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Summary 
Context and scope
Marine carbon dioxide removal (mCDR) approaches aim to enhance the ocean’s capacity to take up and/or store atmospheric carbon dioxide (CO2), for example by stimulating carbon fixation by marine algae or by directly removing CO2 from seawater. In this report, five mCDR technologies will be covered, namely ocean alkalinity enhancement (OAE) via electrochemical brine splitting (EBS) and via mineral addition, direct ocean carbon capture (DOCC), macroalgae cultivation and sinking, ocean fertilisation (OF) and artificial upwelling (AU). 
The application of these technologies will lead to changes in the marine environment, such as increasing the seawater pH, reducing the availability of dissolved CO2, introducing additional elements to the seawater which could be toxic to aquatic organisms, or regionally cooling the surface ocean. Potential impacts of such changes are summarised in Table 1 and will be discussed in detail in this report. The magnitude and spatial extent of the changes, and the occurrence and severity of associated impacts would depend on various factors such as the location, intensity, scale and duration of deployment, but also on decisions made about how to deploy each approach. 
Research in this field is still at an early stage, so this report is not able to go as far as drawing conclusions with respect to the location, intensity, scale or duration of activity that would become damaging, or the degree to which impacts could be mitigated. It is also important to note that while other environmental impacts such as land use and resource use (e.g. materials and energy) of the technologies were not the main focus of this report, these impacts should be considered in decision-making around the development and deployment of these technologies.  
Summary of potential unintended environmental consequences of mCDR at large scales or high intensities 
Table 1 below gives an overview of potential environmental changes and impacts which could be caused by the different mCDR technologies discussed in this report. For each technology, potential impacts and changes are highlighted, and a tentative, qualitative estimate of the confidence level for the occurrence of a positive (+), negative (-) or neutral (0) impact is given for each, based on the available literature. Increasing confidence levels are represented by repetition of the symbol. The number of symbols does not give an indication regarding the severity of the impact. While some changes are guaranteed to occur for certain mCDR technologies, at least temporarily and close to the source such as changes in pH and DIC speciation for DOCC and OAE, other changes might be expected but are less certain to occur.

	Technology

Potential environmental changes/impacts (and confidence)
	DOCC
	OAE: EBS
	OAE: Mineral addition
	Ocean Fertili-sation
	Artifi-cial Up-welling
	Macro-algae cultiva-tion and sinking

	pH increase: 
· Phytoplankton: Photosynthesis/growth (- -) 
· Fish: 
Nitrogen-waste excretion (- - -)
blood ion balance (- -) 
acid/base balance (- -)
· Seaweed: 
Photosynthesis/growth (-)
	
	
	
	
	
	

	DIC speciation (low CO2):
· Phytoplankton: Photosynthesis/growth (- -) 
Calcification (+)
· Fish: 
Acid/Base balance (- -)
· Seaweed: 
Photosynthesis/growth (-)
	
	
	
	
	
	

	Added elements:
· Phytoplankton: 
Ca, Si (+/0)
Fe (+ +)
Ni (+/-)
Cr (- - -) 
· Fish: 
Fe (+/-)
Ni, Si (-/0)
Cr (- - -)
· Seaweed: 
Cr (- - -)
	
	
	
	
	
	

	Ocean deoxygenation:
· Deep-sea/benthic organ. (- -) 
· Production of N2O (- -)
Deep-sea acidification:
· Deep-sea/benthic organ. (- -) 
	
	
	
	
	
	

	Spread of diseases:
· Cultured stocks (- -)
· Wild stocks (-)
Spread of non-native species: 
· Wild stocks (- -)
Nutrient competition between farmed macroalgae and other organisms: 
· Impacts on other primary producers (- -)
	
	
	
	
	
	

	Light limitation:
· Photosynthesis/growth in phytoplankton, seaweed, seagrass (- -)
Turbidity: 
· Changes in fish swimming, predation, mating behaviour 
(- - / +)
· Sound propagation (-)
	
	
	
	
	
	

	Surface ocean cooling through AU:
· Precipitation, Hurricanes (+ / -)
· Heat-stressed corals (+)
· Nearby aquaculture (-) 
· Terrestrial carbon sink (+) 
Iodine, DMS emissions: 
· Reflectivity of clouds (+ ?)
	
	
	
	
	
	


[bookmark: _Ref196816487]Table 1: Summary of possible environmental changes/impacts for each mCDR technology discussed in this report. Blue boxes highlight which potential changes and impacts might occur for which technology, although the certainty of whether these will occur for the given technology varies (see main text). Tentative, qualitative estimates of the confidence level for each impact are represented by (+/-/0) for positive, negative and neutral impacts, with repeating symbols representing increasing confidence levels (but not increasing severity). See the main text and Table 2 - Table 4 for further details. 
Knowledge gaps
Environmental impacts in Table 1 typically have low to moderate confidence levels. This limited confidence arises from studies being restricted to certain species or groups, challenges in assessing species interactions, reliance on hypothetical impacts inferred from studies designed for a different purpose, and a near absence of field-based studies. The literature is also generally relatively sparse with respect to unintended impacts on weather and climate for most mCDR technologies. Deepening the marine impact evidence base and addressing these knowledge gaps will be critical to being able to make decisions and recommendations on how to responsibly move promising marine CDR approaches towards scale.


Glossary 
	Name & Definition used in this report

	Alternative Names
	Notes 

	Alkalinity
	Ocean's ability to neutralise acid 
	
	Various definitions are possible 

	AU
	Artificial Upwelling
	Ocean Upwelling (OU)
	

	CCN
	Cloud Condensation Nuclei
	
	

	CO2
	Carbon dioxide
	
	

	DACC
	Direct Air Carbon Capture
	Direct Air Capture
	

	DIC
	Dissolved Inorganic Carbon 
	
	

	DMS
	Dimethylsulfide
	
	

	DOCC
	Direct Ocean Carbon Capture
	Direct Ocean Capture (DOC)
	Not to be confused with Dissolved Organic Carbon (DOC)

	EBS
	Electrochemical Brine Splitting
	
	

	Macroalgae
	Seaweed
	
	

	mCDR
	Marine Carbon Dioxide Removal
	Ocean Negative Emissions Technologies (ONETs), ocean Carbon Dioxide Removal (oCDR)
	

	MRV
	Monitoring, Reporting, Verification
	
	

	N2O
	Nitrous Oxide
	
	

	OAE
	Ocean Alkalinity Enhancement
	Ocean Alkalinisation
	

	OF
	Ocean Fertilisation
	
	Includes Ocean Iron Fertilisation (OIF)

	POC
	Particulate Organic Carbon 
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[bookmark: _Toc197008760]Climate change and the role of mCDR technologies
Limiting global warming to 1.5°C or well below 2°C compared to pre-industrial (i.e. 1850 – 1900) global average temperatures, consistent with the Paris Agreement, requires rapid and substantial reductions in greenhouse gas emissions. In addition to emissions reductions, it is generally understood that Carbon Dioxide Removal (CDR) will be required to reach these temperature goals (Smith et al., 2024). CDR can be used to mitigate activities that cannot be decarbonised, and to reduce impacts resulting from too slow decarbonisation and historical emissions. CDR techniques include afforestation/reforestation, bioenergy with carbon capture and storage (BECCS), Direct Air Carbon Capture and marine CDR approaches (mCDR). A different geoengineering approach to reducing the impacts of rising greenhouse gas emissions in the atmosphere is to increase the reflectance of the Earth to solar radiation (Solar Radiation Management) in order to cool the planet. Currently practically all CDR is due to conventional methods (afforestation, reforestation, managed forests), with an estimate of 2.2 GtCO2 deliberately removed from the atmosphere per year (Smith et al., 2024). Future scenarios that are consistent with the Paris Agreement goals and assume very rapid decarbonisation require about 7 – 9 GtCO2 CDR per year by 2050, with novel technologies projected to become dominant in the second half of the century (Smith et al., 2024). 
In this report, the focus is on marine Carbon Dioxide Removal (mCDR) technologies and their environmental impacts. The oceans play a major role in the global carbon cycle, taking up approximately a quarter (~10 GtCO2/y) of the anthropogenic CO2 emissions per year (~40 GtCO2/y) over the last decade (2013-2022), while another quarter was taken up by terrestrial systems (~12 GtCO2/y) and the rest remained in the atmosphere (Friedlingstein et al., 2023). Marine CDR approaches aim to enhance this oceanic uptake of CO2 and can be roughly divided into physicochemical (also “geochemical” or “abiotic”) and biological (or “biotic”) approaches (Doney et al., 2025; Karunarathne et al., 2025; Oschlies et al., 2025). Physicochemical approaches either increase the alkalinity of seawater to enhance the capacity of seawater to hold CO2, thereby generating an air-sea CO2 gradient and removal from the atmosphere (Ocean Alkalinity Enhancement, see Section ‎2.1) or directly remove carbon from the seawater so that the water can take up additional CO2 from the atmosphere (Direct Ocean Carbon Capture, see Section ‎2.2). Biological mCDR approaches aim to add to or enhance the naturally occurring removal of CO2 from the surface ocean, typically into deeper waters, via marine organisms such as phytoplankton or seaweed and include ocean fertilisation (see Section ‎2.3), artificial upwelling (see Section ‎2.4) and macroalgae cultivation and sinking (see Section ‎2.5). All these methods will have impacts on the marine system. These are discussed in detail in Chapter ‎3.  
[bookmark: _Ref189136421][bookmark: _Toc197008761]Seawater carbonate chemistry
Seawater takes up a substantial amount of CO2 from the atmosphere. The uptake of CO2 from the atmosphere depends on its partial pressure (essentially concentration) in seawater compared to the atmosphere, as well as the solubility of CO2 in seawater which – like for other gases – is influenced by the water temperature and salinity (Sarmiento & Gruber, 2006). The solubility of gases decreases with increasing water temperatures, thus negatively impacting the solubility of CO2 (as well as oxygen) under global warming (Sarmiento & Gruber, 2006). The uptake of CO2 by the ocean is also facilitated by stronger mixing and gas entrainment by winds and wave breaking (Sarmiento & Gruber, 2006). When CO2 dissolves in seawater, it reacts with water to form carbonic acid (H2CO3), 

where the asterisk denotes the sum of aqueous CO2 and carbonic acid, as it is difficult in practice to distinguish between the two (Sarmiento & Gruber, 2006). The H2CO3* then dissociates into bicarbonate (HCO3-) and carbonate (CO32-, Sarmiento & Gruber, 2006). 

[image: A diagram of a ph value

AI-generated content may be incorrect.]The sum of carbonic acid, bicarbonate and carbonate in seawater is referred to as dissolved inorganic carbon (DIC). In the ocean, only a very small amount (1%) of DIC is available in the form of CO2 (i.e. H2CO3*) with the majority present in the form of bicarbonate (90%), and some as carbonate (Sarmiento & Gruber, 2006). This “speciation of DIC”, the relative split between carbonic acid, bicarbonate and carbonate, depends on pH (as well as temperature and salinity). Importantly in the context of mCDR technologies such as ocean alkalinity enhancement, when pH increases, the relative concentrations of these three species of inorganic carbon shifts towards less CO2 and more CO32- (see Figure 1).  [bookmark: _Ref184375948]Figure 1: Example Bjerrum plot showing concentrations of the dissolved inorganic carbon species with varying pH.

[bookmark: _Ref189215827][bookmark: _Toc197008762]Marine primary production and carbon export
Like terrestrial flora, marine algae and plants such as phytoplankton, seaweed and seagrass utilise energy from the sun to take up CO2 and convert it into biomass. Phytoplankton includes microalgae (diatoms, coccolithophores, dinoflagellates) and cyanobacteria. Carbon fixation by phytoplankton contributes approximately half of the global carbon fixation through primary production (Behrenfeld et al., 2001; Field et al., 1998; Sanders et al., 2014). Part of this fixed carbon is transported into the deep ocean or sediments where it is out of contact with the atmosphere for an extended period of time (e.g. Henson et al., 2012). Marine primary producers thus form an important part of the global carbon cycle – the biological carbon pump (e.g. Steinberg & Landry, 2017): Phytoplankton takes up dissolved CO2 from the seawater and converts it into particulate organic carbon (POC). These small particles of organic matter are consumed and packaged into excreted particles by zooplankton, or clump together to form aggregates and sink. A large part of this particulate organic carbon is consumed and respired in the epipelagic zone (0-200m), i.e. returned to its inorganic form (“remineralisation”) by zooplankton and bacteria. Some of the faecal pellets from the zooplankton and the aggregates sink further down into the mesopelagic zone (200-1000m), where another large fraction of the POC is remineralised (Henson et al., 2012). Overall, only about 15 – 30% of the originally produced POC is exported to the deep ocean, where the carbon can be stored for centuries to millennia (Briggs et al., 2020). In addition, fish consume the zooplankton, and in turn get consumed by larger predators, and their faeces and carcasses also sink through the water column, exporting carbon to depth. 
Marine primary productivity depends on the availability of nutrients and light, and in turn affects the distribution of nutrients across the oceans, both vertically and horizontally (Sarmiento & Gruber, 2006). Hence, some marine carbon dioxide removal approaches such as ocean fertilisation and artificial upwelling include providing nutrients to the surface ocean to stimulate primary productivity (see Section ‎2.3 and ‎2.4). However, some mCDR approaches such as direct ocean carbon capture and ocean alkalinity enhancement could also have unintended impacts on marine primary producers (and thus indirectly on the marine food web) and directly on higher trophic levels such as fish, for example by adding toxic material, changing the seawater pH and availability of dissolved inorganic carbon (see Section ‎3.2). 



[bookmark: _Toc197008763]Overview of mCDR Technologies 
[bookmark: _Ref188014755][bookmark: _Toc197008764]Ocean Alkalinity Enhancement
Alkalinity is a description of the ocean’s ability to neutralise acid, which determines the storage capacity of CO2 in seawater. Total Alkalinity (TA) is a measure of a substance’s acid-base balance. A higher TA value indicates that the seawater sample has a higher acid buffering capacity than a sample with a lower TA value, meaning that with alkalinity present, positively charged hydrogen ions (H+) which are produced when an acid is dissolved in water are consumed through reaction with a negatively charged species (e.g. bicarbonate, HCO3-). This is important for seawater carbon and CO2 because when CO2 dissolves into seawater carbonic acid (H2CO3) is produced. If alkalinity is present, some of the carbonic acid will react with negatively charged species to become bicarbonate or carbonate (CO32-) which are forms of dissolved carbon that are not volatile so will not exchange with the atmosphere. If it remains in this form, the carbon can be considered as stored. TA in seawater can be written as:
.
For a more complete discussion of alkalinity see for example Middelburg et al. (2020) or Zeebe & Wolf-Gladrow (2001). 
As described above, the addition of alkaline substances to seawater converts dissolved inorganic CO2 into carbonates and bicarbonates which are stable forms of carbon that do not exchange with the atmosphere. This lowers the partial pressure – essentially the concentration – of CO2 in the ocean, increasing the CO2 gradient between the ocean and atmosphere. This lowered concentration of CO2 in the ocean is brought to equilibrium via movement of CO2 from the atmosphere into the ocean over the course of a few weeks to a year (Jones et al., 2014). Under natural conditions, seawater alkalinity acts to moderate changes in atmospheric CO2 as the slow (geological timescale) weathering of rocks and sinking of alkaline minerals to the seabed introduces or removes alkalinity to/from the seawater. The aim of OAE is to enhance or speed up the addition of alkalinity, which can be achieved via two methods. The first is the electrochemical method which uses electricity to increase the alkalinity of seawater by removing acid. The second is the “mineral addition” method in which alkaline minerals are crushed and added to coasts or the open ocean in a process often referred to as “enhanced weathering”.
The theoretical sequestration potential of OAE is high with estimates ranging from 3 to 30 GtCO2yr-1 (Feng et al., 2017; Köhler et al., 2013; Oschlies et al., 2023; Renforth & Henderson, 2017), which would be around 8 – 75% of the current annual CO2 emissions (Friedlingstein et al., 2023). However, some of the processes involved with OAE are energy intensive and may offset some of, or done badly even reverse, the carbon sequestration gains. Additionally, the impacts on land and water of mining the amount of material needed and the logistics of distributing it would be massive. Energy generation on the order of petajoules would be needed to remove on the order of 100s of Gt CO2 via electrochemical techniques (House et al., 2007). 
Within the field of CDR, OAE is a relatively heavily researched topic which has been under examination for several decades, but most of this research has been theoretical. Numerical models have shown that OAE can remove atmospheric carbon, however, there have been only a limited number of practical tests in the field (Cyronak et al., 2023) and achieving gigaton (Gt) scale removals of CO₂ via OAE would require sourcing a similar mass of alkaline materials. Recent field trials have, however, shown that this method of CDR has promise and an increasing number of companies are developing and commercialising the technologies involved. There are currently multiple ongoing studies seeking to assess the technological barriers, CDR potential, verification, and possible environmental risks, of different forms of OAE.
[bookmark: _Ref189136767][bookmark: _Toc197008765]Ocean Alkalinity Enhancement: Electrochemical Brine Splitting
Electrochemical OAE uses electricity to rearrange the constituents of water and salt in seawater into an acidic and basic solution. Waters with a high concentration of salt are known as brines. Seawater brines offer an abundant source of alkalinity that can be extracted through electrochemical processes. Brines occur both naturally – such as in the waters of the Dead Sea – and as biproducts of industrial processes – such as reject brines from desalination plants. Electrochemical ocean alkalinity enhancement (OAE) relies on the use of an aqueous base generated from seawater itself or other brines (which are then discharged to the ocean) to increase ocean alkalinity (Eisaman, 2024; Ringham et al., 2024). Generically, the process works by intercepting seawater, using an electrochemical process to separate it into an acidic solution and basic (alkaline) solution, and then returning the alkaline solution to the sea. Importantly, the acidic solution must either by neutralised (mindful of CO2 released from neutralising reactions), or through carefully understood and monitored downstream supply chains stored or utilised in a way that that acid, or any acid it is substituting for, could not end up returning to the ocean. If it were to return to the ocean, for example through a product used in cleaning that is washed into the drainage network, the alkalinity increase and CO2 uptake within seawater resulting from the removal of that acid is undone. The electrochemical process is completed via two main electrochemical methods: electrolysis and electrodialysis, which rely on different approaches to produce alkaline aqueous solutions. 
Electrolysis
Electrolysis decomposes water to create hydroxide ions (OH-), increasing alkalinity. The overall reaction for electrolysis is:
2NaCl + 2H2O → Cl2(g) + H2(g) + 2NaOH
The final product of the reaction is a high concentration of aqueous sodium hydroxide (NaOH(aq)), along with gaseous hydrogen (H2) and chlorine (Cl2). The hydrogen and chlorine can for example be used to generate hydrochloric acid (HCl). The electrolysis process uses an electrochemical cell which contains two electrodes. As seawater passes through the cell an electric current is applied, creating a positively charged anode and a negatively charged cathode. The anode attracts certain constituents of bases (which are negatively charged), while the cathode attracts constituents of acids (which are positively charged), allowing the generation of basic and acidic solutions from seawater. The basic solution can be used for alkalinity enhancement.
Electrodialysis 
Electrodialysis is an electrically driven membrane desalination technology. Here the key processes are not redox reactions as in electrolysis, but instead ion transport through selective membranes driving the dissociation of water into hydrogen ions and hydroxide ions. This is typically achieved by directing seawater through an electrodialysis cell, which consists of alternating cation- and anion-selective membranes arranged between two electrodes and separated by bipolar membranes. The bipolar membranes are essentially cation and anion membranes sandwiched together, which allows an uncharged molecule (e.g. water, H2O) to pass into the space between the membranes before being dissociated into a positively and negatively charged ion (e.g. hydrogen and hydroxide, H+ and OH- respectively) which can then move in opposite directions through the two charge-selective membranes making up the bipolar membrane. When an electric current is applied, ions in the seawater (typically Na+ and Cl-) migrate through the cation and anion exchange membranes to balance the charges created either side of the bipolar membrane forming acidic, basic and desalinated seawater streams. Like electrolysis, the basic solution can be used for alkalinity enhancement and the acidic stream must be neutralised or carefully utilised or stored.
Practical considerations for OAE via Electrochemical Brine Splitting
Electrochemical OAE, whether using electrolysis or electrodialysis, has distinct advantages, but also challenges with respect to OAE using mineral addition. These advantages include control over the alkalinity enhancement process and well-understood chemistry. Additionally, electrochemical OAE does not require mineral mining and as a result eliminates the need for mineral extraction and the associated substantial environmental footprint and resource demands of mining operations. Challenges arise from the increased technological complexity and associated supply chain requirements, the need to neutralise the acidic byproduct, which may require use of mined material anyway, and the very high energy demand for the electrochemistry. Further, what appears as a useful product from electrodialysis, the acid stream, even if it can be consumed without ultimately compromising the seawater alkalinity increase, may have little utility as it would likely be in the form of a large volume of weakly acidic brine, rather than the concentrated product typically required by industry.
[bookmark: _Toc197008766]Ocean Alkalinity Enhancement: Mineral addition
Weathering is the natural process of rocks and minerals dissolving. The weathering of alkaline rocks and minerals increases ocean alkalinity and therefore the oceans’ ability to absorb and store CO2. Ocean alkalinity enhancement via mineral addition – sometimes called enhanced weathering – mimics this natural weathering process but aims for a manyfold increase in speed via addition of finely ground material to beaches, shallow sediments or ocean surface waters (Bach et al., 2019; Gerdemann et al., 2007; Hangx & Spiers, 2009; Meysman & Montserrat, 2017; Montserrat et al., 2017). 
The carbon sequestration potential for this method is theoretically large – for example, olivine weathers according to the reaction (Köhler et al., 2013): 

This indicates that weathering of olivine will sequester about 0.6 and 1.2 grams of CO2 per gram of olivine at 50% and 100% dissolution, respectively. However, these are both upper theoretical limits. In practice the amount of CO2 sequestered will be lower due to the complexities of ocean chemistry, circulation and potentially biology.
There are many suitable naturally occurring alkaline minerals, such as silicate and carbonates. Minerals containing magnesium or calcium can be suitable, including silicate minerals such as wollastonite (CaSiO3) and olivine ((Mg,Fe)2SiO4), as well as carbonate minerals such as calcite (CaCO3) and dolomite (CaMg(CO3)2) (e.g. Bach et al., 2019; Hartmann et al., 2013; Renforth & Henderson, 2017). These minerals are all common components of the Earth’s crust and mantle and are abundant globally, and more reactive minerals such as calcium and magnesium oxides can be produced through the processing of these and other extracted minerals. Therefore, there is geographic flexibility in sourcing materials. Some viable minerals are available as waste materials from other industrial and commercial processes such as from cement and steel production, residual combustion products, mine tails (leftover materials from mining), and demolition waste (Renforth et al., 2011). The potential to use waste material is a significant advantage for this approach with multiple benefits including: reduced requirements for storage of industrial waste, helps solve existing waste management challenges, and offers potential economic benefits from waste reduction. However, the magnitude of OAE achievable is constrained by the upstream activity, there is potential for impurities or undesirable byproducts being added to the ocean, and each process would need to be examined on a case-by-case basis to look at the lifecycle carbon impact, including careful consideration of the process chemistry.
Although materials are readily available, they require extensive processing for use for enhanced weathering purposes. The requirement is constrained by the need for a small grain size for effective dissolution. Research showed that for many minerals grain sizes of ~ 10 μm are needed for open-ocean dispersal to accelerate the dissolution rate to levels that can contribute significantly to CO2 sequestration and avoid issues around sediment accumulation on the seabed, while for coastal dispersal larger grain sizes of ~100 µm could be used (Hangx & Spiers, 2009; Köhler et al., 2013; Montserrat et al., 2017). Production of fine grain sizes is achieved through grinding or crushing of the rocks / minerals. The smaller the grain size, the faster any particular soluble alkaline material will dissolve and enable sequestration of carbon. The energy requirements for grinding or crushing increase approximately exponentially with decreasing particle size (Hangx & Spiers, 2009).  Waste materials will potentially require less energy and have lower processing costs as the materials are often already crushed.
In addition to particle size, other environmental factors affect dissolution rates, such as turbulence, temperature, pH, saturation state and secondary mineral precipitation. Higher seawater temperatures will increase the dissolution rate, while a higher saturation state or pH will decrease the dissolution rate. Turbulence and mixing will enhance dissolution by reducing the saturation of the dissolved mineral in the water surrounding the particles. As secondary mineral precipitate they can form a protective layer, also known as a passivation layer, that prevents further dissolution. This can have a negative effect on the efficiency of CO2 sequestration and needs to be managed.
Dissolution rates are also heavily influenced by the dissolution method. For OAE via mineral addition, dissolution is generally considered to be via spreading along coastlines or direct ocean dissolution. In costal spreading, alkaline minerals are distributed on the coast or on beaches where tidal cycles, wave action, and currents can help further break down and transport the material into the ocean. Distribution can be achieved via direct application on beaches during low tide, spreading along areas with strong wave action, or placement near river mouths and estuaries. For direct ocean dissolution minerals are directly added – probably either as a dry powder or a slurry mixture - to the ocean surface from ships, specialised dispersal platforms using spreading equipment or spray systems, or via pipelines. Dissolution is enhanced by natural ocean mixing from waves and currents and ship wake turbulence during application. Distribution can be broadly spread or targeted to specific ocean regions. Researchers have proposed using ship ballast water for all large commercial ships to continuously distribute alkaline material along shipping routes (Köhler et al., 2013). 
Regardless of the dissolution method, transport of the quantity of required materials to the coasts and oceans would be a massive logistical challenge, as well as requiring huge amounts of energy. This would include land transport from mines or waste sources to the coast for distribution or to ports and then further transport by ships to the deployment sites for open ocean distribution. These transportation requirements reduce the CO2 sequestration efficiency (Hangx & Spiers, 2009). However, there have been some alternative proposals with recent explorations of the potential of a slurry pipeline for the transport of materials to the coast (Goll et al., 2021; Tan et al., 2022), which would greatly reduce the emissions associated with material transport. Additionally, since materials are available across much of the globe, transportation costs could be kept down by using local mineral sources.
In the above section, we briefly discussed many of the challenges associated with OAE via mineral addition. These include the environmental impacts of mining, the high energy needs and logistical challenges of processing and transporting the materials, as well as the challenge to distribute the materials at a scale large enough to contribute significantly to CO2 sequestration. Of critical importance are the CO2 emissions produced by both mining and processing the raw materials (Hangx & Spiers, 2009). This must be considered carefully to understand the total CO2 offset potential of OAE.
Practical considerations for OAE via mineral addition
OAE via mineral addition has some key operational advantages over electrochemical approaches. It is likely to require significantly lower energy input compared to electrochemical methods, especially when using passive weathering methods – although these are likely to sequester less carbon, at a slower rate. The energy used in mineral based OAE is mainly for mining and grinding and potentially transportation, not for chemical conversion. It will be harder to decarbonise some of these steps, particularly shipping, than it will be to decarbonise energy for industrial chemical processes. Process simplicity is considered an advantage of mineral OAE with respect to other CDR approaches. Both passive weathering and natural dissolution processes require minimal active intervention and, at least at small scales, could be implemented with relatively little infrastructure or effort. There are few complex chemical processes involved and the chemical reactions that sequester CO2 happen naturally. As the main human intervention in this method is simply distributing ground materials in seawater, less technical expertise is needed for operation. However, the lifecycle assessment of feedstock extraction and processing and verification of CO2 removal downstream of alkalinity application to the ocean add significant complexity to what superficially can appear to be a simple process. Finally, at least at small scales, there may be an economic advantage to OAE via mineral addition over OAE via EBS, because of the avoidance of large upfront capital investment in complex electrochemical plants, and the need to price in the risk of these capital-intensive plants becoming stranded assets if the future cost of carbon removal falls as would be expected. Furthermore, the lower technical expertise requirements could reduce operational costs relative to other methods, which may or may not offset some of the personnel requirements associated with operation of equipment to extract, transport and apply material.
[bookmark: _Toc197008767][bookmark: _Ref188014771]Direct Ocean Carbon Capture 
The direct removal of dissolved CO2 from seawater, or Direct Ocean Carbon Capture (DOCC), is similar in many ways to electrochemical approaches for OAE, but differs in a number of ways, including that both the acid and base stream are consumed and the CO2 is removed from the seawater rather than being stored in the seawater. 
Direct Ocean Carbon Capture (DOCC), also described as Direct Ocean Capture, like OAE utilises the ocean’s carbon chemistry to facilitate atmospheric CO2 removal. This drawdown however is delivered by removing carbon from seawater, then allowing that seawater to ‘refill’ with CO2 from the atmosphere, such that after equilibration with the atmosphere, the seawater chemistry has returned to that of ambient seawater. Because carbon is removed from seawater in DOCC, that carbon will typically need to be taken to high purity for transportation, then stored or utilised in such a way that it will not return to the atmosphere over a relevant timescale. As for Direct Air Capture, storage is focused on disused oil and gas reservoirs or salt caverns, or mineralisation within bedrock.
Like OAE, DOCC delivers an air-sea gradient in the partial pressure (essentially concentration) of CO₂ to drive a flux of carbon from the atmosphere to the ocean. This gradient is achieved by converting the large non-volatile reservoir of dissolved inorganic carbon in seawater, made up of carbonate and bicarbonate, into the volatile species CO2, extracting the CO2 from the water as a gas to be compressed and stored, then releasing the water back to the ocean.
The conversion of bicarbonate and carbonate to CO2 can be achieved by acidification of seawater. At around pH 4 the alkalinity of the water (i.e. its ability to buffer CO2 by converting it to carbonate and bicarbonate) drops to zero. After CO2 removal the alkalinity must be returned to ambient levels through the addition of a base, so that the seawater can again store carbon as carbonate and bicarbonate. Alternatively, a catalyst such as carbonic anhydrase could be used to speed up the conversion of carbon from dissolved carbonate and bicarbonate into CO2 during degassing, avoiding the need for acid and base addition. In both approaches a seawater pH increase would persist until CO2 has been reabsorbed from the atmosphere, resulting from the reduction in concentration of carbonic acid as carbon is removed.
While the alkalinity swing required for DOCC could be delivered using commercially available acid and base, to reduce the lifecycle carbon emissions and enhance the tractability of those emissions, current research is focused on electrochemical approaches to generate the required products. Bipolar membrane electrodialysis, as described in Section ‎2.1.1 can be used to generate hydrochloric acid (HCl) and sodium hydroxide (NaOH) in two separated seawater streams, which can be used to deliver the alkalinity swing. Other electrochemical approaches have been investigated, including an approach where rather than moving Cl- across an anion exchange membrane to balance the charges generated by the dissociation of H2O, the Cl- is donated and accepted from bismuth and silver electrodes (Kim et al., 2023).
There are several potential advantages of DOCC. The approach leverages natural ocean chemistry and ocean-atmosphere CO₂ exchange processes. DOCC offers potential for integration with desalination or other water treatment processes (e.g. Doney et al., 2025; Oschlies et al., 2025 and refs therein), although consideration must be given to the nature of the discharged water; for example, saline discharges will be denser than surrounding waters, potentially moving decarbonised water away from the air-sea surface and therefore compromising their ability to remove CO2 from the atmosphere. DOCC systems can also potentially integrate with existing marine infrastructure like offshore platforms or coastal industrial facilities, reducing implementation costs relative to standalone installation. The process provides co-benefits for ocean acidification mitigation by temporarily increasing local seawater pH during CO₂ re-equilibration. 
However, DOCC implementation and scaling faces several key challenges. The energy requirements for the electrochemical processes remain substantial. It is not yet clear whether these energy requirements would be lower than those of direct air capture. Scaling these systems to collectively deliver gigaton removal levels requires significant infrastructure development and membrane manufacturing capacity. Equipment must withstand the harsh marine environment, including biofouling and corrosion. The management of discharge water requires careful consideration to minimise local environmental impacts, particularly in coastal settings where mixing may be limited. At very large scales oceanographic constraints become limiting because the decarbonised water must move away from the plant faster than the plant is producing that water. A consideration common to OAE is also that prior to equilibration with the atmosphere, water must remain in contact with the atmosphere. This means that locations where there is rapid sinking of surface water such as areas of the high latitude oceans are unsuitable, and efficiency is compromised even where there is slower movement of water below the mixed surface ocean layer.
To-date, research in DOCC has primarily been on technology and engineering, initially focused on the electrochemistry required to generate the alkalinity swing (Willauer et al., 2011) and then on system energetics (e.g. Eisaman, 2020; Eisaman et al., 2018). More recently two in-situ pilot plants have been built, one in the California and one in the UK. These plants and the underpinning work required to develop these plants is beginning to deliver and stimulate research to move beyond the technology and assess the potential marine impacts, monitoring, reporting and verification (see Section ‎2.6) and social licence.
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Iron
Iron is considered the primary limiting nutrient in several ocean regions including the Southern Ocean, the coastal upwelling regions of the Eastern Equatorial Pacific, as well as some regions of the North Pacific and North Atlantic (Moore et al., 2013). In these so-called “high-nutrient, low-chlorophyll” (HNLC) regions, the macronutrients nitrogen and phosphorous are typically available at high levels, but photosynthesis rates are low. Iron addition to address this limitation has received attention as carbon dioxide removal approach, partly because of the very small amount of iron required by typical marine photosynthesisers. The average ratio of carbon to iron in phytoplankton organic matter is around 106C:0.005Fe (Sarmiento & Gruber, 2006), meaning that only around 5x10-5 moles of iron are theoretically required to allow one mole of carbon to be fixed. To very crudely illustrate the importance of this, if we ignore all feedbacks, approximately a mole equivalent of alkalinity is required to remove a mole of CO2 which is 20,000 times the number of moles of iron required. The molar mass of iron is approximately the same as the mass (per mole equivalent of alkalinity) of an alkalinity source like CaCO3, meaning that in simplistic terms the mining, transportation and application challenge for iron fertilisation is many orders of magnitude smaller than for mineral based Ocean Alkalinity Enhancement.
Over three decades ago, Martin (1990) brought forward the “iron hypothesis”, suggesting that during the Last Glacial Maximum, natural iron fertilisation of the Southern Ocean could have enhanced phytoplankton growth, reducing atmospheric CO2 concentrations by about 80 ppm. Hence, it has been suggested that adding iron to HNLC regions could enhance marine primary productivity and 13 field trials and a small number of commercial trials were conducted primarily in the Southern Ocean, but also the Eastern Equatorial Pacific and North Pacific between 1993 and 2009 (Boyd et al., 2007; Martin et al., 1990; Williamson et al., 2012). In ocean fertilisation experiments, iron is generally dispersed by ships in its bioavailable form Fe(II) as ferrous sulphate in an acidic solution (Williamson et al., 2012). 
The findings from the field experiments that have been carried out have been summarised by e.g. Boyd et al. (2007) and Williamson et al. (2012) and include: 
1. Iron was confirmed to be a limiting nutrient for biological production in several ocean regions 
2. Increases in phytoplankton biomass were associated with decreases in dissolved CO2, enhancing CO2 drawdown from the atmosphere to varying degrees depending on the experiment
3. Increases in chlorophyll-a production in all experiments, with blooms sometimes visible from space
4. Shifts in the phytoplankton community composition 
How effective iron fertilisation is as a geoengineering method will depend both on the export of carbon from the surface ocean to depth, and on the uptake of CO2 from the atmosphere via air-sea gas exchange (Williamson et al., 2012). The former will depend on the efficiency of iron fertilisation to trigger an increase in particulate organic carbon production and the rate of remineralisation of that particulate organic carbon to dissolved organic and inorganic carbon in the upper ocean due to zooplankton and bacteria. The generation of particulate organic carbon as a result of ocean fertilisation will depend on the amount of iron added, timing of the experiment (e.g. phytoplankton status before treatment, iron levels before treatment, Rogan et al., 2016, and mixed layer depth) and on the ocean region. Critically, the fertilisation needs to stimulate growth that uses nitrogen and phosphorous that would not have otherwise moved out of the targeted high-nutrient low-chlorophyll region to stimulate primary production elsewhere over timescales of interest, i.e. no nutrient “robbing” (Gnanadesikan et al., 2003; Oschlies et al., 2025). The air-sea gas exchange efficiency will be affected by wind and waves as well as the partial pressure of CO2 in the water, which is in turn influenced by remineralisation and water mixing and transport (see Sections ‎1.2 and ‎1.3). The experiments were generally not conducted for a sufficient amount of time to assess all parameters necessary to evaluate the long-term carbon sequestration efficiency of ocean iron fertilisation (Williamson et al., 2012). 
Export of particulate organic carbon vertically in the ocean is notoriously hard to measure. Modelling studies have suggested that large-scale iron fertilisation for timescales of 80 – 100 years has only a small impact on atmospheric CO2 levels and global warming compared to business-as-usual/high-emissions scenarios, and is insufficient to prevent more than doubling of CO2 from present-day values and warming of over 2.7°C compared to pre-industrial temperatures under such emissions scenarios (Keller et al., 2014). However, in the context of rapid decarbonisation and achieving net zero, the carbon removal potential of iron fertilisation could be a contributor. Another level of complexity arises when considering that on timescales of several centuries, the additionally stored carbon will be returned to the surface ocean by the ocean circulation, which would result in outgassing of that carbon to the atmosphere (Williamson et al., 2012).
Due to growing concern around risks associated with iron fertilisation including environmental impacts such as food web impacts, deoxygenation, production of N2O, a more potent greenhouse gas than CO2 (see Section ‎3.2.4) and toxic algal blooms (see Section ‎3.2.3.1), in 2008 the parties of the London Convention/London Protocol adopted the resolution that iron fertilisation should only be permitted for legitimate scientific research (e.g. GESAMP, 2019; Williamson et al., 2012). Little research has been done on iron fertilisation since its regulation within the London Convention and Protocol in 2008, meaning that evidence around this carbon removal strategy is limited.
Nitrogen/Phosphorous 
Nitrogen and phosphorous are macronutrients which are required by organisms at much higher concentrations compared to micronutrients like iron. In the world’s oceans, nitrogen and/or phosphorous limitation is found in large parts of the subtropical oceans and in the eastern Mediterranean Sea (low-nutrient, low-chlorophyll regions, LNLC), as well as seasonally over much of the planet. It has therefore been proposed that macronutrient addition in those regions could enhance the biological carbon pump. All organisms require carbon, nitrogen, phosphorous, oxygen, and hydrogen. The average ratio of these molecules within phytoplankton organic matter, the “Redfield ratio” of 106C:16N:1P (Redfield et al., 1963), is used as a standard concept in ocean biogeochemistry, although more recent studies have revealed large variability in this ratio depending for example on the phytoplankton species, growth rate and nutrient availability (Sarmiento & Gruber, 2006). The Redfield ratios presented here highlight the very large quantity of nitrogen and phosphorous that would be needed to lead to carbon removal, and extending this Redfield ratio to include iron, 106C:16N:1P:0.005Fe (Sarmiento & Gruber, 2006), demonstrates why iron addition has received more interest as a CDR technique than macronutrient addition: around 0.15 moles of nitrogen are theoretically required to allow a mole of carbon to be fixed, compared to only around 5x10-5 moles of iron. 
A further challenge to macronutrient fertilisation is the lifecycle CO2 emissions of the fertiliser produced. Synthetic nitrogen fertiliser (synthetic ammonia), which would likely have to be the source of anything at the required scale is produced using natural gas. This hydrocarbon is the source of hydrogen for ammonia (NH3), and therefore nitrogen fertiliser production is hard to decarbonise. While hydrogen can be produced electrochemically, this is extremely energy intensive and is likely to be in high demand as we continue to decarbonise (Shafiee & Schrag, 2024).
A phosphate addition experiment conducted in the Mediterranean showed decreases in chlorophyll-a and phytoplankton biomass, potentially due to competition for the phosphate by bacteria (Thingstad et al., 2005). Similarly, an experiment conducted in the subtropical North Atlantic revealed that neither phosphate nor combined phosphate and iron addition resulted in an increase in chlorophyll relative to control measurements (Dixon, 2008; GESAMP, 2019). In contrast, modelling studies have suggested a potential carbon sequestration efficiency due to phosphate fertilisation of up to 78% (Matear & Elliott, 2004), in line with other estimates (80%, Harrison, 2017). 
Unintentional nutrient addition to coastal waters through runoff of agricultural fertilisers has resulted in oxygen-limited “dead zones” in some areas (see Section ‎3.2.4, Diaz & Rosenberg, 2008; GESAMP, 2019). However, the concentrations applied may differ and nutrient fertilisation could be conducted in ocean areas that are currently nutrient limited, whereas several coastal areas face the opposite problem of eutrophication (Diaz & Rosenberg, 2008). In addition, the occurrence of harmful algal blooms has been linked to increases in nutrient loading in several waterbodies across the globe (Heisler et al., 2008). 
[bookmark: _Ref188014809][bookmark: _Toc197008769]Artificial Upwelling 
Another proposed method to enhance biological carbon fixation is to draw up deep, nutrient rich waters to fertilise the surface ocean (Lovelock & Rapley, 2007). This could be achieved by placing wave-powered vertical pipes in the ocean. Natural analogues are the highly productive eastern boundary upwelling regions, found for example along the west coast of South America (e.g. García-Reyes et al., 2015). 
In modelling studies, the maximum length of the pipes is assumed to be 1000m, whereas very preliminary field studies have been conducted with pipes of up to only a few hundred meters in length (Koweek, 2022). According to modelling studies, the carbon dioxide removal efficiency depends strongly on the length and location of the pipes, and on the greenhouse gas emissions scenario: pipes located in the tropics tend to lead to a net drawdown of CO2 from the atmosphere, whereas pipes located in the high-latitudes tend to lead to net release of CO2 to the atmosphere (Dutreuil et al., 2009) at least initially, and particularly so for longer pipes (Yool et al., 2009). Jürchott et al. (2023) found that higher emissions scenarios lead to a higher efficiency of mCDR via artificial upwelling with 3.70 GtCO2/y estimated for the high-emissions scenario (RCP8.5) and 1.17 GtCO2/y for the low-emissions scenario (RCP2.6). However, a different study suggests that the global potential of artificial upwelling is only <0.1 GtCO2/y (Koweek, 2022). Modelling studies also show that artificial upwelling is less effective for longer timescales and surface temperatures and atmospheric CO2 concentrations can even reach higher values than if the mCDR method had not been employed (Keller et al., 2014; Kwiatkowski et al., 2015; Oschlies et al., 2010b). 
In order to understand these results, a few important side-effects of artificial upwelling need to be considered. Drawing up waters from depth not only brings nutrients, but also carbon to the surface ocean, as well as cooling the surface ocean, potentially resulting in unintended climate impacts (Keller et al., 2014; Kwiatkowski et al., 2015; Oschlies et al., 2010b; Yool et al., 2009). The effects on the efficiency of artificial upwelling as a carbon dioxide removal technique is determined by the interplay of these factors (Jürchott et al., 2023): cooling the surface ocean enhances CO2 dissolution and thus increases the atmosphere to ocean CO2 flux, while the relative heating of the drawn up cold waters enhances CO2 release to the atmosphere. On the other hand, bringing older, potentially pre-industrial waters with lower dissolved inorganic carbon concentrations (~275 ppm instead of present-day ~420ppm) to the surface would locally increase the CO2 gradient between atmosphere and ocean and thus enhance the dissolution of CO2. The depth and location of the pipes will affect the amount of dissolved inorganic carbon that is drawn up (Yool et al., 2009), affecting the CO2 gradient between atmosphere and ocean. Emissions scenarios impact the CDR potential because the partial pressure of CO2 brought up to the surface will stay the same but as atmospheric CO2 is increased, the air-sea CO2 gradient increases, resulting in a larger air-to-sea CO2 flux under higher atmospheric CO2 concentrations. Finally, cooling of the surface ocean has also been shown to increase the terrestrial carbon uptake (see Section ‎3.3.3, Keller et al., 2014; Oschlies et al., 2010b). 
[bookmark: _Ref188014787][bookmark: _Ref188014798][bookmark: _Toc197008770]Macroalgae cultivation and sinking 
The total amount of primary production that the ocean can sustain is limited by the availability of nutrients in the sunlit upper ocean. This means that growth and sinking of a typical marine photosynthesiser in one place essentially prevents something similar from growing elsewhere because the nutrients associated with the former’s growth are no longer available (until recycled). The result is little or no impact on the total amount of carbon fixed. Macroalgae (seaweeds) however, fix a large amount of carbon per unit of macronutrient, typically having molar carbon to nitrogen ratios three times higher than that of typical marine photosynthesisers (Sheppard et al., 2023). This means that by swapping the growth of a typical marine photosynthesiser for the mass of macroalgae that is able to grow for the same amount of macronutrient, three times as much carbon is taken up, and potentially stored. Furthermore, their unusual ability amongst ocean photosynthesisers to undertake ‘luxurious’ nutrient uptake (i.e. storing nutrients in times of plenty to allow growth when nutrients are limited but for example light is not, Fujita, 1985), and the potential to scale without competing with agricultural land are some of the reasons why macroalgae have received attention as biological candidate for marine CDR. 
Macroalgae can be used to produce food, animal feed, biofuel, bioenergy combined with carbon capture and storage, or biochar (Duarte et al., 2017; Pessarrodona et al., 2024; Wu et al., 2023). All of these pathways release some or all of the captured CO2 back to the atmosphere, but by replacing fossil fuels or higher-emissions food/feed alternatives, macroalgae cultivation could potentially help reduce global greenhouse gas emissions. In order to sequester atmospheric CO2, the carbon fixed by macroalgae needs to remain out of contact with the atmosphere for example in marine sediments or the deep sea (Krause-Jensen & Duarte, 2016; Pessarrodona et al., 2024). To achieve this, the seaweed could for example be transported to the deep sea where the carbon can be stored for centuries to millenia (Wu et al., 2023). However, the consumption and remineralisation of seaweed by benthic organisms and potential generation of or expansion of oxygen-minimum zones and – associated with these – production of greenhouse gasses such as nitrous oxide need to be taken into account (see Section ‎3.2.4; Wu et al., 2023). In general, energy use and greenhouse gas emissions associated with seaweed farming, harvesting/sinking, remineralisation, and potential processing need to be considered in comprehensive life-cycle assessments of the climate mitigation potential of macroalgae cultivation (e.g. Alvarado-Morales et al., 2013; Lian et al., 2023; Pessarrodona et al., 2024).
Wild seaweed has been estimated to sequester about 173 Tg of carbon per year (0.63 GtCO2/y), primarily into the deep sea (90%) but also coastal sediments (10%, Krause-Jensen & Duarte, 2016). In stark contrast, if all farmed seaweed from the year 2014 had been used for carbon sequestration it would have resulted in about 0.68 TgC (2.5 MtCO2) being captured (Duarte et al., 2017). This is mostly due to the difference in spatial extents, with wild seaweed covering about 3.5 million km2 of the global oceans while farmed seaweed only covers about 1600 km2, i.e. 0.046% of the wild area (Duarte et al., 2017; Krause-Jensen & Duarte, 2016). At present, most seaweed is farmed in coastal areas with global expansion facing potential nutrient, temperature and other limitations on seaweed growth, as well as technical challenges due to high waves and strong currents when moving from the protected near-shore environment to the open seas (Duarte et al., 2017; Fernand et al., 2017; Paine et al., 2023). 
Few studies have robustly examined the global potential and limits on macroalgae carbon sequestration in the same way as has been done for other CDR techniques (Arzeno-Soltero et al., 2023).  A recent global modelling study however suggested that when nutrient feedbacks are considered, macroalgae cultivation within Exclusive Economic Zones (EEZs) could theoretically fix ~3.5 GtC/y i.e. 12.6 Gt CO2/y (Arzeno-Soltero et al., 2023). The net removal of CO2 from the atmosphere associated with macroalgae cultivation may be about 40% lower than its carbon fixation because natural carbon cycle processes would be compromised (Berger et al., 2023). These numbers imply the potential for climatically significant removal or CO2, but at this scale it should be noted that around 25% of all EEZs would be used for macroalgae harvesting, and existing marine food webs and ecosystems would be dramatically altered. The above studies consider only macronutrient limitation on growth. Macroalgae appear to have a high iron demand (Paine et al., 2023) which may significantly limit their CDR potential and amplify their impact on existing food webs (Berger, 2024).
Most seaweed species need a hard substrate to grow on, and attaching seaweed to ropes, nets or longlines has been common practice in seaweed aquaculture (Fernand et al., 2017). These are then submerged to a few meters of depth, typically held up by buoys or connected in a floating frame and anchored in some way (e.g. moorings, or offshore wind farms), and harvesting can be done for example by hand, tractor, or boat (Fernand et al., 2017). It is also possible to grow seaweed close to fish or crustacean farms (Integrated Multi-Trophic Aquaculture, IMTA), for example by attaching seaweed cages to fish cages, which has the advantage of the seaweed taking up nutrient waste from the fish farm while also fuelling seaweed growth, although different growth cycles for the fish and seaweed might reduce some of these benefits (Fernand et al., 2017; Wood et al., 2017). 
An important consideration is species and site selection, as different species of seaweed prefer different temperature ranges and some exhibit higher tolerance to temperatures outside of this range than others (Kerrison et al., 2015; MMO, 2019). For example, three brown kelp species considered suitable for offshore cultivation in European waters (Laminaria digitata, Saccharina latissima and Sacchoriza polyschides) prefer temperatures above 5°C and below 15-17°C, and death occurs at temperatures above 20 – 25°C and below -1.5 – 1°C (Kerrison et al., 2015). Another constraint on site and species selection is the availability of nutrients, and some approaches that have been suggested to abate low-nutrient availability in offshore waters include artificial upwelling and sinking of the seaweed-platforms to depths with higher nutrients at nighttime (Fan et al., 2019; Fernand et al., 2017; Navarrete et al., 2021; Pessarrodona et al., 2024; Wu et al., 2023).  Finally, when selecting species for seaweed farms, potential impacts on local ecosystems through introduction of non-native species and potential spread of diseases should be considered (see Section ‎3.3.1).
The practical constraints on delivering climatically relevant scales of macroalgae afforestation are hard to quantify. However, a recent study has contrasted the carbon removal potential of OAE and macroalgae cultivation and harvesting (Kwiatkowski et al., 2023). The authors find that for an equivalent mass of added olivine and harvested wet macroalgae, OAE delivers around seven times as much carbon removal, implying in a simplistic way that the energetics and economics of delivering macroalgae CDR may not be competitive.
[bookmark: _Ref189209516][bookmark: _Toc197008771]Monitoring, reporting and verification
It should be mentioned here that one challenge for the use of marine carbon dioxide removal technologies is the validation of their success in removing greenhouse gases from the atmosphere (see e.g. Doney et al., 2025; NASEM, 2022; Oschlies et al., 2025 and refs therein). This is partly due to the openness of most mCDR systems which means that the influxes and outfluxes of CO2 cannot directly be measured (Oschlies et al., 2025). However, the equilibration is not instantaneous and can take a few weeks to a year depending on the location on the globe (Jones et al., 2014). Generally, the monitoring, reporting and verification (MRV) challenges will differ among the mCDR methods and might be expected to increase with complexity of the system (Oschlies et al., 2025), with DOCC being the simplest and biological approaches being the hardest. In all cases, MRV will rely on the availability of observations and data to set baselines and observe perturbations, high fidelity models to describe the transport of water and air-sea CO2 flux, and well defined and agreed protocols (Doney et al., 2025; Halloran et al., 2025; Oschlies et al., 2025).

[bookmark: _Ref188869796][bookmark: _Toc197008772]Environmental Impacts 
[bookmark: _Toc197008773]Summary of impact variables
In this section, the potential environmental impacts associated with marine carbon dioxide removal technologies will be discussed in detail. This section is split into subsections covering the environmental changes and their impacts, rather than grouped by technologies to avoid repetition as several impacts apply to several technologies. Table 2 below shows potential environmental changes for each mCDR technology, and the relevant sections in which these are discussed. This table is intended as a guide for the reader to navigate to the subsection of interest. 
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[bookmark: _Ref196998546]Table 2: Different mCDR technologies with blue shading indicating associated potential environmental changes/impacts. For pH and carbonate chemistry, the impacts are considered at the time and point of application (unequilibrated system). * Nutrient competition here refers to competition between farmed macroalgae and other organisms.
It is important to note that the changes in Table 2 for pH, CO2 concentration and dissolved inorganic carbon (DIC) speciation are shown here for an unequilibrated system, i.e. before the ocean and atmosphere restore balance. Once equilibrated, changes in pH, CO2 concentration and DIC speciation would be zero or in some situations even reversed, however, importantly the alkalinity of the seawater (not shown here) will be increased in the longer term for OAE and the pH will remain slightly increased (see Section ‎3.2.1). In addition, it is worth noting that DOCC temporarily also decreases the overall concentration of DIC as well as affecting DIC speciation, while OAE only affects DIC speciation.
[bookmark: _Ref188894643][bookmark: _Ref188967847][bookmark: _Toc197008774]Impacts on seawater chemistry 
[bookmark: _Ref188894211][bookmark: _Toc197008775]pH increases
The pH of near-surface seawater is around 8.1 on average, but large seasonal fluctuations have been observed particularly in coastal waters for example ranging from below 7.25 in November to as high as 9.75 in August in Mariager Fjord, Denmark between 1990 – 1999 (Hansen, 2002). Peak pH values in that study occurred during a summertime dinoflagellate bloom, as the phytoplankton consumed inorganic carbon during photosynthesis. If the carbon concentration of water is reduced without any other chemical changes, the pH will increase. The magnitude of this pH change will depend on the intensity of carbon removal. A point source removal method, for example DOCC, will induce a large pH change, whereas a dispersed removal as is seen through biological approaches will see a small pH change over a larger area. OAE is slightly different in that the pH change is driven by the addition of alkalinity rather than the removal of carbon, but for a given carbon removal, the pH change at the point of alkalinity addition is similar to that for DOCC. OAE differs in one more way: since the alkalinity remains in the water even after equilibration with atmospheric CO2, there will be a small residual pH increase which will diminish only as the water is mixed and diluted. In all approaches, the spatial extent of the pH change depends on the scale of the CDR activity. In this section, the impacts of pH increases on phytoplankton, fish and seaweed will be discussed. 
[bookmark: _Ref185260143][bookmark: _Toc197008776][bookmark: _Ref188894369] Impacts on phytoplankton 
Key points: 
· Tolerance to elevated pH is species dependent, with growth ceasing at 
pH 8.3 for the most sensitive species, and very few species tolerant of 
pH > 10 (average pH of surface ocean ~ 8.1)
· Whether pH or [CO2 + HCO3-] is the limiting factor cannot typically be concluded, but might depend on the species and/or specific conditions 
· The different sensitivities of species to these changes could result in shifts in the composition of phytoplankton communities in response to pH change.
Potential implications: An environmental change that might benefit some phytoplankton species while harming others could affect the entire marine food web (zooplankton, fish, whales, …), the efficiency of the oceanic carbon sink as well as the production of climate-active compounds such as dimethylsulfide (Bach et al., 2019; Deppeler & Davidson, 2017; Krumhardt et al., 2022; Riebesell et al., 2017)


In general, enhancing pH above the average pH of seawater could reduce phytoplankton photosynthesis rates and growth rates indirectly by reducing the concentration of bioavailable dissolved inorganic carbon, however due to its high concentration in seawater, carbon is not typically considered limiting (see Section ‎3.2.2). In addition, direct impacts on energy expenditure required to maintain a stable pH inside the cells and negative impacts on enzyme functioning would also be expected to reduce growth (see Hansen et al. 2007 and refs therein). Finally, changes in pH also impact the calcium carbonate saturation state, with higher pH potentially favouring shell forming organisms such as mussels, corals and coccolithophores (see Section ‎3.2.2.1).
In the laboratory, the impacts of changes in pH, DIC-speciation and nutrient availability on phytoplankton can be disentangled by providing a surplus of nutrients such as iron, phosphorous and nitrogen to ensure that those do not become a limiting factor for growth/photosynthesis. Changing the pH while keeping the concentration of bioavailable dissolved inorganic carbon for photosynthesis ([CO2] + [HCO3-]) constant can be achieved by adding NaOH or HCl to a growth medium (e.g. f/2 medium) with known DIC levels (Hansen et al., 2007). 
In a set of laboratory experiments growth rates of three dinoflagellate species (Ceratium lineatum, Heterocapsa triquetra, Prorocentrum minimum) were shown to decrease when gradually increasing the pH of the growth medium, with ideal conditions observed between pH 7.5 – 8.0 and growth ceasing above pH 8.8 for C. lineatum (Hansen, 2002). H. triquetra and P. minimum had slightly higher pH tolerances of 9.45 and 9.6, respectively, hence outliving C. lineatum in a set of species competition experiments with increasing pH. Hansen (2002) also compiled findings from other studies on pH and phytoplankton growth across a variety of species, finding a lowest pH tolerance of 8.3 for the dinoflagellate Ceratium tripos (Schmidt & Hansen, 2001) and very few species tolerant of pH > 10. 
In the above experiments, the pH was varied without controlling dissolved inorganic carbon speciation. To disentangle the impacts of high pH and dissolved inorganic carbon availability on phytoplankton growth, the same three species were exposed to varying levels of DIC while keeping pH constant at normal (pH 8) and high levels of pH (8.55 for C. lineatum and pH 9.2 for H. triquetra and P. minimum, Hansen et al., 2007). Growth rates were reduced at the higher pH levels compared to normal pH for all species and across a range of [CO2 + HCO3-] from about 0.2 – 1.8 mM, suggesting that growth was limited by elevated pH rather than DIC availability. Below 0.2 – 0.4 mM [CO2 + HCO3-] growth rates rapidly dropped off, indicating inorganic carbon limitation. A more recent study found that growth was limited by CO2 availability rather than pH for the coccolithophore Emiliania Huxleyi at below-optimum CO2 levels (Bach et al., 2011), whereas at high CO2, growth was impacted by pH decreases (acidification). 
In a second set of experiments by Hansen et al. (2007), pH and DIC were allowed to vary as cells developed (“pH-drift experiments”). Two different initial concentrations of DIC were used, namely 1.2 mM and 2.4 mM approximating a range of concentrations found in the marine environment (Key et al., 2004; Thomas & Schneider, 1999). At pH < 8.4, growth rates were similar for both experiments for all species, and for the pH sensitive species C. lineatum, the final pH was 8.7 regardless of whether the medium was initiated at the high or low DIC level. Both findings imply again that DIC was not a limiting factor under those conditions. However, for the two pH tolerant species, the final pH level was lower in the case of low initial DIC compared to the case of high initial DIC, suggesting that DIC was limiting growth under these high pH conditions. Similarly, studying three sea-ice phytoplankton species, Søgaard et al. (2011) found that for the most pH tolerant species (Chlamydomonas sp., pH tolerance > 10), growth was limited by low inorganic carbon availability at high pH. 
[bookmark: _Ref188460421][bookmark: _Toc197008777] Impacts on fish Key points: 
· The impact of elevated pH on fish is through three main pathways: reduced ability to excrete nitrogen waste-products (this is likely the most important effect), difficulties with ion regulation and CO2 excretion (acid/base regulation)
· Different species are more/less tolerant to elevated pH, and some have developed alternative pathways for nitrogen excretion (e.g. urea) 
· Fish can recover to some extent from these negative impacts 
· Most knowledge comes from studying freshwater fish, and impacts on marine fish are less well known
· Fish are highly mobile so may be able to avoid short-term, spatially limited pH changes
Potential implications: If pH changes are large or sustained for a long time, this could favour some fish species over others since some are more tolerant to high pH, and could potentially even result in mortality in some fish (Wilkie et al., 1996; Wilkie & Wood, 1996; Yesaki & Iwama, 1992).



Elevated pH can negatively impact fish in several ways, primarily through reducing their ability to excrete ammonia but also through causing difficulties regulating the blood ion balance and potentially indirectly by increasing CO2 excretion (Wood, 2022). In addition, elevated pH might reduce the thermal tolerance of fish (Zimmer et al., 2024). Some fish are naturally exposed to high pH conditions, for example in alkaline lakes (e.g. Wilkie & Wood, 1996) or in seasonally alkaline environments (e.g. Scott et al., 2005) and have successfully adapted to these environments. Interestingly, in one field study, fish were not observed to try to escape from temporarily elevated pH conditions, even though they would have had access to lower pH waters (Scott et al., 2005). 
Fish must excrete nitrogen waste-products from their metabolism continuously to avoid toxic levels building up (Bucking, 2017). The pathway is primarily through the gills (80-90%) and can be either in the form of ammonia excretion (NH3 and NH4+) or urea excretion, but ammonia excretion generally dominates in fish (Bucking, 2017; Weihrauch et al., 2009). In particular, the gradient of ammonia (NH3 form) between blood and water affects ammonia excretion (Bucking, 2017; Wilson et al., 1994). At higher water pH, the equilibrium of NH3 and NH4+ on the outside of the gills is shifted towards NH3, lowering the blood-to-water NH3 gradient and thus reducing ammonia excretion (Wilkie & Wood, 1996). In freshwater fish, but probably less so in marine fish, acidification in the boundary layer at the gill surface converts the excreted NH3 to NH4+ which helps maintain the gradient (Weihrauch et al., 2009; Wright et al., 1989). The acidification of the gill boundary layer can be achieved either via hydration of excreted CO2, facilitated by carbonic anhydrase on the gill surface, or via active proton excretion (Weihrauch et al., 2009). It was initially believed that the excretion of ammonia is a passive process, but this is no longer considered the case, partly due to the discovery of the Rhesus protein in fish gills and its role in mediating transport of ammonia in exchange for Na+ (Weihrauch et al., 2009; Wood, 2022; Wright & Wood, 2009). 
It has been shown that ammonia excretion is reduced and blood ammonia levels therefore raised in freshwater fish, at least initially, when they are exposed to high pH levels (Laurent et al., 2000; Scott et al., 2005; Wilkie & Wood, 1991, 1994, 1995; Wright & Wood, 1985; Yesaki & Iwama, 1992). Ammonia excretion rates have been shown to recover, at least partially, within a few days (Laurent et al., 2000; Scott et al., 2005; Wilkie & Wood, 1991), and if exposure to high pH ends, “ammonia washout” has been shown to subsequently occur, lowering blood ammonia levels (Wilkie & Wood, 1995). In addition, fish can temporarily increase nitrogen excretion via urea to keep blood ammonia levels lower during exposure to high pH (Wilkie & Wood, 1996; Wood, 2022). Fish living permanently in highly alkaline waters (e.g. Lake Magadi in Kenya with pH = 10) excrete almost all of their nitrogen in the form of urea to circumvent difficulties associated with ammonia excretion in this highly alkaline environment (Randall et al., 1989; Wilkie & Wood, 1996). For marine fish, higher calcium availability in seawater compared to freshwater might dampen the negative effects of pH increases on ammonia excretion (Yesaki & Iwama, 1992). 
In order to maintain the right ion balance in their blood, freshwater fish need to actively take up essential ions such as Na+ and Cl- from the water, while seawater has much higher concentrations of these ions hence marine fish need to actively excrete them (Wood, 2022). This active ionoregulation takes place mostly at the gills.  An initial drop in Na+ and Cl- blood levels has been observed in response to elevated pH in freshwater, due to the inhibition of ion uptake at the gills (Wilkie & Wood, 1991; Wood, 2022; Yesaki & Iwama, 1992). However, fish are able to regulate the uptake and loss of these ions to some extent, so the plasma ion balance is restored after a while (Wood, 2022). Assuming that ionoregulation via the gills is impaired by increases in pH in marine fish as well, it would be predicted that they would face the opposite consequences of freshwater fish, i.e. difficulties excreting excess Na+ and Cl- ions and a rise in the blood concentrations of these ions with associated risk of impaired health as a result. 
Reductions in CO2 in seawater due to increasing pH and/or CO2 removal techniques would result in a parallel reduction in blood CO2 in fish. This disturbs the acid-base balance and causes blood pH to rise, i.e. “respiratory alkalosis” (Johansen et al., 1975; Wilkie & Wood, 1996; Wood, 2022). The increase in blood pH might be partly offset by metabolic acidosis and associated increases in blood lactate, however this is a costly process and in the longer term, ion uptake via the gills in exchange for acid/base equivalents from the blood is needed to restore the acid-base balance (Wilkie & Wood, 1991, 1996; Wood, 2022).
[bookmark: _Ref188460422][bookmark: _Toc197008778] Impacts on seaweed Key points: 
· Increases in pH impact seaweed directly and indirectly (through reductions in available DIC). Which of these factors is more important cannot be concluded
· Photosynthesis decreases with increasing pH 
· Some species are able to adapt to high pH conditions, at least temporarily
Potential implications: Reductions in photosynthesis at high pH implies a reduction of carbon sequestration by macroalgae.



Similar to phytoplankton and fish, pH increases can impact seaweed directly or indirectly (through reduced CO2 availability). Middelboe & Hansen (2007) observed diurnal and seasonal variations in pH in macroalgal habitats in Denmark. They found that pH was higher and diurnal variations greater in shallower waters and decreased with increasing water depth, potentially relating to dilution. pH was generally higher from spring through to autumn due to higher irradiance levels fuelling photosynthesis. At the shallowest measurement depth of 20cm, diurnal pH was on average 7.8 at night and 8.6 during the day. The authors also studied photosynthetic rates of four macroalgae species: Fucus vesiculosus, F. serratus, Ceramium rubrum, Ulva sp. For all four species, photosynthesis decreased with increasing pH, although the difference was not statistically significant for Ulva sp. The authors report that photosynthesis was not limited by inorganic carbon availability but rather by direct pH impacts on the species. F. serratus was also successfully acclimated to high pH (9.3), so at least some macroalgae species are able to adapt to high pH conditions, at least temporarily.
Menendez et al. (2001) found that the optimum pH for photosynthesis of three macroalgae species from the Tancada lagoon in the Mediterranean (Gracilaria verrucosa, Chaetomorpha linum and Ulva sp.) was between 6 – 7.5. For G. verrucosa, this range increased during the summer, when the optimum was between 6 – 8.5, indicating acclimation to elevated pH values in this season. Photosynthetic rates declined rapidly at pH above 8.5 in all species. Inorganic carbon enrichment experiments of algae collected during spring showed increases in photosynthesis rates in all species, whereas for algae collected during summer only C. linum responded to the dissolved inorganic carbon enrichment, implying that during spring all species are limited by the availability of dissolved inorganic carbon whereas during summer only C. linum is. The authors hypothesise that dissolved inorganic carbon limitation might contribute to shifting species dominance towards G. verrucosa in the summer in the Tancada lagoon. 
[bookmark: _Ref188459871][bookmark: _Toc197008779]Dissolved Inorganic Carbon speciation
At pH 8 – 8.2 about 90% of dissolved inorganic carbon is in the form of bicarbonate (HCO3-) and only 1% is in the form of CO2 whereas at pH 9 only about 0.1 % is available as CO2, while the share of carbonate (CO32-) increases (see Section ‎1.2). Direct Ocean Carbon Capture lowers the total amount of dissolved inorganic carbon in seawater and because of the resulting pH change, also changes the speciation of dissolved inorganic carbon, whereas ocean alkalinity enhancement only affects pH and DIC speciation. In this section, the impacts of dissolved inorganic carbon speciation and limited CO2 and bicarbonate availability on phytoplankton will be discussed. For fish and seaweed, this discussion has been integrated into Sections ‎3.2.1.2 and ‎3.2.1.3, respectively. 
[bookmark: _Ref185423954][bookmark: _Ref185428009][bookmark: _Ref188894370][bookmark: _Toc197008780] Impacts on phytoplanktonKey points: 
· Phytoplankton have developed mechanisms to cope with low CO2 concentrations and many species are capable of utilising HCO3- in addition/instead of CO2. Hence under normal conditions, CO2 tends to not be the limiting factor for phytoplankton photosynthesis and growth. 
· Shell-forming organisms may benefit from OAE due to high pH/low CO2 conditions typically being favourable for calcification. It should be noted that because of the consumption of alkalinity, enhanced calcification leads to a reduction in CO2 uptake by the ocean.
· Similar to the impacts discussed for pH, changes in the speciation of dissolved inorganic carbon might result in shifts in the phytoplankton community composition, since phytoplankton species differ in their ability to utilise the different forms of dissolved inorganic carbon. 
Implications: Same as in Section ‎3.2.1.1, i.e. shifts in the composition of the phytoplankton community potentially affecting the marine food web, the efficiency of the oceanic carbon sink as well as the production of climate-active compounds such as dimethylsulfide (Bach et al., 2019; Deppeler & Davidson, 2017; Krumhardt et al., 2022; Riebesell et al., 2017).


Photosynthesis/Growth
Phytoplankton require CO2 inside their cells for photosynthesis and growth, however as discussed above, only about 1% of the dissolved inorganic carbon pool in seawater is available in the form of CO2 i.e. ~ 10 – 15 µM at pH 8.2 (Goldman, 1999; Riebesell et al., 1993). Nonetheless, under current conditions photosynthesis is considered to be limited by light and other nutrient availability, but generally not by CO2 (Goldman, 1999; Sarmiento & Gruber, 2006). This can partly be explained by the fact that phytoplankton species operate carbon concentrating mechanisms (CCMs) to increase the CO2 concentration near the site of CO2 fixation in the cell, and that several species are capable of utilising the more abundant HCO3- by converting it to CO2 (Badger, 1980; Badger & Dean Price, 1994; Burns & Beardall, 1987; Giordano et al., 2005; Goldman, 1999). In addition, Bach et al. (2013) showed for the coccolithophore E. Huxleyi that while calcification itself does not act as a CCM, calcification was inhibited at low CO2 to allow available DIC to be used for photosynthesis. 
Under low CO2 conditions however, phytoplankton growth rates have been shown to be limited by CO2 availability when concentrations fall below ~10 µM (Riebesell et al., 1993), although this limit is likely to be species and pH-condition dependent  (Bach et al., 2019; Faucher et al., 2024; Goldman, 1999; Hansen et al., 2007). Low CO2 conditions can occur naturally for example during phytoplankton blooms, where primary productivity depletes the DIC pool and pH increases to high levels of 9 or above (Codispoti et al., 1982; Hansen, 2002; Hansen et al., 2007; Riebesell et al., 1993). At pH 9 only 0.1 % of the DIC pool (i.e. about 1 µM) is available in the form of CO2. 
Analogous to phytoplankton blooms, Ocean Alkalinity Enhancement and Direct Ocean Carbon Capture have the potential to affect phytoplankton by exposing them to conditions in which CO2 availability becomes the limiting factor for growth, at least until sufficient dilution or re-equilibration with the atmosphere occurs (Bach et al., 2019). Different species of phytoplankton will be more or less tolerant to the changes in DIC-speciation and pH, which might result in species shifts in the phytoplankton community (Bach et al., 2019; Hansen, 2002; Søgaard et al., 2011). 
Calcification
In addition to requiring CO2 for growth, shell-forming phytoplankton species such as coccolithophores require Ca2+ and a form of inorganic carbon for calcification, i.e. calcium carbonate production (Bach, 2015). Inorganic calcification rates are intrinsically linked to the calcium carbonate saturation state (CaCO3) or concentration of carbonate ([CO32-]), and this underpins the relationship seen in organisms such as corals and benthic foraminifera (Bach, 2015; de Putron et al., 2011; Keul et al., 2013; Schneider & Erez, 2006). However, it is not necessary that phytoplankton take up carbonate for calcification, as any form of inorganic carbon can be transformed to CO32-, and some studies found bicarbonate to be the primary source of inorganic carbon for calcification for the phytoplankton E. Huxleyi and a coral species (Bach, 2015; Buitenhuis et al., 1999; Jury et al., 2010). Yet others showed that the ratio of [HCO3-] to [H+] is important for calcification, where [HCO3-] acts as substrate and [H+] as inhibitor in the reaction (Bach, 2015; Bach et al., 2011, 2013; Langer et al., 2006). Low pH (high [H+]) could inhibit calcification in this case, as the transformation of HCO3- to CO32- frees one proton which must be released, and the release of this proton to the ambient seawater might become more difficult as pH decreases. To reconcile some of the apparent dichotomy between the importance of [CO32-] versus the importance of [HCO3-]/[H+], Bach (2015) proved theoretically that at a given temperature, pressure and salinity, calcification rates correlate as well with CaCO3 (or [CO32-]) as they do with [HCO3-]/[H+]. 
Since ocean alkalinity enhancement shifts dissolved inorganic carbon speciation towards more CO32-, as well as increasing the pH, this method could benefit calcifying organisms such as coccolithophores and corals (Albright et al., 2016; Bach et al., 2019). Ferderer et al. (2022) found that enhancing alkalinity using NaOH (i.e. no mineral addition) in a phytoplankton community during a springtime bloom increased the contribution of nanophytoplankton to total phytoplankton community biomass, while decreasing the contribution of microphytoplankton in the period following the bloom. However, multiple factors such as nutrient drawdown during the bloom could have influenced the relative shift in biomass, which complicates the interpretation of the results. In addition, the authors point out that it is unclear how these impacts at the phytoplankton-community level propagate through the marine food web. 
In terms of the impacts of enhanced calcification on the capacity of the surface ocean to remove atmospheric CO2, there are some important points to consider. The formation of one mole of CaCO3 removes two mole equivalents of alkalinity (Wolf-Gladrow et al., 2007). The production and sinking of this CaCO3 is described as the “CaCO3 counter pump”, or alkalinity pump, wherein alkalinity and, to a lesser degree, DIC, from the surface ocean, increase the CO2 partial pressure (Heinze et al., 1991; Riebesell et al., 2009). Particulate CaCO3 may also act as an efficient ballast material which could increase the sinking speed of particulate organic carbon, thus increasing the efficiency of fixed carbon export from the surface ocean, i.e. enhancing the biological carbon pump (Honjo et al., 2008). In most situations the removal of alkalinity by calcification is likely to be the dominant calcification impact, resulting in an increase in surface ocean CO2 partial pressures and a reduction in the capacity of seawater to take up CO2 from the atmosphere.
[bookmark: _Ref188972585][bookmark: _Toc197008781]Addition of elements 
Ocean alkalinity enhancement through dispersal of crushed rocks as well as ocean fertilisation imply adding certain elements to seawater. For OAE, it is most likely that calcium or magnesium oxides or silicates would be used. Calcium and magnesium are naturally abundant in seawater and are important for all organisms. However, the minerals also tend to have trace metal impurities such as iron, chromium or nickel. Iron is considered an essential micro-nutrient whereas chromium is toxic to many organisms. The elements that are most likely to be added via mineral OAE are calcium (Ca), magnesium (Mg), silicon (Si), iron (Fe) and nickel (Ni), and maybe chromium (Cr), molybdenum (Mo) or lead (Pb, Bach et al., 2019). Bach et al. (2019) tentatively state that positive/negative side effects of adding Fe, Si or Ni could be large whereas the side effects of Mg or Ca addition might be small. This logically follows from their relative abundances in natural seawater, which contains high levels of Mg and Ca. 
[bookmark: _Ref185238910][bookmark: _Toc197008782] Impacts on phytoplanktonKey points: 
· Some elements that might be added to the ocean are essential nutrients while others are toxic to organisms  
· The impact depends on the added element and phytoplankton species: some species utilise nickel as nutrient while it is toxic to others, and some species benefit more than others from some minerals (e.g. diatoms for silicate, calcifiers for calcium)
Potential implications: Shifts in the phytoplankton species community (same as in Section ‎3.2.1.1), as well as potential bioaccumulation of toxic elements in the food chain (Bach et al., 2019)



Calcium/Magnesium
Both calcium and magnesium are naturally present in seawater in high concentrations (approximately 10 and 52 mM, respectively). Small scale addition of magnesium and calcium rich minerals is unlikely to change seawater magnesium and calcium concentrations significantly after the water has undergone minimal dilution. Very large-scale magnesium and calcium addition could however significantly impact local seawater magnesium and calcium concentrations, as can significant increases in pH leading to rapid CaCO3 or Mg(OH)2 precipitation.
Calcifying phytoplankton species require calcium for the formation of calcite while magnesium is known as inhibitor of inorganic calcite precipitation (Bach et al., 2019; Davis et al., 2000). In addition, high concentrations of calcium in the cell are harmful for organisms, hence a regulating mechanism is required which comes at a high metabolic cost, whereas high concentrations of magnesium are important for several cellular functions and enzymes (Case et al., 2007; Romani, 2011).  
It has been hypothesised that using minerals containing calcium for OAE might disproportionately benefit calcifiers such as coccolithophores, whereas minerals containing silicon might benefit silicifiers such as diatoms (Bach et al., 2019). Stanley et al. (2005) found that higher absolute concentrations of calcium are favourable for growth in the coccolithophores Pleurochrysis carterae and Coccolithus neohelis, and that lowering the Mg/Ca ratio in seawater enhances growth for the coccolithophores P. carterae, C. neohelis and Ochrosphaera neopolitana. The authors concluded that the high Mg/Ca ratio and low absolute concentrations of Ca in modern seawater are disadvantageous to most coccolithophore species (except for the ubiquitous E. Huxleyi) and confine them to nutrient-poor waters, whereas low Mg/Ca and high Ca during the Cretaceous would have allowed coccolithophores to produce large amounts of chalk deposits. 
Somewhat in contrast to the hypothesis stated above, Gately et al. (2023) find that neither the coccolithophore E. Huxleyi nor the diatom Chaetoceros sp. were significantly affected by “limestone-inspired” OAE (Na2CO3 + CaCl2H4O2). However, the pH changes during the experiment were small and the authors also note that other coccolithophore species might respond differently. It is worth noting that E. Huxleyi is very efficient at pumping Ca2+ and reaches calcium saturation at concentrations close to those found in modern seawater (Nimer et al., 1996). However, the shifts in seawater carbonate chemistry associated with OAE might still be expected to negatively affect E. Huxleyi due to CO2 limitation before equilibration with the atmosphere (Faucher et al., 2024).  
Silica
Silicifying phytoplankton species such as diatoms require dissolved silicate to form their frustules. As mentioned above, Si containing minerals might thus be expected to benefit silicifying phytoplankton (Bach et al., 2019). Li et al. (2024) provided support for this hypothesis by showing that olivine dissolution ((Mg, Fe)2SiO4) was beneficial to the highly calcifying diatom species Thalassiosira pseudonana. 
As discussed in Section ‎3.2.2.1, OAE has been hypothesised to shift seawater carbonate chemistry towards more favourable conditions for calcifiers. Due to the drawbacks of enhanced calcification (see Section ‎3.2.2.1) i.e. CO2 release and alkalinity removal, both of which are absent for silicifiers whilst these – like calcifiers – also provide ballast material, Bach et al. (2019) speculate that OAE through silicate-based minerals might be preferable from a CO2 sequestration viewpoint, but further studies are required. 
Iron
Iron is used as co-factor in many enzymes which are important for cell processes such as photosynthesis and nitrogen fixation (Tagliabue et al., 2017). Only very small amounts of iron are required compared to the macronutrients nitrogen, phosphorous and carbon, but iron is generally not readily available to marine organisms as it oxidises from its soluble form Fe(II) to Fe(III) which readily forms insoluble oxides and hydroxides that can precipitate out of solution (Bury et al., 2011). Hence, for ocean fertilisation experiments, iron is generally added as ferrous sulphate in an acidic solution (Williamson et al., 2012). It has been shown in several field trials that iron fertilisation can trigger phytoplankton blooms (Boyd et al., 2007). It must be expected that iron fertilisation is going to lead to shifts in the phytoplankton community, potentially also triggering blooms of harmful algae (Bach et al., 2019; Williamson et al., 2012). 
Natural deposition of iron through volcanic ash has been observed to enhance primary productivity (Achterberg et al., 2013). However, a modelling study by Rogan et al. (2016) showed that due to scavenging of dissolved iron by the ash particles, the enhancement of biological activity was suppressed during this event, compared to if the deposition had occurred into an iron-limited system when dissolution of additional iron would have outweighed scavenging. This implies that addition of iron via mineral OAE could have a fertilising effect when deposited into an iron-limited system, but less so in a non-iron limited system due to scavenging of dissolved iron by the added mineral particles (Bach et al., 2019). 
Nickel
Like iron, nickel is also used as co-factor in some enzymes, but whether nickel is fertilising or toxic depends strongly on the concentration and species (Bach et al., 2019). Some organisms require nickel for the enzyme urease, and nickel is considered a co-limiting nutrient for urea assimilation (Dupont et al., 2010; Morel et al., 2003; Saito et al., 2008). The concentration of nickel in the open ocean ranges from 0.2 – 2 ug/L with higher concentrations of up to 250 ug/L observed in coastal regions (Blewett & Leonard, 2017). Cyanobacteria are typically more tolerant to higher nickel concentrations with nickel limitation having been observed (Dupont et al., 2010), whereas nickel is toxic to some diatoms, dinoflagellates and other microalgae (Bach et al., 2019). The addition of nickel through olivine-based OAE could increase dissolved nickel concentrations by a few orders of magnitude, i.e. to levels that are toxic to several organisms. Once diluted, there may be a fertilising effect for cyanobacteria, while levels might remain harmful to the more sensitive species of microalgae, potentially leading to shifts in the phytoplankton community composition towards cyanobacteria (Bach et al., 2019). 
Chromium 
There is no known use of chromium to algae and the element is generally toxic at high concentrations, albeit the tolerance depends on the phytoplankton species: for example, chromium has been shown to inhibit growth of the coccolithophore E. Huxleyi at concentrations  600mg/L Cr(VI) whereas the diatom T. Pseudonana was affected at concentrations  1000 mg/L, with concentrations in the open-ocean typically being around 125 ng/L (Wilson et al., 2019). Chromium is taken up in the form of Cr(VI) and reduced to Cr(III) within the cell, producing reactive oxygen species which are harmful to DNA and inhibit cell division, and chromium also negatively impacts the cells’ photosynthetic capability (Wilson et al., 2019). Cr(VI) is considered toxic to all forms of life (Appenroth et al., 2001)
[bookmark: _Toc197008783] Impacts on fish Key points: 
· Chromium gets taken up in the form of Cr(VI) and is reduced to Cr(III) internally
· Iron is a nutrient but can also cause respiratory issues 
Potential implications: Exposure of fish to metals can be lethal but some e.g. iron are also an essential micronutrient. 



Iron
Iron is an essential micronutrient for fish, but it becomes toxic at high concentrations (Bury et al., 2011; Bury & Grosell, 2003). As a nutrient, iron is more readily transported across the apical membrane of gills and intestine as Fe2+ compared to Fe3+ (Bury et al., 2001), but iron rapidly oxidises to Fe3+ in seawater in a matter of minutes (Gunnars et al., 2002). Bury & Grosell (2003) hypothesised that due to the chemical properties of iron in seawater, marine teleost fish take up most of their iron through their diet via the intestine rather than directly from the water. On a cellular level, Fe2+ can react with hydrogen peroxide (H2O2) to form the harmful hydroxyl radical (Bury & Grosell, 2003). In addition, Dalzell & Macfarlane (1999) showed that exposure of freshwater brown trout to high levels of Fe3+ (to mimic commercial Fe slurry used to treat algal blooms) caused accumulation of Fe oxide deposits on the gills which was subsequently lethal due to respiratory failure. However, without any experimental evidence it is difficult to know whether an increase in seawater pH at normal concentrations of total Fe in coastal seawater would result in a sufficient increase in toxic Fe species to cause toxicity in marine fish.
Chromium
Chromium is relatively non-toxic compared to most other metals (Reid, 2011). Although it can be taken up by fish the mechanism of uptake via the gills is not yet understood, and there is little evidence to support bioaccumulation in fish when exposed to environmentally relevant levels, although increases in gill, liver and kidney have been reported (Holdway, 1988; Knoll & Fromm, 1960; Reid, 2011). Damage to gills, stomach and kidney has been observed as a result of acute Cr(VI) exposure (Van Der Putte et al., 1981). In contrast to other toxic metals which typically accumulate on the gills and cause damage there, chromium accumulates internally and thus the toxic effects of chromium occur there too (Holdway, 1988). Chronic/sublethal exposure to chromium negatively impacts respiratory activity, enzyme activity and various blood parameters, as well as fish behaviour (Holdway, 1988; Kamila et al., 2023). 
Other
In a mesocosm study of fish larvae and young juveniles of temperate coastal species including Atlantic herring and cod, Goldenberg et al. (2024) found no negative impacts due to silicate addition and alkalinity enhancement on the survival and growth rate of the fish. 
In freshwater fish, nickel exposure has negative impacts on ionoregulation and respiration as well as enhanced oxidative stress, however in marine fish there is currently no evidence for significant nickel toxicity to ionoregulation and respiration, and inconclusive evidence regarding oxidative stress (see Blewett & Leonard, 2017 and refs therein). 
[bookmark: _Toc197008784] Impacts on seaweed  Key points: 
· Seaweed is viewed as efficient absorber/adsorber of heavy metals 
· Chromium has been shown to reduce photosynthesis
· Iron is likely a limiting nutrient for open-ocean macroalgae cultivation, or intensive and extensive cultivation closer to shore
Potential implications: Negative impacts on photosynthesis will reduce efficiency of carbon uptake by macroalgae, and potential nutrient limitations should be considered when assessing sites for macroalgae cultivation (Paine et al., 2023). 



Macroalgae are considered to be very efficient at taking up heavy metals, with potentially negative effects on the algae or those who consume them (Figueira et al., 2000; Wood et al., 2017). Chromium exposure has been shown to reduce photosynthesis in seven macroalgae species (A. nodosum, F. vesiculosus, C. rupestris, U. intestinalis, C. crispus, P. lanosa, and P. palmata) at concentrations of 10 mmol/l (Baumann et al., 2009). Baumann et al. (2009) reported that chromium was accumulated most strongly by the red algae P. lanosa and the green algae U. intestinalis at 1 mmol/l, and most strongly by the red algae C. crispus at 10 mmol/l. 
Paine et al. (2023) studied the impact of iron limitation on the giant kelp species Macrocystis perifera. At dissolved inorganic Fe(III) concentrations  20.2 nM the kelp displayed tissue degradation and fragmentation, and mortality, whereas for concentrations  45.2nM the algae were healthy. The authors find that in open-ocean waters, dissolved inorganic Fe(III) concentrations are at least 1000-fold lower than required for healthy growth. Thus, iron is likely to be a limiting nutrient in open waters and offshore seaweed aquaculture may require iron fertilisation. 
[bookmark: _Ref188261955][bookmark: _Ref188972503][bookmark: _Toc197008785]Ocean deoxygenation and deep-sea acidification
Key points: 
· Ocean deoxygenation is already occurring due to climate change and eutrophication, and modelling studies suggest that iron fertilisation, artificial upwelling and macroalgae cultivation could lead to a further reduction in dissolved oxygen, at least in some regions 
· Deep-sea acidification might be the result of direct CO2 injection, but also due to enhanced carbon sequestration via the biological pump 
· Deep-sea organisms are adapted to extreme but stable conditions and might be particularly sensitive to pH/CO2 changes
Potential implications: Deoxygenation can result in mortality and emissions of more potent greenhouse gases like N2O, while deep-sea acidification poses a threat to organisms that have adapted to this historically rather stable environment (Diaz & Rosenberg, 2008; Oschlies et al. 2010a; Williamson et al., 2012)


Ocean deoxygenation
Concentrations of oxygen in the ocean have been decreasing and are projected to further decrease with global warming, partly due to changes in oxygen saturation in warmer waters and ocean circulation and stratification of the water column, as well as faster metabolic and biotic respiration rates at higher temperatures (Cooley et al., 2021; Oschlies et al., 2018). In addition, eutrophication reduces the concentration of dissolved oxygen in the water column, particularly at depth as additional organic matter is respired, creating so-called “dead-zones” in coastal oceans (Diaz & Rosenberg, 2008) and oxygen minimum zones in the deeper ocean. 
Decreasing oxygen concentrations in the ocean can be expected to negatively impact marine organisms, particularly fish (Gray et al., 2002). Some organisms populate the permanent low-oxygen zones of the world’s oceans and have adapted to survive in these conditions, mostly by efficiently extracting the little oxygen that is available from the seawater (Childress & Seibel, 1998). In regions where oxygen levels vary over time, organisms tend to be much less efficient at extracting O2 from the water, but some can resort to anaerobiosis to survive periods of low oxygen (Childress & Seibel, 1998). However, mass mortality of benthic organisms has been observed when oxygen levels drop below 0.5 ml/l (Diaz & Rosenberg, 1995). 
Marine carbon dioxide removal techniques that essentially aim to enhance primary production and carbon export to depth carry the risk of regionally reducing oxygen concentrations due to remineralisation of additional organic matter. Modelling studies have shown deoxygenation of ocean regions for iron fertilisation, artificial upwelling and open-ocean macroalgae cultivation (Keller et al., 2014; Oschlies et al., 2010a; Wu et al., 2023). For large scale iron fertilisation of the Southern Ocean, local oxygen levels decreased while remote levels increased in the tropics, far away from the fertilised area (Keller et al., 2014; Oschlies et al., 2010a). In the case of open-ocean macroalgae cultivation and sinking, the formation of new oxygen minimum zones (OMZs) at depth occurred while mid-layer OMZs were reduced in size (Wu et al., 2023). This was due to less organic matter being available for remineralisation in the surface ocean due to nutrient competition between phytoplankton and macroalgae (see also Section ‎3.3.1), and because the macroalgae were assumed to rapidly sink to the ocean bottom with no remineralisation occurring during sinking. 
Potential risks associated with locally increasing oxygen minimum zones include the production of more potent greenhouse gases such as methane and nitrous oxide (Oschlies et al., 2010a; Smetacek & Naqvi, 2008; Williamson et al., 2012) with a roughly 27-fold and 270-fold global warming potential, respectively, compared to CO2 on a 100-year timescale (Forster et al., 2021). These gases are formed as a result of anoxic respiration. If OMZs increase at depth, the risk associated with CH4 is assumed to be smaller, as it can be utilised by microbes within the water column and is thus typically converted to CO2 before outgassing to the atmosphere (Naqvi et al., 2010; Smetacek & Naqvi, 2008; Williamson et al., 2012). Hence, oceanic methane emissions are relatively small compared to other emissions sources, whereas the ocean is a considerable source of N2O to the atmosphere contributing roughly one third of the natural emissions (Canadell et al., 2021; Naqvi et al., 2010). Suboxic ocean regions in particular are a significant source of N2O to the atmosphere, potentially contributing as much as 50% of the oceanic N2O emissions although this estimate is uncertain (Canadell et al., 2021; Naqvi et al., 2010). Enhancing primary productivity in these regions or the creation of new low-oxygen regions would be expected to exacerbate this, offsetting some of the potential climate benefits from CO2 removal (Naqvi et al., 2010; Williamson et al., 2012). 
Deep-sea acidification
Another issue related to some mCDR technologies is that enhanced drawdown of CO2 into the deep ocean would lead to acidification at depth (Cao & Caldeira, 2010; Denman, 2008; Oschlies et al., 2010a; Williamson et al., 2012). The publications listed here discuss deep-sea acidification in the context of ocean iron fertilisation, but other methods that enhance the biological pump (i.e. artificial upwelling and macroalgae cultivation and sinking) could also be expected to result in acidification of the deep sea. In addition, injecting CO2 into the ocean at depth would also lead to pH decreases there (Seibel & Walsh, 2001).  
Deep-sea organisms are considered particularly sensitive to pH/CO2 changes as they have adapted to living in extreme but very stable conditions (Childress & Seibel, 1998; Seibel & Walsh, 2001; Williamson & Gattuso, 2022). The saturation state of calcium carbonate minerals also decreases with depth, meaning that organisms are living closer to the thermodynamic limit of inorganic calcium carbonate mineral formation. Experiments have shown that short-term (1 week) exposure of the deep-sea coral species Lopehlia partusa to elevated CO2 and reduction of 0.1 pH units resulted in a 26% - 29% decline of calcification and net dissolution of CaCO3 (Form & Riebesell, 2012). Exposure to a reduction of 0.3 – 0.5 pH units showed a 30% - 56% reduction in calcification (Maier et al., 2009). Longer-term (6-12 months) experiments suggest that L. partusa is able to acclimate to the acidified conditions, maintaining calcification but forming weaker structures that are more prone to bioerosion (Form & Riebesell, 2012; Maier et al., 2009). However, adaptation is not possible regarding dissolution of exposed structures, and hence increased calcification might not be enough to maintain deep-sea corals (Hennige et al., 2015). Whether deep-sea corals will be able to survive in a changing climate is unclear (Hoegh-Guldberg et al., 2017) and an exacerbation of deep-sea acidification via mCDR technologies has the potential to further restrict the habitat of these and other deep-sea calcifiers such as molluscs and crustacea (Williamson et al., 2012). 
[bookmark: _Ref188970066][bookmark: _Ref188972505][bookmark: _Toc197008786]Biological and physical impacts 
[bookmark: _Ref188452149][bookmark: _Toc197008787]Impacts associated with macroalgae cultivationKey points: 
· Macroalgae cultivation might enhance the spread of diseases and non-native species
· Macroalgae and phytoplankton might compete for nutrients (and light, see section ‎3.3.2)
Potential implications: Diseases and non-native species could threaten 
native/wild stocks of macroalgae and result in reduced seaweed species diversity (Campbell et al., 2019; Loureiro et al., 2015; Williams & Smith, 2007; Wood et al., 2017). Nutrient competition could limit phytoplankton species composition (and biomass at high nutrient levels, Fong et al., 1993), with potential consequences for the marine food web (see box in Section ‎3.2.1.1). 



In this section, we will cover some of the environmental impacts associated with macroalgae cultivation and sinking in particular. Comprehensive summaries of potential environmental impacts due to macroalgae cultivation include e.g. Campbell et al. (2019) and Wood et al. (2017). 


Non-native species 
One concern regarding large-scale seaweed farming is the potential introduction and spread of species that are not native to the local marine environment. Seaweed farming has globally contributed to the spread of previously alien species in several ocean regions: a global assessment concluded that the number of introduced species is 277 of which 121 were introduced directly through seaweed aquaculture or indirectly through shellfish aquaculture, and that introduced species typically have negative impacts on native species, e.g. reducing species richness (Williams & Smith, 2007). Historical introductions include for example the brown kelp U. pinnatifida in France and Gracilaria salicornia in Hawaii (Campbell et al., 2019). Seaweed qualities that favour introduction and predominance include for example the ability to grow on ships and oysters/mussels, long survival time out of water, high tolerance to pollutants, certain reproductive modes, and high resistance to grazing (Nyberg & Wallentinus, 2005). The authors ranked several species in terms of these (and other) traits, finding that the ones who are most likely to be successful are C. fragile ssp. tomentosoides, Caulerpa taxifolia and U. pinntifida, all of which are considered “invasive species” (i.e. threaten biodiversity and/or cause economic damage, Campbell et al., 2019). 
Diseases
Another concern is around spread of diseases in farmed seaweed. Reduced genetic diversity increases the vulnerability of farmed stocks, and mitigation of crop loss is often through removal of seedlings and start of a new production cycle which is costly (Loureiro et al., 2015). For some diseases, chemical treatments exist but face practical challenges and are known to reduce crop quality, whereas other diseases have no known treatment (Campbell et al., 2019; Loureiro et al., 2015; Ward et al., 2020). Another potential issue is around infection of native stocks, where diseases could be passed from farmed seaweed to nearby wild stocks and/or due to introduction of non-native pathogens through the seaweed farm (Loureiro et al., 2015; Wood et al., 2017). 
Nutrient competition between farmed macroalgae and other organisms
Seaweed farming can potentially increase competition for nutrients with phytoplankton and with natural stocks of seaweed as well as other plants and organisms (Campbell et al., 2019; Wood et al., 2017). Fong et al. (1993) conducted microcosm experiments with phytoplankton and algal mats (macroalgae and benthic cyanobacteria) and found that in both high and low nutrient conditions the phytoplankton species composition was affected. At high nutrients, phytoplankton biomass was reduced due to the presence of the algal mats, whereas at low nutrients total phytoplankton biomass was unaffected. The authors suggest that when nutrients are low, phytoplankton outcompete macroalgae, whereas the opposite is true at high nutrient concentrations. Macroalgae cannot compete with phytoplankton in terms of nutrient uptake rates at low nutrient concentrations because they have much lower surface area to volume ratios (Fong et al., 1993), but macroalgae have the advantage of being able to resort to utilising already stored nutrients, increasing their resilience to variability in external nutrient supply (Campbell et al., 2019; Fujita, 1985; Hein et al., 1995; Solidoro et al., 1995; Wood et al., 2017). Zhao et al. (2016) observed a higher picoplankton abundance in bivalve aquaculture compared to kelp aquaculture, attributing this mostly to lower grazing pressure. 
In addition, modelling studies have found that phytoplankton net primary production and abundance can be negatively impacted by nutrient competition with macroalgae (Berger et al., 2023; Shi et al., 2011; Wu et al., 2023). Shi et al. (2011) found that phytoplankton abundance was higher in bivalve aquaculture compared to kelp aquaculture during the growth season as bivalves produce dissolved inorganic nitrogen whereas kelp competes with phytoplankton for the nutrient. 
[bookmark: _Ref188453450][bookmark: _Toc197008788]Light and sound in the water column Key points: 
· Enhanced turbidity (increased concentration of suspended particles) negatively impacts light and sound propagation in the water column
· Macroalgae can reduce light availability for organisms living underneath, but can also increase water clarity
· Phytoplankton blooms can be limited by self-shading 
Potential implications: Reduced light and sound propagation can impact fish swimming, feeding and mating behaviour, as well as communication between individuals (Deconto et al., 2022; Hansen et al., 2013; Järvenpää & Lindström, 2004; Macy et al., 1998; Newport et al., 2021; Zanghi & Ioannou, 2024).



Turbidity
Turbidity affects light propagation through the water column. Light plays a fundamental role in fuelling the marine food web, as photosynthesizing organisms depend on it, which in turn get consumed by higher tropic levels (Capuzzo et al., 2015). Low light and/or increased turbidity also directly impact fish feeding behaviour, predator-prey interactions, mating and swimming speeds (Hansen et al., 2013; Järvenpää & Lindström, 2004; Macy et al., 1998; Newport et al., 2021; Zanghi & Ioannou, 2024). In addition, increased turbidity (and reduced concentrations of dissolved oxygen) can negatively impact sound propagation with consequences for communication in cetaceans such as dolphins (Deconto et al., 2022).
The generation of particles for example through secondary precipitation of Mg(OH2) and CaCO3 during ocean alkalinity enhancement can increase turbidity and reduce the efficiency of CO2 removal (Eisaman et al., 2023; Hartmann et al., 2023; Moras et al., 2022; Ringham et al., 2024). Enhancing the production of particulate organic matter (e.g. through ocean fertilisation or artificial upwelling) can also increase particle sedimentation, which can affect seagrass and other sessile organisms like corals (Bainbridge et al., 2018; Brodersen et al., 2017; Weber et al., 2006). 
Light shading 
Fertilisation of the ocean surface leading to enhanced biomass growth there can have negative consequences regarding light shading for sessile organisms underneath. Phytoplankton blooms for example can reduce light availability for macroalgae, seagrass and benthic photosynthesising microorganisms, with potential knock-on effects to higher trophic levels (Okey et al., 2004). Coccolithophore blooms can make the surface ocean more reflective while shading the water column below (Tyrrell et al., 1999). Townsend et al. (1994) found that light limitation due to shading during springtime phytoplankton blooms contributed to an interruption of the bloom into several consecutive pulses. Macroalgae can reduce light availability for phytoplankton (Campbell et al., 2019; Wu et al., 2023) and underlying seagrass (Mvungi et al., 2012) and other benthic organisms, but on the other hand macroalgae can also help improve water quality and mitigate light limitation in some cases (Jiang et al., 2020; Wood et al., 2017). 
[bookmark: _Ref188628836][bookmark: _Toc197008789]Weather and ClimateKey points: 
· Side-effects of some mCDR technologies include cooling of the surface ocean which potentially results in reduced precipitation and enhancement of the land carbon sink, generation of climate-active compounds (DMS, iodine) which could lead to more reflective clouds, and production of more potent greenhouse gases (N2O)
· In the longer term, artificial upwelling might result in more warming than if it was not employed 
Potential implications: While some of these side-effects could (temporarily) lead to a cooling of the Earth’s surface, the potential bounce-back to higher temperatures must be taken into account (Keller et al., 2014; Kwiatkowski et al., 2015; Oschlies et al., 2010b), as well as the impacts of potential decreases in precipitation e.g. on already water-stressed land regions and ecosystems.



The primary aim of all mCDR technologies is to remove CO2 from the atmosphere, thus reducing the anthropogenic greenhouse effect. Aside from this intended effect on the global climate, mCDR technologies have the potential to have unintended effects on weather and climate as well. One aspect has already been covered above, namely the emission of more potent greenhouse gases like N2O (see Section ‎3.2.4).
Artificial upwelling has the potential to cool the surface ocean and lower atmosphere (Keller et al., 2014; Oschlies et al., 2010b). These two modelling studies revealed that large-scale deployment of artificial upwelling could rapidly reduce global-mean surface air temperatures by 0.8°C – 1°C relative to a climate model simulation without artificial upwelling within the first 10 years of deployment. This reduced global precipitation due to reduced evaporation. The reduction in surface temperatures also increased the terrestrial carbon pool, as less carbon was respired by the biosphere at lower temperatures. This means that less CO2 is left in the atmosphere. However, when artificial upwelling was discontinued, the climate system bounced back to temperatures and atmospheric CO2 concentrations higher than in the simulation where no artificial upwelling was employed (Keller et al., 2014; Oschlies et al., 2010b). Kwiatkowski et al. (2015) find that even if artificial upwelling is not discontinued, global mean temperatures begin to exceed temperatures compared to a simulation without artificial upwelling after about 60 years. Artificial upwelling might impact weather patterns, and it has received attention as a potential method to reduce the strength of tropical cyclones, but at least for artificial upwelling targeted at individual events the effectiveness might be questionable (Hlywiak & Nolan, 2022). In addition, benefits of upwelling cold waters for coral reefs during heat stress events have been suggested (Sawall et al., 2020). However, upwelling of cold waters could also have negative impacts for example on nearby aquaculture as organisms tend to be sensitive to temperature changes (Kerrison et al., 2015; MMO, 2019). 
Most of the considered mCDR technologies have the potential to lead to shifts in the species composition of the phytoplankton community. Phytoplankton blooms can impact weather and climate for example by changing the reflectivity of the surface ocean (Frouin & Iacobellis, 2002), or by emitting aerosols or aerosol precursors such as dimethylsulfide (Charlson et al., 1987; Hopkins et al., 2023; Oschlies et al., 2010a), some of which can act as cloud condensation nuclei or ice nucleating particles (Brooks & Thornton, 2018). An increase in cloud condensation nuclei can result in the formation of more cloud droplets, increasing the reflectivity of clouds (Twomey, 1974). Thus, phytoplankton activity has the potential to impact the Earth’s radiative budget, e.g. by increasing cloud albedo (McCoy et al., 2015). The impact of phytoplankton activity on marine clouds and global climate is generally considered to be relatively uncertain and difficult to quantify (Brooks & Thornton, 2018; Mansour et al., 2022). 
Macroalgae can be an intensive source of dimethylsulfide (Burdett et al., 2015; Hopkins et al., 2023). In addition, macroalgae and particularly kelp has been shown to accumulate iodine which is released in response to oxidative stress for example during low tide or harvest (Küpper et al., 2008; Wood et al., 2017). Iodine can act as precursor for cloud condensation nuclei, thus again potentially affecting the Earth’s radiative budget (Küpper et al., 2008; La Barre et al., 2010). Hence, large-scale cultivation and harvesting of macroalgae could have unintended effects on Earth’s climate (Wood et al., 2017), albeit the magnitude of this effect is also uncertain.
[bookmark: _Toc197008790]Summary of environmental impacts
Table 3 and Table 4 summarise the potential environmental impacts of mCDR discussed in this chapter, where the symbols indicate a positive (+), negative (-) or neutral (0) impact. The tables also include tentative, qualitative estimates of the confidence level (low: +/-/0, medium: + +/- -/00, high: + + +/- - -/000) for each impact, albeit these symbols do not indicate severity of the impact. As mentioned throughout this report, several of these impacts are still uncertain and more evidence is needed to increase the confidence level. For example, a large part of the literature on phytoplankton responses to shifts in pH and DIC speciation comes from controlled laboratory studies for selected species, making it challenging to infer the consequences for natural phytoplankton communities. However, an increasing number of mesocosm studies is beginning to address this challenge. Furthermore, most information available in the environmental impacts on fish is for freshwater species and thus there is a lack of knowledge on how mCDR might impact marine species. We discussed the impacts of changes in pH, DIC speciation and mineral addition on phytoplankton, fish and seaweed due to the available literature. The body of knowledge on the impacts of these changes on other organisms is generally less comprehensive. In addition, we found relatively few studies on unintended impacts of mCDR technologies on weather and climate such as shifts in precipitation patterns and cloud reflectivity, as well as on impacts on the deep-sea environment or consequences of increased turbidity for sound propagation in the water column. In addition to further research into the potential impacts of mCDR technologies on the marine environment and weather and climate, environmental monitoring will be important to keep potential negative impacts in check and to assess whether the deployed technology is actually reducing atmospheric greenhouse gas concentrations (monitoring, verification and reporting). 








	
	Ph increase 
(above present-day values of ~ 8.1)
	DIC speciation 
(Low CO2)
	Mineral addition

	Phyto-plankton
	· Photosynthesis/ growth: - - 
	· Photosynthesis/ growth: - - 
· Calcification: +
	· Ca,Si: calcification, silicification: + / 0
· Fe: nutrient: + +
· Ni: nutrient/toxic: + / -
· Cr: toxic: - - - 


	Fish (freshwater)



	· Nitrogen-waste excretion: - - - 
· Ion balance: - - 
· Acid/Base 
balance: - -

	· Acid/Base 
balance: - -
(discussed with pH)

	· Fe: nutrient/respiratory impairment: + / -
· Cr: toxic: - - - 
· Ni, Si: - / 0* 
(*might be neutral for marine fish)


	Seaweed
	· Photosynthesis/ growth: - 
	· Photosynthesis/ 
growth: -
(discussed with pH)
	· Cr: toxic: - - - 


[bookmark: _Ref196994531]Table 3: Summary table of the potential environmental impacts on phytoplankton, fish and seaweed due to changes in seawater chemistry (see Sections ‎3.2.1- ‎3.2.3) and tentative, qualitative estimates of the confidence level of a positive (+), negative (-) or neutral (0) impact, where increasing confidence level is indicated by repeating the same symbol, i.e. +  low confidence, ++ medium confidence, +++ high confidence of positive impacts, and similarly for negative/neutral impacts. It is important to note that pH and DIC speciation often co-vary (except in controlled laboratory experiments), so the impacts are generally difficult to disentangle and should be expected to co-occur. 

	OCEAN DEOXYGENATION/ DEEP-SEA ACIDIFICATION
	SPREAD OF DISEASES, 
NON-NATIVE SPECIES, NUTRIENT COMPETITION
	TURBIDITY, LIGHT/SOUND
	CLIMATE/ WEATHER
	

	Deoxygenation
· Deep-sea/benthic 
organisms: - -
· Production of N2O: - - 
(greenhouse gas à climate)

Deep-sea acidification
· Deep-sea/benthic 
organisms: - -
	Diseases
· Cultured stocks: - -
· Wild stocks: - 

Non-Native Sp.
· Impacts on wild stocks: - -

Nutrients
· Competition with other primary producers: - - 

	Light limitation
· Photosynthesis/growth (phytoplankton, seaweed, seagrass): - - 

Turbidity
· Changes in fish swimming, predation and mating behaviour: - - / +*
(*prey-fish might benefit from negative impacts on predators, mating was less selective)
· Sound propagation: -
	Surface ocean cooling via AU
· Precipitation, Hurricanes: 
+ / -
· Heat-stressed corals: +
· Nearby aqua-culture: -
· Terrestrial carbon sink: +

Iodine, DMS
· Reflectivity of clouds: + (?)

	


[bookmark: _Ref189129346][bookmark: _Ref196294742]Table 4: Summary table of potential environmental impacts due to ocean deoxygenation/deep-sea acidification (see Section ‎3.2.4) and biological/physical impacts (see Section ‎3.3) with pos./neg. impacts and confidence levels expressed as in Table 3.
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