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ARTICLE INFO ABSTRACT

Editor: Dr. Shu Gao The amount of suspended fines in the southern North Sea strongly depends on their exchange with the sandy

seabed. This exchange is governed by resuspension of fines during storms, followed by burial in the week

Keywords: thereafter. Despite its importance for fine sediment dynamics, the burial of fines into a sandy seabed is currently
Sf"abe‘i not well understood. This paper presents a mechanistic conceptual model, explaining how the interaction of
Fines migrating small ripples and larger megaripples can bury fine sediment in a sandy seabed shortly after storms. The
Bedforms . . . : . TN 5 .

North Sea burial process consists of four phases forming a dynamic cycle. A storm stirs up the bed, remobilising fines, while
Storms forming megaripples. After the storm, fines can settle again depositing atop the sandy seabed. Interaction be-

tween bedforms of different scales is then crucial to bury fines 1-2 dm within the seabed. Megaripples formed
during storms gradually adjust to calmer conditions in the waning of storms. During this adjustment period, fines
are buried by current-induced ripples in the troughs of the former megaripples. Field measurements collected in
2017 corroborate this conceptual model, showing fines in distinct patches, both horizontally and vertically.
Furthermore, fines are found up to 10-15 cm in the seabed shortly after storms. The data further reveal how fine
sediment occurrences on and within the seabed vary strongly over multiple length scales. They both vary on the
mega-scale (kilometres) and on the micro-scale (metres-centimetres). As the micro-scale is multiple orders of
magnitude smaller than the scale on which hydro-morphological models operate, parameterisations are required
to aggregate the effect of burial in numerical models.

1. Introduction

Shallow seas are more and more exposed to human interferences
(Degraer et al., 2019), like beam trawl fishing (Rijnsdorp et al., 2008),
dredging for land reclamation (Stolk and Dijkshoorn, 2009) and con-
struction of offshore wind farms (Breton and Moe, 2009). These in-
terferences lead to a modification of the suspended sediment
concentration (SSC) (Piet et al., 2019). Most suspended sediment con-
sists of fine sediment (i.e., fines, sediment smaller than 63 pm), which
plays a major role in the ecological functioning of shallow coastal seas.
When suspended in the water column, fine sediment leads to an increase
in turbidity (Fettweis et al., 2019), thereby hampering sunlight pene-
tration into the water (Kirk, 1994). This may lead to a decrease in

phytoplankton growth rate (e.g., Anthony et al., 2004; Van Duin et al.,
2001) and thus a decline in ecosystem health, as phytoplankton form the
base of the marine food pyramid. In this paper, we focus on the southern
North Sea, where ecosystem functioning is strongly influenced by fine
sediment dynamics (van der Molen et al., 2017), even though its seabed
is predominantly sandy.

In the southern North Sea, SSC varies strongly in both time and
space. On short temporal scales, it depends on the occurrence of storms
(Stanev et al., 2009; van der Hout et al., 2017). During storms, a
simultaneous increase in SSC occurs in the entire southern North Sea
within days of the storm onset (Fettweis et al., 2012; Pietrzak et al.,
2011; Suijlen and Duin, 2001). Subsequently, SSC steadily decreases,
while still varying on tidal timescales (Flores et al., 2017; van der Hout
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et al., 2017). Within a week, SSC in the entire area has again decreased
to pre-storm values (Fettweis et al., 2010; Suijlen and Duin, 2001; van
der Hout et al., 2017). Spatially, mean SSC mainly depends on cross-
shore distance (de Boer et al., 2009). Concentrations are generally
high within 2-3 km from the shore, strongly decreasing in an offshore
direction (Fettweis and van den Eynde, 2003; van Alphen, 1990; van der
Hout et al., 2015).Both the temporal and spatial variations indicate that
SSC magnitude strongly depends on the exchange of fines with the sandy
seabed (van Kessel et al., 2011; van Prooijen et al., 2007). The simul-
taneous increase of SSC during storms over a large domain can only be
explained from local sources of fines throughout the system. Advection,
dispersing sediment from one or a few isolated sources, is too slow of a
process to explain the quasi-instantaneous increase of SSC over this large
domain. Likely, these local sources consist of fines which are remobilised
from the seabed by waves (Fettweis et al., 2010; Flores et al., 2017). The
system-wide decrease in SSC within a week after a storm suggests local
sinks of fines within the system, forming the SSC source for the next
storm. During calm conditions, fines settle out of suspension and de-
posit. Due to their small settling velocity, they deposit on top of the
sandy seabed. As tidal currents resuspend fines into the water column
when they are readily available on the seabed (Terwindt and Breusers,
1972; van Maren et al., 2020; Widdows et al., 2007), a decrease in SSC
implies that they are no longer available, but are buried within the
seabed. Thus, burial in the seabed provides local sinks for fines. This
short-term water-bed exchange leads to considerable short-term varia-
tions in fines percentage in the southern North Sea bed (Hendriks et al.,
2020; Witbaard et al., 2013). However, it does not affect the fines per-
centage in the upper strata of the North Sea bed on decadal time scales
(Eisma, 1968; Hendriks et al., 2020; van Alphen, 1987a).

Despite its importance for fine sediment dynamics, the burial of fines
into a sandy seabed is currently not well understood. A mechanistic
description is lacking for this process, thus only heuristic burial
parameterisations are used in the literature (Sanford, 2008; van Kessel
et al.,, 2011). This limits the modelling of fine sediment dynamics in
shallow coastal seas (van Maren et al., 2020). To improve this, a con-
ceptual description for the burial of fines is required.

Previous research suggests three possible processes which may bury
fines into the seabed, but for none of these a mechanistic description is
available. These processes are: (1) pore water flow induced by pressure
gradients over bedforms, (2) bioturbation and (3) bedform migration
(Dankers, 2005; Eisma, 1968; Graf and Rosenberg, 1997; Huettel et al.,
1996; Huettel and Rusch, 2000; Jennes and Duineveld, 1985; Le Hir
et al., 2007; Martinius and van den Berg, 2011). Pore water flow rates
are generally small, and only make a considerable contribution in coarse
sediment where pressure gradients are large (Harrison et al., 1983; van
der Loeff, 1981; Webb and Theodor, 1968). Hence, it is expected that
they hardly bury fines in the southern North Sea bed, with median grain
sizes (dsp) of 200-350 pm, even over long timescales (Kleinhans et al.,
2005). Bioturbation is an effective mixing mechanism (Graf and
Rosenberg, 1997; Kleinhans et al., 2005; Kristensen et al., 2012; Le Hir
et al., 2007; Volkenborn et al., 2007; Witbaard et al., 2016), but is only
able to accumulate fines over longer timescales, on the order of weeks to
months, or even years (Kleinhans et al., 2005; Lecroart et al., 2007;
Middelburg et al., 1997). As there are no indications of increased
biogenic activity after storms, bioturbation will not lead to sufficient
burial of fines in the days after a storm. This leaves bedform migration as
the only likely mechanism for the considered area.

The objective of our work is to develop a conceptual mechanistic
model explaining the burial of fines into a sandy seabed induced by the
formation and migration of bedforms. This model is inspired by in-situ
observations in the North Sea, and its development was an iterative
process in concert with analysing the data. To properly assess the data,
one needs to be informed by the conceptual model. Therefore, we start
by introducing this model in Section 2, which provides a phenomeno-
logical description of the burial process. It has been deduced from an
analysis of the relevant bedforms in the North Sea, and sedimentological
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theory on flaser bedding (Reineck and Singh, 1980). Subsequently, the
data collected in the North Sea are presented (Section 3). Using these
data, we verify and discuss the proposed burial model (Section 4).
Finally, we discuss the implications of our findings and present our
conclusions (Sections 5 and 6). This paper only discusses the ingress of
fines into a sandy seabed, not the remobilisation of fines from that
seabed during a storm.

2. Bedforms and their role in fine sediment burial
2.1. Bedforms in the southern North Sea

A wide variety of bedforms is found on the southern North Sea bed
(Passchier and Kleinhans, 2005), formed by the interaction between
hydrodynamic forcing and the seabed (Damen et al., 2018; Hulscher and
van den Brink, 2001). Both the hydrodynamic forcing and seabed
characteristics vary in space and time and, as do the resulting bedforms.
Their length varies from multiple kilometres (i.e., mega-scale) to

Mega-scale
[10* m]
sandbanks

Large-scale
[103 m]
sandwaves

Meso-scale
[10t m]
megaripples

Decreasing length scale

V¥ Small-scale
[101m]
ripples

Fig. 1. Bedforms on different length scales along the Dutch coast. Length scales
vary from 10* m (top panel) to 10~! m (bottom panel). Upper two panels from
NLHO data (NLHO and Deltares, 2019). Lower two panels using data from the
Coastal Genesis 2.0 dataset (van der Werf et al., 2022). Top left corner of each
map in ETRS89 UTM3IN coordinates - I: (563,971, 5,837,427), II: (580,136,
5,805,159), III: (656,068, 5,927,954), IV: (584,832, 5,793,243).
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decimetres (i.e., small-scale) (Fig. 1). Smaller bedforms may develop
atop larger ones, hence the seabed topography may ultimately become
quite complex (Kleinhans et al., 2005).

Bedforms can be formed by tidal currents and waves, or a combi-
nation of both. This affects their length, shape, and associated time scale.
Mega- and large-scale bedforms (wave lengths larger than tens of me-
tres) are predominantly current-induced and tend to be asymmetric (van
Gerwen et al., 2018), while small-scale bedforms (wave lengths smaller
than several metres) can be formed by either tidal currents, waves or a
combination thereof (Brakenhoff et al., 2020). Once formed, bedforms
are not static but tend to migrate, and then change both in form and size.
Migration rates are inversely related to bedform size (Baas et al., 2000).
While mega-scale bedforms only migrate on decadal timescales, small-
scale bedforms can migrate multiple times their own length within
hours to days (Lichtman et al., 2018).

From this wide range of bedforms, we propose that only small- and
meso-scale bedforms are relevant for the burial of fines. As burial pre-
dominantly takes place within the week after a storm, the relevant
bedforms should be mobile enough to migrate or change shape over the
course of a few days. Seaward from the surf zone, bedforms longer than
several decametres can partially transform (Houthuys et al., 1994), but
do not migrate nor transform entirely on these short timescales. Hence,
we will not consider these in our analysis. We thus only consider the
small- and meso-scale bedforms, known as ripples and megaripples
(Fig. 1 — lower 2 panels).

At this length scale, bedform size and shape vary strongly with time,
due to wave and tidal flow (e.g. Amos et al., 1996; Li and Amos, 1999).
Resulting (mega-) ripples and their characteristics are summarised in
Table 1. On the lower shoreface of the southern North Sea, ripple height
is a few centimetres during calm, i.e. tide-dominated, periods (Meirelles
et al., 2016; Schrijvershof et al., 2019; van der Werf et al., 2022; Wen-
grove et al., 2017). When the wave- and current intensity increase, so do
ripple length and height. Above a certain threshold, ripples transform to
megaripples (Soulsby et al., 2012). For current-induced bedforms, this
transformation occurs around a Shields value of 0.1 (Marten, 2010),
while for wave-induced bedforms, this transformation occurs gradually
as their length and height depend on the orbital excursion (Table 1). The
height of storm-induced megaripples and ripples on the lower shoreface
varies from 0.05 cm to 0.2 m (Wengrove et al., 2019, 2018). However,
bedforms need time to adjust to the governing hydrodynamic condi-
tions. Hence, the transformation from current-induced to storm-induced

Table 1

Ripple and megaripple characteristics based on dominant hydrodynamic forc-
ing. Ripple properties: 7., — equilibrium ripple height, 1., — equilibrium ripple
length, Vg — migration rate. Parameters: D+ — dimensionless grain size (e.g., van
Rijn, 2007), dsp — median grain size, dyp — near-bed orbital excursion, 6 — Shields
parameter, u, — current-induced velocity and u,, — wave-induced velocity. The
typical values are for fine sand, and for wave-induced bedforms only apply to
orbital (mega-) ripples.

Type -> Current-induced Wave-induced Combined wave-
Property ripples current
Ngq. [m] Neq = d50202D « feg = 0.1dp ( Neg = @0.1dp where a
~0-554 (Soulsby Wiberg and Harris, = f D+, U ty) (
et al., 2012) 1994) Tanaka and Van
Dang, 1996)
Agq. [m] Aeq = dso (500 + Aeg = 0.62d, ( Aeg = @0.62dy where
1881D - ~'® ( Wiberg and Harris, a=f (D U wy) (
Soulsby et al., 1994) Tanaka and Van
2012) Dang, 1996)
Steepness 0.06-0.1 Approx. 0.16 0.1-0.15
(Neq/ Req)
[-1]
Shape [—] Asymmetric Symmetric Asymmetric
Vimig [m/s] Vinig = 0.1154«9?'03 Depends on wave Depends on wave
for dsp = 238 pm ( skewness ( skewness and 6 (Amos
Baas et al., 2000) Traykovski et al., et al., 1999)
1999)
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bedforms is gradual (Soulsby et al., 2012; Traykovski, 2007). Likewise,
the transition back to current-induced ripples is also gradual, and
generally takes place within hours to several days (Wengrove et al.,
2018).

2.2. Fines burial by a migrating ripple

We argue that small, current-induced ripples are the principal bed-
form type burying fines into a sandy seabed. This burial process is
sketched in Fig. 2, showing a ripple cross-section. It presumes that rip-
ples migrate in a single direction, with intermittent periods of slack
water, and are two-dimensional. These presumptions aim to make the
process description more straightforward. The first presumption is based
on the fact that tidal currents along the Dutch shore are flood-dominated
(Grasmeijer et al., 2022). As current-induced ripple migration rates scale
non-linearly with flow velocity (Table 1), this asymmetry leads to a
dominant migration direction. This is consistent with the findings of van
der Werf et al. (2022), who showed that the critical Shields parameter is
only occasionally exceeded on the Dutch lower shoreface by ebb cur-
rents alone. In reality, ripples will likely be three-dimensional and can
also migrate in opposing directions. Though this may affect burial rates
(quantitative) it will not affect the relevant processes (qualitative).
Below, we elaborate on the different steps in the burial process.

Due to tidal currents, asymmetric current ripples of 2-3 cm high are
formed in fine sand with a steepness of 0.06-0.1 (Fig. 2a) (Soulsby et al.,
2012; van der Werf et al., 2022). Due to its asymmetry, flow separation
occurs from the ripple crest (flow separation area indicated by the dash-
dotted lines in Fig. 2). Hence, a wake forms at the steep lee side of the
ripple. In this wake, the bed shear stress is (at least) 20% lower than on
the crest (Fernandez et al., 2006; McLean et al., 1994). These ripples will
migrate along the bed if the tidal currents are strong enough to exceed
the critical Shields parameter.

During slack water, current velocities decrease and ripple migration
ceases. Consequently, fines settle out of suspension and deposit on the
seabed (Fig. 2b). The amount of deposited fines depends on the slack
water duration, concentration of suspended fine sediment and charac-
teristic settling velocity (Winterwerp, 2007). The largest net deposition
is expected to occur on the lee side and in the ripple trough (Reineck and
Wunderlich, 1968). As the in-situ density of suspended fines is relatively
low (i.e. water content is high), a relatively thick, but soft layer of fines is
expected to build up in the trough (Terwindt and Breusers, 1972). The
critical shear stress for resuspending these freshly deposited fines is
generally low, on the order of 0.1 Pa (van Kessel et al., 2011; van Maren
et al., 2020; Widdows et al., 2007). This is lower than the critical shear
stress for fine sand, which is approximately 0.2 Pa (van Rijn, 2007).

When the tidal current increases again, so does the bed shear stress.
Fines on the lee side of the ripple are (partially) eroded because of their
low critical shear stress. However, in the wake of the bedform and the
induced return flow, part of the fines remains within the trough, also at
larger flow velocities. When the bed shear stress exceeds the critical
shear stress for sand, sand grains on the stoss side will be transported as
bedload (Fig. 2c). As the bed shear stress is not uniformly distributed
over the ripple, sand transport on the stoss side starts shortly after fines
start to be eroded on the lee side. Once the sand grains are transported
over the ripple crest, they deposit atop the fines still present in the
trough. As more sand grains are transported, the ripple migrates.

After a short period of time, the ripple has migrated by distance xm;g
and has buried some fines (Fig. 2d). Due to the load imposed by the
overlying sand, the layer of fines consolidates. As a result, its density
increases while the layer thickness decreases. These fines are buried in
the upper seabed strata as individual lenses, and likely not mixed with
the sandy substrate. This yields a flaser bedding, as described in sedi-
mentology (Martin, 2000; Reineck and Singh, 1980; Reineck and
Wunderlich, 1968; Terwindt and Breusers, 1972).

This process is relatively fast, as current-induced ripples can migrate
several times their own length within a tidal cycle (Lichtman et al.,
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current

a Vertical scale: centimetres; horizontal scale: approx. 0.5 m

current

—

2018). Because of the non-uniformity of bed shear stress over the ripple,
this process explains why not all fines are eroded before they are covered
by sand. However, the explanation provided here is not yet complete, for
two main reasons. Firstly, due to the limited height of these ripples, fines
would only be buried in the top centimetre of the seabed. Measurements
indicate that fines are present not only in the top 1 cm, but are also found
10-15 cm below the seabed surface (Hendriks et al., 2020; Passchier and
Kleinhans, 2005). Secondly, when the ripples migrate further than
indicated in Fig. 2d, the fines which were previously buried at their lee
side become exposed again at the stoss side within a short time. If the
increase in critical shear stress of buried fines is limited, this would
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Fig. 2. Sketch of different steps for burial of
e fines by migrating small-scale bedforms. (a)
= Current-induced ripples migrating from left
ST to right due to tidal current. Flow separa-
tion, indicated by the dash dotted lines,
leads to a wake on the lee side of ripples. (b)
During slack water, fines settle out of sus-
pension, forming soft layers on the seabed.
Largest net deposition is expected in the
ripple troughs. (¢) When tidal currents in-
crease again, part of the previously depos-
ited fines are eroded. Sand grains
transported over the ripple crest deposit on
the fines accumulated in the ripple troughs.
(d) The ripples have migrated by distance
Xmig, Durying fines into the seabed. Fines are
present as thin lenses.

imply that only a little net burial would take place. Hence, an additional
process must occur. In the next section, we hypothesise how the inter-
action between bedforms of different length scales leads to a net burial
of fines.

2.3. Hypothesis: Burial due to interaction of scales

Interaction between bedforms of different length scales enables
deeper burial of fines which therefore remain within the seabed for
longer periods (i.e., between storms). As Fig. 1 shows, a multitude of
different bedforms can occur on the North Sea bed, which can co-exist in

phase 1: calm

L] .
.
. . ° .
o
a .
. 0
* o o . * . ‘ .
\ — =
phase 4: post-storm phase 2: storm build-up
.
.
. .. . . .. ., . 0
L3 © © .
. . . . . . ” () ° o . . ¢
. 0 . ° .
. N, * . . . . .
~ = . ot e, . LA e .
™ = . ° . () Py . e
.
\...0' : y ".o. el ...o.
X R . R 0 o 4
N— — \ N—" &
- ~ L ~—
phase 3: peak of storm

Fig. 3. Schematic of burial of fines in a sandy seabed due to reconfiguration and migration of larger and smaller bedforms. Yellow polygon indicates the sandy
seabed. Brown lenses indicate fines in and on the seabed, while brown dots indicate suspended fines. Dashed grey line indicates maximum ripple dimensions formed
during Phase 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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both space and time. Bedforms of different scales, from mega- to small-
scale, interact with one another. Our hypothesis elaborates on the
interaction between bedforms of small- and meso-scale, i.e. ripples and
megaripples (two lower panels Fig. 1).

This interaction is sketched in Fig. 3, which proposes four distinct
phases in the burial process. Together, these form a dynamic cycle. For
each phase, we discern between the behaviour of the sandy seabed and
the presence of fines. The latter can either be suspended in the water
column, deposited on, or buried within the seabed.

We start with Phase 1, which occurs in a relatively calm period,
dominated by tidal currents. Only small current-induced ripples are
formed on the seabed. Hence, the height of the active ripple layer is
limited to 2-3 cm Most fines were buried in the seabed during previous
cycles, deeper than this active layer. SSC is low and at slack tide, thin
layers of fines deposit on the seabed, preferentially in the ripple troughs.
The small-scale ripples migrate (similar to Fig. 2), but the exchange of
fines is limited.

Phase 2 represents a storm build-up phase. Wave energy increases
and wave-induced bedforms are formed on the seabed. These gradually
develop into megaripples. During this phase, bedform height increases
and fines are remobilised from the seabed. Since bed shear stresses are
high, fines are not likely to deposit on the seabed. Thus, burial will be
absent or limited. Combined, this leads to a net flux of fines into the
water column and therefore an increase in SSC.

Phase 3 represents the storm peak, with maximal wave energy. The
developed megaripples have reached their maximum height. We assume
that these bedforms do not migrate substantially, owing to the symmetry
of the waves. Most fines buried during the previous cycles have now
been remobilised, leading to high SSC in the water column. As bed shear
stresses are high, deposition of fines on the seabed is unlikely.

Phase 4 represents the post-storm phase, when wave energy is low
again and tidal currents are dominant. Current-induced ripples form,
superimposed on the megaripples. These ripples will migrate, leading to
a net sand transport towards the megaripple troughs for two reasons.
First, bed shear stresses on the stoss and crest of the megaripples are
higher than on the lee side and troughs. Second, the bed elevation
gradients lead to net sand transports (van Rijn, 1984; Walstra et al.,
2007). As a result, the storm-induced megaripples gradually flatten out
and the smaller ripples become dominant again.

Fines are buried into the seabed during Phase 4, because of the
migrating small-scale ripples. Similar to Fig. 2, fines deposit in the
troughs of the small-scale ripples during slack tide. Since SSC is still high
due to the preceding storm, deposition rates will be high and a relatively
thick layer of fines is formed. Subsequently, the fines are buried when
the ripples migrate. Because of the asymmetry in sand transport, the
ripples migrating towards the trough of the former megaripple will be
covered by subsequent migrating ripples. In this way, fines end up at
different depths in the bed and become unavailable for resuspension by
the tidal currents.

This process generates distinct signatures of where and how fines are
found in the seabed. Burial depth is contingent on bedform height, thus
the maximum depth at which fines are buried depends on the height of
bedforms created during storms. When fines have been buried in the
seabed, they are present as distinct lenses. Furthermore, fines predom-
inantly end up in the former troughs of megaripples and not in their
crests. This implies that fines percentages vary substantially on mega-
ripple length scales, from zero at the former megaripple crest to a high
fines content in the former trough in the form of (multiple) lenses.

3. Materials and methods
3.1. Study site and measurement period
The conceptual model was developed and tested with data collected

in the southern North Sea. As the seabed and water column form a
coupled system, simultaneous measurements of both elements are
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required. Seabed samples were taken along a cross-shore transect
offshore of Egmond aan Zee, the Netherlands (Fig. 4a) in 2017. This
transect starts at 1 km offshore (52.6371°N, 4.6054°E) and extends to
10 km offshore 52.6389°N, 4.4722°E). It is located approximately 80 km
north of the River Rhine outflow, thus in the far-field region of the Rhine
Region of Freshwater Influence (ROFI). Therefore, the water column at
Egmond aan Zee periodically experiences weak stratification (Rijns-
burger et al., 2016). It lies 20 km north of the port of [Jmuiden, where no
significant volume of freshwater is discharged into the North Sea.
However, approximately 1 MT of dredged fine sediment is disposed of
directly north of the harbour entrance channel annually (Winterwerp,
2001). This disposal site lies 15 km south of the studied transect, and
fines deposited there will eventually reach the Egmond aan Zee transect
as the residual transport direction of fines along the Dutch coast is in
north-easterly direction (de Boer et al., 2009).

The seabed along this transect is mostly sandy, with a dsp of 200-250
pm and a fines percentage of up to 10% (Witbaard et al., 2016). A net
shoreward transport of fine sediment exists during calm periods (van der
Hout et al., 2015), inducing elevated levels of turbidity between 1 and 3
km from the shore (van Alphen, 1990; van der Hout et al., 2015).
Morphologically, the area is characterised by the presence of several
shoreface-connected ridges (van de Meene and van Rijn, 2000). The bed
level along the transect varies from —10 m to —20 m (Fig. 4b), situating
it entirely on the lower shoreface (Anthony and Aagaard, 2020; Gras-
meijer et al., 2022). All bed levels are referenced to the Dutch Ordnance
level (NAP, Nieuw Amsterdams Peil).

The first sampling campaign took place from 9 to 11 June 2017 and
the second from 19 to 26 October 2017. In the remainder of the text, we
refer to them as the ‘June’ and ‘October’ campaigns, respectively. These
campaigns were performed using the RV Pelagia of the Royal
Netherlands Institute for Sea Research (NIOZ). During both campaigns,
multiple measurements were done along this transect, comprising
seabed sampling and measurements from instrumented landers. The
applied techniques and data postprocessing are discussed in Sections 3.2
and 3.3.

3.2. Seabed sampling

The seabed was sampled at predefined stations along the transect
(Fig. 4b) using two methods. The first method was the Multicorer (MC),
which simultaneously collects up to 8 bed sediment samples at a station.
The MC was deployed at 1000-m intervals in both campaigns. The sec-
ond method, Sediment Profiling Imagery (SPI), was used to take images
of the upper seabed layer. The SPI stations were evenly spaced at 500-m
intervals in June and October (Fig. 4b). However, in the latter campaign,
we adjusted the spacing of the stations in the most offshore 5 km part of
the transect to a 1000 m interval, as preliminary results from the June
campaign showed more fines within the inner 5 km. This allowed us to
sample the stations within 5 km twice. As the vessel was not equipped
with Dynamic Positioning, seabed samples from the same station were
not collected exactly at the same position in June and October but 10 to
30 m apart.

A standard protocol was followed to collect sediment samples with
the MC. The device is equipped with eight 10-cm diameter cores (see
Fig. 5b for image of MC frame). These are arranged in a fixed layout of
two rows (Fig. 5¢), which are 45 cm apart. Within a row, the centres of
adjacent cores are 15 cm apart.

At least six sediment cores were required per station. Three of these
were used to determine the grain size distribution, while the other three
were used to determine substrate permeability (Cheng et al., 2020). In
this paper, we only discuss the grain size distribution results. Cores with
>10 cm of sediment were processed. If not enough cores of sufficient
length could be collected within a single MC deployment, sampling was
repeated until at least six sediment cores of sufficient length were
collected. Additional sampling locations were located within 20 m from
the initial location and taken within 30 min after the first deployment.
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Fig. 5. (a) SPI deployment sketch (VLIZ 2022), (b) Photo of Multi Corer with

The total number of MC deployments per station is listed in Table 2.
Once the sediment cores were retrieved from the MC, the overlying
water was siphoned off carefully, without disturbing the sediment
interface. The main cores were then subsampled using smaller acrylic
tubes (length 15 cm, diameter 3.5 cm). These sub-cores were sliced at 1
cm intervals for the upper 5 cm and at 2-cm intervals for the lower part.

Table 2
Number of MC deployments per sampling station.
km offshore 100 9 8 7 6 5 4 3 2 1
Number of MC deployments — 1 1 11 1 4 1 3 4 1
June
Number of MC deployments — 1 1 2 2 1 6 3 3 1 1
October

collected sediment samples, (c) MC array with indication of dimensions.

Sediment slices were stored in a freezer at —20 °C in labelled vials. After
the campaign, these vials were transported to the NIOZ laboratory
ensuring the sediment remained frozen. There, the subsamples were first
freeze-dried for 48 h, followed by sieving over a 1 mm mesh. During
sieving, the material was thoroughly homogenised and wetted in tap
water. A small subsample was analysed with a Malvern Mastersizer 2000
particle sizer. This instrument determines the grain size distribution by
laser diffraction (McCave et al., 1986), yielding the volume percentage
of different size classes. The size class of particles smaller than 63 pm is
referred to as fines. We do not distinguish between the clay and silt
fractions. Similar to Callesen et al. (2018) and Hendriks et al. (2020), we
assume that volume percentages are representative for mass
percentages.

The SPI system consists of a camera held within a frame, initially
developed by Rhoads and Germano (1982) (Germano et al., 2011).
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Fig. 5a shows how the SPI system is deployed. Ten seconds after each
landing on the seabed, the first photo is taken. A duplicate photo is taken
ten seconds later. After collecting two photos, the SPI frame is hoisted up
several metres and lowered again at several decametres from the first
sampling point. Here, another two photos are collected before it is
brought back up to the ship deck.

The SPI photos provide a profile of up to the top 30 cm of the seabed.
For sandier beds, the depth to which the camera prism penetrates the
bed reduces to 5-10 cm and sometimes even less. If the penetration
depth of the SPI camera is limited, the SPI image provides a pseudo-3D
image of the seabed-water interface, showing parts of the seabed surface
located away from the SPI prism (Fig. 6). Furthermore, the impact of the
frame when landing on the seabed likely redistributes part of the fines on
the seabed.

SPI images were post-processed following a standard procedure,
illustrated in Fig. 6. The original images (Fig. 6-1) were cropped to 60%
of their original height, and the RGB colours were converted to grey-
scale. The histogram of these greyscale images was then normalised
based on the greyscale intensity limits of the substrate. A grid was laid
over the images to measure lengths and heights. These normalised
greyscale images (Fig. 6-2) were then converted back to a coloured
image (Fig. 6-3) by applying the ‘seismic’ false colour map in matplotlib
(Hunter, 2007). Normalisation and colouring of images made it easier to
discern between fines and sand. In the coloured images, patches of fines
show up as red, textureless patches (Fig. 6-3). The sandy substrate, on
the other hand, is mainly light to dark blue. Each coloured image was
then assessed using the criteria in Table 3, similar to Karakassis et al.
(2002) and Romero-Ramirez et al. (2013), which enabled a quantitative
assessment of the SPI images.

3.3. Instrumented landers

3.3.1. Deployment and configuration

At the beginning of both campaigns, multiple instrumented landers
were deployed on the seabed to measure a variety of physical parame-
ters. In this paper, we focus on the data collected with the TUD lander at
4 km offshore (June: 52.6400°N, 4.5644°E; October 52.6401°N,

original
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Table 3
SPI image assessment criteria.
Criterion Classification Attribute
Penetration depth N/A Depth in cm
Fines on substrate Yes/no Thickness of deposited layer
Fines in substrate Yes/no Patchy/well-mixed

4.5651°E). At this location, the bed level is —15 m NAP. A suite of in-
struments mounted on the lander measured flow velocity, turbidity and
small-scale bathymetry (Table 4). Flow velocity and turbidity were
measured at multiple heights in the water column.

In June, the landers were retrieved from the seabed at the end of the
campaign. In October, the landers were retrieved one day before the end
of the sampling campaign because of workability conditions.

3.3.2. Postprocessing lander data

The two Acoustic Doppler Velocimeters (ADVs) both measured at a
16 Hz frequency. The ADV installed closest to the bed (measurement
volume at 0.15 mab) operated in bursts of 10 min, measuring for 9 min
and 50 s with a 10 s interval before starting a new burst, while the ADV
at 0.30 mab operated in continuous mode.

Table 4

Instruments mounted on the TUD lander. Instruments measured at different
heights, indicated in metres above bed (mab). This table only lists the in-
struments of which the data was used in this paper.

Instrument name Measurement volume at Parameter Period
(in metres above bed -
mab)
Nortek Vector ADV 0.15, 0.3 mab Velocity in June &
single point October
Campbell OBS 3 0.15, 0.3, 0.45, 0.6 mab Turbidity June &
October
Marine Electronics 1.0 mab (sonar head) Small-scale October

Ripple Profiling
Sonar

bathymetry

cropped and normalised

10

average pene-
tration depth

0 5 10 15

coloured

fines on
substrate

Fig. 6. SPI image processing. Original image (1) is cropped and normalised (2). Then coloured (3) using the ‘seismic’ colour map, after which the fines in and on the
substrate can be distinguished better. Assessment criteria are shown for each image. Original image taken in June 2017, at 2.5 km offshore.
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Velocity timeseries were first corrected for pitch and roll of the
lander, followed by a transformation from a local XYZ coordinate system
to global ENU (East-North-Up) coordinates. The data were then filtered
using a correlation and signal-to-noise (SNR) ratio mask (Elgar et al.,
2005). Data points for which the beam correlation for all three ADV
beams was below 80% and with an SNR smaller than 15 were removed
from the data. If >30% of the samples within a moving 5-min window
had to be filtered out, the entire 5-min window was removed. After
filtering the data, the velocity time series were despiked (Goring and
Nikora, 2002). Velocities were then rotated 6° in clockwise direction to
obtain along-shore and cross-shore velocity components. Subsequently,
the sign of the cross-shore velocity component was then reversed, so that
it is defined as positive in the offshore direction.

The local bed elevation is determined from the ADV positioned at
0.15 mab, which recorded the distance to the seabed at the beginning of
each 10-min burst. This data was filtered in two steps. First, values equal
to zero were removed from the data. Second, a moving average with a
time window of two hours was implemented. Values with an absolute
difference larger than 4 cm from this mean were removed. Local bed
elevation was then computed by subtracting the distance to the bed at
the start of the deployment from the filtered signal.

Turbidity readings from the optical backscatter sensors (OBS) were
calibrated for SSC using sediment-laden water samples collected at the
Egmond aan Zee site. These samples were collected at the end of each
campaign, stored in four 10-L buckets and transported to the TUDelft
laboratory There, all OBS's were calibrated following the procedure by
Colosimo et al. (2020). Concentrations were generally smaller than 1 g/
1, hence a linear regression was sufficient to convert turbidity to SSC.

The ripple profiling sonar was used to obtain a small-scale 2D
bathymetric map in the vicinity of the lander. The raw ping data from
the sonar was converted to bed levels using the Bearing Direction In-
dicator method (Wengrove et al., 2017). These bed levels were then
corrected for pitch and roll and interpolated to a regular grid with a 0.5
cm X 0.5 cm resolution, As the sonar head was positioned at 1.0 mab,
and collected pings within a 150° arc, the maximum radius of the small-
scale bathymetry was 3.8 m. Since the sonar steps through the swath at
0.9° increments, the resolution at the edges of the swath area is quite
coarse. Hence, only the gridded data within a 2 x 2 m? area around the
lander was used. A low-pass filter was then applied to remove the small-
scale spikes deviating >10 cm from their direct surroundings. Missing
values were interpolated using a linear interpolation from the nearest 5
cm in both directions. Finally, bedform heights and lengths were then
computed using the 2D-spectral method of Wengrove et al. (2018).

4. Results
4.1. Hydro- and morphodynamic conditions

In June, the campaign took place several days after a fierce summer
storm. During this storm, maximum significant wave heights of up to
4.5 m were measured at the nearby IJGeul 1 wave buoy (Fig. 7c — grey
hatch indicates campaign duration). During the storm, wave direction
was west to southwest. Hydrodynamic conditions were calm during the
campaign (Fig. 7b). Near-bed flow velocities (at 0.15 mab) show a semi-
diurnal flood-dominant tide (Fig. 7a), with maximum along-shore ve-
locities of 0.5 m/s and maximum cross-shore velocities of 0.15 m/s.
Near-bed SSC shows a decreasing trend with peaks of up to 0.2 g/1 on
09-06, and generally <0.1 g/l on the subsequent days (Fig. 7d). Note
that the SSC signal at 0.15 mab overlaps with the 0.3 mab SSC signal in
Fig. 7d. The SSC peaks seem uncorrelated with the tidal velocity, though
some peaks occur during the peak ebb phase (dashed lines in Fig. 7a, d).
Moreover, the local bed elevation (Fig. 7e) appears fairly constant
throughout the measurement period, showing oscillations of 1-2 cm
only during the peak flood phase.

In contrast, the campaign in October took place during a storm, with
maximum wave heights of approximately 3 m at the IJGeul 1 buoy
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(Fig. 8c). Wave directions gradually varied over the course of the storm
from southwest to northwest. While the velocity still has a semi-diurnal
character, it is modulated by waves from 20 until 23 October (Fig. 8a, b).
This leads to higher onshore velocities during the flood phase, together
with a higher along-shore velocity. Ebb velocities decrease during the
storm. Near-bed SSC increases from <0.05 g/1 on 19-10 up to 0.7 g/1 on
22-10 (Fig. 8d). Small-scale bathymetry suggests that the steep increase
in SSC takes place shortly after the storm peak, roughly 2 days after the
onset of the storm (Fig. 8e, f). The delay in SSC increase after storm onset
is similar to the observations by van der Hout et al. (2017) at 1 km
offshore from Egmond aan Zee. The subsequent SSC peaks mostly occur
during the ebb phase, similar to the June measurement (dashed lines in
Fig. 8a, d). These do not coincide with the peaks in local bed shear stress.
A possible explanation could be the advection of fines from a nearby
sediment patch. The preceding storm remobilised fines, which are not
uniformly deposited in space. During the ebb phase, a larger amount of
sediment could have been available for resuspension, even by weak tidal
currents. There is no clear decrease in maximum SSC until the end of the
measurement period.

The energetic conditions during the October campaign are confirmed
by the local bed elevation as measured by the ADV (Fig. 8e — brown
line). This varies strongly over the course of several hours to days. In the
night from 21 to 10 to 22-10, local bed elevation increases from —3 to
+9 cm. However, on 22-10 it decreases from +9 to —1 cm. These single
point measurements cannot distinguish between vertical bed level
changes in response to erosion/deposition or migration/reconfiguration
of bed forms. The results of the ripple profiling sonar (see below) mainly
suggest the latter.

Generally, the mean bed elevation measured by the sonar (2)
increased during the measurement period (Fig. 8e — blue line). It shows
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similar trends as the bed elevation from the ADV, though the peaks are
less pronounced. Before the onset of the storm, the ripple height (1) is
generally small, i.e., 3 to 5 cm (Fig. 8f). During the storm, ripple height
gradually increases to a maximum of approximately 0.1 m on 22-10
02:00. The maximum ripple height roughly coincides with the peak in
local bed elevation (Fig. 8e). After reaching a maximum on 22-10, ripple
heights first decrease strongly to 2 cm, then increase to 6 cm. In the wake
of the storm, ripple heights are similar to pre-storm values, while the
mean bed elevation under the sonar is still 5 cm higher (Fig. 8e).

In total, three sonar images collected before, during and after the
storm (Fig. 8g, h, and i, respectively) to illustrate the seabed state. The
blanked out areas in these sonar images represent removed data points;
the colour map indicates the bed elevation. Before the storm, ripples are
relatively short and are generally oriented from left to right (Fig. 8g). At
the ripple height peak, the domain is almost entirely dominated by a few
large storm-induced megaripples (Fig. 8h). These are longer and higher
than the small-scale ripples. Their orientation is not clear since their

length scale is similar to the sonar footprint. Some scouring seems to
have taken place directly left of the lander legs after the storm. After the
storm, small-scale ripples can be observed again (Fig. 8i). These are
oriented left-to-right and are superimposed on the decaying storm-
induced bedforms. The contours of the latter are still visible in Fig. 8i,
but much less pronounced than during the storm peak.

4.2. Trends in bed sediment composition

Fig. 7a and Fig. 8a depict when the seabed was sampled with the SPI
and MC, in June and October, respectively. In October, MC samples and
the second part of the SPI images were collected after the TUD lander had
been retrieved. This means no direct sampling conditions are available,
but the preceding conditions nevertheless provide a reliable estimate of
these conditions (Fig. 8a).

First, we search for large-scale sediment distribution trends along the
transect, comparing the results of both campaigns. In Fig. 9a, we show
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Fig. 9. (a) Mean fines percentage per sediment sample for both June and October, plotted along transect bed level (from NLHO digital terrain model). Mean
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dashed line.

the mean fines percentage (pfines) for the three sister samples taken at the
ten sampling stations along the transect. These samples are grouped per
station and plotted at the corresponding distance to shore. The mean
fines percentage of each sample is indicated by the height of the col-
oured bars. Those collected in June are plotted above the line repre-
senting the bed level (indicated with the red line) while those of October
are plotted below this line.

In June, more samples contained fines than in October, 60% versus
50%, and pfines Was also higher. The conditional mean percentage, i.e.
averaging only over the samples which contained fines, decreased from
2.4% in June to 1.0% in October. However, these averages are not
representative for the fines distribution along the transect.

In addition, as Fig. 9a shows, fines percentages vary considerably on
multiple spatial scales and over time. In June, the majority of the

10

samples had a mean fines percentage of 0-3%. However, maximum fines
percentages per sample of up to 8.5% (2 km offshore), 6.7% (4 km
offshore) and 4.8% (6 km offshore) were observed (Fig. 9a). In October,
the mean fines percentage mostly ranged from O to 1.5%. The only
exception are the mean fines percentages at 6 km offshore (bed level at
—18 m), which ranged from 2.4 to 3.1%.

Moreover, the variation in mean fines percentage is not only
observed between different stations, but also between sister samples
collected at a given station (Fig. 9a). For instance, the mean fines per-
centage between sister samples from June varied from 0 to 6.5% (4 km),
from 0.7 to 4.8% (6 km) or from 0.1 to 2.0% (9 km). As these sister
samples were collected through a single MC deployment (Table 2), this
means that fines percentages vary substantially within 0.5 m.

Similarly in October, the mean fines percentages between sister
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samples differed from 0.1 to 1.0% (2 km) and 0 to 0.8% (5 km) (Fig. 9a).
Absolute differences are smaller than in June, but relative differences
are on the same order of magnitude. As these sister samples were
collected through one or multiple MC deployments, the fines percentage
at these stations varied either on a spatial scale of metres or decametres.

Fig. 9b and c present the fines presence of the upper 15 cm of the
three sister samples taken at the 10 stations of Fig. 9a. Here, fines
presence is defined as the mean fines percentage per 1-cm or 2-cm slice.
This has been categorised according to van Alphen's classification (van
Alphen, 1987a). The sister samples have been coded using the distance
to shore and a letter. For instance, the third sister sample at 7 km
offshore is marked ‘7C’ (Fig. 9b).

Furthermore, Fig. 9b and c show that vertical variations in fines
percentages are at least as pronounced as the horizontal variability.
Most of the sediment slices contain no fines (psnes = 0), but if they do
contain fines, they usually fall within the 2-10% range. Only a few of the
slices fall either within the 0-2% or >10% classes. As an example, we
analyse the sister samples 4B and 4C, collected in June (Fig. 9b). In
sample 4B, fines are only found at 2-4 cm below the seabed surface and
these slices contain 8-9% fines. None of the other slices from this sample
contained any fines. In sample 4C, fines are only found at 5-9 cm below
the seabed. Here, the slice from 7 to 9 cm even contained 38% fines,
while the slice underneath contained no fines. This heterogeneity is
observed in both the June and the October profiles. The only station
where the fines percentage over depth was relatively constant, was at 6
km offshore in October.

Above, we focused on specific trends per sampling campaign and
general differences between the June and the October campaign.
Comparing the results of both campaigns per station is disputable, as the
length scale of fine sediment presence is of the same order as the posi-
tioning accuracy of the research vessel.

4.3. Small-scale seabed structure

The sediment sample data show how the presence of fines varies over
multiple length scales, both in the horizontal and vertical directions. The
SPI images contain additional information on the small-scale seabed
structure. The average penetration depth of the SPI per station, as
indicated in Fig. 9b and c with the dashed lines, was generally smaller
than 10 cm. Within the width of the image, i.e. 15 cm, the presence and
layering of sand and fines varies considerably. Examples of small-scale
seabed structure are shown in Fig. 10, which includes SPI images
taken in June, at 9.5, 4.0 and 2.0 km offshore.

From 10 to 8 km offshore the substrate is mostly sandy, judging by its
texture and uniform sediment colour (Fig. 10a). Small-scale bedforms
are observed in most images, with heights ranging from 1 to 3 cm.
Generally, only very limited fines are present. Closer to shore, the
sediment texture becomes less uniform. Patches of several cm wide are
visible in the bed, having a texture different than the rest of the bed,

9.5 km offshore

10

4.0 km offshore
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indicated in red colour (Fig. 10b). These are to be interpreted as patches
of fines (Section 3.2). The water column above the bed is much richer in
suspended sediment and the seabed topography is more irregular. At 1.5
and 2 km offshore, the most fines are observed, suspended and both on
and in the seabed (Fig. 10c and Fig. 11). Fig. 10c exhibits two bedforms
of at least 5 cm length (majority outside the picture), with the trough
between them filled up with fines. The thickness of this deposited layer
varies strongly over the small scale, from 2 cm to only several mm within
a length of 10 cm (Fig. 10c), following the seabed topography. The
maximum observed thickness is 4 cm, at 1.5 km offshore (Fig. 11 —right
panel).

Fig. 11 shows two SPI images collected in June at 1.5 and 2.5 km
offshore, within 30 min from each other. Even on the micro-scale of
these images, the presence of fines on and in the seabed varies greatly.

In the left panel of Fig. 11, two patches of fines are buried in the top
2 cm of the seabed by overlying sand. These patches are similar to the
lenses drawn in Fig. 2d, but oriented in the opposite direction. Their
shape follows the profile of the asymmetric, current-induced ripples.
The depth at which they are buried is larger than the current-induced
ripple height, likely immobilising them until the next storm.

In contrast, the right panel of Fig. 11 shows the fines deposited in the
trough of a small-scale bedform — in fact the entire trough is filled in.
This small-scale bedform has a maximum height of approximately 4-5
cm, which is larger than current-induced ripples as the latter have a
height of approximately 2 cm. This is possibly a relic bedform from the
summer storm which preceded the June sampling campaign.

Fig. 12 quantifies the number of images where fines were either
found on or in the substrate. It is formatted as Fig. 9a. Each bar along the
transect indicates a station where SPI images were taken. As the number
of SPI images differed per station, all bars were normalised by the total
number of images taken at that station. Hence, all bars have equal
length. These bars are coloured partly brown and partly white. The
brown colour indicates the fraction of images in which fines were
observed, while the white colour indicates the fraction in which they
were absent. The bars above the bed level indicate fines on the substrate
(such as Fig. 10c), while the bars below it indicate fines in the substrate
(such as Fig. 10b).

In October (Fig. 12b), fines were rarely observed on the substrate
along the entire transect. The only exception is the station at 1.5 km
offshore. Furthermore, very little or no fines were observed within the
substrate from 2.5 to 7 km. Closer than 2.5 km offshore and further than
7 km offshore, fines were regularly observed within the substrate.

Qualitatively, the presence of fines as determined from the sediment
samples and SPI images agrees well. In 80% of the SPI images where
fines are observed, they occur as distinct patches, which is also illus-
trated by Fig. 11. This confirms the fines presence observed in the
sediment samples (Fig. 9b and c).

The results from June differ substantially from the October
campaign. In June, fines were frequently observed on the substrate up to

2.0 km offshore

=

15 0 5

10

15

Fig. 10. SPI images taken during the June campaign at a) 9.5, b) 4.0 and c) 2.0 km offshore. The grid scale is centimetres. For an explanation of the colours, see

Section 3.2.
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Fig. 12. A) fraction of SPI images with fines on and in substrate for June B) fraction of SPI images with fines on and in substrate for October.

5 km offshore (Fig. 12a), while they were much less frequently observed
further offshore. For fines within the substrate, the same trend generally
prevails, with the highest occurrences close to shore. The high fines
percentages at 2 km offshore (Fig. 9a) are also reflected by the SPI im-
ages taken at that location.
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4.4. Synthesis of data and conceptual model

In this section, the observations from both campaigns are compared
to the conceptual model phases. For each sampling period, we determine
to which phase of the dynamic cycle (cf. Fig. 3) the observations
correspond and assess if the presence of fines (suspended, on or in the
seabed) agrees with our hypotheses.
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First, we consider the hydrodynamic conditions preceding and dur-
ing the sampling period, as the four phases of the dynamic cycle are
related to the occurrence of storms and transitions to and from calm
conditions. We then establish the presence or absence of fines in the
seabed. Next, we discuss the small-scale seabed morphology, i.e.,
whether the seabed is morphologically active or static during the mea-
surement period. Both campaigns are first discussed separately. Then,
both the spatial and temporal patterns are interpreted using the con-
ceptual model.

4.4.1. June campaign

In June, sampling took place during a calm period, 3-4 days after a
summer storm (Fig. 7c). Depending on the adjustment period after the
storm, this should either be Phase 4 (post-storm) or Phase 1 (calm
period) of the dynamic cycle. We can infer these phases from the bed-
form characteristics and fine sediment concentrations in both the water
column and the seabed.

The small variations in bed elevation (Fig. 7e) at 4 km offshore
suggest that the seabed was mostly morphologically static, and thus in
Phase 1. This is confirmed by the relatively low SSC at this location
(Fig. 7d). SSC showed a decreasing trend, but were low throughout the
observation period. We would thus expect a limited exchange of fines
between the seabed and water column as the majority of the fines would
already have been buried. This is confirmed by the relatively high fines
percentage in the seabed for most of the transect (Fig. 9a). Furthermore,
fines are rarely observed on the substrate from 3 to 10 km offshore
(Fig. 12a).

However, likely not the entire transect was in Phase 1. Within 2 km
from the shore, the seabed was probably still in Phase 4. Here, the
majority of SPI images showed fines both on and in the substrate, rather
than solely within the substrate (Fig. 12a). The thick layer of fines on the
substrate at 1.5 km offshore (Fig. 11 — right panel) is characteristic of
Phase 4. Furthermore, bedforms higher than 2 cm were observed on SPI
images at 2 and 1.5 km offshore.

The multiple seabed states are best illustrated by the SPI images
shown in Fig. 11. The thick layer of fines on the substrate at 1.5 km
offshore (Fig. 11 —right panel) is characteristic of Phase 4, while the SPI
image collected 1 km further offshore clearly showed buried fines
(Fig. 11 — left panel). As these images were collected within 30 min of
each other, this suggests a variation in burial phase over larger distances
(kilometres). Thus, the seabed can be in one phase closer to the shore,
while in another phase further offshore.

4.4.2. October campaign

In October, measurements commenced shortly before a storm, while
the seabed sampling took place during the storm peak and shortly post-
storm (Fig. 8a, c). Hence, either Phase 3 or Phase 4 of the dynamic cycle
(Fig. 3) is expected. The relatively large bedform height (Fig. 8f) and
large variations thereof at 4 km offshore indeed suggest Phase 3.
Furthermore, the near-bed SSC was high (Fig. 8d), while the fines per-
centages in the seabed were low (Fig. 9a).

Significant reconfiguration and migration of bedforms were recorded
at 4 km offshore before seabed sampling took place. However, none of
the sediment samples collected at 4 km offshore in October contained
fines (Fig. 9a). This either means that Phase 3 of the dynamic cycle was
still ongoing when the seabed was sampled, or that conditions in the
post-storm period (Phase 4) were too energetic for fines to be buried at
this location. Possibly, the swift decrease in bedform height shortly after
the storm peak (Fig. 8f) prevented the burial of fines.

Moreover, the limited amount of burial in October is confirmed by
sediment samples (Fig. 9¢) and the SPI images (Fig. 12b). For the ma-
jority of the stations, hardly any fines were observed either on or in the
substrate. Only the stations at larger water depths (at 6 and 8 km
offshore) had considerable amounts of fines in the substrate. Moreover,
at 6 km offshore, the SPI images and sediment samples are not entirely
consistent as all sister samples at this station contained fines while this
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was not observed in the SPI images.

4.4.3. Interpretation of spatial patterns

In June, measurements were collected during Phase 1 and 4, while in
October measurements were collected during Phase 3 and 4 of our
conceptual model. The observed presence of fines support the formu-
lated hypothesis. We expected a strong vertical variation in, and patchy
occurrences of, fines percentage in the seabed due to the burial process.
This is confirmed by the sediment slices (Fig. 9b and c), which show
fines in the seabed in distinct patches. Transitions from layers with fines
to pure sand are abrupt, i.e., slices with a fines percentage of 4-5% are
often adjacent to purely sandy slices. Fines are found both in isolated
lenses and in adjacent slices. The latter are encountered either as larger
patches of fines, or as successive layers of fines separated by thin layers
of sand. In October, both were observed along the transect. At 8 km
offshore, SPI images (not shown here, but available via the data re-
pository) showed larger patches of fines, while at 6 km, images of the
sediment cores exhibited successive layers of fines. Only the larger
patches of fines may indicate another process than burial by small-scale
bedforms. Both the abrupt transitions from fines to sand and successive
layers of fines support the hypothesised burial process.

The presence of fines does not only vary vertically within the bed, but
also horizontally. This is quantified through the variance in pfn.s at three
spatial scales, i.e. along the transect, per station and per sample
(Fig. 13). For the entire transect, the mean fines percentage per station
was used. For the stations, the mean fines percentage per sister sample
was used, while per sample, it was the mean fines percentage per slice.
The variance is of the same order of magnitude at all scales (Fig. 13). If
fines were present, the variance within this sample sometimes even
exceeded the variance along the entire transect, i.e. a larger vertical than
horizontal variability.

This quantification agrees with qualitative observations from the
SPI. These images (Fig. 10, Fig. 11) show how bed structure and the
presence of fines vary significantly within 15 cm, which is the length of
small-scale bedforms, i.e. decimetres. The variance within single sta-
tions is attributed to the variability in fines burial on megaripple scale
(Phase 4 of the dynamic cycle — Fig. 3), since fines are only buried in the
former trough of a megaripple and not under its former crest. Hence, the
horizontal variation in fines percentages occurs within a metre (Fig. 9a),
with significant variance.

4.4.4. Interpretation of temporal patterns

Another source of variability exists on the meso-scale. The approxi-
mate position on the shoreface determines if megaripples will form,
owing to the combination of local hydrodynamic conditions and sedi-
ment characteristics. However, ripples and megaripples initially develop
from small perturbations on the seabed, which are randomly distributed.
Hence, the exact megaripple locations will also be randomly distributed.
As net burial of fines only occurs in the trough of these megaripples, the
presence of fines in the seabed inherits this stochastic behaviour. This
may further explain the large variability in fines percentage over both
decametres and hectometres. Interpretation of temporal patterns.

The observed sediment compositions are two snapshots in time and
we cannot determine when the sampled sediment was actually depos-
ited. However, we did observe a considerable change in fines percent-
ages and distribution in the bed between June and October (Fig. 9a). As
there are no indications that large-scale sedimentation or erosion took
place between June and October, this implies that the fines present in
the seabed in June were no longer there in October. Thus, they were
remobilised from the bed between these two campaigns.

However, fines must still have been present in the seabed in the
Egmond aan Zee area at the onset of the storm in October. Otherwise,
the observed near-bed SSC at 4 km offshore (Fig. 8d) could not have
increased up to 0.7 g/1 within 1.5 day after the storm peak. However, if
all the fines in the June samples at 4 km offshore would have been
remobilised only during this single storm, this would have led to near-
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bed SSC of >3 g/1. Thus, the majority of fines must have been remobi-
lised prior to the October storm and advected away from the site. Hence,
the data suggest that remobilisation of fines during storms can almost
completely deplete the upper strata of a sandy seabed of fines. In that
case, the SSC at this location is supply-limited through the limited
availability of fines in the seabed.

5. Discussion

The field data collected in the southern North Sea corroborate the
conceptual model with the dynamic burial cycle proposed therein. The
presence of fines on and in the seabed varies considerably, both in time
and space. In this section, we place our results into a wider perspective
and discuss the implications of the hypothesised burial process for un-
derstanding fine sediment dynamics in shallow coastal seas.

5.1. Megaripple and ripple development and implications for burial

We argue that the interaction between wave-induced megaripples
and tide-induced current ripples is essential for the burial of fines into a
sandy seabed (see Fig. 3). During tide-dominated conditions, only
current-induced ripples are found on the seabed. These bury and release
fines during their migration, but are not expected to contribute to net
burial after their initial capture, nor are they expected to bury fines at
larger depths. Net burial only takes place in the wake of storms, when
megaripples formed during the storm gradually adjust, flattening and
reforming into current-induced ripples. Hence, in order to understand
where and when burial of fines takes place, understanding the formation
and subsequent flattening of megaripples is crucial.

When a storm occurs, bedform height and length swiftly adjust to
governing conditions. The maximum megaripple length, height, and
associated timescale depend on the wave-induced Shields parameter (6,
= m) (Soulsby et al., 2012; Traykovski, 2007), thus on the wave-
induced bed shear stress and dsg. As this shear stress increases
quadratically with decreasing water depth, 6, strongly varies in both
space and time in the southern North Sea (Brakenhoff et al., 2020;
Wengrove et al., 2018). On the ebb-tidal delta of Ameland, for instance,
0,, varies by three orders of magnitude within several kilometres during
a one month period, from 1073 to 10° (Brakenhoff et al., 2020). Hence,
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the critical Shields parameter for fine sand (0., ~ 5%1073) is not excee-
ded in some areas while in others, sheet flow can occur (0, ~ 10%. On
the lower shoreface of the southern North Sea, where bathymetric gra-
dients are less pronounced than on ebb-tidal deltas, differences in 6,, are
still considerable over larger areas, with reported values ranging from
2%1072 to 10° (Passchier and Kleinhans, 2005; van der Werf et al.,
2022).

The timescale associated with the flattening of wave-induced meg-
aripples to current-induced ripples (T;) dictates the period during which
deep burial can occur. It depends on the megaripple dimensions formed
during storms and the current-induced Shields parameter 6.. The latter
depends on tidal flow velocity and dsp. Tidal flow velocities vary over
multiple timescales (e.g., diurnal and fortnightly, spring-neap) and in
space. Variations in 6, are generally smaller than 6,,, with values for the
lower shoreface of the southern North Sea ranging from 2%1072% to
2*107! (Passchier and Kleinhans, 2005; van de Meene and van Rijn,
2000). Moreover, their magnitude decreases in onshore direction
(Kleinhans and Grasmeijer, 2006).

To illustrate this timescale for deep burial, we sketched how bedform
height () develops during and after a storm (Fig. 14a). Before the storm,
only tide-induced current ripples with height 7. are found. A storm takes
place, and megaripples with height #sm are formed. Three potential
pathways are sketched (dashed lines in Fig. 14a), each having a different
ratio between 6, and the critical Shields parameter 6. These are: (I) no
change in bedform height as the tidal current is too weak to mobilise
sand (0. < O¢), (II) a strong decrease (0. > > 0.) and (III) a gradual
decrease (6. ~ 6). For each path, the timescale is indicated by T;,,.

The first path (I) represents calm post-storm conditions. Hence, fines
accumulate in the troughs of the bedforms, atop the seabed. However,
no burial takes place as there are no migrating ripples. The associated
timescale Ty is thus (theoretically) infinitely large. Along the second
path, megaripples reconfigure swiftly to the post-storm conditions, T,
is small, leaving little time for deposition of fines in the megaripple
troughs. Hence, burial is probably limited. Along the third path, mega-
ripples flatten out gradually, with an associated timescale of several
days (T, ;). Fines may settle atop the seabed during several successive
slack tides and are subsequently buried into the seabed.

These examples imply that if tidal currents are too small or too large,
little to no burial takes place. Optimal burial efficiency is likely found
somewhere in between at moderate tidal currents. We conceptualised
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this argument through the relationship between burial and 6. in
Fig. 14b. This provides a possible way forward for modelling and
parameterising the burial of fines in the seabed of coastal shelf seas.

Parameterisations which aggregate the burial process on larger
spatial and temporal scales are required, as hydro- and morphodynamic
models typically operate on length scales of one to several orders of
magnitude larger than the proposed burial process. Hence, these
parameterisations should aim at correctly representing large-scale pat-
terns of fines in the seabed, and consider the temporal and spatial var-
iations of wave and current bed shear stress. However, this is beyond the
scope of the present paper. For upscaling and validating the conceptual
model on a regional level, we advise to study seabed dynamics in detail
on other sites in the southern North Sea. Collecting multibeam ba-
thymetry and backscatter with sufficient resolution seems crucial to
validate the occurrence of (mega-) ripples (Koop et al., 2020). The
mobility of small-scale ripples is of interest and may be validated by
using instrumented landers.

5.2. Spatial variability in presence of fines

We have combined the conceptual model and observations to explain
why fines presence varies on a small scale, down to metres or deci-
metres. In this model, seabed structure has been simplified to bi-modal
conditions, i.e., indicating the presence or absence of fines. Seabed data
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have been simplified using similar classifications (Fig. 9, Fig. 12). In
reality, the surficial seabed and underlying strata are often more com-
plex than a bi-modal classification would suggest. Geological deposits,
benthic species, (remnants of) shells can all be found in the upper seabed
strata (van der Spek et al., 2020). These other elements can be consid-
ered passive, not disturbing the burial process, for a seabed that is
predominantly made up of sand and fines. The formation and migration
of bedforms is disturbed if such elements are abundantly present, e.g., as
erosion-resistant layers (e.g. peat or stiff clay) (Passchier and Kleinhans,
2005) or by abundant presence of shell fragments (Cheng et al., 2021).

For the Egmond aan Zee transect, this bi-modal classification seems
justified. The SPI yielded valuable information on seabed structure,
which is often lost when sampling it (van Hoey et al., 2004). The SPI
images show a bed which primarily consists of sand with distinct patches
of fines. Quantification of the seabed structure from the SPI observations
was possible as fines were present in patches with a distinct colour and
texture compared to other seabed features (Fig. 12). Further validation
of this approach with quantitative methods (e.g. grain size distribution)
is recommended.

There is not only a variability in fines presence on the small-scale but
also on hectometre-kilometre scale (Hendriks et al., 2020; van Alphen,
1987b). On these larger scales, the presence of fines in and on the seabed
is governed by a combination of three factors: (1) sources of fines, (2)
transport pathways and (3) accumulation potential. The latter is
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determined by a combination of current-induced bed shear stress and
seabed topography (Hendriks et al., 2020). Whether fines are actually
buried in the seabed after deposition depends on the local burial process.

The variability in fines presence on both large and small scale makes
it virtually impossible to predict the exact fines percentage in the upper
seabed strata at a certain location. Statistical approaches to estimate the
probability of encountering fines in the seabed seem more valuable,
either by geostatistical approaches (Bockelmann et al., 2018; Stephens
and Diesing, 2015) or physics-based classifications (Hendriks et al.,
2020).

5.3. Temporal variability in presence of fines

When fines are regularly exchanged with the seabed, the water col-
umn and seabed must be analysed as a coupled system. Fines presence in
the seabed depends on deposition of fines from the water column and
subsequent burial. Vice versa, suspended sediment concentrations
cannot be understood by only considering processes taking place in the
water column.

The presence of fines in the seabed depends on a succession of storms
and subsequent calm conditions over the course of months to years. This
dependency leads to substantial memory effects, as the individual
storms determine how much fines can be buried at which depth. On the
short term, the storm's magnitude determines how long the seabed re-
mains affected by that particular storm. Wave-induced megaripples
become longer and higher when storms are more intense, leading to a
potential deeper burial of fines. Without significant reworking of the
sediment by biota, it would require a storm of similar magnitude to
remobilise the previously buried fines. The larger a storm, the longer it
takes for a similar storm occurs. Hence, some fines are then buried deep
for long periods. For weekly to monthly timescales, the burial depths are
thus on the order of 10-20 cm, corresponding to megaripple heights
formed during a single storm. On longer timescales, on the order of years
to decades, burial depths of 30 cm (Laane et al., 1999) are probable. On
these timescales, the active layer, and thus burial depth, may even be up
to 50-60 cm as long-term shoreface erosion and migration or reconfi-
guration of larger geomorphological features start to play a role (van der
Spek et al., 2022, 2020).

In the water column, SSC magnitude depends on local fine sediment
availability (Eleveld et al., 2008; Flores et al., 2017; Stanev et al., 2009;
Suijlen and Duin, 2001; van der Hout et al., 2017). This availability is
determined by storms, which remobilise fines that were previously
buried within the seabed. Once fines have been remobilised, SSC varies
on diurnal and fortnightly timescales (McCandliss et al., 2002; Stanev
et al., 2009; van der Hout et al., 2017). Though, their magnitude differs
substantially before and after storms. Under similar hydrodynamic
forcing, SSC may be up to an order of magnitude higher after storms than
before (Flores et al., 2017). How long a storm affects SSC depends on
how effectively fines are buried within the seabed after a storm (Fig. 14).
This memory in the system should be considered when interpreting SSC
time series, meaning that observed SSC cannot be interpreted as an
instantaneous response to prevailing hydrodynamic forcing (Stanev
et al., 2009; van der Hout et al., 2017).

6. Conclusions

In this study, we have shown how small-scale bedforms can bury
fines in the sandy seabed of the southern North Sea. We developed a
mechanistic description of the process, using field data collected in the
southern North Sea to develop and test this model.

The burial process consists of four distinct phases forming a dynamic
cycle. These phases are related to the occurrence of storms. Fines
remobilised during storms will subsequently settle and deposit on top of
a sandy seabed. Interactions between bedforms of different scales are
then crucial to bury fines in the seabed. Megaripples formed during
storms gradually adjust to calmer conditions in the wake of storms.
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During this adjustment period, fines are buried by current-induced rip-
ples in the troughs of the former megaripples. Thus, fines can be buried
in the seabed at depths of up to 10-15 cm. This burial process affects the
presence of fines in the bed, both in time and space. The observed
temporal variation in fines percentage implies that the seabed is occa-
sionally depleted of fines, resulting in supply-limited conditions.
Furthermore, fines percentages in the seabed vary considerably on
multiple spatial scales. They both vary on the mega-scale (kilometres)
and on the micro-scale (metres-centimetres). Fines are found in distinct
patches, both horizontally and vertically. The micro-scale is multiple
orders of magnitude smaller than the scale on which hydro-
morphological models operate. This means that small-scale variations
in monitoring data cannot be reflected in a numerical model outcome.
Model parameterisations are needed to aggregate the effects of burial on
larger spatial scales.

Moreover, the effectivity and associated timescale for burial depend
on the ratio between storm intensity and current magnitude. Theoreti-
cally, this leads to an optimum in burial conditions. If tidal currents are
too small, sand is not mobilised and no burial takes place. For large tidal
currents, the time window for burial is short and likely results in limited
burial. Hence, an optimum burial condition is found somewhere in
between.

This study provides a basis for mechanistic model parameterisations
of fines burial into a sandy seabed. These are required, since fine sedi-
ment dynamics strongly depend on the exchange of fines with the sandy
seabed. As suspended fine sediments affect the ecological functioning of
shallow coastal seas, a better understanding of these dynamics will
prove crucial in conserving these vital ecosystems under increasing
anthropogenic pressure.
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