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O C E A N O G R A P H Y

Ocean alkalinity destruction by anthropogenic seafloor 
disturbances generates a hidden CO2 emission
Sebastiaan J. van de Velde1,2,3*, Astrid Hylén3, Filip J. R. Meysman3

The seafloor is responsible for 40% of the alkalinity input to the ocean, thus contributing to the ocean’s capacity to 
sequester atmospheric CO2. Anthropogenic seafloor disturbances induced by mobile bottom-contact fishing and 
dredging influence this natural carbon sink, yet the human impact on the ocean’s alkalinity cycle remains poorly 
quantified. Model simulations show that the combined impact of mobile bottom-contact fishing (e.g., trawling) 
and dredging reduces natural alkalinity generation by 60 to 220 gigaequivalent year−1, which is equivalent to a 
reduction of the natural marine carbon sink by 2 to 8 teragrams CO2 year−1. Alkalinity destruction by anthropo-
genic seafloor disturbance hence generates a hidden CO2 emission, of which the impact is comparable to the esti-
mated reduction of organic carbon burial by mobile bottom-contact fishing. Our analysis emphasizes that carbon 
accounting in marine systems should consider the anthropogenic impact on both the organic and inorganic car-
bon cycles.

INTRODUCTION
Since the start of the industrial revolution, the ocean has taken up 
~25% of anthropogenic carbon dioxide (CO2) emissions, thus alle-
viating the impact of ongoing global warming (1). CO2 efficiently 
dissolves in seawater, and as a result, the ocean provides a large sink 
for atmospheric CO2 (2, 3). The CO2 storage capacity of seawater is 
principally controlled by its alkalinity (AT) content, which is the ex-
cess of proton acceptors (bases) over proton donors (acids) (4). In 
the geological past, ocean alkalinity feedbacks have played a vital 
role in regulating the Earth’s climate: Periods of intense warming 
have resulted in intensified weathering, thus releasing additional AT 
to the ocean, which traps atmospheric CO2 and counters warming. 
Given the urgent need for climate stabilization, this natural feed-
back has inspired the idea of “ocean alkalinity enhancement” (OAE), 
which refers to technologies that aim to deliberately increase the AT 
of the surface waters to achieve active carbon dioxide removal 
(CDR). OAE technologies are in an early phase of investigation, and 
various approaches are being proposed to achieve alkalinization, in-
cluding mineral addition, electrochemistry, and liming of surface 
waters (5). However, little attention has been given to the opposite 
process, i.e., the possibility of anthropogenic ocean alkalinity de-
struction and concomitant CO2 emissions. Anthropogenic activities 
like mobile bottom-contact fishing and dredging have the potential 
to negatively affect the natural processes that generate AT, thereby 
decreasing AT levels in the surface ocean and thus reducing its CO2 
sequestration capacity.

Marine sediments account for ~40% of the external AT input to 
the ocean (~20 Tequiv AT year−1), while the remainder is due to 
riverine input of dissolved compounds (6–8). Most of this sedimen-
tary AT input (52%) is generated via the dissolution of detrital car-
bonates (i.e., carbonates originating from land) (8), while pyrite 
(FeS2) formation and burial accounts for 24% and the remainder is 
generated by anaerobic mineralization via denitrification (nitrate 
reduction to N2 gas) (8%) and organic matter burial (16%) (7, 9). 

Because shallow marine waters are oversaturated with respect to 
carbonates, carbonate dissolution typically occurs within the oxy-
genated zone of marine sediments, where acidity is created via aero-
bic respiration (10, 11). In contrast, denitrification and pyritization 
primarily occur in the anoxic part of the sediments, where anaero-
bic mineralization pathways dominate the decomposition of organic 
matter (12). If the sedimentary efflux of AT to the overlying water is 
reduced, the AT levels in the surface ocean will decrease, inducing a 
concomitant efflux of CO2 to the atmosphere. As such, ocean alka-
linity destruction essentially generates a hidden CO2 emission from 
the fishing and dredging activities.

The coastal and shelf seafloor is strongly affected by various an-
thropogenic activities that cause sediment disturbance, such as mobile 
bottom-contact fishing and dredging (13), which are widespread and 
frequent activities across the global continental shelf. Around 15% of 
the continental shelf area down to 1000 m water depth is disturbed at 
least once every 5 years by bottom-contact fishing (14, 15), a practice 
during which heavy nets and chains are dragged across the seafloor. 
Trawling gear typically penetrates up to 5 cm into the seafloor, leading 
to resuspension of particles in the water column and homogenization 
of the upper few centimeters of sediment. Globally, 20 to 90 Gt of 
sediment are resuspended annually, and up to 200 Gt of sediment de-
posits are homogenized (16). Dredging activities imply sediment ex-
cavation and subsequently redeposition in marine environments. 
Global sediment volumes for dredging are less well documented, but 
we estimate that ~2.1 Gt of sediment was relocated by dredging glob-
ally in 2021. Mobile bottom-contact fishing and dredging physically 
affect the seafloor and alter the natural geochemical cycles (17, 18), 
with the potential to disrupt natural AT generation in the seafloor. By 
re-exposing anoxic sediments to oxygenated water, via either resus-
pension or homogenization, mobile bottom-contact and dredging can 
stimulate FeS2 reoxidation (17, 19), leading to the removal of AT. At 
the same time, the pathways of denitrification and carbonate forma-
tion/dissolution are disturbed within the sediment by the introduc-
tion of oxygen-rich overlying water, oversaturated with respect to 
calcite and aragonite phases, into the pore water (17, 20).

To support the development of effective climate policies, an ac-
curate assessment of the net emission or removal of CO2 by both ter-
restrial and marine ecosystems is critical (3). While extensive knowledge 
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has been built up in the terrestrial realm, marine carbon accounting 
is still in its early stages (21, 22). Within the impact of fisheries, most 
research has so far focused on the impact of mobile bottom-contact 
fishing on the sequestration of organic carbon in the seafloor. Initial 
estimates suggested that mobile bottom-contact fishing could po-
tentially cause emissions of ~500 Tg CO2 year−1 through the stimu-
lation of organic carbon mineralization (23,  24). Yet, subsequent 
assessments reveal that this provides a substantial overestimation of 
the organic matter oxidation effect, which is more likely on the or-
der of ~10 Tg CO2 year−1 (25–29). To enable accurate carbon ac-
counting in marine systems, the anthropogenic impact on the 
inorganic carbon cycle must also be properly quantified. Yet at pres-
ent, there are no reliable quantitative estimates of the extent to which 
anthropogenic sediment disturbances effectively remove ocean AT, 
and so the “indirect” CO2 emissions resulting from ocean alkalinity 
destruction remain unidentified.

Here, we compiled a global dataset of in situ measured fluxes of 
AT, dissolved inorganic carbon (DIC), and oxygen (O2), and used 
this dataset to validate a biogeochemical model of the seafloor. We 
simulated the impact of mobile bottom-contact fishing and dredg-
ing on the seafloor biogeochemistry and quantified the global loss of 
AT and associated marine CO2 sequestration potential due to an-
thropogenic sediment disturbance.

RESULTS AND DISCUSSION
Global seafloor alkalinity release
For our global dataset, we compiled AT (n = 270), DIC (n = 251), and 
O2 (n = 260) fluxes across the global seafloor (fig. S1A). Flux data 
from cohesive sediments were categorized into four different habitats 

according to water depth: “coastal mud” (<50 m water depth), “shelf 
mud” (<200 m water depth), “slope” (<2000 m water depth), and 
“deep sea” (>2000 m water depth). Flux data from permeable sedi-
ments were placed into a single category (“coastal and shelf sand”), as 
there were less than 10 data points from water depths <50 m and 
none above >200 m. This data compilation reveals that, per area, 
coastal muds provide the highest AT release with an average flux of 
12.4 mequiv AT m−2 day−1 (n =  83) (Fig. 1A). Muddy shelf areas 
generate ~2.4 mequiv AT m−2 day−1 (n = 55), while slope and deep-
sea sediments generate <1 mequiv AT m−2 day−1 (Fig. 1A), and san-
dy sediments generate 5.7 mequiv AT m−2 day−1 (n = 18) (Fig. 1A). 
DIC and O2 fluxes follow the same trend as the AT flux (Fig. 1A), 
thus signifying the role of organic matter decomposition in AT gen-
eration. Organic matter mineralization and carbonate dissolution 
produce DIC, and so a sediment with higher metabolic activity and 
total O2 uptake is expected to display a higher DIC and AT efflux. 
Likewise, carbonate dissolution, denitrification, and pyrite precipita-
tion are all driven by heterotrophic microbial activity in the sedi-
ment, which in turn determines the sedimentary O2 uptake (6, 30). 
The observed variation in measured fluxes within each habitat and 
depth category is caused by local differences in temperature, organic 
matter supply, and calcium carbonate supply.

We developed a one-dimensional biogeochemical model that 
combines physical and biological transport in the seafloor with a 
state-of-the-art pore-water pH description (31). The reaction net-
work embedded in the model includes all relevant AT-producing and 
consuming processes in a marine sediment: aerobic respiration, deni-
trification, sulfate reduction, pyrite precipitation, carbonate dissolu-
tion, and precipitation. The model is able to reproduce the observed 
trends in AT, DIC, and O2 fluxes and carbonate dissolution rates by 

Fig. 1. Natural seafloor alkalinity (AT) generation. (A) Model-data comparison of benthic fluxes (diffusive + advective) of AT, dissolved inorganic carbon (DIC), and oxy-
gen (O2). Gray dots indicate individual data points, and colored dots are mean values with SD. (B) Modeled seafloor AT fluxes. Dashed white lines indicate 1000-m water 
depth (the depth down to which the seafloor is affected by mobile bottom-contact fishing regularly). Individual data points are plotted as dots. (C) Contribution of indi-
vidual pathways to the sedimentary AT generation. Simulated pore-water profiles are shown in fig. S2.
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varying the input of organic carbon and carbonates between the five 
seafloor environments (sand R2 = 0.43, coastal mud R2 = 0.43, shelf 
mud R2 = 0.48, slope R2 = 0.18; fig. S1B), as these inputs are known 
to strongly depend on water depth (32, 33) (Fig. 1A). We subsequent-
ly used our model-derived relation between seafloor AT generation, 
water depth, and sediment type to derive a global map of seafloor AT 
fluxes (Fig. 1B). The habitats with the highest AT efflux are located on 
the continental shelves, which are also the ocean zones that host the 
most intensive anthropogenic activities (34).

The model simulations reveal that most AT is generated through 
carbonate dissolution, accounting for 80% of the AT efflux from 
coastal muddy sediments and up to 100% in slope sediments (Fig. 
1C), in accordance with field observations and previous model esti-
mates (6, 35, 36). Across the coastal, shelf, and slope seafloor, 54 
Tequiv AT year−1 is generated through carbonate dissolution, which 
is slightly higher than the dissolution rate derived from the differ-
ence between carbonate production and burial on the shelf and 
slope (10 to 34 Tequiv AT year−1) (10). Note that the modeled car-
bonate dissolution rate also includes the dissolution of biogenic car-
bonates formed within marine ecosystems. The dissolution of these 
carbonates should not be considered an external AT source to the 
ocean, as AT was consumed during their formation. The subsequent 
dissolution of marine carbonate in the sediment comprises internal 
recycling and does not lead to a net AT gain. Consequently, the glob-
al net contribution of carbonate dissolution to the marine AT budget 
is limited by the input of detrital carbonate minerals from land (es-
timated at 10 Tequiv AT year−1) (8). Our model analysis also sug-
gests that net denitrification does not substantially contribute to the 
sedimentary AT input to the ocean. Instead, the production of 
ammonium from organic matter mineralization and its subsequent 
oxidation to nitrate is always larger than the reduction of nitrate to 
N2 (Fig. 1C). This negligible contribution of denitrification to sedi-
mentary AT generation is in line with existing estimates based on 
global nitrogen fluxes (7, 9). Although denitrification induces AT 
generation with the pore water, most of this is offset by water col-
umn nitrification and N2 fixation, which consume AT. Hence, the 
global contribution of denitrification to the marine AT budget is 
limited to the inflow of nitrate from land and is at most 1.5 Tequiv 
AT year−1 (9). Pyrite burial in the coastal, shelf, and slope seafloor 
generates an additional 2.9 Tequiv AT year−1 in our model, which 
agrees with previous estimates based on the global sulfide burial flux 
(2.4 to 5.5 Tequiv AT year−1) (7) (table S4).

Anthropogenic impact on seafloor alkalinity generation
We used our biogeochemical model to quantify the impact of an-
thropogenically induced sediment disturbances on AT generation. 
To emulate the impact of mobile bottom-contact fishing, we first 
simulated resuspension of the surface layer of the sediment. Subse-
quently, we simulated the redeposition of the top sedimentary layer 
by homogenizing the solid-phase particles and exchanging the pore 
water with the overlying water. To account for the uncertainty in our 
model results, we first defined probability distributions for each of 
the critical disturbance parameters (Materials and Methods) and 
used the 0.25, 0.50, and 0.75 quantiles of these distributions to define 
a lower, median, and higher model estimate, respectively (results are 
hence reported as median [lower, higher]). We varied disturbance 
frequencies from 1 to 10 times per year, which covers the annual mo-
bile bottom-contact fishing frequency range in coastal and shelf seas 
(14). The mobile bottom-contact fishing impacts were simulated for 

coastal and shelf sands, coastal mud, shelf mud, and slope sediments, 
which are the areas where mobile bottom-contact fishing occurs 
most regularly (14). The impact on AT generation is largest in muddy 
coastal areas, where mobile bottom-contact fishing leads to a de-
crease of up to 1.5 mequiv AT m−2 year−1 relative to the natural ef-
flux, whereas the impact is two orders of magnitude lower in the shelf 
sediments (Fig. 2A). Overall, the effect of mobile bottom-contact 
fishing appears negligible for sand and slope sediments, with a simu-
lated impact on AT fluxes in these sediment types that are several 
orders of magnitude smaller than the simulated AT loss in coastal 
and shelf muds (Fig. 2A). All AT loss in the mobile bottom-contact 
fishing scenario is caused by sediment resuspension and subsequent 
reoxidation of pyrite. Note that the oxidation of pyrite will form iron 
oxides, which could eventually settle out of the water column and 
become buried again. When such deposition occurs in the right en-
vironment, this could again lead to formation of pyrite, which would 
generate AT and thus balance the initial loss of AT upon oxidation. 
This could hence reduce the overall AT loss due to disturbance and 
limit the associated reduction in marine CO2 uptake. However, the 
iron oxides need to be deposited in the right coastal environment 
(sustaining anoxic sulfate reduction), and moreover, there is marked 
difference in timescale between reoxidation and reprecipitation. 
Where the oxidation of pyrite occurs over timescales of days to weeks 
(37), the process of resettling, burial, and reformation of pyrite would 
take years or longer. Additionally, the iron oxide particles could be 
transported with the dominant currents off the shelf and into deeper 
waters (38), which hence would lead to permanent AT loss from the 
surface ocean (which is the critical layer that is in contact with atmo-
spheric CO2).

To estimate the global impact of mobile bottom-contact fishing 
on sedimentary AT production, we combined our model results 
with spatial data on the frequency and extent of sediment distur-
bances induced by mobile bottom-contact fishing (Fig. 2B) (14). 
Mobile bottom-contact fishing affects 5,500,000 km2 of sediment 
per year and causes a global AT loss of 130 [55, 220] Gequiv year−1. 
The highest impact is seen in the Adriatic and North Sea regions, 
which are also the more frequently fished areas (Fig. 2B and table 
S5). Despite more frequent disturbance of the seafloor than in the 
North Sea, the predicted impact on the AT generation is relatively 
low in the Irish Sea and the Iberian Margin, as less mobile bottom-
contact fishing occurs in muddy coastal sediments in these regions 
(Fig. 2B and table S5). Our results thus indicate that a sizeable re-
duction in global AT loss can be achieved by limiting mobile bottom-
contact fishing in muddy coastal areas.

Dredging-related disturbances were simulated by resuspending 
and homogenizing the complete sediment column, as several me-
ters of sediment are generally excavated during dredging opera-
tions (39). We simulated dredging events to occur with a frequency 
of 1 to 5 per year, and a time lag between sediment excavation and 
deposition of 0.1 to 10 days. The dredging experiment was only 
conducted for muddy coastal sediment, as most dredging occurs in 
these environments (40). In the dredging scenario, up to 2.1 mequiv 
AT m−2 year−1 is lost (Fig. 2C). Most of the AT loss is due to the 
inhibition of pyrite burial, and the remaining 3 to 20% of the AT 
loss is caused by stimulation of carbonate precipitation, with the 
highest relative contribution from the highest disturbance frequen-
cies and lowest resuspension times. The increased carbonate pre-
cipitation is driven by introducing overlying water, oversaturated 
with respect to carbonates, at depth in the sediment. While the 

D
ow

nloaded from
 https://w

w
w

.science.org on A
pril 08, 2025



van de Velde et al., Sci. Adv. 11, eadp9112 (2025)     28 March 2025

S c i e n c e  A d va  n c e s  |  R e s e ar  c h  A r t i c l e

4 of 10

local effect of dredging on the sediment biogeochemistry is higher 
than for mobile bottom-contact fishing (Fig. 2, A and C), the small-
er extent of dredged areas (~4000 km2 year−1) results in a 100-fold 
lower global AT loss of 1.5 [0.8, 2.7] Gequiv year−1 as compared to 
mobile bottom-contact fishing.

Our results show that mobile bottom-contact fishing and dredging 
reduce the natural capacity of the seafloor to generate AT. The global 
AT loss due to mobile bottom-contact fishing and dredging amounts 
to 130 [56, 220] Gequiv year−1. The amount of CO2 that will be lost 
from the surface water due the loss of AT can be estimated by the 
thermodynamic CO2 buffer factor, which represents the change in the 
concentration of DIC upon the addition of 1 mol of AT to the seawa-
ter, evaluated at a constant fugacity (or partial pressure) of CO2 (4, 41). 
This factor depends on the local seawater chemistry, temperature, and 
salinity, causing it to vary between different coastal systems (7). Across 
the global ocean, this factor can vary from 0.75 to 0.95, with an aver-
age value of 0.84 (42). Using the average, the AT loss due to anthropo-
genic seafloor disturbances would lead to the transfer of 4.9 [2.1, 8.2] 
Tg CO2 year−1 from the ocean to the atmosphere. This is comparable 
to the impact of mobile bottom-contact fishing on marine carbon 

sequestration via the inhibition of organic carbon burial, which is es-
timated to be 10 ± 30 Tg CO2 year−1 (27, 28). Anthropogenic sedi-
ment disturbances hence generate “hidden” indirect CO2 emissions 
by affecting both inorganic and organic cycling, which are neverthe-
less small compared to the direct CO2 emissions resulting from fossil 
fuel consumption (135 Tg CO2 year−1) of the global mobile bottom-
contact fishing fleet (43). Still, these indirect emissions should not be 
ignored, particularly when compared to ongoing efforts to develop 
CDR capacity. Restoration of tens of millions of hectares of seagrass 
and mangrove ecosystems (44), at an estimated cost of 103 to 105 USD 
ha−1 (45), is expected to provide carbon sequestration in the range of 
1 to 10 Tg CO2 year−1 (46). Moreover, the current capacity for direct 
air capture of CO2 is 0.04 Tg CO2 year−1 and might reach 5 Tg CO2 
year−1 in 2030 provided that substantial investments take place 
(47, 48). The AT loss and resulting hidden CO2 emissions caused by 
marine industries essentially offset gains currently made in CDR. Our 
results illustrate that the impact of mobile bottom-contact fishing and 
dredging on sedimentary AT generation is non-negligible and thus 
should be considered when performing marine carbon accounting 
and making global carbon budgets. This potential important and 

Fig. 2. Disturbance simulations. Loss of total alkalinity (AT) due to sediment disturbances; negative values indicate AT gain. (A) Impact of mobile bottom-contact fishing 
on different sediment types. Error bars indicate lower and higher impact simulations. Simulated pore-water profiles are shown in figs. S3 to S7. (B) Regional estimates of 
annual AT loss due to mobile bottom-contact fishing in sediments <1000-m water depth. Areas delineated with dashed areas indicate the assessed region [based on (14)]. 
(C) Impact of dredging on muddy coastal sediments. Error bars indicate lower and higher impact simulations.
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unrecognized AT loss should inspire future research to experimentally 
validate the present model results.

MATERIALS AND METHODS
We aimed to simulate the impact of sediment disturbances by mo-
bile bottom-contact fisheries and sediment dredging on natural al-
kalinity (AT) generation. To this end, we constructed a sediment 
reaction-transport model that contains the essential biogeochemi-
cal reactions for AT production: (i) denitrification, (ii) pyrite pre-
cipitation, and (iii) carbonate dissolution/precipitation. The organic 
matter mineralization part of the model is based on a previously 
published diagenetic model that can represent organic matter and 
nutrient cycling in sediments in settings that range from nearshore 
to the deep sea (30). We extended this model to explicitly account 
for pyrite precipitation, added an efficient pH calculation module 
(31), and included the most up-to-date formulation of carbonate 
precipitation and dissolution kinetics (49) (tables S1 and S2).

We used our sediment reaction-transport model first to simulate 
seafloor alkalinity generation in the four different habitats we defined 
based on our data compilation: coastal mud (<50 m water depth), shelf 
mud (<200 m water depth), slope (<2000 m water depth), and deep 
sea (>2000 m water depth). Because of the lack of metadata with re-
spect to alkalinity-generating processes, we do not account for smaller-
scale spatial variability, but rather focus on the first-order trends. All 
baseline parameters are taken from previous modeling studies, or 
global data compilations (table S3). Our model philosophy is that it is 
more informative to develop a simplified model that is suitably con-
strained by a large dataset than to use a complex model that cannot be 
constrained by data. Therefore, we used the combined alkalinity, DIC, 
and oxygen fluxes to validate the model, as complementary data need-
ed to constrain alkalinity-generating processes, such as downcore pro-
files of pyrite and carbonate dissolution, were rare. This approach gives 
us a broader spatial coverage of data points and avoids the potential 
introduction of spatial bias toward specific environments.

We then used our baseline simulation for each of the four habitats 
and introduced sediment disturbance by resuspending the top sedi-
mentary layer and homogenizing the sediment layer. Our assump-
tions and the assessment of model uncertainty are detailed below.

Diagenetic model formulation
The early diagenetic model follows the standard approach to de-
scribe reaction transport in marine sediments (30, 50–54). The core 
of this reaction-transport model consists of a set of mass balance 
equations of the advection-diffusion-reaction form (52, 55). Adopt-
ing the assumption of steady-state compaction, the balance equa-
tion for a pore-water solute and solid components becomes (55)

The quantity CD,i represents the concentration of a pore-water 
compound, CD,i

OW is the value in the overlying water, φ denotes the 
porosity (assumed constant with depth), Di is the diffusion coeffi-
cient, νF is the burial velocity of the pore fluids, νS is the burial 

velocity of the solids, and z is the depth into the sediment. The 
concentration of a solid compound CS,i is expressed per unit volume 
of solid sediment. The quantities Rk represent the rates of the bio-
geochemical reactions (expressed per bulk sediment volume), where 
vi,k is the stoichiometric coefficient of the ith species in the kth reac-
tion. The effect of bioturbation (bio-mixing and bio-irrigation) is 
implemented by the bio-mixing parameter Db and the bio-irrigation 
parameter αi, which is solute specific (56).

Model parameterization: Transport processes
The model includes a set of transport processes that is characteristic 
for sediments affected by fauna: (i) solute diffusion in the pore wa-
ter, (ii) downward advection due to sediment accumulation, (iii) 
bio-mixing, and (iv) bio-irrigation. Pore-water advection induced 
by bottom currents and waves in the sandy (permeable) simulation 
is incorporated by increasing and deepening bio-irrigation.

The solute flux due to molecular diffusion and advection is de-
scribed by Fick’s first law (57)

where Di is calculated by first determining the molecular diffusion 
coefficient Di

mol as a function of temperature and salinity using the 
CRAN:marelac package (58) and corrected for tortuosity according 
to the modified Weissberg relation (59)

The presence of bioturbation is modeled as two different extra transport 
parameters: bio-mixing and bio-irrigation. Following the conventional 
description, bio-mixing is modeled as a diffusive-like process (52, 60)

Benthic fauna requires food resources (organic matter) that arrive 
from the overlying water at the top of the sediment pile, and thus, 
most of their activity occurs near the sediment-water interface and 
decreases with sediment depth (61). The bio-diffusivity coefficient 
accordingly follows a sigmoidal depth profile (62)

where Db,0 is the bio-diffusivity at the sediment-water interface, zL is 
the depth of the mixed layer, and zbm,att is an attenuation coefficient 
determining the transition zone from mixed to unmixed sediment ho-
rizons. Bio-mixing is governed by two separate parameters: the inten-
sity of mixing as represented by the bio-diffusivity, Db,0, and the depth 
of the mixed layer, as represented by zL (the width of the transition 
zone zbm,att is of secondary importance). In natural systems, these two 
parameters are correlated (62, 63). Hence, to account for this interde-
pendency, and facilitate model sensitivity analysis, the mixing depth 
was made dependent on the bio-diffusivity using the following relation

where Lz,0 (= 1 cm) is the minimum depth of bioturbation, Lz,max is 
the maximum mixing depth [Lz,0 + Lz,max = 10 cm; (62)], and Db,ref 
(= 3 cm2 year−1) is a reference mixing intensity (53). This relation 
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implies that the mixing depth initially rapidly increases with a rising 
mixing intensity, but then saturates. This saturation response im-
plies that when the mixing intensity of the infauna increases, the 
burrowing depth does not necessarily increase.

The second effect of bioturbating fauna, bio-irrigation, is typi-
cally described as a nonlocal exchange process, in which pore-water 
parcels are exchanged with bottom water parcels (64, 65)

where the quantity αi(z) represents the depth-dependent irrigation 
intensity, CD,i

ow is the solute concentration of the bottom water, and 
CD,i is the solute concentration at depth z. The bio-irrigation effect is 
generally most pronounced in the top layer of the sediment. How-
ever, the faunal activities that induce bio-mixing (e.g., locomotion 
and burrow construction) are different from those that drive bio-
irrigation (e.g., burrow ventilation), and so the depth dependency of 
both processes does not need to be the same. Indeed, in natural sys-
tems, bio-irrigation is best represented using an exponential rela-
tionship (66) of the form

where αi,0 is the bio-irrigation coefficient at the sediment-water inter-
face and zirr,att is an attenuation coefficient determining the transition 
zone from irrigated to un-irrigated sediment horizons. Following 
(56), we introduce solute-specific irrigation coefficients to capture the 
differential biogeochemical behavior of individual pore-water species.

Model parameterization: Reaction processes
Total alkalinity is treated as a conservative species and is transported 
identically to other dissolved species. All reactions in table S1 are 
written in terms of AT-neutral species, except for the protons (H+). 
As such, each of the reactions in table S2 can produce or consume 
AT. The pH is then calculated at each time step from AT and DIC 
(∑CO2) using the SolveSAPHE subroutine of (31). Because AT is 
treated as a conservative species, all acid-base species are modeled 
as total dissolved components.

The focus of the reaction-transport model was to simulate AT gen-
eration within marine sediments. Therefore, we tailored the reaction 
set to the most important processes generating AT: (i) carbonate dis-
solution/precipitation, (ii) pyrite formation, and (iii) denitrification 
(6, 7, 9). To keep the reaction set as simple as possible, we did not ex-
plicitly model iron oxides, but instead allowed pyrite to precipitate 
during sulfate reduction, following (30). The reactions included in the 
model are listed in table S1, the reaction equations are listed in table S2, 
and the parameters and boundary conditions are given in table S3.

Table S1 specifies the 12 reactions that are included in the reaction 
list. The model describes organic matter degradation kinetics by a 
three-component multi-G model (67, 68). Each of the organic matter 
(“G”) fractions can be degraded by four different mineralization path-
ways: aerobic respiration, denitrification, sulfate reduction, and meth-
anogenesis. Note that these redox pathways are implemented for each 
of the organic matter fractions. The redox sequence is implemented via 
conventional limitation-inhibition formulations (table S2) (30, 50, 68). 
Organic matter mineralization produces DIC (∑CO2), ammonium 
(∑NH4

+), and phosphate (∑H2PO4
−). Ammonium can be oxidized 

with oxygen during nitrification. Denitrification produces N2 gas, 
which is considered inert and escapes the sediment via diffusion 
and irrigation. During sulfate (∑SO4

2−) reduction, a fraction of the 

reduced sulfide (∑H2S) is assumed to immediately precipitate as py-
rite (FeS2) [comparable to the approach taken in (30)], whereas the rest 
can be re-oxidized by oxygen or nitrate (∑NO3

−). When other elec-
tron acceptors (O2, ∑NO3

−, ∑SO4
2−) are depleted, methanogenesis 

produces methane (CH4), which can be oxidized by oxygen or sulfate. 
The kinetic rate expressions of all re-oxidation processes are described 
by standard second-order rate laws (table S2).

Two polymorphs of carbonate minerals are included: low-
magnesium calcite (CaCO3

calcite) and aragonite (CaCO3
aragonite), both 

of which settle on the sediment at fixed rates (table S3). When these 
minerals become undersaturated, they are allowed to dissolve. When 
the pore water becomes oversaturated with respect to calcite, calcite 
is allowed to precipitate (table S2).

Disturbance simulation
For the mobile bottom-contact fishing disturbance, we estimated 
the amount of sediment eroded (mero) based on the silt fraction and 
hydrodynamic drag created by a passing trawl (69–71), assuming a 
silt fraction (sf, unitless) of 0.5 for muddy sediments and 0.1 for 
sandy sediments, and a hydrodynamic drag (DH, in N m−1) of a 
large beam trawling vessel [see (69) for details]

The erosion depth was then calculated from the eroded mass, poros-
ity, and solid-phase density 

[

dero=
mero

(φ+ρsolidφ)

]

. We then allowed the 
eroded sediment to react in oxygenated water while it is resus-
pended. After reaction, we homogenized the solid-phase particles 
in the sediment column down to the penetration depth, and we set 
the pore-water concentrations down to that depth to the value of the 
overlying water. This is the same procedure as in previous transient 
disturbance modeling studies (17). We then transiently simulated 
the evolution of diagenetic processes. We allowed 1, 2, 5, and 10 
disturbance events per year, which were distributed evenly through-
out the year. We simulated 50 years for the sandy sediment experi-
ment, 60 years for the coastal and shelf muddy experiment, and 150 
years for the slope experiment. These time frames were chosen to 
allow the sediment to reach a new steady state.

The dredging experiment was only simulated for the coastal mud-
dy site because dredging occurs mainly in these types of environments. 
In the dredging case, we eroded and homogenized the complete sedi-
ment column (20 cm) and allowed it to react in oxygenated conditions 
for 0.1, 1, and 10 days to simulate the varying time between dredging 
and redeposition. We simulated 1, 2, and 5 dredging events per year, 
although the most common occurrence is maintenance dredging, 
which generally occurs once per year. The rest of the simulation was 
identical to the mobile bottom-contact fishing experiments.

Uncertainty estimation
To account for the uncertainty in our model results, we have defined 
a plausible parameter distribution for the critical disturbance param-
eters (log-normal for resuspension time, gaussian for erosion depth 
and penetration depth) (Fig. 3). We used the 0.25, 0.50, and 075 quan-
tile of each parameter to define our lower, median, and upper bound 
estimates, respectively. The probability distribution of resuspension 
time was calculated from the height distribution of particles within a 
resuspended plume after a passing trawl [between 0 and 6 m, with 
a mean of ~1 m (72)] and the observed settling velocity of resus-
pended particles under natural conditions in m day−1, which follows 

Iirr(z) = αi(z)
(

COW
D,i

−CD,i

)

(7)

αi(z) = αi,0e
−z∕zirr,att (8)

mero=2.602 ∗ sf+1.206 10−3DH+1.321 10−2 sfDH (9)
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a logarithmic distribution with a mean and SD on the log scale of −2 
and 2, respectively (73). The probability distribution for erosion depth 
in mud and sand was calculated from Eq. 9, using a silt fraction of 0.5 
for muddy sediments and 0.1 for sandy sediments, and the uncer-
tainty on DH was given in (69), which gives us an erosion depth be-
tween 2 and 4 cm, and agrees well with before-after experimental 
studies (74, 75). The probability distribution for penetration depths 
was taken from the beam trawl data from (76).

Data for dredging impacts are less readily available. To account 
for the uncertainty, we used 0.1, 1, and 10 days of resuspension as 
lower, median, and upper bound estimates.

Numerical model solution
The numerical solution procedure has been described in detail previ-
ously (17, 53, 54). In brief, the open-source programming language R 
(77) was used to implement a numerical solution procedure for the 
partial differential equations by applying the method-of-lines (78) us-
ing the R packages CRAN:ReacTran (79) and CRAN:deSolve (80). The 
sediment grid was generated by dividing the sediment domain into an 
uneven grid of 200 layers, with the thickness of the first layer being 
0.01 cm and the thickness of the other layers increasing with a factor of 
1.018. The steady state of the baseline simulations was calculated by 
integrating the resulting set of ordinary differential equations using the 
steady state solver routine “lsode” within the package CRAN:deSolve. 
The transient scenario simulations were integrated using the stiff equa-
tion solver routine “vode” (81) within the package CRAN:deSolve.

Global estimates
To make a map of global seafloor AT release, we retrieved a map of 
seabed substrate from (82) and combined this with an ocean ba-
thymetry grid retrieved from (83). When the substrate was gravel, 
we assumed no AT flux. When the substrate was sand, we assumed 
that the AT flux was constant and equal to 4.9 mequiv AT m−2 day−1 
(our model-derived flux from sandy sediments). When the sub-
strate was mud, we calculated the AT flux from the bathymetry 
using the relation between seafloor AT flux and water depth (WD) 
for muddy sediments derived from our model simulations (Fig. 4)

To make an estimate of the global impact of mobile bottom-contact 
fishing on seafloor AT generation, we use the modeled relation be-
tween disturbance frequency [equivalent to the swept area ratio 
(SAR)] and AT loss per surface area (in mequiv m−2 day−1) for our 
lower, median, and upper bound model results. Because denitrifica-
tion did not lead to a net AT gain, we only considered the impact on 
carbonate dissolution and pyrite precipitation. We subsequently com-
bine this relationship with the database on global mobile bottom-
contact fishing intensity collected by (14). This dataset divides fishing 
intensity into two depth regions (<200 m and 200 to 1000 m) and 
gives the areal coverage of sand, mud, and gravel, as well as the SAR 
for each grid cell. We assumed that the fishing intensity at <200 m 
was equally distributed between coastal and shelf settings [based on 
the findings for the North Sea (84)]. Subsequently, we calculated the 
total AT loss per region by converting SAR to AT loss per surface area 
by interpolating our modeled results and subsequently multiplying 
with the trawled area of the grid cell. Because the dataset of (14) only 
contains about 20% of all global trawled areas, we multiplied our total 

FAT
= 10−0.6319log10(WD)+1.7093 (10)

Fig. 3. Disturbance parameter probability distributions. (A) Time a particle stays in solution after resuspension (quantiles: 0.25 = 1.5 days, 0.50 = 6.8 days, 0.75 = 
30 days). (B) Erosion depth of muddy sediment (quantiles: 0.25 =  3.0 cm, 0.50 =  3.2 cm, 0.75 =  3.4 cm). (C) Gear penetration depth in muddy sediment (quantiles: 
0.25 = 2.2 cm, 0.50 = 3.3 cm, 0.75 = 4.4 cm). (D) Erosion depth of sandy sediment (quantiles: 0.25 = 0.61 cm, 0.50 = 0.65 cm, 0.75 = 0.70 cm). (E) Gear penetration depth 
in sandy sediment (quantiles: 0.25 = 1.3 cm, 0.50 = 2.3 cm, 0.75 = 3.4 cm).

Fig. 4. Depth interpolation to derive a spatial map of seafloor alkalinity re-
lease. The depth interpolation is based on the modeled fluxes and shows good 
agreement with the data.
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AT loss by 5 to arrive at a global estimate of AT loss due to mobile 
bottom-contact fishing.

Global sediment volumes dredged annually are not reported. We 
used the dredging volumes of the OSPAR Maritime Area (which 
includes Belgium, Denmark, France, Germany, Iceland, Ireland, The 
Netherlands, Norway, Portugal, Spain, Sweden, and the UK) in 2021 
(Mdredged,EU ~280 million tons of dry sediment) (40). We can then 
estimate the seabed surface that is dredged annually as

where ρsed is the density of dry sediment (2600 kg m−3), φ is the 
porosity (0.8 for muddy sediments), and hdredged is the height of the 
sedimentary layer that is dredged. While values for hdredged are also 
not readily available, this is typically between 0.5 and 2 m (39), so we 
here assume that hdredged is ~1 m. This gives us a dredged surface area 
of ~540 million m2 in the OSPAR Maritime Area. To upscale the value 
of the EU to a global value, we calculated the fraction of the Exclusive 
Economic Zone (EEZ) of the countries included in the OSPAR Mari-
time Area relative to the global EEZ surface. Because dredging mostly 
occurs to maintain navigation channels and in harbors, we only con-
sidered the part of the EEZ that is on the continental shelf. The OSPAR 
Maritime Area represents 13% of the total continental shelf EEZ sur-
face, so our estimated seabed surface dredged globally is

The global seabed surface that is dredged annually then becomes 
4000 km2, and the global dredged mass is 2.1 billion tons of 
dry sediment.

Model limitations
The aim of our model was to quantify the global alkalinity destruc-
tion caused by anthropogenic sediment disturbances, and in the 
model development, several assumptions were made that need con-
sideration. Foremost, the model has no explicit spatial component, 
and hence, we assumed that all mobile bottom-contact fishing and 
dredging disturbances are similar across each defined habitat. In re-
ality, mobile bottom-contact fishing and dredging intensity and im-
pacts are spatially variable, and part of the resuspended material will 
be transported by currents and will settle elsewhere or transported 
offshore (28, 38). Additionally, to be able to estimate the global an-
thropogenic impact, we upscaled from the regions for which we did 
have data (the ICES dataset for mobile-contact bottom fishing and 
the OSPAR maritime area for dredging). To make this upscaling, we 
had to assume that the fishing effort in the remaining 80% of fishing 
grounds is comparable to that of the documented 20%, and that the 
dredging activity in the documented 13% of the global EEZ is also 
representative for the remaining 87%. Because of the lack of a spatial 
component and the need for extrapolation, our results should not be 
used to inform local policymaking, but rather as a guide to investi-
gate the impact of dredging and mobile bottom-contact fishing on 
regional and global scales. Additionally, there are currently no ex-
perimental data available that could be used to validate our model 
results. For example, we assumed that benthic faunal communities 
always recovered to their initial bio-mixing and bio-irrigation inten-
sities, which is not necessarily the case. Therefore, our model result 
should be seen as a first-order estimate, and future research should 
conduct targeted experiments to verify the model projections.
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