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Abstract. The sediments of the Baltic Sea represent a substantial regional carbon sink. Yet, detailed
mapping of organic carbon (OC) content and stock in the Baltic Sea is lacking, and our understanding of
the transport pathways of particulate OC (POC) in the water column is limited. Here, we generate high-
resolution (500500 m) maps of surface OC content from available data using a deep neural network.
The results are combined with porosity and Holocene sediment thickness maps to derive OC stocks per
maritime zone of each Baltic Sea country. The total surface (top 10 cm) OC stock is estimated to 1.29 +
0.36 GtC and the spatially averaged surface stock to 3.14 + 0.86 kgC m2. A process-based, 3D numerical
model is then used to simulate fluxes of resuspended POC. The results imply that horizontal transport of
resuspended POC, rather than in-situ biological production, is the key factor determining the flux and
distribution of sediment OC. Net horizontal transport of resuspended POC across maritime boundaries
reaches the order of 1 MtC yr!, with substantial interannual variability. These fluxes are in the same
magnitude as the recent net OC accumulation rate, underscoring the importance of laterally derived,
allochthonous carbon in sedimentary Blue Carbon habitats. Regional numerical modelling may be useful

in addressing the issues of double counting and additionality in Blue Carbon accounting and management.

1. Introduction

Organic carbon (OC) burial in marine sediments represents a substantial carbon sink in the Earth system
on climate-relevant timescales. Stocks and sequestration capacities of various Blue Carbon habitats have

recently been explored (Koplin et al., 2025; Pineiro-Juncal et al., 2026), as well as impacts of human
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sediment disturbances and potential management options to protect and strengthen sedimentary carbon
stocks and sequestration (Porz et al., 2024; Macreadie et al., 2026). While many studies tend to focus on
nearshore, vegetated Blue Carbon ecosystems, namely seagrass meadows, macroalgal and mangrove
forests, and salt marshes, unvegetated sedimentary depocenters have recently received increased attention
due to their comparatively large sequestration and storage capacity related to their vaster spatial extent
along with high OC densities and sedimentation rates (Luisetti et al., 2019; Diesing et al., 2025). Several
studies have focused on the Northwestern European shelf, and especially on the North Sea, where various
high-resolution sediment and carbon maps have been compiled (Wilson et al., 2018; Bockelmann et al.,
2018; Diesing et al., 2021). Conversely, other marine regions with less data coverage have received less

attention.

In this study, we estimate sediment OC stock and particulate OC (POC) fluxes in the Baltic Sea, an
epicontinental, brackish shelf sea in the northeast of Europe (Figure 1). Due to its distinct bathymetric
features and sheltered location, the Baltic Sea basins represent exceptional sediment depocenters with
high organic carbon contents. Various carbon budgets for the Baltic Sea have been compiled (e.g.,
Thomas et al., 2010; Kulinski and Pempkowiak, 2011; Gustafsson et al., 2014; Scheffold and Hense,
2020). However, benthic OC stock remains a considerable uncertainty in such budgets; due to a lack of
spatially resolved maps of OC content, dry bulk density, and stock, existing estimates relied on

extrapolations based on few data points.

A related issue regards the quantification of lateral POC fluxes, being controlled primarily by
resuspension from the seabed and subsequent transport by currents (Almroth-Rosell et al., 2011; Nilsson
etal., 2021). Anunderstanding and quantification of lateral carbon fluxes is essential for determining the
role of allochthonous carbon and, thereby, for accurate carbon budgeting in Blue Carbon ecosystems
(Xiao et al., 2022; James et al., 2024; Kristensen et al., 2025). Substantial lateral sediment and POC
transport can be expected in the Baltic Sea, especially in connection with episodic intrusions of high-
salinity water masses (Major Baltic Inflows; MBIs) from the North Sea (Gingele and Leipe, 2001; Porz

et al., 2021), which induce considerable bottom currents as they propagate between sub-basins.



55

60

65

70

75

https://doi.org/10.5194/egusphere-2026-3315
Preprint. Discussion started: 19 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

To fill this gap, we use a Machine Learning (ML) approach to compile detailed spatial maps of OC content
in the Baltic Sea sediments. We then use these maps to initialize a process-based, 3D hydrodynamics and

sediment transport model to simulate the lateral fluxes of recalcitrant POC in the Baltic Sea.

2. Data and methods
2.1 Organic carbon content and stock mapping

Three datasets of surface organic carbon content are combined: The MOSAIC database (Paradis et al.,
2023; N=453), point measurement data of Leipe et al. (2011; N=1471) and from the SECOS project

(downloaded from the Baltic Sea Atlas; www.io-warnemuende.de/baltic-sea-atlas, last accessed 11. Sept.

2025; N=817). These datasets partially overlap, resulting in a total of 2617 unique data points.

We use two methods for estimating OC content in the entre Baltic from this data: (1) Kriging using the
same parameters as Leipe et al. (2011), and a Machine Learning (ML) method. For the latter, we apply a
feed-forward Deep Neural Network with Monte-Carlo Dropout and three hidden layers. The following
input features (predictor variables) are selected: longitude (in degrees), latitude (in degrees), water depth
(in meters; BSHC, 2013), and distance from coast (in kilometers; OBPG, 2012). A random dropout rate
of 20% between layers is chosen, and 100 instances of model training and evaluation are performed, each
with different neurons turned off randomly. This method has been shown to enhance model robustness

and reduce overfitting (Gal and Ghahramani, 2016).

The OC measurements data points (Figure 1) are distributed unevenly in space, with densely sampled
areas such as the Arkona Basin and sparsely sampled regions such as the Bothnian Bay, which may lead
to overtraining of the model in the densely sampled areas and reduced model accuracy in sparsely sampled
areas. To counter this, spatial density weighting is applied, where training data are weighted inversely

with the number of points within a defined radius.

To evaluate the performance of both methods, we split the data into a training (80%; N=2094) and a
testing (20%; N=523) dataset (Figure 1). Due to the uneven distribution of datapoints in space, the testing

data points are defined using Farthest Point Sampling (FPS), maximizing the distance between testing
3
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data points, and ensuring maximum spatial coverage of testing data. To avoid areas without training data
in the validation in sparsely sampled regions, we add the additional constraint that the data point closest
to each test data point remains a training data point. This heuristic promotes a more balanced distribution
of testing and training data compared to random point sampling or FPS alone, with the goal of making

metrics for model validation more meaningful.

We perform a hyperparameter search with a total of 216 combinations of parameters to find the optimal
training parameters, as defined by the lowest RMSE between the prediction and the testing dataset,
yielding the following optimal parameters: number of artificial neurons in each hidden layer: [128, 64,
32]; dropout rate between layers: 10%; batch size: 32; model learning rate: 0.002; spatial weighting
radius: 0.25°. Using these optimal parameters, 100 instances of OC prediction using the Monte-Carlo
Dropout method described above are performed on the same 500 m x 500 m grid as the bathymetry data
(BSHC, 2013) for the entire Baltic Sea.

In order to compute the Holocene OC stock, OC content is multiplied with Holocene sediment thickness
provided by Miluch et al. (2025) and with dry bulk density (Figure 2). Surface OC stock is calculated in
the same way but using a constant thickness of 10 cm. Dry bulk density is calculated from porosity maps
assuming a grain density of 2650 g cm3. Porosity is computed from a grain size map (Bobertz et al.,
2009) using the empirical relationship of Endler et al. (2015). Uncertainties in OC content and porosity
are propagated in the calculation of stock. For OC content, spatially resolved uncertainty is considered
through the standard deviations of all Monte-Carlo Dropout runs. For porosity, a constant uncertainty of
0.073 is used, which is the standard deviation between measured and calculated porosities in the empirical
relationship of Endler et al. (2015). Stocks are generated for each maritime zone according to maritime
boundaries (Flanders Marine Institute, 2023), which include the Exclusive Economic Zones (EEZ),
archipelagic waters, internal waters, and territorial seas of each country. As Holocene thickness data is
not available for the Kattegat and Belt Sea (see Figure 2a), those areas are not included in the calculation

of total Holocene OC stock.
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Figure 1. Baltic Sea study area with bathymetry and locations of available surface organic carbon content
used as prediction data points (N=2094; black crosses) and validation (testing) data points (N=523; red
105 dots) for mapping, as well as the MARNET monitoring stations used for validation of the hydrodynamic
model. SK: Skagerrak, KG: Kattegat, OS: Sound, BS: Belt Sea, AB: Arkona Basin, BB: Bornholm Basin,

GB: Gdansk Basin, WGB: Western Gotland Basin, EGB: Eastern Gotland Basin, SA: Sea of Aland, GOB:
Gulf of Bothnia, GF: Gulf of Finland.
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Figure 2. (a) Holocene sediment thickness and (b) porosity according to Miluch et al. (2025) used in the
calculation of organic carbon stock.

2.2 Numerical model

The coupled numerical modelling system used in this study comprises the Semi-implicit Cross-scale
Hydroscience Integrated System Model (SCHISM; Zhang et al., 2016) for hydrodynamics, and a sediment
transport and morphodynamics model (MORSELFE, Pinto et al., 2012) based on the Community
Sediment Transport Model (CSTM; Warner et al., 2008) for sediment dynamics. Turbulent mixing is
calculated using the General Ocean Turbulence Model (GOTM; Umlauf and Burchard, 2003). For the
simulation of sea ice, SCHISM is further coupled with the sea ice module Icepack (v1.3.4; Wang et al.,
2024).

The hydrodynamic setup of SCHISM is based on that of Kossack et al. (2023). The model domain
encompasses the entire Northwestern European Shelf, including the Baltic Sea and extending past the
shelf break into the North Atlantic. The horizontal resolution of the unstructured computational grid
increases from 15—20 km in the North Atlantic to ~10 km on the shelf. For this study, the base resolution
of the unstructured computational grid is increased to a node distance of 2 km in the Baltic Sea. The grid

6
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resolution in the Belt Sea and Sound is additionally refined up to a minimum node distance of 500 m to
adequately resolve exchange between the North Sea and Baltic Sea. To improve inter-basin exchange
within the Baltic Sea, higher resolutions of ~1 km are further employed in the Bornholm Strait connecting
the Arkona and Bornholm Basins and in the Aland Sea. We apply the highly flexible hybrid Localized
Sigma Coordinate with shaved cells (LSC?) in the vertical dimension. The vertical layers range from of
58 layers in the deep ocean to 2 layers in shallow regions. The minimum water depth is 10 m. The reader

is referred to Kossack et al. (2023) for detailed hydrodynamic parameter settings.

The model is run for 6 years for the period 2010-2015. Boundary forcing for temperature and salinity
(Boyer et al., 2018) as well as dynamic oceanic forcing for SSH and horizontal velocities (Lyard et al.,
2021; Samuelsen et al., 2022) are identical to Kossack et al. (2023). Daily river discharge is provided
from a regional river dataset compiled and used by Daewel and Schrum (2013) and further updated as
described by Zhao et al. (2019). Differing from the configuration applied in Kossack et al. (2023), this
study uses the hindcast simulation coastDat-5 (Geyer et al., 2026) for atmospheric forcing. Further, the
sea ice module is used for the simulation of sea ice in the Baltic Sea. This setup further applies the k—¢
turbulence scheme. Temperature and salinity arere initialized from reanalysis data (CMEMS, 2025) in

the Baltic Sea, and from the World Ocean Atlas (Boyer et al., 2018) for the Northwestern European Shelf.

Extensive model validation for the Northwestern European Shelf is provided in Kossack et al. (2023). We
additionally compare model outputs against the permanent monitoring stations of the MARNET
monitoring network (BSH, 2020) in the Arkona Basin and at Darss Sill (see Figure 1 for locations) during
the exceptionally strong MBI of winter 2014/2015. The model adequately reproduces both salt intrusion

and horizontal current velocities (see Appendix B for details).

The initialization of seabed sediment in the model is restricted to the study area in the Baltic Sea, including
the Kattegat. Four sediment classes are defined, three of which represent inorganic particles (sand, silt,
and clay), and one of which represents recalcitrant OC. The inorganic sediment fractions are initialized
by applying a scaling relationship between OC content, mud content and median grain size found by

Leipe et al. (2011) using 185 sediment samples from the western Baltic Sea. The seabed is discretized
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into 30 vertical layers with an initial thickness of 1 cm per layer. Sediment layer thicknesses and sediment
fractions are adjusted dynamically based on resuspension, deposition and mixing during the simulation.
Resuspension occurs when the bottom shear stress calculated in the hydrodynamic model exceeds a
critical value. Resuspended sediment is treated as a sinking tracer and can be mixed, transported, and
redeposited. Parameter settings for the sediment model are listed in Appendix A. We assume POC to
behave similarly to silt-sized particles, as it is usually adsorbed to fine-grained sediment (silt and clay),
and presence of OC typically causes the formation of relatively stable, low-density microflocs (e.g. Virto
et al., 2008). Therefore, the sediment class representing OC is treated identically to the inorganic silt class

regarding its sediment dynamic properties.

Horizontal fluxes across maritime boundaries are calculated at each timestep at model runtime as the sum
of fluxes across all grid element sides which are closest to the respective maritime boundary. Positive and
negative fluxes are tallied separately. In case two countries have multiple, disconnected maritime
boundaries (such as Sweden and Denmark or Germany and Denmark), fluxes from all boundary sections
are aggregated. A further boundary is defined at the border to the North Sea to track fluxes into and out
of the Baltic Sea.

3. Results

3.1 Organic carbon content map

The ML method (Figure 3a; RMSE=1.75 wt%, R>=0.664) achieves slightly more accurate predictions
than the Kriging interpolation (Figure 3¢; RMSE=1.81 wt%, R?=0.656) when evaluated at the testing
points. The Kriging interpolation shows a similar pattern as the original map by Leipe et al. (2011), with
the smooth and oscillatory patterns (Figure 3c), though a few areas show differences due to the increased
number of observations compared to Leipe et al. (2011). Meanwhile, the ML method provides a much
more detailed and finer-scale distribution pattern (Figure 3a). The two methods produce markedly
different OC distributions, with differences in organic carbon content exceeding 5 wt% in some areas,

such as the Eastern Gotland Basin (Figure 3d). According to the ML model, the average surface carbon
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content of Baltic Sea sediments is 3.06 + 0.51 wt%, while the Kriging interpolation produces a mean of
3.48 wt%.

The Monte-Carlo dropout technique provides a sense of model uncertainty through the standard
deviations across the model runs (Figure 3b). The absolute uncertainty is highest in areas of high OC
content such as the Eastern and Western Gotland Basins, while high relative uncertainty occurs in sparsely

sampled areas such as the Gulf of Bothnia.
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Figure 3. Surface organic carbon content in percent dry weight based on (a) the deep learning algorithm
using optimal parameter set using the mean estimate of all Monte-Carlo runs, (b) standard deviation of
estimated surface organic carbon contents of all Monte-Carlo runs, (¢) Kriging interpolation performed
using the same parameters as described in Leipe et al. (2011): nested variogram model using a nugget
effect with an error of 1.5, a Gaussian model with a scale of 4 and a length of 25 km, and a Gaussian
model with a scale of 8 and a length of 250 km, and (d) difference between (a) and (c).

3.2 Organic carbon stock

The surface OC stock in the top 10 cm sediments of the Baltic Sea is estimated to 1.29 + 0.36 GtC. The
spatially averaged surface OC stock amounts to 3.14 + 0.86 kgC m™. Assuming vertical homogeneity of
the Holocene sediment throughout its entire thickness, the total Holocene sediment OC stock (without
Kattegat and Belt Sea) is 50.42 + 14.10 GtC and the corresponding average stock is 132.10 +36.86 kgC
m. Relative uncertainty in these numbers is about 28% of the estimated values, with the uncertainty in
OC content and porosity contributing about two thirds and one third to the total stock uncertainty,

respectively.

Average OC content is overall comparable between maritime zones (Figure 4b), with the exceptions of
Lithuania, Poland, and Germany, which have high proportions of shallow, sandy, and thus OC-poor areas.
The maritime zone of Finland also has below-average OC content, likely tied to lower primary production
in the Northern Baltic Sea. Sweden has the largest surface stock by far due to the vast extent of its
maritime zone (Figure 4c), including large parts of the East Gotland Basin, which is the Baltic Sea’s main
Holocene OC depocenter. Average surface stock per area (Figure 4d) shows a slightly different pattem
than OC content due to the effect of porosity. For example, the maritime zone of Denmark has relatively
high average OC content, but relatively low average surface stock, since its main depocenter in the

Bornholm Basin features high porosity and thus low bulk density.

Considering the entire Holocene thickness highlights the role of carbon depocenters (Figure 5), with the
Eastern Gotland Basin as the main Holocene depocenter, and other, minor depocenters such as the
Arkona, Bornholm, Western Gotland, and Gdansk Basins (Figure 5a). The average stock per maritime
zone (Figure 5b) shows a markedly different pattern compared to that of the top meter (Figure 4d). For

example, the estimated average Holocene stocks of the Finnish and Russian maritime zones are lower
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compared to their top 10 cm stocks since although those zones contain areas rich in surface OC, they have
overall low Holocene sediment thickness. Note that the average Holocene stocks of the Danish and
Swedish maritime zones are not directly comparable to their surface stocks due to the lack of Holocene

thickness data in the Kattegat and Belt Sea (see Figure 2a).
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Figure 4. Sediment organic carbon inventory per maritime zone. (a) Maritime zones of all Baltic Sea
countries, comprising their Exclusive Economic Zones, archipelagic waters, internal waters and territorial
seas according to Flanders Marine Institute (2023). (b) Average surface sediment organic carbon content
in percent dry weight based on the mapped data shown in Figure 3a. (c) Total surface organic carbon
stock in (top 10 cm). (d) Average surface organic carbon stock (top 10 cm), calculated as total stock over
total maritime area. Whiskers represent standard deviations arising from uncertainty in mapped carbon
content and porosity.
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Figure 5. Holocene organic carbon stock in the Baltic Sea (without Kattegat and Belt Sea), assuming no
variation of organic carbon content with depthin the sediment, shown as (a) a spatial map and (b) average
stock per area for each maritime zone. Whiskers represent standard deviations arising from uncertainty
in mapped carbon content and porosity.

3.3 Lateral organic carbon fluxes

Simulated lateral POC fluxes in the Baltic Sea range from less than 0.1 tC m™! yr! in sandy, OC-poor
areas such as the shallower areas at the Polish and Lithuanian coasts, to more than 100 tC m'! yr! in the
muddy, OC-rich Skagerrak and in the Belt Sea (Figure 6). Flux directions generally follow the bottom
water circulation patterns of the Baltic, passing from the North Sea through the Kattegat and Belt Sea and
eastward and northward across the basin-connecting sills. The signature of a cyclonic gyre is visible in
the Eastern Gotland Basin, in line with a bottom stable circulation pattern expected in that area (Lehmann

and Hinrichsen, 2000).

Interannual variability of simulated fluxes per maritime zones is substantial (Figure 7). In some cases, net
transport switches between importing and exporting conditions, such as in the maritime zones of Finland,
Poland, and Sweden. The German maritime zone switches from importing to exporting conditions from

the simulation year 2012.
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Fluxes of POC across maritime zone boundaries are considerably larger than the net fluxes (Figure 8), in
most cases by an order of magnitude, highlighting the large spatiotemporal variability. For example, POC
import to the German maritime zone from the Danish maritime zone (1305 ktC yr'!) is nearly cancelled
by an opposing POC export (1278 ktC yr'!), leaving a net import of only 27 ktC yr-!. Largest POC fluxes
occur between the maritime zones of Demark and Sweden due to the great length of their shared border.

Significant import of 660 + 438 ktC yr'! also occurs from the North Sea to the Baltic Sea.

28°E

Figure 6. Lateral fluxes of resuspended particulate organic carbon in the Baltic Sea. Colours and arrows
show magnitudes and arrows show directions of the residual, depth-integrated fluxes during the
simulation period 2010-2015. Values are interpolated to regular grids for presentation. Arrows are shown
only where the flux exceeds 1 tC m! yr!.
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Figure 7. Lateral fluxes of particulate organic carbon per maritime zone and year. Net flux after each
simulation year, where negative and positive values denote net flux out of and into the maritime zone,

260 respectively. Blue lines indicate averages over the entire simulation period. Maritime zones are separated
into two groups with different axis limits for better visual representation.
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Figure 8. Lateral fluxes between maritime zones. Mean annual fluxes are shown for the six-year
simulation period 2010-2015 with (a) flux from source (y-axis) to receiving (x-axis) maritime zone,
where fluxes into and out of each maritime zone are tallied separately, and (b) mean net flux and standard
deviation across years calculated as difference of fluxes into and out of each maritime zone, with the last

row indicating net import (positive values) or net export (negative values).

4. Discussion
4.1 Comparison to existing stock estimates

The average OC content of 3.06 + 0.51% dry weight compares well against the value of 3.03% found in
Parameswaran et al. (2025). That study also used a neural network approach but included global datasets
of 139 features such as seafloor lithologies, benthic oxygen fluxes, and chlorophyll-a satellite data. By
contrast, our method produces a similar result using only four features (latitude, longitude, depth, and
distance from coast), implying that a limited number of relevant features may suffice to produce reliable
regional seafloor OC maps. A greater number of features requires more involved data acquisition, pre-
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processing, and computational demand. In addition, many features, such as bottom current strength, are
not based on direct measurements, but on outputs from hydrodynamic numerical ocean models.
Hydrodynamic models themselves rely on several predefined inputs, some of which may be poorly
constrained, such as bottom roughness length. Thereby, features extracted from such model outputs may

introduce artificial biases in predicted fields of an ML model.

Parameswaran et al. (2025) estimate the total OC stock in the top 10 cm in the Baltic Sea to 0.77 GtC,
considerably smaller than the 1.29 &+ 0.36 GtC found in this study. The difference is likely explained by
different assumptions on porosity and dry bulk density. Parameswaran et al. (2025) applied a global
porosity map by Martin et al. (2015) derived using an ML approach, while our porosity map uses regional
sediment properties and empirical scaling relationships to estimate porosity. This indicates that porosity
(and dry bulk density) are key considerations in accurate OC stock mapping, as recently highlighted by
Chatting et al. (2025).

Our estimated average OC stock in the top 10 cm of 3.14 + 0.86 kgC m2is also significantly larger than
the 0.83 + 0.09 kgC m? of Scheffold and Hense (2020) which was estimated based on an extrapolation
of 42 data points.

4.2 Holocene organic carbon accumulation rates

A tentative average Holocene OC burial rate can be derived by dividing the total stock by the time since
the transition of the Baltic Sea from the glacial meltwater Baltic Ice Lake stage to the brackish Yoldia
Sea stage, coinciding roughly with the onset of the Holocene around 11.7 cal. kyr BP (Rosentau et al.,
2021). This yields a long-term averaged OC sequestration for the Baltic Sea (without Kattegat and Belt
Sea) of 4.3 + 1.20 MtC yr'!. However, geological studies show a sudden shift toward higher OC content
that occurred during the Holocene at the Littorina transgression around 8 cal. kyr BP (Sohlenius et al.,
1996; Andrén et al., 2000), after which sediment OC content and accumulation rates have remained
remarkably stable. Sediment cores covering the entire Holocene suggest that Holocene sections deposited
prior to the Littorina transgression are similar in thickness to those deposited since then (Sohlenius et al.,

1996; Andrén et al., 2000), implying an overestimation of the Holocene OC stock by a factor of up to two
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when using the entire Holocene thickness. Assuming that post-Littorina sediments account for half of the
Holocene sediment thickness and a transgression age of 8 cal. kyr BP brings the total burial rate to 3.15
+ 0.88 MtC yr'!. Limiting this to accumulation areas, estimated here as areas where Holocene sediment

thickness is at least two meters, which is roughly equivalent to the extent of depocenters, yields a burial

rate of 2.50 + 0.71 MtC yr!.

All of the values computed above are in range of the value of 3.20 +2.62 MtC yr'! computed by Leipe et
al. (2011) for accumulation areas based on dated surface sediment cores. They are also in agreement with
recent OC burial of 2.73 +1.12 MtC yr! estimated by Kulifiski and Pempkowiak (2011), calculated as
the difference between accumulation rates from dated cores and long-term benthic mineralization. On the
other hand, these numbers are somewhat higher than burial rate estimates by Gustafsson et al. (2014; 1.9
+0.12 MtC yr'!'), Winogradow and Pempkowiak (2014; 1.96 + 0.59 MtC yr'!), and Nilsson et al. (2019;
0.98+0.31 MtC yr'!), indicating that OC burial in the Baltic is not yet fully understood. The reasons for
these discrepancies are difficult to disentangle; aside from differences in methodology, the studies differ
in terms of considered timescale, exact spatial extent, and consideration of spatial variability.
Nevertheless, total post-Littorina OC accumulation rates in the range of 2-3 MtC yr! seem likely. Fully
addressing this issue requires a compilation of basin-wide Littorina-stage thickness maps, ideally

incorporating downcore variations in OC content and bulk density.

4.3 Importance of lateral fluxes

Our results illustrate that lateral fluxes of resuspended POC are in the same magnitude as sedimentation
in depocenters. The important role of lateral transport is also highlighted by Struck et al. (2004), whose
sediment traps in the Eastern Gotland Basin measured sedimentation rates two- to sevenfold higher than
observed vertical settling fluxes, the difference being attributed to lateral transport. Nilsson et al. (2021)
demonstrate using in-situ POC recycling measurements that lateral particle transport is an important
process in all major basins of the Baltic Sea, transporting POC of different origins and reactivity toward
depocenters. Similarly, Spiegel et al. (2025) show based on sediment cores and benthic lander

measurements that lateral POC import governs accumulation and estimate the proportion of lateral POC
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input to 82 + 6% in the Skagerrak, which is the main sediment depocenterin the North Sea at the transition

to the Baltic Sea.

Interestingly, the budget analysis by Thomas et al. (2010) and Kulinski and Pempkowiak (2011) suggest
a net export of OC from the Baltic Sea to the North Sea of 0.6 and 1.67 + 0.22 MtC yr'!, respectively,
while our model finds a net POC import of 0.66 MtC yr'!. This discrepancy is likely explained by two
related factors: Firstly, Thomas et al. (2010) and Kulinski and Pempkowiak (2011) do not consider depth-
resolved transport, instead scaling OC flux with net water mass outflow toward the North Sea. The second
reason is that their estimate mainly considers transport of dissolved OC, which is distributed more equally
throughout the water column, whereas POC is mainly transported near the seafloor. Our results suggest
that the export of dissolved OC to the North Sea is at least partly compensated by POC import near the

seabed.

4.4 Implications for Blue Carbon budgeting

Our budgets show that the relative magnitudes of sediment OC stocks depend to a large degree on which
metric is being compared; surface (top 10 cm) stock, area-averaged stock and total (Holocene) stock show
different patterns when compared across maritime zones (Figure 4, Figure 5). Most Blue Carbon
assessments to dateare restricted to surface sediment, mainly dueto the greater availability of surface OC
content measurements. However, the focus on surface sediment is not justified from the perspective of
carbon sequestration and budgeting, as surface OC must be considered in a transitional phase and typically
contains more labile compounds of organic matter that do not contribute to carbon sequestration. This
also leads to an underrepresentation of the contribution of depocenters, where porosities and burial rates
are often highest. We argue that a constant time horizon is preferable over a constant depth interval when
defining Blue Carbon stocks, which integrates spatial variability in burial rates and accounts for the effect
of porosity. This is in line with a recent definition that requires carbon to be sequestered on climatically
relevant timescales of at least 100 years to be considered Blue Carbon (ICES, 2024). This timescale
matches a sediment thickness of 10 cm thickness only for sedimentation rates of 1 mm yr'!, whereas areas
with higher and lower rates would be under- and overrepresented, respectively. A similar argument was

presented by Bradley et al. (2022) for the case of burial rates; those authors proposed quantifying
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sedimentary OC sinks with sediment-depth and sediment-age-resolved metrics rather than through burial
beyond an arbitrary reference depth. Our results support this notion and suggest it should be extended to

the concept of carbon stocks as well.

Our simulated POC fluxes show high interannual variability, with even the direction of the net flux
altering between import and export among the years, implying that reliable estimates of long-term net
sequestration require averaging of longer (decadal or more) time-series. This also means that benefits
arising from management measures aimed at strengthening Blue Carbon habitats may not become evident

until decades after their establishment.

The issue of lateral fluxes is closely related to the open problems of additionality and double counting in
Blue Carbon accounting, and it is currently debated whether and how allochthonous carbon should be
considered in Blue Carbon ecosystems (Houston et al., 2024; Williamson et al., 2025; Houston et al.,
2025). Proof of additionality, i.e., evidence of increased net carbon sequestration of an ecosystem,
requires estimating the amount of carbon sequestration that would take place in the absence of that
ecosystem, and this amount would be deducted from the Blue Carbon contribution. Further, it must be
ensured that allochthonous carbon is not counted more than once when transported between areas.
Existing laboratory methods used to quantify allochthonous carbon such as biomarkers and stable isotope
analysis are deemed prohibitively complex or expensive (Houston et al., 2024). Numerical ocean models
may be useful in resolving both issues, as they are mass-conservative and able to tally cross-boundary
carbon fluxes. Combining and tuning of such models with measurement data may yield estimates
sufficiently robust for inclusion in national greenhouse gas emission inventories, nationally determined

contributions, and Blue Carbon markets.

4.5 Limitations

Although the ML method produces finer-scale spatial features in the OC content map compared to Kriging
and despite both methods showing strong spatial differences, they perform similar in terms of validation
metrics. This may be explained by the choice of testing data point distribution (FPS), which leaves only

few training data points among the testing data points in scarcely sampled regions. Nevertheless, some
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research suggests that though different mapping methods can generate results of similar quality, ML
approaches tend to require less human intervention (Diesing et al., 2014). This also applies to our ML
method, which requires little expert judgement in parameter selection. Although architecture and training
parameters must be chosen, they can be identified by an automated hyperparameter search, whereas

Kriging typically requires manual specification of a variogram model.

Though uncertainties in both OC content and porosity were considered, they apply mostly to surface
values (top 10 cm). The true uncertainty of the total Holocene stock, in which variations in OC content
or porosity with depth were not accounted for, may be considerably larger. The largest potential error
stems from strong environmental shifts during the Early to Mid-Holocene. The Holocene OC stock of
50.42 + 14.10 GtC may need to be discounted by up to 50% to account for the lower OC content of
sediments preceding the Littorina transgression. The Littorina-stage variation of OC content found in
cores of depositional basins can also reach around 20% of the average value (Sohlenius et al., 1996;
Andrén et al., 2000). Miluch et al. (2025) further estimate neglection of the vertical compaction in these
basins to an overestimation of the porosity by ~10 %, equivalent to an underestimation of stock by the
same amount. Additionally, the unclear seismic boundary between Late Pleistocene and early Holocene
sediment in the seismic profiles may cause relative errors in Holocene sediment thickness by about 20%
(Miluch et al., 2025). A more reliable estimate of age-related stock will require compilation of basin-

wide, Littorina-stage sediment thickness maps.

We consider only resuspension of stable POC from the existing seafloor in our simulations, ignoring any
internal carbon cycling and creation of new POC through primary production. While ecosystem-targeted
studies tend to feature the role of freshly produced organic matter and phyto-detritus from seasonal
primary production as an important source of POC to the seafloor, this fraction is biochemically highly
reactive and mostly respired within a year, whereas older, more stable forms of POC can be advected with
currents over long distances through multiple cycles of resuspension, transport, and redeposition until
ultimate burial. Nevertheless, transport of fresh POC in the water column is likely also considerable.

Almroth-Rosell et al. (2011) show the relative importance of resuspended POC fluxes in the Baltic using
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a biogeochemical model, where, depending on depth, 45—-75% of sediment POC has been resuspended at

least once, with a higher proportion of resuspended OC in shallower areas.

Another relevant source of OC not included in our study is riverine input. Kulinski and Pempkowiak
(2011) estimate total OC discharge to the Baltic to 4.09 +0.77 MtC yr'!, exceeding total burial. However,
it is unclear how much of this OC is dissolved versus particulate, nor how much may be remineralized
versus buried in sediments. This likely depends on the properties of the catchment from which OC in the
soil is eroded, as well as on the biogeochemical processes within the rivers and estuaries. Based on lignin
contents, Miltner and Emeis (2001) estimate a minor contribution of terrestrial OC to Baltic Sea

sedimentation (10-30%), with the proportion decreasing with distance from the river source.

The numerical modelling system also includes limitations. While the hydrodynamics could be validated
quantitatively, near-bottom data of POC or suspended sediment concentrations for validation of sediment
dynamics is lacking in the study area. We therefore rely on literature values for estimating relevant
sediment dynamic properties, namely critical shear stress, settling velocity, and erosion rate, but
acknowledge that these have large uncertainties any of these may vary regionally. Nevertheless, previous
studies using the same modelling framework and similar parameter settings showed some skill in
reproducing near-bottom suspended sediment concentrations when compared against the few data points

available (Porz et al., 2021), so we consider the magnitudes of transport rates to be overall reasonable.

5. Conclusions and Outlook

We present high-resolution (500 m % 500 m) maps of sediment OC content and stock for the Baltic Sea.
The surface (top 10 cm) OC stock estimate of 1.29 + 0.36 GtC is about six times greater than that of the
North Sea (0.23 +0.13 GtC; Diesing et al., 2021), underscoring the Baltic Sea as an important regional
carbon sink and reservoir. Aside from estimating carbon stocks, such high-resolution maps may be useful
for upscaling measured benthic fluxes in space to derive more robust benthic flux estimates, for
initializing biogeochemical models, or for gauging impacts of human disturbances on seafloor carbon
storage. Lateral fluxes of resuspended POC are investigated using a 3D numerical coastal ocean model,

finding that horizontal transport between maritime zones and its variability are of the same magnitude as
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long-term sediment burial in those zones. Our results have several practical implications for Blue Carbon

budgeting:

1. Sedimentary OC stocks are more meaningful when defined across horizons of constant time rather
than constant depth,

2. Lateral POC import and export should be considered in carbon budgets of spatially confined areas
(such as EEZs),

3. Measurable changes in OC accumulation rates may take decades to establish due to strong inter-
annual variability in the magnitudes and directions of lateral fluxes,

4. Mass-conservative, spatially resolved, process-based models may be used to address challenges

of additionality and double counting in Blue Carbon accounting.

Due to data limitations, we map OC stock for the entire Holocene, which can be considered too long a
timespan to be applicable to modern and future Blue Carbon budgets. A challenge for future research is
therefore mapping recent OC stock downtorecent (<1 kyr) sedimentary layers, which requires integration

of short sediment cores and/or shallow seismic data.

Though biogeochemical models aimed at resolving nutrient cycling often do not account for existing
sediment OC of low lability, which is the main component of OC sequestration, the roles of primary
production and the propagation of organic matter through the food web remain important considerations,
as they control the assimilation of CO: and thereby to CO2-drawdown from the atmosphere. The high
computational cost of 3D models complicates estimates of uncertainty in the form of sensitivity analyses.
Increasing model complexity, e.g. through inclusion of biogeochemical processes, will tend to increase
computational cost and uncertainty further. For practical applications, reliable uncertainty estimates may

be sought using models of reduced resolution and/or more limited spatial extent.
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Appendix
A. Model parameter settings

Table Al. Sediment model parameter settings. For each fraction, set values are given for settling
velocity (wy), critical shear stress for resuspension (7.), and erosion rate (Mg; erosion formulation
460 according to Winterwerp et al. (2012)).

Clay Silt Sand POC
wg (mm s!) 0.005 0.1 0.2 0.1
7. (Pa) 0.1 0.1 0.2 0.1
Mg (s m!) 0.001 0.001 0.002 0.001

B. Hydrodynamic model validation
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465 Figure Al. Time-series of (a) measured salinity, (b) modelled salinity, and (c) modelled suspended
particulate matter concentration at the MARNET Arkona monitoring station located near the centre of the
Arkona basin during the 2014/15 MBI. Yellow points in (a) denote the sensor depths, and horizontal lines

in (b) denote the depth limits of the sensors for comparability.
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station during the 2014/15 MBI. Yellow points in (a) denote sensor depths, and horizontal lines in (b,e)
denote the respective depth limits of the sensors for comparability. Positive values in (d,e) denote
eastward flow directions.
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Code availability

The SCHISM model (v.5.11), including the sediment module MORSELFE and the sea ice module
Icepack is available at https:/github.com/schism-dev/schism/releases/tag/v5.11.0. The turbulence model

GOTM (v.5.2) is available from https:/github.com/gotm-model/code/tree/v5.2. Code modifications done

for the purpose of this study are available upon request. Model parameter settings for SCHISM and code
used in organic carbon content mapping will be uploaded toa permanent repository following manuscript

acceptance.

Data availability

Organic carbon content and porosity maps will be uploaded to a permanent repository following

manuscript acceptance. Holocene sediment thickness available at https:/doi.org/10.17632/k45mff2ccy. 1.
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