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Asteroids in the outer Solar S\stem are volatile rich and record the origins of planetar\ Zater. Their 

distribution in the main belt shoZs gradient in the spectral t\pes (DeMeo et al. 2015) Zhich are thought 

to be related to meteorites¶ classification: e.g., S-t\pe ± ItokaZa, ordinar\ chondrites (Nakamura et al. 

2011), C-t\pe ± carbonaceous chondrites (CCs)?, and D-t\pe ± Tagish Lake? (Fuji\a et al. 2019), from 

the inner to outer population. HoZever, several large outer main-belt asteroids shoZ characteristic 

absorption features in infrared Zavelengths at 3.1 ȝm (NH4-saponite) and at 3.4 ȝm and 3.9 ȝm 

(carbonates) (Takir & Emer\ 2012; De Sanctis et al. 2015; Usui et al. 2019), Zhich are no commonl\ 

found in CCs. The origins of those features and of the difference to CCs have not been elucidated. 

 B\ combining the data taken b\ AKARI space telescope (Usui et al. 2019) and the models 

for Zater-rock reactions and s\nthetic spectra, here Ze shoZ that the C- and D-t\pe asteroids having 

the diagnostic absorption features e[perienced reactions in the presence of NH3 and CO2, under the 

Zater-rock ratio (W/R) >1, and Zith the loZ temperature. Those results suggest that the asteroids 

formed be\ond the NH3 and CO2 snoZ lines, e[perienced Zater-rock differentiation, and retained its 

Zater during the period of heating. CCs likel\ originate from the rock\ cores of the differentiated 

bodies. 

Earth¶s seaZater is onl\ a tin\ fraction of the bulk Earth mass (0.023 Zt.%). HoZever, 

Earth¶s mantle and possibl\ core contain 1-10 MEO and a100 MEO (as H) of Zater (Bodnar et al. 2013; 

Umemoto & Hirose 2020), Zhere MEO is the total mass of seaZater. Consequentl\, Earth's h\drogen 

to carbon and h\drogen to nitrogen ratios (H/C and H/C) are higher than CCs. We propose that the 

discrepanc\ ma\ be e[plained b\ the suppl\ of volatile elements from the Zater ice-rich progenitors 

of the asteroids during the earl\ stage of planet formation before the sublimation of Zater to space. 
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Water budget of Earth
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Oceanic water (H2O):  
1.4×1021 kg (≡ 1 MEO)

Mantle water (OH):  
1—10 MEO 
(e.g., Bodnar et al. 2013)

Core water (H):  
~100 MEO? (in maximum) 
(Umemoto & Hirose 2015; 2020)

C/H & N/H lower than chondrites 
(Hirschmann 2016)



C-type 
= Carbonaceous chondrites (CCs)?

S-type (Itokawa) 
= Ordinary chondrites (Hayabusa samples)

Gradient in asteroids’ spectral types 
and the link to meteorites
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Asteroids in the outer SS are volatile rich  
and record the origins of planetary water

and more

D-type 
= Tagish Lake (CC), micro meteorites?

(Fujiya et al. 2019)

(Nakamura et al. 2011)

e.g., DeMeo et al. (2015)



Infrared reflectance spectra
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Ceres (C-type)

Astraea (S-type)

Polyxo (D-type)

olivine, pyroxene 

OH NH4 CO3

Used for taxonomy 
(DeMeo et al. 2009; Hasegawa et al. 2017)

AKARI spectra 
(Usui et al. 2019)

AKARI satellite detected characteristic 
absorption features on large (> 100 km) 
C- and D-type asteroids 
2.7 μm abs. 
-Hydrous minerals (OH) 
-Common for CCs 
3.1 μm abs. 
-NH4-bearing phyllosilicates 
-NOT found in CCs 

3.4 μm abs. 
-Carbonates (CO3) 
-NOT abundant in CCs

Ivuna (CI)
Questions 

What is the formation/evolution history  
which can explain those features? 
Why do those asteroids look differently from CCs?



Modeling water-rock reactions in asteroids
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Purpose 
Constrain their initial bulk compositions 
Discuss the formation history of asteroids and the origin of Earth’s water

Chemical equilibrium calculations 
CV chondrite + H2O + NH3, H2S, & CO2 

Parameters: water-rock ratio (W/R), 
Parameters: temperature,  
Parameters: CO2 abundance 

Synthetic spectra calculations 
Parameter: grain size 
Compare to AKARI observations



Results: mineral abundance
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Cometary ice (CO2-depleted), T = 0℃ 

Shibuya et al. in prep.

Hydrous minerals 
dominate for the wide 
range of W/R & T(< 350℃) 

NH4-saponite forms  
at high W/R & T ~ 0℃ 

Carbonates become 
abundant at high W/R



Results: mineral abundance
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Shibuya et al. in prep.

Cometary ice (CO2-depleted), T = 100℃ 

Hydrous minerals 
dominate for the wide 
range of W/R & T(< 350℃) 

NH4-saponite forms  
at high W/R & T ~ 0℃ 

Carbonates become 
abundant at high W/R



Results: reflectance spectra 
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Kurokawa et al. in prep.

Hydrous minerals 
dominate for the wide 
range of W/R & T(< 350℃) 

NH4-saponite forms  
at high W/R & T ~ 0℃ 

Carbonates become 
abundant at high W/R



9

Comparison to observations 

●CCs 
●Asteroids

Decreasing grain size

(100, 30, 10, 3 μm)

Asteroids and CCs can be explained by W/R>1 and W/R<1, respectively 
Variation in abs. depths reflects variation in parameters such as grain size

Cometary ice (CO2-depleted), T = 0℃ 

Decreasing grain size

(100, 30, 10, 3 μm)

●CCs 
●Asteroids

Kurokawa et al. in prep.



Scenario for asteroid formation & evolution
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C- & D-type formed as rock and H2O/CO2/NH3 ice mixtures 
Di$erentiate to outer high W/R (asteroid surface) and inner low W/R (meteorites) 
Quenching at 0℃ suggests H2O loss is slow (> heating period ~107 years)



Implications for planet formation
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C- and D-type asteroids formed beyond NH3 and CO2 snow lines 
They were scattered to the main belt by giant planets 
-Grand Tack (Walsh et al. 2011)  
- Inward migration of Jupiter formed beyond N2 snow line (Öberg & Wordsworth 2019)
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Atmosphere

Metal
Magma
        ocean

Solid 
mantle

Core

(a) Magma Ocean stage

Vapor plume

Planetesimal
accretion

Giant impact

Mantle

Atmosphere

(b) Late accretion stage

!"# $#%#"

Crust

Vapor plume

Planetesimal
accretion

Ocean
Carbonates

Early volatile delivery

Sakuraba, Kurokawa et al. submitted 
Sakuraba & Kurokawa in prep.

Planetesimal scattering due to 
giant planets’ migration led to 
volatile delivery during Earth’s 
accretion 

Partitioning of H into core-forming 
metal removes a large amount of 
water from non-metallic Earth 
(Okuchi 1997; Tagawa et al. submitted)
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Icy planetesimals solve water budget
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Non-metallic Earth 
(MORB & OIB measurements)

— Icy planetesimal accretion 
— CI chondrites accretion

Sakuraba, Kurokawa et al. submitted 
Sakuraba & Kurokawa in prep.

Given a recent estimate of H 
partitioning coe%cient into metal 
(Tagawa 2020 PhD thesis), CI chondrites 
accretion results in water deficit  

Icy planetesimal accretion solves 
the water deficit problem 

The resulting H abundance in the 
core is 1 wt.% (~ 100MEO), consistent 
with the geophysical constrains 
(Umemoto & Hirose 2015; 2020)

Preliminary results



Implications for exploration missions
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Revisit asteroid taxonomy with further telescopic observations 
(C-type asteroids have already been shown to be diverse in NIR!) 
- Twinkle, JWST, ground telescope in near infrared 
- SPICA in mid infrared 
- LUVOIR in ultraviolet 

Understand asteroids-meteorites relation 
- Hayabusa2, OSIRIS-REx to C/B-types 
- MMX, OKEANOS, and Lucy to D/P-types 

Test the layered model hypothesis for large asteroids 
(Surface covered by high W/R products!) 
- e.g., future Ceres lander



Summary
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Non-metallic Earth 
(MORB & OIB measurements)

— Icy planetesimal accretion 
— CI chondrites accretion

The presence of 3.1 and 3.4 μm absorption features on many C- and D-
type asteroids suggests their formation beyond CO2 and NH3 snow 
lines, water-rock di$erentiation, and retention of H2O for a long time 

Accretion of the ice-rich asteroids onto proto-Earth can explain low C/H 
and N/H ratios in non-metallic Earth as well as possible huge H content 
in the core

Preliminary results


