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Reviewer #1 (Remarks to the Author):

Review of “Primordial aqueous alterations recorded in water-soluble organic molecules from the 

carbonaceous asteroid (162173)Ryugu”

Let me start by stating that both scientific and lay audiences must be given the opportunity to 

read through the communication submitted by Takano et al, which deals with primordial aqueous 

alteration within the carbonaceous asteroid Ryuku, as recorded in water soluble molecules within 

the sample returned by JAXA’s Hayabusa2 spacecraft. Without question, the Hayabusa2 mission 

rivals the Apollo sample return missions of the late 1960s early 1970s in terms of its contributions 

to our understanding of life’s origin and the evolution of the Solar System. It is without 

equivocation, therefore, that I fully endorse publishing this important study in Nature 

Communications, once the changes/questions I have provided below have been addressed by the 

author team.

The authors have, in my opinion, constructed a plausible argument for how oxidized, water-soluble 

species such as dicarboxylic acids, tricarboxylic acids and hydroxycarboxylic acids are molecular 

records of the aqueous alteration that occurred within Ryugu. Moreover, many of these species are 

prebiotic molecules that have the potential to become incorporated into living systems, so their 

analysis in this paper can inform us on how life may have started on the Earth.

The authors interpretation of the data is chemically sound and the conclusions posited are entirely 

reasonable. Of particular note is their successful linkage of secondary mineral assemblages and 

aqueously altered vein formations to the suite of hydrophilic, oxidized organic species found in the 

hot water extracts.

I was also pleased to see that their focus was on dicarboxylic acids, tricarboxylic acids and hydroxy 

carboxylic acids, which have received much less attention that monocarboxylic acids, presumably 

because they are typically found in much lower concentrations than monocarboxylic acids (e.g. 

formic acid and acetic acid) in carbonaceous chondrites with appreciable levels of aqueous 

alteration.

In addition, members of the meteoritical who perform trace analysis studies will gain some insight 

and perhaps inspiration from the authors use of capillary electrophoresis to separate hydroxy, di 

and tricarboxylic acids. To the best of my knowledge, capillary electrophoresis, while widely used 

for the separation of amino acids, has been employed only sparingly, until now, by researchers for 

the determination and quantification of carboxylic acids in meteorites.

Overall, the text is clear, and the arguments presented are well constructed. The authors have 

done a laudable job of citing relevant, previous publications in their paper. There are no sections 

within the short communication that should be excised, in my opinion.

My perusal of the communication itself and the supplementary information uncovered a few 

grammatical issues that should be addressed before the paper is published. My suggested minor 

changes to the text/figure captions are itemized below, along with their locations within the two 

parts of the submission. Please note that my suggested edits are in bold.

Main Body

Page 3, line 81: Pristine samples from the near-Earth asteroid (162173) Ryugu returned to Earth …

Page 3, line 87: What are the origins and characteristics of the light elements…

Page 4, line 103: between the organic and inorganic interface…

Page 4, line 111: contact between hot water and pristine Ryugu samples.

Page 4, line 127: and hydrophilic molecular groups in the hot water extracts…

Page 5, line 136: To which properties of lactic acid are the authors referring?

Page 5, line 160: This sentence is a bit confusing to me. What unique characteristics are exhibited 

by malonic acid with respect to its keto-enol tautomerization?

Page 8, line 237: will be important for describing nitrogen dynamics… (remove the an after be)

Page 8, line 241: When investigating the history of the carbonaceous asteroid (162173)…

Page 8, line 251: spacecraft has returned the carbonaceous asteroid…

Page 8, line 253: scientific opportunities to explore the history of organic chemical evolution 

(remove the word pristine).

Page 8, line 254: We hope that the Bennu sample will reveal…

Page 9, line 267: the project team performed an environmental evaluation…

Page 9, line 272: photographed (this study)…

Page 11, line 341: After discovering the yellow sticky deposit on the wall in the glass vial 



containing the IOM fraction…

Page 11, line 342: we conducted an n-hexane extraction…

Page 18, line 555: Supplementary Information is available for this paper.

Page 22, line 610: The blank was composed of ultrapure water before…

Page 22, line 617: is shown in the same formulation.

Page 23, line 623: keto-enol tautomerism of malonic acid, …

Page 28, line 674: Figure 8. Aqueous alteration of primordial hydrophilic…

Page 29, line 692: hydrothermally produced precipitates…

Supplementary Material

Page 32, line 772: to describe our…? Some words are missing here.

Page 32, line 781: glass ampoules. After the extraction, the contents were transferred from…

Page 33, line 796: please refer to the reference (Naraoka+2023)

Page 33, line 800: using the same procedure as in the present report.

Page 35, line 871: shows that the Ryugu samples…

Page 36, line 895: which could be caused by residual water on the parent body.

Page 38, line 907: Strategies for exploring the carbonaceous asteroid…

Page 38, line 915: and a comprehensive…

Page 41, line 947: color scale in the Venn diagram stands for…

Page 47, line 991: cyclic sulfur molecules in the IOM leachate.

Page 54, line 1035: stable isotopic compositions for the Ryugu IOM solid residues.

Although the paper is quite solid, there is one outstanding issue that the authors should address in 

order to provide a better link to the results published by Naraoka et al earlier this year (viz., 

Science, 379, February 24, 2023, pp. 1-10, eabn9033) and to further contextualize the findings of 

their important study. Here, I am referring to the lack of any discussion of the monocarboxylic 

acids in the hot water extracts that were analyzed by capillary electrophoresis(CE)-high resolution 

mass spectrometry (HRMS). In fact, the authors state in their introduction that they 

comprehensively evaluated highly diverse hydrophilic organic molecules using capillary 

electrophoresis coupled to high resolution mass spectrometry and yet they do not mention 

detecting any monocarboxylic acids. This is surprising in light of the fact that Naraoka et al in their 

Science paper (vide supra) found substantial quantities of both formic and acetic acid in the hot 

water extract of the Ryugu sample A0106. Naraoka et al stated quite correctly in their Science 

paper that light carboxylic acids (e.g. formic acid, acetic acid, propanoic acid) are among the most 

abundant organic compounds in organic-rich carbonaceous chondrites (and hence their parent 

bodies) that have undergone low-temperature, hydrothermal processing. It is worth pointing out 

here that there are papers in the literature in which capillary electrophoresis was successfully used 

to separate and quantify light monocarboxylic acids in aqueous extracts (see for instance: 

Separation and determination of some carboxylic acids by capillary electrophoresis Vladimir 

SLADKOV, Blandine FOUREST Institute of Nuclear Physics, CNRS/IN2P3, 91406 Orsay, France). 

Consequently, I suspect that the capillary electrophoresis work conducted by Takano et al also 

uncovered detectable quantities of light monocarboxylic acids, unless the method they used cannot 

detect light monocarboxylic acids. Of course, it could be that the reason the authors have not 

mentioned signals for formic and acetic acid, the two most abundant monocarboxylic acids found 

by Naraoka et al as their propyl derivatives using a GC-MS method, is because the peaks for these 

acids were swamped by the acetate buffer and thus were not clearly visible.

If this is, indeed, their conclusion, they should mention this in the paper as informed readers might 

be confused by the fact that these light carboxylic acids were found in high concentrations using a 

GC-MS method on their derivatives while they were apparently not detected using capillary 

electrophoresis, which did, nonetheless, find peaks for hydroxy carboxylic acids, dicarboxylic acids 

and tricarboxylic acids that are almost certainly present in much lower abundances than the light 

monocarboxylic acids, as is typically the case for aqueously altered carbonaceous chondrites.

If Takano et al look back at the capillary electrophoresis data and find they can determine the peak 

area for any formic acid (or perhaps propanoic acid) present, it would be interesting to compare 

their calculated concentration for formic acid to that found by Naraoka et al to see how closely the 

two analytical methods agree. ( I am assuming that acetic acid cannot be quantified because the 



buffer used for the electrophoresis contains acetate and acetic acid).

Thank you for the opportunity to review this important communication. The shortcomings of the 

work are small and easily fixed. I look forward to the authors responses to my 

comments/suggested changes.

Most sincerely,

Robert Hilts

Reviewer #2 (Remarks to the Author):

Thank you for inviting me to review this interesting manuscript. This manuscript provides 

significant data on the water soluble organic content of asteroid Ryugu samples, with new data 

showing the presence and abundances of hydroxyl and dicarboxylic acids. I have provided my 

comments and suggested edits on the attached PDF file so that it is clear where my comments 

refer to. The manuscript provides a discussion on the hydroxyl and dicarboxylic acid contents, and 

how these compare to the amino acids and IOM contents of asteroid Ryugu from recently 

published papers. There are a couple of areas in which the discussion can be strengthened. For 

example, discussion on previous amino acid analyses and how that enhance our interpretation on 

the aqueous alteration extent of Ryugu was present, but further discussion and comparison to the 

correlation to other water soluble molecules, in particular the hydroxyl and dicarboxylic acids 

presented in this study, should be added (i.e. the session "The systematics of hydrophilic 

molecules at two sampling locations on Ryugu" can be enhanced). There is a description on the 

elemental and hydrophilic molecule compositions between TD1 and TD2, however the discussion 

comparing and contrasting between the 2 sites are not fully developed. Overall, the data presented 

in the manuscript is of significant importance to the community of planetary science and 

cosmochemistry and thus should be published.

In their review of the first version of this manuscript, reviewer #2 added some comments to the 

manuscript file. These comments were forwarded to the authors, who replied as included in this 

Peer Review File.

Reviewer #3 (Remarks to the Author):

Dear Authors,

This study focus on the analysis of hot water extract from Ryugu returned samples in order to 

understand the effect of aqueous alteration on the molecular diversity of polar organic molecules 

extracted. The authors postulate that these polar molecules should have recorded traces of this 

aqueous alteration in Ryugu. Results of the analysis of polar molecules are presented in the result 

section and discussed with results from other papers in regard to the aqueous alteration history. 

Overall, the presented results are very dense, and under its current form the paper is quite 

confused (not only regarding the figure referencing). I found that the paper intend to present and 

discuss the results with readers who are perfectly aware of the results from other papers on Ruygu 

organic matter analysis. As a result, the paper is not for a broad audience, that will not see the 

interest and the main results of the paper. Notably, a lot of interesting results are in the 

supplementary part, and not at all discussed in the main text. figure S9 to S14 not cited in the 

main text and Fig S10 to S14 neither in the supplementary files. Right now the paper looks more 

like a draft, where the authors wanted to put all the unpublished figures from previous analysis 

(and previous papers) and try to find relation between them. I am not agree for the publication of 

the paper under this form. I suggest either the paper clearly states that it will be a huge discussion 

and wrap up comparison of all previous studies, including the new analysis of polar compounds to 



search for the record of aqueous alteration on the organics, or the authors focus only on the polar 

compounds detected in this #7-1 extract and discuss the relevance of such compounds by 

comparison to others meteorite studies. Right now the abstract and the intro is only focus on the 

polar compounds, and the more we read the paper, the more we understand that it is not only 

that, and the discussion and all the figures (not enough discussed) lead the reader way more 

further but is a confuse way, and highlights are not well written.

Please see the pdf attached for more detailed comments on the paper.

Reviewer #3 A achment on the following page



Primordial aqueous alterations recorded in water-soluble organic molecules from the carbonaceous 

asteroid (162173) Ryugu.  

This study focus on the analysis of hot water extract from Ryugu returned samples in order to understand 

the effect of aqueous alteration on the molecular diversity of polar organic molecules extracted. The 

authors postulate that these polar molecules should have recorded traces of this aqueous alteration in 

Ryugu. Results of the analysis of polar molecules are presented in the result section and discussed with 

results from other papers in regard to the aqueous alteration history. Overall, the presented results are 

very dense, and under its current form the paper is quite confused (not only regarding the figure 

referencing). I found that the paper intend to present and discuss the results with readers who are 

perfectly aware of the results from other papers on Ruygu organic matter analysis.  As a result, the paper 

is not for a broad audience, that will not see the interest and the main results of the paper. Notably, a lot 

of interesting results are in the supplementary part, and not at all discussed in the main text.  figure S9 

to S14 not cited in the main text and Fig S10 to S14 neither in the supplementary files. Right now the 

paper looks more to a draft, where the authors wanted to put all the unpublished figures from previous 

analysis (and previous papers) and try to find relation between them. I am not agree for the publication 

of the paper under this form. I suggest either the paper clearly states that it will be a huge discussion and 

wrap up comparison of all previous studies, including the new analysis of polar compounds to search 

for the record of aqueous alteration on the organics, or the authors focus only on the polar compounds 

detected in this #7-1 extracts and discuss the relevance of such compounds by comparison to others 

meteorite studies. Right now the abstract and the intro is only focus on the polar compounds, and the 

more we read the paper, the more we understand that it is not only that, and the discussion and all the 

figures (not enough discussed) lead the reader way more further but is a confuse way, and highlights are 

not well written. Overall, it is not suitable for a Nature. 

Main issues in addition:  

1/The identification and quantification of polar organic compounds is problematic, as the identification 

does not take into account the matrix effects that are important in such samples, particularly in terms of 

retention time. How is it possible to identify these molecules with exact retention times and masses, 

knowing that the retention times are not the same compared to the standard times due mainly to the 

matrix effects ?  

A table is also missing, reporting the retention time and masses from standards and molecules identified 

in the samples. 



2/ The idea of malonic acid/ acetic acid as a clue for the degree of aqueous alteration in interesting, 

however, acetic acid has not been reported as detected compounds, how is that possible ? Furthermore, 

linking the malonic acid/acetic acid ratio to conditions of aqueous alteration would appear to be flawed, 

since acetic acid also likely has other formation pathways independent of the tautomerisation of malonic 

acid. So unless you can show that this ratio is relevant for many samples, I have great doubts about the 

this theory. Also in Figure 4, the two molecules in brackets are the same, the tautomerisation is between 

the keto and enol form. It should be written below malonic acid, that it is the keto-form.  

3/As already said, this paper is not clear with a lot of misquoted figures and given the large amount of 

data, it is difficult to understand what was done in this study, from what was done in the previous studies. 

The authors should more emphasized their work. 

4/ the introduction is again for specialists, and only focus on the Ryugu previous analysis, while its been 

decades that chondrites coming from asteroids (like Ryugu) are analysed in the lab. From line 98 to 109 

authors wrote a list of all the analysis that was done in Ruygu without objectives concerning their work.  

5/ finally, after reading the manuscript, I  think the title is not appropriated, since none of the their data 

confirm the effect of aqueous alteration. Some for figure 8, which is great but not supported by the 

results.  

Specific comments from line to line or in figures: 

Main text: 

Figure 1: the figure is very nice, but do contain a lot of information, which are not considered/discussed 

here. Is it useful ?  

Lin 87: I don’t think the question regarding Ryugu’s role in the solar system history is relevant.  

Figure 2: pyruvic acid is not mentioned in the legend. 

Line 113: why the aqueous alteration should be only recorded by the polar organic molecules ? please 

rephrase. 

Line 127: write the analytical technic from which you obtained the identification of hydroxyl acids. And 

figure 2 should be cited here. 

Line 128: sample name (#7-1) the name of the sample appears from nowhere, lacking an explanation 

(we have to go in the SI, looking at Fig S2 !). once again, you need to appeal to a wide audience for a 

Nature paper. 



Line 128: After giving the name of the hot water fraction, it would be a good idea to refer to figure S3 

detailing all the extracts. 

Line 129: Are the authentic standards those in figure S4? Also in the figure 3-A , please add the standard 

signal.  It is stated in the text that identification is possible using the retention time and the exact mass. 

However, if we refer to figure S4 and compare the retention times of the standards with figure 3-A, it is 

impossible to identify the compounds in Ryugu extracts. 

Line 129, Also, what is an authentic standard ? can we have factice standards ??  

Figure 3-C, please specify in legend which molecules were used in the "#-hydroxy- acids (Cn) in 

Murchison”. 

Line 133: How was the quantification carried out? External calibration on standards is a very uncertain 

method due to the presence of salts and the famous matrix effect on the detected compounds.  

Table S1: Please specify error bars, also specify in the legend abbreviations such as "n.d". Not all the 

compounds in figure 2 are shown, but some that are never mentioned are. 

Line 139: pyruvic acid is not included in table S1 

Line 147-148: Urea and glycocyamine are not included in table S1. 

Line 151: please specify where in the SI. In the paragraph "Sepctroscopic FTIR references for the soluble 

components", these bands are not mentioned, nor are they mentioned in figure S9, although it would 

appear that they are mentioned in figure S13 (which is in fact never cited). 

Figure 4-A: Does the x-axis "dicarboxylic acid" take into account all the compounds detailed on lines 

157-158?  Please specify in the legend. 

Figure 4-B: The two-enol forms of malonic acid are in fact the same, since the molecule is symmetrical.  

Line 168- Please refer to figure 4-B. 

Line 172: please smooth this sentence, as other ways of forming acetic acid can take place in these 

objects and therefore modify the malonic/acetic ratio, as the formation pathway from malonic acid or 

acetic acid under aqueous alteration conditions is not the only one.   

Figure 5: in the legend (line 635), Table 1 does not exist; the reference should be Table S1. Please clearly 

state what is new and your work here. Are all the plots in this figure really relevant to this study ? IB is 

not explained. 

Line 188: Where are the data for the figure 5-F about the urea molecules ?  



Line 190: ammonium ions has been proposed has the main salt component of comet 67P, please refer 

to this study also. 

From line 197 to 211, the authors discussed the detection of amino acids in CM and CI, compared to 

Ryugu, as these class of meteorites where the same. This is not true, and it is quite known now that 

parent bodies of CM and CI has not accreted the same pool of material from the nebula, including the 

organics. And of course, they has not the same aqueous/thermal history. So it is questionable to compare 

quantities and identification of amino acids from group to group.   

Line 203: the reference Burton is not correctly cited. 

Line 237: missing words 

Figure 6-A: Are all the molecules detected and reported in table S1 ?  

Line 244: Misquotation of figure.  

Method section: 

Line 288: Why is Figure 4 cited here ?  

Line 275: In this paragraph, add the origin of the different standards and their purity. 

Line 304: Misquotation of figure, should be Figure 1-G.  

Line 350: Please specify what is referred to in the supplementary information, as figures S-10 to S-14 

are never mentioned. 

Supporting info 

Line 771: in Figure S1 only the sample C0107 is presented.  

Line 772 to 773, is there a missing word ? 

Figure S3: in the legend, please add the description for C.  

Figure S5: line 950 in the legend, misquotation of figure it should be Figure S9 rather than Figure 9. 

Line 812: the name “remaining nitrogen”  is misleading. The amount of nitrogen was summed after each 

successive extraction and taken as the total amount in the bulk (initial bulk as 100%). So this is not the 

remaining nitrogen but the nitrogen extracted by each solvent extraction. The remaining nitrogen is the 

one that remains in the non-soluble part (IOM) . 

Line 836: The extract #7-1 is called hot H2O extract in the text but H2O-HCl extracts in the legend of 

Figure S7.  

Figure S7, please add name of the axes for all “lines of plots”. 



Fogiure S9, name of the axes ? 

Line 967: For the formic acid extract, please add the blank in the Figure S8. 

Figure S12-B: this fugure is not cited in the paper or the SI, nor discuss anywhere and, contain a huge 

mistake. The Kovats relation is linear for log(tr')=f(C-number), the current representation is wrong. 

Please correct.  
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)*# )#]) (- 'B#$&O $,3 )*# $&G.1#,)- %&#-#,)#3 $&# 0#BB '+,-)&.')#3K Q*# $.)*+&- *$/# 3+,# $ 

B$.3$FB# X+F +2 '()(,G &#B#/$,)O %&#/(+.- %.FB('$)(+,- (, )*#(& %$%#&K Q*#&# $&# ,+ -#')(+,- 0()*(, 

)*# -*+&) '+11.,('$)(+, )*$) -*+.B3 F# #]'(-#3O (, 1J +%(,(+,K  

`I#%B(#-a Q*# $.)*+&- $&# G&#$)BJ #,'+.&$G#3 FJ )*# $F+/# '+11#,)-K "# 0+.B3 B(T# )+ 

#]%&#-- +.& 3##% G&$)().3# 2+& )*# '$&#2.B &#$3(,G +2 +.& 1$,.-'&(%)K \, )*(- &#/(-#3 

1$,.-'&(%)O -#/#&$B &#2#&#,'#- 0#&# .%3$)#3 )+ )*# B$)#-) (,2+&1$)(+,K 

:'*1());b+%%B(,O DK #) $BK :+B.FB# +&G$,(' 1$))#& 9+B#'.B$& $)B$- +2 IJ.G. &#/#$B- '+B3 

*J3&+)*#&1$B(-1 +, 7;)J%# $-)#&+(3 %$&#,) F+3JK Nature Commun. 14O S&)('B# 

,.1F#&L @c<c 4<U<=AK 

d$3$O QK #) $BK S '.&$)(+, 2+& .,'+,)$1(,$)#3 N$J$F.-$<;&#).&,#3 -$1%B#- (, )*# 

#])&$)#&&#-)&($B '.&$)(+, '#,)#& +2 ZS[SL 2&+1 )*# F#G(,,(,G )+ %&#-#,) 3$JK Earth 

Planets Space 75O S&)('B# ,.1F#&L !HU 4<U<=AK 

d+-*(1.&$O QK #) $BK 7*#1('$B #/+B.)(+, +2 %&(1+&3($B -$B)- $,3 +&G$,(' -.B2.& 1+B#'.B#- 

(, )*# $-)#&+(3 4!@<!H=A IJ.G.K Nature Commun. 14O S&)('B# ,.1F#&L c<V> 4<U<=AK 

e#('*,#&O :K :K #) $BK D+BJ'J'B(' $&+1$)(' *J3&+'$&F+,- (, -$1%B#- +2 IJ.G. 2+&1#3 (, )*# 

(,)#&-)#BB$& 1#3(.1K Science 382O !>!!;!>!@K 

9J %#&.-$B +2 )*# '+11.,('$)(+, ()-#B2 $,3 )*# -.%%B#1#,)$&J (,2+&1$)(+, .,'+/#&#3 $ 2#0 

G&$11$)('$B (--.#- )*$) -*+.B3 F# $33&#--#3 F#2+&# )*# %$%#& (- %.FB(-*#3K 9J -.GG#-)#3 1(,+& 

'*$,G#- )+ )*# )#])W2(G.&# '$%)(+,- $&# ()#1(^#3 F#B+0O $B+,G 0()* )*#(& B+'$)(+,- 0()*(, )*# )0+ 

%$&)- +2 )*# -.F1(--(+,K DB#$-# ,+)# )*$) 1J -.GG#-)#3 #3()- $&# (, F+B3K 

`I#%B(#-a Q*# $.)*+&- 3##%BJ $%%&#'($)# )*# '$&#2.B -.GG#-)(+,-K "# 1$3# 1(,+& 

'+&&#')(+,- $,3 G&$11$)('$B &#2(,#1#,)- $''+&3(,G )+ )*# &#/(#0(,G '+11#,)-K 

9$(, f+3J 

D$G# =O B(,# V!L D&(-)(,# -$1%B#- 2&+1 the ,#$&;_$&)* $-)#&+(3 4!@<!H=A IJ.G. &#).&,#3 )+ _$&)*KK 

D$G# =O B(,# VHL "*$) $&# )*# +&(G(,- $,3 '*$&$')#&(-)('- +2 the B(G*) #B#1#,)-g 



=

`I#%B(#-a 9(,+& &#/(-(+,- 2+& %$G# = 0#&# 1$3# (, $''+&3$,'# 0()* &#/(#0 '+11#,)-K 

D$G# >O B(,# !U=L F#)0##, the +&G$,(' $,3 (,+&G$,(' (,)#&2$'#g 

D$G# >O B(,# !!!L '+,)$') F#)0##, *+) 0$)#& $,3 pristine IJ.G. -$1%B#-K 

D$G# >O B(,# !<HL $,3 *J3&+%*(B(' 1+B#'.B$& G&+.%- in )*# *+) 0$)#& #])&$')-g 

`I#%B(#-a 9(,+& &#/(-(+,- 2+& %$G# > 0#&# 1$3# (, $''+&3$,'# 0()* &#/(#0 '+11#,)-K 

D$G# cO B(,# !=@L To which properties of lactic acid are the authors referringh 

`I#%B(#-a "# &#/(-#3 (, )*# B(,# !=@ $- i Q*# '+,'#,)&$)(+, +2 B$')(' $'(3 473AOKKjK 

D$G# cO B(,# !@UL This sentence is a bit confusing to me. What unique characteristics are 

exhibited by malonic acid with respect to its keto-enol tautomerization?

`I#%B(#-a Q*# %$&) 0$- '+&&#')#3 )+ C0$)#& -#,-()(/# %&+%#&)(#-CO 0*('* (- $ %B$(,#& %*&$-#K 

D$G# VO B(,# <=HL 0(BB F# (1%+&)$,) 2+& 3#-'&(F(,G ,()&+G#, 3J,$1('-g 4&#1+/# )*# an $2)#& F#A 

`I#%B(#-a I#1+/#3 $- -.GG#-)#3K 

D$G# VO B(,# <>!L "*#, investigating )*# *(-)+&J +2 )*# '$&F+,$'#+.- $-)#&+(3 4!@<!H=Ag 

D$G# VO B(,# <c!L -%$'#'&$2) has returned )*# '$&F+,$'#+.- $-)#&+(3g 

D$G# VO B(,# <c=L -'(#,)(2(' +%%+&).,()(#- )+ #]%B+&# )*# *(-)+&J +2 +&G$,(' '*#1('$B #/+B.)(+, 

4&#1+/# )*# 0+&3 pristineAK 

D$G# VO B(,# <c>L "# *+%# )*$) )*# Bennu -$1%B# 0(BB &#/#$Bg 

`I#%B(#-a SBB 1(,+& &#/(-(+,- 2+& %$G# V 0#&# 1$3# (, $''+&3$,'# 0()* &#/(#0 '+11#,)-K 

Q*# &#2#&#,'# +2 k+.-)+.T+-l<U<> 0$- 1#,)(+,#3 $- (1%+&)$,) %#&-%#')(/#-K 

`I#2Ka 

k+.-)+.T+-O MK #) $BK f.BT NO 7O $,3 6 (, :$1%B#- I#).&,#3 2&+1 S-)#&+(3 f#,,.L 

7+1%$&(-+, 0()* 7$&F+,$'#+.- 7*+,3&()#-O Lunar and Planetary Science 

Conference (LPSC), 5!!?U 4<U<>AK 

D$G# ?O B(,# <@HL )*# %&+X#') )#$1 %#&2+&1#3 an #,/(&+,1#,)$B #/$B.$)(+,g 

D$G# ?O B(,# <H<L photographed 4)*(- -).3JAg 



>

`I#%B(#-a SBB 1(,+& &#/(-(+,- 2+& %$G# ? 0#&# 1$3# (, $''+&3$,'# 0()* &#/(#0 '+11#,)-K 

D$G# !!O B(,# =>!L S2)#& discovering )*# J#BB+0 -)('TJ 3#%+-() on the wall (, )*# GB$-- /($B 

containing )*# \89 2&$')(+,g 

D$G# !!O B(,# =><L 0# '+,3.')#3 an ,;*#]$,# #])&$')(+,g  

`I#%B(#-a SBB 1(,+& &#/(-(+,- 2+& %$G# !! 0#&# 1$3# (, $''+&3$,'# 0()* &#/(#0 '+11#,)-K 

D$G# !VO B(,# cccL :.%%B#1#,)$&J \,2+&1$)(+, is $/$(B$FB# 2+& )*(- %$%#&K 

`I#%B(#-a 9(,+& &#/(-(+, 2+& %$G# !V 0#&# 1$3# (, $''+&3$,'# 0()* &#/(#0 '+11#,)-K 

D$G# <<O B(,# @!UL Q*# FB$,T 0$- composed of .B)&$%.&# 0$)#& F#2+&#g 

D$G# <<O B(,# @!HL is -*+0, (, )*# -$1# 2+&1.B$)(+,K 

`I#%B(#-a SBB 1(,+& &#/(-(+,- 2+& %$G# << 0#&# 1$3# (, $''+&3$,'# 0()* &#/(#0 '+11#,)-K 

D$G# <=O B(,# @<=L T#)+;#,+B )$.)+1#&(-1 +2 1$B+,(' $'(3O g 

`I#%B(#-a 9(,+& &#/(-(+, 2+& %$G# <= 0#&# 1$3# (, $''+&3$,'# 0()* &#/(#0 '+11#,)-K 

D$G# <VO B(,# @H>L k(G.&# VK SE.#+.- $B)#&$)(+, of %&(1+&3($B *J3&+%*(B('g 

D$G# <?O B(,# @?<L *J3&+)*#&1$BBJ produced %&#'(%()$)#-g 

`I#%B(#-a SBB 1(,+& &#/(-(+,- 2+& %$G# <VP<? 0#&# 1$3# (, $''+&3$,'# 0()* &#/(#0 

'+11#,)-K 

:.%%B#1#,)$&J 9$)#&($B  

D$G# =<O B(,# HH<L )+ 3#-'&(F# +.&gh Some words are missing here. 

`I#%B(#-a "# &#/(-#3 $- i"# %&#-#,) $ '+,'#%) F$-#3 +, )*# 3(1#,-(+,- +2 '*#1('$B 

&#-+B.)(+, $,3 '*#1('$B /$&($)(+, 4k(G.&# :<AKj 

D$G# =<O B(,# HV!L GB$-- ampoulesK S2)#& )*# #])&$')(+,O )*# contents were )&$,-2#&&#3 2&+1g 

`I#%B(#-a 9(,+& &#/(-(+,- 2+& %$G# =< 0#&# 1$3# (, $''+&3$,'# 0()* &#/(#0 '+11#,)-K 

D$G# ==O B(,# H?@L %B#$-# &#2#& )+ )*# reference 46$&$+T$l<U<=A 

D$G# ==O B(,# VUUL .-(,G )*# -$1# %&+'#3.&# as (, )*# %&#-#,) &#%+&)K 



c

`I#%B(#-a SBB 1(,+& &#/(-(+,- 2+& %$G# == 0#&# 1$3# (, $''+&3$,'# 0()* &#/(#0 '+11#,)-K 

D$G# =cO B(,# VH!L shows )*$) the IJ.G. -$1%B#-g 

D$G# =@O B(,# V?cL 0*('* '+.B3 F# '$.-#3 FJ residual water +, )*# %$&#,) F+3JK 

`I#%B(#-a SBB 1(,+& &#/(-(+,- 2+& %$G# =cP=@ 0#&# 1$3# (, $''+&3$,'# 0()* &#/(#0 

'+11#,)-K 

D$G# =VO B(,# ?UHL :)&$)#G(#- 2+& #]%B+&(,G the '$&F+,$'#+.- $-)#&+(3g 

D$G# =VO B(,# ?!cL $,3 a '+1%&#*#,-(/#g 

`I#%B(#-a SBB 1(,+& &#/(-(+,- 2+& %$G# =V 0#&# 1$3# (, $''+&3$,'# 0()* &#/(#0 '+11#,)-K 

D$G# >!O B(,# ?>HL '+B+& -'$B# (, the Venn diagram -)$,3- 2+&g 

D$G# >HO B(,# ??!L 'J'B(' -.B2.& 1+B#'.B#- (, the IOM leachateK 

D$G# c>O B(,# !U=cL -)$FB# (-+)+%(' '+1%+-()(+,- for the Ryugu IOM solid residuesK 

`I#%B(#-a SBB 1(,+& &#/(-(+,- 2+& %$G# >!O >HO c> 0#&# 1$3# (, $''+&3$,'# 0()* &#/(#0 

'+11#,)-K 

SB)*+.G* )*# %$%#& (- E.()# -+B(3O )*#&# (- +,# +.)-)$,3(,G (--.# )*$) )*# $.)*+&- -*+.B3 $33&#-- (, 

+&3#& )+ %&+/(3# $ F#))#& B(,T )+ )*# &#-.B)- %.FB(-*#3 FJ 6$&$+T$ #) $B #$&B(#& )*(- J#$& 4/(^KO 

:'(#,'#O =H?O k#F&.$&J <>O <U<=O %%K !;!UO #$F,?U==A $,3 )+ 2.&)*#& '+,)#]).$B(^# )*# 2(,3(,G- +2 

)*#(& (1%+&)$,) -).3JK N#&#O \ $1 &#2#&&(,G )+ )*# B$'T +2 $,J 3(-'.--(+, +2 )*# 1+,+'$&F+]JB(' 

$'(3- (, )*# *+) 0$)#& #])&$')- )*$) 0#&# $,$BJ^#3 FJ '$%(BB$&J #B#')&+%*+&#-(- 47_A;*(G* 

&#-+B.)(+, 1$-- -%#')&+1#)&J 4NI9:AK \, 2$')O )*# $.)*+&- -)$)# (, )*#(& (,)&+3.')(+, )*$) )*#J 

'+1%&#*#,-(/#BJ #/$B.$)#3 *(G*BJ 3(/#&-# *J3&+%*(B(' +&G$,(' 1+B#'.B#- .-(,G '$%(BB$&J 

#B#')&+%*+&#-(- '+.%B#3 )+ *(G* &#-+B.)(+, 1$-- -%#')&+1#)&J $,3 J#) )*#J 3+ ,+) 1#,)(+, 

3#)#')(,G $,J 1+,+'$&F+]JB(' $'(3-K Q*(- (- -.&%&(-(,G (, B(G*) +2 )*# 2$') )*$) 6$&$+T$ #) $B (, 

)*#(& :'(#,'# %$%#& 4/(3# -.%&$A 2+.,3 -.F-)$,)($B E.$,)()(#- +2 F+)* 2+&1(' $,3 $'#)(' $'(3 (, )*# 

*+) 0$)#& #])&$') +2 )*# IJ.G. -$1%B# SU!U@K 6$&$+T$ #) $B -)$)#3 E.()# '+&&#')BJ (, )*#(& :'(#,'# 

%$%#& )*$) B(G*) '$&F+]JB(' $'(3- 4#KGK 2+&1(' $'(3O $'#)(' $'(3O %&+%$,+(' $'(3A $&# $1+,G )*# 1+-) 

$F.,3$,) +&G$,(' '+1%+.,3- (, +&G$,(';&('* '$&F+,$'#+.- '*+,3&()#- 4$,3 *#,'# )*#(& %$&#,) 

F+3(#-A )*$) *$/# .,3#&G+,# B+0;)#1%#&$).&#O *J3&+)*#&1$B %&+'#--(,GK \) (- 0+&)* %+(,)(,G +.) 

*#&# )*$) )*#&# $&# %$%#&- (, )*# B()#&$).&# (, 0*('* '$%(BB$&J #B#')&+%*+&#-(- 0$- -.''#--2.BBJ .-#3 

)+ -#%$&$)# $,3 E.$,)(2J B(G*) 1+,+'$&F+]JB(' $'(3- (, $E.#+.- #])&$')- 4-## 2+& (,-)$,'#L 

:#%$&$)(+, $,3 3#)#&1(,$)(+, +2 -+1# '$&F+]JB(' $'(3- FJ '$%(BB$&J #B#')&+%*+&#-(- mB$3(1(& 

:YSMb8mO fB$,3(,# k8nI_:Q \,-)().)# +2 6.'B#$& D*J-('-O 76I:W\6<D=O ?!>U@ 8&-$JO 



@

k&$,'#AK 7+,-#E.#,)BJO \ -.-%#') )*$) )*# '$%(BB$&J #B#')&+%*+&#-(- 0+&T '+,3.')#3 FJ Q$T$,+ #) 

$B $B-+ .,'+/#&#3 3#)#')$FB# E.$,)()(#- +2 B(G*) 1+,+'$&F+]JB(' $'(3-O .,B#-- )*# 1#)*+3 )*#J 

.-#3 '$,,+) 3#)#') B(G*) 1+,+'$&F+]JB(' $'(3-K 82 '+.&-#O () '+.B3 F# )*$) )*# &#$-+, )*# $.)*+&- 

*$/# ,+) 1#,)(+,#3 -(G,$B- 2+& 2+&1(' $,3 $'#)(' $'(3O )*# )0+ 1+-) $F.,3$,) 1+,+'$&F+]JB(' 

$'(3- 2+.,3 FJ 6$&$+T$ #) $B $- )*#(& %&+%JB 3#&(/$)(/#- .-(,G $ o7;9: 1#)*+3O (- F#'$.-# )*# 

%#$T- 2+& )*#-# $'(3- 0#&# -0$1%#3 FJ )*# $'#)$)# F.22#& $,3 )*.- 0#&# ,+) 'B#$&BJ /(-(FB#K  

\2 )*(- (-O (,3##3O )*#(& '+,'B.-(+,O )*#J -*+.B3 1#,)(+, )*(- (, )*# %$%#& $- (,2+&1#3 &#$3#&- 1(G*) 

F# '+,2.-#3 FJ )*# 2$') )*$) )*#-# B(G*) '$&F+]JB(' $'(3- 0#&# 2+.,3 (, *(G* '+,'#,)&$)(+,- .-(,G 

$ o7;9: 1#)*+3 +, )*#(& 3#&(/$)(/#- 0*(B# )*#J 0#&# $%%$&#,)BJ ,+) 3#)#')#3 .-(,G '$%(BB$&J 

#B#')&+%*+&#-(-O 0*('* 3(3O ,+,#)*#B#--O 2(,3 %#$T- 2+& *J3&+]J '$&F+]JB(' $'(3-O 3('$&F+]JB(' 

$'(3- $,3 )&('$&F+]JB(' $'(3- )*$) $&# $B1+-) '#&)$(,BJ %&#-#,) (, 1.'* B+0#& $F.,3$,'#- )*$, )*# 

B(G*) 1+,+'$&F+]JB(' $'(3-O $- (- )J%('$BBJ )*# '$-# 2+& $E.#+.-BJ $B)#&#3 '$&F+,$'#+.- '*+,3&()#-K 

\2 Q$T$,+ #) $B B++T F$'T $) )*# '$%(BB$&J #B#')&+%*+&#-(- 3$)$ $,3 2(,3 )*#J '$, 3#)#&1(,# )*# %#$T 

$&#$ 2+& $,J 2+&1(' $'(3 4+& %#&*$%- %&+%$,+(' $'(3A %&#-#,)O () 0+.B3 F# (,)#&#-)(,G )+ '+1%$&# 

)*#(& '$B'.B$)#3 '+,'#,)&$)(+, 2+& 2+&1(' $'(3 )+ )*$) 2+.,3 FJ 6$&$+T$ #) $B )+ -## *+0 'B+-#BJ 

)*# )0+ $,$BJ)('$B 1#)*+3- $G&##K 4\ $1 $--.1(,G )*$) $'#)(' $'(3 '$,,+) F# E.$,)(2(#3 F#'$.-# 

)*# F.22#& .-#3 2+& )*# #B#')&+%*+&#-(- '+,)$(,- $'#)$)# $,3 $'#)(' $'(3AK 

`I#%B(#-a \ $%%&#'($)# )*# /$B.$FB# '+11#,)-K 9+,+'$&F+]JB(' $'(3- -.'* $- 2+&1(' $'(3 

$,3 $'#)(' $'(3 *$/# F##, -*+0, (, %&#/(+.- &#%+&)- 46$&$+T$ #) $BKO <U<=AK N#&#O 0# *$/# 

$33()(+,$BBJ &#$,$BJ^#3 $ -#&(#- +2 1+,+'$&F+]JB(' $'(3 1+B#'.B#- )*$) 0#&# %&#/(+.-BJ 

.,(3#,)(2(#3K f$-#3 +, )*# &#-.B)- +2 +.& &#$,$BJ-(-O )*# 1+B#'.B$& G&+.%- +2 

1+,+'$&F+]JB(' $'(3- 0#&# +2 3(/#&-# '*#1('$B '+1%+-()(+,-O (,'B.3(,G $B(%*$)('O 

$&+1$)('O .,-$).&$)#3O $,3 T#)+ $'(3-O $- -*+0, (, k(G.&# <K \, )*(- '+,)#])O Q$FB# :! 0$- 

.%3$)#3 )+ -*+0 )*# (3#,)(2('$)(+, +2 1+B#'.B#- $,3 )*# $--#--1#,) +2 -#%$&$)(+, 

'+,3()(+,- FJ 7_;NI9: (, k(G.&# :>K 

:(,'# ,#0 3$)$ *$/# F##, $33#3 )+ )*# %&#-#,) &#%+&)O )*# )()B# +2 )*# %$%#& *$- F##, 

-B(G*)BJ &#/(-#3 $- 2+BB+0-K iD&(1+&3($B $E.#+.- $B)#&$)(+,- &#'+&3#3 (, 0$)#&;-+B.FB# 

+&G$,(' 1+B#'.B#- +2 *J3&+]J $'(3- $,3 '$&F+]JB(' $'(3- 2&+1 )*# '$&F+,$'#+.- $-)#&+(3 

4!@<!H=A IJ.G.Kj  

S- )*# &#/(#0#& %+(,)#3 +.)O 2+&1(' $'(3 $,3 $'#)(' $'(3 $&# 3(22('.B) )+ E.$,)(2J 3.# )+ 

)*# $,$BJ)('$B '+,3()(+,- +2 )*# '$%(BB$&J #B#')&+%*+&#-(-K DB#$-# -## )*# 1#)*+3 -#')(+, +2 

i7$%(BB$&J _B#')&+%*+&#-(-KL 7$%(BB$&J #B#')&+%*+&#-(- 0$- '$&&(#3 +.) .-(,G $ 7_ :J-)#1 

o!@UUS[ 4SG(B#,) Q#'*,+B+G(#- \,'KO :$,)$ 7B$&$O 7SAO $,3 $, Y7;=U SM %.1% 

4:*(1$3^. 7+&%+&$)(+,O bJ+)+O Z$%$,A 0$- .-#3 )+ '&#$)# )*# -*#$)* 2B+0K Q*# -*#$)*;

2B+0 &$)# 0$- -#) $) !U pY 1(,K 9#)$F+B()#- 0#&# -#%$&$)#3 .-(,G $ 2.-#3 -(B('$ '$%(BB$&J

!4cU p (K3K VU '1 )+)$B B#,G)*q D+BJ1('&+ Q#'*,+B+G(#-O \,'KO D*+#,(]O SeA 0()* cU 19 

$11+,(.1 $'#)$)# 4%N VKcA 2+& $,(+, $,$BJ-(- $,3 ! 9 2+&1(' $'(3 2+& '$)(+, $,$BJ-(-K 

Q*# $%%B(#3 /+B)$G# 2+& 7_ 0$- -#) $) =U TmK Q*# -J-)#1- 0#&# '+,)&+BB#3 FJ 7*#1:)$)(+, 



H

-+2)0$&# /#&-(+, fKU>KU= 4SG(B#,) Q#'*,+B+G(#- \,'KA 9$-- :%#')&+1#)&JKjO $,3 )*# 

(1%+&)$,'# +2 2+&1(' $'(3 %$&$1#)#& +, 7_ '+,3()(+, 4:$B^#&l<U<=AK 

`I#2Ka  

:$B^#&O YK #) $BK 7$%(BB$&J #B#')&+%*+&#-(-;1$-- -%#')&+1#)&J $- $ )++B 2+& 7$#,+&*$F3()(- 

#B#G$,- 1#)$F+B+1('- &#-#$&'*K Metabolomics 19O S&)('B# ,.1F#&L @! 4<U<=AK 

Q*$,T J+. 2+& )*# +%%+&).,()J )+ &#/(#0 )*(- (1%+&)$,) '+11.,('$)(+,K Q*# -*+&)'+1(,G- +2 )*# 

0+&T $&# -1$BB $,3 #$-(BJ 2(]#3K \ B++T 2+&0$&3 )+ )*# $.)*+&- &#-%+,-#- )+ 1J 

'+11#,)-W-.GG#-)#3 '*$,G#-K  

9+-) -(,'#&#BJO 

I+F#&) N(B)- 

`I#%B(#-a Q*# $.)*+&- *$/# $33&#--#3 $BB '+11#,)- %+(,);FJ;%+(,) $,3 *$/# $3/$,'#3 )*(- 

&#-%+,-# B#))#&K Q*# &#/(-#3 1$,.-'&(%) *$- $B-+ F##, .%3$)#3 $- $%%&+%&($)#O $B+,G 0()* 

)*# &#E.#-)#3 &$0 3$)$ %&+2(B#- 2+& $B(%*$)('O $&+1$)('O .,-$).&$)#3O $,3 T#)+;2+&1 

1+,+'$&F+]JB(' $'(3-K "# F#B(#/# )*$) )*#-# %&(1$&J 3$)$ &#%&#-#,) $ /$B.$FB# +%%+&).,()J 

)+ &#%+&) ,#0 +&G$,(' $-)&+'*#1('$B 2(,3(,G- 2&+1 )*# '$&F+,$'#+.- $-)#&+(3 IJ.G.K  

"# $B-+ #]%#') )*$) )*(- T,+0B#3G# 0(BB F# $, (1%+&)$,) F$-#B(,# 2+& )*# -'(#,'# +2 )*# 

'$&F+,$'#+.- $-)#&+(3 f#,,. $,3 )*# 8:\I\:;I_] 48&(G(,-O :%#')&$B \,)#&%&#)$)(+,O 

I#-+.&'# \3#,)(2('$)(+,O $,3 :#'.&()J r I#G+B()* _]%B+&#&A -$1%B# &#).&, 1(--(+,K 
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Reviewer #2 (Remarks to the Author): 

Q*$,T J+. 2+& (,/()(,G 1# )+ &#/(#0 )*(- (,)#&#-)(,G 1$,.-'&(%)K Q*(- 1$,.-'&(%) %&+/(3#- 

-(G,(2('$,) 3$)$ +, )*# 0$)#& -+B.FB# +&G$,(' '+,)#,) +2 $-)#&+(3 IJ.G. -$1%B#-O 0()* ,#0 3$)$ 

-*+0(,G )*# %&#-#,'# $,3 $F.,3$,'#- +2 *J3&+]JB $,3 3('$&F+]JB(' $'(3-K \ *$/# %&+/(3#3 1J 

'+11#,)- $,3 -.GG#-)#3 #3()- +, )*# $))$'*#3 DMk 2(B# -+ )*$) () (- 'B#$& 0*#&# 1J '+11#,)- 

&#2#& )+K Q*# 1$,.-'&(%) %&+/(3#- $ 3(-'.--(+, +, )*# *J3&+]JB $,3 3('$&F+]JB(' $'(3 '+,)#,)-O 

$,3 *+0 )*#-# '+1%$&# )+ )*# $1(,+ $'(3- $,3 \89 '+,)#,)- +2 $-)#&+(3 IJ.G. 2&+1 &#'#,)BJ 

%.FB(-*#3 %$%#&-K Q*#&# $&# $ '+.%B# +2 $&#$- (, 0*('* )*# 3(-'.--(+, '$, F# -)&#,G)*#,#3K k+& 

#]$1%B#O 3(-'.--(+, +, %&#/(+.- $1(,+ $'(3 $,$BJ-#- $,3 *+0 )*$) #,*$,'# +.& (,)#&%&#)$)(+, +, 

)*# $E.#+.- $B)#&$)(+, #])#,) +2 IJ.G. 0$- %&#-#,)O F.) 2.&)*#& 3(-'.--(+, $,3 '+1%$&(-+, )+ )*# 

'+&&#B$)(+, )+ +)*#& 0$)#& -+B.FB# 1+B#'.B#-O (, %$&)('.B$& )*# *J3&+]JB $,3 3('$&F+]JB(' $'(3- 

%&#-#,)#3 (, )*(- -).3JO -*+.B3 F# $33#3 4(K#K )*# -#--(+, CQ*# -J-)#1$)('- +2 *J3&+%*(B(' 

1+B#'.B#- $) )0+ -$1%B(,G B+'$)(+,- +, IJ.G.C '$, F# #,*$,'#3AK Q*#&# (- $ 3#-'&(%)(+, +, )*# 

#B#1#,)$B $,3 *J3&+%*(B(' 1+B#'.B# '+1%+-()(+,- F#)0##, QM! $,3 QM<O *+0#/#& )*# 3(-'.--(+, 

'+1%$&(,G $,3 '+,)&$-)(,G F#)0##, )*# < -()#- $&# ,+) 2.BBJ 3#/#B+%#3K 8/#&$BBO )*# 3$)$ %&#-#,)#3 

(, )*# 1$,.-'&(%) (- +2 -(G,(2('$,) (1%+&)$,'# )+ )*# '+11.,()J +2 %B$,#)$&J -'(#,'# $,3 

'+-1+'*#1(-)&J $,3 )*.- -*+.B3 F# %.FB(-*#3K 

`I#%B(#-a Q*# $.)*+&- $&# G&#$)BJ #,'+.&$G#3 FJ )*# $F+/# '+11#,)-K "# 0+.B3 B(T# )+ 

#]%&#-- +.& -(,'#&# $'T,+0B#3G#1#,) 2+& )*# '$&#2.B &#$3(,G +2 +.& 1$,.-'&(%)K "# 1$3# 

$%%&+%&($)# '+&&#')(+,- F$-#3 +, )*# &#/(#0(,G '+11#,)-O #-%#'($BBJ 2+& )*# '+&&#B$)(+,- 

0()* *J3&+]J $'(3- $,3 +&G$,(' $'(3- 3#-'&(F#3 (, )*(- -).3JK "# *$/# &#/(-#3 $,3 $33#3 

$ 3(-'.--(+, +2 '+1%$&$)(/# '+,-(3#&$)(+,- F#)0##, )*# )0+ B+'$)(+,- $- -*+0, F#B+0K 

YH!;H<L DB#$-# %&+/(3# -+1# -%#'(2('()J *#&#O #KGK &#B#/$,) )+ %&#F(+)(' 1+B#'.B$& #/+B.)(+, -.'* 

$- )*# 2+&1$)(+, +2 [[[[ %&+3.')-K 

Y??;!UUL -%#BB(,G- +2 )*#-# #B#1#,)- -*+.B3 $%%#$& (, B(,# VV 0*#, )*#J 2(&-) $%%#$& 

`I#%B(#-a I#/(-#3 $-jg&#B#/$,) )+ %&#F(+)(' 1+B#'.B$& #/+B.)(+, -.'* $- )*# %&(1+&3($B 

Q7S 4)&('$&F+]JB(' $'(3A 'J'B#Kj 

"# $G&## $,3 $33#3 )*+-# (,3('$)(+,- (, )*# B(,# VV;?cK 

Y!UVL :89 

`I#%B(#-a I#/(-#3 $- -.GG#-)#3K 



?

Y!UVL s<UUUU t ,+) 'B#$& 0*$) )*(- ,.1F#& (,3('$)#-O \ $--.1# )*# ,.1F#& +2 1+B#'.B#- 2+.,3 

(, IJ.G.O F.) 3+#- )*(- (,'B.3# (-+1#&-h 

`I#%B(#-a k+& $ 1+&# $''.&$)# 3#-'&(%)(+,O 0# &#/(-#3 $- 2+BB+0(,GO if$-#3 +, k+.&(#& 

)&$,-2+&1;(+, 'J'B+)&+, &#-+,$,'# 1$-- -%#')&+1#)&J 4kQ;\7IW9:A $,$BJ-(-O )*# :89 

2&+1 IJ.G. -$1%B#- '+,)$(,#3 *(G*BJ 3(/#&-# +&G$,(' 1+B#'.B#- 4s<UOUUU -%#'(#-A (, )*# 

-.&2$'# &#G+B()* -$1%B# 46$&$+T$l<U<=q :'*1());b+%%B(,l<U<=AKj "# *$/# $B-+ .%3$)#3 

)*# &#2#&#,'# (,2+&1$)(+, +2 :'*1());b+%%B(,l<U<=K 

`I#2Ka  

:'*1());b+%%B(,O DK #) $BK :+B.FB# +&G$,(' 1$))#& 9+B#'.B$& $)B$- +2 IJ.G. &#/#$B- '+B3 

*J3&+)*#&1$B(-1 +, 7;)J%# $-)#&+(3 %$&#,) F+3JK Nature Commun. 14O S&)('B# 

,.1F#&L @c<c 4<U<=AK 

Y!!U;!!!L )*# #]%&#--(+, '$, F# &#0&())#, $- -+1#)*(,G B(T# C0# 3#)#&1(,# )*# 1+B#'.B$& 

3(/#&-()J +2 %+B$& +&G$,(' 1+B#'.B#- #])&$')#3 2&+1 KKKKKK -$1%B#-O $,3 0# .-# )*(- (,2+&1$)(+, )+ 

(,)#&%&#) )*# $E.#+.- $B)#&$)(+, %&+'#-- $-)#&+(3 IJ.G. *$- #]%#&(#,'#3K C 

`I#%B(#-a "# $G&##3 )*# %+(,)O $,3 &#/(-#3 $- -.GG#-)#3K 

Y!!=L () (- ,+) /#&J $%%&+%&($)# )+ .-# C%&(-)(,#C )+ 3#-'&(F# C'*#1('$B #/+B.)(+,C 

`I#%B(#-a M#B#)#3 )*# )#&1 i%&(-)(,#j $- -.GG#-)#3K 

Y!!HL ,+) /#&J 'B#$& 0*$) (- (,3('$)#3 *#&#O %B#$-# #B$F+&$)#K

`I#%B(#-a "# *$/# (,-#&)#3 $ -#,)#,'# +2 #]%B$,$)(+, (, )*$) B(,# $,3 &#/(-#3 () $- 2+BB+0-O 

i6$&$+T$ #) $BK 4<U<=A &#%+&)#3 +&G$,(' 1+B#'.B$& 3(/#&-()J 2&+1 (,()($B F.BT 4\fA )+ 

(,-+B.FB# +&G$,(' 1$))#& 4\89A (, )*# -#E.#,)($B #])&$')(+, %&+'#-- .-(,G *J3&+%*(B(' )+ 

*J3&+%*+F(' -+B/#,)-K N#&#O 0# $B-+ &#%+&) )*# .,(E.# '+B+& '*$&$')#&(-)('- +2 )*# 

-#E.#,)($BBJ #])&$')#3 2&$')(+,- 0()* )*# -J-)#1$)(' /$&($)(+, (, 137; $,3 156;(-+)+%(' 

%&+2(B#-j 

Y!<?L %B#$-# (,3('$)# 0*$) -)$,3$&3- J+. .-#3 4)*(- (,2+&1$)(+, -*+.B3 F# (, )*# 1$(, )#])A

`I#%B(#-a f$-#3 +, '+11#,)- 2&+1 &#/(#0#&- 5! $,3 5=O &#/(-(+,- 0#&# 1$3# (, k(G.&# = 

$,3 k(G.&# :> &#G$&3(,G )*# &#B$)(+,-*(% F#)0##, 7_;NI9: #B#')&+%*#&+G&$1- $,3 
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3#)#')(+, )(1#-O $,3 (3#,)(2('$)(+, %&+'#3.&#- 2&+1 &#2#&#,'# -)$,3$&3- $- 2+BB+0(,GO 

ik(G.&# :>K :#%$&$)(+, +, 7_;NI9: 2+& IJ.G.O '$&F+,$'#+.- &#2#&#,'# -)$,3$&3- 

49.&'*(-+, P 9.&&$JAO $,3 '$&F+]JB(' $'(3 -)$,3$&3K 4SA N(G*;&#-+B.)(+, 1$-- 

#B#')&+%*#&+G&$1- 2+& IJ.G. 4SU!U@ P 7U!UHAO 9.&'*(-+,O 9.&&$J $,3 %&+%(+,(' $'(3 

-)$,3$&3K 4fA m#&(2('$)(+, +2 1(G&$)(+, )(1# +, *(G*;&#-+B.)(+, 1$-- #B#')&+%*#&+G&$1- 

2+& '$&F+]JB(' $'(3- 41+,+;O 3(;O '$&F+]JB(' $'(3- +2 $BTJB;-)&$(G*) '*$(, 1+B#'.B#- u 7!UAO 

F#)0##, 9.&'*(-+, &#2#&#,'# $,3 IJ.G. -$1%B# 4SU!U@P7U!UHA +, )*# )*#+&#)('$B !L! 

B(,#K IJ.G. SU!U@ $,3 7U!UH $&# (,3('$)#3 FJ FB.# $,3 B(G*) FB.# B#G#,3-O &#-%#')(/#BJKj 

Q*# -)$,3$&3 1(]).&# (,'B.3(,G )*# 0+&T(,G &#$G#,)- 2+& 1(G&$)(+,;)(1# $B(G,1#,) 4#KGKO 

S9!O S9<O S9=O S9>O $,3 S9cAO $,3 $, (,)#&,$B -)$,3$&3 2+& $,(+, $,$BJ-(- 4\:SA 

0#&# %&#%$&#3 2&+1 $, N9Q 1#)$F+B+1('- T() 4N.1$, 9#)$F+B+1# Q#'*,+B+G(#- \,'KO 

Q-.&.+T$O Z$%$,A 4#KGKO :$-$T(l<U!?q b$1(l<U!=q :.G(1+)+l<U!UAK M.# )+ )*# 0+&3 B(1() 

+2 )*# 1$(, -'&(%)O &#2#&#,'# $&)('B#- 0#&# $B-+ .-#3 $- 2+BB+0-O i"# .-#3 )*# &#%&#-#,)$)(/# 

'$&F+,$'#+.- 1#)#+&()# +2 9.&'*(-+, 46$&$+T$l<U<=q 8F$l<U<=Fq b+G$l<U<>AO $- $ 

&#2#&#,'# -)$,3$&3 )+ '+,2(&1 +.& E.$B()$)(/# #/$B.$)(+, +2 )*# -$1%B# 1$)&(] #22#')-K "# 

$B-+ &#/(-#3 $- i0()* &#2#&#,'# -)$,3$&3- 49.&'*(-+, 1#)#+&()#q 9#)*+3AKj SB+,G 0()* )*# 

%&#/(+.- &#%+&)O (,2+&1$)(+, +, )*# -)$,3$&3 -$1%B#- (- %&+/(3#3K 

`I#2Ka  

b$1(O bK #) $BK 9#)$F+B+1(' %&+2(B(,G +2 B.,G $,3 %&+-)$)# ).1+& )(--.#- FJ '$%(BB$&J 

#B#')&+%*+&#-(- )(1#;+2;2B(G*) 1$-- -%#')&+1#)&JK Metabolomics 9O >>>r>c= 4<U!=AK 

8F$O dK #) $BK n&$'(B (, )*# '$&F+,$'#+.- $-)#&+(3 4!@<!H=A IJ.G.K Nature Commun. 14O 

S&)('B# ,.1F#&L !<?< 4<U<=FAK 

b+G$O QK #) $BK SF.,3$,) #])&$)#&&#-)&($B %.&(,# ,.'B#+F$-#- (, )*# 9.&'*(-+, 1#)#+&()#L 

\1%B('$)(+,- 2+& $ .,(2(#3 1#'*$,(-1 2+& %.&(,# -J,)*#-(- (, '$&F+,$'#+.- '*+,3&()# 

%$&#,) F+3(#-K Geochim. Cosmochim. ActaO 365O <c=r<@c 4<U<>AK 

Y!><;!>=L 3+ )*#J *$/# $,J +)*#& &+B#- (, )*# 2+&1$)(+, +2 +)*#& (,)#&1#3($)# 1+B#'.B#-O )*+-# 

)*$) $&# -1$BB#& )*$, B(%(3- 0*('* $&# B$&G# %+BJ1#&-h  

`I#%B(#-a S) )*(- )(1#O )*# &#-.B)- +2 )*# %&(1$&J '*#1('$B 3#-'&(%)(+, $&# %&#-#,)#3K S- 

0# *$/# -)$)#3 (, )*# '+,'B.-(+, $B-+O 2.&)*#& $-)&+'*#1('$B -.&/#J- 0(BB F# +, 

'+1%$&$)(/# '+,-(3#&$)(+,- 0()* %&(-)(,# -$1%B#- 2&+1 )*# $-)#&+(3 f#,,. '+BB#')#3 $) 

8:\I\:;I_] 1(--(+,K SB-+O $33()(+,$B -'(#,'# %&+%+-$B- $2)#& )*# (,()($B $,$BJ-(- 0(BB F# 

$3/$,'#3 FJ )*# (,)#&,$)(+,$B $,,+.,'#1#,) +2 +%%+&).,()J 4S8A (, )*# S-)&+1$)#&($B- 

:'(#,'# I#-#$&'* o&+.% 4S:IoA +2 \:S:WZS[SK 



!!

Y!>HL 7+.B3 J+. %B#$-# #B$F+&$)# 2.&)*#& *#&# 0*#)*#& )*#-# $1(,+; $,3 (1(,+;G&+.%- J+. *$/# 

(3#,)(2(#3 (, )*# IJ.G. -$1%B#- $&# %&#-#,) $- 2&## 1+B#'.B#-O +& -(1%BJ $- $1(,#- 2+& #]$1%B#O 

+& $- $ 2.,')(+,$B G&+.% 0()*(, B$&G#& %+BJ1#&- +& 0()*(, )*# -)&.').&# +2 B$&G# \89-h 

`I#%B(#-a Q*# -#,)#,'# 0$- &#/(-#3 FJ $33(,G C(, )*# *+) 0$)#& #])&$')-C $) )*# #,3K S- 

b+G$ #) $BK 4<U<>A *$/# -*+0, (, /$B(3$)(+, #]%#&(1#,)- 0()* 9.&'*(-+, 1#)#+&()#O )*#,O 

'+1%+,#,)- (, )*# *+) 0$)#& #])&$')- $&# %&#-.1$FBJ )*# '*#1('$B 2+&1 )*$) (- #$-(BJ 

#])&$')$FB#K 

`I#2Ka  

b+G$O QK #) $BK 4<U<>A SF.,3$,) #])&$)#&&#-)&($B %.&(,# ,.'B#+F$-#- (, )*# 9.&'*(-+, 

1#)#+&()#L \1%B('$)(+,- 2+& $ .,(2(#3 1#'*$,(-1 2+& %.&(,# -J,)*#-(- (, 

'$&F+,$'#+.- '*+,3&()# %$&#,) F+3(#-K Geochim. Cosmochim. ActaO 365O <c=r<@c 

4<U<>AK 

Y!@U;!@!L '+.B3 J+. #B$F+&$)# $ B())B# 2.&)*#& *#&# %B#$-#h 0*$) T(,3 +2 .,(E.# '*$&$')#&(-)('- 

0#&# +F-#&/#3O *+0 )*$) -%#'(2('$BBJ '+1%$&#3 0()* J+.& +F-#&/$)(+, (, )*(- -).3JO $,3 *+0 )*#-# 

'*$&$')#&(-)('- &#2B#') 3#)$(B- +2 )*# )$.)+1#&(^$)(+, %&+'#--h  

Y!@>L () 0+.B3 F# .-#2.B )+ G(/# -#/#&$B #]$1%B#- +2 )*# #,+B;T#)+ )$.)+1#& %$(&- 4(, $33()(+,$B 

)+ 1$B+,(' $'(3AO $,3 )*#(& &#B$)(/# %&+%+&)(+, 4$ ,.1#&('$B /$B.# 3#-'&(F(,G )*#(& &#B$)(/# 

$F.,3$,'#AO F$-#3 +, J+.& +F-#&/$)(+,K 

`I#%B(#-a Q*(- (- /#&J (1%+&)$,) %+(,) +, )*(- &#%+&)K k(G.&# >;f 0$- &#/(-#3 )+ 2$'(B()$)# 

.,3#&-)$,3(,G +2 )*# &#$')(+, -.11$&JK SB-+O )*# 2+BB+0(,G 3(-'.--(+, 0$- $33#3 )+ )*# 

B(,#- $-O i_,+B 1$B+,(' $'(3 (- %&#-.1#3 )+ 3#'+1%+-# 2$-)#& )*$, +)*#& 3('$&F+]JB(' $'(3- 

F#'$.-# () %&+3.'#- $ )*#&1+3J,$1('$BBJ .,-)$FB# '$&F+,;'$&F+, 3+.FB# F+,3 4(K#KO N8;

7t7N;O /(,JB $B'+*+B G&+.%L 7*($,Gl!?VHq 7#3#&-)$/ P 6+/$TO !??>q bB#(1#(#& P 

b$(-#&O <U<!A 3.&(,G )*# $E.#+.- $B)#&$)(+, $- 2+BB+0-O 

N887;7N2;788N 0()* N28   

à  4N8A2;7t7N;788N  ó  N887;7Nt7;48NA2

N#,'#O )*# 2+&1$)(+, +2 )0+ /(,JB $B'+*+B G&+.%- +, )*# (,)&$;1+B#'.B$& 1$B+,(' $'(3 (- 

%&+F$FBJ 1+&# &#$')(/# 4'*#1('$BBJ .,-)$FB#A )*$, +)*#& 3('$&F+]JB(' $'(3- 4k(G.&# >;SAK 

`I#2Ka  

7#3#&-)$/O SKbK P 6+/$TO fK9K \,/#-)(G$)(+,- (,)+ )*# '*#1(-)&J +2 )*#&1+3J,$1('$BBJ 

.,-)$FB# -%#'(#-K Q*# 3(&#') %+BJ1#&(^$)(+, +2 /(,JB $B'+*+BO )*# #,+B(' )$.)+1#& +2 

$'#)$B3#*J3#K J. Am. Chem. Soc. 116O >UH=r>UH> 4!??>AK 
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7*($,GO dK #) $BK m(,JB $B'+*+BK o#,#&$)(+, $,3 3#'$J T(,#)('- (, $E.#+.- -+B.)(+, $,3 

3#)#&1(,$)(+, +2 )*# )$.)+1#&(^$)(+, #E.(B(F&(.1 '+,-)$,) $,3 $'(3 3(--+'($)(+, 

'+,-)$,)- +2 )*# $B3#*J3# $,3 #,+B 2+&1-K J. Am. Chem. Soc. 109O >UUUr>UU? 4!?VHAK 

bB#(1#(#&O 6KkK P b$(-#&O IK\K \,)#&-)#BB$& _,+B(^$)(+,L S'#)$B3#*J3# 47N37N8A $,3 

m(,JB SB'+*+B 4N277N 48NAA $- $ 7$-# :).3JK ChemPhysChem 22O !<<?r!<=@ 

4<U<!AK 

Y!@HL /#&J (,)#&#-)(,G (,3##3 ; '+.B3 J+. #B$F+&$)# +, )*# %*J-('$B '+,3()(+,- +2 -.'* 

3#'$&F+]JB$)(+, %&+'#--O 0+.B3 )*$) F# 0()*(, )*# $E.#+.- $B)#&$)(+, &#G(1# $) -(1(B$& DQ 

'+,3()(+,-h 9J .,3#&-)$,3(,G (- )*$) 3#'$&F+]JB$)(+, 1(G*) (,/+B/# *(G*#& )#1%#&$).&#- )+ 

F&#$T3+0, )*# 1+B#'.B#-K f.) (2 IJ.G. *$- ,+) F##, *#$)#3O )*(- %&+'#-- '+.B3 ,+) *$/# 

%&#/$(B#3h 

`I#%B(#-a  

"# $,-0#&#3 )*(- '+11#,) (, )*# %&#/(+.- E.#-)(+, 0()* -+1# (1%+&)$,) &#2#&#,'#-K 

I#G$&3- )+ )#1%#&$).&# 2$')+&O () (- #-)(1$)#3 )*$) )*# 1$](1.1 )#1%#&$).&# #]%#&(#,'#3 

FJ IJ.G. (- %&+F$FBJ B#-- )*$, !UUv7 4d+T+J$1$l<U<=q 8T$3$l<U<UA $- 0# 3(-'.--#3 

(, )*# 1$(, -'&(%)K Q*# #/+B.)(+,$&J *(-)+&J +2 '+B3 $E.#+.- $B)#&$)(+, (, )*# %$&#,) F+3J 

(- -.11$&(^#3 (, :'*1());b+%%B(,l<U<=K 

Y!Hc;!V=L Q*# &#B$)(+,-*(% F#)0##, )+)$B 76N8: /- QM!WQM< (- ,+) 2.&)*#& 3(-'.--#3 (, 

-.F-#E.#,) %$&$G&$%*-O )*(- %$&$G&$%* -*+.B3 F# 2.&)*#& #]%$,3#3 )+ (,'B.3# $ 3(-'.--(+, )+ J+.& 

2(,3(,G-O +& #B-# J+. '$, &#1+/# )*(- %$&$G&$%*K 

`I#%B(#-a "# 0+.B3 B(T# )+ &#;'+,2(&1 )*$) ,+ +,# *$- &#%+&)#3 -.'* $ -.11$&J +2 

N$J$F.-$< (,()($B $,$BJ-(-O (,'B.3(,G )*# &#B$)(+,-*(% +2 :89 $,3 \89 %&+2(B#- 2+& QM! 

$,3 QM<K Q*# +&(G(,$B 3(-'.--(+, +2 )+)$B 76N8: (- 3(-'.--#3 (, )*# &#/(-#3 k(G.&# H $,3 

k(G.&# :cK f$-#3 +, '+11#,)- 2&+1 &#/(#0#& 5! $,3 -.GG#-)(+,- 2+& $33()(+,$B $,$BJ-(-O 

$33()(+,$B %&+%#&)(#- $,3 ,#0 3$)$ 4#-%#'($BBJ B(,#$&O F&$,'*#3;'*$(,O .,-$).&$)#3O $,3 

$&+1$)(' 1+,+'$&F+]JB(' $'(3 -#&(#-A 2+& QM! $,3 QM< +&G$,(' $'(3- 0#&# (,'B.3#3 

4k(G.&# = $,3 k(G.&# :>AK "# $B-+ '+,2(&1 )*$) -.F-.&2$'# 1$)#&($B -$1%B(,G (- $, 

(1%+&)$,) -'(#,)(2(' +%%+&).,()J $,3 $,)('(%$)# %&+G&#-- (, )*# ,#$& 2.).&#O F$-#3 +, )*# 

&#-.B)- +2 6(-*((^.1(l<U<< $,3 IJ.G. S8 -$1%B# $,$BJ-(- 4b+G$ #) $BKO (, %&#%$&$)(+,AK 

`I#2Ka 

6(-*((^.1(O bK #) $BK _]%+-.&# '+,3()(+,- +2 -$1%B#- '+BB#')#3 +, IJ.G.w- )0+ )+.'*3+0, 

-()#- 3#)#&1(,#3 FJ '+-1+G#,(' ,.'B(3#- 10f# $,3 26SBK Lunar and Planetary Science 



!=

Conference (LPSC)O 5!HHH 4<U<<AK 

Y!VH;!V?L \ )+)$BBJ $G&## 0()* )*# $.)*+&- 

`I#%B(#-a "# $%%&#'($)# ()K 

Y<U?;<!!L Q*(- %$&$G&$%* (,)&+3.'#- )*# 2$,)$-)(' 2(G.&# cK N+0#/#&O )*#&# -##1- )+ F# $ +/#& 

3#-'&(%)(+, +2 )*# $1(,+ $'(3 '+1%+-()(+, &$)*#& )*$, )*# *J3&+]JBO 0*#, 3(-'.--(,G )*# +/#&$BB 

*J3&+%*(B(' 1+B#'.B#- $F.,3$,'#- (, IJ.G.K  7+.B3 J+. 3&$0 $,J B(,T$G# F#)0##, )*# -#%$&$)# 

(,)#&%&#)$)(+,- 2&+1 *J3&+]JB $,3 $1(,+ $'(3 $,$BJ-#-h 

`I#%B(#-a S- )*(- (- )*# 2(&-) $,$BJ-(- +2 $ '$&F+,$'#+.- $-)#&+(3 -$1%B# 2+& $,J -'(#,)(-)O 

)*# $.)*+&- *$/# #/$B.$)#3 () E.()# '$&#2.BBJ $,3 %+B()#BJK S -)$)(-)('$B #/$B.$)(+, +2 

*J3&+]JB $,3 $1(,+ $'(3 $,$BJ-(- 0$- %#&2+&1#3 )+ 3#)#&1(,# )*# &#B#/$,'#O $,3 k(G.&#- 

@;S $,3 f $&# -*+0,K \, 2$')O &#/(#0#& 5! G$/# .- $ *(G*BJ %+-()(/# &#/(#0 +2 )*# 0#BB;

+&G$,(^#3 3(-'.--(+, %+(,)- (, )*(- &#%+&)K "# F#B(#/# () (- (1%+&)$,) )+ /#&(2J )*# 

(,)#&'+1%$&(-+, (, )*# $,$BJ-(- +2 $-)#&+(3 f#,,. -$1%B#- (, )*# ,#$& 2.).&#K 

Y<!HL \- )*(- \f 3(22#&#,) 2&+1 %&#/(+.-BJ 3(-'.--#3 \f 4B(,#- !!V $,3 !VUAh f#'$.-# 2&+1 *#&# \ 

,+)('# )*# \f (- \f +2 89K  N+0#/#&O (, Y(,#- !!V $,3 !VUO \f 3#2(,()(+, 0$-,w) /#&J 'B#$&O $,3 

2&+1 )*# '.&&#,) 0$J +2 3#-'&(%)(+, (, B(,#- !!V $,3 !VU () -##1- J+. $&# 3(-'.--(,G )*# (,()($B 

F.BT +2 )*# -$1%B# 4(K#K IJ.G. -$1%B# F.BT (,'B.3(,G -(B('$)#-A 

`I#%B(#-a "# $%%&#'($)# )*# %+(,) +2 /(#0K Q+ $/+(3 1(-.,3#&-)$,3(,G-O 0# *$/# $33#3 

#]%B$,$)(+,- +2 x:89 $,3 x\89 $- 2+BB+0-O iQ*#":89 &#%&#-#,)- )*# -.1 +2 )*# 

'+1%+,#,)- #])&$')#3 (, #$'* %&+'#-- +2 -#E.#,)($B #])&$')(+, 0*#&#$- x\89 &#%&#-#,)- 

)*# -.1 +2 )*# (,-+B.FB# +&G$,(' 2&$')(+,- $- 3#)$(B#3 (, )*# %&#/(+.- B()#&$).&# 

46$&$+T$l<U<=q d$F.)$l<U<=AK N#,'#O 0# 3#2(,# \f )+ 1#$, %&(-)(,# F.BTO 0*('* 

(,'B.3#- $BB (,+&G$,(' 1$)&('#- -.'* $- -(B('$)#- $,3 '$&F+,$)#-O $,3 \89 )+ F# )*# 2&$')(+, 

)*$) 3+#- ,+) '+,)$(, -(B('$)#-Kj  

Y<!VL \) (- (1%+&)$,) )+ (,)&+3.'# 'B#$&BJ 2&+1 B(,# !!V 0*#)*#& J+. (,3##3 &#2#& )+ 3(22#&#,) \f- 

4-(B('$)# (,'B.3(,G +& -(B('$)# #]'B.3#3AO +& \f (- \f +2 89K 

`I#%B(#-a "# $B-+ $%%&#'($)# )*# %+(,)K "# *$/# $33()(+,$BBJ (,'B.3#3 )*# 2+BB+0(,G 

-#,)#,'#O iN#&#O 0# 3#2(,# \f $- 0*+B# &+'T F.BTO 0*('* (,'B.3#- $BB (,+&G$,(' 1$)&('#- 

-.'* $- -(B('$)#- $,3 '$&F+,$)#-O $,3 \89 )+ F# )*# 2&$')(+, )*$) 3+#- ,+) '+,)$(, -(B('$)#- 



!>

4:#%*)+,l<UU=AKj Q+ $/+(3 1(-.,3#&-)$,3(,G-O )*# G&$%* (, k(G.&# H;f *$- F##, &#/(-#3 

2+& 'B$&()J +, )*# )#&1(,+B+GJ +2 \fK Q*# 2+BB+0(,G -#,)#,'# 0$- $33#3 2+& -.B2.& $-O i\, 

'+,)&$-)O () (- (,)#&#-)(,G )+ ,+)# )*$) )*# -.B2.& (-+)+%(' '+1%+-()(+, 4d34:A '+,/#&G#3 )+ 

m7MQ -'$B# 4sU yA F+)* F#2+&# $,3 $2)#& -+B/#,) #])&$')(+,Kj 

Y<<c;<<HL SB)*+.G* )*# 3#%B#)(+, +2 *#$/J (-+)+%#- (, \89 *$- F##, %&#/(+.-BJ 3(-'.--#3 (, )*# 

B()#&$).&#O () (- G++3 )+ $B-+ 3(-'.-- )*(- *#&#K "*$) 3+ )*# $.)*+&- )*(,T $F+.) )*# 3(-%$&()(#- 

F#)0##, )*# (-+)+%(' '+1%+-()(+, +2 :89 $,3 \89h  M+#- () (,3('$)# 2+&1$)(+, -#E.#,'#h  

Q*#(& G#,#)(' &#B$)(+,-*(% 4+& ,+)Ah $,3 %#&*$%- 1+&# (1%+&)$,)BJ 2+& )*# )+%(' +2 )*(- %$%#& ; 

0*$)w- )*# (1%B('$)(+, +, $E.#+.- %&+'#--(,Gh 

`I#%B(#-a "# F#B(#/# )*(- (- $ /#&J (1%+&)$,) 3(-'.--(+, $,3 %#&-%#')(/# +, )*(- %+(,)K k+& 

,()&+G#,O $ )0+;'+1%+,#,) 1(]).&# 1+3#B 0$- %&#-#,)#3 (, $ %&#/(+.- &#%+&) +2 

48T$^$T(l<U<=AK \, $33()(+,O N$-*(^.1# $,3 '+;0+&T#&-O 0*('* (- (,3#%#,3#,) +2 )*(- 

-).3JO *$- -*+0, /$B.$FB# 3$)$ )*$) '+1%B#1#,) #$'* +)*#& 4N$-*(^.1#l<U<<AK "# #]%#') 

)*$) )*# -.GG#-)#3 %+(,) 0(BB F# -.11$&(^#3 (, )*# ,#$& 2.).&#O $- () 0(BB F# $, (1%+&)$,) 

-'(#,'# +FX#') (, )*# $,$BJ-(- +2 )*# $-)#&+(3 f#,,.K 

`I#2Ka 

N$-*(^.1#O bK #) $BK 6()&+G#, (-+)+%#- (, IJ.G. &#).&, -$1%B#- &#/#$B#3 FJ )*# -)#%0(-# 

'+1F.-)(+, $,$BJ-(- (, '+1%$&(-+, 0()* 7\ 2$BB- $,3 S,)$&')(' 2(,3-K 5SF-)&$') :=<;

U>K Hayabusa symposium 4<U<<AK 

k(GK <O k(GK>;fL I#1+/(,G )*# FB.# F$'TG&+.,3 '+B+& 4(K#K %&#-#,)(,G +,BJ 0*()# F$'TG&+.,3A 

0+.B3 #,*$,'# )*# &#$3$F(B()J +2 )*# 2(G.&# '+,)#,)K 

`I#%B(#-a I#/(-#3 $- -.GG#-)#3K  

k(GK @L 0*$) 3+ )*# #BB(%)(' +.)B(,# (,3('$)#h 4+& 1$JF# \ *$/# 1(--#3 )*(- (,2+&1$)(+, #B-#0*#&#hA 

`I#%B(#-a "# $33#3 $- 2+BB+0-O iQ*# -)$,3$&3 3#/($)(+, 4!sA (- (,3('$)#3 FJ )*# #&&+& $&'Kj 



!c

Reviewer #3 (Remarks to the Author): 

M#$& S.)*+&-O  

Q*(- -).3J 2+'.- +, )*# $,$BJ-(- +2 *+) 0$)#& #])&$') 2&+1 IJ.G. &#).&,#3 -$1%B#- (, +&3#& )+ 

.,3#&-)$,3 )*# #22#') +2 $E.#+.- $B)#&$)(+, +, )*# 1+B#'.B$& 3(/#&-()J +2 %+B$& +&G$,(' 1+B#'.B#- 

#])&$')#3K Q*# $.)*+&- %+-).B$)# )*$) )*#-# %+B$& 1+B#'.B#- -*+.B3 *$/# &#'+&3#3 )&$'#- +2 )*(- 

$E.#+.- $B)#&$)(+, (, IJ.G.K I#-.B)- +2 )*# $,$BJ-(- +2 %+B$& 1+B#'.B#- $&# %&#-#,)#3 (, )*# &#-.B) 

-#')(+, $,3 3(-'.--#3 0()* &#-.B)- 2&+1 +)*#& %$%#&- (, &#G$&3 )+ )*# $E.#+.- $B)#&$)(+, *(-)+&JK 

8/#&$BBO )*# %&#-#,)#3 &#-.B)- $&# /#&J 3#,-#O $,3 .,3#& ()- '.&&#,) 2+&1 )*# %$%#& (- E.()# '+,2.-#3 

4,+) +,BJ &#G$&3(,G )*# 2(G.&# &#2#&#,'(,GAK \ 2+.,3 )*$) )*# %$%#& (,)#,3 )+ %&#-#,) $,3 3(-'.-- 

)*# &#-.B)- 0()* &#$3#&- 0*+ $&# %#&2#')BJ $0$&# +2 )*# &#-.B)- 2&+1 +)*#& %$%#&- +, I.JG. +&G$,(' 

1$))#& $,$BJ-(-K S- $ &#-.B)O )*# %$%#& (- ,+) 2+& $ F&+$3 $.3(#,'#O )*$) 0(BB ,+) -## )*# (,)#&#-) $,3 

)*# 1$(, &#-.B)- +2 )*# %$%#&K 6+)$FBJO $ B+) +2 (,)#&#-)(,G &#-.B)- $&# (, )*# -.%%B#1#,)$&J %$&)O 

$,3 ,+) $) $BB 3(-'.--#3 (, )*# 1$(, )#])K 2(G.&# :? )+ :!> ,+) '()#3 (, )*# 1$(, )#]) $,3 k(G :!U 

)+ :!> ,#()*#& (, )*# -.%%B#1#,)$&J 2(B#-K I(G*) ,+0 )*# %$%#& B++T- 1+&# B(T# $ 3&$2)O 0*#&# )*# 

$.)*+&- 0$,)#3 )+ %.) $BB )*# .,%.FB(-*#3 2(G.&#- 2&+1 %&#/(+.- $,$BJ-(- 4$,3 %&#/(+.- %$%#&-A 

$,3 )&J )+ 2(,3 &#B$)(+, F#)0##, )*#1K \ $1 ,+) $G&## 2+& )*# %.FB('$)(+, +2 )*# %$%#& .,3#& )*(- 

2+&1K \ -.GG#-) #()*#& )*# %$%#& 'B#$&BJ -)$)#- )*$) () 0(BB F# $ *.G# 3(-'.--(+, $,3 0&$% .% 

'+1%$&(-+, +2 $BB %&#/(+.- -).3(#-O (,'B.3(,G )*# ,#0 $,$BJ-(- +2 %+B$& '+1%+.,3- )+ -#$&'* 2+& 

)*# &#'+&3 +2 $E.#+.- $B)#&$)(+, +, )*# +&G$,('-O +& )*# $.)*+&- 2+'.- +,BJ +, )*# %+B$& '+1%+.,3- 

3#)#')#3 (, )*(- 5H;! #])&$') $,3 3(-'.-- )*# &#B#/$,'# +2 -.'* '+1%+.,3- FJ '+1%$&(-+, )+ +)*#&- 

1#)#+&()# -).3(#-K I(G*) ,+0 )*# $F-)&$') $,3 )*# (,)&+ (- +,BJ 2+'.- +, )*# %+B$& '+1%+.,3-O $,3 

)*# 1+&# 0# &#$3 )*# %$%#&O )*# 1+&# 0# .,3#&-)$,3 )*$) () (- ,+) +,BJ )*$)O $,3 )*# 3(-'.--(+, $,3 

$BB )*# 2(G.&#- 4,+) #,+.G* 3(-'.--#3A B#$3 )*# &#$3#& 0$J 1+&# 2.&)*#& F.) (- $ '+,2.-# 0$JO $,3 

*(G*B(G*)- $&# ,+) 0#BB 0&())#,K  

`I#%B(#-a Q*# $.)*+&- $&# 3##%BJ $%%&#'($)(/# +2 )*# '$&#2.B &#$3(,G )*&+.G*+.)K Q*#,O 0# 

0+.B3 B(T# )+ -)$)# )*$) )*# '+11#,)- &$(-#3 FJ )*# &#/(#0#& 5= *$/# F##, B$&G#BJ 

$33&#--#3 (, )*# &#-%+,-#- $,3 &#/(-(+,- )+ )*# &#/(#0#& 5! 4I+F#&) N(B)-A $,3 )*# &#/(#0#& 

5< 4$,+,J1+.-AK k(G.&#- :? )*&+.G* :!> 0#&# $B&#$3J B(,T#3 )+ )*# 1$(, )#]) $- 

i:.%%B#1#,)$&J \,2+&1$)(+,jO F.) 0# 2+BB+0#3 )*# '+11#,)- $,3 $33#3 -%#'(2(' B(,T- (, 

)*# &#/(-#3 1$,.-'&(%)K "# &#/(-#3 )*# $&G.1#,) $&+.,3 )*# %+B$& 1+B#'.B# G&+.% 45H;!A 

0()* )*# -'(#,)(2(' X.-)(2('$)(+,K Q*# +/#&$BB &#+&G$,(^$)(+, (- $- 2+BB+0-K 

!WQ*# (3#,)(2('$)(+, $,3 E.$,)(2('$)(+, +2 %+B$& +&G$,(' '+1%+.,3- (- %&+FB#1$)('O $- )*# 

(3#,)(2('$)(+, 3+#- ,+) )$T# (,)+ $''+.,) )*# 1$)&(] #22#')- )*$) $&# (1%+&)$,) (, -.'* -$1%B#-O 

%$&)('.B$&BJ (, )#&1- +2 &#)#,)(+, )(1#K N+0 (- () %+--(FB# )+ (3#,)(2J )*#-# 1+B#'.B#- 0()* #]$') 



!@

&#)#,)(+, )(1#- $,3 1$--#-O T,+0(,G )*$) )*# &#)#,)(+, )(1#- $&# ,+) )*# -$1# '+1%$&#3 )+ )*# 

-)$,3$&3 )(1#- 3.# 1$(,BJ )+ )*# 1$)&(] #22#')- h  

`I#%B(#-a "# $%%&#'($)# )*# '+11#,)K Q+ $33&#-- )*# 1$)&(] #22#') (--.#- +, )*# Y7; $,3 

7_;$,$BJ)('$B %&+'#3.&#O 0# .-#3 )*# 1+-) &#%&#-#,)$)(/# '$&F+,$'#+.- 1#)#+&()# +2 

9.&'*(-+, 46$&$+T$l<U<=q 8F$l<U<=Fq b+G$l<U<>A $- $ &#2#&#,'# -)$,3$&3 )+ #,-.&# 

+.& E.$B()$)(/# #/$B.$)(+,K f$-#3 +, )*# '+11#,)-O '$%(BB$&J;#B#')&+%*#&+G&$1 -*+0(,G 

)*# -#%$&$)(+, $,3 )(1# +2 )*# &#2#&#,'# -)$,3$&3 0()* $ 3($G&$1 -J-)#1$)('$BBJ -*+0(,G 

)*# 1+B#'.B$& -#&(#- (3#,)(2(#3 (, )*# -$1%B# $&# -*+0, (, k(G.&# :>K Q*# &#%&#-#,)$)(/# 

&#B$)(+,-*(% F#)0##, 9.&'*(-+, &#2#&#,'# $,3 IJ.G.w- 4SU!U@O 7U!UHA 1(G&$)(+, )(1#- 

2+& 1+,+'$&F+]JB(' $'(3- $,3 3('$&F+]JB(' $'(3- 0()* B(,#$& -)&.').&#- 4u 710A (- -*+0, (, 

)*# 3($G&$1K Y$,31$&T -(G,$B- -.'* $- -)&.').&$B (-+1#&- 4#KGKO o;O m;O p;q a;O b;A $,3 

-J-)#1 %#$T- '$, F# .-#3 #22#')(/#BJ )+ -.%%+&) 1+B#'.B$& (3#,)(2('$)(+, 4#KGKO k(G.&# =;

SAK \) (- $B-+ (1%+&)$,) )+ /$B(3$)# )*# '+&&#B$)(+, +2 #B.)(+, )(1#- 2+& $ -#&(#- +2 

'+1%+.,3- 4#KGKO k(G.&# :>AK  

Q*# -)$,3$&3 1(]).&# (,'B.3(,G )*# 0+&T(,G &#$G#,)- 2+& 1(G&$)(+,;)(1# $B(G,1#,) 4#KGKO 

S9!O S9<O S9=O S9>O $,3 S9cAO $,3 $, (,)#&,$B -)$,3$&3 4(:QMA 2+& $,(+, $,$BJ-(- 

0#&# %&#%$&#3 '+,'.&&#,)BJ 2&+1 )*# N9Q 1#)$F+B+1('- T() 4N.1$, 9#)$F+B+1# 

Q#'*,+B+G(#- \,'KO Q-.&.+T$O Z$%$,A 4:$-$T(l<U!?AK SB-+O %B#$-# ,+)# )*$) )*# 5H;! 

2&$')(+, 0$- ,+) )&#$)#3 0()* '+,'#,)&$)#3 *J3&+'*B+&(' $'(3 4N7BAO 0*('* '$, '$.-# 

-(G,(2('$,) 1$)&(] #22#')- $- )*# &#/(#0#& $&# '+,'#&,#3 4#KGKO b+G$l<U<>q 8F$l<U!@AK 

`I#2Ka  

b+G$O QK #) $BK SF.,3$,) #])&$)#&&#-)&($B %.&(,# ,.'B#+F$-#- (, )*# 9.&'*(-+, 1#)#+&()#L 

\1%B('$)(+,- 2+& $ .,(2(#3 1#'*$,(-1 2+& %.&(,# -J,)*#-(- (, '$&F+,$'#+.- '*+,3&()# 

%$&#,) F+3(#-K Geochim. Cosmochim. ActaO 365O <c=r<@c 4<U<>AK 

8F$O dK #) $BK M#.)#&(.1 2&$')(+,$)(+, +, )*# 2+&1$)(+, +2 $1(,+ $'(3- FJ %*+)+BJ-(- +2 

(,)#&-)#BB$& ('# $,$B+G.#- '+,)$(,(,G 3#.)#&$)#3 1#)*$,+BK Astrophys. J. LettO 827O 

Y!V 4<U!@AK 

<WQ*# (3#$ +2 1$B+,(' $'(3W $'#)(' $'(3 $- $ 'B.# 2+& )*# 3#G&## +2 $E.#+.- $B)#&$)(+, (, (,)#&#-)(,GO 

*+0#/#&O $'#)(' $'(3 *$- ,+) F##, &#%+&)#3 $- 3#)#')#3 '+1%+.,3-O *+0 (- )*$) %+--(FB# h 

k.&)*#&1+&#O B(,T(,G )*# 1$B+,(' $'(3W$'#)(' $'(3 &$)(+ )+ '+,3()(+,- +2 $E.#+.- $B)#&$)(+, 0+.B3 

$%%#$& )+ F# 2B$0#3O -(,'# $'#)(' $'(3 $B-+ B(T#BJ *$- +)*#& 2+&1$)(+, %$)*0$J- (,3#%#,3#,) +2 )*# 

)$.)+1#&(-$)(+, +2 1$B+,(' $'(3K :+ .,B#-- J+. '$, -*+0 )*$) )*(- &$)(+ (- &#B#/$,) 2+& 1$,J 

-$1%B#-O \ *$/# G&#$) 3+.F)- $F+.) )*# )*(- )*#+&JK SB-+ (, k(G.&# >O )*# )0+ 1+B#'.B#- (, F&$'T#)- 

$&# )*# -$1#O )*# )$.)+1#&(-$)(+, (- F#)0##, )*# T#)+ $,3 #,+B 2+&1K \) -*+.B3 F# 0&())#, F#B+0 



!H

1$B+,(' $'(3O )*$) () (- )*# T#)+;2+&1K 

`I#%B(#-a S- 0# &#-%+,3#3 (, +.& 2##3F$'T )+ &#/(#0#& 5!O 0# &#%+&)#3 )*# 3#)#')(+, +2 

$'#)(' $'(3 2&+1 IJ.G. -$1%B#- 4SU!U@ P 7U!UHO 5H;!A 46$&$+T$l<U<=AK \, )*# &#/(-#3 

1$,.-'&(%)O )*# 3#'&#$-# (, )*# &#B$)(/# '+,'#,)&$)(+, +2 1$B+,(' $'(3 0$- 1#,)(+,#3 $,3 

)*# &$)(+ )+ $'#)(' $'(3 0$- 3#B#)#3K S, (1%+&)$,) %+(,) (, k(G.&# >O )*# )0+ (3#,)('$B 

1+B#'.B#- -*+0 $ *(G* 2&#E.#,'J 2$')+& +2 #E.(B(F&(.1 )+ )*# #,+B 2+&1K Q*# T#)+ 2+&1 (- 

0&())#, .,3#& 1$B+,(' $'(3K 

=WS- $B&#$3J -$(3O )*(- %$%#& (- ,+) 'B#$& 0()* $ B+) +2 1(-E.+)#3 2(G.&#- $,3 G(/#, )*# B$&G# $1+.,) 

+2 3$)$O () (- 3(22('.B) )+ .,3#&-)$,3 0*$) 0$- 3+,# (, )*(- -).3JO 2&+10*$) 0$- 3+,# (, )*# %&#/(+.- 

-).3(#-K Q*# $.)*+&- -*+.B3 1+&# #1%*$-(^#3 )*#(& 0+&TK 

`I#%B(#-a \, $''+&3$,'# 0()* )*# '+11#,)-O $BB B(,T- )+ 2(G.&# ,.1F#&- *$/# F##, 

'+&&#')#3K S- 0# &#-%+,3#3 )+ )*# '+11#,)- +2 &#/(#0#&- 5! $,3 5<O )*# $.)*+&- *$/# 

&#/(-#3 )*# X.-)(2('$)(+, 2+& )*(- &#%+&) 0()* .%3$)#3 &#2#&#,'#-K 

>W )*# (,)&+3.')(+, (- $G$(, 2+& -%#'($B(-)-O $,3 +,BJ 2+'.- +, )*# IJ.G. %&#/(+.- $,$BJ-(-O 0*(B# 

()- F##, 3#'$3#- )*$) '*+,3&()#- '+1(,G 2&+1 $-)#&+(3- 4B(T# IJ.G.A $&# $,$BJ-#3 (, )*# B$FK k&+1 

B(,# ?V )+ !U? $.)*+&- 0&+)# $ B(-) +2 $BB )*# $,$BJ-(- )*$) 0$- 3+,# (, I.JG. 0()*+.) +FX#')(/#- 

'+,'#&,(,G )*#(& 0+&TK 

`I#%B(#-a f$-#3 +, )*# %&#/(+.- &#%+&) 4#KGKO o+.,#BB# P e+B#,-TJO <U!>AO 0# 0+.B3 B(T# 

)+ #1%*$-(^# $G$(, i)*# -$1%B# /$B.# +2 2&#-*,#--j 0()*+.) $,J 0#$)*#&(,G +, )*# _$&)*K 

Q*# +)*#& &#/(#0#&- 45! P 5<A $&# 0#BB $0$&# +2 )*# -'(#,)(2(' /$B.# +2 C%&(-)(,#C -$1%B#- 

)*$) '$, +,BJ F# +F)$(,#3 2&+1 $-)#&+(3 -$1%B# &#).&,-O $- 3#-'&(F#3 (, %&#/(+.- &#%+&)- 

4Q$'*(F$,$l<U<<q d$3$l<U<<q 8T$^$T(l<U<<AK \, )*# &#/(-#3 1$,.-'&(%) 4Y?V;!U?AO 0# 

-)$)#3 )*$) )*# +FX#')(/# +2 )*# %&#-#,) -).3J 0$- )+ $,$BJ^# (, 3#)$(B )*# %&+%#&)(#- $,3 

'*$&$')#&(-)('- +2 -+B.FB# +&G$,(' 1$))#& (, )*# i2&#-*#-)j '$&F+,$'#+.- $-)#&+(3$B -$1%B#-K  

`I#2Ka  

o+.,#BB#O 9KO e+B#,-TJO 9K_K 4<U!>A Q*# 8&G.#(B 1#)#+&()#L !cU J#$&- +2 *(-)+&JK 

Meteoritics & Planetary Science >?O !H@?;!H?>K 

cW 2(,$BBJO $2)#& &#$3(,G )*# 1$,.-'&(%)O \ )*(,T )*# )()B# (- ,+) $%%&+%&($)#3O -(,'# ,+,# +2 )*# )*#(& 

3$)$ '+,2(&1 )*# #22#') +2 $E.#+.- $B)#&$)(+,K :+1# 2+& 2(G.&# VO 0*('* (- G&#$) F.) ,+) -.%%+&)#3 

FJ )*# &#-.B)-K 



!V

`I#%B(#-a Q*# '+11#,) 0$- $''#%)#3 $,3 )*# )()B# 0$- &#/(-#3 )+ (,'B.3# )*# -%#'(2(' 

,$1#- +2 )*# *J3&+%*(B(' +&G$,(' 1+B#'.B# G&+.%- 4*J3&+]J $'(3- $,3 '$&F+]JB(' $'(3-AK 

"# *$/# $B&#$3J 1#,)(+,#3 )*$) k(G.&# V -*+0- )*# C *J%+)*#)('$B '+,'#%) -.11$&JC 

-.%%+&)#3 FJ )*# 3$)$ (, )*(- %$%#& $,3 )*# %&#/(+.- &#%+&) 46$&$+T$lO 6$T$1.&$l<U<=O 

6+G.'*(l<U<=AK N#,'#O )*# 2(G.&# '$%)(+, 0$- 1+3(2(#3 $- i7+,'#%).$B(^$)(+, +2 

*J%+)*#-(-L SE.#+.- $B)#&$)(+, (, %&(1+&3($B *J3&+%*(B('gjK \, $33()(+,O (1%+&)$,) 

&#2#&#,'# (,2+&1$)(+, &#B$)#3 )+ )*$) %+(,) 0$- .%3$)#3K 

`I#2Ka 

:'*1());b+%%B(,O DK #) $BK :+B.FB# +&G$,(' 1$))#& 9+B#'.B$& $)B$- +2 IJ.G. &#/#$B- '+B3 

*J3&+)*#&1$B(-1 +, 7;)J%# $-)#&+(3 %$&#,) F+3JK Nature Commun. 14O S&)('B# 

,.1F#&L @c<c 4<U<=AK 

d+-*(1.&$O QK #) $BK 7*#1('$B #/+B.)(+, +2 %&(1+&3($B -$B)- $,3 +&G$,(' -.B2.& 1+B#'.B#- 

(, )*# $-)#&+(3 4!@<!H=A IJ.G.K Nature Commun. 14O S&)('B# ,.1F#&L c<V> 4<U<=AK 

e#('*,#&O :K :K #) $BK D+BJ'J'B(' $&+1$)(' *J3&+'$&F+,- (, -$1%B#- +2 IJ.G. 2+&1#3 (, )*# 

(,)#&-)#BB$& 1#3(.1K Science 382O !>!!;!>!@K 

:%#'(2(' '+11#,)- 2&+1 B(,# )+ B(,# +& (, 2(G.&#-L 

9$(, )#])L 

k(G.&# !L )*# 2(G.&# (- /#&J ,('#O F.) 3+ '+,)$(, $ B+) +2 (,2+&1$)(+,O 0*('* $&# ,+) 

'+,-(3#&#3W3(-'.--#3 *#&#K \- () .-#2.B h 

`I#%B(#-a I#/(#0#&- 5! $,3 5< $%%&+/# +2 )*# +/#&/(#0 $,3 .-#2.B,#-- +2 k(G.&# !K Q*# 

$.)*+&- 3+ ,+) '+,-(3#& )*(- %$%#& 2&+1 $ ,$&&+0 %#&-%#')(/#O F.) &$)*#& 1$T# F&+$3 

+F-#&/$)(+,- $) /$&(+.- -'$B#- )+ %.&-.# $ G&+.% +2 *J3&+%*(B(' +&G$,(' 1+B#'.B#- )*$) $&# 

&#B$)(/#BJ 2&$G(B# $,3 3(22('.B) )+ #/$B.$)#K \) '$, F# .,3#&-)++3 )*$) )*# &#-%+,-# )+ )*# 

$.)*+&-w 1$(, %+(,) (- )*# +/#&$BB #/$B.$)(+, +2 &#/(#0#& 5!K  

Y(, VHL \ 3+,R) )*(,T )*# E.#-)(+, &#G$&3(,G IJ.G.R- &+B# (, )*# -+B$& -J-)#1 *(-)+&J (- &#B#/$,)K 

`I#%B(#-a Q*# %*&$-# 0$- &#/(-#3 )+ CWhat is the role of carbonaceous asteroids in the the 

Solar System history?j 

k(G.&# <L %J&./(' $'(3 (- ,+) 1#,)(+,#3 (, )*# B#G#,3K 



!?

`I#%B(#-a DJ&./$)# 0$- $33#3 )+ )*# '$%)(+,K 

Y(,# !!=L 0*J )*# $E.#+.- $B)#&$)(+, -*+.B3 F# +,BJ &#'+&3#3 FJ )*# %+B$& +&G$,(' 1+B#'.B#- h 

%B#$-# &#%*&$-#K 

`I#%B(#-a I#/(-#3 $- ig$E.#+.- $B)#&$)(+, '+.B3 *$/# F##, &#'+&3#3 (, )*#-# *J3&+%*(B(' 

+&G$,(' 1+B#'.B#-jK 

Y(,# !<HL 0&()# )*# $,$BJ)('$B )#'*,(' 2&+1 0*('* J+. +F)$(,#3 )*# (3#,)(2('$)(+, +2 *J3&+]JB 

$'(3-K S,3 2(G.&# < -*+.B3 F# '()#3 *#&#K 

`I#%B(#-a I#/(-#3 $- i"# 2(&-) (3#,)(2(#3 *(G*BJ 3(/#&-# *J3&+]J $'(3- $,3 *J3&+%*(B(' 

1+B#'.B$& G&+.%- (, )*# *+) 0$)#& #])&$')- FJ 7_;NI9: 4k(G.&# <AjK  

Y(,# !<VL -$1%B# ,$1# 45H;!A )*# ,$1# +2 )*# -$1%B# $%%#$&- 2&+1 ,+0*#&#O B$'T(,G $, 

#]%B$,$)(+, 40# *$/# )+ G+ (, )*# :\O B++T(,G $) k(G :< zAK +,'# $G$(,O J+. ,##3 )+ $%%#$B )+ $ 

0(3# $.3(#,'# 2+& $ 6$).&# %$%#&K 

`I#%B(#-a M#B#)#3 )*# -$1%B# ,$1# 45H;!A (, )*# 1$(, )#])O #]'#%) (, 2(G.&# $,3 )$FB# 

'$%)(+,K 

Y(,# !<VL S2)#& G(/(,G )*# ,$1# +2 )*# *+) 0$)#& 2&$')(+,O () 0+.B3 F# $ G++3 (3#$ )+ &#2#& )+ 2(G.&# 

:= 3#)$(B(,G $BB )*# #])&$')-K 

`I#%B(#-a "# $33#3 )*# -$1%B# ,$1# 4SU!U@ P 7U!UHA $,3 &#%&#-#,)$)(/# '+1%+.,3 

,$1# 2+& *J3&+]J $'(3- 4#KGKO GBJ'+B(' $'(3O B$')(' $'(3AO 3(;'$&F+]JB(' $'(3- 4#KGKO +]$B(' 

$'(3O 1$B#(' $'(3A $,3 +)*#& 1+B#'.B#- 4#KGKO 1#/$B+,(' $'(3O '()&(' $'(3A +, )*# %$&$G&$%* 

0()* )*# '()# 46$&$+T$l<U<=q -## 9#)*+3AK 

Y(,# !<?L S&# )*# $.)*#,)(' -)$,3$&3- )*+-# (, 2(G.&# :>h SB-+ (, )*# 2(G.&# =;SO %B#$-# $33 )*# 

-)$,3$&3 -(G,$BK \) (- -)$)#3 (, )*# )#]) )*$) (3#,)(2('$)(+, (- %+--(FB# .-(,G )*# &#)#,)(+, )(1# $,3 

)*# #]$') 1$--K N+0#/#&O (2 0# &#2#& )+ 2(G.&# :> $,3 '+1%$&# )*# &#)#,)(+, )(1#- +2 )*# -)$,3$&3- 

0()* 2(G.&# =;SO () (- (1%+--(FB# )+ (3#,)(2J )*# '+1%+.,3- (, IJ.G. #])&$')-K 

Y(,# !<?O SB-+O 0*$) (- $, $.)*#,)(' -)$,3$&3 h '$, 0# *$/# 2$')('# -)$,3$&3- hh 

`I#%B(#-a  

f$-#3 +, )*# '+11#,)O 0# *$/# $B-+ $33#3 &#2#&#,'# -)$,3$&3 )+ )*# '*$&) (, k(G.&# =;SK 



<U

"# *$/# (,'B.3#3 $, $33()(+,$B 3#-'&(%)(+,O i0# .-#3 $, (,)#&,$B -)$,3$&3 4(:QMA 

-.F-)$,'# )+ #,-.&# )*# (3#,)(2('$)(+, +, )*# 1(G&$)(+, )(1# $- %&#/(+.- &#%+&) 

4:$-$T(l<U!?AKj S- -*+0, (, k(G.&# =O )*# 9.&'*(-+, 1#)#+&()# &#2#&#,'# $,3 ()- 

-)$,3$&3(^$)(+, #,-.&#3 )*# 1+B#'.B$& (3#,)(2('$)(+,- (, )*(- &#%+&)K Q*# -)$,3$&3 1(]).&# 

(,'B.3(,G )*# 0+&T(,G &#$G#,)- 2+& 1(G&$)(+,;)(1# $B(G,1#,) 4#KGKO S9!O S9<O S9=O 

S9>O $,3 S9cAO $,3 $, (,)#&,$B -)$,3$&3 4(:QMA 2+& $,(+, $,$BJ-(- 4\:SA 0#&# %&#%$&#3 

'+,'.&&#,)BJ 2&+1 $, N9Q 1#)$F+B+1('- T() 4N.1$, 9#)$F+B+1# Q#'*,+B+G(#- \,'KO 

Q-.&.+T$O Z$%$,A 4:$-$T(l<U!?AK 

k(G.&# =;7O %B#$-# -%#'(2J (, B#G#,3 0*('* 1+B#'.B#- 0#&# .-#3 (, )*# i{;*J3&+]J; $'(3- 47,A (, 

9.&'*(-+,jK 

`I#%B(#-a I#/(-#3 $- ig2+& )*# '+,'#,)&$)(+, +2 -*+&);'*$(, a;*J3&+]J $'(3- 4(K#KO 

GBJ'+B(' $'(3O B$')(' $'(3O <;*J3&+]JF.)J&(' $'(3O <;*J3&+]J/$B#&(' $'(3Ag 

Y(,# !==L N+0 0$- )*# E.$,)(2('$)(+, '$&&(#3 +.)h _])#&,$B '$B(F&$)(+, +, -)$,3$&3- (- $ /#&J 

.,'#&)$(, 1#)*+3 3.# )+ )*# %&#-#,'# +2 -$B)- $,3 )*# 2$1+.- 1$)&(] #22#') +, )*# 3#)#')#3 

'+1%+.,3-K 

`I#%B(#-a |.$,)(2('$)(+, 0$- %#&2+&1#3 .-(,G &#2#&#,'# -)$,3$&3- +2 )*# (3#,)(2(#3 

1+B#'.B#- 4:$-$T(l<U!?q :.G(1+)+l<U!UAK Q*# $,$BJ)('$B $--.&$,'# %&+'#3.&# 2+& )*# 

1$)&(] #22#') (- $- 3#-'&(F#3 $F+/#K 

Q$FB# :!L DB#$-# -%#'(2J #&&+& F$&-O $B-+ -%#'(2J (, )*# B#G#,3 $FF&#/($)(+,- -.'* $- C,K3CK 6+) $BB 

)*# '+1%+.,3- (, 2(G.&# < $&# -*+0,O F.) -+1# )*$) $&# ,#/#& 1#,)(+,#3 $&#K 

`I#%B(#-a SFF&#/($)(+,- -.'* $- C,K3KC $&# $B-+ 'B#$&BJ (,3('$)#3 (, )*# B#G#,3K "# $B-+ 

$33#3 )*# 3#-'&(%)(+, (, )*# '$%)(+, $-O i"# ,+)# )*$) )*# E.$,)()$)(/# #&&+& 0()* )*# 

+&G$,(' $'(3 1(]).&# -+B.)(+, 4$/#&$G# 1$-- ,.1F#&L !<UK< } >UK@O n t cA $,3 $1(,+ $'(3 

1(]).&# -+B.)(+, 4$/#&$G# 1$-- ,.1F#&L !=<K< } =!KUO n t <HA 0$- F#))#& )*$, ?>K? } ?K>~ 

4n t cA $,3 ?UK> } !<K=~ 4n t <HAO &#-%#')(/#BJO $- )*# $''.&$'J +2 )*# $,$BJ)('$B '+,3()(+,K 

i 

Y(,# !=?L %J&./(' $'(3 (- ,+) (,'B.3#3 (, )$FB# :! 

`I#%B(#-a I#/(-#3 )*# Q$FB# :!0()* )*# %&+2(B# +2 %J&./(' $'(3K 



<!

Y(,# !>H;!>VL n&#$ $,3 GBJ'+'J$1(,# $&# ,+) (,'B.3#3 (, )$FB# :!K

`I#%B(#-a I#/(-#3 )*# Q$FB# :!0()* )*# %&+2(B# +2 .&#$ $,3 GBJ'+'J$1(,#K 

Y(,# !c!L %B#$-# -%#'(2J 0*#&# (, )*# :\K \, )*# %$&$G&$%* C:#%')&+-'+%(' kQ\I &#2#&#,'#- 2+& )*# 

-+B.FB# '+1%+,#,)-CO )*#-# F$,3- $&# ,+) 1#,)(+,#3O ,+& $&# )*#J 1#,)(+,#3 (, 2(G.&# :?O 

$B)*+.G* () 0+.B3 $%%#$& )*$) )*#J $&# 1#,)(+,#3 (, 2(G.&# :!= 40*('* (- (, 2$') ,#/#& '()#3AK 

`I#%B(#-a \, $''+&3$,'# 0()* )*# '+11#,)O 0# *$/# 'B#$&BJ (,3('$)#3 $- iG&$(,;-'$B# 

+F-#&/$)(+,q :.%%B#1#,)$&J k(G.&# :!=jK 

k(G.&# >;SL M+#- )*# ];$](- C3('$&F+]JB(' $'(3C )$T# (,)+ $''+.,) $BB )*# '+1%+.,3- 3#)$(B#3 +, 

B(,#- 

`I#%B(#-a Q*# ,$1#- 7< )*&+.G* 7V $&# -*+0, (, )*# '$%)(+, $- 2+BB+0-O i4SA 

M('$&F+]JB(' $'(3 %&+2(B#- 4(K#KO 72O 8]$B(' $'(3q 73O 9$B+,(' $'(3q 74O :.''(,(' $'(3q 75O 

oB.)$&(' $'(3q 76O S3(%(' $'(3q 77O D(1#B(' $'(3q 78O S^#B$(' $'(3AjK 

!cH;!cVh DB#$-# -%#'(2J (, )*# B#G#,3K 

`I#%B(#-a I#/(-#3 $- i3('$&F+]JB(' $'(3- 4#KGKO 72O 8]$B(' $'(3q 73O 9$B+,(' $'(3q 74O 

:.''(,(' $'(3q 75O oB.)$&(' $'(3q 76O S3(%(' $'(3AjK  

k(G.&# >;fL Q*# )0+;#,+B 2+&1- +2 1$B+,(' $'(3 $&# (, 2$') )*# -$1#O -(,'# )*# 1+B#'.B# (- 

-J11#)&('$BK 

`I#%B(#-a Q*$)R- )&.#K \) 0$- 1#,)(+,#3 (, )*# '$%)(+, +2 k(G.&# >;f )*$) iQ*# )0+ #,+B 

2+&1- +2 1$B+,(' $'(3 49SA $&# -J11#)&(' $,3 (, 2$') (3#,)('$BKj 

Y(,# !@V; DB#$-# &#2#& )+ 2(G.&# >;fK 

`I#%B(#-a I#/(-#3 $- -.GG#-)#3K 

Y(,# !H<L %B#$-# -1++)* )*(- -#,)#,'#O $- +)*#& 0$J- +2 2+&1(,G $'#)(' $'(3 '$, )$T# %B$'# (, )*#-# 

+FX#')- $,3 )*#&#2+&# 1+3(2J )*# 1$B+,('W$'#)(' &$)(+O $- )*# 2+&1$)(+, %$)*0$J 2&+1 1$B+,(' 

$'(3 +& $'#)(' $'(3 .,3#& $E.#+.- $B)#&$)(+, '+,3()(+,- (- ,+) )*# +,BJ +,#K 



<<

`I#%B(#-a Q*(- -#,)#,'# 0$- &#/(-#3 $- 2+BB+0-O iQ*# &#B$)(/# $F.,3$,'# +2 1$B+,(' $'(3 

(, 3('$&F+]JB(' $'(3- (- $, (,3('$)+& +2 )*# $E.#+.- $B)#&$)(+, %&+'#-- &#'+&3#3 +, )*# 

$-)#&+(3 IJ.G.K \, 2$')O )*# &#B$)(/# $F.,3$,'# +2 1$B+,(' $'(3 (- $, +&3#& +2 1$G,().3# 

B+0#& )*$, 79 1#)#+&()#- 4#KGKO 9.&'*(-+, $,3 9.&&$J $- -*+0, (, k(G.&# >;SAO 

-.GG#-)(,G $ 3(22#&#,) *(-)+&JKj 

k(G.&# cL (, )*# B#G#,3 4B(,# @=cAO Q$FB# ! 3+#- ,+) #](-)q )*# &#2#&#,'# -*+.B3 F# Q$FB# :!K DB#$-# 

'B#$&BJ -)$)# 0*$) (- ,#0 $,3 J+.& 0+&T *#&#K S&# $BB )*# %B+)- (, )*(- 2(G.&# &#$BBJ &#B#/$,) )+ )*(- 

-).3J h \f (- ,+) #]%B$(,#3K 

`I#%B(#-a I#/(-#3 $- -.GG#-)#3 2+& Q$FB# :!K k(&-)BJO 0# $33#3 )*# -'(#,)(2(' X.-)(2('$)(+, 

$- iDB#$-# ,+)# )*$) )*# IJ.G. -$1%B# (- +2 -'(#,)(2(' /$B.# $- $ -.&2$'# 4QM!A $,3 

-.F-.&2$'# -$1%B# 4QM<A 2&+1 )*# '$&F+,$'#+.- $-)#&+(3 4Q$'*(F$,$l<U<<q 

6(-*((^.1(l<U<<AK \, )*(- &#%+&)O 0# #/$B.$)#3 )*# *J3&+%*(B(' +&G$,(' 1+B#'.B#- (, F+)* 

)*# -.&2$'# $GG&#G$)# 4SU!U@ 2&+1 QM! -()#A $,3 -.F-.&2$'# $GG&#G$)# -$1%B#- 47U!UH 

2&+1 QM< -()#A $- 2+BB+0-Kj  

:#'+,3BJO $- -)$)#3 FJ )*# &#/(#0#& 5!O )*# ,#0 -'(#,)(2(' /$B.# (- #/(3#,'# )*$) $ G&+.% 

+2 0$)#&;-+B.FB# $,3 2&$G(B# +&G$,(' 1+B#'.B#- (- 3#2(,()#BJ %&#-#,) +, )*# '$&F+,$'#+.- 

$-)#&+(3K \, )*# %&+'#-- +2 %&+/(,G )*(-O )*# $.)*+&- *$3 )+ '+1%&#*#,-(/#BJ #/$B.$)# )*# 

(,()($B F.BT 4\fA %&+%#&)(#- +2 )*# B(G*) #B#1#,)- $,3 )*# )0+ -$1%B(,G -()#-K \f 4\,()($B 

F.BTA $FF&#/($)(+, (- -*+0, (, )*# '$%)(+,K  

Y(,# !VVL "*#&# $&# )*# 3$)$ 2+& )*# 2(G.&# c;k $F+.) )*# .&#$ 1+B#'.B#- h 

`I#%B(#-a Q*# &$0 3$)$ (, k(G.&# c;k 0#&# '+1%(B#3 (,)+ Q$FB# :!K 

Y(,# !?UL $11+,(.1 (+,- *$- F##, %&+%+-#3 *$- )*# 1$(, -$B) '+1%+,#,) +2 '+1#) @HDO %B#$-# 

&#2#& )+ )*(- -).3J $B-+K 

`I#%B(#-a I#/(-#3 $- -.GG#-)#3 0()* )*# &#2#&#,'#K 

`I#2Ka  

SB)0#GGO bK #) $BK _/(3#,'# +2 $11+,(.1 -$B)- (, '+1#) @HD $- #]%B$,$)(+, 2+& )*# 

,()&+G#, 3#%B#)(+, (, '+1#)$&J '+1$#K Nature Astronomy 4O c==;c>U 4<U<UAK 

k&+1 B(,# !?H )+ <!!O )*# $.)*+&- 3(-'.--#3 )*# 3#)#')(+, +2 $1(,+ $'(3- (, 79 $,3 7\O '+1%$&#3 

)+ IJ.G.O $- )*#-# 'B$-- +2 1#)#+&()#- 0*#&# )*# -$1#K Q*(- (- ,+) )&.#O $,3 () (- E.()# T,+0, ,+0 



<=

)*$) %$&#,) F+3(#- +2 79 $,3 7\ *$- ,+) $''&#)#3 )*# -$1# %++B +2 1$)#&($B 2&+1 )*# ,#F.B$O 

(,'B.3(,G )*# +&G$,('-K S,3 +2 '+.&-#O )*#J *$- ,+) )*# -$1# $E.#+.-W)*#&1$B *(-)+&JK :+ () (- 

E.#-)(+,$FB# )+ '+1%$&# E.$,)()(#- $,3 (3#,)(2('$)(+, +2 $1(,+ $'(3- 2&+1 G&+.% )+ G&+.%K 

`I#%B(#-a 82 '+.&-#O )*# $.)*+&- .,3#&-)$,3 0#BB )*$) %$&#,) F+3(#- +2 79 $,3 7\ *$- ,+) 

$''&#)#3 )*# -$1# %++B +2 1$)#&($B 2&+1 )*# ,#F.B$O (,'B.3(,G )*# +&G$,('-K _]'#%) 2+& 

%&#/(+.- &#%+&)- 46$&$+T$l<U<= $,3 -.F-#E.#,) &#%+&)-AO ,+ +,# *$- /#&(2(#3 )*# 

'+1%$&$)(/# #/$B.$)(+, +2 7\ $,3 79 0()* IJ.G. %&#-#,)#3 *#&# 2+& )*# -#&(#- +2 

*J3&+%*(B(' +&G$,(' 1+B#'.B#-K N#&#O 0# -)$)# )*$) )*(- (- )*# 2(&-) &#%+&) (, 0*('* )*# +)*#& 

&#/(#0#&- 45! P 5<A *$/# 'B#$&BJ (,3('$)#3 )*#(& $%%&+/$B +2 ,+/#B)JK 

Y(,# <U=L )*# &#2#&#,'# f.&)+, (- ,+) '+&&#')BJ '()#3K 

`I#%B(#-a I#/(-#3 $- -.GG#-)#3 2+& f.&)+, #) $BK 4<U!>AK 

Y(,# <=HL 1(--(,G 0+&3- 

`I#%B(#-a I#/(-#3 FJ 3#B#)(,G )*# CsC (, )*$) -#,)#,'# )+ $/+(3 1(-.,3#&-)$,3(,GK 

k(G.&# @;SL S&# $BB )*# 1+B#'.B#- 3#)#')#3 $,3 &#%+&)#3 (, )$FB# :! h 

`I#%B(#-a Q*# '$%)(+, +2 )*# 2(G.&# @;S -)$)#3 )*# 2+BB+0(,GO iNJ3&+]J $'(3-O 3('$&F+]JB(' 

$,3 )&('$&F+]JB(' $'(3- $B+,G 0()* +)*#& ,#0BJ (3#,)(2(#3 *J3&+%*(B(' 1+B#'.B#- 2+& $ 

'+1%$&(-+, F#)0##, IJ.G. 4)*(- -).3JA $,3 79 )J%#gKj 

Y(,# <>>L 9(-E.+)$)(+, +2 2(G.&#K 

`I#%B(#-a I#/(-#3 $- ig('J 3&J $,3 $E.#+.- 0#) 'J'B#-O k(G.&# !;fA '+&&#B$)#3 0()* )*# 

1+B#'.B$& #/+B.)(+, F#)0##, 0$)#& $,3 +&G$,(' 1$))#& 0()*(, )*# '+B3 *J3&+)*#&1$B(-1 

4:'*1());b+%%B(,l<U<=AKj 

9#)*+3 -#')(+,L 

Y(,# <VVL "*J (- k(G.&# > '()#3 *#&# h 

`I#%B(#-a Q*# '()$)(+, 2+& 2(G.&# > *$- F##, &#1+/#3K 

Y(,# <HcL \, )*(- %$&$G&$%*O $33 )*# +&(G(, +2 )*# 3(22#&#,) -)$,3$&3- $,3 )*#(& %.&()JK 



<>

`I#%B(#-a S33()(+,$B (,2+&1$)(+, +, )*# -)$,3$&3 -$1%B#- 0$- $33#3K M.# )+ )*# 0+&3 

B(1() +2 )*# 1$(, -'&(%)O &#2#&#,'# $&)('B#- 0#&# $B-+ .-#3 $- 2+BB+0-O i"# .-#3 )*# 1+-) 

&#%&#-#,)$)(/# '$&F+,$'#+.- 1#)#+&()# +2 9.&'*(-+, 46$&$+T$l<U<=q 8F$l<U<=Fq 

b+G$l<U<>AO $- $ &#2#&#,'# -)$,3$&3 )+ '+,2(&1 +.& E.$B()$)(/# #/$B.$)(+, +2 )*# -$1%B# 

1$)&(] #22#')-K Q*# -)$,3$&3 1(]).&# (,'B.3(,G )*# 0+&T(,G &#$G#,)- 2+& 1(G&$)(+,;)(1# 

$B(G,1#,) 4#KGKO S9!O S9<O S9=O S9>O $,3 S9cAO $,3 $, (,)#&,$B -)$,3$&3 2+& $,(+, 

$,$BJ-(- 4\:SA 0#&# %&#%$&#3 2&+1 $, N9Q 1#)$F+B+1('- T() 4N.1$, 9#)$F+B+1# 

Q#'*,+B+G(#- \,'KO Q-.&.+T$O Z$%$,A 4#KGKO :$-$T(l<U!?q b$1(l<U!=q :.G(1+)+l<U!UAK i 

`I#2Ka  

b$1(O bK #) $BK 9#)$F+B+1(' %&+2(B(,G +2 B.,G $,3 %&+-)$)# ).1+& )(--.#- FJ '$%(BB$&J 

#B#')&+%*+&#-(- )(1#;+2;2B(G*) 1$-- -%#')&+1#)&JK Metabolomics 9O >>>;>c= 4<U!=AK 

b+G$O QK #) $BK SF.,3$,) #])&$)#&&#-)&($B %.&(,# ,.'B#+F$-#- (, )*# 9.&'*(-+, 1#)#+&()#L 

\1%B('$)(+,- 2+& $ .,(2(#3 1#'*$,(-1 2+& %.&(,# -J,)*#-(- (, '$&F+,$'#+.- '*+,3&()# 

%$&#,) F+3(#-K Geochim. Cosmochim. ActaO 365O <c=r<@c 4<U<>AK 

Y(,# =U>L 9(-E.+)$)(+, +2 2(G.&#O -*+.B3 F# k(G.&# !;oK 

`I#%B(#-a I#/(-#3 $- -.GG#-)#3 2+& k(G.&# !;oK 

Y(,# =cUL DB#$-# -%#'(2J 0*$) (- &#2#&&#3 )+ (, )*# -.%%B#1#,)$&J (,2+&1$)(+,O $- 2(G.&#- :;!U )+ 

:;!> $&# ,#/#& 1#,)(+,#3K 

`I#%B(#-a I#/(-#3 $- -.GG#-)#3K 

:.%%+&)(,G (,2+ 

Y(,# HH!L (, k(G.&# :! +,BJ )*# -$1%B# 7U!UH (- %&#-#,)#3K 

`I#%B(#-a "# $33#3 )*# -$1%B# SU!U@ (, $''+&3$,'# 0()* &#/(#0 '+11#,)-K 

Y(,# HH< )+ HH=O (- )*#&# $ 1(--(,G 0+&3 h 

`I#%B(#-a "# &#/(-#3 $-O i"# %&#-#,) $ '+,'#%) F$-#3 +, )*# 3(1#,-(+,- +2 '*#1('$B 

&#-+B.)(+, $,3 '*#1('$B /$&($)(+, 4k(G.&# :<AKj 

k(G.&# :=L (, )*# B#G#,3O %B#$-# $33 )*# 3#-'&(%)(+, 2+& 7K 



<c

`I#%B(#-a "# &#/(-#3 $- i(B, C)gjK 

k(G.&# :cL B(,# ?cU (, )*# B#G#,3O 1(-E.+)$)(+, +2 2(G.&# () -*+.B3 F# k(G.&# :? &$)*#& )*$, k(G.&# 

?K

`I#%B(#-a "# &#/(-#3 $- ig-*+0, (, k(GK :H $,3 k(GK :VO &#-%#')(/#BJKj  

Y(,# V!<L )*# ,$1# i&#1$(,(,G ,()&+G#,j (- 1(-B#$3(,GK Q*# $1+.,) +2 ,()&+G#, 0$- -.11#3 

$2)#& #$'* -.''#--(/# #])&$')(+, $,3 )$T#, $- )*# )+)$B $1+.,) (, )*# F.BT 4(,()($B F.BT $- !UU~AK 

:+ )*(- (- ,+) )*# &#1$(,(,G ,()&+G#, F.) )*# ,()&+G#, #])&$')#3 FJ #$'* -+B/#,) #])&$')(+,K Q*# 

&#1$(,(,G ,()&+G#, (- )*# +,# )*$) &#1$(,- (, )*# ,+,;-+B.FB# %$&) 4\89AK 

`I#%B(#-a Q+ $/+(3 1(-B#$3(,GO 0# 3#B#)#3 i)*$) &#1$(,-j (, )*# B(,#K

Y(,# V=@L Q*# #])&$') 5H;! (- '$BB#3 *+) N<8 #])&$') (, )*# )#]) F.) N<8;N7B #])&$')- (, )*# 

B#G#,3 +2 k(G.&# :HK 

`I#%B(#-a Q*$)R- )&.#K "# $%%#,3#3 )*# #])&$')(+, 2&$')(+, ,.1F#&- 45H;!O 5H;<L $2)#& 

6$&$+T$l<U<=q D$&T#&l<U<=q d+-*(1.&$l<U<=A )+ )*# '$%)(+, +2 k(G.&# :HK 

k(G.&# :HO %B#$-# $33 ,$1# +2 )*# $]#- 2+& $BB iB(,#- +2 %B+)-jK

`I#%B(#-a "# $33#3 )*# #]%B$,$)(+, $- iQ*# *+&(^+,)$B $,3 /#&)('$B $]#- &#%&#-#,)- 2+& 

0$/#B#,G)* 4,1A $,3 $F-+&F$,'# 4$&F()&$&J .,()AO &#-%#')(/#BJKj   

k+G(.&# :?O ,$1# +2 )*# $]#- h 

`I#%B(#-a "# $33#3 )*# $]#- +, )*# k(G.&# :?K 

Y(,# ?@HL k+& )*# 2+&1(' $'(3 #])&$')O %B#$-# $33 )*# FB$,T (, )*# k(G.&# :VK 

`I#%B(#-a "# &#/(-#3 (, )*# '$%)(+, $-O iN#&#O 0# ,+)# )*$) )*# FB$,T &., +2 2+&1(' $'(3 

4%.&()J �??~O knZ\k\Y9 "$T+ %.&# '*#1('$B '+&%+&$)(+,A 0$- ,+) -(G,(2('$,) 3.&(,G )*# 

-#E.#,)($B $,$BJ-(- 4(K#KO )*# (,-)&.1#,)$B F$'TG&+.,3 B#/#B +2 )*# :SYM\ -J-)#1AKj 

k(G.&# :!<;fL Q*# b+/$)- &#B$)(+, (- B(,#$& 2+& B+G4)&wAt247;,.1F#&AO )*# '.&&#,) &#%&#-#,)$)(+, (- 

0&+,GK DB#$-# '+&&#')K 



<@

`I#%B(#-a "# $%%&#'($)# )*# '+11#,) $,3 &#1+/#3 k(GK:!<;f F#'$.-# () (- -.22('(#,) 

/$B(3$)(+, 3$)$ 2+& )*# 1+B#'.B$& (3#,)(2('$)(+,K N#&#O 0# ,+)# )*$) B+G4)&wAt247;,.1F#&A 

0()* i'+,-)$,)j )*#&1$B G&$3(#,)K 



Reviewer #3 (Remarks to the Author):

Dear All,

I appreciate the improvements made to the paper, which has now matured for publication. It 

would have been ideal to have started with this version as the initial submission.

I have noticed that you have resolved the analytical issues and made changes to some figures, this 

is great. I have not had the time to verify if all the figures are correctly cited in the text so I hope 

that they are properly cited.

Line 115-116: the addition of the end of the sentence is helping a lot to understand the goal of this 

paper.

I suggest to move the sentence line 124 to 125 to this beginning of paragraph, and to link the 

sentence added about Naraoka’s paper, I suggest something as follow :

In this report, we determine the molecular diversity of polar organic molecules extracted from the 

first contact between hot water and pristine Ryugu samples, and report the unique color 

characteristics of the sequentially extracted fractions with the systematic variation in 13C- and 

15N-isotopic profiles.

If indigeneous….[…]

We use this information to interpret the aqueous alteration processes that asteroid Ryugu has 

experienced in complement to the study by Naraoka et al. (2023), who reported organic molecular 

diversity from initial bulk (IB) to insoluble organic matter (IOM) in the sequential extraction 

process using hydrophilic to hydrophobic solvents.

Line 118. This is not “prebiotic” here. Please remove.

Line 186 “ than in other CM meteorites”

I deeply appreciate the new figure 4 and the new explication in the text. May be one point, which 

is not clear here, is the origin of malonic acid, do you supposed that the molecule is already 

present in the initial OM of ryugu’s parent body ? or has been synthesized in the parent body by 

aqueous alteration and then has decomposed faster due to tautomerisation? then In this case, 

what are the precursors of malonic acid and the chemical mechanism compared to other 

dicarboxylic acid formation ? is this could explain the different abundance of malonic acid between 

ryugu and murchison ?

Line 265, I think references are need here.

Line 266 “will be further elucidated”, is the future time used correct ?

Line 272, still not prebiotic. Prebiotic chemical evolutions are those that existed on Earth before 

the emergence of biotic systems, since no life exist on asteroids, the term prebiotic cannot be used 

here. It is already being used excessively in many incorrect contexts.
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