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Blue carbon ecosystems provide a wide range of ecosystem services, are
critical for maintaining marine biodiversity and may potentially serve as
sites of economically viable carbon dioxide removal through enhanced

organic carbon storage. Here we use biogeochemical simulations to show
that restoration of these marine ecosystems can also lead to permanent
carbon dioxide removal by driving ocean alkalinity enhancement and
atmosphere-to-ocean CO, fluxes. Most notably, our findings suggest

that restoring mangroves, which are common in tropical shallow marine
settings, will lead to notable local ocean alkalinity enhancement across
awiderange of scenarios. Enhanced alkalinity productionis linked to
increased rates of anaerobic respiration and to increased dissolution

of calcium carbonate within sediments. This work provides further
motivation to pursue feasible blue carbon restoration projects and a basis
forincorporating inorganic carbon removal in regulatory and economic
incentivization of blue carbon ecosystem restoration.

Realistic trajectories that limit global average surface warming since
the start of the industrial period to well below 2 °C require sustained
atmospheric CO, removal together with massive and rapid reduc-
tions in global CO, emissions'. Natural modes of CO, removal, such
as afforestation/reforestation and restoration of coastal habitats,
have received considerable attention as potential carbon capture
approaches given that they can also provide notable economic and
ecological co-benefits®*. For instance, through efficient conversion
of atmospheric CO, to organic biomass followed by carbon burial in
sediments, blue carbon ecosystems (BCEs) including mangroves and
seagrasses have the potential to considerably enhance organic mat-
ter storage. Critically, BCE restoration also improves water quality,
enhances marine biodiversity and ecosystem stability, providesaclear
benefit to the health of coastal fisheries and can lead to a substantial
reduction in storm damage to high-risk coastal communities*’.

BCEs cover only ~0.5% of the seafloor, but due to rapid rates of car-
bonsequestrationinthese ecosystems, they may contribute up to half
of the organic carbon buried in ocean sediments on a global scale®’.
However, BCEs can also sequester or release CO, by shaping local
carbonate chemistry (for example,refs. *°). High organic matter input
in BCEs can result in an increase in the rate of aerobic and anaerobic

respiration (for example, sulfate reduction) withimpacts on sedimen-
tary pools of CO,, porewater pH profiles, and reservoirs of alkalinity
and dissolved inorganic carbon (DIC)'°. Increased rates of alkalinity
production within marine porewaters can lead to increased marine
CO,uptake and capture of legacy anthropogenic carboninthe ocean,
with a storage timescale that is effectively permanent (>1,000 years;
for example, refs. 9,11,14). Although there has been increasing work
on the export of alkalinity from shallow marine ecosystems®'*>"7,
there has not been a systematic evaluation of the potential extent
of increased alkalinity export likely to accompany BCE restoration.
Further, enhancing carbonate precipitation—which leads to a drop
in marine pH—can also drive marine CO, outgassing®. Herein, we use
astochastic modelling approach to show that, under a wide range of
settings and conditions, restoring seagrass and mangrove ecosystems
will reshape benthic marine redox dynamics inamanner that will drive
ocean alkalinity enhancement (Fig. 1). We argue that thisisan under-
appreciated aspect of the effects of BCE restoration'®?, and one that
makes the process amore robust and fungible form of CO, removal.
To investigate the potential role of mangroves and seagrasses in
driving the permanent capture of anthropogenic CO, by enhancing
benthic alkalinity fluxes, we built a time-dependent model of marine
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Fig.1| The blue carbon benthic alkalinity pump. The release of organic matter
and nutrients from the roots of mangroves and seagrasses results in higher rates of
aerobicrespiration near the sediment-water interface and increases carbon flow
through anaerobic microbial metabolism, both of whichlead to anetincreasein
benthic alkalinity fluxes to the overlying shallow ocean. These alkalinity fluxes drive
re-equilibration of the seawater carbonate system, which sequesters anthropogenic
carbon from the atmosphere and shallow ocean for timescales of -10° years.

sediment biogeochemistry that simulates the cycling of carbon, nitro-
gen, iron and sulfur under a wide range of environmental conditions.
The model is designed to represent seagrass and mangrove environ-
ments but builds from well-established practices of modelling marine
sediment biogeochemistry'®. Production of alkalinity from anaerobic
respiration (for example, sulfate reduction) and dissolution of calcium
carbonate due to changes in redox structure are emergent features
of the model. The model also tracks the acidity production resulting
from the oxidation of reduced species (for example, sulfide), to ensure
that the effects of BCE restoration onlocal carbonate chemistry are as
representative as possible. Lastly, we alsoinclude advection (by plants,
bioturbating animals and tidal pumping) and biological production
of methane through organic matter degradation and consumption
of methane through the aerobic and anaerobic oxidation pathways.
Our biogeochemical model is validated against measured depth
profiles of key solid and dissolved phases in multiple extensively studied
modern seagrass and mangrove systems (Supplementary Figs. 1-5).
The model successfully captures observed depth profiles of oxygen,
DIC, alkalinity and pH in a seagrass site in the Bahamas' with limited
calibration (using observed ranges for all boundary conditions), for
cases with and without seagrass. The model is also calibrated against
measurements made in multiple mangrove sites'*?°, and successfully
reproduces the depth profiles of oxygen, sulfide, pH and total organic
carbon (TOC) intwo different mangrove habitats. The organic matter flux
from mangroves and seagrasses (rootzone fluxes) is highly variable and
represents the only parameter used to tune the model to observed pro-
files. However, theinverted range of organic matter fluxes falls within the
reported ranges for these regions (for example, ref. 2) and ranges usedin
our stochastic simulations (see below). The results of the calibration for
both seagrass and mangrove sites are showninSupplementary Figs.1-5.
We use astochasticapproachinwhich environmental conditions
and key model parameters are randomly varied within reasonable
observational ranges, yielding a statistical estimate of the increase in
benthicalkalinity flux expected during the restoration of BCEs across
arange of scenarios (see section Time-dependent sediment diagenesis
model; Methods and Supplementary Information). In the stochastic
simulation, the modeled input parameters (for example, reaction
rate constants and organic and inorganic burial fluxes), and boundary
conditions (forexample, bottom water DIC and alkalinity) were varied

to better account for variability in environmental conditions across a
range of seagrass and mangrove settings. We also varied the extent of
advection, which in BCEs is caused mainly by bio-irrigation and tidal
pumping (forexample, ref. 21). The modelinput parameters were varied
within the range suggested in the literature (Supplementary Table 3),
assuming a uniform distribution (log-uniform for parameter ranges
that span multiple orders of magnitude). The stochastic analysis was
conducted for cases with and without allochthonous, pre-formed
carbonate to assess the role of carbonate dissolution in replenishing
the sedimentary alkalinity pool.

We estimate potential carbon dioxide removal based on the differ-
ence betweenthetotal benthic alkalinity flux before and after seagrass
or mangrove restoration, assuming a CO, uptake efficiency between
75% and 85%. Mechanistically, benthic alkalinity fluxes sourced from
mangrove or seagrass sediments will lead to animperfect translation
into an increased air-sea flux of CO,, owing to the buffering capacity
of surface ocean waters***, The magnitude of this effect is controlled
by the thermodynamics of the carbonic acid system (and thus seawater
temperature and salinity) as well as the existing state variables of the
local carbonic acid system and the kinetics of air-sea gas exchange.
We estimated the impact of this effect using an uptake efficiency for
CO, removal (6CO,) which is a function of changing net alkalinity?*>*
(8ALK; alkalinity increases after carbonic acid systemre-equilibration
once alkalinity and DIC leave the sediment pile) (Fig. 2; see section 3;
Methods and Supplementary Information). We emphasize that these
values are only approximate, as they assume thermodynamic equilib-
rium and fully equilibrated air-sea gas exchange.

Results

Ourmodelling resultsindicate that in essentially all conditions mangrove
and seagrass restoration will notably enhance alkalinity production
inthe sediment, leading to surface water alkalinity enhancement and
uptake of CO, from the atmosphere. Restored mangrove and seagrass
ecosystems cause a shoaling of oxygen penetration in the sediment
and increased alkalinity production through anaerobic respiration.
Mangroves and seagrasses deliver more organic matter to sediments
under similar conditions relative to degraded marine ecosystems that
represent a baseline before a given restoration project—the core idea
behind BCE drivingincreased organic carbonburial. This shiftin organic
matter loading and marine sediment redox structureresultsinelevated
alkalinity production and, critically, an increase in the flux of alkalinity
fromsedimentsinto the overlying water column. Further, with ahigh con-
centration of pre-formed calcium carbonate (found inmany mangrove
environments, for example, the Bahamas' or the Red Sea'), thereis an
increase in the rate of calcium carbonate dissolution. Mechanistically,
carbonate mineral undersaturation results from more localized and
intense zones of acidity production, linked foremost toazone of sulfide
oxidation"in the presence of robust seagrass and mangrove growth. By
increasing oxygen availability through the root zone and overall organic
matter availability, seagrass and mangroves foster a higher rate of aero-
bicrespiration as well as higher rates of sulfide oxidation relative to the
unrestored baseline, whichinturnresultsinincreased acidity production
in the surface sediment. A higher rate of acidity production decreases
pH, resulting in asharp decrease in the saturation index of calcium car-
bonate (Fig.3). This effectis consistent with asharp shiftin the pH depth
profiles in seagrass and mangrove systems (for example, refs. 10,12).
However, despite a zone of more intense acid production—which can
drive carbonate dissolution—the net effect relative to baseline scenarios
isthe transport (diffusionand advection) of waters with more alkalinity
that will foster CO, uptake into the surface oceans.

Itisimportant to assess the possibility that seagrasses and man-
groves act as a source of CO, rather than a sink. Sulfate reduction can
lower sediment pH, which could foster CO, evasion while increasing
the alkalinity and DIC in the system. However, this effect is explicitly
accounted for in our model framework. Further, these ecosystems
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Fig.2|Surface ocean uptake efficiencies. Surface ocean uptake efficiencies (6§CO,/8ALK) based on WOA2018 temperature and salinity data and a re-equilibration of
the carbonic acid system to alkalinity injection (see section Surface ocean response to benthic alkalinity enhancement; Methods and Supplementary Information).
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Fig.3|Modelled depth profiles of various chemical species in seagrass and
mangrove sediments. The depth profile is for abaseline condition with bottom
seawater chemistry. a-j, The depth profiles of dissolved oxygen, dissolved
inorganic carbon (DIC), alkalinity (ALK), pH and carbonate saturation index

for seagrass and mangrove systems. Our results suggest that seagrass and
mangroves influence the organic and inorganic cycling of carbon in sediment,

with strong impacts on diffusive alkalinity fluxes. In carbonate-rich sediment,
seagrass and mangroves foster carbonate dissolution, resulting inincreased
alkalinity production. Through higher rates of carbon delivery and organic
matter recycling mangroves produce alarger sedimentary alkalinity pool,
emphasizing their potentially important role in alkalinity-based carbon capture.

can be a permanent sink of atmospheric CO, when the production of
alkalinity from the sediment outcompetes the local rate of calcification
(also potentially linked to restoration). The alkalinity productionitself
isafunction of multiple environmental parameters including, but not
limited to, the availabilities of organic matter and electron acceptor
for anaerobic respiration (for example, iron oxides and sulfate), and
the rate of sedimentary carbonate dissolution. Previous results have
concluded that, under limited alkalinity production and probably high
rates of local calcification in the water column, seagrass ecosystems
can potentially actas asource of CO,(ref. 8). However, the high carbon-
ate content in these ecosystems in many cases is due to the ‘trapping’
of carbonate from elsewhere (‘allochthonous’ carbonates; see, for

example, ref. 11). Our results from an ecosystem budget analysis sug-
gest that, for almost all cases, the rate of alkalinity productionin these
ecosystemsis higher thanrates of local calcification, making seagrass
and mangrove ecosystems a net sink for CO, (Supplementary Fig. 10;
see Supplementary Information).

Alkalinity-driven carbon capture by seagrass and mangroves

Our model analysis suggests that restored seagrass meadows candrive
rates of atmospheric CO, uptake between 0.1and 0.9 tCO, ha™ per year,
depending on the background rate of net primary production (Fig. 4).
Insystems with high background calcium carbonate concentration, the
dissolution of calcium carbonate can considerably increase potential
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Fig. 4| Regulation of greenhouse gas fluxes through the restoration of
mangrove and seagrass ecosystems. Model results from our stochastic analysis
(1,000 simulations) of changes to net alkalinity fluxes (left) and estimated
area-normalized carbon dioxide removal (CO, removal; right) with and without
seagrass (top) and mangrove (bottom) restoration. The red bars at right
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show offsetting methane (CH,) fluxes estimated for the seagrass restoration
and mangrove cases. CO, removal estimates are corrected for surface ocean
buffering characteristic of the tropical/subtropical surface ocean (Methods and
Supplementary Information). Error bars correspond to +a.

CO,removal (up to ~0.9 tCO, ha™ per year) (Fig. 4). The theoretical
restoration potential of seagrass ecosystemsis suggested tobe between
~8and 25 million ha (ref.2), with the result that the alkalinity enhance-
ment associated with extensive seagrass restoration could potentially
remove between ~0.8 and 23 MtCO, per year.

The potential for ocean alkalinity enhancement and CO, capture
inrestored mangrove systems is notably larger than that of seagrasses,
owing to the higher rate of organic matter release and trapping in man-
grove systemsrelative to the background state. Stochastic analysis of our
model yields an estimated CO, removal potential of ~1-17 tCO, ha™ per
year (Fig.4), which when combined with an estimated theoretical man-
groverestoration potential of ~9-13 million ha (ref. 2) yields an estimated
CO,removal potential from restoration-induced alkalinity enhancement
of -9-221 MtCO, per year. Placed in the context of global CO, emission,
ourresults collectively suggest that alkalinity enhancement driven by the
restoration of mangrove and seagrass systems could permanently cap-
ture roughly 1% of total fossil fuel CO, emissions®. However, thisis likely a
theoreticalupperlimitoncarbon dioxide removal, anditisimportantto
emphasize thateconomic and societal pressures will make fully achiev-
ing this number extremely difficult. On the other hand, salt marshes
should also drive marine atmospheric CO, uptake, and our model can
alsoreproduce geochemical profilesinsalt marsh sediments with limited
tuning (Supplementary Fig. 3). Therefore, future work should focus on
evaluating the CO, removal potential of marsh restoration.

Fullgreenhouse gas budget

Our results also suggest a relatively minor impact of benthic methane
(CH,) fluxin offsetting CO, removal. Mechanistically, increased organic
matter availability and decreased sediment oxygen penetration would
be expectedtoleadto enhancedrates of biological CH, production (for
example, ref. 26), whichis consistent with our modelling results (Fig. 4).
However, our results suggest thatin typical cases the CO, equivalent flux
from enhanced CH, production is small compared with the potential
net increase in benthic alkalinity flux (Fig. 4). Although we have not

explicitly modelled nitrous oxide fluxes, these have been showntobe a
relatively small portion of the greenhouse gas budget in BCE systems” %,

Discussion

BCE restoration as permanent CO, removal

Carbondioxide capture through benthic alkalinity enhancement rep-
resentsdurable (>1,000 years) CO, removal. Thisisin marked contrast
to CO, capture through organic carbon burial, which can be rapidly
remobilized instorm events or due to changes in coastal management
practice®. Indeed, only a fraction of organic matter sequestered BCE
escapes sedimentary recycling—most is converted into DIC (Supple-
mentary Fig. 10). The degree to which the recycled carbon translates
into permanent CO, removal is governed by the balance between the
rate of alkalinity production through carbon recycling and the rate of
alkalinity consumption, which themselves are a function of various
environmental factors such as the local rate of calcification, availability
of organic matter, and electron acceptors for anaerobic respiration
(for example, iron oxides and sulfate). Seagrass and mangrove eco-
systems can only be a permanent sink of atmospheric CO, when the
production of alkalinity from the sediment outcompetes the local rate
of calcification (Supplementary Fig. 10; see Supplementary Informa-
tion). The most important outcome of our stochastic analysis is that
this should be the case in essentially all BCE restoration projects. As
aresult, restoration of BCEs has the potential to lead to durable CO,
removal regardless of uncertainty in the magnitude of CO, capture
through conventional organic carbon burial.

Impacts of environmental stressors on CO, removal prediction
Synergistic environmental stressors associated with ongoing anthropo-
genic disruption mightimpact the potential ability of mangroves and
seagrasses to capture carbon through benthic alkalinity flux enhance-
ment. Despite gaps in knowledge regarding the impact of environ-
mental stressors such as high seawater surface temperature, ocean
acidification and eutrophication, there is evidence to suggest that
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these factors may sustain or even increase the potential for alkalinity
productionin BCEs. Forinstance, available data suggest thatincreased
surface seawater temperature, ocean acidification and eutrophication
can augment rates of carbon sequestration by mangroves and sea-
grasses, whichshould alsoresultinincreased organic matter delivery
tosediments and an enhancement of diffusive alkalinity fluxes. Inaddi-
tionto anincreaseinalkalinity-driven carbon capture, by modulating
regional carbonate chemistry and thermodynamic bufferingin coastal
waters mangroves and seagrass can also act asanideal natural meansto
mitigate the adverse effects of climate change on other coastal habitats
(see section Synergistic environmental stressors on seagrasses and
mangroves; Supplementary Information). Taken together, while our
results emphasize the need to consider alkalinity fluxes in BCE restora-
tion, the range of predicted CO, removalratesin different ecosystems
also highlights the difficulty in moving CO, removal through enhanced
alkalinity fluxes onto a carbon market. Nonetheless, it could be pos-
sible with a coupled modelling and empirical approach to estimate
CO, removal rates and uncertainties from BCE restoration projects,
and this represents a key target for future work.

Restoration costs of seagrass and mangroves
The potentially high cost of seagrass and mangrove restoration and
maintenance represents a barrier to the robust growth of a blue car-
bon market, despite the obvious societal and ecological co-benefits?.
Full restoration costs for previous mangrove and seagrass restoration
projects can be as high as100,000 USD ha™(ref. 3). Most of this cost is
maintenance and monitoring of the project afterits completiontoensure
survivaland reproducibility® 2. The restoration of seagrass is generally
viewed tobelabour-intensive and requires several years for the full com-
pletion of the project®™*%. However, restoration of mangrove systems is
typically more cost effective’, with amedian cost of restoration of -1,000
USD ha\(ref. 3). However, the cost of mangrove restoration can be as low
as25USD ha™ peryear (ref. 3). In this light, alkalinity-based CO, removal
associated with mangrove and/or seagrass restoration could potentially
offsetasizablefraction of the overall cost of many restoration projects.
Forinstance, atanominal carbon price of 100 USD tCO, ! alkalinity-based
CO,removal alone would offset costs of up to 200-1,200 USD ha™annu-
ally for the restoration/maintenance of mangrove ecosystems.
Although thereisincreasing acceptance that CO,removalis going
tobe essential to meet climate goals, all proposed approaches towards
CO,removal have drawbacks associated with energy use, cost, attribu-
tion, barrierstoscale, and potential negative side effects (for example,
refs. 33,34). Although the overall CO, removal ceiling for blue carbon
systemsis modest relative to other commonly discussed CO, removal
approaches®, seagrass and mangrove restoration is arguably unique
asaCO,removaltechniqueinthatthereare clear positive benefits for
local communities and marine health fromrestoration and no obvious
negative consequences. We argue that enhanced alkalinity generation
hasbeen overlooked (see alsorefs.10,12) when accounting for carbon
removal during the restoration of BCEs and suggest that a focus on
the impacts of BCEs on the shallow ocean alkalinity budget provides
an avenue towards financial incentivization of the restoration and
protection of these critically important shallow marine ecosystems.

Methods

Time-dependent sediment diagenesis model

The vertical distributions of chemical species in the solute and solid
phases within the sediment column canbe expressed using the follow-
ing reaction-transport formulation:

d¢ a a¢; 0
a - &(wDia—x’) - a((l”/ci) + P (C; — COV) + (PZR[]’, 0
J
ac, o, o 9
9 " Y5 ax(wuc,)w;R,,. ©)

Here, equation (1) refers to solute (dissolved) species, equation (2)
refers to solid species, x is depth below the sediment-water surface,
C,is the concentration of species i, and D, and D, are respectively the
corresponding molecular diffusion and bio-diffusion coefficients. The
parameters uand vareburial velocities for solid and dissolved (advec-
tive) species. The parameter v represents the effect of all advective
fluxes including the effect of tidal pumping, which is viewed to be a
common feature of BCEs.

The parameter a;,, denotes the bio-irrigation coefficient. The
parameter ¢ is (1 - @)p, where @ and p are respectively the sediment
porosity and density of dry sediment. R; corresponds to the sum of all
therates of reactions that consume or produce speciesi. Reactions, rate
expressions and model parameter values, along with model initializa-
tion, boundary conditions and calibration to empirical observations,
aredescribed in section 1of Supplementary Information.

Organic matter degradation

To account for the role of seagrasses and mangroves in increasing
the concentration of oxygen and dissolved organic carbon (DOC) in
porewater, we considered the transformation of particulate organic
carbon (POC) to DOC and from DOC to DIC. The rate of organic matter
transformationto DOC s afunction of the abundance and reactivity of
organic matter. Mechanistically, upon the burial of POCin the sediment
column, POC (for example, biopolymers) with high molecular weights
(HMW; >1,000 Da) would be broken down and depolymerized into
smaller organic molecules with lower molecular weights (for example,
DOC). The resultant DOC is then further degraded and mineralized,
which results in the generation of inorganic carbon (DIC). The overall
rate of carbon transformation from POC to DICis controlled by the rate
of each degradation step. While the mechanisms controlling the rate of
the multi-stage conversion of organic matter to inorganic carbon are
not fully understood, we use a well-established power-law framework
for organic matter degradation. Using this power-law function for the
carbondegradationrate, the rate of POC transformationinto DOC can
thenbe expressed as:

Reoc_poc = k[OC]. ©)

Here Ryoc_poc denotes therate of organic matter degradation, kis the reac-
tivity of organic matter and [OC] s the concentration of POC. Following
the previous studies, the reactivity, k, was described by the Middelburg
power law as a function of carbon age t: log;, k= —(0.95)log,t - (0.81)
(ref. 36). This power law was corrected for the effect of oxygen, which
we usedinthe model and was shown to hold over arange of conditions”.

Since the rate of the terminal mineralization step, where DOC is
converted to DIC, is a function of both the size and reactivity of the
POC pool, the rate of DOC to DIC transformation can be expressed by
aMonod scheme. Such formulationis supported by experimental and
modelling studies:

DOC
Rpoc-pic = RPOC—DOC-W» 4)

where Rpoc.pocis therate of conversion of POC to DOC, calculated using
the power law described above; [DOC] s the concentration of DOC; and
kpoc is the half-saturation constant for DOC degradation. The value
of kpoc has been suggested to be approximately 231.16 + 899.99 uM
(Supplementary Table 1)*,

The total rate of DIC production was assumed to be equal to the
rate of DOC to DIC transformation (Rp,c = Rpoc.oic)- The rate of alka-
linity production in the sediment was controlled by the total rate of
anaerobic respiration (for example, sulfate reduction, and dissolution
and precipitation of calcium carbonate. The pH depth profile in the
model was obtained by using a function that calculates the different
speciesinthe carbonate system using two known dissolved species of
DIC and alkalinity™.
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The stoichiometry used for organic matter degradation coupled
toaerobicrespirationis 1:1. This stoichiometry is based on the available
literature (for example, ref. 39) that assumes that aerobic respirationin
itssimplest definitionisthe reverse of photosynthesis and the energy
required to oxidize the produced organic biomass in the photic zone
was initially fixed into the organic matter through photosynthesis. This
isindeed asimplification for the reaction that happensinnature, asthe
organic matter used through aerobic respiration are large polymers
thatinclude awide range of organic molecules such aslipids, proteins
and carbohydrates. One possible representation of the chemical com-
position of organic matter used in aerobic respiration is the traditional
Redfield-Ketchum-Richards equation, which yields a stoichiometry
ratio of oxygen to organic matter of around 1.3:

(CH,0),4(NH3),, (H3PO,) + 1380, — 106CO,
+16HNO; + H;PO, + 122H,0.

Root zone fluxes

The release of oxygen and DOC of root exudates in porewater are
parameterized assuming they are dispersed inaBrownian fashion with
aGaussian probability distribution (for example, ref. 40).

_ G-w?
202, 5)

——e¢
2
2mo?) /

pG.p,0) =
(
Herej denotes the index for each gridpoint, u is the gridpoint in the
centre of the rootzone and 20 regulates the number of gridpoints
over which the release of oxygen and DOC happens. The release rate
of oxygen and DOC at each gridpointis calculated as:

R(x); (6)

_ pl.u0)F;

A
where F;isthe total flux of oxygen and DOC and Axis the length between
two consecutive gridpoints.

Boundary and initial conditions
The boundary conditions at the sediment-water interface were con-
sidered as the concentration of dissolved species (Dirichlet):

Cix=0,6) = (). @)
and imposed flux (mixed-type) for the solid species:

—lliDi(O)% +YuC; = Fi(0). (8)

Here, F;is the solid substance flux at the sediment-water interface.
A zero gradient (Neumann or second-type) no-gradient boundary
conditionisimposed for all species at the bottom of the domain (x=L):

6C,</0X|X=L =0. (9)

The initial conditions for all the species were considered zero at
time zero. To explore the effect of seagrass and mangrove addition to
the depth profiles of chemical species, we imposed depth profiles of
chemical species in the case of no seagrass and mangroves when they
reach steady state as initial conditions for the case of mangroves and
seagrasses.

Surface ocean response to benthic alkalinity enhancement
Agivennetbenthicalkalinity flux stimulated by mangrove or seagrass
restoration willbeimperfectly translated into anincreased air-sea flux
of CO, because of the buffering capacity of surface ocean waters?**.,
To estimate the impact of this effect, we define an uptake efficiency
for CO,removal (§CO,) as a function of changing alkalinity (SALK)*:

< mmialigngroup/ > 2 = [S 1073009

SALK

+1077]In(pCO,) - [ 107
10)

< mmly aligngroup/ > — [T - pCO,] [S- 10777 — 10_5'598]

_ [T~ 10—2.337] + 10—0.102’

where S and Tdenote in situ salinity and temperature, respectively,
and pCO, denotes the partial pressure of atmospheric carbon dioxide
(state p.p.m.). We use surface ocean temperature and salinity data
from the World Ocean Atlas 2018 (ref. 42) (Supplementary Fig. 7) to
estimate equilibrium uptake efficiencies for the global surface ocean
(Supplementary Fig. 8). In our analysis, we apply a conservative cor-
rection to estimate rates of CO,removal based on benthic alkalinity
enhancementranging between 15% and 25% (for example, uptake effi-
ciencies between 0.75 and 0.85), consistent with the observed range
of uptake efficiencies for the tropical/subtropical ocean. We note,
however, that these estimates assume thermodynamic equilibriumin
surface seawater and gas-exchange equilibrium with the atmosphere,
and thus place upper limits on effective carbon dioxide ingassing.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

No dataset has been used in the study, and all the data used to produce
the results of the study are from the computer code that is available
through Zenodo (https://doi.org/10.5281/zenodo.7838961).

Code availability
The computer code for the time-dependent sediment diagenesis model
canbe found onZenodo (DOI:10.5281/zenodo.7838961).
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