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A B S T R A C T

Coastal and shelf-sea sediments are hotspots for organic carbon (OC) remineralisation and burial. Using high-resolution solid-phase and pore-water data and 
diagenetic modelling, we investigated and quantified early diagenetic processes within sediments of the Helgoland Mud Area, SE German Bight. This included 
assessing the effects of bottom trawling and dumping of harbour sediments on rates and pathways of OC remineralisation. Our results show that aerobic respiration is 
the most important pathway of OC remineralisation, followed by sulphate reduction. Surprisingly, we observed no effect of different depositional and geochemical 
environments on the relative contribution of the different pathways of OC remineralisation in large parts of the study area, despite the wide range of mud contents, 
sedimentation rates, benthic OC fluxes and average reactivities of the OC reaching the sediment-water interface. This observation indicates that either (1) the 
variations within these parameters do not significantly influence the relative contribution of aerobic and anaerobic processes, or (2) the differences in these pa
rameters are too insignificant to affect the contribution of the pathways. Exceptions are intensive bottom trawling, resulting in a lower contribution of aerobic 
respiration, enhanced sulphate reduction and higher overall OC remineralisation, and dumping of harbour sediments showing 7 to 12 times lower OC contents 
compared to harbour sediments and hence low OC remineralisation rates. This indicates a significant impact of benthic and pelagic remineralisation and ultimately 
CO2 formation during dredging and dumping of harbour sediments.

1. Introduction

Marine sediments, in particular in coastal, estuarine and continental 
shelf areas, are the most important long-term carbon sinks on our planet 
(e.g., Hedges and Keil, 1995; Berner, 1982; Burdige, 2007; Lee et al., 
2019). Continental shelf sediments are known to store organic carbon 
(OC) on geological timescales, and thus, sedimentation represents one of 
the key natural processes removing particulate organic carbon from the 
rapidly cycling and heavily anthropogenically influenced carbon pools 
of the ocean and atmosphere (e.g., Burdige, 2007). However, before 
reaching the sediments, large parts of the OC are remineralised on short 
time scales within the water and only a small proportion is deposited on 
the seafloor, depending on its origin and reactivity, along with water 
depth and the settling velocity of particles and aggregates (e.g., Suess, 
1980; Berner, 1982; Middelburg et al., 1997). The balance between the 
flux of OC to the seafloor and OC remineralisation within the sediments 
is decisive for the burial of OC and thus the ultimate release of CO2 back 
into the fast-cycling carbon pools of the water column and the atmo
sphere (e.g., Canfield, 1994; Burdige, 2007). The long-term preservation 

of OC and thus the OC storage capacity of marine sediments is therefore 
controlled by the sedimentation rate and post-depositional aerobic and 
anaerobic remineralisation processes within marine sediments (e.g., 
Froelich et al., 1979; Berner, 1980; Canfield, 1994; Zonneveld et al., 
2010).

The remineralisation of OC in marine sediments proceeds via a suite 
of electron-accepting processes, namely aerobic respiration, denitrifi
cation, manganese reduction, iron reduction, sulphate reduction and 
methanogenesis (Froelich et al., 1979). Among these different remi
neralisation pathways, aerobic degradation of OC is the most 
energy-yielding remineralisation process (e.g., Froelich et al., 1979; 
Jørgensen and Kasten, 2006). Below the oxic zone, where oxygen is 
consumed by aerobic respiration, sulphate reduction has been shown to 
be the dominant anaerobic remineralisation pathway (e.g., Jørgensen, 
1982, 2021; Middelburg et al., 1993; Jørgensen and Kasten, 2006; 
Bowles et al., 2014) and its magnitude is controlled by benthic OC flux 
on a global scale (Jørgensen, 2021 and references therein). However, the 
other pathways can also make a major contribution to overall remi
neralisation in continental margin and shelf sediments (e.g., Canfield 
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et al., 1993a; Thamdrup and Canfield, 1996). Anaerobic processes are of 
particular importance in coastal and shelf sediments, as oxygen is 
rapidly consumed in the uppermost millimetres to centimetres of the 
sediments (e.g., Canfield et al., 1993a). Anthropogenic activities in 
coastal and shelf seas, like bottom trawling, sediment dredging and 
dumping as well as the construction and use of offshore infrastructures, 
have been shown to significantly impact the OC cycle in cohesive sedi
ments, reducing their natural OC storage capacity by increasing the 
remineralisation of OC and influencing the redox pathways of OC 
degradation (e.g., van de Velde et al., 2018; Paradis et al., 2021; De 
Borger et al., 2021b; Clare et al., 2023; Heinatz and Scheffold, 2023; 
Zhang et al., 2024; Porz et al., 2025).

On the North Sea shelf, sedimentation is limited to only a few re
gions, with the most important depocentres for fine-grained and 
organic-rich sediments within the German Bight of the North Sea being 
the Helgoland Mud Area (HMA), together with the Wadden Sea mudflats 
and estuaries (Figge, 1981; Bockelmann et al., 2018; Chen et al., 2025). 
In previous studies, Müller et al. (2025) and Wei et al. (2025) evaluated 
how the different depositional and geochemical conditions control the 
preservation and burial of OC in the sediments of the HMA using high 
spatial resolution pore-water and solid-phase datasets. Sedimentation 
rate and the reactivity/origin of particulate organic matter were shown 
to be the most important factors for efficient preservation of organic 
carbon in the sediments. This combination of depositional characteris
tics in the sediments of the HMA results in high OC burial rates of 57.3 
gC m− 2 yr− 1 and burial efficiencies of up to 78 % for respective sedi
mentation rates of 4.5 mm yr− 1. The sites at which sediments show these 
high OC burial rates and efficiencies are located proximal to the out
flows of the rivers Elbe and Weser. For the entire HMA, the calculated 
OC burial fluxes result in a total annual organic carbon accumulation of 
0.011 Tg C yr− 1. These results highlight the importance of depocentres 
for fine-grained sediments as important natural carbon sinks: compared 
to the North Sea shelf average, the HMA accumulates 8.4 times more OC 
(Müller et al., 2025). In addition to differences in depositional condi
tions, Müller et al. (2025) reported non-steady state pore-water condi
tions at four shallow-water sites in the eastern part of the HMA, most 
likely due to previous storm events.

In this study, we aim to explore how the different depositional and 
geochemical conditions prevailing in the HMA affect the rates and 
pathways of OC remineralisation. We build on the dataset by Müller 
et al. (2025) and include further pore-water concentration data 
describing all relevant reactants and products of biogeochemical pro
cesses. Using this comprehensive data set, we apply a full diagenetic 
model considering both steady-state and non-steady-state conditions at 
individual sites. The objectives are (1) to quantify the rates and meta
bolic pathways of both aerobic and anaerobic OC degradation in the 
surface sediments of the HMA, including the impact that transient states 
caused by storm-induced pore-water mixing have on the determination 
of the rates of different metabolic pathways, (2) to identify the controls 
of the different depositional and geochemical environments in the HMA 
on the rates and metabolic pathways of OC degradation and (3) to 
evaluate the impact of anthropogenic activities in areas of intense bot
tom trawling and of dumping of harbour sediments on total rates and 
metabolic pathways of OC remineralisation.

2. Study area

The southeastern part of the North Sea Shelf shows water depths 
ranging between 10 and 40 m and is dominated by the presence of un
consolidated 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 during the mid-Holocene by the 
transgressive North Sea, following the relative sea-level low-stand of the 
Last Glacial Maximum, and marine depositional processes thus have 
only occurred over the last ~8000 years (e.g., Vink et al., 2007). Lateral 
transport and deposition-resuspension cycles of material are 

characteristic seafloor processes in sand-dominated sedimentary envi
ronments (Figge, 1981; de Haas et al., 1996, 2002; Zeiler et al., 2000). 
Strong hydrodynamic conditions limit sedimentation to only a few re
gions, with the most important depocentres for fine-grained sediments 
in the German Bight of the North Sea shelf being the HMA together with 
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; Doll, 2015) and is located southeast of the island of Helgoland at 
water depths between 10 and 30 m below mean sea level (Fig. 1). The 
sediments originate from suspended particulate matter (SPM) of riverine 
input mainly from the Elbe and Weser rivers, primary production and 
local sediment redeposition (e.g., Puls et al., 1999; Wei et al., 2025). 
Coarse-grained layers are usually related to storm events (e.g., Gadow, 
1969).

While bottom trawling activity is estimated to be generally low or 
absent in most parts of the HMA, the northwest of the HMA is signifi
cantly affected by it, with a swept area ratio ranging between 5 and 15 
yr− 1 (Hintzen et al., 2012; Eigaard et al., 2017; Thünen Institute, 2018) 
and highest modelled sediment mixing rates of 8.4 cm3 cm− 2 yr− 1 

(Müller et al., 2025). However, centuries of continuous bottom trawling 
in the German Bight and the North Sea (de Groot, 1984) could 
contribute significantly to the redistribution of sediments on the North 
Sea shelf. Further direct anthropogenic impacts on the sediments in the 
study area include the dumping of sediments at site Tonne E3, located at 
the western rim of the HMA. Here, harbour sediment, which is regularly 
dredged from the Elbe estuary and the Hamburg harbour, is dumped (e. 
g., Hamburg Port Authority, 2017). From the start of the sediment 
dumping at Tonne E3 in 2005 until June 2016, around 10.1 mio. m3 

were dumped, and from 2016 to 2022, annually between 1 and 1.5 mio. 
tons of dry substance were deposited at Tonne E3 (Hamburg Port Au
thority, 2020, 2024).

3. Material and methods

Sediment and pore-water samples were collected during RV Heincke 
expedition HE595 in March and April 2022 as part of the MARE:N 
“Oceans under Stress” collaborative project “Anthropogenic impacts on 
particulate organic carbon cycling in the North Sea” (APOC) funded by 
the German Ministry of Research and Education (BMBF). In this study, 
we present data from 14 sites at water depths between 11 and 31 m, well 
distributed over the entire Helgoland Mud Area (HMA) in order to cover 
the different depositional environments. Samples were retrieved using a 
multiple corer (MUC), which allowed sampling and investigating un
disturbed sediment surface and subsurface (core lengths: 18–36 cm, 
Table 1). From each MUC deployment, two cores were used: one for 
pore-water sampling, and the second to determine pore-water oxygen 
concentrations by means of micro-oxygen-optodes and for subsequent 
sediment sampling. The geographical locations of the sampling stations 
within the HMA are reflected by site names, which indicate their relative 
position in the HMA (Fig. 1, Table 1).

Pore-water and sediment samples were taken in 1 cm intervals in the 
uppermost 10 cm and every second centimetre below. Pore water was 
extracted using rhizon samplers with an average pore size of 0.1 μm 
(Seeberg-Elverfeldt et al., 2005). Any potential oxidation and dilution of 
the pore-water samples by the MilliQ soaked rhizons were prevented by 
discarding the first extracted millilitre. Pore-water samples for nitrate 
(NO3

− ) and ammonia (NH4
+) measurements were stored at − 20 ◦C, and 

samples for sulphate (SO4
2− ) analysis at 4 ◦C, respectively. For hydrogen 

sulphide measurement, 1.5 ml of pore water was mixed with 0.6 ml 
oxygen-free zinc acetate solution and stored at 4 ◦C. Here and in the 
following, hydrogen sulphide comprises the sum of the dissolved sul
phide species and is referred to as H2S. Pore-water aliquots of 1 ml were 
acidified with 25 μl double-distilled concentrated HCl and stored at 4 ◦C 
for dissolved iron (in the following referred to as Fe2+, for consistency 
and comparability with the modelled element species, oxidation states 
have not been determined) and dissolved manganese (in the following 
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referred to as Mn2+, for consistency and comparability with the 
modelled element species, oxidation states have not been determined) 
analysis. After cutting off the rim that was in contact with the MUC liner, 
sediment samples for the determination of porosity, total organic carbon 
(TOC) content and sedimentation rate (based on 210Pbxs) were trans
ferred into Whirl-Pak® bags and stored at 4 ◦C.

Porosity, sedimentation rate (based on 210Pbxs), TOC, dissolved 
inorganic carbon (DIC) content and its stable carbon isotopic composi
tion (δ13C-DIC) as well as oxygen profiles were determined as part of the 
study by Müller et al. (2025), and detailed methodological descriptions 
can be found therein. Data from the dumping site for harbour sludge 
Tonne E3 located in the southwestern HMA was added to the previously 
published data.

3.1. Pore-water analyses

In addition to the dataset presented by Müller et al. (2025), this study 
includes nitrate (NO3

− ), ammonium (NH4
+), concentrations of dissolved 

iron and manganese, sulphate (SO4
2− ), as well as hydrogen sulfide (H2S). 

All analyses were performed in the laboratories at the Alfred Wegener 
Institute Helmholtz Centre for Polar and Marine Research (AWI) in 
Bremerhaven. NO3

− and NH4
+ concentrations were analysed using a 

QuAAtro Continuous Segmented Flow Analyser (Seal Analytical) for a 
concentration range of 0.2–6.6 μmol l− 1 and 2.5–102 μmol l− 1, respec
tively. Samples exceeding this range were subsequently diluted, and on 
average, the relative deviation was <2 % for duplicate measurements of 
all samples. Fe2+ and Mn2+ were analysed using inductively coupled 
plasma optical emission spectrometry (iCAP™ 7400 ICP-OES Analy
sator, Thermo Scientific), and details on the measurement can be found 
in Zhou et al. (2023). For both, the limits of detection were <1 μmol l− 1. 
Ion chromatography (930 Compact IC Flex, Metrohm) was used to 
determine sulphate concentrations with an accuracy error of <2 % and a 
precision error of ~1 %. Hydrogen sulphide concentrations were 
measured spectrophotometrically following the methylene blue method 
after Cline (1969) using a DR2800 spectrophotometer (Hach Lange). 
The limit of quantification was 0.01 mmol l− 1.

3.2. Geochemical model setup and parameterisation

Müller et al. (2025) determined total remineralisation rates based on 
diffusive oxygen uptake (DOU) derived from measured oxygen con
centration profiles. Here, we use a comprehensive pore-water and 
solid-phase dataset to implement a full diagenetic model to assess the 
rates and metabolic pathways of both aerobic and anaerobic OC 

Fig. 1. (a) Overview of the Helgoland Mud Area (dashed line) after von Haugwitz et al. (1988) and Doll (2015) in the German Bight of the North Sea, coastal currents 
after Hertweck (1983; grey arrows) and the outflow of the Elbe and Weser river to the German Bight of the North Sea. The Hamburg harbour is ~75 km upstream of 
the Elbe river (southeast, indicated by the yellow arrow) (b) Locations and names of sampling sites (2022, black crosses) and location of the dumping site for harbour 
sludge Tonne E3 (orange dot, Hamburg Port Authority, 2017). Sediment thickness (dashed lines) after von Haugwitz et al. (1988). The maps were created using 
ArcGIS Pro (version 3.3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

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 pore-water (PW) and solid-phase (SP) analyses resulting in slightly different core lengths.

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

N HE595_70-1 27.03.2022 54.188915 8.1395 19 20 26
NNW HE595_98-3 30.03.2022 54.162653 8.090378 19.1 18 22
NE HE595_67-5 26.03.2022 54.182054 8.256311 13.5 22 22
NW HE595_1-3 17.03.2022 54.134669 8.019095 26 32 22
NC HE595_69-2 27.03.2022 54.131856 8.081416 20.3 28 30
EC HE595_97-1 30.03.2022 54.129986 8.180103 16.1 28 26
E HE595_26-1 22.03.2022 54.122143 8.266746 11.3 24 22
W HE595_12-3 20.03.2022 54.08331 7.967387 27.3 32 28
WC HE595_6-1 18.03.2022 54.088596 8.026592 25.6 26 18
Cdeep HE595_9-1 19.03.2022 54.095192 8.073844 20 24 20
SC HE595_45-1 24.03.2022 54.057359 8.119441 16.5 32 30
SE HE595_41-4 23.03.2022 54.042098 8.188585 12 32 26
S HE595_48-3 25.03.2022 54.004668 8.077746 21.8 28 28
Tonne E3 HE595_22-1 21.03.2022 54.049901 7.966345 25.4 20 20
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degradation in the surface sediments of the HMA.
The reactive transport model consists of 16 species and 16 reactions 

(Tables 2–4) and uses the advection-transport-reaction equations for 
dissolved (Eq. (1)) and solid species (Eq. (2)) according to the approach 
followed by Van Cappellen and Wang (1996) and Boudreau (1996a): 

φi
∂Ci,j

∂t
=

∂
∂z

(

φi

(
Di,j

θ2 +Db,i

)
∂Ci,j

∂z

)

−
∂φiviCi,j

∂z
+ αiφi

(
C0,j − Ci,j

)
+ φi

∑
Ri,j

(1) 

(1 − φi)
∂Gi,j

∂t
=

∂
∂z

(

Db,i(1 − φi)
∂Gi,j

∂z

)

−
∂(1 − φi)wiGi,j

∂z
+ (1 − φi)

∑
Ri,j

(2) 

where t is time; z is sediment depth and i, j represent subscripts depicting 
depth and species-dependence, respectively; φ is the porosity; C,G are 
the species concentration (aqueous (O2, NO3

− , SO2−
4 , NH4

+, Mn2+, Fe2+, 
H2S, DI12C, DI13C) and solid species (TOC1, TOC2, TOC3,

MnO2, Fe(OH)3, FeS), respectively); C0,j is the concentration of spe
cies j in bottom water; D is the diffusion coefficient; θ2 is the tortuosity 
(θ2 = 1 − 2 ln φ; Boudreau, 1996b); Db is the bioturbation coefficient; α 
is the bioirrigation coefficient; v,w are the burial velocity of the aqueous 
and the solid phase, respectively; 

∑
Ri,j is the sum of the reaction rates 

affecting the given species j. All the species, parameters and boundary 
conditions except those given in the text are listed in Table S1. 

Conversion factor : fc = ρ 1 − φ
φ 

Porosity data showed no apparent decrease with depth at all stations 
and was therefore set to be constant. The burial velocity of the aqueous 
and solid phases was therefore equal to the sedimentation rate (v = w =

ω).
Bioturbation-induced mixing was assumed to follow a modified lo

gistic function with the break attenuation depths (Mogollón et al., 2016; 
Volz et al., 2020): 

Db =D0
b exp

(
zmix − z

zatt

)/(

1+ exp
(

zmix − z
zatt

))

(3) 

where D0
b is constant, representing the maximum bioturbation co

efficients at the sediment-water interface (SWI); zmix is the depth, where 
D0

b becomes half its value and zatt is the attenuation depth of the bio
genically induced mixing. The bioirrigation coefficient α for the dis
solved species is approximated as (Boudreau, 1997): 

α= α0 exp(− z / zirr) (4) 

where α0 and zirr describe the bioirrigation intensity at the SWI and its 
attenuation depth, respectively.

NH4
+ in pore water undergoes rapid and reversible equilibrium 

adsorption on sediment. Following Berner (1980) and Burdige (2006), 
we implemented the effect of adsorption into the model as the following 
equation: 

(1 + KN)φi
∂CNH4,i

∂t
=

∂
∂z

(

φi

(
Di

θ2 +Db,i(1+KN)

)
∂CNH4,i

∂z

)

−
∂(vi + wiKN)φiCNH4,i

∂z
+ αiφi

(
CNH4,0 − CNH4,i

)
+ φi

∑
Ri (5) 

where KN is the dimensionless adsorption coefficient defined as a con
stant (KN = 1.4) (Van Cappellen and Wang, 1996).

The primary and secondary redox reactions are listed in Table 2 and 
the rate expressions are given in Table 3. For TOC, the Redfield stoi
chiometry (C:N = 106:16) was assumed in the model. The organic 
matter degradation rate (RTOC) is modelled by using a 3-G model to 
account for the heterogeneity of organic matter and its evolution during 
burial (Jørgensen, 1978). This model is based on the assumption that 
organic matter is composed of three discrete compound classes (labile 
C1

org, metabolisable C2
org and refractory C3

org), each characterised by a 
specific degradability σ1, σ2 and σ3. The rate of organic matter degra
dation was calculated as RTOC = −

∑3
i=1 σiCi

org. The apparent reactivity 

Table 2 
Chemical reactions considered in the transport-reaction model.

Name Reaction

Primary redox reaction
Aerobic respiration (R1) OM+ (1 + 2a)O2→CO2 + aNO−

3 + aH+ + (1 + a)H2O
Denitrification (R2)

OM+
4
5
NO−

3 +

(
4
5
+ a

)

H+→CO2 + aNH+
4 +

2
5
N2 +

7
5
H2O

Manganese reduction (R3) OM+ 2MnO2 + (4 + a)H+→CO2 + aNH+
4 + 2Mn2+ + 3H2O

Iron reduction (R4) OM+ 4Fe(OH)3 + (8 + a)H+→CO2 + aNH+
4 + 4Fe2+ + 13H2O

Sulphate reduction (R5) OM+
1
2
SO2−

4 + (1 + a)H+→CO2 + aNH+
4 +

1
2
H2S+ H2O

Re-oxidation reactions
Nitrification (R6) NH+

4 + 2O2→NO−
3 + H2O+ 2H+

Manganese oxidation (R7) Mn2+ +
1
2
O2 + H2O→MnO2 + 2H+

Iron oxidation (R8) Fe2+ +
1
4
O2 +

5
2
H2O→Fe(OH)3 + 2H+

Manganese oxidation by NO−
3 (R9) Mn2+ +

2
5
NO−

3 +
4
5

H2O→MnO2 +
1
2
N2 +

8
5
H+

Iron oxidation by NO−
3 (R10) Fe2+ +

1
5
NO−

3 +
12
5

H2O→Fe(OH)3 +
1
10

N2 +
9
5
H+

Fe-sulfide oxidation (R11) Fe(OH)3 +
1
2
H2S+ 2H+→Fe2+ +

1
2
S0 + 3H2O

Mn-Iron oxidation (R12) MnO2 + 2Fe2+ + 4H2O→2Fe(OH)3 + Mn2+ + 2H+

Precipitation reactions
FeS precipitation (R13) Fe2+ + H2S→FeS+ 2H+

Pyrite pathway (R14) FeS + H2S → FeS2 + H2

MnCO3 precipitation (R15) Mn2+ + CO2+H2O → MnCO3 + 2H+

FeCO3 precipitation (R16) Fe2+ + CO2+H2O → FeCO3 +2H+

a: N/C ratio (16/106).
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of the bulk organic matter and its evolution within the sediment is 

related to the reactivity of each class by k =
∑3

i=1 σiCi
org/

∑3
i=1 Ci

org.
The boundary conditions at the SWI and at 25 cm sediment depth are 

imposed concentrations and fluxes for the aqueous and solid species 
(Table S1). Three different TOC fluxes (Forg1, Forg2 and Forg3) are applied 
at the upper boundary (SWI). The benthic TOC flux at the SWI is then 
calculated as the sum of these fluxes.The stable carbon isotopic 
composition of DIC was calculated from the modelled ratio R = [DI13C]/ 
[DI12C] relative to the ratio RVPDB of the Vienna Peedee Belemnite 
standard (VPDB) according to: 

δ
13

C=
R − RVPDB

RVPDB
⋅1000 [‰] (6) 

The absolute concentrations of [DI13C] and [DI12C] were computed 
by separate reaction-transport equations for each isotope. Negligible 
carbon isotope fractionation was assumed during organic carbon 
degradation and carbonate precipitation (Meister et al., 2019). There
fore, the source of DIC was assumed to show the same isotopic compo
sition as the organic carbon source pool, which was deduced from 
Miller-Tans plots (Müller et al., 2025).

The model was coded in R (version 3.2.4) using the ReacTran 
package (Soetaert and Meysman, 2012) to solve E and 2 and the marelac 
package (Soetaert et al., 2010) to solve the molecular diffusion co
efficients for the modelled species (D0). An unevenly spaced grid was 
used, with a grid size increasing downcore from the SWI to the 
maximum simulated depth of 25 cm, controlled by a power factor (p. 
dx.1 = 1.005 in “setup.grid.1D″ function within the ReacTran package). 
The finest grid size at the SWI is 10− 6 cm and the coarsest grid size is 
0.124 cm at 25 cm. The partial differential equations (PDEs; Eqs. (1) and 
(2)) were solved using “steady.1D″ with the solver “stode” within the 
ReacTran package.

The DOU used for re-oxidation of reduced metabolites from anaer
obic remineralisation of OC is calculated by the depth integration of the 
oxidation rates R6, R7 and R8 (Tables 2 and 3).

To account for the transient state conditions caused by the storm- 
induced pore-water mixing at four sites in the shallow eastern HMA – 
namely sites NE, E, SC and SE (Müller et al., 2025) – we used site SC as a 
type example and applied the model in a transient state. First, the model 
was run until a steady state was reached at site SC. Then pore-water 
concentrations in the upper 1, 2, 5, 10 and 15 cm, respectively, were 
replaced by those of bottom water to mimic the effect of the 
storm-induced pore-water mixing. All other parameters and boundaries 
were kept unchanged and the transient-state model was run for 30 days. 
This approach allowed us to quantify the relative differences in degra
dation rates and pathways compared to the steady state at different 
solute mixing depths (1, 2, 5, 10, 15 cm) and at different times (t = 5, 10, 
20 and 30 days) after the mixing event. The results of these simulations 
were then used to correct the rates of the pathways of the steady-state 
model to account for the time between the storm-induced pore-water 
mixing and the sampling of the surface sediments. The PDEs in the 
transient model were solved by the function “ode.1D” with the solver 
“lsode” within ReacTran package. The differences between the 
measured and calculated concentrations/values Ci

mea and Ci
calc at each 

depth i were calculated using the mean square error (MSE) as: 

Table 3 
Rate expressions considered in the transport-reaction model.

ID Rate expression Units

R1 RTOC
[O2]

KO2 + [O2]

mM/a of CH2O

R2 RTOC
KO2

KO2 + [O2]

[
NO−

3
]

KNO3 +
[
NO−

3
]

mM/a of CH2O

R3 RTOC
KO2

KO2 + [O2]

KNO3

KNO3 +
[
NO−

3
]

[MnO2]

KMnO2 + [MnO2]

mM/a of CH2O

R4 RTOC
KO2

KO2 + [O2]

KNO3

KNO3 +
[
NO−

3
]

KMnO2

KMnO2 + [MnO2]

[Fe(OH)3]

KFe(OH)3 + [Fe(OH)3]

mM/a of CH2O

R5
RTOC

KO2

KO2 + [O2]

KNO3

KNO3 +
[
NO−

3
]

KMnO2

KMnO2 + [MnO2]

KFe(OH)3

KFe(OH)3 + [Fe(OH)3]

[
SO2−

4
]

KSO4 +
[
SO2−

4
]

mM/a of CH2O

R6 k6[NH+
4 ] [O2] mM/a of NH+

4
R7 k7[Mn2+] [O2] mM/a of Mn2+

R8 k8[Fe2+] [O2] mM/a of Fe2+

R9 k9[Mn2+] 
[
NO−

3
]

mM/a of Mn2+

R10 k10[Fe2+] 
[
NO−

3
]

mM/a of Fe2+

R11 k11 [Fe(OH)3][H2S] mM/a of Fe(OH)3
R12 k12 [MnO2]

[
Fe2+] mM/a of MnO2

R13 k13[Fe2+] [H2S] mM/a of Fe2+

R14 k14[FeS] [H2S] mM/a of FeS
R15 k15[Mn2+] 

[
CO2−

3
]

mM/a of Fe2+

R16 k16[Fe2+] 
[
CO2−

3
]

mM/a of Mn2+

Table 4 
Reaction terms for species used in the transport-reaction model.

Species Symbol Unit Reaction term 
∑

Ri

Total organic carbon CH2O mmol/ 
dm− 3

− RTOC

Oxygen O2 mM
− fcR1 − 2R6 −

1
2
R7 −

1
4
R8

Nitrate NO−
3 mM

−
4
5

fcR2 + R6 −
2
5
R9 −

1
5
R10

Ammonium NH+
4 mM fcaRTOC − R6

Dissolved 
manganese

Mn2+ mM 2fcR3 − R7 − R9 + fcR12 − R15

Dissolved iron Fe2+ mM 2fcR4 − R8 − R10 + fcR11 −

2fcR12 − R13 − R16

Sulphate SO2−
4 mM

−
1
2

fcR5

Total hydrogen 
sulfide

ΣH2S mM 1
2

fcR5 −
1
2

fcR11 − R13− fcR14

Dissolved inorganic 
carbon

ΣCO2 mM fcRTOC − R15 − R16

Manganese oxide MnO2 mM
− 2R3 +

1
fc

R7 +
1
fc

R9 − R12

Iron oxide Fe(OH)3 mmol/ 
dm− 3 − 4R4 +

1
fc

R8 +
1
fc

R10 − R11 −

2R12

Iron monosulfide FeS mmol/ 
dm− 3

1
fc

R13 − R14

Manganese 
carbonate

MnCO3 mmol/ 
dm− 3

1
fc

R15

Siderite FeCO3 mmol/ 
dm− 3

1
fc

R16
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MSE=
1
N
∑N

i=1

(
Ci

mea − Ci
calc

Ci
mea

)2

(7) 

The minimised sum of the MSE for all porewater concentrations was 
used to find the best fitting parameters.

4. Results

4.1. Pore water: results of chemical analyses

At most sampling sites – except for sites NC and SC – characteristic 
subsurface nitrate peaks of up to 15 μmol l− 1 are determined in the 
upper 5 cm of the sediments. A more scattered pattern of NO3

− concen
trations is observed at sites E and W, with site W showing overall highest 
nitrate concentrations of about 30 μmol l− 1 throughout the core. Except 
for sites N, NNW and W, pore-water NH4

+ concentrations generally in
crease with depth at all sites (Fig. 2). The steepest concentration gra
dients are found at sites NE, E, SC and SE, with the highest 
concentrations of up to 5400 μmol l− 1 at site SE. Downward-increasing 
NH4

+ concentrations are also observed at sites NW, NC, EC, WC, Cdeep, S 
and Tonne E3. However, here, the concentrations are lower and do not 
exceed 1500 μmol l− 1. In contrast to the increasing NH4

+ concentrations 

with depth at most sites, no clear trend in NH4
+ concentrations is found at 

sites N, NNW and W (Fig. 2).
Dissolved Mn increases from the SWI downcore at most sites and 

peaks within the upper 5 cm of the sediments. Highest Mn2+ concen
trations of 260 μmol l− 1 are found at site Cdeep (Fig. 2). At sites SC and 
SE, a second peak is observed between 7.5 and 10 cm, respectively. At 
site Tonne E3, dissolved Mn increases further downcore below 12 cm, 
below the upper Mn peak. Overall lowest Mn2+ concentrations 
throughout the core are found at sites N and NE. Pore-water Fe2+ pro
files show a similar pattern to the Mn2+ profiles, with a peak in the upper 
10 cm of the sediments and around similar depths as the Mn2+ peaks 
(Fig. 3). The overall highest Fe2+ concentrations are found at site Cdeep 
amounting to 172 μmol l− 1. At sites E and SE, a second peak in Fe2+ is 
found at 22 and 27 cm, respectively. At sites E and Tonne E3 dissolved 
iron is present over the whole length of the cores.

Except for site NNW, all other 13 sites show a downward decrease in 
SO4

2− concentrations from ~26 mmol l− 1 at the SWI to varying con
centrations at the bottom of the core ranging from ~24 mmol l− 1 at site 
N, W and Tonne E3 to close to 0 mmol l− 1 at sites SC and SE (Fig. 3). At 
sites N, NW, NC, EC, W, WC, Cdeep, S and Tonne E3 sulphate concen
trations decrease linearly with depth or show a slightly concave-down 
shape. In contrast, sites NE, E, SC and SE located in the eastern 

Fig. 2. Pore-water profiles of nitrate (NO3
− ), ammonia (NH4

+) and dissolved manganese (Mn2+) concentrations. For site names, see Table 1.
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shallow water-depth area of the HMA, display rather constant SO4
2−

concentrations in the uppermost ~10 cm of the sediments and a linear 
downward decrease below. At site NNW constant SO4

2− concentrations 
are found over the entire core. H2S was only detectable at sites N, NE, 
NW, NC, EC, WC, Cdeep, SC and S. While at sites NW, NC, EC, WC, Cdeep 
and S hydrogen sulfide concentrations increase with depth below ~10 
cm up to 3.5 mmol l− 1, at sites N and NE concentrations remain low 
(Fig. 3).

4.2. Diagenetic modelling

4.2.1. Steady-state modelling
The steady-state full diagenetic model as described above was 

applied using the pore-water and solid-phase data of all 14 sites to 
determine total remineralisation rates, respective remineralisation 
pathways, as well as OC fluxes to and DIC fluxes out of the sediment. The 
modelling was performed using the data presented in this study as well 
as porosities, sedimentation rates, TOC contents, oxygen profiles, DIC 
and δ13C-DIC data from Müller et al. (2025). As the data for the dumping 
site for harbour sludge Tonne E3, located in the south-western HMA, 
were not part of the study by Müller et al. (2025), the relevant data for 
the parameters mentioned above are included in this study.

Fig. 3. Pore-water profiles of dissolved iron (Fe2+), sulphate (SO4
2− ) and sulfide (H2S) concentrations. For site names, see Table 1.

Fig. 4. Result of the steady state full diagenetic model. Different pathways of 
organic carbon remineralisation cumulating to the total remineralisation rate. 
For site names see Table 1.
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The best-fit parameters are shown in Table S1 and the resulting rates 
are shown in Fig. 4 and Table 5. An example of the model results for site 
S is given in Fig. 5, the other results are shown in Fig. S2–S14. The best- 
fit benthic OC fluxes towards the SWI show a range from 2.6 to 17.8 
mmol m− 2 day− 1. Highest values are determined at sites SC and SE 
(Fig. 6a). The assumed weighted average reactivity of the OC-pool at 

the SWI (hereafter: average reactivity of the OC at the SWI) ranges from 
3.1 yr− 1 to 7.1 yr− 1. Highest reactivities of 7.1 yr− 1 are found at sites NE 
and E in the shallow eastern HMA (Fig. 6c). Intermediate reactivities of 
4.2–5.9 yr− 1 are determined for sites NW, EC, W, WC, Cdeep, S, Tonne E3 
in the deeper western HMA and in the eastern central HMA. Overall 
lowest reactivities ranging between 3.1 and 3.9 yr− 1 are found in the 

Table 5 
Rates of the different pathways of organic carbon remineralisation, organic carbon flux to the sediment-water interface, average organic carbon reactivity of the flux, 
total remineralisation rate and DIC flux across the sediment-water interface, derived from the full diagenetic model. Note that the corrected values considering the 
transient conditions at sites NE, E, SC and SE are shown, with the uncorrected values of the steady-state results given in brackets.

Site 
name

Aerobic 
respiration 
(mmol m− 2 

day− 1)

SO4
2−

reduction 
(mmol m− 2 

day− 1)

Fe2+

reduction 
(mmol m− 2 

day− 1)

Mn2+

reduction 
(mmol m− 2 

day− 1)

Denitrification 
(mmol m− 2 day− 1)

Benthic OC 
flux (mmol 
m− 2 day− 1)

Average 
reactivity 
(yr− 1)

Total 
remineralisation 
(mmol m− 2 day− 1)

DIC flux 
(mmol 
m− 2 

day− 1)

N 2.4 0.7 0.5 0.0 0.2 8.5 3.9 3.9 4.1
NNW 1.0 0.2 0.1 0.0 0.0 2.6 3.2 1.2 1.1
NE 3.6 (3.6) 1.7 (1.5) 0.4 (0.4) 0.1 (0.1) 0.3 (0.4) 7.7 7.1 5.9 8.1
NW 2.8 2.1 0.4 0.2 0.4 10.3 5.3 5.9 6.5
NC 2.5 0.8 0.2 0.0 0.3 7.7 3.6 3.8 4.7
EC 1.8 0.3 0.2 0.0 0.2 3.6 4.6 2.5 3.8
E 3.8 (3.8) 1.2 (1.1) 0.6 (0.5) 0.1 (0.1) 0.3 (0.4) 7.7 7.1 5.9 9.3
W 4.3 0.2 0.3 0.0 0.3 11.8 4.2 5.2 5.2
WC 3.2 1.1 1.0 0.1 0.3 10.7 5.1 5.8 6.3
Cdeep 3.0 0.6 0.8 0.4 0.3 9.0 4.5 5.1 7.2
SC 4.5 (4.5) 0.7 (0.6) 0.5 (0.4) 0.1 (0.1) 0.3 (0.4) 17.8 3.1 6.0 10.4
SE 4.3 (4.3) 1.1 (0.9) 0.4 (0.4) 0.1 (0.1) 0.3 (0.5) 14.2 3.8 6.3 12.2
S 4.1 0.9 0.4 0.1 0.3 9.3 5.9 5.8 6.8
Tonne 

E3
1.7 0.2 0.1 0.0 0.0 3.6 4.6 2.1 2.0

Fig. 5. Example of the best fit of the steady-state model for site S. Open circles are the measured values and the black lines are the model results. Multiple oxygen 
concentration measurements are displayed in different colours. Best fit parameterisations of the model for all sites are given in Table S1. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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southern, central and northern parts of the HMA, namely at sites N, NC, 
NNW, SC and SE.

Integrated total OC remineralisation rates vary by a factor of five 
across the HMA and range from 1.2 to 6.3 mmol m− 2 day− 1 (Fig. 6b). 
High values between 5.1 and 6.3 mmol m− 2 day− 1 are determined for 
most parts of the HMA (sites: NE, NW, E, W, WC, Cdeep, SC, SE, S). Sites 
with lower values of 1.2–3.9 mmol m− 2 day− 1 are located in the 
northern and northern-central HMA (sites: N, NNW, NC, EC) as well as 
for site Tonne E3. The OC burial efficiencies obtained from the full 
diagenetic model vary between 22 and 66 % in the HMA. The highest OC 
burial efficiencies are found in the southern, central and northern parts 
of the HMA (sites: N, NNW, NC, SC, SE) and at site W in the deeper HMA, 
where values range from 51 to 66 %. Intermediate OC burial efficiencies 
of 38–46 % are found in the northwestern, west-central and southern 
HMA (sites: NW, WC, Cdeep, S, Tonne E3). Overall lowest OC burial ef
ficiencies of 22–31 % are determined for the shallow-water sites in the 
eastern HMA (sites: NE, EC, E).

The DIC fluxes across the SWI into the bottom water range from 1.1 
to 12.2 mmol m− 2 day− 1. Benthic DIC fluxes across the HMA show 
highest values of 8.1–12.6 mmol m− 2 day− 1 in the shallow eastern HMA 

at sites NE, E, SC and SE, intermediate fluxes of 5.2–7.2 mmol m− 2 day− 1 

in the central and deeper western HMA, and lowest fluxes between 1.1 
and 4.7 mmol m− 2 day− 1 in the northern and north-central HMA (sites 
N, NNW, NC, EC) as well as at site Tonne E3 in the southwestern HMA. 
Based on the steady-state model, aerobic respiration shows high values 
at all sites ranging from 1.0 to 4.5 mmol m− 2 day− 1 and contributes on 
average 66 % to the total OC remineralisation. The spatial distribution of 
aerobic respiration rates shows highest values of 3.6–4.5 mmol m− 2 

day− 1 in the southern and shallow-water eastern HMA (sites: NE, E, W, 
SC, SE, S) as well as at site W in the deeper western HMA. Intermediate 
rates of 2.5–3.2 mmol m− 2 day− 1 are found in the central and north
western HMA (sites: NW, NC, WC and Cdeep) and lowest rates of 1.0–2.4 
mmol m− 2 day− 1 in the northern and north-central HMA (sites: N, NNW, 
EC) as well as at site Tonne E3.

Except for sites W and Cdeep sulphate reduction at all other 12 sites 
is the second most important pathway contributing on average 17 % to 
the total OC remineralisation, ranging from 0.2 to 2.1 mmol m− 2 day− 1. 
The sites with the highest sulphate reduction rates are sites NW and NE 
with 2.1 and 1.5 mmol m− 2 day− 1, respectively. Sulphate reduction 
rates between 0.6 and 1.1 mmol m− 2 day− 1 are found for large parts of 

Fig. 6. Interpolated (a) benthic organic carbon fluxes, (b) integrated total remineralisation rates of the upper 25 cm of the sediments, (c) average reactivities of the 
benthic organic carbon fluxes and (d) relative contribution of aerobic remineralisation to total remineralisation. Interpolations were performed using the inverse 
distance weighted tool within ArcGIS Pro (version 3.3). For site names see Table 1.
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the southern, eastern and central HMA, namely sites N, NC, E, WC, Cdeep, 
SC, SE, S. The lowest sulphate reduction rates of 0.2–0.3 mmol m− 2 

day− 1 are found in the northwestern, east-central and western HMA 
(sites: NNW, EC, W, Tonne E3). Iron reduction contributes on average 
8.8 % to the total OC remineralisation and iron reduction rates range 
between 0.1 and 1.0 mmol m− 2 day− 1. At sites WC and Cdeep in the 
deeper central HMA, iron reduction is the second most important 
pathway of OC remineralisation and shows the overall highest values in 
the HMA of 1.0 and 0.8 mmol m− 2 day− 1, respectively. In large parts of 
the HMA (sites: N, NE, NW, E, SC, SE, S) iron reduction ranges between 
0.4 and 0.5 mmol m− 2 day− 1, with lower values of 0.1–0.3 mmol m− 2 

day− 1 only in the north-central and western HMA (sites: NNW, NC, EC, 
W, Tonne E3). Denitrification rates show values between 0.3 and 0.5 
mmol m− 2 day− 1 in most of the HMA (sites: NE, NW, NC, E, W, WC, 
Cdeep, SC, SE, S). Lower denitrification rates of 0–0.2 mmol m− 2 day− 1 

were found only in the northern and eastern-central HMA (sites: N, 
NNW, EC) and at the site Tonne E3. Overall denitrification contributes 
on average 6.0 % to total OC remineralisation. Manganese reduction 
plays the least important role in OC remineralisation in the sediments of 
the HMA, contributing on average only 2.2 % to total remineralisation. 
Only the two sites NW and Cdeep show manganese reduction rates higher 
than 0.1 mmol m− 2 day− 1 – namely 0.2 and 0.4 mmol m− 2 day− 1, 
respectively. At all other 12 sites, manganese reduction rates are low and 
fluctuate between 0 and 0.1 mmol m− 2 day− 1.

4.2.2. Transient modelling
Site SC was chosen as a representative site to assess the impact of 

transient state conditions at sites NE, E, SC and SE on the determination 
of the rates and metabolic pathways of OC remineralisation based on the 
full diagenetic model. Müller et al. (2025) demonstrated that 
non-steady-state conditions prevail at these sites – namely, pore-water 
mixing in the uppermost ~ 10 cm of the sediments caused by several 
intense storms that occurred three to four weeks before the expedition 
and sediment sampling took place (for discussion see section 5.1). To 
address this pore-water mixing, the transient state is evaluated for 
different pore-water mixing depths and different time steps after the 
tentative mixing event. The results show no changes in total reminer
alisation rates, but different relative changes in the different pathways of 
OC remineralisation for the distinct mixing depths and time steps after 
the mixing event (Fig. 7). At the greatest simulated mixing depth of 15 
cm and at the first evaluated time step of five days after the mixing event 
the model shows the largest relative changes for each of the pathways. 
The relative rate changes compared to the steady state results for aerobic 
respiration, sulphate reduction, iron reduction, manganese reduction 
and denitrification are +14 %, − 77 %, − 85 %, − 69 % and +77 %, 
respectively, for the greatest mixing depth of 15 cm after five days of 
simulation (Fig. 7). The smallest changes in rates for each pathway are 
between 0 and 1 % and are found for the lowest mixing depth of 1 cm 
after 30 days of simulation (Fig. 7). To correct for the storm-induced 
pore-water mixing (solute mixing depth of 10 cm) that occurred about 
30 days before our sampling campaign with RV Heincke in March and 
April 2022 (for discussion see section 5.1), we use the determined 
relative changes of the transient model to correct the rates of each 
pathway derived from the steady-state model. We correct for the bias of 

Fig. 7. Result of the case study on pore-water mixing. Relative rate changes compared to a steady state scenario at 5, 10, 20 and 30 days after a solute mixing event, 
where bottom water is mixed with pore water for different disturbance depths (solute mixed layer) at site SC. The scenario used to evaluate the impact of sampling 
time on the metabolic pathways is indicated as black boxes (30 days after a pore-water mixing event; 10 cm disturbance depth).
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the steady-state modelled pathways caused by the change in pore-water 
profiles due to storm-induced pore-water mixing at sites NE, E, SC and 
SE for aerobic respiration, sulphate reduction, iron reduction, manga
nese reduction and denitrification by − 0.4 %, 13.7 %, 11.3 %, − 5.3 % 
and − 29.2 % respectively. The overall contribution of the different 
pathways and their importance to total OC remineralisation remain 
about similar (Table 5).

5. Discussion

In the following, the influence of the different depositional condi
tions on the remineralisation rates of OC and its respective pathways in 
the sediments of the HMA will be discussed. We applied a full diagenetic 
model to quantify the benthic carbon fluxes, total OC remineralisation 
rates, the respective metabolic pathways and the fluxes of dissolved 
inorganic carbon across the sediment-water interface in the different 
depositional environments of the HMA. First, we assess which sites can 
be assumed to be in steady-state and which sites are in transient con
ditions. Müller et al. (2025) already provided indication that 
storm-induced mixing of pore water in the uppermost sediments caused 
by transient geochemical conditions at four sites in the shallow-water 
eastern HMA – namely at sites NE, E, SC and SE. The impact that 
these non-steady-state conditions have on determining rates and meta
bolic pathways of OC degradation will be quantitatively evaluated. Then 
we compare the results of the full diagenetic model with the previous 
calculations of total remineralisation rates, OC burial fluxes and benthic 
OC fluxes based on an empirical approach using DOU, sedimentation 
rates and TOC contents presented by Müller et al. (2025). We discuss the 
controls on the modelled total OC remineralisation rates derived from 
the full diagenetic model for the different environmental and deposi
tional conditions presented by Müller et al. (2025). Then the influences 
of the different depositional factors and environments of the HMA on the 
respective pathways of OC remineralisation are evaluated. Additionally, 
we assess the impact of anthropogenic activities in areas of intense 
bottom trawling and dumping of harbour sediments on total reminer
alisation rates and metabolic pathways.

5.1. Sites at steady-state versus sites at non-steady-state

While pore-water data at most of the sites in the HMA indicate 
steady-state geochemical and depositional conditions, the four sites NE, 
E, SC and SE located in the eastern shallow-water area of the HMA 
display pore-water profile shapes (Fig. 3) that are indicative of transient 
conditions (e.g., Hensen et al., 2003; Kasten et al., 2003; Aller et al., 
2010; Fischer et al., 2012; Henkel et al., 2012). This was already sug
gested by Müller et al. (2025) based on the pore-water profiles of DIC 
and δ13C-DIC as well as radionuclide data. In short, DIC concentrations 
and δ13C-DIC in the uppermost ~10 cm of the sediments show almost 
uniform concentrations close to those of bottom water. This is also 
supported by Miller-Tans plots, which show poor fits to the linear 
regression and values close to the bottom-water signature (Müller et al., 
2025). In contrast, the 210Pbxs activity profiles decrease within the up
permost 10 cm and do not show a similarly mixed layer at these sites, 
indicating that only pore-water mixing has occurred without any sig
nificant mixing of the sediments (Müller et al., 2025). The sulphate data 
reported here (Fig. 3) further support this assumption by showing con
stant concentrations in the uppermost ~10 cm at sites NE, E, SC and SE.

In order to account for the impact that transient conditions of the 
storm-induced mixing of pore water with bottom water have on deter
mining the rates and pathways of OC mineralisation, we selected site SC 
as a case study and applied a transient model. By applying this transient 
model, we were not only able to reproduce the measured pore-water 
profiles well, but also to quantify the effect of sampling time after the 
storm-induced pore-water mixing event on the remineralisation rates 
and the contribution of the different remineralisation pathways at these 
four sites. Although the storm-induced pore-water mixing is primarily 

indicated by DIC, δ13C-DIC and sulphate profiles, it affects all reminer
alisation rates and pathways (Fig. 7; Video S1). The best fit between the 
pore-water concentration profiles of the transient model and the mea
surements at site SC is achieved with a mixing depth of pore water with 
bottom water of 10 cm, as expected by the pore-water concentration 
profiles, and a running time of the model of 30 days (Fig. 7, black boxes; 
Video S1). This corresponds well with the period between the series of 
winter storms in mid-February 2022 (Abromeit et al., 2022) and our 
sampling campaign with RV Heincke that was carried out in March and 
April 2022. The results of the transient model allow us to quantify the 
relative deviation of the rates of the different metabolic pathways 
compared to the rates derived from the steady-state model due to the 
storm-induced pore-water mixing. Based on the mixing scenario derived 
from site SC, we find that the oxygen profile readjusts rapidly after the 
storm-induced pore-water mixing event due to short diffusion distances 
as well as rapid re-oxidation of reduced substances and aerobic respi
ration. This results in only a slight overestimation of the aerobic respi
ration rate of 0.4 % in the steady state. The iron, manganese and 
sulphate profiles adjust intermediately due to lower reaction kinetics, 
resulting in a significant change of the sulphate, iron and manganese 
reduction rates, which are underestimated by 13.8 %, 11.3 % and 
overestimated by 5.2 %, respectively, in the steady state. The impact on 
the nitrate profile is the largest, and the denitrification rates recover the 
most slowly, due to the large amount of nitrate produced by nitrifica
tion. This leads to an overestimation of the denitrification rate of 29.2 % 
when considering steady state. The quantified relative effect of sampling 
time after the storm-induced pore-water mixing event on the pathways 
of OC remineralisation is applied to the four sites in the transient state – 
sites NE, E, SC and SE. In this way, we corrected for the effect of transient 
conditions on the determination of the rates and pathways of OC 
degradation.

In addition to the transient conditions in the shallow-water eastern 
HMA, site W is most likely also in a transient state, as indicated by the 
shape of the pore-water profiles that show fairly constant concentrations 
over depth in the uppermost 25 cm of the sediments (Figs. 2 and 3). 
Gravity core data collected during expeditions HE575 and HE595 in 
2021 and 2022, respectively (Liu et al., in prep.), at the same site show a 
“downward-kink” shape of the sulphate concentration profile and a 
sulphate/methane transition zone that is located more than three times 
deeper in the sediments compared to the other sites. Both findings 
indicate non-steady state conditions to prevail at site W (e.g., Kasten 
et al., 2003; Haeckel et al., 2007; Aller et al., 2010; Santos et al., 2012) 
and hence the steady-state model results do not represent the transient 
conditions at site W. Additionally, in contrast to the transient conditions 
in the shallow water eastern HMA, the timing, depth and mechanism 
causing the transient conditions at site W are unknown. As a conse
quence, we cannot evaluate the respective pathways of OC mineralisa
tion with our model setup (neither transient nor steady-state model) 
with high confidence and therefore exclude site W from the discussion 
on the remineralisation pathways below.

5.2. Remineralisation rates, OC burial and benthic OC fluxes – comparing 
the results of the full diagenetic model with the empirical approach

We first compare how well the empirical approach followed by 
Müller et al. (2025) agrees with the total remineralisation rates deter
mined based on the full diagenetic model applied in this study. Müller 
et al. (2025) used DOU based on measured oxygen concentration pro
files to estimate total remineralisation rates, assuming to reflect both 
aerobic remineralisation rates and re-oxidation of reduced solutes pro
duced by anaerobic remineralisation processes (e.g., Glud, 2008). OC 
burial fluxes were estimated based on sedimentation rates and average 
TOC contents of the sediments and benthic OC fluxes as the combination 
of remineralisation and burial of OC. The only common parameter be
tween both approaches is the sedimentation rate. The total reminerali
sation rates estimated by Müller et al. (2025) range from 1.3 to 25.8 gC 
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m− 2 yr− 1, the rates determined based on the full diagenetic model range 
from 5.3 to 27.4 gC m− 2 yr− 1. The results obtained from these two ap
proaches generally agree well, but the rates derived from the full 
diagenetic model values are generally slightly higher than those calcu
lated based only on the oxygen profiles (Fig. 8a). This might be caused 
by a slight imbalance in the re-oxidation of reduced metabolites released 
by anaerobic remineralisation pathways (e.g., Glud, 2008; Pastor et al., 
2011). Using solely DOU does not consider processes like precipitation 
on these reduced metabolic products, whereas the full diagenetic model 
is capable of quantifying both aerobic and anaerobic processes (e.g., the 

production or re-oxidation of N2 by denitrification, or the formation of 
FeS as an Fe2+ sink). OC burial fluxes and benthic OC fluxes calculated 
from the measured sedimentation rates, TOC contents and DOU show a 
very good agreement with the values derived from the full diagenetic 
model (Fig. 8b and c). The resulting OC burial efficiencies (the ratio of 
OC burial flux to benthic OC flux) are within a similar range of 
29.7–77.9 % from the empirical approach and 22.4–61.1 % from the full 
diagenetic model. However, on average, OC burial efficiencies derived 
from the full diagenetic model are ~10 % lower than the empirically 
determined values (Fig. 8d), due to the slightly higher estimated total 

Fig. 8. Comparison between the steady state full diagenetic model (this study, x-axis) and the empirical approach (y-axis) presented by Müller et al. (2025). The 
black line is the 1:1 relation. (a) Total remineralisation rate estimated from dissolved oxygen uptake (DOU) vs. the full diagenetic model, (b) OC burial flux derived 
from sedimentation rate (SR) and total organic carbon content (TOCcontent) vs. the full diagenetic model, (c) benthic carbon flux and (d) OC burial efficiency.

Table 6 
Benthic OC flux, average reactivity, total remineralisation rate, ratio of aerobic to total remineralisation and aerobic remineralisation contribution to total oxygen 
uptake (TOU) in other shelf environments.

Study area Benthic OC flux 
(mmol m− 2 day− 1)

Average 
reactivity (yr− 1)

Total remineralisation rate 
(mmol m− 2 day− 1)

Aerobic remineralisation/ 
total remineralisation (%)

Aerobic 
remineralisation/TOU 
(%)

Reference

Danish fjords, 
Kattegat, Skagerrak

​ ​ ​ ​ 50 Jørgensen (1982)

Gulf of Maine shelf 10.7 ​ ​ ​ ​ Christensen 
(1989)

Shelf off Chile ​ 2.4–4.5 ​ ​ ​ Thamdrup and 
Canfield (1996)

Off Nova Scotia ​ ​ 1–10 ​ ​ Grant et al. (1998)
Washington shelf ​ ​ 2.3–6.1 ​ ​ Kristensen et al. 

(1999)
Baltic Sea-North Sea 

transition
12.0–52.3 ​ 1.5–26.2 ​ ​ Jørgensen et al. 

(1990)
Ago Bay 14.7 ​ ​ ​ 47 Anggara Kasih 

et al. (2009)
Chesapeake Bay ​ ​ 2.2–19.7 ​ ​ Burdige et al. 

(2000)
Iberian shelf 2.2–9.4 ​ ​ 60–90 ​ Epping et al. 

(2002)
Northeast of 

Greenland
​ ​ ​ ​ 40 Berg et al. (2003)

Skagerrak, North Sea 11.8–41.7 ​ 2.2–18.0 ​ ​ Ståhl et al. (2004)
Mediterranean Sea 

shelf
9.6–65.5 5.7–31.0 4.6–25.1 8–67 63–93 Pastor et al. (2011)

Globally, <200 m 
water depth

0.6–35.9 0.03–24 ​ ​ ​ Arndt et al. (2013)

Central North Sea 
shelf

​ ​ 4.0–13.5 59–90 ​ De Borger et al. 
(2021)

European shelf, 
Arabian Sea

1.6–43.6 <0.01–0.25a ​ ​ ​ Freitas et al. 
(2021)

South Yellow Sea ​ ​ 5.1–18.8 53–67 ​ Ren et al. (2022)
Shelf of the Antarctic 

Peninsula
2.5–13.0 ​ 0.1–7.4 63–94 16–74 Baloza et al. 

(2022)
Global assessment, 

shelf area
​ <0.01 - ~250a ​ ​ ​ Xu et al. (2023)

German Bight, SE 
North Sea

2.6–17.8 3.1–7.1 1.2–6.3 48–85 70–85 This study

a Reactivity at the sediment water interface.
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remineralisation rates in the full diagenetic model (Fig. 8a).
As discussed and demonstrated above, both approaches provide 

similar results for total remineralisation rates, OC burial fluxes and 
benthic OC fluxes. While the empirical approach followed by Müller 
et al. (2025) provides a robust method for estimating total reminerali
sation rates as well as burial and benthic OC fluxes that requires only a 
few selected pore-water parameters and low computational effort, the 
full diagenetic model offers the possibility to quantify the contribution 
of the different metabolic pathways to the total OC degradation. In this 
way the full diagenetic model approach can thus also be applied/used to 
investigate the influence of the different depositional environments in 
the HMA on these pathways.

5.3. Controls on total OC remineralisation rates

Based on the full diagenetic model, we determined about a sevenfold 
variability in benthic OC fluxes to the SWI in the different sedimentary 
environments of the HMA (Table 5). These values are close to or indis
tinguishable from the ones reported by previous studies for the North 
Sea shelf and other shelf environments (Table 6). The highest benthic OC 
fluxes are found at sites SE and SC located in the southeast of the HMA 
(Fig. 6a). This area of the HMA is characterised by the highest sedi
mentation rates and a high deposition rate of terrestrial OC (Wei et al., 
2025; Müller et al., 2025). In the western part of the HMA, where in
termediate sedimentation rates and the burial of a larger fraction of OC 
of marine origin were shown to be present (Wei et al., 2025; Müller 
et al., 2025), benthic OC fluxes are higher than in the shallow eastern 
part of the HMA (Fig. 6a). The average reactivities of OC at the SWI are 
derived from the tuning parameters of the three OC fluxes (FTOC1, FTOC2, 
FTOC3) and their respective reactivities (σ1, σ2, σ3). The average re
activities of the benthic OC reaching the SWI in the HMA indicate a 
mixture between the reactivities of fresh marine OC and less reactive 
(resuspended, terrestrial) OC (e.g., Berner, 1980) and are comparable 
with, e.g., experimental work by Thamdrup and Canfield (1996) on the 
shelf off Chile, modelling work from the Mediterranean Sea shelf off 
France by Pastor et al. (2011) and the global assessment for water depth 
<200 m by Arndt et al. (2013) (Table 6).

The benthic OC flux in the HMA shows a positive correlation with 
sedimentation rates (Fig. 9a, Pearson correlation (cor) = 0.60, p = 0.02), 
while the average reactivity of the bulk OC supplied to the sediments is 
negatively correlated with sedimentation rate (Fig. 9b). The general 
trend of decreasing reactivity with increasing sedimentation rate reflects 
the dilution of labile OC (with high average reactivity) at higher sedi
mentation rates within the sediment matrix, analogue to findings by, e. 
g., Jung et al. (1997). The total remineralisation rates at lower benthic 
OC fluxes are lowest and increase up to a “threshold” maximum remi
neralisation rate of ~6 mmol m− 2 day− 1 at a benthic OC flux of around 
10 mmol m− 2 day− 1 (Fig. 10a, Table 5). Total remineralisation rates do 
not further increase with increasing benthic carbon supply, as total 
remineralisation is not controlled by the amount of OC reaching the SWI 

but the availability of degradable OC (Fig. 9c). This results in similar 
total remineralisation rates of ~6 mmol m− 2 day− 1, in large parts of the 
HMA, irrespective of the benthic carbon flux (Fig. 6b). We plotted the 
total remineralisation rates vs. benthic OC fluxes and fitted a logarithmic 
regression, for better visualisation (Fig. 10a). These total remineralisa
tion rates are within the typical range reported for other shelf environ
ments (Table 6). The DIC fluxes across the SWI into the bottom water 
are, on average, about 30 % higher than the determined total reminer
alisation rates, producing DIC by OC remineralisation (Table 5). 
Therefore, it is apparent that there is a second source of DIC besides OC 
remineralisation in the upper 25 cm of the sediments. The discrepancy 
between DIC fluxes and total remineralisation rates is caused by the 
integration of the total remineralisation rates in the upper 25 cm of the 
sediments, whereas DIC from below 25 cm sediment depth diffuses 
upwards and contributes to the total DIC flux at the SWI. Below 25 cm 
DIC could be formed during ongoing sulphate reduction, anaerobic 
oxidation of methane and methanogenesis.

The distribution of our modelled average reactivity of the benthic OC 
reaching the SWI shows an interesting pattern with lowest values in an 
area stretching from the southern HMA close to the river Elbe outflow 
towards the north along the slope of the HMA (Fig. 6c). Hertweck (1983)
showed the degradation of less reactive – compared to marine OC – 
terrestrial OC using Miller-Tans plots. In this area, a turbidity maximum 
was observed in the water column, and it is speculated that constant 
tidal re-suspension of surface sediments increases the oxygen exposure 
time of the particulate organic carbon and results in the settling of high 
proportions of refractory POC (Hanz et al., in prep.). A detailed analysis 
of the effects of re-suspended matter is beyond the scope of this study 
and will be addressed in another study by Hanz et al. (in prep.). The 
largest differences in total remineralisation rates (Fig. 6b) and benthic 
OC fluxes (Fig. 6a), and thus the highest preservation of OC, occur at 
sites SC and SE in the southern HMA, and further north along the slope 
(Fig. 6, Table 5). These sites are characterised by the highest OC supply 
and low OC reactivity, resulting in OC burial fluxes of up to 11.8 and 8.0 
mmol m− 2 day− 1 and burial efficiencies of up to 66 % and 56 % at sites 
SC and SE. In contrast, sites NE and E in the shallow eastern HMA have 
the highest average reactivities and relatively high remineralisation 
rates, leading to the lowest burial efficiencies of 22 % and 23 %, 
respectively. Thus, total OC remineralisation and burial in the HMA 
depend not only on benthic OC fluxes but also on the reactivity of the OC 
delivered to the seafloor.

5.4. The effect of different depositional environments on the 
remineralisation pathways

Aerobic respiration is the most important pathway of OC reminer
alisation in the sediments of the HMA ranging from 1.0 to 4.5 mmol m− 2 

day− 1 and accounting for 48–85 % of total remineralisation (Table 5, 
Fig. 6d). These values are in a similar range as those determined on the 
North Sea shelf and other shelf environments with oxygen saturated 

Fig. 9. Cross plots of (a) benthic OC reaching the sediment water interface vs. sedimentation rate, (b) average reactivity vs. sedimentations rate, (c) total remi
neralisation rate vs. the benthic flux of labile OC and (d) denitrification rate vs. the total remineralisation rate.
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bottom water (Table 6). Similar contributions of aerobic remineralisa
tion have been reported for the central North Sea shelf by De Borger 
et al. (2021a), where only minor sediment accumulation occurs and 
profiles of nutrients e.g., ammonia, in the pore water indicate OC 
remineralisation being limited to the upper 4–6 cm of the sediments. In 
the sediments of the HMA, we find ammonia profiles that are slightly 
bent linear profiles (Fig. 2), indicating ongoing OC remineralisation in 
the sediments throughout the cores and below 25 cm sediment depth, 
similar to the indication in the DIC profiles. The high proportion of 
aerobic respiration to total OC remineralisation in the HMA, despite 
ongoing anaerobic remineralisation, can be explained by the vertical 
distribution of average OC reactivity in the sediments. We find that most 
of the labile OC is already degraded in the upper part of the sediment, 
hence the average reactivity decreases downward by an order of 
magnitude in the uppermost cm (Fig. 11). The preferential consumption 
of labile OC in the uppermost part of the sediments leaves less reactive 
OC available for anaerobic processes below as has been described pre
viously (e.g., Jørgensen, 1982; Arndt et al., 2013; Mogollón et al., 2016; 
Middelburg, 2018 and references therein; Freitas et al., 2021; Xu et al., 
2023). This results in a dominance of aerobic remineralisation rate 
compared to anaerobic remineralisation rates in the sediments of the 
HMA, despite a rather thin oxic layer. From the dissolved oxygen uptake 
(DOU) of the sediments in the HMA, aerobic respiration utilises about 

79 % (70–85 %), whereas 15–30 % of DOU is used for re-oxidation of 
reduced metabolic products. The fraction of DOU for aerobic respiration 
in the HMA is higher than the 40 and 50 % reported for sediments of 
Danish fjords, the Kattegat, the Skagerrak, northeast off Greenland and 
the Ago Bay in Japan (Anggara Kasih et al., 2009; Berg et al., 2003; 
Jørgensen, 1982, Table 6). However, a similar value of 63–93 % is re
ported by Pastor et al. (2011) for sediments on the Mediterranean Sea 
shelf. Pastor et al. (2011) argue that the formation of e.g., FeS and FeS2 
represents a sink for reduced metabolic products in the sediments of 
their study area and thus results in a lower fraction of DOU used for 
re-oxidation. In our model, the authigenic iron sulfide mineral phases 
FeS and FeS2 have been implemented as sinks for Fe2+ and HS− as also 
demonstrated in numerous previous studies (e.g., Hensen et al., 2003; 
Riedinger et al., 2017). The DOU used for re-oxidation of reduced me
tabolites from anaerobic remineralisation of OC is dominated by the 
oxidation of ammonia, using on average 24.7 % of DOU, with smaller 
contributions from Fe2+ oxidation of 3.1 % and Mn2+ oxidation of 0.2 %. 
The vertical distribution of OC reactivity (cf. Fig. 11) in the sediments of 
the HMA also contributes to the low fraction of DOU used for 
re-oxidation, by limiting remineralisation and consequently the release 
of reduced metabolic products at depth.

The absolute and relative importance of aerobic and anaerobic 
remineralisation are generally controlled by water depth, subsequent 

Fig. 10. Cross plots of (a) total remineralisation rates vs. benthic OC fluxes, (b) relative to total remineralisation (open circles) and absolute (blue dots) oxic 
remineralisation vs. benthic organic carbon fluxes and (c) relative to total remineralisation (open circles) and absolute (blue dots) anoxic remineralisation vs benthic 
organic carbon fluxes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 11. Steady-state full diagenetic model result of the OC degradation rate (OC-pool weighted average OC reactivity) in the sediments. Note the different scales for 
the degradation rate: linear (left) and logarithmic (right). The orange line is the OC-pool weighted average reactivity distribution for site NW. The difference in OC- 
pool weighted average reactivity near the SWI is a result of the sediment mixing, which redistributes reactivities within the sediment even at very low mixing rates 
(cf. Fig. S1). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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benthic OC flux or directly to benthic OC flux and its reactivity (e.g., 
Jørgensen, 1982; Christensen, 1989; Thamdrup and Canfield, 1996; 
Pastor et al., 2011; Lipka et al., 2018; Baloza et al., 2022). As shown 
above, our data support the findings of increasing benthic OC flux 
enhancing total remineralisation rates (e.g., Christensen, 1989; Lipka 
et al., 2018). We find a strong significant correlation between benthic 
OC fluxes and absolute aerobic remineralisation rates (Fig. 10b) and a 
significant moderate correlation between benthic OC fluxes and abso
lute anaerobic remineralisation rates, but a more scattered pattern 
(Fig. 10c). However, there is no significant relationship between the 
relative contribution of aerobic and anaerobic processes to total OC 
remineralisation and the benthic OC flux (Fig. 10b and c), although 
benthic OC fluxes vary by almost an order of magnitude (Fig. 10b and c). 
Apart from sites NW and Tonne E3 that are impacted by anthropogenic 
activities (see discussion below) we find the highest contribution of 
aerobic respiration to total OC remineralisation at site NNW, where only 
little or no sedimentation is reported (von Haugwitz et al., 1988) and the 
mean grain size of 269 μm is comparatively high (Figge, 1981; Laurer 
et al., 2013; Bockelmann et al., 2018; Sievers et al., 2021; Wei et al., 
2025). The coarse-grained sediments and the low flux of degradable OC 
to the SWI at site NNW result in a deep oxygen penetration depth of 3 cm 
(Müller et al., 2025). OC is exposed to oxygen for a long time due to little 
or no sediment accumulation (von Haugwitz et al., 1988), limiting 
anaerobic remineralisation in the upper 25 cm of the sediments to <20 
% (Fig. 6d; Fig. 12, Group 1). The relative importance of aerobic 
respiration to total OC remineralisation of 69 % shows only a small 
variation of ±4 % in wide parts of the study area (Fig. 6d; Fig. 12, 
Groups 2, 3), with a lower aerobic contribution of ~57 % at sites WC and 
Cdeep (Fig. 12, Group 4). Overall, the exposure time of OC to oxygen in 
the HMA appears to be long enough to degrade most of the reactive OC 
at all sites within the oxic layer, even at high benthic OC fluxes. This 
results in a rather uniform contribution of aerobic respiration to total 
remineralisation in the HMA.

Besides comparing aerobic and anaerobic processes, we can assess 
the influence of the different depositional conditions in the HMA on the 
different anaerobic metabolic pathways of OC remineralisation in more 

detail. In Fig. 12, sites with similar relative contribution of each meta
bolic pathway to total remineralisation are grouped to simplify the ob
servations. The most important anaerobic pathway of OC 
remineralisation in the HMA is sulphate reduction (Fig. 12, Group 1, 2, 
3, 5). Previous studies showed that the sulphate reduction rate is related 
to the sediment mass accumulation rate or the benthic OC flux (e.g., 
Henrichs and Reeburgh, 1987; Canfield, 1989; Pastor et al., 2011; 
Jørgensen, 2021; Baloza et al., 2022). In groups 2 and 3 (Fig. 12), with 
total remineralisation rates ranging from 2.5 to 6.3 mmol m− 2 day− 1, we 
find increasing absolute sulphate reduction rates with increasing benthic 
OC flux, as also described by e.g., Jørgensen (2021) and references 
therein. Surprisingly, we do not find a relation between the relative 
contribution of sulphate reduction to total remineralisation in large 
parts of the HMA (Fig. 12, Group 2, 3). Groups 2 and 3 (Fig. 12) show 
similar relative contributions of sulphate reduction to total reminerali
sation of 16 ± 3 %, which is similar to the value approximated for shelf 
regions globally by Bowles et al. (2014). This value is about constant in 
the HMA (Groups 2 and 3), although covering a large range in several 
depositional parameters. Mud contents vary between 53 % and 93 % 
(Müller et al., 2025), sedimentation rates span almost one order of 
magnitude, 0.5–4.5 mm yr− 1 (Müller et al., 2025), benthic OC fluxes 
show a factor of five difference from 3.6 to 17.8 mmol m− 2 day− 1, 
average reactivities of the OC reaching the SWI vary between 3.1 and 7.1 
yr− 1 and total remineralisation rates vary between 2.5 and 6.3 mmol 
m− 2 day− 1. This indicates that sulphate reduction in the HMA is not 
coupled to the magnitude of these parameters. Although the absolute 
sulphate reduction rates in group 4 are in a similar range of those in 
groups 2 and 3 (~0.8 mmol m− 2 day− 1), the relative contribution of 
sulphate reduction in group 4 is lower. This is a result of the more than 
doubled rates of iron and manganese reduction in group 4, which also 
increases the contribution of total anaerobic remineralisation in group 4. 
In the largest groups 2 and 3, iron and manganese reduction contribute 8 
± 1 % and 2 ± <1 %, respectively, again almost equally for all sites and 
again spanning large parts of the HMA with a wide range of depositional 
conditions. The highest iron and manganese reduction rates in the HMA 
(group 4) are found near the site where high amounts of reactive iron 

Fig. 12. Relative contribution of the different pathways to total remineralisation for all sites arranged in groups with similar contribution ranges. From left to right, 
the relative contribution of anoxic processes increases. At the bottom of the figure, the locations for each group in the HMA are highlighted.
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minerals in the sediments have been reported (e.g., lepidocrocite; Oni 
et al., 2015; Henkel et al., 2016, 2025). However, it is important to note 
that there is no comprehensive understanding of the distribution of 
reactive iron phases in the HMA. This only allows for speculation about 
the reasons or mechanisms controlling these higher rates. High iron and 
manganese reduction rates could either be the result of high fluxes of 
reactive iron and manganese into the sediments, or the result of higher 
sediment mixing rates. Higher amounts and fluxes of iron- and 
manganese-rich particles could originate from the estuaries of the rivers 
Weser and Elbe where the mixing of river water and seawater typically 
induces flocculation and the formation of high loads of suspended par
ticles (e.g., Boyle et al., 1977), whereas higher sediment mixing rates 
enhance the cycling of reduced iron and manganese in the sediments. 
This promotes re-oxidation of reduced iron and manganese near the 
sediment surface, and facilitates the downward transport of oxidised 
species, increasing overall iron and manganese reduction rates (e.g., 
Jørgensen, 1982; Canfield et al., 1993b). Additionally, Liu et al. (2023)
show a complex interplay and influence of OC contents and composition 
on the formation and types of iron-bearing minerals, which might in
fluence iron reduction rates.

Absolute denitrification rates of all sites in groups 2, 3, 4 and 5 are 
0.3 ± <0.1 mmol m− 2 day− 1, similar to denitrification rates of 0.4–0.6 
mmol m− 2 day− 1 reported for fine-grained North Sea sediments in the 
Skagerrak (Canfield et al., 1993a). As a control on the denitrification 
rate, Pastor et al. (2011) suggested competition between aerobic respi
ration and denitrification, while De Borger et al. (2021a) linked the 
denitrification rate to the nitrate availability. In the HMA, denitrifica
tion rates are controlled by the formation of ammonia through OC 
remineralisation in the sediments, followed by the oxidation of 
ammonia via nitrification as it diffuses towards the SWI (e.g., Jørgensen, 
2021 and references therein). Therefore, in the sediments of the HMA, 
denitrification rates are directly related to the available OC for degra
dation in the sediments and thus total OC remineralisation producing 
ammonia (Fig. 9d). This results in denitrification contributing 
constantly 6 ± 1 % to total remineralisation for all sites in groups 2, 3, 4 
and 5.

As we have shown above, the absolute rates of aerobic and anaerobic 
processes vary with the benthic OC flux to the sediments of the HMA. 
However, the relative contributions of aerobic and anaerobic minerali
sation pathways are not driven by the magnitude of the benthic OC flux 
in the HMA. In contrast to our findings in the HMA, a global data 
compilation of previous publications by Pastor et al. (2011) showed a 
significant correlation between the logarithmic benthic OC flux and the 
relative contribution of anaerobic remineralisation to total reminerali
sation rate (cor = 0.75, p < 0.0001). However, this compilation spans 
three orders of magnitude differences in benthic OC fluxes from 1 to 
1000 mmol m− 2 day− 1, from deep-sea ecosystems (Soetaert et al., 1996) 
to salt marshes (Mackin and Swider, 1989), representing various depo
sitional environments. Furthermore, in large areas of the HMA (Fig. 11, 
groups 2 and 3), the relative contributions of the different metabolic 
pathways to total OC remineralisation remain constant. This consistency 
is observed despite sedimentation rates varying by an order of magni
tude, mud contents between 53 and 93 %, benthic OC fluxes between 3.6 
and 17.8 mmol m− 2 day− 1, and average OC reactivities of 3.1–7.1 yr− 1. 
We conclude that either, (1) sedimentation rate, mud content, benthic 
OC flux and average OC reactivity do not significantly influence the 
relative importance of aerobic and anaerobic processes as well as the 
different pathways of OC remineralisation, or (2) the differences in these 
parameters are not large enough to create an impact on the contribution 
of the remineralisation pathways, which would indicate a low sensitivity 
of the processes to these parameters. Although highly unlikely, all dif
ferences in parameters at each station could also promote in combina
tion the same effect on the relative contribution of the individual 
metabolic pathways. Significant differences in the relative contribution 
of the anaerobic processes and the different pathways are only observed 
if the iron and manganese input to the sediments increases (Fig. 12, 

Table S1) and is not driven by sedimentation rate, mud content, average 
reactivity of OC, total remineralisation rate or OC supply.

5.5. Areas influenced by anthropogenic activities

The two major anthropogenic activities in the HMA are bottom 
trawling fisheries and dumping of harbour sediments. Highest bottom 
trawling activity is reported to occur in the northwestern part of the 
HMA – including site NW (Hintzen et al., 2012; Thünen Institute, 2018). 
Here, the average swept area ratio is estimated to be 5 to 15 yr− 1, while 
the rest of the HMA is barely affected by trawling (swept area ratio: 0-2 
yr− 1; Hintzen et al., 2012; Thünen Institute, 2018). The strong sediment 
mixing of the surface sediments at site NW is primarily caused by 
intensive bottom trawling in this area, resulting in ~30 % lower TOC 
contents compared to nearby sites with similar sedimentation rates 
(Müller et al., 2025), which is consistent with recent findings for other 
shelf areas (van de Velde et al., 2018; Paradis et al., 2019; De Borger 
et al., 2021b; Zhang et al., 2024).

Based on the results of our full diagenetic model at site NW we find 
that – despite lower average OC contents – total remineralisation rates 
are similar to those at sites WC and Cdeep (5.1–5.9 mmol m− 2 day− 1), 
which are characterised by similar sedimentation rates. Hence, OC 
remineralisation is relatively high, and preservation efficiency of OC at 
site NW is low compared to sites with similar sedimentation rates as a 
consequence of repetitive resuspension and prolonged oxygen exposure 
time (e.g. Hartnett et al., 1998) of surface sediments induced by bottom 
trawling fisheries. This finding supports the results of van de Velde et al. 
(2018) investigating the influence of sediment mixing on biogeochem
ical processes in the shallow southern North Sea off-shore the Belgian 
coast. The authors also show enhanced aerobic respiration, iron reduc
tion, manganese reduction and sulphate reduction with an increasing 
number of disturbances per year. In contrast to the findings on the 
different pathways of OC remineralisation reported by van de Velde 
et al. (2018), we find in the HMA at site NW a lower contribution of 48 % 
aerobic respiration and a significantly higher sulphate reduction rate of 
2.1 mmol m− 2 day− 1 and contribution of 35.5 % to total OC reminer
alisation. The sulphate reduction rate at site NW is highest for both 
absolute sulphate reduction rates and relative contribution to total 
remineralisation in the entire HMA. This results from the redistribution 
of reactive OC at site NW due to sediment mixing by bottom trawling 
(Fig. 11, orange line, Fig. S1). In the HMA most of the degradable 
fraction of the OC is limited to the uppermost part of the sediment 
(Fig. 11). Since sediment mixing transports reactive/degradable OC 
downwards and more refractory OC upwards towards the sediment 
surface, we find lower rates of aerobic respiration and a larger contri
bution of sulphate reduction due to the availability of reactive OC at site 
NW (Fig. 11, orange line; Fig. 12). Additionally, repetitive cycling 
through oxic and anoxic conditions can promote the overall degradation 
of OC in surface sediments (e.g., Aller, 1994). Besides the effects of 
bottom trawling on OC remineralisation, a recent study by Kalapurakkal 
et al. (2025) shows the strong impact of resuspension by bottom 
trawling on biogeochemical processes in the water column. The authors 
show, in addition to the remineralisation of OC in resuspended sedi
ments, that the oxidation of pyrite in the water column impacts the 
ocean's alkalinity, and ultimately releases large quantities of CO2 into 
the atmosphere.

The second significant anthropogenic disturbance in the HMA is the 
dumping of Hamburg harbour sediments at site Tonne E3 (e.g., 
Hamburg Port Authority, 2020). Here, we find very low total reminer
alisation rates of 2.1 mmol m− 2 day− 1 and a very high contribution of 
aerobic respiration to total remineralisation in the order of 83 % 
(Fig. 12, group 1). Average TOC contents are ~0.6 wt% with the up
permost two cm being lower by ~70 and 50 % (0.2 and 0.3 wt %) 
compared to the average TOC content of the core. This falls together 
with a similarly deep oxygen penetration depth of around two cm, 
leading to enhanced OC remineralisation within the oxic layer.
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The OC contents of sediments in various parts of the Hamburg 
harbour, which are characterised by high sedimentation and conse
quently frequent sediment management are between 2 and 7.6 wt% 
(average: 3.8 wt%; Zander et al., 2020). This is 7–12 times higher than 
the average OC content determined for the samples at site Tonne E3. 
Compared to the Tonne E3 sediments, incubated sediments from the 
Elbe river showed higher remineralisation under oxic conditions and 
one order of magnitude higher OC degradation rates (Zander et al., 
2020). Higher OC degradation rates than at Tonne E3 are also found in 
areas of high OC accumulation and sedimentation, and consequently, 
sediment management.

As the sediments at the dumping site Tonne E3 consist of coarse 
sands with low mud content and a mean grain size of 98 μm (Laurer 
et al., 2013; Wei et al., 2025), we argue that most of the fine-grained and 
OC-rich material dredged in the Hamburg harbour and dumped at the 
Tonne E3 site is exported from the dumping site. This is supported by 
recent findings by Porz et al. (2025) showing the high migration po
tential of especially the fine-grained fraction of dumped sediments in the 
southern North Sea, due to the strong hydrodynamical energy levels 
(Porz et al., 2025). This fine-grained and OC-rich material might un
dergo repetitive cycles of deposition and resuspension, as well as 
remineralisation, before final deposition close to the dumping site, the 
mud flats of the Wadden Sea, within the estuaries or in one of the big 
depocentres for fine-grained sediments in the North Sea, the Skagerrak 
and Norwegian Trough (e.g., de Haas et al., 2002; Lenz et al., 2024; 
Spiegel et al., 2024, 2025; Porz et al., 2025). However, unknown 
amounts of sediment and hence OC are exported from the dumping site 
further offshore or towards the coast, eventually deposited elsewhere. 
This would lead to long oxygen exposure times and enhance OC 
degradation (e.g., Hartnett et al., 1998), especially since Zander et al. 
(2020) highlight a three-fold higher OC degradation rate of the harbour 
sediments under oxic conditions compared to anoxic conditions (see also 
Kalapurakkal et al., 2025). Consequently, unknown quantities of the OC 
are ultimately remineralised to CO2 by dumping harbour sediments into 
the North Sea, as also suggested by Porz et al. (2025). The importance of 
future research on sediment dredging and dumping in coastal and ma
rine environments becomes apparent when considering that in the E.U. 
alone, 200 to 250 million tonnes of sediment are dredged each year, of 
which ~80 % is dumped in the marine environment (EuDA, 2005), with 
a high sediment migration and remineralisation potential (Porz et al., 
2025).

6. Conclusions

The combination of a comprehensive high-resolution solid-phase and 
pore-water dataset and the applied full diagenetic model allowed us to 
quantify the rates and pathways of both aerobic and anaerobic OC 
degradation in surface sediments of the Helgoland Mud Area (HMA). We 
successfully corrected the rates of the different metabolic pathways for 
non-steady state conditions caused by storm-induced pore-water mixing 
in the shallow-water eastern part of the HMA. The comparison of the 
results of the full diagenetic model with the empirical approach followed 
by Müller et al. (2025) showed that the total rates derived from both 
approaches agree very well. As a consequence, we can thus demonstrate 
that a robust estimate of total remineralisation rates as well as burial and 
benthic OC fluxes can be determined with high reliability using solely 
diffusive oxygen uptake and sedimentation rates.

The integrated total remineralisation rates assessed based on the full 
diagenetic model are controlled by the availability of labile OC. OC 
remineralisation below 25 cm accounts for approximately 30 % of the 
total dissolved inorganic carbon flux across the SWI. Highest organic 
carbon burial efficiencies of up to 66 % were found in an area stretching 
from the southern HMA close to the river Elbe outflow towards the north 
along the slope of the HMA. Here, enhanced degradation of labile 
compounds under oxic conditions in the water column caused by per
manent tidal resuspension and deposition cycles that keep the sediment 

particles in periodic suspension, resulting in the deposition of lower- 
reactive OC.

We found that aerobic respiration is the most important and sulphate 
reduction is the second most important pathway of OC remineralisation 
within the surface sediments of the HMA. Surprisingly, no effect of the 
different depositional and geochemical environments was observed 
neither on the relative contribution of aerobic and anaerobic reminer
alisation to total remineralisation nor on the relative contribution of the 
different pathways over a wide range of depositional parameters, 
including mud contents, sedimentation rates, benthic OC fluxes, and 
average reactivity of the OC reaching the SWI. These observations 
indicate that either (1) these parameters do not significantly influence 
the relative contribution of aerobic and anaerobic processes, as well as 
the different pathways of OC remineralisation, or (2) the ranges within 
the individual parameters are too small to generate an effect on the 
contribution of the remineralisation pathways, indicating a low sensi
tivity of the processes to these parameters.

In addition to resuspending sediments and enhancing OC reminer
alisation in the water column, intensive bottom trawling also results in a 
lower contribution of aerobic respiration to total remineralisation and 
enhanced sulphate reduction within the sediments. Enhanced sediment 
mixing transports labile OC from the sediment surface downwards. This 
downward transport of labile OC potentially promotes overall OC 
remineralisation and limits the preservation of OC in sediments. The 
dumping site for harbour sediments Tonne E3 shows a low total OC 
remineralisation rate and ~7 to 12 times lower TOC contents compared 
to harbour sediments – at least in the centre of the deposition area. 
Further investigations are therefore needed to assess the fate of OC 
during sediment dumping, its impact on benthic and pelagic reminer
alisation and ultimately CO2 formation.
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Paradis, S., Goñi, M., Masqué, P., Durán, R., Arjona-Camas, M., Palanques, A., Puig, P., 
2021. Persistence of biogeochemical alterations of deep-sea sediments by bottom 
trawling. Geophys. Res. Lett. 48, 1–12. https://doi.org/10.1029/2020GL091279.
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