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15th Mar 21 

Dear Dr Marcaillou,  

Your manuscript titled "Pervasive detachments in slow spreading oceanic basement subducting 

beneath the poorly-coupled Antilles Margin" has now been seen by 3 reviewers, and I include their 

comments at the end of this message. They find your work of interest, but some important points 

are raised. We are interested in the possibility of publishing your study in Communications Earth & 

Environment, but would like to consider your responses to these concerns and assess a revised 

manuscript before we make a final decision on publication. In particular, please ensure that the 

revised manuscript meets the following editorial thresholds:  

** Present a compelling three dimensional interpretation of the structure of the crust and upper 

mantle along the Northeastern Lesser Antilles Subduction zone **  

** Explain the choices made during the seismic analysis and clarify the processing of the data **  

** Ensure your interpretations and conclusions are fully supported by the evidence you present, or 

tone these down where necessary **  

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.  

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

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

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

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

completed checklist:  

[link redacted]  

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

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

delete the link to your homepage first **  

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

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

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

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

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

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

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

Decision letter and referee reports: first round 



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

accommodate necessary extensions nevertheless.  

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

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

opportunity to review your work.  

Best regards,  

Luca Dal Zilio,  

Communications Earth & Environment  

EDITORIAL POLICIES AND FORMATTING  

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

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

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

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

checklist.zip">Policy requirements </a>  

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

the following checklist:  

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

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

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

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

guide</a> .  

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

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

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

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

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

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

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

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

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

In particular, the Data availability statement should include:  

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

- Accession codes where appropriate  

- If applicable, a statement regarding data available with restrictions  

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

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



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

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

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

is provided at <a 

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

repositories</a>.  

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

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

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

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

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

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

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

section.  

Please refer to our data policies at <a 

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

policies/availability.html</a>.  

REVIEWER COMMENTS:  

Reviewer #1 (Remarks to the Author):  

This paper presents some beautiful data and supports a new hypothesis for how a slow-spreading 

oceanic plate is hydrated just prior to subduction to cause plate weakness and a reduction in 

seismicity. I think this manuscript is generally of excellent quality and it is quite suitable for 

publication in this journal. The arguments are very well laid out and quite convincing, given the 

excellent dataset that is being presented by the authors.  

I think the authors should provide more of a three dimensional interpretation of what the plate 

crustal and upper mantle structure looks like. They need to discuss where the Moho is seen and 

where it is not seen in these profiles. If the Moho is not seen does that mean that the upper plate is 

all mantle material? For instance in the center of profile Ant 01 there is a block with no Moho 

interpreted below it – so is this block all supposed to be mantle rock? What about profile ANT50 

where a Moho is dashed straight across a set of steeper apparent fault structures?  

I infer from this paper that the Jacksonville Patch is all mantle rock at the surface of the basement? 

The paper should say this mor explicitly, and then point out that this mantle rock is cut by a series of 

planar discontinuities (shear zones?) rather than the diapiric behavior of serpentine that has been 

proposed for some of the exposures of the mantle rocks along the Southwest Indian Ridge. The 

authors should be very clear about whether their observations mean that this patch really is just all 

mantle rock, and whether their observations support or do not support diapiric behavior.  

A few references need to be updated. DeMets et al 2000 should be updated to the DeMets et al. 

2010 paper about the MORVEL model. Sandwell and Smith 2009 and related figures should be 

updated to use the more recent gravity data from Sandwell and Smith 2014 .  



Minor comments  

Line 24, please quantify what is meant by short distances  

Line 26, change “outcroppings” to “outcrops of”  

Figure 1, please add visible lat-long tick marks and labels to both figure’s. I think they’re there but 

they’re very hard to see.  

Figure 1 label, fix spelling of Puerto Rico and update citation of Sandwell and Smith to the 2014 

gravity data base  

Line 81, change outcrop to “crop out” because outcrop is supposed to be a noun  

Line 100, change reflectors sequences to reflector sequences  

Line 102, change “corresponds with” to “corresponds to”  

Line 105, change “ reflectors sequences dip” to “reflectors dip”  

Line 115, what is meant by the number 1326 in the parenthesis at the end?  

Line 121, change zone to zones  

Line 122, change “spacing reflectors” to “spacing of reflectors”  

Line 129, change “discrete spacing” to “discretely spaced”  

Line 131, change “at last” to “at least” if this is that the authors meant? I’m not sure about this.  

Line 134, change “at slow” to “at a slow”  

Line 143, change “rocks alteration” to “rock alteration”  

Line 159, change “segments ridges” to “ridge segments” up  

Line 167, change “region” to “regions”  

Line 177, change “mantellic” to “mantle”  

Supplementary material  

Latitudes and longitudes need to be labeled more clearly in all of these figures.  

Reviewer #2 (Remarks to the Author):  

Review of manuscript COMMSENV-21-0063-T “Pervasive detachments in slow spreading oceanic 

basement subducting beneath the poorly-coupled Antilles Margin” by Marcaillou et al.  

Summary: This manuscript presents new high-quality marine seismic reflection data from the 

ANTITHESIS cruise. The data were gathered western Central Atlantic seafloor that is entering the 

northern Lesser Antilles (NLA) subduction zone. Worldwide there are relatively few locations where 

slow-spread oceanic lithosphere subducts, yet these plate boundaries may contribute significantly to 

Earth’s water and volatile fluxes. Moreover, the authors show that deformation of the incoming 

plate varies significantly over a relatively short distance along the trench between 63°W and 61°W. 

They have imaged a ridge-ward tilted fabric in the so-called Jacksonville patch (61°W) which they 

attribute to the reactivation of shear zones that formed in young (< 2 Ma) oceanic crust. Since 

seismicity at the megathrust is low in this region, the authors propose that these reactivated faults 

form conduits for sea water. Deep infiltration of seawater may have serpentinised mantle rock of 

the subducting Atlantic lithosphere beneath the local trench and forearc.  

Though the seismically imaged titled texture in mature oceanic crust is interesting, similar 

observations have been made elsewhere (Becel et al., 2015; Han et al., 2016). More progress can be 

made if we understand better how these low-angle faults form. The model by Buck et al. (2005) is 

very helpful, but to test such a model requires more background on the Cretaceous seafloor 



spreading processes that created the oceanic crust in the study area. I therefore recommend a 

revision of the manuscript where the authors better place their observations in a geological context.  

I have comments on the manuscript in three main categories:  

1) Seismic analysis: I think that the processing of seismic reflection data is well executed, though I 

would have expected to see some quantitative analyses of the seismic images, including estimates of 

the polarity of the RDR’s and reflection coefficient of these events. If these reflections are caused by 

fluids in faults the reflection coefficient should be high. The width of the reflections are measured to 

be approximately 0.5 s two-way traveltime, or 1-2 km. Is such a large width expected for a short-

lived fault? If faults of such large scale exist in the young mid-ocean ridge environment, I am 

surprised that they have not been imaged with modern marine seismic data.  

2) Mid-Atlantic Ridge: The nature of the ridge-dipping crustal fabric and its relationship to the 

Cretaceous Mid-Atlantic Ridge could have been discussed more, but the current manuscript provides 

no overview of the segmentation of the seafloor spreading system. Was the mid-ocean ridge 

magma-starved when the Jacksonville Patch formed? Did this patch form at a mid-ocean ridge 

segment end? Is it possible that the plate boundary was opening obliquely?  

3) Hydration of the subducting lithosphere: Though the dipping crustal faults may indeed hydrate 

the Atlantic lithospheric mantle at the NLA trench, it should be acknowledged that the slow-slipping 

fracture zones of the incoming plate have serpentinised mantle anyway. Compared to the Pacific 

subduction zones, the lateral variations in the water budget may therefore be greater at the Lesser 

Antilles subduction zone (Cooper et al., Nature, 2020; Davy et al., 2020). Can the reduction of 

seismicity at the NLA be explained entirely by the release of these fluids from the subducting Atlantic 

fracture zones?  

Minor comments:  

1) The geodynamic models of Buck et al. (2005) show different fault patterns that depend on the 

parameter M, the degree to which extension is accommodated by magmatism. If the seismic 

reflectivity at 61°W tells us that the crust experienced amagmatic extension after it formed, why is 

this fabric absent at 63°W? Was the crust not faulted significantly at 63°W on the flanks of the 

Mesozoic mid-ocean ridge, or are the faults here not oriented favorably for reactivation because of 

the bending direction?  

2) What controls the spacing of RDR’s? Is it possibly related to the elastic thickness of the oceanic 

crust when it formed? If so, are there significant differences in crustal-scale faulting at slow and fast 

spreading centers?  

3) The RDR’s are described as short-lived detachment faults (line 137). Are the observed 20-30° dip 

angles of the faults consistent with Coulomb failure due to bending and unbending of the young 

crust on the flanks of the mid-ocean ridge? I see that the authors refer to Reston and Ranero (2011) 

to propose a model with tightly spaced detachment faults. I wonder why the crust would not 

develop tightly spaced high-angle normal faults (~60°) to accommodate extensional stresses.  

4) Outboard the Anegada Passage (63°W) abyssal hill fabric is trending ~10° as you would expect for 

oceanic crust produced at the Mid-Atlantic Ridge. Bending of the incoming plate created new high-

angle faults sub-parallel to the convergent mar In contrast, seafloor at 61°W formed near the 

Jacksonville fracture zone, and the basement ridges here are predominantly oriented ~110° 

clockwise from north. Are these ridges related to strike-slip deformation?  

Harm Van Avendonk  

University of Texas Institute for Geophysics  



Reviewer #3 (Remarks to the Author):  

The paper by Marcaillou et al. presents new MCS data along the northern section of the Lesser 

Antilles subduction zone. It investigates the seismic structure of the marine forearc and subducted 

Atlantic crust. The obtained seismic images are from high quality and the megathrust as well as 

reflectors labelled as Ridgeward-dipping oceanic-basement Reflectors (RDRs) are clearly imaged. 

Although not a lot of the processing details are provided (should actually be in a technical section). I 

assume state-of-the-art processing and acquisition of the MCS data was used based on the results 

obtained. I think my two main criticism of the paper are one related to the lack of proper depth 

control in the images (1) and more importantly the interpretation of the results in terms of the 

seismogenic zone.  

(1) Unfortunately most of the seismic record sections are presented in TWT and not in depth. Also 

no clear explanation is provided how the depth conversion has been carried out, but his would be 

essential to assess the quality of the inferred dipping angles and depth range. It would be interesting 

to see what a Pre-Stack-Depth migration would give in terms of coherency and depth. No clear 

reasoning is provided why line drawing is used to convert to depth although the seismic data 

obtained seems to be very rich on coherent features. This looks to me like very crude and fast 

process.  

(2) It is not clear to me why the occurrence of the RDRs are the main reason for the apparent lack of 

great earthquakes in the northern Lesser Antilles subduction zone. The RDR faults are only imaged 

up to 30km from the trench and therefore would only entail a very small area of the rupture plane. 

Also, it is not clear in the manuscript how these faults would effectively influence the locking on the 

megathrust especially in the context of slab roll-back as currently experienced in the LA subduction 

zone. I also miss a discussion of the influence of the 15-20 fracture zone on the behaviour of the 

megathrust. The 15-20 fracture zone is currently located in this region at about 20km depth and 

therefore has just entered the subduction (e.g. Cooper et al., 2020). This fracture zone might have a 

much greater influence in the main depth interval for seismic slip on the megathrust, just by looking 

at the dimension of a Mw7+ earthquake. It quite recent subduction could also have weakened the 

marine forearc due to it topography and therefore causing a weaker coupling. So there are quite a 

few options that have to be adequately discussed in the manuscript as competing options.  

Overall the data presented is quite impressive, but different options in respect of the observed 

pattern along the seismogenic zone exist and have to be discussed in more depth. It also would help 

if a more in depth detail of the reflectivity could be made to gain some insight into the nature of the 

RDRs. This might be hard to do but would help to support the hypothesis that wide-spread 

serpentinisation is occuring along the RDRs.  

Minor points:  

- Figure 2) contains the label BDRs? What is this?  

- In the technical section the conversion to depth is missing also this might be a central point of the 

paper. At least some attempt should be and to assess the error associated and/or can we do this 

with the waveform cross-sections as well.  



Cooper et al., Nature, 2020; https://doi.org/10.1038/s41586-020-2407-5 
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Dear reviewers 

In the following, I copy in extenso the comments, concerns and critics you formulated in your 
respective review. For each of them, I try to bring a response (in blue) as clear as possible, highlighting 
how and where we modify the text and figures to improve the manuscript. The line numbers refer to 
the text file without correction.  

Best Regards 

Boris Marcaillou 

 
Reviewer 1 : 

This paper presents some beautiful data and supports a new hypothesis for how a slow-spreading 
oceanic plate is hydrated just prior to subduction to cause plate weakness and a reduction in seismicity. 
I think this manuscript is generally of excellent quality and it is quite suitable for publication in this 
journal. The arguments are very well laid out and quite convincing, given the excellent dataset that is 
being presented by the authors.  

1/ I think the authors should provide more of a three dimensional interpretation of what the plate 
crustal and upper mantle structure looks like. They need to discuss where the Moho is seen and where 
it is not seen in these profiles. If the Moho is not seen does that mean that the upper plate is all mantle 
material? For instance in the center of profile Ant 01 there is a block with no Moho interpreted below 
it – so is this block all supposed to be mantle rock? What about profile ANT50 where a Moho is dashed 
straight across a set of steeper apparent fault structures? 

A 3D interpreted view will indeed help readers at figuring out what the overall plate structure 
looks like. We fully agree with that and add a 3D figure (Figure 04), which is the clearest way of 
depicting this interpretation. 

The question of the exact composition of the upper plate where the Moho is not seen is 
complicated. The tectonic pattern within the Jacksonville Patch, compared to outside the patch, is 
typical of tectonically-dominated segment end compared to magmatic-robust segments. In this 
tectonic setting, various author pointed out the typical melt-poor composition of the basement, 
which still differs from totally amagmatic ultraslow-spreading segments (e.g. Dick et al., 2003). 

- In the Jacksonville patch, we have no evidence supporting an upper-plate 100% made of 
mantle material and we thus do not phrase this conclusion in these words. We more cautiously 
propose that the basement consist in serpentinized peridotites hosting varying amount of 
gabbro bodies, classically referred to as the “plum-pudding” concept (e.g. Cannat, 1996; 
Ildefonse et al., 2007). We more clearly emphasize this expected composition in introduction 
(lines 40-41), in results description (lines 140-141) and in figure 04. 

- Outside the Jacksonville patch, some line segments (in Ant01 for instance) show no reflection 
at Moho depths. This is possibly related to the typical patchiness of slow-spreading oceanic 
basements with amagmatic crustal blocks inserted between magmatically-robust patches (e.g. 
Karson et al., 1987). However, we cannot rule out that the Moho is not imaged in these blocks 
because of amplitude loss at depth. The Moho is often discontinuously interpreted in deep 
reflection seismic images even at the base of fast-spreading oceanic basements where it is 
supposed to be continuous (e.g. Han et al., 2018). We point out the discontinuous aspect of 
the Moho in lines 80-81. In MCS line Ant50, it is true that steep normal bending faults, mostly 
dipping landward, extend from the top of the oceanic basement, crosscut trough the Moho 
reflections and root at depth in the mantle. Such deeply-rooting bending faults have already 
been imaged as at the Middle-America trench for instance (e.g. Ranero et al., 2003). 

Author Responses: first round
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2/ I infer from this paper that the Jacksonville Patch is all mantle rock at the surface of the basement? 
The paper should say this more explicitly, and then point out that this mantle rock is cut by a series of 
planar discontinuities (shear zones?) rather than the diapiric behavior of serpentine that has been 
proposed for some of the exposures of the mantle rocks along the Southwest Indian Ridge. The authors 
should be very clear about whether their observations mean that this patch really is just all mantle 
rock, and whether their observations support or do not support diapiric behavior.  

It is right that in the previous version of this manuscript, we did not mention the diapiric 
exposure of mantle rocks along the SWIR, with the appropriate references. The pervasive low-angle 
planar discontinuities led us, maybe to rapidly, to the detachment tectonics widely invoked along 
the MAR. We corrected this in lines 141-146 by more clearly stating that: 
- 1/ the seafloor morphology and the tectonic pattern strongly suggest basement composition 

dominated by exhumed mantle rocks possibly hosting gabbro bodies 
- 2/ Tectonic extension along low-angle detachment fault zones and serpentine diapirism are 

two alternate mechanisms for mantle rocks exhumation, with references. 
- 3/ The widespread and pervasive low-angle planar discontinuities, named RDRs, geometrically 

similar to detachment faults more readily support this extensive tectonic rather than 
serpentine diapirism. 

A few references need to be updated. DeMets et al 2000 should be updated to the DeMets et al. 2010 
paper about the MORVEL model. Sandwell and Smith 2009 and related figures should be updated to 
use the more recent gravity data from Sandwell and Smith 2014. 

We updated these references and re-draw Figure 1A with the new gravity dataset from Sandwell 
and Smith (2014). 

Minor comments  
Line 24, please quantify what is meant by short distances 
Line 26, change “outcroppings” to “outcrops of”  
Figure 1, please add visible lat-long tick marks and labels to both figure’s. I think they’re there but 
they’re very hard to see. 
Figure 1 label, fix spelling of Puerto Rico and update citation of Sandwell and Smith to the 2014 gravity 
data base  
Line 81, change outcrop to “crop out” because outcrop is supposed to be a noun  
Line 100, change reflectors sequences to reflector sequences  
Line 102, change “corresponds with” to “corresponds to”  
Line 105, change “ reflectors sequences dip” to “reflectors dip”  
Line 115, what is meant by the number 1326 in the parenthesis at the end?  
Line 121, change zone to zones  
Line 122, change “spacing reflectors” to “spacing of reflectors”  
Line 129, change “discrete spacing” to “discretely spaced”  
Line 131, change “at last” to “at least” if this is that the authors meant? I’m not sure about this.  
Line 134, change “at slow” to “at a slow”  
Line 143, change “rocks alteration” to “rock alteration”  
Line 159, change “segments ridges” to “ridge segments” up  
Line 167, change “region” to “regions”  
Line 177, change “mantellic” to “mantle”  
Supplementary material  
Latitudes and longitudes need to be labeled more clearly in all of these figures. 
 

We corrected the text, figures and supplementary material according to every comment above. 
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Reviewer 2 (Harm Van Avendonk) : 

Summary: This manuscript presents new high-quality marine seismic reflection data from the 
ANTITHESIS cruise. The data were gathered western Central Atlantic seafloor that is entering the 
northern Lesser Antilles (NLA) subduction zone. Worldwide there are relatively few locations where 
slow-spread oceanic lithosphere subducts, yet these plate boundaries may contribute significantly to 
Earth’s water and volatile fluxes. Moreover, the authors show that deformation of the incoming plate 
varies significantly over a relatively short distance along the trench between 63°W and 61°W. They 
have imaged a ridge-ward tilted fabric in the so-called Jacksonville patch (61°W) which they attribute 
to the reactivation of shear zones that formed in young (< 2 Ma) oceanic crust. Since seismicity at the 
megathrust is low in this region, the authors propose that these reactivated faults form conduits for 
sea water. Deep infiltration of seawater may have serpentinised mantle rock of the subducting Atlantic 
lithosphere beneath the local trench and forearc.  

Though the seismically imaged titled texture in mature oceanic crust is interesting, similar observations 
have been made elsewhere (Becel et al., 2015; Han et al., 2016). More progress can be made if we 
understand better how these low-angle faults form. The model by Buck et al. (2005) is very helpful, 
but to test such a model requires more background on the Cretaceous seafloor spreading processes 
that created the oceanic crust in the study area. I therefore recommend a revision of the manuscript 
where the authors better place their observations in a geological context.  

I have comments on the manuscript in three main categories: 

1) Seismic analysis: I think that the processing of seismic reflection data is well executed, though I 
would have expected to see some quantitative analyses of the seismic images, including estimates 
of the polarity of the RDR’s and reflection coefficient of these events. If these reflections are caused 
by fluids in faults the reflection coefficient should be high. 

In this new version, we modified lines 102-110 in the text and added, in supplementary material, 
an extended section about the seismic processing including Pre-stack Depth Migration (PSDM) and 
quantitative attribute analyses for line Ant45 (for the PSDM, please see answer to the first comment 
by Reviewer3). 

We agree that an accurate analysis of reflection coefficients would be necessary in order to 
constraint the degree of hydration and/or serpentinisation along the RDRs. This objective requires 
extremely detailed Vp laws above, within and below RDRs, which is unfortunately beyond the 
resolution of our data, and thus the scope of this study. Indeed, we image here structures located 
between 11 and 18 km with 4- and 4.5-km-long streamers. This shortness results in a relative level 
of uncertainty in NMO-derived velocity estimates. Thorough quantitative investigations require 3D 
Vp analyses based on a dense OBS array deployment, which is the purpose of the “Manta-Ray” 
experiment (p.i. Klingelhoefer and Marcaillou), scheduled in early 2022. 

In contrast, we perform a quantitative RMS amplitude analysis, the most commonly used post 
stack amplitude attribute to identify fluid-rich zones in seismic data (e.g. Ashraf et al., 2019). RMS 
analysis computes the square root of the sum of squared amplitude values, divided by the number 
of samples within the specified time window. This description of the average signal amplitude 
within a time window, compared to the overall amplitude, discriminates reflector sequences with 
acoustic properties compatible with fluid-rich intervals from other intra-crustal reflectors. This 
analysis confirms the existence, shape and orientation of the RDRs and suggests that they 
correspond with fluid-rich and/or serpentinised intervals at least until 6 km depth below the top of 
the oceanic basement. 

The width of the reflections are measured to be approximately 0.5 s two-way traveltime, or 1-2 km. Is 
such a large width expected for a short-lived fault? 

It is right that the description of the RDR’s dimensions was a little bit short. In this new version, 
we thus rewrote lines 96-99 to be more specific about the thickness. In these MCS lines, the 
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sequences thickness usually ranges from 0.1 to 0.2 s.twtt, thus 200 to 500 m thick. One sequence 
is line Ant45 is thicker, up to 0.5 s. twtt, thus 1 to 1.5 km. Globally this ratio length, thickness is 
similar to that of normal bending faults (see Figure 2 in Ranero et al., 2003). I am not sure if large 
thicknesses should be expected or not for short-lived faults, but we think that this tectonic fabric is 
likely to be re-activated by the plate bending in the trench (lines 19-20, 146-147 and 184-185). This 
reactivation possibly modifies the initial dimension and shape. 

If faults of such large scale exist in the young mid-ocean ridge environment, I am surprised that they 
have not been imaged with modern marine seismic data.  

What is striking is the scarcity of modern deep reflection seismic image for the deep structure 
of the young mid-Atlantic Ridge basement. For instance, although widely considered as a major 
mechanism of mantle exhumation, long-lived detachment faults are rarely imaged in publications. 
One of the best and only examples, published in (Ranero and Reston, 1999) and again in (Reston 
and Ranero, 2011) shows a convincing detachment fault with poor resolution at depth. This is not 
surprising: the unsedimented seafloor frequently generates wave-scattering. However, this line 
shows faint series of low angle dipping reflectors, sub-parallel to the detachment fault (red arrows 
in Figure 01) and very similar to what we observe. I understand why the authors did not interpret 
such faint reflectors, but the similarity with our lines is striking. Moreover; our interpretation is also 
consistent with that of reactivated paleonormal faults, formed in the basement and the mantle at 
the SEIR and imaged in the Wharton Basin (Figure 02 Carton et al., 2014)  

 

Figure 01: MCS image of a detachment fault (modified from Reston and Ranero, 2011). Red arrows 
point to un-interpreted 0.5-1-km-thick sequences of Ridgeward-Dipping Relfectors sub-parallel to the 
detachment fault. 

 

Figure 02: MCS image of paleonormal faults formed at the SEIR and reactivated in the Wharton Basin 
(modified from Carton et al., 2014). 
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2) Mid-Atlantic Ridge: The nature of the ridge-dipping crustal fabric and its relationship to the 
Cretaceous Mid-Atlantic Ridge could have been discussed more, but the current manuscript provides 
no overview of the segmentation of the seafloor spreading system. Was the mid-ocean ridge magma-
starved when the Jacksonville Patch formed? Did this patch form at a mid-ocean ridge segment end? 
Is it possible that the plate boundary was opening obliquely?  

In this new version of the paper, we put more emphasis onto the tectonic/geodynamic setting 
at the Cretaceous seafloor spreading system (lines 141-148). We indicate that the patch is located 
near the Jacksonville Fracture Zone, thus at a segment end and an inside corner of the Ridge-
Fracture system (lines 19, 146, 186, Figure 04). This environment is favorable to magma-poor, 
tectonically-dominated spreading generating detachment faulting and mantle rocks exhumation. 
We complete this discussion with references about this tectonic setting. An oblique opening during 
the Cretaceous is possible, although the magnetic anomalies are parallel to the Cenozoic ones and 
to the current direction of the MAR, which more readily support a normal spreading. 

 

3) Hydration of the subducting lithosphere: Though the dipping crustal faults may indeed hydrate the 
Atlantic lithospheric mantle at the NLA trench, it should be acknowledged that the slow-slipping 
fracture zones of the incoming plate have serpentinised mantle anyway. Compared to the Pacific 
subduction zones, the lateral variations in the water budget may therefore be greater at the Lesser 
Antilles subduction zone (Cooper et al., Nature, 2020; Davy et al., 2020). Can the reduction of 
seismicity at the NLA be explained entirely by the release of these fluids from the subducting Atlantic 
fracture zones?  

Cooper et al. (2020) confirm previous studies by Schlaphorst et al. (2016) and Paulatto et al. (2017) 
with a seducing message: beneath the Central and Southern Antilles, the subduction of numerous 
fracture zones in the South American incoming Plate (modified figure 1) likely generates deep 
crustal hydration and mantle serpentinization, then deserpentinization and fluid release at great 
depth. They indicate that zones of intense dehydration correspond with high b-value (high number 
of low-Mw earthquakes) and propose that “as the water migrates out of the slab, the stress on 
faults is reduced, causing earthquakes”. Although Cooper et al (2020) do not specifically discuss 
subduction earthquakes, the increasing number of low-Mw intraplate earthquakes is possibly 
consistent with the near absence of interplate thrust-earthquakes (Hayes et al., 2013) in the Central 
and Southern Antilles, if flowing fluids generates overpressure in the subduction channel (Saffer 
and Wallace, 2015). 

Forgetting to mention these outstanding results in the previous version was a mistake and we 
correct it in lines 157-162. However, Cooper et al. (2020) also conclude that the water budget in 
the Northern Lesser Antilles (our study area) is much lower because the 15-20 Fracture zone has 
not subducted deep enough to generate mantle dehydration. Moreover, the 15-20 Fracture zone 
underthrusts two thrust-type interplate teleseismic clusters (Montserrat-Barbuda and the Virgin 
Islands) as well as the gap in between (Hayes et al., 2013) (lines 160-167 and modified Figure 5). 
Thus, we cannot resolve the question of the seismicity variations at the NLA entirely by the plate 
hydration/dehydration related to the 15-20 fracture zone. We think that the subduction beneath 
the seismic gap of a weak faulted serpentinized basement patch offer a convincing 
alternative/complementary scenario (lines 182-191). We also invoke possible tectonic interactions 
and fluids circulation between the patch and the Fracture zone. 

 

Minor comments:  

1) The geodynamic models of Buck et al. (2005) show different fault patterns that depend on the 
parameter M, the degree to which extension is accommodated by magmatism. If the seismic 
reflectivity at 61°W tells us that the crust experienced amagmatic extension after it formed, why is this 
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fabric absent at 63°W? Was the crust not faulted significantly at 63°W on the flanks of the Mesozoic 
mid-ocean ridge, or are the faults here not oriented favorably for reactivation because of the 
bending direction?  

These decollement shear planes are approximately directed NS, thus at 75° angle to the direction 
of the margin deformation front at 63°W longitude and at 55° angle at 61°W longitude. According 
to Shillington et al (2015), and references in the paper, none of these angles are favorable for 
reactivation by plate bending in subduction zones. Moreover, at 63°W, the bathymetric and seismic 
data show landward-dipping, steep, normal faults sub-parallel to the margin, thus most likely 
neoformed plate-bending faults. The data does not show any equivalent structures at 61°W, 
suggesting that subduction-related strain is accommodated in another way, possibly due to the 
exhumed rock weakness. The recent study by Davy et al. (2020) shows that tectonically-dominated 
and magmatically-robust segments alternate over short (<0.5° angle) distances. We cannot certify 
that the “63°W zone” was formed at a magmatically-robust segment and the “61°W zone” at a 
purely amagmatic segment. However, the striking lateral variation in the tectonic fabric does 
suggest a northward change from tectonically-dominated to magmatically-robust regime. As a 
result, we tend to think that if we do not observe detachment-type structure in any line outside the 
Jacksonville patch, it is because they never formed. 

2) What controls the spacing of RDR’s? Is it possibly related to the elastic thickness of the oceanic 
crust when it formed? If so, are there significant differences in crustal-scale faulting at slow and fast 
spreading centers? 

The spacing of these RDRs from the slow-spreading Atlantic Ridge is similar to that of LCRs from the 
Pacific spreading center (see in Han et al., 2018). It is really possible that both RDR and LCR result 
from ductile shear zones (Han et al., 2016; Reston et al., 1999) due to spreading-related deep 
tectonic events (Morris et al., 1993) and/or anomaly in melt delivery at the mid-ocean ridge (Han 
et al., 2016) (lines 127-129). In case of very early ductile deformation, I am not sure that this spacing 
relate to elastic thickness. 

3) The RDR’s are described as short-lived detachment faults (line 137). Are the observed 20-30° dip 
angles of the faults consistent with Coulomb failure due to bending and unbending of the young crust 
on the flanks of the mid-ocean ridge? I see that the authors refer to Reston and Ranero (2011) to 
propose a model with tightly spaced detachment faults. I wonder why the crust would not develop 
tightly spaced high-angle normal faults (~60°) to accommodate extensional stresses. 

The roller-hinge model predicts a rotation and flattening of initially steep fault scarps in response 
to flexural unloading during stretching (Lavier et al., 1999) which result in this specific geometry 
and dip angles for the detachment faults. Reston and Ranero (2011) also refer to this model in their 
study. Moreover, these RDR’s possibly form initially in a ductile deformation context and I am not 
sure how the coulomb criteria applies in this context. At last, the oceanic plate bending possibly 
reactivates this fabric in the trench modifying lately the geometry of the discontinuities. 

4) Outboard the Anegada Passage (63°W) abyssal hill fabric is trending ~10° as you would expect for 
oceanic crust produced at the Mid-Atlantic Ridge. Bending of the incoming plate created new high-
angle faults sub-parallel to the convergent margin. In contrast, seafloor at 61°W formed near the 
Jacksonville fracture zone, and the basement ridges here are predominantly oriented ~110° clockwise 
from north. Are these ridges related to strike-slip deformation?  

The 10°-trending abyssal fabric at 63°W, corresponds with elongated basement magmatic ridges, 
while the 110°-trending seafloor undulations, at 61°W, are related to basement grabens and half-
grabens. Landward of the Jacksonville Patch, the anastomosing system of the Bunce Fault generates 
pervasive left-stepping strike-slip deformation in the accretionary prism, along an axis also directed 
N110°E (Laurencin et al., 2019). This strike-slip deformation is likely to be related to the shear 
component of the strain partitioning. I do think that the shear strain also deform the downgoing 
plate in a strike-slip pattern, as also suspected in southern Marianna subduction zone. Initially, we 
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discussed this point in a short section for this paper, but it is still too speculative and we are still 
working on models and observations to substantiate “this feeling”. 

Harm Van Avendonk (University of Texas Institute for Geophysics) 

 

Reviewer 3 : 

The paper by Marcaillou et al. presents new MCS data along the northern section of the Lesser Antilles 
subduction zone. It investigates the seismic structure of the marine forearc and subducted Atlantic 
crust. The obtained seismic images are from high quality and the megathrust as well as reflectors 
labelled as Ridgeward-dipping oceanic-basement Reflectors (RDRs) are clearly imaged. Although not a 
lot of the processing details are provided (should actually be in a technical section). I assume state-of-
the-art processing and acquisition of the MCS data was used based on the results obtained. I think my 
two main criticism of the paper are one related to the lack of proper depth control in the images (1) 
and more importantly the interpretation of the results in terms of the seismogenic zone.  

(1) Unfortunately most of the seismic record sections are presented in TWT and not in depth. Also no 
clear explanation is provided how the depth conversion has been carried out, but this would be 
essential to assess the quality of the inferred dipping angles and depth range. It would be interesting 
to see what a Pre-Stack-Depth migration would give in terms of coherency and depth. No clear 
reasoning is provided why line drawing is used to convert to depth although the seismic data obtained 
seems to be very rich on coherent features. This looks to me like very crude and fast process.  

We do understand that the absence of depth section for the seismic lines in the previous version 
of the paper might appear disappointing. We performed a PSDM for line Ant45, rewrote lines 102-
106 and added an extended “data and method” section in supplementary material to: 

1. explain how we built the velocity model used for the MCS line-drawing conversion to depth, 
2. show the preserved amplitude PSDM in the angle domain (Lambaré et al., 2003, Lambaré, 

2003 #1112; Thierry et al., 1999) for line Ant45, 
3. highlight the consistent results by both approaches, which confirm the location, depth, 

geometry and dipping angles of the RDRs. 
4. Provide a RMS amplitude analysis (see answer to Harm Van Anvendonk, comment 1) 
5. Clearly indicate that this PSDM should be considered as an additional constraint on the RDRs 

geometry, more than as a robust image of the subduction zone structure at great depth, and 
explain why. 

This last point is actually the reason why we did not show the PSDM in the first version of the 
paper. It is widely accepted that, at depth greater than the streamer length, the NMO-derived 
velocity model, which controls the PSDM image, is affected by an increasing degree of uncertainty 
with depth. Here, we investigate oceanic structures at depth 3 to 4 times greater (11-18 km) than 
the streamers length (4 and 4.5 km). My team and I have a long experience in PSDM using NMO-
derived velocity models at shallow depth (e.g. Marcaillou et al., 2016), or combined NMO / Wide 
angle velocity models at greater depth (e.g. Agudelo et al., 2009). Here, the closest wide-angle line 
(Ant06) is located 70 km to the Northwest of the PSDM Ant45, although still in the Jacksonville 
patch. Thus, the combined NMO-derived / wide angle velocity model we used here remains quite 
theoretical from my point of view and I was reluctant (maybe too cautious) at publishing poorly-
constrained images of the subduction zone deep structure. The coherency of the high amplitude 
RDRs at 15 km depth in the PSDM image attests that this Vp model is, at least, correct. However, I 
still consider that a depth conversion, although rougher, is more robust than an apparently 
sophisticated but poorly constrained PSDM. 

 (2) It is not clear to me why the occurrence of the RDRs are the main reason for the apparent lack of 
great earthquakes in the northern Lesser Antilles subduction zone. The RDR faults are only imaged up 
to 30km from the trench and therefore would only entail a very small area of the rupture plane. Also, 
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it is not clear in the manuscript how these faults would effectively influence the locking on the 
megathrust especially in the context of slab roll-back as currently experienced in the LA subduction 
zone. I also miss a discussion of the influence of the 15-20 fracture zone on the behaviour of the 
megathrust. The 15-20 fracture zone is currently located in this region at about 20km depth and 
therefore has just entered the subduction (e.g. Cooper et al., 2020). This fracture zone might have a 
much greater influence in the main depth interval for seismic slip on the megathrust, just by looking 
at the dimension of a Mw7+ earthquake. It quite recent subduction could also have weakened the 
marine forearc due to it topography and therefore causing a weaker coupling. So there are quite a few 
options that have to be adequately discussed in the manuscript as competing options.  

We totally rewrote the discussion about the interplate seismogenic behavior in the NLA in order to 
discuss much deeper the different possible scenarios. 

First, we describe the results and conclusions by Cooper et al (2020), Paulatto et al. (2017) and 
Schlaphorst et al. (2016) in the Central and Southern Lesser Antilles, where numerous fracture 
zones deeply hydrate the subduction zone. This high water budget likely contributes to the very 
small number of inteplate thrust-type earthquakes detected teleseismically. 

Then, we compare to the NLA, where the only fracture zone to subduct, the 15-20, is located at 
shallow depth beneath the fore-arc and underthrusts regions with interplate seismic clusters as 
well as regions of seismic gap. Thus, it is not possible to relate the along-strike variations in 
interplate seismicity to the fracture zone hydration only. We discuss in more details the rheological 
weakness of the serpentinized basement in the patch and the possible tectonic and fluid interaction 
between the patch and the 15-20 FZ. 

The seismic amplitude loss at depth is obviously a problem as it hinder a proper estimate of the 
downdip extent of the Jacksonville patch. It is difficult to know if it extends much farther than 40 
km from the deformation front. We point out that it is located beneath the seismic gap in interplate 
subduction-type earthquakes, which advocate for 1/ a deeper extent of the patch of weak 
serpentinised basement and/or 2/ deep tectonic interaction and fluid circulation between the patch 
and the 15-20 Fracture Zone. 

Overall the data presented is quite impressive, but different options in respect of the observed pattern 
along the seismogenic zone exist and have to be discussed in more depth. It also would help if a more 
in depth detail of the reflectivity could be made to gain some insight into the nature of the RDRs. 
This might be hard to do but would help to support the hypothesis that wide-spread serpentinisation 
is occuring along the RDRs.  

This last comment is consistent with the first comment by Harm van Avendonk. An accurate 
quantitative analysis through the RDRs would requires extremely detailed Vp laws above, within 
and below RDRs, which is unfortunately beyond the resolution of our data, and thus the scope of 
this study. These investigations are actually the purpose of the soon-to-come next campaign. 
However, in order to investigate further this topic and given the current available data, we perform 
a quantitative RMS amplitude analysis, which is the most commonly used attribute to identify fluid-
rich zones in seismic data (e.g. Ashraf et al., 2019). This analysis confirms the existence, shape and 
orientation of the RDRs and suggests that they correspond with fluid-rich and/or serpentinised 
intervals at least until 6 km depth below the top of the oceanic basement. We regret that our data 
at the moment do not allow us to do a better job about this topic. 

Minor points:  

- Figure 2) contains the label BDRs? What is this?  

It was a mistake, we corrected it to RDRs. 
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- In the technical section the conversion to depth is missing also this might be a central point of the 
paper. At least some attempt should be and to assess the error associated and/or can we do this with 
the waveform cross-sections as well. 

We totally rewrote this part in much more thorough way. 
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Mer, Place N. Copernic, Plouzané, France 13 

New seismic and bathymetric data reveals a striking slow-spreading tectonic fabric within the oceanic 14 

basement subducting beneath the poorly-coupled Northeastern Lesser Antilles (NLA) Subduction Zone. 15 

An unprecedented large-scale patch of the oceanic basement show closely-spaced sequences of convex-16 

up Ridgeward-Dipping Reflectors (RDRs), which extend down to ~15 km depth with a 15-to-40° angle. 17 

We postulate that slow-spreading has generated pervasive discrete shear planes during early stages of 18 

magma-poor mantle rocks exhumation at an inside corner of the Mid-Atlantic Ridge. Approaching the 19 

trench, the plate bending reactivates this tectonic fabric favoring deep fluid circulation and rocks 20 

serpentinization. This weak tectonically-dominated serpentinized basement underthrusts the Barbuda-21 

Anegada margin segment, a region of very low interplate seismic activity, illustrating the linkage 22 

between low seismic activity and fluid-related strength reduction of subducting plates. 23 

Oceanic basement formed at slow-spreading mid-ocean ridges (MORs), exhibits remarkable variations in 24 

basement thickness, velocity and tectonic fabric, as previously inferred from bathymetric data (e.g. Cann et 25 

al., 1997; Sauter et al., 2013; Smith et al., 2006), paleomagnetic studies (e.g. Garcés and Gee, 2007; Morris et 26 

al., 2009) sampling and drilling of outcrops of deep-seated rocks (e.g. MacLeod et al., 2002; Schroeder and 27 

John, 2004) and numerical modelling (e.g. Buck et al., 2005; Tucholke et al., 2008). In contrast, few seismic 28 
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data image this fabric variability at depth (e.g. Momoh et al., 2017; Morris et al., 1993; Ranero and Reston, 29 

1999; Reston and Ranero, 2011). Poorly sedimented seafloor near MORs triggers severe scattering of seismic 30 

waves, which impedes accurate intra-crustal imaging at depth (Peirce et al., 2007). As a result, deciphering the 31 

complex variability of oceanic tectonic fabric in seismic images remains challenging. 32 

This variability, from magmatically-robust to tectonically-dominated segments, depends on the spreading 33 

rate and the relative contribution of tectonic extension and magmatic diking to oceanic spreading (e.g. Buck 34 

et al., 2005; Tucholke et al., 2008). Vigorous melt delivery promotes typical layer 2/3 velocity-depth “Penrose” 35 

structure (e.g. White et al., 1992). Oceanic spreading is taken up by this magmatic activity, associated with 36 

arrays of steep and small ridgeward-dipping normal faults (e.g. Shaw and Lin, 1993). In contrast, tectonically-37 

dominated spreading favors stretched and thinned crust possibly hosting widely-spaced, long-lived, low-angle, 38 

ridgeward-dipping detachment faults (e.g. Smith, 2013), exhuming serpentinized peridotites with a varying 39 

amount of gabbro bodies, referred to as the “plum-pudding” concept (e.g. Cannat, 1996; Ildefonse et al., 2007). 40 

The velocity-depth structure then usually consists of one layer with a rather constant velocity gradient (e.g. 41 

Dean et al., 2000; Grevemeyer et al., 2018; Van Avendonk et al., 2006) depending on a decreasing 42 

serpentinization degree with depth (Escartín et al., 2001). Reston and Ranero (2011) argue that more closely-43 

spaced faulting may result from a tectonic sequence where a detachment fault forms, slips, flexes and becomes 44 

inactive when a new detachment fault develops nearby. However, in the absence of convincing deep seismic 45 

images for such tectonic sequences, the model of widely-spaced detachment faults frequently prevails. 46 

New bathymetric and multichannel seismic (MCS) data, collected in the NLA trench during cruises 47 

ANTITHESIS 1 and 3 (Marcaillou and Klingelhoefer, 2013, 2016) call into question this generic model for 48 

the first time. The sedimentary layer reduces the scattering, allowing up-to-6-s-two-way-traveltime (stwt) deep 49 

seismic imaging, which is unprecedented for slow-spreading oceanic basement. These data reveal impressive 50 

along-strike variations in oceanic fabric, showing an unexpected deep and pervasive tectonic pattern within 51 

the basement created at a segment end of the Mid-Atlantic Ridge. These images challenge the long-lived 52 

detachment model, highlight that the tectonic imprint of slow-spreading onto the oceanic basement has 53 

possibly been underestimated and raise questions about the seismic consequences of subduction of 54 

tectonically-dominated, hydrated, serpentinized and weak oceanic basement patches. 55 
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Oceanic tectonic pattern near the Jacksonville Fracture zone 56 

The ~N120°-trending Jacksonville Fracture Zone extends from the Northwestern Atlantic to the NLA 57 

Subduction Zone (Bouysse et al., 2020) (Figure 1). To the south, the 15-20 Fracture Zone subducts beneath 58 

the margin at a convergence rate of 20 mm/yr in the N254°E direction (DeMets et al., 2010). Between these 59 

fracture zones, the cretaceous oceanic basement in the trench (Figure 1A) ages westward (Müller et al., 1999). 60 

Based on the 300-330 km distance between chron C34 (83 Ma) and C32 (71.6 Ma) (Cande and Kent, 1995), 61 

the mean half-spreading rate was low, 26-29 mm/yr, at the spreading center. 62 

 
 

Figure 1: A- Satellite free-air gravity map (Sandwell and Smith, 2014) showing fracture zones (solid 63 

lines), synthetic flow lines (colored lines) and the Mid-Atlantic Ridge (dotted lines) in the Central 64 

Atlantic for chrons 5 (8.9 Ma), 6 (19.4 Ma), 13 (35.3 Ma), 20 (44.7 Ma), 24 (55 Ma) 32 (71.6 Ma), 33o 65 

(80.2 Ma) and 34 (84 Ma) modified from Müller and Roest (1992). A stands for Anegada, B for Barbuda, 66 

BR for Barracuda Ridge, CAP for Caribbean Plate, FZ for Fracture Zone, G for Guadeloupe, M for 67 

Montserrat, MAR for Mid-Atlantic Ridge, NAP for North American Plate, TR for Tiburon Ridge, PR for 68 

Puerto-Rico, SAP South American Plate and VI for Virgin Island. B- Bathymetric map showing location 69 

for multichannel seismic lines labelled AntXX and the Jacksonville Fracture Zone (dashed black lines). 70 

Close-up on target zones are in supplementary material (Supp. Figure 4). 71 

 72 
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The Jacksonville Patch, originated from the ridge segment end close to the Jacksonville Fracture Zone, is 73 

currently located in the trench between 18 and 19°N. The tectonic pattern within this patch drastically differs 74 

from that of the incoming oceanic plate in neighboring zones. 75 

To the southeast and the northwest of this patch, the oceanic fabric of the incoming plate corresponds to 76 

~N20°-trending elongated topographic highs sub-parallel to the magnetic anomalies (Figure 1B, Supp. Figure 77 

4A). In addition, in every dip seismic line (Ant01 07, 10, 11, 12, 14 and 50) reflectors of the seafloor, oceanic 78 

sediments and the basement top step down westward along steep fault planes that dominantly dip toward the 79 

margin (Figure 2A). These normal faults penetrate the basement down to gently southwestward-dipping 80 

discontinuous reflections M, 1.9 to 2.2 stwt beneath the top of the basement, interpreted as the Moho. These 81 

faults crop out at bathymetric scarps, directed N100-120°E, sub-parallel or slightly oblique to the deformation 82 

front. This margin sub-parallel faulting in the outer trench wall has long been described as the result of the 83 

incoming plate bending into the subduction zone (e.g. Masson, 1991; Ranero et al., 2003). According to these 84 

studies, plate bending mainly reactivates inherited tectonic structures of the oceanic fabric when favorably 85 

oriented (sub-parallel to the trench) and produces new faults when the fabric is highly oblique with respect to 86 

the trench. Offshore of the NLA, the oceanic fabric trends at more than 70° angle to the trench. The 87 

southwestward-dipping faults, sub-parallel to the deformation front, are thus likely to be newly-formed plate 88 

bending faults. 89 

Within the Jacksonville Patch, the bathymetric map and associated dip and strike seismic lines (Ant06, 43, 90 

44, 45, 52, 53 and 54) show a drastically different tectonic pattern in the trench (Figure 1B, Supp. Figure 4B). 91 

The smoother seafloor is neither spiked with the N20°-trending ridges of the oceanic fabric, nor deformed by 92 

the margin-subparallel scarps of plate-bending normal faults. In contrast, short, shallow and steep faults 93 

dipping toward east and west bound ~4-6 km wide grabens in the oceanic basement. These grabens define 94 

~N100-110°-directed seafloor undulations trending at 40° angle to the margin front. The seismic lines do not 95 

show any organized reflections at typical Moho depths. The most striking features are 5-10-km-spaced, 96 

convex-up, high-amplitude reflector sequences, which dip from the top of the oceanic basement down to 5 97 

stwt below the seafloor (Figure 2B). The sequences are 0.1-0.2-stwt-thick (200 to 500 m) and locally up-to-98 

0.5-stwt-thick (1 to 1.5 km). 99 

 100 
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Figure 2: Three-dimensional seismic-bathymetry views illustrating typical oceanic basement (A-

line Ant01) and the spectacular, tectonically-dominated, exhumed oceanic basement (B- line Ant45) 

located outside and inside the Jacksonville Patch respectively. D, TC and M stand for Decollement, 

Top of the oceanic Crust and Moho respectively. Black and yellow dotted lines underline the 

Ridgeward-Dipping oceanic-basement Reflectors (RDRs) and the oceanic grabens direction 

respectively. Vertical Exaggeration 1:3.5. Additional 3D blocks are in supplementary material (Supp. 

Figure 5). 

Ridgeward-Dipping oceanic-basement Reflectors (RDRs) 101 

In order to estimate the true dipping direction and geometry of these reflector sequences, we performed 102 

depth-conversion of MCS lines Ant45 and 53 interpretations (Figure 3) as well as a pre-stack depth migration 103 
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of line Ant45. We used a combined MCS / wide-angle seismic (WAS) velocity model (see details in Supp. 104 

Mat.) based on nearby WAS line Ant06 (Laurencin et al., 2018) (Supp. Figure 1). In this model, the basement 105 

corresponds to a 5.6-6.5-km-thick single layer with a 5.5-7.4 km/s velocity range from top to bottom and a 106 

constant velocity gradient of 0.27 s-1. Moreover, we constrained the specific physical features of these 107 

sequences, compared to other intra-crustal reflections, with RMS amplitude analysis (Supp. Figure 3) in order 108 

to confirm their geometry. The mean apparent dip angle increases from 17° to 25° in N125°E-trending line 109 

Ant53 and from 15° to 35° in N40°E-trending line Ant45 (Figure 3A, Supp. Figure 2). These lines intersect 110 

each other (Figure 3B) and reveal that the reflectors dip in a N60-90°E direction, towards the Mid-Atlantic 111 

Ridge, with a dip angle that increases from 20-30° in the topmost 3 km, up-to 45° between 3 and 8 km depth 112 

(Figure 3C). We refer to these sequences as Ridgeward-Dipping oceanic-basement Reflectors (RDRs) (Figure 113 

4). 114 

 

 

 

Figure 3: Depth-converted interpretation for lines Ant45 and Ant53 (A), 3D view in time section (B), and 

Schmidt diagram (C) reveal that the convex-up sequences of RDRs in the oceanic basement dip toward the Mid 

Atlantic Ridge. Lines location is in Figure 1 and 3D bathymetry-seismic view for lines Ant45 and Ant53 are in 

Figure 2B and Supp. Figure 5 respectively. Figure 4 shows an interpreted perspective view of the RDRs. 
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 115 

Previous seismic data depicted distant convex-up ridgeward-dipping reflectors with similar dipping angle 116 

at segment ends of slow-spreading ridges, interpreted as large-offset long-lived detachment faults, for instance 117 

in the Cretaceous-aged Eastern Central Atlantic (Ranero and Reston, 1999; Reston and Ranero, 2011) and at 118 

the South West Indian Ridge (SWIR) (Momoh et al., 2017). At the SWIR, the faults are associated with similar 119 

~0.5-stwt-thick sub-parallel bright discontinuous reflectors interpreted as damage zones (Momoh et al., 2017). 120 

The RDRs are also partly consistent with closely-spaced, ~1-km-thick, sequences of convex-up LCRs (Lower-121 

Crust ridgeward-dipping Reflectors) in the Northwestern Atlantic (McCarthy et al., 1988; Morris et al., 1993) 122 

as well as in lower crust generated at the faster Mid-Pacific spreading ridge offshore of the Middle America 123 

Trench (Hallenborg et al., 2003), Japan (Kodaira et al., 2014 ; Ranero et al., 1997 ; Reston et al., 1999), Alaska 124 

(Bécel et al., 2015), and Hawaii (Eittreim et al., 1994). These LCRs have been interpreted as lithological 125 

layering resulting from magma flow in the Atlantic (McCarthy et al., 1988) and the Pacific (Henstock et al., 126 

1993; Phipps Morgan and Chen, 1993). However, discrete spacing of reflectors rather than pervasive layering 127 

more readily supports ductile shear zones (Han et al., 2016; Reston et al., 1999) due to spreading-related deep 128 

tectonic events (Morris et al., 1993) and/or anomaly in melt delivery at the mid-ocean ridge (Han et al., 2016). 129 

The RDRs size and geometry partly differ from these analogues. These reflectors extend from the top of 130 

the oceanic basement to, at least, 6 km below (Supp. Figure 3) while the LCRs are restricted to the lower crust 131 

and sole out downward onto the Moho. Discretely spaced thin sequences of subparallel RDRs are poorly 132 

consistent with pervasive and massive fan-shaped layering at SDRs and lava flows. At last, the RDRs are 133 

closely spaced and most of them do not deform or fracture the top of the oceanic basement and the sediment 134 

layer, contrasting with the classical image of distant detachment faults (e.g. Reston and Ranero, 2011) with 135 

topographic expressions (e.g. Smith et al., 2006), in the Northeastern Atlantic. However, this fault spacing at 136 

a slow to intermediate spreading axis depends on the fraction of the plate separation rate that is accommodated 137 

by magmatic ridge-axis dyke intrusion (Buck et al., 2005). According to these authors, a tectonically-138 

dominated slow-spreading ridge segment with moderate magmatic activity can generate closely-spaced 139 

detachment-type deformation zones during early stages of basement exhumation.  140 

Thus, the Jacksonville Patch likely consists in serpentinized mantle rocks possibly hosting gabbro bodies 141 

exhumed along low-angle detachment systems (e.g. Smith, 2013) or by serpentine diapirism up high-angle 142 
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faults (Zhou and Dick, 2013). Although we cannot rule out serpentine diapirism, inside corners of fracture 143 

zones are known to be prone to detachment faulting (e.g. Reston et al., 2002). Thus, the RDRs more readily 144 

image pervasive proto-detachment shear zones related to early tectonic extension at a magma-poor inside 145 

corner of the segmented MAR. Approaching the trench, the plate bending, reactivates extensional strain along 146 

the RDRs, favoring fluid percolation, rock alteration and serpentinization, increasing acoustic impedance 147 

contrast and reflection amplitude. 148 

 

Figure 4 : Perspective view 

showing the structural 

transition of the Atlantic 

basement from the inside to 

the outside corner of the 

Jacksonville Fracture Zone. 

The Jacksonville patch at the 

inside corner consists in 

serpentinized mantle rock 

possibly mixed with gabbro 

bodies exhumed along 

proto-detachment shear 

planes which formed at a 

tectonically dominated 

magma poor ridge segment 

end. These detachments, 

reactivated while subducting 

beneath the NLA draw 

Ridgward Dipping 

Reflectors (RDRs) in along-

dip vertical sections. 

Seismogenic behavior of subducting serpentine-bearing rocks 149 

The NLA Subduction Zone has hosted only 39 thrust-faulting earthquakes, detected teleseismically 150 

(Mw>5), with focal mechanisms compatible with interplate co-seismic slips since 1973(Figure 5). Most of 151 

these subduction-type events occurred to the North of Guadeloupe where they are aggregated in two seismicity 152 

clusters: from Montserrat to Barbuda and from the Anegada Passage to Virgin Island (Hayes et al., 2013). 153 

Very few of them occurred along the ~110-km-wide margin segment in between and to the South of 154 

Guadeloupe. 155 

In the Southern and Central Lesser Antilles, numerous fracture zones in the subducting South American 156 

Plate (Figure 1A) likely trigger deep crustal hydration and mantle serpentinization (Cooper et al., 2020; 157 

Paulatto et al., 2017; Schlaphorst et al., 2016). This high water budget is prone to impede large interplate co-158 
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seismic rupture, rather favoring alternate slip behavior (SSE, VLFE, EETS) (Saffer and Tobin, 2011) and/or 159 

numerous low-magnitude events (Paulatto et al., 2017; Schlaphorst et al., 2016). In contrast, in the NLA, the 160 

only fracture zone (the 15-20 FZ) of the subducting North American Plate to interact with the subduction zone 161 

(Figure 5) has not subducted deep enough to favor dehydration of the subducting serpentinized mantle (Cooper 162 

et al., 2020). This fracture zone, located at less than 30 km depth beneath the forearc (Laurencin et al., 2018), 163 

could trigger shallow dewatering and margin tectonic deformation, weakening the interplate contact, reducing 164 

the seismic coupling and affecting the megathrust seismogenic behavior. However, the fracture zone 165 

underthrusts similarly the two clusters of subduction-type teleseisms (Mw>5), and the gap in between (Figure 166 

5) suggesting a low influence onto the interplate seismicity in the NLA. 167 

We propose that the reduced strength of the subducting plate basement at least partly made of serpentinized 168 

mantle rocks strongly contributes to the megathrust weakness and the interplate seismicity reduction. Low-169 

temperature species of serpentine minerals, chrysotile and lizardite have a low coefficient of internal friction, 170 

low fracture strength, and a nominally non-dilatant mode of brittle deformation (e.g. Escartín et al., 1997; 171 

Moore et al., 1997; Reinen, 2000), which favor localized slip on discrete surfaces, cataclastic flow by shear 172 

microcracking (e.g. Escartín et al., 1997; Moore et al., 1997; Reinen, 2000) and plastic flow within individual 173 

grains (Hirauchi et al., 2010). This substantial weakening of serpentine-bearing rocks is not a linear function 174 

of the degree of serpentinization but is similar in slightly hydrated peridotites and pure serpentinites (Escartín 175 

et al., 2001). The subduction of an heterogeneously faulted, hydrated and serpentinized basement is likely to 176 

generate an interplate patchiness of contrasting frictional properties, which may impede full interplate coupling 177 

(Hirauchi et al., 2010), instead favoring a mix of stable and unstable behaviors prone to triggering small-Mw, 178 

slow-slip and/or very-low frequency earthquakes (Saffer and Wallace, 2015). Similar conditions are suspected 179 

in anomalous non-seismic regions in locally hydrated forearc mantle within Northeast Japan (Hirauchi et al., 180 

2010). 181 
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Figure 5: Map view of 

the seismic activity in the 

Northern Lesser Antilles. 

The circles represent the 

earthquakes from the 

EHB catalogue and the 

USGS PDE, sized by 

magnitude and colored by 

depth. Black focal 

mechanisms are thrust 

earthquakes from the 

gCMT catalogue, 

aggregated in two 

clusters separated by a 

110-km large quiet zone 

(dashed yellow lines). 

Dashed white lines 

indicate the 15-20 and 

Jacksonville Fracture 

Zones. 

The Lesser Antilles is thus an end-member subduction zone, which undergoes the subduction of highly 182 

hydrated fracture zones and unsuspected large-scale tectonically-dominated oceanic patches. Our data depict 183 

for the first time pervasive and closely-spaced proto-detachment shear planes, reactivated by the plate bending 184 

in the trench within the oceanic basement, at least partly made of serpentinized mantle rocks exhumed at a 185 

former inside corner of the MAR. The landward extent of this patch is unclear beyond 40 km from the 186 

deformation front, because of seismic amplitude loss at great depth. However, downdip, tectonic interaction 187 

and fluid circulation between the patch and the 15-20 Fracture Zone possibly alter the forearc strength. Thus, 188 

the reduced strength and fluid circulation related to the Jacksonville serpentinized basement, its pervasive 189 

tectonic fabric and the proximity of the hydrated 15-20 Fracture Zone are likely to account for the 190 

heterogeneous distribution of subduction earthquakes in the NLA. 191 

 192 

  193 
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Dear Editors and Reviewers 

My co-authors and I are very pleased to see that our improved version of the manuscript answered 

the questions/concerns of the previous reviews and that reviewer 1 and 2 have no more major critics. 

In this third version:  

- We modify the abstract as proposed by Joseph Aslin and the editorial board  

- We correct every typo as suggested by reviewer 2 and 3. 

- We create a “Method” section at the end of the main manuscript and move the 

methodological approach form the supplementary material to this section, to comply with the 

editorial rules. The Supplementary Figures remain in the supplementary file. 

- We copy the remaining major comments by reviewer 3 in the following and bring a response 

as clear as possible (in blue), highlighting how and where we modify the text and figures to 

improve the manuscript. The line numbers refer to the text file without correction.  

Best Regards 

Boris Marcaillou 

 

Reviewer 3 

L114: how is the RMS amplitude analysis confirming your interpretation. The analysis or RMS 

amplitude is now mentioned to address the polarity issue, but the results are not properly discussed 

how they support the findings 

We rewrote lines 110-114 to indicate the results of the RMS amplitude analysis about the 

physical properties of the RDRs compared to other intra-crustal reflections. We also refer to these 

results in lines 151-152 to indicate again how the RMS analysis supports the findings. We added a 

classic reference (Chopra and Marfurt, Geophysics, 2005) for this interpretation. The method 

section and the legend of Supplementary Figure 4 complete these statements with more details. 

L155: This paragraph now feels a bit of out sync. Findings and interpretations/discussion are very 

mixed up now which makes it hard for the reader. There has to be a clear separation between analysis 

and in interpretation/discussion, so that the reader can evaluate the contribution of the new data. 

Subsequently the results should be discussed. 

The paragraph that starts line 155 (Lines 144-152 in the revised version) synthesizes in few lines 

the discussion before. In the new version of the paper, we precise several times more clearly that 

this paragraph is the result of our interpretation with “Based on this discussion, we propose” and 

“In this interpretation”. 

Figure 5: What is Fig. 5 is now not adding anything anymore and can be easily integrated with Fig. 1 

Compiling every information (bathymetry, structure, seismicity and data location) in one map 

makes it very complex and unreadable (please, see below). We can still merge Figure 1 and Figure 

5 by showing both maps in only one figure (please, see the submitted version of the paper). Some 

readers might find uneasy to read the very last section of the discussion referring to the first figure, 

but if the editorial board considers that it improves the manuscript, we can merge these figures as 

proposed in the revised manuscript. 

Author Responses: second round
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Minor comments  
l146: I still found SDR. Please check carefully the whole manuscript and support. material. 

In line 146 of the previous version of the text (line 136 in the new version), we do compare the 
features of the RDRs to the classic Seaward Dipping Reflectors: the SDRs. We precise this more 
clearly. 
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