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Carbon dioxide removal from the atmosphere and storage over long times scales in terrestrial and
marine reservoirs is urgently needed to limit global warming and for sustainable management of the
global carbon cycle. Ocean alkalinity enhancement by the artificial addition of carbonate minerals to
the seafloor has beenproposedas amethod to sequester atmosphericCO2and store it in theoceanas
dissolved bicarbonate. Here, a reaction-transport model is used to scrutinize the efficacy of calcite
addition anddissolution at awell-studied site in the southwesternBaltic Sea – abrackish coastalwater
body in northern Europe.We find thatmost calcite is simply buriedwithout dissolution undermoderate
addition rates. Applying the model to other sites in the Baltic Sea suggests that dissolution rates and
efficiencies arehigher in areaswith lowsalinity andundersaturatedbottomwaters. A simple boxmodel
predicts a tentative net CO2 uptake rate from the atmosphere of 3.2megatonnes of carbon dioxide per
year for the wider Baltic Sea after continually adding calcite to muddy sediments for 10 years. More
robust estimates now require validation by field studies.

The Intergovernmental Panel on Climate Change’s special report on the
impacts of global warming of 1.5 °C above pre-industrial levels concluded
that additional interventions aside from reduced carbon dioxide (CO2)
emissions and transition to renewable energy sourceswill beneeded toavoid
exceeding this threshold1. One such intervention, pro-active carbon dioxide
removal (CDR) from the atmosphere and storage over long times scales,
may help to mitigate climate change. Conventional CDR approaches are
primarily land-based and currently sequester around 2 Gt of CO2 per year,
mostly via afforestation, reforestation and forest management2. Until now,
novel CDR approaches such as biochar, direct air carbon capture and sto-
rage and marine-based approaches amount to only a tiny fraction of con-
ventional CDR (0.002Gt of CO2) as they aremostly still in trial phases2. Yet,
they must be scaled up rapidly by several orders of magnitude to meet the
Paris Agreement temperature goal, and the number of scientific investiga-
tions in these areas is growing rapidly2,3.

The oceans have currently absorbed about half of historical anthro-
pogenic CO2 emissions, resulting in an increase in dissolved CO2 con-
centrations and a decline in the pH of surface ocean waters4. Consequently,
along with ocean warming, their capacity to absorb ever-more CO2 is
decreasing over time5. The efficiency of CO2 uptake could be increased by
ocean alkalinity enhancement (OAE), which entails adding mineral

alkalinity or chemical bases to seawater to convert CO2 to dissolved bicar-
bonate (HCO3

−) and thereby enhance CO2 uptake from the atmosphere to
restore equilibrium, or slow down CO2 release in areas of CO2 outgassing

3.
Alkalinity enhancement essentially represents an acceleration of natural
weathering of rocks on land; a process that is currently too slow to fully
compensate for man-made residual CO2 emissions. OAE is one of several
novel CDRmethods noted for its high potential for mitigation effectiveness
against globalwarming andocean acidification2,6. The true potential ofOAE
for large-scale deployment is not clear6–8, although it is thought to be capable
of sequestering 3− 30 Gt CO2 yr

−1 6,9,10. This uncertainty is partly due to a
lack of clear understanding concerning the marine regions best suited to
achieve the greatest possible benefit of OAE8.

Using a state-of-the-art reaction-transport model, this study investi-
gates the targeted input of carbonateminerals to fine-grained sediments on
the seafloor. We chose to investigate carbonate rather than mafic minerals
such as olivine since experiments have shown that the rate of dissolution
of carbonates is faster11. In muddy sediments, the natural degradation of
particulate organic carbon (POC) combined with the aerobic oxidation of
reduced metabolites such as hydrogen sulphide produces protons close to
the sediment surface and a shift in carbonate system toward lower pH (i.e.
higher porewater CO2 concentrations)12. These oxidation processes are
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often associated with a thin subsurface layer that is undersaturated with
respect to carbonate minerals (CaCO3), allowing dissolution and partial
neuralization of the ambient acidity12 (Fig. 1):

CaCO3 þ CO2 þH2O ¼ >Ca2þ þ 2HCO3
� ð1Þ

The reaction increases alkalinity by the production of one mole of divalent
calcium ions (Ca2+) or 2 moles of mono-valent HCO3

−. The coupling
between POC degradation and mineral dissolution has been termed the
‘benthic weathering engine’13,14 and enhances the benthic flux of total
alkalinity (TA) to thewater column. For calcite dissolution, the TAandDIC
fluxes increase in a 2:1 ratio, raising the pH in the water column and
lowering the partial pressure of CO2

15. Subsequent equilibration of the
carbonate system will sequester CO2 from the atmosphere to restore
atmospheric CO2 partial pressure in the water column.

Our study area is the 28m deep Boknis Eck basin, Eckernförde Bight,
in the German sector of the SW Baltic Sea (54o31.77N, 10o02.36E). The
Baltic Sea is a promising location for benthic OAE because it displays a low
natural alkalinity due to its brackish waters, with a pronounced salinity
gradient along itsmajor axis. Sluggishmixing during late summer at Boknis
Eck drives bottom water hypoxia or even anoxia, as well as low pH and
undersaturation with respect to biogenic carbonate, which should further
promote carbonate dissolution16. Hence, in some ways, Boknis Eck
resembles other larger seasonally hypoxic or permanently anoxic regions in
the Baltic Sea that have become more extensive and oxygen-depleted in
recent decades17. A wealth of benthic biogeochemical data is available for
Boknis Eck,whichhas been the focus of regularmonitoring ofwater column
biogeochemistry and physical parameters since the 1950s16,18, including
periods where TA and pH were measured16. Extensive analysis of sediment
biogeochemistry has also been accomplished19–21. We use this information
to help constrain model simulations for Boknis Eck sediment bio-
geochemistry and the impact of artificial carbonate addition.We then adapt
the model to assess rates of carbonate dissolution in other regions of the
Baltic Sea, displaying pronounced differences in bottom water O2, pH, and
salinity. Finally, using a simple box model of the water column repre-
sentative of several regions of the Baltic Sea, we then discuss the wider
feasibility of benthic OAE as a potential CDR strategy.

Results and discussion
Background seasonal conditions
To begin with, we use the 1-D reaction-transport model to explore the
seasonality of the sediment biogeochemistry at Boknis Eck without artificial
calcite addition (see Methods). The model accounts for aerobic and anae-
robic degradation of organic carbon in addition to a variety of secondary
redox reactions (Supplementary Tables 1–4). The model is forced using
observed seasonal trends in bottomwater S, T, pH and dissolvedO2, as well
as POC and CaCO3 fluxes to the seafloor (seeMethods and Supplementary
Fig. 1). The POC rain rate of 12mmolm−2 d−1 has been determined
previously20. The natural input of calcite (2.9mmol m−2 d−1) due to coastal

and seabed erosion is adjusted to provide observed average carbonate
contents in the sediment column of around 3–4 wt.%22. The simulated solid
phase and dissolved species in the sediment are in good agreement with
available observations (see Supplementary Fig. 2).

Themodel shows that the simulated redox conditions in the sediment,
pH, and rate of calcite dissolution at Boknis Eck prior to artificial calcite
addition are strongly governed by the seasonal variability in oxygen con-
centration in the ambient bottomwater that varies from~350 μM inwinter
and spring to near-anoxia in late summer (Fig. 2). In winter, oxygen
penetrates several mm into the sediment by diffusion and bio-irrigation
(Fig. 2 and Supplementary Fig. 3). Porewater pH in the top cm is lowest
whenoxygen is presentdue to the acidity generatedby aerobic sulphide, iron
and ammoniumoxidation, despite the fact that bottomwater pH is found at
its maximum level (Supplementary Fig. 1). The sediment layer thickness
where pore fluids are undersaturated with respect to calcite (ΩCalcite <1)
oscillates between ca. 1.3 cm in winter/spring and 0.4 cm in summer/
autumn (Supplementary Fig. 3C). This drives a clear seasonality in calcite
dissolution. Maximum rates are observed at the sediment surface in sum-
mer/autumn when the deposited calcite is bathed in undersaturated, low-
oxygen bottomwaters. In winter, calcite dissolutionmigrates downwards to
subsurface layers (~5mm) where dissolution is driven by aerobic respira-
tory pathways, i.e. the benthic weathering engine (Fig. 3f). As a result,
seasonal changes in porewater buffering become apparent, as shown by the
sensitivity of pH to changes in TA, ∂pH/∂TA15 (Supplementary Fig. 3).
Apparently, therefore, the benthic weathering engine, linked to the avail-
ability of oxygen, in addition to the calcite saturation state of the bottom
water are both important for (natural) calcite dissolution at Boknis Eck.

Mean annual rates of calcite dissolution (RCaDiss) are 0.97mmolm−2

d−1, with benthic TA and DIC fluxes to the bottom water of 10.1 and
12.9mmolm−2 d−1, respectively (Fig. 3a, b). TA and DIC fluxes are much
larger thanRCaDiss due to high rates of POCdegradation (12mmolm−2 d−1)
that mostly occurs anaerobically by sulphate reduction. Sulphate reduction
is by far the most important alkalinity-producing reaction at Boknis Eck
(Table 1). Most of the sulphide produced by sulphate reduction is pre-
cipitated and buried as ironmineral phases that accumulate to high levels of
2–3 wt. %, similar to the anoxic Gotland Basin in the eastern Baltic Sea23

(Supplementary Fig. 2). High S burial in these systems might be caused by
shuttling of reactive particulate iron from shallower to deeper waters and
subsequent binding of reduced S24–27. Burial of sulphide represents a major
source of alkalinity at Boknis Eck, accounting for around three-quarters of
the net TA flux (Table 1). Consequently, the TA:DIC flux ratio of 0.78 is
well-below the theoretical value of two expected for calcite dissolution
(Eq. (1)), and more similar to the 1:1 ratio for sulphate reduction (Fig. 4c,
Supplementary Table 1).

The respiratory index (RI), defined here as the ratio of RCaDiss to POC
degradation, indicates that only 8% of the CO2 released during POC
degradation is neutralized by calcite dissolution and converted into alkali-
nity (Fig. 3d). In the current model configuration, the rather low calcite
dissolution efficiency (dissolution rate/calcite added) of 30% allows most

Fig. 1 | Ocean alkalinity enhancement through
benthic carbonate dissolution. Photosynthetically-
derived particulate organic carbon (POC) sinks
from surface waters to the seafloor, whereupon it is
respired by microorganisms to CO2, leading to
undersaturation of sediment porewaters with
respect to carbonate minerals28,56. A fraction of the
metabolic CO2 is consumed during the dissolution
of calcium carbonate artificially added to the sea-
floor (white circles). This results in a flux of alkali-
nity and DIC to the water column in a 2:1 ratio,
thereby raising the pH and lowering the partial
pressure of CO2

15. Equilibration with the atmo-
sphere will produce the envisioned CO2 uptake from
the atmosphere to thewater column (dashed arrow).
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calcite to be buried below the thin undersaturated surface layer. Thus,
despite the fact that POC rain rates are four-fold higher than natural calcite
fluxes, calcite dissolution under natural conditions at Boknis Eck is inher-
ently inefficient. This is partially explained by the brief time that calcite
resides in the thin undersaturated layer. Downward mixing of particles by
bioturbation to depths where dissolution is thermodynamically inhibited
helps to preserve calcite. Calcite dissolution rates can be increased by the
presence of cable bacteria performing electrogenic sulphide oxidation13,14.
This enigmatic oxidation pathway produces protons in a 1–2 cm thick layer
below the sediment surface and leads to strong undersaturationwith respect
to calcite28,29. Cable bacteria were not included in the model since their
presence in incubated sediments from Boknis Eck seems to be rather
ephemeral in nature and not well understood at the present time30.

Benthic OAE by calcite addition
In a second model scenario, we investigated continuous artificial calcite
addition at Boknis Eck over a time period of 10 years at a rate of
24mmolm−2 d−1 (twice the annual rain rate of POC, see Methods). The

results follow similar trends as before, with a greater extent of under-
saturated porewaters with respect to calcite during winter and spring when
oxygen is available, whereas oversaturation prevails in the late summer
when oxygen is depleted (Fig. 2 and Supplementary Fig. 3). Calcite dis-
solution increases sharply following mineral addition, and after ca. 10 years
approaches a new steady state of 2.6mmolm−2 d−1 (Fig. 3a). TA and DIC
fluxes increase to 13.4 and 14.5mmolm−2 d−1, respectively, with a modest
increase in the TA:DIC flux ratio to 0.92. The corresponding drop in the
benthic CO2 flux from 2.2 to 0.95mmolm−2 d−1 demonstrates that the
artificial addition of calcite neutralizes porewater CO2 and leads to a
decrease in benthic CO2 emissions (Fig. 3b). The self-buffering of the
porewater by the additional alkalinity suppliedby the dissolving calcite leads
to a narrowing over time of the zone where porewaters are undersaturated
with respect to calcite and thus a plateauing of the dissolution rate (Figs. 2c
and 3). Surface rates of calcite dissolution during the autumn under-
saturated period are ten-fold higher than the natural condition (c.f. Sup-
plementary Figs. 3f and 4f). Nonetheless, and although the RI increases to
22%, most added calcite accumulates in the sediment without further

Fig. 2 | Modelled benthic biogeochemistry in surface sediments of Boknis Eck.
a O2 concentration, b total rate of oxygen consumption, c calcite saturation state,
d pH, e calcite content, f calcite dissolution rate, g respiratory index (carbonate
dissolution ÷ POC degradation), h sensitivity factor of pH to changes in TA. The

white line in (c) denotes ΩCalcite = 1. The x-axis shows time in years relative to
artificial calcite addition beginning at year zero (24 mmol m−2 d−1). Calendar years
begin on 1 January.Note the different depth scales for CaCO3 and calcite dissolution.
High temporal resolution plots are shown in the Supplementary Material.
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reaction. After ten years of continuous addition, the calcite content at the
sediment surface reaches 37%; levels that would, in reality, completely alter
the physical and geochemical characteristics of the sediment matrix
(Fig. 2e). The impact on benthic fauna associated with the addition of
alkaline minerals has received very little attention to date31.

Further model tests show that the calcite dissolution efficiency
decreases with increasing amounts of added calcite (Fig. 4). Highest dis-
solution efficiencies of >30% are associated with minimal calcite addition
(0.5mmolm−2 d−1), yet alsowith the lowest dissolution rates. This dynamic,
which is partly due to the thin subsurface undersaturated layer that throttles
complete calcite dissolution, demonstrates that desirable high dissolution
rates come at the expense of low dissolution efficiency. The undissolved
calcite fraction is simply buried and therefore of no further benefit to CDR.
Such considerations would be critical in cost-benefit analyses for upscaling
of benthic OAE by alkaline mineral dispersal on the seafloor. It is currently
unclearwhether the artificial additionofmaficminerals, such as olivine, that
are generally far below saturation in marine porewaters, would encounter
similar bottlenecks to dissolution32.

Calcite dissolution in other regions of the Baltic Sea
Based on the above findings, a factorial sensitivity analysis was performed to
provide insight into which type of marine environment would be most
conducive for benthic calcite dissolution in the wider Baltic Sea region (see
Methods). The parameters tested cover typical ranges of pH, O2, T, S and
POC rain rate encountered in the Baltic Sea. The results of the sensitivity
analysis demonstrate that bottom water salinity, O2, and to a lesser extent,
pH and POC rain rate are important factors with regard to calcite dis-
solution (Supplementary Fig. 5A). Dissolution is favoured by low pH and
low salinity since they are associated with lower carbonate (CO3

2-) and Ca2+

concentrations, respectively, which directly impacts ΩCalcite (Eq. (3)). High
O2 concentrations and POC availability favour dissolution since aerobic
respiratory pathways consume alkalinity and therefore decrease CO3

2-

concentrations (i.e. the benthic weathering engine). Temperature emerges
as a minor driver for calcite dissolution. To illustrate this point further, the
fraction of calcite dissolved at Boknis Eck shows a significant logarithmic
relationship with bottom water O2 concentrations and ΩCalcite (Supple-
mentary Fig. 5B). Although this relationship simplifies a great deal of bio-
geochemical complexity, it implies that sediments underlying fully

oxygenated andunder-saturated bottomwaters, or a trade-off thereof, could
be candidate locations for benthic OAE applications in the Baltic Sea.
Bench-top incubations of Boknis Eck sediment amended with ground-
down calcite suggest that ΩCalcite may be more important than O2 con-
centrations in the initial weeks after calcite addition11,30.

The model boundary conditions were modified to explore calcite
dissolution in other environments of the Baltic Sea that display awide range
of O2, pH and salinity. We examined specific environments in the eastern
Gotland Basin (GB) and Bothnian Bay (BB) (Supplementary Table 5). BB is
located in the low salinity (~3) region of the northern Baltic Sea, with
oxygenated bottom waters (~300 μM) and fine-grained muddy sediment
away from the coastline33,34. BB bottom waters are strongly undersaturated
with respect to calcite (ΩCalcite ~0.13, Supplementary Table 5). The bottom
waters of GB (250m deep) are also undersaturated (ΩCalcite ~0.2) and near-
permanently anoxic due to sluggish mixing, with a salinity of ~1335. Sedi-
ments lying within the depth range where the chemocline impinges the
seafloor (80–120m)36 are bathed in undersaturated (ΩCalcite ~0.3m) and
hypoxic (<63 μM O2) bottom waters. In the shallower, permanently oxic
depths above the chemocline (O2 > 300 μM),bottomwater salinity is ~7 and
pH is ~8.1, withΩCalcite values of ~1.2. The lower pH below the chemocline
(7.1) is probably driven by the predominant respiration of organicmatter by
sulphate reduction that converges to a pH of 6.737. POC rain rates across
these four settings range from approximately 3 to 9mmolm−2 d−1. The
model boundary conditions to simulate calcite dissolution at these sites are
assumed to be constant over time (Supplementary Table 5). Kinetic para-
meters were unchanged from the Boknis Eck simulation and the model
results are not constrained by sediment porewater data or benthic flux
measurements due to lack of relevant data. Themodel also does not include
TA sinks by the precipitation of Mn-carbonates that are abundant in GB38.
Therefore, results from this exercise provide a tentative benchmark for
calcite dissolution at these localities compared to Boknis Eck.

Model simulations show that the calcite content in sediments before
mineral addition is generally <1%, in agreement with available
observations33 (Supplementary Fig. 6). After 10 yr of calcite addition, car-
bonate again accumulates in the surface layers, reaching 12% in the anoxic
GB, 8% in BB, 10% in the hypoxic GB and 35% in the oxic GB. BB and GB
display notably higher rates of calcite dissolution compared to Boknis Eck,
with dissolution efficiencies that exceed 50% in BB and the anoxic and

Fig. 3 | Modelled rates and fluxes for Boknis Eck
sediments. aTotal calcite dissolution rate, b benthic
fluxes of DIC, TA and CO2 from the sediment to the
bottom water, c TA:DIC flux ratio, and (d) the
respiratory index, RI (carbonate dissolution ÷ POC
degradation × 100%) versus time in years relative to
the start of artificial calcite addition beginning
year zero.
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hypoxic regions of GB (Fig. 5). Due to limited bioturbation in the poorly
oxygenated and undersaturated bottom waters of GB, calcite is able to
dissolve on the sediment surface. Like Boknis Eck, a quasi-steady state in
calcite dissolution is reached after ~10 yr, at which point BB and the anoxic
and hypoxic GB sediments become strong sinks for bottomwater dissolved
CO2 (2.5 – 4.5mmolm−2 d−1; Supplementary Fig. 7).

These results, although associated with many uncertainties, support
the idea that the eastern and northern Baltic Sea could be ideal test sites for
benthic OAE applications. More sophisticatedmodelling efforts are needed
to explore how benthic alkalinity addition is impacted by water column
stratification in the Gotland Basin. The median age of deep water in the

Fig. 4 | Rates and efficiency of artificial calcite dissolution.Calcite dissolution rate
(red curve) and dissolution efficiency (blue curve) in Boknis Eck sediments versus
the flux of calcite added to the seafloor. Symbols represent individual model runs
after 10 years of calcite addition.

Fig. 5 | Model results for artificial calcite dissolution in other areas of the
Baltic Sea. Calcite dissolution (red bars) and dissolution efficiency (blue bars) are
shown for Bothnian Bay (BB), and the anoxic, hypoxic and oxic sites of Gotland
Basin (GB). Results represent the mean value for year 10 after calcite addition.
Calcite addition rates (= 2 × POC rain rate), are given at the top of the figure inmmol
m−2 d−1. Results for Boknis Eck (BE) are shown for comparison.

Table 1 | Reaction rates at Boknis Eck and their contribution to TA prior to addition of calcite

Rate ΔTA Rate TA
(µmol cm−2 yr−1) (Supplementary Table S1) (µmol cm−2 yr−1)

POC degradation by O2 82.1 0.14 11.6

POC degradation by NO3
− 30.7 0.94 28.9

POC degradation by SO4
2- 313.6 1.14 358.0

POC degradation by CH4 11.2 0.14 1.6

Aerobic NH4
+ oxidation 33.2 −2 −66.5

Anaerobic NH4
+ oxidation 0.5 −0.67 -0.3

Aerobic H2S oxidation 10.7 −2 −21.4

Aerobic Fe2+ oxidation 17.1 −2 −34.2

Anaerobic H2S oxidation 5.2 0 0.0

Pyrite formation 53.3 2 106.6

Aerobic pyrite oxidation 0.1 −2 −0.2

FeS precipitation 31.6 −2 −63.2

FeS dissolution 0.1 2 0.3

Aerobic FeS oxidation 16.5 −2 −33.1

Anaerobic CH4 oxidation 5.5 2 10.9

CaCO3 dissolution 36.2 2 72.4

CaCO3 precipitation 0.0 −2 0.0

TA flux at bottom 4.7 −1 −4.7

Sum 366.7 µmol cm−2 yr−1

Sum 10.0 mmol m−2 d−1

FeS burial 15.5 2 31.1

FeS2 burial 53.3 4 213.3

POC degradation by NO3
− 30.7 0.94 28.9

CaCO3 dissolution 36.2 2 72.4

Also shown are the irreversible TA sources by sulphide burial, denitrification and calcite dissolution. Results after adding calcite are given in Supplementary Table 7.
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basin is approximately 5 years39, which imposes a time lag before an
acceleration in atmospheric CO2 uptake can be observed. Our findings,
summarized inFig. 5, highlight thepotential for seafloormineral dissolution
in and around the basin, and call for more fieldwork in these settings.

Benthic OAE and CDR potential in the Baltic Sea
Turning to the broader question of benthic OAE as a CDR strategy in the
Baltic Sea, thebenthicmodelwas run for seven sub-basins of theBaltic Sea as
defined in the coupled hydrodynamic-biogeochemical model BALTSEM
(Baltic Sea Long-term Large-scale Eutrophication Model27, see Methods).
For each sub-basin, mean physico-chemical properties (water depth, T, S,
TA) were extracted from BALTSEM and used as boundary conditions for
the sedimentmodel (Table 2). The resulting changes in benthicDICandTA
fluxes during 10 yr of artificial calcite addition were then used as inputs to a
1-box model of the water column for each sub-basin assuming well-mixed
conditions. The CO2 uptake from the atmosphere solely due to the addition
of calcite was then calculated (Eq. (9), see Methods).

Results show that alkalinity accumulation and CO2 uptake fluxes from
the atmosphere show similar trends across the Baltic Sea, albeit with large
differences in magnitude (Fig. 6). The plateauing of CO2 uptake in all sub-
basins reflects the slowing down of benthic dissolution, as seen for Boknis
Eck (c.f. Fig. 3b), rather than a decreased capacity of the water column to
absorb CO2. There is a general pattern of higher CO2 uptake in Bothnian
Bay and Bothnian Sea and lower uptake in the western sub-basins in
proximity to the North Sea, such as the Danish Straits and Kattegat. This
behavior can be attributed to the properties of the carbonate system,T
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Fig. 6 | Water column box model results. a Total alkalinity, and (b) CO2 uptake
from the atmosphere to the water column for the seven sub-basins of the Baltic Sea
shown as time after artificial calcite dissolution. The basin abbreviations in the
legend are explained in Table 2.
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whereby low salinity waters show a greater efficiency of CO2 sequestration
per mole of Ca2+ added compared to high salinity waters7. In terms of the
mass ofmineral added in year 10 (t CaCO3 (t CO2)

−1), the uptake efficiency
ranges from 6.6 t CaCO3 (t CO2)

−1 in Bothnian Bay, where bottomwater S,
TA and pH are lowest, to 89.5 t CaCO3 (t CO2)

−1 in the Kattegat where
bottom water S, TA and pH are highest (Table 2). Equivalently, the effi-
ciency per mole of alkalinity added ranges from 0.03 to 0.34mol CO2 (mol
TA added)−1. Direct addition of alkaline solutions to surface are likely to be
associated with higher efficiencies ( ~ 0.8 mol CO2 (mol TA added)−1) due
to the immediate impact on the carbonate system, provided that sponta-
neous carbonate precipitation can be curtailed40. This direct OAE method
does not face similar drawbacks as sediment applicationswhereby a fraction
of the added alkalinity does not interact with the seawater carbonate system
(i.e. it is buried instead).

Upscaling the CO2 flux to the area of fine-grained muddy sediments
predicts that an annual uptake of 3.2 Mt CO2 yr

−1 is theoretically possible
(Table 2). This is equivalent to current upper-end estimates of annual
surface CO2 uptake in the Baltic Sea41. Although the model is a very sim-
plified version of reality, it confirms the previous suggestion that low salinity
and undersaturated bottom waters are promising sites for CDR via benthic
OAEdue to (i) low calcite saturation states and high dissolution efficiencies,
and (ii) low salinity waters that sequester greater amounts of atmospheric
CO2. Uptake could be up to 10 Mt CO2 yr

−1 if calcite dissolution is equally
efficient in sandy sediments that account for around two-thirds of the total
seafloor area (Table 2). Furthermore,CO2 sequestration in theBaltic Seawill
be more pronounced than reported here, considering that ground-down
minerals are likely to be associated with higher dissolution rates than
naturally deposited biogenic carbonate11. With this in mind, and also con-
sidering the fact that the deep anoxic basins are not explicitly accounted for
in this regional analysis, our estimateof 3.2MtCO2yr

−1 is likely tobe a lower
estimate of potential CO2 uptake.

A carbon dioxide removal rate of 3.2Mt CO2 yr
−1 is about the same as

current global estimates of CDR by all novel approaches (0.002 Gt),
including direct air capture with carbon storage (DACCS) and bioenergy
with carbon capture and storage (BECCS)2. Storage of atmospheric CO2 as
dissolved bicarbonate in seawater would contribute toward the European
Union’s goal of reaching net-zero by 205042. The financial costs of wide-
spread deployment may be substantial2, however, and would need to reflect
the fact that the optimal mineral dosage is highly likely to be specific to the
local environmental characteristics (Fig. 4)43.Monitoring and verification of
benthic OAEwill also remain challenging in the near future due to the large
background seawater alkalinity concentrations and relatively slow rates of
calcite dissolution compared to water column mixing and gaseous CO2

equilibration times43,44. Leaving aside the economic, social and legal aspects
of OAE in the Baltic Sea, the artificial addition of calcite may be nonetheless
be a preferable alternative to mafic silicate minerals such as olivine. Dis-
solution of these minerals is associated with unwanted side effects, such as
release of potentially toxic trace metals and the precipitation of secondary
phases (ferric iron oxides and hydroxides, amorphous silica) that diminish
rate ofnetTAproduction31,45. Furthermore, the release ofCa2+ andalkalinity
by dissolving carbonate minerals may induce precipitation of authigenic
phosphate minerals in the sediment46, and thus help to alleviate ongoing
ecological problems in the Baltic Sea such as eutrophication47,
deoxygenation17 and acidification48.

Methods
Biogeochemical reaction transport model
The model builds on previous versions that simulate benthic bio-
geochemistry in the upper 20 cm of sediment20,21. Solids include highly
reactive (i.e. poorly crystalline) iron (oxyhydr)oxide (Fe(OH)3), crystalline
iron (oxyhydr)oxide (FeMR), iron mono-sulphide (FeS), pyrite (FeS2), and
calcite (CaCO3). The iron phases included in the model are intended to
broadly represent the operationally defined fractions from sequential
extractions on sediments from Boknis Eck24. Solutes include oxygen (O2),
nitrate (NO3

−), biologically storednitrate in large sulphur bacteria (bNO3
−),

sulphate (SO4
2-), ferrous iron (Fe2+), total hydrogen sulphide (TH2S), dis-

solved inorganic carbon (DIC), protons (H+), total boron (TB), total
ammonia (TNH3), total phosphate (TPO4), hydroxyl anion (OH

−), calcium
(Ca2+) and methane (CH4). Solutes and solids are transported by advective
and diffusive processes.

The core of the model is the aerobic and anaerobic degradation of
organic matter and the subsequent re-oxidation of reduced compounds,
including dissolved ammonium, ferrous iron and sulphide. Authigenic
pyrite and iron mono-sulphide are further substrates for aerobic oxidation.
Theoxidation reactions produceprotons anddrive the dissolution of calcite.
The model considers sediment burial, compaction, bioturbation, bioirri-
gation and biological nitrate transport by sulphide-oxidizing bacteria
Beggiatoa20. Bioirrigation and bioturbation are dependent on bottom water
oxygen. A coupled set of mass balance equations (partial differential
equations) is set up to simulate the reactive transport of solids and dissolved
species (Supplementary Material). Boundary conditions at the sediment
surface were defined as fluxes for solids and concentrations for solutes. At
the lower model boundary, a zero-gradient condition was used for all spe-
cies. The model was set up in MATHEMATICA v12 software and solved
using finite differences and the method-of-lines. The vertical depth reso-
lution increased from sub-mm scale at the surface to sub-cm scale at depth
over a total of 150 grid layers. Mass balance was better than 99.99%.

To define background conditions prior tomineral addition, themodel
was run into a dynamic (seasonal) steady state representative of the average
biogeochemical condition of Boknis Eck sediments (see Supplementary
Fig. 2). Porewater data collected quasi-monthly between January 2022 and
March 2023were used tohelp constrain themodel reaction rates, alongwith
particulate iron species. Measured seasonal changes in bottom water dis-
solved oxygen, pH, salinity, and temperature were used asmodel forcings at
the sediment surface16. Concentrations of sulphate, calcium and TA were
scaled to salinity. Concentrations of other solutes were fixed at reasonable
values forBoknis Eck20. The rain rate of calcite to the seafloorwas adjusted to
simulate observedmean carbonate contents of around 3– 4wt.%22. The rain
rate of particulate organic carbon (POC)was not varied over time due to the
uncertainties associated with seasonal POC degradation20.

Ten years before the end of the model simulation, artificial calcite was
added to the sediment surface at a constant rate equal to twice the annual
molar rain rate of POC (24mmolm−2 d−1 of CaCO3). This flux was chosen
on the assumption that it ought to be sufficient to neutralize the carbon
dioxide released from the remineralization of organic matter (Fig. 1) and
also to limit the neutralization of porewaterCO2 by bottomwaterCO3

49. To
simulate the dissolution of calcite added to the seafloor (Eq. 1), the dis-
solution rate of calcite (RCaDiss in g g−1 yr−1) was calculated applying the
following rate law previously used to simulate calcite dissolution in marine
sediments50:

RCaDiss ¼ fT � kCaDiss � CaCO3 � 1�ΩCalcite

� �nc ð2Þ

wherekCaDiss is afirst-order kinetic constant,ΩCalcite is the saturation state of
the pore water with respect to calcite, nc is the reaction order, and the
function fT describes the temperature sensitivity of dissolution (see Supple-
mentary Material). ΩCalcite was defined as:

ΩCalcite ¼
Ca2þ
� � � CO2�

3

� �
Ksp

ð3Þ

[Ca2+], [CO3
2-] and Ksp are the porewater concentrations of calcium and

carbonate ions, and the solubility constant of calcite, respectively51. The
solubility constant52 is based on reagent grade calcium carbonate yet is
similar to constants derived from experiments with mixed assemblages of
pelagic foraminiferal tests (T = 25 oC, S = 35). It is also the one used inmost
biogeochemical models and recommended by Zeebe and Wolf-Gladrow51.
Note thatwedonot includeMg-carbonatephases that dissolvemore rapidly
than calcite. Hence, addition of highMg-carbonate phasesmay yield higher
CO2 consumption rates when added to seafloor sediments.
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Laboratory and field experiments show that the mechanism of car-
bonate dissolution, and the dissolution rate, depend on solution saturation
state53,54. Following these studies, and recentmodelling of calcite dissolution
in deep-sea marine sediments50, nc and kCaDiss were defined according to
two separate regions of the 1 -ΩCalcite spectrum. For 0.8 <ΩCalcite < 1, nc and
kCaDiss were 0.8 and 6.3 × 10−3yr−1, respectively. For ΩCalcite ≤ 0.8, nc and
kCaDiss were defined as 4.7 and 10 yr

−1, respectively, which affords high rates
of dissolution when porewaters are far from equilibrium. These constants
are lower than those determined from recent short-term (~20 days) sedi-
ment core incubations with ground-down calcite added as a large initial
pulse11. Whilst the present results are more representative of long-term
situation that account for slowmixing and burial to oversaturated sediment
layers, we acknowledge that calcite dissolution rates immediately following
addition may be higher. Fieldwork is planned in the framework of the
German research mission CDRmare to quantify this more accurately55.
Calcite dissolution rates may be slowed by dissolved organic carbon54 or by
secondarymineral precipitation45,56. These processes were not considered in
the model. Abiotic calcite precipitation was not considered in the model
since it is considered to be of relatively limited importance in near-surface
marine sediments12.

pH simulation
Equilibrium processes in the model are applied to DIC (CO2+HCO3

− +
CO3

2-), TH2S (H2S+HS−), water dissociation (H+ + OH−), TB
(B(OH)3+ B(OH)4

−), TNH3 (NH3+NH4
+), and TPO4 (H3PO4+

H2PO4
− + HPO4

2- + PO4
3-). We used the direct substitution method of

Hoffmann et al.57 to simulate pH in sediment porewaters. The approach
relies on TA as the equilibrium invariant and implicit differential variable to
solve for the concentration of protons. TAwas defined following Dickson58,
that is, the number of moles of hydrogen ion equivalent to the excess of
proton acceptors (bases formed from weak acids with a dissociation con-
stant K ≤ 10–4.5 at 25 °C and zero ionic strength) over proton donors (acids
with K > 10–4.5) in 1 kilogram of sample:

TA ¼ HCO3
�� �þ 2 CO3

2�� �þ ½BðOHÞ4�� þ ½HS�� þ ½NH3�
þ ½HPO4

�� þ 2½PO4
2�� þ ½OH�� � ½H3PO4

�� � ½Hþ� ð4Þ

Minor species that do not contribute substantially to porewater buffering
over typical pH ranges of sediment porewaters (ca. 6 - 9) were excluded (e.g.
HSO4

−, H2SO4, HF, HNO3, HNO2). The time derivative of the proton
concentration is then57:

d½Hþ�
dt

¼ d½TA�
dt

�
X
i

∂TA
∂X

� d½X�
dt

 !
=
∂½TA�
d½Hþ� ð5Þ

where [X] is the concentration of the total acids that are pH-invariant. Each
of the terms on the right-hand side of Eq. (5) is explicitly known, and their
calculation is described byHoffmann et al.57. The transport time derivatives
of [X] are defined as sum of transport terms of the individual acid-base
species, calculated from pH and the relevant stoichiometric equilibrium
constants. Equilibrium constants and pH are defined on the free pH scale.

Sensitivity analysis
A two-level factorial analysis was used to determine the sensitivity of calcite
dissolution on key boundary conditions (bottom water pH, O2, T, S and
POC rain rate). Factorial analysis is a statistical approach that monitors the
response of a model output (e.g. a reaction rate or concentration) to the
perturbations of n model factors, in this case the five variables listed
above59,60. In a two-level analysis, each factor is assigned a high and low level
based on the observations in nature. The procedure returns the effect of all
possible factor permutations, that is, the change inmodel response between
the low and high level. For n factors, there are a total of 2n permutations and
2n system responses, requiring 2n model runs. A simplified version of the
model was used in order to reduce the computational burden, and included

organic carbon degradation, aerobic sulphide oxidation, anaerobic oxida-
tion of methane and calcite dissolution (Supplementary Table 1). The latter
was defined as:

RCaDiss ¼ fT � kCaDiss � CaCO3 � 1�ΩCalcite

� �nc ð6Þ

where kCaDiss and nc were defined as 10 yr−1 and 4.7, respectively. Tested
parameter rangeswere 7.4 to 8.0 (pH), 5 to 340 μM(O2), 5 to 35 (S) and 2 to
12 oC (T). The maximum level of the POC rain rate was set to the baseline
value for Boknis Eck (12mmolm−2 d−1) since these sediments are highly
reactive and receive large amounts of labile organicmatter20. Theminimum
was set to 20%of this value. Themean rate of calcite dissolution at the end of
a steady sate simulation was then noted. The results of these simulations are
theoretical and do not necessarily reflect observations found in nature. The
effects of the tested parameters are then determined using Yates’
algorithm60, including single parameter effects and effects arising from
parameter interactions. The factors that have the largest impact on the
system response can be visualized on a normal probability plot (Supple-
mentary Fig. 5). The sensitivity analysis runs were executed without sea-
sonality or artificial addition of calcite and therefore represent the long-term
average situation (calcite rain rate = 3mmolm−2 d−1).

Estimating atmospheric CO2 removal following carbonate addi-
tion in the Baltic Sea
The sediment model was used to provide an estimate of basin-wide atmo-
spheric CO2 drawdown after 10 years of continual mineral addition by
running further simulations for representative areas of the Baltic Sea. We
adopted the Baltic Sea sub-basins adopted by the BALTSEM model (Baltic
Sea long-term large-scale eutrophication model)27. The thirteen regions in
BALTSEM cover the entire Baltic Sea from the Kattegat in the west end to
Bothnian Bay in the far north. Some of the smaller basins were combined for
our analysis, to finally include the Kattegat (combining sub-basins 1-3), the
Danish Straits (4-6), the Baltic Proper (7-9), Bothnian Sea (10), Bothnian Bay
(11), Gulf of Riga (11) and Gulf of Finland (13). Data on mean physico-
chemical properties of the water column (T, S, TA) for the year 2023 and for
each sub-basin were extracted from BALTSEM (Table 2). These were
employed as boundary conditions to run the sedimentmodel for each region.
Bottom water pH was calculated from TA and pCO2, assuming equilibrium
with the atmosphere (415μatm).DissolvedO2was calculatedusing theT and
S61. All other boundary conditions were taken from the Bothnian Bay
simulation (Supplementary Table 5). We imposed a nominal 10% seasonal
variability in bottom water pH, S, T, TA and O2, using the same relative
temporal changes as in the Boknis Eck model (Supplementary Fig. 1).

ThebenthicDICandTAfluxesduring10 yrof artificial calcite addition
determinedwith the sedimentmodel for each sub-basinwere recorded. The
increase in DIC and TA fluxes after adding calcite (i.e. the fluxes due to
calcite dissolution) were then imposed as input values to a 1-box model of
thewater column, again for each sub-basin. The boxmodel assumes that the
water column is well-mixed in the long-term, which is reasonable given the
low mean water depths (Table 2). It is largely identical to a previous model
for estimating the impact of olivine mineral dissolution on air-sea CO2

fluxes45. This simple model does not consider lateral mixing between
adjacent basins.

Total alkalinity and DIC in the water column model were defined as:

TA ¼ ½HCO3
�� þ 2½CO3

2�� þ ½BðOHÞ4�� þ ½OH�� � ½Hþ� ð7Þ

DIC ¼ ½CO2� þ ½HCO3
�� þ ½CO3

2�� ð8Þ

Initial TA concentrations, along with S and T, were taken from BALTSEM
(Table 2). As above, the initial pH was calculated from TA and CO2 con-
centrations assuming equilibrium with the atmosphere and boric acid
concentrations defined from salinity using appropriate equilibrium
constants51. The model was run for 10 years where individual acid-base
species were calculated at each time step.
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CO2 uptake from the atmosphere by the water column was calcu-
lated as:

FCO2 ¼ vp � ð½CO2�eq � ½CO2�Þ ð9Þ

where vP is the piston velocity (20 cm h−1 41), [CO2]eq is the concentration of
dissolved CO2 at equilibrium with the atmosphere and [CO2] is the time-
dependent concentration. FCO2 represents the net CO2 flux following
mineral addition due to either direct uptake or a slow-down of outgassing.
As defined, positive values denote CO2 uptake from the atmosphere. The
CO2 uptake at the end of the simulation was upscaled for each basin by
multiplying by the mud area of each box (Table 2).

The box model ignores key features of potential importance for CO2

uptake, such as vertical and lateral mixing, spatially-resolved patterns of S
and T, microalgae, as well as seasonal impacts on biology and carbonate
system equilibria. The first-order estimate of CO2 uptake in the Baltic Sea
reported here provides an initial benchmark against which more robust
estimates can be made based on fieldwork studies and coupled
hydrodynamic-biogeochemical models.

Biogeochemical analyses
Sediments cores were sampled from Boknis Eck (~28m water depth)
between January 2022 and March 2023. Porewaters and solid phases were
sub-sampled and analysed as described previously20,21. Measured data used
to constrain the model are shown in Supplementary Fig. 2.

Data availability
Measured data used to constrain the model are available for download at
https://doi.org/10.6084/m9.figshare.25932010.v1.

Code availability
Model code is available for download at https://doi.org/10.5281/zenodo.
11501965. The code is written in MATHEMATICA v12 software (https://
www.wolfram.com/mathematica/).
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