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ABSTRACT

The in situ measurement of sediment transport in wave-dominated environ-
ments presents significant challenges and currently often relies upon the use
of fluorescent sediment tracers. However, this method is constrained by chal-
lenges in conducting unbiased and representative sampling, as well as facing
overall logistical complexities and labour-intensive procedures. Whilst other
tracer techniques are available, such as using magnetic tracers, their perfor-
mance in tracking sediment transport has not been quantified. The objective
of this study is to assess the effectiveness of magnetic tracers in evaluating
net transport rates and tracer dispersal patterns. Conducted in a controlled
large wave flume, the experiments simultaneously employed fluorescent and
magnetic tracers, allowing a comprehensive comparison of the tracers’ dis-
persion patterns and the net transport rates. Results show that the dispersal
of magnetic and fluorescent tracers displays a high degree of spatial coher-
ence in both horizontal and vertical dimensions. Similarly, net transport
rates are comparable (<16% difference), both showing net transport in the
direction of the wave propagation (towards onshore) driven by non-linear
and streaming effects. Magnetic tracer recovery rate (49%) was lower than
for fluorescent tracers (73%) and is attributed to the loss of magnetic ink
from particles; an aspect of the magnetic technique that requires improve-
ment. This study therefore indicates that the use of magnetic tracers to quan-
tify sediment transport is an effective method with the advantages of being
significantly less labour-intensive than using the commonly applied fluores-
cent sediment tracer method.

Keywords Flume experiment, isothermal remanent magnetization, mag-
netic susceptibility, magnetic tracers, sediment tracking, sediment transport.
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INTRODUCTION

Since the middle of the 20th century, sediment
tracking has been used extensively to monitor or
detect patterns of transport in natural environ-
ments (e.g. Pantin, 1961; Crickmore, 1976; Miller
& Komar, 1979; Black et al., 2007). Sediment
tracer studies provide valuable insights into sed-
iment transport dynamics, improving the knowl-
edge of sediment circulation, enabling effective
planning, and monitoring of sand nourishments,
assessment of connectivity between potential
sediment sources and sinks, or proper dimen-
sioning of structures for coastal protection (Silva
et al., 2007; Bosnic et al., 2017; Pearson
et al., 2021). The technique relies upon the
injection of natural or artificial particle tracers
into a studied area and their subsequent recov-
ery and analysis in the laboratory or, alterna-
tively, their in situ determination. In coastal
environments, the use of sediment tracers has
proved to be a reliable technique for the study
of sediment transport, both in terms of a Euler-
ian approach determining net transport rates,
and a Lagrangian approach tracking sediment
particles (Silva et al., 2007; Bosnic et al., 2017;
Wilson, 2018; Pearson et al., 2021). Over the
past three decades, various alternative method-
ologies for measuring sediment transport have
emerged. However, as highlighted by Ciavola &
Grottoli (2019), some approaches like fluorescent
tracers and radio frequency identification types
remain unparalleled in their versatility and
applicability across a wide range of temporal
and spatial scales. White (1998) estimated the
accuracy of several methods based on subjective
judgement, reported experiences of other stud-
ies, and on objective quantitative comparison
of the different techniques in the same experi-
ments. According to this author, sediment
tracers are moderately accurate in comparison to
more accurate methods, such as sediment traps
or optical and acoustic techniques. Sediment
tracers have significant limitations in terms of
sampling their distribution, overall logistics,
tracer injection, and are time-consuming and
labour-intensive procedures. However, sediment
tracer studies are still used due to the lack of a
better alternative for monitoring sediment trans-
port (White, 1998; Black et al., 2007).

Sediment tracking experiments began during
the 1950s with radioactive and fluorescent-
marking techniques (Ingle, 1966). Radioactive
sand provided reliable and valuable information
about sand transport in natural systems (Inman

& Chamberlain, 1959; Abecasis et al., 1962; Dra-
peau & Long, 1985; Christensen & Bhunia, 1986).
However, this method is no longer recom-
mended due to safety concerns for human
health and the environment (Ingle, 1966;
Black, 2012). Since the 1960s, sand coated with
fluorescent paint, dye or ink has become the
standard particle tracking method (Abecasis
et al, 1962; Yasso, 1966; Vila-Concejo
et al., 2004; Black et al., 2007; Silva et al., 2007;
Bosnic et al., 2017; Ciavola & Grottoli, 2019).

A number of studies use magnetic particles for
tracking sediment transport (Gallaway
et al., 2012; Pearson et al., 2021). There are three
main types of magnetic materials: (i) diamagnetic
(for example, quartz and calcite); (ii) paramag-
netic (for example, phyllosilicates); and (iii) ferro-
magnetic (for example, iron oxides like magnetite,
hematite and goethite) particles. Diamagnetic par-
ticles are not attracted by an external magnetic
field and have negative to very low magnetic sus-
ceptibility. Paramagnetic and ferromagnetic parti-
cles are attracted to an external magnetic field and
have been used previously as tracers in sediment
tracking studies (see review in Black et al., 2007).
Ferromagnetic particles are the most suitable
tracer due to their high magnetic susceptibility
and their ability to remain magnetized by an
external field, even when the imparted field is
removed (remanent magnetization). Paramagnetic
and ferromagnetic particles can be measured
directly in the field using a portable magnetic sus-
ceptibility meter (for example, Bartington Instru-
ments) or collected and separated using electro-
magnets. Magnetic susceptibility measurements
are cost-effective and time-efficient. However,
measuring their remanent magnetization or the
isothermal remanent magnetization (IRM), as
used in this study, requires field sampling for
subsequent measurement in the laboratory. Differ-
ent kinds of magnetic tracers include natural
iron-rich sand (Pantin, 1961), magnetically
enhanced paramagnetic sand or mudstone heated
up to 500 to 900°C (Oldfield et al., 1981; van der
Post et al., 1995), plastic beads coated with mag-
netic powder (Ventura et al., 2001) and dual sig-
nature (fluorescent and magnetic) tracers (Black
etal., 2007; Pearson et al., 2021).

While magnetic tracers have found applica-
tions in sediment transport studies, a systematic
evaluation of their performance, particularly in
comparison to the standard fluorescent tech-
nique, remains unexplored. This study aims to
address this gap by assessing various application
methods, including the analysis of IRM curves
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and magnetic susceptibility (y). This work inves-
tigates the use of magnetic tracers to measure sed-
iment transport in a large flume experiment, and
to compare the results with those obtained by
standard fluorescent tracers. Here, sand particles
coated with a commercial magnetic ink were
used to test their viability as a magnetic tracer by
conducting flume experiments in which sand
and tracer were transported under regular, tro-
choidal waves. Two different magnetic tech-
niques, SIRM (saturation of the IRM curve) and
magnetic susceptibility, were used to quantify
the concentration of magnetic tracers contained
in the samples. The spatial distribution pattern
and recovery rates of the magnetic tracers with
standard fluorescent tracers were compared.

METHODS

The experiment was carried out in the Large
Wave Flume (GroBer Wellenkanal — GWK) of the
FZK - Forschungszentrum Kiiste (Leibniz Uni-
versitit Hannover and Technische Universitét
Braunschweig, Germany) between 11 and 15
June 2018. The flume has dimensions of 330m
(length) x 5 m (width) x 7m (depth). The test sec-
tion was located in the middle of the channel
from X=96.60m to X=126.96m (where datum
X=0m corresponds to the position of the wave
paddle) with dimensions 30.36 m length, 5.00 m

width and 0.90 m height (from the flume bottom;
Fig. 1). The bottom of the flume in the test sec-
tion was covered with a 0.60 m base layer (sand
covered by geotextile) and a 0.30m thick test
sand bed. The bed was smoothed and levelled at
about 0.92 m (between 0.90 m and 0.95 m) height
from the flume bottom. For this study, an array
of three Acoustic Doppler Velocimeters (Nortek
Vector ADV, Nortek, Norway) in the middle of
the test section was used to record hydrody-
namic data, while bed profiles were collected
with echo sounders in between wave runs (see
van der Werf et al., 2019, and Ferreira, 2022, for
setup details and further instrumentation, that is
not the subject of this study).

The sand used in the experiments was provided
by the company Schlingmeier Quarzsand
(Schwiilper, Germany) and comprised a mixture
of 75% coarse sand and 25% fine sand, with
median values (Dsg) of 0.58 mm and 0.21 mm,
respectively (Fig. 2A). The sand was dominantly
composed of quartz with the chemical analysis
provided by the manufacturer indicating a com-
position of 99.6% SiO, and a density of
2650 kgm >, Grain-size data provided by the
manufacturer, applying the statistical logarithmic
method of moments (Folk, 1966; Blott &
Pye, 2001), indicate that the coarse sand popula-
tion is very well-sorted (0.26 ¢) and positively
skewed (0.64 ¢), and the finer population is well-
sorted (0.41 ¢) and positively skewed (0.59 @).
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Fig.1. (A) Photograph of the Large Wave Flume of the FZK — Forschungszentrum Kiiste, Leibniz Universitdt Han-
nover. The black and green strips correspond to the magnetic and fluorescent tracers at the injection lines, respec-
tively. (B) Vertical cross-section of the flume with the area of the test section covered by the test sands and the
position of the source injection of the magnetic (grey circle) and fluorescent (green circle) tracers. (C) Enlargement
of the area of the test section showing the position of the samples. The solid horizontal lines represent the loca-
tion of the bed profiles spaced 0.5 m apart across the flume.
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Fig. 2. (A) Photograph of the sand used in the flume
experiment: on the left the presence of coarse sand
particles (Dso=0.58 mm) and on the right the pres-
ence of the fine sand particles (Dso=0.21 mm). Most
of the particles correspond to milky and hyaline
quartz mineral. (B) Photograph of the magnetic tracer
particles showing larger agglomerated pellets that
formed during the coating process, noting that these
were removed by sieving before the flume experiment.

Preparation of tracers

The magnetic tracer (MT) was composed of the
coarser sand fraction (Dso=0.58 mm).
The uncoated sand was placed in a concrete
mixer with 3.751 of magnetic ink. The ink is a
water-based INFANTIL IMAN magnetic ink from
ALP (Barcelona, Spain; https://pinturas-alp.
com/), which contains magnetic non-oxidizable
pigments with a density of 2.14+0.05kgl™". To
find the optimum ink/sediment ratio, several
experiments were previously made in a labora-
tory setting using a small sand volume. It was
found that the optimum ink dosage is ca 10% of
the sediment volume, which results in a suitable
coating of the particles and, simultaneously,
avoids particle aggregation. The use of the con-
crete mixer in continuous rotation (about 8h)
allows a uniform coating of the grains, while

drying them at the same time. The aggregates
(mostly corresponding to aggregation pellets)
formed during the coating processes were
removed using a 2 mm sieve (upper limit of the
sand grain size class; Fig. 2B). To test whether
the ink significantly affects the density of sand
particles, a laboratory test of density was carried
out using sodium polytungstate with a density
of 2900kgm % a dense liquid normally used
for the separation of heavy and light minerals
(Garzanti & Ando, 2019). Results show that the
weight percentage of heavier particles (i.e. those
with a density >2900 kg m™?) varies from 0.21%
for the test sand to 2.43% for the sand coated
with magnetic ink.

The fluorescent tracer was composed of het-
erometric fluorescent sand comprising 75%
coarse sand and 25% fine sand. This sand mix-
ture was coated with a fluorescent green ink
(from Atomlac Industries, Villenave-d’Ornon,
France) using a concrete mixer with a combina-
tion of ink and cellulose diluent, in the propor-
tion of 40% mass of ink to 60% of diluent
following Silva et al. (2007).

Flume experiment

Sixty kilograms of magnetic tracer were placed
over a strip of 5.0 m (width) x 0.5 m (length) and
0.02 m thickness, at a distance of 104.6 m from
the wave paddle (Fig. 1A and B). The flume was
filled with fresh water up to 4.4 m, resulting in a
water column of 3.5 m above the test section. In
addition, 25 kg of fluorescent tracer was placed
in the test section at X=104.1 m (Fig. 1A and B).

The hydrodynamic conditions were chosen
following the previous work of Schretlen (2012)
in the GWK flume involving regular trochoidal
waves with 1.5 m height and a period of 7 s. Fig-
ure 3 presents the average wave velocity profile
measured by an ADV. These waves generate
near-bed orbital velocities with significant veloc-
ity skewness, R=0.63 (high onshore peak
velocity, lower offshore peak velocity) and accel-
eration skewness, B=0.53 (Ferreira et al., 2023)
that acts as a driving mechanism for onshore (in
the direction of wave propagation) sediment
transport. Five runs of waves were performed,
each run propagates 200 waves and has a dura-
tion of 1400 s (23.3 min).

Between each run (i.e. at still water level), bed
profiles were measured with echo sounders
installed on a mobile platform that moved over
the test section. A total of four profiles was
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Fig.3. Time series of the ensemble average wave
velocity for the experiment measured by the Acoustic
Doppler Velocimeter (ADV), at 1.28 m above the bed.

obtained at locations across the flume: Y=3.0 m,
3.5 m, 4.0 m and 4.5 m (Fig. 1C).

After the five wave runs and draining of the
flume, a detailed sampling of the bed material
was carried out. Twenty-nine cores were col-
lected using PVC tubes of 0.50m length and
0.05 m diameter, arranged as shown in the sam-
pling grid in Fig. 1C. The cores were then sliced
into five layers (D1 to D5) with the uppermost
surface layer, D1, being 1cm thick, and the
underlying layers being 2 cm thick. This proce-
dure resulted in a total of 145 samples. These
sediment samples were used to estimate the
concentrations of both magnetic and fluorescent
particles throughout the sediment column at
each point.

Magnetic measurements

Samples were prepared at the laboratory of the
Geology Department of the Portuguese Hydro-
graphic Institute (Lisboa, Portugal). They were
washed with distilled water on a 63 pm sieve to
remove silt-sized and clay-sized particles and
dried in an oven (at 40°C). Magnetic measure-
ments were then performed at the Paleomagne-
tism Laboratory of the Department of Earth
Sciences of the University of Coimbra (Coimbra,
Portugal), consisting of measurements of mag-
netic susceptibility and the acquisition of IRM
curves. Samples were placed in standard (8 cm®)
cubic plastic boxes. Magnetic susceptibility ()
is the quantitative measure of the extent to

which a material may be magnetized in relation
to a given applied magnetic field, and provides
information on the contribution, in relative
abundance, of diamagnetic (for example, quartz),
paramagnetic (for example, clays) and ferromag-
netic minerals (for example, iron oxide such as
magnetite). Since magnetic susceptibility of fer-
romagnetic particles, like the magnetic tracers
used here, is several orders of magnitude higher
than the magnetic susceptibility of diamagnetic
materials (i.e. quartz sand), the values of mag-
netic susceptibility of the samples collected after
the flume experiment are linearly proportional
to the concentration of magnetic tracers. Mag-
netic susceptibility was measured with a MS2B
Bartington apparatus (Bartington Instruments,
Witney, UK) and the results are reported relative
to volume (K in SI) or mass (y in m® kg™ ').
Isothermal remanent magnetization (IRM) is a
magnetization resulting from the application of
an applied direct current field, and provides
information about ferromagnetic particles only,
i.e. the magnetic tracers. IRM curves were
acquired after imparting stepwise-increasing uni-
axial fields (typically ca 30 steps) with an impulse
magnetizer (model IM-30; ASC Scientific, Narra-
gansett, RI, USA) and the remanence was mea-
sured using a Molspin magnetometer. The
maximum applied field was 1.2T. IRM curves
were treated by a cumulative log-Gaussian func-
tion (Kruiver et al., 2001) or a skewed generalized
(log) Gaussian function with the Max UnMix pro-
gram (Maxbauer et al., 2016) to isolate the contri-
butions of the different populations of magnetic
grains. This analysis provides information about:
(i) the value of the saturation isothermal remanent
magnetization (SIRM); (ii) the coercivity (noted
here as B,/, in mT), which corresponds to the
value of the field imparted to reach half of the sat-
uration; and (iii) the dispersion parameter (DP),
which provides information about the relative
distribution of the magnetic size. At first approxi-
mation, SIRM is proportional to the relative abun-
dance of ferromagnetic particles, whereas B/,
and DP mainly depend on nature and grain size,
respectively. IRM curves were acquired for non-
coated sand and for five pilot samples containing
magnetic tracers in order to obtain the value of
the field at which the magnetization reaches satu-
ration. This field was then imparted to obtain the
values of the SIRM of the rest of the samples.

Tracer calibration curves
The conversion of the measured values of SIRM
and y into tracer mass concentration was
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achieved using a calibration curve. The curve
was constructed by measuring SIRM and ¥
values of samples with a known concentration
(ratio between mass of tracer and mass of sand)
of magnetic tracers. To fulfil this objective, a set
of 22 samples was prepared with concentrations
from 0 to 2%, with successive increment steps
of 0.1%, for a total mass of 20g. The mass was
measured with a precision balance with an
accuracy of £0.1x 10 *g. The derived empirical
equations of the calibration curves allow the
conversion of the values of SIRM and yx into con-
centration (Fig. 4).

Fluorescent tracer detection

The detection of the fluorescent tracer was done
at the laboratory of the Physics Department of the
University of Aveiro (Aveiro, Portugal). Samples
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Fig. 4. Calibration curves for the magnetic tracer con-
centration with (A) mass-specific magnetic suscepti-
bility (x) and (B) isothermal remanent magnetization
at saturation (SIRMg 7).

were placed in a black tray and digitally photo-
graphed under visible and UV light with a fixed
digital camera, where each photograph covers an
area of 6.0 x 10~ m?. The detection of fluorescent
tracer particles and their counting in each photo-
graph was performed automatically with a
MATLAB toolbox through an image processing
routine referred to by Bosnic et al. (2017), avail-
able at  http://sandcode.rd.ciencias.ulisboa.
pt/ImageAnalysis.html. Because the samples
were initially well-mixed, the results are repre-
sentative of the tracer’s concentration existing in
the whole sample. The image analysis procedure
obtained the tracer concentration in dimension-
less values calibrated using a regression line that
results from the correlation between the tracer
mass concentration (ratio between the successive
increasing masses of tracer particles and the fixed
mass of native sediment), and the area concentra-
tion (ratio between the total number of pixels of
tracer particles and the fixed number of pixels of
each photograph). For comparison with magnetic
sand tracers, only the fluorescent coarse sand
fraction was used (corresponding to a mass of
18.75 kg), because the finer fraction exhibited a
different behaviour (see Ferreira et al., 2023, for
details).

Sediment transport and tracer recovery rates

The spatial distribution of the depth-averaged
tracer concentration (C) was obtained by inter-
polation using the inverse distance squared
weighted method. The along-channel displace-
ment of tracer centre of mass (x.y) at the end of
the experiment was obtained according to the
equation:

n
o = 2 CX) X X (1)

% Cx)
where x is the along-channel coordinate (x=0
corresponds to the injection line) and n is the
number of bed samples. The centre of mass aver-
age velocity is calculated by dividing the centre
of mass displacement by the duration of the
experiment, a total of 7000 s (five runs of 1400s
each). The net transport rate was estimated by
the product of the centre of mass velocity and
the thickness of the sampled layer, h=0.09m
[see Ferreira, 2022, for details].

The tracer recovery was estimated based on
the spatial interpolation of tracer concentration
over the test section (covering an area of 30 m
length and 5m width). The interpolation was
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based on the Thiessen polygon method (Mu,
2009). The tracer mass in each polygon (m;,) was
computed as:

mp =axhxCxpgx(1-p) (2)

where a is the area of each polygon, C is the
depth-averaged concentration, h is the thickness
of the sampled layer, p, is the sand density
(ps = 2650 kgm~3) and p is the sand bed poros-
ity (p = 0.4). The tracer recovery was estimated
separately for the y, the IRM and fluorescent
data. The computation of the tracer recovery rate
was based on the following expression:
R— =1 Mp
m

(3)

where m, is the total tracer mass (60 kg) and j is
the number of polygons. The vertical concentra-
tion was assessed for the surficial layer D1 (0 to
1 cm depth below the bed surface) and for each of
the four layers underneath D2 to D5 (1 to 3 cm, 3
to 5 cm, 5 to 7cm and 7 to 9 cm depths below the
bed surface). As all samples were referred to an
uneven bottom surface (see Bed morphology sec-
tion), the absolute sample height was estimated
using the topographic profiles surveyed after the
run. The sediment transport mode was estimated
using the wave mobility number:

2
p —  Hma< (4)

(s—1)gdso

where tpax is the maximum positive velocity, s is
the specific sediment density, g is the accelera-
tion due to gravity and ds, is the median
grain size.

RESULTS

The results described here focus on the descrip-
tion of the magnetic tracer results and compari-
son with the fluorescent tracer. A detailed
description of hydrodynamics, sediment trans-
port and morphological conditions for these labo-
ratory experiments is presented in Ferreira (2022)
and Ferreira et al. (2023).

Bed morphology

During the experiment, waves induced changes
in bottom morphology from the initial smooth
bed. Figure 5 shows the bed morphology for the
initial bed, after the first run (R1) and after the

final run (R5). It may be seen that bedforms had
already formed after the first run with bedforms
clearly visible along all four profiles (Y=3.0m,
Y=3.5m, Y=4.0m and Y=4.5m). Results pre-
sented in Boscia (2021) for the same experiment
suggest that the bedforms reached equilibrium
15min after the beginning of the experiment.
These bedforms were present along the entire test
section and had a three-dimensional structure
(Fig. 5), with an average height of 0.07 +0.04 m,
an average length of 0.83 £0.32m and a maxi-
mum height of ca 0.20 m (Ferreira, 2022).

Magnetic data

The mass-specific magnetic susceptibility of
uncoated sand has negative measured values of
ca —6x10"?m®kg ", typical of diamagnetic par-
ticles (Dearing, 1999). Samples used for the cali-
bration curves and containing between 0.07%
and 2.0% of magnetic tracer have positive mass-
specific magnetic susceptibility, varying from
2.73x10°% to 6.44x 10" " m*kg ™', which is typi-
cal of paramagnetic to ferromagnetic particles.
This demonstrates that the presence of magnetic
tracers, even in low concentrations (0.07%),
increases the magnetic signal by two to three
orders of magnitude. Consequently, the calibra-
tion curve (Fig. 4) shows a strong correlation
(R>=0.984) between the concentration of the
magnetic tracers and mass-specific magnetic sus-
ceptibility, supporting the notion that y can be
used as a reliable indicator of magnetic tracer
concentration in the present experiment. Bed
samples collected in the flume after the experi-
ment exhibited values of x in the range of
1.43x107® to 20.06 x 10 ® m® kg ".

The SIRM values of samples containing mag-
netic tracers are one to two orders higher than
those without magnetic tracers (Fig. 6A). The
exception is sample P1.1-D4, which has SIRM
values comparable to the sand without magnetic
tracers (Fig. 1C; Table 1). After unmixing the IRM
curves with the Max UnMix software (Maxbauer
et al., 2016), the sand without magnetic tracers
shows a bimodal distribution (Fig. 6B), whereas
the sand with magnetic tracers has a single mag-
netic component (Fig. 6C). Component 1 of the
sand without magnetic tracer has a mean coerciv-
ity (log Bi/2) of ca 1.72 mT, with DP values of ca
0.36 mT, typical of magnetite (Egli, 2004), while
Component 2 has a log By, of ca 2.7 mT (DP ca
0.35 mT), typical of hematite. Component 2 only
contributes to less than 5% of the total rema-
nence. Component 1 of the sand containing
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8 S. Romado et al.

Y=3.0m

T
— Initial

105 110 115 120 125

Fig.5. (A) Photograph of the bed at the end of the experiment after draining the flume. Dark areas correspond to
thin clay deposits that cover the bedform troughs (related to the deposition of fine-grained particles from river
water used to fill the flume) and lighter areas correspond to the bedform crests. The yellow lines represent the
location of bed profiles. (B) Bed profiles where continuous grey lines represent the initial morphology, dashed
grey lines correspond to the morphology after the first run (R1) and continuous black lines represent the morphol-
ogy at the end of the experiment. The green and grey vertical bars represent the injection location of the fluore-

scent and magnetic tracers, respectively.

magnetic tracers has a mean coercivity of
1.62 mT, with DP values of 0.31 to 0.33 mT, typi-
cal of magnetite (Egli, 2004; Fig. 6D; Table 1).

The similarity of the mean coercivity and DP
values observed within the pilot samples indi-
cates that the nature of the magnetic particles
(i.e. magnetite) and the grain size do not vary
significantly, and that the values of the SIRM
are therefore essentially controlled by the con-
centration of the magnetic particles in the sam-
ple. At B=0.6 T, more than 99% of the induced
magnetization reaches saturation. A field of
0.6 T was applied to quantify the SIRM of all
samples analysed in the flume experiment and
in the calibration curve. With regard to the
mass-specific magnetic susceptibility, the cali-
bration curve shows a strong correlation

between the concentration of the magnetic
tracers contained in the sample and the
SIRMg g7 (R*=0.985) (Fig. 4), validating the use
of both y and SIRM values as a reliable indicator
of the concentration of magnetic tracers.

Tracer distribution pattern

The patterns of depth-integrated concentration
of the magnetic tracer, which were estimated
based on SIRMyer and y are plotted in Fig. 7.
The concentration of magnetic tracers (based on
SIRMg 1) is higher in the middle of the test sec-
tion, at a distance of 108 to 115 m from the wave
paddle (Fig. 7A). The concentration decreases
shoreward (to the right) and is negligible at the
end of the test section (ca 124 m from the wave
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Fig. 6. (A) Isothermal Remanent Magnetization (IRM) curves for sands with and without the magnetic tracer (sam-
ple R5-P5.3-D5). SIRM is the value of the IRM at saturation. IRM curves of (B) the sand without magnetic tracer
and (C) with magnetic tracer (sample R5-P5.3-D5) treated with the MaxUnmix software. Log B;,» m(T) corresponds
to the mean coercivity of the population of magnetic grains. (D) SIRM versus log By, of the five pilot samples
(black circle) and the sand without magnetic tracer saturation isothermal remanent magnetization (open circle)
showing that the SIRM increases accordingly to the content of magnetic particles.

paddle). Concentrations are very low offshore
(to the left) of the injection line. The distribu-
tion of concentrations based on y is very similar
to the SIRMg g7 (Fig. 7B), with patterns alternat-
ing between relatively high and relatively low
concentrations.

The vertical distribution of the concentration
of the magnetic tracer based on SIRM, g7 for the
samples located at Y=3.20 and Y=3.75m is
shown in Fig. 8A and B; these samples being

closest to the longitudinal bed profiles (Fig. 1).
Given the three-dimensional nature of the bed-
forms, the crest and troughs of the bedforms are
not uniformly distributed in the Y direction.
The average value of the bed levels measured at
contiguous profiles was used to estimate the
height of the top of the cores. In general,
the results show that concentrations are higher
in the surface layers and that the cores collected
near the bedforms crests show a higher
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10 S. Romado et al.

Table1. Values of saturation isothermal remanent
magnetization (SIRM), coercivity (log By/,) and disper-
sion parameter (DP) of sand without tracer and the
pilot samples containing magnetic tracers collected in
the flume after the experiment. In the samples refer-
ence name, ‘D’ refers to the sampled layer.

SIRM Log B,/ DP

Samples (A/m) (mT) (mT)
Sand without 5.55E-02 1.73 0.36
magnetic tracer

P5.3-D5 2.04E4+00 1.62 0.33
P1.1-D4 4.25E—-02 1.72 0.33
P3.2-D1 2.65E-01 1.67 0.31
P6.3-D3 1.72E400 1.65 0.33
P6.3-D5 1.30E4+00 1.62 0.32

variability of concentration of magnetic tracers
than the cores near the troughs. Despite varia-
tions in absolute concentration values, the com-
parison of concentration distribution patterns
along the vertical for both the magnetic and fluo-
rescent tracers suggests a strong agreement
(Fig. 8C and D). These results also show that the
thickness of the active layer (the uppermost bed
layer susceptible to be remobilized by waves
and currents) is not uniform along the channel
and reaches a thickness of at least 20 cm corre-
sponding to the height of the largest mobile bed-
forms. This indicates that the sampling depth
used was insufficient to encompass the entire
active layer.

Sediment transport and tracer recovery rates

The passage of waves generates an oscillatory
motion, resulting in back and forth movement of
sediments. When the waves are asymmetrical,
with higher orbital velocities under the crests
and lower velocities under the troughs, a net
sediment transport is induced in the direction
of wave propagation (e.g. Soulsby & Damgaard,
2005). In this experiment, wave asymmetry
(R=0.63) played a crucial role in driving the
observed net sediment transport. However, it is
important to note that the total particle displace-
ment far exceeds the net displacement observed.
To understand the transport regime, the mobility
number may be used and was determined for
the present experiment to have a value of
¥=231. According to the classification

of O’Donoghue et al. (2006), this implies sedi-
ment transport in the transitional regime
between the sheet-flow and ripple regimes (Fer-
reira et al., 2023). However, the presence of bed-
forms (see Bed morphology section) indicates
that sediment transport occurred mainly in the
ripple regime (van der Werf et al., 2019).

The displacement of the centre of mass, the aver-
age concentration, the tracer recovery rate for each
layer and the transport rates quantified using the
magnetic tracer are provided in Table 2. The data
based on using the fluorescent tracer are also
shown to provide a comparison of the two tech-
niques (data also reported in Ferreira, 2022). The
horizontal displacement of the centre of mass dis-
plays a uniform vertical distribution, with values
roughly similar for the different approaches: 7.37 m
for the SIRMy gt and 7.52 m for the x. The recovery
pattern is vertically uniform [noting that the surfi-
cial layer (D1) is half as thick as the other layers
(D2 to D5)]. The depth-averaged net transport rate
was estimated to be 9.47x 10 °m*s~ " based on
SIRM, st measurements and 9.67 x10 °m?s™!
based on y measurements, both corresponding to a
tracer centre of mass displacement of 6.6 cm min "
in the direction of wave propagation.

DISCUSSION

Effectiveness of magnetic tracer particle
recognition

The use of magnetic susceptibility () and isother-
mal remanent magnetization (SIRMggr) analysis
led to consistent and comparable results for the
detection of the magnetic tracers in the flume
experiment. Although the composition of the
magnetic particles contained in the magnetic ink
is not provided by the manufacturer, the values
of the mean coercivity (B,;) calculated based on
the unmixing of the IRM curve of the sand coated
with the magnetic ink are typical of magnetite (ca
20 to 40 mT; Egli, 2004), the most common mag-
netic iron oxides found in natural environments.
The sand used in the experiment is essentially
composed of 99% diamagnetic quartz particles
(SiOy) (i.e. negative and very low magnetic sus-
ceptibility). Thus, positive values of magnetic
susceptibility of the samples, together with a
strong correlation between y and SIRM, demon-
strate that the presence of the ferromagnetic mag-
netite pigment is the determining factor that
controls the magnetic response of the tracer parti-
cles. These contrasting magnetic properties
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Fig. 7. Distribution of tracer concentration along the test section: (A) magnetic tracer measured by isothermal rem-
anent magnetization (SIRMge7); (B) magnetic tracer measured by magnetic susceptibility (y); and (C) average
streamwise concentration using both SIRM, 1 and y. The green and black lines correspond to the injection lines
of fluorescent and magnetic tracers, respectively.
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Fig. 8. Vertical distribution of tracer concentrations from samples collected along profiles Y=3.20m and 3.75m
for the magnetic tracer (A) and (B) and the fluorescent tracer (C) and (D), layers D1 (surface) to D5 (bottom). The
solid lines represent the measured bed profiles. The green and grey vertical bars are the initial position of the fluo-
rescent and magnetic tracers, respectively.
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Table 2. Tracer centre of mass displacement (CM), average concentration (C), recovery rate (R) and net transport
rate (Q) for each sampled layer (D1 to D5), and depth-integrated values for magnetic (SIRM, x) and fluorescent

tracers.
SIRMg 61 X Fluorescent
Layer CM, (m) C(kg/m®) R(%) CM,(m) C (kg/m®) R (%) CM,(m) C (kg/m®) R (%)
D1 (0-1cm) 7.55 1.97 4.8 7.85 1.87 4.6 6.59 1.31 9.6
D2 (1-3 cm) 7.48 2.28 11.2 7.54 2.12 10.4 6.56 1.20 17.6
D3 (3-5cm) 7.16 2.32 11.4 7.32 2.20 10.8 6.21 1.07 15.8
D4 (5-7 cm) 7.35 2.28 11.2 7.40 2.18 10.7 6.10 1.22 17.9
D5 (7-9 cm) 7.30 2.15 10.6 7.55 2.18 10.7 6.50 0.84 12.3
D1-D5 7.37 2.23 49.25 7.52 2.14 47.16 6.39 1.11 73.20
Q (x107° m?/s) 9.47 9.67 8.22
0.5

between the sand and the tracer allow magnetic 0.45 y=x
tracers to be reliably distinguished and used to ’
track sand transport in natural environments. 04 1

. 035 4

. . 8

Magnetic versus fluorescent tracer particle e 03 1 y = 0.539x + 0.008
detection g'o.zs | R2=0.716
The scatter plot of tracer concentration normalized z 0.2
by the injected mass of each tracer (Fig. 9), shows J 0.15
that most samples have higher concentrations of ’
fluorescent tracers than magnetic tracers based on 01
SIRMyer- The same holds for recovery rates 0.05
(Table 2), which are much higher for the fluores- 0

cent tracer (73%) compared to the magnetic tracers
(47% and 49% for the y and SIRM,gr, respec-
tively). Beyond uncertainties in the detection
approach, the discrepancy in the recovery rates
between magnetic and fluorescent particles may be
due to two main factors: (i) differences in particle
behaviour during the phases of entrainment and
transport (magnetic versus fluorescent); and (ii)
degree of adherence and resistance to abrasion of
the magnetic ink covering the sandy particles.
Regarding the first factor, the density of the mag-
netic particles is slightly higher than that of the
fluorescent ones, which could lead to different
behaviours of their entrainment and subsequent
transport (see Preparation of tracers section). How-
ever, the vertical distribution pattern of both
tracers is similar (Fig. 8), for instance, cores with
higher vertical variability of concentration of mag-
netic tracers (Fig. 8A and B) also have a higher var-
iability of concentration of the fluorescent tracer
(Fig. 8C and D). Further, the net transport rates are
identical for both magnetic and fluorescent tracers,

0.2 0.3 0.4 0.5
Cer (%)

Fig.9. The relationship between mass normalized
magnetic tracer concentration (i.e. concentrations are
normalized by the injected mass of each tracer) based
on saturation isothermal remanent magnetization
(SIRM) (Ciorr-sirm_o.61) Versus the fluorescent tracer
concentration (Cgr). The points represent each sam-
ple, and each colour corresponds to a different layer.
The coloured lines are the respective fit line, and the
black dashed line is the fit line of all samples.

also supporting the hypothesis of a similar hydrau-
lic behaviour (Table 2).

Concerning the second factor, Poleykett (2016)
showed that the fluorescent ink tracer is robust
across a wide range of temporal scales, i.e. the loss
of fluorescent ink during transport is minimal.
However, the durability of the magnetic coatings
used in this study on the sand particles is uncer-
tain. The abrasion of the magnetic tracer during
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Magnetic tracers as indicators of sediment transport 13

transport would lead to a reduction in expected
values for magnetic susceptibility and magnetiza-
tion as seen in this study. To evaluate the loss of
magnetic coating due to abrasion during transport
in the wave flume experiment, an analysis was per-
formed to derive a second IRM calibration curve
based on magnetic tracer particles taken from sam-
ples after the experiment. The magnetic tracer was
separated from the collected bed samples using a
Frantz magnetic separator (S.G. Frantz Co., Tully-
town, PA, USA). A comparison of SIRM values of
the magnetic tracers before and after the experi-
ment shows a difference of 24% (Fig. 10). These
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Fig. 10. Calibration curves based on the isothermal
remanent magnetization at saturation isothermal rem-
anent magnetization (SIRM, 1) for magnetic tracers in
samples before and after the experiment.

results indicate that there was a significant loss of
magnetic coating during the experiment.

Uncertainties in tracer particle detection

A number of other possible sources of uncertainty
also need to be considered: for example, the den-
sity of the sampling grid may not have sufficient
resolution to detect extreme values of tracer con-
centration, the sampling depth may not always be
representative of the entire vertical mixing layer,
and the presence of an uneven bottom, due to bed-
forms, might present challenges for the spatial
interpolation of data. Some additional issues arose
during the experiment (Table 3), and appropriate
measures were taken to reduce their impact. For
example, during the process of preparation of the
magnetic tracer, some aggregates formed, which
had to be removed using a sieve. The fluorescent
tracer was also previously washed to reduce the
surface tension that can affect the results of sedi-
ment transport if tracer particles are retained at the
water surface. In addition, methodological
approaches used in tracer detection could create
some differences between the magnetic and fluo-
rescent tracers’ results. For example, the range of
concentrations used in the calibration has a lower
resolution in the fluorescent tracer. The fluores-
cent tracer detection is also dependent on image
acquisition conditions (light and camera resolu-
tion), an issue that does not affect the detection of
magnetic tracers. The magnetic signal of the natu-
ral quartz sand used in the experiment is very

Table 3. Aspects to take into account during the preparation and detection of magnetic and fluorescent tracers:
Symbology: + — very low impact; ++ — low impact; NA — not applicable; Unk — unknown.

Magnetic tracer

Fluorescent tracer

Aspects Preventative measures Preventative measures
Preparation

Aggregates formation ++ Tracer was sieved + —

Tracer density ++ — -

Dry sand floatability (surface tension) + Tracer was washed ++ Tracer was washed
Tracer detection

Separation of grain-size fractions NA - Unk  Probably low

Range of concentrations used in calibration = + -

Image acquisition conditions (light and NA -
camera resolution)
Magnetic signal of native sand +

++ -

Artificial quartz sand used  NA -
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weak and is thus unlikely to affect the magnetic
tracer results.

Particle transport rate prediction using
different tracer techniques

Concentrations, normalized to account for the dif-
ference in tracer recovery rates, were shown to be
independent of the measured property (y,
SIRMg 61 and FT) with similar spatial concentra-
tion patterns (Fig. 11). The results obtained with
the three approaches are comparable, showing
good agreement (within 16%) in estimates for the
centre of mass displacement and net transport
rates (Table 2). The net transport occurred in the

direction of wave propagation due to non-linear
and streaming effects (Ferreira ef al., 2023).

Comparison of the implementation of
different tracer techniques

The results allow for assessment of the advan-
tages and disadvantages of the magnetic tracer
method. This assessment was achieved by the
analysis of the magnetic tracer results and com-
parisons with results using a standard approach
utilizing fluorescent tracers. Results obtained
using either magnetic or fluorescent tracers are
equivalent (see Fig. 11), although there were
some differences in recovery rates, as was

MT - SIRM_0.6T
C_normalized
o
[0-0.02
| 30.02-0.04
[10.04-0.06
[ 0.06 - 0.08
M 0.08-0.1

114.1 119.1 124.1

mT-X
C_normalized
Il o

| EHo-0.02
[10.02-0.04
[10.04-0.06
[ 0.06 - 0.08
I 0.08 - 0.1

1141 119.1 124 1
T g ] FT
C_normalized
o
| EHo-o002
[10.02-0.04
[70.04-0.06
[ 0.06 - 0.08
I 0.08-0.1

114.1 119.1 124.1

|

0.00 = =

—SIRM —MS —FT

991 104.1 109.1 X (m)

1141 119.1 1241

Fig. 11. Horizontal distribution patterns for tracer normalized concentrations based on: (A) magnetic tracer mea-
sured by isothermal remanent magnetization (SIRMj¢7); (B) magnetic tracer measured by magnetic susceptibility
(3); (C) fluorescent tracer technique (FT); and (D) across-stream averaged concentration based on each approach.
Concentrations are normalized with respect to the total tracer concentration. Black crosses indicate sample loca-
tions and the green and grey lines the location of fluorescent and magnetic tracer injection lines, respectively.
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justified by the detection of some abrasion of the
magnetic ink coating (see explanation above).
Also, the fluorescent tracer method is based on
single particle detection (allowing the determi-
nation of grain size) while the detection of the
magnetic tracer concentration is integrated in
the volume of a sample.

The cost, effort and time for the implementation
of the magnetic tracer in the experiment was simi-
lar to that for fluorescent tracers. The magnetic
tracers only required some additional time for the
drying of the magnetic pigment and for sieving of
aggregates formed during the coating process (6 h,
depending on weather conditions). Notwith-
standing, the most appealing feature of the mag-
netic tracer method is the ease of detection and
sample processing in the laboratory, which
required less than 10 min per sample compared to
15min per sample for fluorescent tracers. The
study provides support that magnetic tracers have
the potential to be easily applied in the field (Gall-
away et al., 2012; Poleykett et al., 2018; Pearson
et al., 2021). The use of tracers constitutes a prom-
ising technique to assess sediment transport. Fur-
thermore, the results and data acquired in this
experiment provide a dataset that may be used to
calibrate empirical and numerical models.

CONCLUSIONS

This study provides the first detailed comparison
between the use of magnetic and fluorescent
tracers in a controlled laboratory environment to
estimate net transport rates. The two techniques
yield consistent results, particularly in estimating
sediment transport under full-scale wave condi-
tions in a flume experiment (trochoidal waves with
1.5m wave height and 7s period). Notably, the
mass-dependent magnetic properties like magnetic
susceptibility and saturation isothermal rema-
nence emerge as reliable indicators of the relative
abundance of the transported magnetic tracers in
the bulk samples. The comparison of the results
with those obtained using fluorescent tracers show
a systematic difference of about 24% in terms of
recovery rates, which may be explained by the loss
of magnetic coating during transport. Exploring
alternative magnetic pigments may reduce the
problem of coating loss during sediment transport.
Despite the recovery rates discrepancy, findings
suggest that both magnetic and fluorescent tracers
display a similar transport behaviour, as indicated
by overall similarities in vertical and horizontal
distribution patterns. Net transport rates derived

from both tracer types were also in broad agree-
ment (<16% difference), indicating transport in
the direction of wave propagation. The study con-
firms that the use of magnetic tracers represents a
time-effective and potentially valuable method for
studying sediment transport in both laboratory and
natural environments. The results provide a data-
set that may be used for calibrating empirical and
numerical models.
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Appendix S1. Table of measurement values of SIRM
and yx for samples with a known mass of magnetic
tracers used to establish calibration curves.

Appendix S2. Table of data used in the study includ-
ing sample locations, SIRM measurement values, yx
values and the respective concentrations.
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