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Abstract. Calcium carbonate is known to be dissolving throughout various portions of the water column, but little is known
about how this will change in the future. Model output of a large range of climate scenarios and an established diagnostic
approach are used to understand the future of calcium carbonate dissolution rates. Changes in ocean salinity and mean age are
of leading order importance to future calcium carbonate dissolution rates. The calcium carbonate dissolution rates can range by
an order of magnitude across climate scenarios in regions such as the subtropical Atlantic Ocean basins. Some geoengineering
methods are more effective than others at decreasing calcium carbonate dissolution rates in particular regions of the ocean;
however, no single technique is effective everywhere. Altered calcium carbonate dissolution rates have implications for the
physical ocean state projections, such as those for sea level, which are discussed in terms of direct and indirect impacts. Direct
impacts due to the presence of suspended sediments comprised of calcium carbonate can be significant in some river deltas

and nearby coasts.

1 Introduction

Calcium carbonate dissolution regulates atmospheric carbon dioxide levels by playing an important role in the ocean’s carbon
and alkalinity cycles. The ultimate fate of anthropogenically generated carbon that reaches the seafloor on multi-millennial
time scales is calcium carbonate dissolution (Archer et al. , 2009). The excess alkalinity in the ocean interior relative to the sea
surface along an isopyncal is due to the dissolution of calcium carbonate (Feely et al. , 2004). Seawater saturation is the main
control on calcium carbonate dissolution (Wu et al. , 2025), with significant calcium carbonate dissolution in supersaturated
waters (Sulpis et al. , 2021), but in the upper-ocean, calcium carbonate dissolution is sensitive to ocean export production,
which helps the ocean retain more carbon dioxide (Kwon et al. , 2024). Since pre-industrial times, seafloor calcium carbonate
dissolution rates have likely increased (Sulpis et al. , 2018). However, little is known about how calcium dissolution rates will
change (throughout the water column) in the future.

Future changes in calcium carbonate dissolution rates could have important implications for climate over the next several
decades. The dissolution of calcium carbonate in the ocean does not only concern about 40% of sediments (e.g., Nworie et al.
(2026)); it also includes the shells of marine species as well as other marine biota and material (e.g., Goossens et al. (2026)).
Calcium carbonate dissolution in shallow environments, including the shelves, is a significant fraction (nearly 10%) of the

global carbonate dissolution (Goossens et al. , 2026). On the shelves, the dissolution of calcium carbonate-based sediments
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could constitute part of a climate feedback acting on annual-to-decadal time scales that accounts for about 10% of the missing
carbon in carbon budgets of ocean models (van deVelde et al. , 2026). It is difficult to predict how much of this carbon will
remain in the ocean due to a complex interplay of physical and biogeochemical processes (Gillett , 2023). Therefore, accounting
for changes in calcium carbonate dissolution rates over the next several decades will likely be necessary to accurately simulate
oceanic sources and sinks of carbon dioxide, particularly in application to marine carbon dioxide removal attempts.

In the present study, we evaluate the sensitivity of calcium carbonate dissolution to various factors using climate model
output under multiple future scenarios, including ones that have large-scale implementation of geoengineering technologies.
There are multiple methods to estimate calcium carbonate dissolution rates, including the diagnostic approach based on a suite
of ocean tracers with observationally derived data products (e.g., Sulpis et al. (2021)) and an inverse modeling approach to
account for cross-isopycnal transports and mixing (e.g., Wu et al. (2025)). Because of the prohibitive computational resources
needed to construct climate states (over ~ 30 years) using an inverse model approach and difficulty with quantifying the
resulting propagated uncertainties under multiple future scenarios, we use the diagnostic approach of Sulpis et al. (2021) to
get a first-order understanding of how calcium carbonate dissolution rates will change in the future. Climate model output is
used as a perturbation to the observationally derived data products used in Sulpis et al. (2021). We will discuss the potential

implications of these findings with respect to the future physical ocean state, including sea level.

2 Methods

In this study, we calculate the calcium carbonate dissolution rate changes using the same potential alkalinity-based method that
Sulpis et al. (2021) employed, but instead of performing the calculations over pre-industrial times we apply perturbations to
several variables that could influence calcium carbonate dissolution under future climate scenarios. The slope of the Alk*-age
linear relationship divided by 2 gives the calcium carbonate dissolution rate, where Alk* is the potential alkalinity defined by
Carter et al. (2014) as:

Alkx =TA+1.26[NO3 | — 66.45, (1)

where T'A is the titration alkalinity (calculated with CO2SYS (van Heuven et al. , 2011)), [NO5'] is the nitrate concentration,
and S is the salinity. The age used in the calculations uses a combination of transit time distribution-based mean ages (Jeansson
et al. , 2021) up to 200 years and Carbon-14-based mean ages (Gebbie and Huybers , 2012) above 300 years, with a linear
transition between 200-300 years. For each region we consider (Fay and McKinley , 2014), Alk* and age data were sorted
according to increasing potential density and then placed into density bins. For each density bin, we fit Alk* versus age via
linear regression and extracted the slope. Uncertainties were propagated using a Monte Carlo approach, where the density
increment randomly varied between 0.002 and 0.05, the age uncertainty was set at 20%, and the Alk* uncertainty was 6 pmol
kg~!. A cubic smoothing spline was used for vertical interpolation. Our results in the open ocean should be approximately
within model projection accuracy because calcium carbonate dissolution in the deeper ocean is mostly determined by the

thermodynamics of calcium carbonate saturation (Kwon et al. , 2024).
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We first focus on temperature, salinity, mean age, and dissolved oxygen concentrations in the final 30 years of the 21st
century relative to those in the first 30 years of the same century based on CMIP6 model output under the SSP5-8.5 scenario,
documented in Guo et al. (2026). We do not perform an assessment of the CMIP6 output with the GLODAPv2 data that Sulpis
et al. (2021) used because the CMIP6 control simulations are for pre-industrial times and the GLODAPv2-derived product
is a particularly sampling and interpolation of conditions over the past few decades. Additionally, the mean ages from model
output are from ideal age tracers, which are similar but not the same as the transit-time distribution-based ages (Guo et al.
, 2025). Mean ages reflect changes in ocean ventilation (e.g., Gnanadesikan et al (2007); Khatiwala et al. (2012)). These
CMIP6-based estimates are considered upper-bounds for future projections. To find the lower-bounds for future projections,
we use output from GeoMIP scenarios that include the same four variables. These simulations additionally include nitrate,
phosphate, alkalinity, and total carbon (whose perturbations are assumed to be entirely comprised of DIC because that is the
only contribution available in the output) so we can assess the sensitivities of calcium carbonate dissolution rates to these
variables as well. The CMIP6-based estimates can likely neglect the perturbations to the four biogeochemical variables that are
included in the GeoMIP output because, as it will be shown later, the sensitivities of the calcium carbonate dissolution rates to
these four biogeochemical variables are relatively small. The GeoMIP scenarios were documented by Oschlies et al. (2025)
and include interventions such as artificial upwelling, macroalgae farming with biomass harvesting and storage outside the
ocean, macroalgae farming and sinking with only the Redfield portion of sunk biomass remineralized and the excess organic
carbon left non-remineralized, macroalgae farming and sinking with complete remineralization after 90 years of continuous
deployment from year 2020-2110, ocean alkalinity enhancement, and ocean iron fertilization south of 30°.S (in the Southern
Ocean). Only two GeoMIP scenarios include Carbon-14 output for us to be able to infer an age perturbation (albeit only above
300 years): artificial upwelling and ocean iron fertilization in the Southern Ocean. We show results from the artificial upwelling
scenario as examples throughout most of our GeoMIP-based analysis because the Carbon-14 values in the iron fertilization in
the Southern Ocean scenario are generally outside of the range to compute mean ages from the empirical relationship (Gebbie

and Huybers , 2012):
T = _8267(ln(ACI4,ctrl/Aclél,future) - ln(l)), (2)

where 7 is the mean age, AC14 ¢4y is the Carbon-14 from the control simulation, and AC14, future is the Carbon-14 from the
carbon dioxide perturbation with geoengineering simulation. This empirical relationship has a limited range of applicability,
but will be used here to demonstrate how sensitive our estimates of calcium carbonate dissolution rates are to mean ages in the

GeoMIP scenarios.

3 Results
3.1 CMIP6

We first inspect the four state variables available from 11 of the CMIP6 simulations under the SSP5-8.5 scenario (Figure 1-
top) and their perturbations (2070-2099 average minus 2000-2029 average) (Figure 1-bottom). Mean age, salinity, oxygen,
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Figure 1. State variables from the control (historical) simulation averaged over 11 different models in the CMIP6 archive and their pertur-
bations at locations and depths where samples are available to compare with GLODAPv2-based estimates of calcium carbonate dissolution

rates from Sulpis et al. (2021).

and temperature are sampled like GLODAPv?2 data were sampled in Sulpis et al. (2021), which explains much of the spatial
patterns in Figure 1. For example, the lower oxygen concentrations near the equator are due to sampling the Pacific and Indian
Oceans more than the Atlantic Ocean at those latitudes and the lower mean ages in the northern subpolar regions are due to
sampling the Atlantic Ocean more than the other ocean basins at those latitudes. Mean age increases in the Atlantic sector of
the Southern Ocean, salinity generally decreases at high-latitudes and increases in more tropical regions (aside from the east
coast of Greenland), dissolved oxygen concentrations generally decrease except in a couple of high-latitude regions (e.g., the
Pacific sector of the Southern Ocean) and the tropical Indian Ocean, and temperature increases in many regions (particularly
at the high northern latitudes) from the beginning of the century to the end (Figure 1-bottom). The temperature and salinity
changes are primarily externally forced but underestimated in the North Atlantic Ocean (Molodtsov et al. , 2025), suggesting
that our CMIP6-derived calcium carbonate dissolution rates will be underestimated as well. The subtropical Atlantic gyres are
expected to get drier and therefore more salty, whereas the subpolar North Atlantic is expected to get fresher, which isn’t fully
represented because ice sheets are not dynamically coupled with the rest of the components of climate models and this likely
inadequately simulates the freshening of the oceans as well as many teleconnections (e.g., Testorf et al. (2026)). These results
will be contrasted with GeoMIP output in the following section.

We next examine how the calcium carbonate dissolution rates change when adjusting all four of these factors versus one
at a time. When all four of the above-listed factors are perturbed simultaneously (Figure 2), the sediment dissolution rates
are predicted to most dramatically increase in the subtropical North Atlantic Ocean, with more pronounced changes near the

surface. In these regions, each of the three saturation depths (for Mg calcite, aragonite, and calcite) become shallower in
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Figure 2. Calcium carbonate dissolution rates for different biomes (Fay and McKinley , 2014) or geographic regions (#9 is the Indian Ocean,

#6 is the subtropical North Atlantic, and #5 is the subpolar North Atlantic) with perturbations in temperature (T), salinity (S), age (Age), and
dissolved oxygen concentrations (O2) by adding the difference in those variables over the average of the final 30 years of 11 different CMIP6
models minus the first 30 years of the same models to the GLODAPv2-equivalent variables at the locations where they have been sampled.
Shown in black are the perturbed estimates with one standard deviation and shown in red are the initial GLODAPv2-derived estimates from
Sulpis et al. (2021). The horizontal yellow line is the saturation depth of Mg calcites, the horizontal red line is the saturation depth of
aragonite, and the horizontal blue line is the saturation depth of calcite in the perturbed (CMIP6-based) estimate corresponding to the black

curves. Monte Carlo-derived standard deviations are also included on these saturation depths.

the future. Recall from Sulpis et al. (2021) that shallow-water dissolution is controlled by metabolic processes (i.e., carbon
dioxide produced during animal and/or microbial respiration) and the presence of Mg calcites, whereas deep-water dissolution
is determined by the higher solubility of calcium carbonate in bulk solution. The transition depth between these two regimes
can be determined by the shallowest depth at which the vertical derivative of the dissolution rate profile vanishes. The sediment
dissolution rates (and sinking fluxes-not shown) remain approximately the same in most regions, the exception being the Indian
Ocean where they decrease by less than 10%. Salinity has an increasing effect on the dissolution rates in the near-surface
and/or mid-depth extra-tropical oceans and a more variable effect in tropical oceans (Figure 3). The impact of salinity on Alk*
is apparent through Eq (1); the changes in T'A and [NO; | are relatively small compared to salinity, and this gets magnified
after scaling those factors by their coefficients in Eq (1) (1, 1.26, and 66.4 to TA, [NO5 | and S respectively). The impact of
mean age is also straightforward because the dissolution rates are determined by the slope of the Alk*-age relationship. Mean
age has a significant decreasing effect on the dissolution rates in the near-surface Southern Ocean and mid-depth subpolar
North Atlantic Ocean, with a more variable effect elsewhere (Figure 4). Less obvious is how temperature and oxygen alter the
calcium carbonate dissolution rates, but they each have a very small impact (not shown). In summary, salinity and mean age
changes dominate the changes in dissolution rates, but other factors can impact Alk* (via [NOj3 | or the CO2SYS calculation

of T'A), which can propagate into dissolution rate perturbations.
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Figure 3. Influence of a perturbation to salinity alone on calcium carbonate dissolution rates in several regions (#10 is the Southern Ocean,
#9 is the Indian Ocean, #6 is the subtropical North Atlantic, #5 is the subpolar North Atlantic, #3 is the equatorial Pacific, and #1 is the

subpolar North Pacific Oceans). The colors are consistent with Figure 2.

3.2 GeoMIP

The four overlapping variables available from the control simulations associated with any of the GeoMIP scenarios (Figure
5-top) are visually identical to the control simulations of the CMIP6 scenario (Figure 1-top). The remaining four variables from
the control simulations associated with one of the GeoMIP scenarios (artificial upwelling) are also shown (Figure 5-bottom);
nitrate, phosphate, and total carbon are spatially similar while alkalinity is more uniform in its spatial structure, aside from low
values found on the Siberian shelf where we do not attempt to estimate calcium carbonate dissolution rates and at deeper depths
outside of the polar regions. Each of the eight variables considered here appear identical in each of the control simulations from
the GeoMIP scenarios (not shown).

We focus on the perturbations to the above-mentioned eight variables from the artificial upwelling scenario as an example
(Figure 6). The mean age changes are more dramatic in the Southern Ocean iron fertilization scenario due to a general decrease
in total carbon (not shown); nitrate and phosphate generally increase, and oxygen concentrations generally decrease in the
Southern Ocean under this scenario. The mean ages generally increase under the artificial upwelling scenario, particularly in

areas with deep convection and regions that upwell due to the winds already, but primarily in the upper ocean due to mixing
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Figure 4. Influence of a perturbation to mean age alone on calcium carbonate dissolution rates in several regions (#10 is the Southern Ocean,
#9 is the Indian Ocean, #6 is the subtropical North Atlantic, #5 is the subpolar North Atlantic, #3 is the equatorial Pacific, and #1 is the

subpolar North Pacific Oceans). The colors are consistent with Figure 2.

of older waters with younger ones close to the surface from the artificial upwelling. The expectations based on previous
studies (e.g., Toggweiler et al. (2019)) are that upwelling regions and eastern boundaries are regions where Carbon-14 gets
reset to what is in the atmosphere; Carbon-14 decreases when the Southern Ocean overturning slows there. Under artificial
upwelling, salinity experiences variable change, but generally decreases at higher latitudes and increases at lower latitudes.
Temperature generally increases; as a result of this and changes in thermocline ventilation, artificial upwelling does little to
deter deoxygenation. Nitrate and phosphate generally increase but can decrease in high-latitude or coastal regions as well as
at intermediate depths, unlike total carbon, which increases wherever it changes (primarily in locations within the mixed layer
and where the mean age changes below the mixed layer). Changes in alkalinity are variable but generally decrease in the
upper-ocean and at higher latitudes and increase at lower latitudes, particularly at deeper depths (Figure 6). This is just one of
the GeoMIP scenarios, so we next briefly discuss (but do not show) changes in the other ones.

The dominant features of each GeoMIP scenario (not shown) include salinity decreasing in high-latitude regions, salinity
increasing in lower-latitude regions, mean ages increasing, oxygen decreasing, temperature increasing, and total carbon in-

creasing. Ocean alkalinity generally has variable change across GeoMIP scenarios, but in the ocean alkalinity enhancement
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Figure 5. Control simulation state variables in the GeoMIP archive’s artificial upwelling scenario at locations and depths where samples are

available to compare with GLODAPv2-based estimates of calcium carbonate dissolution rates from Sulpis et al. (2021).

2000

4000

8000

8

B |

00

- rf'if"’"ﬁ.v

d

Temperature pert.

[ 1
m Hu'
1000 k- -
] 10a
2000/ .
{02
3000/ 0
02
4000
{ a4
a8
5000/
iu.
6000, 1
100 s0 ] 50 100
Total carbon pert.
oy aos
a0
1000 | .
oo
om
2000 |
am
-3000 a
oo
4000}

Figure 6. Perturbations to the state variables in the artificial upwelling scenario shown in Figure 5 at locations and depths where samples are

available to compare with GLODAPv2-based estimates of calcium carbonate dissolution rates from Sulpis et al. (2021).
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scenario, ocean alkalinity generally increases. The only scenario where total carbon generally decreases is the one with iron
fertilization in the Southern Ocean, in which changes in each other variable are generally muted except for large increases in
nitrate and phosphate in the Southern Ocean. The scenarios with the largest gain in total carbon are the ones with macroalgae
farming and sinking with complete or partial remineralization. The primary difference between these macroalgae farming and
sinking scenarios is that the one with complete remineralization has a decrease in nitrate while the one with partial reminer-
alization has an increase in nitrate. Changes in oxygen and associated factors under these GeoMIP scenarios are discussed in
more detail in Oschlies et al. (2025).

Each region experiences different calcium carbonate dissolution rate changes, depending on the GeoMIP scenario, and the
subpolar North Atlantic is chosen here just as an example (Figure 7). Each scenario generally decreases the calcium carbonate
dissolution rate, but to varying degrees. The artificial upwelling scenario, for example, assuages the dissolution rates by the
least amount, whereas macroalgae farming with sinking and partial remineralization has the greatest impact on reducing the
dissolution rates. Recall that the primary difference between the scenarios with macroalgae farming with sinking and either
partial or complete remineralization is related to changes in nitrate (not shown). This translates into a small but noticable
difference in the calcium carbonate dissolution rates.

To highlight the influence of mean age changes on calcium carbonate dissolution rates in the GeoMIP scenarios, we focus
on three regions (subpolar North Atlantic, subtropical South Atlantic, and Southern Oceans) in the artificial upwelling scenario
(Figure 8) with and without accounting for mean age changes. The calcium carbonate dissolution rates are reduced to nearly
zero in the Southern Ocean and to a lesser extent in the subpolar North Atlantic Ocean when mean age changes are accounted
for, whereas the changes primarily due to salinity only lead to modest reductions in the calcium carbonate dissolution rate
without mean age changes. The calcium carbonate dissolution rates remain relatively unchanged below about 1250 dbar in the
subtropical South Atlantic and Southern Oceans, even with mean age perturbations.

A comparison between the CMIP6 SSP5-8.5 scenario (Figure 2) and GeoMIP artificial upwelling scenario (Figure 9) is
instructive here. All three regions considered in the CMIP6 SSP5-8.5 scenario (subtropical and subpolar North Atlantic and
Indian Oceans) experience larger changes than the same regions over the same period in the GeoMIP artificial upwelling
scenario. In fact, the calcium carbonate dissolution rates decrease, often by very little but decrease nevertheless, in the GeoMIP
artificial upwelling scenario, whereas the dissolution rates can increase by a factor of two or more in the CMIP6 SSP5-8.5
scenario. Three other regions (Subpolar North Pacific, Equatorial Pacific, and Southern Oceans) are also shown in Figure 9 to
demonstrate that the calcium carbonate dissolution rates also change very little and typically do not increase elsewhere in the
ocean. The mean age perturbation is the dominant cause of the changes seen in the GeoMIP artificial upwelling scenario, with
the salinity perturbation secondary (Figure 10), much like in the CMIP6 SSP5-8.5 scenario (Figures 3-4). If regions shallower
than 1000 meters are masked out, our results look very similar.

These comparisons can be seen more clearly in Figure 11, which shows the range of calcium carbonate dissolution rate
estimates across different scenarios for each biome. For each biome, the higher end of each envelope shown is always that
of the CMIP6 scenario. The lower end of each envelope shown is often, but not always, that associated with the macroalgae

farming with sinking and partial remineralization GeoMIP scenario. In the Southern Ocean, for example, macroalgae farming
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Figure 7. Calcium carbonate dissolution rates in the subpolar North Atlantic under six different GeoMIP scenarios with perturbations in
temperature (T), salinity (S), age (Age), dissolved oxygen concentrations (O2), nitrate concentrations (Nitrate), phosphate concentrations
(Phosphate), alkalinity (Alk), and total carbon content (TCO2) by adding the difference in those variables over the average of the final
30 years of GeoMIP output for each scenario minus the first 30 years of the same models to the GLODAPv2-equivalent variables at the
locations where they have been sampled. Shown in black are the perturbed estimates with one standard deviation and shown in red are
the initial GLODAPv2-derived estimates from Sulpis et al. (2021). The horizontal yellow line is the saturation depth of Mg calcites, the
horizontal red line is the saturation depth of aragonite, and the horizontal blue line is the saturation depth of calcite in the perturbed (GeoMIP-

based) estimate corresponding to the black curves.

with sinking and partial remineralization is the only geoengineering technique that increases calcium carbonate dissolution
rates. Both subtropical Atlantic Ocean regions have calcium carbonate dissolution rates that can be different by an order of
magnitude, depending upon the climate scenario. The North Pacific Ocean, equatorial Atlantic Ocean, and Indian Ocean, on
the other hand, are not very sensitive to a given climate scenario.

To understand our results better, we show the sensitivity of the calcium carbonate dissolution rates to mean age and salinity
perturbations for two different depth levels (Figure 12): one around 300 dbar (because the surface will always have a mean age
of zero) and one at the seafloor. A change in salinity always decreases the calcium carbonate dissolution rate at 300 dbar, but
the extent of the decrease changes according to the concomitant mean age perturbation in some regions more than others. For

example, the subtropical North Atlantic and Indian Oceans have a very pronounced dependence on both factors at 300 dbar.

10



195

https://doi.org/10.5194/egusphere-2026-2679
Preprint. Discussion started: 21 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Subpolar North Atlantic Subtropical South Atlantic Southern Ocean

wn Biome #8 e Biome #10

8 . - N==" !
> = o -,
@ a0 1000 1 {
L 500 1500

3 00 2000

o 0 E -25m

m 00 (r.:l 3000

§ ® 350 T

4000 4000

E 4500 4500 i

= 5000 500 i

; o 0.4 0s 6 0 0.1 02 03 0.4 0% 06 = I. a1 0.2 0.3 04 05 06

kg fa) €aCO3 diss. r. (umol / kg /a CaCOa diss. r. (umal | kg /a)

w Biome #5 g " n b_ma_l_! - " - ~ ! Blome 10

o i

g :

] i
S :

o \ e .

= I - L

0 & -0 ' B B o E
[ - i 5 : B LT |
m 1

m A0 : 000 A0

e £ : £00 € '

5 u— 4 = i i

CaCO3 diss. 1. {umol / kg /a) >aCO3 diss. 1. (umol / kg fal wCO3 diss

Figure 8. Calcium carbonate dissolution rates for different biomes (Fay and McKinley , 2014) or geographic regions (#10 is the Southern
Ocean, #8 is the subtropical South Atlantic, and #5 is the subpolar North Atlantic) under the artificial upwelling GeoMIP scenario with
perturbations in temperature (T), salinity (S), age (Age), dissolved oxygen concentrations (Oz2), nitrate concentrations (Nitrate), phosphate
concentrations (Phosphate), alkalinity (Alk), and total carbon content (TCO2) (top three panels) and without the perturbations in Age but with
perturbations in each of the other seven variables (bottom three panels). Here, the perturbation to the mean age is calculated from Carbon-14

via the empirical relationship described in the main text. The colors are consistent with Figure 7.

There is generally a symmetric response to the sign of the salinity perturbation in the subtropical Atlantic Ocean basins and
South Pacific Ocean basins. There is a particularly pronounced asymmetry in the response to the sign of the salinity perturbation
in the remaining regions. The general pattern of sensitivity is more difficult to discern at the seafloor, with the exception of
the subpolar North Atlantic Ocean and the Southern Ocean, which have the greatest connectivity (smallest mean ages) to
the surface. The calcium carbonate dissolution rates can be altered by nearly an order of magnitude by altering the salinity,
particularly near the surface, but salinity perturbations aren’t as large in the CMIP6/GeoMIP output as the ones considered in

Figure 12.

11
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Figure 9. Calcium carbonate dissolution rates for different biomes (Fay and McKinley , 2014) or geographic regions (#10 is the Southern
Ocean, #9 is the Indian Ocean, #6 is the subtropical North Atlantic, #5 is the subpolar North Atlantic, #3 is the equatorial Pacific, and #1
is the subpolar North Pacific Oceans) under the artificial upwelling GeoMIP scenario with perturbations in only salinity (S). The colors are

consistent with Figure 7.

4 Direct vs indirect climate consequences

There are direct and indirect impacts of accounting for the presence of sediments on the physical ocean state of the future,
neither of which is currently accounted for in coupled climate models. For instance, previous studies have suggested that more
than two-thirds of the variability in marsh accretion rates can be explained by spring tidal range and suspended sediments
(Coleman et al. , 2022) and there are considerable seasonal variations in seabed thickness due to freezing and thawing (Nor-
mandeau et al. , 2025). Suspended sediments in estuaries have been shown to have an impact on stratification and therefore on
steric sea level (Geyer , 1993; Becker et al. , 2018; Lu et al. , 2020; Zhu et al. , 2021; Bailey et al. , 2024; Rojas et al. , 2025),
but the influence of sediments on steric sea level in regions outside of estuaries in the global ocean has largely been ignored. It
would be reasonable to assume that suspended sediments might also have a large impact on steric sea levels in the deltas of the
world’s largest rivers and nearby coasts, so we examine this next.

There are well-established methods to locally derive total suspended matter (TSM) from remotely sensed ocean color data

(e.g., Lietal. (2020); Dethier et al. (2020)), which we assume has the same density and concentration as suspended sediment
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Figure 10. Calcium carbonate dissolution rates in the subpolar North Atlantic under the artificial upwelling GeoMIP scenario with pertur-
bations in each of the state variables: temperature (T), salinity (S), age (Age), dissolved oxygen concentrations (O2), nitrate concentrations
(Nitrate), phosphate concentrations (Phosphate), alkalinity (Alk), and total carbon content (TCO3), one at a time. The colors are consistent

with Figure 7.

concentrations (SSCs) for the purpose of our back-of-the-envelope calculations. We recognize that there is calcium carbonate
that is not 40% of sediment in near-coastal areas but assume that the TSM is all sediment. The impacts of SSCs on density are
calculated according to psgc = SSC X (ps - pref)/ps Where pg = 2650 kg m~3 and p,. r=999.972 kg m~3 in freshwater (Do
etal., 2025). TSM (or SSC) can be calculated using a neural network algorithm (TSM y ) using Sentinel-3a/Ocean and Land
Colour Instrument (OLCI) retrievals (Yu et al. , 2022), which is the data source we use for the present study. The influence of

3 in river deltas, so we use

SSC on steric sea level depends upon p,. ¢, which can range from about 1020 kg m 3 to 1030 kg m™
a value of about 0.61 = (ps — prer)/ps to scale SSC with. We calculate bottom pressure by integrating p times the gravitational
constant over pressure. We compute steric sea level using the TEOS-10 package (McDougall et al. , 2012) but when the specific
volume anomaly, a = 1/p, relative to a reference value, .., is calculated, we use 1/(1/a+ pssc) —1/(1/cres + pssc) to
account for SSC.

Using this formulation, typical values (2-3 kg m—3 for the EUMETSAT OLCI Sentinel-3 full colour TSM x product (via
EUMDAC ©EUMETSAT [2026]), and profiles from the World Ocean Database (2023) (Garcia et al. , 2026), we calculate the
impact of SSC on steric sea level and (hydrostatic) bottom pressure. We find that observed TSMy n typically has a <0.1%
impact on steric sea level and <0.5% impact on bottom pressure near the Amazon River delta. SSC always a larger impact on

bottom pressure than steric sea level because the integrand to calculate the former is linear in density whereas the integrand
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Figure 11. The ranges of calcium carbonate dissolution rates for different biomes (Fay and McKinley , 2014) or geographic regions (#1 is
the subpolar North Pacific Ocean, #2 is the subtropical North Pacific Ocean, #3 is the equatorial Pacific Ocean, #4 is the subtropical South
Pacific Ocean, #5 is the subpolar North Atlantic Ocean, #6 is the subtropical North Atlantic, #7 is the equatorial Atlantic Ocean, #8 is the
subtropical South Atlantic Ocean, #9 is the Indian Ocean, and #10 is the Southern Ocean) under the CMIP6 with perturbations in temperature
(T), salinity (S), age (Age), dissolved oxygen concentrations (O2) and GeoMIP scenarios with perturbations in temperature (T), salinity (S),
age (Age), dissolved oxygen concentrations (Oz), nitrate concentrations (Nitrate), phosphate concentrations (Phosphate), alkalinity (Alk),
and total carbon content (TCOz). Here, the perturbation to the mean age in two of the GeoMIP scenarios is calculated from Carbon-14 via
the empirical relationship described in the main text. The lower bound is 1.645 times the standard deviation of the Monte Carlo estimates
lower than the mean of the Monte Carlo estimates within each bin for each biome. Similarly the upper bound is 1.645 times the standard

deviation of the Monte Carlo estimates higher than the mean of the Monte Carlo estimates within each bin for each biome.

to calculate the latter is inverse linear in density. The SSC would need to be more than 150 kg m 3 and 700 kg m 2 to have a
10% impact on local bottom pressure and on local steric sea level, respectively, near the Amazon River delta. In regions where
we do not have historical profile data, such as along the coasts and in multiple river deltas, values of SSC regularly exceed 300
kg m 3 (Figure 13), so SSC can have a direct non-negligible impact on local bottom pressure and, to a lesser extent, on local
steric sea level in these regions. Non-negligible impacts occur in the Amazon River delta region as well as some other locations

where profile data exist, such as in the vicinity of the Ganges and Brahmaputra Rivers and along many coasts. Note that there
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Figure 12. The mean age-salinity phase space of calcium carbonate dissolution rates for a range of -100 to 100 years and -3 to 3 PSU
perturbations to the GLODAPv2-based estimates of Sulpis et al. (2021) for each of the ten biomes (Fay and McKinley , 2014). Shown are

two example depth levels for each biome: one nearest to the sea surface (top) and one at the seafloor (bottom).

are small-scale feature apparent in Figure 13 that can be interpreted as large SSC (> 300 kg m 3) outside of the Ganges and
Brahamputra River deltas, so when those values are co-located with World Ocean Database profiles, we find a 10% impact
on bottom pressure and a few percent impact on steric sea level. However, these small-scale features can be sensitive to the
application of particular flags in the data.

Given the significant direct impact of the presence of SSC > 300 kg m 3 along the coasts and in multiple river deltas, an
increase in the calcium carbonate dissolution rate by a factor of two (e.g., in the subtropical North Atlantic Ocean) would then
also have a non-negligible impact on steric sea level, which would act as a contraction effect. The mean age of waters with high
SSC along the coasts will not significantly change, but salinity can be very different, suggesting that the calcium carbonate
dissolution rates may change along the coasts in the future. However, we cannot verify this using the CMIP6 and GeoMIP
model output because they are not sufficiently high-resolution to provide insights about the magnitude.

There are a couple of studies whose findings may be interpreted differently, considering the potential importance of SSC
along the coasts. First, it is unclear whether these findings validate the interpretation of the gravimetric signals found in the

delta of the Amazon River in a previous study (Oh et al. , 2025) as sediment. These signals could instead, or in addition, be

15



250

255

260

https://doi.org/10.5194/egusphere-2026-2679
Preprint. Discussion started: 21 May 2026
(© Author(s) 2026. CC BY 4.0 License.

Suspended sediment concentrations from TSM Suspended sediment concentrations from TSM NN
. [ 350 350

300 300

200

150

100

31°N

EGUsphere\

Suspended sediment concentrations from TSMICH

350

2'S S0

50°W 49°W 48"W aT'w

Figure 13. Three regional examples of SSC from Level-2 Sentinel-3a OLCI TSM y n: Amazon River delta (May 2-3, 2024), Ganges/Brahma-
putra River deltas (October 8-9, 2024), and Mississippi River delta (August 23-24, 2024). The flags used here include 'TLAND’ and ’"CLOUD’
but can additionally include, for instance: ’"CLOUD_AMBIGUOUS’, '"CLOUD_MARGIN’, 'INVALID’, 'COSMETIC’, "SATURATED’,
’SUSPECT’, "HISOLZEN’, "HIGHGLINT’, ’'SNOW_ICE’, ’AC_FAIL’, "WHITECAPS’, and ’ADJAC’e.

related to the flux of terrestrial water storage (Chandanpurkar et al. , 2025). Second, the finding that wave-induced set-up and
swash effects are important to account for in coastal sea level budgets (Melet et al. , 2018, 2020) could at least partially be
explained by the significance of SSC. SSC can significantly change during storm events (Wang et al. , 2024; Guillén et al. ,
2024), and these same events can cause extreme coastal sea levels. However, it is beyond the scope of the present study to
quantify these effects.

The indirect effect of accounting for sediments and calcium carbonate dissolution on future sea level via changes in the
carbon budget may be globally and locally significant. Using the empirical framework employed by Williams et al. (2012), we
estimate that a 10% difference in carbon dioxide outgassing (an upper bound on what would happen with a 10% increase in
ocean carbon inventory) would lead to a factor of three increase in equilibrium carbon dioxide level (see their Eq 5) and 10%
increase in radiative heat flux at the sea surface and sea surface temperature at equilibrium (see their Eqs 6 and 8). This would
translate into a 21% increase in sea level at equilibrium (see their Eq 10). However, a more complex interplay of physical
and biogeochemical processes, including the representation of calcium carbonate dissolution could significantly modify these
back-of-the-envelope global estimates (Gillett , 2023) and there will be large variations on regional scales (Nauels et al. , 2025).
For instance, turbidity currents are known to play a role in the redistribution and preservation of carbon in deep-sea sediments
(Nworie et al. , 2026). Predicting the oceanic sources and sinks of carbon dioxide and whether the ocean will continue to be a
sink will be critical to understanding the future physical ocean state and these crude calculations suggest that coupled climate

simulations may need to account for sediment dynamics and calcium carbonate dissolution (e.g., Ye et al. (2025)).
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5 Conclusions

We investigated the range of possible future calcium carbonate dissolution rates and the dominant factors that determine their
future changes. The biome/region with the largest future calcium carbonate dissolution rate changes in CMIP6 output is the
subtropical North Atlantic Ocean, where the dominant driver of future calcium carbonate dissolution rate changes is salinity.
The effects of salinity and mean age perturbations each primarily drive future calcium carbonate dissolution rate changes in
the subpolar North Atlantic Ocean in CMIP6 output, but mean age dominates. In the absence of mean age changes, artificial
upwelling is the only geoengineering technique that lessens the calcium carbonate dissolution rates in the Indian Ocean, but
artificial upwelling is the least effective geoengineering technique to reduce calcium carbonate dissolution rates in the subpolar
North Atlantic Ocean. Also without mean age changes, macroalgae farming with sinking and partial remineralization is the
only geoengineering technique that increases calcium carbonate dissolution rates in the Southern Ocean, but is generally the
most effective geoengineering technique to assuage calcium carbonate dissolution rates. Iron fertilization in Southern Ocean
and ocean alkalinity enhancement are the two scenarios that are least effective at assuaging calcium carbonate dissolution rates
in the subtropical South Atlantic Ocean. The effect of adding alkalinity in the ocean alkalinity enhancement experiment is not
what reduces the calcium carbonate dissolution rates; it is the changes in mean age and salinity. The range of calcium carbonate
dissolution rates can be an order of magnitude in regions such as the two subtropical Atlantic Ocean basins, so the future of
calcium carbonate dissolution rates strongly depends on our future emissions pathway.

There are some shortcomings in our diagnostic approach using model output from future climate simulations, which can be
improved in future studies, but the present study also points to future research directions. Because of our diagnostic approach
with ocean tracer variables, we do not have sufficient information to accurately calculate calcium carbonate dissolution changes
associated with coral reefs and other species on the continental shelves. Further, akin to the difference between available oxygen
utilization and total oxygen utilization (e.g., Sulpis et al. (2023)), a caveat of the present study is that we have not properly
accounted for cross-isopycnal transports and mixing to estimate the calcium carbonate dissolution rates. However, one benefit
of the method we used to perform this study is that it allows us to understand the factors of first order importance under climate
change scenarios to future calcium carbonate dissolution rate behavior. We did not discuss the changes in the sinking fluxes
of sediments because they change very little; only in the Indian Ocean are they visually different under the climate change
scenarios and those decrease by a small amount. Also, our inferred ages from Carbon-14 can change dramatically due to the
inapplicability of our crude empirical formula for relatively young waters, which can lead to large changes in calcium carbonate
dissolution rate changes. This was highlighted with results using the artificial upwelling scenario. In the absence of mean ages
for the GeoMIP scenarios, we don’t know the full range of possible calcium carbonate dissolution rates, but we have shown
how sensitive these estimates can be to mean age changes. Also, in the absence of in situ measurements in river deltas and
nearby coasts, we don’t know how much accounting for suspended sediments, let alone how calcium carbonate dissolution
rate changes, will impact future sea level budgets in these regions, but we argue that these factors can be non-negligible. One
suggestion we can make based on the sensitivities of calcium carbonate dissolution rates to various perturbed factors in the

future is that geoengineering techniques should be chosen such that changes in ocean ventilation and salinity are minimized.
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Future studies will investigate the direct and indirect impacts of these changes more quantitatively in terms of the carbon

budget, sea level, and other factors.

Code and data availability. The CMIP6 data were downloaded from the link provided in Guo et al. (2025). The GeoMIP data were down-
loaded from the link provided in Oschlies et al. (2025). The observationally-derived data (e.g., GLODAPv2 and mean ages) were downloaded
from the link provided in Sulpis et al. (2021). The Matlab code used and the results generated using the above data with this code are available
here: https://zenodo.org/10.5281/zenodo.19683268
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