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ARTICLE INFO ABSTRACT
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Sediment tracer studies use uniquely identifiable particles to track the pathways and fate of individual sand or
silt grains in marine environments. These techniques are best applied to assess connectivity between potential
sediment sources and sinks, such as between a sand nourishment and an ecologically sensitive area. Significant
challenges exist when applying sediment tracing techniques to further understanding of systems with compli-
cated hydrodynamic, sediment, and morphological regimes. Ebb-tidal deltas are highly dynamic coastal envi-
ronments shaped by the complex interplay of waves and tides, but have been under-explored. In this study, we
use dual signature (fluorescent and ferrimagnetic) sediment tracers to simulate the dispersal of dredged sediment
placed as a sand nourishment on an energetic ebb-tidal delta (at Ameland Inlet, the Netherlands). After
deployment, sediment dispersal and grain size sorting behaviour were monitored via the collection of seabed
grab samples and magnetic sampling of sediment transported in suspension. The tracer content within collected
samples were put in context with hydrodynamic conditions observed during the study period. Here we show that
the use of such dual signature tracers, in addition to novel tracer recovery and analysis techniques, enables the
dispersal of sediment to be monitored even in such complex settings and energetic conditions as an ebb-tidal
delta. Our observations show that tracers transported in suspension are significantly finer than tracers that
accumulated in the seabed. These suggest that preferential transport as a function of grain size is a key process in
shaping the morphology of ebb-tidal deltas and thus governing the dispersal of sand nourishments there. The
findings of this study and the approach used here provide valuable tools for assessing the baseline conditions of
complex coastal environments today, and for planning the interventions which may be necessary in future re-
sponses to climate change. Lessons learned from the application of sediment tracers in this study are provided to
assist future researchers and practitioners in applying this technique in dynamic coastal environments.

1. Introduction questions like: “Where, how much, when, and how to nourish?”, or

“Where does the nourished sediment go?” are challenging to answer, but

Sand nourishments have proven to be an effective management
strategy for reducing coastal erosion and are widely positioned as a
means of coping with sea level rise (de Schipper et al., 2021; Lodder
et al., 2019). While they are most common at beaches and foreshores
(Hanley et al., 2014; Hanson et al., 2002; Liu et al., 2019; Stive et al.,
2013), they are now also applied in other coastal settings like tidal flats
(Baptist et al., 2019; van der Werf et al., 2019a).

Existing tools to predict and monitor the processes influencing the
fate of a nourishment are however not yet sufficient. Seemingly trivial

crucial for effective and efficient coastal management. This is especially
the case for nourishments in complex settings like ebb-tidal deltas. Only
a few examples of nourishments on ebb-tidal deltas are known (Bishop
et al., 2006; Foster et al., 1994); on the contrary, ebb-tidal deltas have
often historically been viewed instead as a source for nourishments
(Fontolan et al., 2007; Hicks and Hume, 1997). However, nourishing
ebb-tidal deltas is now being proposed as a key component of the Dutch
coastal management strategy (Lodder et al., 2019; Wang et al., 2018).
There is thus a pressing need to answer these basic questions.
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A large-scale research program (KUSTGENESE2.0/SEAWAD) was
initiated in the Netherlands to provide insights for designing nourish-
ment on ebb-tidal deltas. The project included numerical modelling
(Brakenhoff et al., 2020; De Wit et al., 2019; Reniers et al., 2019) and
field measurement campaigns (van Prooijen et al., 2020; van der
Werfet al., 2019b). Point measurements of hydrodynamics and sus-
pended sediment characteristics were carried out at five locations across
the delta. Bathymetric mapping provided snapshots of the ebb-tidal
delta’s morphological evolution in high spatial and temporal resolu-
tion (Elias et al., 2021). However, none of these methods tell us anything
about the dispersal of sediment from a specific location, as in a nour-
ishment. These methods also do not reveal sediment transport pathways,
nor do they differentiate between pathways of different grain sizes. This
type of information is necessary to predict the longevity of a nourish-
ment, as well as its ecological impact.

Particle tracking or tracing is a method that can be used to obtain
more insights into the pathways that sediment particles take. The former
involves taking uniquely identifiable “tracer” particles, injecting a
known quantity at a particular location, and then monitoring the
dispersal of this tracer across space and through time (Black et al.,
2007). This approach has been successfully employed to monitor
nourishments by Smith et al. (2007). Unlike Eulerian measurements (at
a fixed point in space), Lagrangian techniques like particle tracking can
provide information about the fate and provenance of sediment. Most
previous tracer studies have focused on using tracers to quantify trans-
port rates and directions. For example, Ciavola et al. (1998), Oliveira
et al. (2017), and Silva et al. (2007) used tracers to monitor alongshore
transport rates. Komar (1978) and Wilson (2018) have used tracers to
examine the relative degree of bed load and suspended load transport in
coastal settings. By examining core samples of the seabed, Kraus (1985)
and Sunamura and Kraus (1984) used tracers to monitor burial depths
and quantify the mixing depth or “active layer” thickness.

Tracers can also be used to quantify grain size-dependent sediment
transport and sorting processes. Allison et al. (2017) tracked the fate of
tracer with multiple grain sizes, using differently-coloured tracers to
represent different particle sizes. Robin et al. (2009) assumed that tracer
particle size was uniform, and most previous studies focused only on
matching the particle size distribution of the initial tracer to the native
sediment, not how that distribution changes after being transported. A
few studies have challenged this assumption and examined grain-size
selective transport using tracers on straight, sandy beaches (Blackley
and Heathershaw, 1982; Duane and James, 1980; Ribeiro et al., 2018).
However, the potential of tracers to better understand sediment sorting
and grain size-selective transport on ebb-tidal deltas is relatively
under-explored, even though knowledge of such processes is essential to
the design of effective nourishments there.

Execution of tracer studies in coastal settings is challenging due to
the variety of physical processes influencing sediment transport and the
numerous potential pathways that the tracer can take. Unlike in rivers
where transport is driven mainly by unidirectional currents, the influ-
ence of waves or wind-induced currents must also be considered on open
coasts (Hanes, 1988; Wilson, 2018). Even in relatively well-constrained
coastal settings (e.g. straight, sandy beaches), there may be bidirectional
tidal currents, stirring by waves, and wave-induced alongshore or
cross-shore currents (Duane and James, 1980; Komar, 1978; Oliveira
etal., 2017; Silva et al., 2007). Tracer studies have also been carried out
at other coastal sites such as tidal flats (Kato et al., 2014), harbours
(Khalfani and Boutiba, 2019; McComb and Black, 2005; Vila-Concejo
et al., 2003), and navigation channels (Smith et al., 2007). The chal-
lenges of conducting and interpreting tracer studies are perhaps greatest
in estuaries and tidal inlets, where complex interactions between waves,
tides, and rivers may act in multiple directions.

Few studies have considered sediment tracers at coastal locations as
dynamic and complex as tidal inlets (e.g. (Li et al., 2019; Moritz et al.,
2011)). Most tracer studies conducted at tidal inlets have focused on
intertidal shoals and beaches, where it is easier to deploy and sample the
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tracer material at low tide (Balouin et al., 2001; Oertel, 1972; Robin
et al., 2009; Vila-Concejo et al., 2004). These studies were principally
concerned with the migration of shoals and swash bars or sediment
transport at the margins of the inlet. However, to the authors’ knowl-
edge, no tracer studies have considered transport on the distal lobe of an
ebb-tidal delta. Sediment pathways here may be extremely convoluted
and grain size-dependent (Elias et al., 2019; Herrling and Winter 2018;
Pearson et al., 2020; Son et al., 2011), which greatly increases the un-
certainty involved in designing a sampling plan to recover tracer placed
there. Effectively monitoring the dispersal of sediment tracer on the
outer limits of a highly energetic ebb-tidal delta at subtidal depths thus
presents a daunting challenge and requires the use of new recovery and
analysis techniques.

There are numerous techniques available to uniquely “tag” sediment
to make it distinguishable from native background sediment. Natural
geochemical properties of the sediment can be used (Clemens & Komar,
1988). Radioactive tracers were commonly used in the 1960s, but have
since fallen out of favour due to their environmental impact (Courtois
and Monaco, 1969; Duane and James, 1980; White, 1998). Radio fre-
quency identification (RFID) tags can be used for larger gravel and
cobble-sized particles (Miller and Warrick, 2012), although this
approach is not feasible for sand-sized grains. Luminescence is also
frequently used to trace sediment in geomorphological applications
(Gray et al., 2019; Reimann et al., 2015). The most popular approach in
recent years has been to apply a fluorescent coating to grains of sand, as
the tracer can be identified visually or through automated image anal-
ysis (Gallaway et al., 2012; Komar, 1978; Kraus et al., 1982; McComb
and Black, 2005; Miller and Warrick, 2012; Oliveira et al., 2017; Robin
et al., 2009; Silva et al., 2007; Smith et al., 2007; Sunamura and Kraus,
1984). It may also be possible to trace particles via a comparative
measure of the relative ease with which a material can acquire a mag-
netic field (i.e., the magnetic susceptibility of grains (Gallaway et al.,
2012)). However, the risk of using tracer with a single unique identi-
fying characteristic (termed a mono-signature tracer) is that it can limit
the techniques which can be applied to sample tracer in the field and
determine tracer content within samples in the laboratory. The solution
to these issues may be the use of tracers that can be detected and
distinguished via multiple properties.

In this paper, we explore the potential of particle tracking in ener-
getic marine areas for monitoring the dispersal of nourishments. We aim
to answer questions such as: “Is it possible to recover tracer particles in
such dynamic environments?”; “What are efficient and effective ways to
collect the particles?”; and finally: “What can we conclude from a par-
ticle tracking experiment that we cannot conclude from other moni-
toring techniques?”. To simulate and predict the potential dispersal of
sand from an ebb-tidal delta nourishment, we conducted a sediment
tracer study at Ameland Inlet in 2017. Such a dynamic environment
necessitated novel techniques for recovery and analysis of the tracer. A
dual-signature (fluorescent and ferrimagnetic) tracer (manufactured by
Partrac Ltd) was used, enabling samples to be collected from both the
water column and seabed via a combination of suspended high-field
magnets and seabed grab samples. Our approach afforded the oppor-
tunity to sample tracer deposited on the bed and transported as sus-
pended load. The characteristics and location of recovered tracer
provide useful information for understanding sediment sorting processes
and differential transport as a function of grain size on ebb-tidal deltas
from strategically placed sediment, as from a nourishment.

2. Background
2.1. Regional setting

Flood safety and vital ecosystems in the northern Netherlands
depend on the fate of the Wadden Sea and Islands. Their morphody-

namic response to sea level rise and sand nourishments is closely tied to
the evolution of the ebb-tidal deltas between them. To understand the
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fate of these ebb-tidal deltas and effectively plan nourishments there, we
must quantify the transport and dispersal of sediment as it moves across
them.

The tracer study was conducted as part of a larger field measurement
campaign which included simultaneous measurements of hydrody-
namics, suspended sediment, bed sediment, seabed morphology, and
benthic ecology across Ameland ebb-tidal delta, inlet, and Wadden Sea
(Fig. 1). The location was chosen because it was the proposed site of a
future sand nourishment project. Prior to this study in 2017, human
interventions to the inlet had been relatively minor compared to other
inlets on the Dutch coast (Elias et al., 2003; Wang et al., 2015). Ameland
Inlet has been widely studied before (Cheung et al., 2007; Lenstra et al.,
2019; van der Spek, 1996; Wang et al., 2016), and there are over 400
years of historical bathymetric data available (Elias et al., 2019). The
abundance of both historic and present-day data makes Ameland Inlet
the ideal location for such a study.

Historical bathymetry analysis by Elias et al. (2019) indicates that
the recent evolution of Ameland ebb-tidal delta has been dominated by a
pattern where the main ebb channel alternates positions and rotates in a
clockwise direction. As the ebb-channel moves, shoals develop on the
delta’s periphery, and gradually move eastward where they eventually
merge with the island of Ameland. The position of the ebb-tidal delta
and main ebb-channel also determines the position of the eastern tip of
the island of Terschelling. This morphodynamic evolution suggests the
existence of eastward sediment transport pathways across the inlet and
ebb-tidal delta. Mapping out these pathways and quantifying rates of

North Sea
Ebb-Tidal
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sediment transport is essential to the design of nourishments on the
ebb-tidal delta.

2.2. Hydrodynamic conditions

To provide context for the tracer measurements, we examine mea-
surements of hydrodynamics and suspended matter carried out simul-
taneously during the deployment period. Van Prooijen et al. (2020) and
van der Werf et al. (2019a) provide a general overview of the field
campaign at Ameland Inlet, which took place over 41 days from August
29 to October 9, 2017. Henceforth, dates in this paper are given as T + n,
where n is the number of days since the tracer release on August 29,
2017 (Section 3.2).

Water level, wave height, and near-bed current velocities were
measured using a downward-facing high resolution Nortek Acoustic
Doppler Current Profiler (ADCP-HR) mounted 0.50 m above the seabed
(Nortek AS, 2008). From the wave characteristics and near-bed velocity,
the maximum bed shear stress under combined wave and currents was
computed using the method of Soulsby (1997). Changes in seabed level
and acoustic backscatter were monitored using the altimeter on Nortek
Acoustic Doppler Velocimeters (ADV) (Nortek AS, 2005) mounted 0.35
and 0.50 m above the bed. Together, these measurements provide
additional information to assist in the interpretation of the observed
behaviour of the tracer.

Hydrodynamic conditions at the outer lobe of the Ameland ebb-tidal
delta during the measurement period were highly energetic, featuring

The Netherlands

Ameland
Inlet

@
Amsterdam

0 2550 100 km

| Elevation [m] |
| High:10

Fig. 1. Location of project site at Ameland Inlet, the Netherlands. The deployment site or source of the tracer is denoted by a green star. Orange diamonds indicate
the location of suspended magnets, and yellow dots indicate seabed Van Veen grab sampling locations. The magenta triangle corresponds to Frame 4 of the
Kustgenese2 measurement campaign (van Prooijen et al., 2020), with which measurements of hydrodynamic conditions were made during the field experiment.}.
(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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two major (Hs > 4 m) and three minor (Hs > 1.5 m) storms (Fig. 2b). The
spring tidal range at the measurement frame is approximately 2.3 m, and
current velocities can reach 0.5 m/s, predominantly flowing along an
axis oriented east — west. The net displacement at the measurement
frame was computed by integrating the measured velocities over time
(Fig. 2f). These show a net eastward displacement from the vicinity of
the tracer deployment site during the measurement period. In the 24 h
after release, maximum tidal excursion from the measurement site is
approximately 2 km westward and 4 km eastward (Fig. 2f). There is
generally a strong eastward net displacement, with north or southward
currents only dominating during the storms on T+15 and T+40 days.

Acoustic backscatter is frequently used as a proxy for suspended sand
concentration (Green et al., 2000; van de Kreeke and Hibma, 2005).
Although fine sediment is abundant in suspension on Ameland ebb-tidal
delta, acoustic backscatter measurements here show stronger corre-
spondence with sand (Pearson et al., 2021). The acoustic backscatter
signal (measured with the ADV) shows clear semidiurnal peaks during
ebb and flood currents, with higher peaks during flood and greater
variability during spring tides. This corresponds to resuspension of local
sand from the seabed. Relatively higher backscatter is also observed
during the storms (e.g., T+16 and T+35 to 40).

Regular fluctuations of the seabed between August 31 (T+02) and
September 5th (T+06) are on the order of 1-3 cm Fig. 2d, which matches
the findings of Brakenhoff et al. (2020a,b), who found that wave-current
ripples on Ameland ebb-tidal delta are consistently between 1 and 2 cm
in height. The bed then continues to accrete episodically but erodes
gradually during the intervening periods. The frame was repositioned
following servicing on T+21, and the bed altimetry measurements
become sparse thereafter. Caution should be taken when interpreting
the bed levels after T+21.

These findings demonstrate that the seabed around the tracer
deployment site is highly dynamic, even on the timescale of days to
weeks. Combined with the energetic hydrodynamic conditions observed
during the measurement period, there is strong potential for widespread
tracer dispersal and/or burial.

3. Methods
To investigate sand transport processes on ebb-tidal deltas using

sediment tracers, we broadly followed the methodological framework
described by Black et al. (2017). This includes seven key steps:

1. Manufacture an appropriate tracer to match local sediment
characteristics.

2. Perform a background survey of the site.

3. Release tracer in the field.

4. Recover tracer via sampling of the seabed and water column.

5. Separate tracer from background sediment in the laboratory.

6. Determine tracer content within samples.

7. Determine particle size of recovered tracer and background

sediment.

3.1. Tracer preparation

A dual signature sediment tracer was manufactured by Partrac Ltd.
for use in this study (Fig. 3). The coated mineral tracers have two sig-
natures (fluorescent colour and ferrimagnetic character) applied as part
of the coating process. These signatures are used to identify the particle
unequivocally following introduction into the environment. In this
study, each natural minerogenic kernel within the tracer batch was
coated using a green fluorescent dye pigment with magnetic inclusions.
The dye pigment is characterized by specific excitation and emission
wavelengths, which facilitates a targeted sample analysis procedure.
The tracer is consistently reactive upon exposure to ultraviolet (UV - A,
~400 nm) or blue light (~395 nm). The tracer grain will also adhere to
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any strong permanent or electro-magnet that comes into close proximity
with it. This enables a simple separation of tracer within environmental
(water, sediment) samples, a process which can also be exploited in situ
through the use of submerged magnets (e.g., Guymer et al. (2010)).

A key requirement of tracer studies is that the tracer sediment needs
to have similar physical and hydraulic properties to the native sediment
it is intended to mimic (White, 1998), and that the properties of the
tracer do not significantly change through time (Foster, 2000). This
ensures that the tracer will be eroded, transported, and deposited in a
similar manner to native sediments. A historic sample from the nearest
available point to the proposed tracer release site served as a basis for
the tracer (Rijkswaterstaat, 1999). Typically, differences of 10-15 %
from the native grain size have been deemed acceptable in the
peer-reviewed literature (Black et al., 2007; Robin et al., 2009; Vila--
Concejo et al., 2004).

The sediment of Ameland ebb-tidal delta is largely composed of fine
to medium sand (125-500 pm), grain size characteristics reflected by the
available sample (dso, native = 271 pm) (Fig. 4). Sediment composition on
the nearby beaches of Ameland is approximately 84 % quartz, 10 %
feldspar, 6 % heavy minerals, and has specific gravity (grain density) of
Ps, native = 2700 kg/rn3 (Veenstra and Winkelmolen, 1976). An assess-
ment of the physical and hydraulic equivalence between the manufac-
tured sediment tracer and the native sediment on Ameland was
performed. The tracer’s physical characteristics (dsg, gracer = 285 pm, o7,
tracer = 0.48 @, pg tracer = 2628 kg/mg) closely matched those of the
available pre-study native sediment sample (dsgnatve = 271 pm)
(Fig. 4). Approximately 60 % of the deployed tracer consisted of medium
sand (250 < d < 500 pm), 35 % of fine sand (125 < d < 250 pm), and <5
% of very fine sand (63 < d < 125 pm). Although particles <63 pm were
present in the deployed tracer, they are not considered for particle size
analysis in this study, given the difficulty of optically identifying,
counting, and sizing any recovered particles that small, and the project’s
overall focus on sand transport. Based on these data, it is reasonable to
conclude that the manufactured tracer will form an effective tracer for
use within the study.

3.2. Tracer release

To simulate the dispersal of sand as part of an ebb-tidal delta nour-
ishment, tracer was released below the water surface and monitored
across the period from August to October 2017. Immediately prior to the
release of the tracer in August 2017, a background survey of the seabed
sediment was carried out in the vicinity of the placement site to deter-
mine the presence and/or absence of particles with the same or similar
characteristics as the tracer. Subsequent laboratory analysis revealed no
presence of tracer-like fluorescent, magnetic particles in the bedded
sediment prior to tracer deployment.

Based on the local grain size and typical local hydrodynamic con-
ditions, it was expected that sand would be partly transported in sus-
pension through the water column. To sample tracer particles travelling
as suspended load, 8 arrays of suspended magnets were installed across
the monitoring site in the hours before releasing the tracer (orange di-
amonds in Fig. 1). High field, Ne-Bn 11,000 Gauss bar magnets (30 cm in
length and 2.5 cm in diameter) were covered in clear acrylic sheaths to
facilitate the separation of recovered tracer from the magnet surface (e.
g., Guymer et al. (2010)). These magnets were affixed to mooring lines
at elevations of 1 m, 2 m, and 5 m above the seabed.

On August 29, 2017 (T+00), 2000 kg of tracer was released at 14:52
CEST on the northwest distal lobe of Ameland ebb-tidal delta (53.485°
N, 5.5358° W, at the green star in Fig. 1) over a period of 14 min. A PVC
pipe was affixed to the side of the ship (MS Schuitengat) and tracer
poured down in buckets, with water sprayed down it to ensure contin-
uous discharge and disaggregation of the tracer while in the release
zone. The release technique was also intended to, as best as possible,
mimic the placement of nourishment sand from a dredge hopper via a
rapid release.
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Fig. 2. Overview of hydrodynamic and seabed conditions measured near the tracer deployment site (AZG-F4) during the field campaign. (a) Water level with respect
to mean sea level. Vertical yellow lines indicate days when tracer sampling occurred, and the green dashed line on day T+21 indicates when the frame was serviced.
(b) Near-bed current velocity measured with a downward-facing ADCP-HR and averaged over a 0.5 m profile to the bed; (c) significant wave height (Hpo); (d) Bed
level measured with ADV mounted 0.35 m above the bed. Note that position of frame shifts after being serviced on T+21, and bed level readings are sparse thereafter;
(e) Acoustic backscatter measured using an ADV mounted at 0.5 m from the bed. Acoustic backscatter is given here as a proxy for suspended sediment concentration,
with greater sensitivity to sand than fine sediment (Pearson et al., 2021); (f) Progressive vector diagram indicating total tidal excursion during the deployment period
based on the near-bed current velocity measured by ADCP-HR during the 40-day deployment period. The red inset zooms in on the first 5 days (T+00 to T+05) after
tracer release (August 29, 2017). Circles indicate the displacement at a given number of days after release, with larger markers indicating every fifth day. (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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Fig. 3. (a) Tracer sediment particles with fluorescent and ferrimagnetic coating under normal lighting. (b) Seabed sample illuminated under 395 nm blue light. The
fluorescent green tracer particles are unequivocally distinguishable from native sand grains and other types of particle in this lighting. Photos obtained using a
Keyence VHX-5000 digital microscope (Keyence Corporation, 2014). (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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Fig. 4. Particle size distribution of deployed tracer sediment and native seabed
sediment (from available pre-study data (Rijkswaterstaat, 1999)). Deployed
tracer and native sediment largely consist of fine (125-250 pm) and medium
(250-500 pm) sand.

Successful tracer studies require that the tracer is introduced to the
target site with minimal loss and redistribution. The timing was selected
to correspond with high water slack during a neap tide, which would
minimize dispersal of the tracer by ambient currents before it reached
the seabed. Offshore waves were small during the deployment proced-
ure (Hgp = 0.4 m, T2 = 2.8 s, 0 = 270°), and thus offered fairly benign
conditions for tracer settling. The depth of the water at the time and
location of deployment was 6.9 m, which means that 95 % of the sand-
sized tracer should have reached the bed within 11.2 min of deployment
(Ws,do5-137um = 0.010 m/s, based on (Soulsby, 1997)). Current velocity
measurements did not begin until 2 h after the release (Fig. 2), but based
on the drift of the ship (MS Schuitengat) during the release period (<100
m, Fig. 5a), currents were minimal.

3.3. Tracer recovery

The sampling scheme for recovering tracer was designed to maxi-
mize the chances of retrieving tracer particles in a dynamic environment
where widespread dispersal was likely. Over the next 41 days, the
spatiotemporal distribution of the tracer was monitored via the collec-
tion of 209 seabed grab samples. A sampling grid was initially defined in

an approximately radial pattern surrounding the proposed tracer source
site, with higher sampling density towards the point of tracer release and
sparser coverage further away. The assessment of tidal excursion in-
dicates that after 5 days, tracer grains mobilized under tidal flows could
be dispersed on the order of 10 km away (Fig. 2f). This is beyond the
bounds of the area within which it is practically possible to focus sam-
pling resources (~3 km radius). If we assume that tracer with a dso of
285 pm was uniformly distributed across this area, sufficient tracer was
released 0(10'° grains) to ensure an average of 22 grains per grab
sample. This suggests that a large enough quantity of tracer was placed
to ensure a meaningful prospect of recovery. Due to several practical
issues (discussed in Section 5), post-release sampling was limited.

Seabed samples were obtained from the MS Siege using a Van Veen
grab to a maximum depth of 8 cm, with an average mass of 1.7 kg (n =
190). Once on deck, excess water was slowly drained from the grab
sampler, and handheld blue flashlights (~395 nm) were used to assess
the initial presence or absence of tracer particles. Grab samples were
double-bagged in 2 L plastic bags, labelled, and stored in plastic crates
out of direct sunlight.

Suspended magnets were recovered on August 30th (T+01) by the
MS Terschelling, although adverse weather conditions meant that the
recovery of two sets of magnets (K and L) was delayed until September
2nd (T+04). The 5 m magnet at location I was lost during recovery after
it became attracted to the hull of the ship. Once lifted on deck, the
magnets were removed from their mooring lines and visually inspected
with blue light to determine the presence or absence of tracer. The
plastic sheath was then carefully removed and its contents washed
through a funnel into a 1 L sampling jar. Magnet samples typically
weighed 0.1-1 g (n = 21), but sample masses between 16 and 27 g were
obtained in three cases. All sampling equipment was carefully washed
between samples to reduce the risk of cross-contamination between
samples.

3.4. Quantifying tracer content within environmental samples

To quantify the tracer content (particle counts) within environ-
mental samples, each sample was first processed. Each sample was dried
in an oven at 180 °C until no further change in mass was observed. The
material was smoothed to an approximately granular monolayer on a
large black board, and then a preliminary visual inspection for tracer
particles was performed using a handheld blue light (~395 nm). Sam-
ples revealing fluorescent particles were then magnetically screened to
further distinguish tracers from other fluorescent matter (i.e., micro-
plastics, which were commonly observed). A permanent, high field Ne-
Bn 11,000 Gauss magnet was then passed across the sample at a distance
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of 2-3 mm, facilitating separation of magnetic particles, or sifted
through the sample where samples were larger. This procedure was
repeated, with intermittent cleaning and recovery of the particles from
the surface of the magnet, until no further magnetic particles were
extracted and no further fluorescent particles were found within the
sample.

Once separated, the number of tracer gains were counted by eye; the
error from visual counting should be below 5-10 % (Carrasco et al.,
2013). To do this, the samples were systematically scanned with the aid
of a hand tally counter. Where high tracer counts were observed, the
sample was sub-sampled and the data extrapolated.

3.5. Particle size analysis

To investigate sorting behaviour of the tracer material as it dispersed
in the environment, we measured the particle size distributions of the
recovered tracer and native background sediment. Magnetically-
separated samples containing visible tracer particles were examined
using a Keyence VHX-5000 digital microscope (Keyence Corporation,
2014). Whilst illuminating the sample using blue light (~395 nm), high
resolution photographs at 40-100x magnification were captured and
stitched together into a mosaic of the entire sample. The microscope’s
automated image processing tools were used to obtain the equivalent
circular diameter of each tracer particle in the sample (similarly to
(Ribeiro et al., 2018)). Each grain was visually checked to ensure that
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Fig. 5. Spatial distribution of tracer
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the particles were accurately identified. Under 100x magnification, the
bright green tracer particles were unequivocally distinguishable from
native sand grains and other types of particle (Fig. 3b). Where there was
a discrepancy in tracer count from the visual analysis, the count ob-
tained via microscope prevailed. After each analysis, the sample was
shaken to redistribute the position of the grains, and the procedure
repeated to reduce potential biases in the image analysis.

The particle size distributions of native non-tracer sediment sepa-
rated from the tracer samples were measured using a Malvern Master-
sizer 3000 (Malvern Instruments Limited, 2017). At least 4
measurements were made per sample and then averaged together to
provide a representative distribution.

4. Results

Tracer particles were recovered from 45 of 190 seabed grab samples
(24 %) and 24 of 24 magnetic samples (100 %), despite the occurrence of
conditions capable of mobilizing 99 % of the deployed particles
(Fig. 10). Although hydrodynamic measurements indicate an eastward
tidal residual flow (Fig. 2f), the spatial pattern of the recovered tracer
indicates that transport dispersed the tracer in all directions relative to
the release site, likely due to a combination of tidally driven transport
and wave action.

Tracer material was recovered from the grab samples taken in the
first week after deployment, up to 1325 m away from the source (Fig. 5).
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Although the majority of samples are clustered within 500 m of the
release site, there is no distinct trend in their spatial distribution. Most of
these samples were recovered between August 30th (T+01) and
September 4th (T+06), but some tracer was even recovered from the
tracer source on October 9th (T+41), after two large storms had passed.
In total, 14 of the tracer samples contained a single tracer particle, 13
had 2-10 particles, 14 had 11-100 particles, 14 had 101-1000 particles,
and 11 samples contained more than 1000 particles. All but one of the
latter were obtained via suspended magnets.

The tracer particles recovered from the seabed (mean dsg = 212.8
pm, 6450 = 74.3 pm, 61 = 0.48 @) were finer and better sorted on average
than the original tracer (dso = 274.4 pm, 6; = 0.34 ®) (Fig. 6). The
samples recovered by the magnets (mean dsg = 81.9 pm, 6450 = 6.0 pm)
are significantly finer than both the original tracer sample and the
samples recovered from the bed (Fig. 6).

On average, tracer particles are largest closer to the bed (dso = 83.9
pm at 1 m above the bed), decreasing slightly with elevation (dso = 80.6
pm at 2 m above the bed) (Fig. 7). The particle size is negligibly different
at 5 m above the bed (dso = 81.0 pm). All suspended samples are well
sorted (67 < 0.5 @) based on Folk & Ward Logarithmic Graphical
measures (Blott and Pye, 2001), where increased sorting corresponds to
reduced spread around the mean particle size. Sorting is poorest at 1 m
above the bed (67 = 0.41), but improves slightly at 2 m and 5 m above
the bed (67 = 0.38 ® and 67 = 0.39 @, respectively).

Although there is a marked difference between the original tracer
and the material recovered in the water column, the particle size dis-
tributions of suspended tracer samples do not vary substantially with
elevation from the bed. This is consistent with Beamsley et al. (2001),
who observed that although median particle size decreases with height
above the bed, the modal peak of suspended sand grain size distributions
stays relatively consistent. They attribute upward fining to an inverse
relationship between concentration profile gradient and grain size, with
finer particles being more dominant at higher elevations.

The particle size distribution of recovered tracer particles can also be
considered spatially (Fig. 8). Among samples with more than one grain
(it is not meaningful to compute dso and sorting from a single particle),
there is a weak negative correlation between median grain size (R? =
0.224) and increasing distance from the source (Fig. 9). Furthermore,
the mean dsg of the magnet samples is < 100 pm, with all seabed sam-
ples consistently coarser. The envelope of grain size variability shrinks
with distance from the source: the variation in dso decreases further
away. A very weak negative correlation is observed between sediment
sorting coefficients of multi-grain samples and distance from the source
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Fig. 6. Mean particle size distributions of tracer recovered from the seabed and
suspended magnets at z = 1, 2, 5 m above the seabed. Magnetically-recovered
tracers were significantly finer than those acquired via grab sample from
the seabed.
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(R? = 0.082), which implies that the tracer become slightly better sorted
with distance. These patterns are consistent with the frequently-
observed trend of fining and better sorting along transport pathways
in complex marine environments (Le Roux and Rojas, 2007; Poizot et al.,
2008).

To better visualize the influence of the hydrodynamic conditions on
the potential transport modes of tracer particles and explain the
observed differential transport, we computed the inverse Rouse number
(xu*/ws) of four grain size classes using the method of Soulsby (1997)
(Fig. 10). The medium sand (250-500 pm) comprising most of the tracer
travels mainly as bed load, only moving into suspension during the two
largest storms (September 13 & October 3). This could explain its
absence on the suspended magnets, which were all collected by
September 2. Fine sand (125-250 pm) travels in suspension during
minor storms and also at spring tide, whereas very fine sand grains
(63-125 pm) are nearly always travelling as suspended load.

These estimates are consistent with existing numerical model simu-
lations of Ameland Inlet (Reniers et al., 2019). Modelled daily averaged
sediment transport of 200 pm sand near the tracer deployment site is
principally tidal suspended transport in calm conditions, whereas sus-
pended transport due to wave skewness dominates during storms.
Huisman et al. (2016) found that grain size-selective sediment transport
at a sand nourishment on the Dutch coast was most prevalent during
mild and moderate conditions when some but not all of the bed material
is mobilized. Finer sand classes will thus be entrained more frequently
into the water column (Fig. 10). In more intense conditions, sorting
behavior is still present but to a lesser degree, since all size classes are
mobilized, including coarser particles. However, it is mild and moderate
conditions that prevail during the first 6 days of tracer sampling.

We can quantify the potential impact of a nourishment on the native
grain size distribution by analogy using recovered tracers. We compared
the grain size characteristics of each tracer sample with the native
sediment that it was recovered in. The native background sediment
samples containing tracer are overwhelmingly homogeneous, well-
sorted fine (F) sand, with a mean dsg of 200.2 pm (6450 = 21.7 pm),
and mean sorting coefficient of 0.50 ® (Fig. 11). Conversely, the
recovered tracer shows a wide variation in dsy from 100 to 400 pm
(mean dsp of 212.8 pm, 6450 = 74.3 pm), and is on average 12.6 pm
coarser than the native sediment in which it was recovered. The
recovered tracer is negligibly better-sorted on average, but shows more
variation in sorting than the native sediment. Comparing the particle
size analysis of recovered tracer and the native sediment in which it was
found reveals clear signs of grain size-selective transport.

5. Discussion

We recovered tracer sediment on a highly dynamic ebb-tidal delta as
part of a study to understand the potential spreading of nourishments
there. The high recovery rates of tracer on an energetic subtidal ebb-
tidal delta in spite of sampling limitations are a proof of concept for
using tracers to monitor sediment dispersal in such environments. In
particular, the suspended magnets were revealed to be an effective
means of capturing tracer particles suspended throughout the water
column. Furthermore, microscopy analysis enabled the determination of
different grain sizes within the collected samples, facilitating the
assessment of differential transport (per grain size) following tracer
release.

Grain size influences both the persistence and ecological impact of
sand nourishments. Nourished sand will tend to disperse more quickly if
its grain size is smaller than native sediment, which thus determines how
long it will persist at its placement site (Dean, 2002). As such, grain size
of placed material relative to native sediment is often a key parameter in
nourishment design (Hanson et al., 2002). Grain size also influences
benthic habitat (McLachlan, 1996), and the recovery of benthic eco-
systems after a nourishment can be impeded if nourished sand grain
characteristics do not closely match the native sediment (Bishop et al.,
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2006; Defeo et al., 2009; Peterson et al., 2014). Tracer particle size
analysis like that carried out in this study is thus a useful technique for
understanding the grain size-specific evolution of nourishments. By
releasing tracers in conjunction with nourishments (e.g., Smith et al.
(2007)) and then tracking tracer particle size, coastal managers can
improve the efficacy of nourishments and monitor potentially negative
ecological impacts.

Our study’s findings are summarized in a conceptual diagram
(Fig. 12). Finer grains become preferentially resuspended and trans-
ported further than coarser grains. The coarser grains are mobilized less
frequently and travel more as bedload, which leaves them more sus-
ceptible to burial (e.g. Fig. 2d) or integration into bedforms. Material
travelling in suspension travels more quickly than material moving as
bedload, so finer tracer particles are also found further from the source.
Superdiffusive behaviour due to correlated grain motion and grain size
heterogeneity may explain the solitary coarser grains of sand found
farthest away from the source (Martin et al., 2012).

Two days after the tracer release (T+02), the bed accretes by

approximately 8.5 cm in 7 h, mostly during flood tide following the peak
of a small storm (Fig. 2d). It is therefore possible that tracer particles
deposited on the seabed within this area could have been buried beyond
the reach of the Van Veen grab sampler used to extract the sediment
(approximately 8 cm). This is consistent with the historical bathymetry
analysis of Elias et al. (2019) and Elias et al. (2021), which shows this
region of the ebb-tidal shoal to be prograding and hence depositional.
Sampling via deeper cores may yield greater insight into the burial of
tracers and sediment balance in future studies.

The tracer dispersal pattern in Fig. 8 does not appear to coincide with
the eastward direction of net tidal excursion (Fig. 2f). This may be
explained by the difference between residual (net) transport and gross
transport. If the tidal flow is bi-directional, the residual is a small dif-
ference between the much larger gross flood and ebb transports. In open
water, sediment transport vectors form an open ellipse over the course of
a tidal cycle, just like the flow velocity vectors. Where the tracer can be
found back is not determined by the residual transport field, but by the
gross transport field, which is highly variable in direction during a tidal
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Fig. 12. Conceptual diagram indicating dispersal of tracer on the seabed and in the water column. Finer grains are preferentially resuspended and transported further
than coarser grains, which travel more often as bedload and are more susceptible to burial. Suspended sand grains observed on the magnets were overwhelmingly

very fine, with little difference as a function of height above the bed.

cycle. This may be evidence of chaotic stirring, which is known to occur
at tidal inlets similar to Ameland (Ridderinkhof and Zimmerman, 1992).
Ridderinkhof & Zimmerman showed that after just a few tidal cycles,
particles can be dispersed in highly spatially heterogeneous patterns that
do not necessarily coincide with the direction of net transport. This
hypothesis could be tested via Lagrangian sediment particle modelling
(e.g., Soulsby et al. (2011)).

One of the key findings of this study was the effectiveness of magnets
mounted on mooring lines through the water column at capturing sus-
pended tracer particles. The magnets in this study typically recovered
several orders of magnitude more tracer particles than grab samples
taken from the seabed. Tracer particles found in grab samples were
deposited on the seabed, and hence give an indication of sediment
accumulation there. However, tracer recovered by the suspended mag-
nets is indicative of grains that are actively moving as suspended load.
Very fine grains of tracer (63-125 pm) made up a small fraction of the
tracer particles recovered in the bed but were abundant on the sus-
pended magnets. This supports the expected theory that sorting due to
differential suspended transport by grain size is a key process on the ebb
tidal delta.

Although tracer studies are a well-established tool in the arsenal of
coastal scientists and engineers, challenges associated with their
deployment have typically limited their application to more well-
constrained settings like alongshore uniform beaches. Previous appli-
cations to tidal inlets and ebb-tidal deltas have tended to focus more on
intertidal areas which could be more easily sampled, whereas this study
investigates a fully subtidal site. In this study we also successfully
employ innovative methods for both recovery (e.g., suspended magnets)
and analysis (e.g. particle size analysis of recovered tracer via micro-
scopy) in a very dynamic setting, demonstrating that these techniques
can be used in such environments. However, the purpose and method of
application must be carefully considered in study planning. These ad-
vances expand the range of environments in which tracer studies can be
conducted, but also increase the amount of data that can be gained from
such a study. Since tracer studies can be labour-intensive, time-
consuming, and challenging to execute (Ciavola and Grottoli, 2017;
White, 1998), it is important to find new ways to add value to them, both
in terms of practicalities but also in terms of expanding their scientific
worth. The following section provides lessons learned from the study,
which we hope will be useful for future researchers/practitioners
interested in utilizing sediment tracers in highly dynamic environments:
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o Dual tracer signatures (fluorescence and ferrimagnetism) were very
beneficial, increasing the ease of tracer recovery in the field and
analysis in the laboratory. In particular the suspended magnets
placed on mooring lines were both an effective means of recovering
tracer and potentially offer a route to sampling the suspended sedi-
ment load in deeper water or environments where it is challenging to
sample frequently, but also an afforded an “opportunistic” mea-
surement: the magnets were place on marker buoys of pressure
sensors mounted on the seabed as part of a different experiment (De
Wit et al., 2019; Reniers et al., 2019).

Magnets were highly effective at recovering tracer, with large
quantities of tracer particles (>1000) found on all of the recovered
magnets. In addition, magnetic non-tracer particles were found
within the seabed grab samples and especially attached to the sus-
pended magnets. The high recovery rates of tracer from the magnets
indicates that some of the tracer particles travelled in suspension, for
at least part of the measurement period. It is unlikely that the sedi-
ment captured by the magnets is from the initial tracer release, given
that deployment took place at high water slack, and that deposition
of all sand-sized tracer would have occurred within half an hour. This
is especially true for magnets located east (upstream) of the ebb
currents that followed release (i.e. Fig. 2f). Tracer recovered on the
magnets is thus likely indicative of resuspended sand.

The use of a digital microscope expanded our tracer analysis capa-
bilities significantly beyond what is possible with only the naked eye.
The microscope allows for unequivocal identification of tracer par-
ticles, automated particle enumeration, and estimation of tracer
particle size distributions. This reduces the likelihood of human error
in tracer particle characterization and enables topics such as sedi-
ment sorting to be investigated. Robin et al. (2009) assumed that the
grain size distribution of the tracer is identical throughout the entire
plume. However, the spatial variations in particle size relative to the
original tracer particles observed in this study challenge this
assumption. Future tracer studies should thus consider microscopy
analysis to investigate grain size characteristics.

The primary study limitation was our inability to perform frequent,
spatially repeated sampling due to challenging sea conditions and
practical issues such as vessel availability. Sampling resources
prioritized maximum potential recovery of tracer within the avail-
able ship time, rather than keeping a regular sample grid in space and
time. Further possibilities for tracer sampling were eliminated by the
placement of a 5 Mm® sand nourishment directly on top of the tracer
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release site beginning in March 2018. Collectively, these conditions
led to a disparate sampling campaign which prevented the mean-
ingful derivation of general spatial statistics (e.g. tracer plume
centroid movement in time and space), and application of the spatial
integration method (e.g. (Robin et al., 2009; Vila-Concejo et al.,
2004; White, 1998)) to account for the dispersed tracer mass. This
kind of analysis is achievable on a beach face, for example, but on a
highly dynamic ebb-tidal delta spanning several kilometers in size,
the extrapolation of particle counts may be dubious.

Tracer studies with similar logistical constraints should prioritize
consistent sampling at fewer sites over attaining wider spatial
coverage with limited repetition in time. It is essential to clearly
identify the purpose of deploying sediment tracers, so that a
considered, targeted and achievable, sampling plan can be developed
and implemented. When working in an open system where signifi-
cant dispersion is likely, it is necessary to focus sampling resources
on tracer recovery and balance that against the goals of the project.
In highly dynamic environments, the use of tracers to monitor
sediment transport pathways over extended temporal periods is not
advised. Careful consideration of site data prior to tracer deployment
to determine the best positions for release and sampling is essential.
The sample selected from Rijkswaterstaat (1999) to serve as a model
for the tracer particle size distribution was coarser (d50 = 270.7 pm)
than most of the native sediment samples obtained during the tracer
study (mean d50 = 200.2 pm) (Fig. 11). Even though the tracer
closely matched the target sample, that sample was not very repre-
sentative of the present-day conditions on that part of the ebb-tidal
delta, likely due to the shifting position of channels and shoals (e.
g., Elias et al. (2019)). This shows the importance of using recent
reference sediment samples for tracer studies in such dynamic areas.
However, this problem was circumvented by performing optical
grain size analysis on the recovered tracer, which permitted analysis
of tracer particles that were closer in size to the native sediment. In
addition, the relative absence of recovered medium tracer compared
with the amount that was initially placed strengthens the case for
differential transport as a key mechanism.

This study also provides guidance for carrying out nourishments on
ebb-tidal deltas in the future. The behaviour observed in this field
experiment suggests that fine nourishment sand applied to Ameland
ebb-tidal delta will also be highly dispersive, which may be important
for estimating the lifetime and ecological impact of a nourishment.
Tracer studies do not account for indirect effects of the nourishment on
sediment transport (e.g. due to modification of local flow and transport
fields), but they do enable unequivocal identification of sediment from a
particular source. Thus, a useful application of tracers for nourishment
design and monitoring would be to combine the tracers with the nour-
ished sediment as it was placed, similarly to Smith et al. (2007). In this
way, the performance of the nourishment could be monitored using
conventional bathymetric surveys, but it would also be possible to
differentiate nourished sediment from native sediment using tracer as a
proxy. If the goal of a tracer study is to establish whether particles from a
given source (e.g., nourishment) reach a given location (e.g., an
ecologically-sensitive area), then the target site could be surrounded by
suspended magnets as a means of intercepting tracer. This would give an
indication of the quantity and characteristics of nourished sediment
reaching the target site.

The results obtained in this study also fill a need for high-quality data
to further validate models of grain size-specific transport of nourished
sediment (de Schipper et al., 2021), particularly Lagrangian models
(MacDonald and Davies, 2007; Soulsby et al., 2011). These models can
be used to predict the pathways, receptors, and system-wide connec-
tivity of nourished sediment (Pearson et al., 2020), providing coastal
researchers and managers with additional tools for analysis and design.
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6. Conclusions

In this study, we presented the results of a sediment tracer study
carried out on the energetic ebb-tidal delta of Ameland Inlet in the
Netherlands. We aimed to answer the questions: “Is it possible to recover
tracer particles in such dynamic environments?”’; “What are efficient and
effective techniques to collect the particles?”; and finally: “What can we
conclude from a particle tracking experiment that we cannot conclude
from other monitoring techniques?”

The use of a dual-signature tracer (fluorescent and magnetic) aided
both recovery in the field and analysis in the laboratory. Despite the very
energetic and open environment, we found tracer particles in 45 of 190
grab samples (24 %) and on 24 of 24 suspended magnets (100 %).
Generally, only small numbers of particles (O(1-100)) were found using
grab samples. The suspended magnets provided a much more effective
tracer recovery technique than the seabed grab samples: O
(1000-10000) particles were retrieved in this manner. The higher effi-
ciency of suspended magnets boosts the chances of tracer recovery and
could lead to cost savings by requiring less tracer sediment to be
deployed or fewer seabed grab samples. Furthermore, the application of
suspended magnets for recovering tracer opens new possibilities for
measuring sediment pathways, as it is an indication of the sediment in
suspended transport, instead of an indication of sediment deposition (as
measured by grab sampling). Analysis of tracer particle size via digital
microscopy enabled additional data to be extracted from the recovered
tracer than merely counting the amount observed within the sample.

The methodology in this study expands the range of environments in
which tracer studies can be completed by demonstrating successful
tracer recovery in a setting characterized by dramatic morphodynamic
changes and convoluted sediment transport pathways. In doing so, we
increase the potential knowledge yield that can be gained from such
field experiments. We also offer a series of lessons learned and recom-
mendations for the use of sediment tracers in highly dynamic environ-
ments to support future research and coastal management practice.
Particle tracking is the only technique that can directly measure the
provenance of sediment, but its full potential is seldom realized due to
common challenges in recovery and analysis. The techniques explored
here (e.g., magnetic tracer retrieval and separation, microscopic analysis
of tracer) provide additional means of generating value from tracer
studies. These approaches increase our ability to tap into the unique
perspective on sediment transport that tracers offer.
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