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To enhance protection and maintain wide beaches for recreation, beaches are replenished with sand: so-
called beach nourishments. We compared four sites: two traditional beach nourishments, a mega beach
nourishment and a reference without beach nourishment. Two sites contain calcareous-rich sand,
whereas the other two sites have calcareous-poor sand. We aimed to understand hydrogeochemical
processes to indicate factors critical for the mobility of trace elements at nourishments. We therefore
analysed the chemical characteristics of sediment and pore water to ascertain the main drivers that
mobilise toxic trace elements. With Dutch Quality Standards for soil and groundwater, the characteristics

Keywords: . . . .
Py}r/ ite oxidation of sediment and pore water were compared to Target Values (the values at which there is a sustainable
Freshening soil quality) and Intervention Values (the threshold above which the soil's functions are at risk). The pore

water characteristics revealed that Target Values were regularly exceeded, especially for the nourishment
sites and mainly for Mo (78%), Ni (24%), Cr (55%), and As (21%); Intervention Values for shallow
groundwater were occasionally exceeded for As (2%), Cr (2%) and Zn (2%). The sediment characteristics
did not exceed the Target Values and showed that trace elements were mainly present in the fine fraction
of <150 um. The oxidation of sulphide minerals such as pyrite resulted into the elevated concentration
for all nourishment sites, especially when an unsaturated zone was present and influence of rainwater
was apparent. To prevent trace metal mobility at a mega beach nourishment it is important to retain
seawater influences and limit oxidation processes. In this respect, a shoreface nourishment is recom-
mended rather than a mega beach nourishment with a thick unsaturated zone. Consequently, we
conclude that whether a site is carbonate-rich or carbonate-poor is unimportant, as the influence of

seawater will prevent decalcification, creating a low risk of mobilisation of trace elements.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Of the ice-free coastlines in the world, two-thirds consist of
sandy beaches (Brown and McLachlan, 2006). With 60% of the
human population living close to the shoreline, sandy beaches are
extremely important for coastal zone management such as coastal
protection and recreation. Therefore, when a beach becomes too
narrow for protection or recreation, beaches are usually replen-
ished with sand. This procedure is called beach nourishment. In the
Netherlands, beach nourishments are applied to diminish the
possibility of seawater flooding, whereas in Spain nourishments
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serve recreational purposes (Hanson et al., 2002). Often neglected
at a beach is nature development. Sandy beaches are generally
likened to marine deserts, but research has shown that they contain
interesting and often productive ecosystems and add to the di-
versity of a coastal area (Brown and McLachlan, 2006).
Environmental studies of beaches mainly focus on environ-
mental chemistry, both organic (Benlahcen et al., 1997; Moreira
et al., 2016) and inorganic (Alshahri, 2017; Vetrimurugan et al.,
2017). Most of these studies investigate contamination from in-
dustrial activity (e.g. Foteinis et al., 2013; Lafabrie et al., 2008). The
environmental consequences of beach nourishments are generally
researched from an ecological perspective, such as the effect of
volume and grain size distribution on the survival of benthic
communities (Post et al., 2017; Van Dalfsen and Essink, 2001). Toxic
substances such as trace elements, polycyclic aromatic hydrocar-
bons (PAHs) and polychlorinated biphenyls (PCBs) are regarded as
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an important quality criterion (Speybroeck et al., 2006), especially
in relation to human health risks where, for example, high con-
centrations of arsenic can be a hazard if children use the beaches for
recreation (Van Bruggen et al., 2014). Trace element bonding on
solid compounds is a critical factor for mobility and bioavailability.
While dissolved or weakly bound adsorbed trace elements may be
available to plants and aquatic organisms, trace elements bound in
the crystalline structural lattice of minerals are not available to
biota, except when these minerals undergo chemical weathering
(Calmano et al., 1993). Most beach studies have neglected chemical
processes that may increase the solubility and potential bioavail-
ability of trace elements (Bruce, 1928; El-Kammar et al., 2007;
Stuyfzand et al., 2012).

Traditional beach nourishments are periodic sand re-
plenishments that are regarded as an environmentally acceptable
method of coastal management (Hanson et al., 2002). Innovative
coastal management that also takes natural processes into account
has recently been introduced in the Netherlands under the ‘Build-
ing with Nature’ paradigm (De Vriend and Van Koningsveld, 2012).
Within this context, the Sand Engine concept, developed in the
Netherlands, is the first project to combine coastal engineering
with environmental, ecological and social considerations (Stive
et al,, 2013). The Sand Engine is a 21.5 million m> mega beach
nourishment applied along the Dutch coast in 2011, which is an
artificial sand spit rising to 6 m above mean sea level and was
shaped like a large hook, with an initial length of 2.4 km and a
width of 1 km that extends offshore. The environmental, ecological
and social consequences of such a mega beach nourishment still
have to be evaluated before the approach can be unrolled in other
locations.

Beach nourishments along the Dutch coast consist of geological
sediments dredged from the sea floor. During the construction, the
environmental conditions of the sediments used change from
anaerobic to aerobic. As a result, chemical weathering processes are
encouraged, by oxygen, carbon dioxide and other acidic compo-
nents, including atmospheric deposition, causing primary minerals
to break down chemically into secondary minerals and release
dissolved elements to natural waters (Salbu and Steinnes, 1994). In
the Sand Engine mega beach nourishment, Pit et al. (2017) found
two geochemical processes dominant: pyrite oxidation and fresh-
ening. Oxidation of pyrite, one of the most abundant sulphide
minerals, may mobilise metals and metalloids that can be incor-
porated or sorbed to the mineral (Smith and Melville, 2004). Both
pyrite oxidation and freshening processes enhance calcite disso-
lution, which over time may decrease pH and potentially dissolve
trace elements. Besides oxidation and freshening, physical sorting
processes may cause higher values to occur locally in fine sedi-
ments, which potentially may enrich these sites with iron oxides
and trace elements (Pit et al., 2017).

Due to an environmental change of beach nourishment material
from anoxic to oxic, the reactive minerals may change from metal
sulphides to carbonates or oxyhydroxides where the solubility of
trace elements is changed and controlled by adsorption to Mn and
Fe oxyhydroxides and organic matter if present (Salbu and
Steinnes, 1994). For metal cations such as Pb, Cu and Cd, adsorp-
tion is high under pH neutral or slightly alkaline conditions
(Langmuir, 1997), which is typical for a marine environment. Oxy-
anions like As, Cr and Mo are weakly dependent on the pH and
achieve maximum release in the neutral pH range (Paoletti, 2002).
Calmano et al. (1993) found that at identical pH values, Cd and Zn
concentrations are more mobilised in oxidised sediment than in
anaerobic sediment, which according to Shaheen and Rinklebe
(2017) may be connected to changes of controlling factors such as
dissolved organic carbon (DOC), Fe, Mn and SOj7~. As freshening
may occur in oxic beach nourishment material (Pit et al., 2017), a

decline in pH as a result of rainwater infiltration can affect the
mobility of trace elements (Stumm and Morgan, 2012). Other
controlling factors like DOC or a dynamic Ey (Frohne et al., 2011),
are expected to be unimportant at beach nourishments, because of
its generally oxic environment with relatively coarse sand and low
turnover of organic matter.

We set out to understand the main factors that control the
mobilisation of toxic trace elements at a beach nourishment. Both
surface sediment chemistry and pore water chemistry were
compared at four different sites along the Dutch coast: two tradi-
tional beach nourishment sites, one mega beach nourishment site
and, as a reference, a natural beach. Our hypothesis is that if pyrite
is present and exposed to air, pyrite oxidation will be the main
contributor to the mobilisation of toxic trace elements at beach
nourishments. Freshening is expected to decrease the pH of beach
nourishments in time, which will further enhance the mobilisation
of trace elements. With the mega beach nourishment having the
largest volume of nourishment material above sea level, we expect
that this site will show the highest mobilisation of toxic trace ele-
ments compared to the traditional beach nourishments. Addition-
ally, pyrite and therefore possible pyrite oxidation at the reference
site is most likely present in low amounts compared to the three
beach nourishments, because of the gradual, natural growth of this
coast line.

2. Materials and methods
2.1. Sampling

We compared four sites along the Dutch coast (Fig. 1), two of
which are in a carbonate-rich environment (>2% CaCOs3), and two in
a carbonate-poor environment (<0.5% CaCOs3) (Eisma, 1968). Beach
and dune sand along the Dutch coast show a transition in CaCO3
content and becomes less calcareous northwards. The transition of
carbonate content is near Bergen (Baak, 1936; Eisma, 1968).

The first site is the Sand Engine pilot project, a mega beach
nourishment (Stive et al., 2013). The Sand Engine is a locally
concentrated sand nourishment constructed in 2011 from 21.5
million m> of sand in a carbonate-rich environment (Megag). To
construct the Sand Engine, material was dredged from a sand pit
10 km offshore to a maximum depth of 6 m below the sea floor
(Fiselier, 2012). The dredged material is both Holocene and Pleis-
tocene in origin (Pit et al., 2017). The second site is a traditional
beach nourishment in the southernmost part of the Dutch coast
where the coastline is carbonate-rich (Tradg). The beach nourish-
ment was also applied in 2011 and contains a volume of 0.7 million
m?> spread out across the total width of a 3.4 km long stretch of
beach. The offshore area from which the sand was obtained from
was dredged to a depth of 2 m. The third and fourth sites are in the
northern coastal area where beaches and dunes are carbonate-
poor. One is a traditional beach nourishment at the northern end
of the western coastline (Tradp). This beach nourishment was
constructed in 2011 and also contains 0.7 million m? over a stretch
of 4.7 km. The sand pit from which the sand was retrieved was
dredged to a depth of 2 m. The fourth and last site, our reference
site, is on a Wadden island and consists of a natural beach of
carbonate-poor sand without human interference (Refp).

Fieldwork was carried out in summer and autumn 2014. At each
of the four sites, samples were taken during low tide of both surface
sediment and pore water via multiple transects with sampling
points at the high water line, in the middle of the beach and close to
the dune ridge (see Fig. 1). At every point in the transect around
500 g of surface sand was sampled by mixing five subsamples. Pore
water was collected from samples taken at 50 cm depth. A hole
50 cm deep was drilled with an Edelman auger. Next, an
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Fig. 1. The locations of the sampling sites. The carbonate-rich mega beach nourishment (Megag), the traditional beach nourishments in the carbonate-rich (Tradg) and the
carbonate-poor (Tradp) areas of the Dutch coast and the carbonate-poor reference location (Refp).
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undisturbed sand sample was taken from the bottom of the hole in
a @38 x 240 mm stainless steel core with an Akkerman core
sampler. Pore water was immediately extracted from the core by
using a rhizon (Seeberg-Elverfeldt et al., 2005). If there was insuf-
ficient soil moisture, a rhizon could not be used and pore water had
to be extracted in the lab. The cores were transported to the lab in a
cooler at temperatures comparable to those at the field site. The
sediment from a core was placed in a plastic centrifuge bottle with a
0.45 pm filter at the bottom and a reservoir below for the pore
water, and the bottle was centrifuged for 30 min at 2000 rpm.

2.2. Chemical analyses

Chemical analyses were performed on both pore water and sand
samples. The pore water was analysed for anions using ion chro-
matography and inductively coupled plasma mass spectrometry
(ICP-MS) for metals. Within 24 h after sampling, the alkalinity as
HCO3 was measured using the Gran titration method (Stumm and
Morgan, 2012) and the pH was determined with an Orion 520A-pH
meter.

The sand samples were dried in the oven at 105 °C for at least
24 h. Grain size distribution was measured with a laser diffraction
analyser (Malvern Instruments Ltd., 1998) commonly without pre-
treatment. Only the samples from the Megar were pre-treated in
accordance with NEN 5753 (1990) to reduce aggregation of the soil
particles. A total of 15 samples were both pre-treated and un-
treated. When both pre-treated and untreated samples were
measured for grain size distribution, no significant differences were
found, probably because of the low contents of organic matter and
clay in the sand samples.

Following Pit et al. (2017), sand samples were sieved to obtain
two fractions: < 150 pm (100 mesh) and 150—2000 um (10—100
mesh), where the latter fraction was ground to < 2 um. Both frac-
tions were analysed for total C and S contents with the CS elemental
analyser. To obtain the thermogravimetric analysis (TGA) for
quantitative determination of mineral compounds, the sand frac-
tions were heated from 25 to 1000 °C at a heating rate of 1 °C/min,
using a Leco TGA-601. The aqua regia digestion method (Houba
et al., 1995) was used to obtain the pseudo-total elemental con-
centrations (Chen and Ma, 2001), which were analysed with
inductively coupled plasma optical emission spectrometry (ICP-
OES) and mass spectrometry (ICP-MS) to obtain similar main and
trace elements as in the pore water.

The measured concentrations in sand and pore water were
compared to Dutch Quality Standards (QSs) for soil and ground-
water (Swartjes et al.,, 2012). The framework is described in the
Ministerial Circular on Soil Remediation (VROM, 2009) which is a
supplement to the Dutch Soil Protection Act. There are two types of
generic QSs, namely the Target Values (the values at which there is
a sustainable soil quality) and the Intervention Values (the
threshold above which the soil's functions for people, vegetation
and benthos are at risk) (Lijzen et al., 2001). Application of Target
Values and Intervention Values results in a classification of either
‘clean soil’, ‘slightly contaminated soil’ or ‘seriously contaminated
soil’ (Swartjes et al., 2012).

2.3. Statistical analyses

Data analyses were performed on the pore water and sediment
data sets and consisted of the Wilcoxon rank sum test (R software:
Ihaka and Gentleman, 1996), to test whether the locations differed
significantly from each other (Wilcoxon, 1945). Following Reimann
et al. (2011), the data set was prepared by replacing values below
the detection limit with a value half of that detection limit. As more
than 25% of the aquatic samples were below the detection limit for

Al, Cd, Fe, NO; and Pb, they were excluded from the data analyses.

For the multivariate statistical data analyses the focus was on
the pore water data set, because chemical species are more readily
bioavailable in the pore water than in the sediment (Stumm and
Morgan, 2012). All variables were ratio transformed using the iso-
metric log-ratio (ilr) transformation (Egozcue et al., 2003). This
transformation is generally preferred over a normal log-ratio
transformation for environmental data since it generates a robust
estimation of the covariance matrix (Filzmoser et al., 2009). The ilr-
transformed data was then back-transformed to centred log-ratio
(clr) space to maintain the links to the original variables and
enable direct interpretation.

A correlation matrix of the pore water data set was created
between the trace elements As, Cr, Cu Ni, Mo and Zn, and the main
solutes such as Cl, SO4 and HCOs3, to detect possible linkages be-
tween trace elements, seawater content and alkalinity. Then, for
multidimensional scaling and to combine sediment properties with
pore water chemistry, an unconstrained principal component
analysis (PCA) was performed on the pore water data set with
supplementary variables, using the Canoco 5 program (Braak and
Smilauer, 2012). With the unconstrained PCA, variation in
aqueous composition was presented in an ordinogram combined
with the following supplementary variables: pH, sedimentary S
content, CaCOs content, Amgo, (see next paragraph),
fraction < 150 um and relative distance to the sea.

2.4. Pyrite oxidation

To elucidate whether pyrite oxidation had occurred at the four
different sites, the measured SO4 concentration was compared with
the composition for conservative mixing of fresh water and
seawater. The fraction of seawater (fseq) was calculated from the CI
concentration (Appelo and Postma, 2005):

mCLsample - mleresh
fSea = (1)
Mciseqa — mCl,fresh

where My sqmple is the Cl concentration of the sample, Mg gy, the Cl
concentration in rainwater and mg,, the concentration in
seawater. The conservative mixing concentration (Mgp, mix) 1S
calculated from:

Mso, mix = fsea* Mso, sea + (1 = fsea) *Mso, fresh (2)

where mgp, sea and Mg, fresn are the concentrations of SOy in
seawater and fresh water, respectively. The aqueous composition of
rainwater was derived from Stolk (2001) with 2.4 ppm SO4 and that
of seawater from Hem (1985) with 2700 ppm SOg4. The enrichment
or depletion of SO4 (Amysy, ) is then obtained by:

Amgp, = Mgo, sample — MS0,,mix (3)

A positive Amgp, indicates pore water is enriched with SO4 and
this enrichment is most likely associated with oxidation of sulphide
minerals such as pyrite; a negative Amg, indicates SO4 has been
depleted, which may be the result of SO4 reduction.

2.5. Time calculations

Buffering capacity of the sediment for pH is an important factor
affecting the mobility of trace elements and the time needed to
decrease the buffering capacity depends strongly on the amount of
CaCO3 and on geochemical processes such as freshening and pyrite
oxidation. We used the PHREEQC program (Parkhurst and Appelo,
2013) to estimate the amount of CaCO3 that may dissolve per 0.5
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vertical metre of sand (per dm? surface area) at a typical carbonate-
rich site and at a typical carbonate-poor site. Based on earlier
findings (Pit et al., 2017), we assumed that the system is open to
atmospheric gas exchange, with the partial pressure of CO; (P¢p, ) in
the pore water of Megag to be a minimum of 10~>%% atm and thus
close to the average P, of the atmosphere (1073 atm).

Two opposing scenarios were investigated of a 0.5 m sand
profile with a porosity of 40%: one in which the sand is only affected
by seawater during every spring tide and the other where only
rainwater infiltrates the sand. The first scenario assumes that the
sand remains 20% saturated with seawater and is flooded during
spring tides. During spring tide water will rise until maximum
1.5 m above mean sea level. The investigated sand profile lies above
high tide and during spring tide a ‘worst-case scenario’ is created: a
seawater wetting front of 0.5 m will be available to infiltrate into
the sand profile during a spring tide and replace the water 5 times
because of the 20% saturation. With a spring tide occurring every 14
days, the sand profile will be flushed 130 times with seawater per
year. The second scenario was calculated with the 1990—-2015
average annual precipitation and evaporation in order to estimate
the precipitation surplus: 271 mm per year (CBS et al.,, 2016). The
scenario assumes relatively dry sand with a water content of 10% in
the first 0.5 m of the sand profile; as a result, this water will be
replaced with rainwater 5.42 times per year as the precipitation
surplus coincides with 2.71 dm? of water per dm? surface area.

3. Results

Below, the sediment characteristics of the different sites are
compared, including their grain size distribution, followed by the
chemistry of the pore water. Next, correlations are shown between
sediment and pore water chemistry. Finally, extrapolations in time
are made to calculate how long the systems will remain pH
buffered.

3.1. Sediment characteristics

Fig. 2 shows the average grain size distribution of the four
different sites. The reference location clearly shows finer grain size
distribution (Dsg of 215 pm and 7% < 150 um fraction) than the
three nourishment locations. Comparison of the nourishment lo-
cations reveals that Megag has the coarsest grain size distribution
with a D5 of 378 pm and a <150 pm fraction of 2%. The Megag also
has poorer sorting than the traditional nourishments. The two
traditional nourishments show a very similar grain size distribution
despite the different dredging locations, with Tradg showing a Dsg
of 361 pm and a <150 um fraction of 0.2%, and Tradp a D5g of 356 pm
and a <150 um fraction of 0.1%.

Table 1 shows the general chemistry of both the total sediment
and the fine fraction (<150 um). Overall, Megag differs significantly
from the other sites. The high median absolute deviation (MAD)
values of Megag compared to the traditional nourishments may be
related to the fact that Megar has source material from two
different geological layers, whereas the traditional nourishments
are more likely to contain material from one geological layer only.
Tradg and Tradp share similar characteristics, especially in the fine
fraction. For the traditional nourishments, the sand was dredged to
2 m depth, whereas for Megag it was dredged to 6 m depth. Large
heterogeneity is also visible for the reference site and is probably
related to the larger contribution of the fine fraction (see in Fig. 2),
which can influence the total elemental content.

Megag and Tradg are in the carbonate-rich part of the coastal
zone of the Netherlands and both were found to have a >2% CaCOs3
content, with median 3.9% for Megag and 2.3% for Tradg, whereas
Tradp and Refp, located in the carbonate-poor part of the coastal

zone, had CaCOs contents of 1.0% and 1.3%, respectively. The highest
carbonate content in the total sediment was observed in Megag, but
here the lowest carbonate content was found in the fine fraction.
Apparently, CaCOs3 is more abundant in the coarse fraction at the
Megag, whereas the opposite is the case for Refp; this may confirm
the geological differences between these sites. The findings of
Eisma (1968) show that the differences in CaCO3 content between
the carbonate-rich and carbonate-poor coastline are predomi-
nantly due to variations in the distribution of shell fragments in the
coarse fraction and detrital calcite grains in the fine fraction.

The presence of sulphur indicates the likelihood of pyrite
oxidation as gypsum usually does not play a role in Dutch envi-
ronments (Griffioen et al., 2016). Even though the concentrations of
S do not differ greatly, the differences between the sites are sig-
nificant, with the lowest content found at Megag, whereas the
amount of Fe bearing minerals at Megag, is significantly higher than
at the other two traditional nourishments. This may be related to
differences in geological formation, as found during a previous
study of the Sand Engine (Pit et al., 2017).

The heavy mineral related element Ti shows very large varia-
tion, especially between the reference site and the nourishment
sites. To better understand the differences between the sites, we
plotted Al against Ti for the fine and the coarse fractions (Fig. 3).
Although Al and Ti do not dissolve completely with the aqua regia
destruction method, geological interpretations can be made, as
most heavy minerals are stable minerals (Morton, 1984). Appar-
ently, Ti shows a high content in the fine fraction for Refp, Tradp and
Tradg and a low content in Megag, whereas in the coarse fraction
the opposite is visible: the Ti content is high for Megag and low for
Refp, Tradp and Tradg.

Table 2 shows the median and MAD values of the most impor-
tant trace elements in the sediments. The Intervention Value is
given and corrected from a standard soil with 10% organic material
and 25% lutum (soil particles < 2 pm) to a soil most comparable to
sand, with 2% organic material and 2% lutum (VROM, 2009). The
trace element contents are low for all sites and the Intervention
Values are not exceeded. Megag again differs most significantly
from the other sites, and Tradg and Tradp are very similar, as are
Refp and Tradp. No specific site has the highest contents for all trace
elements. Values in the fine sediment fraction are higher than in
the total sediment; the Intervention Value of Cr is on average often
exceeded and the Intervention Value for Ni is exceeded for Tradp.
Although the fraction of <150 pm is too small to contribute
significantly to the overall content, it shows that most trace
element content is present in the fine fraction.

3.2. Pore water chemistry

Table 3 shows the general characteristics of the pore water in
terms of pH, alkalinity, SO4 and Cl, together with the trace element
concentrations. Megag has a median Cl concentration of 169 ppm,
which can be classified as fresh, whereas the other locations are in
general more saline. Similar conclusions can be drawn from the SO4
concentration, which is high in saline water. The variation in pH
between the sites is generally small, but Megag shows the highest
value and Tradp the lowest. A similar variation is seen for the HCO3
concentration, but here Megag shows the lowest median
concentration.

To estimate whether oxidation processes had influenced the
aquatic samples, the concentrations of SO4 were plotted against Cl
together with a mixing line of rainwater and seawater (Fig. 4).
When SO4 concentrations are present above the mixing line,
oxidation processes such as pyrite oxidation are causing elevated
S04 concentrations, whereas SO4 concentrations below the mixing
line indicate reduction processes. Fig. 4 shows that elevated SO4
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Table 1

Median results of CaCOs, S, Fe, Al and Ti of total sediment and fine fraction (<150 um) including the MAD (Median Absolute Deviation, which is similar to the Standard
Deviation but where the central value is the median instead of the mean). Sites that show a significant difference (p < 0.05) are listed with a different letter.

n Median (MAD) significance
CaCos (%) S (ppm) Fe (ppm) Al (ppm) Ti (ppm)
Megag 28 39(1.8)d 624 (152) a 3618 (1002) ¢ 2280 (499) ¢ 171 (64) b
Total Sediment Tradg 15 23(1.1) ¢ 740 (24) b 2174 (391) b 1228 (240) a 51.5(38)a
Tradp 15 1.0 (04) a 780 (23) ¢ 1844 (324) a 1365 (295) b 50.1 (42) a
Refp 9 1.3(0.7)b 873 (66) d 3260 (1230) ¢ 2448 (514) ¢ 758 (285) ¢
Megag 28 24 (65)a na. 11900 (3054) a 4322 (722) a 1357 (616) a
Fine Fraction Tradg 15 3.1(3.0)b 756 (19) ba 21250 (4020) ¢ 6784 (1892) b 5198 (2055) b
Tradp 15 3.5(4.0)b 777 (56) b 19000 (18140) bc 6913 (2623) b 3060 (3465) b
Refp 9 13.8(0.2) ¢ 746 (34) a 14710 (4543) ab 5938 (674) b 5731 (984) b
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Fig. 3. Correlations between Al and Ti contents of samples for both the fine (<150 pm) and coarse (150—2000 pum) fractions.
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Table 2

1069

Median contents (in ppm) results for trace metals As, Cd, Cr, Cu, Pb, Ni, Mo and Zn of total sediment and fine fraction (<150 pum) including the MAD (Median Absolute De-
viation). Sites that show a significant difference (p < 0.05) are listed with a different letter. Intervention values for standard Dutch soil with 10% organic material and 25% lutum
(soil particles < 2 um) are corrected for a soil with maximum 2% organic material and 2% lutum (VROM, 2009).

n Median (MAD) significance
As Ccd Cr Cu Pb Ni Mo Zn

Intervention value 44 8 42 92 337 12 190 303

Megag 28 2.8(0.8)a 0.02 (0.01) a 8 3(2.7)a 0.6 (0.3)a 2.7 (0.4) c 51(1.2)c 0.07 (0.02) a 8.1 (2.4) ab
Total Sediment Tradg 15 4.1(1.0)b 0.07 (0.03) b 3(1.1)b 1.9 (0.5) ¢ 1.9(0.2) a 1.7 (0.3) a 0.17 (0.07) b 6.9 (1.5)a

Tradp 15 27(03)a 0.09 (0.04) bc 4 2(2.0)b 1.5(0.1) ¢ 23(03)b 2.3(04)b 0.13(0.02) b 7.9(0.8)b

Refp 9 2.5(0.5)a 0.14 (0.01) c 99(5.8)a 1.1(0.1)b 3.4(09)d 22(04)b 0.13(0.02) ¢ 7.9(1.8)b

Megag 28 6.4 (1.5)a 0.08 (0.02) a 36.6(12.8) a 7.8(1.3)c 40(12)a 89(1.2)c 02(0.1)a 193 (44)a
Fine Fraction Tradg 15 15.1 (6.8) ¢ 0.30 (0.04) c 904 (33.5)b 1.9(03)b 13.9(59)b 73(2.5)b 0.6 (0.2) c 23.1(6.7)b

Tradp 15 7.4(54)b 0.10 (0.03) b 171 (165) b 1.9(1.3)b 10.1 (8.8) b 11.7 (7.0) ¢ 0.5(0.2) ¢ 314 (179)b

Refp 9 73(3.2)ab 0.09 (0.03) b 56.6 (33.5) a 1.0(0.5)a 13.7(41)b 4.8 (0.9) a 0.3(0.2)b 21.8(8.5) ab

Table 3

Median results for trace metals As, Cd, Cr, Cu, Pb, Ni, Mo and Zn of pore water, including the MAD (Median Absolute Deviation: similar to the SD, but with the median as central
value) given in brackets. Sites that show a significant difference (p > 0.05) are listed with a different letter and the lowest median starts with the letter ‘a’. Not available (n.a.) is
shown in the Table when more than 25% of the results were below detection limit. Target and intervention values are for shallow groundwater (VROM, 2009). The intervention

values were barely exceeded* and therefore not visible in the Table.

n pH HCO3 S04 Cl As Cd Cr Cu Pb Ni Mo Zn
(ppm) (ppm) (ppm) (ppb)  (ppb) (ppb)  (ppb)  (ppb) (ppb) (ppb) (ppb)
Median (MAD) significance
Megag 28 8.4(04) 151(57) 104 (77) 169 (195) 26(1.5) na. 20(1.5) 47(3.0) na. 49(50) 66(42) 50(3.7)
b a a a a ab ab a a a
Tradg 15 8.1(0.5) 160 (15.5) 1160 (1618) 8169 (11640) 5.0 (3.0) n.a. 23(14) 57(43) na. 16.9 (6.2) 13.7 (2.0) 10.0(3.0)
ab ab b b b b ab b bc b
Tradp 15 7.8(0.2) 172 (34.4) 1932(901) 12580 (6865) 4.1 (2.5) 0.12(0.14) 1.5(0.8) 56(3.0) na.  13.0(2.1) 12.7(22) 11.0(44)
a b b b b b b b b b
Refp 9 7.9(02) 193(50.2) 1087 (1199) 7974 (8672) 4.2 (1.0) na. 0.6(0.1) 3.7(04) na. 7.8(53) 84(3.7) 6.0(44)
ab ab b b ab a a a ac a
Target value 10 04 1 20 15 15 5 65
Megagr > target value 11% 43% 11% 11% 68% 7.1%
Tradg > target value 33% 73% 53% 80%
Tradp > target value 33% 20% 73% 13% 20% 93% 20%
Refp > target value 22% 22% 78%
*The intervention values were exceeded once for As (Tradg), Cr (Megag) and Zn (Tradp).
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Fig. 4. Concentrations of SO4 versus Cl for the pore water samples, including a close-up (right-hand panel) with the mixing line of rainwater and seawater.

concentrations are mainly present in the low Cl range,
0—2000 ppm, and that as Cl concentration increases, SO4 reduction
processes become dominant, with many SO4 concentrations below
the mixing line at Cl concentrations above 15,000 ppm. Close to the
water line, the seawater fraction is high and the sand profile more
permanently saturated, which may result in reducing conditions,
whereas in the higher parts of the beach, where a thick unsaturated
zone is present, oxidation of sulphide minerals can occur with
infiltration of rain water.

The Amygp, is —66 to 146 ppm at Megag, —662 to 215 ppm at

Tradgr and —71 to 175 ppm at Tradp. At Refp only reducing conditions
are seen with a Amgp, of —303 to —1 ppm. Dividing the Cl con-
centrations into the low Cl range (0—2000 ppm) and high Cl range
(>2000 ppm) reveals large differences between the sites in their
SO4 concentrations relative to the mixing line. The low Cl range
shows overall oxidation processes with a median Amgg, of
61 ppm at Megag, followed by Tradp with a median of 36 ppm and
Tradg with a median of 27 ppm. At Refp there is only one sample in
the low Cl range with a Amgp, of 1 ppm. For the saline range (high
Cl), the Amgy, is still positive (with 9 ppm) at Megag indicating
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pyrite oxidation. It is even higher at Tradp (by 123 ppm), whereas at
the other two sites it is negative: —90 ppm at Tradg and —80 ppm at
Refp. As the sedimentary S concentrations do not differ very much
from each other, Amgg, gives an indication of the aeration of the
sand and the amount of S minerals such as pyrite that may oxidise.
Summarising, Megag shows the highest pyrite oxidation present in
the low Cl range, whereas Tradp shows the highest pyrite oxidation
in the saline range.

The trace element concentrations in pore water varied much
more than the sediment characteristics: Megag and Refp are largely
similar, as are Tradp and Tradg. Table 3 gives the results and com-
pares them with the Target Values and Intervention Values for trace
metals in shallow groundwater (VROM, 2009). The Target Values
are often exceeded for Cr, Ni and Mo and to a lesser extent for As.
The Intervention Value is barely exceeded: As, Cr and Zn each have
one anomalous sample in which the concentration is high. Both Cd
and Pb are often below detection limit.

To gain more information about the differences and similarities
between the sites, a correlation matrix was created for the trace
elements As, Cr, Cu, Ni, Mo, Zn and the major ions SOg4, Cl and HCO3
(Fig. 5). The Cl concentration, which is an indicator of seawater
fraction, correlates strongly with trace element concentrations.
Negative correlations with Cl of —0.60 or lower are seen for As
(—0.63), Cr (—0.87), Cu (—0.8) and HCO3 (—0.71), while the positive
correlation with SO4 (0.91) is because seawater has a much higher
SO4 concentration than rainwater. Consequently, the strong nega-
tive correlations of As, Cr, Cu and HCOj3 are also seen with SO4. A
strong positive correlation is seen between the trace elements Cr
and Cu (0.69). Negative correlations between trace elements and Cl
and SO4 show that fresh water generally has higher concentrations
of As, Cr, Cu and HCOs. Fresh water can indeed increase HCO3
concentration, as rainwater is slightly acidic and enhances calcite
dissolution. Fresh water is present in the elevated parts of the
nourishments where a (thick) unsaturated zone exists and oxida-
tion affects the aquatic chemistry as well, whereas a high seawater
content is present at the water line and the sand profile is close to
aqueous saturation.

3.3. Links between sediment and pore water

To analyse whether the characteristics of pore water and sedi-
ment are linked, a PCA was performed on the chemical character-
istics of pore water. Six supplementary variables were projected on
this PCA: pH, Amg,, 150 pm fraction, distance from the low water
line, and sedimentary S and CaCO3 contents. The PCA of the pore
water chemistry shows a total explained variance of 90% divided
over four different axes: the explained variance is 69% for the first
axis, 10% for the second axis, 6% for the third axis and 5% for the
fourth axis. Two of the four axes are presented in an ordination
diagram with the sample locations, the aqueous solutes and the six
supplementary variables (Fig. 6). In Fig. 6 the supplementary vari-
ables are shown with thick grey arrows and the aqueous solutes
with black arrows. The ordination diagram shows the marginal
effect of each supplementary variable upon the sample scores. The
direction of the arrows indicates the steepest increase of the
covariance of the supplementary variable with the aqueous solutes.

The supplementary variables pH and distance from the low
water line both show a high response to the first axis (92% and 70%
respectively) and to a lesser extend Amgp, (39%), which means that
with increasing distance from the sea, pH increases as well as
Amygp, indicating oxidation and this coincides with higher con-
centrations of Cr, Cu, NOs, Se and HCOs (Fig. 6). A strong negative
response for the first axis is seen for sedimentary S (—51%); it is
connected to Cl, Na and Br, indicating the presence of seawater and
water-saturated conditions. Opposite from sedimentary S in the

ordination diagram and close to each other are the <150 pum frac-
tion and CaCOs, which show responses for the first axis of 20% and
59%, respectively. These variables show the highest positive
response for the second axis: 20% (<150 pum fraction) and 30%
(CaCOs3). The largest negative response is sedimentary S: —30%.
What can be inferred from these variables is that sites that show a
low seawater fraction are lower in sedimentary S, but higher in
both <150 um fraction and CaCO3 content with increased concen-
trations of Mn, Sb, Co and to a lesser extent of Zn. There seems no
clear connection of a supplementary variable to the trace elements
As, Mo, Ni and also V and P, which are strongly significant in the
first and second axes in the PCA. As a result, trace elements seem
less mobilised when a high seawater fraction and sedimentary S are
present compared to a high distance from the sea where oxidation
shows to increase the mobility of trace elements.

The sample locations, represented by different symbols in the
ordination diagram, show that Megag is dominant in the upper
right corner of Fig. 6. Compared to the other locations it has the
highest 150 pm fraction and CaCOs3, and pore water elements Co, Sb
and Se. Also, the fact that the elements indicating seawater such as
Cl and Na go in the opposite direction indicates that fresh water is
predominant at Megag, probably because of the altitude of the
mega beach nourishment (6 m above mean sea level). The tradi-
tional nourishments are less high because less sand was used over a
stretch of beach longer than at Megag. The height of the sand at
Megag allows a freshwater lens to develop on top of the saline
groundwater, resulting in fresh water dominating in the shallow
groundwater.

In the lower right corner of the PCA, about half of the samples of
Tradg and Tradp are seen and some samples of Megag. These sam-
ples match the pore water elemental concentrations of HCOs, Cr
and NOs3 and show that the alkalinity has increased at these sites
together with high concentrations of Cr and NOs, but that the
seawater contribution is low. Further, the two traditional nourish-
ments (Tradg and Tradp) coincide with pore water elements V, As
and P, indicating that whether the nourishment is located in a
calcareous-rich or calcareous poor area is less important for
possible oxidation processes connected to sulphide minerals such
as pyrite which give rise to elevated concentrations of aquatic
species such as As, P and V. Overall, Megag, is different from Tradg
and Tradp in the diagram, which can be related to geological dif-
ferences as Megar consists of material originating from two
geological layers (Pit et al., 2017), whereas the Tradg and Tradp most
likely have material primarily from the Holocene.

Almost all samples from the Refp and some from the other field
sites are represented around aquatic species SO4 and K, indicating
the presence of seawater. Interestingly, the sample locations of Refp
are predominantly in the high saline range, which indicates that the
sand profile in this natural beach has a thin unsaturated zone in
which the influence of seawater is generally large. Refp shows one
location close to the supplementary variable Amgg,, but lacks a
clear connection to trace elements.

3.4. Estimating the depletion of buffer capacity with time

The carbonate buffer capacity prevents the pH from dropping to
acidic conditions, which would otherwise result in less intensive
sorption and higher concentrations of trace elements in the pore
water. It is therefore interesting to know the time needed for all the
CaCOs to dissolve when there is no artificial or natural replenish-
ment of sand for prolonged period of time and the buffer capacity
has finally disappeared.

The median CaCOs content is highest at Megag (3.9%) and lowest
at Tradp (1.0%). These two locations were used to estimate the
amount of time required for all the CaCOs3 to go into solution. The
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Fig. 5. Correlation matrix for the heavy metals and major ions Cl, SO4 and alkalinity (as HCOs). The pale grey cells are positive correlations >0.6 and the dark grey cells show

negative correlations of below —0.6.

amount of pyrite oxidation was calculated from the additional SO4
relative from the mixing line. From section 3.2 we can infer that the
maximum additional SO4 was 215 ppm, which coincides with the
oxidation of 1.1 mmol pyrite. We decided to calculate with three
different amounts of pyrite oxidation: 0.5 mmol, 1 mmol and
1.5 mmol per L water as used in PHREEQC. The initial pyrite content
of the sand profile was set at 1 g per kg sand, which is comparable
to what is found.

In the first seawater scenario, we assume that both the
carbonate-rich and the carbonate-poor sites are primarily affected
by seawater. The calculations showed that the CaCO3; will not
diminish after the pyrite has oxidised, because seawater is

supersaturated for calcite and this will avoid CaCOs3 dissolution.
This scenario is not affected when different pyrite contents are
used. For the second rain water scenario a different situation oc-
curs. The carbonate-rich site will oxidise pyrite (with a concen-
tration of 0.5 mmol per L water) to a depth of 0.5 m in the sand
profile in 89 years, but CaCO3 will continue to dissolve, because
rainwater is undersaturated in calcite. In total, 1768 years are
needed to dissolve the CaCOs present in 0.5 m down the sand
profile. The time required to dissolve the CaCOs to a depth of 0.5 m
in the sand profile is 1759 years with a pyrite oxidation of 1 mmol
per L water and 1754 years with a pyrite oxidation of 1.5 mmol per L
water. For a carbonate-poor site with 1% CaCOs the total time
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Fig. 6. An ordination diagram with two axes of a PCA of the pore water chemistry. The black arrows represent the different chemical elements and each symbol represents a
different site. Six environmental variables shown by grey arrows are projected on top of the PCA.

required for decalcification are 361 years (scenario with a pyrite
oxidation of 0.5 mmol per L water), 352 years (1 mmol per L water)
and 348 years (1.5 mmol per L water).

For the rainwater scenarios, the dissolution of CaCOs is 2.5—5
times higher when pyrite is present compared to the condition
when pyrite is exhausted. The amount of time to oxidise 1 g per kg
sand of pyrite present in a 0.5 m sand profile is 89 years (with a
pyrite concentration of 0.5 mmol per L water), 45 years (with
1.0 mmol per L water) and 30 years (with 1.5 mmol per L water).
Note that the expected lifespan of a mega beach nourishment is
also 30 years (Stive et al., 2013). When the CaCO3 content becomes
below 0.35%, the CaCO3 will dissolve within 30 years when a pyrite
oxidation of 1.5 mmol per L water is present.

4. Discussion

Target Values for trace elements were regularly exceeded for
pore water, especially at the beach nourishment sites, for Mo, Ni, Cr

and As, whereas the Intervention Values were exceeded sporadi-
cally. Pyrite oxidation contributes to the mobilisation of these ele-
ments, which happens mostly under fresh water conditions. At
neutral pH, these trace elements become sorbed to Fe oxy-
hydroxides that are also produced during pyrite oxidation in an
aerobic environment (Stumm and Morgan, 2012; Saulnier and
Mucci, 2000). However, the presence of oxyanionic compounds of
Mo, Cr and As may compete and as a result these trace elements
remain mobilised (Langmuir, 1997; Paoletti, 2002). Additionally,
dissolved As competes with other dissolved species as well, such as
V, PO4 and Si, which may also inhibit adsorption (Stollenwerk,
2003; Johannesson and Tang, 2009). The relationship found be-
tween Cr and pH in the two carbonate-rich sites Megag and Tradg
may be related to the preference of Cr to adsorb to carbonatic
phases; it can become remobilised when carbonate minerals go
into solution (Shaheen and Rinklebe, 2015). The mobilisation of
trace elements can be prevented by limiting the oxidation of ma-
terial dredged from the sea floor. Long-term oxidation processes
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can be limited by creating a nourishment with a thin unsaturated
zone (like that at the reference site) or with no unsaturated zone at
all (for example, a foreshore nourishment instead of a beach
nourishment).

Trace element concentrations in the sediment did not exceed
Intervention Values or Target Values at any of the sites and we
found that the fine fraction of <150 pm contained higher trace
element contents than the total sediment, which was also observed
by Sarkar et al. (2017). However, the fine fraction was generally
small, with a limited amount of organic matter and associated low
turnover and the nourishment sites had much stronger sorting than
the reference location, probably because of dredging (Pit et al.,
2017). We foresee that if the beach sand contains a significant
fine fraction, the content of trace elements in pore water may be
affected locally. With a concept like the Sand Engine, where the
development of a spit is important and therefore aeolian activity
should be encouraged, sorting processes may locally cause trace
element content in the sediment to increase with time, to create a
body of sand with relatively high trace element contents. The
anomalous Ti content at Megag compared to the Ti content at the
other field sites may be related to geological differences, as Megag
contains material from two different geological layers (Pit et al.,
2017).

The surface sediment samples were in general continuously
unsaturated and redox potentials were found to be high as indi-
cated by the absence of dissolved Fe. Therefore, chemical processes
can mainly be focused on oxidation processes. However, Amgg, and
sedimentary S results indicate that reducing conditions of N
occurs as well, especially at Ref, where Target Values for trace el-
ements were less exceeded compared to the beach nourishment
sites. Reducing conditions are only observed for saline pore water
while trace elemental concentrations are low. This can be related to
a short distance to the sea or a thin unsaturated zone, of which the
latter is seen at Refp. Therefore, with a high seawater content, the
low concentrations of trace elements may be related to reducing
conditions where freshly formed Fe-sulphides might immobilize
trace elements (Frohne et al., 2011; Smith and Melville, 2004).

Besides pyrite oxidation, the influence of fresh water can be
regarded as also encouraging the mobility of trace elements.
Cationic trace elements such as Cr, Cu, Cd, Pb and Zn become more
mobile under acid conditions (Salminen et al., 2005; Langmuir,
1997). We estimated that the sand profile at an initially
carbonate-poor site with 0.35% can be decalcified to a depth of
0.5 m in 30 years when only affected by rainwater. This means that
trace elements become more mobile when buffering capacity is
limited and pH values decrease towards rainwater values (around
pH = 5: Stolk, 2001). Higher concentrations of CaCO3 have been
observed both in the Netherlands and elsewhere along coasts. For
example, Pilkey et al. (1967) found CaCOs3 concentrations of up to
45% along the southeastern coast of the United States. Also, in most
natural environmental settings the buffering capacity will not drop,
as most beaches are replenished by calcareous sand naturally or
artificially within a short period of time. Further, in most environ-
mental settings the sand is saturated with slightly alkaline seawater
that has some buffering capacity (142 mg/L alkalinity (Hem, 1985))
rather than with rainwater. We conclude that nourishments with a
CaCOs content of below 0.4%, a lifespan of more than 30 years and
are elevated well above mean sea level have a potential risk of
metal mobilisation due to freshening of the sand by rainwater.

Compared to the rates reported by other dune studies on
decalcification, our decalcification rate is relatively low. For
example, Rozema et al. (1985) reported a decalcification rate of 7.7 -
1073 per year, which would mean that the time required to become
decalcified would be over 300 years for a carbonate-rich site (3.9%
CaCO3) and 29 years for a carbonate-poor site (1% CaCOs).

Stuyfzand (1984) reported a decalcification constant 10 times
lower, which would make the period required to decalcify longer
and more comparable. However, these estimates are based on
different processes like organic matter degradation at vegetated
sites, which makes it difficult to compare our estimates with those
reported in other studies.

5. Conclusions

Our study shows that elevated concentrations of trace elements
are observed in the pore water of beach nourishments, but not in
the sediment. The main driver is pyrite oxidation, especially where
an unsaturated zone is present and rainwater influences are
apparent. From the investigated sites, the mega beach nourishment
shows the highest intensity of pyrite oxidation, because of its
thickest unsaturated zone and predominantly fresh water condi-
tions compared to the other sites. The reference site shows the
lowest intensity of pyrite oxidation or even no oxidation, which is
related to the low aeration possibilities of the beach sand because of
a thin unsaturated zone. Target Values for trace elements are
somewhat less exceeded at the mega beach nourishment compared
to the traditional nourishments, which is most likely related to
geological differences. To prevent trace metal mobility at a beach
nourishment it is most important to maintain seawater influence in
the shallow sand and to keep oxidation processes limited. This
would indicate that a shoreface nourishment is to be preferred over
a beach nourishment containing a thick unsaturated zone. Conse-
quently, the difference between a carbonate-rich or a carbonate-
poor site with presence of pyrite is of minor importance, because
the influence of seawater will limit decalcification and large-scale
oxidation processes and with that limit the risk that trace ele-
ments will be mobilised.
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