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ABSTRACT

Suspended particulate matter (SPM) is composed of minerals and organic matter (OM). Their

interactions are driven by physical, chemical and biological processes, such as sorption of organic
molecules to mineral surfaces, inclusion of smaller organic particles into small clay mineral
aggregates, incorporation of organic particles into flocs. These processes vary along the land-ocean
transition, leading to spatial and temporal variability in the size, shape, composition, concentration
and transport pathways of the SPM. We have collected in situ data in the North Sea to characterise
the SPM composition and concentration. Measurements of SPM, particulate organic carbon (POC),
nitrogen (PON), transparent exopolymer particles (TEP), pigment and nutrient concentrations and
mineralogical composition have been used to provide complementary information on the POC
composition, such as the fresh, mineral-associated, detritus, slowly degrading, phytoplankton and
heterotrophic fractions. Further a new approach of combining a pair of optical-acoustic sensors to
estimate the total concentration and sand/mud composition of the SPM has been applied to long-
term sensor data. The aim of the proposal is to change the scope of in situ observations from merely
the collection of data towards the improvement and validation of mechanical or empirical models
that describe fundamental aspects of SPM composition and its fluxes in whole the North Sea and the

English Channel.

Keywords: Suspended particulate matter, Particulate organic matter, Dissolved organic matter, Clay

minerals, Mixed sediments
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1. INTRODUCTION

Suspended particulate matter (SPM) is present in all natural waters and plays a key role in
biogeochemical, biological, and geological processes. Suspended particulate matter (SPM) is present
in all natural waters and plays a key role in biogeochemical, biological, and geological processes. SPM
drives key processes: transport, settling, deposition and resuspension of mineral and biogenic
material, remineralization of organic matter (OM) and cycling of elements like carbon, nitrogen, and
phosphorus. It has an important impact on aquatic ecosystems, as it influences light and nutrient
availability and thus primary production, serves as a food source for suspension feeding organisms
and impacts water quality. SPM is a mixture of mineral grains, microorganisms (such as bacteria and
phytoplankton), detritus, adsorbed organic substances and xenobiotic particles (Ho et al. 2023; Huynh
et al. 2024). OM in sediments is primarily associated with the mineral phase (Hedges & Keil 1995). In
contrast, the particulate OM (POM) in suspension have a large range of lability and reactivity
depending on environmental conditions, such as the dissolved oxygen concentration, mineral
protection, priming effects or microbial activity (Ittekkot 1988; Mayer 1994; Arndt et al. 2013;
Hemmingway et al. 2019; Liu et al. 2024). Particle interactions, controlled by physical, chemical, and
biological processes, vary from nearshore to offshore, creating large spatial and temporal changes in
SPM size, composition, and concentration.

The organic and mineral components interact on molecular to mm scale are ubiquitous. The primary
interaction between them takes place on molecular to nano scale; they have been well described in
reviews (Keil & Mayer 2014; Deng et al. 2022; Zhao et al. 2023). These interactions range from
adsorption of organic molecules via hydrogen bonds or van der Waals forces to intercalation into
expandable clay minerals and occlusion within clay mineral aggregates (flocculi). These organo-
mineral associations form the building blocks or primary particles of complex biomineral (Lee et al.
2012; Shen et al. 2018). The interactions between organic molecules and minerals through
adsorption/desorption kinetics show that a transition between the dissolved (organic molecules) and
the particulate phase occurs (Kleber et al. 2021). The interactions of minerals and OM may stabilize
part of the organic carbon or prevent further degradation (Hemingway et al. 2019). Organo-mineral
association and other stable OM are found in marine sediments. Before being sequestered, they have
been transported in suspension; an accurate estimation of this OM fraction in the SPM is up to now
lacking.

These organo-mineral interactions and the dynamics (turbulence) of the ecosystem, explain why the
particulate organic matter (POM) content of the SPM, increases with decreasing SPM concentrations
(Schartau et al. 2019; Fettweis et al. 2022). This shift in the SPM composition across the cross-shore
gradient, coupled with the influence of the physical forcing, is significantly impacting the SPM
behaviour, such as size, density and settling velocity (Moulton et al. 2023; Yu et al. 2023). Offshore
conditions characterized by lower turbulence and higher POM content promote formation of low-
density organic aggregates (Fettweis et al. 2006; Maerz et al. 2016; Lee et al. 2019). Conversely, in
nearshore shallow waters, lower organic content and greater turbulence make large low-density
organic aggregates more volatile, as they break up and form during tidal cycles (Fugate & Friedrichs
2003; Maggi & Tang 2015; Maerz et al. 2016).
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2. STATE OF THE ART AND OBIJECTIVES

Shelf seas, such as the North Sea, are dynamic systems where fine-grained sediments interact with
organic matter, significantly influencing the fate of both the components. We investigated the
seasonal dynamics of POC and dissolved (DOC) organic carbon pools together with the inorganic
components (minerals) along SPM concentration gradients from nearshore to offshore in the North
Sea. The objective of the PiNS project is to characterize the SPM features in the English Channel and
the southern North Sea along nearshore to offshore transects and along the water column through
the collection of in situ data on concentration, composition and settling velocity. The PiNS project is
linked to the Belspo BG-Part project (Desmit et al. 2025).
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3. METHODOLOGY

To address the objectives a combination of field measurements, laboratory methods, data analysis,
and a mechanistic modelling approach was used. The project relied on ship-based campaigns.
However, due to the RV Belgica’s non-availability in the second half, only two of the four planned
campaigns were executed. We mitigated data gaps by incorporating existing in situ and sensor data
from the Belgian part of the North Sea.

State-of-the-art field and analytical approaches have been used to characterize particle dynamics,
particle size, turbulence, organic matter parameters, dissolved nutrients, salinity, and mineral
composition. Optical and multi-frequency acoustic sensor measurements on benthic landers enabled
identification of sand and mud components in the benthic layer. SPM samples (taken with the on-
board centrifuge) have been analysed for the mineralogy using XRD method.
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Figure 1: Map of the sampling stations in the English Channel and southern North Sea. The background
displays the averaged near surface SPM concentrations from Sentinel-3/OLCI images between November
2019 and March 2020.

3.1 In situ sample collection and analysis

The samples were taken in 12 stations all located along a cross-shore transect that ranges from the
high turbid nearshore to the low turbid offshore in the English Channel and the southern North Sea in
spring (March-April) and winter (December) 2023, see Figure 1. The Belgian stations MOW1, W05,
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W08 and Codevco and the UK stations West Gabbard and Sizewell are in the Southern Bight of the
North Sea; stations Scenes and BS1 in the Seine Bay (France), stations HB2, HB1 and Helgoland in the
German Bight and station Dogger Bank in the central North Sea.

The sampling was done with Niskin bottles and a centrifuge with a water inlet at about 4 m below the
surface. The data set from Niskin bottles consists of 1.5 or 2 hourly samples at the surface and near
the bed collected during thirteen full tidal cycles and eight half tidal cycles, and two times two samples
in one location. The centrifuge was collecting SPM during the full or half tidal cycle in all stations except
for Dogger bank where the collection was done during transit (started 3 h before arrival until 3 after
leaving the station). For station MOW1, W05 and W08 additional water samples data are available:
MOWT1 hundred full tidal cycles since 2004, W05 forty full and half tidal cycles since 2018 and W08
thirty-seven full and half tidal cycles since 2019.

The water samples were filtered on board and analysed in the laboratory to obtain the concentration
of SPM, POC, particulate organic nitrogen (PON), Chlorophyll-a (Chla), Phaeophytin-a, transparent
exopolymer particles (TEP), inorganic nutrients and dissolved organic carbon (DOC). Bulk and clay
mineralogy was determined for the centrifuge samples using X-ray diffraction. The analytical
procedures are described in Fettweis et al. (2022; 2025) and Silori et al. (2025a; 2025b).

3.2 Sensor measurements and SCI method

Accurate observation of SPM concentration typically requires a combination of one or more optical
and acoustic (O/A) sensors with gravimetric measurements of filtered water samples (Sutherland et
al. 2000; Bux et al. 2019, Fettweis et al. 2019). This is because both optical turbidity and acoustic
sensors indirectly measure the backscattered signals of an optical beam or the acoustic backscatter as
a proxy of SPM concentration. Whereas the gravimetric measurements of filtered water samples
directly provide the ground truth reference of SPM concentration; a regression model needs to be
acquired for the indirect sensor measurements of SPM concentrations. Owing to the strong
dependence on particle size, density and shape, all sensors and the regression model must be
recalibrated as soon as the SPM composition changes (Fettweis et. al. 2019; Haalboom et. al. 2021;
Downing 2006; Voulgaris & Meyers 2004). All particles in a suspension respond to both O/A signals
under a similar mechanism, albeit at great different degree, optical sensors are more sensitive to fine
particles and flocs (<63 um) (Downing 2006; Voulgaris & Meyers 2004) and acoustic sensors are more
sensitive to coarser and denser particles (Hoitink & Hoekstra 2005; Bass et. al. 2007). Combining
optical and acoustic sensors enhances detection of mud (optical) and sand (acoustic) providing a more
complete information of the SPM composition.

A 3 MHz SonTek Acoustic Doppler Profiler (ADV) acoustic backscatter sensors and a D&A optical
backscatter sensor (OBS) have been deployed in the Belgian nearshore area at the coastal observatory
(MOW?1), see Fettweis et al. (2016). This study uses the Sediment Composition Index (SCI) method to
couple optical-acoustic measurements to infer SPM compositions and concentrations without or with
limited water sampling calibrations. The concept and application of the SCI have been introduced and
validated through a series of laboratory experiments and in situ studies in (Pearson et al. 2021; Tran
et al. 2024). The proposed SCI concept, which is SCI = 10log10(OBSsignal) — ADVsignal, describes the
relationship between the OBS and ADV signals.
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4. SCIENTIFIC RESULTS AND RECOMMENDATIONS

4.1 The transition between coastal and offshore areas in the North Sea

Shelf regions’ dynamic nature drives the strongly fluctuating patterns in SPM concentration. This
variability is particularly pronounced within nearshore areas where fine-grained sediments are
abundant (Figure 1). SPM concentration consistently shows a cross-shore gradient, high SPM
concentrations in the shallow coastal waters and lower ones offshore. For the southern North Sea
Postma (1984) stressed the importance of tidal asymmetries and particle trapping by density
circulation and proposed the concept of a ‘line of no return’ located at some distance from the coast.
This line would represent a boundary away from the coast beyond which any cross-transport of SPM
towards the coast becomes improbable. Therefore, particulate organic matter (POM) produced
nearshore tends to be processed within the coastal area and POM produced beyond the line tends to
remain offshore. A nearshore utilisation and recycling of organic compounds is known to be significant
when quantifying the fate of nutrient inputs from land (for example Asmala et al. 2017). In this
perspective, only dissolved compounds (nutrients and dissolved organic matter) are exchanged across
the line, which in turn may promote POM production further offshore. From another perspective, the
line of noreturn can be interpreted as the outer limit of a transition zone between coastal and offshore
areas, which depends on the width of a surf zone of a specific depth range. Within a transition zone
the aggregated particles or flocs may also exhibit maxima in sinking velocity (Maerz et al. 2016).
Likewise, such a transition zone can be associated with comparable concentrations of fresh and slowly
degradable POM (Schartau et al. 2019; Fettweis et al. 2022), and it may also reveal significant changes
in phytoplankton order richness (Jung et al. 2017).

We analysed temporal variations in SPM concentration and composition along the nearshore to
offshore transition using the water samples collected during the sampling campaigns and from
satellite images. Our hypothesis is that changes in the amount and composition of SPM over time and
space, is needed to better distinguish between nearshore waters, where particles are controlled
primarily by turbulence, resuspension, flocculation and deposition, and offshore regions, where
variations in SPM concentration and composition are significantly controlled by the production and
decay of plankton and detritus in the water column. Our approach applies a semi-empirical model
(Fettweis et al. 2022) onto field data of SPM and particulate organic nitrogen (PON) concentration to
extract PON properties (such as fresh, PONgesh, and a refractory PON, PON,.s) along their cross-shore
gradient. The model equations are then applied to remote sensing derived SPM concentration at the
surface of the southern North Sea and the English Channel to derive the POM properties in a larger
domain. We refer to Desmit et al. (2024) for the whole study, including a description of the methods,
the results, and the discussion.

Using the model’s best parameter estimates, we derived PON, PON,.s and PONgresh concentrations from
SPMC and applied it pixel wise to the satellite images in the southern North Sea and the English
Channel. The uncertainties in the model parameters enhance the errors of the pixel wise values for
PONfresh and PONres in comparison with the satellite SPM concentration they are derived from.
However, for geographical entities, which extend over tens of kilometres and comprise a larger
number (10 to 100) of pixels, they still reveal robust patterns. We use APON, the difference between
PONret and PONfresh concentrations (PONyer - PONyresn), to highlight the spatio-temporal variations of
the PON dynamics and composition. It is shown for the months of January and April 2020 in Figure 2.
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APON varies in time and space as both fractions PONr and PONge.sh undergo biogeochemical
transformations. In winter, APON shows the highest values at the coast due to the dominance of
PON,f and rapidly decreases towards the offshore, where values are typically closer to zero as both
PON;ef and PON¢esh are low and closer in concentration (Figure 2a). A notable exception offshore is the
turbid Thames River plume carrying SPM from East Anglia across the sea to the German Bight and the
coast of Denmark, and where PON,.s dominates. In the spring (Figure 2b), APON shows its minimum
values in a narrow area close to the coast. In that area, the freshly produced fraction of PON in spring
is found in higher concentrations than PON.f, which leads to negative values of APON. While PON#esn
concentration in spring is a proxy for phytoplankton biomass, PON,.s always reflects the mineral
fraction of SPM, which predominantly originates from resuspended sediment particles.

-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
(mg N) m (mg N) m

Figure 2: Surface APON (PONref-PONfresh) concentration [(mg N) m-3] in 2020, January (a) and April

(b).

Coastal areas with elevated SPM concentration, and with strong alongshore, weak cross-shore
currents, and horizontal salinity gradients, feature a land-ocean transition zone that can be identified
based on changes in particle compositions. Spatial and seasonal variabilities dominate the particle
dynamics, suggesting that basin morphology and biological activity mainly control the processes at
play. Bathymetry plays an important role in determining the turbulence effects on the flocculation
and settling of particles. Our study shows that the coastal SPM concentration maximum and thus the
maximum settling of particles generally occurs within depths below 20 m. The seasonal production of
phytoplankton should enhance the particle settling and thus the accumulation of freshly produced
particles at the bottom during the summer period. Due to vertical and horizontal density gradients
and hydrodynamic (tidal) forcings, the particles in the transition zone may become subject to a near-
bottom net transport towards the coast, hence maintaining the cross-shore gradient of particles. The
offshore limit of the transition zone can thus be regarded as the ‘line of no return’ put forward by
Postma (1984) across which any transport of SPM and its organic matter components becomes small
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throughout the year, especially in the growing season. The dynamics of particles in the transition zone
influence the fate of organic matter. The freshly produced POM and a substantial part of the refractory
POM tend to remain in the shallower areas of the coastal waters, while a minor fraction of the
refractory POM is exported to the offshore during the winter. The impact of such particle dynamics
on the carbon and nitrogen cycles in shelf seas should be further quantified in the future with
additional data on vertical profiles modelling tools.

4.2 Vertical profiles of SPM and Chl-a concentrations

Whereas the cross-shore and seasonal patterns in SPM concentrations and composition are
increasingly understood (Maerz et al. 2016; Desmit et al. 2024, see previous section), vertical and
short-term variations in SPM composition remain poorly resolved. Studies demonstrate a relatively
simple relationship between the concentration and the composition of the SPM along cross-shore
transects where concentration changes by one to two orders of magnitude (Schartau et al. 2019;
Fettweis et al. 2022). Due to tidal action, shallow coastal waters can also have a substantial variation
in SPM concentrations over short time intervals, in addition to a vertical gradient in SPM
concentrations (Winterwerp 2001; Sommerfield & Wong 2011). However, it remains unclear how SPM
composition varies both over tidal cycles and within the vertical water column. Analogous to the cross-
shore gradient in SPM composition, we expect a corresponding variation in POM content within the
water column. Specifically, we anticipate the organic content of SPM to be greater near the surface
than in deeper waters where SPM concentrations are higher. Either because of a greater contribution
of less organic resuspended bed material to deeper waters or due to differential settling, which retains
organic particles in the upper water column.

Short-term changes in SPM composition and subsequently in the behaviour of SPM flocs that often
incorporate phytoplankton cells (Ho et al. 2022) may have important implications for phytoplankton
light exposure in dynamic turbid coastal waters, where spring phytoplankton blooms develop over
alternating spring-neap cycles (Blauw et al. 2012; Zhao et al. 2019). Hence understanding the vertical
distribution of Chla concentrations relative to SPM concentrations may provide insights into how
phytoplankton deal with light limitation while being subject to tidal mixing. We hypothesize a
temporally varying association between phytoplankton cells and SPM, subject to phytoplankton’s
response to environmental drivers. During periods characterized by close coupling, where
phytoplankton cells actively participate in the formation and breakup of SPM flocs, we anticipate
vertical Chla profiles to closely mirror SPM concentration profiles in the water column. Conversely,
during phases of decoupling from mineral SPM particles, phytoplankton cells may exhibit distinct
resuspension and settling patterns within the water column influencing their residence times in the
photic zone.

To this end, we analysed data collected over several tidal cycles from the MOW1 station in the Belgian
coastal zone. We test the hypotheses that i) a vertical gradient in the POC content of SPM exists within
the water column, analogous to the cross-shore gradient, with higher POC content in surface than in
bottom waters, ii) this gradient in POC content is accompanied by differences in POC composition
between surface and bottom waters reflecting differences in source contribution, as indicated by
compositional indicators such as particulate organic carbon to nitrogen (POC/PON) and POC/ Chla
ratios, and iii) the Chla and SPM association varies seasonally, with strong coupling in winter and
partial decoupling during the productive period in spring, potentially indicating seasonal shifts in
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dominant phytoplankton functional types. We refer to Silori et al. (2025a) for the whole study,
including a description of the methods, the results, and the discussion.

Analysis of hourly profiles of SPM and Chla concentrations during tidal cycles in spring (April 2019) and
winter (November 2019) revealed notable disparities between the two seasons. Throughout both tidal
cycles, SPM concentrations exhibited a tendency to increase towards the bed during periods of
maximum current velocities, whereas they remained relatively constant on the vertical exhibiting
lower values on average during the slack periods (Figure 3a and 3b). Concurrently, Chla concentration
profiles in November closely mirrored the corresponding SPM patterns (Figure 3b). However, in April,
distinct differences emerged between the vertical profiles of Chla and SPM concentrations. Most
notably, about half of the Chla profiles in April exhibited inversions, where concentrations decreased
towards the bed (Figure 3a, Profiles 1-4, 7-8). Similar patterns as in November have been found
during the months May—August and October—November and as in April during the months March and
September. Van der Hout et al. (2017) observed consistently high Chla concentrations closer to the
bed in the Dutch coastal turbidity maximum. The authors suggest a uniform Chla distribution with an
increase only near the bed, contrasting with the exponential increase in SPM concentrations towards
the bed. While these findings align with our observation of increasing Chla content on moving up the
water column, we also note higher Chla concentrations closer to the surface and relatively lower
concentrations closer to the bottom during the spring months. This contrasts with the suggestion of
uniform Chla distribution throughout the large part of the water column, which appears unlikely based
on our data.
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Figure 3: Hourly vertical profiles of SPM (black line) and Chla (green line) concentrations scaled by the
maximum value during the tidal cycle in April 2019 (SPM: 366 mg/l, Chla: 33 pg/l) (@) and November
2019 (SPM: 272 mg/l, Chla: 11 pg/l) (b). The Chla profile uncertainty (expressed as a standard deviation
is shown as dashed lines. The SPM profile uncertainty, expressed as R2, is between 0.5 and 0.9, except
for profiles 4, 8, 9 and 13 in April and profiles 4, 7 and 9 in November). The light grey box represents
the seabed.

To better quantify the accumulation of Chla in the surface waters, we determined the average mass
of SPM and Chla within the estimated photic layer (generally between 0.5 and 3 m). The depth-
integrated concentration of SPM within the photic layer during a tidal cycle remains conservative
across seasons (Figure 4a). This lack of variability aligns with expectations, considering that the vertical
light attenuation coefficient, which determines the photic layer, is mainly controlled by SPM
concentrations. However, the mass of Chla within the photic layer during a tidal cycle exhibits seasonal
variation, being higher during spring and summer compared to winter and autumn, yet it remains
constant within each of these seasons (Figure 4a). Further we calculate the percentage of SPM and
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Chla within the photic layer (Figure 4b). The results reveal that the percentages of Chla and SPM within
the photic layer are identical during a tidal cycle in winter. However, during spring, the Chla
percentage in the photic layer approaches 10%, while the SPM percentage is notably lower at 3%.
Similarly, in summer, the Chla percentage increases up to 30%, whereas the percentage of SPM in the
photic layer rises to 18%. This observation substantiates the enrichment of Chla compared to SPM in
the photic layer and aligns with the established POC/SPM relationship, indicating an inverse
correlation between SPM concentration and the POC content.
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Figure 4: (a) Mass of Chla and SPM integrated over the photic layer per tide and unit area. (b) Percentage
of Chla and SPM in the photic layer with respect to their total mass available for resuspension during a
tide. The dashed lines consider a photic layer for a=4.6 (1% light attenuation, see eq. 2), the error bars
do not represent random uncertainties, but encompass photic layers between a=6.9 and a=2.3 (0.1%
and 10% light attenuation).

Our results show that the vertical enrichment of POM at the surface is governed by the same process
as along the horizontal nearshore-offshore gradient, i.e. differential settling of mineral vs organic rich
particles, a fundamental property of SPM in turbid areas. Additionally, the seasonal variation in the
composition of SPM between surface and bottom waters, peaking in summer, corresponds to notable
differences POM quality at these depths. This highlights the importance of sampling both surface and
bottom waters, particularly for particulate parameters exhibiting vertical gradients, even in well-
mixed waters like MOWL1. Our analysis of the mass of SPM within the photic layer, which remains
conservative across months, suggests that the seasonally varying composition of SPM (Chla/SPM)
plays a more significant role. This calls for looking in more detail at the strategies deployed by different
types of phytoplankton to increase their buoyancy or associate with mineral particles. Such
associations influence the settling properties of particles and understanding them can improve
modelling approaches to better estimate the fate of organic carbon in coastal waters.

4.3. Clay minerals and the lability of organic carbon in suspension

The OM plays an important role in many coastal and estuarine processes, such as the formation of
biomineral deposits and the sequestration of carbon; the variation in water clarity and its influence
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on primary production; flocculation and the settling of biomineral flocs; or the transport of pollutants
(see for example Pedersen & Calvert 1990; Mayer 1995; Chen et al. 2016; Singh et al. 2016; Blattmann
et al. 2019; Opdal et al. 2019; Fettweis et al. 2022; Silori et al. 2025a). The interactions of minerals and
OM may stabilize part of the organic carbon or prevent further degradation (Hemingway et al. 2019).
We argue in this study (see Fettweis et al. 2025 for the whole study, including a description of the
methods, the results and the discussion) that the organic matter in suspension can be classified into
three groups: A mineral-associated, a slowly degrading or non-metabolizable, and a fresh and
consumable fraction that encompasses the living cells and their exudates. This classification reflects
the various organo-mineral interactions better than the two types of POM (refractory and fresh) that
were put forward by Schartau et al. (2019) in their semi-empirical POM-SPM model (see also section
4.1). We splitted their refractory fractions (called POC. in section 4.1) into a slowly degrading fraction
(POCsiow) and a truly mineral-associated fraction (POCnmineral). The latter comprises the organic carbon
(OC) that is adsorpt onto mineral surfaces, and which depends on the specific surface area of minerals
(Keil & Mayer, 2014). Our study estimates three POC fractions in SPM through a mineralogical analysis
of the SPM and the application of the Fettweis et al. (2022) POC-SPM model.
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Figure 5: POCminera content of the SPM derived from mineral SSA as a function of SPM concentration.
The vertical error bars are the standard deviation from the SSA of the minerals and the horizontal ones
the standard deviation from the full or half tidal averaging. The location of the stations is shown in Figure
1. ‘B 2003-2004’ are additional data from the Belgian part of the North Sea.

The bulk POC content is calculated from water samples (POC and SPM concentration) and provides a
value that is based on the filterability of the particles. It is our reference for the total POC content of
the SPM. The mineral-associated fraction (POCminerai cOntent) is derived from the mineral specific
surface area (SSA) as described by Keil & Mayer (2014). The POCnineral fraction is, however, not
necessarily constant in composition as it may occur in an actively reversible sorption equilibrium
(Blattmann et al. 2019; Kleber et al. 2021). With the SPM-POC model, two fractions are obtained, one
that contains the fresh and consumable fraction that encompasses the living cells and their exudates
(Fettweis et al. 2022). This POC.sh fraction has a seasonal cycle driven by phytoplankton production
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and hence light, nutrient availability and temperature and a large fraction of it is rapidly recycled
(Muylaert et al. 2006; Schartau et al. 2019). The other fraction, POC..f, contains the mineral- associated
fraction and a fraction with a longer, but variable, turnover time. It may consist amongst others of
POC that is protected by occlusion into small clay mineral aggregates (flocculi) and other slowly
degradable OM. The partitioning of organic carbon into two pools has been widely used in the
literature, however, no clear definition exists on what constitutes labile or refractory material as it
depends on the interactions between the OM and the environment. Therefore, many authors consider
the degradability of the POC as a continuum between two different extremes: fast degradation within
hours to days and preservation on geological time scales (Middelburg et al. 1993; Mayer 1995; Dauwe
et al. 1999; Liu & Xue 2020; Baltar et al. 2021). Our approach makes a distinction within the non-fresh
fraction. The POCnmineral fraction is the most refractory one and is only varying with the mineral
composition of the SPM (considering that available mineral surfaces are always saturated with their
associated OM). The POC fraction that remains after subtraction of the POCnineral from the bulk POC
concentration can be split into a fresh and labile fraction (POCresh) and a fraction that is slowly
degradable (POCsow) The total POC concentration can then be written as:

POC = POCminera/ + POCslow + POCfresh (1)

The POCnineral content of the SPM in the measuring stations as a function of SPM concentration is
shown in Figure 5. The large spread in the data is related to the heterogeneity in clay mineral content
and clay mineral composition. This variability may occur on spatial and temporal scales, for instance
when comparing Helgoland to the nearshore HB2, or HB1 in winter and in spring. Despite the large
spreading, an increase in POCmineral cOntent with increasing SPM concentration can be observed in
most areas, with the exceptions of Dogger Bank, Helgoland and HB1 in winter. Irion et al. (1987) report
that under normal conditions (without human activities), river sediments are trapped in the estuaries
(Elbe, Weser). They argue that the recent mud accumulation SE of Helgoland is the result of loss of
SPM by dredging operations in the estuaries, increasing the natural sediments discharge, and thus
favouring export of SPM towards the German Bight. This finding might explain the peculiar result from
Helgoland and/or HB1, which are more typical for the nearshore. The differences between regions,
for example the lower increase in POCmineral cOntent in the Belgian stations (MOW1-W05-W08 and
Codevco) when compared to the German and UK stations indicates the heterogeneity of SPM
composition in the study area, and underlines that the SPM in the North Sea has different provenances
(Adriaens et al. 2018). A mineralogical composition in space and time is therefore needed to
differentiate accurately between the more refractory POC fractions (POCmineral and POCsjow).

A typical feature of shelf seas is the persistence of a horizontal cross-shore gradient, with higher SPM
concentrations in the shallow coastal waters and lower concentrations offshore. Desmit et al. (2024)
confirmed the concept of ‘line of no return’ of Postma (1984) by using the POM composition and
content of the SPM (see section 4.1). Such a line is located at some distance from the coast and
functions as a zone with low cross transport of SPM. The data from the Belgian (MOW1, W05, W08),
UK (Sizewell, West Gabbard) and German (HB2, HB1) stations show a decrease in clay mineral content
towards the offshore and confirm that a transition zone exists, not only in the POC content and
composition but also in the mineral content and composition. The line of no return can be interpreted
as the outer limit to a transition zone where similar concentrations of POCfesh and POCes prevail
(Desmit et al. 2024), changes in phytoplankton order richness take place (Jung et al. 2017) and
lowering of the mineral specific surface area per unit of SPM occur. We can distinguish two POCnineral

New RV Belgica specific call 2021 18



Project RV/21/PiNS - Particles in the Nort Sea

contents: one offshore and one inshore the transition zone, see Table 1. The POC s thus less refractory
offshore than nearshore.

Table 1: Averaged POChmineral content (+ uncertainty) of the SPM in cross-shore direction for 4 regions in
the North Sea and English Channel based on Figure 5 (data 2023).

high turbid low turbid
Belgian transect 0.79+0.22 0.45+0.09
UK, F and G transect 0.98+0.17 0.58+0.13
Helgoland - 0.90+0.20
Dogger Bank - 0.89+0.24

4.4 POCmineraI and DOC

The sample-POC:DOC ratios as a function of SPM concentration are displayed in Figure 6. The figure
shows that DOC concentrations exceed the POC concentration at low SPM concentration, while above
about 30 mg/l the POC concentration is higher. The classification of OC into particulate and dissolved
components can be distorted by the interaction of smaller dissolved molecules with mineral particles
(Keil et al. 1994). These molecules, though intrinsically bound to be dissolved or colloidal, may be
retained on filters due to their association with minerals, increasing the measured amount of POC.
From a compositional point of view, only POCesh and POCqow depend on phytoplankton production,
remineralization, erosion or terrestrial input as opposed to POCninera, Which depends only on the
mineral composition. This effect is likely to be pronounced in nearshore turbid waters, which have
higher mineral particle concentrations compared to clearer offshore waters.

124" ‘ ‘ *
o
o MO @ Siewsl
@ Wos ® Dogoerbenk
°
® W8 © Helgcland
G4 ® Scenes ® HBY °
h L]
® &8s @ HB2
[ ]
® WestGabbard © Codevco
]
ol
8 @
]
Q 6 €
O °,
(@) ) o
a 92

10° 10°

10° 10
SPM Concentration (mg/l)

Figure 6: Sample-POC:DOC ratio (1:1 dashed line shown) as a function of SPM concentration.
Additional data have (2019-2023) been added for stations MOW1, W05, and W08.
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Offshore waters generally exhibit sample-POC/DOC ratios well below 1, indicating a dominance of the
DOC fraction (Osterholz et al. 2021), whereas ratios greater than 1 have been reported in turbid waters
(Abril et al. 2002; Zhao & Gao, 2019). Herman & Heip (1999) demonstrated systematic variation in
sample-POC/DOC ratios as a function of SPM concentrations in European estuaries, suggesting
significant exchange between particulate and dissolved pools through adsorption and desorption
processes. Similarly, along the Belgian transect, sample-POC/DOC ratios greater than 1 are frequently
observed at MOW1 but become less common at comparatively deeper and less turbid stations like
W05 and WO08. The OC adsorbed onto mineral particles is dynamically exchanging with the DOC and
thus influencing its fate and concentration. Clearly, such adsorption stabilizes the organic compound
and may delay its degradation and loss (Keil et al. 1994; Hemingway et al. 2019), although some
transformation of the adsorbed OC continuously occurs (Kleber et al. 2021). The desorption of organic
compounds can lead to their further transformation and replacement by other organic compounds
present in the marine system (Blattmann et al. 2019). However, this process is not sufficient to explain
the variation in POC/DOC along the SPM concentration gradient as suggested by Herman & Heip
(1999) for estuaries. Subtracting POCinera from the sample-POC and adding it to the DOC
concentration results in a lower POC/DOC ratio, however, it still remains 2-4 times higher nearshore
than offshore. This higher nearshore (POC-POChineral)/(DOC+POChmineral) ratio can be further explained
by phytoplankton production, advection and diffusion, density gradients and seabed erosion. The
production of POC and DOC is higher nearshore because of a higher phytoplankton production due to
higher nutrient concentration. This higher DOC production will be affected by down-gradient
diffusion, tidal or wind-driven advection and by the occurrence of a horizontal density gradient,
initiated by freshwater inflow by rivers that causes a net particle transport towards the coast (Desmit
et al. 2024). For the Belgian nearshore, additional input of POC results from the erosion of OM rich
muddy sediments (Adriaens et al. 2018).

4.5 Spatio-temporal variation in POC and DOC dynamics

As a dissolved component, DOC is transported differently than POC in the aquatic systems, leading to
distinct dynamics. Despite differing dynamics, DOC and POC are interconnected through continuous
aggregation, disaggregation and degradation processes (Kharbush et al. 2020). One such mechanism
is the adsorption and desorption of DOC molecules onto mineral surfaces, which shifts organic matter
between the dissolved and particulate phases, maintaining a dynamic equilibrium (Hermann & Heip
1999; Abril et al. 2002, see section 4.4).

The main aim of this study was to characterize and quantify various contributors to POC in turbid shelf
seas. We used established methods to estimate phytoplankton biomass (POCphyto), heterotrophic
biomass (POCret), and POC adsorbed onto mineral surfaces (POCmineral). Detrital carbon biomass
(POCaqet) is calculated by subtracting POCphyto, POChineral, and POChe: from the measured POC in water
samples. POCqet may include contributions from detritus of pelagic and benthic primary producers (e.g.
microalgae), heterotrophic organisms (e.g. zooplankton and bacteria), and terrestrial POC. The
approach here is somewhat different from the one presented in section 4.1 and 4.3, in that the fresh
POC is not derived from the Fettweis et al. (2022) empirical model, but is the sum of the heterotrophic
and autotrophic POC fraction estimated with the relationships of Jakobsen & Markager (2016), Gasol
et al. (1997) and Duarte et al. (2000). Similar to equation 1, the total POC can than be written as:

POC = POChpinerai + POCqet + POCphyto + POChet (2)
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The sum of POCphyto and POChe: is approximately equal to POCkesh fraction and POCsiow to POCqet:
POCsresh = Pocphyto + Pochet; POCsiow = POCyet

Estimating the POC components, particularly POCphyto, is Nnecessary to understand the seasonal and
spatial variations in POM composition proxies (POC:PON and POC:Chla ratios), especially when
phytoplankton dominates POM. Our analysis is based on multi-year (2019-2023) SPM, POC, PON, and
Chla concentration data collected at three sampling locations across the Belgian coastal-offshore SPM
concentration gradient (Figure 1). The seasonal variability of SPM, POM, and Chla concentrations in
Belgian waters has been described (Rousseau et al. 2006; Desmit et al. 2020; Fettweis et al. 2022), the
variability of the different fractions composing POC (i.e. the compositional dynamics) remains poorly
understood and has been investigated here. We refer to Silori et al. (2025b) for the whole study,
including a description of the methods, the results and the discussion.

POCphyto Shows seasonal variation somewhat similar to Chla concentrations across all three stations
(Figure 7a). At MOW1, POCphyto ranged from 0.08 to 0.67 mg/l, with a first peak in April and a second,
higher peak in July (Figure 7b). In contrast, W05 and W08 displayed lower ranges (0.02-0.43 mg/| at
W05 and 0.01-0.31 mg/I at W08), with a comparable first peak in April but a delayed, smaller second
peak in August. The estimated POCynyt0:POC (%) values at MOW1 were generally lower than at the
other stations, ranging from 1.2% to 40.1%, with values exceeding 15% only during summer and early
autumn (Figure 7c). At W05, low winter values (January: 3.85%) steadily increased, with high value in
April (=35.29%) and remained high through summer (35.39-46.88%), before gradually declining into
winter. Similarly, at W08, winter lows steadily rose to a peak in April (48.83%), but the values then
decreased, with only a slight summer increase (17.46-27.45%) (Figure 7c). The monthly average
POC:PON and POC:Chla ratios at all three stations showed significant negative logarithmic regression
with the POConyto:POC (%) (p<0.01), suggesting that the higher fractions of POCynyto are associated with
lower POC:PON and POC:Chla ratios (Figure 7d, e). Conversely, TEP:SPM ratio demonstrated a positive
linear regression with POCpyhyto: POC (p<0.01) (Figure 7f).
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Figure 7: Monthly mean values (climatology 2019-2023) of a) POCphyto:Chla (ug/ug), b) POCphyto
(mg/l), and c) POCphyto:POC (%) at the three stations. Error bars represent the standard error from the
monthly mean. Linear regression of monthly means of d) POC:PON (mol/mol), e) POC:Chla (g/g), and f)
TEP:SPM (mg XG eq./mg) as a function of POCphyto:POC (%) at the three stations. Error bars represent
the standard error from the monthly mean.

At MOW1, POCget and POCmineral cOntribute substantially to the water column POC pool for most of

the year, with POCphyto making a notable contribution (17-40%) only during the summer months
(Figure 8). In contrast, at the other two stations, POCmineral remains consistently low (3—12%) year-
round, reaching its lowest relative contribution in summer. At W05, POCphyto Shows comparable
relative abundance (18-47%) in spring and summer, whereas POCge: dominates in late autumn and
winter (46—78%). At W08, POCphyto peaks (42—48%) in March and April, followed by lower values (17—
27%) in summer, whereas POCget remains the dominant fraction (35-69%) throughout the year, except
during the spring peak.

To summarize, POC composition varied with SPM concentrations, showing clear differences between
nearshore turbid and offshore clearer waters. Nearshore waters exhibited higher POC concentrations
and elevated SPM concentrations and frequent tidal resuspension resulted in higher relative
contributions of POCninerat and POCget. These components, often more refractory, masked seasonal
variations in the bulk POC pool. POCmineral represents organic matter adsorbed onto mineral surfaces,
limiting enzymatic degradation, while POCget consists of a mixture of organic compounds at various
degradation stages. In contrast, offshore waters showed reduced contributions of POCmineral and a
higher relative abundance of fresher, more labile POCphyto.

New RV Belgica specific call 2021 22



Project RV/21/PiNS - Particles in the Nort Sea

MOW1

W05 wos

100 100 100

§ 5 75
. POCael
B Focher

£ 50 S0
B rocenw
. POCTeenl

25
1234567891012 1234567891012 1234567 80910112

Month Month Month

n
n

-l
0

h
~N
4

Relative Abundance (%)

Relative Abundance (%)
&
Relative Abundance (%)

o

(v}

Figure 8: Relative abundance of POC components over a climatological year (2019-2023) at MOWI1,
W05, and W08. POCdet stands for detrital organic matter (calculated after subtracting other components
from measured POC). POChet stands for heterotrophic biomass, POCphyto stands for phytoplankton
biomass, and POCmineral stands for mineral-associated organic matter (based on clay specific surface
area available for organic matter adsorption).

4.6 Near-bed sand and mud particles in suspension

In the near-bed layer, the SPM consists often of mixed sediments, which are sand sized particles in
suspension together with fine-grained particles. In this benthic layer almost no water samples are
available, however, the composition can be estimated from sensor measurements. Figure 9 presents
result from applying SCI method (see section 3.2) to field data collected at MOW1 station. The OBS
and ADV data were obtained from a tripod deployment and have measured at 20 cm above the
seabed. Overall, Figure 9 shows environmental transitions from muddy to sandy conditions, as
reflected via SCI and f.ng values (sand content of the SPM), in response to hydrodynamic shifts
between neap and spring tides. For instance, during an energetic spring tide (days 70 — 74), sand is
resuspended and contributes substantially to the total mass of SPM. These results indicate that the
true SPM concentration in the near-bed layer exceeds that derived from conventional single-sensor
measurements (OBS alone; Figure 9a, grey line with circle marker). Figure 9 further highlights the
contrasting sensor sensitivities: OBS “see” mud (negative correlation with fsang Figure 9b vs. 9c),
whereas ADV “hear” sand (positive correlation with f.ang Figure 9b vs. 9d).

Applying SCI method for the whole year of 2013, Figure 10 illustrates key aspects of seasonal sediment
dynamics at the station. The site is predominantly mud-dominated, with short sandy intervals
associated with high spring tides and storm events. The highest sand-fraction recorded during the year
was 62%, and sediments tended to be slightly sandier in winter and early spring than the rest of the
year. Based on the SCI, bed shear stress, and altitude records (Figure 10b,c,d,f,h), episodes of
advection, deposition, and erosion can be identified. For instance, during the largest storm event of
the year (day 283.57), a period of erosion occurred prior to the storm, followed by substantial
deposition after it had passed. The sediment active layer ranged between approximately 5 to 30 cm.
Bed samples obtained using a Van Veen grab indicate that the seabed is primarily composed of fine-
grained cohesive mud, overlain by a discontinuous sand veneer. This sedimentary structure suggests
a limited sand supply at the bed surface, constraining the potential for sand resuspension under typical
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hydrodynamic conditions. These observations are consistent with previous studies conducted in the
area (Fettweis et. al. 2006, 2010; Baeye et. al. 2011, van Maren et. al. 2020). Another notable
observation is that the traditional calibration of SPMC based solely on OBS measurements tends to
underestimate total sediment concentrations, whereas the SCl approach reveals substantially higher
concentrations during sandy periods (Figure 2xa yellow vs. red lines).
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Figure 9: Combination of raw optical/acoustic signals provides more comprehensive and accurate
characterization of SPM concentration and fsand than using either optical or acoustic sensor alone.

|

30 60 90 120 150 Julian day m 210 240 270 300 330

Figure 10: Application of SCI functions for the entire year 2013. Black lines represent the averaged raw
data for each parameter. Gray vertical lines indicate the boundaries between deployments. (b) The sand-
fraction, fsand = 0.62, which is also the highest sand-fraction of the year, provides a more accurate
reference for the colour scale.
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Two prominent benefits that make the SCI method stand out in comparison with other field
measurement practices Downing (2006), Thorne & Hurther (2014), Agrawal et. al. (2019). First, it
allows researchers to take advantage of the historical data to acquire new meaningful information,
which are the fraction and concentration of sand/mud in suspension. In long-term sediment dynamics
monitoring, both optical turbidity and acoustic sensors are often used together Fugate & Friedrichs
(2002), Voulgaris & Meyers (2004), Sahin et. al. (2017), Fettweis et. al. (2019), Pearson et. al. (2021).
However, they are treated as individual measurements and are calibrated separately for different
purposes. For example, an ADV or ADCP is often deployed to measure flow conditions. On the other
hand, OBS is used for SPM concentrations. As shown previously, the SCI method can provide the
percentage of sand/mud, and hence, the proportion of mud and sand concentrations in suspension,
respectively. Such information will provide crucial input and validation data to improve the
performance of current sediment transport models, e.g., for 2D models relying on data obtained from
profilers like ADCP. Projects related to port dredging and beach nourishment also directly benefit from
long-term sand/mud dynamics data.

Second, the SCI method allows the use of customized paired sensors. Using five different instruments
with different wavelengths and frequencies, Tran et. al. (2024) showcased the procedure of how SCI
functions can be derived and applied. In practice, SCI functions can be directly obtained from field
measurements with the pair of optical turbidity/acoustic sensors of interest. Although integrated
optical-acoustic sensors, for example Agrawal et. al. (2019), have been developed, a key advantage of
the SCl calculation is that it can rely on pairs of existing sensors that are already frequently deployed
together in the field, without requiring a dedicated additional instrument.

During the PiNS project an extensive temporal-spatial database was collected that directly contributes
to the further validation and development of the SCI method. We have been, and will continue,
investigating the feasibility of applying SCI method to:

e Examine the influence of phytoplankton on sediment dynamics. We conducted two laboratory
experiment studies (May and July 2024 at Ifremer, France) aiming to quantify the response of
optical/acoustic signals to the presence of phytoplankton.

e Produce vertical profiles of sand/mud fraction and concentration using profilers, such as
HydroScat, AQUAscat and ADP.

e Convert SCI functions between different pairs of optical/acoustic sensors, such as (Wetlabs
and ADV) and (OBS and ADP) and (HydroScat and AQUAscat).
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