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Abstract: A methodology for monitoring the behaviour and size of sand after a beach nourishment
process is presented herein. Four sampling campaigns (before and just after the nourishment, after
six months and one year later) were performed on four beaches of the Gulf of Cadiz (Spain). Dso and
sorting size parameters were analysed. Among the results, it should be noted that differences of up
to 20% between native and nourished sand values disappear only one year after the nourishment.
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1. Introduction

Beach nourishment is a common process conducted when the coastline is being sub-
jected to erosion because of natural or anthropogenic causes, as it replaces sediments
within a littoral system and allows natural forces to continue their operation [1,2]. This
process involves the placement of large volumes of sand along the beach profile [3]. Nour-
ishments are also often associated with exposed coasts with intensive levels of develop-
ment or great recreational value [4]. Due to their response to different forms of energy,
such as wind, storms, waves, or modifications of the sea level, beaches are undergo a flux
of erosion-accretion [5]. This is not different in the Gulf of Cadiz zone, where this study
was centred. For example, during the 2000s, more than 47 restoration operations were
carried out on several beaches in the area [6,7]. The importance of the nourishments is
rising, mostly because of the growth of the population living in coastal areas, which is
increasing the budget destined to these proceedings [8]. For example, in the U.S., 53% of
the population live in coastal states (having increased by 33 million between 1980-2003).
In fact, houses built in non-nourishing zones tend to be significantly smaller than those
located in nourishing zones [9]. In areas where there is potential for tourist or urban de-
velopment and erosion problems are detected, scientifically based engineering solutions
are expected to control or mitigate these phenomena [10]. Additionally, a great number
of residents of coastal areas are aware of coastal erosion/beach loss, which is important to
raise a better understanding of coastal risks and hazards [11]. On the contrary, some stud-
ies have even suggested that beach nourishment and other hazard mitigation measures
could encourage coastal development, thus increasing risk [12].

Although the effects of erosion in populated areas present a major problem, it is
worth noting that these nourishments are not only performed on urban beaches, but also
in places where there is a lower economic impact but a significant ecological value (for
more information about these processes, see nourishments of that kind in [13]). Addition-
ally, there have been reports suggesting that not every nourishment has a positive envi-
ronmental effect if performed incorrectly, or in the wrong place. For instance, the for-
mation of rip currents attributable to sandbars caused by the modification of the original
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state of the beach have been described [14]. The addition of new sediment to beaches re-
quires a sound understanding of form—process continuums in order to achieve the desired
response of morphodynamic systems [15]. Moreover, as nourished sand does not last for-
ever, the periodicity of maintenance work must be established or at least foreseen. That is
why the Shore Protection Manual [16] featured in 1984 the James” renourishment factor
(Ry) [17] is trying to answer the basic question of how often renourishment is required
when the borrow source is different from the native beach sand. Unfortunately, due to the
lack of accuracy in the prediction, this abacus was removed from the new version, the
Coastal Engineering Manual [18]. Thus, afterwards, new attempts to address the problem
have been presented by other researchers, e.g., [19,20]. Moreover, some statistical studies
have been performed where renourishment rates for U.S. projects are typically in the
range of 5% per year (or less) of the initial nourishment volume [21].

Due to these maintenance cost and safety problems, it is important to investigate the
evolution over time of the borrow sand dumped on the beach. A crucial question appears:
is it possible that the granulometric characteristics of the borrow sand evolve towards the
original ones of the native sand and, if so, when?

Thus, the objective of this study was to analyse the behaviour of the sand after beach
nourishment. A methodology to study the evolution of the two most representative val-
ues, Dso (mean diameter of the grain) and sorting (standard deviation with respect to the
mean grain), generalisable to any other site, was applied.

2. Study Area

Samples were taken from four beaches located in the Gulf of Cadiz: Santa Maria del
Mar (SMM), Victoria (VB), Camposoto (CB), and La Barrosa (BB) (Figure 1). SMM has the
particularity that it is embedded between two lateral groynes that confine it.
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Figure 1. Location of the study area (A), the four beaches analysed in the Gulf of Cadiz and the wave
buoy (B).

An aerial view of these four beaches and their monitored profiles, as well as an in-
dicative wave rose diagram, is shown in Figure 2.



Land 2021, 10, 914

3 of 15

Figure 2. Location of the profiles monitored in the four different beaches: SMM (A), Victoria (B),
Camposoto (C), and Barrosa (D). A wind rose diagram (E) is also presented. The orientation of the
beaches is approximately NNW in all of them.

SMM (Figure 2A) is a pocket beach enclosed between two groynes [22]: the northern
one has dimensions of about 240 linear metres, while the southern is about 212 linear me-
tres long. The length of the beach measured between the starting points of the two groynes
is 600 m and about 400 m between the heads. It is influenced by rip currents and under-
tows, corresponding to the characteristic outflow pulses of the incoming water mass. This
phenomenon causes a loss of sand that is impossible to recover, due to the bathymetric
conditions consisting of the existence of a small rocky step [23].

Victoria Beach (Figure 2B) is a three-km-long beach located, like SMM, in the city of
Cadiz. Some submerged rocky shoals in front of its shoreline furnish it with a certain
amount of heterogeneity [24].

Camposoto Beach (Figure 2C) is located in the south, also facing the Atlantic Ocean,
in a littoral spit which consists of quartz-rich sand beaches, dune ridges (locally showing
washover fans), and salt marshes [25].

Barrosa Beach (Figure 2D) is the southernmost beach in this study, with a general
northwest/southeast orientation. Its total length is 3 km and it has both a promenade with
a high urban development (northward) and a dune ridge with lower human occupation
(southward) [26]. Nourishment was performed in the urbanised northern sector.

Victoria and Camposoto are part of the same physiographic unit. They are also large
beaches that naturally recover most of the sediment. Therefore, annual nourishments for
tourist purposes are not necessary.
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On the other hand, Santa Maria and Barrosa are urban beaches with larger sand grain
sizes and, subsequently, a shorter intertidal zone. Anthropic actions like scrapping accel-
erate the natural process of recovery in those beaches.

Climate and Morphologic Characteristics

The climate in the study area is Mediterranean, with a regime of sea surface temper-
atures of a semi-warm subtropical type (mean value of 16.6 °C) [27]. Rains are within a
Humid Mediterranean regime, with October/November and March/April being the most
intense months, but not surpassing 600 mm of water annually [28].

Wave regimes in the area are highly seasonally dependent, with a mean significant
height (Hs) of 0.84 m and a mean period (Tz) of 7 s [29]. Sea waves are responsible for
28.5% of the wave energy while swell waves comprise remaining 71.5% [30,31]. For a more
detailed description of the wave data, www.puertos.es (15 August 2021) can be consulted.
The position of the local buoy (6.33° W, 36.50° N) is located in Figure 1.

Wave runup is important to coastal managers, nearshore oceanographers, and
coastal engineers because it delivers much of the energy responsible for beach erosion
[32,33].

The tidal range has a mean amplitude of 2.2 m (meso-tidal) [30,31], with the highest
amplitude being of about 4 m. The effect of wind and atmospheric pressure on sea level
variations is not negligible on this stretch of coast [34]. The sand from the four beaches
studied here consists of fine-medium sediment. The average Dso is about 0.25 mm, con-
sisting of 90-95% quartz and 5-10% bioclasts [35].

For a proper comprehension, visual data of Hs, peak period (Tp), and wave direction
are shown in Figure 3.

06/2015 09/2015 12/2015 03/2016 05/2016
Date

Figure 3. Wave data during the monitoring time between March 2015 and June 2016: Hs (in meters, (top)), Tp (in seconds,
(centre)), and wave direction (being 0° and 360° in the north, 90° in the east, 180° in the south, and 270° in the west,
(bottom)). The survey dates used in the analysis are marked vertically. Source: own elaboration with data from the Spanish
port administration www.puertos.es (15 August 2021).

3. Materials and Methods

This analysis was carried out with samples taken from the SMM, Victoria, Campo-
soto, and Barrosa beaches during the 2015-2016 period. Dredging and beach nourishment
works began and were finished in May—June 2015. A sampling of sand before nourish-
ment, at the end of April, was performed to determine the natural configuration of every
beach and, therefore, its native sand parameters. Afterward, three additional samplings
of sand were performed semi-annually after the nourishment to monitor their evolution.
Dso was measured in mm, while sorting was calculated in phi units, a logarithmic scale,
following the research of Damveld et al. [36]. The dates of these four campaigns are shown
in Table 1.
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Table 1. Dates of the monitoring campaigns when samples were taken.

State Date
Native April 2015
Just after nourishment May—June 2015
six months later November-December 2015
one year later May—June 2016

This section is separated in two parts: first, a description of how these samples were
taken from the beaches, and after that the procedure followed at the laboratory.

3.1. Beach Sand Sampling

Samples were taken from a profile located at the centre of each beach. These profiles,
as shown in Figure 2, are perpendicular to the coastline.

Sampling was carried out for four different levels in each transverse profile (Figure
4). The elevations of these levels were: =1 m (submerged), 0 m (the Lowest Low Water
Level, LLWL or datum), 2 m (intertidal zone), and 4 m (over Highest High Water Level,
HHWL or dry beach).

HHWL or +4.00

Intertidal zone or +2.00

LLWL or +0.00

Submerged or -1.00

Figure 4. Different levels surveyed in each beach profile.

Once these profiles were defined, the next step involved taking the samples following
the procedure of [37], established according to the recommendations proposed in [38].

Subsequently, the process of extracting the sand from the different points (carried
out manually) began. This whole procedure is shown in Figure 5, offering a visual de-
scription of the different steps of the sampling at the different levels (Figure 5A).
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Submerged

Figure 5. Methodology proposed by [37] for beach sand sampling. (A): profile with different levels;
(B): elimination of the first layer because of bioclasts; (C): drawing of the 20 cm square for extraction;
(D): excavation and production of a pile adjacent to the sampling pit; (E): mixing and sampling; (F):
labelling).

The first step involved the elimination of a first layer, the most superficial one where
bioclasts (pieces of shells) were found (Figure 5B). Then, a 20 x 20-centimetre square was
made (Figure 5C). Excavation began with a small shovel to a depth of 20 centimetres to
collect the sand taken in a small mound (Figure 5D). Next, one part of that (about 300 g)
collected sand was deposited in small plastic bags (Figure 5E). Finally, the identifying data
(place and date) of each of the points sampled was labelled on each of the plastic bags
using a permanent ink marker (Figure 5F)

A Van Veen grab can typically be used to collect submerged samples by throwing it
into the sea at a depth of -1 m. Sand accumulates inside it, and the rope is later hoisted to
lift the bucket. This procedure can also be done by hand if the conditions are favourable,
i.e,, at a shallow depth (~1 m) and under slow-current conditions. In our case, samples
were collected directly by hand, because fines tend to escape from the Van Veen grab.
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3.2. Laboratory Analysis

Grain size is one of the most important sediment particle properties. Sieve analysis is
known to be an essential technique for classifying materials and sedimentary environ-
ments. It is, therefore, a widely used method in fields such as marine geology or coastal
engineering [39].

Grain size is related to the tendency of the sediments to remain in suspension [40].
That is, the greater the Dso, the more difficult its removal is. In this case, the laboratory
procedures for the granulometry and statistical studies followed the methodologies of
[37,39].

According to the usual requirements of the Spanish Coastal Department, the sieves
used in the laboratory had the following mesh openings:

° 2 mm
° 1 mm
. 500 pm
e 355um
e 250 um
e 125 um
e 75um

The process was the identical for every sample:

The sample (about 100 gr) was placed on top of the sieve column (i.e., the 2 mm mesh)
and, for the filtration process, we placed the sieves into a machine which shook them for
10 min. The fractions for each mash were determined by weighting with a digital scale
which was accurate to within 0.1 gr. Two different 100 g samples from each bag were
tested and the rest reserved. The differences found were never greater than 0.1 gr (0.1%).

Subsequently, the results were analysed with specific software (Gradistat, a Mi-
crosoft Excel add-on [41], was used here).

4. Results and Discussion
4.1. Dso

The Dso data results were compiled for each of the beaches (see Table 2). To facilitate
the observation of temporal patterns, these data are also plotted in Figure 6. Moreover,
total variations in Dso (between the sand one year later and the native sand) were also
compiled and a percentage difference (Dif %) was calculated according to Equation (1) and
shown in Table 3 to facilitate the understanding of the sediment’s size evolution.

le 0% = Dsonative=DsoFinal * 100] (1)

Dsonative

Table 2. Values of Dso at SMM, VB, CB, and BB for each monitoring campaign.

Dso (mm) in Each Zone

Beach Time Submerged LLWL Intertidal HHWL
Native (N) 0.2 0.18 0.18 0.23
) After nourishment (AN) 0.21 0.21 0.25 0.27
Santa Maria (SMM) )
six months later (6M) 0.27 0.28 0.29 0.23
one year later 0.2 0.2 0.2 0.23
Native 0.16 0.18 0.28 0.26
Aft ishment 0.25 0.22 0.24 0.24
Victoria (VB) ! er nourishmen
six months later 0.3 0.28 0.29 0.21
one year later 0.21 0.2 0.28 0.26
Nati 0.18 0.22 0.24 0.23
Camposoto (CB) anve

After nourishment 0.33 0.28 0.28 0.24
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six months later 0.34 0.32 0.33 0.22

one year later 0.21 0.22 0.24 0.23

Native 0.23 0.26 0.38 0.21

Barrosa (BB) After nourishment 0.27 0.25 0.33 0.24
six months later 0.32 0.31 0.33 0.21

one year later 0.22 0.26 0.34 0.21

Table 3. Total variation of Dso (between native sand and nourished sand after one year) at SMM, VB, CB, and BB at the
different levels of the profile (Submerged, LLWL, Intertidal, and HHWL).

Total Variation in mm and Dif% of Dso in Each Zone

Beach Submerged LLWL Intertidal HHWL
Santa Maria 0.00 mm -0.02 mm -0.02 mm 0.00 mm
0.00% -10.10% -10.10% 0.00%
Victoria -0.05 mm —0.02 mm 0.00 mm 0.00 mm
L . . -31.30% -10.10% 0.00% 0.00%
Variation (in mm and in %) -0.03 mm 0.00 mm 0.00 mm 0.00 mm
Camposoto ~16.70% 0.00%) 0.00% 0.00%
Barrosa 0.01 mm 0.00 mm 0.04 mm 0.00 mm
4.30% 0.00% 10.50% 0.00%

Evolution of Dso values during the different stages of the study:

Submerged
Santa Maria T
0.4 4
,g 035 Intertidal
£ 034 ) —  HHWL
8 025 _ — A
O 02 4——=—==—=
0.15 T T 1
Native After Nourishment _.. 6 months later 1 year later

Time

Victoria
0.4

E 1
é .
o
)
o
Native After Nourishment . 6 months later 1 year later
Time
Camposoto
. 04
g 035
£ o03 e S
o 0.25 - =T - . _ -
& 02
0.15 T T 1
Native After Nourishment . 6 months later 1 year later
Time
Barrosa
04 9
£
E
[=]
n
[a]
Native After Nourishment _.. 6 months later 1 year later
Time

Figure 6. Results of Dso (in mm) obtained at the four beaches (Santa Maria del Mar, Victoria, Cam-
posoto, and Barrosa) during one year of monitoring.
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In general, sands of medium-fine size with a characteristic golden colour and with
little variability along the entire beach were observed [42]. However, Figure 6 shows Dso
values equal to or greater than native sand after the nourishment of the beach. Values
between 0.25 and 0.30 mm were maintained in all the analysis, with this being of vital
importance for the stability of the beach. This larger size resulted from the larger grain
size of the sand used for nourishment relative to the native sand (see the Dso values
reached just after nourishment in Table 2). For instance, we can see how the grain size of
the native sand was less than that of the borrowed sand at SMM. The largest Dso values
within the nourished sand were found in the upper area of the beach, given that sand was
dumped almost entirely in the upper area of the beach due to the pumping system, to
reach a settling of the sand [43] as shown in Figure 7.

o~ —~ —~— o~ —~

Flow of
e e
Shore sand-water

mixture

Pipe-"’7

B Sand setling

Figure 7. Sand pumping system in a photo (A) and schematised diagram (B). The pipe is brought to
the beach and placed within an artificial ridge. This pipe releases a mixture of sand and water (ap-
proximately in a 1/5 proportion) that, thanks to the ridge, settles most of the sediment before reach-
ing the shore.

To understand the behaviour over time of the data shown in Figure 6, it is worth
noting that the erosion season (sea waves) ends by May while the sand accretion season
(swell waves) lasts until October (see Hs in Figure 3). Summer conditions or a warm cli-
matic season started just after nourishment helping to maintain this structure of the pro-
file. Thus, the migration of fines from the submerged to the emerged zone explains why
the Dso values decreased slightly during the months immediately after nourishment on
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the emerged beach but increased on the submerged beach (Figure 6). This is consistent
with the variable morphological impacts (depending on the forcing factors, such as storm
surge intensity, magnitude, and duration) observed by other authors such as Monteruil et
al. [44]. Reeve and Spevack [45] also stated that storm events can lead to large but often
transient deformations of the beach, with the effects being smoothed over a period of
months.

In the transit between both moments, i.e., six months after the nourishment, great
differences (up to 0.07 mm) could be observed between the different points (levels) of the
profile: the Dso decreased in HHWL (e.g., from 0.27 to 0.23 in SMM) while Dso increased
in the rest of the profile (e.g., Dso increased by 20% in the submerged zone in VB, Table 3).
This change is produced by the summer waves (swell) that the beach receives during this
period, transporting fine material from the submerged area and low tide to the upper part
of the beach [22]. Obviously, the process is reversed during the stormy season [46].

In summary, nourishment (anthropic process) ended in May, at the moment when
swell waves (a natural process) started transporting fines from submerged zones to the
dry beach, as shown in Figure 8.

From "just after nourishment" to "after 6 months”

SWELL WAVES

HHWL /\I:> P

WINTER

LLWL PROFILE

TRANSPORT OF THE FINE
FRACTION OF THE SAND

From "after 6 months" to "1 year later"

SEA WAVES
HHWL ﬁ
rd —_—
TRANSPORT OF THE

FINE FRACTION OF THE

SAND Z?

SUMMER

LLWL PROFILE

Figure 8. Sketch showing the upwards movement of the fine fraction of the sand by swell waves
during the summer season (top) and downwards due to sea waves during the winter season (bot-
tom).

After one year, the new D50 values matched those of the native sand D50 in HWWL
on all the beaches (Table 3); variations in D50 (between native and nourished sand) ranged
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from 0% to 10% at most in the rest of the points on the profile. Thus, sand size distribution
was practically the same as before the nourishment except for the case of the submerged
zones of VB and CB where D50 was still larger than before (0.05 and 0.03 mm, respec-
tively). These beaches only differ in that their slope is milder than that of SMM and BB.
Thus, a clear explanation for this anomaly has not been found and, therefore, further in-
vestigations are needed. However, a worthy conclusion is that the old fashioned renour-
ishment factor Ry becomes 1 just one year after the nourishment work and, thus, the ero-
sion rate becomes the same that previously.

The success of the beach nourishment has been verified through the homogeneity of
D50 values, which were very similar to the native values, achieved just one year after the
nourishment works. However, the irreversible loss of sand is also still the same because
the hydrodynamics have not changed, with estimates of erosion in some areas of the Gulf
of Cadiz of more than 1 m/year [47].

4.2. Sorting

In the same way as was carried out for the D50 values, the sorting results were com-
piled for each of the beaches (see Table 4). To facilitate the observation of temporal pat-
terns, the evolution over time of sorting values is shown in Figure 9. Moreover, since the
sorting values are expressed in phi units (not as easy to interpret as mm), the sorting val-
ues were interpreted by using the indications given in Table 5 adapted from Roman-Sierra
et al. [37]. We must remember that the mathematical expression of the phi scale (¢) is
given in Equation (2) by:

D (¢) = -log2 D(mm) @)

where D is the grain diameter in phi units and d is the grain diameter in millimetres.

Table 4. Sorting values for every beach and surveying campaign.

Sorting (¢ Units) in Each Zone

Beach Time Submerged LLWL Intertidal HHWL
Native 0.68 0.6 0.73 0.57
, After nourishment 0.47 0.46 0.98 1.2
Santa Maria six months later 1.62 1.15 1 0.64
one year later 0.72 1.09 0.63 0.7
Native 0.61 0.5 0.63 0.58
. . After nourishment 0.66 0.51 0.58 0.52
Victoria .
six months later 1.26 1.06 0.62 0.47
one year later 0.61 0.59 0.74 0.55
Native 0.66 0.82 1.03 0.57
Camposoto After nourishment 0.81 0.45 0.58 0.61
six months later 1.31 0.98 0.64 0.56
one year later 0.72 0.93 0.84 0.67
Native 0.88 0.55 0.62 0.59
After nourishment 1.08 0.46 0.61 0.55
Barrosa .
six months later 1.17 1.01 0.65 0.5

one year later 0.73 0.64 0.67 0.57
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Table 5. Classification of sorting values, adapted from Roman-Sierra et al. [37].
Phi Range Standard Deviation (Sorting)
<0.35 Very well-sorted
0.35-0.50 Well-sorted
0.50-0.71 Moderately well-sorted
0.71-1.00 Moderately sorted
1.00-2.00 Poorly sorted
2.00-4.00 Very poorly sorted
>4.00 Extremely poorly sorted
Submerged
- == LWL
] Intertidal
Santa Maria
—  HHWL
T 1
Native After Nourishment _. 6 months later 1 year later
Time
Victoria
= 1.6 o
@v 1.4 A
o124
S 14
t 038
o 0.6 ===
7 Bl vl — R
0.4 T T 1
Native After Nourishment _, 6 months later 1 year later
Time
Camposoto
- —
= T T 1
Native After Nourishment . 6 months later 1 year later
Time
Barrosa
-~ 1.6
214
o 1.2
£ 1 .-
t o3 -7 Te.T
2 06 - B
w - SfTeSS_-Toio,— — —_— —_-— -
0.4 + T T 1
Native After Nourishment ... 6 months later 1 year later
Time
Figure 9. Results of sorting (¢ units) obtained for the established elevations (submerged, LLWL,

intertidal and HHWL) in the four monitored beaches.
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Native sorting values ranged from 0.50 to 1.03 for the four beaches, therefore classi-
fying these as having moderately well-sorted sands with some scarce locations of moder-
ately sorted material (Table 5). Some of the beaches, such as SMM and VB, seemed to have
almost negligible variations in their grain sizes of less than 0.2 o.

Because nourishment was carried out with sand whose sorting is similar to the native
sand’s values and because of the sand being poured on the upper beach (Figure 7), there
was not a big difference in the sorting at any level except for the intertidal and HHWL at
SMM (Figure 9) just after the nourishment. Some changes were observed six months later
in the lower (LLWL) and submerged parts of the beach profile, probably due to the move-
ment of the finer sand grains. After one year, the sorting values decreased, becoming very
close to the previous native values, being less than 0.75 o (moderately well sorted) at all
levels except at the LLWL at SMM and CB, where slightly higher values were observed
(1.09 and 0.93 g, respectively). Thus, we can state that there was not a significant difference
between the sorting of native and nourished sand after one year.

5. Conclusions

The study aimed to identify and explain the behaviour of sand size after a beach
nourishment. A generalisable methodology to study the evolution of the D50 and the sort-
ing was presented. For this purpose, samples were taken from four different beaches, at
different levels (submerged, LLWL, intertidal zone, and HHWL) over time. These cam-
paigns were carried out before and just after the nourishment (in May at the end of the
eroding season), six months later (after the swell or accretion season), and finally, one year
after the nourishment.

Thus, a decrease of D50 (up to 20%) was observed in HHWL six months after the
nourishment, whereas D50 increased in the rest of the profile. This phenomenon coincided
with the summer season during which swell waves moved upwards the fine fraction of
the sand from the submerged area. The process was reversed during the winter or stormy
season and, eventually, D50 became almost identical to the native values one year after
the nourishment.

Regarding sorting, the four beaches had native sorting values ranging between 0.50
to 1.03 and, therefore, were classified as having moderately well-sorted sands with some
scarce locations of moderately sorted sands. No sorting differences were detected just af-
ter the nourishment except in the upper part of the beach where the sand was poured. Six
months later, some changes were observed in the LLWL and the submerged zone, proba-
bly due to the upward movement of the finer fraction of the sand. Nevertheless, one year
after the nourishment and similarly to the D50, sorting values became very close to the
original native sand’s ones.
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