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Abstract 

Since the 1920s, a large number of studies have been conducted, and most 

monomers found in proteins and nucleic acids have been synthesized 

abiotically and/or detected in extraterrestrial bodies. However, the question of 

how the first life arose from non-living matter remains controversial. One 

popular theory is the RNA world hypothesis, but it still faces challenges in 

explaining how the first functional oligonucleotide formed abiotically. 

Alternative hypotheses propose that life may have arisen from simpler, less 

sophisticated molecules rather than complex ones like proteins or RNA. For 

instance, when a mixture of simple molecules (e.g., CO, N₂, and H₂O) is 

irradiated with high-energy particles, macromolecular organic compounds can 

form. These compounds, though containing some amino acid moieties, are 

largely uncharacterizable and have been referred to as "Garakuta molecules." 

Interestingly, Garakuta molecules exhibit some functional properties, such as 

esterase activity. This has led to the proposal of the Garakuta world hypothesis, 

suggesting that life could have emerged from these Garakuta molecules. 

 

Key words 

Origins of Life, the Garakuta World, Radiation, Amino Acid Precursors, 

Catalytic Activity 

                                                     
＊1 Department of Chemistry, Yokohama National University 
＊2 Department of Earth and Planetary Sciences, Institute of Science Tokyo 
＊3 RIKEN Cluster for Pioneering Research 



武蔵大学リベラルアーツ＆サイエンス学会雑誌 Vol. 2 

28 

1. Introduction 
In 1924, Oparin published his first book on the origin of life in Moscow [1]. Haldane 

presented a similar idea in 1928 [2]. Both proposed that life on Earth arose through the 

evolution of organic compounds, known as the chemical evolution hypothesis. 

Experimental verification of this hypothesis began in the 1950s. Miller [3] showed that 

amino acids could be formed abiotically by spark discharges (simulating lightning) when 

strongly reducing gas mixtures containing methane and ammonia were used. However, it 

was later estimated that the early Earth’s atmosphere was not strongly reducing, but only 

weakly so. Nevertheless, amino acids could still have formed, considering the energy 

from cosmic rays and solar energetic particles [4,5]. 

In addition to endogenously formed amino acids, the extraterrestrial delivery of amino 

acids is also a possibility. Various amino acids have been identified in carbonaceous 

chondrites [6]. Research has shown that amino acids can form in simulated 

extraterrestrial environments, such as interstellar dust in molecular clouds [7] and the 

interiors of meteorite parent bodies [8]. 

Nucleic acids (which are polymers of nucleotides), alongside proteins, are among the 

most important bioorganic compounds. Nucleotides consist of nucleobases, sugars, and 

phosphate. Both nucleobases and sugars have been synthesized abiotically [9,10] and 

found in carbonaceous chondrites [11,12]. 

Thus, we can conclude that most monomers of biological significance were available in 

early Earth environments. However, a long process was required to transition from these 

monomers to “life.” 

 

2. The RNA World 
In the current terrestrial life system, proteins serve as catalysts (enzymes) to maintain 

metabolism, while nucleic acids (DNA and RNA) are self-replicating molecules that hold 

biological information. It is assumed that RNA formed prior to DNA, raising the 

significant question of whether proteins or RNA were the first biomolecules. 
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Since the 1980s, ribozymes—RNAs with catalytic activity—have been discovered [13]. 

Following these discoveries, Gilbert [14] proposed an origin-of-life hypothesis known as 

the RNA world hypothesis: In the very beginning of the terrestrial life system, RNA 

served as both a catalytic and self-replicating molecule, independent of proteins. Over 

time, this RNA world could evolve into a world where proteins took on catalytic roles 

(the RNP world), followed by the emergence of DNA, which stores biological 

information more securely (the DNP world). 

The RNA world hypothesis has garnered considerable support from molecular biologists, 

but it has notable limitations. One of the largest issues is the abiotic formation of the first 

RNA, which appears to be quite difficult. The initial step is the abiotic synthesis of 

ribonucleotides. As previously mentioned, the prebiotic formation of the organic 

components of ribonucleotides (the four nucleobases and ribose) might be feasible. 

However, achieving the “right connection” of a nucleobase, ribose, and phosphate is 

challenging due to the many isomers of nucleosides. For example, canonical uridine has 

non-canonical isomers such as α-uridine and α- and β-pseudouridine, while canonical 

5’-uridine (UMP) has isomers like 2’-, 3’-UMP and 2’, 3’-cyclic UMP. Powner et al. [15] 

demonstrated an alternative method for synthesizing canonical cytidylic acid using only 

prebiotically available small organic molecules like cyanamide. However, this method is 

considered less “prebiotic” because (i) it requires a very high concentration of each 

starting material, and (ii) each reaction step must occur under precisely controlled and 

varying conditions after purifying the starting molecules. 

Even if canonical nucleotides could be formed, the next challenge is that only activated 

nucleotides (e.g., nucleoside phosphoimidazolide [16]) are suitable for polymerization. It 

is uncertain whether such activated nucleotides could form abiotically. If they do arise, it 

may be possible to condense them with the help of metal ions, clays, and/or 

complementary templates [17]. 

The formation of oligonucleotides is not the ultimate goal of the RNA world. The final 

and most significant hurdle is the creation of nucleotides with self-replicating activity. 
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Totani [18] calculated the likelihood of functional RNAs forming, concluding that one 

planet might host such RNAs for every 1040 stars. This scenario appears quite rare in our 

observable universe, which contains only about 1023 stars. 

 

3. Alternative Scenarios for the Origins of Life 
The scenario that proteins were the first biological molecules has been proposed by a 

number of investigators. For example, Ikehara [19] proposed that the first life was 

generated from proteins composed of four amino acids: glycine, alanine, aspartic acid, 

and valine. This concept is known as the GADV-protein world hypothesis. The merit of 

this hypothesis lies in the ease of abiotic synthesis of these four amino acids and the 

relative simplicity of amino acid condensation compared to that of nucleotides. However, 

such protein world hypotheses have been criticized for their lack of self-replication 

ability. 

Proteins and RNAs are sophisticated biomolecules, and their prebiotic formation was 

quite challenging. As a result, several scenarios for the origins of life have been proposed, 

where simpler materials played roles in catalysis and/or self-replication. Cairns-Smith 

[20] proposed that the self-replication of clay minerals was the first step toward “life,” 

which would eventually lead to organic life. Wächtershäuser [21] presented his idea that 

the first metabolism—a cycle of chemical reactions—started on iron sulfide minerals. 

Calvin [22] explained his view on the evolution of biocatalysts: ferric ion (Fe³⁺) has 

peroxidase activity (decomposition of H₂O₂), but this activity is extremely low (10⁻⁵ mL⁻¹ 

s⁻¹). If porphyrin coordinates with it to form heme, its catalytic activity is enhanced by 

1,000 times. When a protein molecule is attached to the porphyrin, forming a modern 

catalase molecule, the activity increases further by 10⁷ times. Thus, we do not have to 

wait for the first primitive catalytic molecules until the formation of canonical proteins or 

RNAs. 

Dyson published the second edition of “Origins of Life” [23] in 1999, where he 

introduced the Garbage Bag World hypothesis. He noted that the formation of 
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sophisticated biomolecules is quite difficult, but it is plausible that a random collection of 

prebiotically formed organic molecules could be contained in a sort of “bag.” Such a 

“garbage bag” could gradually evolve into a more efficient system. The first life did not 

emerge from sophisticated organic molecules. 

 

4. Formation and merits of Garakuta Molecules 
It has been reported that amino acids were formed in both terrestrial and extraterrestrial 

environments. In Miller’s spark discharge experiments, he found that HCN and HCHO 

were formed prior to the synthesis of amino acids. He concluded that amino acids were 

generated through the Strecker synthesis [24]. The Strecker synthesis is a well-known 

reaction for synthesizing α-amino acids, involving hydrogen cyanide, aldehydes, and 

ammonia to yield aminonitriles (Fig. 1(a)). Amino nitriles are hydrolyzed to produce 

amino acids, making them precursors to amino acids. 

The Strecker synthesis is so widely recognized that many researchers assume that the 

abiotic α-amino acids found in carbonaceous chondrites [6] and carbonaceous asteroids 

[25] were formed via the Strecker synthesis. However, it is important to note that 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.  Amino acid precursors. 
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aminonitriles were not identified in the reaction products or in extracts from 

carbonaceous chondrites. 

In carbonaceous chondrites, lactams (cyclic amide compounds; e.g., hydantoin, Fig. 1(b)) 

have been detected. Since lactams can often yield amino acids, they may be candidates 

for abiotic amino acid precursors [26]. 

We analyzed amino acids and their precursors formed in experiments simulating early 

Earth and extraterrestrial environments. When a mixture of CO, N2, and H2O was 

irradiated with high-energy protons, various amino acids were identified in the 

hydrolysates of the products, while only traces of amino acids were detected in the 

unhydrolyzed samples [27]. This indicates that not free amino acids, but rather amino 

acid precursors, were formed during the irradiation experiments. 

When a mixture of CO, CH4, and N2 (10:10:80 v/v) was irradiated with protons, various 

amino acids were also detected in the hydrolysate. The unhydrolyzed sample was 

analyzed using gel filtration HPLC to estimate its molecular weights, revealing peaks at 

2300, 4400, and 6000 daltons [28]. This suggests that macromolecular amino acid 

precursors were directly formed by the irradiation. These macromolecules were not 

peptides, as only a small percentage of the original molecules were converted to amino 

acids after acid hydrolysis. This implies that while the macromolecules contain amino 

acid segments, the majority of their structure consists of non-amino acid moieties. We 

refer to these as Garakuta molecules (Fig. 1(c)). "Garakuta" is a Japanese term that 

translates to a type of garbage, yet it implies potential usefulness. Indeed, a garakuta-ichi 

(flea market) can be a treasure trove, where valuable items can be discovered among 

eclectic offerings. 

When a gas mixture of CO, NH₃, and H₂O was irradiated with high-energy protons, 

complex molecules containing amino acid precursors were formed. We refer to this 

mixture as CAW, which serves as an analog for interstellar complex organics. The 

stability of CAW as an amino acid precursor under various energy exposures (e.g., UV 

light and radiation) was compared with that of free amino acids and simple amino acid 
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precursors like hydantoins and aminonitriles [29]. Results showed that Garakuta 

molecules were more robust than free amino acids and simple amino acid precursors 

during delivery to Earth. 

When CAW was irradiated with circularly polarized UV light (CP-UVL), the alanine 

formed after hydrolysis of the irradiated product showed an enantiomeric excess, though 

the overall alanine yield remained unchanged [30]. It has often been suggested that 

enantiomeric excesses induced by CP-UVL could result from the asymmetric 

decomposition of free amino acids in space. However, our findings suggest that Garakuta 

molecules may harbor seeds of homochirality through UV-induced alteration rather than 

UV decomposition. 

Some proteinogenic amino acids, such as histidine and tryptophan, have complex 

structures, making it challenging to explain their prebiotic formation. Recently, Kuroda 

and Kobayashi proposed a possible formation mechanism for these complex amino acids, 

considering the presence of Garakuta molecules in planetary environments [31]. 

As shown above, Garakuta molecules offer multiple advantages in chemical evolution 

pathways. In the next chapter, I will discuss the functional role of Garakuta molecules in 

more detail. 

 

5. Catalytic Activity of Garakuta Molecules 
We examined the function of such Garakuta molecules. The target molecules were 

synthesized by irradiation of a mixture of CO (350 Torr), N2 (350 Torr) and H2O (20 

Torr) with 3 MeV protons. The product exhibited esterase activity (catalytic activity to 

hydrolyze fluorescein diacetate to fluorescein).  When the product was hydrolyzed in 1 

mM HCl at 110℃, the activity increased by 30% during the initial 20 minutes and then 

decreased to 60% [32,33]. It is known that small molecules such as imidazole have 

esterase activity.  Then the product was fractionated by HPLC (column: TSK Gel 

SP-2SW) (Table 1). Imidazole appeared in fraction G (25-30 min), and this fraction 

accounted for 26% of the total activity.  The fraction B (3-6 min) showed 45% of the 
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total activity, which seemed to be derived from macromolecular compounds [34]. 

The same product also exhibited phosphatase activity (catalytic activity to hydrolyze 

4-methylumbelliferylphosphate to 4-methylumbeliferone) [35, 36].  Hydrolysis of 

phosphate esters is more challenging than that of carboxylate esters, so small molecules 

like imidazole cannot perform the former. It has been proposed that detection of 

phosphatase activity could be used as a tool for detecting life in extraterrestrial 

environments as well as in extreme terrestrial environments [37]. It has been shown that 

catalytic Garakuta molecules could be easily formed under prebiotic conditions, although 

their activity was much lower than that of modern enzymes.   

 

6. The Garakuta World Hypothesis 
In the past 70 years of studies on chemical evolution, it has been hypothesized that 

evolution proceeds step by step from small molecules to larger ones. As shown in Fig. 2, 

the first step of protein synthesis is the formation of amino acids through Strecker 

synthesis, involving hydrogen cyanide, aldehydes, and ammonia. Following the 

formation of such fundamental monomers as amino acids, nucleobases and sugars, 

peptides, nucleosides, nucleotides, and oligonucleotides are formed sequentially [38]. 

These steps involve condensation reactions, which is why many RNA world supporters 

prefer land springs over oceanic environments (such as submarine hydrothermal vents), 

Table 1.  Esterase activity found in the product of proton irradiation of a mixture of 
CO, N2 and H2O after fractuibatuib by HPLC (Ref. 32 with the modification) 

Fraction retention time Activity (A)* TOC** A/TOC Note 
name (min) (relative value) (mmol) (mmol-1)   

A 1 — 3 6.6 1.26 5.2 
B 3 — 6 45 7.20 6.3 Near void volume 
C 6 — 9 0 5.42 0 
D 9 — 14 6.6 8.97 0.74 
E 14 — 20 11 2.43 4.5 
F 20 — 25 5 2.95 1.7 
G 25 — 30 26 1.95 13.3 Imidazole elutes here 

* Relative value (total = 100); ** total organic carbon 
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as water is more easily removed in the former [39]. 

As discussed in Chapters 4 and 5, macromolecules with catalytic activities, including 

amino acid precursors, could be formed directly from simple molecules. This suggests 

that there may be another chemical evolution pathway aside from the step-by-step 

approach. 

Fig. 3 illustrates the concept of the Garakuta world Hypothesis [40]. Garakuta molecules, 

 

 

 

 

 

 

 

 

 

 

Fig. 3.  The Garakuta world hypothesis. 

 

 

 

 

 

 

 

 

Fig. 2.  Conventional scenario of chemical evolution. 
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which are macromolecules including amino acid precursors, are abiotically formed in 

planetary atmospheres and in space. These molecules accumulate in primitive oceans, 

where further evolution occurs—particularly in submarine hydrothermal systems. They 

become encapsulated in globules, and globules containing functional molecules are 

naturally selected and evolved. Some molecules may exhibit autocatalytic activities, 

increasing in number and representing a prototype stage of self-replication. Ultimately, 

self-replicating molecules are formed and selected from a large "library." 

All terrestrial organisms share a common life system that began with the appearance of 

the last universal common ancestor (LUCA). I refer to the present life system as the L = 

1 system. Prior to LUCA, organisms with more primitive life systems existed, 

characterized as having 0 < L < 1. I will refer to the stage of 0 < L << 1 as the Garakuta 

world. Mere lifeless organic molecules (L = 0) are easily decomposed by various energies 

(such as heat, UV radiation, or other forms), but the Garakuta world (L > 0) could persist 

by maintaining itself through autocatalysis and other functions. 

Today, Earth is covered with living organisms (L = 1), making it quite difficult for 

organisms with L < 1 to survive. However, in a world where only L = 0.01 organisms 

exist, L ≥ 0.01 organisms could potentially thrive. 

Finding evidence for the Garakuta world hypothesis (as well as other hypotheses like the 

RNA world hypothesis) is quite challenging. However, discovering different life systems 

on extraterrestrial bodies such as Mars [41] and Europa (a Moon of Jupiter) [42] could 

provide crucial insights. Such findings, along with the discovery of relics of chemical 

evolution on bodies like Titan (a Moon of Saturn) [43], may help answer the question of 

how life originated on Earth and elsewhere. 

 

Acknowledgements 

This study was in part supported by the Japan Society for the Promotion of Science 

(JSPS) through grant-in-aid Nos. 17H02991, 19K21895, 20H02014, and 23K03561.  

 



Origins of Life: The Garakuta World Kensei Kobayashi 

37 

Competing interests  

The author declares no competing interests.  

 

References 

 

1. A. I. Oparin, The origin of life, in Origins of Life, Deamer, D.W. and G. R. Fleischaker, 

G. R. (Eds), The Origin of Life, pp. 31-71, Jones and Bartlett, Boston, 1993.  

2. J. B. S. Haldane, The origin of life, in Origins of Life, Deamer, D.W. and G. R. 

Fleischaker, G. R. (Eds), The Origin of Life, pp. 83-81, Jones and Bartlett, Boston, 

1993.  

3. S. L. Miller, Production of amino acids under possible primitive Earth conditions, 

Science, 117, 528-529 (1953).  

4. K. Kobayashi, T. Kaneko, T. Saito and T. Oshima, Amino Acid Formation in Gas 

Mixtures by Particle irradiation, Orig. Life Evol. Biosph., 28, 155-165 (1998).  

5. K. Kobayashi et al., Formation of amino acids and carboxylic acids in weakly reducing 

planetary atmospheres by solar energetic particles, Life, 13, 1103-1119 (2023). 

6. D. P. Glavin, A. S. Burton, J. E. Elsila, J. C. Aponte and J. P. Dworkin, The search for 

chiral asymmetry as a potential biosignature in our Solar System, Chem. Rev., 120, 

4660-4689 (2020).  

7. T. Kasamatsu, T. Kaneko, T. Saito and K. Kobayashi, Formation of Organic 

Compounds in Simulated Interstellar Media with High Energy Particles, Bull. Chem. 

Soc. Jpn., 70, 1021-1026 (1997). 

8. Y. Kebukawa, S. Asano, A. Tani, I. Yoda and K. Kobayashi, Gamma-ray-induced 

amino acid formation in aqueous small bodies in the early solar system, ACS Cent. Sci, 

8, 1864-1871 (2022). 

9. S. Miyakawa, H. Yamanashi, K. Kobayashi, H. J. Cleaves and S. L. Miller, Prebiotic 

Synthesis from CO Atmosphere: Implications for the Origins of Life, Proc. Natl. Acad. 

Sci. U.S.A., 99, 14628-14631 (2002).  



武蔵大学リベラルアーツ＆サイエンス学会雑誌 Vol. 2 

38 

10. S. Abe, I. Yoda, K. Kobayashi, Y. Kebukawa, Gamma-ray-induced synthesis of sugars 

in meteorite parent bodies, ACS Earth Space Chem., 8, 1737-1744 (2024). 

11. Z. Martins et al., Extraterrstrial nucleobases in the Murchison meteorite, Earth Planet. 

Sci. Lett., 270, 130-136 (2008). 

12. Y. Furukawa et al., Extraterrestrial ribose and other sugars in primitive meteorites, 

Proc. Natl. Acad. Sci. U.S.A., 116, 24440-24445 (2019).   

13. K. Kruger et al., Self-splicing RNA: Autoexcision and autocyclization of ribosomal 

RNA intervening sequence of tetrahymena, Cell, 31, 147-157 (1982). 

14. W. Gilbert, The RNA world, Nature, 319, 618 (1986). 

15. M. W. Powner, B. Gerland and J. D. Sutherland, Synthesis of activated pyrimidine 

ribonucleotides in prebiotically plausible conditions, Nature, 459, 239-242 (2009). 

16. K. Kawamura, Nucleoside Phosphoimidazolide, in Encyclopedia of Astrobiology 3rd 

Ed., M. Gargaud et al. (Eds), Springer, Berlin, Heidelberg (2023), pp. 2105-2106.  

17. T. Inoue and L. E. Orgel, A nonenzymatic RNA polymerase model, Science, 219, 

859-862. 

18. T. Totani, Emergence of life in an inflationary universe, Sci. Rep., 10, 1671 (2020). 

19. K. Ikehara, [GADV]-Protein world hypothesis on the origin of life, Orig. Life Evol. 

Biosph., 44, 299-302 (2014). 

20. A. G. Cairns-Smith, Genetic Takeover and the Mineral Origins of Life, Cambridge 

University Press, Cambridge (1987). 

21. G. Wächtershäuser, Evolution of the first metabolic cycles, Proc. Natl. Acad. Sci. 

U.S.A., 87, 200-204 (1990). 

22. M. Calvin, Evolution of enzymes and the photosynthetic apparatus, Science, 130, 

1170-1174 (1959). 

23. F. Dyson, Origins of Life, 2nd Ed., Cambridge University Press, Cambridge (1999). 

24. S. L. Miller, The mechanism of synthesis of amino acids by electric discharges, 

Biochim. Biophys. Acta, 23, 480-489 (1957).   

25. H. Naraoka et al., Soluble organic molecules in samples of the carbonaceous asteroid 



Origins of Life: The Garakuta World Kensei Kobayashi 

39 

(162173) Ryugu, Science, 379, eabn9033 (2023).  

26. M. A. Sephton, Organic compounds in carbonaceous meteorites, Nat. Prod. Rep., 19, 

292-311 (2002). 

27. K. Kobayashi, M. Tsuchiya, T. Oshima and H. Yanagawa, Orig. Life Evol. Biosph., 20, 

99-109 (1990). 

28. T. Kaneko, A. Ohashi and K. Kobayashi, Characterization of complex organic 

compouds formed by irradiation of simple gas mixtures, Anal. Sci., 17 Suppl., 

i1643-i1646 (2001). 

29. K. Kobayashi et al., Space Exposure of Amino Acids and their Precursors during the 

Tanpopo Mission, Astrobiology, 21, 1479-1493 (2021). 

30. Y. Takano, J. Takahashi, T. Kaneko, and K. Marumo and K. Kobayashi, Asymmetric 

Synthesis of Amino Acid Precursors in Interstellar Complex Organics by Circularly 

Polarized Light,  Earth Planet. Sci. Lett., 254, 106-114 (2007). 

31. C. Kuroda and K. Koayashi, Alkylation of complex glycine precursor (CGP) as a 

route to 20 proteinogenic amino acid synthesis, molecules, 29, 4403 (2024). 

32. T. Takahashi, T. Tsuruda and K. Kobayashi, Formation of primitive catalysts from 

simulated primitive atmosphere, Viva Origino, 27, 9 (1999) (in Japanese with an 

abstract and a table in English). 

33. T. Tsuruda, T. Takahashi, Y. Funatsu and K. Kobayashi, Formation of “proto-esterases” 

from simulated primitive atmospheres by radiation, Orig. Life Evol. Biosph., 30, 168 

(2000). 

34. T. Tsuruda, T, Takahashi and K. Kobayashi, Characterization of esterase in the 

products by proton irradiation of simulated primitive atmospheres, Abstract book of the 

60th Symposium of the Japan Society for Analytical Chemistry (2001), p. 33 (in 

Japanese with a table in English). 

35. K. Kobayashi et al., Formation of bioorganic molecules and primitive catalysts in 

primitive Earth environments toward the origin of life, Viva Origino, 29, 29 (2001) (in 

Japanese). 



武蔵大学リベラルアーツ＆サイエンス学会雑誌 Vol. 2 

40 

36. J. Wang, S. Ueoka and K. Kobayashi, Detection of phosphatase activity in the 

products by proton irradiation of simulated primitive atmospheres, Abstract book of the 

62nd Symposium of the Japan Society for Analytical Chemistry (2001), p. 27 (in 

Japanese). 

37. K. Kobayahi et al., Biomarkers in the Atacama Desert along the moisture gradient and 

the depth in the hyperarid zone: Phosphatase activity as trace of microbial activity, Int. 

J. Astrobiol., 21, 329-351 (2022). 

38. N. Kitadai and S. Maruyama, Origins of building blocks of life: A review, Geosci. 

Front., 9, 1117-1153 (2018). 

39. D. W. Deamer and C. D. Georgiou, Hydrothermal conditions and the origin of cellular 

life, Astrobiology, 15, 1091-1095 (2015). 

40. K. Kobayashi, T. Kaneko, J. Takahashi, Y. Takano and S. Yoshida, 

High-molecular-weight complex organics in interstellar space and their relevance to 

origins of life, in Astrobiology: Emergence, Search and Detection of Life, V. A. Basiuk 

(Ed), American Scientific Publishers, Stevenson Ranch, California (2010), pp. 

175-186. 

41. F. Forgot and E. Hauber, Mars, in Encyclopedia of Astrobiology, 3rd Ed., M. Gargaud 

et al. (Eds), Springer, Heidelberg (2023), pp. 1767-1784. 

42. T. Encrenaz, Europa, in Encyclopedia of Astrobiology, 3rd Ed., M. Gargaud et al. 

(Eds), Springer, Heidelberg (2023), pp. 939-943. 

43. A. Coustenis and F. Raulin, Titan, in Encyclopedia of Astrobiology, 3rd Ed., M. 

Gargaud et al. (Eds), Springer, Heidelberg (2023), pp. 3054-3072. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


