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Abstract: The cycling of metal(loid)s at the sediment-water interface (SWI) was evaluated at two
selected sites (VN1 and VN3) in an active fish farm in the Grado Lagoon (Northern Adriatic, Italy).
In situ experiments using a transparent benthic chamber and the collection of short sediment cores
were performed, to investigate the behavior of metal(loid)s in the solid (sediments) and dissolved
(porewaters) phases. Total and labile concentration of metal(loid)s were also determined in sedi-
ments, to quantify their potential mobility. Comparable total concentrations were found at both
sites, excluding As, Mn, Pb and V, which were higher at VN3. Metal(loid) porewater profiles
showed a diagenetic sequence and a close dependence with redox (suboxic/anoxic) conditions in
the surface sediments. Positive diffusive fluxes along with benthic fluxes, particularly at the more
oxic site, VN1, were found for almost all metal(loid)s, indicating their tendency to migrate towards
the overlying water column. Despite sediments at two sites exhibiting high total metal(loid) con-
centrations and moderate effluxes at the SWI, the results suggest that they are hardly remobilized
from the sediments. Recycling of metal(loid)s from the SWI would not constitute a threat for the
aquatic trophic chain in the fish farm.
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1. Introduction

Sediments are a critical compartment of aquatic ecosystems where natural and an-
thropogenic chemical substances accumulate. Metal(loid)s represent a serious threat to
the marine environment due to their potential toxicity, relative abundance, persistence
and bioaccumulation throughout the whole trophic chain. The study of their behavior and
cycling at the sediment-water interface (SWI) is of great importance and allows for the
planning of possible mitigation actions. The SWI represents the upper limit between the
sediment and the overlying water column where the biogeochemical cycles of elements,
such as metal(loid)s, interact with each other, contributing to their release from sediment,
temporarily accumulated and immobilized in the solid phase, to the overlying water col-
umn [1]. Dissolved metal(loid)s can return to the bottom sediments through precipitation
and/or adsorption on the surface of the suspended particulate matter (SPM) and its sub-
sequent settling. Because sediments can act as an ultimate reservoir (sink) to store con-
taminants, they are suitable indicators for monitoring water quality [2] and/or to act as a
secondary source of contamination, following natural and anthropogenic events [3].
Moreover, the biogeochemical processes that occurred in sediments can also mobilize [4]
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and transform metal(loid)s into more toxic chemical forms as a result of their physico-
chemical alterations [5], thus becoming potentially available for biota [6,7]. The SWI plays
an important role in the assessment of metal contamination in aquatic environments, es-
pecially in the transitional systems such as lagoons.

The Marano and Grado Lagoon (Northern Adriatic Sea, Italy) is affected by a high
degree of mercury (Hg) contamination in sediments originating from the Idrija mine (NW
Slovenia) and the decommissioned chlor-alkali plant of Torviscosa (Italy) [8]. In addition,
previous studies reported an evident accumulation of other metal(loid)s in the lagoon
subtidal sediments caused by industrial, urban and tourist activities [9-11].

In this research, we evaluated the mobility of metal(loid)s (As, Cd, Cr, Cu, Fe, Hg,
Mn, Ni, Pb and Zn) at the SWI in a lagoon environment modified for aquaculture purposes
(fish farm) previously investigated for Hg contamination in sediments and its bioavaila-
bility for farmed fish species [12], as well as for nutrient cycling through the SWI[13]. The
potential mobility of metal(loid)s from the sediment to porewaters and to the overlying
water column was assessed by estimating diffusive and benthic fluxes as a consequence
of diagenetic redox reactions involved in the remineralisation of organic matter. The re-
sults can be useful in understanding the mobility of the metal(loid)s in this compartment
thus providing useful information to improve the environmental quality of this modified
aquatic system.

2. Materials and Methods
2.1. Study Area

The Val Noghera fish farm is one of the few fish farms still active in the Marano and
Grado Lagoon (Northern Adriatic Sea, Italy) and is considered one of the greatest and
most productive (Figure 1). The fish farm was constructed by building a perimeter of man-
made embankments in the lagoon environment. Sluice gates are the only method of water
exchange between the fish farm and the lagoon environment. The fish farm covers a sur-
face area of 220 ha, with a dense network of primary and secondary channels, salt marshes
and fish ponds.

d
“\a"a(\0 ir.‘..a?'[f?% Lag"ﬂ
= \‘N( wd
Val Noghera

;‘%ﬁ Northern j
s Adriatic sea

[

S5 Studysite
= Street
Fish ponds
Sluice gates
(Channels

=== Primary
=== Secondary

=== |nternal

0 100 200 300 400m
— —

Figure 1. Study area: Val Noghera fish farm with the two sampling sites, VN1 and VN3, located in
two of the channels belonging to different sectors of the Marano and Grado coastal lagoon.

Previous investigations carried out in the Val Noghera fish farm, regarding Hg bio-
geochemical cycling at the SWI[12] and the recycling of organic matter and nutrients [13],



Appl. Sci. 2021, 11, 2350

3 of 16

highlighted that these biogeochemical processes are enhanced compared to those in the
open lagoon [14,15]. We investigated the presence and mobility of other metal(loid)s in
the sediments to evaluate if, following the biogeochemical processes at the SWI, they can
be transferred, in dissolved form, to the water column, becoming a potential risk to be
taken up by the farmed fish. The selected sampling sites, VN1 and VN3 (Figure 1), are
located in two primary channels of the fish farm belonging to two sectors with different
hydrodynamics. Site VN1 (45°42'36.78" N; 13°18'29.83" E) is located in the eastern sector
(built in the 60's), where the water recirculation is more intense than that of VN3
(45°42'49.80" N; 13°17'15.27" E), which is located in the western sector (constructed at the
beginning of the 19th century) [12,13].

The experiments were performed in July-August 2015, during the season of intense
microbiological activity [14,16,17]. The elevated temperature appears to enhance the avail-
ability of some metals also by accelerating the degradation of organic matter in the surface
sediments [13], which can release some elements bound to the organic fraction (70-80%)
and stimulating the microbial transformation of some metals into a more toxic form [12].

2.2. Sampling

An in situ transparent benthic chamber equipped with a stirring mechanism was
carefully deployed by a scuba diver at the bottom, thus isolating an area of about 0.25 m?
of sediments together with an approximately 30 cm of the water column. Water samples
were collected with 50 mL polypropylene syringes, at approximately 2 h intervals (from
To =0 to T+ = 8 h). The collected water was filtered through 0.45 um pore size (Millipore
Millex HA) membrane filters, transferred into the specific vials and stored until analytical
determinations [14]. The water sample aliquots for dissolved metal(loid)s were immedi-
ately acidified with HNOs (1%, v/v, VWR 269%) whereas the samples for Hg determina-
tion were immediately oxidised with bromine chloride (BrCl Hg-free from Brooks Rand
Instruments, 0.5% v/v, until the colour of the sample turned yellow). Water temperature,
conductivity, pH, redox potential (Eh) and dissolved oxygen were recorded, using a mul-
tiparameter probe (YSI Professional Plus Multiparameter Meter) directly inserted into the
benthic chamber.

In parallel, undisturbed short sediment cores (30 cm g, 16 cm in length) with the over-
lying (supernatant) water were collected. These cores were extruded in a N2-filled cham-
ber in the laboratory, to preserve the original redox conditions and, after supernatant wa-
ter collection, sectioned into discrete levels (0-1, 1-2, 2-3.5, 3.5-5, and 5-7 cm). The
porewaters were extracted by centrifugation (5000 rpm; t = 14 min) at in situ temperature,
filtered through Millipore Millex HA membrane filters (0.45 um pore size) and stored at
4 °C until analysis. The sediment samples were divided into three aliquots for subsequent
analyses and freeze-dried.

2.3. Solid Phase Analysis

For grain-size analysis, approximately 15-20 g of fresh sediment was treated with
H20:2 (3%) for a minimum of 24 h, to eliminate most of the organic matter. Subsequently,
the sediment was wet-sieved through a 2 mm sieve, to remove coarse shell fragments. The
resulting <2 mm fraction was analyzed, using a laser granulometer (Malvern Mastersizer,
2000). Total and organic carbon (Ciot and Corg) and nitrogen (Niwt) content were determined
by using an ECS 4010 Elemental Combustion System, Costech. Cit and Newt were deter-
mined at a combustion temperature of 1020 °C and Corg at 920 °C [18], after progressive
acidification with 0.1-1.0 M HCl (prepared from 37% HCI, Honeywell Fluka), to remove
carbonates.

The EPA Method 3052 [19] was applied, to determine total metal(loid) (As, Cd, Co,
Cr, Cu, Fe, Mn, Ni, Pb, V and Zn) contents. Three aliquots of PACS-3, a certified reference
material (Marine Sediment, NRCC, Whitehorse, YT, Canada), were mineralized with the
sediment samples, to verify the accuracy of the procedure. The solutions obtained were



Appl. Sci. 2021, 11, 2350

4 of 16

analyzed by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), us-
ing an Optima 8000 Spectrometer (Perkin Elmer, Waltham, MA, USA), equipped with an
510 autosampler. The measurements were conducted by using calibration curves obtained
by dilution (range: 0.1-10 mg/L) of the standard solutions for ICP analyses (Sigma-Al-
drich, St. Louis, MO, USA). Total Hg (THg) was determined by using a Direct Mercury
Analyzer (DMA-80, Milestone, Sorisole, Italy), according to the EPA Method 7473 [20].
The limit of detection (LOD) was approximately 0.005 ng. The accuracy of the methods
for analytical determination of trace elements was checked, using the certified reference
material (PACS-3), and acceptable recoveries were obtained, ranging between 86 and 98%.

In addition, a weak extraction with 0.5 M HCl was performed to assess the amount
of the elements in association with Fe and Mn oxides and hydroxides [21]. The obtained
extracts were analyzed by using a Perkin Elmer (Waltham, MA, USA) NexION 350X In-
ductively Coupled Plasma-Mass Spectrometry (ICP-MS), working in kinetic energy dis-
crimination (KED) mode, using ultrahigh-purity helium, to minimize polyatomic interfer-
ence. The instrument was calibrated, using five standard solutions (0.5-100 pg/L) pre-
pared by dilution from a multi-standard solution (Periodic Table MIX 1, Sigma Aldrich 10
mg/L). The matrix effect was evaluated through the analysis of laboratory-fortified sam-
ples, which can be considered standard solutions prepared in the sample matrix. Accepta-
ble recoveries were obtained (77-104%) and attesting to a negligible matrix effect. The
precision of the analysis expressed as RSD% was <3%.

2.4. Dissolved Phase Analysis

Total dissolved metal(loid), excluding Hg, concentrations were determined by using
an ICP-MS (NexION 350X, KED mode). The analysis was carried out, using the calibra-
tion curve method obtained by analyzing five standard solutions (range 0.2-10 pg/L) pre-
pared after dilution of a stock standard solution (Periodic Table MIX 1, Sigma-Aldrich, 10
mg/L). Analyses showed the variation coefficient <3%. The total dissolved Hg (DHg) de-
termination was conducted via a pre-reduction, using NH2OH-HCl (30%, 0.25 mL), until
the yellow colour disappeared, followed by a reduction with SnCl> 2% (Sigma-Aldrich) in
HCI 4%, as in the EPA Method 1631e [22] and Atomic Fluorescence Spectrometry (AFS)
detection (Mercur, Analytik Jena GmbH, Jena, Germany) coupled with a gold trap pre-
concentration system. The NIST 3133 certified solution was used for calibration and
ORMS-5 (CRM, Brantford, ON, Canada) was used for quality control (recovery of 105%).
The detection limit calculated on the basis of ten standard deviations of the reagent blank
was 0.63 ng/L and the quantification limit (LQD) was 2.11 ng/L. The precision of the anal-
ysis expressed as RSD% was <4%.

2.5. Diffusive and Benthic Flux Calculation Dissolved Phase Analysis

The mobility of the dissolved species across the SWI can be estimated through the
calculation of diffusive fluxes according to Fick's First Law [23,24]:

F = ~(pDw/62) 5C/dx.

The formula represents the instantaneous flux (F) of a solute with concentration C at
depth x. The ratio 0C/dx is the concentration gradient of the chemical species between the
porewaters at a depth of 1 cm and the overlying water; ¢ is the sediment porosity; and 0
is the tortuosity (dimensionless), estimated from the porosity, using the formula 02 =1 -
In (¢?) [25]. The diffusion coefficient of each metal(loid) in water (Dw) in the absence of
the sediment matrix at 25 °C was obtained from Li and Gregory [26], with the exception
of Hg for which the Dw value used is 5 x 10 cm?/s [27]. The positive values indicate net
fluxes from the porewaters to the overlying water (effluxes), whereas the negative values
are representative of net influxes.

In order to interpret the tendency of the metal(loid) to be released from the sediment
to the overlying water or the opposite, from the water column to the bottom sediments,
during the experimental time, in situ diurnal benthic fluxes (F) of dissolved species across
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the SWI were calculated with the method proposed by Zago et al. [28]. The same method
was used by Petranich et al. [12], to calculate the daily Hg and MeHg net fluxes according
to the following formula:

F = (Ca+1- Cn) (V/A)/(tns 1~ t)

Using these methods, it was possible to determine the final metal(loid) evolution
trends taking into account the concentration variability, step by step, which shows a neg-
ative or positive trend depending on the decrease or increase in metal(loid) concentrations
during the experiment.

2.6. Exploratory Multivariate Data Analysis

A principal component analysis (PCA) was used as an unsupervised exploratory
chemometric tool for the identification of relationships within variables (PC loadings and
loading plot) and within samples (PC scores and score plot) [29]. A Log-transform was
applied to those variables which did not show a normal distribution, and the experimental
data were preprocessed through column autoscaling, in order to minimize systematic dif-
ferences [30]. The CAT (Chemometric Agile Tool) package, based on the R platform (The
R Foundation for Statistical Computing, Vienna, Austria) and freely distributed by
Gruppo Italiano di Chemiometria (Italy) [31], was used for multivariate data processing.

3. Results and Discussion
3.1. Solid Phase
3.1.1. Sediment Geochemistry and Enrichment Factor (EF) of Metal(loid)s

Based on the grain-size data, sediments of both cores were rather homogeneous with
depth. According to Shepard's classification [32], both sediments were prevalently silty
(average 74% at VN1 and 69% at VN3), followed by sandy and clay fractions, on average
18% and 7% at VN1 and 25% and 5% at VN3, respectively [12].

The total carbon (Ciwt) profiles showed a decreasing trend with depth, from 6.16 to
5.59% at VN1, and from 7.42 to 5.77% at VN3, whereas the organic carbon (Corg) contents
varied in a narrow range (1.85-2.57% at VN1 and 1.85-3.99% at VN3) [12]. Total nitrogen
(Ntwot) decreased with depth only at VN3 (from 0.51% to 0.18%) [12]. The Corg/Ntot molar
ratio >14 is characteristic for organic matter of terrestrial origin [33], which is typically
depleted in nitrogen and enriched in carbon. Conversely, the molar ratio <10 is associated
with marine-derived organic matter, characterized by higher nitrogen contents [34]. In
this study, Corg/Nwt was usually <10, thus indicating the marine origin of the organic mat-
ter. Only the last two levels at VN3 showed higher Corg/Niot values of 10.2 and 17.4, respec-
tively [12].

As an additional chemometric support to the traditional data interpretation, PCA
was performed on total and labile metal(loid) concentrations in sediments to better un-
derline differences between the two investigated sites and among depth levels (Figure 2).
The two investigated sites are clearly distinguished in the PCA output, and, generally,
slightly higher concentrations of metal(loid)s were found at site VN3 where Cd, Cr, Cu,
Fe, Ni, Pb, V and Zn reached maximum values in the first level of sediments (Figure 2 and
Table 1). The vertical profiles of Cd, Cu, Cr, Fe, Mn, Ni, Pb, V and Zn contents at VN1
showed rather constant values with increasing depth, thus suggesting a common source
of these metal(loid)s (Supplementary Materials Figure S1). Arsenic and Hg varied in a
relatively narrow range decreasing with depth. Moreover, at site VN3, the metal(loid)
trends were pretty constant with depth, and only As, Hg and Mn showed increasing val-
ues (Table 1).
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Figure 2. Score and loading plots resuming the results of principal component analysis (PCA) per-
formed on total and labile metal(loid) concentrations is sediments at sites VN1 and VN3.

Table 1. Metal(loid) concentrations in each level of the VN1 and VN3 sediment cores.

Level Al Fe As Cd Cr Cu Hg Mn Ni Pb \Y% Zn
(m) % % ug/g pg/g pg/s ug/lg uglg uglg ug/g ug/s pglgs uglg
0-1 7.03 571 7.62 164 848 259 510 404 557 326 783 850
1-2 888 678 7.73 194 837 274 419 359 570 374 811 870
VN1 2-35 726 619 644 189 788 236 362 340 552 368 777 100
35-5 874 693 593 213 903 30.7 320 313 649 412 934 121
57 676 499 647 190 740 190 215 396 47.6 329 672 722
0-1 534 718 829 222 865 328 420 366 602 432 871 954
12 618 655 112 229 853 299 511 444 584 431 863 934
VN3 235 686 682 123 226 831 254 687 497 548 409 800 859
35-5 7.86 597 115 239 857 243 598 512 542 398 785 807
57 687 609 107 200 848 246 523 529 574 371 835 864

Site

To assess whether “anomalous” metal(loid) contributions are present in the sedi-
ments, metal(loid) concentrations (M) were normalized to a grain-size proxy, i.e., a nor-
malizing element (N), and compared to the same ratio from the local baseline, to obtain
the Enrichment Factor (EF = [M/N]sample/[M/N]paseiine). In this study, Al was chosen as the
normalizing element, since it has been proved that it is essentially lithogenic in the sedi-
ments of the Northern Adriatic [35]. The M/N ratio for the baseline was calculated from
the average concentrations obtained from the deepest three levels (49-50, 69-70 and 95—
96 cm) of a 1 m-long sediment core collected in the Grado Lagoon (G4, [36]) near the Val
Noghera fish farm. A value of unity denotes no enrichment or depletion relative to the
local background.

According to the five degrees of contamination proposed by Sutherland [37], the
highest EF values were found at site VN3 (Supplementary Materials Table S1), especially
for Cd and Hg, which showed a significant enrichment (EF = 5-20), and for Fe, which
showed a moderate enrichment (EF = 2-5), but only in the 0-1 cm level (2.27). Cadmium
and Hg were significantly enriched also in core VN1, but with EF values lower than VN3.
The significant enrichment of Hg is due to the legacy of 500 years of the historical mining
activity at Idrija (NW Slovenia) [38], whereas Cd, as well as the minimal enrichment (EF
<2) observed for Fe, Pb and Zn at both sites, could be associated with the more recent
anthropogenic inputs from several local sources, mainly industrial and agricultural activ-
ities located inland. Among them, the industrial site of Torviscosa represents the main
source of concern [11], being the primary chemical stress for the lagoon environment. In
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addition to Hg, which was discharged from 1949 to 1984 into the Aussa-Corno River sys-
tem from the decommissioned chlor-alkali plant of Torviscosa, the occurrence of other
metal(loid)s (Cd, Zn, As, Pb and Cu) could be related to several industrial activities that
took place in this site [11]. Moreover, hot-spot contamination sources due to industrial
activities, as well as waste disposal, have been identified at the industrial area of Porto
Nogaro harbour [11]. Anthropogenic metal(loid)s successively accumulated in the cen-
tral-western sector of the lagoon, included in this fish farm, before the construction of the
embankments. Moreover, we cannot discard that these inputs could be partially associ-
ated with the terrigenous supplies of the Isonzo River flowing into the Gulf of Trieste.
Here, the main anticlockwise circulation system and the longshore currents are responsi-
ble for the transport of fluvial sediments to the eastern sector of the lagoon through the
tidal inlets [39]. No enrichment (EF = 1) for As, Cr, Cu, Mn, Ni and V was observed at
either site (Supplementary Materials Table 51).

3.1.2. Labile Fraction of Metal(loid)s in Sediments

The weak extraction did not depict a noticeable difference between sites and depth
levels (Table 2), excluding Mn at both sites (35.3% and 28.34% of the total content at VN1
and VN3, respectively), as well as Cr and Nj, in the level 3.5-5 cm at VN3 (19.9% and
14.4% of the total content, respectively) (Figure 2).

Table 2. Labile fraction (expressed in %) of metal(loid)s in sediments at sites VN1 and VN3. The
abbreviation “u. f.” means unavailable form and “LOD” means limit of detection.

Level Al As Cd C Cu Fe Hg Mn Ni Pb V Zn

Site (cm) Labile Fraction (%)
0-1 009 159 996 wu.f. wu.f. 001 wuf 352 295 018 0.05 9.30
1-2 0.09 08 886 wuf uf 000 wuf 341 369 uf. 003 122
VN1 2-35 <LOD 08 930 wu.f. uf 004 uf 361 371 0.04 0.03 119
35-5 0.02 133 863 wu.f uf. 011 wuf 332 427 012 0.03 10.6
5-7 003 142 6.77 wu.f. u.f. 001 wuf 379 232 uf. 019 455
0-1 008 130 791 wu.f. uf 037 uf 282 38 028 003 13.6
1-2 006 063 763 wuf uf 011 uf 284 317 006 0.02 122
VN3 2-35 010 051 445 wu.f. uf. 000 wuf 254 034 uf 022 034
35-5 008 08 462 199 wu.f 008 uf 296 144 004 088 1.44
5-7 011 080 462 007 wuf 000 wuf 301 043 u.f. 123 037

In general, the labile fraction of metal(loid)s decreased in the following order: Mn >
Zn > Cd > Ni> As, Fe, V and Pb (in some levels). Chromium, Cu and Hg were not shown
to be associated with the labile fraction (0% of the total content), whereas As, Fe, V and in
some levels Pb showed very low mobility (0.04-1.59%), Ni showed a scarce mobility (0.34-
4.27%), excluding the level 3.5-5 cm at VN3 (14.4%), and Zn and Cd showed a limited
mobility (0.34-13.6% and 4.45-9.96% for Zn and Cd, respectively). Only the labile fraction
of Mn was found to be the highest (25.4-37.9% of the total content), especially at VNI.

Mineralogy and grain-size, chemical speciation, pH, Eh and organic matter are im-
portant factors influencing the accumulation and availability of metal(loid)s in sediments
[40] and they affect their remobilisation and partitioning between solid and dissolved
phases. It is known that the reduction of Fe and Mn oxy-hydroxides can favor the release
of some metal(loid)s previously associated with sediment particles to porewaters [41].

In anoxic conditions, metal(loid)s can also form insoluble sulphides and precipitate in
the sediment [42]. In our study, the negative Eh values in sediments and the high H2S con-
centrations in porewaters (up to nearly 1200 pmol/L, [12]) could have contributed to the
formation of stable complexes with sulphides [43], since the mobility of the majority of
metal(loid)s was found to be scarce or null. The notable Cd, Ni and Zn partitioning in the
labile fraction could be attributed to their bonding onto Mn hydrate complex, as indicated
by the high percentage of Mn labile fraction (Table 2). Its reduction might have affected the
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metal remobilisation and redistribution [41]. A value of unity denotes no enrichment or de-
pletion relative to the local background. The low percentages of the labile fraction, consid-
ered as an operational parameter subjected to different non-selective extraction procedures
and the presence of various phases [44], seem to limit the role of sediments as a secondary
contamination source. In perturbed sediments, the changes of the redox conditions might
partially favor the release of metal(loid)s to the porewaters and the water column.

3.2. Dissolved Phase
3.2.1. Metal(loid) Concentration Profiles in Porewaters and Distribution Coefficient (Kp)

Aluminum, Cd, Cu, Fe, Pb and Zn concentrations in porewaters, at VN3 were higher
than those found at VN1 (Figure 3). At site VN1, metal(loid) concentrations varied with
depth (excluding Al which remained rather constant) and almost all (As, Cd, Fe, Hg, Mn,
Pb and V) showed a maximum in the first level (0-1 cm) and then a decrease with depth,
except for As and V, which conversely increased. A similar trend was observed for Hg,
Fe, Mn, Cr and Ni. Mercury, Fe and Mn (Figures 3 and 4) showed the maximum concen-
trations in the first level (0-1 cm) whereas Cr and Ni in the second level (1-2 cm). Simi-
larly, in the porewaters of VN3, the maximum occurred in the first 2 cm.
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Figure 3. Vertical profiles of metal(loid)s in porewaters at both investigated sites. (*) For a better
comparison of the results with those obtained for site VN3, the values of As in VN1 were graph-
ically divided by a factor of 10.

According to the early diagenetic sequence [45], the approximate location of Mn re-
duction should be found above the Fe reduction zone, but this never occurred in any site;
the Mn reduction zone is below that of Fe at VN3, whereas they are overlapped at the
depth of 0-1 cm at VN1 (Figure 4). However, the marked enrichment of Fe, Mn and H-S
in the upper levels (0-1 and 1-2 cm) at both sites, where the Fe-Mn oxy-hydroxides and
sulphate reduction zones seem to overlap, did suppose the presence of a redox-cline at
the top of the sedimentary sequence. Since Fe and Mn concentrations decreased in parallel
with Cu, Cr, Ni, Hg, Pb and Zn, whereas the HzS concentrations remain high until the last
layer (933 umol/L at VN1 and 968 umol/L at VN3), as well as high total sulphur contents
in the sedimentary matrix [12], both reactions among H2S and metal(loid)s, followed by
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precipitation, and the formation of insoluble compounds (e.g., sulphides) or complexes
with very low solubility [43], could explain these decreasing trends.

The vertical profiles of the metal(loid) concentrations were variable in porewaters
but relatively constant in sediments (Supplementary Materials Figure S1), and no relation-
ship was identified between the two phases.

Factors such as HaS concentrations and metal speciation could be important in the par-
titioning of metal(loid)s between both phases in these strong reductive sediments character-
ized by low Eh, varying from —417 to 439 mV, at VN1, and from -367 to —401 mV, at VN3.

Fe (ug/L) Mn (ug/L) HzS {umol/L)
80 120 0 400 800 1200 0 400 800 1200
- 4 4 \ )
b « SWI 0 \ SWi 0 \ - SWi
—
-~
- t
- 14
= [}
3 2 2
2
£ 3 3
g J
o 4 i
5. 5 ]
|
6 6
7 7 7

Legend: =——@=— YNl e==#= VN3

Figure 4. Comparison between vertical profiles of dissolved Fe, Mn and H2S [12] in porewaters in
the two selected sites, VN1 and VN3.

LogKbp values, describing the partitioning of metal(loid)s between solid and dis-
solved phase [41,46,47], are rather constant with depth at both sites. Only the logKo of Cd,
Hg, Pb and Zn slightly vary at VN1 and Al, Cr, Fe and Pb vary at VN3 (Supplementary
Materials Table S2). The highest mean values were found for Al (7.55 + 4.15), Fe (6.50 +
0.30), Hg (5.26 +0.94) and Pb (4.98 £ 0.34) at VN1, and Al (6.71 +0.43), Cd (4.99 + 0.14) and
Fe (6.26 £ 0.32) at VNB3. Since no significant differences were detected between the two
sites (Supplementary Materials Table 52), a steady equilibrium between the dissolved and
the solid phase was supposed.

Comparing our results with previous research, the logKp values for Hg (5.26 + 0.94
at VN1 and 4.86 + 0.15 at VN3) are comparable to those found in Taranto’s Mar Piccolo
(5.4 £0.2 and 5.3 £ 0.1) which is contaminated by Hg and other trace metals of industrial
origin [23]. Our values were also found to be similar to those estimated in two marinas
(5.30 £ 0.88 and 4.95 + 0.88) of the Northern Adriatic [24].

LogKb of Cd, Cr, Cu, Fe and Ni were usually found to be the highest; As, Hg, Mn
and Pb showed similar values; and Zn was found to be the lowest. Considering other
studies, logKo for Zn (4.06 + 0.46 at VN1 and 3.56 + 0.37 at VN3) were similar to those
found in the Galveston Bay, Texas (3.9 £ 0.3, [41]) and in the Kalloni Bay, Greece (3.6 + 0.3,
[48]), whereas the logKb for Fe (6.50 + 0.30 at VN1 and 6.26 + 0.32 at VN3) was found to be
the highest (4.3 + 0.5 and 5.3 + 0.8, respectively). Only the logKbp values for Mn (2.94 + 0.36
at VN1 and 2.87 + 0.08 at VN3) were higher than those of the Galveston Bay (2.0 + 0.3) but
lower than in the Kalloni Bay (4.2 + 0.8). The rather constant trend with depth at both sites
(Supplementary Materials Table S2), as well as the high logKbp values estimated for Al, Fe
and Hg, likely reflects the scarce mobility of metal(loid)s from the fish farm sediments to
the water column, as also confirmed by the results obtained by the weak extraction pro-
cedure (Table 2).

3.2.2. Metal(loid)s in the Benthic Chamber

The two sites experimented different behavior, especially in terms of dissolved oxy-
gen (O2) concentrations and Eh values in the benthic chamber. Site VN1 showed Oz levels
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(1.97-3.33 mg/L) and positive Eh values (8.7-87 mV). Conversely, VN3 was characterized
by anoxia (O2<0.1 mg/L) and reducing conditions, where Eh values were clearly negative,
ranging between -356 and -394 mV. This wide dissimilarity could be attributed to the
location of the sampling sites in the fish farm in terms of hydrodynamics, since the water
circulation is driven by the wind and water exchange with the open lagoon only occurs
through the sluice gates [12].

The highest metal(loid) concentrations during the benthic chamber experiments were
found at site VN1, excluding As, Cu, Hg and Mn which were higher at VN3 (Figure 5).
Excluding As, Mn, Pb and V, which remained constant during the experiment at VN1, the
maximum values generally occurred at T1 (2 h) and Tz (4 h) samplings and then decreased
until T4 (8 h). Only Zn showed an increase until the end of the experiment. These trends
may be justified by the opposite behavior of dissolved Oz and Eh (Figure 5), since the
precipitation of metal(loid)s in oxidized form, likely associated with Fe oxides, would
have occurred. The increase of Oz at VN1 suggests that the dissolved O: production by
photosynthesis prevailed over the microbial respiration. On the contrary at VN3, where
nearly all metal(loid)s remained rather constant, Cu slightly varied over time and Pb and
Zn showed a maximum at T1(2 h) and Ts (6 h), respectively (Figure 5). This can be a con-
sequence of the permanent reducing conditions that characterised this site during the ex-
periment. Indeed, the constant anoxia has likely prevented the alternation of the precipi-
tation and dissolution processes, which usually influence the physicochemical form of the
metal(loid)s, favoring the presence of the dissolved form, and, thus, eliminating the vari-
ability that characterised the behavior of metal(loid)s.
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Figure 5. Concentrations of metal(loid)s, hydrogen sulphide (HzS, [12]), dissolved oxygen and Eh
values vs. time in the benthic chamber at VN1 and VN3.
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3.2.3. Diffusive and Benthic Fluxes at the SWI

Regarding the diffusive fluxes, a net efflux involved most of the studied metal(loid)s
(Table 3), especially at VN3. The influxes were only estimated in the case of Ni (-0.53
ug/m? d) and Zn (-23.7 pg/m? d) at VN1. Remarkable Mn efflux was found at both sites
(3415 and 803 pg/m2d at VN1 and VN3, respectively), reflecting its elevated labile con-
centration in the corresponding sediment (Table 2). Conversely, high effluxes were shown
by Fe and As at VN1 and Zn at VN3 (Table 3), possibly due to the corresponding low
concentrations found in the supernatant waters, rather than their very low labile fraction
(Table 2). Comparing our results with those of Taranto’s Mar Piccolo [23], we saw that our
fluxes were higher, up three orders of magnitude in the case of As (240 and 0.99 pug/m?d,
respectively) and Fe (167 and 0.03 pg/m?2 d). This indicates intense recycling at the SWI
and release to the water column. However, from the comparison with diffusive fluxes
reported for two marinas [24], it appears that Cd, Cr and Ni resulted, whereas Cu and
especially Hg showed much lower effluxes (0.44 and 0.08 ug/m? d at VN1 and VN3, re-
spectively, vs. 932,238 and 92.6 ug/m? d at SL, SR1 and SR2, respectively). The diffusive
fluxes of H2S were found to be the highest in comparison with those of other studies, up
to four [24] and five [49] times higher, more evident at VN3, where H:S efflux was found
to be almost twice that with respect to VNI1.

Table 3. Comparison among diffusive fluxes of metal(loid)s (expressed in pg/m? d) and HzS (expressed in mmol/m? d,
[12]) estimated at VN1 and VN3 (SLO: Slovenia; ITA: Italy; n.d.: not determined).

Site Diffusive Fluxes (ug/m? d) (mmol/m? d)
Al As Cd Cr Cu Hg Fe Mn Ni Pb V Zn H-S
VN1 (this study) 13.3 240 0.04 0.99 0.24 044 132 3415 -0.53 4.44 8.62 -23.7 28.6 [12]
VN3 (this study) 55.1 2.06 0.04 7.01 1.79 0.08 167 803 690 574 11.0 345 55.5[12]
SL, Lucija (SLO) [23] nd. 21.0 0.02 547 8.05 932 0.03 499 6.36 -52.2 n.d. -3.36 0.006
SR-1, San Rocco (ITA) [23] n.d. 504 0.00 0.21 -17.7 283 1.47 409 -8.27 —62.7 n.d. -90.7 n.d.
SR-2, San Rocco (ITA) [23] n.d. 11.7 -0.03 0.56 -157 92.6 0.97 6980 1.11 4.75 n.d. 372 0.001

1E, Taranto (ITA) [22]

nd. 0.99 0.00 0.01 0.14 1.50 0.03 78.0 0.02 -0.13 -0.61 -2.87 -0.0002

11, Taranto (ITA) [22]

nd. 1.31 0.03 0.02 -0.08 12.1 0.00 47.9 0.04 0.20 -0.92 -0.38 0.0021

Almost all the benthic fluxes were found to be positive, even reaching thousands of
ug/m2d (Fe at VN1 and Mn at VN3), and therefore indicative of efflux of metal(loid)s from
the sediment to the overlying water column (Table 4). In particular, this occurred at VN3,
where effluxes of all metal(loid)s—excluding Cr, which showed an influx—could be ex-
plained by the anoxic conditions that characterised this site, as also confirmed by the high-
est efflux estimated for HoS (11,987 pmol/m? d). At site VN1, not only Cr but also Cu, Hg
and Mn showed influxes, which could be the consequence of the immobilisation of Mn
and, in parallel, of the other involved metal(loid)s. However, the highest benthic effluxes,
except As and Pb, were observed at this oxic site, VN1, thus indicating a major release
from sediment to water column of Al, Fe, Ni, V, Cd and Zn. These benthic fluxes could be
largely governed by the intense bioturbation, mostly by polychaetes [50], occurred at this
site as already observed in the Thau Lagoon along the French Mediterranean coast [51].
The effluxes of Cu, Pb and Hg, and especially As and Mn, were estimated as being higher
at VN3 than VN1, and they could be related to the association with Mn-oxides. In partic-
ular, Mn appears to be very important in the sediment redox processes [48,51] found in a
high percentage of the labile fraction as oxide and hydroxide in the thin oxic SWI onto
which other metals can be bonded or adsorbed. In anoxic conditions, Mn, which shows a
very high efflux, is reduced and released in dissolved form, together with other
metal(loid)s, to the overlying water column. Similarly, As, which is known to be involved
in the redox processes [52], showed the highest efflux at this anoxic site VN3 (Table 4).
Conversely, the lower influx of Cr at VN3 could be due to its lower solubility than in oxic
site VN1 [53] and/or complexing with organic ligands [43]. Moreover, the behavior of
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metal(loid)s also depends on microbial activity [45], which degrades organic matter that
acts as a complexing agent for many elements. This can be an additional reason for higher
effluxes of other metal(loid)s in oxic conditions at VN1. Moreover, some contribution to
the increase of the dissolved metal(loid) concentrations in the benthic chamber could be
due to the resuspension of sediment as a consequence of the benthic chamber deployment
[54]. In the case of Al it was not possible to calculate the benthic flux at the anoxic site,
VN3, since it is present in sediment and in porewaters but not in the benthic chamber.
Aluminum is a conservative element of the sedimentary matrix and was not influenced
by the changes of redox conditions.

In order to compare our results with those reported for two tourist port areas of the
Gulf of Trieste (Northern Adriatic Sea) [24], the benthic fluxes estimated at the two mari-
nas were re-calculated, using another method of calculation [28]. Our fluxes are generally
one or two orders of magnitude lower than those estimated at these two marinas (Table
4), where the highest influxes are also estimated and attributed to the precipitation of these
metal(loid)s both with Fe and Mn oxy-hydroxides (and/or sulphides) or as sulphates, and
complexation with the organic matter at the SWI [55], due to the oxic condition found in
both benthic chambers during the experiments [24].

The benthic fluxes measured with the benthic chamber (Table 4), which represent the
total fluxes, differed substantially from the diffusive fluxes (Table 3). This observation has
already been reported in previous studies [12,23,24] and attributed to intense sediment
bioturbation/bio-irrigation and/or insufficient resolution in the characterisation of the con-
centration gradient close to the SWI in calculating the diffusive fluxes [51,54]. Indeed, the
diffusive flux is an instantaneous measure, while the benthic flux is a measure over time,
and it integrates the processes in the entire studied sedimentary column.

Table 4. Comparison among benthic fluxes of metal(loid)s and H2S [12] estimated at VN1 and VN3 and those re-calculated
in two marinas (SL, Lucija Marina (SLO), and SR1, San Rocco Marina (ITA), [23]), using the same method used in this
study [27]. The abbreviation “n.d.” indicates “not determined”.

Daily Benthic Fluxes
pg/m? d umol/m? d
Site Al As Cd Cr Cu Fe Hg Mn Ni Pb \ Zn H:S
_VNl 784 101 315 44 -60 1638 -1.00 -1.033 139 22 161 954 0.00
(this study)
VN3
, nd. 602 000 -630 126 63 0.60 9009 50 60 50 154 11,987
(this study)
SL[24] nd. 5040 -945 -1654 340,200 -882 -0.07 658 1260 95 315 1134 -135
SR1[24] =nd. 5355 945 630 4095 -1166 -3.92 1093 504 4199 5670 3339 -132

4. Conclusions

In this anthropogenically modified lagoon environment, notable differences in terms
of concentration and trends in sediment profiles were not observed between the two sites.
Cadmium and Hg showed high EF values at both sites (5-20), thus indicating a “signifi-
cant enrichment”, as compared to the local background. Mercury contamination is mainly
due to the legacy of the past extraction activity at the Idrija mining district (NW Slovenia),
whereas Cd enrichments are attributed to more recent undefined anthropogenic sources.
Excluding Cd and Hg, low enrichment factors (EF) were found at both sites; however,
slightly higher EF values were observed at VN3 (EF up to 2.27), with respect to VN1 (EF
up to 1.44).

Except for Mn, the labile percentage of metal(loid)s was low or absent, thus suggest-
ing that the amount of elements in association with Fe and Mn oxides and hydroxides was
scarce. The results from porewaters showed the highest concentration of Al, Cd, Cu, Fe,
Pb and Zn at VN3 and, in general, the metal(loid)s roughly followed the H:S trend. The
adsorption/release of some metal(loid)s associated with Fe and Mn oxy-hydroxides and
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FeS/FeS: or precipitation as sulphides govern their mobility. The logKo values at the two
sites did not differ significantly and were found to be comparable with values reported in
the literature. A positive diffusive flux was found for almost all metal(loid)s, thus indicat-
ing a tendency to migrate from porewaters to the overlying water, especially with regard
to Fe and Mn. However, during the benthic chamber experiment, high metal(loid) con-
centrations and great variability over time were observed at the more oxic site, VN1, com-
pared to the anoxic site, VN3. The benthic fluxes, mostly effluxes, showed significant dif-
ferences between the two sites, with the highest values estimated for Fe at VN1 and Mn
at VN3, indicating of a release from the sediment to the overlying water column. Effluxes
for all metal(loid)s, excluding Cr, and HzS were estimated at VN3 and associated with the
anoxic conditions that characterised this site. Conversely, the influxes of Cr, Cu, Hg and
Mn estimated at VN1 could be the consequence of the immobilisation of Mn and concom-
itantly other involved metals. However, the highest benthic effluxes, except for As and
Pb, were observed at this oxic site (VN1), thus indicating a major release from the sedi-
ment to the water column of Al, Fe, Ni, V, Cd and Zn. A possible explanation could be the
intense bioturbation produced by benthic organisms that plays a major role in the signif-
icant variability of the metal benthic fluxes in the lagoon. Overall, the mobility of
metal(loid)s from the sediment to the porewaters and to the overlying water column, alt-
hough driven by an intense remineralisation of the organic matter and bioturbation, ap-
pears to be limited and related to the specific environmental conditions of the experi-
mental site. Therefore, it seems that the presence of metal(loid)s in fish farm sediments,
excluding Hg, for which this semi-confined environment was found to be a potential bio-
reactor for MeHg production, [12] do not represent a severe risk for the aquaculture ac-
tivity.

Supplementary Materials: The following are available online, at www.mdpi.com/2076-
3417/11/5/2350/s1. Figure S1: Metal(loid) profiles in VN1 and VN3 sediment cores. Table S1: Enrich-
ment factors (EFs) calculated for all metal(loid)s for each level of the sediment cores (VN1 and VN3).
Table S2: Log Kb values for all metal(loid)s in each level of cores VN1 and VN3.
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