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Glacial troughs as centres of organic
carbon accumulation on the Norwegian
continental margin
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Markus Diesing 1 , Sarah Paradis 2, Henning Jensen1, Terje Thorsnes1, Lilja Rún Bjarnadóttir1 &
Jochen Knies1,3

The role of continental margin sediments in the carbon cycle and the associated management
potential for climate mitigation are currently poorly understood. Previous work has indicated that
margin sediments store significant amounts of organic carbon, but few studies have quantified the
rates at which organic carbon is accumulated. Here, we use machine learning to make spatial
predictions of the organic carbon stocks and accumulation rates of sediments on the Norwegian
continental margin. We show that surface sediments (upper 10 cm) store 814 Tg and accumulate
6 Tg yr−1 of organic carbon. Shelf-incisedglacial troughsaccount for 39%of the stocks and48%of the
accumulation, with the main accumulation hotspot located in the Skagerrak. Continental margin
sediments accumulate organic carbon at scales much larger than vegetated coastal ecosystems in
Norway because of their larger extent. Future studies should explore to what extent management
interventions could increase accumulation rates, e.g., by minimising anthropogenic disturbance of
seafloor sediments.

Theburial of carbon in seafloor sediments is crucial formoving carbon from
the short-term surface to the long-term geological cycle1. This long-term
carbon cycle is, in turn, controlling the concentration of atmospheric carbon
dioxide (CO2) over geological timescales2. The size of the organic carbon
seafloor sink, and the relative contributions of the continental margins
versus the deep-sea, have been amatter of research for the last 50 years or so.
A first estimate, based on multiplying average organic carbon content of
Holocene sediments by area and thickness, yielded 223 Tg C yr−1, of which
10% and 88% are deposited on the continental shelf and slope, respectively3.
Berner4 argued that organic carbon is preferentially buried in deltaic shelf
sediments (83% of a total burial rate of 126 Tg C yr−1). His estimates were
subsequently revised by Hedges and Keil5 to account for organic carbon
burial in sediments of the continental shelves and upper slopes, respectively,
and estimated that roughly 90% of organic carbon is buried in coastal and
continental margin settings. Routine collection of ocean colour data with
satellites has made it possible to estimate pelagic primary production, par-
ticle export, bottom flux, and subsequent burial of organic carbon with
spatial detail. Muller-Karger et al. 6 estimated that continental margins may
be responsible for>40%of theorganic carbon sequestration in theocean.An
even higher estimate of 98% for margins was published by Dunne et al. 7.
The same authors also estimated that 85% of the total burial flux

(0.67 ± 0.45 Pg C yr−1) occurred on continental shelves (shallower than
200m). The latter, however, is in contradiction to deHaas et al. 8 suggesting
that shelf areas do not accumulate substantial amounts of organic carbon
under present day conditions and, only locally, are considerable amounts of
organic carbon buried. De Haas et al. 8 concluded that the role of shelves as
sinks for organic carbon is overestimated.More recently, it has been claimed
that the importance of seafloor sediments as places of organic carbon
sequestration is somewhat diminished in comparison to vegetated coastal
ecosystems (saltmarshes, mangroves, and seagrass meadows), which would
account for 47% of the marine organic carbon burial despite covering only
2% of the ocean surface9. Vegetated coastal ecosystems have been a focus of
research over the last ten tofifteen years under the concept of BlueCarbon10.
As these ecosystems might be able to remove CO2 from the atmosphere at
high rates, store fixedCO2 as organic carbon over timescales of centuries or
longer, and are frequently threatened by human activities, it has been sug-
gested that management, conservation, and restoration of vegetated coastal
ecosystems might significantly contribute to greenhouse gas removal from
the atmosphere11. Other ecosystems might satisfy the above definition of
actionable Blue Carbon, but research gaps currently preclude them from a
classification as either actionable or non-actionable. To fill these research
gaps, information on organic carbon sequestration/accumulation rates,
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current organic carbon stocks and their stability, the geographic area,
anthropogenic drivers of system loss leading to carbon removals, and
emission rates from degraded and intact states is required12. Emerging Blue
Carbon ecosystems include wild and cultivated macroalgae, unvegetated
tidal flats, and marine sediments13. Continental shelf and slope (margin)
sediments might exhibit lower organic carbon stocks and accumulation
rates per unit area but cover much larger areas than vegetated coastal
ecosystems14. The large spatial extent might therefore weigh out the lower
areal stocks and accumulation rates, but the importance of continental
margins as places of organic carbon accumulation and storage relative to
vegetated coastal ecosystems is currently not well constrained. While our
knowledge on local, regional, and global organic carbon stocks has steeply
increased over the past few years15–22, there currently exist knowledge gaps
regarding organic carbon accumulation in margin sediments. Specifically,
we lack spatially explicit quantifications of organic carbon accumulation
rates and related uncertainties in the estimates. Such knowledge gaps could
be filled with the application of machine learning spatial models, as exem-
plified byDiesing et al. 18. Accounting for the complex nature of continental
margins with zones of rapid carbon cycling and accumulation juxtaposed8,18

will be an important consideration. This study investigates the significance
of sediments in terms of organic carbon accumulation and storage potential
on the Norwegian continental margin (Fig. 1). We do not aim to estimate
organic carbon burial, defined as the balance between the accumulation of
organic carbon and its post-depositional degradation, as the reference
depths below which organic carbon is assumed to be removed from the
short-term surface carbon cycle vary between studies and organic carbon
might not even be irreversibly buried or preserved23. Instead,we estimate the
amount of organic carbon that accumulates in the seabed on a timescale of
approximately 100–150 years. Our area of interest is the Norwegian con-
tinental margin, which spans 26° of latitude and approximately 3000 km
between theNorth Sea and theArcticOcean north off Svalbard (Fig. 1). The

formerly glaciatedNorwegian continentalmargin is characterised by a deep
shelf break and a continental shelf that is frequently incised by glacial
troughs, which are characterised by depths of over 100m and an over-
deepened longitudinal profile that reaches amaximumdepth inboard of the
shelf break24.Weusemachine-learningmethods tomake spatial predictions
of dry bulk density, organic carbon content and sediment accumulation
rates and quantify the uncertainty in these predictions. In addition, we also
estimate the area of applicability, i.e., the area to which a prediction model
can be reliably applied25. Based on the spatially predicted properties, we
estimate organic carbon accumulation rates and stocks, and provide
information on their geographic distribution on the Norwegian continental
margin. We show that organic carbon accumulation is spatially highly
variable with glacial troughs accounting for nearly half of the total accu-
mulation. The main hotspot of organic carbon accumulation is located in
the southernmost part of the study area, the Skagerrak.

Results and discussion
Spatially predicted variables
The characteristics and performance indicators of the three spatial models
(dry bulk density, organic carbon content and sediment accumulation rate)
are summarised in Table 1. The performance indicators mean error (which
measures bias), r-squared (whichmeasures the explained variance) and root
mean squared error (which measures accuracy) were derived in a spatial
cross-validation scheme. Note that there were approximately three times
more observations of dry bulk density and organic carbon content than of
sediment accumulation rates.

The dry bulk density model was based on 606 observations. It had a
mean error of 0.023 g cm−3, a root mean squared error of 0.193 g cm−3, an
explained variance of 70% and an area of applicability25 equal to 93% of the
total area (Table 1). Of the 45 predictors initially used for model building,
five were selected for the final model. These were, in decreasing order of

Fig. 1 | Overview of the area of interest (AoI). a Water depth96, regional seas and
locations mentioned in the text. CB Central Bank, NT Norwegian Trough, SB
Spitsbergen Bank, Sk Skagerrak. b Geomorphological units based on Harris et al.24.

The continental shelf is further subdivided into shallow shelf (0 to 200 m water
depth) and deep shelf (200 m depth to the shelf edge).
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importance, predicted probability of substrate class mud, predicted prob-
ability of the substrate class sandy mud, distance to land, mean water
temperature at the seafloor and predicted probability of the substrate class
coarse sediment (Fig. S1). The importance of substrate class for predicting
dry bulk density seems intuitive, as dry bulk density is closely related to
sediment grain size26.

The organic carbon model was based on 697 observations. It had a
mean error of 0.019weight-%, a rootmean squared error of 0.239weight-%,
an explained variance of 82% and an area of applicability25 equal to 92% of
the total area (Table 1).Of the38predictors initially used formodel building,
eleven were selected for the final model. The fivemost important predictors
were, in decreasing order of importance, mud content of surficial seafloor
sediment, mean primary productivity at the sea surface, bathymetry, mean
dissolved molecular oxygen at the seafloor and mean water temperature at
the seafloor (Fig. S1). In agreement with previous studies19,20,27, mud content
is the most important predictor for organic carbon content. Relationships
between fine-grained sediments and organic carbon content have been
recognised for a long time28. The observed increases in organic carbon
content with increases in mud content have been attributed to sorption of
organic matter to mineral surfaces29,30: Surface area increases with
decreasing grain size and organic carbon content tends to increase with
surface area; hence, fine-grained sediments are associated with higher
organic carbon contents. Additionally, diffusion-dominated permeable
sediments on the inner shelf might act as biocatalytic filters that effectively
remineralise organic matter31. Consequently, such mud-free sands exhibit
very low organic carbon contents.

The sediment accumulation model was based on 220 observations. It
had a mean error of 0.024 cm yr−1, a root mean squared error of
0.114 cm yr−1, an explained variance of 53% and an area of applicability25

equal to 98%of the total area (Table 1).Of the 41 predictors initially used for
model building, five were selected for the final model. These were, in
decreasing order of importance, mud content of surficial seafloor sediment,
minimum surface swept area ratio (fishing intensity), relative probability of
predicted sedimentary environment ‘no or very slow deposition’, and
maximum and range of partial pressure of CO2 at the sea surface (Fig. S1).
Mud content has been identified as the most important predictor. This
might indicate correlation rather than causation, as both sediment accu-
mulation rates and mud content tend to be higher in hydrodynamically
quiet environments and vice versa.

All three models have a low mean error close to zero, indicating that
they are nearly unbiased. The explained variance of the organic carbon
model is comparable to studies which did not employ spatial cross-
validation19,22. The explained variance of the sediment accumulation model
is comparable to other regional studies, which reported an explained var-
iance of 42% for the Baltic Sea32 and 58% for the North Sea and Skagerrak18

but did not account for spatial autocorrelation. All models are applicable in
more than 90%of the area of interest. The resultingmaps are shown in Figs.
S2 – S4.

Substantial amounts of organic carbon are stored in continental
margin sediments
All analyses are restricted to the joint area of applicability of the dry bulk
density and organic carbon models, covering an area of 978,736 km2.
Organic carbon stocks of the upper 0.1 m of Norwegian seafloor sediments

range between 0.14 and 3.40 kgm−2, while the uncertainty, measured as the
90% prediction interval (see Methods) varies between 0.23 and 4.22 kgm−2

(Fig. 2). Uncertainties tend to increase with increasing predicted stocks.
Stocks are lowest (< 0.5 kgm−2) on the North Sea shelf, shelf banks in the
Norwegian Sea, along the shelf edge and lower slope and parts of the
southern Barents Sea. Conversely, stocks are highest (> 2 kgm–2) off the
northern and western coasts of Svalbard and in a southwest-northeast
oriented band from Spitsbergen Bank to Central Bank. However, the cal-
culated stocks on Spitsbergen Bank lie outside the joint area of applicability
of the organic carbon and dry bulk densitymodels andmight be unrealistic,
as coarse sediments33 and mobile bedforms34 are widespread on the bank
(Figs. S5 and S6). Interestingly, the highest stocks as described above are
located north of the marginal ice zone (Fig. 2a). In the seasonally sea ice
covered northern area, higher stocks could reflect a highly variable primary
production regime with efficient vertical export and less recycling than in
the southern Barents Sea. Indeed, measured accumulation rates of organic
carbon here are more than twice as high as in the ice-free southern region35

reflecting the modern ecosystem36 with higher primary productivity but
lower vertical organicflux rates in the southern than in the northernBarents
Sea. In addition, sea-ice induced lateral transport and subsequent release of
terrestrial organic carbon can further accelerate deposition of primary
produced organic carbon in the marginal ice zone37. Glacial troughs tend to
have higher organic carbon stocks than their surrounding areas. This
contrast is particularly stark between the Norwegian Trough and the North
Sea shelf, indicating that shelf sediments can act in distinctly different ways
in the context of organic carbon processing18. Indeed, centres of organic
carbon accumulation and oxidation38 might lie in close proximity to
each other.

The mean organic carbon stock in margin sediments off Norway is
0.83 ± 0.47 kgm−2. Mean organic carbon stocks vary across geomorpho-
logical units (Fig. 3a). They are highest in glacial troughs
(1.02 ± 0.41 kgm−2) and lowest in the abyss (0.55 ± 0.17 kgm−2). Statistical
tests of the differences of mean organic carbon stocks between geomor-
phological units using a one-way analysis of variance test show that there is a
statistically significant difference in mean organic carbon stocks between at
least two geomorphological units (F(4) = 220.3, p < 0.001). A Tukey post-
hoc test for multiple comparisons has found that the mean value of organic
carbon stocks is significantlydifferent between all pairs of geomorphological
units (adjusted p < 0.001, 99% confidence level).

As expected14, mean organic carbon stocks are lower than those of salt
marshes (3.31 kgm−2) and seagrass meadows (2.41 kgm−2) in the Nordic
countries (Greenland, Iceland, Faroe Islands, Norway, Denmark, Sweden,
and Finland)39. However, this is outweighed by the much larger area
occupied by margin sediments (978,736 km2) as compared to salt marshes
(1440 km2) and seagrass meadows (1861 km2)39. The reservoir size of
margin sediments in Norway thus amounts to 814 Tg C (90% prediction
interval: 1203 Tg C), and thereof 320 Tg C (39%) is stored in glacial troughs
(Fig. 3b). For comparison, current best estimates of reservoir sizes in
vegetated coastal ecosystems in the Nordic countries amount to 4.47 Tg C
for salt marshes and 4.49 Tg C for seagrass meadows39. However, Krause-
Jensen et al. 39 consider these estimates as preliminary and in need of further
validation. Despite the remaining uncertainties in the estimates, continental
margin sediments constitute a substantial store of organic carbon that has so
far been overlooked.

Table 1 | Summary of the three models and their performance

Response variable Unit Nresp Npred ME RMSE R2 AOA

Dry bulk density g cm–3 606 5 0.023 0.193 0.702 92.65

Organic carbon content weight-% 697 11 0.019 0.239 0.822 91.68

Sediment accumulation rate cm yr-1 220 5 0.024 0.114 0.533 97.62

NrespNumber of observations in the response data,NpredNumber of the selected predictor variables,MEMeanError,RMSERootMeanSquaredError,R2 explained variance,AOAArea of Applicability as
percent of the total area.
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Complex patterns of organic carbon accumulation
As we used 210Pb-derived sediment accumulation rates, the following esti-
mates refer to accumulation over the last 100–150 yr based on its half-life of
22.2 yr and an integration timeof approximatelyfive to seven times the half-
life40.

All analyses are restricted to the joint area of applicability of the dry
bulk density, organic carbon, and sediment accumulation rate models,

covering an area of 961,664 km2. Organic carbon accumulation rates range
from 0.0 to 123.1 g Cm−2 yr−1, with uncertainties varying between 4.5 and
284.8 g C m−2 yr−1 (Fig. 4a and b). Uncertainties tend to increase with
increases in the predicted accumulation rates. Zero-accumulationof organic
carbon (yellow areas in Fig. 4a) is linked to the North Sea shelf, the shelf
break, shelf banks in the Norwegian Sea, and Spitsbergen Bank, the latter in
agreement with Pathirana et al. 41. The main hotspot of organic carbon

Fig. 2 | Organic carbon stocks of surficial (0–10 cm) sediments on the Norwegian
continental margin. Stocks have been calculated from predicted dry bulk densities
(Fig. S2) and organic carbon contents (Fig. S3). a Estimated organic carbon stocks
(kg C m−2). MIZ marginal ice zone based on Itkin et al.97. b Prediction uncertainty

(kg C m−2), expressed as the 90% prediction interval. Areas outside the joint area of
applicability (AOA) are shown in grey. Areas predicted as rock in the substrate type
model (Fig. S5) have been excluded from the analysis.

Fig. 3 |Organic carbon (OC) stocks (0–10 cm) of the geomorphological units as shown in Fig. 1. aMean organic carbon stocks averaged over thefivemorphological units.
Vertical lines indicate one standard deviation. b Organic carbon reservoir sizes.
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accumulation in terms of size and confidence is to be found in the inner part
of the Norwegian Trough in the Skagerrak (Fig. 4d). Additionally, hotspots
are widespread in the Barents Sea mainly north of the marginal ice zone.
However, these are less contiguous, smaller in size and lower in confidence
(Fig. 4c). No hotspots of noticeable size are located in the Norwegian Sea.
Geomorphology acts as a driver of the patterns of organic carbon accu-
mulation (Fig. 5a): Mean rates are lowest on the continental slope
(3.88 ± 2.69 g Cm−2 yr−1) and shallowcontinental shelf (4.23 ± 6.42 g Cm−2

yr−1), and highest in glacial troughs (9.29 ± 6.89 g C m−2 yr−1), where they
aremore than twice as high. Intermediatemean rates are to be found on the
deep continental shelf (5.48 ± 5.03 g C m−2 yr−1) and the abyss
(5.26 ± 2.18 g C m−2 yr−1). We have tested the statistical significance of the

differences of mean organic carbon accumulation rates between geomor-
phological units. There is a statistically significant difference in mean
organic carbon accumulation rates between at least two geomorphological
units basedonaone-wayanalysis of variance test (F(4) = 181.5,p < 0.001).A
Tukeypost-hoc test formultiple comparisonshas found that themeanvalue
of organic carbon accumulation rates is significantly different between all
pairs of geomorphological units (adjusted p < 0.001, 99% confidence level),
except for the combinations shallow shelf–abyss (adjusted p < 0.005), deep
shelf – abyss and slope – shallow shelf (both adjusted p > 0.1).

Nearly half (48%) of the accumulation of organic carbon is happening
in glacial troughs (Fig. 5b) due to their high accumulation rates per unit area
(Fig. 5a) and the large areas they occupy on the Norwegian continental

Fig. 4 | Organic carbon accumulation rates on the Norwegian continental mar-
gin.Organic carbon accumulation rates were calculated from organic carbon stocks
of surficial (0–10 cm) sediments (Fig. 2) and sediment accumulation rates (Fig. S4).
a Estimated organic carbon accumulation rates (g C m−2 yr−1). MIZ –marginal ice
zone based on Itkin et al. 97. b Prediction uncertainty (g Cm−2 yr−1), expressed as the
90% prediction interval. Note that the uncertainty is not defined in areas with

sedimentation rates of 0 cm yr−1 (see Eq. 7). Areas outside the joint area of applic-
ability (AOA) are shown in grey. Areas predicted as rock in the substrate typemodel
(Fig. S5) were excluded from the analysis. c Statistically significant hotspots of
organic carbon accumulation in the Barents Sea at three levels of confidence. d Same
as (c) for the North Sea and Skagerrak.
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margin (Fig. 1), amounting to 346,520 km2. Glacial troughs are therefore
centres of organic carbon accumulation on the Norwegian continental
margin. They are seaward continuations of fjord systems, which have been
associated with high rates of organic carbon accumulation42.

Aggregated over the joint area of applicability, the sediments of the
Norwegian continental margin accumulate 6.0 Tg C yr−1 (90% prediction
interval: 18.7 Tg C yr−1). For comparison, salt marshes and seagrass mea-
dows might accumulate 0.20 and 0.021 Tg C yr−1 in the Nordic countries,
respectively39. As for organic carbon stocks, the latter estimates are very
coarse and preliminary39. Expressed in equivalents of CO2, Norwegian
margin sediments accumulate 22 TgCO2-eqperyearwithin the joint area of
applicability. This is equivalent to 45% of Norway’s greenhouse gas emis-
sions of 48.9 Tg CO2-eq in 202243.

The most extensive vegetated coastal ecosystems in Norway are mac-
roalgae. Intertidal and subtidal rockweed and subtidal kelp cover 3090 km2

and 7417 km2, respectively39,44. As most macroalgae attach to hard sub-
strates, they do not store organic carbon in sediments beneath the vegeta-
tion. However, macroalgae export part of their photosynthetic production
as particulate and dissolved organic carbon to other habitats including
continental shelf and deep-sea sediments45. Few studies have so far
attempted to quantify these processes. A first tentative estimate39,44 of
macroalgae particulate organic carbon sequestration rates of 19.9 g C m−2

yr−1 (based on a mass balance approach comparable to ref. 45) allows us to
calculate a potential subsidy of 0.21 Tg C yr−1 of particulate organic carbon
from macroalgae to the estimated 6.0 Tg C yr−1 in Norwegian margin
sediments. Roughly 3.5% of the organic carbon accumulating in margin
sediments might thus derive from macroalgae.

Climate mitigation potential of margin sediments
Vegetated coastal ecosystems (mangroves, saltmarshes, and seagrass mea-
dows) have been framed as a natural climate solution46. However, recent
studies have cast some doubt on the role of vegetated coastal ecosystems in
the context of climate mitigation: (1) Existing organic carbon stocks are
rather a liability than an asset47. (2) The magnitude of the effect is too
small47,48. (3) There is a timescale mismatch between ancient fossil fuel
emissions and uptake by vegetation47.Wediscuss towhat extent these issues
might also affect organic carbon in margin sediments.

Stocks as a liability. Organic carbon stocks (measured in kg C m−2

within a certain sediment depth interval) and the associated reservoir
sizes (Tg C) are basic metrics and so far, most marine studies16,17,19,21 have
only quantified these. Organic carbon stored in surficial marine sedi-
ments is indeed prone to disturbance by human activities such as

demersal fisheries49, seafloor cabling50, wind farm installations51, and
deep-sea mining52. Providing estimates of organic carbon stocks is hence
crucial considering the expansion of the mentioned anthropogenic
activities. Our study provides relevant information on the spatial dis-
tribution of surficial organic carbon stocks on the Norwegian continental
margin (Fig. 2). Together with spatial data on fishing activity, these data
could be used to identify priority areas to manage mobile bottom
fishing53. Areas with high organic carbon stocks might be considered for
protection from disturbance by mobile bottom fishing54 with the aim to
reduce the release of CO2 into the water column and potentially the
atmosphere55. In that sense, we agree that organic carbon stocks of
continentalmargin sediments are a potential liability, but it is vital tomap
them with the aim to improve our understanding of the impacts of
human activities on these stocks and facilitate their management.

Magnitude of the carbon removal effect. Although estimates of
organic carbon accumulation in Norwegian salt marshes and seagrass
meadows are preliminary, we have shown that margin sediments accu-
mulate considerably more organic carbon because of their much larger
extent. The organic carbon accumulation in margin sediments might be
subsidised by particulate organic carbon originating from the extensive
beds of macroalgae along the Norwegian coast on the order of 3.5%. We
therefore conclude that the potential of margin sediments for removing
carbon is high when compared with vegetated coastal ecosystems in
Norway and should no longer be overlooked.

Further, we have demonstrated that glacial troughs are the main
centres of organic carbon accumulation on the Norwegian continental
margin, with accumulation rates significantly higher than in other geo-
morphological units. Globally, glacial troughs are found on the formerly
glaciated continental margins of North America, Eurasia, south America,
andAntarctica, covering3.66millionkm2 of the seabed24. Ifwe assumed that
the rate of organic carbon accumulation in glacial troughs of
9.29 ± 6.89 g Cm−2 yr−1 (Fig. 5a) is representative for glacial troughs glob-
ally, then these geomorphological features would accumulate
9–59 Tg C yr−1 (based on mean value and standard deviation), which is in
the same order of magnitude as fjords (21–25 Tg C yr−1)42, seagrass mea-
dows (11.1–27.1 Tg C yr−1)13, mangroves (17.5–23.1 Tg C yr−1)56, and salt-
marshes (8.5 – 9.0 Tg C yr−1)13. Although our global estimate (Fig. 6) is
currently tentative, it points to a hitherto overlooked environmentwithhigh
potential for organic carbon accumulation.

These results show that continental margins, and particularly glacial
troughs, accumulate organic carbon at scales comparable to or larger than
vegetated coastal ecosystems in Norway and potentially globally. To

Fig. 5 | Organic carbon accumulation rates (OCAR) of the geomorphological units as shown in Fig. 1. aMean organic carbon accumulation rates averaged over the five
morphological units. Vertical lines indicate one standard deviation. b Organic carbon sink sizes.
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perform a climate mitigation service requires, however, increases in carbon
removal through management interventions, the so-called additionality.
Conceptually, organic carbon accumulation rates are the balance between
the incoming flux of organic carbon to the seafloor and the rate of miner-
alisation of organic carbon at or near the sediment surface57.Organic carbon
accumulation, and hence carbon removal, could thus be increased by
increasing the flux to the seafloor or decreasing the remineralisation rate.
Carbon dioxide removal technologies that could increase the incoming flux
of carbon to the seafloor such as iron fertilisation58, artificial upwelling59 and
sinking of biomass60 have been proposed. For example, a global study found
thatNorway has the largest area suitable formacroalgae offshore cultivation
and sinking61. However, such technologies are currently at a concept stage
and might be controversial due to unintended side effects62. Decreasing
remineralisation of organic carbon at the seafloor, e.g., by limiting or
minimising the impact of mobile bottom fishing gear on organic carbon in
surficial seafloor sediments might be a more viable option, and the efficacy
of implementing marine protected areas with trawl bans63, temporal trawl
closures64 and gear modifications65 should be considered.We have mapped
patterns and hotspots of organic carbon accumulation on the Norwegian
continentalmargin (Fig. 4). Overlaying thismapwith spatial data of bottom
fishing intensity or other anthropogenic activities that may threaten sedi-
mentary organic carbon could help analyse the potential magnitude of the
additional carbon removal effect and inform marine management in Nor-
way. Given the likely link between the fixing of CO2 by seaweeds in the
coastal zone and accumulation of seaweed-derived particulate organic
carbon in margin sediments, it has also been suggested to spatially protect
both source and sink areas through marine protected areas66. Forensic
carbon accounting67 would be required to establish such links on the Nor-
wegian continental margin.

Analysing organic carbon accumulation on continental margins in the
context of anthropogenic disturbance globallywould be the next logical step
to assess the potential of margin sediments to remove carbon and increase
the climate mitigation effect. While progress has been made to map
demersal fishing activity globally68, we lack global maps of organic carbon
accumulation. To derive suchmaps will require (1) data on organic carbon
content, dry bulk density and sediment accumulation rates of sufficient
quality and quantity, (2) relevant predictor variables of global coverage and

sufficient resolution, and (3) spatial models that consider the complex
nature of continental margins, where centres of organic carbon accumula-
tion and remineralisation might be found juxtaposed8,18.

In summary, there currently is limited data to assess the global size of
the carbon removal effect of glacial troughs. Our results and comparisons
indicate, however, that glacial troughs might be as important as vegetated
coastal ecosystems. Given the scale of the carbon dioxide removal required
(100–1000 Pg CO2 over the 21

st century69), we should not overlook glacial
troughs as an option to contribute to this task.

Timescale mismatch. Johannessen and Christian47 claim that there is a
timescale mismatch between fossil fuel emissions and uptake of carbon
dioxide by vegetation: The burning of fossil fuels has led to a perturbation
of the geological long-term carbon cycle, which acts over timescales of
millions of years2. The released carbon dioxide equilibrates between the
various carbon reservoirs of the surface carbon cycle on timescales of a
few centuries70. Removal from the short-term cycle and transfer to the
geological carbon cycle is linked to marine sediments, where organic
carbon is buried over geological timescales. Accumulation of organic
carbon in vegetated coastal ecosystems does not constitute true burial, as
the organic carbon that is stored in the biomass and sediment stayswithin
the short-term surface carbon cycle. It can be released back to the
atmosphere as carbon dioxide in the case of disturbances, e.g., through
land conversion71 or climate change72. Claims that vegetated coastal
ecosystems, which cover < 2% of the ocean surface, contribute close to
half of the organic carbon burial9 are therefore misleading. However,
expanding the area or increasing the efficiency of organic carbon accu-
mulation in vegetated coastal ecosystems could draw down carbon
dioxide from the atmosphere in the short term, buying time to implement
other climate actions47.

Carbon dioxide removed from the atmosphere and stored at time
scales of ≥ 100 yr is considered sequestered. Organic carbon stored in sur-
face sediments that undergo active remineralisation or are vulnerable to
resuspension cannot be said to be sequestered. Only organic carbon accu-
mulation below the vulnerable surface mixed layer represents
sequestration73. Sediment mixing, as reflected by the surface mixed layer,
appears to strongly impact organic carbon preservation in margin

Fig. 6 | Comparison of global organic carbon accumulation potential of vegetated coastal ecosystems13,56, fjords42, and glacial troughs (this study). Low and high
estimates are indicated by different circle sizes.
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sediments74. On deep glaciatedmargins, like inNorway, the thickness of the
surfacemixed layer is 3.6 cm on average74. Based on the predicted sediment
accumulation rates (Fig. S4), it would take between 5 and 26 yr for organic
carbon to reach depths below the surface mixed layer in the organic carbon
accumulation hotspot in the Skagerrak (Fig. 4d). Provided adequate pro-
tection from human disturbance, the Skagerrak could offer fast carbon
removal from the surface mixed layer and permanent storage at timescales
of 100 yr and longer. It thus constitutes a prime area for further research in
Norway. Although margin sediments do not solve the issue of a timescale
mismatch, they offer a perspective of longer-term carbon sequestration and
ultimately burial.

Methods
Study site
Our area of interest (Fig. 1) comprises the Norwegian continental shelf and
slope24, whichwe define here as theNorwegian continentalmargin.We also
include the shallowest parts of the abyss (deep sea) within 50 km distance
fromthe seawardboundaryof the slope tomakebest useof existingdata.We
further subdivide the continental shelf into shallow shelf (above 200mwater
depth), deep shelf (between 200m water depth and the shelf break) and
glacial troughs (irrespective of water depth), as mapped by Harris et al. 24.

Response data
To derive organic carbon stocks and accumulation rates it is necessary to
spatially predict dry bulk density, organic carbon content, and sediment
accumulation rates (also referred to as linear sedimentation rates).

Dry bulk density data were obtained from the PANGAEA database75

via a data warehouse query. The downloaded data were restricted to the
upper 0.1 m of the sediment column. Furthermore, we used data on mud
content from the Mareano chemistry database to calculate porosity (φ)
according to an empirical equation76 and ultimately dry bulk density (ρd)
according to ρd ¼ ð1� φÞρs with grain density, ρs = 2.65 g cm−3. This led to
3218 observations within the area of interest prior to pre-processing
(see below).

Data on organic carbon content and 210Pb-derived sediment accu-
mulation rates were obtained from the MOSAIC database77. The datasets
included data from theMareano chemistry database among others. Data on
organic carbon content were restricted to the upper 0.1mwithin the area of
interest, leading to2796observationsprior topre-processing.Thedataset on
sediment accumulation rates consisted of 237 observations within the area
of interest prior to pre-processing.

Datasets compiled from the literature or obtained from databases
are frequently biased. For example, sediment accumulation rates are
usually only reported in areas where sediments are deposited, and
caution is advised when spatially predicting such data78. One strategy to
deal with this limitation is to include pseudo-observations79; in this case
records of 0 cm yr−1 sediment accumulation in areas that are erosional in
nature. Similar approaches have previously been adopted by Diesing
et al. 18 andMitchell et al. 32. We randomly placed pseudo samples within
the area predicted as Erosion or Transport (Fig. S6). Additionally, we
observed that coarse-grained sediments (muddy sandy gravel, sandy
gravel, and gravel) were under-represented in our datasets.We therefore
included a limited number (n < 100) of stations where these sediments
had been observed and randomly assigned a sediment composition
adhering to their class definitions80. These pseudo-observations were
used in the dry bulk density dataset.

Predictor variables
We created a raster stack of predictor variables that we considered poten-
tially relevant for predicting the response variables and that were available
with (near) full coverage in the area of interest at a sufficiently high spatial
resolution.The resolution thatwasfinally chosenwas4 km,which translates
to a map scale of approximately 1: 8,000,000 according to a recommended
formula inHengl81. The raster stackwas projected to the Lambert azimuthal
equal area projection.

We included variables on seafloor terrain (bathymetry, topographic
position, distance to nearest shoreline), ocean colour (chlorophyll-a, pri-
mary production and suspended particulate matter), biogeochemistry
(surface partial pressure of CO2, dissolved molecular oxygen of bottom
water), sea iceconcentration, bottomfishing intensity (swept area ratio), and
oceanography (current speed, temperature, and salinity). Multi-annual
statistics (mean,minimum,maximum, and range) were calculated formost
predictors (Table 2).

In addition, we created predictor layers on substrate types
(Tables S1 and S3, Fig. S5), the depositional environment (Tables S2 and S3,
Fig. S6), and silt-clay (mud) content of surface sediments (Table S3, Fig. S7)
as these were deemed necessary for our study but did not exist (Supple-
mentary Methods).

Spatial predictions
There are many machine learning algorithms available to spatially predict
the response variables dry bulk density, organic carbon content and 210Pb-
derived sediment accumulation rates. We chose the quantile regression
forest (QRF) algorithm82 on the grounds that it generally performs well and
allows to quantify uncertainty (see below). However, predicting sediment
accumulation rates has proven challenging in previous studies32 and our
initial QRF model performed less well than the other two models. This has
led us to also trial Support Vector Machines83. As this did not improve
model performance (Table S4) we continued with QRF.

QRF can be seen as an extension of the random forest (RF) algorithm84,
which has shown high predictive accuracy in several studies across various
research domains85–88. RF is an ensemble technique that grows many trees
and aggregates the majority class (classification) or conditional mean
(regression) from each tree in a forest tomake an ensemble prediction. QRF
also returns the whole conditional distribution of the response variable,
based on which other measures of central tendency (e.g., median) and of
prediction uncertainty can be obtained. Following common practice in the
global soil mapping community89,90, we used the 90% prediction interval
(PI90) as a measure of spatially explicit uncertainty. PI90 gives the range of
values withinwhich the true value is expected to occur nine times out of ten,
with a one in 20 probability for each of the two tails90. It is defined as

PI90 ¼ q0:95 � q0:05 ð1Þ

with q0.95 and q0.05 being the 0.95 and 0.05 quantiles of the distribution,
respectively. We chose the median as a measure of central tendency, as the
conditional distributions aremost likely non-normal, and themedian is not
affected by extreme outliers.

Prior tomodeling, the predictor raster stack was cropped to the area of
interest. Areas mapped as Rock and boulders in the substrate type model
(Fig. S5)were excluded from further analysis, aswe are only interested in the
sedimentary environment. The datasets of the response variables organic
carbon content and dry bulk density included information on depth below
seabed. These datasets were filtered to only include records between 0 cm
and 10 cm depth. The response data including sediment accumulation rate
were averaged in those cases where more than one value was falling into a
grid cell of the predictor stack. This reduced the number of observations of
dry bulk density, organic carbon content and sediment accumulation rate to
606, 697 and 220, respectively.

Although it is prudent to initially select a wide range of predictors, it is
generally recommended to limit the number of predictors that are finally
used formodelling. This is especially truewhen the number of records in the
response data set is low.Variable selection can be achieved in different ways.
Here we chose forward feature (variable) selection as implemented in the
package CAST91. The algorithm first trains models based on all possible
combinations of two predictor variables. The best combination is retained
and tested for the best performance with a third variable. Additional vari-
ables are added until the performance stops improving. The model per-
formance was calculated as R2 using a spatial cross-validation scheme
(see below).
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Model performance needs to be estimated for model tuning, variable
selection, and model validation. Model performance estimation is fre-
quently based on k-fold cross validation, whereby the response data are split
into k folds, a model is built on k – 1 folds, and validated against the fold
which was not used for model building. This process is repeated k times. In
standard, non-spatial machine learning applications, this k-fold split is
performed randomly on the response data. However, this is not appropriate
in the case of spatial data as spatial autocorrelation might lead to inflated
estimates of model performance92,93. Folds therefore need to be spatially
separated and this was achieved with the k-fold nearest neighbour distance
matching algorithm (knndm function) of the package CAST94.

The performance of the final regression models (dry bulk density,
organic carboncontent and sediment accumulation rate)was assessedbased
on the mean error (ME), the explained variance (R2) and the root mean
square error (RMSE).

Although it is technically possible to predict the response variable over
the full extent of the predictor variables, such predictions might be unreli-
able where they extrapolate beyond the predictor variable space that has
been captured by the model25,95. It has therefore been suggested to estimate
the area of applicability (AOA) of a model, where the combination of
predictor variables is similar to what the model has been trained with. This
can be achieved with the aoa function of the package CAST94.

Additionally, we used expert judgement to evaluate whether the pre-
dicted patterns were reasonable by comparing themwith existingmaps and
a general understanding of the involved processes and their products.
Although such an assessment is qualitative and somewhat subjective, it is
currently the only way to incorporate expert knowledge and we consider it
an essential part of the mapping process.

Calculation of organic carbon stocks
Organic carbon stocks (OCS) are calculated by multiplying the predicted
organic carbon contents (G) with the predicted dry bulk densities (ρd) and
the sediment thickness (d = 0.1m):

OCS kg m�2
� � ¼ G ð%Þ

100
� 1000 � ρd ðg cm�3Þ � d ðmÞ ð2Þ

Calculations were limited to the joint AOA of the organic carbon and
dry bulk density models.

The total reservoir size mOC was calculated by summing OCS of all
pixels and multiplying with the area of one pixel (A = 16,000,000m2):

mOCðTgÞ ¼ A m2
� � �XOCS kg m�2

� �� �
=1; 000; 000; 000 ð3Þ

Calculation of organic carbon accumulation rates
Organic carbon accumulation rates (OCAR) are calculated by multiplying
organic carbon contents (0–10 cm) with dry bulk densities and sediment
accumulation rates (ω):

OCAR ðg m�2 yr�1Þ ¼ G %ð Þ
100

� ρd ðg cm�3Þ � ωðcm yr�1Þ � 10; 000 ð4Þ

Calculations were limited to the joint AOA of the organic carbon, dry
bulk density and sediment accumulation rate models.

The total mass of organic carbon that is accumulated annually (OCA)
is calculated by summing OCAR of all pixels and multiplying with the area
of one pixel (A = 16,000,000m2):

OCAðTg yr�1Þ ¼ ðA m2
� � �XOCAR g m�2yr�1

� �Þ=1; 000; 000; 000; 000
ð5Þ
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Propagation of uncertainties
Uncertainties were propagated by taking the square root of the sum of
squared relative uncertainties:

δOCS ¼ OCS �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δG
G

� �2

þ δρd
ρd

� �2
s

ð6Þ

δOCAR ¼ OCAR �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δG
G

� �2

þ δρd
ρd

� �2

þ δω

ω

� �2
s

ð7Þ

The symbol δ signifies the uncertainty of a quantity.
A joint AOA of two ormoremodels was calculated bymultiplying the

individual AOAs, which had values of 1 (inside AOA) or 0 (outside AOA).

Hotspot analysis
Hotspots of organic carbon accumulation were identified with theHot Spot
Analysis (Getis-Ord Gi*) tool in ArcGIS 10.8.2, which identifies statistically
significant spatial clusters of high values. The calculated organic carbon
accumulation rateswere converted from raster to point feature format prior
to the analysis. Inverse distance was used for the conceptualisation of the
spatial relationships and distances were measured as Euclidean distance.
The resulting point feature class was converted to a raster file.

Statistical significance testing
Weperformed statistical tests to analyse the difference betweenmeanorganic
carbon stocks and accumulation rates of five geomorphological units (Fig. 1).
We used a one-way analysis of variance (ANOVA) test to establish whether
there is a difference in mean stocks and accumulation rates between geo-
morphological units. We further performed Tukey’s Honestly Significant
Difference (HSD)post-hoc test to establishwhichdifferencesbetweenpairsof
geomorphological units are statistically significant. All tests were performed
on a stratified random sample (n = 5000) drawn from the predicted organic
carbon accumulation rates with geomorphological units used as strata. The
number of samples was equal for all strata.

Data availability
Calculated organic carbon stocks and accumulation rates and the related
uncertainties and areas of applicability are available from PANGAEA: https://
doi.org/10.1594/PANGAEA.965617. Input (response and predictor variables)
andoutput data of the six spatialmodels are available atZenodo: Substrate type:
https://doi.org/10.5281/zenodo.10040165 (input), https://doi.org/10.5281/
zenodo.10053285 (output) Depositional environment: https://doi.org/10.
5281/zenodo.10040720 (input), https://doi.org/10.5281/zenodo.10053457
(output) Mud content: https://doi.org/10.5281/zenodo.10057143 (input),
https://doi.org/10.5281/zenodo.10057207 (output) Dry bulk density: https://
doi.org/10.5281/zenodo.10057726 (input), https://doi.org/10.5281/zenodo.
10057750 (output) Organic carbon content: https://doi.org/10.5281/zenodo.
10058434 (input), https://doi.org/10.5281/zenodo.10058520 (output) Sediment
accumulation rates: https://doi.org/10.5281/zenodo.10061180 (input), https://
doi.org/10.5281/zenodo.10062619 (output) Source data underlying Figs. 1 – 6
are available from Zenodo: https://doi.org/10.5281/zenodo.11108526.

Code availability
The R codes developed to spatially predict the response variables are
available at GitHub. Substrate type: https://github.com/diesing-ngu/
GrainSizeReg. Depositional environment: https://github.com/diesing-ngu/
SedEnv.Mud content: https://github.com/diesing-ngu/GSMgrids.Dry bulk
density: https://github.com/diesing-ngu/DBD. Organic carbon content:
https://github.com/diesing-ngu/TOC. Sediment accumulation rates:
https://github.com/diesing-ngu/SedRates.
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