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Coastal shelf seas are zones of intense nutrient cycling, where a strong coupling between the sediment and the
water column enhances primary productivity. To identify factors that control the strength of this benthic-pelagic
coupling we measured sediment characteristics, solute fluxes, and porewater nutrient profiles in spring along a
south - north transect in the North Sea crossing distinct regions: the shallow Oyster Grounds closest to the Dutch
shore, the shallow Dogger Bank, the 80-m deep central North Sea, and the 150-m deep Fladen Grounds between
the north of Scotland and Norway. The data were used to constrain rates of different mineralization processes
with the 1-D diagenetic model (OMEXDIA). Surprisingly, we found no major differences in the biogeochemical
signature along the 670 km long North Sea transect, despite sediments ranging in median grainsize from 25 to
217 pm, and a permeability range >3 orders of magnitude. Total carbon mineralization ranged between 4 and
13.5 mmol C m~2 d~}, and decreased significantly northward. Oxic mineralization was the dominant mineral-
ization process in all studied sites. Finest, least permeable sediments were found in the Fladen Grounds where
highest denitrification rates were recorded, linked to high nitrate concentrations in the overlying water. The
coarsest, most permeable sediments of the shallow Dogger Bank represented a transition area between the Oyster
Grounds, where oxic mineralization was highest (75-90%), and the central North Sea samples, where anoxic
mineralization increased relative to oxic mineralization due to higher bioturbation rates (oxic: 59-72%, anoxic:
27-39%). Overall, denitrification rates increased, while phosphorus removal tended to decrease northward. This
contrasting behaviour in nitrogen and phosphorus removal was identified as a possible cause for decreasing DIN:
DIP ratios in the water column towards the north.

1. Introduction

Every spring, when irradiance and temperatures increase in the
surface waters of coastal seas in temperate and higher latitudes, inor-
ganic carbon and free nutrients are captured as organic matter in vast
algae blooms. Part of this organic matter settles on sediments, where it is
remineralized into free nutrients by a set of chemical, physical, and
biological processes, collected under the term “early diagenesis” (Bou-
dreau, 2000). Shelf seas account for up to 80% of global benthic
mineralization, despite covering only 7% of the seafloor (Wollast, 1998).
More so, shelf sediments account for an estimated third of all nitrogen
loss from the global ocean through denitrification (Middelburg et al.,
1996) and for 50-84% of total phosphorus burial, making these regions
crucial in the regulation of eutrophication (Galloway et al., 2004; Seit-
zinger et al., 2006; Slomp, 2011).

The North Sea is a shelf sea bordering the NE Atlantic, with a surface

area of about 575 000 kmz, where shallow waters in the south (~ 40 m)
make way for deeper waters towards the north (> 80 m). With the
exception of the Norwegian trench (725 m), depths do not exceed 250 m
(Fig. 1). Bordered by several industrialized nations, the North Sea re-
ceives considerable nutrient input through river discharge and, though
on the decline, this input heavily affects nutrient levels in the coastal
zone (Burson et al., 2016; Lenhart et al., 2010). Further offshore,
nutrient levels are more regulated by input of Atlantic waters (Lenhart
et al., 2010).

Organic matter deposition is strongly dependent on algae blooms,
which are estimated to produce on average 180 g C m 2y~ ! of organic
matter (van Leeuwen et al., 2013). The main phytoplankton bloom oc-
curs in April-May, and is strongest in the nutrient rich, well mixed
waters of the southern part of the North Sea, and along the eastern
boundary (Fig. 1). In the more central and northern, stratified, regions of
the North Sea, surface nutrients are rapidly consumed during the initial
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Fig. 1. (A) Stations sampled in the North Sea during the NICO 10 research
campaign. (B) Water depth along the transect in latitudinal direction.

phytoplankton bloom, and are not replenished until autumn when wa-
ters get mixed again through advective overturning and storm events
(Tijssen and Wetsteyn, 1984; Van Haren et al., 2003). A deep chloro-
phyll maximum (DCM) then forms near the thermocline, on the condi-
tion that this is within the euphotic zone. Here together with light,
nutrients from the deeper, mixed water column are accessible to fuel
primary productivity throughout the summer (Weston et al., 2005; van
Leeuwen et al., 2013).

This primary production is predominantly deposited near the pro-
duction sites, but it also gets transported through successive deposition-
resuspension events (Van Raaphorst et al., 1998). The dominant coun-
terclockwise residual currents transport fine-grained, organic matter
rich material from the highly dynamic Southern Bight, along the eastern
boundaries, towards the Skagerrak. As a consequence of this water cir-
culation pattern, the reactivity, or “freshness” of deposited organic
matter decreases towards the site of final deposition, the Skagerrak,
relative to the initial production site (Dauwe and Middelburg, 1998).
These patterns of deposition broadly correspond to the sediment
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composition. Recently published synthetic maps of several
sediment-related variables (Wilson et al., 2018) highlighted the general
shift in particle size when moving from the highly dynamic southern
North Sea, where finer sediments are resuspended, towards the deeper
northern North Sea.

The sediment composition and its resulting permeability (among
others) regulate the magnitude of solute transport processes, the oxygen
penetration depth, and the structure of microbial communities (Pro-
bandt et al., 2017; Ahmerkamp et al., 2020). In coarse grained sedi-
ments, organic matter is rapidly mineralized, because of the high
availability of oxygen, the most efficient electron acceptor, penetrating
deeply in the sediment matrix (Glud, 2008; Huettel et al., 2014). These
sediments are characterized by relatively high oxygen consumption
rates, but low stocks of organic carbon (Braeckman et al., 2014; Brenner
et al.,, 2016). In fine-grained cohesive sediments on the other hand,
organic matter is trapped between sediment grains, and oxygen pene-
trates mere millimetres, resulting in a higher proportion of anoxic
mineralization and a build-up of organic carbon (Jgrgensen, 1982;
Canfield et al., 1993). At the same time, decomposition in the water
column is expected to decrease the deposition of organic matter with
increasing water depth (Brenner et al., 2016; Middelburg et al., 1997).
Denitrification is also mainly regulated by organic matter deposition
rates, with highest rates of denitrification expected where intermediate
(4-9 mmol C m~2 d') mineralization rates occur (Soetaert et al., 2000),
as this combines an optimal balance between sufficiently low oxygen
and sufficiently high nitrate availability, with sufficient carbon avail-
ability to allow mineralization to proceed (Cardenas et al., 2008).

In recent decades, phytoplankton blooms in the North Sea occur
earlier in the year, and phytoplankton production has decreased notably
in areas under riverine influence. While this is likely due to de-
eutrophication, decreasing trends are also seen for areas further away
from the coast (Capuzzo et al., 2018; Desmit et al., 2019). North Sea
surface temperature (SST) has increased by 1.6 °C between 1971 and
2014, and warming of surface waters affects the stratified regions
further away from shore such as the central North Sea, with declines in
phytoplankton biomass as a result (Holt et al., 2016; Desmit et al.,
2019).

Given this range of controls on mineralization processes, a thorough
understanding is needed to anticipate future changes to benthic nutrient
cycling, for example caused by decreased carbon inputs or human
induced changes to sediment characteristics. However, the sediment
biogeochemistry is poorly characterized for large areas of the North Sea,
such as the central North Sea northwest of the Dogger Bank, or the
Fladen Grounds, where only a handful of studies have reported mea-
surements (Fig. 1; Upton et al., 1993; de Wilde et al., 1986; Brenner
et al., 2016; Rosales Villa et al., 2019).

The aims of the study were to characterize the in situ response of
regions with differing sedimentological characteristics to the deposition
of fresh organic matter, and to isolate potential driving factors behind
observed differences in biogeochemical functioning. Shipboard in-
cubations of sediment cores were performed to derive solute fluxes, and
porewater profiles were established. A diagenetic model was subse-
quently used to derive rates of organic matter mineralization processes.

2. Materials and methods
2.1. Study area

During the NICO-10 research expedition (Netherlands Initiative
Changing Oceans, leg 10, May 25, 2018 - June 5, 2018) sediments were
sampled from aboard the RV Pelagia at 11 stations along a 670 km long
transect, from station “Oyster Grounds 100" (54.1494° N, 4.3419° E)
near the Dutch coast, to station “Fladen Grounds 770" (59.4167° N,
0.4222° E) in the NW of the North Sea (Fig. 1, Table 1). In what follows,
numbers in the station names indicate the distance travelled away from
shore along the transect. This transect crossed multiple zones of interest:
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Table 1
Sampling dates and locations of stations, and bottom water concentrations.
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Station  Sampling dates, 2018  Latitude (Deg. N)  Longitude (Deg. E)  Depth (m) PO (mmolm 3)  NHj (mmolm3)  NOz(mmolm3) O, (mmolm %)
0.100 June 5 54.14938 4.341914 45 0.6 3.0 1.5 230
0.135 June 4 54.41973 4.046748 43 0.4 1.5 0.9 253
0.190 June 3 54.87539 3.686554 41 1.0 5.7 3.6 281
D.240 May 25 55.17374 3.161264 26 0.3 6.8 0.7 290
C.300 June 2 55.62316 2.384164 72 0.7 4.4 1.1 201
C.380 June 1 56.06932 1.599237 79 1.3 5.7 3.7 255
C.450 May 26 56.58769 0.685672 224 1.1 32.8 5.2 294
C.545 May 31 57.36059 0.579088 84 1.1 5.4 5.5 253
F.640 May 27 58.20097 0.525871 148 1.8 6.0 11.1 251
F.695 May 29 58.83913 0.511693 135 1.5 6.0 8.5 248
F.770 May 30 59.41514 0.509838 135 3.1 3.8 8.8 237

the Oyster grounds (OG, sts. 0.100, 0.135, 0.190), the Dogger Bank
(D.240), the central area from the north of the Dogger Bank up to the
deepest station, Devils Hole (sts. C.300, C.380, C.450, C.545), and the
Fladen Grounds in the north (sts. F.640, F.695 and F.770). The Oyster
Grounds is an area with maximal water depths of 50 m, with well mixed
water in winter, and stratified conditions in summer (Greenwood et al.,
2010). The Dogger Bank is a 260 km long shallow sand bank with water
depths of 20-40 m. Northward from this area the seabed slopes down to
a more or less constant depth of 80 m, except for the > 260 m deep
depression called “Devils Hole”. In this area and further northward,
waters are stratified from spring onwards, with continuously mixed
conditions in winter (van Leeuwen et al., 2015). Towards the Fladen
Grounds there is a further increase in depth (100-150 m), where sea-
sonal variations in temperature of these deeper bottom waters are small.
Published estimates for primary productivity in these regions are fairly
similar, and range between 100 and 250 g¢ C m~2 y~! on the Oyster
Grounds (Gieskes and Kraay, 1984; Joint and Pomroy, 1993), 270 g C
m~2 y’1 for a stratified site in the central North Sea (Weston et al.,
2005), and 150-200 g C m~2 y’1 for the Northern North Sea (Reid et al.,
1990).

2.2. On-board incubations

Sediments were sampled using a stainless steel NIOZ boxcorer (30 cm
ID, 50 cm height), specially designed for on-board sediment measure-
ments as the entire sediment sample can be incubated. At each location
three intact boxcores were collected. The sediment surface in the box-
cores was inspected for intactness, and subsequently covered with a
Plexiglas lid with sampling ports and a built-in Teflon coated magnetic
stirring motor that kept the overlying water homogenized. Bottom water
(£5 m above the bottom) collected from NISKIN bottles was added to
each boxcore to seal the sample airtight. The samples were then placed
into large buffer tanks that maintained constant temperature (~bottom
water temperature of 11 °C) and were kept in the dark to prevent
photosynthetic activity. To determine the sediment oxygen consumption
rates, the oxygen concentration in the water overlying the sediment was
monitored (1 Hz) with optode sensors (FireStingO2, Pyroscience). A
two-point calibration of the sensors was conducted prior to measure-
ments, using 100 and 0% oxygen saturated seawater to represent water
column and anoxic O, concentrations, respectively.

The samples were left to acclimatize for a period of 2 h, before
starting nutrient flux measurements. Five water samples were collected
for flux measurements over a period of 48 h. Nutrient samples were
collected by extracting a volume of 50 mL from the overlying water,
while simultaneously injecting the same amount of bottom water
through a second sampling port to prevent air intrusion. Five mL of this
volume was used for nutrients (ammonium (NHJ), nitrate (NO3),
phosphate (PO3 "), filtered through a 0.45 yum syringe filter), and 10 mL
for dissolved inorganic carbon (DIC, 10 mL headspace vials). Nutrient
samples were stored at —20 °C, DIC samples were poisoned with 1 pL of
saturated HgCly per mL sample for preservation, and placed into a 4 °C

refrigerator. Upon thawing, nutrient samples were analysed in the lab,
by a SEAL QuAAtro segmented flow analyser (Jodo et al., 1992). DIC
analysis was performed using a segmented flow analyser (San-++ SKA-
LAR) following Stoll et al. (2001). Quality control of output from the
flow analyzers is routinely performed with reference material from Osil
and Quasimem (nutrients), and University of California San Diego (DIC).

Fluxes (in mmol m™2 d™!) were calculated by fitting a linear
regression through the concentration time series, and multiplying the
regression coefficient by the height of the overlying water to convert
from volumetric to surface standardized rates. If the regression was not
significant (i.e. p > 0.1), the flux was interpreted as ‘zero’. For oxygen
fluxes the same method was applied to a consistently decreasing section
of the oxygen concentration data.

At the end of the incubation period, several subsamples were
collected from each boxcore to determine: sediment porosity and
grainsize (2 cm of top sediment, @ 2 cm), sediment organic carbon and
nitrogen (2 cm of top sediment, @ 2 cm), sediment permeability (~ 15
cm of sediment, @ 3.6 cm), porewater nutrient profiles (~ 20 cm of
sediment, @ 10 cm Plexiglass sampling core), and oxygen microprofiles
(@ 5 cm Plexiglass sampling core).

2.3. Water column nutrient and chl a samples

To determine chlorophyll a (chl a) concentrations in the water col-
umn, NISKIN bottles were closed 3 m below the water surface, at the
deep chlorophyll maximum (observed from CTD casts), and 5 m above
the seafloor. Water samples were vacuum filtered over GF/F filters, and
flash-frozen in liquid nitrogen before storage at —80 °C. In the labora-
tory, photosynthetic pigments were extracted from the filters using a
90% acetone dilution (Wright, 1991), and quantified through high
performance liquid chromatography (HPLC; Zapata et al., 2000). Only
chl a concentrations are discussed in this work. From the sea floor
NISKIN samples, subsamples for DIC and nutrients were taken to char-
acterize bottom water concentrations.

2.4. Subsample processing

Porewater nutrients were extracted from the sediment subsamples
using rhizon samplers (0.15 pm pore size, Rhizosphere Research Prod-
ucts) at 1 cm depth intervals for the first 8 cm, and then at 2 cm intervals
down to 12 cm. The rhizons were inserted into the sediment core
through pre-drilled holes in the core wall, and a maximum of 4 mL of
porewater was extracted from each interval by connecting a 5 mL sy-
ringe and creating a vacuum (Seeberg-Elverfeldt et al., 2005; Dickens
et al., 2007; Shotbolt, 2010). Porewater nutrient samples were stored
and analysed in the same way as the water nutrient samples.

Sediment grain size was determined by laser diffraction on freeze-
dried and sieved (<1 mm) sediment samples in a Malvern Mastersizer
2000 (McCave et al., 1986). Water content was determined as the vol-
ume of water removed by freeze drying wet sediment samples. The
sediment density was determined by measuring the water displacement
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of a given weight of dried sediment. Sediment porosity was determined
from water content and solid phase density measurements, accounting
for the salt content of the pore water. The Corg/N ratio was calculated
from Corg. and N concentrations, determined using an Interscience
Flash 2000 organic element analyser. Sediment permeability was
determined using a permeameter (Buchanan, 1984).

Clark-type Oz micro-electrodes (50 pm tip diameter, Unisense) were
used to measure oxygen-depth profiles in the sediment (Revsbech,
1989). In each sediment core, up to three replicate profiles were taken
from different areas of the sediment. For each profile, readings were
taken at 100 pm intervals, starting 2000 pm (2 mm) above the
sediment-water interface (water aerated to 100% O- saturation before
the experiment) down to the depth in the sediment at which all oxygen
was depleted, the maximum oxygen penetration depth (OPD). A
two-point calibration was conducted prior to measurements using 100
and 0% oxygen saturated seawater to represent water column and
anoxic Oy concentrations, respectively. Note that profiles were only
measured up to 1 mm for the coarse sandy station D.240.

2.5. Biogeochemical modelling

2.5.1. Model structure

Modelling of steady state sediment biogeochemistry was conducted
with the OMEXDIA diagenetic modelling framework (Soetaert et al.,
1996), extended to include simplified phosphorus dynamics (Ait Ballagh
et al,, 2020) in line with the model of Slomp et al. (1996a). This
diagenetic model describes the dynamics of organic matter degradation
on a 1D grid down to 100 cm deep, consisting of 100 layers, and with
increasing layer thickness starting at 0.01 cm near the sediment water
interface (SWI). Two classes of organic matter (detritus) with differing
reactivity (fast decaying FDET, slow decaying SDET) are mineralized
sequentially in oxic mineralization, followed by denitrification, and
anoxic mineralization (Table 2). Consumption of oxygen and nitrate is
explicitly modelled (Egs. 1.1, 1.2), mineralization is limited by carbon
availability (first order kinetics), and oxidant availability (Michae-
lis-Menten type kinetics), and inhibited by concentrations of inhibiting
solutes. The anoxic mineralization with oxidants other than oxygen and
nitrate (manganese oxides, iron oxides, sulfate, organic matter) are
collected into one process in which so-called oxygen demand units
(ODU’s) are generated (Eq. 1.3). The reoxidation of these ODU’s, as well
as the nitrification are two additional processes that consume O5 (Egs.
1.4, 1.5). Phosphorus dynamics include the formation and release of
Fe-bound phosphorus (FeP), as well as the formation and dissolution of
Ca-bound P, apatite (CaP) (Ait Ballagh et al., 2020). Including the two
classes of organic matter and dissolved organic carbon (DIC), this makes
for 11 species, each defined in the 100 sediment layers.

State variables are transported in the sediment through advection,
molecular diffusion (for solutes) and bioturbation (solids). The solute
flux due to molecular diffusion and advection is described by Fick’s first
law (Fick, 1855),

Table 2

Diagenetic reactions used in OMEXDIA. x denotes the molar C:P ratio, y the
molar N:P ratio in organic matter per mole of phosphorus (for Redfield Stoi-
chiometry, x = 106, y = 16).

Process Reaction

Oxic (CH20)x (NH3)y (H3gPO4)+ xO5 — xCO2 + yNH3 (1.1)
mineralization +H3PO4 +xH0

Denitrification (CH20)x (NH3)y (H3PO4) + 0.8 x HNO3 — xCO2 + (1.2)

yNH3 + 0.4 x Ny +H3PO4 + 1.4 x HyO

Anoxic (CH20)x (NH3)y (H3PO4) + an oxidant — xCO, + (1.3)
mineralization yNH3 +H3PO4 + xODU + xH,0

Nitrification NH;3 + 20, - HNOs- + H,0 (1.4)

ODU oxidation ODU + O, — an oxidant (1.5)
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aCc
Jp = ¢Di071 + ¢vC (@)

where the effective diffusion coefficient is written as D; = Dy/6%, with Dy
the molecular diffusivity of the solute, ¢ =12 1In (¢) the correction
factor for sediment tortuosity (Boudreau, 1996), and ¢ the sediment
porosity, which was kept constant with depth. Bioturbation is
depth-dependent (z), and was set as a constant biodiffusivity value Dby
in a surficial layer with thickness L. Below this depth, bioturbation
decreases rapidly to zero, determined by the attenuation coefficient for
bioturbation (Dbcoefy, Eq. (2)).

Db, =Dbge Pt )

Deposition fluxes and bottom water concentrations were imposed for
the upper boundaries of solid and liquid substances respectively, while a
zero-gradient was assumed at the lower boundary.

Boundary conditions and parameters for the model obtained from
measurements were temperature, salinity, solute bottom water con-
centrations (NO3, NHJ, PO%’, Og, DIC), and the sediment porosity ¢.
The model was implemented in R (R Core Team, 2020), the transport of
simulated species was calculated using the R-package ReacTran (Soe-
taert and Meysman, 2012), while steady state was estimated using the
R-package rootSolve (Soetaert, 2009). Molecular diffusion coefficients
were calculated using R-package marelac (Soetaert and Petzoldt, 2018).

2.5.2. Model fitting

Fitting of the diagenetic model to the data was done in two steps.
Using the measured DIC flux as the upper boundary carbon input flux,
profiles were first manually fitted. Measured fluxes of O, and porewater
profiles of NH4, NO3, and PO~ were approximated by manually
tweaking a limited set of parameters (see Table 3). The degradation rate
of slow degrading material (rSlow), and the biodiffusivity constant Db

Table 3
Model parameters, and values.

Parameter Parameter meaning Unit Type Value (range)
(0] Porosity - Measured  0.45-0.71
wSed Solid phase advection em yr ! Fixed 0.0365
rate
pFast Fast degrading fraction - Fixed 0.95
organic matter
pSlow Slow degrading - Fixed 0.05
fraction organic matter
rFast Decay rate FDET d! Fixed 0.05
rSlow Decay rate SDET d! Fitted 0.11-1073-
053103
Db Biodiffusivity em?d™!  Fitted 0.001-0.019
coefficient
biotdepth Mixed layer depth cm Fixed 2
rnit Max. nitrification rate d! Fitted 2-34.7
rODUox Max. ODU oxidation d! Fitted 4-70
rate
ksO2oduox Half saturation, O5 in mmol Fitted 1-8
ODU oxidation 0, m?
ksNO3denit Half saturation, NO3 in mmol Fitted 15-100
denitrification NO3
m-3
kinO2denit Half saturation, Oy mmol Fitted 20-100
inhibition of O,m™3
denitrification
kinNO3anox Half saturation, NO3 mmol Fitted 1-8
inhibition anoxic NO3
mineralization m3
kinO2anox Half saturation, Oy mmol Fitted 35-97
inhibition anoxic 0, m?
mineralization
rCaPprod Rate of CaP production ~ d~! Fitted 0-0.06
rCaPdiss Rate of CaP dissolution ~ d~! Fitted 0-0.001
rFePadsorp Rate of FeP adsorption d! Fitted 0.1-2.7
rFePdesorp Rate of FeP desorption d! Fitted 0-0.0066
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were constrained by fitting the NH{, and O, profiles. Parameters
affecting the NO3 and NHj profiles were then tuned, starting with the
nitrification rate rnit, followed by the denitrification constants ksNO3-
denit, and kinO2denit. The shape of the oxygen profiles further con-
strained the oxidation rate of oxygen demanding units (ODU’s), and
reaction constants for anoxic mineralization kinO2anox and kinNO3a-
nox. In the last manual fitting step, the modelled phosphate profiles were
adjusted by changing the parameters for the processes affecting FeP and
CaP. This could be done in the last step, as the phosphate dynamics do
not impact the other model constituents. The manual fitting was fol-
lowed by a constrained parameter fitting using an optimization algo-
rithm. In this second step, the fitted parameters were allowed to vary in
a range +10 % around the manually fitted parameters. Also the DIC
fluxes were refitted within a narrow range (0.98-1.02 of measured
value), to allow freedom to the fitting algorithm. A random-based
minimization algorithm (Price, 1977) implemented in the R package
FME (Soetaert and Petzoldt, 2010) was used. This algorithm
pseudo-randomly samples the parameter space, until the parameter set
was found which returned the minimal model cost, the latter defined as
the sum of variable costs (modelled - measured values), scaled using the
mean - standard deviation relation determined for each nutrient.

2.5.3. Post-processing

Based on the model results, the total stock of particulate organic
carbon (POC) in the top 0.1 m of the sediment was calculated as the sum
of both reactive classes of carbon (FDET, SDET), and the fraction of
nonreactive carbon. The former was estimated from the model results,
the latter was derived by subtracting the reactive carbon from the
measured sediment organic carbon content Corg (top 2 cm, Table 4). Net
P release/scavenging rates were calculated for the oxic and anoxic zones
in the sediment by summing release processes (FeP and CaP release) and
subtracting the scavenging processes (FeP and CaP formation). Trends
between the model output (process rates, carbon stock), model param-
eters; and the sampling depth, and latitude were explored through
Pearson’s correlation (r) tests with 9 degrees of freedom, with a signif-
icance level (p-value) of 0.05. Analyses were performed in R (R Core
Team, 2020).

3. Results
3.1. Description of the sampling sites

The sampling stations differed in their sediment characteristics
(Table 4). The sediment median grain size ranged between 25 + 1 pm
and 217 + 2 pm, the differences mostly due to the relative contributions
of fine (125-250 pm) and very fine sand (63-125 pm), and the silt
content (<63 pm). Deeper stations (C.450, F.640, F.695, F.770) had the
smallest median grain size (25 + 1 to 70 + 8 pm), due to a high pro-
portion of silt (40 + 4 to 88 + 2%), the lowest permeability (1.0-10_16 +
0m?t01.6:10 14 + 0.4O~10’14), and the highest organic carbon (0.45 +

Table 4
Sediment parameters (mean =+ sd) for each sampling station.
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0.06 to 1.12 + 0.03%) and nitrogen content (0.05 + 0.01 to 0.14 +
0.01%). The shallowest station (D.240), and stations C.380 and C.545
had sediments with the greatest median grain size (192 + 1 to 217 + 2
pm) and fine sand content (48 + 2 to 63 + 2%), and of the studied lo-
cations were the only to classify as permeable, instead of cohesive sed-
iments (according the threshold of 10712 m?2 of Huettel et al. (2014);
1.0-10712 £ 0.09-1072 to 7.4-107!2 + 0.42.107!2 m?). Additionally,
these stations had lower contents of organic carbon (0.06 + 0.01 to 0.23
+ 0.02%) and total nitrogen (0.01 &+ 0 to 0.03 £ 0%). The stations on
either slope of the Dogger Bank (0.100 - 0.190, and C.300) contained
the highest fraction of very fine sands (36 + 1 to 55 + 1%), intermediate
contents of organic carbon and nitrogen (resp. 0.17 + 0.01 to 0.28 +
0.09% and 0.02 + 0 to 0.03 + 0.01%), and an intermediate permeability
relative to the other zones (3.1~10_14 + 25810 to0 7.2.1071% +
6.02:107% m?).

Along the transect, bottom water concentrations of NO3 (1.5 mmol
m~3 at 0.100 to 8.8 mmol m 2 at F.770) and PO%‘ (0.6 mmol m 2 at
0.100 to 3.1 mmol m 3 at F.770) increased northward (Table 1). Values
for bottom water NHZ (7.4 & 8.6 mmol m~>) and O, (253.9 + 27.1
mmol m~>) displayed no systematic pattern.

Water column chl a concentration was highest in the DCM of station
0.100 (11.1 pg L™, Fig. 2). Other stations with noticeably higher chl a
concentrations in the DCM compared to bottom or surface values were
stations C.300, C.545, and F.640 (resp. 2.0, 1.2, and 3.9 ug L™.Chla
values near the surface and the bottom were generally similar for a given
location, with highest concentrations measured at 0.100 (2.2-2.6 pg L™}
surface — bottom resp.). Values decreased towards the Dogger Bank
(0.4-0.6 g L™Y), and from then on ranged between 0.2 and 0.4 pg L™}
for surface concentrations, and 0.1-0.3 pg L1 for bottom water con-
centrations, increasing northward. No clear patterns were found in the
sediment surface chl a concentrations (pg chl a per g dry sediment),
which ranged from 2.9 + 2.6 pg g1 at 0.100 t0 0.3 + 0.3 ug g+ at C.545
(Fig. 2).

3.2. Sediment profiles

In general, gradients in nutrient concentrations were only pro-
nounced within the top 3-6 cm of the sediment. At greater depths, solute
concentrations stayed relatively constant (Fig. 3). Only ammonium
profiles of D.240, F.640 and F.770 suggest a further build-up below the
sampling horizon of 12 cm. Deep porewater concentrations (>8 cm) of
NH{ were lowest in the Oyster Grounds (0.135: 44.5 + 15.1 mmol m~3)
and the Dogger Bank (53.4 + 6.9 mmol m™>), and were highest in the
central North Sea (C.380: 64.1 + 8.6 mmol m’g), and Devils Hole
(C.450, 87.6 &+ 7.6 mmol m~2). Values then decreased again in the
Fladen Ground stations (F.695: NHf = 49.2 + 21.0 mmol m~3), with the
exception of F.770 (NHj = 62.4 &+ 21.0 mmol m~3), where two out of
three profiles did show a further increase in concentrations below 6 cm
(Fig. 3). Phosphate profiles displayed a similar trend as the ammonium
profiles. Deep concentrations of PO3~ were highest in the central North

Parameter MGS (pm) Fines (%) vFines (%) Silt (%) Permeability (mz) Porosity (—) Chla (pg g’l) Corg (%) Niot (%) C/N (mol mol ) >
Unit
0.100 8249 17+1 51 +12 32+11  3.14.10 ' + 2.58.10° 0.57 +0.08  3.62 + 0.93 0.284+0.09 0.03+0.01  10.20 + 0.24
14
0.135 103 + 3 29 +2 55+ 1 16 £ 0 5.72.1071* + 3.28.10*  0.46 £ 0.01  0.84 + 0.27 0.17+£0.01  0.02+0.00 891 +0.25
0.190 125+ 5 47 £3 36+1 15+5 6.181071* +0.33.10"*  0.45+0.01 1.28 +0.25 0.20+£0.07 0.03+0.01 857+ 0.54
D.240 217 + 2 63+2 440 0+0 7.39107'2+0.42.10"%  0.39+0.01  0.99 + 0.01 0.064+0.01 0.01+0.00 6.66+ 1.41
C.300 113+ 1 3940 47 £1 14+1 7.24107° £ 6.02.10"%  0.48 £0.00 3.35+1.16 0.27£0.01  0.03+0.00 9.37 + 0.65
C.380 212+ 2 48 £ 2 6+1 9+2 1.01-10'2 £ 0.081072  0.43+0.02  0.59 + 0.28 0.22+0.02 0.03+0.00 9.13+0.17
C.450 70 +8 19+ 4 35+1 45+5 1.71-107'* + 0.34.10"*  0.57 +0.03  2.85 + 1.56 0.674+0.02 0.09+0.00 9.03 + 0.07
C.545 192+ 1 59+ 1 8+0 9+1 486102+ 1.67-10'2  0.46 £0.01  0.35 + 0.01 0.23+£0.02 0.03+0.00 851 +0.24
F.640 25+ 1 1+1 11+1 88 + 2 51110 +537.10"°  0.71 £0.02  2.26 + 0.53 1.12+0.03 0.14+0.01  9.04 +0.11
F.695 57 + 52 24+1 16+1 40+ 4 1.00-107° + 0 0.49+0.08 0.78 + 0.24 0.45+0.06 0.05+0.01 10.13+1.21
F.770 55+1 1040 34+1 56 + 1 1.59-10'* + 0.40-10"*  0.61 +0.05  0.73 + 0.53 0.65+0.02 0.08+0.00 9.35+ 0.09
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Fig. 2. (A) Chlorophyll a concentrations in the water column near the surface, the bottom, and at the deep chlorophyll maximum (DCM, pg Chl a L’l), (B)
Chlorophyll a in the upper 2 cm of the sediment (pg Chl a g’l), (C) the DIC flux (mmol m 2 d’l), and (D) oxygen fluxes (mmol m~2d ') measured along the transect.
Black points in B, C, and D represent the means of the measured values (gray points), error bars (in B) the standard deviation.

Sea (e.g. C.380: 19.2 + 5.6 mmol m~2), and in station F.770 in the
Fladen Grounds (20.1 4 10.8 mmol m™>). Deep PO%’ concentrations in
the Oyster Grounds (0.135: 11.1 + 11.4 mmol m~3), and the Fladen
Grounds were lower (F.695: 9.0 + 2.9 mmol m~2). Nitrate profiles did
not display consistent features in the first 5 stations starting from the
coast, and concentrations remained low all over the sediment (range of
1.6 + 1.4 to 3.4 + 6.2 mmol m~>). From C.380 northwards however,
nitrate concentrations clearly decreased just below the sediment water
interface. These were also the locations where the oxygen penetration
depths were markedly higher and ranged from 6.8 + 2.0 mm to 7.9 +
0.4 mm, as opposed to lowest penetration depths in the Oyster Grounds
(2.4 + 0.9 mm to 5.9 + 2.4 mm), and intermediate values in the central
North Sea (3.2 £+ 0.2 mm to 4.4 + 0.4 mm).

3.3. Sediment fluxes

The measured oxygen influxes varied from —8.24 + 2.52 mmol m 2
d~! at C.545, to —16.03 + 4.35 and —17.52 + 7.45 mmol m > d ! at
0.135 and 0.190 (Table 5). Note that negative fluxes represent an up-
take in the sediment, positive fluxes exit the sediment. The DIC effluxes
were also lowest for C.545 (3.98 & 1.85 mmol m 2 d_l), and highest at
0.190 (13.52 + 4.54 mmol m~2 d™1). Oxygen and DIC fluxes were
significantly correlated (r = —0.47, p = 0.005), and the DIC release
significantly decreased with latitude (r = —0.35, p = 0.045), which was
not the case for the oxygen fluxes (r = —0.13, p = 0.46) (Fig. 2).

The measured nutrient fluxes displayed a high heterogeneity within
sampling replicates, with replicate cores of the same stations sometimes
resulting in in- and effluxes for the same solute (Table 5). In general,
more than 40% of regressions of nutrient concentrations over time were
not significant, so that nutrient fluxes were assumed 0 mmol m~2 d~1.

Highest ammonium release was measured on the Dogger Bank (0.85 +
1.29 mmol m 2 d’l), and the bordering stations (0.190, C.300),
whereas NHj uptake by the sediment was measured at 0.135, and in the
northern third of the transect (sts. C.545, F.640, F.770). Besides 0.100,
where nitrate uptake was measured (—0.21 + 0.55 mmol m~2 d’l), NO3
efflux varied between 0 mmol m~2 d™! at C.300 to 0.56 + 0.96 mmol
m~2d! at F.640. Phosphate exchange was significantly correlated with
the station depth (r = 0.67, p = 0.025); in the southern half of the
transect, PO3~ uptake occurred in 0.100, and the Dogger Bank, whereas
in the northern part exclusively PO3~ release occurred (with highest
efflux measured at Devils Hole, 0.08 & 0.09 mmol m2dh).

3.4. Modelling results

3.4.1. Model parametrization

The combination of the heuristic (manual) profile fitting step and the
optimization algorithm produced parameter sets which adequately
describe the measured porewater solute profiles (Table 3, Fig. 3).
Ammonium and oxygen profiles were shaped initially by a combination
of the bioturbation rate Db, and the decay rate of the slow degrading
organic matter rSlow. Decreasing the bioturbation rate reduced the
build-up of NHZ (and PO3™) with depth, increased the oxygen pene-
tration depth, and changed the shape of the NO3 profile (deepening the
NO3 peak). While the degradation rate of slow degrading organic matter
also impacted the deep NHZ concentrations, it had the largest effect on
the shape of the NHJ profile, with lower degradation rates causing a
more gradual build-up with sediment depth. Derived bioturbation rates
ranged from 0.001 cm? d~! at 0.135 to 0.019 cm? d! at C.545, and
degradation rates of slow degrading carbon ranged from 1-10~* d~! at
D.240t0 5.3-10"*d ! at C.545. The nitrification rate was the parameter
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Fig. 3. Measured porewater solute profiles (dotted lines) and model fits (red lines) for NH4, NO3, PO3~ and O,. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

Table 5
Measured solute fluxes of ammonium (NHZ), nitrate (NO3), phosphate (PO3 "), oxyg
values indicating a flux into the sediment, positive values a flux out of the sediment.

en (Oy), and dissolved inorganic carbon (DIC) in mmol m~2 d~?, with negative

Station NH} NO3 POS DIC 0,

0.100 0.04 + 0.77 —0.21 + 0.55 —0.04 + 0.05 9.3+ 6.46 -10.27 +1.32
0.135 —0.22 + 0.38 0.35 + 0.31 0.09 + 0.08 13.43 +5.45 ~17.52 + 7.45
0.190 0.73 + 0.64 0.26 + 0.03 0.00 + 0.00 13.52 + 4.54 —-16.03 + 4.35
D.240 0.85 + 1.29 0.15 + 0.26 ~0.01 +0.12 8.11 +5.2 ~11.45 + 4.25
C.300 0.84 + 0.24 0.00 + 0.00 0.00 + 0.00 7.82 + 1.93 ~11.82 + 2.94
C.380 0.71 + 0.44 0.43 + 0.74 0.00 + 0.00 10.64 + 2.21 —14.11 + 1.43
C.450 0.68 + 0.38 0.43 + 0.37 0.08 + 0.09 12.56 + 3.52 ~15.02 + 1.08
C.545 —~0.10 + 0.16 0.33 + 0.00 0.01 + 0.00 3.98 + 1.85 —8.24 + 2.52
F.640 0.00 + 0.00 0.56 + 0.96 0.04 + 0.04 8.48 + 0.74 —12.15 + 4.22
F.695 0.45 + 0.43 0.24 + 0.41 0.03 + 0.03 8.12 + 3.85 —12.77 £ 5.41
F.770 0.00 + 0.00 0.25 + 0.00 0.04 + 0.07 6.54 + 2.92 ~12.27 +8.23

used to reconcile the nitrate and ammonium profiles. Increasing the
nitrification rate slightly decreased the build-up of NHJ, and increased
concentrations of NO3, typically producing a nitrate concentration peak
within the oxic zone. Parameters concerning the oxidation of ODU’s
(rODUox, ksO2oduox), and oxygen inhibition parameters for denitrifi-
cation and anoxic mineralization (kinO2denit, kinO2anox) were adjusted
where necessary to better fit the nitrate profiles. In some cases (Fig. 3:
0.100, C.300), the model was unable to fit a NO3 profile without a
subsurface peak between 0 and 1 cm, without simultaneously compro-
mising the NH4 concentration.

After fitting the Oy, NHJ, and NO3 profiles, phosphate concentra-
tions were generally already in the correct order of magnitude, and the

parameters describing the FeP and CaP dynamics were mostly needed to
further define the shape of the profiles. Phosphate profiles with a visible
subsurface peak, such as D.240, C.300, C.380, and C.545, could only be
generated by the formation of CaP (CaPprod), thus causing a decrease of
POy~ with depth. The FeP formation rate (FePads) proved a necessary
parameter to regulate the phosphate concentrations in the oxic region.
This was often coupled to FeP desorption (FePdes) in deeper layers, as
this shuttle of P was needed to supply free phosphate to be used in CaP
production in deeper layers (Table 6).

Modelled fluxes for DIC and O were positively correlated with their
measured counterparts (r of 0.97, and 0.90 respectively, p < 0.001). For
NO3, NHZ, and PO3™ no significant correlation between measured and
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Model derived mineralization rates (mmol C m~2 d 1), nitrification (mmol O, m~2 d 1), relative contributions of each mineralization process to the total minerali-
zation, net P removal and release in the oxic and anoxic sediment layers (umol m~2 d 1), the proportion of incoming nitrogen removed from the sediment, and the stock

of carbon in the top 0.1 m of sediment (moles m~2).

Mineralization Rates (mmol m~2d™1)

Relative proportions (%)

Oxic Denitrification Anoxic Total Nitrification Oxic Denitrification Anoxic
0.100 7.02 0.29 2 9.3 0.91 75.4 3.1 21.5
0.135 12.14 0.1 1.19 13.43 0.53 90.4 0.7 8.9
0.190 10.66 0.04 2.83 13.52 0.3 78.8 0.3 20.9
D.240 6.42 0.25 1.44 8.11 0.84 79.2 3.1 17.7
C.300 4.61 0.18 3.03 7.82 0.96 58.9 2.4 38.7
C.380 6.95 0.48 3.21 10.64 1.25 65.3 4.5 30.2
C.450 9.01 0.18 3.38 12.56 0.56 71.7 1.4 26.9
C.545 2.28 0.32 1.37 3.98 1.17 57.4 8.1 34.5
F.640 6.21 1.06 1.21 8.48 1.12 73.2 12.5 14.3
F.695 6.36 0.46 1.29 8.12 0.31 78.4 5.7 15.9
F.770 4.35 0.54 1.65 6.54 1.12 66.4 8.3 25.2
Net. free P scavenging (—) or release (+) Removal proportions (% of mineralized)
(umol Pm~2d™1) C stock in top 0.1 m of sediment (moles m~2)
Oxic sed. Anoxic sed. Nitrogen Phosphorus POC DIC
0.100 —0.16 0.04 16 25 25.41 0.3
0.135 —0.08 —0.04 4 9 4.31 0.28
0.190 —0.12 0.09 2 1 8.38 0.29
D.240 —0.01 —0.01 17 1 2.47 0.31
C.300 —0.09 0.06 12 6 14.70 0.35
C.380 —0.06 0.05 24 0 12.02 0.35
C.450 —0.05 0.07 7 0 67.95 0.31
C.545 —0.04 0.03 43 1 18.95 0.31
F.640 —0.02 —0.01 66 4 143.51 0.29
F.695 —0.01 0.00 30 2 33.99 0.28
F.770 —0.02 0.01 44 0 73.67 0.29

modelled fluxes could be achieved (NO3: r = —0.44,p = 0.18; NHj: r =

0.25, p = 0.46; PO; : r = 0.4, p = 0.22).

3.4.2. Model output

The total carbon mineralization rates showed a decreasing trend
northward (r = —0.55, p = 0.079; Table 6). Most of the carbon miner-
alization was due to oxic processes (57-90%) (Fig. 4). The lowest
contribution of oxic mineralization to total carbon mineralization was
found in the central North Sea stations, where its contribution ranged
between 57 and 72% (C.300, C.380, C.450, C.545). Here, the contri-
bution of anoxic mineralization was maximal and reached 30-39%. The
relative importance of oxic mineralization was negatively correlated to

90
12 —

79
10

75
79

mmol C m2d-'

both the bioturbation rates (Db, oxic: r. = —0.79, p = 0.004; anoxic: r =
0.58, p = 0.07), and the nitrification rates (rnit, oxic: r = —0.64, p = 0.03;
anoxic: . = 0.43, p = 0.17). Nitrification (range: 0.30-1.25 mmol O,
m~2 d™1) contributed on average 10% (+7) to the oxygen consumption
budget, with a clear outlier at C.545 (25%, Table 6). No clear latitudinal
patterns in nitrification were observed.

Denitrification had a relatively smaller contribution to total miner-
alization in most southern stations up to Devils hole (C.450, 0-5%), but
was responsible for up to 6-13% of the total carbon mineralization in the
most Northern stations (C.545 and Fladen Grounds), leading to a sig-
nificant latitudinal increase (r 0.69, p = 0.018). As a result of
increased denitrification rates, sediments in this zone removed the
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Fig. 4. Model-derived C mineralization rates for oxic mineralization, denitrification, and anoxic mineralization in mmol m~2d~! (bars), and what they represent as a

percentage of the total mineralization at each site (numbers above the bars).
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highest amount of reactive nitrogen from the sediment: denitrification
removed 30-66% of all organic N mineralized in the Fladen Grounds, vs.
2-16% in the Oyster Grounds (Table 6). In contrast, phosphate removal
rates were highest at 0.100 and O.135 (resp. 25 and 9% of all produced
P). In these stations, high P removal rates were found in the oxic zone
(resp. 0.16 and 0.12 pmol P m—2 d’l), also characteristic for 0.190 and
C.300 (resp. 0.12 and 0.09 pmol P m~2 d~1). For the remainder of the
stations, P removal was between 0 and 6%.

Stocks of particulate organic carbon (POC) in the upper 10 cm
ranged from 2.47 mol m~2 at C.300 to 143.51 mol m™2 at the Fladen
Grounds (Table 6). POC values were significantly correlated to water
depth (r = 0.71, p < 0.015) as well as the silt content of the sediment (r
= 0.96, p < 0.001).

4. Discussion

In this study, we set out to characterize the response of organic
matter mineralization processes to spring bloom deposition in several
distinct regions of the North Sea. The research cruise was planned to
take place after the spring bloom, and the chl a values measured in the
water column along the transect indicate that this was indeed the case
(Fig. 2). The water column was highly stratified, with a prominent deep
chlorophyll maximum (DCM) present for most of the stations (observed
from CTD casts). Surface and bottom water chl a values (resp. 1.45 +
0.75 and 1.21 + 1.13 pg L 1) for the Oyster Grounds correspond to those
found in this region by Boon et al. (1998), whereas the values found in
the Fladen Grounds (0.22 + 0.01 pg L™1) are similar to the post-bloom
values reported in Eiane and Ohman (2004) in the same region. Natu-
rally, the spring bloom is a heterogeneous event throughout the sampled
region (Desmit et al., 2019; van Leeuwen et al., 2015); and there were 12
days between the first, and last station sampled (Table 1). For these
reasons, it is likely that an unknown amount of variability seen in the
data will reflect this difference in timing.

Despite this temporal variation and the heterogeneity of sediments
(Table 4) sampled over a considerable distance (670 km), total miner-
alization rates differed with a factor 3.4 at most (3.98-13.52 mmol C
m~2 d71), with measured DIC fluxes ranging between 2 and 18 mmol
m~2 d~! (Table 5). Previously reported values of DIC fluxes in the
southern North Sea (the area up to the Fladen Grounds, 2-29 mmol m2
d_l), and northern North Sea (Fladen Grounds, 0—-6 mmol m~2 d_l),
showed a slightly wider range (values measured in September, Brenner
et al., 2016). Our measured oxygen consumption rates (5-25 mmol Oy
m~2 d7!) also compared well to previously measured values in
spring/early summer available for the Oyster Grounds and Dogger Bank
(4-14 mmol O, m~2 d™!, Osinga et al. (1996); Raaphorst et al. (1990);
Wilde et al. (1984)), the German Bight (15.5-25.1 mmol O, m ™2 d!
(Oehler et al., 2015)), the Central North Sea area (7-18 mmol O, m2
d’l, Upton et al. (1993)), and the Fladen Grounds (1-7 mmol Oy m~2
d~1, de wilde et al. (1986)).

The measurements and modelling results suggest that the response to
carbon deposition was broadly similar for all studied sites: a mostly oxic
mineralization of organic matter, resulting in a low sedimentary nutrient
build-up. However, there were differences in the biogeochemical sig-
natures between regions with different sediment characteristics. The
sediments along the southern part of the transect displayed coarser
particle size and greater permeability from the Oyster Ground stations
towards the Dogger Bank (Table 4). Mineralization in this zone was
predominantly coupled to oxygen consumption (75-90%, Fig. 4), with a
small contribution of denitrification (0-3%) to total mineralization. The
sediments in the Central North Sea were more permeable and relatively
coarse grained, except for Devils Hole sediments which were charac-
terized by high silt contents and a low permeability. Anoxic minerali-
zation was more important in this central region (27-39%), while
denitrification contributed more to total mineralization (1-8%). Lastly,
the Fladen Grounds had the finest sediments, with an intermediary
importance of oxic mineralization (66-78%) and the highest proportion
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of mineralization as denitrification (6-13%).
4.1. Rapid, oxic mineralization

While a surficial, mostly oxic mineralization of organic matter has
been observed for several regions in the southeast of the North Sea
(Upton et al., 1993; Lohse et al., 1995; Raaphorst and Malschaert, 1996),
our results indicate that this occurs throughout large parts of the North
Sea. The high contribution of oxic mineralization can be deduced from
the shape of the solute profiles close to the sediment water interface
(Fig. 3). In nearly all locations, the gradients in nutrient concentrations
were established in the upper 4-6 cm, exhibiting a rather constant
concentration below that depth. This shape was observed even where
solute concentrations were higher, such as the central North Sea stations
northwest of the Dogger Bank (Fig. 3). Free nutrients are produced
where organic matter mineralization takes place. When most of the
organic matter mineralization occurs in oxic conditions (i.e. near the
sediment-water interface), the bulk of the free nutrients will be pro-
duced near the sediment water interface as well. As a result, solute
profiles rapidly reach constant concentrations, as mineralization in
deeper layers will not contribute much to the pool of nutrients. In our
study, such profiles were observed in the Oyster grounds and Central
North Sea. Only on the Dogger Bank, and in two stations in the Fladen
Grounds, F.640 and F.770, solute profiles exhibited a more gradual
build-up that seemingly continued beyond 12 cm depth, suggesting that
organic matter degradation was shifted away from the sediment surface
there. The degree to which degradation occurs near to the surface was
partly caused by the bioturbation rates in the model, which were lowest
on the Oyster Grounds (0.001 cm? d~1), and highest in the Central North
Sea (0.019 ¢cm? d1). Bioturbation mixes fresh organic matter deeper
into the sediment, which decreases the substrate for mineralization near
the surface, while increasing the organic matter content in deeper (sub-
and anoxic) sediment layers.

The stock of particulate organic carbon in the upper 10 cm correlated
strongly with the silt content in the sediment (Fig. 5). Whereas this
relation was not unexpected (Wilson et al., 2018; Serpetti et al., 2012), it
confirmed the Fladen Grounds and the Oyster Grounds as areas of
increased carbon burial (Van Raaphorst et al., 1998), while most of the
North Sea is bereft of any considerable carbon burial (De Haas et al.,
1997). Higher values of the observed POC stock in the Fladen Grounds of
34-144 mol m~2, and in Devils Hole: 68 mol m 2 exceed average values
for surrounding sediments of the Central (37 mol m’z), and Northern
North Sea (43 mol m™2) respectively (Legge et al., 2020), and resemble
more the POC stocks calculated for the Norwegian Trench (54-120 mol
m~2, Legge et al., 2020).
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Fig. 5. Particulate organic carbon (POC, moles m~?) in the top 0.1 m of the
sediment, as a function of the silt content per station.
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4.2. Large-scale patterns

Several trends were found along the transect. Total mineralization
rates, as well as the contribution of oxic mineralization decreased from
south to north, whereas the importance of denitrification increased
(Fig. 4). The decreasing trend in total mineralization has previously been
noted in the North Sea, and was attributed to lower temperatures in
deeper waters, changes in sediment granulometry, and a weakened
coupling to pelagic production (Brenner et al., 2016). While we found no
clear latitudinal pattern in sedimentary nor water column chl a con-
centrations, our data do show correspondence between DCM and top
sediment chl a concentrations in multiple locations (0.100, C.300,
F.640; Fig. 2), signaling a direct input of fresh material to sediments in
most regions.

4.2.1. Increasing denitrification northward

The increasing proportion of organic matter mineralized via deni-
trification, appeared to be driven predominantly by increasing bottom
water nitrate concentrations towards the north (Table 1). Overall,
modelled denitrification rates (0.03-0.85 mmol N m~2 d™ 1) compared
well to measured denitrification rates in the North Sea, which range
from 0 to 0.50 mmol N m~2 d~! in the Oyster Grounds and the Dogger
Bank (Lohse et al., 1995; Neubacher et al., 2011). Rosales Villa et al.
(2019) measured a denitrification rate of 0.19 mmol N m~2 d ! near the
Fladen Grounds (in August), which is low compared to our modelled
rates for this region, but in situ NO3 bottom water concentrations were
also 30-60% lower than ours in the cited study.

On the Oyster Grounds, all NO3 produced from nitrification was
subsequently denitrified (Fig. 6 A). In the Dogger Bank and central North
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Sea sediments, nitrification rates were slightly higher (with the excep-
tion of Devils Hole), and exceeded the NO3 demand of denitrification
(Fig. 6 A). The significant negative correlation between the nitrification
rates and the proportion of oxic mineralization indicates that nitrifica-
tion in the Dogger Bank and the central North Sea sediments competes
for oxygen with organic matter mineralization processes, with this
decrease in available oxygen resulting in a higher proportion of anoxic
mineralization of organic matter.

In contrast, the higher denitrification rates on the Fladen Grounds
were only sustained for ~25% by nitrate produced from nitrification,
with most of the NO3 provided by the overlying water (Fig. 6 A). This
intake of nitrate from the bottom water can be seen in the NO3 profiles
in the Fladen Grounds, which have highest values near the sediment
water interface, and a steep decline below where it is consumed (Fig. 3).
Elevated bottom water NO3 concentrations in the Fladen Grounds, up to
ten times those on the Oyster Grounds, are most likely explained by the
inflow of nutrient rich Atlantic water (Holt et al., 2012; Vermaat et al.,
2008). These bottom water concentrations thus explain these profiles,
and the NO3 uptake in the sediment (Table 1). A result of this increased
denitrification towards the North, was that in the Oyster Grounds only
2-26% of all mineralized N was removed from the sediment through N,
production, whereas in the Fladen Grounds this increased to 30-66%
(Fig. 6 B). This shows that the deep regions of the North Sea are
potentially considerable sinks of nitrogen, driven by bottom water ni-
trate concentrations.

It should be noted that the absence of additional relations between
denitrification rates and other determining factors (e.g. carbon flux, C/N
ratio, OPD) could point to the fact that we could not distinguish between
so-called canonical denitrification (as used in the current model,;
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Fig. 6. (A) Nitrification and denitrification (mmol N m~2 d1) for each station; (B) net nitrogen removed as a % of N mineralized; (C) net % of mineralized
phosphorus buried or removed from the sediment; (D) The DIN:DIP ratio in the sediment (from 2 cm downwards, black dots = average, empty dots = repli-

cate values).
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Brandes and Devol, 2002), and anammox (anaerobic ammonium
oxidation). Both processes consume NH7, and produce N, but different
drivers influence the occurrence of annamox and canonical denitrifica-
tion. Anammox can be of considerable importance in hemipelagic sed-
iments, and may account for up to 25% of N production on continental
shelf sediments (Dale et al., 2011). The relative importance of anammox
over denitrification has been linked to increasing depth, changes to
organic matter quantity and quality, as well as nitrite availability and
faunal ventilation activity (Dalsgaard et al., 2005; Dale et al., 2011). To
separate both with certainty, high resolution nitrite profiles and fluxes,
as well as Ny fluxes are needed. That being said, a previous study on
nitrogen cycling that included samples in the Fladen Grounds (in
August) reported only denitrification as a cause of Ny production, and
not anammox (Rosales Villa et al., 2019).

4.2.2. Decreasing DIN:DIP ratios northward

Differences in N cycling along the transect caused changes in the
sedimentary concentration of dissolved inorganic nitrogen (NOx + NHx,
DIN), relative to dissolved inorganic phosphorus (PO%‘, DIP), but dif-
ferences in P-cycling between the different stations altered this ratio just
as well (Fig. 6 C). The DIN:DIP ratio gives an indication of the efficiency
with which N compared to P is retained (or conversely, removed) in the
sediment as mineralization proceeds. Higher and lower DIN:DIP ratios in
deep sediments indicate more efficient removal of P or N respectively.
For the deeper layers (2-12 cm) the DIN:DIP ratio was highest in 0.100
and 0.135 (16 + 11 and 18 =+ 16), but for the other stations values were
much lower, ranging between 3 + 1 (C.450) to 8 + 4 (0.190), often
indicating a depletion of DIN relative to DIP in the sediments (Fig. 6 D).
Whereas denitrification decreases DIN concentrations in the sediment
relative to DIP, the processes that affect DIP are more complex.

The P-cycle in marine sediments is strongly driven by the deposition
of organic matter, and the redox conditions in the sediment. In oxic
conditions, iron is present in solid form as oxides, and this binds phos-
phate to form FeP complexes (Slomp et al., 1996a,b). As the FeP is mixed
below the oxic zone, the Fe-oxides will reductively dissolve through
dissimilatory Fe-reduction, or sulphide induced dissolution (an end
product of anoxic sulfate reduction). This resulting PO3~ release from
FeP dissolution increases phosphate concentrations in deeper sediment
layers (Mortimer, 1942; Ingall and Jahnke, 1994; Colman and Holland,
2000; Slomp, 2012). The sequestration of P in the oxic zone, and release
of P in the anoxic zone has been called the P-shuttle mechanism, and
causes a preferential build-up of phosphate over ammonium at depth
into the sediment. In addition, in deeper sediment layers, calcium
phosphate minerals can be formed (authigenic CaP), with or without FeP
as an intermediate (Slomp, 2011). This causes removal of dissolved P
and burial of solid-phase P, which constitutes the main P-sink in the
sediment. The removal of dissolved P to the solid phase is evident in
PO3~ profiles as a gradual decrease of PO}~ with increasing sediment
depth in the anoxic zone, causing inorganic phosphorus to be depleted
compared to ammonium at depth. It should be noted that, as we did not
measure neither FeP nor CaP, our model could not distinguish between P
shuttling and removal by either Fe- or Ca-related processes. However,
the net P removal to the solid phase could be deduced from the decrease
of phosphate with sediment depth.

The highest removal of P in the oxic zone occurred in 0.100 and
0.135, and this was not (0.135), or only partially (0.100) linked to
release in the anoxic zone (Table 6). On the Oyster Grounds and Dogger
Bank sediments in general, surficial (0-2 cm) and deep PO%‘ concen-
trations were lowest relative to DIN (DIN:DIP surface: 24 + 23; below 2
cm: 16 and 18, Fig. 6 D).

In the central North Sea sediments, the model also indicated signif-
icant removal of phosphate in the oxic zone, leading to surface N:P
values of 16 4+ 11. However, in the Central North Sea — Fladen Ground
stations deep DIN:DIP ratios varied from 3 to 9, as in these station more
solid P was released back to free PO?{ in the anoxic zone (Table 6). This
shuttle caused build-up of PO3~ deeper in the sediment which, in
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combination with slightly higher denitrification rates, led to low DIN:
DIP ratios (3-6 average). In the Central North Sea and the Fladen
Ground sediments, modelled PO3~ processes showed less formation of
solid P. The amount of buried P was thus much higher in the Oyster
Grounds (specifically 0.100, and 0.135), with more constant values for
the rest of the transect (Fig. 6 C).

Because of the combination of increasing nitrogen removal and
decreasing DIP removal, the DIN:DIP ratio in the deep porewater was
highest near the coast, and decreased further offshore (Fig. 6 D). Inter-
estingly, this pattern is consistent with the decreasing DIN:DIP ratio in
the water column with distance from the coast that has been observed
since the 1990’s (Burson et al., 2016). De-eutrophication efforts
(OSPAR, 1988), have decreased P inputs to coastal waters of the North
Sea by 50-70%, but reduced the N load by only 20-30% (Lenhart et al.,
2010; Passy et al., 2013). As a result of this, DIN:DIP ratios in the water
column have been observed to be elevated above Redfield (N:P of 16:1,
Redfield (1960)) from the coast, up to the eastern slope of the Dogger
Bank in April (Burson et al.,, 2016). In summary, the pattern of
decreasing DIN:DIP ratios we observed is explained on one hand by
increased P burial, and a link to similar DIN:DIP dynamics in the water
column closer to shore, and on the other hand by increasing N removal
by denitrification towards the north.

5. Conclusions

The combination of field measurements and diagenetic modelling
showed rapid mineralization of fresh organic matter in the sediments of
a region of the North Sea extending from 100 km from the Dutch coast
up to the Fladen Grounds in the northern part of the North Sea. This
resulted in an overall low nutrient build-up, despite significant differ-
ences in sediment characteristics and environmental conditions. The
similarity of the mineralization response characterizes the study area as
a zone of fast nutrient recycling, where fresh organic material is recycled
to nutrients that are available to the water column within weeks, or a
few months after deposition. Total mineralization decreased with
increasing latitude, revealing subtle differences in mineralization pro-
cesses, such as increased removal of nitrogen and decreased removal of P
towards the north. 1-D diagenetic modelling, combined with measured
solute fluxes, and porewater nutrient profiles proved a robust tool in
deriving mineralization rates. The results of this research expedition
contribute valuable knowledge about the biogeochemical functioning of
several understudied regions of the North Sea.
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