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ARTICLE INFO ABSTRACT

Editor: Christian France-Lanord Continental shelves are integral to the global carbon cycle, yet uncertainties persist about the nature and extent
of carbon burial, particularly in sand-dominated areas. In the sand-dominated North Sea, the Helgoland Mud

Keywords: Area (HMA) emerges as a small-size mud depocenter, surrounded by sandy sediments that do not accumulate

Sand-dominated shelves
Small-size depocenters
Organic carbon burial

organic carbon (OC) and are separated from adjacent rivers. Such small-size depocenters, common on high-
energy shelves, have underexplored OC degradation and burial efficiencies due to their limited individual
Helgoland Mud Area (HMA) size. Since sandy sedim.ents with interspersed sr.nall—size .depocenter c-over ~50 %. of global shelves, these
Stable carbon isotope depocenters may collectively offer greater OC burial capacity than previously recognized.

Fatty acids and alkanes This study investigated the composition, degradation, and sequestration of OC from terrestrial (OCerr) and
marine (OCpg,,) sources in surface sediments of the HMA and adjacent sandy areas using bulk (mean grain size,
OC content, loading and 3¢ isotope composition) and molecular (fatty acids and alkanes) analyses. Our results,
derived from a two end-member mixing model based on 513C values of bulk OC, revealed that OCterr dominates
(~74 %) the sedimentary OC in both areas, with OCp,; contributing ~26 %. The HMA exhibited OCi,r and
OCpar contents ~5 times higher than in the sandy areas. Both OCe;r and OCpy,y loadings negatively correlated
with mean grain size, indicating reduced OC degradation in muddy sediments. Molecular analysis further
revealed that OCe, in the HMA is less refractory compared to adjacent sandy regions. These differences are
attributed to differences in porewater transport, oxygen penetration depths and exposure times, all of which
influence OC preservation, despite the important role of mineral protection. OCe;y and OCpay accumulation
fluxes in the HMA were calculated at (6.75 + 0.61) x 107> and (2.54 + 0.68) x 10> Tg C/yr, respectively,
representing 34.3 % of OCe, export from adjacent rivers and 2.8 % of net OCp,,; production in the HMA. These
values are twice the global average for shelf areas, highlighting the exceptional efficiency of the HMA as a carbon
sink and hinting at the significance of small-size depocenters within sandy areas in the global carbon cycle.

1. Introduction inorganic carbon, and about 80 % of organic carbon (OC) burial in
marine sediments (Bauer et al., 2013). However, considerable uncer-

Continental shelves occupy only 7-10 % of the global seafloor but tainty remains about the nature and magnitude of carbon burial as
are an important component of the global carbon cycle and budget. They continental shelves are inherently dynamic and spatially heterogeneous
contribute up to 30 % of marine primary production, 30-50 % of systems (Bianchi et al., 2018). This is most clearly reflected in the
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widespread occurrence of sandy, non-accumulating sediments, despite
high overlying primary production (Emery, 1968). In sand-dominated
shelf regions, strong tides and waves generate high bottom shear
stress that hinders the accumulation of fine-grained, OC-rich particles,
enhancing OC mineralization in the water column and driving lateral
transport to areas with better sedimentation condition (e.g., de Haas
et al., 2002; Crockett and Nittrouer, 2004; Bockelmann et al., 2018).
Such condition for OC accumulation may be attributed to greater water
depths (resulting in decreased tidal currents), reduced net transport due
to specific hydrodynamics, strong terrestrial input, or a combination of
these factors (de Haas et al., 2002; Porz et al., 2021). Often small in their
individual areal extent, OC depocenters on sandy shelves are easily
overlooked, yet they may collectively contribute significantly to global
OC burial. Moreover, they provide a natural laboratory for analyzing OC
quality and degradation states across transitions from fine to coarser
sediments under similar conditions of OC supply. In shallow coastal seas,
understanding how heterogenous sedimentation conditions influence
the degradation and preservation of OC from different sources is
particularly important, as these conditions could change under future
climatic scenarios.

Shelf sediments primarily receive OC from marine (OCp,) and
terrestrial (OCte) sources, which includes biospheric OCie (from
photosynthesis) and petrogenic OCter (from rocks) (Galy et al., 2015).
OCpar is generally more reactive than OCierr, leading to higher remi-
neralization rates (Burdige, 2005; Zonneveld et al., 2010). Biospheric
OCier can also be reactive and undergo partial oxidation during trans-
port, thus contributing to CO; recycling (Galy et al., 2015; Wei et al.,
2021). Only the burial of OCp,r and biospheric OCi,; that escapes
oxidation leads to long-term carbon sequestration, whereas petrogenic
OCiter recycling and reburial does not affect atmospheric COy and its
oxidation releases CO, (Hilton and West, 2020). Therefore, OC source,
sedimentation rate, and oxygen exposure time affect atmospheric CO5
levels over different timescales (Hartnett et al., 1998; Zonneveld et al.,
2010; Galy et al., 2015; Hemingway et al., 2019; Hilton and West, 2020).

The North Sea, an epicontinental sea on the northwest European
passive continental margin, is characterized by high tides and wave
energies, resulting in extensive sandy areas that do not accumulate
much OC despite a high primary production (~90.3 x 1073 Tg C/yr; van
Leeuwen et al., 2013). Much of the OCpy,; is degraded either in the water
column (van Beusekom et al., 1999) or in the sandy sediments
(Ahmerkamp et al., 2017). The Helgoland Mud Area (HMA), translated
from the proper German name “Helgolander Schlickgebiet”, is a small
yet significant depocenter within the sand-dominated German Bight of
the North Sea, spanning approximately 500 km? with shallow waters
ranging from 15 to 35 m in depth. Throughout the Holocene it has
accumulated considerable amounts of finer-grained sediments (domi-
nated by silt and very fine sand) in contrast to the surrounding sandy
area, at a sedimentation rate of several mm/yr (Bockelmann et al., 2018;
Diesing et al., 2021; Hebbeln et al., 2003). Therefore, the sediments in
the HMA are generally much coarser than in other mud areas in the
world such as the Yangtze River-derived Zhe-Min mud area (mean grain
size: 16 4+ 4 pm; Yu et al., 2024) or the Pearl River-derived mud area (28
+ 16 pm; Wei et al., 2020). The mechanism for the continuous fine-
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salinity front remains consistently positioned over the HMA, supporting
year-round sediment deposition. The HMA provides ideal conditions for
studying the degradation and burial efficiency of OC from different
sources in a small-size depocenter and along the transition to adjacent
sandy areas.

To characterize sediment and OC compositions, we conducted a
high-resolution sampling of surface sediments of the HMA and adjacent
sandy areas and analyzed sediment grain size, OC and total nitrogen
(TN) contents, stable carbon isotope composition of OC (613Coc), and
abundances of source-specific fatty acids (FAs) and alkanes. This study
aims to (1) characterize and quantify the composition and origin of OC
in these sediments; (2) assess the degradation and sequestration po-
tentials of OCpar and OCge, using molecular markers; (3) estimate the
burial fluxes of OCge;r and OCp,y in the HMA. The insights gained will
enhance our understanding of current carbon cycling in shallow shelf
systems under heterogenous sedimentation conditions at the seafloor.
Additionally, as part of the project APOC, this work improves the
interpretation of the HMA’s historical sedimentary record and contrib-
utes to evaluating the carbon storage capacity of marine sediments in the
North Sea, helping to assess potential preservation measures within the
appropriate governance framework. Overall, this study emphasizes the
role of small-size OC depocenter that are interspersed in high-energy
sand shelves and highlights their potential significance in the global
carbon budget.

2. Materials and methods
2.1. Sampling

During a dedicated sampling campaign in the framework of the
project APOC with the R/V Heincke (HE-595) in March and April 2022,
surface sediments (0-2 cm) were collected from 57 sites in the HMA and
surrounding sandy areas (Fig. 1A) using a grab sampler or multiple
corer. During the sampling campaign, these samples were collected
specifically for the analyses described below, and all analytical pro-
cedures were performed on the same set of samples to ensure consistent
treatment for robust statistical analysis. Of the 57 sampling sites, 9 lo-
cations were identical to those presented by Miiller et al. (2024),
allowing seamless integration of their results where applicable. A full
station list with positions and bulk properties of surface sediments is
compiled in Supplementary Table S1. All sediment samples were stored
at —20 °C on board and then freeze-dried upon return to the laboratory.

2.2. Grain size measurements

The grain size of sediments was determined with a Cilas 1180 laser-
diffraction particle analyzer (range 0.04-2500 pm) and the mean grain
size was calculated using the statistical program Gradistat 9.1 (Blott and
Pye, 2001). Prior to analysis, carbonate and OC were removed with 30 %
acetic acid and 12 % hydrogen peroxide. The surface area (SA) was
calculated from the grain size distribution of the sediments according to
Mayer and Rossi (1982):

SAcal (mz/g) =67.6X2+27.4X539+19.5X3975+10.6X75156+5.8Xi56-31 +2.8 X3144 + 1.9 X4g.62 + 3.1 Xo62 (@)

grained sediment deposition in the HMA is under investigation, but it
can likely be attributed to the interaction of wind-driven coastal circu-
lation with two frontal systems: a salinity front located in the shoreward
part of the HMA and a tidal mixing front in the seaward part of the HMA
(Krause et al., 1986; Porz et al., 2021). These fronts effectively deliver
fine-grained sediments to the HMA and trap them within the area. The

SAcor (mz/g) =1.746 x SA., —4.174 2

where X is the fraction of sediment of the respective size fraction indi-
cated in the subscripts (in pm). Because the dominant contribution to
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Fig. 1. (A) Sampling locations (coastal currents from de Haas et al. (2002)) and spatial distribution of (B) mean grain size (note reverse scale, n = 56), (C) OC content
(n =57), (D) OC loading (n = 54), (E) (C/N)oc (n = 45), and (F) 613COC in the surface sediments of the HMA and surrounding sandy areas (n = 31). In panels A to F,
the dashed contour separates the HMA from the surrounding sandy areas following von Haugwitz et al. (1988). Maps were generated using the Ocean Data View

software (Schlitzer, 2019), stations used for plots B-F are displayed as black dots.

SA.q is related to the mud fraction (<63 pm; silt and clay), only samples
with a minimum mud content of 5 % were considered. SA., was further
corrected using the established relationship between measured and
calculated SA (Eq. (2); Sun et al., 2024) to better align with the
measured SA. The measured OC content was divided by the SA.y to
calculate the OC loadings.

2.3. Elemental and stable carbon isotopic analysis

To analyze the OC content of surface sediments, about 0.1 g of sed-
iments was treated with 0.5 mL of 6 M HCl in a crucible and heated on a
hot plate at 60 °C overnight to remove carbonates. The OC content of
surface sediments was then determined using a carbon-sulfur analyzer
(CS-125, Leco). A sediment reference standard was analyzed every 11
runs to monitor average absolute deviation from known OC content. The
OC content of surface sediments was then corrected for this deviation,
with an accuracy of <0.01 wt%. The total carbon (TC) and nitrogen (TN)
contents of the samples were analyzed using a carbon-nitrogen-sulfur
analyzer (Elemental III, Vario) and used to calculate carbonate contents
(%CaCO3 = (%TC — %O0C) x 8.333) and the mass ratio of OC to TON
content ((C/N)oc), which was corrected for mineral-associated inor-
ganic N according to the method of Schubert and Calvert (2001). The
stable carbon isotope composition of OC in surface sediments (613C0C)
was measured in duplicate using a Thermo Delta isotope ratio mass

spectrometer coupled to a Carlo Erba elemental analyzer. During mea-
surements, a reference standard was analyzed every 12 runs to monitor
average absolute deviation from the known 513C value. The 613C0C
values of surface sediments was then corrected for this deviation. §'3Coc
values are given in per mil notation relative to the Vienna Pee Dee
Belemnite standard. The standard deviation of duplicate analyses
ranged from 0.01 %o to 0.18 %o, with an average of 0.10 %o.

2.4. Lipid extraction and separation

The methods used for extraction and isolation of fatty acids (FA) and
alkanes are similar to those described by Mollenhauer and Eglinton
(2007) and Wei et al. (2021). Approximately 5-10 g of sediment from
the HMA and 20-30 g of sediment from the sandy area were extracted 4
times by ultrasonication with dichloromethane: methanol (9:1, v/v) for
15 min. For quantification of FAs and alkanes, known amounts of 19-
methylarachidic acid and squalane were added as internal standards
prior to extraction. Supernatants from each extraction were obtained by
centrifugation and combined. The total lipid extracts were concentrated
to ~1 mL by rotary evaporation and transferred to 4 mL vials. After
evaporation under a nitrogen stream, the total lipid extracts were
saponified for 2 h at 80 °C with 1 mL of KOH (0.1 M) in methanol: H,O
(9:1, v/v). After saponification, the neutral fractions were liquid-liquid
extracted with n-hexane and alkanes were eluted from the neutral
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fractions by silica gel column chromatography with n-hexane. The
remaining KOH solution was acidified to pH = 1, from which FA were
liquid-liquid extracted into dichloromethane. The extracted and dried
FAs were converted to methyl ester derivatives (FAMEs) in methanol:
HCI (95:5, v/v) at 60 °C for 12 h. After methylation, the FAME fraction
was further purified by silica gel column chromatography using
dichloromethane: hexane (2:1, v/v) to remove residual polar
compounds.

FAMESs and alkanes were analyzed on a 7890 A gas chromatograph
(GC) equipped with a DB-5MS fused silica capillary column (60 m, 250
pm, 0.25 pm) and a flame ionization detector (FID). Helium was used as
the carrier gas (1.5 mL/min), and the GC oven was heated using the
following temperature program: 60 °C for 1 min, 20 °C/min to 150 °C,
6 °C/min to 320 °C, and a final hold time of 35 min. Peak areas were
determined by integrating the respective peaks and concentrations were
calculated against the internal standards. FAME contents were subse-
quently corrected for the derivative methyl carbon to determine FA
contents. FAs and alkanes were normalized to OC content.

2.5. Source apportionment calculation

A two end-member mixing model based on the 613C0C values was
used to quantify the relative fractional contributions of OCyery (frerr) and
OCpar (fmar) in the study area as follows:

fterr X 6lgcterr +fmar X 613cmar = 613COC 3

fterr +fmar =1 (4)

where §'3Coc represents the measured bulk sediment 513C value, ' 3Crerr
and 813Cmar represent the OCer and OCpqr 5'3C end-member values,
respectively, and fierr and fiar represent their corresponding fractional
contributions. We use the mean 8'3Cqc value of the lower Elbe SPM
(—27.2 4+ 0.7 %o; Zander et al., 2020), which contains a mixture of plant
detritus, soil- and bedrock-OC, to represent the OCge; end-member. Note
that the petrogenic and biospheric OC; pools in this end-member
cannot be distinguished based on their 13C isotope composition. There
is no reported 8'3Co¢ value for Weser SPM, but we assume it is com-
parable to that of the Elbe River due to the proximity of the river basins
and their similar climatic (and ecosystem/vegetation) conditions, as
suggested to some extent by a comparable 8'3Co¢ value (—27.0 %o;
Megens et al., 2001) of SPM in the estuary of the Maas, Rhine, and
Scheldt rivers to the southwest of the Elbe and Weser. The Maas, Rhine
and Scheldt rivers (total SPM export flux of ~1.52 Mt./yr; Milliman and
Farnsworth, 2011) may also supply SPM to the HMA via coastal cur-
rents, although the transport distance from this source to the HMA is
much greater (~500 km) than from the Elbe and Weser rivers (~60 km).
Regardless, given the similarity of the SPM 8'3Cqg values, any such
contributions will not bias our mass balance results, and thus will not
impact the quantification of OCgy contributions. Surface SPM from the
North Sea composed almost entirely of algae yielded a 8'3Coc value of
—17.8 %o (Megens et al., 2001). We use this value to represent the OCpar
end-member, with +1 %o uncertainty to account for potential seasonal
changes in the 613Cmar end-member composition (Middelburg and
Nieuwenhuize, 1998 and references therein). A Bayesian Markov chain
Monte Carlo simulation was used here, and the values of the individual
source end-members were assumed to be normally distributed
(Andersson et al., 2015). Of the 10® random samples, 10° were taken
from the normal distribution of each end-member within the given mean
and standard deviation to simultaneously fulfill the given system in
simulations. The mean relative contributions and the standard deviation
of OCpar and OCierr were then estimated (Andersson et al., 2015).

2.6. Calculation of sediment and OC accumulation fluxes

Recently, Miiller et al. (2024) provided detailed analyses of
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sedimentation and OC accumulation rates in the HMA using sediment
samples from the same expedition as those used in this study. We built
on their work by incorporating additional sediment samples from the
HMA to refine their OC flux calculations, and integrating time with our
own estimated contributions of OCie;; and OCpar to establish their
respective fluxes. These fluxes can then be compared with the OC fluxes
from terrestrial sources (i.e., the rivers Elbe and Weser) and marine
sources (i.e., on-site primary production). The sedimentation rates (SR)
determined by Miiller et al. (2024) have been used in this study and
correlated with the corresponding OC content determined here. The
regression equation (SR = (2.845 + 0.352) x OC, RZ= 0.88, p < 0.001;
Fig. 5A) was used to extrapolate SR to other HMA sites lacking SR
measurements, providing a high-resolution and reliable estimation of SR
with an uncertainty of 12 % (based on the uncertainty of the correlation
slope).

We estimate the recent accumulation fluxes of total sediments,
terrigenous sediments (excluding carbonate and biogenic silica), OCpar
and OCte, in the HMA using the following equations:

total sediment flux = Z Peed X SR X [area] 5)
1

n
terrigenous sediment flux = Z Psea % SR x [area] x (1 — fearbonate — fsi)
1

(6)

OCpgr flux = Z Psed X SR X [area] X OCpgr @
1

OCerr flux = Z Psed X SR X [area] X OCierr 8)
1

where [area] is the area of a defined 0.01° x 0.01° grid, indicated by the
number n (Fig. 5). SR is the sedimentation rate for each grid cell. The
term feqrponate refers to the relative contribution of carbonate to each grid
cell, which is remapped from the measured f_qponare Value at each station
(Table S1) using distance-weighted average. The term fgg; is the relative
contribution of biogenic silica to each grid cell, which averages 1.4 % in
the HMA (Oehler et al., 2015). The average dry bulk density of sediment
is denoted by pseq and is estimated to be 1113 kg/: m°>, based on an
average sediment porosity of 0.58 (Oehler et al., 2015; Miiller et al.,
2024), and an average grain density of 2650 kg/m°. The terms OCpar
and OCr are the content of OCpar and OCy in each grid cell,
respectively. Using a 0.01° x 0.01° grid, all variables were remapped to
each grid cell using distance-weighted average. The accumulation fluxes
of total sediment, terrigenous sediment, OCpr and OCie Were calcu-
lated for each grid point and summed over the grid using Egs. (5) to (8).
Fig. 5C-F depict the spatial distribution of these fluxes.

3. Results

Bulk properties, including mean grain size, carbonate content, OC
content, OC loading, (C/N)gc, and §'3Coc of surface sediments, showed
spatial variability in the HMA and surrounding areas (Fig. 1B-F,
Table S1; Wei and Holtappels, 2025). The mean grain size of all surface
sediments varied from 24 to 279 pm, with low values in the HMA (54 +
14 pm) and to the west of the HMA (66 + 21 pm), but higher values to
the east (122 + 43 pm), the south (140 + 64 pm) and the north (213 +
68 um) of the HMA (Fig. 1B). Accordingly, the SA., was generally
higher in the HMA (6-30 m2/g and mean 12 m?/g) relative to the sur-
rounding areas (4-13 mz/g and mean 8 mz/g; Fig. S1B, Table S1). The
average carbonate content was also higher in the HMA (8-18 wt% and
mean 13 wt%) compared to the surrounding areas (0-12 wt% and mean
5 wt%,; Fig. S1A, Table S1). The OC content varied from 0.23 to 1.73 wt
% in the HMA, with a mean value of 0.59 wt%, and the highest OC
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content occurred in the southeast of the HMA (1.73 wt%, Fig. 1C). The
OC content was also high to the west of the HMA (0.51-0.98 wt% and
mean 0.67 wt%) but significantly lower in the regions surrounding the
HMA, with mean values of 0.19, 0.15, and 0.10 wt% to the south, east
and north of the HMA, respectively (Fig. 1C, Table S1). The OC loading
(i.e., OC/SA ratio) ranged from 0.08 to 0.92 mg C/mz, with values
generally above 0.4 mg C/m? in the HMA and below 0.4 mg C/m? in the
surrounding region (Fig. 1D). The (C/N)q¢ value ranged from 4.4 to 10.2
in the HMA, but could not be accurately calculated for some sandy
sediments due to TN contents below the limit of quantification (Fig. 1E).
The §'3Co values of all surface sediments ranged from —26.4 to —22.2
%o, increasing slightly from the Elbe River estuary (—26.4 %o) to the
HMA (—25.5 to —24.0 %o) and surrounding sandy areas (—26.1 to —24.2
%o), with the highest value at the northernmost sandy station (—22.2 %,
Fig. 1F). There is no correlation between 613C0C and (C/N)oc ratio R?=
0.21, p = 0.347).

The abundance of FAs and alkanes was also spatially variable in the
study area (Fig. 2A-H). The abundances of saturated FAs (C14 to Csp) in
each sample showed a bimodal pattern with two pronounced peaks at
C16 and Cag, respectively (Fig. 2A). The abundance of C;¢ and Cyg FAs (i.
e., C16:+18 FAs) varied from 172 to 1243 pg/g OC (Fig. 2C), in a similar
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range to that of Cyg to C32 FAs with even carbon number (i.e., Ca6_32even
FAs, 173-1150 pg/g OC; Fig. 2E). The abundances of i/ai-Cy5 and i/ai-
Cy7 FAs (i.e., Ci5:17i/ai FAs) varied between 40 and 271 pg/g OC and
show a significant positive correlation with C1618 FA abundances R%=
0.66, p < 0.001) but an insignificant correlation with Cyg 32even FA
abundances (R% = 0.12, p = 0.054, Fig. 2D, F). The abundance of satu-
rated alkanes showed a unimodal pattern with a pronounced peak at Cag
(Fig. 2B). The abundances of Cy; to Cgzs alkanes with odd carbon
numbers (i.e., C27_35044 alkanes) varied from 25 to 233 pg/g OC, which
is considerably lower than Cge s2even FA abundances but showed a
similar spatial pattern to the Cag_32even FA abundances ®R? = 0.73,p <
0.001, Fig. 2E, G). The abundance of Cyg to Cgs alkanes with even carbon
number (i.e., Cag_32¢ven alkanes, 7-49 pg/g OC) also showed a similar
spatial distribution (Fig. 2E, G, H).

4. Discussion

4.1. OC source identification and quantification in the HMA and
surrounding sandy areas

The distinct mineralogical and geochemical characteristics of
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Fig. 2. Mean abundances of (A) saturated FAs (C14-Csz) and branched FAs (i-Cys, ai-C;s, i-Cq7, and i-C17) and (B) saturated alkanes (C;4—Cse) (n = 31); Spatial
abundances of (C) Ci6118 FAS, (D) Ci5:17i/ai FAs, and (E) Cae_32even FAs (n = 31); (F) Correlation of Cis.17i/qi FA abundances with Cy6,15 FAs and Cas 32even FAS
abundances, respectively; Spatial abundances of (G) Cy7_3504q alkanes and (H) Cag_32even alkanes (n = 31). In panels C-E and G-H, the dashed contour represents the
extent of the HMA according to von Haugwitz et al. (1988); stations used for each plot are displayed as black dots.
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sediments in the HMA and surrounding areas indicate different carbon
input sources and biogeochemical processes. The HMA and the region to
the west of the HMA are characterized by relatively fine-grained sedi-
ments (55 + 15 pm on average), high contents of carbonate (13 + 3 wt
%) and OC (0.61 + 0.32 wt%), high OC loadings (0.49 + 0.09 mz/g) and
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(C/N)oc ratios (7.0 + 1.2), and '3C-depleted OC (—24.7 + 0.4 %o)
(Figs. 1B-F, S1A), indicating high carbonate and OC accumulation and
substantial terrestrial input. Sediments with relatively higher OC con-
tents (>1 wt%) in the southeastern HMA, close to the Elbe River outflow
channel (Fig. 1A, D), indicate an important contribution of fine and
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Fig. 3. Spatial distribution of relative fractions of (A) OCpar (fmar; 1 = 31) and (B) OCierr (frerrs n = 31), contents of (C) OCpay (n = 31) and (D) OCierr (n = 31), and
correlations of (E) OCpar and (F) OCqer loadings with mean grain size in the HMA and surrounding areas. In panels A-D, the dashed contour represents the extent of
the HMA adapted from von Haugwitz et al. (1988) and stations used for each plot are displayed as small black dots. In panels E and F, samples from the HMA and the
western area adjacent to the HMA are marked without an outline, and samples from the surrounding areas, excluding the western area, are marked with a

black outline.
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OCter-rich sediments via riverine input, as also suggested by Miiller
et al. (2024). The low variability of OC loadings in the HMA (0.4-1.0 mg
C/m?2, Fig. 1D) is characteristic of relatively stable organo-mineral as-
sociations and is commonly found in SPM and sediments in many river,
estuarine and shelf environments (Blair and Aller, 2012 and references
therein). Note that the lack of significant correlation between 613C0C
and (C/N)oc ratio ®R%= 0.21, p = 0.347) in the study area is likely due to
microbial degradation, mineralization, and sediment reworking (e.g.,
Lamb et al., 2006; Zonneveld et al., 2010), which can alter the original
correlation typically observed between the two parameters. In contrast,
the areas surrounding the HMA are characterized by coarse-grained
sediments (154 + 69 pm), low contents of carbonate (4 + 3 wt%) and
OC (0.16 £+ 0.12 wt%), and low OC loadings (0.26 + 0.11 mz/g),
reflecting low accumulation of carbonate and OC (Fig. 1B-D). The
increasing 5'3Co¢ values from the Elbe River estuary towards the HMA
(—26.4 to —24.3 %o, Fig. 1F) reflect continuous mixing of OCerr from the
Elbe River (27.2 & 0.7 %o; Zander et al., 2020) with autochthonous
OCpqr into the HMA. This mixing persists despite the presence of coarse-
grained sediments with low OC content along the Elbe River outflow
channel as the result of strong hydrodynamics in the area. The highest
5'3Coc value (—22.2 %o; Fig. 1F) in the northernmost sandy station
suggests a relatively higher input of OCpy,; at this station compared to
other stations. The OC loading in both of these sandy areas was generally
in the range of 0.1-0.4 mg C/m?, implying efficient net decomposition
(Blair and Aller, 2012 and references therein).

Accordingly, the mixing model-based results show that the propor-
tion of OCp, in the surface sediments increased from 10 % at the site
closest to the Elbe estuary to 18-34 % in the HMA (average 26 + 5 %)
and surrounding areas (average 26 + 10 %), with another relatively low
value (12 %) at the westernmost site and a remarkably high value (53 %)
at the northernmost site (Fig. 3A). The proportion of OCg shows the
opposite pattern, the HMA and surrounding areas are dominated by
OCterr (HMA: 74 + 5 %, sandy area: 74 + 10 %; Fig. 3B). In addition,
contents of OCe;r and OCpy,, at each site were calculated by multiplying
the OC content by the fractional proportions of OCier and OCp,r to bulk
OC, respectively. The OCy,; content averaged 0.54 + 0.25 wt% in the
HMA but only 0.11 + 0.08 wt% in the surrounding sandy areas
(Fig. 3D). The OCpy,r content averaged 0.19 £ 0.12 wt% in the HMA and
0.04 + 0.03 wt% in the surrounding sandy areas (Fig. 3C). Both the
highest OCterr and OCp,y contents were found in the southeastern HMA
(Fig. 3C, D), indicating greater burial of OCgerr and OCpgy in this region.

4.2. Degradation and preservation of OC in the HMA and surrounding
sandy areas

Two major mechanisms — selective degradation and mineral pro-
tection — have been proposed to explain OC preservation in soils and
marine sediments (Hedges et al., 1997; Hemingway et al., 2019; Lalonde
et al., 2012; Zonneveld et al., 2010). Mineral protection entails that OC
is shielded from respiration when embedded in pore spaces and cracks of
sediments inaccessible to microorganisms and enzymes (Kleber et al.,
2021). In these protected environments, selective degradation depends
on the OC molecule’s specific degradability and the available electron
acceptor (Kleber et al., 2021). In the HMA and surrounding areas, both
OCterr and OCpy, loadings are negatively correlated with mean grain size
(R? = 0.61 and 0.56, respectively, both p < 0.01, Fig. 3E, F). This
relationship is not straightforward to interpret, as the calculation of OC
loading assumes that OC is associated with mineral surfaces, specifically
the available grain surface area of the mud fraction (see Eq. (1)). If
mineral protection were the sole preservation mechanism, OC loadings
would be expected be similar both in fine- and coarse-grained sediments.
Instead, we observed that OCyer; and OCp,,, in coarser sediments appear
less preserved, mostly likely due to greater oxidation driven by deeper
oxygen penetration in coarser sediments (Ahmerkamp et al., 2017; Bao
et al., 2016; Wei et al., 2020). This is consistent with the findings of
Miiller et al. (2024), who found that oxygen exposure time (or
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sedimentation rate) is a key factor determining the burial efficiency of
OC in the fine-grained sediments of the HMA. In addition, we found a
more pronounced decrease in OCp,,r loading with grain size compared to
OCter loading (—0.78 vs. —0.53; Fig. 3E, F), suggesting selective
degradation of OCp,r over OCie with increased MGS (i.e., oxygen
exposure time). Note that, we primarily focus on comparing OCie,y and
OCpar degradation across different grain sizes. While OCgerr loadings in
marine sediments relative to the riverine OC loading would give direct
insights into the extent of OCqe,r degradation, riverine OC loading data is
unavailable. Therefore, we use the OCg,; budget to address this question
(see details in Section 4.3).

In addition to OC preservation and degradation observed at the bulk
level (as discussed above), we studied the preferential degradation and
preservation of OC at the molecular level, based on chemical biomarkers
for specific sources (Bianchi and Canuel, 2011). In the ocean, Cy¢1g FAs
are primarily derived from marine sources, although these chain lengths
are ubiquitous in both eukaryotes and bacteria. In open marine settings,
algal sources of Cjg.13 FAs dominate over Ci,18 FAs derived from
terrestrial vegetation and typically overwhelm bacterial contribution (e.
g., Volkman et al., 1998). Cy5117i/ai and Ci5.17+19 FAs are typically from
bacterial sources, and Cgg_32even FAs (leaf wax lipids) have a terrestrial
biospheric OC origin (e.g., Drenzek et al., 2007; Kusch et al., 2021; Tao
et al., 2016; Wei et al., 2021). The absence of substantial amounts of
bacterial hopanoids, alkanes, and branched alkanes in the hydrocarbon
fraction (Volkman et al., 1998) indicates that Cig.18 FAs are mainly
algae derived. The Cjs5417i/4i FA abundances are positively correlated
with Ci6:18 FA abundances (R? = 0.66, p < 0.001, Fig. 2F), but insig-
nificantly correlated with Cge_32even FA abundances (R? = 0.12, p=
0.054, Fig. 2F). This suggests that bacteria predominantly utilize/
degrade OCp,, rather than OCiyy, as supported by the predominantly
marine signature of 8'3C-DIC in the porewater of HMA sediments
(Miiller et al., 2024). The observed correlations reflect the selective
removal of biochemically reactive OCp,,r and retention of biochemically
less reactive OCer. This does not imply that OCie, will not undergo
further degradation, but the OC.; exported to the study area is already
degraded, as OCte,r degradation mainly occurs in the estuary (Hou et al.,
2020, 2021); in contrast, OCp,, is mainly degraded on site.

Despite the overall higher stability of OCiey compared to OCpar,
biospheric and petrogenic OCg;y may have distinct fates in the HMA and
surrounding areas. In the absence of bulk and compound-specific 14C
data that would allow distinguishing these OCgey pools, we assess the
quality of OCerr using our molecular data: Cag_32even FAs and Ca7_350dd
alkanes originate from relatively fresh and less refractory biospheric
OCier (Eglinton and Eglinton, 2008; Feng et al., 2013; Tao et al., 2016),
whereas Cgyg_32even alkanes are derived from reworked and more re-
fractory petrogenic sources (Tao et al., 2015). In the study area, the
contribution of Cog_39even FAS and Co7_35044 alkanes to total OCqerr Were
relatively higher in the fine-grained HMA ([Cg6_32even FAS/OCterr] =
0.90 + 0.27 mg/g, [Co7_350dd alkanes/OCie] = 0.23 + 0.04 mg/g)
compared to the surrounding coarse-grained sediments ([C2g_32even FAS/
OCterr] = 0.65 + 0.32 mg/g, [Ca7_350dd alkanes/OCerr] = 0.13 + 0.08
mg/g) (Fig. 4A, B). In contrast, the contribution of Cag_32even alkanes to
the total OCer pool (i.e., Cag 32even alkanes/OCier]) shows a clear
increasing trend with mean grain size (Fig. 4C). These differences and
trends reflect relatively higher biospheric OC¢;y and lower petrogenic
OCter contributions to the fine-grained HMA compared to the sur-
rounding coarse sediments. Furthermore, carbon preference index (i.e.,
CPly6_32rAs and CPIa4_34a1kanes) Values can reflect the thermal maturity of
biospheric OCterr, Where lower CPlog 3opas values indicate a higher
degradation extent (Broder et al., 2016). Relatively higher CPlys 32pas
and CPI24_34alkanes Values in the HMA than in the sandy areas also sug-
gest a reduced degradation state of biospheric OCg,; in the HMA relative
to the sandy areas (Fig. 4D, F). Thus, the fine-grained HMA accumulates
more OCte; than the surrounding sandy areas, with this OCg,; being less
refractory due to a higher proportion of less degraded biospheric OC
than in the sandy areas.
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Fig. 4. Variations with mean grain size of (A) ratio of Cog_30even FAS to total OCe,r content (Cag_32even FAS/OCterr), (B) ratio of Ca7_3504q alkanes to total OCe,, content
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samples from the HMA and the western area adjacent to the HMA are marked without an outline and samples from the surrounding areas, excluding the western area,

are marked with a black outline.

The distinct characteristics of OC degradation and preservation in
the mud fraction of the HMA and surrounding sandy areas are probably
also due to different modes of solute transport (diffusion vs. advection)
in the surface sediments of each area (e.g., Oni et al., 2015; Zhou et al.,
2023, 2024). Both experimental and field studies have shown that
advective oxygen transport and rapid exchange between bottom water
and porewater enhance decomposition of OC and removal of decom-
posed products in permeable sands (Ahmerkamp et al., 2020; Boudreau
et al., 2001; Huettel et al., 2003, 2014; Rusch et al., 2006). Moreover,
tidally driven redox-oscillations are typical for sandy sediments
(Ahmerkamp et al., 2017) and give rise to frequent reduction and
oxidation of iron minerals (Zhou et al., 2023), which have a large ca-
pacity to produce reactive oxygen species (van Erk et al., 2023). In
contrast, fine-grained sediments in the HMA not only receive more OC,
but their cohesive properties allow only diffusive transport, reducing
oxygen exposure time and enhancing the preservation of OC, with larger
proportion of less refractory material. Therefore, the HMA sediment
properties differ from the surrounding sandy areas and more closely
resembles the OC degradation and preservation properties of typical
mud areas (Blair and Aller, 2012; Wei et al., 2020).

4.3. OC sequestration in the HMA and its global carbon cycle implications

The accumulation flux and burial efficiency of OC from different (i.
e., marine and terrestrial) sources are crucial for determining OC
sequestration and influencing the carbon cycle over varying timescales
(Hilton and West, 2020). Accumulation fluxes of total sediment and
terrigenous sediment in the HMA were calculated to be 1.06 + 0.13 Tg/
y and 0.92 + 0.11 Tg/yr, respectively, with the offset of 0.14 Tg/yr
representing the accumulation flux of carbonate and biogenic silica
(Fig. 5C, D, Table 1). The accumulation fluxes of OCpar and OCeyy in the

HMA were estimated at (2.54 + 0.68) x 10> and (6.75 + 0.61) x 1073
Tg C/yr, respectively (Fig. 5E, F, Table 1), with average relative un-
certainties of 27 % and 9 % for OCpar and OCter contents resulting from
the isotope end-member model (Table S2). The net OCp,, primary
production in the North Sea averages 180 g C/m%/yr (van Leeuwen
etal., 2013), based on which we calculate net OCp,; primary production
in the HMA to be 90 x 102 Tg C/yr. Accordingly, the OCpqr accumu-
lated in the HMA is comparable to 2.8 + 0.8 % of the OC,,, produced in
the HMA via primary production, nearly twice the global average (<1.3
%; Burdige, 2005). The estimated terrigenous sediment flux in the HMA
(0.92 + 0.11 Tg/yr) accounts for 79 % of the total sediment flux of 1.17
Tg/yr from the Elbe (0.84 Tg/yr) and Weser (0.33 Tg/yr) rivers
(Milliman and Farnsworth, 2011), with the remainder (~0.25 Tg/yr)
being transported to other areas (such as the Norwegian Trough; Diesing
etal., 2021). The terrigenous sediments and OC from other sources (such
as the Maas, Rhine and Scheldt rivers) likely contribute to the HMA via
the coastal currents, but no data are available to quantify the respective
net fluxes to the HMA. Regardless, the HMA seems to be an important
trap for terrigenous sediments from nearby rivers. Using the average OC
content of ~2.0 wt% in exported SPM from the Elbe River (Zander et al.,
2020) and ~ 2.45 wt% from the Weser River (Selje and Simon, 2003),
the export of OCi; from the rivers Elbe and Weser to the North Sea is
estimated to be 24.89 x 103 Tg C/yr. Hence, the estimated OCte, burial
flux in the HMA is approximately 34.3 + 3.1 % of the OC,; export flux
from the Elbe and Weser rivers, which is also twice the global average
OCterr burial efficiency in continental margin sediments (17 + 4 %;
Burdige, 2005). In addition, Miiller et al. (2024) estimated that about 46
% of the total OCy,r and OCerr is degraded upon deposition in surface
sediments (up to 2 cm). Based on this determined mineralization rate of
OC, we can estimate that a total flux of (17.20 + 1.20) x 10~ Tg C/yr of
OCpar and OCierr may reach the seafloor in the HMA (Table 1). Of the
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Fig. 5. (A) The correlation between measured sedimentation rate (SR) and OC content, and the spatial distribution of modeled (B) SR, (C) total sediment flux, (D)
terrigenous sediment flux, (E) OCe,, flux and (F) OCp,, flux in the HMA. In panels B-F, the dashed contour represents the extent of the HMA adapted from von

Haugwitz et al. (1988).

total OCpar and OCiey input to the HMA (109.66 x 1073 Tg C/yr), 84 +
2 % undergo degradation in the water column before reaching the
seafloor, 7 + 1 % continue to be degraded upon deposition, and the
remaining 8 + 1 % are ultimately buried (Table 1).

Our findings suggest that, within the uncertainties imposed by
missing lateral fluxes (as outlined above), the HMA functions as a highly
efficient sink for both OCp, and OCi, with burial efficiencies
approximately double the global average. This emphasizes the impor-
tance of accurately assessing carbon sequestration capacity and effi-
ciency in other similar environments and their broader role in the global
carbon cycle. Additionally, given that around 75 % of the sequestered
OC is of terrestrial origin, any change in river sediment discharge due to

changes in precipitation, land use, or river hydrodynamics (e.g., river
deepening for shipping purposes) are expected to alter the accumulation
fluxes of OC in the HMA. Intense bottom trawling in the northwestern
HMA could further reduce OC sequestration by about 30 % by resus-
pending sediments into the water column, which increases oxygen
exposure and thereby enhances OC remineralization (Miiller et al.,
2024). This suggests that the efficiency of the HMA as an OC sink would
likely be higher in the absence of bottom trawling. These findings
highlight the necessity of accurately interpreting historical sedimentary
records in the HMA and other similar environments. Such accurate
interpretation is essential for assessing the impact of management
measures, such as the protection of accumulating sediments from
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Table 1
A budget of sediments and OC accumulation in the HMA (details in the calcu-
lation of the fluxes are described in Section 4.3).

Carbonate & BSi
(Tg/yr)

0.14°

Sediment accumulation
flux in the HMA

Total (Tg/yr) Terrestrial (Tg/

yr)

1.06 + 0.13° 0.92 +0.11°

Total input Burial in HMA Export to other

Terrestrial sediment flux

(Tg/yr) (Tg/yr) areas (Tg/yr)
from Weser & Elbe

1.17° 0.92 + 0.11% 0.25

Total OC 3 3
OC Flux in the HMA ao3tgey ~ OCmar(1077Tg  OCem (1077 Tg

C/yn) C/yr)

yr)
Input 109.66 90° 19.66°
Degradation in seawater 92.46
Export to sediments 17.20 £+ 1.20
Degradation in sediments ~ 7.91 + 0.78'
Burial in sediments 9.29 + 0.91 2.54 + 0.68° 6.75 + 0.61°
Burial efficiency 8.5 + 0.8 %° 2.8 + 0.8 %° 34.3 £3.1 %"

2 Calculated based on Oehler et al. (2015), Miiller et al. (2024) and on this
study.

b Calculated based on Milliman and Farnsworth (201 1.

¢ Calculated based on van Leeuwen et al. (2013).

d Calculated based on Selje and Simon (2003) and Zander et al. (2020).

¢ Calculated based on this study.

f Calculated based on Miiller et al. (2024).

bottom-impacting activities. Overall, this new information provides a
baseline for a better understanding of OC degradation and sequestration
in the North Sea.

Small-size depocenters surrounded by sandy sediments, such as the
HMA, have received less attention compared to larger and more prom-
inent depocenters, such as extensive mud belts formed by larger rivers
along coastal regions. Comprehensive data on the distribution, propor-
tion, and contribution of these small-size depocenters to global carbon
burial remain limited (see e.g., Hanebuth et al., 2015). However, a closer
examination of sandy continental shelves worldwide reveals several
similar hotspots (Table 2). These examples exhibit a wide range in area,
from 97 to 16,254 km?, SR ranging from 0.1 to 2.15 cm/yr and OC burial
rates between 10 and 169 g m~2 yr~2 (Table 2). These findings highlight
the broader implications of small-depocenters on sandy shelves as po-
tential hotspots for OC burial. Moreover, our study emphasizes the
disproportionately high carbon burial efficiency in the HMA, similar to
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the Southwest Cheju Mud Patch, which exhibits a high burial efficiency
of 37 % for OCierr and 18 % for OCpar (Shi et al., 2024). These results
offer evidence that small depocenters on sandy shelves can act as OC
hotspots and provide a foundation for future research aimed at better
quantifying their global distribution and contributions to OC burial. We
encourage future studies to systematically evaluate the global distribu-
tion and significance of these systems, both in contemporary contexts
and historically. Such studies will shed light on an often-overlooked
aspect of OC cycling in marine sediments and contribute to a broader
understanding of OC dynamics at the interface of sandy and finer-
grained sedimentary environments.

5. Summary and conclusion

Spatial variations in mean grain size, OC content, OC loading, and
5'3Co( of surface sediments in the HMA and surrounding sandy areas
reflect different OC sources and specific degradation and preservation
processes. In the surface sediments of the HMA and surrounding sandy
areas, OC is predominantly derived from terrestrial sources (74 %), with
the remaining ~26 % originating from marine sources. OCterr and OCppar
contents were significantly higher in the sediments of the HMA (0.54 +
0.25 wt% and 0.19 + 0.12 wt%, respectively) compared to the sur-
rounding areas (0.11 + 0.08 wt% and 0.04 + 0.03 wt%, respectively).
Both OCierr and OCpy,r loadings (OC/SA) were negatively correlated with
mean grain size, reflecting decreased degradation in fine-grained de-
posits. Molecular-level analyses further revealed relatively higher
biospheric OCqerr (With a lower degradation state) and lower petrogenic
OCiterr contributions in the fine-grained HMA sediments relative to the
surrounding sandy sediments. These differences may be attributed to
distinctions in porewater transport mechanisms (diffusive versus
advective) and associated oxygen penetration depth, which determine
the oxygen exposure time of the accumulated OC and ultimately affect
its preservation in the sediments. Finally, we estimated the accumula-
tion fluxes of (6.75 + 0.61) x 10~3 and (2.54 + 0.68) x 10~3 Tg C/yr for
OCterr and OCrgy, respectively, in the HMA, equivalent to 34.3 % of the
OCierr export from the Elbe and Weser rivers and 2.8 % of the net OCp,,
production, respectively. Together, these estimates are twice the global
average in the shelf area, indicating that the HMA resemble the OC
degradation and preservation properties of typical mud areas and is an
even more efficient sink for both OCp,r and OCierr.

Table 2
Characterization of representative examples of small-size depocenters globally (M. P. = mud patch).
Region Name Water depth Area SR (cm/ OC burial rate (g References
(m) (km?) y1) m~2yr )
1. North Sea HMA 15-35 500 0.05-0.45 19 This study
Basque M. P. 50-200 700 0.13-0.50 n.a.
11. Bay of Biscay Gironde M. P. 30-75 600 0.29-0.47 28-45 Dubosq et al., 2021; Jouanneau et al., 2008
Muros M. P. 100-120 400 n.a. n.a.
Galiza M. P. 110-120 600 0.1-0.23 n.a.
0L Therian Margin Douro M. P. 65-130 546 0.17-0.4 na. Abrantes et al., 2005; Dias et al., 2002; Lantzsch et al.,
) Tagus M. P. 88-96 340 0.51 169 2009; Lebreiro et al., 2006
Muros Ria 33-38 97 0.42-0.72 n.a.
New England M. P. 50-150 13,470 0.21-0.39 16-30

IV. Atlantic Bight Mid and South Atlantic ~ Not estimated but found in depression and cape-associated Chaytor et al., 2022; Boehm, 1984; Boesch and
Bight “shadows” Rabalais, 1987
V. West America Margin ~ Eel margin 10-50 363 1.3-3.3 n.a. Crockett and Nittrouer, 2004
VI. Bering Sea North Norton Sound 10-30 ~1000 n.a. n.a Drake et al., 1980
Southwest Cheju
. . Island M. P 50-100 16,254 0.2-2.15 33 Huh et al., 1990; Kao et al., 2008; Shi et al., 2024; Tao
VIIL China marginal sea - I
Taiwan Strait M. P. 10-30 ~3000 0.50-0.80  10-40 etal, 2023
VIIL Australian Shoalhaven M. P. 75-110 285 na. na. Abballe and Chivas, 2017

continental shelf
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