
We thanks the editor and the four reviewers for their posi3ve evalua3on and construc3ve 
comments. Our responses are, as outlined in the individual public responses, repeated in a 
single rebu<al le<er below, with small changes to two comments by reviewer #4, Jus3n Ries.  
 
Our responses are marked in green, reviewer comments are in black italics. 
 
Reply to comment of Anonymous Reviewer #1 
 
Reviewer comment: 
 
The manuscript by Oschlies et al. is the introductory chapter in a Best Prac;ces Guide to OAE 
Research. The full guide will contain seven chapters, which compare and synthesise 
previously published methods, and offer guidance for future research. Given that Oschlies et 
al. have only wriDen the introduc;on chapter it does not present new results or new 
research. The manuscript is very well wriDen and presents a comprehensive overview of the 
need for climate dioxide removal (CDR), and the role the ocean can, or should, play. The 
descrip;on of ocean alkalinity enhancement (OAE) is detailed and comprehensive, yet the 
nuances are easy to follow and understand. The referencing is comprehensive, and I have not 
iden;fied key publica;ons that have not been, but should be, referenced here. I commend 
the authors on their overview.   
The only issue, and the reason I suggest minor revisions, is about the ;meline of our climate 
goals and how this affects the realism of the suggested CDR methods. The authors correctly 
state that the goals are to reach net-zero emissions by mid-century. We are now in 2023 so 
mid-century is quite close in ;me. Yet the technology necessary for CDR, and marine CDR in 
par;cular is in its infancy or non-existent (as noted by the authors of this manuscript). 
I have just read the introductory chapter so this topic may be covered elsewhere in the Best 
Prac;ces Guide. But a (brief) sec;on should be added to discuss the necessary ;meline, and 
how realis;c/unrealis;c it is to achieve opera;onal technology and methods to successfully 
implement marine CDR. Even if covered elsewhere this aspect deserves men;on in the 
introductory chapter. 
 
 
Response: 
 
We thank Anonymous Referee #1 for the posi3ve and suppor3ve comment and the 
sugges3on to include a brief sec3on to discuss the necessary 3meline for eventual 
implementa3on should OAE ever be deployed in a manner helpful for mee3ng current 
climate targets to reach net-zero emissions by mid-century.  
 
We propose the following addi3on: 
 
“The very few (a single-digit number according to the authors’ knowledge) field trials that 
have been carried out so far, or are being discussed in the year 2023, have the poten3al to 
take up a few tons of CO2 per trial. For the various OAE approaches, technology readiness 
levels (TRLs) are rela3vely low, generally rated as 1-2 by Smith et al. (2023), 3-4 for specific 
approaches (Foteinis et al., 2022) and possibly approaching 5 for methods with first field 
trials in prepara3on or under way. Scaling up CO2 uptake by several orders of magnitude to 



many million tons per year or possibly even a billion tons per year by mid-century is 
extremely ambi3ous. It would require all instruments, measures and policies put in place 
that can advance every op3on forward from its current readiness level. In their State of CDR 
report Smith et al. (2023) es3mate that so-called novel CDR methods, which include OAE 
would need to be scaled up about by a factor 30 by 2030 and a factor of 1300 by mid-
century in order to meet the demand expected for reaching promised climate goals. 
Required average annual OAE growth rates will have to be around 50%, which is extremely 
ambi3ous compared to, for example, an average 9% annual increase in the global capacity of 
renewable energy (IRENA 2021). Whether or not CDR and OAE specifically can be scaled up 
sufficiently by mid-century will depend on progress over the next decade, which Smith et al. 
(2021) call ‘novel CDR’s forma3ve years’. A possible advantage of most OAE methods is that, 
technologically, they appear rela3vely simple and rely, to a substan3al degree, on technology 
that exists already for processing different mineral resources at annual rates similar to those 
that may be required by OAE by mid-century. A possible roadblock for rapidly scaling up OAE 
is a lack of public acceptance (Bertram and Merk, 2020; Nawaz et al. 2023). 
 
In addi3on to technological challenges and acceptability issues that would need to be 
resolved, appropriate governance schemes will be needed if OAE is to be deployed at 
clima3cally relevant scales (Bö<cher et al., 2021). The 2013 amendment to the London 
Protocol offers an approach for governing marine CDR, with a focus on ocean fer3liza3on, 
but would need to be developed further with regards to OAE (see Steenkamp and Webb, 
2023, this Guide). Interac3ons between OAE and other ocean-based ac3vi3es will also need 
to be considered (e.g., via  marine spa3al planning), and any climate-relevant OAE 
deployment would require new or significantly expanded  climate policies and financing 
schemes. Inclusion of OAE in carbon markets will require the establishment of robust MRV 
procedures.  
 
All these issues need to be resolved before OAE could be implemented at large scale. 
Achieving this by mid-century is challenging, but not impossible. Research is urgently 
required on all aspects that are addressed in the various papers of the OAE guide 23.’ 
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Reply to comment of Anonymous Reviewer #2.  
 
Reviewer comment: 
 
General comments 
To introduce the OAE best prac;ces guide, this chapter provides the background, mo;va;on 
and aims of this document, whilst impressing the relevance and ;meliness of advancing CDR 
science, and the role OAE can play. The chapter is well-wriDen and includes references that 
appropriately situate this text within the conversa;on of relevant scien;fic literature. 
Sec;on 1 does a good job of providing the salient informa;on for the reader to understand 
the importance and need of CDR in climate ac;on porXolios to achieve the Paris Agreement 
goals. However, at ;mes I felt the flow of the arguments and the structure of the paragraphs 
could be improved for increased clarity, and have made a few sugges;ons in the “Technical 
comments” sec;on of my review. 
Sec;on 2 establishes the need for ‘novel’ approaches outside of land-based CDR (i.e. the role 
the ocean can play) in order to reach net-zero. Importantly, the authors highlight the 
pressing need to address knowledge gaps in efficacy, risks and benefits, as well as 
intersec;ng societal factors. Crucially, the authors make the case for the urgent need for 
research now, in order to make well-informed decisions in future. At the end of this sec;on, 
the concept of MRV is introduced. Since this text forms an introduc;on, and considering the 



nature of this guide, a short paragraph explaining MRV, its role and general current 
challenges could be useful here. 
Sec;on 3 provides a clear summary of OAE – how it works, where it can be applied and 
where research on OAE currently sits. Addressing these knowledge gaps provides the 
mo;va;on for the guide presented in Sec;on 4, which provides an overview of the contents. 
Sec;on 5 situates the this guide within the context of similar ini;a;ves as well as outlines the 
project development, protocol for transparency and stakeholder involvement. 
Overall, I congratulate the authors on this chapter. Minor specific and technical comments 
can be found in the aDached pdf file. 
 
We thank reviewer #2 for the suppor3ve evalua3on and very helpful and construc3ve 
comments! All recommenda3ons and sugges3ons in the ‘Specific comments’ and ‘Technical 
comments’ are much appreciated and addressed individually below. A short paragraph 
explaining MRV, its role and general current challenges will be included in sec3on 2 as 
follows: 
 
‘A par3cular challenge for marine CDR concerns monitoring and verifica3on of any CDR-
induced carbon fluxes and carbon storage, essen3al for appropriate carbon credi3ng. 
Detec3on and a<ribu3on of OAE signals is par3cularly challenging due to the large natural 
marine carbon pool that already contain a considerable anthropogenic perturba3on, their 
high resolu3on temporal and spa3al variability and the spa3al and temporal decoupling of 
air-sea CO2 fluxes and carbon storage in the interior. The determina3on of a baseline, of the 
addi3onal carbon sequestered, and of its durability will likely be associated with 
considerable uncertain3es. A key aspect of Monitoring, Repor3ng and Verifica3on (MRV) is 
the development of transparent schemes that allow a reliable determina3on of OAE itself, 
and of consequent impacts on the carbon cycle and hence climate, as well as the associa3on 
of carbon credits with individual OAE ac3vi3es.’ 
 
 
 
Specific comments  

● Lines 26-28. Quan;fying this statement would strengthen it. Why are ambi;ous 
reduc;ons required? How close are we already to reaching these thresholds?  
 
We will add that ‘Achieving the Paris Agreement…can thus be converted to a 
remaining carbon budget that, for current global emissions, will be used up in a few 
years for the 1.5°C target and about 2 decades for the 2°C target (United Na3ons 
Environmental Programme, 2022).  

 
● Lines 29-32. The last sentence of this paragraph feels a bit out of place as it is 

retrospec;vely explaining the statement in the first sentence in this paragraph of why 
GHG reduc;ons are needed. I suggest moving the last sentence to the beginning of 
the paragraph. If you end the paragraph on the idea suggested in the previous bullet 
point, it will s;ll ;e nicely into the second paragraph.  
 



We agree and thank the reviewer for this sugges3on and will change the sequence of 
sentences accordingly. 

 
● Line 40. Define “balance” – do you mean net zero? I think net zero is a more precise 

term so I would recommend using that instead of balance when possible  
 
The term ‘balancing’ was introduced by the Paris Agreement and we therefore want 
to keep it. We will add ‘i.e. net zero’ axer ‘achieve a balance’. 

 
● Lines 139-140. “ADrac;ve aspects of OAE compared to many other methods, in 

par;cular those that store carbon in biomass, are its poten;al to reduce ocean 
acidifica;on at least locally” – can the cita;on Albright et al 2016 
(10.1038/nature17155) be used here? I see it is men;oned later in line 162 but think 
it could be useful here as well.  
 
Thanks, good point. The reference will be added here. 

 
● Lines 153-167. This is a minor sugges;on. In this paragraph, two types of studies are 

presented as providing evidence on the effec;veness and impacts of OAE: modelling 
and experimental studies. While the benefits and limita;ons of each approach, and 
how they complement each other, is alluded to in the text, I think these key points 
could be clarified – i.e. that modelling studies while simplifica;ons of reality can 
provide large-scale es;mates of CDR poten;al, while small-scale experimental studies 
give insight into realised effec;veness of alkalinity addi;ons and measuring impacts 
that cannot be predicted from simplified modelled systems. However crucial 
knowledge gaps in determining the best method for alkalinity deployment, the 
op;mal alkaline materials to use, etc. limit our ability to accurately predict the carbon 
storage poten;al and co-benefits/risks of OAE. This suggested re-organiza;on might 
transi;on beDer into sec;on 4.  
 
We follow this helpful sugges3on to improve the clarity and structure of the 
manuscript and will amend the sec3on accordingly.  

 
 
Technical correc7ons  
We thank the reviewer for these detailed and helpful correc3ons! 

● Line 19. ... and marine CDR op;ons are receiving more and more interest  
 
done 
 

● Line 26. Achieving the Paris Agreement’s goal of limi;ng global warming to well 
below 2°C above pre-industrial levels  



 
done 
 

● Line 43. I think this sentence can be interpreted in a way that contradicts a bit with 
the sentence previous, because not “all” greenhouse gas emissions need to be 
avoided (i.e. complete stop of any emissions whatsoever). Recommend phrasing such 
as: “Since it is not foreseeable that this can be achieved through reducing GHG 
emissions alone, ...”  
 
done 
 

● Line 46. I was a bit confused as to why the narra;ve transi;oned from talking about 
CO2 removal to non-CO2 greenhouse gas removal. I had to read this sentence several 
;mes to understand it. For more easy reading, I suggest star;ng with something like: 
“Even in scenarios with very aggressive CO2 emissions reduc;on, it is likely CDR will 
s;ll be necessary to compensate for the emissions of industries that are difficult to 
de-carbonize (e.g. cement produc;on, etc), or for non-CO2 greenhouse gas for which 
no viable large-scale removal technologies presently exist.” I was also going to 
recommend adding a cita;on here, but then all the support from literature appears in 
the next paragraph. Consider even cuong this paragraph at “Since it is not 
foreseeable ...” and then joining this with the following paragraph.  
 
We have re-arranged this sentence as follows:  
‘Therefore, carbon dioxide removal (CDR) will likely have to balance not only hard-to-
abate residual emissions of CO2, e.g. from cement produc3on, waste incinera3on, 
avia3on and mari3me transport, but also those of non-CO2 GHGs, in par3cular from 
agriculture.’ 
 

● Line 61. First 2 sentences here read almost as a concluding/summary sentence for 
previous paragraph  
 
Good point, we moved these 2 sentences to the previous paragraph. 
 

● Line 87. The way this is worded makes it seem like all EBS are terrestrial. Perhaps 
clarify as “land-based EBS”? Because I do not think it is intended to include coastal 
blue carbon EBS also in this category  
 
Yes, thanks, good point. Added ‘terrestrial ecosystem-based solu3ons’. 
 

● Line 112. To transi;on to the next sec;on, and declare the focus of the document, 
perhaps provide a concluding sentence about how here you choose to focus on a 



par;cular abio;c method, OAE, because [...]  
 
Thanks for this sugges3on to improve the text. We now refer to the assessment 
provided by the report of the Na3onal Academies (NASEM, 2021) and add: 
‘Among marine CDR methods inves3gated, abio3c approaches have been assessed as 
those with the lowest knowledge base and highest efficacy (NASEM, 2021). 
Improving their knowledge base therefore appears prudent, and we here 
concentrate on ocean alkalinity enhancement.’ 
 

● Line 207. Since the amount is reported in US dollars, I recommend using the US 
conven;on of 170,000 rather than 170.000  
 
done 
 

● Lines 339-343 (Figure 1 cap;on). I think the text in the figure cap;on does not appear 
to accurately match the figure. For example “dark green” is referenced but I do not 
see dark green anywhere on the figure. Please check.  
 
Uups, sorry and thanks for poin3ng this out. We had switched figure formats from an 
earlier version back to the original IPCC color scale without adap3ng the figure 
cap3on. Now corrected. 

 
 
 
 
 
Reply to comment of Anonymous Reviewer #3.  
 
Reviewer comment: 
 
This MS provides the introduc;on to a new Best Prac;ces Guide for research on ocean 
alkalinity enhancement (OAE), giving the background to the development of that document.  
It gives the climate policy context for ocean-based methods for carbon dioxide removal, with 
specific focus on OAE.  It is well-structured and clearly wriDen, covering the main science 
issues and knowledge gaps that are to be later discussed in greater detail. 
The only significant gap would seem to be (brief) considera;on of the current status of OAE 
governance, primarily from a regulatory perspec;ve at interna;onal level – since this was 
considered to be a very high constraint on the OAE feasibility by IPCC (Bindoff et al., 2019; Fig 
5.23).  The authors may consider such issues to be out of scope for the guide; however, that 
would not seem to be the case, since substan;ve subsequent content is indicated (“The guide 
also discusses the legal context in which research occurs”; line 179).  
The nature of decision-making at UN bodies is relevant here. Since formal decisions are 
based on consensus and agreement, a cau;onary approach is the most usual outcome – as is 
evident by decisions to date by the Conven;on on Biological Diversity (CBD) and the London 



Conven;on/London Protocol (LC/LP) on ‘marine geoengineering’ in general and ocean 
fer;liza;on in par;cular.  A major concern by CBD and LC/LP par;es is the risk of adverse 
transboundary effects, with the ac;ons of one na;on state nega;vely affec;ng another; 
such effects may be unlikely for OAE, nevertheless, they could occur even if OAE deployments 
are limited to territorial waters.  For climate-scale OAE, there would also need to be 
interna;onal agreement on carbon accoun;ng within the UNFCCC framework, a topic that is 
likely to be highly conten;ous (and therefore taking a very long ;me to resolve). . 
It is relevant that the LC/LP has recently iden;fied OAE as an approach requiring further 
aDen;on: hDps://www.imo.org/en/MediaCentre/PressBriefings/pages/Marine-
geoengineering.aspx.  GESAMP (2019) could also usefully be cited in the context of 
governance issues. 
 
RESPONSE: We thank the reviewer for flagging these issues. We agree that they require 
considera;on and have addressed them extensively later in the guide (in the chapter on 
“Legal Considera;ons” of the OAE guide 23). We proposed to add further discussion of the 
governance issues in the introduc;on (see our response to reviewer 1) and then refer readers 
to the chapter on Legal Considera;ons. We now also refer to the GESAMP 2019 report. 
 
A few minor comments: 

● Line 59: “several Gt CO2 per year globally”.  It would be helpful to be more specific 
regarding the amount of residual emissions that are included in IPCC scenarios 
(presumably 2-3 Gt pa, on the basis of “close to 20%”). 
 
done: We have modified the sentence to read:  
‘between 10% and  20% of today's emissions, i.e. about 6 to 12 Gt CO2e per year 
globally), where CO2e includes the CO2 equivalents of non-CO2 GHGs that are 
es3mated to contribute half to two thirds of the residual emissions (Buck et al., 
2023).’ 
 

● Line 65:  Change “current global CDR deployment” to “current CO2 removal” (since 
this is ‘uninten;onal’ rather than purposeful CDR). 
 
done 
 

● Line 108: Aver “macrophytes”, insert “(e.g. seaweed)”; that is more understandable. 
 
done 
 

● Line 114: “with high (> Gt CO2 yr-1 scale) theore;cal sequestra;on”.  It would be 
more informa;ve if actual es;mates of maximum CO2 removal can be given here, by 
several authors; e.g.: “between 3 -30 Gt CO2 yr-1 theore;cal sequestra;on (Kohler et 
al. 2013; Renforth & Henderson, 2017; Feng et al 2017”). 
 
We thank the reviewer for poin3ng this out! We have accordingly changed the text 



to: ‘with high theore3cal sequestra3on poten3al in the range of 3 to 30 Gt CO2 yr-1 
(Köhler et al., 2013; Renforth and Henderson, 2017; Feng et al., 2017)’ 
 

● Line 140:  What is meant by “at the expense of imperfect CDR”?  Explain – or delete. 
 
We wanted to say that addi3on of alkalinity without equilibra3on with atmospheric 
CO2, i.e. imperfect CDR, reduces acidifica3on more than alkalinity addi3on with CO2 
equilibra3on. However, as even complete equilibra3on of added alkalinity with 
atmospheric CO2 will lead to a small increase in pH and thus a small reduc3on of 
acidifica3on, we decided to delete the phrase.  
 

● Line 185-6:  “We have to widen the space of op;ons… climate targets” seems rather 
wordy - and too prescrip;ve.  Simplifica;on and linkage with previous sentence is 
suggested: “… is urgently needed, to enable society to define and design appropriate 
ac;ons to reach agreed climate goals”. 
 
done, much appreciated. 
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Reply to Review by Jus<n Ries 
 
Reviewer comment: 
 
I commend the authors for wri;ng a concise and informa;ve introduc;on to their Best 
Prac;ces Guide For Ocean Alkalinity Enhancement Research, and for organizing the 
produc;on of a guide that will undoubtedly prove useful for researchers, as well as 
prac;;oners, in this nascent field. My comments and sugges;ons on this introductory 
chapter are below.   
 
We thank the reviewer, Jus3n Ries, for his helpful and construc3ve review and its posi3ve 
assessment. 
  
Line 29: ‘net-zero requirement for avoiding further temperature rise’ – should clarify that this 
is ‘further temperature rise beyond the 1.5 – 2 deg IPCC target’ (not beyond the present-day 
mean global temperature) 
 
This sentence has been rewri<en. 
  
Line 34: The discussion and corresponding figure showing how to achieve IPCC’s target of net 
zero CO2 emissions by 2050 is useful for illustra;ng the need for CDR in addi;on to emissions 
reduc;ons, but it would be helpful (and poten;ally compelling for skep;cs) to see the 
corresponding mean atmospheric pCO2 and mean global temperatures that correspond to 
that target emissions trajectory, since those rela;onships are the basis of the authors’ 
ra;onale for pursuing CDR in the first place. Otherwise, the non-specialist may not grasp 
what achieving ‘net zero by 2050’ means in terms of global climate change. Perhaps include 
another panel above the net zero figure showing the corresponding changes in mean global 
pCO2 and temperature over the same interval. 
 
Good point. We will modify the figure and consider adding a panel with the corresponding 
temperature changes. 
 
Line 77: should clarify here and elsewhere whether the 2/1.5 deg C warming target is rela;ve 
to pre-Industrial mean global temp or present-day mean global temp. 
 
Thanks, this clarifica3on is now included. 
  
Line 100: The authors should differen;ate between par;culate inorganic carbon and 
dissolved inorganic carbon when referencing ‘inorganic carbon’ in this sentence (presumably 
they are referring only to DIC): ‘The ocean holds more than 50 ;mes as much inorganic 
carbon (in the form of dissolved inorganic carbon) as the pre-industrial atmosphere’ 
 
Thanks, this is now clarified. 
  
Line 104: should ‘marine CDR’ instead be ‘marine CDR by OAE’ here? 
 



In this sec3on 2, we s3ll refer to all marine CDR and only focus on OAE in sec3on 3. 
Therefore we decided to leave the statement as is. 
  
Line 125: should differen;ate between the ;me needed for pCO2 of air and seawater to fully 
vs. par;ally equilibrate. It is true that air/sea can take years to fully equilibrate, but the 
equilibra;on will be an inverse exponen;al func;on of ;me, meaning a dispropor;onate 
share of the equilibra;on will occur in the beginning of the equilibra;on interval. This is an 
important but oven overlooked dis;nc;on that has important implica;ons regarding the 
perceived challenges of quan;fying CDR by OAE. 
 
Good point, thanks! The text has now been reformulated to read ‘Air-sea gas equilibra3on of 
CO2 can take months to years (Jones et al., 2014) and may pose specific challenges to MRV 
(He and Tyka, 2023). However, along the path to equilibra3on, air-sea CO2 fluxes approach 
zero and would, for otherwise constant environmental condi3ons, follow an inverse 
exponen3al func3on, for which a dispropor3onate share of the total CO2 flux occurs at the 
beginning of the equilibra3on period. The complex impacts of mixing and transport of water 
masses in reality make direct observa3ons of the CO2 influx unfeasible. Numerical models 
may be required for reliable quan3fica3on of air-sea gas exchange, whose skill has yet to be 
demonstrated (Bach et al., 2023).’ 
  
Line 131: It seems that the defini;on of marine CDR should be expanded from ‘OAE qualifies 
as marine CDR if CO2 is transferred directly from the atmosphere into seawater’ to ‘OAE 
qualifies as marine CDR if CO2 is transferred from the atmosphere or seawater into stable 
carbonate or bicarbonate ions in seawater’, as both processes will result in the eventual 
drawdown of CO2 from the atmosphere. Otherwise, we will miss an important and efficient 
pathway in CO2 removal. Likewise, CO2 removal from the atmosphere alone is not sufficient 
for CDR, as increasing the pCO2 of the atmosphere through increased CO2 emissions would 
increase the flux of CO2 from the atmosphere to the ocean, but surely this should not 
cons;tute marine CDR (as the allevia;on of the atmospheric CO2 pressure would cause off-
gassing of the dissolved CO2 back to the atmosphere unless balanced by alkalinity addi;on). 
This point is also illustrated by the author in an earlier paragraph, where they state: 
‘Alkalinity enhancement results in the consump;on of protons, a corresponding increase in 
the pH, which results in a decrease of the par;al pressure of CO2 in seawater. If applied to 
the surface ocean, and depending on the ini;al air-sea CO2 gradient, it would promote CO2 
uptake from - or lessen CO2 release to - the atmosphere, in both cases leading to a net 
reduc;on in atmospheric CO2 at the expense of an increase in the oceanic carbon pool.’ In 
the case that the flux of CO2 from the ocean to the atmosphere is lessened by OAE, this 
would not sa;sfy the authors’ current requirement that ‘CO2 is transferred directly from the 
atmosphere into seawater’, but would instead reduce the rate that seawater CO2 is released 
to the atmosphere, thereby resul;ng in a theore;cal ‘net reduc;on in atmospheric CO2’ – 
which should qualify the ac;vity as successful marine CDR. Perhaps a more useful framing 
for CDR is the transfer of C from shorter residence ;me reservoirs (atmospheric CO2, 
seawater CO2, terrestrial biomass, marine biomass in mixed layer etc.) to longer residence 
;me reservoirs (bicarbonate ion reservoir, carbonate ion reservoir, terrestrial and marine 
biomass transported to deep ocean below mixed layer, etc.) (c.f., Pren;ce, I. C., 2001, The 
carbon cycle and atmospheric carbon dioxide. Climate change 2001: the scien;fic basis, 
Intergovernmental panel on climate change. hal-03333974) or, more colloquially, 



transferring C from the ‘fast C cycle’ to the ‘slow C cycle’, as this encompasses the ul;mate 
goal of marine CDR – i.e., net reduc;on of atmospheric CO2, regardless of the strict and not 
necessarily relevant ‘transfer of CO2 between ocean and atmosphere’. 
 
Many thanks for this comment! We agree that the wording was sloppy and that CDR has to 
be defined via ‘addi3onal’ CO2 that is removed from the atmosphere, and into the ocean in 
the case of marine CDR. We do not agree that CO2 removal from seawater automa3cally 
qualifies as CDR, which is only the case when a CO2 flux from the atmosphere to the ocean 
is induced. We have added the word ‘addi3onal’ to exclude the CO2 that transfers naturally 
from the atmosphere to the ocean from coun3ng as CDR: 
‘CDR would be termed according to the process that removes addi3onal CO2 from the 
atmosphere and not the process that provides terminal carbon storage. OAE applied to 
chemical reactors or to the surface ocean qualifies as marine CDR if it leads to a net removal 
of CO2 from the atmosphere, either by increasing the flux of CO2 from the atmosphere to the 
ocean or by reducing the emissions of CO2 from the ocean to the atmosphere.’ 
 
We decided to separate the discussion of residence 3mes from the defini3on of CDR, as 
there is a con3nuum of residence 3mes (e.g. Siegel et al., ERL, 2021) and with a risk of 
introducing ambigui3es when par33oning into ‘slow’ and ‘fast’. 
  
Line 143: ‘leakage’ by OAE-induced precipita;on (or reduced dissolu;on) of CaCO3 at the 
seafloor (or really anywhere in the water column below the mixed layer) is probably not 
relevant over climate-relevant ;mescales because it will take 100-1000s of years for those 
waters to return to the surface and re-equilibrate with (i.e., offgas CO2 to) the atmosphere, 
just as shoaling of the carbonate compensa;on depth in response to CO2-induced OA will 
not sequester anthropogenic CO2 over fast enough ;mescales to prevent warming (hence, 
the bind we are in). 
 
We agree that the leakage referred to here is a slow process, but 3me scales of 100s or 
1000s of years are s3ll clima3cally, and hopefully societally, relevant and need to be 
considered in decisions made today. We have added the following text to describe the 
situa3on in a more comprehensive way: 
‘Possible leakage effects via impacts of OAE on pelagic calcifiers are uncertain (Bach et al., 
2019), and feedbacks via changes in dissolu3on and preserva3on of carbonates on the sea 
floor operate on 3mescales of hundreds to thousands of years (e.g. Gehlen et al., 2008). 
While there is li<le indica3on that leakage is a major concern for OAE on shorter than 
centennial 3mescales, a quan3ta3ve assessment of leakage across the spectrum of 
3mescales is lacking. ‘ 
 
with references to  

● L. T. Bach, S. J. Gill, R. E. M. Rickaby, S. Gore, and P. Renforth. CO2 removal with 
enhanced weathering and ocean alkalinity enhancement: Poten3al risks and co-
benefits for marine pelagic ecosystems. Fron3ers in Climate, 1:7, 2019. 

● M. Gehlen, L. Bopp, and O. Aumont. Short-term dissolu3on response of pelagic 
carbonate sediments to the invasion of anthropogenic CO2: A model study. 
Geochemistry Geophysics Geosystems, 9, 2008. 



  
Line 150: should probably add ‘so long as any CO2 emiDed in their produc;on (e.g., Ca(OH)2 
or Mg(OH)2 produced through calcina;on of CaCO3 or MgCO3, respec;vely) is accounted 
for’ 
 
We added the sentence ‘Employing these for OAE would require proper accoun3ng of any 
CO2 emi<ed in their produc3on (e.g., Ca(OH)2 or Mg(OH)2 produced through calcina3on of 
CaCO3 or MgCO3, respec3vely).’ 
 
  
Line 161: Was Albright et al (2016) the first ocean acidifica;on field experiment (see Hall-
Spencer et al. 2008 field experiments using volcanic vents, etc.)? Or just the first field 
experiment to modify seawater pH through alkalinity addi;on rather than direct pCO2 
manipula;on? May also be worth men;oning that insight into impact of OAE on marine 
organisms can be gained from past research by the shellfish industry inves;ga;ng the u;lity 
of so-called ‘sweetening’ the water through addi;on of mainly soda ash (Na2CO3), a prac;ce 
u;lized in shellfish hatcheries for decades, and also in the academic and industrial fields of 
‘river liming’, which dissolved primarily CaCO3 and dolomite in higher la;tude watersheds to 
offset the effects of acid rain (due to NOx and SOx emissions) in the 1960s and 1970, but is 
s;ll prac;ced today in Canada and some Scandinavian countries, among other places. 
  
Thanks, very good points! We rephrased the Albright et al. (2016) experiment as ‘first OAE 
field experiment carried out in the context of ocean acidifica3on research ’ as this was, to 
our knowledge, the first experiment where alkalinity was added for a scien3fic experiment in 
the field.  
We also took up the reviewer’s sugges3on and added the following text: ‘Insight into 
possible impacts of OAE on marine organisms can be gained from past research by the 
shellfish industry inves3ga3ng the u3lity of so-called ‘sweetening’ the water through 
addi3on of mainly soda ash (Na2CO3), a prac3ce u3lized in shellfish hatcheries for decades, 
and also in the academic and industrial fields of ‘river liming’, which dissolved primarily 
CaCO3 and dolomite in higher la3tude watersheds to offset the effects of acid rain in the 
1960s and 1970, but is s3ll prac3ced today in Canada and some Scandinavian countries, 
among other places. ‘ 
 
  
Line 173: need more concise phrasing than ‘enhancing technological readiness’; perhaps 
‘developing (or implemen;ng) scalable methodologies’ 
 
Thanks. We added ‘start-ups working on enhancing technological readiness and developing 
scalable methodologies’ 
  
Line 184: perhaps change ‘in a situa;on where’ to ‘at a ;me when’ 
  
done 
 
 
Misc: 



  
Confirm whether ‘Ocean Alkalinity Enhancement’ and ‘Carbon Dioxide Removal’ should be 
capitalized in ;tle and throughout manuscript. 
 
Agreed and capitalized throughout the text. 
  
Use of term ‘monitoring, repor;ng and verifica;on’ in abstract without defining the term 
may be confusing to readers, as the phrasing really only has meaning when the three terms 
are defined and understood in aggregate. 
 
Agreed that this might be confusing, in our view primarily the ‘repor3ng’ part. Monitoring 
and verifica3on should be self-explanatory, and we have kept these two terms in the 
abstract. In addi3on, there is now a new more detailed sec3on defining MRV included in the 
manuscript. 
  
RespecXully submiDed, 
J. Ries 
 
 


