
Open Access This file is licensed under a Creative Commons Attribution 4.0 

International License, which permits use, sharing, adaptation, distribution and 

reproduction in any medium or format, as long as you give appropriate credit to 

the original author(s) and the source, provide a link to the Creative Commons license, and indicate if 

changes were made. In the cases where the authors are anonymous, such as is the case for the reports of 

anonymous peer reviewers, author attribution should be to 'Anonymous Referee' followed by a clear 

attribution to the source work.  The images or other third party material in this file are included in the 

article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If material is 

not included in the article’s Creative Commons license and your intended use is not permitted by statutory 

regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright 

holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/. 

Peer Review File
High-spatial resolution functional chemistry of nitrogen compounds in the observed UK 
meteorite fall Winchcombe



REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

The manuscript “High-Spatial Resolution Functional Chemistry of Nitrogen Compounds in

the Observed UK Meteorite Fall Winchcombe” presents new data combining

monochromated electron energy loss spectroscopy with a scanning transmission electron

microscope and synchrotron x-ray absorption near edges spectroscopy (XANES) to argue

for the detection of N-rich organic compounds, such as amino acids, with a possible nebular

or molecular cloud origin. While the data are valuable in expanding the available

information on organics from fresh fall carbonaceous chondrite meteorites, the

interpretation is incomplete and not fully supported by the data analysis.

The claim that measurements represent the first high-resolution detection of N-rich organic

compounds in an unprocessed meteorite sample is incorrect; the results are not the first

demonstrating N-rich compounds at high reolutions, and the sample was Fib processed.

Alexander et al. (https://doi.org/10.1016/j.chemer.2017.01.007) Figure 3, shows data

combining C and N XANES with TEM and NanoSIMS to demonstrate the presence of nitriles

in a CR2 meteorite. In both the submitted manuscript and the Alexander et al. paper, the

samples were prepared as FIB lift-out lamella. The FIB preparation does preserve the

petrographic context, but it is not unprocessed. The use of “unprocessed” was perhaps

intended to mean without exposure to solvents involved in the isolation of the organic

components from the meteorite minerals. However, it would more accurate to say

FIB-extracted, rather than unprocessed. This accurately conveys the trade-offs in terms of

preservation of soluble components and petrographic context, and possibility of

FIB-induced damage.

The manuscript asserts that the monochromated STEM-EELS data can be used to map the

concentration of amino acids and nucleobases in meteoritic OM, but does not provide

convincing evidence of unique detection of amino acids or nucleobases. The extracted N

K-edge EELS spectra (Fig. 7) show convincing evidence for immine and nitrile groups,

similar to those in Alexander et al. 2007 (Fig. 3). The identification of spectral features

above 400 eV assigned to amino and other groups are highly speculative, and may in fact be

artifacts of the smoothing window chosen for the Savitkzy-Golay spectral processing. Data

from compound-specific mixtures to establish detection limits and preservation through

exposure to the x-ray, ion and electron beam exposures are needed to provide adequate

confidence in the detection of amnio acids and nucleobases. The soluble organic compounds

are at much lower abundance, and are much more susceptible to damage than the insoluble

compounds, and thus the reported detection is not convincing. Better presentation of the

data processing, e.g., exactly what PCA and smoothing parameters were used, and use of

analog standards for validation could substantially improve the manuscript.

Overall, there is important value in the measurements, but primarily to the meteoritics and

planetary science community.

Reviewer #2 (Remarks to the Author):

[1] Overview comments



At first, I would like to thank the opportunity to review the manuscript “High-Spatial

Resolution Functional Chemistry of Nitrogen Compounds in the Observed UK Meteorite Fall

Winchcombe” by Vollmer and co-workers. Various analyses of this meteorite are underway,

led by a research group in the United Kingdom. It is of high scientific descriptive value

because of its rapid and reliable analysis for light elements and prebiotic organics while

minimizing exposure to the Earth's atmosphere. Among these, the authors have

investigated non-destructive spectroscopic measurements with microscopic observation in

order to decipher the characteristics of carbonaceous meteorites from their organic-specific

spectra. In particular, the careful spectroscopic measurement of the nitrogen band and the

highly accurate data describing its distribution is a unique study. It is expected that the

following main points should be fitted to the latest knowledge. In other words, it is meant

to be a complementary opinion to make the value of Winchcombe and those new findings

robust.

[2] Lines 2-4, 18-25 : Perhaps there was a slight gap between the timing of the submission

of this paper and the publication of the findings discussed below. The authors mention at

the beginning of the abstract that they have identified amino acids from Winchcombe

meteorite. Amino acids are compounds with amino and carboxyl groups (refs. 44, 45). The

presence of their individual polar functional groups is frequently observed in various

spectroscopies. On this context, the complementary evaluation with the previously reported

identification of amino acid molecules by destructive analysis is also convincing. The water

content of the meteorite would be one reference for estimating the history of aqueous

alteration (ref. 43). In this sense, comparative feedbacks with Bates et al. 2023 & Daly et

al. could be discussed complementary.

-Bates, H.C., King, A.J., Shirley, K.S. et al. (2023) The bulk mineralogy, elemental

composition, and water content of the Winchcombe CM chondrite fall. Meteoritics &

Planetary Science, doi: 10.1111/maps.14043.

-Daly, L., Suttle, M. D., Lee, M. R. et al. (2023) Nano-Scale Heterogeneity in the Extent of

Aqueous Alteration within the Lithologies of the Winchcombe CM Carbonaceous Chondrite.

Meteoritics & Planetary Science.

[3] Lines 21-27: Based on the non-destructive measurement, the authors discuss

indigenous SOM (refs. 44, 45) and IOM profiles (e.g., STXM data interpretation) throughout

the paper. In particular, I would add the need for verification of consistency with the latest

findings on IOM to feedback on the present data.

-Sephton, M.A., Chan, Q.H., Watson, J.S. et al. (2023) Insoluble macromolecular organic

matter in the Winchcombe meteorite. Meteoritics & Planetary Science, doi:

10.1111/maps.13952.

[4] Lines 37-48: I think that that the early view literature describing the process of survey,

sampling, initial evaluation, and curation immediately after the Winchcomb meteorite fall is

an important paper in terms of assuring the value of the sample.

-Russell, S.S., King, A.J., Bates, H.C. et al. (2023) Recovery and curation of the Winchcombe

(CM2) meteorite. Meteoritics & Planetary Science, doi: 10.1111/maps.13956.

[5] The authors mention nitrogen (N)-containing heterocyclic compounds in samples

returned from carbonaceous meteorites and carbonaceous asteroids (refs. 24-27, 48). Their

point of view is very interesting for astrochemistry and prebiotic molecular evolution. On

the other hand, however, it may be necessary to provide additional explanation as to

whether or not the signal attribution of imino groups (e.g., -C=N-) derived from

heterocyclic compounds can be evaluated with any degree of accuracy in the present



spectroscopic measurements. In fact, nitrogen (N) exists in various chemical forms such as

ammonia (NH4+), amine (-NH2), imine (-C=N-), or nitrate (-NOx) forms. Would it be

possible to show an organized (e.g., table data) list of the raw values of the spectral chart?

I would like to suggest that the key points of the qualitative attribution of this nitrogen

signal be described in the results of the main text or in the SI script.

That’s all, thank you.

Reviewer #3 (Remarks to the Author):

Review of the paper "High-spatial resolution functional chemistry of nitrogen compounds in

the observed UK meteorite fall Winchcombe" by Vollmer et al. for Nature communications.

This article reports a systematic organics study of several FIB sections from the recently

felled UK meteorite Winchcombe. I have no doubt that the Winchcombe is very important

and expand for our understanding of the formation and nature of the Solar System. I

believe that this work will be of substantial interest to the extraterrestrial and planetary

science communities. I think Nature communications is a good target after minor revision.

1. noteworthy results

The authors presented functional chemistries of carbon and nitrogen, and micro-scale

textural characterizations of several FIB sections from the Winchcombe meteorite. They

showed that the samples have imine and nitrile functions based on analyses by

SuperSTEM-EELS and SR-based STXM-XANES at a sub-micrometer scale. This important

finding could derive better understanding of evolution of life-related organics in a

carbonaceous body. In fact, after a flinging of Uracil (C4H4N2O2, Oba et al., Nat. Comm,

2023) in Ryugu samples which is one of the four nucleobases in ribonucleic acid,

nitrogen-bearing organics in less or uncontaminated extraterrestrial materials draws our

attention of astrobiology point of view.

2. Will the work be of significance to the field and related fields? How does it compare to

the established literature? If the work is not original, please provide relevant references.

The characterization of Winchcombe meteorite sample with minimal terrestrial

contamination is extremely important because we can analyze uncontaminated Ryugu

samples at the same time and compare each other. These two carbonaceous materials

expand our knowledge about extraterrestrial organics and astrobiology. Therefore, this

manuscript is highly related with our planetary science community. So, my impression of

this manuscript is unique and relevant. All cited references look OK for me.

3. Does the work support the conclusions and claims, or is additional evidence needed?

Agree with authors conclusions. Personally, I would like to see hydrogen, carbon and

nitrogen isotopic compositions of C-rich area in FIB sections, especially ROI containing

imine and nitrile functions. Those isotopes may help to decipher nature, origin and

evolutional history of organics having imine and nitrile functions. If authors have a chance

to access to NanoSIMS, please conduct isotope imaging analyses. This improved the

manuscript.

4. Are there any flaws in the data analysis, interpretation and conclusions? Do these

prohibit publication or require revision?



I think that data analysis, interpretation and conclusions are good. However, I have some

questions regarding STXM analysis of the sample. Please see my questions/comments

below.

5. Is the methodology sound? Does the work meet the expected standards in your field?

Methodology is appropriate, and the original data included in the manuscript are

high-quality by a well-designed analytical approach. I would appreciate if authors could

describe more details about FIB methodology to the Winchcombe even author cite a proper

reference.

6. Is there enough detail provided in the methods for the work to be reproduced?

I think that authors described enough information of their analytical approach to observe C

and N functional groups by STXM-XANES and EELS data by sub-micrometer resolution

SuperSTEM.

I have some questions/comments below. Overall, the manuscript is well written, the

quality and presentation of the data is excellent, and the results have important

implications. One additional point would be the asteroid Bennu (CM-type by spectroscopic

study on board) samples by NASA O-Rex mission. I think that it would be nice to mention

possible genetic link to asteroid Bennu even a little bit specuration.

1. If I remember correctly, a STXM is not a sensitive to nitrogen. It requires a few wt% to

detect N-bonding peaks with proper signal-to-noise ratio.

2. Please see reference Zubavichus et al (2005, Innershell Absorption Spectroscopy of

Amino Acids at All Relevant Absorption Edges. J. Phys. Chem. A, 109, 6998-7000) for amino

acid study with STXM C and N-XANES. There is a combination of C and N-XANES spectrum in

each amino acid.

3. P5, L106: It is better to have a proper reference for “because aliphatic functional groups

are easily disturbed by alteration reactions”. Alteration reactions of what?

4. P6, L111: Please clarify this statement of “the STXM analyses did not modify the OM of

those lamellae”. C-XANES of FIBW-02 by STXM and that of EELS look different to me, for

example, (1) the ratio between 285.0eV and 286.5eV, and (2) no 286.6eV peak (or just a

sholder?) in FIBW-02 by STXM but that in FIBW-02 by EELS (indicating as arrow in Fig. 6).

Could this be some modification during electron and/or photon irradiation? Please see

reference “Wang et al., 2009, Radiation damage in soft X-ray microscopy. Journal of

Electron Spectroscopy and Related Phenomena 170 (2009) 25–36”. In fact, from my

experience of C-XANES analysis of Ryugu FIB samples, there were obvious modification in

286.6eV peak (aliphatic) by photon irradiation during STXM analysis. I think that it is better

to describe photon and electron doses during your analysis with STXM and EELS.
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Detailed response to the reviewers´ points (original comments in italics) 

Reviewer #1

The claim that measurements represent the first high-resolution detection of N-rich organic 
compounds in an unprocessed meteorite sample is incorrect; the results are not the first 
demonstrating N-rich compounds at high resolutions. 

We feel this comment incorrectly characterizes the findings and claims of our submitted 
manuscript. We do not claim at any point that this paper presents the first ever identification 
of N-rich compounds in a meteorite sample. Rather, we highlight the first identification of 
specific N-containing organic compounds such as amino acids and nucleobases in a 
minimally processed sample, i.e., in a sample for microscopic observation produced in a way 
that preserves the petrographic context of the analyzed organic matter and without the use 
of any harsh acid or solvent treatment. Furthermore, N K EELS data at the energy resolution 
of our monochromated instrument has not been reported to date by any other similar work 
on meteoritic organics. 

The reviewer refers to Fig. 3 in the Alexander et al. (2017) review. From a technical point of 
view, we note that Fig. 3 of this paper only shows N-XANES spectra, and that no EELS data 
is reported therein. Irrespective of the technique used, we argue that this dataset is not 
directly comparable to ours, because: 1) we are able to identify bands above 400 eV (using 
monochromated EELS) and 2) we have solely analyzed minimally processed, i.e., FIB-
prepared organic grains and not IOM. Specifically, g[X viX\aw VheiX \a >\Z+ 0e of that paper 
shows a (rather noisy) N-K XANES edge, which in principle could be compared to our data, 
as it too was obtained from a FIB-prepared sample. However, it does not show any distinct 
absorption feature above 400 eV, which is the partial focus of our analysis. It is true that the 
N-XANES of extracted IOM in this figure shows some features above 400 eV that might also 
be assigned to other N-bearing compounds. But not only is this not discussed explicitly by 
Alexander et al. in their review, this is also in a v[XTi\_l cebVXffXWw) \+X+) TV\W-treated IOM 
residue. 

Once more, we never questioned the prior detection of N-compounds in processed samples, 
where concentrations are enriched. Similarly, the imine and nitrile bands below 400 eV have 



been detected before by several authors with similar techniques, and we never claimed to 
be the first to identify those bands below 400 eV. However, we argue that our detection of 
bands above 400 eV is the first by monochromated EELS (thanks, as we describe, to the 
use of direct-electron detectors) \a T v`\a\`T__l cebVXffXWw fT`c_X) \+X+) j\g[bhg g[X hfX bY
any acid or solvent treatment. 

In both the submitted manuscript and the Alexander et al. paper, the samples were prepared 
as FIB lift-out lamella. The FIB preparation does preserve the petrographic context, but it is 
not unprocessed. The use of “unprocessed” was perhaps intended to mean without exposure
to solvents involved in the isolation of the organic components from the meteorite minerals. 
However, it would more accurate to say FIB-extracted, rather than unprocessed. 

L[\f \f VXegT\a_l gehX7 ab fT`c_X \f vhacebVXffXWw \a T fge\Vg fXafX+ OX [TiX V[TaZXW g[\f
gXe` gb v`\a\`T__l cebVXffXWw g[ebhZ[bhg ghe manuscript, and we have added a note in the 
\agebWhVg\ba gXkg gb V_Te\Yl j[Tg jX WXY\aX Tf v`\a\`T__l cebVXffXWw TaW j[l \g `TggXef+

The manuscript asserts that the monochromated STEM-EELS data can be used to map the 
concentration of amino acids and nucleobases in meteoritic OM, but does not provide 
convincing evidence of unique detection of amino acids or nucleobases. The extracted N K-
edge EELS spectra (Fig. 7) show convincing evidence for immine and nitrile groups, similar 
to those in Alexander et al. 2007 (Fig. 3). 

We respectfully disagree with this comment. On the one hand, we point out that we only 
claim to report ba g[X v\WXag\Y\VTg\baw bY g[XfX F-containing compounds on a qualitative basis, 
abg ba v`Tcc\aZw their concentration. Concentrations are indeed low, and we felt the 
quantification from N-K edge EELS data was too noisy to be reliable, even if it agreed 
qualitatively with the quantification procedures for carbon functional groups using the carbon 
K edge data that we do report in the manuscript. 

As stated above, the identification of imine and nitrile functional groups is not new to this 
paper and has been achieved before, albeit mostly in highly processed IOM samples. 
Nevertheless, we agree with the reviewer that the identification of amino acids and 
nucleobases in this minimally altered sample is based on noisy spectra. Nevertheless, we 
feel that the interpretation is reliable and that the detection, however subtle it may be, would 
not have been possible through other techniques and thus is worth reporting in this paper. 
Please see our comments below about the processing routines we have applied to the 
spectra and why we believe that comparing the signal in both raw and processed data 
demonstrate a convincing identification. In particular, additional processing of the data using 
machine learning and statistical analysis does point to spatially resolved variation across the 
observed fields of view of the fine structure associated with the L-Alanine band, thus 
suggesting that nm-scale mapping of functional chemistry in meteoritic samples may be 
possible using our combination of techniques. 

The identification of spectral features above 400 eV assigned to amino and other groups are 
highly speculative, and may in fact be artifacts of the smoothing window chosen for the 
Savitkzy-Golay spectral processing.

In order to clarify any concerns regarding the N K EELS data interpretation we have 
introduced a section on EELS data processing in the Supplementary Information file. We 
note that the bands in the N K spectra were evaluated and interpreted from in the PCA 
denoised data only, and the Savitzky Golay smoothed lines are predominantly added as a 
Zh\WX gb g[X eXTWXeyf XlX) Tf WhX gb fcTVX eXfge\Vg\baf \a g[X Y\aT_ c_bg jX YX_g g[X YXTgheXf



were not as obvious as when inspecting the data on a large screen (this is explicitly 
mentioned in the Methods section). 

In the new Figure S8 we plot the very same N K spectra using different levels of spectral 
smoothing. We would argue that the observed spectral features, here marked with grey 
bands for reading convenience, are quite distinguishable above the noise level and distinct, 
even with no line smoothing. In fact, the level of noise of the peaks at higher energies (e.g. 
405.9 and 406.9 eV) is similar to that of the t* bands at 398.8 and 399.8 eV, respectively, 
and therefore very convincing in our eyes.  

To further highlight the validity of our observations we have also introduced a new Figure 
S9, showing additional statistical analysis of raw N-K EELS data using Blind Source 
Separation (BSS) algorithms as implemented in the Hyperspy code 
(https://10.5281/zenodo.7263263). BSS, a machine learning technique widely used across 
many fields dealing with spectroscopy data, allows for the unmixing of original source signals 
from their intermixed observations (https://doi.org/10.1016/C2020-0-01790-1). The 
additional analysis presented here shows subtle but clear nanoscale variations of the N K 
fine structure within the organic grain, especially at energies above 400eV. The peak at 405.9 
eV is particularly prominent in one of the two statistically identified components, which further 
highlights that the observed features are real and not processing artefacts, and that our 
approach does in fact provide the ability to observe spatial variations on the nanoscale of the 
identified N-containing spectral bands. 

Furthermore, in all previous work, N-K edge extended fine structure above 400 eV rarely 
showed any bands by EELS. The bands detected here, while noisy, are certainly above the 
background level in contrast to previous work e.g., Fig. 3e of the aforementioned Alexander 
et al. 2017 paper. 

Data from compound-specific mixtures to establish detection limits and preservation through 
exposure to the x-ray, ion and electron beam exposures are needed to provide adequate 
confidence in the detection of amnio acids and nucleobases. 

It is certainly true that it would be desirable to acquire EELS spectra over a whole range of 
N-bearing reference standards that would also cover the complex chemistry of 
extraterrestrial OM. But this is far beyond the scope of the present paper and would require 
a complete research project of its own. See, for example, the reference papers of Leinweber 
et al. (2007) or more recent work about core-loss C-K edge EELS on polymers (Colby et al. 
Ultramicroscopy 2023) which showcase such extensive work. 

Perhaps more crucially, we would like to stress that meteoritic OM is a highly complex 
material, as also clearly evidenced by data in Figure S9 discussed in the response to the 
previous question. Consequently, the positions of relevant bands may not fit perfectly to the 
assignments from reference papers (e.g., Leinweber et al. 2007), which will have been 
TVdh\eXW ba cheX xfgTaWTeWfy) \a [\Z[_l Vbageb__XW VbaW\g\baf+ L[XeXYbeX) UTaW cbf\g\baf bY F-
containing compounds identified here are likely spread over a widened energy range due to 
local heterogeneity, rather than restricted to exact values from the literature.  

9Vdh\e\aZ T eTaZX bY cheX fgTaWTeWf) be v`\kgheX fgTaWTeWfw) j[\_X jbeg[j[\_X Ybe g[X
community to, e.g., explore the detectability and beam sensitivity of given compounds using 
monochromated STEM-EELS, would only serve here to reproduce broad band assignments 
that are readily found in the literature, without providing further interpretability of the present 
data.  

In the updated version of the manuscript, we have modified Fig. 8 and used small windows 
over respective band positions to make the assignments and their slightly wide-band nature 
clearer to the reader. 



The soluble organic compounds are at much lower abundance, and are much more 
susceptible to damage than the insoluble compounds, and thus the reported detection is not 
convincing. 

We would argue that it is in fact not really known what concentrations of SOM and IOM are 
present in organic matter that is observed in polished sections of extraterrestrial samples. 
This is because those two assignments are based on work carried out on extracted materials 
by acids and solvents, the very issue that the present work is aiming to avoid by studying 
less invasively processed samples.  

In organic grains within meteorites, for example, nitrogen concentrations may vary from 
below detection limit to over 10 at. %, and it is likely that N-containing compounds with 
soluble AND insoluble character contribute to this signal. The fact that the soluble 
components are more susceptible to damage is an even better argument for analyses like 
the one presented here on minimally processed materials, because it is likely that less 
material is lost compared to other work using solvent extraction.  

We have added a sentence to the introduction to make this argument and further motivate 
the use of minimally processed samples for this kind of analysis. 

Better presentation of the data processing, e.g., exactly what PCA and smoothing 
parameters were used, and use of analog standards for validation could substantially 
improve the manuscript. 

Please see our comments above about the PCA smoothing parameters: a new section on 
data processing was added to the Supplementary Information, alongside additional statistical 
analysis of the data using machine learning and blind source separation techniques. While 
we agree that the availability of standards would be desirable, not only would this require a 
research project of its own, as stated above, the in-depth processing provides in our eyes a 
far more convincing demonstration of the reliability of the presented data. This is because 
meteoritic OM is a complex material, and even the analysis of reference standards and pure 
substances (of amino acids, for example) would not be directly comparable to the spectra 
reported here. 

Reviewer #2 

The water content of the meteorite would be one reference for estimating the history of 
aqueous alteration (ref. 43). In this sense, comparative feedbacks with Bates et al. 2023 & 
Daly et al. could be discussed complementary. 

We do cite the Bates et al. (2023) paper and also refer to that paper in the relevant section, 
although it is not directly relevant to our paper because it reports on bulk properties of 
Winchcombe. Because we do not aim at nor provide data relevant to a comprehensive 
discussion of aqueous alteration effects on Winchcombe, we only refer to that work in one 
paragraph and feel an extension of this discussion would be too speculative and would 
haaXVXffTe\_l _XaZg[Xa g[X v<\fVhff\baw fXVg\ba bY g[e manuscript. 

We thank the reviewer for drawing our attention to the work of Daly et al. (2023). Despite our 
best efforts, we could not find any published or pre-print version of this paper, and we 
therefore believe it is not published yet and is still under review at the time writing. We would 
be happy to add a reference to it if it becomes available in time for the publication of our 
work. 



Based on the non-destructive measurement, the authors discuss indigenous SOM (refs. 44, 
45) and IOM profiles (e.g., STXM data interpretation) throughout the paper. In particular, I 
would add the need for verification of consistency with the latest findings on IOM to feedback 
on the present data. 

We have added the suggested reference to Sephton et al. (2023) about IOM investigations 
on Winchcombe and also more explanations. However, that work did not specifically discuss 
N-containing compounds, but rather related the general makeup of Winchcombe IOM to 
other types of chondrites confirming that it is a CM chondrite. Because it is impossible to say 
how exactly IOM and SOM relate to the organic matter described in this work (which is why 
jX eXYXe gb g[\f `TgXe\T_ f\`c_l Tf vGEw be vbeZTa\V ZeT\afw&) W\eXVg Vb`cTe\fba gb bg[Xe jbe^
which deals explicitly with either SOM or IOM extracts, is difficult. 

I think that that the early view literature describing the process of survey, sampling, initial 
evaluation, and curation immediately after the Winchcombe meteorite fall is an important 
paper in terms of assuring the value of the sample. 

We thank the reviewer for this suggestion. We have added the paper by Russell et al. (2023). 

The authors mention nitrogen (N)-containing heterocyclic compounds in samples returned 
from carbonaceous meteorites and carbonaceous asteroids (refs. 24-27, 48). Their point of 
view is very interesting for astrochemistry and prebiotic molecular evolution. On the other 
hand, however, it may be necessary to provide additional explanation as to whether or not 
the signal attribution of imino groups (e.g., -C=N-) derived from heterocyclic compounds can 
be evaluated with any degree of accuracy in the present spectroscopic measurements. In 
fact, nitrogen (N) exists in various chemical forms such as ammonia (NH4+), amine (-NH2), 
imine (-C=N-), or nitrate (-NOx) forms. Would it be possible to show an organized (e.g., table 
data) list of the raw values of the spectral chart? I would like to suggest that the key points 
of the qualitative attribution of this nitrogen signal be described in the results of the main text 
or in the SI script. 

It is true that C-N double bonding environments (i.e., imine functional groups) could also 
derive from the presence of N-heterocycles such as imidazole. We appreciate the suggestion 
of the reviewer and note that, in this instance, they would show absorption features at higher 
energies than we discuss. We have added a comment to clarify this point in the relevant 
paragraph (line 302-304).  

More generally, it is true that nitrogen occurs in various forms, as the reviewer points out. 
We have therefore added a new Table S1 containing the main characteristic bands of the 
extended fine structure in the N-K edge we observe in our data in the SI file, and we discuss 
these and contrast to different forms of nitrogen in the text, for example, the presence of nitro 
groups. 

Reviewer #3 

Personally, I would like to see hydrogen, carbon and nitrogen isotopic compositions of C-rich 
area in FIB sections, especially ROI containing imine and nitrile functions. Those isotopes 
may help to decipher nature, origin and evolutional history of organics having imine and nitrile 
functions. If authors have a chance to access to NanoSIMS, please conduct isotope imaging 
analyses. This improved the manuscript. 



We agree with the reviewer that such information would be extremely valuable, but as they 
point out, this would only be possibly using different techniques such as NanoSIMS. SIMS 
analyses of organic grains are very important, specifically concerning anomalous organic 
hotspots or coldspots with respect to their specific functional chemistry. However, work on 
Winchcombe is an ongoing research project, and while we indeed plan to conduct NanoSIMS 
analyses, they are both time-consuming and mostly independent of the STEM-EELS and 
STXM work presented here, and will fall within the scope of a separate publication.  

It is also true that we could analyze our FIB sections by NanoSIMS, which is geometrically 
challenging, but possible. However, this would destroy the already very thin lamellae, and it 
would preclude any further EELS data acquisition on them. The work presented here aimed 
specifically at the functional chemistry of the Winchcombe OM by high-energy-resolution 
EELS. 

I would appreciate if authors could describe more details about FIB methodology to the 
Winchcombe even author cite a proper reference. 

We have added details on the FIB preparation in the Methodology section of the paper.

One additional point would be the asteroid Bennu (CM-type by spectroscopic study on board) 
samples by NASA O-Rex mission. I think that it would be nice to mention possible genetic 
link to asteroid Bennu even a little bit speculation. 

We have added a sentence concerning the Bennu samples and prospects for similar 
analyses in the last paragraph. 

If I remember correctly, a STXM is not a sensitive to nitrogen. It requires a few wt% to detect 
N-bonding peaks with proper signal-to-noise ratio. 

This is true, which is why STXM N-K edge spectra are typically noisy. This is also why we 
used EELS to extract more information and we focused our analysis of the N-specific data 
on the EELS results (while comparing the C K data obtained across both techniques). 

Please see reference Zubavichus et al (2005, Innershell Absorption Spectroscopy of Amino 
Acids at All Relevant Absorption Edges. J. Phys. Chem. A, 109, 6998-7000) for amino acid 
study with STXM C and N-XANES. There is a combination of C and N-XANES spectrum in 
each amino acid. 

Thank you very much for this suggested reference. We have included it in the reference list 
and also refer to it in our discussion concerning amino acid detection and N-heterocycles 
such as imidazole. It is still very difficult to directly compare such reference spectra of pure 
substances with extraterrestrial organics, specifically because the C-K edge fine structure is 
dominated by the polyaromatic kerogen. 

P5, L106: It is better to have a proper reference for “because aliphatic functional groups are
easily disturbed by alteration reactions”. Alteration reactions of what?

We have specified the alteration reactions and also added references to Ito et al. (2022) 
concerning labile aliphatics bonding environments in Ryugu OM and to Vinogradoff et al. 
(2017). 

Please clarify this statement of “the STXM analyses did not modify the OM of those lamellae”.
C-XANES of FIBW-02 by STXM and that of EELS look different to me, for example, (1) the 



ratio between 285.0eV and 286.5eV, and (2) no 286.6eV peak (or just a sholder?) in FIBW-
02 by STXM but that in FIBW-02 by EELS (indicating as arrow in Fig. 6). Could this be some 
modification during electron and/or photon irradiation? Please see reference “Wang et al.,
2009, Radiation damage in soft X-ray microscopy. Journal of Electron Spectroscopy and 
Related Phenomena 170 (2009) 25–36”.

We certainly agree with the reviewer that observation with STXM can, and does lead to 
radiation damage to samples, as we state on page 11 of the manuscript.  

However, in this specific case, the observed differences may not be due to prior beam 
damage during beamline observation. We believe that while it is true that the C-K edge 
spectra of FIBW-02 by STXM and EELS look different, this is because they have been 
acquired on slightly different areas of that very same lamella. Spatial resolution of the STXM 
analyses is worse than by EELS, and the observed differences underline again the chemical 
complexity of this material on a sub-µm scale and the need to carry out complementary 
observations with high-resolution monochromated STEM-EELS, as well as the value of this 
technique for the field. This can be further highlighted by the C K EELS edges acquired from 
different parts of the FIBW-02 lamella plotted in Figure S2 of the Supplementary information 
Y\_X+ L[\f iTe\TU\_\gl \f W\fVhffXW ba cTZX 3 bY g[X `TahfVe\cg) j\g[\a g[X vGeZTa\V `TggXe ;
K-XWZX YhaVg\baT_ V[X`\fgelw fXVg\ba) j[XeX g[X `beX _bVT_\mXW Tnalysis enabled by STEM-
EELS is highlighted to FIBW02. 

Furthermore, spectra from lamellae FIBW-07 u FIBW-09, where only EELS has been 
acquired, look very similar to those spectra where both techniques have been applied in 
succession. We have added some more explanations concerning that issue. 

In fact, from my experience of C-XANES analysis of Ryugu FIB samples, there were obvious 
modification in 286.6eV peak (aliphatic) by photon irradiation during STXM analysis. I think 
that it is better to describe photon and electron doses during your analysis with STXM and 
EELS. 

As mentioned above and pointed out by the referee, the aliphatics peak is indeed prone to 
alteration by irradiation. However, our discussion mainly centers around the aromatic and 
the C-O ketone bonding environments, which seem to be more robust as no modification to 
its fine structure was observed in our experiments in spite of repeated data acquisition in 
some areas of the lamella.  

The exact electron dose can vary from dataset to dataset, as it is dependent on the size of 
the scanned area and the duration of the spectrum image acquisition. Nevertheless, the 
order of magnitude of the electron dose remains similar across all our work. The probe 
current was restricted to approximately 3-5 pA using the monochromating slit, providing a 
compromise between energy resolution (70-90 meV, as estimated using the full-width at half-
maximum of the zero-loss peak) and signal level. This current was delivered to the sample 
in a probe of 0.1 nm diameter in size, rastered across large regions of the sample in a sub-
sampled way (that is to say, the distance between pixels in a dataset was larger than the 
probe size: we used typically 1 nm pixels or larger) u which is one of the experimental 
procedures designed to mitigate possible beam damage (so if damage does occur, the 
neighbouring pixel is far enough away that delocalized damage to the sample is limited). For 
a typical dataset, the electron dose per spectrum image is 3-2{.-4 e-/Å2. 



H<L@<M<HI$ :FDD<EJI

HUfYUgUb #- %HU]Qb[c d_ dXU 8edX_b&6

>YfU^ dXU aeQ\Ydi _V dXU TQdQ Q^T dXU `_dU^dYQ\ V_b VebdXUb QTfQ^SU]U^d( @ ^_g bUS_]]U^T

`eR\YSQdY_^ gYdX c_]U ]Y^_b bUfYcY_^c( Qc TUcSbYRUT RU\_g*

C^ .0 6n UhdbQSdUT Ri dXU Q cY]Y\Qb XQbcX UhdbQSdY_^ `b_SUccn JXYc Yc Q ]YcSXQbQSdUbYjQdY_^ _V

dXU IFD Q^T @FD UhdbQSdY_^ `b_SUccUc* JXU IFD Q^T @FD UhdbQSdY_^ `b_SUccUc QbU TYcdY^Sd(

dXU V_b]Ub Y^f_\fY^W c_\fU^dc Q^T dU]`UbQdebUc [^_g^ ^_d d_ Q\dUb dXU Q]Y^_ QSYTc _V

Y^dUbUcd( Q^T dXU \QdUb XQc RUU^ UcdQR\YcXUT d_ RU ]Y^Y]Q\\i Q\dUbY^W d_ dXU @FD

S_]`_^U^dc( gYdX dXU QSYTc `bY]QbY\i QddQS[Y^W dXU ]Y^UbQ\ ]QdbYh* JXUbU Yc ^_ ^UUT d_ ecU

aeQ\YdQdYfU( `UZ_bQdYfU dUb]c ceSX Qc mXQbcXn d_ TU]_^cdbQdU dXQd =@9 UhdbQSdY_^ SQ^

`bUcUbfU c_\eR\U S_]`_^U^dc Q^T `Udb_WbQ`XYS S_^dUhd \_cd Y^ _dXUb ]UdX_Tc* JXU c_\fU^d

UhdbQSdY_^ ]UdX_Tc QbU S_]`\U]U^dQbi Q^T dXU _^\i gQi d_ UcdQR\YcX Re\[ S_]`_cYdY_^* @

ceWWUcd dXU V_\\_gY^W6

@^c_\eR\U _bWQ^YS ]QddUb %@FD& SQ^ RU UhdbQSdUT Vb_] dXU Re\[ cQ]`\U Ri QSYT)TYcc_\edY_^(

gXYSX bUce\dc Y^ Q TU]Y^UbQ\YjUT( S_^SU^dbQdUT _bWQ^YS bUcYTeU V_b VebdXUb cdeTYUc-,(--* 8

dXYbT Q``b_QSX( dXQd `Ub]Ydc \_SQ\ ]UQcebU]U^d _V c_\eR\U Q^T Y^c_Re\U FD gYdXY^ dXU

_bYWY^Q\ `Udb_WbQ`XYS S_^dUhd Ycl

C^ .5)/, JXYc Yc QWQY^ Q ]YcSXQbQSdUbYjQdY_^ _V dXU UhdbQSdY_^ `b_SUcc Qc Q\dUbY^W _V dXU FD(

gXYSX dXU QedX_bc XQfU ^_d cX_g^ Q^T Yc Y^ S_^dbQcd d_ gXQd Yc T_Se]U^dUT Y^ dXU

\YdUbQdebU( V_\\_gUT Ri Q^ _fUbWU^UbQ\YjQdY_^ _V dXU =@9 UhdbQSdY_^ `b_SUccUc Qc T_Y^W ^_

TQ]QWU* JXU Q]_e^d _V TQ]QWU d_ dXU _bWQ^YSc TebY^W dXU =@9 UhdbQSdY_^ `b_SUcc Yc XYWX\i

TU`U^TU^d _^ dXU UhQSd `b_SUTebU V_\\_gUT( Q^T _^ TUdQY\c _V dXU cQ]`\U dXQd QbU ^_d

[^_g^ Q `bY_bY( U*W*( I<D RUQ] Uh`_cebU( S_^TeSdYfYdi _V _bWQ^YS+]QdbYh( Q^T c`USYVYS

cecSU`dYRY\Ydi _V dXU _bWQ^YSc Y^ dXU cQ]`\U*

@^ bUWQbTc d_ dXU =@9 TQ]QWU( dXU ]UdX_Tc cUSdY_^ ^_g `b_fYTUc UhdU^cYfU TUdQY\ _V V_b dXU

=@9 UhdbQSdY_^ `b_SUcc( Red Yc ]YccY^W Q S_e`\U _V SbeSYQ\ `YUSUc _V Y^V_b]QdY_^* @d Yc cdQdUT

dXQd dXU \Q]U\\Q QbU UhQ]Y^UT Ri I<D Qd f_\dQWUc RU\_g 1 [L `bY_b d_ IJND* IY^SU dXU

dXbUcX_\T V_b [^_S[ _^ TQ]QWU V_b ? Y^ _bWQ^YSc Yc Qb_e^T - [L( 1 [L ]Qi ^_d RU \_g

U^_eWX* JXYc S_e\T Uh`\QY^ dXU \_g QRe^TQ^SU _V Q\Y`XQdYS Q^T SQbR_hi\ Ve^SdY_^Q\ Wb_e`c

bU`_bdUT XUbU* ?_gUfUb( Yd Yc ^_d Zecd dXU f_\dQWU Red dXU T_cU dXQd ]QddUbc* JXU T_cU

bUaeYbUT d_ _RdQY^ Q aeYS[( \_g ]QW^YVYSQdY_^ T_Se]U^dQdY_^ Y]QWU Qd 1 [L d_ U^QR\U dXU

IJND Q^T <<CI g_b[ ]YWXd XQfU ^_ TUdUSdQR\U UVVUSdc %TU`U^TY^W _^ dXU cQ]`\U&*

?_gUfUb( @d Yc Q\c_ `_ccYR\U dXQd dXU - [L 8b' Y_^ RUQ] `b_SUccY^W S_e\T SQecU dXUb]Q\

TQ]QWU Q^T \_cc _V dXU Q\Y`XQdYS Q^T :FF? Wb_e`c( YV dXYc ]Y\\Y^W gQc T_^U Qd b__]

dU]`UbQdebU* JXU QedX_bc cX_e\T S\QbYVi dXQd TUdQY\* 8d `bUcU^d( dXUbU Yc ^_d Q TUVY^YdYfU gQi

d_ TUdUb]Y^U UhQSd\i X_g ]eSX TQ]QWU dXU =@9 `b_SUccY^W ]YWXd XQfU SQecUT d_ dXU

cQ]`\Uc Y^ dXYc cdeTi( Q\dX_eWX Yd Yc S\UQb Vb_] dXU bUdU^dY_^ _V `UQ[c RUcYTUc dXU Qb_]QdYS(

Yd Yc ^_d cUfUbU* JXU QedX_bc XQfU ]QTU W__T UVV_bdc d_ ]Y^Y]YjU dXU `_ccYR\U TQ]QWU( Red

^_d Q\\ `QbQ]UdUbc QbU YTUQ\* JXU RUcd c_\edY_^ Yc d_ QTT dXU ]YccY^W TUdQY\c( ^_d _fUbcdQdU

dXU `bYcdY^Ydi S\QY]c( Q^T \UQfU Yd d_ VedebU cdeTYUc d_ S_^VYb] _b ^UWQdYfU dXU ^UW\YWYR\U

Q\dUbQdY_^*

=_b dXU \Y^Uc \.5)/,( @ bUS_]]U^T dXQd dXU QedX_bc Zecd cdYS[ d_ cQiY^W dXQd mMYdX dXYc

Q``b_QSX( Yd Yc `_ccYR\U d_ Y^fUcdYWQdU dXU `Udb_WbQ`XYS S_^dUhd _V dXU FD Qc e^Q\dUbUT Qc

`_ccYR\U Q^T `_dU^dYQ\\i TUdUSd R_dX c_\eR\U Q^T Y^c_\eR\U S_]`_^U^dcn( gXYSX Yc

Y^TYc`edQR\U Q^T Qf_YTc ]Q[Y^W e^ceRcdQ^dYQdUT S\QY]c QR_ed dXU \QS[ _V Q\dUbQdY_^ d_ dXU

_bWQ^YSc Ri dXU =@9 _b TbQ]QdYS Q\dUbQdY_^ Ri dXU c_\fU^d UhdbQSdY_^*



C^ //)/0 mJXU QccYW^]U^dc d_ UYdXUb SQdUW_biln JXYc cdQdU]U^d Yc _ed _V `\QSU Q^T

QddU]`dc d_ `bU)U]`d dXU aeUcdY_^ _V gXUdXUb dXU QccYW^]U^dc _V `QbdYSe\Qb c`USdbQ\

VUQdebUc d_ c_\eR\U S_]`_^U^dc Yc `b_RQR\U( WYfU^ dXU Re\[ bU\QdYfU QRe^TQ^SUc %Re\[

cdeTYUc cX_g dXQd dXU c_\eR\U S_]`_^U^d Yc ]eSX \Ucc QRe^TQ^d dXQ^ dXU Y^c_\eR\U&* @

bUS_]]U^T \UQfY^W dXU aeUcdY_^ _V QccYW^]U^d `b_RQRY\YdYUc d_ dXU TYcSeccY_^ _V dXU

bUce\dc*

FfUbQ\\( dXU E <<CI TQdQ T_ `bUcU^d Q cYW^YVYSQ^d QTfQ^SU _fUb `bY_b ]UQcebU]U^dc(

`QbdYSe\Qb\i gYdX bUWQbT d_ dXU E XUdUb_SiS\U c`USYUc* ?_gUfUb( dXU QccYW^]U^d _V VUQdebUc

d_ Q]Y^_ QSYTc Yc c`USe\QdYfU* @V( Qc dXU QedX_bc S\QY]( dXU UhQSd U^UbWYUc _V dXU E Ve^SdY_^Q\

Wb_e`c SQ^ ]_fU Qb_e^T( Q^T dXUi T_ ^_d ^UUT d_ ]QdSX bUVUbU^SU c`USdbQ UhQSd\i( dXYc

gYTU^c dXU `_dU^dYQ\ bQ^WU _V _dXUb QccYW^]U^dc d_ dXU cQ]U VUQdebUc* JXU _dXUb `b_R\U] Yc

dXQd dXU bU\QdYfU Y^dU^cYdi _V dXU k 0,- UL VUQdebUc d_ dXU Rb_QT VUQdebU Qd k0,1 d_ 0-, UL(

Q^T dXU VUQdebU gYTdX Y^ dXU 0,1 d_ 0-, UL bQ^WU( Yc Y^ TYcQWbUU]U^d gYdX dXU SYdUT

bUVUbU^SU c`USdbQ %bUV 0.( =YW* /&* JXU QedX_bc ]YWXd RU S_bbUSd Y^ dXUYb QccYW^]U^d( Red dXU

TQdQ QbU VQb Vb_] Q TUVY^YdYfU TUdUSdY_^* Di bUS_]]U^TQdY_^ _^ dXYc Yc cY]`\i d_ c_VdU^ dXU

\Q^WeQWU bUWQbTY^W dXYc S\QY]* @d Yc Q TUSU^d dU^dQdYfU QccYW^]U^d* KcU dXU dUb]c( dU^dQdYfU

Q^T mceWWUcdYfU _Vn gYdX dXU QccYW^]U^d( Q^T Yd gY\\ cdY\\ bU]QY^ Y^dUbUcdY^W Q^T `eR\YSQdY_^

g_bdXi*

CQcd\i( d_ QTTbUcc dXU `b_]Y^U^d VUQdebU Y^ dXU IJND Qd k .44*1 dXQd Yc ]YccY^W _b

TbQ]QdYSQ\\i \Ucc `b_^_e^SUT Y^ dXU <<CI TQdQ( @ g_e\T S_]]U^d dXQd dXUbU Yc bUSU^d\i

bUS_W^YjUT YcceU gYdX cUfUbQ\ ci^SXb_db_^ IJND Y^cdbe]U^dc dXQd SQecUc Q^ QbdYVQSd Qd dXYc

U^UbWi bQ^WU* ;ebY^W dXU ?QiQRecQ. Y^YdYQ\ Q^Q\icYc _V @FD( bUcUQbSXUbc ]UQcebY^W dXU

cQ]U cUSdY_^c Qd I`bY^W4 Q^T 8CI ^_dYSUT dXYc QbdYVQSd* IUS_^T _bTUb VUQdebUc Vb_] _hiWU^

QRc_b`dY_^ SQ^ Q``UQb Qd dXYc U^UbWi Qd ci^SXb_db_^c gYdX Q TUcYW^ dXQd T_Uc ^_d Uh`\YSYd\i

Y^S\eTU Q VY\dUb d_ UhS\eTU dXU]* JXYc cX_gc e` Qc Q mcXU\Vn Y^ dXU .44UL d_ .45 UL bQ^WU* @d

Yc `QbdYSe\Qb\i `b_]Y^U^d Y^ =@9 cUSdY_^c Y^ gXYSX dXU _bWQ^YSc QbU ]YhUT gYdX F)bYSX

]Y^UbQ\c* @d SQ^ RU bUTeSUT d_ c_]U TUWbUU dXb_eWX dXU ecU _V E. VY\dUb %WQc RQS[VY\\ Y^ dXU

SXQ]RUb& TebY^W : IJND S_\\USdY_^* @ Q] ^_d c`USYVYSQ\\i QgQbU _V Q^i `eR\YSQdY_^ dXQd

TYcSeccUc dXYc VebdXUb( Red Yd gQc c_]UdXY^W ;QfYT BY\S_i^U d__[ Y^d_ QSS_e^d V_b dXU TUcYW^

_^ 8CI 1*/*. Q^T gQc Q\c_ Y^dUWbQdUT Y^d_ dXU :CI( Red Yc ^_d Y^S_b`_bQdUT Y^d_ ;YQ]_^T _b

I`bY^W4* @d T_Uc ^_d bUce\d Vb_] TQ]QWU d_ dXU cQ]`\U Ri dXU h)bQi RUQ]))) gXYSX g_e\T RU

RUU^ cUU^ Y^ ceRcUaeU^d <<CI ]UQcebU]U^dc* ?Y[Qbe OQRedQ dXU ?QiQRecQ. @FD dUQ] \UQT

SQ^ \Y[U\i `b_fYTU ]_bU Y^V_b]QdY_^ YV ^UUTUT( _b `_ccYR\i ?Qb_\T 8TU gX_ XU\`UT TUcYW^

8CI 1*/*.* K^V_bde^QdU\i ;QfYT BY\S_i^U `QccUT QgQi RUV_bU dXYc ]QTU Yd d_ `bY^d*

HUfYUgUb #/ %HU]Qb[c d_ dXU 8edX_b&6

JXYc Yc ]i cUS_^T bUfYUg _V dXYc ]Q^ecSbY`d TUTYSQdUT d_ dXU Ve^SdY_^Q\ SXU]YcdbYUc Y^

^Ydb_WU^)RUQbY^W _bWQ^YSc _V MY^SXS_]RU ]UdU_bYdU Ri L_\\]Ub Q^T S_\\UQWeUc*

JXU QedX_bc XQfU QTTbUccUT S_]]U^dc Ri ]icU\V Q^T @o] XQ``i d_ bUS_]]U^T `eR\YSQdY_^

Y^ EQdebU S_]]e^YSQdY_^c* @ _^\i XQfU ]Y^_b S_]]U^dc RU\_g %@ ecUT

00-/.1P-P]UbWUTP-255.31505*`TV&*

-* dYd\U6 @ dXY^[ dXQd Yd Yc RUddUb d_ TU\UdU XYWX)c`QdYQ\ bUc_\edY_^ Vb_] dXU dYd\U* Aecd Q^ YTUQ

d_ U]`XQcYjU Y]`_bdQ^SU _V ^Ydb_WU^ Ve^SdY_^Q\ SXU]Ycdbi _V MY^SXS_]RU _bWQ^YSc*



.* @^db_TeSdY_^6 @d Yc RUddUb d_ XQfU Q `b_`Ub bUVUbU^SU QVdUb "l_V gXYSX Q cYW^YVYSQ^d

VbQSdY_^ Yc _bWQ^YS ]QddUb %FD&"

/* @ Q] RYd S_^VecUT dXQd i_e gb_dU mQc gU\\ Qc e\dbQ)XYWX U^UbWi bUc_\edY_^ %p< 7 ,*-UL V_b

R_dX IJND Q^T <<CI&nY^ G1* ?_gUfUb( i_e gb_dU Q^ U^UbWi bUc_\edY_^ _V IJND %,*- UL _b

,*.),*1UL Y^ G.-( ISQ^^Y^W JbQ^c]YccY_^ N)bQi DYSb_cS_`i&* @V @ bU]U]RUb S_bbUSd\i( Q^

<<CI cicdU] T_Uc ^_d Q\\_g d_ QSaeYbU ceSX Q XYWX U^UbWi bUc_\edY_^ \Y[U ,*-UL( Y^ WU^UbQ\

Yd Yc ,*/UL gXYSX Yc UaeYfQ\U^d d_ =<)We^ ^_]Y^Q\ U^UbWi c`bUQT* 9ed @ ]Qi RU gb_^W*
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Reviewer #1 

?Z ,. 2j Rd`^NP`RQ Oe `UR N _VYVXN^ UN^_U Rd`^NP`V[Z \^[PR__j GUV_ V_ N YV_PUN^NP`R^VfN`V[Z [S
the SOM and IOM extraction processes) %h& I suggest the following: Insoluble organic matter 
(IOM) can be extracted from the bulk sample by acid-dissolution, which results in a 
demineralized, concentrated organic residue for further studies10,11. A third approach, that 
permits local measurement of soluble and insobule OM within the original petrographic 
P[Z`Rd` V_hj

We agree with the reviewer`s suggestion and apologize for this qualitative statement. We 
have adopted the suggested changes in the manuscript. 

Ln 29-30 This is again a mischaracterization of the extraction process as altering of the OM, 
which the authors have not shown and is in contrast to what is documented in the literature, 
S[XX[cRQ Oe NZ [bR^TRZR^NXVfN`V[Z [S `UR 9<5 Rd`^NP`V[Z \^[PR__R_ N_ Q[VZT Z[ QNYNTR) %h&

We have adopted the suggested change. 

In regards to the FIB damage, the methods section now provides extensive detail of for the 
9<5 Rd`^NP`V[Z \^[PR__' Oa` V_ YV__VZT N P[a\XR [S P^aPVNX \VRPR_ [S VZS[^YN`V[Z) %h& The best 
solution is to add the missing details, not overstate the pristinity claims, and leave it to future 
studies to confirm or negative the negligible alteration. 

We agree, and we should have been more concise: the FIB process (or any sample 
preparation) can never be completely devoid of damage. Not only are dose and voltage 
crucial for keeping the samples as unaffected as possible, it is indeed likely that H atoms are 
the first to be lost – although not completely as the ELNES fine structure observed would 
otherwise not contain those spectral bands identified as corresponding to specific functional 
groups. 

We have added details on the Ar treatment to the FIB Methods section, as it has been widely 
shown to result in quantifiable improvement in sample surface quality and in a reduction of 
Ga-exposure-related damage, certainly in the field of semiconductors. Relevant references 
have been added – and we note that further exploration of these effects for organics, and 
the use of cry-FIB, as the referee suggests, may lead to further improved methodologies.  

We also detailed in the Methods section how SEM exposure was specifically minimized to 
avoid electron beam exposure effects following the final thinning steps. 
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to pre-empt the question of whether the assignments of particular spectral features to soluble 
components is probable, given the bulk relative abundances (bulk studies show that the 
soluble component is much less abundant than the insoluble). I recommend leaving the 
question of assignment probabilities to the discussion of the results. 

We have deleted this statement. 

Overall, the N EELS data do present a significant advance over prior measurements, 
particularly with regard to the N heterocycle species. However, the assignment of features 
to amino acids is speculative. If, as the authors claim, the exact energies of the N functional 
groups can move around, and they do not need to match reference spectra exactly, this 
widens the potential range of other assignments to the same features. The other problem is 
that the relative intensity of the ~ 401 eV features to the broad feature at ~405 to 410 eV, 
and the feature width in the 405 to 410 eV range, is in disagreement with the cited reference 
spectra (ref 42, Fig. 3). The authors might be correct in their assignment, but the data are far 
from a definitive detection. My recommendation on this is simply to soften the language 
regarding this claim. It is a decent tentative assignment. Use the terms, tentative and 
i_aTTR_`VbR [Sj cV`U `Ue assignment, and it will still remain interesting and publication worthy. 

We are absolutely aware of the fact that detected amino acid bands are rather tentative. In 
the modified manuscript we have softened our language accordingly. We stress again, 
however, that the shapes of spectra from pure substances as in the Leinweber et al. paper 
(Ref 42) cannot be directly compared to those of complex OM in meteorites. 

Lastly, to address the prominent feature in the STXM at ~ 288.5 that is missing or 
dramatically less pronounced in the EELS data, I would comment that there is recently 
recognized issue with several synchrotron STXM instruments that causes an artifact at this 
RZR^Te ^NZTR) %h&

This comment is difficult to address, because we argue in the paper on the contrary that 
STXM and EELS data are rather similar in that respect and that the 288.5 feature is not that 
very prominent in both STXM and EELS. Even more so, the fact that we do not see this 
feature in EELS, where no such instrumental artefact is expected, means that this is new 
information that STXM would not have been able to uncover. Our results therefore suggest 
the low signal intensity at 288.5 eV is ‘real’. In any case, this comment is also difficult to adopt 
because there is no reference we could cite, and it is a very recent observation and further 
work is needed to confirm or refute this observation. We would therefore simply leave our 
argumentation as it is. 

Reviewer #3 

1. title: I think that it is better to delete high-spatial resolution from the title. Just an idea to 
emphasize importance of nitrogen functional chemistry of Winchcombe organics. 

We would still like to stick to our original title to emphasize the fact that we performed our 
analyses in minimally processed samples in contrast to functional chemistry observations on 
bulk and extracted samples. 
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is organic matter (OM)" 



We have shifted the references from the following sentence to this position. 

-) < NY OV` P[ZSa_RQ `UN` e[a c^[`R iN_ cRXX N_ aX`^N-UVTU RZR^Te ^R_[Xa`V[Z %p8 3 *)+RI S[^
O[`U FGK@ NZQ 88?F&jVZ C/) ;[cRbR^' e[a c^[`R NZ RZR^Te resolution of STXM (0.1 eV or 
0.2-0.5eV in P21, Scanning Transmission X-ray Microscopy). If I remember correctly, an 
EELS system does not allow to acquire such a high energy resolution like 0.1eV, in general 
it is 0.3eV which is equivalent to FE-gun nominal energy spread. But I may be wrong. 

The referee is correct in that the native energy spread of a cold field emitter (CFEG) is indeed 
~0.3eV. However, as explained in the methods section and in the main text, our results were 
acquired in a specialized STEM instrument, which is equipped with an advanced 
monochromator for high resolution EELS measurements (with achievable resolutions 
currently ~5meV at 60kV acceleration voltage: see for instance N. Dellby et al., Microscopy 
& Microanalysis 26, S2, 1804-1805, 2020).  

However, rather than the record 5meV our instrument is capable of, the experiments here 
were performed at 50-90meV energy resolution as set by the monochromator selection slit, 
which matches the widest expected spectral feature in this range (due to a range of physical 
effects, such as lifetime broadening). This choice also offers an optimized balance between 
energy resolution and beam current, to help with signal detectability. 


