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ARTICLE INFO ABSTRACT

Keywords: Negative emission technologies (NETs) are considered essential to keep global warming below 2 °C. Situating
Carbon dioxide removal (CDR) wind-powered carbon dioxide removal (CDR) devices offshore and injecting carbon dioxide (CO2) into deep-
Offshore wind

water sub-seafloor basalt aquifers has the potential to offer large CO2 removal capacity. It also avoids land and
water-use competition and provides additional low-risk protections against post-injection leakage compared to
terrestrial CO2 storage. This paper seeks to identify locations where offshore wind and potential basalt storage
locations exist within close proximity to one another around the globe. A global mean wind power density map
at 150 m height was computed using 30 years (1986-2016) of ERAS5 hourly wind speed reanalysis data. Offshore
regions with mean wind speed greater than 8 m/s were identified. Offshore regions with basalt aquifers along
seismic or aseismic ridges which provide potential CO2 storage sites were identified and selected based on sed-
iment thickness, age, and distance from plate boundaries. Four scenarios were constructed to capture a range
of constraints with implications for technical, economic and regulatory difficulties. For each scenario, eligible
regions for CO2 injection were filled by regularly spaced grid points and the distance to the nearest eligible
wind resource was calculated for each point to identify the most promising configurations. Total available stor-
age capacity within reach of wind resources was estimated to be between 4,300Gt and 196,000Gt depending
on both uncertainties in porosity and other imposed constraints; even the most conservative estimates represent
enormous capacity compared to global targets for negative emissions technologies. Typically, the best areas were
found close to the poles due to the greater prevalence of good wind resources in those areas. Site-specific proper-
ties such as water depth and distance from shore are computed for the identified locations in order to characterize
the conditions in which such locations are typically found.

Carbon capture and storage (CCS)
Negative emissions technology (NET)
Basalt

received considerable attention. However, due to their substantial en-
ergy requirements, the carbon dioxide removal efficiency of many such

1. Introduction

1.1. Coupling offshore-wind, direct air or ocean capture, and ocean basalt
storage

As global emissions reductions fail to keep pace with emissions tar-
gets, Negative Emissions Technologies (NETs) are gaining increasing at-
tention (Intergovernmental Panel on Climate Change, 2023). For exam-
ple, the International Panel for Climate Change Sixth Assessment Report
estimated that to limit warning to two degrees Celsius or below, 168-
763 Gt of bio-energy carbon capture and storage (BECCS) and 0-339Gt
CO2 of direct air capture with storage (DACCS) would be required, both
of which require geological storage of CO2 (Pathak et al., 2022). While
there are many proposed NETs, each with their own strengths and weak-
nesses (Rueda et al., 2021), direct air and ocean capture devices have
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devices is strongly influenced by the carbon intensity of their power
source (Madhu et al., 2021). Therefore, in order for these devices to pro-
vide efficient carbon dioxide removal (CDR) on a climate-relevant scale,
large quanties of clean power will be essential. Offshore wind has vast
unused potential that could be used for this purpose. For example, Ishaq
and Crawford showed that it was possible to meet direct air capture en-
ergy demands for 11 Gt/year of CO2 removal using between 5.3 and
5.6 % of the world’s offshore wind technical potential (Ishaq and Craw-
ford, 2022). In order for such a system to provide negative emissions,
long term carbon dioxide storage is also required. This would ideally be
located in proximity to the power source and capture devices in order
to reduce transport costs. Injecting carbon dioxide into subsea basalt
has been proposed as a means of permanent CO2 storage that benefits
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from multiple trapping mechanisms to support storage security: lower
permeability sediment which provides stratigraphic trapping, geochem-
ical trapping due to reaction with basalt, and properties of CO2 at depth
which should help it to stay underwater (Goldberg et al., 2008). Poten-
tial storage capacity in basalt is more plentiful offshore than onshore
(Oelkers et al., 2023). Goldberg and Slagle (2009) showed that vast
storage potential existed in multiple offshore areas around the world.
This paper therefore considers offshore wind-powered carbon dioxide
removal coupled with ocean basalt storage. It draws inspiration from
a concept for on-shore wind with direct air capture and ocean basalt
storage which was proposed by Goldberg et al. (2023, 2013). Such a
system would have multiple advantages. Direct air capture is not lim-
ited by land or feedstock availability in the same way as BECCS or re-
forestation approaches (Fuss et al., 2018). If using direct ocean capture
(DOC) devices, the system would be naturally co-located with the re-
quired seawater feedstock. The system could be placed far enough off-
shore to use the vast renewable energy resources which are unlikely to
be financially viable for land-based electrification and decarbonization
efforts. The use of offshore wind turbines could provide a co-located
low-carbon energy source to support efficient net CO2 removal by the
system and obviate the transmission limitations of grid-connected off-
shore turbines. Offshore wind continues to enjoy cost reductions and
is among the most globally scalable and deployable energy generation
sources. It also eradicates concerns residents may have with installations
nearby to their locations (so-called ‘Not-In-My-Back-Yard’ issues). Con-
sequently, a CDR concept using wind-powered carbon dioxide removal
coupled with ocean basalt storage would have many advantages that
support rapid deployment to a climate-relevant scale.

1.2. Technological development to date

Offshore wind already boasts more than S0GW of installed capacity
(Musial et al., 2022), but most installations are limited to water depths
of 200 m or less (Edwards et al., 2023). Considerable development has
already been undertaken for both DAC and offshore basalt storage tech-
nologies. Leading DAC technologies typically use solid sorbents or aque-
ous solvents to capture CO2 (Wilcox et al., 2021). For example, Clime-
works built its first solid sorbent demonstration plant in 2011 and com-
missioned its first commercial DAC plant, which captured approximately
900 t/year of CO2, in 2017 (Gutknecht et al., 2018). Project Orca, cap-
turing approximately 4kt/year of CO2 using solid sorbent technology
and injecting it into onshore basalt, commenced operation in Septem-
ber 2021 (Climeworks, 2021). Keith et al. (2018) have designed and pro-
vided cost estimates for a 1 Mt/year liquid solvent based capture plant.
They also reported on the performance of a pilot plant, and construction
of a large-scale plant capturing approximately 0.5 Mt/year commenced
in 2022 (Carbon Engineering, 2023). At the time of writing, the IEA cur-
rently tracks 13.6Mt/year direct air capture projects that are planned
to commence operation by 2030 (IEA, 2023). However, offshore direct
air capture is currently limited to academic study (Foxall et al., 2023a,
2023b; Ishaq and Crawford, 2022; Nawaz et al., 2023; Nawaz and Satter-
field, 2024; Satterfield et al., 2023; Shehzad et al., 2023; Webster et al.,
2024). Foxall et al. considered prospects for direct air capture onboard
floating wind turbines (Foxall, 2023; Foxall et al., 2023a, 2023b). Al-
though susceptible to performance reductions from airborne salt parti-
cles, they concluded that solid sorbent systems were more suitable for
offshore implementation than liquid solvent systems. Multiple barriers
to offshore implementation of liquid solvent systems were identified, in-
cluding large unit sizes, sensitivity to dynamic motion, and transporta-
tion limitations on feedstock and waste products. In addition to direct
air capture, there are multiple technologies under development for di-
rect ocean capture (DOC), which capture carbon dioxide from seawater
to release a pure stream of CO2 for downstream utilisation or storage
(Digdaya et al., 2020; Eisaman et al., 2018; Hornbostel et al., 2022;
Kim et al., 2023; Rivero et al., 2023); of these, Captura’s technology
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is the most developed with plans for two pilot sites (Captura, 2023a,
2023b), both of which take place on the shoreline rather than offshore.

When it comes to storage, The Carbfix project (Clark et al.,
2020; Matter et al., 2016, 2009; Pogge von Strandmann et al., 2019;
Sigftisson et al., 2018) and the Wallula project (White et al., 2020)
have both demonstrated CO, storage with mineralization in basalt on-
shore. The Mammoth project, under construction at the time of writ-
ing, combines direct-air-capture and injection into onshore basalt stor-
age and has a target capacity of 36kt/year (Carbfix, 2022). There
are existing offshore CO2 storage projects injecting into depleted gas
fields (Chadwick and Eiken, 2013) and saline aquifers under the seabed
(Tanaka et al., 2017), with multiple offshore carbon capture and stor-
age projects currently at the planning stage (Luo et al., 2023). For ex-
ample, Norway continues to progress this technology on a large scale;
the first phase of the Longship project plans to be operational in 2024
with a storage capacity of 1.5 Mt/year (Northern Lights, 2023). Al-
though no commercial projects currently inject into ocean basalt off-
shore, the Cascadia CarbonSAFE project completed a pre-feasibility
study on storing 2.5 Mt/y (million tonnes per year) of carbon dioxide in
an ocean basalt reservoir off the coast of Washington State and British
Columba (Goldberg et al., 2018a). A range of scientific studies further
support the use of offshore basalt for CO, storage (Awolayo et al., 2022;
Ekpo Johnson et al., 2023; Goldberg et al., 2008; Nelson et al., 2022;
Rosengqvist et al., 2023; Slagle and Goldberg, 2011; Tutolo et al., 2021).

1.3. Global mapping

Areas with potential for ocean basalt storage have been mapped in
the past (Goldberg and Slagle, 2009; Marieni et al., 2013; Pilorgé et al.,
2021; Planke et al., 2021; Snabjornsdottir et al., 2020) and estimates of
their capacities undertaken (Goldberg and Slagle, 2009; Marieni et al.,
2013; Snaebjornsdéttir et al., 2014). Pilorgé et al. (2021) mapped ar-
eas where wind power and global basalt rocks were directly co-located.
However, they did not assess storage capacities, nor allow for wind re-
sources that are located within proximity of injection sites. In addition,
to the best of our knowledge, little is known about the site conditions
at which subsea basalt locations are found. Particularly since younger
basalt (which is likely to be porous and permeable) is often found close
to plate boundaries far from shore, site conditions such as extreme wa-
ter depths may pose a real barrier to project implementation. In all
cases, site conditions have implications for the quantity and type of
infrastructure that needs to be deployed to implement a CO2 storage
project, which ultimately impacts economic competitiveness. Therefore,
site conditions must be well characterized to situate projects most effec-
tively and to inform engineering design efforts. This paper therefore
identifies priority locations where an offshore wind powered carbon
dioxide capture with ocean basalt storage system could be incremen-
tally situated around the globe. We then assess potential storage capac-
ities of such areas to determine if they are significant enough to make
meaningful contributions towards NETs being able to operate at the Gt
scale. First global areas which would be suitable for ocean basalt storage
(Section 2.1) and offshore wind farms (Section 2.2) are mapped. Loca-
tions of major ports are also mapped (Section 2.3) to determine whether
storage locations are closer to wind resources for powering capture or to
ports which might be used for CO2 transport from point source capture
locations onshore. Ports would also be required to support deployment
and servicing of the offshore assets. Multiple scenarios are constructed,
imposing constraints which imply differing levels of difficulty from a
technological or regulatory standpoint (Section 2.4). The distances be-
tween suitable storage locations, wind resources, shorelines, and ports
are then calculated (Section 2.5) and the total storage capacities associ-
ated with different sets of constraints are estimated (Section 2.5). This
allows the sensitivity of global capacity estimates to differing constraints
to be assessed (Section 3.1), and the most promising areas to be iden-
tified (Section 3.2). These results are then discussed in the context of
financial and technological uncertainties (Sections 4.1-4.3).
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2. Methods

This analysis seeks to identify locations with high-level potential for
the proposed concept using an approach that is simple enough to be
applied at a global scale and relevant to many different technological
implementations. To determine the suitability for ocean basalt storage,
constraints are imposed for basalt age and formation mechanism, sedi-
ment thickness, and distance from plate boundaries (Goldberg and Sla-
gle, 2009). The constraints for offshore wind focused on wind energy
potential, determined based on mean wind speed from global reanaly-
sis data. This allows for wind potential to be assessed at a global level
without being conditional on the power curve of a particular turbine.
For constraints that have been proposed which may not be necessary,
such as injecting in locations with very deep water to provide additional
security through gravity trapping, separate scenarios were constructed
with different combinations of optional constraints to provide a range
of estimates. Since the maximum distance between wind resources and
injection location that would be considered viable for project implemen-
tation depend on many different factors, no single limit was applied.
Rather, the distance to the nearest wind resource was reported for all
injection sites that met the imposed constraints for the given scenario
to allow for a more nuanced discussion. Storage capacity for injection
locations was estimated by considering the area of the injection location
along with reasonable values for reservoir depth and porosity. The val-
ues used within the limits and capacity estimates (e.g. for basalt age and
porosity, mean wind speed) are set conservatively where there is uncer-
tainty around the most appropriate value to use. Nevertheless, it should
be noted that some locations identified using this high-level approach
would likely prove unsuitable for reasons that are outside the scope of
the analysis (such as the presence of seismic activity or a marine pro-
tected area).

2.1. Storage

First the locations which are most likely to have ocean basalt suitable
for storage were identified (Fig. 2a). Previous studies have shown that
ocean ridges caused by seafloor spreading (seismic ridges) typically in-
clude permeable basalt covered by impermeable sediment such that stor-
age is possible (Goldberg et al., 2008). Due to reactions between basalt
and sea water which fill in the pores over time, ridges aged less than 10—
15 million years are sought to preserve sufficient permeability for injec-
tion and storage (Goldberg et al., 2018b; Goldberg and Slagle, 2009).
The age of ocean basalt was taken from a global deep-time plate motion
model published by Miiller et al. (2019). Using GIS, areas with seismic
ridges were identified and restricted to areas with age less than 15 mil-
lion years (see supplementary Fig. 1). Following previous global map-
ping exercises (Goldberg and Slagle, 2009; Snaebjornsdottir et al., 2020),
deep sea basalt formed on the seafloor by intra-plate volcanism (oth-
erwise known as aseismic regions or Large Igneous Provinces) are also
included without an age restriction. This is based on their proposed suit-
ability for storage due to the high permeability and porosity of the lava
flow, and the presence of interbedded low-permeability layers which
may act as seals until mineralization has occurred (McGrail et al., 2006).
There is less available information from drilling in offshore flood basalts
(Coffin et al., 2006), but modelling efforts informed by onshore regions
have been used to infer the presence of promising aseismic offshore se-
quences for CO2 storage (Rosenqvist et al., 2023). Areas with large ig-
neous provinces were identified using data from Coffin et al. (2006) (see
supplementary Fig. 2).

However, ocean basalt areas may still be unsuitable for storage.
Firstly, injection sites need to avoid areas of natural outflow zones which
typically occur at plate boundaries (Goldberg and Slagle, 2009). This
was accounted for by adding a 20 km buffer around plate boundaries.
As an indicative example, with respect to the Juan da Fuca plate and
using a high estimate of 40 m/year lateral flow rate taken from model-
constrained estimates of zones this would equate to a 500-year buffer
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around potential natural outflow zones (Goldberg et al., 2008). Other
areas would be expected to have different rates of hydrothermal flow;
this is particularly a concern for young ocean crust which is close to
active ridges. Plate boundaries (see supplementary Fig. 3) were incor-
porated by using data from Bird (2003) that was converted to shapefiles
by Hugo Ahlenius. To obtain more accurate distance calculations, the
20 km buffer was applied during a later processing stage using appro-
priate universal transverse mercator (UTM) projection systems for each
area.

Storage locations were also required to have 200 m sediment thick-
ness on top of the igneous rock to act as non-permeable cap rock
(Goldberg and Slagle, 2009). This was assessed using the GlobSed 5-
arc-minute total sediment thickness grid (Straume et al., 2019). Using
GIS, thickness data was filtered to identify areas that meet the limit
(see supplementary Fig. 4). Because wells must pass through the exist-
ing sediment to reach the basalt, which implies an impact on well cost
arising from differences in sediment thickness, the sediment thickness
for each site was recorded for each area. In addition, there is a benefit
to injecting the carbon dioxide below 2700 m water depth; at this depth
the CO2 is typically heavier than water (depending on the temperature
and pressure) so this may provide an additional trapping mechanism
(Goldberg and Slagle, 2009). Water depth was obtained from the Global
Multi-Resolution Topography (GMRT) Synthesis digital elevation model
(Ryan et al., 2009) . Using GIS, water depth data was filtered to identify
areas that meet the limit (see supplementary Fig. 5). This constraint was
considered optional, since it is an additional failsafe that may not be re-
quired. Lastly, exclusive economic zones (EEZs, i.e. areas of the sea over
which sovereign states have exclusive rights, generally extending 200
nautical miles from their shores) were identified using a dataset from
the Flanders Marine Institute (Flanders Marine Institute, 2019) in order
to identify which countries may be allowed to inject into any given area
(see supplementary Fig. 6). Regulatory uncertainty may be greater for
areas outside of any exclusive economic zone. This was also considered
an optional constraint. Optional constraints were considered at a later
stage as part of multiple scenarios reflecting different levels of difficulty
(see Section 2.4).

2.2. Wind resources

In order to assess the distance between suitable wind resources
and storage locations, wind speed at 100 m height was taken from
ERA5 hourly reanalysis data at 0.25° resolution from 1986 to 2016
(Hersbach et al., 2018) and translated to 150 m using a power law with
an alpha factor of 0.11. Average wind speeds were then calculated for
each grid point. Particular designs of wind turbines have unique power
curves that relate their power output to wind speed and wind turbines
cannot operate in all conditions (Sohoni et al., 2016). The Vestas V236-
15.0MW wind turbine was used as a reference (Vestas Wind Systems
A/S, 2021); the reported annual energy production for one 15MW tur-
bine is between 60GWh and 90 GWh per year for average annual mean
hub-height wind speeds between 8 m/s and 11 m/s, assuming 100 %
uptime; this implies a capacity factor between 46 and 68 %. Wind data
was filtered to require mean wind speed greater than or equal to 8 m/s.
This is sufficient to identify areas where development may be feasible
but does not guarantee that there is enough wind to power all capture
and storage within an area; to do so would require the application of
power curves with consideration of cut-in and cut-off speeds, and would
ultimately depend on the energy requirements of a full-scale offshore
DAC and injection system which are not presently well understood. Cur-
rently most offshore wind farms operate at an approximate water depth
limit of 200 m or less (Dvorak et al., 2010). There are however projects
such as the Hywind floating platform concept targeting 1000 m depth
(Elsner and Suarez, 2019). Given the large amount of energy that would
likely be needed for direct air capture and the cost of energy transmis-
sion, it is assumed that the DAC device would be situated in proximity
to the wind farm. Therefore, if this concept was implemented in the
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short term it is expected that there would be some CO2 transportation
needed between wind farms and injection locations by ship or pipeline.
No restrictions were set on seabed conditions that would impact an-
chor designs (sand, rock, etc.). No additional restrictions were set on
adding DAC or DOC to any viable wind resource, although some other
site conditions such as distance to ports and shorelines are computed
to understand their potential impacts on maintainability (Section 2.3).
Shape files were created containing areas with viable wind speeds and
water depths less than 200 m, 1000 m and unrestricted respectively (see
supplementary Fig. 7). Because the distance between the centroid of a
wind farm and its injection site would depend on the size of the farm
and its layout, neither of which are specified here, wind farms were
assumed to be sited with their first turbine as close as possible to the
injection sites; the distances between the wind farm and the injection
location reported in later steps should therefore be interpreted as the
distance to the closest turbine, with the locations of additional turbines
left to future work.

2.3. Ports and shorelines

Either industrial point source carbon dioxide capture or land-based
DAC could be used in place of an offshore wind-powered DAC system as
a competing use for ocean basalt storage, in which case marine trans-
port would likely originate from a large port. The locations of large
ports were also obtained to determine whether the storage locations
were closer to viable wind areas or to ports which may allow alternate
usages. The World Port Index 2019 was used to identify major ports
(National Geospatial-Intelligence Agency, 2019). Ports were filtered to
those whose size was classed as ‘Large’ in the WPI index; this classifica-
tion is assigned based on area, facilities, and a variety of other factors.
Port locations can be seen in supplementary Fig. 8. Unlike wind and in-
jection sites, the use of ports is typically allowed between countries (with
some notable exceptions such as the US Jones act). Consequently, when
computing the distance from a storage location to the nearest port, ports
were never constrained to be within the same exclusive economic zone
as the country possessing the injection site. Because proximity to the
shore is a geographical factor that can influence the design and opera-
tion of wind farm and CCS (carbon capture storage) projects, a shapefile
of the shoreline from the North American Cartographic Information So-
ciety (Patterson and Kelso, 2012) was also used to compute distances
between the shoreline and potential sites for both capture and injec-
tion. There are some minor differences between the land masses iden-
tified within the EEZ dataset and shoreline data set, with some small
islands listed in the former and not the latter. However, since the pri-
mary purpose of the shoreline computation is to consider the practical
maintainability of a remote system, whereas the EEZ data set consid-
ers regulatory issues, these differences are considered to be appropriate
within the context of each use case.

2.4. Scenarios

To capture a range of possibilities with respect to technological and
regulatory difficulties, multiple scenarios were constructed. They are
summarized in Table 1. In all cases, injection sites were required to be
in areas with either seismic ridges <15 million years old or aseismic
ridges, and in areas with sediment thickness >200 m, and 20 km or fur-
ther from plate boundaries. All wind areas were required to have annual
mean wind speeds greater than or equal to 8 m/s. The first scenario im-
posed highly restrictive additional requirements, with each subsequent
scenario relaxing some of the constraints.

In Scenario A, wind resources were required to be in areas with less
than 200 m water depth. Both injection sites and wind sites were re-
stricted to be within the same economic exclusive zone, and injection
sites were required to be at water depth greater than 2700 m.

Although the depth constraint provides an additional storage assur-
ance, there are technological challenges associated with operating in
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Table 1
Summary of constraints applied to scenarios.

Scenario

Constraint

Seismic ridge <15 MA or aseismic ridge
Sediment thickness >200m

20 km or further from plate boundaries
Any large port used for comparison to
point-source capture

Wind speeds greater than or equal to 8 m/s at
wind site

Injection and wind in same EEZ

Wind area has water depth <1000m
Wind area has water depth <200m
Injection area has water depth >2700m

LR L R | ¥
E S G G
<L (| ¥

cRRl = === >

* Constraint met implicitly due to a more extreme constraint being ap-

plied.

such deep waters. In Scenario B, injection sites were allowed to be at
any water depth but all other constraints remained the same as Scenario
A.

In Scenario C, wind resources were expanded to include those lo-
cated in 1000 m water depth or less. No water depth limitations were
applied for injection sites but both injection sites and wind sites were
still restricted to be within the same EEZ. When considering the distance
from a storage location to the nearest wind resource compared to that
of the nearest port, the nearest large port was used even if it was in a
different EEZ from the injection site.

In Scenario D all water depth limits were removed for both wind sites
and injection sites. Wind sites still required mean wind speeds greater
than 8 m/s. Both injection sites and wind sites could be anywhere in
the ocean and injection sites could use any wind sites (and any large
port when comparing the distances between storage locations and wind
resources to those between storage locations and the nearest large port).

Since the constraints are progressively relaxed for each scenario, Sce-
nario B holds all of the same area as Scenario A plus additional areas,
Scenario C holds all the same areas as Scenario B plus the possibility of
additional areas, and so on.

2.5. Distances between injection sites, wind resources, ports, and shore

For each scenario, all constraints other than distance to plate bound-
aries were first applied using GIS software (Fig. 1). For scenarios in
which geographic areas were required to be within an EEZ, a label was
added to each shape to indicate the EEZ in which it was found. Outside
of these zones, aseismic ridges retained the name given to them in the
original data set apart from some minor changes to naming and capital-
ization conventions in order to improve readibility. Seismic ridges were
named according to a registry of undersea features if there was an area
at the same geographic location. If not, they were labelled with ‘Other’
and the ocean in which they were found. Areas were split by their label
and processed separately. Each area was first divided into UTM zones
to do distance calculations with minimal projection errors. Antarctica
was excluded from these calculations due to not being within any valid
UTM zone, but areas just outside the UTM zone range were included
using the closest matching UTM zone; this represents a very small pro-
portion of the total area considered. Within each UTM zone, the plate
boundaries were buffered by 20 km and this area was subtracted. A
point grid with 20 km resolution was created within the remaining ar-
eas to represent valid injection locations. The water depth and sediment
thickness at each point was recorded. The injection points were pro-
jected back to a WGS 84 projection system. A ‘distance’ GIS tool was
used to draw lines between each injection point and the nearest edge
of a wind resource area, computing the geodesic distance represented
by each line. This value provides a minimum estimate of the transport
distance if CO2 is captured at the wind farm and sent to the injection
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Distances between injection points
and wind resources

e Injection points

B Land

B Wind resources with <=1000m
water depth

— Plate boundaries

Fig. 1. Example of applying a grid and computing distances from the nearest injection point to the nearest edge of a wind resource area. The injection area shown
is the Juan da Fuca plate in British Columbia, Canada with constraints from Scenario C.

location using a ship or a pipeline. The minimum value was computed
because the required wind area depends on the energy requirements
of the captured process, and therefore the distance to the centre of a
wind resource will change depending on the underlying technological
assumptions. In scenario A,B, and C only wind resource areas from the
same EEZ were used. In scenario D wind resources in any area could
be used. An example of this computation can be seen in Fig. 1 for the
western coast of Canada. The distance between each identified edge of
the wind resource and shore was also calculated by using an ‘endpoint’
GIS process to make a point at the end of each distance line, then using
the distance process again to compute the line between this new end-
point and the vectors deliniating the shoreline. The same distance rou-
tine was used to compute the distances between the original injection
points and the nearest major port; this was used later on to determine
what percentage of the potential storage sites identified were closer to a
large port than a wind resource. Costs for offshore CO2 transport were
estimated from (ZEP, 2011a) (converted to USD using exchange rates
from (Bank of Canada, 2017) and modified for a 2021 basis using the
upstream capital cost index (IHS Markit, 2022) for an overall adjust-
ment of 1.18 2021USD/2011 EURO) in order to estimate the resulting
CO2 transportation cost implied by the resulting distances. The distance
between the original injection points to shore was also computed for in-
formational purposes, because the distance to shore would have impli-
cations for the operation and mainetance of any proposed CO2 storage
project.

2.6. Storage capacities

To estimate total storage capacity the available pore volume was
estimated and then multiplied by the density of CO2. Given that each
grid point was 20 km away from its nearest neighbour on all sides, it
represented a 20 km by 20 km square and therefore 400km2 area. Stor-
age locations were assumed to have 10 % porosity within the basalt
(Goldberg and Slagle, 2009). The porous area was taken to extend be-
tween 20 and 100 m in thickness; the capacity was calculated separately
for 20 m and 100 m to yield a minimum and maximum range. Assuming
that the CO2 is injected in a liquified state (which has a density of ap-
proximately 1 g CO2/m3) and is fixed as CaCO3 (0.36 g C/m3 with two

02 molecules also originating from the CO2 for each molecule of car-
bon (Goldberg and Slagle, 2009)), each porous volume was estimated
to be able to hold ~1 g CO2/m3 (Goldberg and Slagle, 2009). The total
capacity for each scenario was aggregated globally. For Scenarios A to
C, since injection sites and wind sites were required to be in the same
EEZs, injection sites were then filtered to exclude EEZs with no avail-
able wind resources and the remaining capacity calculated. Injection
sites were then filtered again to exclude any areas where a major port is
closer than the nearest wind resource within their respective EEZ (pre-
suming that they may be used for point source or land-based capture)
and the remaining capacity calculated. Being closer to a wind resource
does not necessarily imply that it would be cheaper to use an offshore
system; although CO2 transportation costs would be minimized, the cost
and performance of offshore capture would be different from an onshore
system, for example due to additional costs to equip the capture system
for the more extreme offshore conditions and provide access for ongoing
operations and maintenance. In practice these costs would be difficult
to calculate at a global scale. This calculation is simply indicative of the
proximities involved.

2.7. Additional features of potential storage locations

For each scenario, the available capacity was separated into bins
based on the distance between the wind resource and the storage lo-
cation, and the results displayed for each EEZ (or for the nearest ridge
name for areas outside of an EEZ). Scenario C, a ‘middle of the road’
scenario, was then selected for more detailed analysis:

* Injection locations were colour-coded based on distance to wind re-
sources and plotted (Figs. 2b, 3).

Injection locations were ordered in ascending order of distance to
wind resources and the cumulative capacity was plotted with esti-
mated transportation cost as a secondary axis (Fig. 4a).

Injection locations were ordered by distance to the nearest large port
and plotted with estimated transportation cost as a secondary axis
(Fig. 4b).

For each injection location, the closest location within an area of ac-
ceptable wind resource was identified, i.e. the nearest wind location.
These nearest wind locations were then sorted by their distance to
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B Countries
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Fig. 2. a) Areas within EEZs with water depths less than or equal to 2700 m (Scenario A), injection areas within an EEZ (Scenarios B and C), and injection areas
anywhere around the world (Scenario D). The constraints are progressively relaxed. As a result, Scenario B holds all the same area as Scenario A plus additional
areas which did not meet Scenario A’s constraints, etc. b) Injection locations for scenario C colour coordinated by distance to wind resources.

shore, and a cumulative distribution of distance to shore was com-
puted and plotted (Fig. 5).

« Injection locations were ordered by water depth and plotted
(Fig. 6a).

« Injection locations were ordered by sediment thickness and plotted
(Fig. 6b).

« Injection locations were binned by distance to shore and water
depth. The results were plotted as a heat map (Fig. 7).

3. Results

3.1. Global capacity estimates and sensitivity to technological and
regulatory challenges

The potential injection areas represent vast storage capacities (see
Table 2) ranging from 9900 to 196,000Gt depending on the applied con-
straints. Relaxing the constraints increases the available sequestration
capacity by a factor of approximately 10. The only constraints that made
very little difference was the wind resource water depth between Sce-
nario B (requiring wind resources in water depth less than 200 m) and
Scenario C (requiring wind resources in water depth less than 1000 m).

This implies that currently commercial floating wind technology would
be sufficient in the near term, because most areas with 1000 m depth
wind have at least a small amount of wind resources that is within
200 m.

3.2. Most promising locations and site-specific parameters

Moving from more constrained to less constrained scenarios, there
are approximately 45-80 countries with at least some ocean basalt se-
questration capacity compared to the roughly 230 EEZ within the origi-
nal data set (20-35 %). Scenario A identified locations primarily off the
coast of the United States and around the equator (supplementary Fig.
9), while notable new areas included in Scenario C and D were off the
coast of India, Brazil, and Greenland. While roughly half of the capac-
ity was found in international waters in Scenario D (see Table 2), up to
106,000 GtCO2 of capacity is still available within EEZs which suggests
that it may not be necessary to go outside of EEZs. However, there are
some large areas in the Indian Ocean which look very promising given
their large capacities (see figure supplementary Fig. 12). Considering
the middle-of-the-road scenario, Scenario C, estimated capacity ranged
from 21,000-106,000Gt with roughly half of available injection areas
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Fig. 3. Scenario C largest areas of potential ocean basalt carbon sequestration sites per country and distances to wind resources within the same exclusive economic
zone. The range of storage capacity estimates reflect porous basalt areas that extend between 20 m (lower estimate) and 100 m (higher estimate) . Areas with
minimum capacity < 10Gt were excluded.
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Fig. 4. Cumulative injection capacity (in Teratonnes) meeting constraints of Scenario C, ordered by transport distance to nearest wind resources (a) and nearest
large port (b). Costs for offshore CO2 transport were estimated from ZEP (2011a) and converted to USD using exchange rates from Bank of Canada (2017); the scale
is non-linear due to more efficient use of capital investments and different types of transport over longer distances. The range of storage capacity estimates shown
reflect porous basalt areas that extend between 20 m (lower estimate) and 100 m (higher estimate) below the ocean sediment.

Table 2

Capacity estimates for technological and regulatory challenge scenarios (Gt CO2).

CO2 storage capacity located

CO2 storage capacity closer to

Total potential CO2  within same EEZ as a suitable a wind resource than to a large
Scenario storage capacity wind resource if applicable port
A 9900 - 49,200 4300 - 22,000 3800 - 19,000
B 21,000 - 106,000 12,000 - 62,000 11,000 —55,000
C 21,000 - 106,000 13,000 - 67,000 12,000 - 61,000
D - Inside EEZ 21,000 - 106,000 21,000 - 106,000 20,000 - 98,000

D - Outside EEZ 18,000 — 90,000

18,000 - 90,000

18,000 - 90,000

for each scenario found within the same EEZ as a suitable wind resource
(see Table 2). Most of these areas were also within 1000 km of a suit-
able wind resource (see Fig. 4) and closer to the wind resources than to
any major ports (see Table 2). Typically, the best areas were found far
from the equator due to the greater prevalence of good wind resources
in those areas (see Fig. 2b). Some potential hotspots for deployment
of offshore wind-powered CDR include the east coast of Latin America

(Brazil, Columbia), the west coast of North America (the United States,
Canada), Australasia (Australia, New Zealand) some northern arctic
countries (Iceland, Greenland), and some subantarctic islands (Kergue-
len Island, Head and MacDonald Islands). Thirty EEZ’s alone contained
most of the available capacity (Fig. 3). Twelve of these thirty zones be-
longed to G20 countries, and two to G7 countries (Canada and the US).
However, there are large differences in capacity between countries with
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which contained viable wind resources are included. Note that distances significantly in excess of 321 km (200 nautical miles) are typically areas near small islands
whose shoreline is not included in the shoreline dataset from which significant land masses are derived.
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potential storage locations (see Fig. 3), with the top 10 countries hav-
ing estimated potential of at least 400-2000 Gt compared to less than
20-100Gt for the bottom 10 (and of course many others with none at
all). In scenario C, the majority of injection areas were found within
500 km of wind resources (Fig. 4a), with small numbers of sites being
identified with increasingly long distances. Distance to a large port was
more evenly distributed between 200-4000 km (Fig. 4b). Most of the
wind resources closest to the injection sites were found within 150 km
of shore. Since all locations in Scenario C for both injection and wind
are within an EEZ, they would normally be expected to be within 200
nautical miles (approximately 320 km); the small number of injection
and wind sites outside of this range resulted primarily from small differ-
ences in the EEZ and shoreline data sets (see Section 2.3). Water depths
ranged widely for the injection locations, from very nearly onshore to
greater than 6000 m depth (Fig. 6a). Although sediment thickness can
exceed 14,000 m in rare cases, most sites had sediment thickness of
less than 2000 m (Fig. 6b). Areas that are further from shore are more
likely to be situated in greater water depths (Fig. 7). Partially as a result,
and partially due to the large amount of global potential, areas can be
identified that are both in shallow water and close to shore (Fig. 7); for
example, some of these areas can be found in Brazil, the United States,
and Iceland.

4. Discussion
4.1. Drivers and implications of global capacity estimates

This study identified many of the same areas as shown by Pilorgé
et al. (2021) such as in Brazil and Iceland, but highlights a number of
new areas such as off the coast of Canada and Australia. These differ-
ences likely arise because Pilorgé et al. reported on areas that were di-
rectly co-located between offshore wind and basalt, whereas this study
allowed for a range of distances. The 4,300Gt to 196,000Gt reported
in this study reflects a wider range of values than the 8238 - 41,191Gt
reported by Goldberg and Slagle (2009). This is expected because this
paper uses multiple scenarios, the most conservative of which is more
restrictive than their assumptions (the constraints in Scenario A are simi-
lar to their paper but we consider only areas within an EEZ with offshore
wind availability) and the most relaxed of which is more expansive than
their assumptions (in Scenario D we relax the requirement for deep wa-
ter, and consider the entire globe rather than restricting to particular
areas that they used in their paper). Both studies agree that there is sub-
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stantial potential capacity for carbon dioxide sequestration in subsea
basalt.

The total area available for injection once all constraints are imposed
is much less than the total area containing seismic ridges < 15Ma and
aseismic ridges (see Fig. 2a in comparison to supplementary Figs. 1 and
2). This can be explained partially because most of the original area
consisted of seismic ridges, and the constraints imposed upon seismic
ridges are not independent of one another. For example, fast spreading
ridges like the East Pacific Rise on the left-hand side of supplementary
Fig. 1 naturally create large parallel, adjacent swaths of crust with the
same age resulting in large areas which meet the age constraint. How-
ever, these younger seismic ridge areas with high porosity are less likely
to have high sediment thickness because there has been less time for
sediment to accumulate, so that does not translate into greater injection
areas within this region in Fig. 2a. However, even the most conservative
cumulative estimate of 4,300Gt potential storage is multiple orders of
magnitude greater than that required to support the roughly 10 Gt/year
of negative emissions technologies which is estimated to be required by
2050 and 20 Gt/year required by 2090 (NASEM, 2019). On the other
hand, total cumulative potential capacity is not equivalent to the to-
tal capacity that would meet all requirements for a project in practice.
For this potential capacity to be utilized it must be possible to inject
into it within a reasonable timeframe; this depends on both the per-
meability of the basalt and the number of injection wells which can be
built within a reasonable cost and time. In other offshore carbon cap-
ture and storage projects, it is often expected that multiple areas will
undergo injection tests before a suitable location is found (ZEP, 2011b),
and there is no reason to believe that ocean basalt would be any dif-
ferent. Further requirements that might be expected of an ocean basalt
storage site include confirmation of porosity and permeability via a test
well, a more detailed demonstration of an impermeable sedimentary
cover across a sufficiently wide area with a seismic survey, etc. (see
Alcalde et al. 2021) for a more complete screening process). Further,
the presence of a nearby ‘high quality’ wind resource does not guaran-
tee that enough windy areas exist to power a CDR system that can use
all available storage over a reasonable time period. This is of greatest
concern in Scenario A, since the other scenarios identified very large
areas of potential wind resources (see supplementary Fig. 7). The en-
ergy requirements for carbon dioxide capture vary depending on the
capture method (Digdaya et al., 2020) and are changing rapidly with
the emergence of new electrochemical methods for seawater and direct
air capture (for example, see Kim et al. (2023) and Xu et al. (2023)).
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Conducting a more detailed study on some of the hotspots identified
by this reearch to assess the capacity of both offshore wind and storage
at those locations, in consideration of both present conditions and pre-
dicted climate change impacts, is suggested as future work. Regardless,
the sheer magnitude of candidate locations is very promising, and hav-
ing many areas with high potential storage capacity may make it possi-
ble to prioritize locations which have the best attributes to reduce the
overall cost of the system such as shallow water depth or proximity to
shore.

Due to the uneven distribution of potentially suitable locations glob-
ally, if the proposed concept for offshore capture with ocean basalt stor-
age systems did come to fruition, it may be lead by a minority of coun-
tries who possess the areas with the most favourable attributes and who
may then redistribute verified carbon offsets to those who do not. There-
fore, the existence of policies that allow countries to fund carbon dioxide
removal projects in other countries and received verified carbon credits
in order to meet their own emissions reductions targets would be benefi-
cial to support these types of projects. The countries with potential stor-
age capacity include a mix of high income nations (e.g. USA, Australia,
Canada), less high income nations (e.g. Brazil, Namibia), and relatively
small remote colonies or territories (e.g. Kerguelen Islands, Head and
McDonald Islands). This implies that there are a number of geopolitical
contexts in which ocean basalt storage sites may be developed, for ex-
ample funded directly by higher income nations in their own countries
or as part of responsible economic development initiatives elsewhere in
the world.

4.2. Implications of water depths, sediment thicknesses, and distances
between injection points, wind resources, ports, and shores

The proximity between wind resources and injection locations sug-
gests that in many cases there may be some value in attempting air
or ocean capture close to offshore basalt storage rather than using the
potential storage locations for point source capture and storage. How-
ever, there are other considerations. For example, point-source carbon
capture may be significantly cheaper, but point source capture acts to
avoid future emissions rather than removing past emissions. Onshore
capture may also be cheaper at further distances but is subject to land
availability and competition for renewable resources with onshore en-
ergy uses. Depending on the type of capture, there may be other issues:
for example, detractors of bioenergy with carbon capture and storage
argue that it risks competition for food resources, adverse impacts on
rural communities, and biodiversity loss (Sandalow et al., 2021). More
detailed cost-benefit analyses are suggested for future work. What is
clear is that compared to the 10-20Gt/year estimated requirements for
NETs in the 21st century, there is very high potential capacity within
close proximity to ports, shores, and wind resources. This suggests that
it may ultimately be practical to use ocean basalt storage for all of the
above uses. Similarly, the distance to a nearby port also has implica-
tions for the construction, operation, and maintenance of offshore wind
farms along with capture and injection systems. In practice, there is a
trade-off between avoiding competition with other energy uses and in-
curring additional costs. There is a similar trade-off between locations
at shallower water depths which can benefit from less expensive types
of drill ships, offshore platforms, etc., and the younger basalt found in
deep water close to plate boundaries which may have higher porosity
and permeability. While increased sediment thickness may reduce the
risk of a leakage, it also increases the depth of the wells that are neces-
sary for CO2 injection. What this study shows (particularly Figs. 4-6) is
that vast potential exists at site conditions in which pre-existing offshore
wind and oil and gas technologies operate or are targeting. Therefore,
technological development efforts may wish to focus on the develop-
ment and scaling up of offshore air or seawater capture technologies, as
well as adaptation of pre-existing transport and injection technologies
for subsea basalt.
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4.3. Future development of offshore wind-powered CDR with ocean basalt
sequestration

There are multiple important outstanding questions with respect to
this technological concept. Firstly, there are not many areas for which
the ocean basalt has been well characterized; this creates uncertainty
with respect to global injectivity, porosity, hydrothermal flow, and car-
bonation estimates which are needed to fully assess this technology.
More comprehensive offshore drilling and detailed modelling efforts are
recommended to reduce the uncertainty in these estimates, backed by
further laboratory or injection test results to understand the implica-
tions of geological differences on CO2 flow and mineralization reactions.
Given the prevalence of co-located wind and potential storage locations
generally towards the poles, efforts to assess marinization of DAC or
ocean capture and its integration into offshore wind turbines may wish
to focus on the conditions typically experienced by those two general ar-
eas. It is also worth noting that many of the potential storage areas that
are closest to shore (e.g. in Brazil, Columbia, New Zealand, Australia,
and South Africa) originate from Large Igneous Provinces rather than
seismic ridges. This is likely due to many seismic areas that are closer
to shore failing to meet the age restriction that was imposed to help
ensure porosity and permeability. Considering that, offshore drilling
and modelling efforts would ideally make sure to include Large Igneous
Provinces.

In general, carbon dioxide storage in basalt/ultra-mafic rocks has
only been rated at technological readiness level 2-6 (Kearns, 2021) and,
to our knowledge, offshore basalt storage has never been done before.
Even if it is possible, it may not be economic. In addition, because of dis-
solution and reactive transport that occurs when injecting carbon diox-
ide into basalt, conventional monitoring solutions for carbon dioxide
plumes are not suitable for this type of rock (Kearns, 2021). The Carb-
fix project in the past has used injected tracers with numerous moni-
toring wells for characterisation and monitoring (Matter et al., 2009),
but offshore wells are very expensive compared to onshore wells. DAC
technology is maturing quickly, but, to our knowledge, DAC has never
been performed offshore; current technological designs may not be suit-
able in the salty and high-motion conditions. Laboratory scale tests that
mimic offshore conditions may be beneficial to quantify the implica-
tions of offshore conditions. Since many of the locations identified are
further from shore and potentially subject to more extreme conditions,
operations and maintenance may be a challenge. The offshore climate
may also exceed the operating temperature range of DAC units (this is
also a consideration onshore (Sendi et al., 2022)). There is therefore no
guarantee that an area with storage capacity and proximity to a wind re-
source will be technologically or financially viable until these outstand-
ing questions are resolved. In addition, the ultimate viability of these
systems relates not only to their own performance, but also how they
compare to alternative uses for the same wind energy such as hydrogen
production or ocean alkalinity enhancement. Social license to operate is
also necessary; although a recent study found majority support for one
particular implementation of offshore-wind powered CDR using direct
air capture and storage into ocean basalt, sometimes all that it takes is
a single negative event to generate strong negative reactions and wider
mistrust (Satterfield et al., 2023). Presently there are also substantial
economic challenges to the implementation of carbon dioxide capture
from air and seawater even when conducted onshore and using renew-
able electricity that is cheaper than would be expected for offshore wind
(Eisaman et al., 2018; Young et al., 2023). What is clear is that further
technological, economic, and social progress would be needed to attain
repaid deployment of this technological concept.

5. Conclusion
There are numerous areas situated around the world which meet

the preliminary requirements for situating an offshore wind powered
CDR system with injection into ocean basalt rock, most of which are
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situated near the poles. Total potential storage capacity within reach of
wind resources is estimated to be between 38,000-196,000Gt depend-
ing on uncertainties in porosity, with potential capacity reducing down
to 4,300-22,000Gt as additional constraints are imposed. Even the most
conservative estimates represent enormous capacity compared to global
targets for negative emissions technologies. Most of the areas which are
suitable for this technological concept are located within the EEZs of a
small number of countries. Countries with considerable capacities close
to wind resources when considering scenarios with relatively strict re-
quirements include: Columbia, New Zealand, the United States, Canada,
Brazil, the Kerguelen Islands, and Australia. Vast potential capacities ex-
ist within water depths, shore distances, and transport distances that are
commonly found in offshore projects within other industries. The identi-
fied hotspots and site conditions may be used to: site pilot tests in order
to inform essential performance parameters such as ocean basalt injec-
tivity and offshore operations and maintenance requirements for DAC
and/or DOC; inform modelling efforts for life-cycle costs and emissions
of the proposed concepts coupling offshore wind-powered carbon diox-
ide removal with ocean basalt sequestration; and eventually target the
most promosing locations for commercial storage projects.
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