illuminated regions. These images were acquired on 4 June 2015 (Kenneth) and 25 November 2015 (Juliette).

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Organic 
macromolecules  
in the dust 
(COSIMA)
Fray+ 2016



Amino acids in meteorites

Cobb & Pudritz 2014 

CM2 and CR2 type have the highest abundance of 
amino acids —> abundance of amino acids depends on 
the degree of aqueous alteration



of an asteroid and a meteorite spectral group (i.e., Group 1, Group
2, Group 3), including Ivuna.

The band depth, Dk, at a given wavelength k in both meteorite
and asteroid spectra was calculated relative to the continuum that
is defined as the regression line across the K-band (1.95–2.50-lm)
region (Takir and Emery, 2012):

Dk ¼
Rc " Rk

Rc
; ð2Þ

where Rk is the reflectance at a given wavelength k, and Rc is the
reflectance of the continuum at the same wavelength as Rk.
Further details on the observational and data reduction techniques
as well as the analysis of the 3-lm band can be found in Takir and
Emery (2012).

3. Results

3.1. Classification of chondrite spectra into the sharp spectral group

In addition to the 15 asteroids that were previously classified as
members of the sharp spectral group, the present study includes
five new asteroid spectra (Fig. 3a–e), also found to possess a
3-lm band and classified in the sharp spectral group following
the techniques described in Takir and Emery (2012) (Table 2).
Tables 3a and 3b show the 3-lm band analyses of the meteorites

and asteroids, respectively. In all meteorite spectra, the ratio of
the reflectance at 2.90 lm (R2.90) to the reflectance at 3.05 lm
(R3.05) was less than 1 (R2.90/R3.05 < 1), the same criteria used by
Takir and Emery (2012) for the sharp asteroid classification.
Hence, the meteorite comparisons will be limited to asteroids that
were classified into the sharp 3-lm group only.

3.2. Band areas in asteroid spectra

We calculated band areas in meteorite spectra by integrating
the spectral curve below the straight-line continuum (Takir et al.,
2013). Fig. 4 illustrates a good correlation between the 2.90-lm
band depth and the 3.0-lm band area. We used this correlation
to derive the following relation between the 2.90-lm band depth
and the 3.0-lm band area in meteorite spectra that were measured
under dry conditions and vacuum:

BA ¼ 0:0045 % BD2:90 " 0:0016; ð3Þ

where BA is the band area and BD2.90 is the band depth at 2.90 lm.
Deriving such a relationship is useful to infer accurate 3-lm band
areas in outer Main Belt asteroids, for which Earth’s atmosphere
masks the 2.5–2.85-lm region. The calculated asteroid 3-lm band
areas will be used to address the question of whether the abundance
of hydrated minerals among the outer Main Belt asteroids increases
or decreases with the heliocentric distance (2.5 < a < 4.0 AU).

3.3. Spectra of outer Main Belt asteroids and CM and CI chondrites

As described in Section 2, we used chi-squared tests to quanti-
tatively compare spectra of sharp asteroids and carbonaceous
chondrites and to determine what asteroid provides the possible
match for each meteorite spectral group, including Ivuna, on the
basis of the 3-lm band (Table 4). We note that this comparison
can be affected by non-compositional effects such S/N of asteroid
spectra. Here, we describe a few representative asteroids and their
possible meteorite matches on the basis of chi-squared tests in
Table 4, which shows that sharp asteroids are most consistent with
CI and spectral Group 2 CM chondrites, and none are exclusively fit
best by spectral Groups 1 and 3 CM chondrites.

Fig. 5a compares spectra of 511 Davida (C-type, a = 3.16 AU)
and its possible match with MAC 02606 (spectral Group 2 CM,
petrological subtype = 2.1) with a chi-squared value of 0.303.
MAC 02606 shows strong absorptions in the 3.4–3.5-lm and
3.8–4.0-lm regions. Fig. 5b shows spectra of 54 Alexandra
(C-type, a = 2.71 AU) and its possible match with LAP 03786 (spec-
tral Group 2 CM, petrologic subtype = 2.2) with a chi-squared value
of 0.338. Fig. 5c shows spectra of 211 Isolda (C-type, a = 3.04) and
its possible match with Cold Bokkeveld (spectral Group 2 CM,
petrologic subtype = 2.2) with a chi-squared value of 0.356. In
the 3-lm region, there is a good match between spectra of the
asteroid and the meteorite. Fig. 5d shows spectra of 121
Hermione (C-type, a = 3.44 AU) and its possible match with Bells
(spectral Group 2 CM, petrologic subtype = 2.1) with a
chi-squared value of 0.468. In the 3-lm region, there is a very nice
match between the spectra of Bells and Hermione. Fig. 5e shows
spectra of 308 Polyxo and its possible match with CI chondrite
Ivuna with a chi-squared value of 0.262. There is a good match
between Polyxo and CI chondrite Ivuna in the 3-lm region.

4. Discussion

4.1. Comparison between CM and CI chondrites and outer Main Belt
asteroids

In comparing spectra of meteorites and asteroids in the 3-lm
region, we have found some convincing matches, suggesting that

2.0 2.5 3.0 3.5 4.0
Wavelength (µm)

0.6

0.8

1.0

1.2

N
or

m
al

iz
ed

 R
ef

le
ct

an
ce Regression line accross the K-band

Bells

2.
90

 µ
m

3.
20

 µ
m

Fig. 1. Near-infrared spectrum of the CM carbonaceous chondrite Bells, showing
the 3-lm region. The solid red line is the continuum that is defined as the
regression line across the 1.95–2.50-lm region (K-band). The dashed lines show the
band depths calculated at 2.90 lm and 3.20 lm, which were chosen as represen-
tative wavelengths to characterize the band shape of the 3-lm band. The gray bar
marks wavelengths of strong absorption by water vapor in Earth’s atmosphere. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 2. Comparison between spectra of CI chondrite Ivuna and Asteroid 308 Polyxo,
using the sum of three chi-squared of the first-order polynomial fits across three
representative regions (gray): the 1.95–250 lm, 2.85–3.25 lm, and 3.50–4.00 lm.
In this chi-squared test, the predicted data represent Ivuna and the observed data
represent 308 Polyxo. The lowest chi-squared value of 0.262 shows that Ivuna is a
possible match for Polyxo.

D. Takir et al. / Icarus 257 (2015) 185–193 187

Structural water in asteroids

Signature of aqueous 
alteration is observed in 
meteorites such as Ivuna

“Sharp” 2.8 μm band 
is matched with CI 
and CM 
carbonaceous 
chondrites:  
Takir+ 2015; Rivkin+ 
2015



Aqueous Alteration
High temperature phases are replaced by phyllosilicates

This is believed to be a parent body process, that occurred as 
it is thought that planetesimals were heated (by e.g. 26Al) 
during accretion.



NASA OSIRIS-REx 

see OSIRIS-REx video on youtube





Asteroid family-forming impact

Credits: Patrick Michel



Diffusion of orbital elements
• Family fragments diffuse in (e,i) due to secular and mean 

motion resonances (MMR).

Brož and Morbidelli, 20131.7 Gyr



The V-shape of asteroid families

Diameters & Albedos: Masiero+11,12,14; Nugent+15,16; Usui+11; 
Ryan&Woodward+10; Tedesco+02



Yarkovsky V-shape

ProgradeRetrograde

da/dt prop.to 1/D



The V-shape slope of the primordial family is ~ 0.6 km-1au-1 corresponding      
to an age t = 4.0+1.7-1.1 Gyr

The entire inner Main Belt makes a V-shape  
for the low-albedo asteroids

Polana Family

Primordial Family (Delbo+ 17)

Eulalia Family } Walsh+ 13



Physical properties
Homogeneity of the physical properties of its members (albedo and spectra are 
expected to be similar for asteroids sharing origin from a common parent body)

Certain members

Overlapping  
with other families

Spectra
Albedos

Homogenous albedos and spectra, 
similar other low-albedo families of 
the inner Main Belt (Walsh+2013; 
Pinilla-Alonso+2016; DeLeon+2016; 
Masiero+2013,2015; Nesvorny
+2015;)



Orbital distribution

Orbital semimajor axis (au) Orbital semimajor axis (au)

Primordial family members
Other asteroids

Flora family members
Other asteroids

Compare the dispersion in orbital elements of our primordial family 
with the old but less dispersed Flora family. 

The orbital distribution of 
primordial family members is 
consistent with simulations of 
the dispersion caused by the 
giant planet orbital instability.
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Fig. S2: Estimation of the outward border of the primordial family: Similarly to Fig. 2,
(A) and (B) show the output of the V-shape searching method but here for its outward side. In
the case of (A) the input population contains all low-albedo asteroids of the inner Main Belt
with D > 50 km. (B) is as (A) but for 5 < D < 50 km. (C) is similar to Fig. 1, but it shows
the extension of the V-shape of the primordial family including the outward border. The green
points mark the (a, 1/D) positions of the parents of all other known dark families of the inner
Main Belt. From left to the right (84) Klio, (163) Erigone, (313) Chaldea, (303) Clarissa, (142)
Polana, (623) Chimaera, (752) Sulamtis, (329) Svea, and (495) Eulalia. The D-values of these
bodies are increased by adding the cubic root of the sum of the D3 of the members of their
respective families.
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A family tree for the inner Main Belt
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Some of the parents of known low-albedo families are within the 
boundary of the primordial family. They could be members of the 
primordial family that suffered further family forming impacts.!
Two populations of asteroids: those inside V-shapes and those that 
cannot be inside V-shapes. The former are family members; the latter 
the original ones.

?



Interstellar asteroid or dead/
dormant comet

Meech+ 2017

Oumuamua	
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Figure 4 | Reflectivity of the surface of ‘Oumuamua. 'Oumuamua's surface reflectivity is consistent with D-type asteroids12 and comets. Data are 
normalized to 1.0 at 0.65 µm and the error bars reflect the 1-sigma standard deviation.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Trajectory inconsistent with 
origin from our solar system 
as eccentricity ~ 1.2

Colors alike cometary 
nuclei, but no activity 
detected despite q=0.25 au



Conclusions
• Asteroid precursors impacted the early Earth 

• Carbonaceous asteroids contains water and water-
bearing minerals and organics, which were thus 
delivered to Earth 

• Most of low-albedo (carbonaceous) of the inner Main 
Belt asteroids are genetically related. 

• This could be a general feature of the main belt.  

• ESA should send a mission to the primordial asteroids: 
i.e the planetesimals.


