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Chapter 3
Chemical Interactions Among Organics, 
Water, and Minerals in the Early Solar 
System

Hikaru Yabuta

Abstract Chondritic meteorites are thought to have originated from primitive 
small bodies of the Solar System formed 4.5 billion years ago. Investigations on 
origin and chemical evolution of organic molecules in the early Solar System have 
been extremely improved through the chemical analyses of carbonaceous chondritic 
meteorites, which are derived from primitive small bodies. While carbonaceous 
chondrites have provided a number of significant insights on possible building 
blocks of life as well as the relationship between the compositions of organics and 
the parent body aqueous processes, precursors and locations for formation of mete-
oritic organics are yet to determine. It is because most of the information on the 
earlier stage of the Solar System history was erased by extensive degrees of aqueous 
alteration on the meteorite parent bodies. For constraining the origin of organic 
molecules in the early Solar System, it is necessary to investigate more primitive 
Solar System materials available to us than the typical carbonaceous chondrites, as 
well as it is very important to correctly determine the different evolution stages by 
observation to reveal the relationships between organic chemistry and mineralogy.

Through the coordinated analyses of anhydrous and hydrated Antarctic micro-
meteorites (AMMs), we depicted a scenario that highly aromatic organic macro-
molecule (a.k.a. insoluble organic material) in carbonaceous chondrites could be a 
hydrolysis product of N- and/or O-rich macromolecule in a small icy body, which 
were formed via photochemistry in interstellar clouds or outer solar nebula. The 
hydrolysis probably occurred during the early stage of parent body aqueous altera-
tion. An ultracarbonaceous AMM (UCAMM), which is highly C-rich materials and 
cometary origin, contains amorphous silicate grains (so-called glass with embedded 
metal and sulfides [GEMS]) depleted in Mg and S. The altered GEMS indicates that 
the cometary parent body experienced very weak aqueous alteration caused by plan-
etesimal shock.
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3.1  Introduction: Enigma on Origin of Organic Molecules 
in the Carbonaceous Chondrites

Asteroids and comets, the remnants that did not grow into large bodies during the 
history of planetary formation, preserve the precursor materials in the early Solar 
System. These small bodies are thought to have delivered organic molecules and 
water to the Earth and other planets, which are necessary for planetary habitats 
(Chyba and Sagan 1992). Both asteroids and comets are originally derived from 
accretion of interstellar dusts (Fig. 3.1), which are thought to be micron-sized par-
ticles consisting of an amorphous silicate core, refractory organic inner mantle, and 
an outer mantle of ice (Greenberg and Li 1997). The volatile components of the dust 
mantle were formed by condensation of atoms and molecules in the gas phase and 
on dust surfaces in interstellar clouds (e.g., Tielen and Hagen 1982; Ehrenfreund 
and Charnley 2000; Öberg 2016). Through the subsequent photochemical reactions 
in interstellar dense cloud, a variety of molecules were produced (e.g., Sandford 
1996; Bernstein et al. 1999; Nuevo et al. 2011). After interstellar cloud collapsed to 
form a young Sun, a protoplanetary disk was formed. In a protoplanetary disk, dis-
tributions of temperature and UV flux yielded the chemical diversity of the dusts, 
followed by dust growth to form planetesimals (Nomura et  al. 2007; Ciesla and 
Sandford, 2012). As a result, rocky planetesimals, so-called asteroids, were formed 
in inner Solar System, whereas icy planetesimals, so-called comets, were formed in 
outer Solar System, such as Kuiper Belt and Oort cloud (Fig. 3.1). Subsequently, 
asteroids experienced internal heating due to the decay of short-lived radiogenic 
nuclides (e.g., 26Al). This event caused aqueous alteration (0–150 °C) (e.g., Brearley 
2006, and references therein) and thermal metamorphism (200–700 °C) (e.g., Huss 
et al. 2006, and references therein) in the asteroid parent bodies, which lasted for 
several million years (e.g., Fujiya et al. 2013). Asteroids also experienced shorter 
duration thermal metamorphism induced by impacts. Both secondary processes and 
radial distance resulted in chemical compositions of asteroids, which are reflected 
by the reflectance spectral types of asteroids: stony objects (S-type), dark carbona-
ceous objects (C-type), very dark objects without spectral feature of phyllosilicates 
(D-type), metallic objects (M-type), and so on (Tholen and Barucci 1989) (Fig. 3.1). 
Comets could experience these secondary processes as well, although they were less 
altered due to the low inner temperature of icy bodies. Conditions, timescales, and 
durations of the secondary processes depend on the sizes, structure, and heat sources 
of parent bodies, which increased chemical diversity in asteroids and comets. Thus, 
the Solar System can be said to be “a chemical factory” of life’s building blocks.

To date, primitive carbonaceous chondrite meteorites have been frequently 
investigated for understanding origin and evolution of organic molecules in the 
early Solar System. In general, carbonaceous chondrite contains several weight% 
total organic carbon, which can be divided into soluble (free) and acid-insoluble 
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(refractory) fractions. The insoluble organic matter (IOM) accounts for more than a 
half of total organic carbon. Although the intact molecular structure of IOM is still 
unknown due to its complex, macromolecular configuration, IOM is composed of 
aromatic molecular network crosslinking with short-branched aliphatic chains and 
various oxygen functional groups (Cody et al. 2002; Glavin et al. 2018) (Fig. 3.2). 
Soluble organic molecules have been historically very well studied represented by 
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Fig. 3.1 Outline of Solar System evolution from interstellar clouds to asteroids and comets
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amino acids and a variety of compounds of biochemical interests (Pizzarello et al. 
2006; Glavin et al. 2018). The total abundances of the individual molecules are very 
low (from ppb to ppm levels), and the sum abundance of the molecules found does 
not exceed the half of total organic carbon, implying that there still exist unidenti-
fied molecules (Schmitt-Kopplin et al. 2010).

Through 50 years of the studies on meteoritic organics, a number of hypotheses 
have suggested for origin of refractory organic macromolecules in carbonaceous 
chondrites. Alexander et al. (2007) suggested that IOM is derived from the refrac-
tory organics formed via photochemistry in the extreme cold environments, such as 
interstellar cloud or outer solar nebula, based on the observed enrichments of deu-
terium (D) and 15N in IOM in meteorites and interplanetary dust particles (IDPs). 
On the other hand, the potential roles of Fischer-Tropsch (FT) synthesis (e.g., Hill 
and Nuth 2003) and irradiation reaction of nebular gas (i.e., CO, N2, H2O) (Kuga 
et al. 2015) for the formation of meteoritic IOM have been argued. It was recently 
suggested that the first IOM might have been formed via hydrothermal reaction of 
formaldehyde and ammonia on the meteorite parent body based on the spectro-
scopic similarity between the experimentally synthesized products and meteoritic 
IOM (Cody et al. 2011; Kebukawa et al. 2013). Thus, there are multiple possible 
scenarios proposed, and the consensus has yet to be reached. Since there may be 
diversity in precursor molecules and locations of organic materials, it is very 
 important to determine the specific sources for specific molecules found in indi-
vidual meteorites and other extraterrestrial samples.

Fig. 3.2 A model of the molecular structure of the IOM in primitive carbonaceous chondrites (i.e., 
CM group) that is consistent with what is known about its functional group chemistry (Glavin et al. 
2018)
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3.2  A Missing Link in the Early Solar System: Chemical 
Evolution of Organic Molecules from Solar Nebula 
to Planetesimals

Most of carbonaceous chondrites experienced extensive aqueous alteration on their 
parent bodies, and thus it is hard to find characteristics of precursor organic materials 
from the meteorites. It is therefore necessary to investigate more primitive Solar 
System materials than the typical carbonaceous chondrites, to constrain the origin of 
organic molecules in the early Solar System. Those pristine samples include comets 
and comet-derived materials, such as cometary dusts, stratospheric interplanetary 
dust particles (IDPs), Antarctic micrometeorites (AMMs), etc., since comet is an icy 
body formed at very low temperature that preserves the materials in the interstellar 
cloud and solar nebula under better condition (Yabuta et al. 2018). Comet dust sam-
ple return mission, Stardust, detected O- and N-rich refractory organic macromole-
cules, glycine and amines, from the comet Wild 2 dust particles for the first time 
(e.g., Sandford et al. 2006; Cody et al. 2008; Glavin et al. 2008). The mission to 
rendezvous with Jupiter-family comet, Rosetta, for the first time discovered dark 
refractory organic materials on the surface of 67P/Churyumov- Gerasimenko (e.g., 
Quirico et al. 2016). These results supported the relationship between comets and 
IDPs. In particular, chondritic porous (CP)-type IDPs have been regarded as short-
period comet origin, based on their fragile structure, higher amounts of carbon and 
volatiles than those in meteorites, and amorphous silicate so-called glass with embed-
ded metal and sulfides (GEMS) (Keller and Messenger 2011). The IDPs show a wide 
range of hydrogen and nitrogen isotopic compositions (Messenger 2000).

Another clue is the chemical relationship between organics and minerals. For 
example, the presence of GEMS is a good indicator of the stage prior to aqueous 
activities on the parent body, since the amorphous silicate is rapidly changed to 
hydrated silicate minerals when it is exposed to liquid water (Nakamura-Messenger 
et al. 2011). Thus, the organic materials associated with GEMS could be the precur-
sor materials in interstellar or solar nebula (Keller and Messenger 2011). In con-
trast, hydrated silicate mineral is a robust indicator of aqueous process in the parent 
body, and the organics associated with those minerals could be a secondary altera-
tion product. Those classifications based on mineralogy would enable correct 
understanding of chemical evolution of organic molecules during the process from 
solar nebula to planetesimals.

This chapter will address the precursors of organic materials and minerals in 
planetesimals, through the reviews of our recent investigations using the AMMs 
collected from the surface snow near the Dome Fuji Station, Antarctica. The AMMs 
include the samples of cometary origin, as Noguchi et al. (2015) discovered chon-
dritic porous AMMs containing GEMS, enstatite whiskers, and organic nanoglob-
ules, which were characteristic to CP IDPs collected at the stratosphere (Fig. 3.3). 
We carried out coordinated comprehensive chemical analyses of the AMMs, for 
maximizing the data of organic chemistry, mineralogy, and isotope cosmochemistry 
from a single AMM particle.
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3.3  Different Stages of Parent Body Aqueous Alteration 
Recorded in Antarctic Micrometeorites

Figure 3.4 shows transmission electron microscopy (TEM) images of the ultrathin 
sections of two AMMs. AMMs containing GEMS (Fig.  3.4a) were classified as 
anhydrous micrometeorites (MMs). The organic materials (∼10 × 3 μm) account for 
a major part of the anhydrous MM, and they are associated with olivine and pyr-
rhotite. On the other hand, AMMs containing phyllosilicate (clay minerals) were 
classified as hydrous MMs (Fig. 3.4b). The amounts of organic materials are small 
compared to those in the anhydrous MM, and they are associated with phyllosilicate 

Fig. 3.3 Bright-field image of an ultrathin section of (a) a present CP MM D05IB13 and (b) a CP 
IDP L2021. The CP MM contains abundant GEMS. Low-Ca pyroxene (LPx) and pyrrhotite (Po) 
(Noguchi et al. 2015)

H. Yabuta



29

and pyroxene. This difference probably indicates that the precursor organic materi-
als, which were present before planetesimal formation, were depleted and modified 
by parent body aqueous alteration.

X-ray absorption near-edge structure (XANES) is a method to assess the types of 
the organic functional groups constituting a macromolecular sample (Cody et al. 
2008). XANES spectra are obtained by scanning x-ray energy and measuring the 
absorbed x-ray intensity specific to the electronic structures (chemical bonds) of the 
atom that absorbed the x-ray (Stöhr 1991). The absorbed x-ray intensity corresponds 
to photoexcitation of carbon 1 s electrons to unoccupied electronic state. Combination 
with a scanning transmission x-ray microscope (STXM) with high spatial resolution 
(<30 nm) enables the measurement of XANES spectra of submicron-sized regions 
of organic macromolecules. Application of STXM-XANES to AMMs revealed that 
organic material in the anhydrous MM is enriched in N- and O-bearing functional 
groups, such as nitrile (−C≡N) or purine-pyrimidine, carboxyl groups (-COOH), 
and aliphatic carbon (-CHx) (Fig. 3.5). This composition was prominent particularly 
in the regions indicated with white arrows. According to TEM observation, some of 
the regions were organic nanoglobules.

Fig. 3.4 TEM images of ultrathin sections of the AMMs obtained by focused ion beam (FIB). 
Coarse-grained minerals and aggregates of minerals are labeled. (a) D10IB009, (b) an enlarged 
image of yellow square region of (a, c) D10IB163, (d) an enlarged image of yellow square region 
of (c) (Noguchi et al. 2017). Abbreviations: Ol olivine, LPx low-Ca pyroxene, HPx high-Ca pyrox-
ene, GEMS glass embedded metal and sulfide, Po pyrrhotite. The organic materials are surrounded 
by red broken lines
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From this anhydrous MM, enrichments of D (δD = +8000 ∼ +10,000‰) and 15N 
(δ15N = +600 ∼ +1000‰) were detected by secondary ion mass spectrometry 
(SIMS) (Fig.  3.6). These values were comparable with the pristine IDPs (e.g., 
Messenger 2000; Busemann et  al. 2009) and comet Wild 2 dust particles (e.g., 
Mckeegan et al. 2006; De Gregorio et al. 2010). It has been suggested that the iso-
topic anomalies of H in the small body organic materials are derived from molecular 
deuterium enrichment caused by ion-molecule reactions under very low tempera-
ture (10–50 K) in interstellar molecular clouds (e.g., Millar et al. 1989) and in pro-
toplanetary disks (e.g., Aikawa and Herbst, 1999). Although the sources of 15N 
enrichment in the small body organic materials are clearly determined, contribution 
of interstellar chemistry is indicated (e.g., Charnley and Rodgers 2002; Aleon and 
Robert 2004). Thus, it is very likely that organic material from the anhydrous MM 
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Fig. 3.5 (a) Carbon- and (b) nitrogen-elemental maps of anhydrous AMM (D10IB009) acquired 
by a scanning transmission x-ray microscope (STXM) (optical density images). Nitrogen-enriched 
areas are indicated by white arrows. Circle regions correspond to (c) bright-field images of organic 
nanoglobules. (d) Carbon- and (e) nitrogen-K edge XANES spectra of a nitrogen-enriched area and 
an area without enrichment of nitrogen in D10IB009 (Noguchi et al. 2017). Peak A, 1sπ* transition 
of aromatic carbon (C=C*) at 285 eV; peak B, 1sπ* transition of N-heterocycles (C-N*=C) and/or 
nitrile (C≡N*) at 286 eV; peak D, 1s3p/s* transition of aliphatic carbon at CHx-C at ~287.5 eV; 
peak E, 1sπ* transition of carbonyl carbon in carboxyl or ester (OR(C*=O)C) at ~288.4 eV; peak 
G, 1sπ* transition of N-heterocycles (C-N*=C) and/or nitrile (C≡N*) at 399.4 eV
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is originated from interstellar cloud or outer solar nebula. In particular, their isoto-
pic values were comparable with δD of cometary HCN (Meyer et al. 1998) and δ15N 
of cometary CN (Schultz et al. 2008), and thus the N- and O-rich functional group 
chemistry of the anhydrous MM may have been derived from photochemistry of 

Fig. 3.6 Isotopographs of anhydrous AMM (D10IB009). (a) H. (b) δDSMOW. H1 and H2 denote 
δD hotspots (H1, 10,000‰, and H2, 8000‰). (c) 12C14N and (d) δ15Nair. H3 and H4 denote δ15N 
hotspots (H3, 1000‰, and H4, 600‰). Circles (S) of each image (a–d) denote the spot analysis 
area by SIMS to estimate the instrumental mass fractionation (Noguchi et al. 2017)
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HCN- or CN-ice. D- and 15N-rich organic nanoglobules may have been also formed 
during the UV irradiation of ice grains under the cold environment, as suggested by 
Nakamura-Messenger et al. (2006).

Comparing the C- and N-XANES spectra among the anhydrous and hydrous 
AMMs and insoluble organic matter (IOM) in Murchison carbonaceous chondritic 
meteorite, all the samples showed typical three peaks of aromatic carbon, aromatic 
ketone, and carboxyls with a shoulder of aliphatic carbon (Fig. 3.7). However, the 
relative peak intensities were slightly different between anhydrous and hydrous 
MMs, i.e., the peaks of carboxyl groups are higher in the two anhydrous MMs 
 compared to those of hydrous MMs. On the other hand, the spectra of the hydrous 
MMs were enriched in aromatic carbon, which is similar to those of Murchison 
IOM. Exceptionally, the spectrum of anhydrous AMM-D10IB004 is rather similar 
to those of hydrous AMMs.

Characteristic features of organic materials and minerals in the AMMs are sum-
marized in Table  3.1. All the three anhydrous AMMs (D10IB009, D10IB356, 
D10IB004) characterized by GEMS, Fe-Ni metal, and sulfide are very likely com-
etary origin having no record of aqueous alteration. Based on the presence of amor-
phous silicate and minor Fe-rich serpentine, hydrated AMM (D10IB178) is derived 
from carbonaceous CR3 chondrite-type parent body that experienced weak aqueous 
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alteration. The other hydrated AMMs (D10IB163 and D10IB017) contain abundant 
coarse-grained anhydrous minerals with lesser amounts of hydrate silicate minerals 
which also experienced weak to moderate aqueous alteration. Assuming that those 
AMMs are reflected by contiguous evolution stages, it is suggested that organic 
materials containing aliphatic carbon, COOH, and/or N-heterocycles in the anhy-
drous AMMs reflect the precursor molecule that were formed in interstellar cloud or 
outer solar nebula. The O- and N-rich molecular compositions could have been 
hydrolyzed by the subsequent parent body aqueous alteration and converted to 
highly aromatic, meteoritic organics like compositions as seen in hydrated AMMs. 
The anhydrous MM (D10IB004) may have experienced a very weak degree of 
aqueous process which did not affect silicate but sufficiently promoted modification 
of organic materials. The processes could occur in very primitive icy asteroids that 
bear comet-like feature, e.g., D-type asteroids.

3.4  Ultracarbonaceous Antarctic Micrometeorites: New 
Type of Cometary Material?

Ultracarbonaceous Antarctic micrometeorites (UCAMMs) are unique extraterres-
trial materials that contain a large amount of carbonaceous materials (Fig.  3.8). 
These MMs were for the first time discovered by Nakamura et al. (2005). One of the 
UCAMMs contains light noble gases with a solar wind origin, and two are abundant 
in presolar grains (Yada et al. 2008; Floss et al. 2012). Other UCAMMs have been 
independently found from the Concordia Station, Antarctica, by the French-Italian 
team. It was suggested that organic materials in the UCAMMs could be formed in 
the outer solar nebula (Duprat et al. 2010), based on the identification of crystalline 
silicates which were thought to be derived from solar origin and are associated with 
D-rich organic materials. Dartois et al. (2013) reported D- and 15N-rich UCAMMs 

Fig. 3.8 (a) Bright-field (BF) TEM image of a UCAMM collected from Concordia Station. The 
organic materials are indicated as black arrows (Duprat et al. 2010). (b) Secondary electron image 
of the UCAMM (D05IB80) placed on a platinum plate (Yabuta et al. 2017), (c) BF-TEM images 
of ultramicrotomed sections of the UCAMM D05IB80 (Yabuta et  al. 2017). Abbreviations: ol 
Mg-rich crystalline olivine, px Mg-rich crystalline pyroxene, S Fe-Ni sulfides, OM organic mate-
rial, LPx low-Ca pyroxene. GEMS-like objects are surrounded by black squares
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and suggested organic material in UCAMMs was formed in the Oort cloud by irra-
diation of ice rich in CH4 and N2.

Most of the UCAMMs have common chemical features that are regarded as 
cometary origin (Duprat et al. 2010; Dartois et al. 2013; Yabuta et al. 2017). High 
abundances of GEMS and absence of hydrated minerals are the mineralogical char-
acteristics of UCAMMs, which are clearly distinct from most of primitive carbona-
ceous chondrites. Organic materials in UCAMMs are larger than 100 times those in 
primitive carbonaceous chondrites, and they contain a variety of nitrogen-bearing 
functional groups such as nitrile, aromatic N, amide, and imine (Fig. 3.9) (Yabuta 
et al. 2017). The N/C ratios of organic materials in UCAMMs are five times higher 
than those in primitive carbonaceous chondrites (Dartois et al., 2013; Yabuta et al. 
2017). As is the case of IDPs, UCAMMs show a wide range of H and N isotopic 
compositions, from values extremely rich in heavy isotopes (Duprat et  al. 2010; 
Dartois et al. 2013) to normal values with terrestrial levels (e.g., Yabuta et al. 2017).

The N/C and O/C ratios of organic material from UCAMM DO05IB80 are very 
similar to those of comet Wild 2 dust particles (Fig. 3.10) (Yabuta et al. 2017). On 
the other hand, the values are very different from those of the UV irradiation 
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Fig. 3.9 (a) C- and (b) N-XANES spectra of the regions 1 and 2 of the UCAMM D05IB80 and 
epoxy. Peak A, 1sπ* transition for aromatic carbon (C=C*) at 285.1 eV; peak B, 1sπ* transition for 
N-heterocycles (C-N*=C), nitrile (C≡N*), or vinyl-keto carbon (C=C-C*=O) at ~286.6 eV; peak 
C, 1s3p/s* transition for aliphatic carbon at CHx-C at ~287.5 eV; peak D, 1sπ* transition for car-
bonyl carbon in amide (NHx(C*=O)C) at ~288.0–288.2 eV and/or 1sπ* transition for carbonyl 
carbon in carboxyl or ester (OR(C*=O)C) at ~288.4–288.7 eV; peak E, 1sπ* transition for imine 
(C=N*) at 398.8 eV; peak F, 1sπ* transition for N-heterocycles (C-N*=C) and/or nitrile (C≡N*) at 
~399.7 eV; and peak G, 1sπ* transition for amide (N*Hx(C=O)C) or 1s3p/s* transition for amino 
(C-N*Hx) at 401.5 eV
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 products from interstellar ice analogues. Thus, interstellar photochemistry alone 
would not be the process responsible for the formation of the UCAMM. Yabuta 
et al. (2017) suggested that a very small amount of fluid on a cometary nucleus or 
icy asteroid must have been necessary for the formation of the UCAMM, based on 
the following multiple evidences: (i) the presence of sulfur in an entire region of 
organic materials in UCAMM (organic sulfurization), (ii) deformation and aggrega-
tion of organic nanoglobules (change in osmotic pressure) (Fig. 3.10), (iii) inorganic 
thin layers at the surface of organic materials in UCAMM (precipitation of dis-
solved ions) (Fig. 3.10), and (iv) depletion of Mg and S from GEMS (Fig. 3.11).

Possible heat sources for the generation of liquid water in icy small bodies 
include (i) short-lived radioactive nuclides, (ii) perihelion passage (Nakamura- 
Messenger et al. 2011), (iii) collisions of planetesimals (Cody et al. 2011), and (iv) 
reduction of the freezing point by the presence of solutes, e.g., ammonia (Pizzarello 
et al. 2011) or methanol. The condition of aqueous alteration of the UCAMM can 
be estimated by referring to the hydrothermal experiment of anhydrous IDPs by 
Nakamura-Messenger et al. (2011). In the experiment, the alteration of amorphous 
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Fig. 3.10 N/C versus O/C ratios of organics in the UCAMM D05IB80 (●, this study), the comet 
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silicate into hydrous phyllosilicate proceeded extremely quickly, at 25–160  °C 
in 12–24 h under basic pH conditions (pH = 12). Since hydrous silicates are not 
identified in UCAMM DO05IB80, the UCAMM could have experienced a shorter 
duration reaction at lower temperature, lower pH, and/or slightly oxidizing condi-
tions compared to the experiments. Considering that the degree of alteration would 
have been much lower than the aqueous alteration on the typical carbonaceous 
chondritic meteorite parent bodies (i.e., CM and CI groups), which lasted for sev-
eral million years (e.g., Fujiya et al. 2013), planetesimal collisions are most likely 
cause to produce a very weak degree of aqueous alteration in a short duration. Weak 
alteration in short duration was probably caused by planetesimal shock that locally 
melted cometary ice grains and released water that dissolved the organics; the fluid 
would have not been mobilized because of the very low thermal conductivity of the 
porous icy body. This event allowed the formation of the large organic puddle of the 
UCAMM, as well as organic matter sulfurization, formation of thin membrane-like 
layers of minerals, and deformation of organic nanoglobules.

Fig. 3.11 (a, b) BF-TEM images of GEMS grains in the UCAMM D05IB80. (c) HAADF-STEM 
image and elemental distribution maps of the same GEMS grains in (b). In comparison with 
HAADF-STEM image and O, Si, and Fe maps, depletion of Mg and S are observed. (d) [Si + Al]-
Mg-Fe ternary diagram and (e) Si-S-Fe ternary diagram of GEMS grains in the UCAMM D05IB80 
(Yabuta et al. 2017)
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3.5  Conclusion

Comprehensive investigations on organic chemistry and mineralogy of Antarctic 
micrometeorites have enabled determination of the history from solar nebula to 
planetesimals, including even early stage where phyllosilicates are not affected but 
organics are sufficiently changed. This submicron-to-nanoscale observation of the 
organic material-water-mineral interactions in the small body materials would be 
expected to find an evidence for the transition from comets to asteroids, which may 
have been caused by Jupiter’s migration in the history of Solar System formation 
(Walsh et al. 2012). Further investigations of greater numbers of primitive meteor-
ites, micrometeorites, and IDPs would be required for understanding the statistical 
features of comet-asteroid continuum.

In addition, combination of the small body explorations with laboratory experi-
ments would provide clear insights into the origin and evolution of organic mole-
cules in the Solar System. A Japanese asteroid sample return mission, Hayabusa2, 
aims to reveal the origins and evolution of the Earth-life and ocean, by investigating 
a C-type asteroid. The spacecraft has arrived at the asteroid (162173) Ryugu on 
June 27, 2018, will collect the surface of the asteroid during its 18-month stay, and 
will return the sample to the Earth in the end of 2020 (Tachibana et al. 2014; Yabuta 
2018). National Aeronautics and Space Administration (NASA)’s asteroid sample 
return mission, OSIRIS-REx, will target the B-type asteroid (that is fallen into 
C-type in a broad sense) (101955) Bennu, which is also thought to be enriched in 
carbon and water, and return the collected sample to the Earth in 2023 (Lauretta 
2017).

Regarding the missions related to cosmic dust science, laboratory analyses of the 
particles collected at the low Earth orbit by using silica aerogels have been ongoing, 
as a part of Japanese astrobiology experiment on the International Space Station 
(Tanpopo mission) (Yano et  al. 2017). Demonstration and Experiment of Space 
Technology for INterplanetary voYage Phaethon fLyby dUSt science, DESTINY+ 
(DESTINY-plus), is a Japanese mission to flyby of Geminids parent (3200) Phaethon 
and to conduct in situ dust analyses that is proposed to be launched in 2022 (Arai 
et al. 2018). The spacecraft will be equipped with Dust Analyzer (impact ionization 
time-of-flight mass spectrometry (ToF-MS)) as a payload to measure the velocity, 
orbital, sizes, and masses and chemical composition of interplanetary and interstel-
lar dust particles during deep space cruising phase and the dusts from Phaethon. 
NASA’s Comet Astrobiology Exploration SAmple Return (CAESAR) mission 
is planned to be  launched in 2024, collects surface material from the nucleus of 
comet 67P/Churyumov-Gerasimenko, and returns the sample to the Earth in 2038 
(Squyres et al. 2018). The continuous, systematic explorations of small bodies in 
different evolution stages will elucidate the substantial role and mechanism of exog-
enous delivery of organic molecules and water to the early Earth.
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