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Abstract. The burial of organic matter (OM) within fine-
grained continental shelf sediments represents one of the ma-
jor long-term sinks of carbon. We investigated the key factors
controlling organic carbon burial in sediments of the North
Sea by using the Helgoland Mud Area (HMA) as a natu-
ral test field. The HMA represents the most significant de-
pocentre of fine-grained and organic-rich sediments in the
German Bight (SE North Sea). We examined factors includ-
ing sedimentation and accumulation rate, sediment-mixing
rate, grain size, total organic carbon (TOC) content, and aer-
obic remineralisation rate. Highest sedimentation rates (SRs)
of up to ∼ 4.5 mm yr−1 and average TOC contents of 2 wt %
were found in the southern part of the HMA, which is under
the influence of the Elbe River outflow, reaching organic car-
bon burial efficiencies of>65 %. Sedimentation rates 4 times
lower and the lowest TOC contents (0.7 wt %–1.0 wt %) were
found in the shallow eastern part of the research area, with
the lowest organic carbon burial efficiencies being 30 %.
High sedimentation rates are known to limit oxygen exposure
time, thereby enhancing OM preservation. Our data support
this finding, demonstrating and confirming that sedimenta-
tion rate is the key factor determining organic carbon burial
efficiency (OC BE) and long-term sedimentary carbon stor-

age. In the southern part of the HMA, close to the outflow
of the Elbe River, the OM being degraded is primarily of ter-
rigenous origin, while, in the central and northern parts of
the HMA, a mixture of marine and terrigenous OM is rem-
ineralised. At the sites dominated by the degradation of ma-
rine organic matter, as found in the western and northwestern
HMA, the organic carbon burial efficiency is lower and fluc-
tuates around 55 %. The burial efficiency of OM is highest
in sedimentary habitats characterised by high sedimentation
rates and OM of terrigenous sources. Sediment-mixing rates
were highest in the northwestern HMA, where the highest
bottom-trawling activity is also reported. The comparison of
sites similar in depositional characteristics but different in
bottom-trawling intensity suggests that, in the area of intense
bottom trawling in the northwestern HMA, the sequestration
of OM is reduced by around 30 %. The annual burial flux
of organic carbon in the HMA amounts to an average of
22.5 g C m−2 yr−1. Considering the strong tidal currents in
the shallow HMA, the burial flux is exceptionally high and
even compares with those reported for the deeper Skagerrak
and Norwegian Trough (∼ 10 to 66 g C m−2 yr−1), which are
the main depocentres for fine-grained and organic-rich sedi-
ments in the North Sea. For the entire HMA, the total annual
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organic carbon accumulation amounts to 0.011 Tg C yr−1.
These findings highlight the importance of depocentres for
fine-grained sediments as important carbon sinks: while the
area of the HMA represents only 0.09 % of the North Sea, it
stores 0.76 % of the total annual accumulated organic carbon
in this shelf sea area.

1 Introduction

Marine sediments and sedimentary rocks represent the
largest permanent sink for carbon on our planet (e.g. Berner
and Berner, 2012), with coastal, estuarine, and continental
shelf sediments being the most important depocentres, as
they contain approximately 90 % of the organic carbon in
the marine sedimentary system (Hedges and Keil, 1995). The
burial of organic matter (OM) in continental shelf sediments
drives the storage of carbon over timescales of thousands
of years and is thus a key natural process removing carbon
from the fast-cycling and heavily anthropogenically affected
coastal ocean and atmosphere (Berner, 1982; Burdige, 2007).
While anthropogenic carbon dioxide (CO2) release continues
to rise (IPCC, 2023), human activities in shelf seas, such as
bottom trawling, sediment dredging and dumping, and the
construction and use of offshore infrastructures, reduce the
natural carbon storage capacity of sediments by enhancing
the remineralisation rates of particulate organic carbon back
to CO2 (Paradis et al., 2021; Clare et al., 2023).

Depending on the origin and reactivity of OM, along with
the water depth and settling velocity of particles and ag-
gregates, most OM is remineralised on short timescales in
the water column, and only a small part is deposited on
the seafloor (Suess, 1980; Berner, 1982; Middelburg et al.,
1997). The long-term preservation of OM in marine sedi-
ments is controlled by post-depositional aerobic and anaero-
bic remineralisation processes (Froelich et al., 1979; Berner,
1980). Below the oxic zone, where oxygen is consumed
by aerobic microbial respiration, other electron acceptors,
namely nitrate, manganese oxides, iron oxides, and sulfate,
are used by microorganisms to further degrade OM within
anoxic sediments (Froelich et al., 1979). Despite these dif-
ferent remineralisation pathways, the aerobic degradation of
organic matter was shown to be the fastest and most energy-
yielding process (e.g. Froelich et al., 1979; Jørgensen, 2006).
Thus, post-depositional oxygen exposure is a key factor con-
trolling OM degradation, especially of less reactive refrac-
tory OM, and hence its preservation (e.g. Hartnett et al.,
1998; Burdige, 2007; Zonneveld et al., 2010; Bogus et al.,
2012).

Physical and biological parameters and processes, such as
sedimentation rate (SR), natural sediment mixing/remobili-
sation by wave activity and tides and during storm events, an-
thropogenic activities (e.g. bottom trawling, off-shore wind
farm constructions, sediment dredging and dumping), and
bioturbation of the surface sediment, can alter the duration of

oxygen exposure and thereby influence the magnitude of the
aerobic oxidation of OM (e.g. Aller, 1994; Canfield, 1994;
Hartnett et al., 1998; Zonneveld et al., 2010; De Borger et
al., 2021a; Daewel et al., 2022). Sedimentation rate is one
of the most important factors controlling the preservation of
OM in the sediment, as it directly influences the oxygen ex-
posure time of surface sediments (Canfield, 1994; Jung et al.,
1997; Jørgensen, 2006; de Lange et al., 2008; Zonneveld et
al., 2010). Besides the impact of oxygen exposure time, the
reactivity of the organic material is decisive for reminerali-
sation kinetics. The reactivity of OM is closely related to its
molecular structure and depends on the origin/source and for-
mation pathways of OM (e.g. Hedges et al., 1988, 2000; Bur-
dige, 2005; LaRowe et al., 2020; Freitas et al., 2021; Xu et
al., 2023). While marine OM is generated locally through pri-
mary production in the euphotic zone and is generally more
reactive and preferably degraded both in the water column
and in marine sediments, part of the terrestrial OM is already
degraded during transport towards the oceans, resulting in a
more refractory composition and lower bioavailability (Hen-
richs, 1992; Zander et al., 2020). The long-term preservation
of OM in the sediment can be assessed based on the con-
tent of total organic carbon (TOC) in the sediment and can
also be described quantitatively as the burial efficiency of or-
ganic carbon. This is expressed as the ratio of organic carbon
buried in the sediment to OM reaching the seafloor (Canfield,
1994).

Fine-grained coastal and shelf sediments have been shown
to be rich in OM (e.g. Bockelmann et al., 2018; Diesing et
al., 2021, 2024). In these deposits, O2 typically penetrates
only a few millimetres into the sediments, leading to the es-
tablishment of anoxic conditions at shallow sediment depths
and in this way enhancing the burial of OM (e.g. Zonn-
eveld et al., 2010; De Borger et al., 2021b). Therefore, fine-
grained coastal and shelf sediments act as an important sink
for organic carbon and thus for the regulation of CO2 in the
ocean and atmosphere. Carbon retained on the shelf depends
on the balance between supply mechanisms and removal by
transport or the interplay of deposition, remineralisation, and
burial (e.g. Legge et al., 2020). Annually, between 16 and
40 Tg of carbon from the atmosphere is taken up into the wa-
ter column of the northwest European shelf, which includes
the North Sea. This carbon is stored in the water column
and in vegetated and unvegetated coastal and shelf sediments
(Legge et al., 2020). The two major outputs of organic and
inorganic carbon from the shelf are off-shelf transport, ac-
counting for 60 %–100 % of carbon outputs, and long-term
burial in coastal and shelf sediments, accounting for 0 %–
40 % of carbon outputs (Legge et al., 2020). In order to best
protect these seafloor habitats characterised by high organic
carbon contents (up to 5 wt %; e.g. Bockelmann et al., 2018)
and to preserve their natural CO2 storage capacity, a com-
prehensive understanding of the various environmental and
depositional factors and their influence on long-term organic
carbon burial is paramount.
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So far, detailed investigations to determine the factors con-
trolling the preservation and long-term burial efficiency of
OM in fine-grained North Sea sediments are lacking. As part
of the collaborative project “Anthropogenic impacts on par-
ticulate organic carbon cycling in the North Sea” (APOC),
we chose the Helgoland Mud Area (HMA) as a study site, as
it represents the most important depocentre of fine-grained
and organic-carbon-rich sediments in the German Bight of
the North Sea (e.g. Figge, 1981; Diesing et al., 2021). It is
known from previous studies that the area hosts a broad va-
riety of sedimentary habitats that differ in key depositional
factors, including water depth (e.g. Sievers et al., 2021), sed-
imentation rates (e.g. Irion et al., 1987; Baumann, 1991;
Hebbeln et al., 2003; Boxberg et al., 2020), grain size (Figge,
1981; Laurer et al., 2013; Bockelmann et al., 2018; Sievers
et al., 2021), and origin of organic matter (Oni et al., 2015b;
Zhou et al., 2024; Wei et al., 2025). Based on a new extensive
porewater and solid-phase data set, we use the HMA as a nat-
ural laboratory to (1) determine the main depositional drivers
controlling the burial of organic carbon for fine-grained parts
of North Sea shelf sediments and beyond, (2) assess the ef-
ficiency of different sedimentary habitats as long-term natu-
ral carbon sinks, and (3) estimate the annual organic carbon
accumulation in this significant depocentre in the German
Bight of the North Sea.

2 Study area

The southeastern North Sea is a shallow shelf sea with water
depths ranging from 10 to 40 m, dominated by the presence
of unconsolidated sediment of primarily glacial, pro-glacial,
and fluvial sources (von Haugwitz et al., 1988; de Haas et al.,
2002; Sievers et al., 2021). The area was submerged by the
transgressive North Sea during the mid-Holocene, following
the relative sea-level lowstand of the Last Glacial Maximum;
thus marine depositional processes have only occurred over
the last ∼ 8000 years (Vink et al., 2007). The German Bight
of the southern North Sea is characterised by high tidal and
wave energy regimes with a tidal range of ∼ 1.5 to 3 m and a
mean significant wave height of around 1 m in the German
Bight (Hagen et al., 2021). Seafloor processes are mostly
characterised by local transport and resuspension of mate-
rial in sand-rich sedimentary environments (Figge, 1981; de
Haas et al., 1996; Zeiler et al., 2000; de Haas et al., 2002).
These conditions limit sedimentation to only a few regions,
with the most important depocentres for fine-grained sedi-
ments in the German Bight of the North Sea being the HMA
and the tidal flats of the Wadden Sea and estuaries (Figge,
1981). The HMA covers an area of approximately 500 km2

(after von Haugwitz et al., 1988, and Doll, 2015). It is located
southeast of the island of Helgoland at water depths between
10–30 m below mean sea level (Fig. 1a).

The sediments originate from suspended particulate mat-
ter (SPM) of riverine input (mainly from the Elbe and Weser

rivers with a total of 1 190 000–1 900 000 t yr−1; e.g. Her-
tweck, 1983, and references therein; Wei et al., 2025), pri-
mary production, local sediment redeposition, and coarser-
grained layers deposited during storm events (Gadow, 1969;
Puls et al., 1999). In the southeastern and eastern HMA,
Serna et al. (2010) showed a strong influence of the Elbe
River on the sediments using stable nitrogen isotopes. In the
German Bight, the spring algal bloom starts in late spring,
around April, and produces organic material in the water col-
umn (e.g. Teeling et al., 2012; Amorim et al., 2024), but
the benthic system lags several months behind the appear-
ance of these phytoplankton blooms (e.g. Provoost et al.,
2013). Previous estimates of sedimentation rates in the HMA
range from 0.5 to 40 mm yr−1, using a variety of methods, in-
cluding dating based on storm layers (Reineck et al., 1967;
Gadow, 1969), coal and slag layers (Reineck, 1963), total
sediment thickness (Reineck, 1969), SPM modelling (Mc-
Cave, 1970), anthropogenic heavy-metal content (Förstner
and Reineck, 1974; Irion et al., 1987), 210Pb/137Cs (Dominik
et al., 1978; Baumann, 1991; Hebbeln et al., 2003; Serna
et al., 2010), and radiocarbon dating (Hebbeln et al., 2003;
Boxberg et al., 2020). As many of these methods operate on
different timescales, with varying vertical resolutions, and in
some cases lack precise spatial localisation in the study area,
a consistent evaluation of recent sedimentation rates is im-
possible. While bottom-trawling activity is generally low or
absent in most of the HMA, the area in the northwest of the
HMA is significantly affected by bottom trawling, with aver-
age bottom-trawling activity of 5–15 yr−1 (given as the swept
area ratio in Fig. 1b; Eigaard et al., 2017; Hintzen et al.,
2012; Thünen Institute, 2018). However, centuries of ongo-
ing bottom trawling in the German Bight and the North Sea
(de Groot, 1984) could contribute significantly to the overall
SPM load and residual transport and deposition in the HMA
and in the shelf sea area. Further direct anthropogenic im-
pacts on sedimentation in the study area include the dumping
of sediments at site Tonne E3 at the western rim of the HMA,
where harbour sludge that is regularly dredged from the Elbe
estuary and the Hamburg harbour is dumped (e.g. Hamburg
Port Authority, 2017).

Although this study is not directly involved in biological
research, there is a comprehensive understanding of relevant
infaunal community dynamics developing within the HMA
(Thatje and Gerdes, 1997; Neumann et al., 2013; Shojaei
et al., 2016, 2021; Wrede et al., 2017). The general grain-
size distribution shows finer sediments with a mud content of
more than 90 % in the western, central, and southern parts of
the HMA and coarser sediments towards the shallow-water
eastern part of the HMA (Figge, 1981; Laurer et al., 2013;
Bockelmann et al., 2018; Sievers et al., 2021). However, the
depositional mechanism of the HMA is complex due to the
interaction of wind-driven coastal circulation with two dis-
tinct frontal systems: a salinity front and a tidal mixing front
(Becker et al., 1992; Callies et al., 2017). The detailed mech-
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Figure 1. (a) Locations of the multi-corer (MUC) sampling during RV Heincke expeditions HE575 (2021; yellow diamonds) and HE595
(2022; black crosses), areal extent of the Helgoland Mud Area (HMA; dashed line) after von Haugwitz et al. (1988) and Doll (2015),
bathymetry from Sievers et al. (2021), overall coastal currents after Hertweck (1983; dashed arrows), and the dumping site for harbour
sludge Tonne E3 (orange dot; Hamburg Port Authority, 2017). (b) Mapped bottom-trawling activity as the swept area ratio from the Thünen
Institute (2018) after Hintzen et al. (2012).

anism of sediment transport, trapping, and deposition is a
subject of ongoing research within the project APOC.

3 Materials and methods

Sediment and porewater samples were collected during two
expeditions with RV Heincke (HE575, 28–30 April 2021;
and HE595, 17 March to 3 April 2022). While no severe
winter storms were recorded in the German Bight during the
2020/2021 season before the expedition HE575 (Abromeit
et al., 2021), a total of 17 winter storms occurred during
the 2021/2022 season. This includes two severe storm floods
and a series of storm floods, culminating in a very severe
storm flood on 19 February 2022 – only 4 weeks prior to RV
Heincke expedition HE595 (Abromeit et al., 2022). This of-
fers the possibility of studying the effects of severe winter
weather on the HMA.

We performed a detailed literature search of studies previ-
ously performed in and around the HMA and provide this
compilation as a publicly accessible database (https://doi.
org/10.1594/PANGAEA.968994; Müller and Kasten, 2024;
for details, see the Supplement). Based on this literature re-
search, sample locations were selected and distributed over
the entire HMA in order to represent all depositional environ-
ments (differences in water depths, sedimentation rates, grain
sizes, and origins of OM) of this depocentre. Sampling sites
were named according to their geographical location within
the HMA (see Table 1, Fig. 1). A total of 16 stations were
sampled with a multi-corer (MUC) at water depths between
11 and 31 m to investigate the undisturbed sediment surface

and shallow subsurface (upper 18–36 cm). During expedition
HE575 in 2021, three stations were sampled in the western
and central parts of the study area. As part of expedition
HE595 in 2022, 13 stations were sampled across the entire
HMA (Fig. 1, Table 1).

3.1 Porewater and solid-phase sampling

For each MUC deployment, one core was used for porewater
sampling and one core was used for oxygen micro-profiling
prior to solid-phase sampling. No fluffy layer was found on
top of the surface sediments, indicating that there was no re-
cent transfer of fresh phytoplankton biomass to the seabed at
the study sites. Both porewater and sediment samples were
taken at 1 cm intervals in the top 10 cm and every 2 cm be-
low. The extraction of porewater from the MUC cores was
performed according to Seeberg-Elverfeldt et al. (2005) us-
ing Rhizon samplers with an average pore size of 0.1 µm. The
first millilitre of extracted porewater was discarded to prevent
oxidation of the porewater samples. For the determination of
dissolved inorganic carbon (DIC) and its stable carbon iso-
topic composition (δ13C-DIC), 2 mL of porewater was mixed
with 10 µL saturated HgCl2 solution to prevent biological re-
actions and was stored at 4 °C until onshore analysis. Sedi-
ment samples used to determine porosity; TOC content; and
210Pb, 226Ra, and 137Cs activities were filled in Whirl-Pak®

bags and stored at 4 °C until further processing.
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Table 1. Site name, station number, sampling date, coordinates, water depths, and lengths of all MUC cores investigated in this study. Two
different cores from the same MUC deployment were used for porewater (PW) and solid-phase (SP) analyses, resulting in slightly different
core lengths.

Site Station Date Latitude Longitude Water depth Core length Core length
name number (dd.mm.yyyy) (N) (E) (m) PW (cm) SP (cm)

N HE595_70-1 27.03.2022 54°11.335′ 8°08.370′ 19.0 20 26
NNW HE595_98-3 30.03.2022 54°09.759′ 8°05.423′ 19.1 18 22
NE HE595_67-5 26.03.2022 54°10.923′ 8°15.379′ 13.5 22 22
NW HE595_1-3 17.03.2022 54°08.080′ 8°01.146′ 26.0 32 22
NC HE595_69-2 27.03.2022 54°07.911′ 8°04.885′ 20.3 28 30
EC HE595_97-1 30.03.2022 54°07.799′ 8°10.806′ 16.1 28 26
E HE595_26-1 22.03.2022 54°07.329′ 8°16.005′ 11.3 24 22
Cshallow HE575_18-1 29.04.2021 54°06.802′ 8°07.630′ 17.5 30 28
W(a) HE575_15-1 28.04.2021 54°05.000′ 7°58.058′ 30.7 36 36
W(b) HE595_12-3 20.03.2022 54°04.999′ 7°58.043′ 27.3 32 28
WC HE595_6-1 18.03.2022 54°05.316′ 8°01.596′ 25.6 26 18
Cdeep(a) HE575_14-2 28.04.2021 54°05.692′ 8°04.400′ 22.1 32 32
Cdeep(b) HE595_9-1 19.03.2022 54°05.712′ 8°04.431′ 20.0 24 20
SC HE595_45-1 24.03.2022 54°03.442′ 8°07.166′ 16.5 32 30
SE HE595_41-4 23.03.2022 54°02.526′ 8°11.315′ 12.0 32 26
S HE595_48-3 25.03.2022 54°00.280′ 8°04.665′ 21.8 28 28

3.2 Solid-phase analyses

3.2.1 Grain-size analysis and porosity

Sediment samples were frozen prior to freeze-drying, and
both water content and porosity were calculated by the
mass loss, assuming a sediment grain density (quartz) of
2.65 g cm−3 (e.g. Anderson and Schreiber, 1965). Eight dif-
ferent sites (NW, EC, E, Cshallow, W, Cdeep, SC, and SE) were
selected to determine medium grain size D50 and mud con-
tent (grain-size fraction< 63 µm) in order to obtain two tran-
sects, one from north to south and one from west to east,
intersecting at site Cdeep (Fig. 1a). Analyses were performed
using a laser diffraction particle size analyser (CILAS 1180)
with a range of 0.04 to 2500 µm. Carbonates and organic mat-
ter were removed prior to analysis by a consecutive treatment
with 30 % acetic acid and 12 % hydrogen peroxide. Statisti-
cal evaluations were performed using GRADISTAT (version
9.1) for unconsolidated sediments, developed by Blott and
Pye (2001).

3.2.2 Radiometric analyses, age model, and
sediment-mixing model

Radiometric analyses were carried out at 11 of the 14 sites.
Only 2 sites in close geographical proximity to other sites
(sites NC and WC; Fig. 1a) and site NNW, where no ac-
tive sedimentation takes place (von Haugwitz et al., 1988),
were not analysed. Samples from 8 sites were measured by
gamma spectrometry to determine the activity of 210Pb and
additionally 226Ra and the independent time marker 137Cs.

Samples from 3 additional sites were measured for 210Pb by
alpha spectrometry to further increase data density.

For 210Pbxs analysis using gamma spectrometry, MUC
cores from sites NW, EC, E, Cshallow, W(a), Cdeep(a), SC,
and SE were analysed. The activity measurements of the ra-
dioisotopes 210Pb, 226Ra, and 137Cs were performed on a
planar high-purity germanium gamma detector (Canberra).
Freeze-dried and homogenised sediments were weighed in
Petri dishes, sealed gas-tight to prevent 222Rn loss, and stored
for a minimum of 3 weeks to guarantee equilibrium of the
relevant 226Ra daughters. Total 210Pb (210Pbtot) was detected
at 46 keV, and total 137Cs was detected at 661 keV. The un-
supported airborne “excess” 210Pb (210Pbxs) was calculated
by subtracting “supported” 210Pb (210Pbsupp), which is pro-
duced in the sediment through decay within the uranium and
thorium decay series, from 210Pbtotal. 210Pbsupp was deter-
mined through measurement of other daughters of 226Ra:
214Pb at 295 keV, 214Pb at 352 keV, and 214Bi at 609 keV.
Samples were measured for a maximum of 3 d or 1000 net
counts of 210Pb at 46 keV. Activities were corrected for the
detector efficiency using the reference material IAEA-385
(Pham et al., 2008) with similar geometry, and activities of
210Pbxs and 137Cs were decay-corrected for the time between
sampling and measurement.

The generation of the 210Pb data set was speeded up by
using alpha spectrometry in parallel to the gamma detec-
tor for the three sites N, NE, and S. Here, total acid di-
gestions were performed according to the protocol from
Kretschmer et al. (2010) using the MARSXpress microwave
system (CEM). A total of 0.035 mL of a 5.6 dpm g−1 209Po
spike was added to approximately 100 mg of freeze-dried
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homogenised sediment. The sediments were digested in a
sub-boiling mixture of 65 % distilled HNO3 (3 mL), 32 %
distilled HCl (2 mL), and 40 % Suprapur® hydrofluoric acid
(HF; 0.5 mL) at ∼ 230 °C. The solutions were fumed off to
dryness, and the residue was re-dissolved under pressure in
1 M HNO3 (5 mL) at ∼ 200 °C and filled up to 20 mL with
1.5 M HNO3. The polonium plating followed the protocol
from Grasshoff et al. (1999): 0.05 mL of an FeCl3 solution
(50 mg mL−1 Fe3+) was added to the samples, and 25 % NH3
was added until iron precipitates formed (pH ∼ 8–8.5). The
suspensions were centrifuged, and the supernatants were de-
canted. The residues were then dissolved in 32 % sub-boiling
distilled HCl (0.1 mL), transferred into Teflon beakers with
0.02 M HCl, and filled up to ∼ 40 mL. The beakers were
placed on a magnetic stirring hot plate in a sand bath at 80 °C
for auto-deposition of polonium. Ascorbic acid was added
until the yellow colour (Fe) disappeared. Ethanol-cleaned
silver plates were placed in the solutions for at least 4 h at
80 °C. 210Pb was indirectly determined via its granddaughter
210Po, an alpha emitter, using silicon surface-barrier detec-
tors (EG&G ORTEC). Samples were measured for at least
800 counts for 209Po and 210Po or for 3 weeks. Supported
210Pb was approximated from 226Ra measured using gamma
spectrometry in four duplicate samples for each core to cal-
culate 210Pbxs. The activity of 210Pbxs was decay-corrected
for the time between sampling and measurement. The re-
producibility of the 210Pbxs measurements between gamma
and alpha spectrometry was evaluated based on four samples
from each of the three cores analysed by alpha spectrometry.
All intercomparison measurements are in agreement within
1 standard deviation.

To calculate the sediment age and the sedimentation rates,
the constant rate of supply (CRS) model (Appleby and Old-
field, 1978) was applied according to Sanchez-Cabeza and
Ruiz-Fernández (2012) and the respective uncertainties were
calculated, including the effects of error propagation. The
CRS age model was chosen based on the quantification of
the impact of sediment mixing (altered 210Pbxs profiles) on
sedimentation rate/mass accumulation rate (MAR) calcula-
tions by Arias-Ortiz et al. (2018). They showed that the cal-
culated sedimentation rate using the constant flux–constant
sedimentation (CFCS) model deviated by 20 % to 95 % in a
sediment-mixing scenario, while the CRS model (using the
inventory to calculate the rates) deviated by only 2 % to 5 %.
Sediment-mixing rates were computed by applying the re-
generation model from Gardner et al. (1987) to model steady-
state sedimentation and sediment mixing (bioturbation and
physical mixing).

3.3 Total organic carbon contents

The TOC contents of all samples were analysed using a
LECO CS744. To determine TOC contents, samples were
decalcified with 12.5 % HCl to remove inorganic carbon and
dried on a hot plate before the measurements. Approximately

100 mg of freeze-dried, ground, and homogenised sediment
was weighed in a ceramic cup and combusted in a stream
of oxygen by a high-frequency induction furnace. Carbon is
measured as CO2 in a non-dispersive infrared cell by absorb-
ing a specific wavelength of infrared energy. Based on repli-
cate analyses of two different standards, the precision (rel-
ative standard deviation in percentage) was 1.23 % for the
standard of 0.99 wt % (n= 15) and 1.34 % for the standard
of 5.00 wt % (n= 7).

3.4 Porewater analyses

3.4.1 Concentrations and stable carbon isotopic
composition of dissolved inorganic carbon (DIC)

DIC concentrations were measured using a QuAAtro Con-
tinuous Segmented Flow Analyser (Seal Analytical) for the
concentration range of 0 to 4 mmol L−1. δ13C-DIC values
were determined for every second porewater sample from
expedition HE595 and measured by isotope ratio infrared
spectroscopy (IRIS; Thermo Scientific Delta Ray Isotope Ra-
tio Infrared Spectrometer with URI Connect and a Cetac
ASX-7100 autosampler). A modified protocol for IRIS af-
ter the method of Torres et al. (2005) was applied. Labco
12 mL Exetainer® vials containing 100 µL of phosphoric acid
(45 %) were flushed for 3 min with CO2-free synthetic air us-
ing the Delta Ray system. A syringe was used to inject 600–
1000 µL of porewater into a prepared vial, and the vial was
kept at room temperature for the conversion of DIC to CO2.
After 10 hours of equilibration, the carbon isotope compo-
sition of the released CO2 in the headspace was analysed
against a CO2 reference gas using the Delta Ray system.

In order to estimate the source of the degraded organic ma-
terial, a Miller–Tans plot analysis was performed, displaying
δ13C-DIC× [DIC] vs. DIC concentrations. From this plot,
the stable carbon isotopic composition of the degraded OM
(δ13Cdegraded OM) can be traced by the slope of the linear fit
(Miller and Tans, 2003; Wu et al., 2018). The Miller–Tans
plot analysis was performed on the porewater data of the 13
MUC cores from expedition HE595, for which both concen-
trations and δ13C of DIC are available.

3.4.2 Oxygen profiles and aerobic remineralisation
rates

Three to five oxygen micro-profiles were measured at each
site during expedition HE595 with a resolution of 100 µm
using micro-optodes with a tip diameter of 50 µm (OXR50,
high speed, PyroScience). Oxygen micro-optodes were cal-
ibrated at 100 % air saturation (air-bubbled seawater) and
0 % air saturation (by adding sodium dithionite) at in situ
temperatures and positioned with a motorised micromanip-
ulator (MU1, PyroScience). The sediment core temperature
was recorded by a thermistor (PyroScience) immersed in the
overlying water. Profile data (oxygen concentration at depth)
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were recorded using a four-channel FireSting oxygen meter
(FSO2-4, PyroScience) and processed using the PyroScience
“Profix” software.

The respective oxygen consumption rates were calculated
using the diagenetic model of Berg et al. (1998) following
the R script of van de Velde (2022), where the model was
inversely fitted to the measured porewater oxygen profiles.
Oxygen consumption rates were converted to aerobic rem-
ineralisation rates, with the stoichiometry of Corg : O2 being
1 : 1. This was then applied to all profiles at each individ-
ual site, and the average rates were calculated. This approach
not only assesses and considers aerobic respiration but also
includes the re-oxidation of reduced metabolic products orig-
inating from anaerobic mineralisation pathways, as has been
shown by Glud (2008), for example.

3.5 Organic carbon burial efficiency

The organic carbon burial efficiency (OC BE) is defined as
the rate of organic carbon buried at depth (burial flux) divided
by the rate of organic carbon reaching the sediment–water in-
terface (input flux) (Eq. 1) (Burdige, 2007; van de Velde et
al., 2023). Here, the organic carbon input flux (JOC,in) is the
sum of the burial flux (determined via sediment accumula-
tion rate and TOC content, JOC,bur) and the integrated aero-
bic remineralisation rate (JOC,min):

OC BE (%)=
JOC,bur
JOC,in

× 100=
JOC,bur

JOC,bur+ JOC,min
× 100. (1)

3.6 Statistical analyses

In order to assess the different factors influencing the preser-
vation of organic carbon and the efficiency of organic car-
bon burial in the HMA sediments, TOC contents and OC BE
were analysed using the Pearson correlation coefficient. The
respective p values were calculated. Prior to the tests, the
distribution of the residuals was tested using a Kolmogorov–
Smirnov test to ensure data normality. Average values for
TOC contents, porosities, and grain-size compositions were
calculated above the depth of the sediment layer formed in
1960, derived from the age model. The year 1960 marks the
cut-off date because it is the beginning of the continuously
increasing global trade of goods resulting in enhanced sedi-
ment management and the deepening of harbours and estuar-
ies (Levinson, 2016; Baur et al., 2021). Moreover, all of our
cores cover the past 60 years. Interpolated maps were gener-
ated using the ArcMap (software version 10.8.1) inverse dis-
tance weighted interpolation tool, which uses the measure-
ments around the prediction location to predict a value for
each unsampled location.

4 Results

As part of this study, samples were retrieved at 14 sites in
the HMA. Table 2 shows which parameters were analysed at
each site and are presented in this section. Figure S1 shows
a conceptual diagram of the work performed in the frame-
work of this study, including porewater and solid-phase mea-
surements, their contribution to the calculations at different
hierarchies, and the products.

4.1 Compilation of previous studies performed in the
area of the HMA

In order to compare our results to previously available
data, we screened and compiled data from available stud-
ies on sediments carried out in and around the HMA since
the mid-20th century. We have made this compiled data
set accessible for geographic information systems via the
PANGAEA repository (https://doi.org/10.1594/PANGAEA.
968994; Müller and Kasten, 2024; for details, see the Sup-
plement). This includes authors, titles, sample locations, and
corresponding parameters of 31 studies and 177 respective
sampling locations.

4.2 Grain size and porosity

Across the HMA, we find low D50 values in the deeper
western and southern areas (sites W, Cdeep, SC, SE; 17 to
40 µm) with higher mud contents of 66 to 91 %. In the shal-
lower northern and eastern HMA (sites NW, EC, E, Cshallow),
slightly coarser sediments (D50: 50 to 59 µm) with lower mud
contents of 53 % to 62 % are present (Fig. 2, Table 3).

Sediment porosities range from 0.37 to 0.80 over the re-
search area (Fig. 2, Table 3). The lowest porosity of 0.37 is
found at site NNW. In the northern and eastern HMA (sites
N, NE, NW, NC, EC, E, Cshallow), porosities range between
0.54 and 0.61. Sediments with the highest porosities are lo-
cated in the western and southern HMA (sites W, WC, Cdeep,
SC, SE, S), ranging from 0.61 to 0.80.

4.3 Age model, sedimentation rates, and sediment
accumulation rates

Of the 11 MUC sites analysed for 210Pbxs, the sediments
retrieved at sites Cshallow and EC in the centre and east of
the centre show the lowest 210Pbxs activities at the top of
the core, with 9.4± 2.1 and 8.3± 2.1 Bq kg−1, respectively.
At these stations, 137Cs is only detectable down to a depth
of 3 cm (Fig. 2). The other cores show significantly higher
210Pbxs activities in the uppermost sediments, with the high-
est values of 76.9± 6.2 Bq kg−1 at site SE. The 210Pbxs ac-
tivity decreases with depth at all sites until the background
activity of 210Pbsupp is reached at different depths for each
station. The profiles show a scattered pattern of the decreas-
ing 210Pbxs activity. In cores with higher 210Pbxs activities
compared to the cores with lower activities, 137Cs can be de-
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Table 2. Overview of all parameters determined at the respective site in the HMA.

Site name Porosity Grain size Radiometric analyses TOC DIC δ13C-DIC Oxygen

N X X X X X X
NNW X X X X X
NE X X X X X X
NW X X X X X X X
NC X X X X X
EC X X X X X X X
E X X X X X X X
Cshallow X X X X X
W X X X X X X X
WC X X X X X
Cdeep X X X X X X X
SC X X X X X X X
SE X X X X X X X
S X X X X X X

Table 3. Aerobic remineralisation rates, porosities, grain sizes D50, mud contents, and sediment-mixing rates.

Site Aerobic remineralisation Porosity Grain size Mud content Sediment-mixing
name rate (g C m−2 yr−1) (–) D50 (µm) (%) rate (cm3 cm−2 yr−1)

N 11.0 0.54 – – 0.60
NNW 1.3 0.37 – – –
NE 14.9 0.61 – – 0.04
NW 18.4 0.57 58 55 8.35
NC 7.4 0.56 – – –
EC 10.1 0.56 50 62 0.06
E 15.3 0.60 59 53 0.56
Cshallow – 0.60 50 60 0.04
W 24.5 0.66 26 81 5.02
WC 17.5 0.62 – – –
Cdeep 21.5 0.62 30 75 4.94
SC 25.8 0.80 17 92 3.15
SE 16.2 0.70 40 66 –∗

S 17.5 0.61 – – 0.53

∗ Here, the sediment-mixing model was not able to reproduce the 210Pbxs profile.

tected to greater depths up to a maximum depth that extends
over the entire core at site SE (Fig. 2).

Figure 3 shows the sediment ages and corresponding sed-
imentation rates for the HMA, excluding non-accumulation
site NNW. The sediment age of a sediment layer represents
the time since the respective layer ceased to receive airborne
210Pbxs, beginning at 0 cm depth, where the CRS age model
is defined as 0 years. Due to the overall low 210Pbxs activ-
ities at sites Cshallow and EC, sediment ages could only be
calculated for the uppermost 2 cm. These stations have the
overall highest sediment ages in the upper core, dating 37
and 41 years at 2 cm depth, respectively, and the lowest sed-
imentation rates of about 0.5 mm yr−1. Sedimentation rates
at most of the other sites vary around 2 mm yr−1, with ele-
vated values of up to 7.5 mm yr−1 in the uppermost parts of
the cores at sites NW, E, W, and Cdeep. Subsurface maxima,

e.g. at 19.5 and 25.5 cm at site W (Fig. 2), are most likely
caused by storm events (de Haas et al., 1997; van der Zee
et al., 2003). However, their influence on sedimentation rate
calculations is only ∼ 3 % and can be neglected.

The distribution of sedimentation rates across the HMA
shows low sedimentation rates from 0.5 to 1.3 mm yr−1 in
the eastern part (sites NE, EC, E, Cshallow) and intermediate
sedimentation rates around 2.0 to 3.2 mm yr−1 in the deeper
western and central parts (sites N, NW, W, Cdeep, S), while
the highest rates of 4.3 and 4.5 mm yr−1 were found at the
southern sites SC and SE.

The pattern of respective sediment mass accumulation
rates (MARs) is similar to the pattern of sedimentation rates
across the HMA. They range from 550 to 600 g m−2 yr−1

for the low-sedimentation-rate sites EC and Cshallow and
from 2000 to 3000 g m−2 yr−1 for sites N, NW, W, Cdeep,
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Figure 2. 210Pbxs activity (black),137Cs activity (pink), porosity (blue), and grain size (brown). The 210Pbxs profiles at sites N, NE, and S
were measured using alpha spectrometry (black triangles), in which 137Cs cannot be detected due to the method used, while the others were
measured using gamma spectrometry (black dots). Note the different scales at site SE. 210Pbxs inventories (I) are shown in the respective
plot areas. See Table 1 for site abbreviations.

SC, and S, with only site SE showing a higher MAR of
3815 g m−2 yr−1 (Table 4).

4.4 Sediment-mixing rates

Sediment-mixing rates were modelled for all sites where
210Pbxs measurements were available. Generally, the model
was able to reproduce the shape of the 210Pbxs activity over
depth, except for the data set from site SE, where the residual
sum of squares was ∼ 30 times higher compared to the aver-
age residual sum of squares of the other model results. As no
steady-state sediment-mixing rate can be calculated for site
SE, no mixing rate is given below (Table 3).

We find low sediment-mixing rates in the shallow part
of the HMA (sites N, NE, EC, E, Cshallow) and at site S
in the deeper HMA, where the modelled rates range from

0.04 to 0.56 cm3 cm−2 yr−1, and higher mixing rates in the
deeper western HMA (sites NW, W, Cdeep, SC; 3.15 to
8.35 cm3 cm−2 yr−1). The highest sediment-mixing rate of
8.35 cm3 cm−2 yr−1 was modelled for site NW (Table 3).

4.5 Total organic carbon contents

The TOC contents of the HMA sediments vary both geo-
graphically and with core depth in a range from 0.1 wt %
to 3.0 wt %. As a general pattern, the lowest TOC contents
are found in the uppermost centimetres of the sediments and
then gradually increase downward (over 2 to 3 cm) to a rather
constant value (Fig. 4). For most of the cores, this stable
TOC content is around 1 wt % or slightly less and shows only
small variations with depth. Exceptions are found in sedi-
ments from the northern and central parts of the HMA at

https://doi.org/10.5194/bg-22-2541-2025 Biogeosciences, 22, 2541–2567, 2025



2550 D. Müller et al.: Depositional controls on organic carbon burial

Figure 3. Sediment ages (black dots) and sedimentation rates (SRs; pink lines). See Table 1 for site abbreviations.

sites NW, NE, NC, and Cdeep, where the surface layer shows
slightly higher TOC contents, followed by a downward de-
crease and a constant or slight scattering around a constant
TOC content below. The spatial distribution of the averaged
TOC contents over the last 60 years shows the highest TOC
contents of 1.5 wt % and 2.1 wt % in the southern HMA at
sites SE and SC, respectively. While the other sites are found
with TOC contents around 0.9 wt %, site NNW shows an ex-
ceptionally low TOC content of 0.2 wt %.

4.6 Dissolved inorganic carbon and its isotopic
composition

Porewater DIC concentrations increase with depth at all
sites (Fig. 5). The overall highest DIC concentrations of
∼ 40 mmol L−1 are found at sites SC and SE. In contrast
to the gradual increase in DIC concentrations with depth at
most of the stations, the profiles from the shallow stations in
the eastern HMA (sites E, Cshallow, SC, and SE) show con-

stantly low DIC concentrations in the uppermost 5 to 9 cm
of the sediments, with a steep increase in DIC concentrations
below. δ13C-DIC values generally show a mirrored pattern
compared to the DIC profiles, with decreasing δ13C-DIC val-
ues with depth ranging from−3.4 ‰ to−24.2 ‰. In contrast
to this trend, the profiles at sites SE and NE show no clear
trend in δ13C-DIC and no decreasing δ13C-DIC values with
depth (Fig. 5).

4.6.1 Stable carbon isotopic composition of the
degraded OM

The Miller–Tans plots are shown in Fig. 6. The slope (m)
of the fitted linear regressions of δ13C-DIC× [DIC] vs. DIC
concentrations displays the stable carbon isotopic composi-
tion of the degraded OM (δ13Cdegraded OM) which is added
as DIC to the porewater pool. A wide range of values was
calculated for δ13Cdegraded OM in the HMA, from−2.6 ‰ to
−28 ‰. At sites NNW and E, where the values do not ex-
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Table 4. Total organic carbon (TOC) content, δ13C of degraded OM (δ13Cdegraded OM), sedimentation rate (SR), sediment mass accumula-
tion rate (MAR), total organic carbon accumulation rate (TOCAR), and organic carbon burial efficiency (OC BE). Average values for every
site are used for the interpolations.

Site TOC δ13Cdegraded OM SR MAR TOCAR OC BE
name (wt %) (‰) (mm yr−1) (g m−2 yr−1) (g C m−2 yr−1) (%)

N 0.64 −20.7 2.9± 0.5 2908 18.6 63
NNW 0.16 −9.0∗

NE 0.95 −3.6∗ 0.9± 0.2 920 8.7 37
NW 0.75 −20.3 2.5± 0.1 2761 20.7 53
NC 0.75 −20.8 63
EC 0.70 −17.0 0.5± 0.1 604 4.3 30
E 0.80 −2.7∗ 1.3± 0.2 1455 11.7 43
Cshallow 0.73 0.5± 0.1 552 4.0
W 1.07 −16.6 3.2± 0.2 2775 29.7 55
WC 1.03 −17.7 60
Cdeep 0.99 −27.9 2.4± 0.3 2409 24.0 53
SC 2.12 −9.2∗ 4.3± 0.3 2275 48.3 65
SE 1.50 −4.7∗ 4.5± 0.4 3815 57.3 78
S 0.98 −25.2 2.0± 0.2 1968 19.4 52

∗ DIC and δ13C-DIC profiles and the results from the Miller–Tans plots indicate porewater mixing with bottom water.

Figure 4. Total organic carbon (TOC) contents of sediments derived during expedition HE595 (black dots). Please note the two additional
profiles from sampling in 2021 (expedition HE575; white triangles) highlighting the precision of the analysis and the consistency of the
sampled sites. See Table 1 for site abbreviations.
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Figure 5. Porewater dissolved inorganic carbon concentrations from expedition HE595 in 2022 (black dots) and the stable carbon isotopic
composition δ13C-DIC (green dots) for each site. Note the two additional DIC profiles at sites W and Cdeep from sampling in 2021 (expedition
HE575; white triangles), highlighting the precision of the analysis and the consistency of the sampled sites. See Table 1 for site abbreviations.

hibit a linear trend, and in the shallow eastern HMA (sites
NNW, NE, E, SC, and SE), δ13Cdegraded OM values are close
to 0 ‰.

The sites with the lowest δ13Cdegraded OM values are lo-
cated in the south and centre of the HMA (sites S and Cdeep),
with values of−25.2 ‰ and−27.9 ‰. In the northern HMA,
the values are slightly higher, around −20.5 ‰ at sites NC,
NW, and N. For sites W and WC in the western HMA and
for site EC, higher δ13Cdegraded OM values of around−17 ‰
were calculated (Fig. 6).

4.7 Aerobic remineralisation of organic matter

The oxygen penetration depth in the western and southern
HMA (sites NW, W, WC, Cdeep, SC, SE, S) is between 5
and 6 mm, while, in the central and eastern HMA (sites N,
NE, NC, EC, E), oxygen penetrates slightly deeper, reaching
down to 7 and 8 mm. The deepest oxygen penetration depth
is∼ 20 mm, measured at site NNW (Figs. 7, S2, S3). Bottom-
water oxygen concentrations were close to saturation (CTD
data, not shown) and averaged 94.8 % relative to saturation at
the sediment–water interface, with two lower outliers at sites
S and E (65 % and 79 %, respectively).

Oxygen consumption rates range from 0.3 to 5.9 mmol
O2 m−2 d−1 (or from 1.3 to 25.8 g C m−2 yr−1 when con-
verted to aerobic remineralisation rates). Generally, aero-
bic remineralisation rates in the deeper western and south-
ern parts of the HMA are higher (sites NW, W, WC, Cdeep,
SC, S; average of∼ 20.9 g C m−2 yr−1) compared to the shal-
lower eastern and northern HMA (sites N, NE, NC, EC, E,
SE; average of∼ 12.5 g C m−2 yr−1). By far the lowest rates,
1.3 g C m−2 yr−1, are found at site NNW (Table 3).

5 Discussion

In the following, we firstly define the characteristics of the
depositional conditions in the HMA. Based on these charac-
teristics, we discuss the factors that control the distribution,
long-term burial, and preservation of OM and the efficiency
of organic carbon burial in the different sedimentary habitats
of the study area. At the end, we present the organic carbon
accumulation rate and the total annual organic carbon accu-
mulation in the HMA.
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Figure 6. Miller–Tans plots of the porewater DIC concentrations and δ13C-DIC compositions, with m being the slope of the linear fit and
R2 being the coefficient of determination. Note that, at site NW, the porewater mixed layer is excluded from the fit. See Table 1 for site
abbreviations.

Figure 7. Porewater dissolved oxygen concentrations from expedition HE595 in 2022. Symbols in different colours represent different
measurements (n) on the same core. See Table 1 for site abbreviations.
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5.1 Depositional conditions

We find large sedimentation rate changes over time at some
of our study sites (e.g. sites NE, W(a), Cdeep(a); Fig. 3), indi-
cating non-steady-state depositional conditions (e.g. Kasten
et al., 2003). Therefore, it needs to be re-evaluated whether
the assumed boundary conditions inherent to the model apply
in the study area. Common models for dating modern marine
sediments with 210Pbxs are always based on certain assump-
tions (e.g. constant supply of sediment and/or 210Pb, steady-
state conditions, absence of mixing) that are rarely met in full
and may be completely inappropriate. In shallow marine en-
vironments, bioturbation or physical mixing of the sediments
is often present, and the model results can overinterpret these
processes as changes in sedimentation rates by up to 95 %
(Arias-Ortiz et al., 2018). The CRS age model chosen here
is particularly robust for averaged sedimentation rates, as it
uses the 210Pbxs inventory and is therefore robust in an en-
vironment where the sediments are mixed (Arias-Ortiz et al.,
2018). However, sediment mixing alters the 210Pbxs profiles
by transporting sediments with higher 210Pbxs activity further
downcore and vice versa. In an environment like the HMA,
where physical mixing and bioturbation are present (Hintzen
et al., 2012; Oehler et al., 2015; Wrede et al., 2017; Thünen
Institute, 2018), this could lead to an overinterpretation of
sedimentation rate changes over time, resulting in overesti-
mated sedimentation rates at the top of the core and under-
estimated rates in deeper core sections (Fig. 3). Therefore,
we carefully address the topic of mixing before applying a
dating model.

When mixing in sediments is suspected, it is possible to
first visually identify mixing from the shape of the profile,
as described in detail by Arias-Ortiz et al. (2018). A 210Pbxs
profile affected by mixing can show a reverse pattern at the
surface, a homogeneously mixed layer overlying the expo-
nential 210Pbxs profile, or a shift in the slope of the 210Pbxs
profile (Arias-Ortiz et al., 2018; e.g. site NW and W(a),
Fig. 3). However, bioturbation and physical mixing can cre-
ate the same shapes of 210Pbxs profiles, so it is impossible
to identify the exact reason for mixing from the shapes of
the 210Pbxs profiles. By applying the regeneration model pre-
sented by Gardner et al. (1987), we successfully reproduce
the influence of mixing under steady-state conditions on the
shapes of the 210Pbxs profiles (Supplement Fig. S4). There-
fore, we argue that no distinction of changes in sedimentation
rates can be made and that reliable average sedimentation
rates can be derived from averaged values of the CRS model
(Table 4).

The age determination from the CRS age model at our
study sites is generally in good agreement with the inde-
pendent time marker 137Cs. There is, at maximum, only a
1 or 2 cm difference between the calculated age of 1950 and
the start of the detection of 137Cs in the cores (Figs. 2, 6).
The year 1950 marks the onset time of excessive nuclear
weapons testing. This date was chosen as a time marker be-

cause the highest activity in atomic bomb tests in 1963 is not
clearly observable as a peak in the 137Cs data. This could be
due to (1) bioturbation or physical mixing blurring the sharp
peak in the sediment by transporting 137Cs into deeper lay-
ers, or (2) riverine sediment input and reservoir effect (e.g.
Miguel et al., 2003; Smith et al., 2004; Olley et al., 2013).
Our calculated sedimentation rates range between 0.5± 0.1
and 4.5± 0.4 mm yr−1 (Table 4; Fig. 8a) and are also in good
agreement with a 210Pbxs dated sediment core, presented by
Hebbeln et al. (2003), of 2.6 mm yr−1 located in the north-
western HMA in between our sites NW and Cdeep (Fig. 8a),
with sedimentation rates of 2.5± 0.1 and 2.4± 0.3 mm yr−1,
respectively. However, our sedimentation rates are higher
compared to those determined by 14C dating by Boxberg et
al. (2020) in the central and southern HMA. This is probably
due to our use of a radionuclide with a higher time resolution.
This highlights the relevance of our 210Pbxs data set, with its
high vertical and spatial resolution, to describe recent sedi-
mentary conditions and its ability to resolve the conflicting
approaches and outcomes in understanding the depositional
conditions in this area.

In our interpolation of the recent sedimentation rates
across the research area (Fig. 8a), we find the highest sed-
imentation rates of up to 4.5± 0.4 mm yr−1 in the southeast-
ern HMA, intermediate rates ranging between 2.0± 0.2 and
3.2± 0.2 mm yr−1 at stations of deeper water depth, and the
lowest rates around 0.8 mm yr−1 in the eastern HMA. The
area of highest sedimentation rates is located in the southeast,
which is under the strong influence of the Elbe estuary out-
flow from which SPM is transported into the HMA (e.g. Puls
et al., 1997), resulting in high sedimentation of fine-grained
riverine and estuarine material (Fig. 8a, b). We further find
that the eastern part of the HMA, although also being sup-
plied with riverine and coastal water and high SPM concen-
trations, has lower sedimentation rates due to the higher tidal
energy, as it is characterised by shallow water depths and
slightly coarser sediments (Maerz et al., 2016; Figs. 1; 8b).
We suggest that the eastern part of the HMA represents a
more energetic depositional environment that either prevents
smaller, muddy particles from settling permanently or leads
to resuspension and post-depositional export from the area.
In the deeper HMA (western, central, and northern sites), the
tidal energy is accordingly lower, allowing fine material to
settle more effectively. This is further supported by our grain-
size measurements (Fig. 8b), which coincide with the over-
all grain-size distribution of the German Bight (Figge, 1981;
Laurer et al., 2013; Bockelmann et al., 2018; Sievers et al.,
2021), showing high mud contents in the southern and west-
ern HMA (sites W, Cdeep, SC, SE). This results in higher sed-
imentation rates compared to the eastern HMA, and, because
of the greater distance from the Elbe estuary, sedimentation
rates in the western HMA are lower than those found towards
the valley of the Elbe.

The complex hydrodynamic situation and resulting depo-
sitional mechanism in the HMA are still subject to discus-

Biogeosciences, 22, 2541–2567, 2025 https://doi.org/10.5194/bg-22-2541-2025



D. Müller et al.: Depositional controls on organic carbon burial 2555

Figure 8. Synthesis of depth-integrated and interpolated maps for selected parameters (interpolations: ArcMap, inverse distance weighted)
of the values from Tables 2 and 3, showing (a) sedimentation rates, (b) grain sizes, (c) sediment-mixing rates, (d) origin of the degraded
organic matter (δ13Cdegraded OM), (e) total organic carbon (TOC) contents, and (f) aerobic remineralisation rates.

https://doi.org/10.5194/bg-22-2541-2025 Biogeosciences, 22, 2541–2567, 2025



2556 D. Müller et al.: Depositional controls on organic carbon burial

sion. Furthermore, this is a topic of ongoing research and
will be addressed by a further study of the hydrodynamics
and SPM transport. However, the deposition of fine-grained
material could be a result of freshwater outflow from the Elbe
and Weser estuaries towards the HMA and continuing north-
wards, creating a less dense surface water layer as reported
by Hagen et al. (2021). As dense seawater enters the HMA
from the deeper west following the general circulation pat-
tern in the German Bight, SPM could potentially be trans-
ported along the slope of the HMA, somehow creating a trap
for SPM beneath the less dense surface water. The result-
ing high particle load and lower current velocity would allow
particles to settle effectively in this area. This would repre-
sent a similar mechanism as described by Meade (1972) or
modelled for an idealised estuary by Burchard et al. (2021),
describing the freshwater outflow from an estuary and a cur-
rent pattern and the SPM transport after entering the coastal
ocean.

5.1.1 Sediment and porewater mixing

Mixing of surface sediments in the HMA can be induced
by various processes, including bioturbation or physical pro-
cesses like current- and storm-induced resuspension and de-
position, along with bottom trawling and sediment dredg-
ing and dumping (e.g. Baumann, 1991; Hintzen et al., 2012;
Hamburg Port Authority, 2017; Eigaard et al., 2017; Wrede
et al., 2017; Thünen Institute, 2018). The mixing causes ver-
tical transport of sediment in two directions: while sediment
from deeper layers is generally transported to the surface dur-
ing bioturbation and abandoned burrows are refilled with sur-
face sediment (Gardner et al., 1987), physical mixing by bot-
tom trawling resuspends a layer of sediment which is mixed,
eventually redeposited, or subsequently refilled with SPM
or sediment (e.g. Depestele et al., 2016; De Borger et al.,
2021a). This sediment refilling of trawl marks takes only a
few days in the German Bight as a result of the high current
energy (Bruns et al., 2020).

Based on our results, we can distinguish three different
environments of mixing in the HMA (Fig. 8c): (1) in the
shallowest, coarser-grained areas in the HMA (sites N, NE,
EC, E, Cshallow), where the lowest mixing rates are mod-
elled; (2) in the deeper, fine-grained southern area (sites
SC, S), with moderate mixing rates; and (3) in the deeper,
fine-grained northern and western area (sites NW, W, Cdeep),
with the highest mixing rates, particularly at site NW. Com-
paring these three environments with the mapped bottom-
trawling activity in the area from Thünen Institute (2018)
after Hintzen et al. (2012) (Fig. 1b), we can propose the
dominant driver behind the observed mixing of sediment.
In environment (1), low bottom-trawling activity is mapped,
and, with low modelled sediment mixing, this area repre-
sents an environment of low trawling activity and low sedi-
ment mixing by burrowing benthic organisms. In contrast, in
the deeper southern HMA, environment (2), where bottom-

trawling activity is less frequent or absent, higher mixing
rates are found (Figs. 1b, 8c), presenting an area of poten-
tially higher activity of burrowing organisms. In environment
(3), we find the highest sediment-mixing rates at the site of
highest mapped trawling activity at site NW (Fig. 1b) and
comparably lower mixing in areas of lower mapped trawling
activity (sites W, Cdeep).

Besides the mixing of sediment, porewater can be mixed in
the sediment. Event-driven mixing of porewater with bottom
water (e.g. storm events, bottom trawling) could be an ad-
ditional and important process affecting O2 and nutrient ex-
change and fluxes in the surface sediments and thereby influ-
ence the biogeochemical cycle (e.g. Aller, 1994; De Borger
et al., 2021a). We visually identified porewater mixing by
evaluating the profile shapes of DIC and δ13C-DIC. At sites
E, SC, and SE in the shallow eastern HMA, we identify mix-
ing based on DIC concentrations being low and constant in
the uppermost∼ 10 cm of the sediments and the isotopic sig-
nature being close to or similar to bottom-water values of
around 0 ‰ to −2 ‰ (Kroopnick, 1985; Fig. 3). In addition
to the visual comparison, the result of porewater and bottom-
water mixing is also evident in the results of the Miller–Tans
plots. At sites E and NE, there is a poor fit of the linear re-
gression, and, at sites SC and SE, δ13Cdegraded OM values
are close to the bottom-water signature of 0 ‰ (Fig. 6). Both
indicate porewater mixing with bottom water. At the sites
where porewater is mixed with bottom water, no evidence of
a similarly mixed sediment layer is found based on 210Pbxs
profiles (see Fig. 2). As a consequence, we propose that, at
sites NE, E, SC, and SE, the mixing of porewater has oc-
curred without significantly affecting the sediment particles.
Since a series of storm events were reported for the German
Bight only a few weeks before sampling in 2022 (Abromeit
et al., 2022) and since only the shallowest eastern stations
are affected by porewater mixing, this could be a seasonal
effect of porewater mixing during the winter storm season.
The data set presented in this study only allows speculation
about the mechanism of the porewater mixing. However, pro-
cesses causing porewater mixing without disturbing the sedi-
ment include wave pumping and the migration of gas bubbles
(e.g. Santos et al., 2012). Porewater could be mixed with bot-
tom water by wave pumping during times of larger pressure
gradients associated with storm events. However, following
the empirical relationship between grain size (D50) and per-
meability presented by Neumann et al. (2017), the sediments
of the HMA were classified as impermeable sediments (per-
meabilities below 10−14 m2). Porewater mixing as a result of
gas bubble migration seems unlikely, since this would cause
a smoother gradient in the porewater profiles and also be ev-
ident in deeper parts of the sediment (e.g. Haeckel et al.,
2007).
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Figure 9. Cross-plots with Pearson correlation coefficients (cor)
and corresponding p values (p) showing the correlation between
(a) the total organic carbon (TOC) content and the sedimentation
rate (blue), the TOC content and the sediment mass accumulation
rate (orange), and (b) the TOC content and the sediment-mixing
rate.

5.2 Distribution and preservation of organic carbon

In the HMA, areas of high sedimentation rates coincide
with high preserved TOC contents (Fig. 8a, e). While the
correlation between TOC and sedimentation rate is signifi-
cant (Pearson correlation (cor)= 0.73, p value (p)< 0.05),
the correlation between TOC and MAR is not significant
(cor= 0.37, p = 0.26; Fig. 9a). These two parameters, al-
though closely interlinked, differ because, unlike the calcu-
lation of MAR, porosity is taken into account in the calcu-
lation of sedimentation rate (e.g. Sanchez-Cabeza and Ruiz-
Fernández, 2012). As the porosities differ between sites (Ta-
ble 3), sites with similar MAR and different porosities result
in different sedimentation rates. Since the time in which OM
is exposed to O2 is decisive for its preservation (e.g. Jung et
al., 1997; Hartnett et al., 1998), sedimentation rates describe
the parameter which represents the time in which OM is ex-
posed to O2 and thus correlate significantly with preserved
OM.

Besides oxygen exposure time, the remineralisation of OM
(and hence its preservation) is also dependent on the origin
and reactivity of the OM (e.g. Hedges et al., 1988, 2000; Bur-
dige, 2005; LaRowe et al., 2020; Freitas et al., 2021; Xu et
al., 2023). It is therefore of interest to determine the reactivity
of the OM available for degradation in the HMA and its role
for preservation. Terrestrial- and marine-origin OM differ in
their reactivity, with marine OM being more labile and pref-
erentially degraded in the sediment (e.g. Hedges et al., 1988).
Those two endmembers also differ in the stable carbon iso-
topic composition (δ13C) of TOC, with δ13C-TOC values for
marine OM of −18 ‰ to −21 ‰ and terrestrial OM values
of −25 ‰ to −33 ‰, respectively (Lamb et al., 2006, and
references therein). Applying this classification to our results
of the Miller–Tans plots, we can use the Miller–Tans plots
as a proxy to determine the reactivity and source of organic
matter currently being degraded in the sediments (Wu et al.,

2018). For the sediments at all study sites, except the mixed
porewater sites in the eastern part of the HMA, we find a
clear linear trend in the Miller–Tans plots (Fig. 6). Since the
anaerobic oxidation of methane (AOM) (e.g. Niewöhner et
al., 1998) typically results in a “bend profile” (steeper slope)
at higher DIC contents, we can exclude a contribution of DIC
originating from AOM in the signal (Wu et al., 2018). More-
over, the sulfate/methane transition zone, i.e. the depth where
the anaerobic oxidation of methane by sulfate occurs, was
shown to be situated in deeper subsurface sediments of the
HMA (Oni et al., 2015a). Our results are between−17 ‰ and
−28 ‰ and are well within the range of Lamb et al. (2006),
thus showing significant differences in the origin of the de-
graded OM, with marine OM being predominantly degraded
in the western HMA and terrestrial OM being predominantly
degraded in the southern to central HMA (Fig. 8d). Based
on previous findings, marine OM is generally more reactive
than terrestrial OM (e.g. Hedges et al., 1988). This is con-
sistent with observations from Oni et al. (2015b), who also
described the degradation of easily degradable marine OM at
the uppermost∼ 50 cm of the sediments in the western HMA
using the stable carbon isotopic composition of TOC (δ13C-
TOC). Similarly, for a site close to our site WC, Hebbeln et
al. (2003) report a trend in the δ13C-TOC signatures from
higher (−22 ‰) to lower (−25 ‰) values with depth. This
indicates the degradation of marine OM within the upper-
most ∼ 40 cm of the sediments, which is consistent with our
results showing the degradation of marine OM at site WC.
As a consequence, we suggest that sediments in the west-
ern HMA receive significant amounts of marine OM which
is preferentially degraded, while a higher proportion of ter-
restrial OM is buried for the longer term. Accordingly, in the
southern and central HMA, where terrestrial OM is predomi-
nantly degraded, the proportion of marine OM must be lower
at time of deposition. Furthermore, we find δ13Cdegraded OM
values indicating mixing of a lower marine and higher terres-
trial OM fraction at intermediate water depths from the ter-
restrially influenced south to the north of the HMA, strength-
ening the idea of an SPM trap along the slope of the HMA,
as described above. The terrestrial OM most likely supplied
by the outflow of the Elbe River is subsequently mixed with
material of marine origin from south to north (see Fig. 8d).

No significant correlation was found between the origin
of degraded OM and TOC content (cor=−0.16, p = 0.70).
However, this is likely a result of the porewater mixing,
which limits the number of sites that can be compared (grey
area in Fig. 8d). For the overall preservation of OM in the
HMA, we conclude that, while in the western HMA a mix-
ture of marine and terrestrial OM is deposited, the marine
fraction is degraded in the sediment and a majority of the
preserved OM is of terrestrial origin. In the southern HMA,
where we find the overall highest TOC contents, the major-
ity of the OM deposited is already of terrestrial origin. This
highlights the overall strong terrestrial influence on the sed-
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iments in the HMA and its potential and importance for the
long-term preservation of OM.

5.2.1 The effect of sediment mixing and bottom
trawling on OM preservation

The extent of bioturbation and/or physical mixing does not
show an obvious effect on the long-term preservation of
OM in sediments in the HMA. Hence, no significant corre-
lation between sediment-mixing rates and TOC contents is
observed (cor= 0.18, p = 0.62; Fig. 9b). Although we only
have a few study sites in the northwestern HMA, which is
most affected by high bottom-trawling activity (Fig. 1b), we
will briefly evaluate the effect of intense bottom trawling on
a separate basis. The three sites W, Cdeep, and NW, located
in close geographical proximity to each other and at similar
water depths in the northwestern HMA, are characterised by
similar sedimentation rates (2.5 to 3.2 mm yr−1). However,
they are affected by bottom trawling to significantly differ-
ent degrees (Fig. 1b), as reflected in our modelled sediment-
mixing rates, with the highest value of 8.35 cm3 cm−2 yr−1

at site NW and lower values (5.02 and 4.94 cm3 cm−2 yr−1)
at sites W and Cdeep (Table 3, Fig. 8c). The sites in the
northwest with the highest mixing rates also coincide with
the highest bottom-trawling activity reported in the HMA
(as swept area ratio in Fig. 1b). Similarly to our modelled
sediment-mixing rates, the bottom-trawling activity is lowest
at sites W and Cdeep, the southernmost of these three sites,
and highest at site NW (Fig. 1b). By comparing the TOC
contents of the three sites W, Cdeep, and NW, we find ∼ 27 %
lower TOC contents at site NW (TOC contents of sites W,
Cdeep, NW: 1.07 wt %, 0.99 wt %, 0.75 wt %; Table 4), indi-
cating that high bottom-trawling activity could have substan-
tially reduced the long-term preservation of OM. This result
is well within the range for the reduction in OM by 20 % to
60 % reported for a long-term bottom-trawled area by Par-
adis et al. (2019). Also, a model approach by De Borger
et al. (2021a) showed significant OM reduction due to fre-
quent bottom trawling, by resuspension, and to the transport
of oxygen and nutrients from the water column deeper into
the sediment. While these processes might have no impact
or only little impact on the long-term preservation of OM
in a moderate sediment-mixing environment (e.g. bioturba-
tion) in the HMA, we find that the intensive sediment mix-
ing at site NW seems to lower the long-term OM preserva-
tion in sediments by about 30 %. This also agrees with re-
cent findings by Zhang et al. (2024), who showed that in-
tense and persistent bottom trawling in the North Sea low-
ers sedimentary organic carbon, especially in the fine sedi-
ment fraction. In addition, Kuderer and Middelburg (2024)
recently showed that strong sediment mixing increases the
spectrum of OM reactivities in each layer of the sediment,
which can stimulate overall OM degradation. The differences
in grain size between the three sites in the HMA may also be
a result of recurrent bottom trawling, reducing the resilience

of the sediment to resuspension and increasing sediment re-
mobilisation, preferentially affecting fine particles (O’Neill
and Summerbell, 2011; Mengual et al., 2016; Bruns et al.,
2023). However, more studies, including different environ-
ments, will be needed to provide reliable estimations on the
impact of bottom trawling on OM preservation in sediments.

5.2.2 Seasonal effects on OM preservation

When assessing the individual TOC profiles of each station,
we do not observe the classical downward decrease in TOC
contents that would go along with progressing OM degra-
dation under steady-state conditions (e.g. Arndt et al., 2013;
Fig. 4). We found that TOC contents in the surface sediments
are either constant or increase with depth (e.g. sites W, EC, E,
SC) – a pattern that was also reported earlier by van der Zee
et al. (2003), who sampled the central HMA in spring sea-
son. Since our samples were also retrieved during the same
season, this pattern seems to be prevalent at this time of the
year, whereas studies investigating samples retrieved in Au-
gust show a downward decrease in TOC profiles (Dauwe and
Middelburg, 1998; van der Zee et al., 2003).

During the algae bloom season that starts in late spring
in the German Bight (Teeling et al., 2012), large amounts of
freshly produced marine OM reach the seafloor, where bio-
turbation mixes the uppermost surface layer and produces
depth-decreasing TOC profiles. After the algae bloom sea-
son is over around the beginning of November (Teeling et
al., 2012), OM consumption in this uppermost surface layer
continues, which then causes such reverse profiles as we ob-
served in spring at sites W, EC, E, and SC (van der Zee et
al., 2003; Oehler et al., 2015). Due to the seasonally chang-
ing fluxes of marine OM to the seafloor, the TOC contents
oscillate in the upper centimetre, with lower contents in win-
ter/early spring and higher contents in later spring/summer.
Below this certain depth, a rather constant TOC content is
preserved.

5.3 Organic carbon burial efficiency

A quantitative approach to assess the long-term preserva-
tion of OM in marine sedimentary environments and to as-
sess their long-term carbon storage capacity is to determine
the organic carbon burial efficiency (OC BE). It has been
demonstrated that aerobic remineralisation is the key pro-
cess controlling post-depositional OM remineralisation and
preservation (e.g. Hartnett et al., 1998; Jørgensen, 2006).
We therefore used high-resolution in situ oxygen concen-
tration profiles to calculate rates of post-depositional aero-
bic remineralisation. The distribution of aerobic remineral-
isation rates in the HMA shows high values in the deeper,
western, and southern parts of the HMA, while the shal-
lower eastern and northern stations show slightly lower rates
with a minimum at the site NNW, where an underlying sandy
structure was sampled (Fig. 8f). Our calculated aerobic rem-
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ineralisation rates range from 1.3 to 25.8 g C m−2 yr−1 and
overlap with the range of rates derived from benthic cham-
ber measurements in muddy sediments of the HMA of 8.8
to 35.9 g C m−2 yr−1 in March 2013 and 2014 (Oehler et al.,
2015). The aerobic remineralisation rates presented here are,
however, a conservative value for the study area, as we sam-
pled in spring, before the algae bloom. Site NNW with no
active sedimentation (von Haugwitz et al., 1988) is excluded
from the following discussion on OC BE, since it is not possi-
ble to describe a TOC burial flux here. For sites WC and NC,
we used interpolated sedimentation rates for the calculations
of the OC BE. This was done on the basis that site WC is lo-
cated between our two sites W and Cdeep, which have similar
characteristics, and site NC, which, in addition to the high
density of our measurements, is close to the well-dated site
from Hebbeln et al. (2003).

Overall, the lowest OC BE values of ≤ 40 % were de-
termined for sites NE, EC, and E in the shallow HMA
(Fig. 10a). Intermediate OC BE values of around 50 % are
found at sites NW, W, WC, Cdeep, and S in the deepest west-
ern and southern parts of the HMA, whereas the highest OC
burial efficiencies of ≥ 60 % occur in the southern, central,
and northern parts of the HMA, namely at sites N, NC, SC,
and SE (Fig. 10a). We find that a comparably high OC BE is
not necessarily characterised by a high OC burial flux (e.g.
site N; Fig. 10b) but that OC burial fluxes and OC BE are
interrelated.

The observed pattern of OC burial efficiencies can be ex-
plained by the variation in depositional conditions and OM
characteristics found in the HMA. We find highest OC BE
(Fig. 10a) at the sites with small grain sizes (Fig. 8b) and
highest TOC accumulation rates (sites SC, SE; Fig. 10b).
Lower sedimentation rates, as found in the eastern HMA, in-
crease oxygen exposure time, while the coarser grain sizes
indicate that lower amounts of OM are deposited in associa-
tion with fine particles (e.g. Bockelmann et al., 2018). This
environment of low sedimentation rates and lower OM de-
position results in lower OC BE. Total organic carbon accu-
mulation rates (Fig. 10b) and aerobic remineralisation rates
(Fig. 8f) are the two parameters used to calculate the OC BE
(Eq. 1). By comparing the sedimentation/sediment mass ac-
cumulation rate and the aerobic remineralisation rate with the
OC BE, we can assess which of the factors has a greater
impact on the OC BE. Our data show that the sedimen-
tation/sediment mass accumulation rate (cor= 0.96/0.93,
p<0.05 for both; Fig. 11a) is the dominant factor for effi-
cient OM preservation, whereas the aerobic remineralisation
rate does not have a major impact on the OC BE (cor= 0.21,
p = 0.54; Fig. 11b). Although there is no linear relation-
ship between OC BE and the origin of the degraded OM
(cor=−0.17, p = 0.69; Fig. 11c), due to the exclusion of
porewater mixing sites (Fig. 8d, grey area), we find an influ-
ence of the OM origin on the OC BE in the HMA. At sites
with high OC BE, including the sites with high sedimentation
rates in the south, δ13Cdegraded OM values show terrestrial or

mixed terrestrial and marine origin. This area of high OC
BE also represents the location of a potential trap for sedi-
ment, from south to north on the slope of the HMA. Here,
the combination of higher sedimentation rates and the depo-
sition of less reactive terrestrial OM is the most favourable
combination for the efficient burial of OM in the study area.
Sites characterised by high sedimentation rates and marine
OM being primarily degraded, as found in the western and
deeper HMA, show ∼ 10 % lower OC BE.

Comparing our results of the OC BE with the compilations
by Canfield (1994) and Burdige (2007), we find that the OC
BE in the HMA is well within the range for marine sediments
with oxygen-saturated bottom waters (Fig. 12, black line).
Our sites characterised by low sedimentation rates/MAR are
average for OC BE in marine sediments, while our sites char-
acterised by the highest sedimentation rates/MAR are excep-
tionally efficient at burying OM compared to the compilation
presented by Canfield (1994) and Burdige (2007) (Fig. 12).
On the Monterey Bay shelf off California at 100 m water
depth, with sedimentation rates of 2 mm yr−1, the OC BE
is ∼ 33 %, slightly lower than in the HMA (Berelson et al.,
2003). Similar values are reported by Song et al. (2016) at
50 to 100 m water depth on the Yellow Sea shelf, which is
influenced by the Yellow River. There, the OC BE averages
at 32 % with an average sedimentation rate of 1.6 mm yr−1.
Higher OC BE values of 45 % are found at sites on the East
China Sea shelf, where sedimentation rates are more than 5
times higher, averaging 8.4 mm yr−1. Compared to the HMA,
where the sedimentation rates are equally high, the OC BE in
the South China Sea is still low, which might be attributed to
a smaller fraction of terrestrial, less reactive OM accumu-
lating (<4 %) on the East China Sea shelf. A similar trend
was reported on the Louisiana shelf by Sampere et al. (2011),
sampling a transect from the Mississippi Delta offshore the
shelf at water depths between 50 and 100 m. Proximal to the
delta, with high sedimentation rates up to 59 mm yr−1 and
strong riverine influence, OC BE values are up to 92 %. At
sites further from the shore with similar sedimentation rates
(∼ 5 mm yr−1) to those in the HMA, OC BE is about 80 %
and decreases further offshore on the shelf and distal to the
Mississippi Delta. Furthermore, Jørgensen et al. (1990) and
Ståhl et al. (2004) reported OC BE between 9 % and 73 %
in water depths ranging from 17 to 562 m and showed, sim-
ilarly to the HMA, increasing OC BE with increasing MAR
and sedimentation rates in sediments of the Baltic Sea–North
Sea transition and into the deeper Skagerrak.

5.4 Annual organic carbon accumulation in the
Helgoland Mud Area

Based on the distribution of total organic carbon accumu-
lation rates in our study area (Fig. 10b), we calculated an
areal mean TOC accumulation rate of 22.5 g C m−2 yr−1.
The annual organic carbon accumulation for the entire HMA
was calculated to amount to 0.011 Tg C yr−1. Comparing
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Figure 10. Interpolated maps using ArcMap (inverse distance weighted), showing (a) organic carbon burial efficiencies and (b) total organic
carbon (TOC) accumulation rates.

Figure 11. Cross-plots with Pearson correlation coefficients (cor) and corresponding p values (p) showing the correlation between (a) the
organic carbon burial efficiency and the sedimentation rates (blue), the organic carbon burial efficiency and the sediment mass accumulation
rate (orange), (b) the organic carbon burial efficiency and the aerobic remineralisation rate, and (c) the organic carbon burial efficiency and
the stable carbon isotopic composition of the degraded OM (δ13Cdegraded OM).

our value for the annual organic carbon accumulation for
the entire HMA with the one-point estimate from de Haas
et al. (1997) of 0.022 Tg C yr−1, we find that de Haas et
al. (1997) overestimated the TOC content by ∼ 20 % and
the sedimentation rate by ∼ 30 % and used an ∼ 22 % larger
area for the HMA. By using the spatial distribution of the
relevant parameters, which were calculated individually for
each site, and subsequent interpolation (Fig. 10b), our study
presents a more robust estimate of the annual organic carbon
accumulation for the HMA. However, our estimated TOC
accumulation rates and annual organic carbon accumulation
for the HMA represent a conservative value for the study
area as we sampled in spring, before the algae bloom. A
rough estimate of a summer sampling scenario after the al-
gae bloom with increased TOC contents in the first 2 cm of
the sediments of 2.9 wt % and 2.1 wt %, respectively (Dauwe
and Middelburg, 1998; van der Zee et al., 2003), would re-
sult in a mean TOC accumulation rate of 27.3 g C m−2 yr−1

and an annual organic carbon accumulation for the HMA

of 0.013 Tg C yr−1. Comparing our results with the mod-
elled results from Diesing et al. (2021) based on quantile re-
gression forests, we find that the HMA, which covers only
0.09 % of the area of the North Sea, accounts for 0.76 % of
its total annual organic carbon accumulation. Furthermore,
the average TOC accumulation rate in the HMA falls into
the range of the Skagerrak and the Norwegian Trough (∼ 10
to 66 g C m−2 yr−1), which represent the main depocentres
for fine-grained and organic-rich sediments in the North Sea
(Diesing et al., 2021). Further hotspots for TOC accumu-
lation on the northwest European shelf were described by
Diesing et al. (2024), who found high TOC accumulation av-
eraging 9.3± 6.89 g C m−2 yr−1 in glacial trough sediments.

6 Conclusions

In this study, we present a new solid-phase and porewa-
ter data set of high spatial and vertical resolution to deter-
mine the factors controlling the burial and preservation of
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Figure 12. Organic carbon burial efficiency (OC BE) against sedi-
ment mass accumulation rates and the range for normal marine sed-
iments (black line) after Canfield (1994) and Burdige (2007) and
references therein.

organic matter (OM) in sediments from the Helgoland Mud
Area (HMA). We used this comprehensive data set to in-
vestigate variations in sedimentation rates, sediment-mixing
rates, grain sizes, total organic carbon (TOC) contents, and
aerobic remineralisation rates. We found that, in the HMA,
the dominating factor for TOC preservation and organic car-
bon burial efficiency is the sedimentation rate, resulting in
burial efficiencies of up to 78 % for a corresponding high sed-
imentation rate of 4.5± 0.4 mm yr−1 as found in the southern
part of the HMA. In this area of the southern HMA, which
is influenced by the Elbe River outflow, the OM being de-
graded is primarily of terrigenous origin, while, in the central
and northern part of the HMA, a mixture of marine and ter-
rigenous OM is remineralised. At the sites dominated by the
degradation of marine organic matter, as found in the west-
ern and northwestern HMA, the organic carbon burial effi-
ciency is lower and fluctuates around 55 %. Our modelled
sediment-mixing rates are highest in the northwestern HMA
and coincide with the highest reported bottom-trawling ac-
tivity. The comparison of sites in the northwestern HMA,
which is characterised by similar depositional conditions but
different intensities of bottom trawling, suggests that intense
bottom trawling reduced OM sequestration by about 30 %.
Overall, the average total organic carbon accumulation rate
is 22.5 g C m−2 yr−1, which totals 0.011 Tg C yr−1 for the en-
tire HMA. While the area of the HMA covers only 0.09 % of
the area of the North Sea, it accounts for 0.76 % of its total
annual organic carbon accumulation, highlighting the signif-
icance of depocentres of fine-grained sediments for the burial
of particulate organic carbon.
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