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In the open surface ocean, coccolithophores, foraminifera and 
pteropods are common planktonic groups producing calcium 
carbonate (CaCO3) shells or skeletons. These biominerals are 

exported from the surface ocean following different pathways, 
including being incorporated into other biogenic particles such as 
marine snow aggregates and faecal pellets1,2. The exported CaCO3 
particles are redistributed over the water column, with a fraction 
reaching the seafloor. At the seafloor, CaCO3 dissolution is the 
ultimate sink of anthropogenic CO2 on multimillennial times-
cales3. Quantifying the current marine CaCO3 sources and sinks, 
and how they vary geographically, is thus a requirement to predict 
future ocean acidification. Yet the exact nature, magnitude and dis-
tribution of marine CaCO3 settling and dissolution fluxes remain 
undetermined.

Marine CaCO3 is found in the form of calcite, aragonite and 
magnesium (Mg) calcites (Fig. 1). Calcite, the most stable poly-
morph under Earth surface conditions, constitutes the shells of 
most coccolithophores and planktonic foraminifera. Aragonite, 
more soluble than pure calcite, mostly makes up the skeletons 
of pteropods. Biogenic Mg calcites, whose Mg content exceeds 
10–15 mol% and whose solubility can be twice as large as that of 
aragonite4, are ubiquitous in shallow environments, constituting 
the skeletons and shells of red coralline algae, benthic foraminifera 
and bryozoans, among others5. In the open ocean, Mg calcites are 
secreted by fish—which could account for up to 15% of total CaCO3 
production6—and imported from shallow shelves and banks7,8. 
Thus, although most studies treat the settling pool of CaCO3 par-
ticles as consisting of pure calcite, aragonite and Mg calcites could 
represent a substantial fraction of the total CaCO3 rain6,9,10 and be 
the first responders to ocean acidification11. Direct observations of 
the settling flux of particles and their properties are still very sparse 
and primarily based on sediment-trap measurements subject to 
well-known collection biases12. As a consequence, global estimates 
of surface CaCO3 export found in the literature span a very wide 

range from ~50 Tmol yr–1 (refs. 13,14) to over 130 Tmol yr–1 (refs. 15,16) 
(for a literature review, see Supplementary Fig. 1). How the set-
tling flux of exported CaCO3 varies regionally and with depth is 
unknown. Irrespectively, the CaCO3 flux to the seafloor is relatively 
well known, with recent studies15,17,18 suggesting that between 40 and 
60 Tmol CaCO3 (Fig. 1) settle to the seafloor each year.

The degree of saturation of seawater with respect to each CaCO3 
mineral is the driving force behind its precipitation or dissolution19. 
While the surface ocean is currently supersaturated with respect to 
both calcite and aragonite20, cold deep waters are typically under-
saturated with respect to both minerals21,22, mainly because the solu-
bility of these minerals increases with increasing seawater depth/
pressure23 and because of the increase in dissolved inorganic carbon 
relative to total alkalinity in the deep ocean. The depths at which 
undersaturation with respect to calcite, aragonite or Mg calcites 
first occurs are termed the calcite, aragonite and Mg-calcite satu-
ration depths (Fig. 1). Note that there is a range of Mg calcites in 
the ocean, each with a given Mg content, solubility and saturation 
depth24. Here, for simplicity, we use toadfish Mg calcite as a sur-
rogate for a typical oceanic Mg-calcite mineral, using a solubility 
product for toadfish Mg calcite from ref. 4. The associated globally 
averaged Mg-calcite saturation depth is 333 ± 210 m, leaving 90% 
of the ocean volume undersaturated with respect to this particular 
mineral.

Since CaCO3 dissolution occurs slowly in the marine environ-
ment, direct in situ measurements of its rate are extremely scarce, 
and their spatial coverage is very sparse21,22,25,26. Hence, the location 
and magnitude of water-column dissolution of CaCO3 are still sub-
ject to considerable debate. Seawater undersaturated with respect to 
CaCO3 minerals is not confined exclusively to depths below their 
saturation depths, but can be found in shallow microenvironments 
locally acidified by CO2 released during organic matter degrada-
tion, such as zooplankton and fish guts27 and settling zooplankton 
faecal pellets or bodies of CaCO3 producers28 (Fig. 1). High CaCO3  
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dissolution rates in the top kilometre have been suggested to be 
ubiquitous29–32 and are supported by the presence of excess alka-
linity and excess calcium29–33, etching of CaCO3 surfaces34,35 and 
decreased sinking fluxes of CaCO3 measured by upper-ocean sedi-
ment traps25,36. While shallow-water dissolution is in contradiction 
to the traditional pattern of CaCO3 particles sinking unaffected 
through the upper ocean, dissolving only once their saturation depth 
is crossed37, two possible mechanisms could explain it: metabolic 
CO2 production creating acidic microenvironments or dissolution 
of more-soluble CaCO3 phases such as aragonite or Mg calcites9,11. 
However, the relative importance of biologically mediated CaCO3 
dissolution is still controversial38, and many basic questions, such as 
which CaCO3 polymorphs are dissolving and what the controlling 
factors are, remain unanswered.

Given that the nature, magnitude and distribution of the sur-
face export of CaCO3 are poorly constrained, and that the driving 
mechanisms behind dissolution in the water column are difficult to 
unravel, top-down calculations involving CaCO3 export fluxes are 
unlikely to yield accurate assessments of CaCO3 settling and dis-
solution fluxes. In this study, we employ an alternative bottom-up 
approach to calculate regional settling fluxes of CaCO3 by com-
bining CaCO3 fluxes at the seafloor18,39,40 with estimates of pelagic 
(water column) CaCO3 dissolution based on seawater alkalinity and 
age observations (Methods and Extended Data Figs. 1–6). In a wide 
range of oceanic regions, we plot excess alkalinity (the alkalinity 
increase corrected for metabolism) against seawater age along pre-
defined isopycnals and extract the slope of this relationship to obtain 
the total CaCO3 dissolution rate15,29–32 (rCaCO3; Methods). Vertical 
profiles of the CaCO3 settling flux (FCaCO3) are then reconstructed 
by integrating rCaCO3 over each depth level, starting from the deep-
est. The bottommost FCaCO3 is taken from the sum of the CaCO3 

burial rate in the sediments and the CaCO3 dissolution rate at the 
sediment–water interface18,39,40. We find that most marine CaCO3 
dissolution occurs in two distinct depth realms of the ocean: (1) 
in the top kilometre of the ocean (mainly above the aragonite and 
calcite saturation depths) and (2) at the seafloor. While dissolution 
at the seafloor is driven mainly by undersaturated bottom waters, 
dissolution in the top kilometre is ecosystem-specific, supposedly 
driven primarily by CO2 released from microbial and/or animal res-
piration and/or by the presence of highly soluble Mg calcites.

two distinct dissolution regimes for settling CaCO3
In all oceanic regions (Extended Data Fig. 2), vertical profiles of 
rCaCO3 exhibit a similar pattern: high rates of dissolution occur near 
the surface and rates are strongly attenuated with depth in the top 
kilometre, increasing again in deeper waters (Fig. 2). These two 
distinct dissolution regimes, separated with black arrows in Fig. 
2, differ in terms of driving forces: while metabolic processes and 
the presence of Mg calcites control shallow-water dissolution, the 
higher solubility of CaCO3 in bulk solution at depth is responsible 
for dissolution in deeper waters.

The fact that there is a strong attenuation of the settling flux of 
CaCO3 with depth, as with the sinking particulate organic carbon 
flux, insinuates that they are linked and governed by similar processes 
involving microbial and metazoan consumers. Upper-kilometre 
CaCO3 dissolution rates are highest in the subtropical gyre regions 
of the Pacific, Atlantic and Indian oceans and increase with increas-
ing oxygen utilization rates (Supplementary Fig. 2), suggesting that 
subtropical regions are hotspots of respiration-driven CaCO3 disso-
lution. Although biological productivity and carbon export are low 
in subtropical gyres13, the dominance of coccolithophores, which 
are well adapted to nutrient-poor, low-turbulence regimes, could 
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explain higher CaCO3 dissolution in the top kilometre of subtropi-
cal gyre regions. Coccolithophores, on their own, settle through the 
water column very slowly41 and have high CaCO3-reactive surface 
areas42, creating a very high potential for biologically mediated  
dissolution above the calcite saturation depth. By contrast, the 
highly productive equatorial Pacific and Atlantic regions, hotspots 
of carbon export13, show the lowest upper-kilometre CaCO3 disso-
lution rates.

In all regions, rCaCO3 profiles reveal a second deeper, smaller 
maximum (Fig. 2). The onset of this deeper CaCO3 dissolution lies 
at the aragonite saturation depth in most regions, except for the 
North Pacific and the subpolar North Atlantic. This implies that 
aragonite, not calcite, is the polymorph dominating pelagic dissolu-
tion in the deep ocean. The important role of aragonite is consistent 
with (1) recent model studies suggesting that a substantial fraction 
of exported CaCO3 may be aragonite9,10, (2) in situ observations of 
pteropod dissolution28,36,43 and (3) recent sediment-trap data show-
ing high amounts of pteropod genetic material44 and aragonite at 
abyssal depths25.

The dissolution rates shown in Fig. 2 are much lower than those 
shown in ref. 32; that is, they are lower by about 0.5 μmol kg−1 over 
the entire water column. The latter estimates are too high to fit 
within published marine CaCO3 budgets as demonstrated in ref. 38 

and in the Supplementary Information. We attribute part of this dis-
crepancy to differences in seawater age estimates, as this work uses 
a transit time distribution (TTD) approach45, whereas in the ear-
lier work29–32 ages were derived from a direct comparison between 
seawater and atmospheric chlorofluorocarbon (CFC) concentra-
tions. This ‘traditional’ CFC-age (or ‘tracer age’) method neglects 
mixing that occurs during the transport of a water parcel into the 
ocean interior, with the consequence that apparent seawater ages 
are underestimated (Supplementary Fig. 1) and resulting CaCO3 
dissolution rates are overestimated. By contrast, the TTD approach 
used here keeps track of seawater mixing history by including cor-
rections for mixing during transport away from the surface. More 
details on the TTD method and its limitations are included in the 
Supplementary Information.

reconstructed CaCO3 export and sinks
Reconstructed FCaCO3 decreases with depth in all oceanic regions 
(Fig. 3). In regions where near-surface dissolution is strong, such 
as the subtropical regions, a sharp FCaCO3 decrease occurs in the 
top kilometre. The fraction of CaCO3 export reaching the seafloor 
(transfer efficiency) is high in upwelling regions such as the Southern 
Ocean, subpolar North Pacific and equatorial Pacific (86 ± 34% on 
average for these three regions), where the extent of pelagic CaCO3 
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Fig. 2 | regional profiles of reconstructed CaCO3 dissolution rates and saturation horizons. In each panel, the central black line is the reconstructed 
regional mean total CaCO3 dissolution rate, and the grey envelope represents the 90% confidence interval, accounting for the regional variability and 
uncertainties associated with the seawater chemistry and age estimates. The regional mean Mg-calcite (yellow), aragonite (red) and calcite (blue) 
saturation depths are represented with their uncertainty envelopes (1σ). Black arrows mark the depth limit between the upper dissolution regime, driven 
by CO2 produced during microbial and/or animal respiration and by the presence of highly soluble Mg calcites, and the lower dissolution regime, driven 
by increased CaCO3 solubility in bulk solution at high pressure. This depth limit is computed as the shallowest depth at which the depth derivative of the 
vertical dissolution rate profile is equal to zero. bsl, below sea level.
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dissolution is limited (Figs. 2 and 3). This high CaCO3 transfer effi-
ciency could be explained by the higher export of rapidly sinking 
pteropods in high-latitude regions46,47 and/or by the presence of 
diatoms. Diatom-dominated regions, generally of high resources 
and turbulence, tend to correspond to regions of rapidly sinking 
aggregates due to the large production of transparent exopolymer 
particles by diatoms that act as glue and drive the aggregation pro-
cess47. Rapidly sinking particles leave less time for the particulate 
organic carbon and CaCO3 they contain to be remineralized/dis-
solved in the water column. The lowest transfer efficiency is found 
in the subtropical North and South Atlantic (27 ± 13% in average for 
these two regions), where coccolithophores probably dominate sur-
face productivity and where settling CaCO3 particles are subject to 
intense dissolution in the top kilometre and beneath the aragonite 
saturation depth (Fig. 2).

The vertical extents of rCaCO3 and FCaCO3 profiles (Figs. 2 and 
3) are limited by the availability of seawater excess alkalinity and 
age data, often scarce in near-bottom waters. In addition, part of 
the excess alkalinity buildup in the surface ocean could derive  
from vertical diffusion from deeper waters38, although the shapes 

of titration alakalinity (TA) depth gradients across regions suggest 
that vertical transport could also lead to TA removal from the upper 
layer (Supplementary Information). Nonetheless, the reconstructed 
regional profiles of FCaCO3 are broadly consistent with the range of 
CaCO3 fluxes measured by sediment traps (red circles in Fig. 3). 
Integrating over the global surface area of the ocean, we obtain a 
global total CaCO3 flux at 300 m of 76 ± 12 Tmol yr−1 (Fig. 4a), which 
is within the wide range of previous estimates of globally integrated 
CaCO3 export (~50 to ~150 Tmol yr−1, Supplementary Fig. 1)13–16 
and within the uncertainty range (60–87.5 Tmol yr−1) of ref. 17. The 
global total pelagic CaCO3 dissolution rate (36 ± 8 Tmol yr−1, Fig. 4b)  
is consistent with estimates from the literature (between ~25 and 
~85 Tmol yr−1)17,32,48 and implies that globally integrated pelagic 
CaCO3 dissolution is on par with CaCO3 burial (10 ± 2 Tmol yr−1) and 
dissolution (30 ± 6 Tmol yr−1) at the sediment–water interface15,18,49.

We also compared our reconstructed profile of the global hori-
zontally integrated FCaCO3 with that predicted by the historical 
simulation of the Institut Pierre Simon Laplace (IPSL) CM6A-LR 
climate model averaged from 1985 to 201450,51 (Fig. 4a). This model 
uses the PISCES-v2 biogeochemical module52, which represents 
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calcite dissolution in zooplankton guts and in deeper, undersatu-
rated waters, but it does not include aragonite or Mg calcites. The 
calcite sinking flux predicted by the IPSL model is on the lower end 
of our reconstructed FCaCO3 over the entire water column (Fig. 4a), 
although the difference between them (8 ± 12 Tmol yr−1 at 300 m 
depth) is not substantial. This suggests that metabolic processes 
may be more important than the presence of aragonite and Mg 
calcites in explaining the amount of CaCO3 dissolved in the water 
column and the pattern of dissolution. Our estimate for pelagic 
dissolution above the calcite saturation depth is 29 ± 6 Tmol yr−1. 
Accordingly, the lower bound for pelagic dissolution of calcite 
due to respiration-derived CO2 can be calculated by difference as 
(29 – 8 =) 21± 13 Tmol yr−1. In other words, at least 58 ± 38% of the 
CaCO3 that dissolves in the water column per year could be in the 
form of calcite and driven by metabolic CO2.

Our results provide data-based, regional profiles of CaCO3 set-
tling fluxes and indicate that surface-ocean ecosystems are key to 
determining their magnitude and depth distributions. Most CaCO3 
dissolution occurs in two distinct regions of the water column: 
in the top kilometre (at least 9 ± 3 Tmol yr−1) and at the seafloor 
(30 ± 6 Tmol yr−1). Yet, factors governing CaCO3 dissolution and its 
sensitivity to anthropogenic CO2 differ between these two depth 
realms. Dissolution in shallow waters can be attributed to dissolu-
tion of highly soluble Mg calcites and/or to metabolic CO2 produc-
tion within marine organisms or aggregates—although we cannot 
quantify the relative contribution of each—while dissolution near 
the sediment surface depends primarily on bottom-water chem-
istry. Projections of shallowing aragonite and calcite saturation  
depths as anthropogenic CO2 penetrates into the ocean53,54 may 

not necessarily lead to increased overall pelagic CaCO3 dissolution 
because dissolution in the top kilometre is constrained to a large 
extent by metabolic activities and high Mg-calcite dissolution. 
Shallow dissolution depends strongly on ecosystem functioning, for 
example, the ratio of CaCO3 to particulate organic carbon in the 
continuous rain of sinking biogenic particles (rain ratio55) and the 
relative proportions of high Mg calcites, aragonite and calcite in set-
tling fluxes (community composition). Any perturbation in food 
web structure due to ocean acidification, warming or fertilization 
thus impacts dissolution on much shorter timescales than those 
related to deep-water dissolution.
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Methods
This section presents the methodology to obtain the regional profiles of pelagic 
CaCO3 dissolution and settling fluxes. For ease and clarity of instruction, steps 
taken in three regions of the Atlantic Ocean are graphically represented in 
Extended Data Figs. 1–6.

Seawater excess alkalinity. Carter et al.56 introduced a tracer denoted Alk*, which 
uses the potential alkalinity concept of Brewer et al.57 to remove the influence of 
organic matter cycling and a salinity normalization to remove the influence of 
freshwater cycling. Hence, Alk* has a global distribution determined primarily 
by CaCO3 dissolution and precipitation56. Here we calculate the Alk* tracer using 
quality-controlled GLODAPv258,59 from the 2016 version, as per56:

Alk∗ = TA + 1.26 ×

[
NO−

3

]
− 66.4 × S (1)

where TA is titration alkalinity, 1.26 is an empirical ratio to account for the 
contributions from organic phosphorus and sulfur60, [NO3

−] is the nitrate 
concentration and S is salinity. For GLODAPv2 samples in which TA was 
not measured, but with pH and dissolved inorganic carbon concentration 
measurements available, TA was computed using the MATLAB version of the 
CO2SYS algorithm61,62 on the basis of in situ pH, dissolved inorganic carbon 
concentration, temperature, S, dissolved inorganic silica concentration and soluble 
reactive phosphate concentrations using the carbonic acid dissociation constants 
from Lueker et al.63, the HSO4

− dissociation constant from Dickson64, the HF 
dissociation constant from Dickson and Riley65, the boron-to-salinity ratio of 
Uppström66 and the B(OH)3 dissociation constant from Dickson67. Worldwide, 
327,213 Alk* values were gathered, more than 98% from direct TA measurements. 
As in Carter et al.56, Alk* was higher in the Pacific than in the Atlantic, with values 
ranging between 100 and 175 μmol kg−1 in most Pacific deep waters and between 50 
and 100 μmol kg−1 in most Atlantic deep waters (Extended Data Fig. 1a). Negative 
Alk* values were observed at the ocean surface; they are the imprint left by net 
calcification but are uncertain due to freshwater cycling corrections.

Seawater age. The age of seawater (Extended Data Fig. 1b) was obtained using the 
TTD method approach applied on measured GLODAPv2 CFC-12 concentrations. 
Note that this is different from earlier studies on calcite dissolution29–32 that used 
the tracer-age method, which potentially might induce bias. More background on 
the differences between the TTD method and the traditional tracer-age method 
is given in the Supplementary Information. For the age calculations, we assumed 
a balance between advective and diffusive mixing processes, defined as a ratio of 
the width and the mean age of the TTD equal to 1, which is a commonly applied 
assumption68,69, and that CFC-12 was in full equilibrium with the atmosphere 
when leaving the surface ocean. While CFC-12 is a very useful tracer for most of 
the water column, the lower concentrations in old deep waters give a much larger 
uncertainty in the assessed ages. For these old waters, 14C is a much preferred 
tracer70. Hence, for samples with CFC-12 TTD ages greater than 300 years, we 
used instead the seawater ‘mean age’ from Gebbie and Huybers71, who applied an 
inverse modelling technique on GLODAP 14C data72. The 14C-derived age dataset 
of Gebbie and Huybers71 was linearly interpolated in three dimensions to match 
the coordinates of the GLODAPv2 samples for which a CFC age was available. 
To avoid an abrupt transition between CFC-12 TTD ages and 14C mean ages, for 
samples with TTD ages between 200 and 300 years, a transition function was 
applied to compute ages as a weighted average between the CFC-12 TTD ages 
and 14C mean ages, that is, a mixture of the two age estimates. For all water masses 
younger than 200 years, we have used the CFC-12 TTD ages. We set the overall 
relative uncertainty associated with seawater ages to 20%, which should encompass 
both the uncertainty associated with the TTD method reported by He et al.73 and 
the uncertainty associated with 14C mean ages71, neglecting the influence of exotic 
waters such as from groundwater seepage, hydrothermal vents or ice sheets71.

Regionalization. Grouping data by region is required to perform the Alk*-age 
fits and derive pelagic CaCO3 dissolution rates because our approach uses the 
accumulation rate of excess alkalinity along isopycnals as a proxy for CaCO3 
dissolution; hence, a high number of laterally distributed data points is needed 
for each dissolution-rate estimate. Here we have used the global open-ocean core 
biome distribution of Fay and McKinley74, which is defined on the basis of sea 
surface temperature, chlorophyll a concentration, sea-ice fraction and maximum 
mixed-layer depth criteria. Thus, the regions considered for the present analysis are 
distinguished on the basis of ocean surface biogeochemical functions rather than 
water masses or topography. This is appropriate as the present study analyses the 
fate of biogenic particles sinking from the ocean surface. Note that when grouping 
data by region, there is a trade-off between increasing the geographical resolution 
of the CaCO3 flux estimates by selecting small regions and increasing the statistical 
robustness of the estimates by selecting large regions with more seawater samples. 
To avoid facing the issue of under-sampled, narrow regions, we merged four biome 
pairs as defined by Fay and McKinley74 into four distinct regions: the equatorial 
Pacific east and west, the subpolar and the subtropical seasonally stratified North 
Pacific, the subpolar and the subtropical seasonally stratified North Atlantic, and 
the subpolar and the subtropical seasonally stratified Southern Ocean. We also 

excluded the Arctic and southernmost biomes, which are seasonally covered by 
sea ice, due to a lack of seawater chemistry data. Thus, we base our analysis on ten 
biogeochemically distinct regions, shown in Extended Data Fig. 2.

Dissolution-rate depth profiles. For each region, Alk* and age data were sorted 
according to increasing water potential density (σ0, referenced to the surface, 
Extended Data Fig. 1c) and placed into bins centred around predefined σ0 values; 
these bins constitute the isopycnals. The density bins spanned a broad density 
range, from σ0 = 24 to σ0 = 28, and were separated by a σ0 increment kept constant 
over the entire σ0 range. For each density bin, we performed a linear fit of Alk* 
versus seawater age and extracted the slope, mean depth and associated standard 
deviations (Extended Data Fig. 3). The slope of the Alk*-age linear relationship 
divided by 2 gives the rCaCO3, expressed in micromoles per kg per year, as for every 
mole of CaCO3 dissolved, two moles of Alk* are released into seawater. To maximize 
statistical robustness, only fits performed on at least ten Alk* and age measurements, 
within which the age range was at least twice as large as the bin-averaged, overall 
relative age uncertainty (20%, see Uncertainty propagation), and the Alk* range was 
at least twice as large as the Alk* overall uncertainty (6 μmol kg−1, see Uncertainty 
propagation) were retained to compute CaCO3 dissolution rates.

We used a Monte Carlo approach to propagate uncertainties stemming from 
seawater age, Alk* and the definition of what constitutes an isopycnal to the 
final dissolution-rate estimates (explained in detail in Uncertainty propagation). 
Between each Monte Carlo simulation, the σ0 increment randomly varied between 
0.002 and 0.05, which made the isopycnals thinner or thicker, respectively, affecting 
the amount of data points on which each dissolution-rate estimate is based and the 
vertical extent of the reconstructed profiles. Consequently, for each Monte Carlo 
simulation, CaCO3 dissolution rates were obtained at different mean water-column 
depths. To turn discrete CaCO3 dissolution-rate profiles into continuous profiles, 
and allow comparison between each Monte Carlo simulation, CaCO3 dissolution 
rates were interpolated over the entire depth range for which dissolution rates 
were available (Extended Data Fig. 4). For interpolation, a cubic smoothing spline 
function was applied to the dissolution-rate profiles, using a smoothing parameter 
p = 5 ×10−9 (ref. 75), assigning to each dissolution-rate value a weight corresponding 
to the number of data points from which the dissolution rates were calculated. For 
example, for the same mean depth, a dissolution rate calculated from 100 Alk*-age 
data points will weight twice as much as a dissolution rate calculated from 50 data 
points in the spline smoothing process.

CaCO3 flux to the seafloor. When reaching the seafloor, CaCO3 dissolves in 
surface sediments and, for the remaining fraction that escapes early diagenesis, is 
buried in sediments. Here, we consider the CaCO3 flux depositing to the seafloor 
to be the sum of the CaCO3 burial rate in sediments and the CaCO3 dissolution rate 
at the interface. An ocean-wide compilation of total sediment burial rates has been 
published before39, but the corresponding CaCO3 burial rates are unknown. Here, 
we used the total sediment burial rate dataset of Jahnke39 and the CaCO3 content 
of marine sediments extracted from the dbSEABED database of Jenkins40, which 
have been quality controlled and harmonized into a homogeneous set of values76. 
CaCO3 burial rates were computed by multiplying the total sediment burial rates 
by the CaCO3 weight fraction in dry sediments. The resulting 1° × 1° distribution 
of CaCO3 burial rates is shown in Extended Data Fig. 5a. The 1° × 1° distribution 
of the current total CaCO3 dissolution rates at the seafloor was taken from Sulpis 
et al.18 and is shown in Extended Data Fig. 5b. As for the dissolution-rate depth 
profiles, cubic smoothing spline functions were applied to the CaCO3 burial 
and seafloor dissolution-rate datasets to turn 1° × 1° distributions into regional, 
one-dimensional, continuous depth profiles. We set the overall relative uncertainty 
associated with CaCO3 fluxes to the seafloor to 30%, which corresponds to 
the uncertainty associated with the estimate of global CaCO3 dissolution rate 
at seafloor from Sulpis et al.18, encompassing both seawater measurement and 
mapping error. No uncertainty was available for the CaCO3 burial rates.

Settling flux reconstruction. The FCaCO3 was then reconstructed assuming 
it balances all dissolution occurring in the depth level directly underneath it 
(Extended Data Fig. 6). At depth horizon z, the flux is therefore given by

FCaCO3 (z) =

∫ z

zdeepest
rCaCO3 dz + FCaCO3 (zdeepest), (2)

where zdeepest corresponds to the depth of the deepest CaCO3 dissolution-rate 
estimate for a given region and a given Monte Carlo simulation, and 
FCaCO3 (zdeepest) is the CaCO3 flux to the seafloor at a water depth corresponding to 
zdeepest, obtained as explained in the ‘CaCO3 flux to the seafloor’ section. We assume 
that the horizontal transport of settling CaCO3 particles is negligible compared 
with their vertical sinking, which is an acceptable assumption given mean settling 
velocities higher than 10 m d−1 in the pelagic ocean77–79.

The upper limit of the reconstructed FCaCO3 profiles corresponds to the 
shallowest depth for which rCaCO3 estimates are available. For consistency between 
profiles from each Monte Carlo simulation, we set this limit to 300 m, which is also 
beneath the euphotic zone and beneath the mixed layer over all latitudes80,81, hence 
a more appropriate reference depth than the ocean surface to represent biogenic 
particle settling fluxes 82.
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Uncertainty propagation. We quantified the uncertainties around our rCaCO3 and 
FCaCO3 estimates by propagating various sources of uncertainty using a Monte 
Carlo approach. For rCaCO3, uncertainty can originate from the seawater Alk* 
estimates, the seawater age estimates or the definition of what constitute isopycnals 
for which dissolution rates are calculated. For FCaCO3, uncertainty can originate 
from the rCaCO3 estimates and from uncertainties associated with estimates of the 
CaCO3 flux to the seafloor. Hence, each Monte Carlo calculation proceeded as 
follows:

 1. Seawater Alk* was computed from GLODAPv2 data according to  
equation (1). Each Alk* estimate was altered by a randomly generated value 
between –6 and +6 μmol kg−1, which corresponds to the overall uncertainty 
associated with GLODAPv2 TA measurements59.

 2. Seawater ages, obtained as explained in the ‘Seawater age’ section, were altered 
by a randomly generated value between –20% and +20% of the initial age, 
taking 20% as an overall relative uncertainty (see the ‘Seawater age’ section).

 3. In each region, seawater potential density (σ0) bins were generated, and the σ0 
increment that separates each bin was assigned a randomly chosen value be-
tween σ0 = 0.002 and σ0 = 0.05. Dissolution rates were calculated in each bin, 
and continuous dissolution-rate depth profiles were generated as explained in 
the ‘Dissolution-rate depth profiles’ section.

 4. CaCO3 fluxes to the seafloor were obtained as explained in the ‘CaCO3 flux to 
the seafloor’ section. Each 1° × 1° grid estimate of the CaCO3 flux to the sea-
floor was altered by a randomly generated value between –30% and +30% of 
the initial flux, which corresponds to the overall uncertainty associated with 
the CaCO3 fluxes to the seafloor (see the ‘CaCO3 flux to the seafloor’ section).

 5. Regional mean FCaCO3 depth profiles were then reconstructed, as explained in 
the ‘Settling flux reconstruction’ section.

This procedure was repeated 10,000 times, providing 10,000 independent rCaCO3 
and FCaCO3 depth profiles for each region. From these 10,000 depth profiles, we 
computed the mean rCaCO3 and FCaCO3 depth profiles for each region, and we used 
90% confidence intervals and standard deviations to place uncertainty bounds.

Comparison with sediment-trap data. The reconstructed CaCO3 settling fluxes 
were compared with CaCO3 flux measurements originating from the sediment-trap 
dataset of Mouw et al.83. Locations of the sediment-trap data that were used are 
shown in the central map of Extended Data Fig. 2. Sediment-trap data from 
the same location and depth were averaged over time to eliminate short-term 
variability and the effects of seasonality. In total, 229 sediment-trap CaCO3 settling 
fluxes were gathered in the ten regions on which this study focuses, covering 
a depth range from 50 metres to 5,090 metres beneath the sea surface, with an 
average sediment-trap sampling duration of 109 days. These sediment-trap 
observations were used to assess the accuracy of our regional CaCO3 settling fluxes 
and those from other sources (Supplementary Information).

CaCO3 saturation depths. To visualize the CaCO3-dissolution depth profiles in 
each biome with relevant water-column biogeochemical markers, we computed 
biome-averaged aragonite and calcite saturation depths from the GLODAPv2 
dataset. Using the MATLAB version of the CO2SYS software61,62, on the basis 
of in situ pH, TA, temperature, S, dissolved inorganic silica concentration and 
soluble reactive phosphate concentrations, using the carbonic acid dissociation 
constants from Lueker et al.63, the HSO4

− dissociation constant from Dickson64, the 
HF dissociation constant from Dickson and Riley65, the boron-to-salinity ratio of 
Uppström66 and the B(OH)3 dissociation constant from Dickson67, we extracted for 
each GLODAPv2 sample the saturation states of seawater with respect to calcite 
and aragonite, denoted ΩC and ΩA, respectively, and the seawater [CO3

2−]. We 
also calculated seawater [Ca2+] from S84. Dividing the seawater [CO3

2−] × [Ca2+] 
concentration product by the typical stoichiometry solubility product of Mg 
calcites secreted by fish ( pK∗

sp = 5.89 ± 0.09)4, we derived the saturation state of 
seawater with respect to Mg calcites, denoted ΩMg-C. For each region, the arithmetic 
averages of water-column depths associated with data points with 0.95 ≤ ΩC ≤ 1.05, 
0.95 ≤ ΩA ≤ 1.05 and 0.95 ≤ ΩMg-C ≤ 1.05 were considered to be the biome-averaged 
calcite, aragonite and Mg-calcite saturation depths, respectively. For each of these 
three horizons, the standard deviation associated with the depth averages was 
considered to be representative of the overall uncertainty.

Data availability
The TTD ages85 are made available as GLODAPv2 affiliated data on the NOAA 
Ocean Carbon Data System website at https://www.ncei.noaa.gov/access/
ocean-carbon-data-system/oceans/ndp_108/ndp108.html. Seawater chemistry 
data are available from the GLODAPv2.2016 in refs. 58,59, sediment-trap data are 
available from ref. 83, 14C-derived ages are available from ref. 71, biome distributions 
are available from ref. 74 and sediment fluxes are available from refs. 18,39,40.

Code availability
The MATLAB script to reproduce the regional CaCO3 dissolution rate 
and reconstructed settling fluxes is available at https://github.com/osulpis/
pelagic_dissolution.
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Extended Data Fig. 1 | Depth-latitude distributions of seawater properties in the Atlantic Ocean. a, Seawater Alk*, b, seawater age and c, potential 
density (σ0) are shown in depth-latitude diagrams separated according to three biogeochemically-distinct regions on which we base our analysis, 
corresponding to the (left) subtropical South Atlantic, (center) Equatorial Atlantic and (right) subtropical Noth Atlantic regions shown in Extended Data 
Fig. 2.
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Extended Data Fig. 2 | Oceanic regions. Geographical boundaries of the 10 regions used for our study. Black dots correspond to the locations of 
GLODAPv2 seawater chemistry and age data. Green stars correspond to the locations of sediment-trap data. The numbers indicate the 10 regions: 1, 
subpolar North Pacific, 2, subtropical North Pacific, 3, Equatorial Pacific, 4, subtropical South Pacific, 5, subpolar North Atlantic, 6, subtropical North 
Atlantic, 7, Equatorial Atlantic, 8, subtropical South Atlantic, 9, Indian Ocean and 10, Southern Ocean. Polar regions are in blue, subtropical regions are in 
yellow and equatorial regions are in orange.
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Extended Data Fig. 3 | Alk* versus seawater age plots from the Atlantic Ocean. Plots corresponding to randomly selected density bins from the 
Suptropical North Atlantic (a,d,g), Equatorial Atlantic (b,e,h) and Subtropical South Atlantic (c,f,i). The spatial distribution of the Alk* and seawater age 
data is shown in Extended Data Fig. 1. Red lines are linear fits from which CaCO3 dissolution rates are estimated, computed as half of the slope, expressed 
in μmol kg−1 a−1. For each regional density, the mean depth (± 1σ) and the σ0 range are reported.
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Extended Data Fig. 4 | CaCO3 dissolution rate profiles from the Atlantic Ocean. Black points correspond to discrete CaCO3 dissolution rate estimates 
computed as shown in Extended Data Fig. 3, using a constant sigma increment (σ0 = 0.01). Yellow stars represent the 9 CaCO3 dissolution rate estimates 
originating from Extended Data Fig. 3. Red lines are cubic smoothing splines used to interpolate discrete dissolution rate estimates over depth and obtain 
regionally harmonized depth profiles.
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Extended Data Fig. 5 | CaCO3 burial and dissolution rates at the seafloor. The sum of (a) the burial rate at the seafloor and (b) the dissolution rate at the 
sediment-water interface represents the CaCO3 flux reaching the seafloor. The three Atlantic regions on which the Methods section focuses are contoured 
in a black thick line.
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Extended Data Fig. 6 | Atlantic seafloor CaCO3 sinks and reconstructed settling fluxes. In each panel, the orange dashed line represents the CaCO3 
dissolution rate at the sediment-water interface depth profile (from Extended Data Fig. 5a), the grey dashed line represents the CaCO3 burial rate in 
sediments (from Extended Data Fig. 5b), the solid black line is the sum of seafloor dissolution and burial at each depth and the solid turquoise line is the 
reconstructed CaCO3 settling flux.
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