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Natural ocean alkalinization through
erosion of glacial till andweathering at the
seafloor
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The ocean absorbs about 25%of anthropogenic carbon dioxide emissions,with this uptake regulated
by acid-neutralizing anions collectively termed alkalinity. Most seawater alkalinity originates from the
weathering of aluminosilicate and carbonate minerals on land, whose dissolved products are
transported to the ocean by rivers, a slow process that causes carbon dioxide removal to lag behind
emissions. Here we present geochemical evidence showing that fine-grained glacial sediments
mobilized by coastal erosion undergo rapid seafloor weathering. While aluminosilicate weathering is
largely balanced by secondary clay formation (reverse weathering), carbonate dissolution yields a
significant net release of alkalinity to coastal waters. Because more than two-thirds of the global
coastline was formerly glaciated, ongoing deglaciation and erosion may enhance alkalinity fluxes,
providing a previously unrecognized shortcut in the global carbon cycle. As this enhanced flux is
ultimately driven by climate warming, it may act as a negative feedback that helps moderate future
increases in atmospheric carbon dioxide.

High-latitude coastal areas are currently experiencing rapid environmental
change. The combined effects of retreating sea ice, permafrost thaw,
deglaciation, sea-level rise, isostatic rebound, and increased precipitation are
expected to accelerate the transfer of terrigenous material to coastal oceans,
mobilized from river catchments and eroding shorelines1–4. Previous studies
have primarily explored how these trends influence the transfer of
nutrients5,6 and carbon7–9 to coastal waters, as well as their impact on the
biological carbon pump. Findings are ambiguous, suggesting an increase in
primary productivity but a limited or even reversed effect on carbon export
due to a warming-induced rise in respiration10–12.

An aspect that has received considerably less attention is the impact of
climate change-induced erosion on inorganic carbon cycling in continental
shelf sediments. The land surface exposed by retreating glaciers is covered
with glacial till, a fine-grained lithogenic material that was transported and
ground beneath the glacier. Due to their high surface area, minerals in fine-
grained glacial deposits are generally more reactive compared to those in
other Earth surface environments13,14. Many aluminosilicate minerals con-
tained in glacial till may be undersaturated in seawater and therefore prone
to dissolution (i.e., weathering)15,16. In addition, the buildup of metabolic
CO₂ from aerobic organic matter degradation in bottom waters and sedi-
ment pore waters may lead to undersaturation and subsequent dissolution
of carbonate minerals present in the till. Weathering of aluminosilicate and

carbonate minerals converts CO2 to HCO3
− (i.e., alkalinity) and releases

silicic acid (H4SiO4) and dissolved cations (e.g., Na+, K+, Mg2+, Ca2+) to
solution:

Aluminosilicateþ CO2 þH2O$ aluminum oxide

þ cationsþHCO3
� þH4SiO4

ð1Þ

CaCO3 þ CO2 þH2O$Ca2þ þ 2HCO3
� ð2Þ

By consuming CO2 and generating HCO3
−, weathering of glacial

debris at the seafloor could mitigate ocean acidification and enhance the
buffering and CO2 uptake capacity of coastal seawater. Overall, this natural
scenario resembles artificial methods of carbon dioxide removal, in which
alkaline minerals are distributed at the seafloor to induce weathering and
alkalinity production17,18. However, unlike artificial ocean alkalinity
enhancement (OAE), the delivery of weatherable glacial debris in this case is
intrinsically linked to warming-induced erosion. As a result, weathering of
glacial debris could function as a negative feedbackmechanism in the Earth
system, where rising atmospheric CO2 enhances erosion, accelerates sea-
floor weathering, and ultimately increases CO2 removal.

Some of the effect of seafloor weathering on oceanic alkalinity may be
counteracted by the neoformation of secondary (authigenic) minerals19–23.
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High cation concentrations in seawater, combined withHCO₃− production
fromanaerobic organicmatter degradation24,25 and release of dissolved silica
from dissolution of biogenic opal26,27, can cause pore waters to become
oversaturatedwith respect to authigenic clay or carbonateminerals, shifting
the equilibrium described in Eqs. 1 and 2 to the left. Since precipitation of
authigenic aluminosilicate minerals consumes alkalinity and releases CO2,
this process is referred to as reverse weathering20,21. Depending on the bal-
ance betweenweathering and reverse weathering, alteration of glacial debris
could act as either a net source or net sink for CO2.

Quantifying weathering-derivedHCO3
−
fluxes in marine sediments is

challenging due to the additional alkalinity produced by anaerobic degra-
dation of organic matter. As an alternative approach, and building on
weathering studies in river catchments28,29, cation fluxes and charge balance
constraints, where net cation charge must be matched by HCO3

−, can be
employed to quantify the overall effect of mineral alteration on inorganic
carbon turnover16,30. The cations released fromprimaryminerals oftendiffer
from those sequestered by secondary minerals. Consequently, mineral
alteration occurring at the seafloor can lead to substantial cation fluxes,
regardless of whether the net process is classified as weathering or reverse
weathering.

In this study, we investigate how erosion of glacial till at sea cliffs and
mineral alteration processes at the seafloor influence cation and alkalinity
fluxes in the coastal ocean. We explore the interplay between weathering
and reverse weathering, considering sediment transport dynamics and

biogenic sedimentation. Our findings reveal that in dynamic shelf systems
with moderate organic matter turnover, aluminosilicate and carbonate
minerals in glacigenic sediments can rapidly dissolve at the seafloor,
potentially generating substantial fluxes of cations and alkalinity.

Environmental setting
Vast areas of northern Europe are covered by glacial deposits, which were
delivered by the Scandinavian Ice Sheet during the late Pleistocene (Fig. 1A).
Along the southwestern Baltic Sea coast, glacial deposits have a broad grain-
size spectrum and form coastal cliffs reaching heights of up to 25m (Fig. 1B,
C). During storm surges, waves and currents erode the foot of the cliffs
(Fig. 1C–E), resulting in amean coastal retreat rate of 0.24m yr−131,32. Due to
the lowpermeability of the glacial till and continuous erosion exposing fresh
surfaces, the erodedmaterial retains a relatively pristine composition closely
resembling the felsic igneous and metamorphic source rocks in
Scandinavia33. In addition to felsic material from Scandinavia, the glaciers
eroded limestone from the Baltic Sea basin, adding ground carbonate
minerals to the till.As a result, thepredominantminerals in the glacial till are
quartz (~57%), feldspars (~16%), calcite (~12%) and muscovite (~10%)
(Table S1)34.Upon erosion, the coarse-grainedmaterial (rock fragments and
sand) is retained in shallow and near-shore areas, while the finer silt- and
clay-sized particles are transported further offshore to accumulate along
with marine biogenic material (organic matter and biogenic opal) in
depocenters below ~25m water depth (Fig. 1B)34. With no major rivers

Fig. 1 | Study area in the southwestern Baltic Sea. ABathymetricmap of Kiel Bight.
Major coastal cliffs and coring locations are marked by triangles and circles,
respectively. The red line on the inset map shows the maximum extent of the
Scandinavian Ice Sheet during the Last Glacial Maximum (LGM)53. Colored land
areas represent unconsolidated glacial deposits55.BDistribution of sediment types in

Kiel Bight66. C Photographs of the coastal cliff in Stohl under calm weather condi-
tions, with a visible talus of eroded material at its base. D The same coastal cliff
during a storm surge, showing a submerged beach and active erosion. E Liquefied till
flowing from the cliff’s talus into the swash zone.
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discharging into the southwestern Baltic Sea, coastal erosion is the pre-
dominant sediment source to our study area, the Kiel Bight. Elevated
nutrient concentrations drive intense biological productivity, leading to
substantial organic matter delivery to deeper waters and sediments35,36. Due
to the combined effects of high oxygen demand and restricted water
exchange through the Danish Straits, deeper water layers experience sea-
sonal oxygen depletion37. To investigate geochemical interactions between
glacial till and seawater, samples were collected at two major cliffs and 10
sediment cores were retrieved and sequentially numbered by increasing
water depth (Fig. 1).

Results and discussion
Evidence for rapid mineral alteration at the seafloor
Sediments inKiel Bight are enriched inMgbut depleted inK andCa relative
to the glacial till (Fig. 2). Sedimentary Mg concentrations increase, while
those of K decrease gradually with water depth. Ca remains uniformly
depleted, except at station 7, where concentrations are slightly higher
compared to the other sites. Thosemajor element trends could, in principle,
result frommineral alteration or current-induced lateral grain-size sorting.
However, because Mg, K and Ca are predominantly contained in the fine-
grained sediment fraction34 it is unlikely that K andCa are retained in sandy
near-shore areas while Mg is concentrated at greater depth (see Fig. S1 and
Table S1 for further details on grain-size sorting).

In-situ dissolution or precipitation of minerals should be reflected in
cation release to or removal from pore water. Consistent with solid-phase
observations, pore water Mg2+ concentrations decrease with sediment
depth, whereas K+ concentrations show the opposite trend (Fig. 3). Such
major cation anomalies are occasionally found in pore waters of deeper
(ranging from meters to tens of meters) methanic sediments, where they
indicate the in-situ dissolution or precipitation of aluminosilicate
minerals38–40.Detecting anomalies inmajor cation concentrations in shallow
pore waters of rapidly accumulating near-shore sediments indicates that
mineral alteration proceeds at a high rate soon after deposition. Shallow
anomalies of pore water K+ concentrations have been observed on (sub)
tropical river shelves41–43. However, unlike the present study, pore waters in
these systems are depleted in K+, indicating that different processes are
at play.

Pore water concentrations of Mg2+ and K+ evolve asymptotically with
depth, eventually reaching a stable value (Fig. 3). This downcoredistribution
closely mirrors that of H4SiO4, which is primarily released into the pore
water through the dissolution of biogenic opal. However, H4SiO4 con-
centrations remain below the theoretical solubility of biogenic opal at
ambient pressure and temperature. This observation suggests that the
concentrations of these three solutes are governed by the saturation state of
silicate minerals. To identify terrigenous minerals that may dissolve to
release K+ and authigenic minerals that precipitate to sequester Mg2+, we
included our pore water data into the geochemicalmodel PHREEQC44. The

clay mineral illite, a disordered variant of the K-rich mica muscovite, is
strongly undersaturated in surface sediments (0–3 cm) but approaches
equilibrium at greater depth (Fig. 3). By contrast, hydrous Mg-rich mon-
tmorillonite, a prevalent clay mineral of the smectite group, is markedly
oversaturated throughout the sediment column, especially in the deeper
layers (>3 cm) (Fig. 3). These contrasting saturation states suggest that the
observed anomalies inMg2+ and K+ concentrations in both pore water and
solid can be attributed to a combination of illite dissolution and mon-
tmorillonite precipitation.

Pore water Ca2+ profiles increase with depth, especially at the shallower
stations (Fig. 3). Unlike the glacial till, fine-grained sediments in Kiel Bight
contain very little calcite, and Ca concentrations strongly correlate with
inorganic carbon (Fig. S2). These observations align with previous studies
suggesting that calcium carbonate eroded from coastal cliffs undergoes dis-
solution on the seafloor of the Baltic Sea45. Contrary to earlier hypotheses,
however, the majority of carbonate dissolution does not occur in sediment
depocenters with high biogenic sedimentation (>25mwater depth). Instead,
the almost uniform Ca depletion in sediments across Kiel Bight (Fig. 2)
suggests that the dissolution of cliff-derived carbonate already happens
during its passage through shallower areas. Below 10m water depth, oxygen
depletion (Fig. S2) and the resulting accumulation of metabolic CO₂ lead to
general undersaturation with respect to calcite in both bottom waters and
surface sediments across all stations (Fig. 3). Rapid carbonate dissolution in
the shallower areas may be facilitated by aerobic respiration in more
permeable sediments46 andmay also be enhanced by frequent re-suspension
and transport driven by bottom currents. In contrast, in the organic matter-
rich depocenters at greater depths, intense microbial sulfate reduction in
subsurface sediments generates alkalinity (Fig. 3), thereby shifting the car-
bonate equilibrium (Eq. 2) toward preservation or even authigenic pre-
cipitation rather than dissolution24,47. Authigenic carbonate precipitation is
particularly evident at station 7, where near-complete sulfate depletion
coincideswithpeak alkalinity, pronounced calcite oversaturation (Fig. 3), and
elevated solid-phase Ca concentrations (Fig. 2).

Weathering versus reverse weathering
We find evidence for both the dissolution of aluminosilicate and carbonate
minerals delivered by cliff erosion and the precipitation of authigenic
minerals. To evaluate the net alkalinity flux associated with aluminosilicate
alteration, we quantified the rates of K+ release and Mg2+ fixation using a
reaction-transport model (RTM) fitted to pore water profiles averaged
across the study area (Fig. 3). Due to limited bioturbation in oxygen-
deficient bottomwaters, depth-integrated rates of cation release andfixation
correspond to cationfluxes across the sediment-water interface. Because the
pore water K+ gradient was steeper than that of Mg2+ (Fig. 3), the mean K+

release rate (−856mmolm−2 yr−1) exceeds the Mg2+ fixation rate
(254mmolm−2 yr−1). When adjusted for cation charge, this results in a
net alkalinity flux of−348meqm−2 yr−1. The negative sign implies that, at

Fig. 2 | Geochemistry of marine sediments com-
pared to the glacial till. Box plot of element con-
centrations normalized to aluminum (Al) for all
sediment cores, arranged in order of increasing
water depth. The vertical dashed line illustrates the
composition of the glacial till. In contrast to Mg, K
and Ca, Al has a low solubility in seawater at cir-
cumneutral pH. Therefore, normalizing major ele-
ment concentrations to Al helps differentiate
mineral alteration signals from variable dilution by
biogenic material.
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the time of sampling, the dominant mineral alteration process was weath-
ering, which consumes CO2 and generates alkalinity. Additional alkalinity
may be supplied by weathering of Na-containing plagioclase feldspar
(albite), which was also undersaturated in surface sediments of Kiel Bight
(Fig. S4). However, the downcore profiles of Na in both the pore water and
solidphase are inconclusive, and therefore, this process is not included in the

charge budget. For context, the alkalinity flux related to aluminosilicate
weathering corresponds to ~10% of the alkalinity flux generated by anae-
robic organic matter degradation in sediments of Kiel Bight, as estimated at
Station 9 using an RTM47.

To evaluate the long-term spatial balance between cation release and
fixation, we analyze the distribution of K and Mg anomalies in the solid

Fig. 3 | Pore water geochemistry. Upper row: Pore
water profiles of the major cations (Mg2+, K+ and
Ca2+) normalized to chloride (Cl−). Since Cl− is
influenced only by salinity and does not participate
in mineral alteration processes, normalizing major
cations to Cl− helps distinguish mineral alteration
signals from salinity fluctuations caused by seawater
inflow via the Danish Straits. To highlight downcore
trends, cation-to-Cl− ratios in pore water (PW)
samples are divided by the corresponding ratios in
bottom water (BW). Dashed lines indicate bottom
water composition. Solid black lines in theMg2+/Cl−

andK+/Cl− profiles were used to derive rates ofMg2+

fixation and K+ release using a reaction-transport
model. Middle row: pore water profiles of total
alkalinity (AT), H4SiO4 and SO4

2−. The vertical
dashed line in the H4SiO4 diagram indicates the
theoretical solubility of biogenic opal at ambient
pressure and temperature, assuming a specific sur-
face area of 25 m2 g−167. Lower row: pore water
saturation state of hydrous montmorillonite, illite
and calcite. A saturation index (SI) below zero
indicates undersaturation and potential mineral
dissolution whereas an SI above zero indicates
oversaturation and potential mineral precipitation.
Dashed lines indicate equilibrium (SI = 0).
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phase using a cross-plot (Fig. 4). The deviation in sedimentary element
concentration from glacial till (ΔE) was calculated using the following
equation, assuming that the aluminum (Al) concentration is conserved
during mineral alteration and mixing with biogenic material:

ΔE ¼ Esediment �
E
Al

� �
glacial till

� Alsediment ð3Þ

The stoichiometric trend derived from fitting the RTM to our pore
water data (ΔK:ΔMg=−856:254 =−3.37) represents the upper range of
ratios observed in the solid phase (Fig. 4). This trend aligns primarily with
samples from shallower water depth (stations 1–4) (Fig. 1). In contrast, at
greater water depths, where the majority of the fine-grained sediment
accumulates, most samples exhibit a lower ΔK:ΔMg. We thus observe a
spatial decoupling of cation release and fixation across Kiel Bight.

Surface sediments in Kiel Bight (0-3 cm) host a transition from strong
illite undersaturation to pronounced montmorillonite oversaturation
(Fig. 3). At shallower stations, illite dissolution and the associated release of
K+ at the sediment surface may be intensified by stronger bottom currents,
which increase grain collisions and repeatedly disrupt the diffusive
boundary layer surrounding sediment particles during sediment re-
suspension and transport48. These processes produce a cation-depleted,
Al-rich residue that is either buried deeper in the sediment column or
transported downslope. At greater sediment depths, and in depocenters
characterized by high biogenic sedimentation, H4SiO4 accumulation from
opal dissolution leads to montmorillonite oversaturation, thereby pro-
moting Mg uptake. In these settings, where H4SiO4 is abundant, the extent
of montmorillonite formation is likely limited by the availability of reactive
Al derived from illite dissolution (Eq. 1).

According to the equilibrium defined in PHREEQC, illite dissolution
liberates K+ and Al3+ in a ratio of ΔK:ΔAl = 0.85:2.85 = 0.30:

K0:85Al2:85Si3:15O10ðOHÞ2 þ 9:4CO2 þ 10H2O ! 0:85Kþ

þ 2:85Al3þ þ 3:15H4SiO4 þ 9:4HCO3
�

ð4Þ

The precipitation of hydrousmontmorillonite removesMg2+ andAl3+

in a ratio of ΔMg:ΔAl = 0.51:1.66 = 0.31:

0:51Mg2þ þ 1:66Al3þ þ 4H4SiO4

þ 6HCO3
� ! Mg0:17Mg0:34Al1:66Si4O10ðOHÞ2 : 4:61H2O

þ 5:39H2Oþ 6CO2

ð5Þ

Dividing ΔK:ΔAl ratio from illite dissolution by the ΔMg:ΔAl from
montmorillonite precipitation results in a ΔK:ΔMg ratio of (−)0.97 for the
coupled reaction. This ratio aligns withmost sediment samples fromdeeper
areas (stations 5–10)with high biogenic sedimentation (Fig. 4). Our analysis
confirms that,when the rate ofH4SiO4 supplybybiogenic opal dissolution is
high, Al3+ from illite dissolution becomes the limiting factor for mon-
tmorillonite precipitation. Due to the higher charge of Mg2+ compared to
K+, an approximately equal amount of K+ released and Mg2+ consumed
results in a net sink of positive charge and, consequently, a net reduction of
alkalinity by reverse weathering.

Under Al limitation, the alkalinity consumption by reverse weathering
likely depends on the difference in the cation charge-to-Al ratio between the
dissolving and precipitating minerals. Given that illite has a lower cation
charge-to-Al ratio than montmorillonite (0.30 vs. 0.62), the long-term
spatial balance is positive, resulting in a net sink for alkalinity. By contrast, if
the dissolving mineral does not contain Al (e.g., olivine, (Fe,Mg)2SiO4) or
has a higher cation charge-to-Al ratio than montmorillonite (e.g., plagio-
clase feldspar, CaAl2Si2O8: 1.0), the charge balance is negative, resulting in a
net source of alkalinity.

Several samples in Fig. 4 show an increase in ΔMg without a corre-
sponding rise in ΔK, particularly those from station 7. This pattern is not
associated with aluminosilicate alteration but rather reflects the in-situ
precipitation of carbonate minerals driven by intense sulfate reduction.
Authigenic carbonate minerals incorporate Mg but not K49,50, resulting in a
horizontal trend in Fig. 4. However, across all sites in Kiel Bight, sediments
are depleted inCa relative to the glacial till, indicating that thenear-complete
dissolution of terrigenous carbonate substantially exceeds the extent of
authigenic carbonate precipitation (Fig. 2).

The solid-phase composition at station 10, the deepest of our coring
sites, can be used to quantify the overall cation balance resulting from till
erosion, aluminosilicate alteration, carbonate dissolution and transport into
the terminal depocenter (Fig. 2). Changes in the solid-phase composition
relative to the glacial till (Eq. 3) are calculated as ΔK= -82.9 ± 5.4 µmol g−1,
ΔMg= 99.2 ± 6.5 µmol g−1 and ΔCa =−2500 ± 6.5 µmol g−1. Multiplying
these numbers by the respective cation charges and summing up results in
an overall charge flux of −4.89meq g−1. This calculation indicates that
4.89meq of alkalinity are released per gram of fine-grained glacial till ero-
ded. As reverse weathering ultimately outcompetes aluminosilicate weath-
ering over the long term, this net alkalinity flux is attributed entirely to
carbonate dissolution.

Significance of cation and alkalinity fluxes from glacigenic
sediments
Pore water geochemical data capture a snapshot of current conditions,
whereas the solid phase composition reflects sediment-seawater interac-
tions over decadal timescales. The generally consistent geochemical signals
observed in both pore water and solid phase indicate thatmineral alteration
at the seafloor inKiel Bight is a continuous process rather than being limited
to episodic events22. Furthermore, aluminosilicate alteration predominantly
occurs in surface sediments rather than within the deeper methanic
zone38–40, highlighting the sustained high reactivity of glacial till even 19,000
years after the final retreat of the Scandinavian Ice Sheet33. In Kiel Bight,
weathering and reverse weathering processes are closely coupled, resulting
in minimal inorganic carbon turnover associated with aluminosilicate
alteration. In contrast, carbonate dissolution represents a net source of
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Fig. 4 | Stoichiometric trends resulting from mineral alteration. Deviation of
sedimentary K and Mg concentrations from the composition of glacial till plotted
against each other. Stoichiometric trends of aluminosilicate alteration (K+ release
and Mg2+ uptake) are derived from the reaction-transport model (black dashed
line) and mineral equilibria defined in the database of the geochemical model
PHREEQC (Eqs. 5 and 6), assuming that all Al released from illite is incorporated
into hydrous montmorillonite (black solid line). Authigenic carbonate minerals
precipitating at high alkalinities incorporate Mg but not K, resulting in a horizontal
trend (gray dashed line).
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alkalinity, highlighting the potential of calcium carbonate as an effective raw
material for artificial OAE in the Baltic Sea47,51. Our findings suggest that the
scope of potential OAE target sites should be broadened to include dynamic
sedimentary environments, where the interplay of aerobic respiration and
frequent sediment reworking and transport enhances mineral dissolution
efficiency.

Quantifying the global impact of till erosion and subsequent mineral
weathering at the seafloor on cation and alkalinity fluxes is difficult for two
main reasons: (i) the lack of reliable global mass flux estimates from coastal
erosion52 and (ii) the substantial variability in seafloor weathering intensity,
which is controlled by both sediment weatherability and the rate of organic
matter degradation39. To approximate the global seafloor area where fine-
grained glacigenic sedimentsmay interact with seawater, we determined the
overlap between the global ice sheets during the Last Glacial Maximum
(LGM)53 and thepresent-day continental shelf 54 (Fig. 5). This overlap covers
9.44 × 106 km2, or~30%of the global shelf area.The corresponding coastline
extends 1.00 × 106 km, equivalent to 72% of the global coastline. Glacial
unconsolidated deposits cover large parts of the adjacent land areas55 (Fig.
5). Along formerly glaciated coastlines, the predominant bedrock lithology
is carbonate-bearing sedimentary rocks (22%), followed by metamorphic
rocks (20%), siliciclastic sedimentary rocks (9.8%), felsic igneous rocks
(9.2%) and mafic igneous rocks (5.0%)56. The sheer length of the formerly
glaciated coastline, together with the widespread occurrence of glacial
deposits, carbonates, and other weatherable lithologies along thesemargins,
highlights the global significance of the seafloor weathering processes
observed in the southwestern Baltic Sea.

Our seafloor K flux estimates highlight the potential role of till erosion
and seafloor weathering in regulating seawater cation budgets. Current
estimates of the global marine K cycle indicate a substantial imbalance,
where the uptake of K by authigenic clay minerals (−2.5 ± 1.0 Tmol yr−1)

significantly exceeds the K+ supply from rivers (1.2 Tmol yr−1)16. However,
these estimates typically assume that terrigenous particles act as sinks for K+

upon contact with seawater and during early diagenesis in marine sedi-
ments. In contrast, our findings suggest that weathering of fine-grained,
felsic (i.e.,K-rich)material of glacial origin can represent a substantial source
of K+ to coastal seawater. The K+ release rate observed in Kiel Bight
(−856mmolm−2 yr−1) is comparable inmagnitude to the rate of K+ uptake
by shallow sediments on the Amazon shelf (1100mmolm−2 yr−1)42.
Enhanced release of K from felsic minerals in glacigenic sediment is likely
driven by the low extent of terrestrial chemical weathering in glaciated
regions compared to river catchments at lower latitudes23,39.Multiplying the
proportion of felsic igneous rocks in past glaciated areas (9.2%)56 by the ice-
covered shelf area during the LGMand themean benthic K flux observed in
this study yields a global K flux of 0.74 Tmol yr−1. This K flux, potentially
derived from the weathering of glacigenic sediments, may represent a pre-
viously underappreciated source of K to the ocean and could contribute to
closing the marine K budget.

Upscaling alkalinity fluxes from weathering of glacigenic sediments at
the seafloor is complicated by the poorly constrained balance between
weathering and reverse weathering at the global scale16,23. Our findings
indicate that coastal erosionandweatheringof calciumcarbonate andcation-
rich aluminosilicate minerals may represent a relevant source of alkalinity to
coastal waters. This contribution could be further amplified by climate
change-driven increases in coastal erosion and land-to-oceanmaterial fluxes
at high latitudes. Consistent with this notion, elevated alkalinity levels have
been reported in recent decades in both the Baltic Sea57 and the Arctic North
Atlantic58.Alkalinity generated by theweathering of glacigenic sediments can
directly enhance the buffering capacity of coastal seawater, potentially
establishing a negative feedback mechanism by promoting additional CO2

uptake from the atmosphere. Further investigation of mineral alteration

Fig. 5 | Global map showing continental shelf areas with glacigenic sediments.
The present-day continental shelf54 is highlighted in white with black borders. Shelf
areas outlined in red indicate regions that were covered by ice sheets during the Last
Glacial Maximum (LGM)53. Adjacent coastal areas are largely composed of glacial

unconsolidated deposits or glaciers55, suggesting that the terrigenous sediments in
these shelf regions predominantly originate from glacial deposits. Detailed infor-
mation on the dominant bedrock lithologies along formerly glaciated coastlines is
provided in Supplementary Table S3.
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processes inhigh-latitude coastal environments is therefore essential to better
quantify these fluxes and to assess their role in the global carbon cycle during
both present and past episodes of climate warming.

Material and methods
Sampling and chemical analyses
Glacial till samples (n = 36) were collected in September 2021 at two major
coastal cliffs in Kiel Bight. Water column and sediment samples were
retrieved in August 2020 during the RV Alkor cruise AL543 (Table S2). A
CTD was deployed to measure temperature, salinity and oxygen con-
centrations. A multiple corer was used to retrieve sediment cores with an
undisturbed sediment-water interface. Thebottomwaterwas siphonedwith
a plastic tube and subsequently treated like pore water samples. Sediment
subsamplingwas realized at in situ temperature in an argon-filled glove bag.
Sediment subsamples for pore water recovery were taken at a resolution
gradually increasing from 1 cm at the surface to 4 cm at the lower end of the
core. Additional wet sediment samples were collected in plastic cups of
known weight for the determination of water content and porosity by
weighing before and after freeze drying. The pore water was extracted by
centrifuging and subsequently filtering through 0.2 µm cellulose acetate
filters in a second argon-filled glove bag. Total alkalinity was determined
onboard by titrating porewater samples with 0.002MHCl to the equivalent
point of carbonic acid. IAPSO standard seawater was used for calibration.
Hydrogen sulfide (TH2S =H2S+HS−+ S2−), ammonium (NH4

+), ferrous
Fe (Fe2+) and silicic acid (H4SiO4) were also analyzed onboard by standard
photometric techniques59. The remaining analyses were realized after the
cruise at GEOMAR, if not stated otherwise. Subsamples for sulfate (SO4

2−)
and chloride (Cl−) were kept frozen until analysis by ion chromatography
(ECOIC,Metrohm). Subsamples for cation analyseswere acidified topH<2
with distilled concentrated nitric acid and later analyzed by inductively
coupled plasma optical emission spectroscopy (ICP-OES, VARIAN 720-
ES). The accuracy andprecision of anion and cation analyseswere evaluated
by measuring IAPSO standard seawater.

Carbon concentrations in freeze-dried and ground solid phase samples
were analyzed using a EURO EA 3000 Elemental Analyzer. Inorganic car-
bon was determined by subtracting organic carbon, analyzed after removal
of carbonateminerals using 0.5Mhydrochloric acid, from total carbon. For
the analysis of total element concentrations in the solid phase by ICP-OES,
100mg of freeze-dried and ground sample were digested in a closed Teflon
vessel containing hydrofluoric acid (40%, supra pure), nitric acid (65%,
suprapure) andperchloric acid (60%,p.a.) onahotplate.The accuracyof the
digestion procedure was monitored by inclusion of method blanks and
certified reference standards fromtheCanadianResearchCouncil (PACS-3,
MESS-3) as well as the in-house standard OMZ-2. Average values of
replicate digestions were generally within the recommended ranges. Major
element concentrations in the sediment were corrected for the amount of
salt and pore water cations transferred to the solid phase during freeze-
drying. To minimize excessive correction factors, fluffy mud samples with
very high water content were excluded from Figs. 2 and 4. The mineral
content of freeze-dried and ground solid phase samples was evaluated by
X-ray diffraction (see Supplementary Methods 1 for further details) at the
University of Bremen. Prior to analysis, sediment samples were treatedwith
deionizedwater at pH7 in order to remove sea salt transferred from thepore
water to the solid phase during freeze drying.

Geochemical modeling
The saturation state of aluminosilicate and carbonate minerals in bottom
waters and pore waters of Kiel Bight was evaluated using the geochemical
model PHREEQC (Parkhurst and Appelo, 2013). We applied the SIT
database implemented in PHREEQC because it includes equilibrium
expressions for a large number of relevant minerals and is suitable for the
calculation of saturation indices in solution with intermediate ionic
strength, such as seawater. Input parameters include measured concentra-
tions ofNa+,Mg2+, K+, Ca2+,Mn2+, Fe2+, Al3+, H4SiO4, SO4

2−, TH2S andCl
−

as well as alkalinity, pH, temperature and pressure. No pH data were

collected during the research cruise. Therefore, an average pH of 7.5 was
adopted, based on prior studies reporting similar values in oxygen-deficient
bottomwaters60 andanoxicporewaters ofKielBight61.A lowerpH(~7)may
prevail in non-sulfidic surface sediments, whereas a slightly higher pH is
observed in strongly sulfidic subsurface sediments (pH>7.7 below 20 cm)62.
However, varying the adoptedpHwithin this observed range does not affect
the interpretation. Due to low dissolved Al concentrations and the limited
volume of available pore water, direct analysis of dissolved Al was not
possible. Therefore,Al3+was selected to ensure equilibriumwithK-rich illite
at the depth where both K+ and H4SiO4 concentrations stabilize.

Quantification of cation and alkalinity fluxes
The net rates of K+ release due to illite dissolution andMg2+ fixation due to
montmorillonite precipitation in the sedimentwere quantified by fitting the
general diagenetic equation to our measured pore water profiles. At steady
state, the reaction rate R (i.e., K+ release andMg2+ consumption) is balanced
by diffusive and advective transport in the pore water63:

ϕR ¼ ϕν
∂C
∂z

� ∂

∂z
ϕDs

∂C
∂z

� �
ð6Þ

In this equation, ϕ is porosity, ν is the pore water advection velocity
(equals burial velocity after compaction, ~0.2 cm yr−1)36, C is the cation
concentration (in µmol cm−3), Ds is the diffusion coefficient (in cm

2 yr−1) of
K+ or Mg2+ in sediments (i.e., corrected for tortuosity64 and in-situ tem-
perature, pressure and salinity) and z is sediment depth (in cm). To derive
average rates for the entire study area, an exponential function was fit to the
asymptotic profiles of porosity and cation concentrations (see Supple-
mentary Methods 2 and Fig. S5). These average profiles of porosity and
cation concentrations were then used to solve the diagenetic equation for R.
Depth-integrated rates of K+ release and Mg2+ consumption have units
of µmol cm−2 yr−1 and equal the upward flux of K+ and downward flux of
Mg2+ across the sediment-water interface. Given the hypoxic conditions of
bottom waters during the sampling campaign, bioirrigation was excluded
from the modeling of cation turnover and benthic fluxes.

Geospatial analyses
To characterize the dominant lithologies along the world’s coastlines, we
used amedium-resolution global shoreline dataset65, which we shifted 1 km
inland to maximize spatial overlap with the Global Lithological Map
(GLiM)56.We then calculated the relative proportions of 13 lithology classes
defined in GLiM for both the modern global shoreline and for coastline
segments that were covered by ice sheets during the LGM (Table S3). To
account for changes in shoreline length due to the inland shift, each
shoreline segment was multiplied by the ratio of the original to the shifted
shoreline length.The lithology class “carbonate-bearing sedimentary rocks,”
as referenced in the main text, includes both pure limestone and
mixed sediments or sedimentary rocks, such as those eroded in Kiel
Bight. An example of coastal lithology in the Baltic Sea region is provided in
Fig. S6.

Data availability
All data presented in this article are available in the online database. Pan-
gaea: https://doi.org/10.1594/PANGAEA.986503, https://doi.org/10.1594/
PANGAEA.986504, https://doi.org/10.1594/PANGAEA.986505.
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