
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



Web links to the author’s journal account have been redacted from the decision letters as indicated 

to maintain confidentiality. 



21st Oct 21 

Dear Mr Walton,  

Your manuscript titled "Ancient and recent collisions revealed by phosphate minerals in the 

Chelyabinsk meteorite" has now been seen again by the same 2 reviewers that reviewed your earlier 

submission to another Nature Portfolio journal. I include their comments at the end of this message. 

They find your work of interest, but Reviewer #2 raises some important points. We are interested in 

the possibility of publishing your study in Communications Earth & Environment, but would like to 

consider your responses to these concerns and assess a revised manuscript before we make a final 

decision on publication.  

We therefore invite you to revise and resubmit your manuscript, along with a point-by-point 

response that takes into account the points raised. Please highlight all changes in the manuscript 

text file.  

In addition, please ensure that the revised manuscript meets the following editorial thresholds:  

**Present a compelling collisional history of the Chelyabinsk meteorite based on thorough 

microtextural investigation and geochronological analyses. This will require either further 

microstructural analyses including additional samples (as requested by Reviewer #2) or a robust 

defense of your existing approach.  

**Fully discuss collision dates reported in existing literature when proposing your collisional history 

of the Chelyabinsk meteorite.  

We are committed to providing a fair and constructive peer-review process. Please don't hesitate to 

contact us if you wish to discuss the revision in more detail.  

Please use the following link to submit your revised manuscript, point-by-point response to the 

referees’ comments (which should be in a separate document to any cover letter) and the 

completed checklist:  

[link redacted]  

** This url links to your confidential home page and associated information about manuscripts you 

may have submitted or be reviewing for us. If you wish to forward this email to co-authors, please 

delete the link to your homepage first **  

We hope to receive your revised paper within six weeks; please let us know if you aren’t able to 

submit it within this time so that we can discuss how best to proceed. If we don’t hear from you, and 

the revision process takes significantly longer, we may close your file. In this event, we will still be 

happy to reconsider your paper at a later date, as long as nothing similar has been accepted for 

publication at Communications Earth & Environment or published elsewhere in the meantime.  

We understand that due to the current global situation, the time required for revision may be longer 

than usual. We would appreciate it if you could keep us informed about an estimated timescale for 

resubmission, to facilitate our planning. Of course, if you are unable to estimate, we are happy to 
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accommodate necessary extensions nevertheless.  

Please do not hesitate to contact me if you have any questions or would like to discuss these 

revisions further. We look forward to seeing the revised manuscript and thank you for the 

opportunity to review your work.  

Best regards,  

Joe Aslin  

Associate Editor,  

Communications Earth & Environment  

https://www.nature.com/commsenv/  

Twitter: @CommsEarth  

EDITORIAL POLICIES AND FORMATTING  

We ask that you ensure your manuscript complies with our editorial policies. Please ensure that the 

following formatting requirements are met, and any checklist relevant to your research is completed 

and uploaded as a Related Manuscript file type with the revised article.  

Editorial Policy: <a href="https://www.nature.com/documents/nr-editorial-policy-

checklist.zip">Policy requirements </a>  

Furthermore, please align your manuscript with our format requirements, which are summarized on 

the following checklist:  

<a href="https://www.nature.com/documents/commsj-phys-style-formatting-checklist-

article.pdf">Communications Earth & Environment formatting checklist</a>  

and also in our style and formatting guide <a href="https://www.nature.com/documents/commsj-

phys-style-formatting-guide-accept.pdf">Communications Earth & Environment formatting 

guide</a> .  

*** DATA: Communications Earth & Environment endorses the principles of the Enabling FAIR data 

project (http://www.copdess.org/enabling-fair-data-project/ ). We ask authors to make the data 

that support their conclusions available in permanent, publically accessible data repositories. (Please 

contact the editor if you are unable to make your data available).  

All Communications Earth & Environment manuscripts must include a section titled "Data 

Availability" at the end of the Methods section or main text (if no Methods). More information on 

this policy, is available at <a href="http://www.nature.com/authors/policies/data/data-availability-

statements-data-citations.pdf">http://www.nature.com/authors/policies/data/data-availability-

statements-data-citations.pdf</a>.  

In particular, the Data availability statement should include:  

- Unique identifiers (such as DOIs and hyperlinks for datasets in public repositories)  

- Accession codes where appropriate  



- If applicable, a statement regarding data available with restrictions  

- If a dataset has a Digital Object Identifier (DOI) as its unique identifier, we strongly encourage 

including this in the Reference list and citing the dataset in the Data Availability Statement.  

DATA SOURCES: All new data associated with the paper should be placed in a persistent repository 

where they can be freely and enduringly accessed. We recommend submitting the data to discipline-

specific, community-recognized repositories, where possible and a list of recommended repositories 

is provided at <a 

href="http://www.nature.com/sdata/policies/repositories">http://www.nature.com/sdata/policies/

repositories</a>.  

If a community resource is unavailable, data can be submitted to generalist repositories such as <a 

href="https://figshare.com/">figshare</a> or <a href="http://datadryad.org/">Dryad Digital 

Repository</a>. Please provide a unique identifier for the data (for example a DOI or a permanent 

URL) in the data availability statement, if possible. If the repository does not provide identifiers, we 

encourage authors to supply the search terms that will return the data. For data that have been 

obtained from publically available sources, please provide a URL and the specific data product name 

in the data availability statement. Data with a DOI should be further cited in the methods reference 

section.  

Please refer to our data policies at <a 

href="http://www.nature.com/authors/policies/availability.html">http://www.nature.com/authors/

policies/availability.html</a>.  

REVIEWER COMMENTS:  

Reviewer #1 (Remarks to the Author):  

After having read the Rebuttal to both reviewers' comments (including mine, R1), it is my opinion 

that the work was adequately and appropriately restructured to warrant acceptance.  

It is not obvious to me, however, that this journal is appropriate to the CONTENT, in that the subject 

matter of the paper covers neither either "Earth" nor "Environment". Publication of the paper may 

reach those who work on meteoritics, but frankly, I find it to be an odd choice of platform.  

Reviewer #2 (Remarks to the Author):  

The paper presents study of phosphates in Chelyabinsk chondritic meteorite. Chelyabinsk is a 

shocked LL chondrite. It contains clasts with slightly different impact record – a natural feature of 

shocked chondrites which results from complex nature of shock process and from multiple 

deformational events potentially experienced by meteorites. The issue of multiplicity and complexity 

of impacts in chondritic meteorites received little scientific attention so far. It is probably mainly 

because complex approaches are needed to decipher overprinted events. As I understand the paper, 

the Authors propose a tool to address this problem. I find it worth exploring and, eventually, 

publishing, but not necessarily in Nature-family journal at current stage. The goal of the paper is to 

find relationship between deformation of the phosphates and the U-Pb age returned from dating. It 



is well known that impact shock events disturb isotopic systems of low-temperature closure 

minerals like phosphates. But to what level, and how exactly it happens is not understood may 

depend on many factors.  

The claim of the paper is that in Chelyabinsk relationship exists between isotopic reset and fracturing 

of phosphates – fractured grains are disturbed. Additionally, no relationship is found between ‘age’ 

of phosphates and degree of thermal post-shock reprocessing (reconstructed from location of 

phosphates within or outside zones of shock melting). Based on discordia calculations, the Authors 

propose that two the grains were fully reset during ancient collisions at 4.47 Ga and then mildly 

perturbed mild, recent collision at ~0Ma.  

A weak part of the manuscript in my opinion is that microtextural interpretation is not 

comprehensive and in many places unclear. For instance, subgrains formation is a type of 

crystalplastic deformation, while in line 90-92 statements are made to distinguish undulose or 

mosaic structure from higher recrystallized structures The process should rather be called static 

recrystallization than sub-grain recrystallization. And saying ‘display evidence of crystal-plastic 

deformation’ is not informative. The grains display domains of distorted crystal orientation, which is 

most likely attained in result of crystal-plastic recovery process. In my opinion phosphates from 

larger varieties of lithologies in Chelyabinsk should be studied and more interpretation needs to be 

given to EBSD data to utilize potential of microtextural analysis. Time relation of two impact events 

should be drawn from structure. It is not enough to assume that light-dark structure formed early 

and fracturing later.  

I have also some comments regarding background literature discussion, as many previous dates 

returned as dating collisions on Chelyabinsk are not discussed, often not even mentioned. For 

instance, study of Popova et al., 2013 gave intercept ages of 4.45 Ga and ~500Ma. No discussion is 

provided in submitted manuscript to address why the lower intercept calculation differ. Second, 

thinking about the age of ~0Ma for phosphate disturbance, I am wondering what effect can 

atmospheric passage of meteoroid have on partial resetting of Pb-Pb system. If the only thing 

required to disturb isotopic clock is to fracture phosphates (as I understood the manuscript idea), 

then it may be likely to happen in the space and during atmospheric travel of meteoroid. Third, only 

two thin sections of Chelyabinsk are analyzed and they are of quite peculiar impact-melt lithological 

types. Not each sample of Chelyabinsk is impact melt and it would be good to trace the record of 

milder collision on generally less deformed samples of this meteorite.  

The second part of the manuscript uses implications drawn from deciphering two collisions in 

Chelyabinsk to test sequence of collisions in other chondrites. This part of the manuscript is based 

on compilation of published isotopic data. Briefly, assignment of shock index form literature is used 

to understand level of shock, and published ages are used to infer upper and lower intercept ages. 

This part of the manuscript correlates vaguely with the title, but more important, appears to 

contradict the main claim of the paper that textural context of minerals (derived microstructures 

from EBSD) needs to be understood to properly interpret isotopic data.  

While the analytical work is sound and I do not have any critical comments regarding the quality of 

data, I think the results on EBSD can be interpreted in more details and more can be taken out of 

them. I think the paper can influence the community in providing a good example on how isotopic 

data can be used in framework of deformation history. But such deformation history has to be 

studied more thoroughly and I think it is appropriate for discipline-journal like EPSL, MaPS or so. 

After all, it is one chondrite studied here and broad implications would need to be tested rather than 

extrapolated to literature data. Summing up, I would suggest the Authors to 1. interpret more 

details from already collected EBSD data, 2. Perform additional data on less shocked fragments of 

Chelyabinsk, 3.  

I have several other comments related to literature background, style and editing, but I am not 



mentioning them here, as I think the Authors would need to do another round of reorganization of 

the paper, so some issues may disappear per sec. There are furthermore editorial issues and some 

parts are difficult to read. I am happy to provide separately list of the places where it is difficult to 

follow if needed.  



Response to reviewer 2: 
 
We thank reviewer 2 for their time and efforts in assessing our work. The comments are detailed, in many cases prescient, and we 
hope to fully address them with our response. 
 
We wish to make it clear that we are not opposed to gathering new microstructural data. Indeed, an extensive effort to do so for several 
meteorites is presently underway. However, we firmly believe that the current dataset is more than sufficient to justify the interpretations 
put forward for Chelyabinsk. 
 
There are four major points made in Reviewer 2’s comments, each of which we address in turn. All of our responses are in black font. 
Quotes from the comments of Reviewer 2 are in red. Text revisions in the paper are underlined. 
 
1) Insufficient discussion of previous geochronological studies of Chelyabinsk 
2) The need to perform study of less shocked fragments of Chelyabinsk 
3) The need to interpret more details from already collected EBSD data 
4) Whether or not it is reasonable to extrapolate our results to meteorites that have not been micro-texturally studied 
 
1) Insufficient discussion of previous geochronological studies of Chelyabinsk 
 
Reviewer 2 comments that “many previous dates returned as dating collisions on Chelyabinsk are not discussed, often not even 
mentioned. For instance, study of Popova et al., 2013 gave intercept ages of 4.45 Ga and ~500Ma.” In fact, discussion of and 
comparison to ages previously obtained by Popova et al., 2013 was a major component of the initially submitted manuscript and 
remains so in the revised manuscript. Popova et al., 2013 is first cited in the introductory paragraphs of the paper (lines 69-72), where 
the question of whether this age should be favoured over other methods being raised at this same point. Indeed, the context of our work 
within the wider scope of meteorite geochronology is the central motivation for this project, i.e., attempting to find a consensus method 
of dating at least some impact events with minimal ambiguity, by leveraging insight from microtextural analyses (lines 78-88). We 
performed statistical analysis to explicitly compare the ages obtained with and without textural guidance (Figure 4). However, we do 
agree with Reviewer 2 that a succinct summation of how our improved ages compare to prior reported ages was missing. This is now 
added on lines 191-193. 
 
“No discussion is provided in submitted manuscript to address why the lower intercept calculation differ”. We conclude in the sections 
entitled ‘Statistical analysis of phosphate U-Pb data’ and ‘Interpretation of U-Pb regressions and intercept ages’ that 1) the lower 
intercept ages are different because pristine and fractured grain populations have experienced limited and extensive Pb-loss, 
respectively (lines 176-178; lines 211-214) and 2) it is expected and observed that the Popova et al (2013) dataset, when used to 
determine an age without any sub-division of phosphate grains by textural type, will yield a more weakly constrained lower intercept age 
than will a regression of data from the fractured population (lines 166-170; lines 189-191). Indeed, data from Popova et al (2013) are 
plotted and considered in our analysis (Figure 4). As such, previously reported data form an integral part of the initially submitted and 
revised manuscript. 
 
Reference is also made to all previous geochronological studies of Chelyabinsk using other methods (mainly Righter et al., 2015, but 
also others). Reasonable explanations from the literature of the phosphate U-Pb system and meteorite textural response to impact 
events are given for why phosphates isotopically and texturally only record two events, whereas other systems record all-together many 
more apparent ages. These ages are presented in a supplementary Figure (Figure S18). We have added a comprehensive citation of 
these data and made reference to this figure in the introduction (Line 73). We have also added an explicit comparison of our study to 
Popova et al (2013) and Lapen et al (2014), pointing out the similarity of the lower intercepts obtained when regressing only pristine 
phosphates, and the stark difference compared to regressions that include fracture-damaged grains (lines 192-194).  
 
We therefore believe that the present manuscript not only mentions previous work, but that consideration of these ages forms the core 
of the paper. We further believe that explanation for the differences between our work and these prior studies is given, and justified, in 
the text as written. That being said, we do appreciate that some sections of the paper did not always communicate these points clearly. 
We hope that the revisions described above resolve such issues. 
 
2) The need to perform study of less shocked fragments of Chelyabinsk 
 
Reviewer 2 suggests that it could be informative to study more fragments of Chelyabinsk. Specifically, reference is made to less 
shocked sections: “only two thin sections of Chelyabinsk are analysed and they are of quite peculiar impact-melt lithological types. Not 
each sample of Chelyabinsk is impact melt and it would be good to trace the record of milder collision on generally less deformed 
samples of this meteorite.”  There are several points to be made against this as a requirement for publishing the paper. 
 
First and foremost, the data set as it stands covers phosphates in both the light (S4-6) and dark (S5-6) lithologies of Chelyabinsk. It is 
also noted in the text that there are no phosphates in the melt (S6) lithology (lines 63-65). Both the light and dark lithologies are diverse 
in terms of the textures preserved, containing regions of quenched shock-melt and shocked host rock. The requirement that a diverse 
array of shock stages and textures should be assessed is therefore met. Indeed, Chelyabinsk is one of the best preserved and most 
diversely shocked meteorites in global collections, lending merit to the central claim of our paper that we can test hypotheses about 
phosphate U-Pb age interpretation by sub-dividing phosphates that experienced different shock and post-shock histories. 
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As to the specific comment about obtaining less shocked fragments of Chelyabinsk, the crucial point to make is that there are no 
samples of Chelyabinsk reported with a shock stage of < S4 (the lowest shock stage material considered here, and by extension 
Popova et al and Lapen et al). As such, characterising the light and dark lithology sections we have studied as ‘peculiar’ is inaccurate. 
In fact, the light and dark lithologies make up the bulk of the mass of the Chelyabinsk meteorite (excepting only some entirely shock 
melted portions – the melt lithology). It is therefore impossible to meet the requirement raised by reviewer 2.  
 
On the other hand, we concede that low shock stage samples are understudied in the wider meteorite phosphate U-Pb record – context 
from which will be necessary to form a full picture of shock stage and shock age distribution in main belt asteroids. However, this point 
pertains more-so to the final major query from reviewer 2 regarding extrapolation of our results to other meteorites (see response to 
point 4). 
 
3) The need to interpret more details from already collected EBSD data 
 
In response to this comment, the most important point to make is that we have indeed already published a texture-focussed MaPS 
paper on Chelyabinsk this year (Walton et al., 2021). Following on from our comments above, we do not believe there is much scope 
for more data collection on the diversity of phosphate micro-textures of Chelyabinsk than that which we have already provided. 
 
“A weak part of the manuscript in my opinion is that microtextural interpretation is not comprehensive and in many places unclear. For 
instance, subgrains formation is a type of crystal plastic deformation, while in line 90-92 statements are made to distinguish undulose or 
mosaic structure from higher recrystallized structures. The process should rather be called static recrystallization than sub-grain 
recrystallization.” 
 
Here reviewer 2 comments that the interpretation is not comprehensive / is unclear. We take the opportunity here to explain our use of 
terminology, summarise the key observations, and defend the interpretations we provide in the paper. We also update our use of 
terminology in one relevant instance to reflect recent advancements made in the field. 
 
On the basis of microtexture, there are two distinct classes of phosphate in Chelyabinsk: grains with domains of distorted 
crystallographic orientation and grains with strain-free domains of contrasting crystallographic orientation. The difference between these 
two categories is evidenced both in cathodoluminescence images (in which crystal domain boundaries are clearly revealed) and EBSD 
data (in which domains of different crystallographic orientation are visible in recrystallised grains). A visual summary of these features 
(Figure i) is reproduced below from Walton et al (2021). 
 
During the process of review for this work, an advance has been made in the classification system for phosphate microtextures 
presented by McGregor et al (2021). Using this terminology, phosphates in the dark lithology of Chelyabinsk can be most aptly 
described as Type II non-systematically completely recrystallised grains, i.e., as Reviewer 2 would agree, displaying strain free domains 
of random orientation that nucleated on angular fragments within cataclastically deformed parent grains, and which experienced 
extended heating proximal to impact melt (McGregor et al., 2021). We have updated the text to use this terminology, which we hope is 
now clearer (lines 95-97). 
 
“saying ‘display evidence of crystal-plastic deformation’ is not informative. The grains display domains of distorted crystal orientation, 
which is most likely attained in result of crystal-plastic recovery process.” 
 
We are happy to edit this statement to the phrasing suggested. See line 94. 
  
“In my opinion phosphates from larger varieties of lithologies in Chelyabinsk should be studied” 
 
Our earlier arguments instead point to the fact that the microtextural analyses we have performed are comprehensive. 
 
“and more interpretation needs to be given to EBSD data to utilize potential of microtextural analysis. Time relation of two impact events 
should be drawn from structure. It is not enough to assume that light-dark structure formed early and fracturing later.”  
 
The request that timing relationships be inferred from structure is puzzling. The paper as it stands places the formation observed 
phosphate microtextures into a chronology. Indeed, the textural cross-cutting relationships demand that the light-dark structure (in CL) 
formed simultaneously with fracturing, as the two are strongly correlated to one another (lines 118; Figure 2). Cross-cutting 
relationships show that crystal plastic recovery happened simultaneously with recrystallisation (as evidenced by light and dark lithology 
phosphates, respectively), and that fractures and associated light/dark textures (in CL images) formed at a later stage. This is not an 
assumption – it is the only possible interpretation of the microtextural evidence and observed structures (lines 121-124). We have also 
previously outlined a textural chronology inferred for Chelyabinsk phosphates in Walton et al (2021), provided here for reference (Figure 
ii, below). 
 
  
 



 
 

Figure i: Generalized phosphate microtextures observed in Chelyabinsk with (top panel) CL imaging, which consistently reveals the 
widest diversity of features, and (bottom panel) EBSD maps, which show strained and unstrained (recrystallized) phosphates and 
olivine grains. Reproduced from Walton et al., 2021. 



 
Figure ii: Schematic evolution of phosphorous mineralogy in chondrites. (A) ~4.56 Ga – unequilibrated assemblage of minerals, with P 
bound mainly to metal in a siderophile form. (B) Type I POAs: early stage radiogenic parent body metamorphism, oxidation and release 
of P from metal, and the consequent formation of P-rich olivine (or, alternatively, during impact induced alteration of low petrologic type 
material, at any time). (C) Type II POAs: chemical equilibration during further parent body heating. Multistage phosphate growth via 
olivine-replacement. (D) Shock metamorphism produces new textural features for type II POAs, including subgrain development (in 
merrillite), and new phase associations (with e.g., mobilized plagioclase). Type III POAs form in shock-molten regions as P-rich rims on 
restitic recrystallized cores or quench microlites of olivine. (E) A later minor disruption event fractures the mineral assemblages, 
inducing patchy CL response in phosphates of both lithologies. Mineral abbreviations: Olivine = Ol; Pyroxene = Pyx; Plagioclase = Plag. 
Reproduced from Walton et al., 2021. 
 
4) Whether or not it is reasonable to extrapolate our results to meteorites that have not been micro-texturally studied 
 
Reviewer 2 comments that “This part of the manuscript (that is, discussion of the wider meteorite record) correlates vaguely with the 
title, but more important, appears to contradict the main claim of the paper that textural context of minerals (derived microstructures 
from EBSD) needs to be understood to properly interpret isotopic data.” We understand where reviewer 2’s concern derives from here. 
As a result, we have carefully reworked this section of the paper. 
 
It would indeed be paradoxical to read greatly into the temporal structure of reported lower intercept ages, as our work reveals that the 
ages obtained for these lower intercepts are highly sensitive to the manner in which phosphate grains are sub-divided on the basis of 
their microtextures. This is an important outcome of the paper, and is highlighted on lines 336-339. The same issue does not apply to 
the interpretation of upper intercept U-Pb ages. All of the combinations of data presented in our work yield similar (often statistically 
identical) upper intercept ages (Figure 4). We have therefore shown that very similar upper intercept ages will be obtained regardless of 
whether microstructurally distinct domains are targeted or not (lines 341-345). As such, a key outcome of our work is the currently 
published U-Pb upper intercept ages are robust. We therefore use our closing discussion to support previously published claims that 
clustering of these ages between 4440-4480 Ma may be dynamically significant (lines 345-364). 
 
We do mention one specific lower intercept U-Pb phosphate age that agrees well with a reported Ar-Ar age peak L chondrites (Yin et 
al., 2014) (lines 327). We have edited the text (lines 327-330) to make clear that this particular lower intercept age is likely to be 
reasonably robust, given the extensive data collection by Yin et al (2014) which returned isotopic ratios that plot close to the concordia 
line, i.e., damaged domains were likely analysed during this study. However, we now also go on to explicitly summarise the points 
made above, where we agree with reviewer 2 that any such lower intercept ages should be treated with caution until microtextural 
constraints are obtained, whilst noting that this is likely to result in dramatic differences only where lower intercept ages have been 
calculated using regression through weakly discordant datasets (lines 339-341). 
 



Understanding the conditions under which a phosphate grain was reset does require detailed textural investigation with e.g., EBSD. 
However, no such claims or interpretations are made in the paper for our interpretation of the wider meteorite record. We merely make 
the logical extension from our work to other highly shocked meteorites. That is, given that our work shows that upper intercept ages in 
shocked meteorites robustly record ancient energetic impact events, we can gather the upper intercept ages of other highly shocked 
meteorites and consider their primary temporal structure as being meaningful. The arguments just given demonstrate that this is far 
from over-reaching, as obtaining robust upper intercept ages does not require textural constraints in our framework (instead, this only 
holds for lower intercepts – see above). 
 
We have restructured our closing discussion (lines 318-364) to better communicate several key points. Firstly, that the meteoritic 
phosphate upper intercept U-Pb age record emerges from our results as a robust archive of early energetic collisions (lines 345-348). 
Here, consideration of microtextures will be unlikely to change the ages obtained, but will help to clarify the conditions under which 
individual phosphate U-Pb ages were re-set (lines 341-345). Conversely, while the lower intercept age record may prove similarly 
robust at some stage, currently published ages may change significantly once microtexture context is considered (lines 338-340). In 
future, there is scope to use both upper and lower intercept microtexturally constrained phosphate U-Pb ages to test 
predictions made by astrophysical models (lines 362-364). This is our key argument for why the work presented is of broad 
relevance to an interdisciplinary audience. We hope that these points, along with the more detailed comments provided in our direct 
response to reviewer 2, suitably defend our current approach. Overall, there is no contradiction present in the paper between the novel 
framework presented for interpreting U-Pb ages and the direction of our discussion. However, we do hope that the changes made serve 
to clarify the intention of our discussion. 
 
Other queries: 
 
Reviewer 2 asks whether atmospheric passage could have induced sufficient heating to cause 0 age Pb-loss from the material. This is 
a reasonable suggestion. Atmospheric passage does melt the exterior of meteorites during atmospheric passage, creating fusion crust. 
However, the temperatures experienced by the unmeted rock is generally recognised to be mild only mm-cm within the meteorite (see 
Mehta et al., 2021 – https://www.mdpi.com/2075-1729/8/2/13/htm). If atmospheric entry were responsible for fracture-propagation and 
Pb-loss, we may also expect this to be a universal feature of meteorite U-Pb systematics, which is far from obvious at present. 
 
Meanwhile, a liberating impact event is required to deliver chondritic material from a parental asteroid and set it on a path to Earth 
(consistent with the young CRE exposure age of Chelyabinsk, as mentioned in the text – line 322). It is also worth noting that we obtain 
a ‘zero-age’ date only within error. There is also evidence of recent disturbance in the Ar-Ar systematics (Beard et al., 2014). It is 
therefore reasonable that disturbance of the U-Pb systems in fractured grains took place not during descent to Earth, but somewhat 
earlier, during a liberating collision. Finally, descent through the atmosphere is essentially instantaneous compared to the timescales 
usually needed to induce significant Pb-loss from phosphates (Blackburn et al., 2017). Instantaneous Pb-loss may be inferred for 
phosphate grains found in shock melt veins, which may preserve young, re-set upper intercept and/or concordant U-Pb ages, but does 
not apply to any other textural setting – and almost certainly not to the mildly heated interior of meteorites during atmospheric passage. 
 
We do concede that the meaning of the lower intercept, along with the mechanisms for inducing Pb-loss, remains uncertain. We have 
added an extra line to the paragraph where we caveat our interpretive model and call for further investigation into the behaviour of Pb in 
fracture-damaged phosphate crystal lattice domains (lines 353-355). In future we intend to delve deep into probing the structure and 
meaning of the lower intercept age record of meteoritic phosphates, but that is not achievable within the present manuscript. 
 
Reviewer 2 also mentioned that there are in reserve some final comments on certain passages of the paper. We are more than happy 
to make minor revisions to the paper if these are shared. 
 
 
 
 
 
 
 



9th Dec 21 

Dear Mr Walton,  

Your manuscript titled "Ancient and recent collisions revealed by phosphate minerals in the 

Chelyabinsk meteorite" has now been seen by Reviewer #2, whose comments appear below. In light 

of their advice I am delighted to say that we are happy, in principle, to publish a suitably revised 

version in Communications Earth & Environment under the open access CC BY license (Creative 

Commons Attribution v4.0 International License).  

We therefore invite you to revise your paper one last time to address the remaining concerns of our 

reviewer. In particular, please ensure that you follow their suggestions to clarify your message for 

other readers. At the same time we ask that you edit your manuscript to comply with our format 

requirements and to maximise the accessibility and therefore the impact of your work.  

EDITORIAL REQUESTS:  

Please review our specific editorial comments and requests regarding your manuscript in the 

attached "Editorial Requests Table". Please outline your response to each request in the right hand 

column. Please upload the completed table with your manuscript files.  

If you have any questions or concerns about any of our requests, please do not hesitate to contact 

me.  

SUBMISSION INFORMATION:  

In order to accept your paper, we require the files listed at the end of the Editorial Requests Table; 

the list of required files is also available at https://www.nature.com/documents/commsj-file-

checklist.pdf .  

OPEN ACCESS:  

Communications Earth & Environment is a fully open access journal. Articles are made freely 

accessible on publication under a <a href="http://creativecommons.org/licenses/by/4.0" 

target="_blank"> CC BY license</a> (Creative Commons Attribution 4.0 International License). This 

license allows maximum dissemination and re-use of open access materials and is preferred by many 

research funding bodies.  

For further information about article processing charges, open access funding, and advice and 

support from Nature Research, please visit <a href="https://www.nature.com/commsenv/article-

processing-charges">https://www.nature.com/commsenv/article-processing-charges</a>  

At acceptance, you will be provided with instructions for completing this CC BY license on behalf of 

all authors. This grants us the necessary permissions to publish your paper. Additionally, you will be 

asked to declare that all required third party permissions have been obtained, and to provide billing 

information in order to pay the article-processing charge (APC). <b>Please note that that we will not 

Decision letter and referee reports: second round 



be able to move forward without having first received your payment information and therefore we 

ask that you please have this information ready when submitting the final version of your 

manuscript. We will also need your third-party declarations.</b>  

Please use the following link to submit the above items:  

[link redacted]  

** This url links to your confidential home page and associated information about manuscripts you 

may have submitted or be reviewing for us. If you wish to forward this email to co-authors, please 

delete the link to your homepage first **  

We hope to hear from you within two weeks; please let us know if you need more time.  

Best regards,  

Joe Aslin  

Associate Editor,  

Communications Earth & Environment  

https://www.nature.com/commsenv/  

Twitter: @CommsEarth  

REVIEWERS' COMMENTS:  

Reviewer #2 (Remarks to the Author):  

Review of revised manuscript by Walton et al, submitted to Communications in Earth and 

Environment, Nature.  

I consider most of my former suggestions to be addressed in the manuscript and explained in the 

rebuttal letter.  

1.I agree with changes done in relation to insufficient previous discussion of geochronological 

studies in Chelyabinsk. It would be desired to see some discussion why 8 impact events are 

suggested by Righter et al, 2015 (MaPS), but I leave it up to Authors to decide whether they want to 

keep their discussion short or to provide more extended background.  

2. Regarding my suggestion to perform study on less shocked fragments on Chelyabinsk, I admit, the 

Authors are correct that such fragments do not exist. That was my lack of understanding of 

Chelyabinsk breccia structure. I suggest, however, to look into the paper by Keater et al., 2018 

(MaPS) to see what criteria they used to classify some thin sections of Chelyabinsk as S3.  

3. The most substantial comment will still relate to the need to interpret more details from already 

collected EBSD (and textural) data. First of all, only from explanations in the rebuttal letter I got that 

by ‘relation of phosphate age to microtexture’ the Authors mean what they call CL patchy response 

and not EBSD microstructure. I am saying this, so that the Authors are aware that it is not entirely 

clear throughout the manuscript what is usage of EBSD data. Possibly consider some rewriting to 



make future reader not confused. Having clarified this, interpretation of data is more flowing to me 

and I am more open to agree with the paper statements. However, I would suggest to consider text 

modification to describe EBSD data with less details and put more attention to describing 

cathodoluminescence and fracturing.  

Specifically, I identify several places in the current manuscript where this comment is of high 

importance:  

Page 1 line 19: ‘phosphate U-Pb ages are independent of thermal history at macro-to microscales, 

correlating instead with phosphate microtexture’. Please rephrase as postshock overprint is also 

thermal history and the sentence is not clear. In line 26 anyways you state that Pb loss happened 

‘during mild collisional heating…’  

Page 6, line 95-96… ‘strain-free sub-domains, evidencing recrystallization likely driven by cataclastic 

deformation during more intensive heating’. As it is written, the mechanism is totally unclear to me 

and does not seem logical. Cataclasis is a brittle process of fracturing, while recrystallization requires 

heat. Please rephrase, as I believe you mean here something related to the patchy CL and fracturing.  

Page 8 line 117: ‘CL images which are sensitive to phosphate trace element composition’. CL is 

sensitive to several factors, including trace elements. Some more in depth discussion should be given 

to convince that indeed in this case it refers to trace elements. Especially, that it turns out to be a 

key gactor for splitting phosphates into dating populations.  

Page 8, line 133-145. This paragraph needs to be rewritten to make your approach clearer. I think 

that here you should briefly mention outcome of your previous paper (Walton et al., 2021 MaPS) 

and it should be made clear in this current paper that the observation on CL and fractures was left 

unresolved. With this, it will be much easier to read the manuscript and accept your choice of the 

two very specific scenarios of impact. And also to understand why small fractures were noticed and 

given a value.  

Page 11 line 175 by ‘pristine’ and ‘fracture’damaged’ phosphates you mean the population of grains 

which were described as ‘no patchy CL response’ and ‘having patchy CL response’? If that is correct I 

would suggest some rephrasing to make the description coherent.  

4. I accept the answer to the potential extrapolation of results to meteorites that have not been 

micro-texturally studied. Again, it partly relates to having it clear what the Authors mean by 

'microtexture'.  

Other, detailed comments that I have to the current version are listed below:  

Page 17 line 257 ‘primitive meteorites’. Word primitive is here a bit out of context. I do not get what 

it means here. Unshocked? Consider using different term.  

Page 2 line 38: ‘asteroids provide alternative record’. This sentence is is true of course, but since we 

are not dating mineral ages in asteroids as such but in meteorites with unknown provenance, please 

consider saying ‘meteorites provide alternative record’ and revise paragraph accordingly to make 

connection of meteorites and asteroids clear, but at the same time sounding more natural.  

Page 3 line 46-47: ‘… events are written in collision histories of meteorites. However, this seemingly 

ideal dataset is compromised by ambiguity in the interpretation of upper versus lower concordia 

intercept phosphate U-Pb ages’. It is not clear where does the problem arises from. Please add 

examples and/or references.  

Page 5, line 76: ‘to resolve this apparent paradox’. I do not see a paradox here. There is a knowledge 



gap surely, but lack of method to interpret data is not a paradox. Please rephrase it.  

Fig 1 and fig 6 in supplementary show the same image. Please check it and provide correct BSE 

image for both thin sections representing light and dark lithology. Or, mark the lithologies in the 

figure if both exist in the same thin section.  

All the best 



1. I agree with changes done in relation to insufficient previous discussion of geochronological studies in Chelyabinsk. It would be 
desired to see some discussion why 8 impact events are suggested by Righter et al, 2015 (MaPS), but I leave it up to Authors to decide 
whether they want to keep their discussion short or to provide more extended background. 
 
We have added a short statement of our view on this important issue on lines 195-198. In brief, we believe the numerous ages obtained 
with other systems may plausibly be explained as a result similar partial reset behaviour to that recorded by Chelyabinsk phosphate U-
Pb isotopes. Partial reset of e.g., Ar-Ar ages may be harder or impossible to separate into two meaningful ages, as is possible with 
phosphate U-Pb. The different closure temperature conditions and diffusion rates of other mineral chronometers may yield a wide 
spread of geologically meaningless mixed ages between the ancient and recent meaningful events recorded isotopically and texturally 
by phsophates in Chelyabinsk. 
 
2. Regarding my suggestion to perform study on less shocked fragments on Chelyabinsk, I admit, the Authors are correct that such 
fragments do not exist. That was my lack of understanding of Chelyabinsk breccia structure. I suggest, however, to look into the paper 
by Keater et al., 2018 (MaPS) to see what criteria they used to classify some thin sections of Chelyabinsk as S3. 
 
We thank the reviewer for pointing this out. Our future work will examine a suite of meteorites from S1-S6. This work will help to 
unambiguously map out how low shock samples look in terms of their phosphate microtexture and U-Pb ages. 
 
3. The most substantial comment will still relate to the need to interpret more details from already collected EBSD (and textural) data. 
First of all, only from explanations in the rebuttal letter I got that by ‘relation of phosphate age to microtexture’ the Authors mean what 
they call CL patchy response and not EBSD microstructure. I am saying this, so that the Authors are aware that it is not entirely clear 
throughout the manuscript what is usage of EBSD data. Possibly consider some rewriting to make future reader not confused. Having 
clarified this, interpretation of data is more flowing to me and I am more open to agree with the paper statements. However, I would 
suggest to consider text modification to describe EBSD data with less details and put more attention to describing 
cathodoluminescence and fracturing. 
 
Specifically, I identify several places in the current manuscript where this comment is of high importance: 
 
Page 1 line 19: ‘phosphate U-Pb ages are independent of thermal history at macro-to microscales, correlating instead with phosphate 
microtexture’. Please rephrase as postshock overprint is also thermal history and the sentence is not clear. In line 26 anyways you state 
that Pb loss happened ‘during mild collisional heating…’ 
 
Rephrased as follows: ‘Phosphate U-Pb ages do not correlate with the shock-induced macro-texture of Chelyabinsk (i.e., lithological 
shock stage), correlating instead with phosphate microtextural state. (lines 19-21) 
 
Page 6, line 95-96… ‘strain-free sub-domains, evidencing recrystallization likely driven by cataclastic deformation during more intensive 
heating’. As it is written, the mechanism is totally unclear to me and does not seem logical. Cataclasis is a brittle process of fracturing, 
while recrystallization requires heat. Please rephrase, as I believe you mean here something related to the patchy CL and fracturing. 
 
Recrystallisation of phosphates can be enhanced during brittle deformation combined with heating. This is well supported from studies 
of impact-induced brittle deformation in terrestrial impact craters. To quote Mcgregor et al 2021: ‘Cataclastically recrystallized apatite 
occurs in contact with impact melt material and comprises large (5–25 µm) variably rotated, angular to subangular fragments that 
crudely retain the original shape and crystallographic orientation of the parent grain’. However, we agree that this detail is probably 
distracting in this context, as it does not form a major part of our later discussion. We have edited lines 89-91 accordingly. 
 
Page 8 line 117: ‘CL images which are sensitive to phosphate trace element composition’. CL is sensitive to several factors, including 
trace elements. Some more in depth discussion should be given to convince that indeed in this case it refers to trace elements. 
Especially, that it turns out to be a key factor for splitting phosphates into dating populations. 
 
The CL observations at present may indeed be a convolution of several factors – mainly trace element variability and crystal structure. 
However, our EBSD observations do rule out significant structural change in the vicinity of fractures, lending support to a geochemical 
change. Future studies with either LA-ICP-MS or state-of-the-art EMPA techniques will be needed to test if patchy CL textures correlate 
with differences in chemistry (beyond, so it would seem, U-Pb isotope ratios) (edit on lines 300-301). For now, however, our main 
evidence for splitting the phosphates into populations comes from the correlation of fractured domains with the U-Pb discordance. 
 
Page 8, line 133-145. This paragraph needs to be rewritten to make your approach clearer. I think that here you should briefly mention 
outcome of your previous paper (Walton et al., 2021 MaPS) and it should be made clear in this current paper that the observation on 
CL and fractures was left unresolved. With this, it will be much easier to read the manuscript and accept your choice of the two very 
specific scenarios of impact. And also to understand why small fractures were noticed and given a value. 
 
We have edited lines 300-301 to highlight that future work is needed to understand in more detail the origin of the patchy textures, and 
thus their relationship to possible mechanisms of Pb-loss. We edited lines 100-101 to define and specify the microtexturally distinct 
classes of phosphates, including the utilisation of information from CL, EBSD, and fractures. 
 
Page 11 line 175 by ‘pristine’ and ‘fracture’damaged’ phosphates you mean the population of grains which were described as ‘no 
patchy CL response’ and ‘having patchy CL response’? If that is correct I would suggest some rephrasing to make the description 
coherent. 
 
As above, we edited lines 100-101 to define and specify the microtexturally distinct classes of phosphates more clearly. 
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4. I accept the answer to the potential extrapolation of results to meteorites that have not been micro-texturally studied. Again, it partly 
relates to having it clear what the Authors mean by 'microtexture'. 
 
Other, detailed comments that I have to the current version are listed below: 
 
Page 17 line 257 ‘primitive meteorites’. Word primitive is here a bit out of context. I do not get what it means here. Unshocked? 
Consider using different term.  
 
Primitive meteorites are those which have not experienced processes related to differentiation, retaining a close chemical resemblance 
to the solar nebula. Geologically at least, they have experienced very few interfering parent body processes since an early time, and 
are thus a useful long-term record of impact events. 
 
Page 2 line 38: ‘asteroids provide alternative record’. This sentence is is true of course, but since we are not dating mineral ages in 
asteroids as such but in meteorites with unknown provenance, please consider saying ‘meteorites provide alternative record’ and revise 
paragraph accordingly to make connection of meteorites and asteroids clear, but at the same time sounding more natural. 
 
Edited accordingly on lines 41-43. 
 
Page 3 line 46-47: ‘… events are written in collision histories of meteorites. However, this seemingly ideal dataset is compromised by 
ambiguity in the interpretation of upper versus lower concordia intercept phosphate U-Pb ages’. It is not clear where does the problem 
arises from. Please add examples and/or references. 
 
We have edited and added an extra explanatory line here (lines 46-49). 
 
Page 5, line 76: ‘to resolve this apparent paradox’. I do not see a paradox here. There is a knowledge gap surely, but lack of method to 
interpret data is not a paradox. Please rephrase it. 
 
Edited accordingly. 
 
Fig 1 and fig 6 in supplementary show the same image. Please check it and provide correct BSE image for both thin sections 
representing light and dark lithology. Or, mark the lithologies in the figure if both exist in the same thin section. 
 
Thanks for spotting this mistake! Must have been a copy paste error. Corrected with right image. 
 
All the best 
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