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Version 0: 

Decision Letter: 

** Please ensure you delete the link to your author home page in this e-mail if you wish to forward it to your coauthors ** 

Dear Dr Buyukakpinar, 

Your manuscript titled "Revived Earthquake Swarms: The Role of Magma in NW Bohemia/Vogtland" has now been seen by
3 reviewers, whose comments are appended below. You will see that they find your work of some potential interest.
However, they have raised quite substantial concerns that must be addressed. In light of these comments, we cannot accept
the manuscript for publication, but would be interested in considering a revised version that fully addresses these serious
concerns. 

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

* Present a robust and compelling case that the 2024 seismic swarm in the Bohemia/Vogtland region was caused by
ascension of magmatic fluids and that this can be demonstrated by the dense-array seismic observations. 

* Ensure that your conclusions are fully supported by the data and results and fairly account for alternative explanations. 

* Describe your methods in detail to the extent that your work is fully reproducible. Please note that we allow up to 5,000
words in the main text plus unlimited space in the methods section. 

We hope you will find the reviewers' comments useful as you decide how to proceed. Should additional work allow you to
address these criticisms, we would be happy to look at a substantially revised manuscript. If you choose to take up this
option, please either highlight all changes in the manuscript text file, or provide a list of the changes to the manuscript with
your responses to the reviewers. 

When resubmitting, please provide a point-by-point response to the reviewers’ comments. Please submit your
responses as a separate file, distinct from your cover letter where you can add responses to the Editors’ comments that you
do not want to be made available to the reviewers. Word files are preferred. We recommend that any figures, tables or
graphs that are included in the response to reviewers are also included in the main article or Supplementary Information. 

Please bear in mind that we will be reluctant to approach the reviewers again in the absence of substantial revisions. 

If the revision process takes significantly longer than three months, we will 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 are committed to providing a fair and constructive peer-review process. Please do not 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 reviewers’ comments with a
list of your changes to the manuscript text (which should be in a separate document to any cover letter), a tracked-changes
version of the manuscript (as a PDF file) and any 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 ** 

Please do not hesitate to contact us if you have any questions or would like to discuss the required revisions further. Thank
you for the opportunity to review your work. 

Best regards, 

Joe Aslin 

Deputy Editor, 
Communications Earth & Environment 

Consulting Editor, 
Communications Sustainability 

https://www.nature.com/commsenv/ 
Twitter: @CommsEarth 

EDITORIAL POLICIES AND FORMAT 

If you decide to resubmit your paper, please ensure that your manuscript complies with our editorial policies and complete
and upload the checklist below as a Related Manuscript file type with the revised article: 

Editorial Policy <a href="https://www.nature.com/documents/nr-editorial-policy-checklist.pdf">Policy requirements </a>
(Download the link to your computer as a PDF.) 

For Manuscripts that fall into the following fields: 
• Behavioural and social science 
• Ecological, evolutionary & environmental sciences 
• Life sciences 
An updated and completed version of our Reporting Summary must be uploaded with the revised manuscript 
You can download the form here: 
https://www.nature.com/documents/nr-reporting-summary.zip 

For your information, you can find some guidance regarding format requirements summarized on the following checklist:
(https://www.nature.com/documents/commsj-phys-style-formatting-checklist-article.pdf) and formatting guide
(https://www.nature.com/documents/commsj-phys-style-formatting-guide-accept.pdf). 

REVIEWER COMMENTS: 

Reviewer #1 (Remarks to the Author): 

see attachment 

Reviewer #2 (Remarks to the Author): 

Dear authors, 

thank you for your insightful study into the potential role of magma in NW Bohemia/Vogtland earthquake swarms. Your study
could be an important contribution to the debate about which role fluids, and more specific magma, might play in the process
of swarm earthquake activity. At the present stage the manuscripts would benefit from moderate to major revisions, as I will
express below. More detailled comments you will find in the annotated manuscript. 
At first, you should make more clear what it means that a volume of "undisturbed rock" got activated during the studied 2024
earthquake swarm. As it can be seen from you figures, the area was active over the last decades and most probably the last
century. Therefore, I would assume, that an existing fault zone got reactivated. What would be different, if actually an existing
fault zone gets reactivated instead of fracking an undisturbed volume of rock? What is the general fault inventory of the study



area? 
Many aspects mentioned in the manuscript are not yet fully documented, e.g., the double-difference Wadati plots. Also,
uncertainties are not yet presented and discussed. 
Can you provide more information on the physical state of relevant fluids at mid-crustal levels, e.g., CO2, water or more
realistic brines, magma. What about host rock density variations throughout the studied crustal section? Could a change
from lithostatic to hydrostatic pressure regime have an influence on the fluid/seismic activity? When/where CO2 dissolves
from fluids/brines? 
Which parameters beside the density of the fluid can have a strong influence on the studied dynamics? 
To me it is not yet clear at all, why you stack waveforms, and especially amplitude spectra (Fig. S2). Having similar
magnitudes, that could in principle make sense for P and S waves individually, but not for P and S waves combined. 
The conclusions do not yet fit to the title. I would expect a more general discussion and conclusion about the potential role of
magma in the earthquake swarm generation in NW Bohemia/Vogtland region. Until now, it is a bit too much focused on the
2024 swarm. Furthermore, it would be benefitial for the impact of your study, if you could provide also a more global
perspective at the end. 
The manuscript text and especially the figures need some more elaboration. Some figures are very difficult to read (e.g., due
to small font sizes, used color scales). You should also check the references. In my opionion, some relevant ones are
missing. 
Please give reference to all station/data providers, including the institutes from Czech Republic. Are there dois available that
could be referenced to? 
In summary, your manuscript has a high potential to become an important reference in the debate on the role of
magma/fluids in the generation of earthquake swarms, but it has to be improved in many aspects before. I hope my
comments and questions will help you to improve your manuscript and the impact of the study. 

With best regards, Wolfram Geissler 

Additional technical comment: the layout of the manuscript file was not great for review. 

Reviewer #3 (Remarks to the Author): 

Review of “Revived Earthquake Swarms: The Role of Magma in NW Bohemia/Vogtland” by P. Bükükakpinar and others 

In this paper, the authors analyze the structural symmetry of an energetic swarm that occurred in the Vogtland after a long
period of quiescence. This is an important region for studying and learning about swarms and the authors observe that this is
a unique swarm in that for this region it was the first time that a swarm evolved in undisturbed rock. The authors conclude
that the swarm resulted from hydro-fracturing and hydro-shearing from two different ascending magmatic fluids with differing
buoyancies. 

The analysis of the observations is very nice, and I have no comments on the data analysis. There is a complete analysis of
the magnitude time history, locations, and source properties. The relation to Vp/Vs is solid and draws out nice attributes of
the sequence. However, the link between observations and conclusions is weak. I attribute this to the short format of this
paper and too much of a reliance on referring to other papers. 

I recommend rejecting this paper and encourage the authors to develop this as a long format paper that has a detailed
motivation of the proposed models. so that the observations can more clearly be compared. I understand that some of this
information is in the Methods section, but in this short format, the paper is too disjoint to follow the arguments. 

If this paper is to be accepted, I strongly recommend that the section Hydro-fracture model for bilateral and radial growth in
Methods be moved to the body of the paper or at least the discussion around Figure 5. This is not really a Method and in my
opinion that discussion would be better used as an introduction to the models for structuring the discussion surrounding
Figure 3 and the conclusions in the paper. I am also confused by Figure 4, specifically, I do not understand what the gray
shading is representing; also the offset in the horizontal layer does not correlate with the fault—there appear to be multiple
offsets. It is not clear what my takeaway from this cartoon should be. 

** Visit Nature Research's author and referees' website at <a
href="http://www.nature.com/authors">www.nature.com/authors</a> for information about policies, services and author
benefits** 

Communications Earth & Environment is committed to improving transparency in authorship. As part of our efforts in this
direction, we are now requesting that all authors identified as ‘corresponding author’ create and link their Open Researcher
and Contributor Identifier (ORCID) with their account on the Manuscript Tracking System prior to acceptance. ORCID helps
the scientific community achieve unambiguous attribution of all scholarly contributions. You can create and link your ORCID
from the home page of the Manuscript Tracking System by clicking on ‘Modify my Springer Nature account’ and following the



instructions in the link below. Please also inform all co-authors that they can add their ORCIDs to their accounts and that
they must do so prior to acceptance. 
https://www.springernature.com/gp/researchers/orcid/orcid-for-nature-research 

For more information please visit http://www.springernature.com/orcid 

If you experience problems in linking your ORCID, please contact the <a href="http://platformsupport.nature.com/">Platform
Support Helpdesk</a>. 

Version 1: 

Decision Letter: 

** Please ensure you delete the link to your author home page in this e-mail if you wish to forward it to your coauthors ** 

Dear Dr Buyukakpinar, 

Your manuscript titled "Modelling of earthquake swarms indicates magmatic fluids in the Upper Crust Beneath the Eger Rift"
has now been seen again by 3 reviewers, and we include their comments at the end of this message. They remain
interested in your work, but some important points are retained. We also remain 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. 

In particular please ensure that you adapt the interpretations and conclusions to match the level of support available, as
questioned and highlighted by Reviewer #1. 

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. 

Please submit your point-by-point responses as a separate file, distinct from your cover letter where you can add responses
to the Editors’ comments that you do not want to be made available to the reviewers. Word files are preferred. We
recommend that any figures, tables or graphs that are included in the response to reviewers are also included in the main
article or Supplementary Information. 

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), a tracked-changes version of the manuscript (as a PDF file) 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. 

Please do not hesitate to contact us 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 

Deputy Editor, 
Communications Earth & Environment 

Consulting Editor, 
Communications Sustainability 

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. 

For Manuscripts that fall into the following fields: 
• Behavioural and social science 
• Ecological, evolutionary & environmental sciences 
• Life sciences 
An updated and completed version of our Reporting Summary must be uploaded with the revised manuscript 
You can download the form here: 
https://www.nature.com/documents/nr-reporting-summary.pdf 

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): 

See pdf file 

Reviewer #2 (Remarks to the Author): 

Dear authors, 

thank you very much for your detailed response to the reviews and all the revisions made to the manuscript. In my opinion,
the manuscript got very much improved. I would agree with reviewer 3 that the format of the selected journal is very
challenging to present your study. Some disadvantages of this format remain after the revisions, e.g., I find it not perfect to
have the figures illustrating parts of the methods then only in the supplementary material, and there these figures are
presented without much context. Maybe it could be possible to place a few figures also in the methods section? 

I very much appreciate that you included a comparison to the 1897 earthquake that occurred in the same area as the 2024



earthquake swarm. 

I have only some minor additional comments and suggestions. You will find them in the annotated manuscript. The most
relevant to me I will list below: 

Which definition of the local Magnitude ML do you use? How this definition compares to standard regionally applied ML
formulas? 

When you calculate the changes in the Vp/Vs ratios in the swarm volume, do you assume point sources for the individual
events? How do you derive/define the uncertainties of the regional and source volume Vp/Vs ratios? 

Which peridotitic melts are you thinking of, basalts/nephelinites, or just more general? 

In some paragraphs, and also in parts of the Supplementary Materials, you should provide also references. Overall, the
reference list looks very comprehensive. 

With best regards, Wolfram Geissler 

Reviewer #3 (Remarks to the Author): 

Review of revision for “Revived Earthquake Swarms: The Role of Magma in NW Bohemia/Vogtland” by P. Bükükakpinar
and others 

The re-organization of this paper and addition of a supplement directly responds to my past review. My additional comments
below are editorial. The new paper is clearer with a consistent argument. I now recommend publishing. 

One editorial comment that should be addressed. Lines 166 to 178 cite Figure 3 but refer to Figure 4. I recommend swapping
Figure 3 and 4 so that the observations come first. Lines 179 to 189 also cite Figure 3, if you reorder figures as suggested
these should be updated to Figure 4. Lines 220 to 231 would then reference figure 3 and Line 258. 

I note a few other minor editorial comments below for the authors to consider (line numbers correspond to track changes
version): 

Line 106: suggest changing to “progressively extends bidirectionally” 

Line 112: suggest changing to “down-dip directions along the fault” 

Line 122: suggest Reykjanes Peninsula, Iceland” 

** Visit Nature Portfolio's author and referees' website at <a
href="http://www.nature.com/authors">www.nature.com/authors</a> for information about policies, services and author
benefits** 

Communications Earth & Environment is committed to improving transparency in authorship. As part of our efforts in this
direction, we are now requesting that all authors identified as ‘corresponding author’ create and link their Open Researcher
and Contributor Identifier (ORCID) with their account on the Manuscript Tracking System prior to acceptance. ORCID helps
the scientific community achieve unambiguous attribution of all scholarly contributions. You can create and link your ORCID
from the home page of the Manuscript Tracking System by clicking on ‘Modify my Springer Nature account’ and following the
instructions in the link below. Please also inform all co-authors that they can add their ORCIDs to their accounts and that
they must do so prior to acceptance. 
https://www.springernature.com/gp/researchers/orcid/orcid-for-nature-research 

For more information please visit http://www.springernature.com/orcid 

If you experience problems in linking your ORCID, please contact the <a href="http://platformsupport.nature.com/">Platform
Support Helpdesk</a>. 

Version 2: 

Decision Letter: 

** Please ensure you delete the link to your author home page in this e-mail if you wish to forward it to your coauthors ** 



Dear Dr. Buyukakpinar, 

Your manuscript titled "Modelling of earthquake swarms suggests magmatic fluids in the Upper Crust Beneath the Eger Rift"
has now been seen by our reviewer, whose comments appear below. In light of their advice we are delighted to say that we
are happy, in principle, to publish a suitably revised version in Communications Earth & Environment. 

We therefore invite you to revise your paper one last time to address the remaining concerns of our reviewer. 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 take care to match our formatting and policy requirements. We will check revised manuscript and return
manuscripts that do not comply. Such requests will lead to delays. ***** 

Please outline your response to each request in the right hand column. Please upload the completed table with your
manuscript files as a Related Manuscript file. 

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. For
further information about article processing charges, open access funding, and advice and support from Nature Portfolio,
please visit https://www.nature.com/commsenv/open-access 

At acceptance, you will be provided with instructions for completing the open access licence agreement 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). 

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 

Deputy Editor, 
Communications Earth & Environment 

Consulting Editor, 
Communications Sustainability 

https://www.nature.com/commsenv/ 
Twitter: @CommsEarth 

REVIEWERS' COMMENTS: 

Reviewer #1 (Remarks to the Author): 

Dear authors, 
Thank you for the detailled responses on my comments. In my previous comments, I can just regret that the noise level has



been added in an extra figure and not directly in fig. S8, and that a schematic Brune model (plateau + f^-2) was not added in
this fig. These are still suggestions, up to the authors to follow them or not, but it may help to convince the readers on the
change of the corner frequency. Exept this minor suggestion, I think the ms is now clear enough, giving strong and balanced
results, and in good shape for being published. I therefore recommand publications for this article. 

** Visit Nature Portfolio's author and referees' website at <a
href="http://www.nature.com/authors">www.nature.com/authors</a> for information about policies, services and author
benefits**

Open Access This Peer Review 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 cases where reviewers are anonymous, credit should be given to 'Anonymous Referee' and the source.
The images or other third party material in this Peer Review 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 https://creativecommons.org/licenses/by/4.0/



Revived Earthquake Swarms: The Role of Magma in NW Bohemia/Vogtland

Dear editors, dear authors, 

Please find below my comments on the ms by Büyükakpinar et al., submitted for publication in 
Communications Earth & Environment. This article presents a nice, comprehensive and  detailed 
study of a seismic swarm occurring in 2024 in Bohemia/Vogtland area. This area show regular 
swarm activity, studied in pioneering articles on swarms. Therefore, this area is a perfect place to 
gain insights on swarm processes. This study includes detection and localization through novel IA 
algorithm, focal mechanisms and analysis of the migration patterns. It then compares the data with 
mechanical models to build a comprehensive story about the swarm processes. Overall, this study 
use up-to-date methods and concepts and it is clear and well-written. 

However,  I  find  that  the  model  they  develop  is  overly  complex  (involving  several  phases  of 
injection,  with  different  types  of  fluids  and  pressure  levels)  and  it  is  poorly  supported  by  the 
observations. It sounds correct and interesting, but the link between the data and the models does 
not allow to exclude other potential mechanisms. In particular, the presence of a magmatic dike 
propagation  seems to  be  an  a  priori  in  this  analysis,  but  not  justified  by  data  or  references. 
Therefore, the interpretation goes beyond what can be proven/shown, leading to very strong  and 
not  fully  justified statements (eg:  role  of  magma in  the title).  At  least,  some discussion about 
alternative  possibilities  for  the  swarm  processes,  and  why  they  can  be  discarded,  may  help 
convincing the reader on the validity of the interpretations.  

I therefore suggest major revisions for this article. Please find below my detailed comments, in 
addition to major comments stated above.  

Detailed comments

General comments: please add line numbers to help the review process. 

 P2:  “Our  findings  provide  key  insights  for  understanding  fluid-driven  deformation  in 
geodynamically active regions worldwide.”, or similar statement in the conclusion (p11). It is 
not straightforward as it stands, especially given the very complex you suggest at this end. 
please precise (other locations?, what insights? Etc.)

 P2: “As this is the first time a swarm has evolved in undisturbed rock” is not clear, please 
reformulate. 

 Fig 1: for what Neunhofer, Webnet and oseek stand for? How to you define the red area in 
c (all the seismicity in the KK square?)? 

 P4: a few lines (in the main text, appendixes or supp) on the seismic stations (numbers, 
geometry, types of sensors, etc) may be useful. 

 P4: “unprecendented spatial resolution”: Could you comment in the method section on the 
resolution of the location? How does it compare to relative double-difference location? 

 P4: “Conventionnal approaches … through the crust”. I do not get the aim of this sentence, 
please reformulate. 

 P4-P5  “fracture  developpment”,  “hydro-shearing”,  etc  are  already  interpretations,  not 
justified  so  far.  Same  in  P6:  “hydroshearing  is  prominent  …  larger  hydrofracturing 
components”,  but  following  your  interpretation,  stress  drops  are  just  showing  higher 
pressure in the 1st phase than in the second one (even though variations of stress drop can 
be related to other interpretations, such as the differences in depth). 



 Fig. S2: I am a bit confused, more details on this analysis may be needed. If you stack 
waveforms having different fc, you do not get a waveform that follows a Brune-type model 
(ie having a single corner frequency). Moreover, you can compare only events with same 
magnitude, so how do you select the events? Finally, as Phase 1 are deeper than Phase 2 
events, differences in attenuation may lead to differences in spectrum. 

 P5:  such  low  value  of  Vp/Vs  are  highly  uncommon,  and  should  be  discussed  more 
extensively. What mechanical models may explain such values, corresponding to null or 
negative Poisson’s ratio? 

 P6: Bilateral (non radial) migration may be explained by several processes. In particular, 
control  from  the  fault  structure,  such  as  intersection  of  faults  lead  to  1D  migration. 
Moreover, considering the first points of the swarms, migration is dominantly downward. So, 
even if I fully agree with the model you propose, a bit more justification and discussion on 
alternative processes may be useful. 

 P6: You mention several times hydro-fracturing. However, a pressure of 6MPa seems quite 
small to generate hydro-fracturing at this depth. If estimation of the stress level exist in this 
area, comparing it  with the inferred overpressure through a simple failure criterion may 
help.  

 P8: In your model, you have a relation between v and r. Are you observing it with this data? 
The existence of an aseismic slip makes that migration may strongly differ from a purely 
diffusive law (see e.g. paper from Danré et al, 2022, 2024).  

 P8: no back-front… Please add references, as there are several papers discussing about 
the existence of back-front during or after the injection stops. 

 P8: The discussion of the two fluid batches with different types of fluids contents sounds 
like overinterpretation given the evidences from the data. I fully agree that dike propagation, 
as you propose is a possibility. However, based on your observations, could you discard 
that this seismicity pattern may be induced by water or CO2 with differences between both 
phases explained by eg a fault structural control? 

 Fig. 4: something very hard to understand in this 3D view, as part of it is cut N-35°, while 
another part is cut E-W. 

 P9: The assumption of having the seismic cloud of the same size as the ascending fluid 
batch is odd, especially for phase 2 where you consider having fluid diffusion on the fault.  
The assumption of having the same structure size for both batches may seem geologically 
meaningful (especially since the pressure is lower for the second batch), leading to a same 
density for both batches. Please better justify your assumptions, and evaluate how it make 
change your interpretation. 

 P10: with your model,  a overpressure of 6MPa and a density of 1200 kg/m3 produces 
bilateral  migration  because  of  buoyancy-induced  pressure  gradients,  hence  hydro-
fracturing. How to make this observation consistent with EGS stimulation, where pressure 
is higher and fluid density lower (water), but migration is globally radial? Is it a matter of  
viscosity? 
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Abstract

Earthquake swarms are enigmatic seismic phenomena that occur across diverse
tectonic settings, from volcanic to intraplate regions, and are often associated
with fluid migration, magmatic activity, or stress redistribution. The Northwest
Bohemia/Vogtland region is a globally recognized hotspot and natural labora-
tory for such activity. This study examines the awakerungofanewearthciuak^
swarm in 2024 after decades of dormancy. The structural symmetry and temporal
evolution of the swarm indicate the activation of a pre-existing fault by natural
hydro-fracturing and hydro-shearing under the influence of ascending magmatic
fluids. Seismicity modeling shows that, the month-long swarm begins with a
high-pressure C02-rich ßuid intrusion, followed by transitions to low-pressure
hydro-shearing on the fault, likely associated with COz magma mixtures. Our
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results highlight the critical role of fluid overpressure and fault zone weakening in
controlling swarm dynamics. By integrating high-resolution seismicity patterns
and earthquake source mechanisms with models of fluid migration, we provide
a detailed reconstruction of the temporal and spatial evolution of the swarm.
Our findings provide key insights for understanding fluid-driven deformation in
geodynamically active regions worldwide.
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Located within the Bohemian Massif, one of the largest outcrops of Variscan base-
ment in Europe, the Northwest Bohemia/Vogtland region (Figure 1) hosts one of the
most active seismic zones in Central Europe. This region is where the term "earth-
quake swann" was first introduced [1], liighlighting its significaiice in seismology.
Persistent seismic activity makes this region a key site for swarm studies. In addition,
widespread COz emissions associated with crustal ynderplating provide an exceptional ^n Op'Tl G^> c- t-< -
natural laboratory for investigating interactions between tectonics, magmatism, and
fluid migratioii. The Cheb Basin, situated at the intersection of the Eger Rift aiid the
Mariänske Läzne Fault Zone (Figure l), is the center of seismicity and gas emissions
2 and is^liaracterized by high heat flow, alkaline volcanism, and five Quaternary
yolcanoe5[[3]^Since 1985, a^NS trending zone crossing Novy Kostel (NK) (Figure 1)
has episodically produced intense swarms with the largest seismic moment release in
the entire region 4 . However, in March 2024, an intense seismic swarm emerged in
the Klingenthal-Kraslice (KK) zone northeast of NK. This marks a striking shift in
regional seismicity, raising key questions about its underlying mechanisms.

The inid-crustai eartliqua.ke swarms are cominoiily attributed to fluid trajisfer froin
the upper mantle and_£ore pressure perturbations [5]. However, the relative roles of
magma, COa, and/watei^n triggering swarms and driving upper crustal deformation
remain less understood. The new KK swarm began in December 2023 and continues
in episodic bursts. It stands for the first significaiit seismic activity in the area since
1994, with historical records indicating only minor seism.icity_oy.er the past century
[6]. As this is the first time a swarm has evolved in [undistwbed rodQits relatively
simple spatiotemporal patterns provide a uiiique opportuiiity to fill tlie kiiowledge
gaps mentioned above.

Our seismic analysis benefits from exceptionally dense observations in close prox-
imity to the swarm, including high-frequency borehole arrays with a sampling rate of
l kHz. By combining seismicity and seisinic source studies with fluid iiitrusion models,
we identify a transition from highly buoyant fluids at high overpressure to less buoy-
ant fluids at lower overpressure, e.g. from COa-rich ßuids to COz-magma mixtures,
which caiise first hydraulic fracttires followed by growth of hydro-shearing on the acti-
vated fault. Tliese fiiidings highlight the critical role of inagmatic processes ill swann
dynamics, offering broader implications for fluid-driven seismicity in tectonically and
volcanically active regions.
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Fig. l: a Regional map showing the tectonic setting and seismicity from 1982 to 2024.
Triangles represent the seismic stations used. The Mariänske Läzne Fault Zone (MLF)
is marked. Recent swarm activity in the Klingenthal-Kraslice region (red) and the most
prominent, seismically active area, Novy Kostel (orange), are highlighted, b A zoomed-
in view of the Klingenthal-Kraslice swarm, with centroid moment tensors (CMTs) for
events with MW >1.2 (lower hemisphere projections of double-couple components).
The December 2023 activity is marked with plus symbols, while the main swarm
(March-June) is shown as red circles. c Temporal variation ofseismicity (1982-2024),
showing event magnitudes (Mj,) and composite moment tensors for larger events [7, 8].
Colors indicate the regions: Klingenthal-Kraslice (red), Novy Kostel (orange), and ofF-
zone events (gray). The normalized cumulative moment is plotted on the right axis
for both regions.

High-Resolution catalog and moment tensors

In recent years, as part of an ICDP (International Continental Scientific Drilling Pro-
gram) initiative, a unique network of surface and multiple borehole high-frequency

/

( f^fue^cels 7

3

C£) ^y^^ ^ ccfk^,&f,f^
^~^/



(^1^
^5f̂

<a c^J
so^c ? Gh^&^./

^
û
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arrays ha^ been established in the study area, in addition to the existing [9])monitoring
networksVThe infrastructure is located only a few kilometers from the swarm earth-
[uakes, and the sampling rate is up to 1 kHz, which allows a detailed investigation

olSs^bäur^cej^rosgsggg. Using this network in combination with machine learning, we
? <— have created a Ugh^erolutipn earthquake catalog. This process yielded 9,456 seismic

events from Dec 2023 to June 2024, including those as small as ML = -0.5, which is'
10 times as many as the agency catalogs, achieving unprecedented spatial resolution
for seismicity in the region.

The earthquakes, confiiied ill a iiarrow NW-SE trending zone of a.bout 1.2 km
width and 2 km length, show systematic spatiotemporal migration patterns. To probe
the source mechanisms, we applied a Bayesian inversion approach to generate cen-
troid moment tensor (GMT) solutions for the first time for this region. We obtain 64
CMT solutions for events with Mw > 1.2. This approach accounts for uncertainties,
providing robust estimates of the fault characteristics (see the Methods section). The
solutions reveal the activation of a previously unrecognized fault segment, predom-
inantly normal faulting, with strike = 329° ± 27'~3"!p^sgö°~?^rSS3^ike = -62°
± 12 (Figure lb) aligning with the spatial extend of the swarm, likely influenced by
localized stress accumulation. This discovery is remarkable because other earthquake
swarms in the region, such as at NK, have been dominated in the past by strike-slip
and thrust faulting (Figure 1c) [7, 8]). The regional variation of mechanisms and acti-
vated faults suggests significant heterogeneity in the stress field, likely influenced by
transient deformation and fluid migration within the crust.

The sudden activation of geological faiilt zones with different orientations at dif-
ferent locations is challenging seismic hazard assessment. Conventional approaches
fall short in the swarm earthquake region because they generally do not consider the
interaction between tectonic stress input, fault zones of different orientations, and
fluid transfer through the crust,.

Swarm phases

Wliile the first micro-earthquakes occurred in December 2023, the swarm exhibited
an ugprecedented rate of seismicitxj.)etween March and June 2024. Since then, the
activity has been greatly reduced, but micro-earthquakes occasionally ^appea^-a&d
jAeeppeaa* for a few days. Figure 2 illustrates the spatiotemporal and magnitude dis-
tribution of events and CMT results (Mw > 1.2) for the earthquakes, revealing two
distinct temporal phases with contrasting seisn^_patterns. QS'f-St^f ^C~'t[

Figure 2a highlights the spatiotemporal distribution of events projected onto the
strike and up-^ip-.dl^ections. The activity starts at (0, -0.5) km and progressively
extends, firstQ^U^tei^l^to. up- and down-dip directions (Phase I), and later radial with
a central point at (0,0) (Phase II). After two months of activity, the distribution forms
an almost circular cluster with slight ^s^mmetry along the strike axis. —? LI^LCS.^ cA.U f0^-(

The spatiotemporal patterns (Figure 2b an(T Figure Sl) reveal distinct episodic
bursts of activity, with two main phases, Phase I and II, marked by the vertical
dashed lines and shading. Smaller magnitudes dominate the initial Phase I of bilateral
growth until March 29, corresponding to the early stages of fracture development and
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fault activation. As the growth mode of the swarm becomes radial in Phase II, larger (/ ,. /^. ./ / '
magnitudes emerge, reflecting the increasing role of fault slip and hydro-shearing on |f ^l^~-jffflf0
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Fig. 2: Spatiotemporal and magnitude distribution of the swarm and CMT inver-
sion results. Panel a displays the spatial distribution of events projected onto the
strike and up-dip directions, forming an elliptical cluster along the fault plane. Panel
b shows temporal clustering and magnitude evolution, with dashed lines and back-
groiind shading marking distinct phases linked to fliiid dynaraics. Panel c compares
the regional and source volume vp/vs as a function of time. The pink and yellow
shaded areas indicate the first 29 days and the subsequent 29-70 days, corresponding
to Phase I and II, respectively.
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Interestingly, the ratio of P- to S-wave velocity (vp/vs) resembles the different

phases (Figure 2c). We use a double-differeiice Wadati method in moving wiiidows
to distinguish v p/v s between the source region (source) and averaged over the path
between the swarm and seismic stations (regional) 10 . While the regional vp/vs
remains constant at 1.64 over the course of the. swarm, the source-related vp/vs is
strongly reduced in the initial phase of the swarm and returns to background values
during Phase II. Such behavior has been observed for NK swarms before [e.g. 10, 11],
and has been explained by the siidden fliishing of the soiirce voliime with gaseoiis
fluids in. tlie initial phase of a swarm, which gradually diffuses away over periods of
days and weeks.

The reduced VP/VS ratios in the early phase of the swarm correlate with a change
in the relative corner frequencies, or stress drops, between earthquakes during Phase I
and II. Earthquakes of, e.g., Mw 0.8 have a smaller corner frequency, i.e. stress drop,
during Phase I than during Phase II (Figure S2). An anti-correlation between stress
drops and pore pressure has been previously reported for the hydraulic stimulation
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in Basel [12], supporting our model that hydro-shearing is prominent during the low-
pressure Phase II as opposed to larger hydro-fracturing components during Phase I
[e.g. 13].

Chronology of ascen,ding fluids
O^Q^<-o ^

The observed patterns and säaußnces of the growing seismicity cloud tell us a lot
about the cause and the physical processes during the swarm. In particular, bilat-
eral growth of seismicity occurs in injection experiments under stress gradients [14].
Therefore, the observed bilateral upward and downward growth in the fault zone indi-
cate buoyancy-induced pressure gradients, which are caused by the intrusion of a light
fluid into a, dense rock [e.g. 15]. An intrusion associated with an injection under high,
almost constant overpressure that abruptly ceases leads to a seismicity front initially
growing bilaterally with higher velocities upwards than downwards. Then, in the so-
called 'bleed-ofF' pliase, there is a one-sided growth of the seisinicity front upwards,
which is accompanied by a so-called 'back-front of seismicity generation', which only
propagates upwards from the center of the opening fracture. The event density is
asymmetric, with a thick bulge at the top.

The seismicity cloud of the KK swarm shows exactly thisfpredicted^pattern (Figure
3 a,c), and can therefore be emulated with the bilateral growth model. Our modeling
results indicate an injection phase lasting 5 days (from day 16.8 - March 16, 2005, at
19:00 UTC, to day 22 - March 22, 2005) at an overpressure of about 6 MPa, followed
by'a blced-off phase over 7 days until March 29, 2005. Although the fluid viscosity
is difficult to determine because the fracture mechanics modeling makes simplified
assumptions about the crack opening, the modeling shows that viscosities as small as_
a few tens of Pa • s are sufficient to reprodiice the observed growth of the seismicity
cloud.
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indicates the overpressure of the fluid in MPa. The numbers indicate the static over-
pressure at impact, the lateral extend, and the mean opening of a rising batch. The
observed spreading of seismic events is compared with theoretical growth models: c
Bilateral growth model, with a fluid density difference of Ap = 1597 kg m~3 ; and d \ /^ ^y^
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model predictions, showing good agreement with observed patterns.
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In Phase II (t > 29d, March 29, 2024), the seismicity cloud continued to grow, but
now radially, starting from the upper end of the previously fractured segment on the
fault Figure 3b,d). Slow radial growth of a seismic cloud is often explained by pore
pressiire diffiision indiicing both shear and opening mode fractiires. Aseismic slip may
also play a role [16]. Such radial growth is expected when both buoyancy forces and
injection pressures are lower [e.g. 17]. In the following, we argue why the overpressure
and the density difference to the host rock could have been lower in Phase II.

In terms of growth rate, the circumferential length of the crack increases with
time, in contrast to the bilateral growth in Phase I. So, the speed of the seismic-
ity front decreases with increasing radius of the activated fault patch, even if the
inflow is constant. Pore pressure diffusion models suggest radial growth with time
proportional to \ft or velocity v proportional to r-l. A similar relation is obtained
if we extend the ID hydrofracture growth to cylindrical 2D growth due to constant
pressure at radius 7-1. According to Eq. 3, the expected velocity is proportional to

11/3[(r — ri)/(r4 ln(r/ri))] ~ r-4/3. The event density in the upward direction is sym-
metrical about the center in the middle. Our modeling shows good agreement with
the observed growth of the seismicity cloud. In contrast to Phase I, no significant
back-front is theoretically predicted for low-pressiire injections after the inflow has
stopped.

Overall, our results suggest that the overpressure driving the swarm was generated
by the subsequent ascent of fluid batches from depth, which were silent and undetected
in the ductile lower crust but induced seismicity after entering the brittle part of the
crust and iiiteracting with a pre-existing fault zone. The first batch arriving on tlie
fault may have contained a large proportion of low-density CO^, which has a larger
buoyancy and arrives before the second batch consisted of heavier fluids, which ascent
slower and with lower overpressiire biit a larger voliime. Therefore, the first phase
led to bilateral growth of the activated patch up and down from the high-pressure
injection point in the fault, while the second phase emerged from the upper end of the
already activated zone and generated hydro-shearing and radial growth of seismicity
on the fault (Figure 4).

The final size of the cloud at the eiid of eacli phase can tell us about the overpres-
sure at the beginning of the phases. Fluids can rise from great depths as batches of
(almost) constant volume. The size of the volume, i.e. the lateral and vertical dimen-
sions, the opening, and the overpressure of the batch, depends crucially on the density
of the fluid, the fracture toughness of the rock, a.nd the stresses ill the crust. For exain-
pie, a fluid batch can break away from a deep reservoir and rise if light fractions of the

<^— reservoir fliiids continiioiisly acciimiilate linder the (2^g£^urden, generating increasing
<^ overpressure at the highest poiiit until tlie rock fractures and a fluid-filled dike fonns

and rises. An obvious candidate for the unstable reservoir layer is COz since carbon
dioxide can dissolve from melts at great depths However, the release of a CÖ2 package
from a reservoir can lead to the siibseqiient flow of magmatic melts, as the COs has
already opened a channel through the crust that is subsequently available for melts to
rise. This process can also lead to the cyclical ascent of several fluid packages, as was
observed at Reykjanes in 2020 [18]. Another process to explain the episodic ascent of
melt batches together with COa is carbonatite metasomatism 19 .
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Phase II and the small density-related buoyancy facilitate hydro-shearing in the fault

zone, ^gg^l.^ea^ak^. ^^^^ d^^^ ?
The size and shape of such fluid batches are self-similar and depend only on the

density difference between the fluid and the surroundine rock, A/9, and the fracture
toughness Ac [13, 20]. The overpressure in theTatch is a linear function of depth z
given by P = PQ+ 72, where PQ is the overpressure at the center of the batch and 7
is the gradient, 7 = Apff, with 3 being the gravitational acceleration. For a critical
3D batch, the batch size and the gradient are related by 7 = \/^Kc/ (4r1'5), where
r » 3a/4, and a and r are the vertical and lateral half-widths of the ascending 3D
batch, respectively [13, 20]. (3^<2^e3

We propose that the lateral extent of the seismic cloud inlgbaee I and II, ry = 200 m
and 900 m, respectively, resembles the lateral extent of the ascending fluid batch prior_
to contact with the faiilt. From this, the density difference of the trapped Hiiid can be

^ ;/^^^°^s ^ ^ .'5
^ \.0^ G^-^^^^

?k^<^-- ^̂
?Ü3'^fCU /

c

-^

®d^^ °fsuw^'x'cc'^^l
/ ^Z^J A ^//^r^^^
^Z?ZT ^^^^>fc^?
"^"ß,^^ 40/ ^^^ <7^<^ ^

^^^/^^/^ ^-^^
^^^^c ^^<^ ^e^^€ e'



^
Q)

^
^.
^
1'^'

_r-)

T

[A

4 <~^ .

<-7•^^^
^i(U

}W^ 0

estimated by

^

'^

'v^ :
?

^e

vap
(

SUACJP
^

/^

A-^y

^^^?
^^U/C^G ^

. IX:3 :s UD[
2^1CS1^

<^^'
0

Assuming Kc » 1QÖ MPa ml/2, the density differences of the first and second phase are
estimated to be l697kgm-3 and 176 kg m~3, respectively. For example, if the density
of the granitic host rock is 2800 kg m-, then the fluid densities in the first and second
batches areT200kgm~3 and 2632 kg m-3, respectively. The lower buoyancy in Phase
II can also be seen in the different distribution of events in the up-dip direction. While
the distribution of Phase I is asymmetric with a focus in the upper region, the event
density in Phase II is almost symmetrical in the up-dip direction (Figure 2).

The static overpressure at the tip of the 3D batch is estimated from AP = 2ro/\pg
at ?ä 6 MPa and » 3 MPa for ßbase I and II, respectively. It represents a minimum
overpressure because the rising batch has an overcritical length. 3 MPa is typical for
hydro-sheariag in numerical modeling [21].
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Conclusions !^o(^ ^\e^y
The 2024 Klingenthal-Kraslice mid-\r/(fstal earthquake swarm, the first significant
seismic activity at this location after decades of silence, exemplifies mantle-derived
fliiid-indiiced seismicity. The earthquake swarm iinderwent an unexpected evolution
from a bilateral to a radial growth of the seismic cloud over a period of 70 days. The
centroid moment tensors of Mw > 1.2 events manifest shear stress release during the
second phase of the swarm, suggesting the activation of a previously unidentified nor-
mal fault in the region. The fit, of a hydro-fracture model reveals the role ofm^matiT
fluid ascent in genera-tiiig seisniicity. Ma-gmatic fluids in tlie NW Bohemia/Vogtland
swarm region develop and accumulate in the upper mantle, at the crust-mantle bound-
ary, and possibly in the lower crust. If such a deep reservoir becomes unstable, fliiid
batches may separate and ascend further through the crust. When they encounter the
brittle-ductile boundary, the buoyancy-driven fluid batches can form classical dike or
sill-type intrusions or interact with pre-existing fault zones, causing opening and co-
seismic shearing along the faults. The process is typically accompanied by swarms of
micro-earthquakes, where the gradual release of overpressure controls the migration
and seismicity pattern in a pre-existing fault under shear. ^?C3<?.^

Our analysis sziggest that such fluid-fault interaction occurred during
swarm and caused the three months of intense earthquake activity. Fluid overpressure
was acting in both seismic phases, but Phase I was characterized by a larger overpres-
sure associated with a higher buoyancy force in the ascending fluid batch containing
fluids with a smaller average density, likely related to a high water- and COz-content.
This first phase is characterized by a bilateral, siib-vertical crack growth within a pre-
viously unknown normal fault. lu Pliase II, the density difference betweeii intruded
ßuids and host rock is smaller, possibly explained by the influx ofjnelt^s, and the seis-
micity grows radially over a broader area. The intruding fluids are still assumed to
rise because of buoyancy. However, the realized overpressure is smaller than the least
deviatoric stress, leading to hydro-shearing of the pre-existing fault, generating larger
magnitude earthquakes.
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This work advances the understanding of fluid-induced seisrnicity, its iinpact on
fault reactivation, stress redistribution, and unusual fluid-melt-fault interaction. The
findings provide valuable insights into the dynamics of earthquake swarms in magmat-
ically active regions and may aid in the monitoring and prediction of similar seismic
phenomena.
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Methods

Earthquake detection and localization

We generated the earthquake catalog using Qseek, an automatic waveform-based
earthquake detector and locator, as detailed in [22]. Qseek combines seismic phase
arrival annotations provided by neural network phase pickers and waveform stacking
with an efficient, adaptive octree search. The resolution of the search voliime is itera-
tively refined toward the seismic source location, enabling fast and accurate detection.
Moment and local magnitude calculations from peak ground motions are included [23].
Location accuracy is further enhanced by incorporating station-specific corrections
(SST) and source-specific station terms (SSST). The. method has been validated for
multiple large seismic datasets across various regions and geological settings [18, 22].

The seismic catalog was created using the local velocity model from [24], which is a
modified version of the model in [25]. Waveform data were sourced from three borehole
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arrays (6A.LWSOO, 1D.TISOO, 1D.STCOO) of the ICDP Eger virtual network, along
with surface stations operated by WEBNET, SXNET, and TSN (Thuringia Seismic
Network), as described in the Data Availability section.

Centroid moment tensor inversion

We applied moment tensor inversion to earthquakes with MW > 1.2 for the 2024 KK j ^ ^
swarm (Figure 1) using a joint inversion of waveform and first, motions [18]. Uncer- ^-j|o^LltM^/l<'K3^* •
tainties were estimated using a Bayesian bootstrap approach implemented in the open
source software Grond 26 , which combines nonlinear inversion and bootstrapping.

The source model parameterization includes centroid location, depth, time,
moment tensor components, and optional source duration. Green's functions (GFs)
were precomputed using Qseis [27] for a sampling rate of 100 Hz, covering distances of
0-80 km and source depths of 7-13 km with 100 m spacing, based on the velocity model
of 24 . Theoretical travel times and phase polarities were calculated using the Pyrocko
Cake tool [28]. The iiiversion minimizes the LI norm misfit between observed and
synthetic data [29], balancing weights for signal amplitude, source-receiver distance,
phase type, and data type.

Waveforms were inverted in time windows of ±0.25 s around P- and S-wave arrivals
in the time domain, with shifts of ±0.15 s allowed for synthetic traces. Approximately
4,000 manually verified P- and S-wave arrivals were used, with a frequency range of
1.0-3.0 Hz. After 100,000 iterations, 64 earthquakes with robust centroid locations,
low misfits, and sufficient; azimiithal coverage were selected for fiirther interpretation
(Figure 1). Full waveform fits are available as online reports and iiiteractive web-based
visualizations (see Data Availability).

Temporal changes in vp/vs ratios in the swarm volume

The double difference Wadati method has been developed independently by [30] and
10 to estimate 7 = vp/vs- The traditional Wadati diagram uses the arrival time
difference between the S- and P-wavc, ts—tp plotted over tp, for all stations recording
the event, which linearly depends on 7 and the origin time of the event. Averaging 7
for many events provides an average ratio of the crust beneath the seismic network. A
modified Wadati diagram plots all combinations of the station-wise difference between
S-wave arrivals and P-wave arrivals, which depends only on 7 and is independent
of the origin time of the event. Therefore, picks from multiple events can be easily
stacked. A third approach to stack multiple events was suggested in [10].

In order to derive 7 representative for the source volume of the earthquake swarm,
we calculate time differeiices betweeii P-wave arrivals at each statioii for pa-irs of
events. The same for S-wave arrivals. These double differences are then used with
either of the three introduced methods, final plots are based on 10 .

The challenge of the doiible difference Wadati approach is to have precise pick times
available with an accuracy below 0.05 seconds, in order to resolve variations in arrival
time differences over a path length of 1-2 km. In our case, we take advantage of the
high sampling rate, which is 1000 Hz at the three borehole chains in Landwust, Tisova |_^
and Stiidenec, and 250 Hz on all WEBNET stations. Arrival time difi'erence.s were I /

^
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calculated by waveform cross-correlation. Additionally, outliers were strictly removed
based on the analysis of the regional Wadati approach.

Hydro-fracture model for bilateral and radial growth

Fluid-induced seismicity in faults is modeled either by hydraulic fractures or pore pres-
sure diffusion in the fracture zone. Hydro-facture models have mostly been developed
for controlled injection experiments, for example, in cases where fliiids are injected
into the rock at a constant downliole pressure or flow rate froin a. sealed wellbore.
In our case, we are dealing with natural injections when an dscending fluid batch
hits or intrudes a faiilt. Natural fliiid ascent is a well-studied phenomenon. Constant-
volume batches ascend when their radial or vertical length exceeds a critical threshold,
depending on the density difference Ap between the fluid and the surrounding rock
and the fracture toughness Kc- During ascent, their shape, volume, and tip overpres-
sure A-P are conserved [e.g. 13]. If the batch encounters a fault with lower fracture
toughness, the fluid will intrude into the fault. The injection pressure is initially high
until most of the volume in the upper, thicker part of the batch is intruded. To sim-
plify the problem, we assume a constant injection pressure during the initial intrusion
phase.

bilateral growth ydroshearingb radial growth with
IQ, PoQ,PO

P-triggered
^ shear cracks

q; roq>
\ ai 32 .?/.

2h^\ A"
ri2h

"ly'T ^vz'
injection
by dike

•X' flow front

.z' r velocity profile pressure front

Fig. 5: a Bidirectional crack growth by fluid injection with high overpressure and
buoyancy, and b radial growth under low overpressure and buoyancy, leading to hydro-
shearing in the tip region of the peiiny-shaped crack. For simplified analysis, cracks are
replaced by theoretical models with constant half-width h. Crack growth is considered
quasi-static, where crack size is associated with the fluid or pressure front, respectively.

icßo (
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^
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We stiidy and compare hydro-fractiire models and directed pressiire diffiision for
bilateral and circular growth. Both models assume tliat the fluid overpressure in the
fracture zone spreads slowly from the injection zone (point a;o or injection radius r-i)
(Fig. 5). The front ofseismicity spreads with the pressure front and fracture tip. While
hydraiilic diffiision models often assiime a constant permeability in the fracture zone,
hydraulic fracture models consider the change in permeability (crack thickness) as the
crack grows. The bilateral growth model 14 (Fig. 5a) assumes laminar viscous flow
within the crack with time- or length-dependent opening. The model is suitable when
the overpressure is so large that the mode I stress intensity factor exceeds Kc- The
circular growth observed in Phase II occurred dominantly at low overpressure and
grows by shear motion induced by increased pore pressure, known as hydro-shearing
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(Fig. 5b). In both fracture models, we assume that pressure is suddenly "increased"
at a specific point, line, or radius, and the fault opening and shearing start growing
from this point bilaterally or radially.

Bilateral flow in a rectangular channel:

In the bilateral fracture model, the laminar fluid flow in the growing crack is controlled
by the (over-) pressure at the injection point, the average half-thickness of the crack,
h, the fracture toughness Kc, and the geogietry of crack growth (curvature of the
crack tip line). If an effective stress gradiere 7 i^ present, the growth may additionally
be asymmetric. The over-pressure at the i^ction point is large at the beginning of
crack growth, and zero when growth stops. In between, the over-pressure function
is largely unknown. For simplicity, we divide the pressure function into two regimes:
(1) a constant over-pressure PQ during the injection phase (constant 2D flux Q), and
zero over-pressure during after-growth. If an effective driving stress gradient exists,
unilateral growth can develop after injection. We assume an injection line source at
the center. During the injection phase, the steady-state viscous flow is described by
laminar Hagen-Poiseuille flow with total volume flux Q and the mean velocity 14

v T [^5eff1
[^

1/3
(l)

Here, 77 is the intrinsic permeability and g is the effective driving stress gradient,

ges =^+9P/Qx =7+(Pa-Po)/a= -^ (po- ^), where 7 is the static driving
stress gradient (e.g. buoyancy, Apg, or an external stress gradient), Py is the injection
pressure, and Pa is the pressure in the channel at length a from the injection point.

Although the solution represents a steady-state flow, it can be used to approximate
the slow crack growth for hydro-fracture experiments. Therefore, we assume that the
hydro-fracture has a time-dependent length a that increases with velocity v so that
the laminar flow behind is not disturbed. Such a process requires that the pressure at
the tip of the fracture wing adjusts such that for each instantaneous time the stress
intensity K± at the crack tips in both wings equals the fracture toughness Kc of the
rock. As shown in [14] , the asymmetric growth velocity Vy^/d of the two wings during
the injection phase from time t^ to ^ can be equated by

v-u./d{a) ±4i±^1with.=f^^po-
geS\ """ " [Q6r]a

KC 1/3
(2)

The back-froat of seismicity develops after the injection stops when the over-
pressure in the fracture re-organizes into a linear function with depth. With further
growth at the longer wing, the point of maximal opening migrates together with the
crack tip and marks the seismicity back-front behind which the Coulomb stress in the
surrounding rock reduces and no longer increases.
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Low-pressure injection leading to radial diffusion and hydro-shearing:

The pressure function from injection with pressure Pi at radius ri and constant total
ßux Q into a confined aquifer with half thickness h is described by the Thiem equation,
where P(r) — -PI varies logarithmically with radial distance ln(r/ri). The functional
form is similar to the problem of radial flow between two parallel disks.

Using the same concept of a quasi-static growth of the fractured, penny-shaped
area on the fault growing together with the pressure front and considering the stress
intensity factor of a penny-shaped crack, the growth velocity can be described by

v(r) «
Q2 (r-n)

12n3r,r.4 In ^
Pl-?^ I

2~^j\

1/3

for r > ri. (3)

Note that the total flux has a unit of m3/s. The time needed to fracture a radius r^
Tl

is calculated by the integral t(r^) = f v-ldr.
0

Supplementary information. Supplementary information can be found here:
Supplementary Information (supplement.tex file)
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Fig. Sl: Spatiotemporal and magnitude distribution of seismicity. (A) Hypocenter
locations projected onto the fault plane, showing the up-dip versus strike directions.
(B) Temporal evolution of events along the strike direction overlaid with highlighted
time windows (pink and yellow shading indicate the first 29 days and the subsequent
29-70 days, respectively). (C) Temporal evolution of events along the up-dip direction,
emphasizing the same time windows. (D) Magnitude distribution as a function of
time, with the same highlighted intervals.
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Fig. S2: Stacked waveforms and amplitude spectra for two different seismic stations.
(a) and (b) correspond to station 6A.LWS00.90.DP1, while (c) and (d) correspond to
station 1D.STC00.37.DP1. The top panels (a, c) display the stacked waveforms for (| ^A
Phase 1 (blue) and Phase 2 (red) over a time window of 3.5 seconds. The bottom
panels (b, d) show the corresponding amplitude spectra, illustrating the frequency-
dependent amplitude variations for the two phases.
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Abstract

Earthquake swarms are enigmatic seismic phenomena that occur across diverse tectonic settings, from
volcanic to intraplate regions, and are often associated with fluid migration, magmatic activity, or stress
redistribution. The Northwest Bohemia/Vogtland region is a globally recognized hotspot and natural
laboratory for such activity. This study examines the recent reawakening of an earthquake swarm in the
region after a century of dormancy. By integrating high-resolution seismicity pattenis aiid earthquake
source mechanisiiis with niodels of fluid migration, we provide a detailed reconstruction of the swarm's
temporal and spatial evolution. Our seismicity modeling indicates the activation of a pre-existing fault by
natural hydro-fracturing and hydro-shearing under the influence of ascending inaginatic fluids, begiiining
with a high-pressure C02-rich fluid intrusion, followed by transitions to low-pressure hydro-shearing on
the fault, likely associated with COz magma mixtures. Our results emphasize the pivotal role of fluid
overpressure and fault, zone weakening in controlling swarm dynamics.

28

29

30

31

32

33

34

-35

36

37

38

39

Main

Located within the Bohemian Massif, one of the largest outcrops of Variscan basement in Europe, the
Northwest Bohemia/Vogtland region (Figure 1) hosts one of the most active seismic zones in Central Europe.
This region is where the term "earthquake swarm" was first introduced [1], highlighting its significance in
seismology. Persistent seismic activity makes this region a key site for swarm studies. In addition, widespread
carbon dioxide {COy) emissioiis associated with maginatic crustal iiiiderplating provide an exceptional
natural laboratory for investigating interactions between tectonics, magmatism, and fluid migration. The
Cheb Basin, sitiiated at the intersection of the Eger Rift and the Marianske Lazne Faiilt Zone (Figure 1), is
the center of seismicity and gas emissions [2] and is characterized by elevated heat flow, alkaline volcanism,
and five Quaternary volcanoes [3]. Since 1985, an NS trending zone crossing Novy Kostel (NK) (Figure 1)
has episodically produced swarms with the largest seismic moment release in the entire region [4]. However,
in March 2024, an intense seismic swarm emerged in the Klingenthal-Kraslice (KK) zone northeast of NK,
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after 125 years of rest 1 . This inarks a striking shift in regioiial seisinicity, raising key qiiestions aboiit its
underlying mechanisms.

The mid-crustal earthquake swarms are commonly attributed to fluid transfer from the upper man-
tie and pore pressure perturbations [5]. However, the relative roles of magma, COz, and their interaction
with water and rock in triggering swarms and driving upper crustal deformation remain less understood.
The new KK swarm begaii ill December 2023 and peaked diiriiig the March-May 2024 period. Since then,
seismic activity has generally subsided, though intermittent bursts continue. It stands for the first signif-
icant earthquake swarm near Klingenthal-Kraslice since 1897 [l], wliich developed into a phase of strong
earthquakes distributed over the entire Vogtland swarm region from 1900 until 1915 [1, 6-8]. There is only
evidence of a weaker swarm earthquake activity near KK in 1994 9 (Figure 1c). Siuce the recent activity
is the first high-resolution instrumental observation of a massive swarm near KK after a centuries-long hia-
tus, it provides a unique opportunity to study the spatiotemporal patterns in detail and to compare them
with historical swarms.

Our seismic analysis benefits from exceptionally dense observations in close proximity to the swarm,
including high-freqiieiicy borehole arrays with a sampling rate of 1 kHz (Figure 1 aiid Figure Sl). By
combining seismicity and seismic source studies with fluid intrusion models, we identify a transition from
highly buoyant fluids at high overpressure to less buoyant fluids at lower overpressure, e.g., from COa-rich
fluids to COz-magma mixtures, which cause first hydraulic fractures followed by growth of hydro-shearing
on the activated fault. These findings are compared with alternative models and shed light on the crucial
role of COa-rich magmatic fliiids ill the fonnatioii of recurrent earthqiiake swarms. \^
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Fig. l: a Regional map showing the tectonic setting and seismic activity from 1982 to 2024. The triangles
represent the seismic stations used. The Mariänske Läzne Fault Zone (MLZ) and the Bergen Baryt Fault
are inarked. The recent swarm activity ill the Klingenthal-Kraslice regioii (red) is defiiied by the black box,
which includes a ±2.5 km buffer around the main cluster to account for location uncertainties, especially
when comparing with earlier seisinicity. The most prominent seisinically active area (Novy Kostel) is also
highlighted (orange), b A zoomed-in view of the Klingenthal-Kraslice swarm, with centroid moment ten-
sors (CMTs) for events with Mw >1.2 (lower hemisphere projections of double-couple components). The
December 2023 activity is marked with dark brown circles, while the main swarm (March-May 2024) is
shown as red citglsg^ c Temporal variation of seismicity (1982-2024), showing event magnitudes (M^) and
composite moment tensors for larger events from previoiis stiidies [10, 11] aiid this paper. The earthqiiakes
are compiled from three different catalogs: (l) Neunhöfer (1962-1997) [12], (2) WEBNET (1997-2023),
(3) Qseek (2023-2024), a high-resoliition catalog covering 2023-2024, obtaiiied throiigh machiiie learning
(ML)-based detection and analysis method. The indicated regions include the recent Klingenthal-Kraslice
swarm (in red; all events located within the black box in panel a, the seismically active Novy Kostel area
(orange), and off-zone events (gray) outside these highlighted regions. The normalized cumulative moment
for the Klingenthal-Kraslice and Novy Kostel regions is shown on the right axis.
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Ill receiit years, as part of an Inteniatioiial Contiiiental Scientific Drilling Program (ICDP-Eger), a uniquenetwork of surface and multiple borehole high-frequency arrays has been established in the study area
(Figure 1 and Figure Sl), in addition to the existing monitoring networks [13]. The infrastructure is locatedonly a few kilometers from the swarm earthquakes, and the sampling rate is up to 1 kHz, which allows a
detailed investigatiqytiof subsurface processes such as fluid migration and fault zone dynamics. By integrating
this network withfMy algorithins, we have built a high-resolution earthquake catalog, recording 8,071seismic events fromT5ecember 2023 to June 2024, including the smallest-size events with magnitudes of ML
= —0.5. This represents a tenfold eiihaiicemeiit of eveiits resolved in classical ageiicy catalogs aiid provides
unprecedented spatial and temporal resolution. The enhanced dataset specifies fine-scale fault geometries,
detects intricate seismicity patterns that were not formerly resolvable, and documents the detailed history
of the swarm with high accuracy.The earthquakes, confined in a narrow NW-SE trending zone of about 1.2 km width and 2 km length,
show systematic spatiotemporal migration pattenis. To investigate the soiirce mechanisms, we computed
centroid moment tensors (GMT), the first for this region, using a Bayesian inversion approach [10, 14, 15].We obtain 64 GMT sohitions for events with MM/ > 1.2. This approach accounts for iincertainties, providiiig
robust estimates of the fault characteristics (see the Methods section). The solutions reveal the activation
of a previously unrecognized fault segment, predominantly normal faulting, with strike = 329° ± 27, dip =
60° ± 6, and rake = -62° ± 12 (Figure lb) aligning with the spatial extend of the swarm, likely influenced by
localized stress accumulation. This discovery is remarkable because other earthquake swarms in the region,
siich as at NK, have been doiniiiated ill the past by strike-slip aiid thnist faulting (Figiire 1c) 10, 11]). The
regional variation of mechanisms and activated faults suggests significant heterogeneity in the stress field,
likely infliieiiced by transieiit deformation, fliiid inigration, and metasomatic processes within the crust.

Swarm phases
The first i-riicro-earthqiiakes occ'iirred ill Deceinber 2023, aboiit 2 kni north of the later KK swann cciiter,
at a depth between 10 and 11 km (Figure lb). These were the deepest events in the entire sequence.
After a period of about 3 months, the swarm moved slightly south to shallower depths and exhibited an
unprecedented rate of seismicity between March and June 2024. Since then, the activity has been greatly
reduced, but micro-earthquakes occasionally occur for a few days. Figure 2 illustrates the spatiotemporal
aiid magnitiide distribiition of all events aiid the GMT results for the earthqiiakes M-vy > 1.2, revealiiig two
distinct temporal phases with contrasting seismicity patterns (Figures 2 and S2).Figure 2a highlights the spatiotemporal distribiitioii of events projected oiito the strike and up-dip
directions. The activity starts at (0, -0.5) km and progressively extends, first bidirectional in up- and down-
dip directions (Phase I), and later radial with a central point at (0,0) (Phase II). After two months of
activity, the distribution forms an almost circular cluster with slight asymmetry along the strike axis.

The magnitude versus time plot in Figure 2 reveals distinct episodic bursts of activity. The two mainphases, Phase I and II, are marked by the vertical dashed lines aiid shading. Smaller inagnitiides doiniiiate ^the initial Phase I of bidirectional growth in up- and down-dip direction in the fault until March 2&.
correspoudiug to the early stages of fault activatioii. As the growth inode of the swarm becoines radial ill
Phase II, larger magnitudes eraerge.
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Interestingly, the ratio of P- to S-wave velocity (vp/vs) reflects the difE'erent phases (Figure 2c). We
use a double-difference Wadati method [16] ill moving windows to distinguish vp/vs at the activated fault
(source) and averaged over the path between the swarm and seismic stations (regional). While the regional
vp/vs remains constant at 1.7 over the course of the swarm, the source-related v p/v s is strongly reduced
in the initial phase of the swarm and retiirns to backgroiind valiies diiring Phase II. Such behavior has been
observed for NK swarms before e.g., 16, 17 , or during dike intrusions on Reykjanes Peninsula in Iceland
[18], aiid inay be explained by the fliishing of newly formed pore space close to the iiitrusion with gaseoiis
fluids in the initial phase of a swarm, which gradually diffuses away over periods of days and weeks.

The reduced vp/vs ratios ill the early phase of the swarm correlate with a change in the relative conier
frequencies, or stress drops, between earthquakes during Phases I and II. Earthquakes of, e.g., ML = 0.7—0.8
have smaller corner frequencies—i.e., lower stress drops— during Phase I than during Phase II (Figure S3).
This analysis is based on the largest events that are available within Phase I, as magnitudes were typically
small during that phase. The same magnitude range was also used in Phase II to ensure a consistent
comparison. Both full wavefonn analyses aiid independent spectral analyses of the P and S waves support
the consistent variations in corner frequency between the two phases. An anti-correlation between stress
drops and pore pressure has been previously reported for the hydraulic stimulation in Basel [19] . This refers
to a higher pressure in Phase I than Phase II, which could indicate that shearing was prominent during
Phase II, while opening or hydro-fracturing acted during Phase I.

Hydro-fracture model for bidirectional and radial growth

The first occurrence of earthquakes at greater depths and the subsequent bursts of activity and phases
at shallower depths between March and Jiine 2024 indicate that fluids rising from greater depths may
have triggered the activity. The reduced vp/vs ratios in Phase I of the 2024 swarm indicate a temporary
reduction in P-wave velocities in the soiirce region, and the iiicrease in conier freqiiencies between Phase I
and II suggests that the initial Mode I ruptures were increasingly overwhelmed by shear ruptures. This and
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the spatio-temporal pattenis of the swarm phases call be disciissed in the coiitext of pore pressiu'e diffusion
[e.g. 20, 21] and hydro-fracture models [e.g. 22].

Hydro-facture models have mostly been developed for controlled injection experiments, for example, in
cases where fluids are injected into the rock at a constant downhole pressure or flow rate from a sealed
wellbore. Few natural processes are known to generate overpressure, the most important being geochemical
process chains duriiig metasomatism, e.g. in the vicinity of carbonatitic melts [e.g., 23], or physical buoyancy
eff'ects in. closed fracture networks when fluids have lower densities than the host rock. Estimating the
overpressiu'e in natural systems at 10 kin depth seems challengiiig at first sight. However, if injection-like
processes are observed, we can base our estimate on laboratory experiments for buoyant fluid injections,
e.g. in brittle gelatin e.g., 24, 25 . With increasing injected volume, e.g. in the fault beneath KK, an
initially penny-shaped circular fracture becomes vertically elongated until the overpressure at its upper tip
is sufficient to propagate the fluid-filled fracture further upwards. After that, the fracture will not increase
in lateral width aiid will oiily grow ii.pward. Therefore, the lateral width of a fractiire, together with the
fracture toughness of the rock, can be used to estimate the first-order overpressure at the tip.

The static overpressure at the tip of the 3D batch is giveii by A-P = 27'oApgr, where 2r'o is the lateral
width of the fracture, g is the gravitational acceleration, Kc is the fracture toughness, and Ap is the density
difference between the fluid and the surrounding rock, which itself can be related to Kc and ry by [equation
A2 in 25, setting Pg = Apg]

^ K,
&p~^t1'

4
The volume of the fluid entrapped in a buoyant 3D fracture isV=^rAw

2(1 - v) K^l'1 [see appendix
G . ^

in 25 , where v is the Poisson ratio and G the shear modal of the host rock. The measured lateral extent
of the seismic cloud is r-o = 200 m in Phase I and ro = 900 m in Phase II (Figure 3a,b). Assuming
KC » 100MPaml/^2 [e.g. 26], the density difFerences of the ftrst and second phases are estimated to be
1597kgm-3 and 176kgm-3, respectively. For example, if the density of the deep Eibenstock granite host
rock is 2620 kg m-3 [see figure 5 in 27], then the fluid densities ill the first and second batches are 1020 kg m-3
and 2440 kg m~, respectively. With these density differences and the measured lateral extent, the over-
pressures are estimated at » 6MPa and w 3MPa for Phase I and II. The values represent a minimum.
They are independent of the question of whether the injection is driven from a self-similar, constant volume
fluid batch ascending through the crust, or build-up by metasomatic processes in the contact of melt and
rock. The lower biioyancy in Phase II is also reflected in the different distribution of events in the iip-dip
direction. While the distribution of Phase I is asymmetric with a focus in the upper region (Figure 3a), the
eveiit density ill Phase II is almost syinmetrical in the iip-dip directioii (Figiire 3b).
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Fig. 3: a Bidirectional crack growth by fluid injection with high overpressure and buoyancy, and b radial
growth under low overpressure and buoyancy, leading to hydro-shearing in the tip region of the penny-
shaped crack. For a simplified analysis, cracks are replaced by theoretical inodels with constant half-width
h. Crack growth is considered quasi-static, where the crack size is associated with the fluid or pressure
front, respectively.

155

156

157

158

159

In the followiiig, we discuss hydro-fracture inodels aiid directed pressure diffusion for bidirectioiial aiid
circular growth in more detail (Fig. 3). Both models assume that the fluid overpressure in the KK fault
spreads slowly from the injection zone (point 0:0 or injection radius ry). To simplify the problem, we assume
a constant injection pressiirc during the injection (intnision) phase. The front of seismicity spreads with the
pressure front and the fracture tip. While hydraulic diffusion models often assume a constant permeability

6



160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

ill the fractiire zoiie, hydraulic fractiire inodels consider the change ill pcnneability (crack thickiiess) as the
crack grows. The bidirectional growth model [22 (Fig. 3a) assumes a laminar viscous flow within the crack
with time- or length-dependent opening. The model is suitable when the overpressure is so large that the
mode I stress intensity factor exceeds Kc. A circular growth as observed in Phase II occurs dominantly at
low overpressure and grows by shear motion induced by increased pore pressure, known as hydro-shearing
(Fig. 3b).

Bidirectional flow in a rectangular channel:
In the bidirectional fracture model, the laminar fluid flow in the growing crack is controlled by the (over-)
pressure at the injectioii point, the average half-thickiiess of the crack, h, the fracture toiighness Kc, and
the geometry of crack growth (curvature of the crack tip line). The over-pressure at the injection point
is large at the beginning of crack growth, and drops to zero when growth stops. In between, the over-
pressure function is largely unknown. For simplicity, we divide the pressure function into two regimes: (1)
a constant over-pressure PQ during the injection phase (constant 2D flux Q), and zero over-pressure during
after-growth. If an effective driving stress gradient exists, unilateral growth can develop after injection. We
assume an injection line source at the center. During the injection phase, the steady-state viscous flow is
described by laminar Hageii-Poiseuille flow with total volume flux Q aiid the inean velocity [22]

-©K'2 _rr11/3
::ffeffl ? (l)

T] is the intrinsic fluid viscosity and gviL is the effective driving stress gradient, defined as gtHere,

7 + QP/Qx == 7 + (Pa - Po)/a = —i (•PO— | v/7T/a-K'c) , where 7 = Ap5 is the static driving stress gradient
diie to buoyancy, Po is the injection pressiire at the injection point, and Pa is the pressiire in the channel
at length a from the injection point.

Althoiigh the solution represeiits a steady-state flow, it can be used to approxiinate slow crack growth
for hydro-fracture experiments. Therefore, we assume that the hydro-fracture has a time-dependent length
a that increases with velocity v so that the laminar flow is not disturbed. Such a process requires that the
pressure at the fracture tips adjusts such that for each instantaneous time, the stress intensity K± at the
crack tips of both wings equals the fracture toughness Kc of the rock. As shown in [22], the asymmetric
growth velocity ^1/2 of the two wings diiring the injection phase from time t-i to t^ can be eqiiated by

vi/2(a) ±v |l ± -s^| with v
5effJ

Q2

96»? a
n-(p.- K,y]:1/3

(2)

An intrusion associated with an injection under high, almost constant overpressure that abruptly ceases
leads to a seismicity front initially growing bidirectionally with higher velocities upwards than downwards.
Then, in the so-called 'bleed-off' phase, there is a one-sided growth of the seismicity front upwards, which
is accompanied by a so-called 'back-front of seismicity generation', which only propagates iipwards from
the center of the opening fracture. The back-front develops when the internal pressure in the fracture re-
organizes iiito a liiiear fiinction with depth. With further growth at the longer wiiig, the point of maximal
opening migrates together with the upper crack tip and marks the seismicity back-front behind where the
Coulomb stress in the surrounding rock reduces and no longer increases. As showii in [22], the time evolution
of the back-front and the final length of the hydro-fracture are independent of other parameters and cannot
be varied.

The seismicity cloiid of the KK swarm shows diiring Phase I exactly this predicted pattern (Figiire 4
a,c) and can therefore be simulated by the bidirectional growth model. Our modeling results indicate an
injection phase lasting 5 days (from day 16.8 - March 16, 2024, at 19:00 UTC, to day 22_- March 22, 2024)
at an overpressure of about 6 MPa (pressure above normal stress on the fault) and Kc ^ lOOMPam / ,
followed by a bleed-ofT phase over 7 days until March 29, 2024. Although the fluid viscosity is difficult to
determine because the fracture mechanics modeling makes simplified assumptions about the crack opening,
the modeling shows that viscosities as small as a few Pa • s are sufficient to reproduce the observed growth
of the seismicity cloud. The observed one-sided back-front agrees with the predictions. This is a strong
indication that hydro-fracturing was the dominant process in Phase I, resulting from the intrusion of a
low-viscosity light fluid into a dense rock. As expected froin this model, the observed earthquake density in
Phase I is asymmetric in the up-dip direction, with a thick bulge at the top (Figure 4a).
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Fig. 4: Evolution of seismicity patterns during fluid injection phases. a Seismicity in Phase I projected
onto the fault plane, illustrating bidirectional growth, b Seismicity in Phase II, highlighting radial growth.
The iiiset ciirves in both paiiels show the normalized eveiit densities as a fiinction of the iip-dip direction.
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the lateral extent, and the mean opening of the rising batch. The observed spreading of seismic events is
compared with the theoretical growth models: c bidirectional growth model, with a fluid density differenceof Ap = 1597 kg m~3; and d radial growth model, with a fluid density of Ap = IGTfcgm"3. Red curves
indicate model predictions, showiiig good agreemeiit with observed pattenis.
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Low-pressure injection leading to radial diffusion and hydro-shearing:
In Phase II (t > 29d, March 29, 2024), the seismicity cloiid coutinucd to grow, biit iiow radially, startiiig
from the upper end of the previously fractured segment on the fault (Figure 4b,d). Slow radial growth of a
seismic cloud is often explained by pore pressure diffusion [e.g., 28], inducing both shear and opening-mode
fractures. Aseismic slip may also play a role [29-31]. Diffusion models suggest a radial growth proportionalto \ft, equivalent to a radial growth velocity •u proportional to r-l. In a fracturing model, radial growth
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is expected when both biioyaiicy forces and injectioii pressiu'es are lower [e.g. 32]. Ill terms of growth rate,
the circumferential length of the crack increases with time, in contrast to the bidirectional growth in Phase
I. Therefore, the speed of the seismicity front decreases with increasing radius of the activated fault patch,
even if the inflow is constant.

The pressure function from injection with pressure PO at radius r-o and constant total flux Q into a
confined aquifer with half thickness h is described by the Thiein equation, where ?(?•)-Po varies logarithini-
cally with radial distance ln(r/ro). The functional form is similar to the problem of radial flow between' two
parallel disks. Using the same concept of a qiiasi-static growth of the fractiired, peniiy-shaped area on the
fault growing together with the pressure front and considering the stress intensity factor of a penny-shaped
crack, the radial growth velocity can be described by

v(r)«
O2 (r-ro)

12^77 ri In ^
,_7r_^
1-27^

1/3

for r > ro • (3)

Note that the total flux has a iiiiit of in3/s. The time needed to fractiire a radiiis r is calciilated by the

integral (:(r) = fl/v(r')dr'. The expected velocity is proportioiial to [(r — 7'o)/(7'41n(r/T'o))] ~ T'-4/3,
0

which is similar to the predictions of pore pressure diffusion.
Our modeling shows good agreement with the observed growth of the seismicity cloud in Phase II

(Figure 4d), if a lower injection pressure of about 3 MPa and Kc « 100MPaml/2 are used. The radial
instead of bidirectional growth is explained by a higher density of the inflowing fluid. This, together with
the lower injectioii.pressure, coiild also explain that 110 significaut back-front is observed after the.iiifiow has
stopped, contrary to borehole injection experiments e.g., 33 . The injection under low overpressure predicts
a syinmetrical event density around the ceiiter in the iip-dip directioii, as observed (Figiire 4b).

The role of magmatic fluids in driving swarms - discussion

Swarm activity also occurred in the KK regioii in 1897, exhibitiiig multiple phases and siinilar source
mechanisms to the 2024 sequence, allowing for a meaningful comparison between the two swarms (Figure
S4). The first events of the recent KK swarm occurred three months_before the swarm jtself^ (December
2023).These^earthquakes were located apprmdi^ately 1 knTdeeper and 2 km north oFth^lubsequent swarm
activity, which intensified on 16 March 2024. During the first five days of the main activity, a high rate of
sinall-magnitude earthqiiakes indicated the injectioii of low-density fliiids into a pre-existing iiormal faiilt,
with bidirectional fracture growth over a lateral width of 400 m and a vertical length of about 1.1 km.
Accordiiig to our modeliiig, the iiiitial overpressiire was aboiit 6 MPa. After the cessatioii of iiijection, the
fracture continued to grow upward in the fault by about 100 m for 7 days, where a back-front of ceasing
seismicity developed behind the upper seismicity front. This asymmetric pattern strongly supports the
injection of light fluids with an estimated density of around 1020 kg/m3, assuming a density of the granitic
host rock of 2620 kg/m3 [27].

The pressurization of the fault could be explained by different processes accumulating 002. For instance,
a buoyancy-driven fracture could have arrived (Fig. 5), originally formed from the degassing of carbonatitic
melts at great depth or during ascent. Alternatively, pressiu-ization could have fanned by metasoinatic
processes close to the fault when carbonatitic melts interact with host rocks [e.g. 34].

2

9



^^-^-^IZ?
^r rK^ <y^^^ "•

7̂j

/
^^ /^^%%^ ^ ^^ ^.^^

v^\\
^^^ -^-<7 ^s^x^s.^1^\., \^.w\ C1 600

^^ ^.
<$^•^ ^<^ ^^* *

*Zr
fenites?* ^\\\\.Y \

< t %brittle-

ductile
transition

*

^
^r

^*
!*

AP sl

^ &-.2a1.8 Wi^0 co22.4 2ro 2
0^^ '13709

3,0 AP
2

2440

carbonatitic
2 melts?v2a l

2r|

Phase I Phase II

0.4
0.53
319

AP (MPa) 6.3
^kg/m3) 1020

2r (km)
2a (km)
V (m3)

^ CO; melt
(carbonatitic)

ü p(kg/m3) 1000 2200-2600
H (mP s) 0.13 3-15

Fig. 5: Sketch of a subsequent cyclic intrusion into a pre-existing fault, inducing the KK swarm. The
smaller batch with volume V\ (Phase I) arrives first, with a larger overpressure APi. The batch with volume
l/2 feeding Pliase II of the swarm lias a larger lateral size 2r-i and a sinaller overpressiire APz. Estimated
parameters and literature values for the density and viscosity of CÖ2 (see supplementary material) and
carbonatitic inelt e.g., 35 are given in the iipper and lower table on the left, respectively. Both the small
overpressure in Phase II and the small density-related buoyancy facilitate hydro-shearing in the fault zone,
triggering larger earthquakes.

^pl^s-?

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

The filling of pore space by COz or wat£t-£ßuld eventually explain the sudden decrease in vp while vs
remains less affected. However, very small^ratios^elow 1.4 indicate possible vaporization of fluids associated
with an expansion of pore space. Because CÖ2 is in a supercritical state at a depth of 10 km, only the water
coinponeiit can eveiitiially vaporize (Figiire S5) in the regioii of the crack tip cavity where teiisional siictioii
forces can become extremely large if the host rock pore space is undrained 36 . Distributed hydro-fracturing
and brecciation in the aurora of carbonatitic intrusions can be violent [e.g., 23] and may play a role. Such
zones have been highlighted by a reduction of gravity and low vp [37]. Fracture-induced anisotropy may
also affect v p vs, but studies on this topic are beyond the scope of this article.

After 29 March, J;he swarm experienced a second phase of activity in which it grew radially within the
fault to a radius of about 950 m, starting at the upper end of the seismicity in Phase I. Using a similar
inodeling approach as before, we estiinatc an initial overpressiire diiriiig Phase II of only 3 MPa aiid a
fluid density of about 2440 kg'/m3. This indicates that after the injection of COz, a heavier melt or melt
briiie flowed into the fault (Figure 5). Duriiig this phase, the earthquakes becainc larger aiid the conier
frequency of their rupture increased, indicating that shearing was more prominent than opening. The lower
injection pressure could explain why hydro-shearing became dominant [see 38, for mechanism]. A more
detailed analysis of the soiirce spectra and corner freqiiencies coiild siipport these interpretations, biit this
lies outside the objectives of the present study.

To date, a niimber of alternative models have beeil proposed for the Vogtland regioii. Piirely tectoitic
models based on the interaction of fault networks [e.g., 39, 40] have now been ruled out, as modern geodetic
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data show oiily minor tectonic deformations, difficult to explain repeating swarms. Proposals that the
swarms are triggered by exogenous environmental factors can also be ruled out [41]. Most proposals assume
transients of CÖ2 flow, sometimes linked to so-called valve mechanisms in fault zones [e.g., 42]. However,
decades of extensive measurements in Vogtland region mofettes show that flow transients can be triggered
by different mechanisms and are difficult to interpret [e.g 43]. A possible problem with the flow-controlled
valve model is that already small voliiines of COz are szifHcieiit to biiild iip the excess pressiire to reopen
sealed fault patches, making it difficult to explain month-long swarms alone. However, detailed analyses
show that the swarm patterns resiilt froin a combiiiation of fliiid iiitrusion and earthquake interactioiis
driven by co- and postseismic stress transfer, which can explain their duration [44-46]. Similarly, COz alone,
which is light and tends to move upwards, cannot explain the incremental growth of the NK swarms in
about 9 km depth horizontally over the length of more than 20 km since 1985, if not an unbroken sealed
layer is assumed at approximately 7 km depth.

Massive COz emissions at mofettes and springs extend over an area of 60 x 40 km2, iiicluding the
locations of different swarms. Helium isotopes in springs indicate that the COz is mantle-derived, facilitated
by the iipwelling aiid magmatic underplating [47]. Mantle xenoliths from the tephra deposits in maars
indicate that alkaline melts intrude at depths of 45 to 25 kilometres [48, 49], which is a favourable condition
for the development of light and low-viscosity carbonatitic melts during ascent. Such magmatic processes at
Moho depths have long lifecycles, which could also explain the persistent occurrence of swarms, including the
reactivation of the KK swarm after a hundred years. Some previous studies suggested that melts were present
at the depths of the swanns. This is supported by geological maps that indicate that earthqiiake swarms
occur predominantly close to old magmatic intrusions [e.g., 50]. [32] studied the aspect ratio of the seismicity
cloiid of individiial swarms beneath NKC and siiggested that melts and CO 2 separate diiring a swann to
explain both upwards and lateral/downwards migration of earthquakes. The analyses estimated a mean
overpressure during the later phase of a swarm in 2000 to be around 5 MPa, while a shear stress between
9-17 MPa was effective. Other investigations of repeating seismicity clouds yielded an initial overpressure
at the beginning of the NK swarm in 2008 of 15-25 MPa [5].

Non-differentiated peridotiticjnelts do not align well with oiir observations. They typically have high
densities, meaning large volumes of melt must accumulate in vertical fractures before the overpressure at
the tip is siifficient to cause instability and the eiitire batch to ascend through the crust. These large-voliime
intrusions induce relatively strong earthquakes, up to magnitude MW ~ 5, when they penetrate the brittlei
part of the crust. However, our maximum magnitudes are below MW ~ 3. Additionally, the viscosity of,
silicate-rich melts may be too high for them to propagate through grain boundaries and faults in the brittle
crust to generate hydro-shearing.

This suggests that small voliimes of light, low-viscosity melts have been available in oiir case, from which
COz is also released. Alkaline or calcium carbonatites could fulfill these conditions. The rise of carbonatite
melts to the upper cnist overcomes soine of the limitatioiis mentioned above. Carbonatites have very low
viscosities, similar to water, and can therefore migrate slowly through the crust in small volumes and
penetrate grain boundaries aiid faults without causing strong earthquakes. Their ascent aloiig pre-existing
weak zones or in the vicinity of existing intrusions or plutons may explain why earthquake swarms reawaken
in the same place after a long time. Another characteristic of carbonatite melts is that they produce COz
and HzO diiring their ascent and in contact with the surroiinding rock [e.g., 51]. The time scales of this
interaction are not fully understood, but can possibly be violent [e.g. pneumatic jackhammer model, 51] as
networks of hydraiilic fractiires and breccia zones are dociimented in feiiite deposits in the volume aroiind
carbonatitic intrusions.

Melt-rock interaction aiid the related hydrothermal systeins may lead to the formatioii of ores and
minerals, which have been mined for centuries in the Vogtland and close to Klingenthal. For example, the
KK swarm is located on the border of the Eibenstock granite pluton, which covers an area of more than 30
km2, on the edge of which feldspar, barite, and apatite were mined [52].

Conclusions

Magmatic fliiids in the NW Bohemia/Vogtland swarm region develop and acciimiilate in the iipper mantle
and at the crust-mantle boundary. When such deep reservoirs evolve and become unstable, the lower density
melts and fluids inay separate and rise further throiigh the cnist. When these magmatic fluids eiicouiiter
the brittle-ductile boundary and interact with pre-existing fault zones, seismic swarms can occur.

Our aiialysis suggests that the 2024 Klingenthal-Kraslice earthquake swarm—the first significant seismic
activity in the area in over 125 years—was driven by such fluid-fault interaction, providing a concrete
example of mantle-derived, carbonate-rich fluids interacting with bedrock at the brittle-ductile boundary.
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This interaction caiised three moiiths of intense earthquake activity, activatiiig a previoiisly iinideiitified
normal fault at a depth of 10 km. The swarm underwent an unexpected evolution from vertical bidirectional
growth to radial growth of the seismic cloud over a period of 70 days. The Vp/vs ratio in the source region
decreased significantly during bidirectional growth. Source spectra also indicate a different fracture mode
during this phase.

The spatial and temporal evoliition of the swann coiild be inodeled iisiiig a hydro-fractiire model that
provides constraints on overpressure, viscosity, and density of the injected fluids. The first phase, which
lasted five days aiid iiivolves bidirectioiial vertical growth, is characterized by very low viscosity aiid ail
overpressure of about 6. MPa associated with a higher buoyancy force in the intruding fluid batch of a
volume of about 320 m3 ascending from below. This indicates a high Hz 0 or COa content with an average
density of about 1040 kg/m'3.

During the second phase of radial growth, the density difference between the intruded fluids and the
host rock decreases, which can be explained by the iiifliix of melt or melt brine with a density of about 2440
kg/m3 but still a very low viscosity. Although the estimated intruded volume is larger at about 13,700 m3,
the realized overpressiire is sinaller at only aboiit 3 MPa, favoriiig hydro-shearing events and generating
earthquakes of magnitude greater than 1.2. Carbonatitic melts would explain such parameters.

Our study exemplifies how seismicity patterns can identify sequential injections of light COz and melt-
brines of very low viscosity and with densities much smaller than that of the host rock in 10 km depth. We
propose that. the NW Bohemia/Vogtland swarm region is an area where the ascent of low-viscosity melts
into the iipper cnist, as well as the inetasomatisin and feiiitization of carbon-rich melts, can be stiidied as
they develop today.
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Methods

Earthquake detection and localization
We generated the earthquake catalog using Qseek, an automatic waveform-based earthquake detector and
locator, as detailed in 53 . Qseek combines seismic phase arrival annotations provided by neural net-
work phase pickers and wavefonii stacking with au efficieiit adaptive octree search. The resolution of the
search volume is iteratively refined toward the seismic source location, enabling fast and accurate detection.
Moinent and local magnitude calculatioiis from peak ground inotioiis are iiicluded [,'54]. Locatioii acciu'acyis further enhanced by incorporating station-specific corrections (SST) and source-specific station terms
(SSST). The method has been validated for multiple large seismic datasets across various regions and
geological settings [53, 55].Methods implementing SSST can achieve relative locations similar to double difference methods [e.g.,
56, 57 . In oiir case, SSSTs were derived from a regional applicatioii of Qseek to NW Boheinia and Vogtland
for the years 2018 to 2024, including the KK swarm. The waveform attribute stacking approach with
static station correctioii terms, a preliininary version of the Qseek approach, was directly coinpared to a
high-resolution double difference relative location applied to a NW Bohemia earthquake swarm in 2008
using stations from WEBNET [58]. Results showed very comparable high precision relative and absolute
locations, where data errors were in the range between 0.2-0.5 km. Compared to 2008, the density and
coverage of stations have significantly improved, so we estimate that the uncertainties from the updatedQseek application are in the range of 0.1 km. ßjDCjel^DC^

The seismic catalog was created using the local velocity model from [59], a modified model version in
[60]. Waveform data were sourced froin three borehole arrays (6A.LWSOO, GX.TISOO, GX.STCOO) of the
ICDP (Drilling the Eger Rift) Eger Virtual Network [6l], along with surface stations operated by WEBNET
[62, 63], SXNET [64], TSN [65], and BW [66], as described in the Data Availability section.
Centroid moment tensor inversion
We applied inoineiit teiisor iiiversiou to earthqiiakes with Mw > 1.2 for the 2024 KK swarm (Figiire 1)using a joint inversion of waveform and first motions [55] . Uncertainties were estimated using a Bayesian
bootstrap approach iinplemeiited ill the opeii source software G fond [67] , which coinbines iioiilinear inversion
and bootstrapping.The source model parameterization includes centroid location, depth, time, moment tensor components,
and optional soiirce diiration. Green's fiinctions (GFs) were precompiited iising Qseis 68 for a sampling
rate of 100 Hz, covering distances of 0-80 km and source depths of 7-13 km with 100 m spacing, based
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on the velocity model of [59]. Theoretical travel tiines aiid phase polarities were calculated iising the Cake
tool [69]. The inversion minimizes the LI i^orm misfit between observed and synthetic data [70], balancing
weights for signal amplitude, source-receiyer distance, phase type, and data type.

Waveforms were inverted in time wincfcws of ±0.25 s around P- and S-wave arrivals in the time domain,
with shifts of ±0.15 s allowed for synthetic traces. Approximately 4,000 manually verified P- and S-wave
arrivals were iised, with a frequency raiige ofl.0-3.0 Hz. After 100,000 iteratioiis, 64 earthqiiakes with robiist
centroid locations, low misfits, and sufficient azimuthal coverage were selected for further interpretation
(Figiire l). Fiill waveform fit.s are available as onliiie reports and interactive web-based visualizations (see
Data Availability).

Temporal changes in v p/v s ratios in the swarm volume

The double difference Wadati method was developed by [16] to estiinate temporal chaiiges of 7 = vp/vg m
the source region of an earthquake swarm. The traditional Wadati diagram uses the arrival time difference
between the S- and P-wave, t s — t p plotted over t p, for all stations recording the event, which linearly
depends on 7 and the origin time of the event. Averaging 7 for many events provides an average ratio for
the crust beneath the seismic network.

We use time differences between P-wave arrivals at each station for pairs of events. The same applies to
S-wave arrivals. These double differences are sensitive for velocity changes between the different sources, as
effects between the swarm and the stations are canceled oiit. The challenge of the double difference Wadati
approach is to have precise pick times, Tp and TS, with accuracies of 4 or 8 ms, respectively, in order to
resolve variatioiis in arrival time differeuces over a path length of 1-2 km. In oiir case, we take advantage
of the 250 Hz sampling rate on all WEB NET stations. Note.that borehole chains in Tisova (GX.TISOO),
Landwüst (6A.LWSOO) and Studenec (GX.STCOO) sample with 400 or 1000 Hz.

The theory and inversion approach is described in [16], where the following equations are minimized,

||Ts.y-7^-^11 is minimal
||ATs;, - 7;Ar^;, - AJ(|| is minimal

(regional ratio)

(source region ratio),

where Tszj and Tpy- are S and P wave arrival tiines at station j froin event •(, T^,. is the eveiit-wise
demeaned P arrival time. Si is a constant that can be estimated for each event. The symbol At refers to
arrival time differences. The index I refers to unique permutations of event pairs. The minimum is found
from a grid search over possible values of 7, whßi-e-a&^Li norm was implemented.

We only considered earthquakes within a^23fcm3^cube centered on the swarm that with at least 14
acciirate picks with probabilities greater than "0'S. Stations with a Ts-Tp difference of inore than 4 s
and outliers with a deviation of more than 0.05 s from the Wadati curve in a regional (conventional)
Wadati plot were reinoved. We also eiisured a systematic input dataset by selectiiig a set of statioiis that
consistently provided picks for every included earthquake. We tested different station ensembles. Stations
from which rays emerge perpendicular to the fault result in very small (or zero) arrival time differences for
event pairs and are therefore not suitable for studying velocity ratios. Those associated with rays along the
activated fault produced larger arrival time differences that exceeded the pick accuracy. We tested different
ensembles of stations. While the general resiilt and trend ill vp/vg remaiiied iinchanged, the inost convincing
examples involved stations located approximately 15 km from the sources. We ultimately employed stations
WB.LOUD, SX.WERN and SX.WERD for the analysis (see Figure Sl, S6-S9).

Supplementary information can be found here: Supplementary Informa-Supplementary information.
tion (supplement.tex file)
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Fig. Sl: Map of seismic stations that recorded the 2024 Klingenthal-Kraslice swarm (red circles), labeled
in NET.STA format. The inset shows a zoomed-in view highlighting closely spaced stations. Black circles
indicate the stations used in the Vp/Vs calciilations (see the method section in the main text), while
rectangles mark borehole stations used for spectral analysis.

Table Sl: List of seismic stations used in this study, including their network codes, names, geographic
coordinates, and elevations.

No Network Station Latitude (°) Longitude (°) Elevation (m)
l
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

6A
6A
6A
BW
BW
BW
BW
BW
BW
BW
BW
GX
GX
sx
sx
sx
sx
sx
sx

LWSOO
LWSOO
LWSA2
LAEN
MANZ
MGBB
MKON
MROB
MSBB
MZEK
ROTZ
STCOO
TISOO
FROHN
GUNZ
LEUT
MEINS
MOBS7
MOBS8

50.258014
50.258014
50.25804
50.182812
49.986198
49.971962
50.018635
50.083145
50.031429
49.962593
49.766899
50.258054
5Ü.35U277
50.59483
50.3635
50.6072
50.73247
50.41433
50.42344

12.328517
12.328517
12.328452
12.185856
12.1083
12.214974
12.23383
12.178588
11.972771
11.94743
12.207
12.518528
12.497441
12.98856
12.3316
12.52309
12.88118
12.53191
12.59578

217.82
245.72
614.15
675.0
635.0
650.0
614.0
570.0
622.0
627.0
430.0
335.0
369.0
401.0
669.0
411.0
501.0
750.0
906.0
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No Network Station Latitude (°) Longitude (°) Elevation (m)
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4l
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

"sx"
sx
sx
sx
sx
sx
sx
sx
TH
TH
TH
TH
TH
TH
TH
TH
TH
TH
TH
TH
TH
TH
TH
TH
TH
TH
WB
WB
WB
WB
WB
WB
WB
WB
WB
WB
WB
WB
WB
WB
WB
WB
WB
WB
WB
WB

MULD
NEUE
ROHR
SCHF
TANN
TRIE
WERD
WERN
ABG1
ANNA
FRAU
GEIDO
GRZ1
HKWD
KAMM
LEIB l
MLFH
MODW
MOXB
MORAS
PLN
RANIS
TAUT
TIER
ZEITZ
ZEU
BUBD
HOPD
HORC
JOG
KOC
KOPD
KRC
KVC
LAG
LBC
LOUD
MAC
NKC
POC
FOLD
SKC
STC
TRC
VAC
ZHC

50.4118
51.1942
50.234
50.6772
50.415
50.352
50.448
50.2874
50.96532
50.88399
50.69544
50.7353
50.6908
50.8297
51.0476
50.57607
50.78982
50.94269
50.64523
50.53608
50.4852
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51.0507
50.67064
50.381739
50.223778
50.18598 '
50.2115
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50.330692
50.204956
50.049672
50.264608
50.277533
50.144292
50.2331
50.319967
50.156028
50.16911
50.257942
50.303444
50.234497
50.069842

12.4039
11.7719
12.317
12.4031
12.461
12.137
12.307
12.3761
12.57208
12.64365
12.31685
12.1999
12.21964
12.26811
12.43147
11.1978
12.08091
12.46844
11.61447
11.2247
12.1573
11.56432
11.7.1074
11.16721
12.12605
11.97713
12.513619
12.265472
12.491
12.5484
12.232878
12.47473
12.5295
12.51134
12.62396
12.411233
12.574492
12.535158
12.4479
12.426622
12.234972
12.360497
12.518492
12.144658
12.376336
12.308103

693.0
200.0
629.0
384.0
802.0
510.0
596.0
672.0
247.0
249.0
362.0
346.0
401.0
313.0
179.0
451.0
220.0
242.0
359.0
618.0
432.0
383.0
331.0
661.0
158.0
331.0
745.7
731.0
500.0
510.0
621.0
536.0
806.0
666.0
806.0
684.0
692.0
609.0
564.0
841.0
589.0
501.0
712.0
612.0
581.0
677.0
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Fig. S3: Comparison of stacked waveforms and amplitude spectra for two borehole seismic stations: (left
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Comparison of the 1897 and the 2024 Klingenthal swarms
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Phase diagrams of CO-^, and H-^0 '
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Dear editors and authors,

Please  find  my  comments  on  the  revised  version  of  the  manuscript  by  Büyükakpinar  et  al., 
submitted for publication in Communications Earth & Environment, below. The revisions made by 
the authors are helpful, as the manuscript is now easier to follow, particularly with regard to the link 
between the data and the model. However, I am still convinced that the model they proposed (nice 
and meaningful) is one possibility, among other ones. More specifically, 'fluid diffusion' alone within 
a pre-existing complex fault network may be consistent with the data results. The data cannot rule 
out this possibility, given that the main argument lies in the migration pattern of the seismicity. Such 
complex migration patterns are observed in other contexts worldwide (Japan, California, Greece, 
etc.) without the need for hydrofracturing or magmatic processes. As I asked in my initial review, 
these points should be emphasized more in the discussion to avoid readers directly interpreting 1D 
migration with back-front as hydrofracturing or magmatic fluid processes. I am not fully qualified to 
judge the scientific quality of the discussion on magmas, but it seems also to go too far given the 
results of the data. Finally, I have a few minor concerns about the results and the clarity of some 
points.

Taking  these  points  into  account,  I  still  believe  that  the  manuscript  is  worth  publishing,  but  I 
apologize for asking again for some major revisions.

Detailed comments

 title: “indicates” might sounds quite strong. Maybe change it by “suggests” (or “is consistent 
with”) 

 l20: there is no proof of a reawakening, as the last swarm in this area was one century ago,  
without  strong  constraints  on  its  location.  ‘activation’  seems  more  suitable. 

 L100-107: Please refers to the figures in supplementary materials. Maybe you could give 
more details on the uncertainties to show how robust are these results as fits in Fig. S7b 
and S8b are not so convincing. 

 In Fig. S3: Could you plot a Brune spectrum estimation and the noise level on each station? 
As  you  should  work  with  event  with  same  moment,  Fig  S3c  and  d  should  not  be 
normalized. 

 L116-117: This sounds as over-interpretation: from one EGS results where most (if not all) 
the seismicity is due to shearing events, I do not see how you can conclude that phase I is 
dominantly opening. Do you have evidences of tensile motions in the CMT? 

  L118-165: they might be some redudancies with the following sub-sections. Please check. 

 L129 and through the text:  I  was confused in  the  first  set  of  review by  what  you call 
overpressure, sorry for that. It is now defined l199, which is late in the text. Maybe it could 
be  better  to  speak  about  effective  normal  stress  of  -6MPa,  to  avoid  amibiguity  as 
overpressure commonly designed the pressure above the hydrostatic pressure, and not 
above the normal stress. 

 L245:  density  of  1020  kg/m3  is  here  directly  associated  with  CO2,  which  is  possible 
according  to  S5  (not  mentioned  here).  How do  you  discard  water,  which  seems  also 
possible? Moreover, l251-523 seems to suggest that water may be a better candidate. 

 Fig. 5: I still do not get why you consider the batch feeding Phase II has a lateral size of R1. 
In this case, there is no fluid diffusion on the fault, hence eq 3 and its discussion has no 



meaning. Why are you not considering an injection with radius r1, in consequence of phase 
I? 

 L249-253: Thank you for the explanation about the very low Vp/Vs. If I understand correctly, 
it means that vaporisation occurs dynamically when P-waves is passing, hence with a fluid 
very close from the transition gas/liquid? 

 L257-265: The pressure and the density you use are inferred from a propagating crack 
(mode I), while you show that seismicity is dominantly shearing with a diffusive fluid (Thiem 
equation). Are the inferred values are still valid? 

 L267-268: I can understand that geodesy rule out a pure tectonic forcing. However, the 
presence of a complex fault network is an additional difficulty to the processes at play. And 
complex fault network may lead to complex migration pattern (in particular 1D, bidirectional 
or unidirectionnal). As mentioned in first review, I think it can be good to discuss a bit more  
that complex fault networks may also lead to complex migrating patterns. At least, please 
stress that the model you proposed is one possible interpretation, but that data results 
cannot fully ruled out other possible models. 



Rebuttal Letter for the Manuscript Titled: "Revived Earthquake Swarms: The Role of Magma in 
NW Bohemia/Vogtland"

To the Editors and Reviewers:

We sincerely thank you for the insightful and constructive feedback on our manuscript. Below, we 
provide a detailed response to each reviewer’s comments in sequential order. Reviewer comments are 
presented in regular font, followed by our responses in blue. Line numbers refer to the revised version. 
Before addressing the editor and reviewers’ comments individually, we provide below a summary of 
the major changes implemented in the revised manuscript:

Major Changes

1. Improved  Presentation  of  the  Conceptual  Model  and  Assumptions:  In  response  to 
reviewers’ request, we revised the presentation of our analytical model. We now clearly define 
the  physical  assumptions  related  to  hydrofracturing,  hydro-shearing,  buoyancy-driven  fluid 
ascent, and overpressure estimations, supported by updated visualizations and model sketches 
(Figure 3 and 4).

2. Expanded Discussion on Alternative Models: We now present a broader and more structured 
discussion of alternative mechanisms, including CO₂-valve models and tectonic interactions. 
Furthermore,  we  discuss  the  possible interactions  between  carbonate-rich  melts  and 
surrounding crustal rocks, and include phase diagrams in the supplement. In particular, we 
highlight metasomatic processes and fenitization at ~10 km depth as potential contributors to 
transient overpressure. These mechanisms are presented as plausible alternatives in the revised 
discussion. Although we cannot provide direct observational evidence, relevant references have 
been added to support their consideration.

3. Clarified  Interpretation of  “Undisturbed Rock”  and Historical  Context:  The  statement 
regarding “undisturbed rock” has been clarified. We found literature from 1889, 1904 and 1920 
describing historical swarms at Klingenthal, where the activity in 1897 appears similar to our 
observations  in  2024.  This  is  now  mentioned  in  the  introduction  and  the  text  has  been 
reformulated and improved. In this context, we systematically reviewed historical seismicity 
and identified significant swarm activity in  1897 near the same region. We reconstructed the 
radiation patterns of the strongest events in the 1897 sequence and observed striking similarities 
to the 2024 swarm. These findings are now discussed in the main text, with supporting material  
provided in the supplementary section (Fig. S4).

4. Expansion of Quantitative Fluid Intrusion Modeling:  We now present  a  two-phase fluid 
intrusion  model  constrained  by  physical  parameters  such  as  density  contrast  (Δρ),  fracture 
toughness (Kc), and static overpressure (ΔP). The lateral extent and symmetry of the seismic 
cloud  are  quantitatively  modeled  to  distinguish  Phase  I (CO₂-rich,  high  overpressure, 
bidirectional growth) from Phase II (melt/brine-rich, lower overpressure, radial growth). The 
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results  are  consistent  with both observed  Vp/Vs variations and stress drop differences.  The 
method  section  on  the  VP/VS  ratio  in  the  source  has  been  improved,  and  the  possible 
mechanisms to explain temporary low VP/VS ratios close to melt intrusions are discussed. 

5. Additional Figures and Supporting Materials: Several new figures were added including:

 Phase diagrams and state properties of CO₂ and H₂O at relevant depths (Fig. 5),

 Plots of regional and source-specific VP/VS ratios in different time windows  (Fig. S6-
S9),

 Revised  schematic  illustrations  of  fluid  batch  ascent  and  swarm  evolution  (revised 
Figure 5),

 Regional  geological  fault  maps based on inventories  from Bavaria,  Saxony,  and the 
Czech Republic (updated Figure 1).

Deputy Editor #1

Joe Aslin

Your manuscript titled "Revived Earthquake Swarms: The Role of Magma in NW Bohemia/Vogtland" 
has now been seen by 3 reviewers, whose comments are appended below. You will see that they find 
your work of some potential interest. However, they have raised quite substantial concerns that must be 
addressed. In light of these comments, we cannot accept the manuscript for publication, but would be 
interested in considering a revised version that fully addresses these serious concerns.

We sincerely  thank Deputy  Editor  Dr.  Joe  Aslin  for  the  constructive  editorial  guidance.  We have 
addressed each of the editorial points in detail below:

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

* Present a robust and compelling case that the 2024 seismic swarm in the Bohemia/Vogtland region 
was caused by ascension of magmatic fluids and that this  can be demonstrated by the dense-array 
seismic observations.

We have strengthened the argument that the 2024 swarm was triggered by ascending magmatic fluids 
by integrating high-resolution seismic observations with fluid intrusion models. Over 8,000 events, 
revealing  clear  spatiotemporal  patterns  consistent  with  predicted  fluid  migration  from  models.  In 
particular, we now show that the seismicity evolved from a bidirectional growth phase (high buoyancy, 
very low viscosity, small volume of fluids) to a radial growth phase (denser melt/brine intrusion, but 
significant  smaller  than  mafic  melts,  larger  volume,  still  very  small  viscosity).  These  patterns  are 
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supported by our modeling. We also added new supplementary figures showing phase diagrams of CO 2 

and water, and Vp/Vs variations that further support the fluid-driven nature of the swarm. 

* Ensure  that  your  conclusions  are  fully  supported  by the  data  and results  and fairly  account  for 
alternative explanations.

Our conclusions are firmly grounded in a robust dataset of over 8,000 well-located seismic events 
recorded by a dense seismic array, which reveals distinctive spatiotemporal patterns consistent with 
magmatic fluid ascent. The two-phase evolution of the 2024 Klingenthal-Kraslice swarm—from an 
initial vertical, bidirectional growth phase with high overpressure and buoyancy (indicative of CO₂-rich 
fluids) to a subsequent radial expansion phase with decreased fluid density difference and overpressure, 
but larger volume (suggesting melt or brine influx)—is quantitatively supported by our hydrofracture 
model. This model successfully reproduces key observed features, including the ascent from below, the 
seismic cloud geometry, and the change to larger shear cracks all with the same mechanism during the 
second phase of the swarm, thereby linking seismicity patterns directly to fluid properties and fracture 
mechanics. Derived fluid densities and fluid viscosities agree well with those for postulated magmatic 
fluids in the region.  

We have carefully considered alternative explanations, such as purely tectonic stress changes or fluid 
migration unrelated to magmatic activity. However, these alternatives do not adequately account for the 
complex temporal evolution and fluid property changes inferred from our data. For example, tectonic 
models  alone cannot  explain the rapid shift  from vertical  to  radial  seismicity  growth.  Thus,  while 
alternative  mechanisms cannot  be  completely  ruled  out,  the  comprehensive  integration  of  seismic, 
modeling,  strongly supports the interpretation that mantle-derived magmatic fluids interacting with 
crustal  fault  zones  triggered  the  2024 swarm.  This  conclusion  is  fully  supported  by  our  data  and 
provides the most consistent explanation of the observed phenomena. Additionally, we identify and 
discuss  plausible  type  of  fluids  and  their  state/geochemical  signature  that  could  explain  our 
observations. 

* Describe your methods in detail to the extent that your work is fully reproducible. Please note that we 
allow up to 5,000 words in the main text plus unlimited space in the methods section.

In  response  to  the  editorial  suggestion,  we  have  significantly  expanded  the  description  of  our 
methodology in the main text  to  ensure full  transparency and reproducibility.  We provide detailed 
explanations (or references to published work) of the underlying assumptions, governing equations, and 
parameter choices for our  hydro-fracture model, including the physical basis for fluid overpressure, 
viscosity, density contrasts, and fracture propagation mechanics.

To maintain clarity and reader accessibility, we carefully balanced the level of detail in the main text 
while  respecting  the  5,000-word  limit. Extensive  additional  information—such  as  derivations  and 
supplementary figures illustrating model inputs  and outputs—is provided in the dedicated methods 
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section and supplementary materials. This allows readers to fully reproduce our results and facilitates 
future research based on our approach.

We believe these methodological expansions thoroughly address both editorial and reviewer comments 
and significantly enhance the reproducibility and robustness of our work.

Reviewer #1

Revived Earthquake Swarms: The Role of Magma in NW Bohemia/Vogtland

Dear editors, dear authors,

Please  find  below my comments  on  the  ms  by Büyükakpinar  et  al.,  submitted  for  publication  in 
Communications Earth & Environment. This article presents a nice, comprehensive and detailed study 
of  a  seismic  swarm occurring  in  2024  in  Bohemia/Vogtland  area.  This  area  show regular  swarm 
activity, studied in pioneering articles on swarms. Therefore, this area is a perfect place to gain insights 
on swarm processes. This study includes detection and localization through novel IA algorithm, focal 
mechanisms and analysis of the migration patterns. It then compares the data with mechanical models 
to build a comprehensive story about the swarm processes. Overall, this study use up-to-date methods 
and concepts and it is clear and well-written. 

However, I find that the model they develop is overly complex (involving several phases of injection, 
with different types of fluids and pressure levels) and it is poorly supported by the observations. It  
sounds correct and interesting, but the link between the data and the models does not allow to exclude 
other potential mechanisms. In particular, the presence of a magmatic dike propagation seems to be an 
a  priori  in  this  analysis,  but  not  justified  by data  or  references.  Therefore,  the  interpretation  goes 
beyond what can be proven/shown, leading to very strong and not fully justified statements (eg: role of 
magma in the title). At least, some discussion about alternative possibilities for the swarm processes, 
and why they can be discarded, may help convincing the reader on the validity of the interpretations.

I therefore suggest major revisions for this article. Please find below my detailed comments, in addition 
to major comments stated above.

We sincerely thank Reviewer #1 comments on our manuscript. In the revised manuscript, we carefully 
revisited our model. Rather than the magmatic component, we reshape our hypothesis consistent with 
observed  dynamics.  We characterize  and constrain  the  physical  properties  of  the  fluids  needed  to 
explain observations,  as e.g.  fluid density,  viscosity,  or overall  volume, and discuss which type of 
magmatic fluids fit the observations. Additionally, alternative models, —such as CO₂-triggered fault 
behavior, tectonic loading—are now discussed in more detail in a dedicated section of the “The role of 
magmatic  fluids  in  driving  swarms  -  discussion”,  with  the  relevant  references.  We  revised  and 
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improved the title, abstract, and conclusions accordingly. We added a clear summary of the analytical 
assumptions and physical parameters used to define the two phases of intrusion.

Detailed comments

General comments: please add line numbers to help the review process.

Line numbers have been added.

 P2: “Our findings provide key insights for understanding fluid-driven deformation in geodynamically 
active regions worldwide.”, or similar statement in the conclusion (p11). It is not straightforward as it  
stands, especially given the very complex you suggest at this end. please precise (other locations?, what 
insights?Etc.)

We rephrased and improved both the abstract and introduction (main).  The last sentence of the abstract 
now states: “Our results emphasize the pivotal role of fluid overpressure and fault zone weakening in 
controlling swarm dynamics” (lines 26-27), and the last sentence of the introduction (main) is: “These 
findings are compared with alternative models and shed light on the crucial role of CO2-rich magmatic 
fluids in the formation of recurrent earthquake swarms.” (lines 58-59).

 P2: “As this is the first time a swarm has evolved in undisturbed rock” is not clear, please reformulate.

Thank you for the comment. We found historical records from 1897, 1904, and 1920 that describe 
swarms near Klingenthal. One of these events, which occurred in 1897, was similar to the 2024 swarm. 
These records have been included and reformulated in the introduction, and a supplementary figure 
(Fig. S4) has been added. The sentence in question has been replaced (lines 46–52).

 Fig 1: for what Neunhofer, Webnet and oseek stand for? How to you define the red area in c (all the  
seismicity in the KK square?)?

We have added the following clarifications to the Figure 1 caption:

 Neunhöfer: Earthquake catalog compiled by Horst Neunhöfer, documenting a weak swarm near 
Klingenthal between 1962–1997.

 WEBNET: It refers to the Czech regional seismic network operated by the Czech Academy of 
Sciences.

 Qseek: The high-resolution catalog for 2023–2024 obtained through machine learning (ML).

The red area in Fig. 1c corresponds to all seismic events within the black box delineated in Fig. 1A, 
which has been added to the caption. This area was defined by applying a ±2.5 km buffer around the 
2023–2024 core swarm zone to account for uncertainties and to enable direct comparison with earlier 
seismicity, including the 1994 events.
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 P4: a few lines (in the main text, appendixes or supp) on the seismic stations (numbers, geometry, 
types of sensors, etc) may be useful.

A supplementary figure (Figure S1) and summary table of station locations, the network, and station 
codes has been added to the supplementary materials (Table S1). It is referenced in the main text.

 P4: “unprecendented spatial resolution”: Could you comment in the method section on the resolution 
of the location? How does it compare to relative double-difference location?

The Qseek method, developed in our group, was recently published in Seismica (Isken et al., 2025, 
cited). In that paper, extensive tests and comparisons with other methods were performed, to assess 
resolution and other features. As for every location method, resolution, uncertainty, and other measures, 
depend on the station coverage and quality, the velocity model and other factors. We refer to the Qseek 
paper in the method section. A comparison to double difference location is not directly provided in the 
Qseek paper in 2025. However, the Qseek concept is based on a waveform attribute stacking approach. 
Precursor methods of this concept have been applied in the Vogtland region specifically and have been 
compared  with  conventional  master  event  and  double  difference  methods  (Grigoli  et  al.,  2016). 
According to the aforementioned study, stacking waveform attributes for earthquake swarms in the 
Vogtland region yields results comparable to those of the double difference method. We now explain 
this in more detail in the method section (Lines 542-547) and refer to Grigoli et al. (2016).

 P4: “Conventionnal approaches … through the crust”. I do not get the aim of this sentence, please 
reformulate.

Thank you for pointing this out. We removed the sentence because it did not fit into the revised version.

 P4-P5 “fracture developpment”, “hydro-shearing”, etc are already interpretations, not justified so far. 
Same in P6: “hydroshearing is prominent … larger hydrofracturing components”, but following your 
interpretation, stress drops are just showing higher pressure in the 1st phase than in the second one 
(even though variations of stress drop can be related to other interpretations, such as the differences in 
depth).

We deleted the “interpretation of hydro-shearing” and “fracture development” in this paragraph, as it 
will  be  discussed  later.   Accordingly  corrected  in  a  later  paragraph  of  the  text.
We discussed the possible effects of earthquake depths on stress drop variations, and conclude that this 
cannot explain the observations, locations, including depth, have small uncertainties, because of the 
many stations in close distance. The borehole array GX.TIS00 is almost above the epicentre. The depth 
variation of events compared in Figure S3 is 0.25 km. A simple simulation of the effect of this depth 
variation on the corner frequency must be very small.  We therefore think that the variation in corner 
frequency  is  related  to  a  source  and  not  a  path  effect. The  text  from  has  been  improved.   
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 Fig. S2: I am a bit confused, more details on this analysis may be needed. If you stack waveforms 
having different fc, you do not get a waveform that follows a Brune-type model (ie having a single 
corner frequency). Moreover, you can compare only events with same magnitude, so how do you select 
the events? Finally, as Phase 1 are deeper than Phase 2 events, differences in attenuation may lead to 
differences in spectrum.

Thank you to point out what was unclear. We can only compare events from Phase I and Phase II have 
the same spectral plateaus, meaning the same magnitudes. Because magnitudes during Phase I were in 
general small,  the number of usable events with good quality and similar locations and depths are 
limited. We selected as subset the larger events from Phase I, and search for events of the same size 
(plateau)   and at  similar  depth  (similar  S-P time)  from Phase  II  for  comparison.  We checked the  
waveforms of selected traces individually, but present the stack of waveforms, which is similar (Figure 
S3a and b).  Therefore, we are pretty sure that our events had similar locations and similar radiation 
patterns. The comparison of (stacked) spectra then tells us whether there are systematic differences in 
the rupture type or mode between Phase I and II, which is the case. We also compared spectra without 
stacking and come to the same conclusions, only that the spectra are not so smooth. We know this 
approach can have some risk for bias if the events are not carefully selected, but for the scope of our 
study find it sufficient. The caption description was improved.

 P5: such low value of Vp/Vs are highly uncommon, and should be discussed more extensively. What 
mechanical models may explain such values, corresponding to null or negative Poisson’s ratio?

The temporal reduction of Vp/Vs values during earthquake swarms and during dike intrusions has been 
observed  before,  even  below  sqrt(2)  (see  given  references).  Vp/Vs  ratios  below  sqrt(2)  can  be 
associated to a medium that expands in all directions if loaded by tension in one direction. For instance, 
if the pore space is saturated by volatiles or gas, the Vp/Vs ratio becomes small. If the pore space is 
pressurized and would expand during the passage of a P wave, an overall response would occur similar 
to a substitute medium with negative Poisson ratio. If the pore space is filled by water or CO2 brine, the 
reduction of Vp under constant Vs is not as dramatic, only if the fluid would vaporize during the early  
violent phase of a swarm. We can only speculate what could lead to such a behavior. For instance,  CO2 

at the temperature in 10 km depth is in a supercritical state and cannot be vaporized if pressure would 
drop. Water could vaporize, but only if the pressure would drop dramatically during a short time. Rubin 
(1993) describes the mechanics how magma dikes grow at large depth in an undrained host rock. He 
emphasized the role of the tip cavities, that generate extensional forces and dike-parallel shear cracks if  
the viscous melt cannot flow quickly into the crack tip. The tip suction forces lead to influx of volatiles 
from the host rock and may lead to vaporization in the tip and rock volume, that experiences sudden 
extension.  Even if  geological  evidence  for  this  process  is  discussed  in  Rubin  (1993),  beside  the 
theoretical and numerical simulations, we cannot estimate how effective the process might be. It would 
be  fully  in  line  with  our  model  assumption,  and  could  be  a  mechanism,  to  explain  the  massive 
hydrofracturing and intense brecciation that is documented in fenitization processes in the aurora of 
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carbonatitic intrusions. A study we found from 1979 shows that such fracture zones have very low P 
wave velocities (Vartiainen and Paarme, 1979) – which is now also cited. 

Other explanations might consider the effects of anisotropy from a predominant orienation of fractures 
and cracks (e.g. wing cracks), which may influence the Vp/Vs ratio estimated with Wadati diagrams. It 
is now mentioned , but more discussion is out of the scope of this article.  While the smallest values of 
Vp/Vs in the beginning may therefore be taken with care, the general pattern and trends are robust and 
reproducible  in  several  swarms.  We  improved  the  discussion  in  the  main  text,  and  also  added 
supporting  plots to the supplementary material. 

P6: Bilateral (non radial) migration may be explained by several processes. In particular, control from 
the fault structure, such as intersection of faults lead to 1D migration. Moreover, considering the first 
points of the swarms, migration is dominantly downward. So, even if I fully agree with the model you 
propose,  a  bit  more  justification  and  discussion  on  alternative  processes  may  be  useful.

Thank you for the comments. It is correct that intersection of faults, or fault structure, can possibly 
explain 1D migration. We mention this  now in the text. An important observation in our case is a 
change of the migration mode with time. While it is  bidirectional in the first Phase I, it becomes radial  
during a later Phase II. The change in growth mode is difficult to explain by the intersection of faults 
alone. We moved the bidirectional and radial models paragraph into the main text, justify the arguments 
better and include alternative models in the discussion.

 P6: You mention several times hydro-fracturing. However, a pressure of 6MPa seems quite small to 
generate hydro-fracturing at this depth. If estimation of the stress level exist in this area, comparing it 
with the inferred overpressure through a simple failure criterion may help.

Thank you for the comment. Maybe there was a  misunderstanding, as we refer to overpressure, not 
injection  pressure.  Additionally,  we  recognized that  the brief  mentioning of  tensional  strength  and 
failure criterions should be included, additionally to the references of Yuan et al, 2020 and Barros et al.,  
2021, which were given so far. Tensile strength of intact crustal rocks varies between 2-40 MPa (e.g. 
Pollard and Fletcher). Tensile strength of a pre-existing fault is expected even smaller. If overpressure 
against the normal stress on the fault would exceed the tensile strength, the rock will open as tensile  
fracture.  However, the opening of tensile faults is controlled by the stress intensity factor Kc and the 
fracture toughness of the rock. Kc is determined by the overpressure and the length of the fracture (and  
elastic modules). If fractures have  a length of few tens of meters or more, the overpressure to drive a  
tensile  crack  can  actually  be  even  smaller  than  the  tensile  strength.  In  our  paper  we  talk  about 
overpressure  at  the  injection  point,  defining  the  pressure  larger  than  the  least  principle  stress.  In 
contrary, for stimulation experiments, often the pressure at the well head is reported, For instance, if  
fluid would be injected in 3 km depth and the horizontal stress at this depth is 84 MPa, the injection 
pressure for water at the surface to reach 6 MPa overpressure at depth would be 60 MPa. For instance, 
as described in Rintamäki et al. (2025, BSSA) for the Otanmiei EGS injection, the least horizontal 
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stress at 6 km depth was 110 MPa, the pore pressure was hydrostatic at 59 MPa, and the injection 
pressure to create hydrofractures was about 50 MPa. Adding the 50 MPa to the pore pressure leads to 
about 110 MPa, showing that the granite rocks fractured with only very little or none overpressure 
against Sh at 6 km depth. We now defined the term “overpressure” better and added an explanation in 
the text.

 P8: In your model, you have a relation between v and r. Are you observing it with this data? The 
existence of an aseismic slip makes that migration may strongly differ from a purely diffusive law (see 
e.g. paper from Danré et al, 2022, 2024).

Thank you for the reference. Aseismic slip in combination with a fluid injection / intrusion is indeed a 
process that may explain growth of peak stresses and thus of seismicity clouds. The growth of the 
seismic cloud may differ from a purely diffusive law – we agree and give references. We agree that the 
radial growth during phase II, which we assume to occur under smaller overpressure and to involve the 
triggering of shear cracks from change in Coulomb stress, may involve aseismic shear dislocation. We 
mention this now in the text. We also do not interpret diffusivity in this case. We also  improved the 
discussion on this aspects, and include alternative model. 

 P8: no back-front… Please add references, as there are several papers discussing about the existence of 
back-front during or after the injection stops.

We added references in the modeling part, which is now moved to the main text.

 P8:  The  discussion  of  the  two  fluid  batches  with  different  types  of  fluids  contents  sounds  like 
overinterpretation given the evidences from the data. I fully agree that dike propagation, as you propose 
is a possibility. However, based on your observations, could you discard that this seismicity pattern 
may  be  induced  by water  or  CO2 with  differences  between  both  phases  explained  by eg  a  fault 
structural control?

We improved the discussions and also added alternative models. Structural control cannot explain the 
specific  patterns  we  observe.  As  in  any  scientific  discussion,  our  goal  is  to  juxtapose  possible 
explanations. We added now phase diagrams and estimates of densities for both, CO2 and H2O, for a 
depth of 10 km. These show clearly that CO2 and H2O have very similar properties and are therefore 
difficult to distinguish from the pattern of the seismic cloud alone. The clear change of the growth 
pattern between Phases I and II cannot be explained by the effect of H2O different to CO2. A fluid with 
different properties is needed (e.g. higher density). We have added the arguments for the proposed and 
alternative models to the discussion, to make a fair assessment for readers possible. 

We agree with the reviewer that the model cannot be evidenced by seismicity data alone. We clarify 
this better in the manuscript. However, we point to the approach that the model is plausible. High flux 
of magma-released CO2 is clearly observed in the Eger region, including He-isotope ratios in springs 
and surface mofettes that indicate carbonate-rich melts (as fluid inclusions in Xenoliths, references now 
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added). Carbon-rich melt exsolves CO2 and H2O during ascent and may interaction with host rock, 
additionally creating fluids that are able to increase pore pressures  and even hydrofracturing. Such 
secondary  influx  of  melt  or  melt  brine  into  micro  fractures  of  the  rock is  documented  in  several  
geological and petrological studies on exposed carbonatitic rocks and rare earth element complexes 
which formed in  the upper crust.  We added references and improved the discussion. Thanks to the 
reviewers' comments and suggestions, the discussion is now very balanced and our observations and 
findings are well linked to the proposed models.

  Fig. 4: something very hard to understand in this 3D view, as part of it is cut N-35°, while another part  
is cut E-W.

Thank you for the comment. We simplified the figure even more, and now the 3D view is easy to 
understand. 

  P9: The assumption of having the seismic cloud of the same size as the ascending fluid batch is odd, 
especially for phase 2 where you consider having fluid diffusion on the fault. The assumption of having 
the  same  structure  size  for  both  batches  may  seem geologically  meaningful  (especially  since  the 
pressure is lower for the second batch), leading to a same density for both batches. Please better justify 
your assumptions, and evaluate how it make change your interpretation.

Thank you for the suggestion. We improved our argumentation to justify the assumption. Note that this 
assumption  is  not  critical  for  the  overall  interpretation.  On  the  other  hand,  we  were  surprisingly 
impressed that the estimates fit very well to realistic fluid values, despite the model is simplifying.  

 P10: with your model, a overpressure of 6MPa and a density of 1200 kg/m3 produces bilateral 
migration because of buoyancy-induced pressure gradients, hence hydro- fracturing. How to make this 
observation consistent with EGS stimulation, where pressure is higher and fluid density lower (water), 
but migration is globally radial? Is it a matter of viscosity?

Thank you for the good question, which is not easy to answer.  One aspect can be quickly clarified.  
EGS stimulations ususally do not aim to generate hydrofractures in a classical sense, therefore the 
realized overpressure is small (or even negative, see our comments above). This is very different to our  
“natural  injections”.  In  our  case,  we  assume  6  MPa  and  about  3  MPa  overpressure  in  the  very 
beginning of Phase I and II, respectively. This pressure exceeds the fault normal stress, and is therefore 
comparable to a high pressure injection ususally not realised in field experiments. 

But even if we discuss hydro-shearing for EGS stimulation, and not isolated (sealed) hydrofractures, 
one may wonder why EGS seismicity often not clearly indicates predominantly updip growth (note that 
some cases indicate the trigegring of later earthquakes in updip direction, e.g. Rintamäki et al., 2025). 
We can only speculate on the reason, as (apparent) buoyancy forces should be present also for EGS low 
pressure stimulations. One reason could be that hydroshearing does not really change the permeability 
structure, very different to true hydrofractures. On other words, the speed of pore pressure diffusion 
depends on the pre-existing premeability structure, and is not controlled by the triggered shear cracks. 
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As the fault is not opening during shear cracks, adhesion forces will become more important compared 
to  buoyancy.  Both  may  explain  why  seismic  clouds  in  low  pressure  EGS  stimulations  do  not 
systematically grow upwards and in some cases even downward  (e.g., Wong Chang and Yoon, 2022, 
Scientific  Reports,  where  it  is  suggested  that  the  migration  pattern  is  controlled  by  the  fault 
permeability).  

Reviewer #2 (Remarks to the Author): 

Thank  you  for  your  insightful  study  into  the  potential  role  of  magma  in  NW Bohemia/Vogtland 
earthquake swarms. Your study could be an important contribution to the debate about which role 
fluids, and more specific magma, might play in the process of swarm earthquake activity. At the present 
stage the manuscript would benefit from moderate to major revisions, as I will express below, More 
detailed comments you will find in the annotated manuscript. 

At first, you should make more clear what it means that a volume of "undisturbed rock" got activated 
during the studied 2024 earthquake swarm. As it can be seen from you figures, the area was active over 
the last decades and most probably the last century. Therefore, I would assume, that an existing fault 
zone got reactivated. What would be different, if actually an existing fault zone gets reactivated instead 
of fracking an undisturbed volume of rock? What is the general fault inventory of the study area?

The statement regarding "undisturbed rock" has been clarified. We found literature from 1889, 1904, 
and 1920 that describes historical swarms at Klingenthal. The activity in 1897 appears similar to our 
observations  in  2024.  This  information has  been added to  the  introduction,  and the  text  has  been 
revised.  We reconstructed  the  radiation  patterns  of  the  strongest  events  in  the  1897 sequence  and 
observed striking similarities to the 2024 swarm. These findings are discussed in the main text, and 
supporting material is provided in the supplementary section (Fig. S4). The faults have been plotted in 
the revised Figure 1.

Many aspects mentioned in the manuscript are not yet fully documented, e.g., the double-difference 
Wadati plots. Also, uncertainties are not yet presented and discussed.

We  have  added  a  section  to  the  Methods  for  the  double-difference  Wadati  methods  and  added 
supplementary figures (Figures S6-S9). Uncertainties are displayed in Figure 2c.

Can you provide more information on the physical state of relevant fluids at mid-crustal levels, e.g., 
CO2, water or more realistic brines, magma. What about host rock density variations throughout the 
studied  crustal  section?  Could  a  change  from  lithostatic  to  hydrostatic  pressure  regime  have  an 
influence on the fluid/seismic activity? When/where CO2 dissolves from fluids/brines?

Which parameters beside the density of the fluid can have a strong influence on the studied dynamics?
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We added a phase diagram for CO2 and H2O to the supplement, where beside the state under a typical 
P-T-depth  path  the  density,  P wave velocity  and viscosity  is  plotted.  H2O and CO2 are  the  most 
important magmatic volatiles at 10 km depth, and the phase diagrams for pure material can be regarded 
as end member models. Anyway, as can be concluded, H2O and CO2 are very similar in the state, 
except  that  CO2  is  in  a  supercritial  state  while  H2O  is  not.  This  is  now  mentioned  and  briefly 
discussed. The change from a closed system (undrained, lithostatic) to an open system (hydrostatic) 
would change a lot, as overpressure cannot be realised. But this is not expected close to the brittle 
ductile transition, and is possibly occurring at much shallower depth. It could explain that in Vogtland /  
NW Bohemia earthquake swarms shallower than 8 km are rarely observed, if at all. We do not further 
discuss this, as it is not in the scope of our study because the Klingenthal swarm was deeper. 

To me it is not yet clear at all, why you stack waveforms, and especially amplitude spectra (Fig. S2). 
Having similar magnitudes, that could in principle make sense for P and S waves individually, but not 
for P and S waves combined.

The earthquakes  analyzed in  our  study are  of  relatively  small  magnitude (typically  below ML 2), 
resulting in low signal-to-noise ratios (SNR), especially at higher frequencies. To enhance the SNR and 
obtain a stable average spectral  shape,  we chose to stack waveforms and amplitude spectra across 
several events. We acknowledge that stacking P and S waves together is a simplification; however, for 
the magnitude range we are dealing with,  we found that separating P and S wave spectra did not 
significantly alter the qualitative shape or interpretation of the average source spectra. Therefore, we 
decided to keep this part as in Supplementary Figure S3. Nevertheless, we fully agree that a more 
detailed  spectral  analysis  — separating  phases  and accounting  for  site  and  path  effects  — would 
provide deeper insights, and we consider this an important and separate work for future studies in this 
region.

The conclusions do not yet fit to the title. I would expect a more general discussion and conclusion 
about  the  potential  role  of  magma in  the  earthquake  swarm generation  in  NW Bohemia/Vogtland 
region. Until now, it is a bit too much focused on the 2024 swarm. Furthermore, it would be benefitial  
for the impact of your study, if you could provide also a more global perspective at the end.

We improved the title and added a full paragraph on alternative models, discussed on a broader scale. 
We think our study can demonstrate relevance on a global scale, The discussion has been improved to 
point this out. We close discussion with a more global perspective. 

The manuscript text and especially the figures need some more elaboration. Some figures are very 
difficult to read (e.g., due to small font sizes, used color scales). You should also check the references. 
In my opionion, some relevant ones are missing.

Thank you for your valuable feedback on our manuscript. We carefully considered your comments and 
made several improvements in the revised version.
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Specifically,  we have elaborated further  on the manuscript text and revised the figures to enhance 
clarity and readability. Adjustments were made to font sizes and color scales to ensure they are more 
accessible. Additionally, we revisited the references section and included several relevant works that 
were previously missing to strengthen the manuscript.

Please give reference to all station/data providers, including the institutes from Czech Republic. Are 
there dois available that could be referenced to?

Added. Please see the Data Availability Section.

In summary, your manuscript has a high potential to become an important reference in the debate on 
the role of magma/fluids in the generation of earthquake swarms, but it has to be improved in many 
aspects before. I hope my comments and questions will help you to improve your manuscript and the 
impact of the study.

We greatly value your detailed comments and questions. They have provided us with clear guidance on 
how to refine and improve our work. In the revised version, we addressed the points you raised in order 
to enhance the quality and impact of the study.

With best regards, Wolfram Geissler

Additional technical comment: the layout of the manuscript file was not great for review.

The attachment provided by Reviewer 2 regarding minor issues was considered during the revision 
process. We used the journal's Overleaf template, but we have now added line numbers to facilitate the 
review process.

Reviewer #3 (Remarks to the Author):

In this paper, the authors analyze the structural symmetry of an energetic swarm that occurred in the 
Vogtland after a long period of quiescence. This is an important region for studying and learning about 
swarms and the authors observe that this is a unique swarm in that for this region it was the first time 
that a swarm evolved in undisturbed rock. The authors conclude that the swarm resulted from hydro-
fracturing and hydro-shearing from two different ascending magmatic fluids with differing buoyancies.

The analysis of the observations is very nice, and I have no comments on the data analysis. There is a 
complete analysis of the magnitude time history, locations, and source properties. The relation to Vp/Vs 
is solid and draws out nice attributes of the sequence. However, the link between observations and 
conclusions is weak. I attribute this to the short format of this paper and too much of a reliance on 
referring to other papers. 

Thank  you  for  your  detailed  review  and  positive  feedback  on  our  analysis  of  the  observations, 
particularly  regarding  the  magnitude  time  history,  locations,  source  properties,  and the  relation  to 
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Vp/Vs. To address suggestions, we have revised the manuscript to provide a more explicit and cohesive 
discussion of how our observations directly support the proposed conclusions. As suggested, we moved 
the paragraphs on our model into the main part, to improve readability. Specifically, we have expanded 
the  sections  where  we  interpret  the  data  in  the  context  of  hydro-fracturing  and  hydro-shearing 
processes, as well as the involvement of two distinct magmatic fluids. We also improved the discussion 
on alternative models.

I recommend rejecting this paper and encourage the authors to develop this as a long format paper that 
has  a  detailed  motivation  of  the  proposed  models.  so  that  the  observations  can  more  clearly  be 
compared. I understand that some of this information is in the Methods section, but in this short format, 
the paper is too disjoint to follow the arguments.  

We have  extensively  improved  the  manuscript,  paying  close  attention  to  enhancing  the  flow  and 
coherence of our arguments. Specifically, we have extended the model Methodology (Hydro-fracture 
model for bidirectional and radial  growth) section and moved the paragraph in to the main text to 
ensure that the motivation behind the models that were suggested and how they apply to observations 
are  elaborated  in  greater  detail. We  believe  these  revisions&modifications  have  addressed  the 
Reviewer's concerns within the journal's word limits. We hope this revised version better shows the 
strength and relevance of our research.

If this paper is to be accepted, I strongly recommend that the section Hydro-fracture model for bilateral  
and radial growth in Methods be moved to the body of the paper or at least the discussion around 
Figure 5. This is not really a Method and in my opinion that discussion would be better used as an  
introduction to the models for structuring the discussion surrounding Figure 3 and the conclusions in 
the paper. I am also confused by Figure 4, specifically, I do not understand what the gray shading is 
representing; also the offset in the horizontal layer does not correlate with the fault—there appear to be 
multiple offsets. It is not clear what my takeaway from this cartoon should be.

Thank you for your valuable suggestions regarding the organization and clarity of the manuscript.

We appreciate your recommendation to move the section "Hydro-fracture model for bidirectional and 
radial growth" from the Methods section to the main body of the paper, specifically in the discussion 
around Figure 5. Following your advice, we have repositioned this section to better integrate it into the 
core narrative. It now serves as an introduction to the models and provides a structured framework for 
discussing Figure 3 and our conclusions. We agree that this placement improves the coherence and 
flow of the manuscript.

Thank you again for your insightful feedback, which has helped us improve the clarity and structure of 
our work. We hope these revisions address your concerns effectively.
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We thank the Reviewers again for their valuable feedback. The manuscript has undergone substantial 
revisions  to  address  all  comments  comprehensively.  We  believe  these  changes  have  significantly 
improved the quality and clarity of our study. We look forward to your further feedback.

Sincerely,

Pinar Buyukakpinar and co-authors
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Response to the Editor: 

Your manuscript titled "Modelling of earthquake swarms indicates magmatic fluids in 

the Upper Crust Beneath the Eger Rift" has now been seen again by 3 reviewers, and we 

include their comments at the end of this message. They remain interested in your work, 

but some important points are retained. We also remain 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.

In particular please ensure that you adapt the interpretations and conclusions to match 

the level of support available, as questioned and highlighted by Reviewer #1.

We thank the Editor and all three Reviewers for their constructive feedback, which has  

improved our manuscript. We have addressed all points raised, as detailed below. The  

changes are highlighted in the annotated text, and our responses are indicated in italic  

and blue. Please note that all line numbers referenced in our responses correspond to  

the revised version of the manuscript.

Following the Editor’s remarks—particularly those emphasizing Reviewer #1’s concern

—we carefully revised the manuscript  by expanding and clarifying the discussion of  

alternative models that have been proposed for the Vogtland region. We emphasize that  

while our preferred interpretation is supported by the available evidence, we do not rule  

out other possible processes that may contribute to the observed swarm activity. This  

point has now been explicitly stated and further elaborated in the revised manuscript  

(see below and lines 269-286).
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To date, a number of alternative models have been proposed for the Vogtland region. 

Purely tectonic models based on the interaction of fault networks [e.g., 39, 40] have now 

been ruled out, as modern geodetic data show only minor tectonic deformations, difficult 

to  explain  repeating swarms.  Proposals  that  the  swarms are  triggered by exogenous 

environmental factors can also be ruled out [41]. Most proposals assume transients of 

CO2 flow, sometimes linked to so-called valve mechanisms in fault  zones [e.g.,  42]. 

Decades  of  extensive  measurements  in  Vogtland  region  mofettes  show  that  flow 

transients  can  be  triggered  by  different  mechanisms  and  are  therefore  difficult  to 

interpret  [e.g.  43].  A possible  problem with  the  flow-controlled  valve  model  is  that 

already small volumes of CO2 are sufficient to build up the excess pressure to reopen 

sealed fault patches, making it difficult to explain month-long swarms alone. However, 

detailed  analyses  show  that  the  swarm patterns  result  from a  combination  of  fluid 

intrusion  and  earthquake  interactions  driven  by  co-  and  postseismic  stress  transfer, 

which can explain their duration [44–46]. Similarly, CO2 alone, which is light and tends 

to move upwards, cannot explain the incremental growth of the NK swarms in about 9 

km  depth  horizontally  over  the  length  of  more  than  20  km  since  1985,  if  not  an 

unbroken sealed layer is assumed at approximately 7 km depth.  Although we cannot 

rule  out  that  previously  suggested processes,  such  as  CO2 driven pore-pressure 

diffusion in combination with earthquake-induced stress changes and rheological 

boundaries or fault complexity, might also explain the observations, our suggested 

model provides a straightforward and comprehensive explanation for the observed 

rapid bidirectional and radial migration phases and VP /VS changes.
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Response to Reviewers

Reviewer #1 (Remarks to the Author):

Dear editors and authors,

Please find my comments on the revised version of the manuscript by Büyükakpinar et 

al.,  submitted  for  publication  in  Communications  Earth  & Environment,  below.  The 

revisions made by the authors are helpful, as the manuscript is now easier to follow, 

particularly with regard to the link between the data and the model. However, I am still 

convinced that the model they proposed (nice and meaningful) is one possibility, among 

other ones. More specifically, 'fluid diffusion' alone within a pre-existing complex fault 

network may be consistent with the data results. The data cannot rule out this possibility, 

given  that  the  main  argument  lies  in  the  migration  pattern  of  the  seismicity.  Such 

complex migration patterns are observed in other contexts worldwide (Japan, California, 

Greece, etc.) without the need for hydrofracturing or magmatic processes. As I asked in 

my initial review, these points should be emphasized more in the discussion to avoid 

readers  directly  interpreting  1D  migration  with  back-front  as  hydrofracturing  or 

magmatic fluid processes. I am not fully qualified to judge the scientific quality of the 

discussion on magmas, but it seems also to go too far given the results of the data.

We appreciate  the  reviewer's  careful  reading  and  critical  comments.  In  our  revised  

version, we already emphasized that the model proposed is plausible, but alternative  

explanations  might  be  possible.  We  recognize  that  our  discussion  was  possibly  not  

complete enough, still. Therefore, in the revised manuscript, we have further clarified  

and expanded this part of the discussion (see lines 269–286; also see our response to  
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the Editor above). As described in the text and discussion, an interesting observations  

for the Klingenthal swam is that changes in the migration patterns occur. This is not  

very often observed and provides new constraints to elucidate and test the underlying  

processes.  

Lines (282-286): Although we cannot rule out that previously suggested processes, such 

as CO2 driven pore-pressure diffusion in combination with earthquake-induced stress 

changes  and  rheological  boundaries  or  fault  complexity,  might  also  explain  the 

observations,  our  suggested  model  provides  a  straightforward  and  comprehensive 

explanation for the observed rapid bidirectional and radial migration phases and Vp/Vs 

changes. 

Finally, I have a few minor concerns about the results and the clarity of some points. 

Taking these points into account, I still believe that the manuscript is worth publishing, 

but I apologize for asking again for some major revisions.

Thank you for the careful reading. We considered the minor comments point by point,  

see below:

Detailed comments

title: “indicates” might sounds quite strong. Maybe change it by “suggests” (or “is  

consistent with”)

We have changed “indicates” to “suggests” as recommended. 

l20: there is no proof of a reawakening, as the last swarm in this area was one century  

ago, without strong constraints on its location. ‘activation’ seems more suitable.

We have replaced “reawakening” with “activation” following the reviewer’s suggestion.
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L100-107: Please refers to the figures in supplementary materials. Maybe you could  

give more details on the uncertainties to show how robust are these results as fits in Fig. 

S7b and S8b are not so convincing.

We have added references to Supplementary Figures (now S4 to S5). Additional details  

on how the uncertainties were estimated have been included in the Methods.

In Fig. S3: Could you plot a Brune spectrum estimation and the noise level on each  

station? As you should work with event with same moment, Fig S3c and d should not be 

normalized.

We have added noise levels for each station to the Supplementary. Figures S8c and S8d  

(in the revised version now) have been corrected and are no longer normalized, as they  

correspond to events with the same moment. Since we are focusing on relative changes  

of the source spectrum (not necessarily Brune’s model), the Brune spectrum is beyond  

the scope of our study and will be analyzed separately in another study. 

L116-117: This sounds as over-interpretation: from one EGS results where most (if  

not all) the seismicity is due to shearing events, I do not see how you can conclude that  

phase I is dominantly opening. Do you have evidences of tensile motions in the CMT?

We have clarified this part in the revised manuscript (Lines 118–121) as follows:

While high pore pressure, as exhibited in Phase I, can be associated with a greater  

contribution of distributed fluid flow and co-seismic volume expansion, which leads to  

slower  rupture  velocities,  we  attribute  the  higher  corner  frequencies  to  the  higher  

rupture velocities associated with dominantly shear motion during Phase II.
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L118-165: they might be some redudancies with the following sub-sections. Please  

check.

We have removed four sentences at the end of this section to remove redundancies with  

the subsequent sub-sections.

L129 and through the text: I was confused in the first set of review by what you call  

overpressure, sorry for that. It is now defined l199, which is late in the text. Maybe it 

could be better to speak about effective normal stress of -6MPa, to avoid amibiguity as 

overpressure commonly designed the pressure above the hydrostatic pressure, and not 

above the normal stress.

The term "negative effective normal stress" can be misleading for some readers, as we  

feel. Therefore, we want to keep the term “overpressure” and define it now earlier on  

line 132-133 (formerly 129).   

L245: density of 1020 kg/m3 is here directly associated with CO2, which is possible  

according to S5 (not mentioned here).  How do you discard water,  which seems also 

possible? Moreover, l251-523 seems to suggest that water may be a better candidate. 

Both possibilities were already mentioned. We have improved further the discussion to  

better present both possibilities: "A fluid density of 1020 kg/m³ could be explained by  

free CO₂ or by water near the critical point."

Fig. 5: I still do not get why you consider the batch feeding Phase II has a lateral size  

of R1. In this case, there is no fluid diffusion on the fault, hence eq 3 and its discussion  

has nomeaning. Why are you not considering an injection with radius r1, in consequence 

of phase I?
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The discussion distinguishes what arrives from below (natural, buoyancy-driven batch  

of fluid, ascending towards the fault) and how fluid pressure diffuses when it intrudes  

into the fault. If the phase II batch would have the same dimension as the phase I batch  

before intrusion, it would have the same fluid density, the same overpressure at its tip  

and the same volume. The seismicity patterns that develops during the intrusion would  

be  similar,  having  the  same  overall  duration,  intensity  and  magnitudes,  mostly  

unidirectional  growth,  clear  backfront,  etc.  However,  we  observe  a  clear  change  

between phase I and II indicating that: overpressure was smaller, duration is longer  

(larger  volume),  growth  pattern  not  preferentially  up-down  but  radial  (smaller  

buoyancy), no clear backfront.  All this can be explained if the fluid in batch II has a  

larger density, larger volume, and larger lateral size, as it is predicted from the simple  

crack models. The fact that the second batch starts to intrude from the already broken  

portion on the fault is expected, because any fluid would first search its path using the  

already open segments on the fault.  We further improve the text on line 259-261.

L249-253: Thank you for the explanation about the very low Vp/Vs. If I understand  

correctly, it means that vaporisation occurs dynamically when P-waves is passing, hence 

with a fluid very close from the transition gas/liquid?

The fluid-rock-fault interactions at the brittle ductile transition are possibly complex  

and only poorly understood. We speculate on a possible scenario that could explain the  

observed  temporary  small  Vp/Vs  ratios.  The  processes  are  definitely  dynamic.  One  

option to  reduce pressure  for  short  time to  vaporize  fluids could be the passage of  

seismic waves, as you mention. However, we suggest (and cite) a process that is slower  

and related to the intrusion and growth of fluid filled cracks, where tip cavities and  

tensional suction forces can occur on distributed fractures (Rubin, 1993). The candidate  
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fluid component to vaporize is water. 

L257-265: The pressure and the density you use are inferred from a propagating crack

(mode I), while you show that seismicity is dominantly shearing with a diffusive fluid 

(Thiem equation). Are the inferred values are still valid?

Here  is  a  misunderstanding,  as  we  describe  something  else  in  the  manuscript.  The  

overpressure and fluid density is derived from the assumption that a buoyancy-driven  

crack arrives from below. The solutions for these types of cracks are self-similar, and  

knowing the lateral extend is sufficient to estimate the density (equation after line 143-

146). This can be related to the vertical length and thus to the overpressure at the tip  

(equation in line 143, estimated pressures in lines 151-154).

Using  these  values,  it  was  very  interesting  for  us  to  see  that  the  evolution  of  the  

seismicity can be explained using hydrofracture models (figs 4c and d), for both phases I  

and II. We see this as a confirmation that the suggested model and process is realistic.  

L267-268: I can understand that geodesy rule out a pure tectonic forcing. However,  

the

presence of a complex fault network is an additional difficulty to the processes at play. 

And complex fault network may lead to complex migration pattern (in particular 1D, 

bidirectional or unidirectionnal). As mentioned in first review, I think it can be good to 

discuss a bit  more that  complex fault  networks may also lead to complex migrating 

patterns.  At  least,  please  stress  that  the  model  you  proposed  is  one  possible 

interpretation, but that data results cannot fully ruled out other possible models.

We have added a discussion in the manuscript acknowledging that our proposed model  

represents one possible interpretation and that the available data cannot fully rule out  
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alternative models. We also refer to our detailed reply to the editor above.

Reviewer #2 (Remarks to the Author):

Dear authors, 

thank you very much for your detailed response to the reviews and all  the revisions 

made to  the  manuscript.  In  my opinion,  the  manuscript  got  very  much improved.  I 

would agree with reviewer 3 that the format of the selected journal is very challenging to 

present your study. Some disadvantages of this format remain after the revisions, e.g., I 

find it not perfect to have the figures illustrating parts of the methods then only in the 

supplementary material,  and there these figures are presented without much context. 

Maybe  it  could  be  possible  to  place  a  few  figures  also  in  the  methods  section?

We sincerely thank Wolfram Geissler for his very positive evaluation and constructive  

suggestions, which have helped us to further improve the manuscript. After evaluation,  

we moved Fig. S5, which shows phase diagrams of H2O and CO2, to the end of the  

method section (Now Fig. 6), and added some descriptive text. The phase diagrams are  

indeed important for the understanding of the discussion of possible models. While the  

data plotted in the phase diagrams are not our own, the way we plot and compare is not  

widely  available  and  very  specific  to  the  discussion  we  have.  Thank  you  for  the  

suggestion.     

I  very much appreciate  that  you included a comparison to the 1897 earthquake that 

occurred in the same area as the 2024 earthquake swarm.

Thank you for the supporting statement. It is indeed very interesting. 
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I have only some minor additional comments and suggestions. You will find them in the 

annotated manuscript.

We thank the reviewer for the detailed annotations and suggestions  provided in  the  

annotated manuscript. We have carefully reviewed all comments and have incorporated  

them into the revised manuscript. 

The most relevant to me I will list below:

Which definition of the local Magnitude ML do you use? How this definition compares 

to standard regionally applied ML formulas? 

Regarding  the  local  magnitude  definition,  we  have  now  specified  in  the  Methods  

section: 'The local  magnitude was calculated using the formula from Horálek et  al.  

(2000).

When you calculate  the  changes  in  the  Vp/Vs  ratios  in  the  swarm volume,  do  you 

assume  point  sources  for  the  individual  events?  How  do  you  derive/define  the 

uncertainties of the regional and source volume Vp/Vs ratios?

We clarified that point sources were assumed for individual events (method section)  

and explained how uncertainties  were  derived for both regional  and source volume  

Vp/Vs ratios (line 421-422).

Which peridotitic melts are you thinking of, basalts/nephelinites, or just more general?

Volcanic  rock  sampled  in  the  Vogtland  and  Eger  region  indicates  that  nephelinitic  

magmas  of  small  viscosity  occasionally  reached  the  surface  (Mrlina  et  al.,  2007;  
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Hrubcova et al.,  2023; both now cited).  Therefore,  we agree and specified that we  

mean by peridotitic melts basalts/nephelinites (line 301). Thank you for the suggestion.  

In  some  paragraphs,  and  also  in  parts  of  the  Supplementary  Materials,  you  should 

provide  also  references.  Overall,  the  reference  list  looks  very  comprehensive.

We carefully reviewed the text and Supplementary Material to ensure that all statements  

are properly supported by references.

With best regards, Wolfram Geissler

Reviewer #3 (Remarks to the Author): 

Review of  revision  for  “Revived  Earthquake  Swarms:  The  Role  of  Magma  in  NW 

Bohemia/Vogtland” by P. Bükükakpinar and others

The re-organization of this paper and addition of a supplement directly responds to my 

past review. My additional comments below are editorial. The new paper is clearer with 

a consistent argument. I now recommend publishing. 

Dear Reviewer,

We  are  very  grateful  for  your  positive  review  and  positive  recommendation  for  

publication. Thank you for highlighting the improvements in clarity and consistency that  

we made to the revised manuscript.

One editorial comment that should be addressed. Lines 166 to 178 cite Figure 3 but refer 

to Figure 4. I recommend swapping Figure 3 and 4 so that the observations come first. 

Lines 179 to 189 also cite Figure 3, if you reorder figures as suggested these should be 

11



updated to Figure 4.  Lines 220 to 231 would then reference figure 3 and Line 258.

Thank you for the suggestion. We corrected the typo on line 166 and cite there Figure  

4. We were also very positive to follow the suggestion of changing the order of the  

figures. When looking in detail, however, we found some problems in realizing it. Fig. 2  

introduces  the  observations,  including  the  visualization  of  the  two  different  swarm  

phases and their migration (by color). Current Fig. 3 introduces the suggested model for  

the growth of the seismicity cloud. Then, Fig. 4 shows how the model predictions fit the  

observed growth. If we would change the order of figures 3 and 4, some readers may get  

confused. Therefore, after long discussion, we decided to keep the figure order as it was.  

I note a few other minor editorial comments below for the authors to consider (line 

numbers correspond to track changes version):

Line 106: suggest changing to “progressively extends bidirectionally”

Line 112: suggest changing to “down-dip directions along the fault”

Line 122: suggest Reykjanes Peninsula, Iceland”

All  suggested  changes  (Line  92:  "progressively  extends  bidirectionally";  Line  97:  

"down-dip directions along the fault"; Line 106: "Reykjanes Peninsula, Iceland") have  

been implemented.

On behalf of the co-authors,

Pinar Buyukakpinar
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Dear Dr. Aslin,

We sincerely  thank  you  and  the  reviewer  for  the  valuable  final  comments  and  for  giving  us  the 
opportunity to revise our manuscript. We have addressed the remaining minor suggestions as detailed 
in the response document. We are delighted that our manuscript has been accepted for publication in 
Communications Earth & Environment.

Sincerely,

Pınar Büyükakpınar on behalf of all co-authors

Reviewer #1 (Remarks to the Author):

Dear authors,

Thank you for the detailled responses on my comments. In my previous comments, I can just regret 
that the noise level has been added in an extra figure and not directly in fig. S8, and that a schematic  
Brune model (plateau + f^-2) was not added in this fig. These are still suggestions, up to the authors to 
follow them or not, but it may help to convince the readers on the change of the corner frequency.  
Exept this minor suggestion, I think the ms is now clear enough, giving strong and balanced results, 
and in good shape for being published. I therefore recommand publications for this article.

Response to Reviewer #1:

We sincerely thank the reviewer for the constructive suggestions and the positive assessment of our 
revised manuscript.

Regarding the presentation of the noise level,  we decided to keep the noise figure separate  in the 
Supplementary Material. Since the spectra are shown in different physical units, merging them could 
lead to confusion.

To improve the clarity of Fig. S8, instead of including a schematic Brune model (plateau + f −2), we 
added a schematic source spectrum that extends to the high-frequency f−3 fall-off, providing a more 
generalized reference for comparison.

We greatly appreciate the reviewer’s careful reading and helpful remarks, and we are grateful that our 
manuscript has now been accepted for publication in Communications Earth & Environment.
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