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a b s t r a c t

The “MIRACLE” Project was established in order to assess the feasibility of clam farming and high levels
of sediment mercury (Hg) contamination coexisting in the Marano and Grado Lagoon, Italy. This lagoon
has been subjected to Hg input from both industrial waste (chlor-alkali plant) and long-term mining
activity (Idrija mine, NW Slovenia). One of the subtasks of the “MIRACLE” Project was to determine the
historical evolution of Hg accumulation in the lagoon’s bottom sediments. Thirteen 1-m deep sediment
cores were collected from the subtidal and intertidal zones, plus one in a saltmarsh, all of which were
then analyzed for total Hg content and several physicochemical parameters. Sedimentation rate
assessments were performed by measuring short-lived radionuclides (excess 210Pb and 137Cs). For most
of the analyzed cores, natural background levels of Hg were observed at depths of 50e100 cm. In the
eastern area, Hg contamination was found to be at its maximum level at the core top (up to 12 mg g�1)
as a consequence of the long-term mining activity. The vertical distribution of Hg was related to the
influence of the single-point contamination sources, whereas the grain-size variability or organic matter
content seemed not to affect it. In the western area, Hg content at the surface was found not to exceed
7 mg g�1 and contamination was recorded only in the first 20e30 cm. Geochronological measurements
showed that the depositional flux of Hg was influenced by anthropogenic inputs after 1800, when mining
activity was more intense. After 1950, Hg in the surface sediment, most remarkable in the central-
western sector, seemed to also be affected by the discharge of the Aussa River, which delivers Hg
from the chlor-alkali plant. In 1996, Hg mining at Idrija ceased, however the core profiles did not show
any subsequent decreasing trend in terms of Hg flux, which implies the system retaining some “memory”
of contamination. Thus, in the short term, a decrease in Hg inputs into the nearby Gulf of Trieste and the
lagoon seems unlikely. A preliminary rounded-down gross estimate of total Hg “trapped” in the lagoon’s
sediments amounted to 251 t. Such a quantity, along with the complexity of the lagoon ecosystem,
suggests that an in toto reclamation of the sediments at the lagoon scale is unfeasible, both economically
and environmentally.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Sediments in shallow coastal waters act as sinks for metals
originating from both natural and anthropogenic sources. Fine-
grained sediments in particular show an ability to accumulate
metals from atmospheric deposition, from soil erosion, through
transport from watersheds downstream to the aquatic environ-
ment, or directly from wastewater discharge. Among the metals

found in coastal sediments, mercury (Hg) is of particular concern
with regards to contamination due to both its high mobility
(Fitzgerald et al., 2007) and the toxicity and bioavailability of its
organic form (methylmercury) within the food web (Morel et al.,
1998; Benoit et al., 2003). Many coastal ecosystems act as large
reservoirs of Hg through their sediments (Covelli et al., 2001; Sager,
2002; Canário et al., 2005), and a number of controlling physical
and chemical factors, such as grain-size, organic matter content
(e.g. Benoit et al., 1998; Mason and Lawrence, 1999), co-
precipitation with iron (Fe) and manganese (Mn) oxides (Gagnon
et al., 1997; Muresan et al., 2007), and binding to sulphides
(Gagnon et al., 1997; Fabbri et al., 2001), have been shown to
affect the distribution of Hg within those sediments.
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The accumulation of Hg in coastal sediments can cause signifi-
cant environmental problems (Mason and Lawrence, 1999;
Trombini et al., 2003; Piani et al., 2005), since contaminated
surface sediments can act as a potential secondary source of the
metal to the aquatic ecosystem. The resuspension of sediments by
natural (e.g. tidal fluxes, storm events) and anthropogenic (mainly
channel dredging and clam harvesting) factors may cause the
transport and dispersion of Hg from sediments, favouring the
persistence of high levels of contamination in coastal lagoon
environments (Bloom et al., 2004). The remobilization of Hg in
dissolved form may occur through benthic fluxes from the
sedimentewater interface (Covelli et al., 1999, 2008; Point et al.,
2007; Hammerschmidt and Fitzgerald, 2008), with possible
further transport to estuarine and pelagic food webs (Lawson and
Mason, 1998; Wiener et al., 2003). However, sediments may also
represent reliable ‘archives’ for the history of Hg contamination, as
well as other metals. They may even provide clues for tracing the
sources of contamination in lagoons, estuaries, tidal flats and salt-
marshes (e.g. Conaway et al., 2004; Kading et al., 2009; Ruiz-
Fernández et al., 2009; Shi et al., 2010).

The Hg in the coastal environment reported upon in the present
study (the Marano and Grado Lagoon, northern Adriatic Sea) is
supplied by two anthropogenic sources. The first, an industrial
complex that has been producing cellulose, chlor-alkali and artifi-
cial textile fibres since the 1940s, used to discharge its processing
and seepage wastewaters into the Aussa-Corno River, the main
watershed system locally, and consequently into the lagoon.
Although direct discharge of Hg no longer takes place, the metal is
still released from the contaminated industrial area into the river
system, and its distribution and abundance in the lagoon is
controlled by the salt wedge circulation system, which is influenced
by the tide (Covelli et al., 2009). The second long-term Hg source in
the area is the Isonzo River, which has been the largest contributor
of this metal into the northern Adriatic Sea since the 16th century
due to Hg mining in Idrija, western Slovenia (Horvat et al., 1999;
Covelli et al., 2001). Despite the Idrija mine having been shut
down in 1995, the contribution of Hg into the Gulf of Trieste
remains considerable. Seasonal sampling at the Isonzo River mouth
has demonstrated that dissolved and particulate Hg concentrations
are still very high during low and normal river discharge
throughout the year (Faganeli et al., 2003; Covelli et al., 2006a).
During peak river discharge and river plume formation, fluvial
suspended particulate matter represents the main input of Hg to

the coastal waters of the Gulf of Trieste. Tidal fluxes act as a sort of
natural “conveyor belt”, transporting Hg bound to suspended
particulates into the adjacent Marano and Grado Lagoon, where it
eventually accumulates on the mudflats (Covelli et al., 2007). Piani
et al. (2005), investigating Hg speciation in bottom sediments of the
Marano and Grado Lagoon, demonstrated that cinnabar (HgS),
mostly stable and insoluble, entering from the sea through tidal
inlets, dominated the central sector of the lagoon. Conversely,
organically-bound Hg, which can be transformed into bioavailable
methylmercury, was found associated with fine-grained material
accumulated near the Aussa-Corno River mouth.

This paper presents part of the results of the MIRACLE Project,
an interdisciplinary study aimed to test the coexistence of clam
farming in sediments where Hg content is recognized to be up to
three orders of magnitude higher than the natural background, and
the possible extension of the existing rearing activities to other
areas of the Marano and Grado Lagoon. Since local fishing, the
collection of clams and mussels, and edible fish cultivation are
extensively practised, there is great concern about the risk posed by
potentially harmful effects of Hg on the trophic chain (Brambati,
2001). The main aim of this work was to document the sedimen-
tary records of Hg and, on the basis of 210Pb and 137Cs sedimenta-
tion rate assessments, to reconstruct the history of Hg
contamination. By comparing Hg accumulation trends in different
areas, we were able to distinguish between Hg inputs due to the
500 years of mining activity in Idrija from those resulting from local
and more recent industrial sources. Finally, a cumulative metal
inventory was also calculated in order to provide a preliminary
estimation of anthropogenic Hg stored in the sediments of this
lagoon environment.

2. Environmental setting

The Marano and Grado Lagoon is a shallow wetland system
covering an area of 160 km2 located along the northern Adriatic
coast between the Tagliamento and Isonzo River deltas (Fig. 1). A
long, 8-m deep canal, maintained by periodic dredging to be
navigable for commercial shipping, separates the Marano Lagoon
(western part) from the Grado Lagoon (eastern part). The lagoonal
waters are affected by semi-diurnal tidal fluxes (mean and spring
tidal range of 65 and 105 cm, respectively), and show salinity values
ranging from 2 to 7 in the areas close to the river mouths, to 24e36
towards the tidal inlets (Brambati, 1996). Small rivers, which

Fig. 1. Index map of the study area showing the locations of the sediment cores. The RP27 and RP40 core sites from Piani et al. (2005) are also included.
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deliver water originating from groundwater, and from irrigation
canals, flow into the lagoon. Particulate matter from these streams
is of secondary importance. In fact, the primary source of sus-
pended sediment is the sea, which delivers material from the
Tagliamento and Isonzo River deltas, and from the erosion of the
barrier islands. Dispersion of sediments into the lagoon is
controlled by tidal fluxes through tidal inlets, where medium to
fine sands are present, whereas the fine muddy component is
widely dispersed throughout the inner basin, reaching themudflats
(Brambati, 1970).

Despite its high degree of vulnerability to the surrounding
human pressures of urbanisation and industry, the lagoon system is
one of the best conserved wetlands in the whole of the Mediter-
ranean. One such example of nearby industry is the Torviscosa
industrial complex, located in the Aussa-Corno River drainage
basin. Although the discharge of wastewater has been under
control since 1984, when clean-up technologies were introduced
(RAFVG, 1991), contaminated run-off from the industrial site still
finds its way into the river system. In addition, the lagoon, like the
whole of the northeastern most region of Italy, was highly affected
by radioactive fallout of 137Cs following the Chernobyl nuclear
accident in 1986, due mainly to the fact that this area experiences
heavier rainfall than the rest of Italy. Ever since the accident, this
area has been the focus of much related research, and is considered
a final sink of 137Cs, as well as metals (Belli et al., 1997; Piani and
Covelli, 2001). Considering the high degree of contamination, as
well as the problems for navigation along the channels due to
sediment accumulation, the Decree of the President of the Council
of Ministers of the Italian Government declared a state of socio-
economic and environmental emergency in the Marano and Grado
Lagoon in 2002. A Deputy Commissioner was then appointed to
implement a series of restoration measures to address these issues
and solve the emergency. These measures comprise several
approaches that are still ongoing; for example, the reclamation of
polluted areas, the improvement of water circulation and naviga-
bility in the lagoon channels, and environmental monitoring.

3. Materials and methods

3.1. Sediment cores

Sediment cores were collected in June and July 2008 with an in-
house corer by hand-pushing plastic tubes (10 cm in diameter,
140 cm in length) into the bottom sediments. Coring sites were
carefully selected within subtidal and intertidal areas belonging to
each of the six lagoon sub-basins (Dorigo, 1965), distant from any
tidal channel. Core M5B was collected in a saltmarsh. In addition,
shallow sediment cores (8 cm diameter, 50 cm length) were also
recovered using a light gravity “Kajak” corer (KC Denmark) coupled
with acrylic liners. These smaller cores were used to determine age
and calculate sediment accumulation rates for the past 50e150
years by measuring 137Cs- and 210Pb-activity depth profiles. The
retrieved cores were sealed on board the boat, transported to the
lab and stored at þ4 �C in a cold room until further analysis.

All the cores were X-ray-radiographed to identify faint sedi-
mentary structures, slight changes in density, texture and miner-
alogical composition and bioturbation. The adopted methodology
was established following a review of previous studies (e.g. Bouma,
1964; Baker and Friedman, 1969). The X-ray source was a Balteau
Baltospot GFD 300/5 directional generator. The film used was an
Agfa Structurix D4 industrial x-ray film (10 � 48 cm format). The
films were processed using an Agfa-Gevaert Structurix NDT E
Processor, with a running time of 15 min and, subsequently, scan-
ned for visual inspection of the images.

3.2. Core subsampling

After X-ray scanning, the longer cores were split using a rotating
disk saw, photographed and visually described for lithology and
colour variability (Munsell Soil Color Charts, 1975), as well as for
sedimentary structures and macrofossil content. Subsampling was
performed by cutting 1-cm-thick slices. Each sediment slice was
split into several aliquotes for the analysis of grain size, water
content, organic and total carbon (Corg and Ctot), total nitrogen (Ntot)
and mercury (Hg) content. The analyses were performed at depth
intervals of 0e1, 1e2, 5e6 and 9e10 cm, every 10 cm between 20
and 50 cm depth, at an intermediate depth between 50 cm and the
core bottom, and at the core bottom itself.

3.3. Physical and geochemical analyses of the core sediments

For grain-size analysis, sediment samples were treated for 48 h
with hydrogen peroxide (H2O2) to remove organic matter, and
subsequently wet-sieved through a 2-mm sieve. The analyses were
conducted on 2-mL samples using a Malvern Mastersizer 2000
laser granulometer. Porosity (F) was calculated by measuring the
weight loss of sediments dried overnight at 110 �C (Loring and
Rantala, 1992) to constant weight. The following equation
(Johnson et al., 1982) was applied:

F ¼ ðMw=rwÞ=ðMS=rSÞ þ ðMw=rwÞ;
where Mw is the weight of water lost; MS is the weight of dry
sediment; rw ¼ 1.025 g cm�3 is the water density; rS is the sedi-
ment density measured from samples using a Micromeritics
AccuPyc 1330 Picnometer.

The analyses of total and organic carbon (Ctot and Corg), and total
nitrogen (Ntot) in freeze-dried (CoolSafe 55-4 SCANVAC) and
homogenized sediment samples were performed using a Perkin
Elmer 2400 CHN Elemental Analyzer after acidification of samples
with 1 M HCl (Hedges and Stern, 1984) at a combustion tempera-
ture of 975 �C. The detection limit for Corg and Ctot was 0.1%. The
precision for Ctot, Corg, and Ntot was 3%.

The determination of total mercury (Hg) in sediments was
achieved using the total digestionmethod, recommended by Loring
and Rantala (1992). About 200 mg of freeze-dried, pulverized and
homogenized sediment was treated with a mixture of 1.5 mL
HFþ 5 mL aqua regia in a closed microwave system (Milestone MLS
1200). The solutions obtained were analyzed through the CVAAS
technique (Perkin Elmer AAnalyst 100-FIAS) after a reduction step
(NaBH4 3% in NaOH 1%). Quality control was tested using certified
reference materials (PACS-2 harbour sediment, NCR-CNR, Canada;
accepted value ¼ 3.04 � 0.20 mg kg�1). The mean concentration of
Hg in PACS-2 was 3.22 � 0.10 mg kg�1. The detection limit was
0.13 mg g�1.

3.4. Radiometric analyses

Four of the smaller sediment cores (MB, M4, M5B and G3) were
selected on the basis of their location and minimal bioturbation in
the sedimentary sequence. Sediment cores were precisely extruded
at 1 cm intervals. Sediment samples were weighed wet, then dried
at 60 �C to constant weight, in order to determine wet and dry bulk
density, according to Berner (1971), and assuming a sediment
density of 2.55 g cm�3. Dried sediment was then slightly dis-
aggregated and analysed for radiotracers. 137Cs was measured via
gamma spectrometry (Frignani et al., 1991) using coaxial intrinsic
germanium detectors. The disaggregated samples were put in
plastic jars to obtain a number of standard geometries, and the
abundance of the 137Cs was measured using the peak at 661.7 keV.

S. Covelli et al. / Estuarine, Coastal and Shelf Science 113 (2012) 7e19 9
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The 137Cs activity peaks, corresponding to 1963 and 1986, were
used to infer mean accumulation rates, although the distribution of
137Cs in sediment cores can also be forced by biomixing and
molecular diffusion (Frignani et al., 2004).

210Pb activity was measured via alpha-counting of its daughter,
210Po, and assuming secular equilibrium between the two isotopes.
210Po was extracted from the sediment with hot HNO3 and H2O2,
spiked with 209Po used as a yield monitor for calculating the effi-
ciencies. After separation of the leachate from the residue, the
solution was evaporated to near dryness and HNO3 was eliminated
using concentrated HCl. The residue was dissolved in 1.5 N HCl. Iron
was reduced using ascorbic acid and Powas plated onto a silver disk
overnight, at room temperature. The two Po isotopes were alpha-
counted using a silicon barrier detector coupled with a multi-
channel analyzer. The estimated analytical error varied from 5 to
10%. The method is reported by Frignani and Langone (1991) and
discussed in detail by Frignani et al. (1993). Excess 210Pb (210Pbex)
was calculated from the difference between total and supported
210Pb. The value of supported 210Pb activity was assumed constant
throughout the core and estimated from the values of the deepest
sediment samples, where 210Pb was assumed to be in radioactive
equilibrium with its parent 226Ra. The supported 210Pb values
ranged between 15.7 and 21.2 Bq kg�1, with no obvious spatial
trend. The age of sediments and estimates of sediment accumula-
tion rates were determined by applying a Constant FluxeConstant
Sedimentation model (Robbins, 1978) to the activity-depth profile
of excess 210Pb, below the surfacemixed layer. A more sophisticated
conceptual model, the Constant Rate of 210Pb Supply (CRS) model,
was used on core M5B in order to estimate the changes of sediment
accumulation rate over time (Robbins, 1978; Appleby and Oldfield,
1978, 1983).

4. Results

4.1. Core lithology

According to Shepard’s classification (1954), core sediments are
mainly dominated by sandy silt or silt; whereas, only sporadically,
clayey silt is present. In the eastern sector of the lagoon, only the G2
and GD core profiles showed a clear decreasing trend of the sandy
content from the core top downwards: 52.8 to 1.9% and 49.6 to
25.2%, respectively (Fig. 2). The decrease in sand along the profile
was generally followed by an increase in silt. The silty fraction
ranged between 26.7 and 74.8%. The clayey component was usually
secondary, since its range was narrow, between 5.0 and 19.8%.

In the western sector (Fig. 3), subsuperficial sediments generally
comprised silty sand, sandy silt, or silt, with a few exceptions in
core MA (level 49e50 and 87e88.5 cm, sand) and M2 (39e40 and
98e99 cm, clayey silt). The amount of sand was related to the
location of the sampling sites: coresM1 andMA, close to the barrier
islands and to the main tidal channels, showed the highest content,
between 64.4 and 76.2%. Conversely, cores collected from inner
sectors, such asM3 andM5, yielded lower fractions of sand, ranging
from 10.9 to 14.2%. Likewise, taking into consideration sediment
mean size (Mz), a decrease from about 8 to about 4 mm was
generally observed from the tidal inlets to the inner coastline of the
lagoon.

4.2. Inorganic and organic carbon and total nitrogen core profiles

Cinorg content, which ranged from 2.73% (G3 69e70 cm) to 7.24%
(GD 1e2 cm) in the Grado Lagoon and from 1.30% (M3 83e84 cm)
to 8.05% (MA 1e2 cm) in the Marano Lagoon, reflects the prevailing
carbonate origin of the sediments supplied to the coastal area by
the two main tributary rivers, the Isonzo and Tagliamento

(Brambati, 1969). Cinorg profiles followed the variability of the sandy
component in those cores where this component was more abun-
dant and/or more variable with depth (GD and G2 in the eastern
sector; M1, MB andMA in thewestern sector, respectively). If all the
analyzed core levels are considered, a significant positive correla-
tion (r ¼ 0.713, n ¼ 103, p < 0.001) is found between the coarser
component and the amount of Cinorg in the sediments. This also
means that those sampling stations characterized by less active
hydrodynamics and affected by low sandy content show the lowest
amounts of Cinorg, which accounts for about 3% when no sand is
present.

Excluding core M5B, where Corg concentrations were compa-
rable to Cinorg content, the organic component of carbon was one
order of magnitude lower than the inorganic component. Core M5B
was the only one collected in a saltmarsh covered by halophytes
and inundated during high spring tide events. Here, Corg concen-
trations in the first 10 cm were among the highest recorded in the
cores (2.00e2.72%), decreasing down-core almost exponentially. In
the remaining sediment cores, Corg concentrations varied between
0.32% (MA 1e2 cm) and 2.48% (G3 69e70 cm), with an average
value of 1.22 � 0.49%. An increase of Corg content in the interme-
diate core levels was often observed in all sites, and can be visually
correlated to irregular thin peaty lenses or pockets of organic
matter. Corg concentrations were positively correlated with mud
content, although the correlation coefficient was rather low
(r ¼ 0.531, p < 0.001) due to local concentrations of organic matter
in association with the already mentioned peaty lenses.

Nitrogen concentrations (0.02e0.29%, avg. 0.13 � 0.06%)
generally decreased from subsurface levels downwards, but
irregular increases in Ntot content with depth were also observed
(G2, GD, M4, MB, MC), with no obvious spatial pattern. The Corg/
Ntot molar ratio is usually reported as an index for discriminating
marine from terrestrial sources of organic matter. In the present
study, Corg/Ntot values were mainly low (7.1e11.9) at the core top,
increasing up to about 20 down-core. This trend was mainly due to
low Ntot values, which are affected by early diagenesis processes
related to faster nitrogen compound degradation, rather than an
increase in Corg content. There were a few exceptions for the
middle sections of some cores (G3, G4, M5B) located in low-energy
sectors of the lagoon and close to the inner coastline. Here, Corg/N
values reached up to about 35, corresponding to significant
preserved terrestrial Corg content in peaty lenses compared to N
content.

4.3. Mercury core profiles

Hg profiles in all cores (Figs. 2 and 3) showed a typical trend of
an increase in metal concentration from the basal core sections,
where local background values were found, to the top core sections.
This increase frequently culminated in the highest Hg content being
found in the uppermost core section. The profiles clearly reflect the
contamination that has affected the area’s more recent history,
which has been well recorded into the lagoon sediments. Similar
trends have also been found in some deep cores collected from the
Isonzo River prodelta in the nearby Gulf of Trieste (Covelli et al.,
2001, 2006b). Here, the vertical profiles of Hg content were
demonstrated to be undoubtedly related to cinnabar ore extraction
activity at the Idrija mine. Similarly, Gosar and �Zibret (2011) also
identified overbank sediment profiles in the Idrijca River valley as
contamination hotspots. These deposits are eroded during high
discharge events and represent a risk for further contamination in
the drainage basin, and subsequently in the nearby northern
Adriatic coastal environment.

The natural background level of Hg adopted here for theMarano
and Grado Lagoonwas 0.13� 0.04 mg g�1, which corresponds to the

S. Covelli et al. / Estuarine, Coastal and Shelf Science 113 (2012) 7e1910
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average Hg concentration reported for the basal sections of cores
GT1, GT2 and GT3, collected from the Gulf of Trieste (Covelli et al.,
2006b). In cores G2 and G4 (Grado Lagoon) and M5, MA and MC
(Marano Lagoon), the background value was reached at a depth of
49e50 cm. The same value was found at greater depths in cores
M5B (62e63 cm), M3 and M4 (69e70 cm) and G1 (86e87 cm).
Conversely, preindustrial levels of Hg appeared at shallower
depths in cores M1 (39e40 cm), MB and G3 (29e30 cm), and M2
(19e20 cm). Surprisingly, the background value was not reached
even at a depth of 1m in core GD (0.61 mg g�1). However, this can be
explained by taking into account the sampling site location, which
is close to a main lagoon channel and to a tidal inlet where the
transport of sediments (especially the sandy fraction) by tidal
fluxes is more effective. We cannot exclude the possibility of
a reworking of the sedimentary sequence, although the clear
exponential trend of Hg concentration makes this hypothesis

unlikely. In the Grado Lagoon, maximum Hg content was found at
the core top (0e1 cm). A notable exception was core G1, where the
highest concentration of Hg within all cores (11.36 mg g�1) was
reached at a depth of 5e6 cm. In the Marano Lagoon, the highest
concentrations were often below the core top, mainly at a depth of
5e6 cm, as in cores M1 (0.98 mg g�1), M3 (2.76 mg g�1) and MA
(3.90 mg g�1), but also at a depth of 1e2 cm, as in core MB
(2.10 mg g�1). At some sites, peaks were detected at greater depths:
6.49 mg g�1 at 9e10 cm in core M5; and, at 19e20 cm, 6.49 mg g�1

and 3.96 mg g�1 in cores MC and M5B, respectively.

4.4. Radionuclide profiles, sediment accumulation rates and
geochronology

The activity-depth profiles of 137Cs and 210Pb are shown in Fig. 4.
The short-lived radionuclides 210Pb and 137Cs were used to calculate

Fig. 2. Vertical profiles of grain size, Cinorg, Corg, Ntot, Corg/Ntot molar ratio and Hg in cores collected from the eastern sector of the basin (Grado Lagoon).

S. Covelli et al. / Estuarine, Coastal and Shelf Science 113 (2012) 7e19 11
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Fig. 3. Vertical profiles of grain size, Cinorg, Corg, Ntot, Corg/Ntot molar ratio and Hg in cores collected from the western sector of the basin (Marano Lagoon).
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Fig. 4. Activity-depth profiles of total 210Pb, the natural logarithm of excess 210Pb (210Pbex) and 137Cs (Bq kg�1). The dashed line in the depth profiles marks the background level of
210Pb selected for each sediment core.
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sediment accumulation rates for approximately the last 50e150
years. 210Pb (t1/2 ¼ 22.3 y) is a naturally-occurring radionuclide
originated from the 238U series, which has been widely used as
a geochronometer for age-dating on a 100-y timescale. 137Cs
(t1/2 ¼ 30.2 y) is an artificial radionuclide supplied to aquatic envi-
ronments by fallout from atomic weapons testing and via discharge
from nuclear power plants. Radioactive fallout from atomic tests
began in 1954 and peaked in 1963. The Chernobyl accident in April
1986 produced a new input of 137Cs, easily recognizable in the
northern Adriatic sediments. Although 137Cs is affected by a greater
mobility in the marine environment with respect to 210Pb, it is
commonly used as an independent method to confirm 210Pb-based
estimates of sediment accumulation rates. In the present study,
210Pb activity in the cores decreased exponentially with depth, but
with frequent oscillations (Fig. 4), implying non-steady-state sedi-
mentation conditions. All cores showed a surface mixed layer, up to
6 cm thick in core MB. Some intermediate core intervals were
characterized by quasi-vertical 210Pb profiles (e.g. core MB,
12e19 cm). In these circumstances, multiple mechanisms (e.g.
episodic and rapid depositional events, storm resuspension, bio-
turbation activity) drive the 210Pb profile formation and hence the
delivery of sedimentarymaterial and 210Pb to the bottom. In order to
calculate amean sediment accumulation rate for each core, we used
the Constant FluxeConstant Sedimentation model (Robbins, 1978)
and a best-fit linear regression was applied to the core region with
more regularly decreasing activity, thus discarding data from the
surface mixed layer or from quasi-vertical intervals.

In the central part of the Marano Lagoon (core M4), the mean
sediment accumulation rate was very low (0.083 cm y�1) (Table 1).
Based on this estimate, the Chernobyl peak should be confined
within the uppermost 2 cm and the maximum 137Cs penetration
should not exceed 4 cm. Hence, we decided not to count 137Cs in
that core. Core MB, collected in front of the Stella River mouth, gave
a 210Pb-based sediment accumulation rate of 0.12 cm y�1. The 137Cs
profile did not show the peaks associated with maximum fallout
(1963 and 1986); however, based on the depth of 137Cs activity
onset (7 cm) relative to 1954, a value of 0.13 cm y�1 was calculated,
which supports the 210Pb estimate very well. Core G3, collected
from the centre of the Grado Lagoon, showed the most complex
210Pb profile. A surface mixed layer and several down-core fluctu-
ations were noticeable, changing in parallel according to porosity
and grain size. Furthermore, the 10e15 cm interval was highly
bioturbated by the abundant presence of bivalves. The sediment
accumulation rate was thus calculated by using only the region
between 3 and 9 cm, resulting in a value of 0.13 cm y�1. Based on
the onset of 137Cs (1954), this estimate was confirmed. In addition,
assuming the modest 137Cs peak measured at a depth of 2.5-cm as
a consequence of the Chernobyl accident, a sediment accumulation
rate of 0.11 cm y�1 could then be calculated, which supports the
previous estimates quite well. In the uppermost 5 cm of core M5B,
210Pb activity was variable, whereas below that level it declined

exponentially. Applying the CFeCS model in the deeper part of the
210Pb profile, a mean sediment accumulation rate of 0.26 cm y�1

was calculated, whereas 137Cs provided an estimate of 0.48 cm y�1.
The apparent mismatch between the estimates of sediment

accumulation rate obtained through the 210Pb and 137Cs profiles in
core M5B (0.26 vs. 0.48 cm y�1, respectively) requires some
consideration of the assumptions in the dating model applied. The
CFeCS provides an estimate of the sedimentation rate averaged
over the last century, whereas the figure calculated from the
Chernobyl peak of 137Cs refers to a mean value for the last 20 years.
To reconcile the results of the two methods, the sediment accu-
mulation rate could have increased over time. The CFeCS model is
probably not appropriate to calculate the sediment accumulation
rate for this site, since it assumes that the flux of both 210Pb and
sediment has remained constant over time. In contrast, the CRS
model assumes that the amount of sediment delivery may change
over time, whereas the supply of 210Pb is steady. Results of the CRS
calculations for core M5B are shown in Fig. 5. The sedimentation
rate remained fairly constant throughout the ‘900 (0.24 cm y�1),

Table 1
Rates of sedimentation (S, cm y�1) and mass accumulation (A, g cm�2 y�1), calculated on the basis of 210Pb and 137Cs at four selected stations. CFeCS refers to results based on
the Constant FluxeConstant Sedimentation model; the core region where the best-fit linear regression was applied is specified in parentheses; CRS refers to results based on
the Constant Rate of 210Pb Supply; and n.d. stands for ‘not determined’.

Core S210Pb
(cm y�1)

A210Pb

(g cm�2 y�1)

210Pb method S137Cs
(cm y�1)

137Cs method

MB 0.12 0.15 CFeCS (6e13 cm) n ¼ 5 0.13 137Cs onset
M4 0.083 0.072 CFeCS (1e8 cm) n ¼ 6 n.d. n.d.
M5B 0.41 0.37 CRS (0e5 cm) n ¼ 5 0.48 Chernobyl peak

0.24 0.22 CRS (>5 cm) n ¼ 11
0.26 0.24 CFeCS (8e27 cm) n ¼ 10

G3 0.13 0.097 CFeCS (3e9 cm) n ¼ 4 0.11 Chernobyl peak
0.13 137Cs onset

Fig. 5. Variability of the sedimentation rate (cm y�1) and accumulation rate
(g cm�2 y�1) with time, calculated for core M5B by applying the CRS model to the 210Pb
profile.
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then it rose sharply over the latest 10e20 years. Visual inspection
and the porosity profile both revealed discontinuity at about
a depth of 5 cm. It is possible that these features mark a change in
the sedimentation regime, which occurred about 15 years before
2008 (based on CRS calculations). Core M5B was collected from
a saltmarsh in the northern part of the Marano Lagoon, which is
periodically flooded during high tide. In the northern Adriatic Sea,
exceptional tide peaks are called Acqua alta and occur when the
astronomical tides are reinforced by the prevailing winds (Scirocco
and Bora), which hamper the usual reflux. The increase in accre-
tion rate during the last 15 years might indicate a higher frequency
of such events in recent years, as also reported for the Venice
Lagoon (Bellucci et al., 2007). For the purposes of reconstructing
the contamination history of Hg and other metals, we used a mean
sediment accumulation rate of 0.24 cm y�1 from the core bottom
up to a depth of 5 cm, and a value of 0.41 cm y�1 in the uppermost
5 cm. These values were calculated based on the CRS results and
are in good agreement with the results obtained from the CFeCS
model for the lower part of the sediment core and from the
detection of the Chernobyl-related 137Cs peak in the upper part of
the core.

5. Discussion

5.1. Reconstructed mercury contamination history

Considering the absence of relevant post-depositional migra-
tions or remobilization of Hg from bottom sediments after depo-
sition, a geochronological reconstruction of Hg supply in recent
sediments is possible. In particular, the anthropogenic component
can be described by considering the productivity of the Idrija
mercury mine and the more recent influence of the Torviscosa
chemical complex as points of reference.

The depositional metal flux or accumulation rate (AR as
mg Hg m�2 y�1) can be calculated according to the relationship
between Hg concentration (mg g�1) in sediments (Hg)S and the
accumulation rate of particles (u, 10�1 g cm�2 y�1), as in the
following the equation:

HgAR ¼ u � ðHgÞS;
where u ¼ ð1� FÞ � S � r; with F representing porosity, S the
sedimentation rate (mm y�1), and r the mean sediment density

Fig. 6. Assessment of Hg fluxes (accumulation rate) in sediment cores collected from sampling stations MB, M4 and M5B (Marano Lagoon) and G3 (Grado Lagoon). The timescale
was calculated on the basis of the sedimentation rates estimated for each site according to the 210Pb activity-depth profile.
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(g cm�3). The temporal variability of excess Hg due to anthropo-
genic activity can be assessed from the difference between total and
natural (i.e. pre-extraction activity) Hg fluxes:

HgAR anthropogenic ¼ HgAR total�HgAR natural

Applying the average sedimentation rates estimated on the
basis of 210Pb activity in the uppermost 40 cm of cores MB, M4,
M5B, and G3, and taking into account the vertical variability of
porosity and density, accumulation rates were determined.

Vertical profiles with estimated age (Fig. 6) revealed that HgAR
caused by anthropogenic activity is undoubtedly recorded in the
lagoon’s sediments, albeit in different ways across the various
lagoon sectors. However, the key date seems to be around 1800,
when the onset of the increase in anthropogenic HgAR in the
eastern sector of the lagoon (Marano) at sites MB and M5B is
apparent; whereas, at site M4 it is slightly older than that date.
Although mining activity began at the end of the 15th century
(Mlakar, 1974), the sediment cores showed no evidence of
anthropogenic Hg enrichment until the sharp increase in activity at
around 1800 AD, since the contribution of mining activity was
probably insufficient to be recorded in the sedimentary sequence.
One could also speculate that this is the time lag it takes for the
lagoon system to respond to such activity. Therefore, one could also
expect at least the same period of time (two centuries) for the
lagoon to begin recording the accumulation of Hg-free sediments.

The increase in HgAR in the lagoon up until 1950 should only be
attributed to longshore current dispersion of the Hg-rich Isonzo
River suspended load, further to transportation and settling due to
tidal fluxes. After that date, the occurrence of Hg in the uppermost
part of the sedimentary sequence could be due to both sources,
mining and industrial. This double origin was already reported in
a speciation study conducted in the central sector of the lagoon by
Piani et al. (2005). Cinnabar and non-cinnabar compounds were
found to be present in the bottom sediments in different propor-
tions, except for those samples collected inside the Aussa River
(Fig. 1), where cinnabar was virtually absent. The present decrease
in HgAR was only evident at site MB, along with a possible but
uncertain result at site M5B. Conversely, the opposite trend was
found at site M4 site, which is difficult to interpret. One possibility
is that this site has recently been affected by the accumulation of
resuspended contaminated sediment due to dredging operations in
nearby tidal channels.

In the Grado Lagoon, at station G3, the onset of HgAR appeared
slightly after 1800, peaking around 1971 and again around 2005,
interrupted by a decrease in 1998. Considering the location of the
G3 site, we can be confident that recent high HgARs can only be due
to sedimentary supplies related to the mining activity at Idrija.
Clearly then, in spite of the mine having closed about 15 years ago,
there is no evidence of a subsequent gradual decrease in Hg flux at
site G3. Although extreme flood events in the Isonzo River are
infrequent, their contribution in terms of delivering particulate Hg
into the Gulf of Trieste still remains considerable (Covelli et al.,
2007). Washout of contaminated sediments from the mining
region, from the Idrijca-Isonzo River drainage basin, where mining
residues have been deposited over five centuries (�Zibret and Gosar,
2006; Gosar and �Zibret, 2011), provides Hg in particulate form to
the river’s discharge. Kocman et al. (2009) calculated that, owing to
the resuspension of contaminated river sediments from the Idrijca
River, between 200 and 800 kg of Hg can be expected to be
transported out of the catchment area in a flood in a given

Fig. 7. Assessment of present annual fluxes (accumulation rate) of Hg, calculated for the first centimetre at all the sites sampled in the Marano and Grado Lagoon. Sedimentation
rates used in these calculations were those measured at the three stations MB, M4 and G3 (see text for explanation). The present accumulation rate for the only core collected from
a saltmarsh (M5B) is not reported. Conversely, sites RP-27 and RP-40, formerly considered by Piani et al. (2005) and re-sampled in this study, are included. Sampling sites are
arranged from west (left) to east (right).

Table 2
Total and anthropogenic inventory of Hg for each sampling station, mean values and
amount of Hg buried in the bottom sediments evaluated for each sub-basin.

Lagoon
sub-basin

Core Total Hg Inv
(mg m�2)

Anthropogenic Hg Inv
(mg m�2)

Hg burial
(t)

1 MARANO
5056 ha

M2 417 248 29
M1 466 317
MB 399 334
M3 1529 1376
Mean 703 569

2 S.ANDREA
2150 ha

M4 623 435 19
MA 1511 1310
Mean 1067 872

3 BUSO
3556 ha

M5 1959 1806 59
MC 2085 1914
G4 1442 1257
Mean 1829 1659

4 MORGO
297 ha

G2 2565 2369 7

5 GRADO
3314 ha

G3 1140 945 88
G2 2565 2369
GD 4886 4694
Mean 2864 2669

6 PRIMERO
1368 ha

G1 3708 3547 49
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hydrological year. A short-term drastic reduction of Hg input from
the river basin into the Gulf of Trieste and the lagoon is unlikely in
the foreseeable future. Therefore, natural remediation of contami-
nated marine and lagoon sediments due to Hg-free sedimentary
supplies is equally unlikely, which in turn means that the current
level of risk for biota of exposure to Hg will doubtless remain for an
indefinite period of time.

A further estimation of the spatial variability of the recent
HgARs can be made for all the core sites, taking into consideration
the uppermost core level (0e1 cm). Although the activity-depth
profiles of 137Cs and 210Pb were not determined for all sites, the
sedimentation rates obtained for sites MB, M4 and G3 were applied
according to the location of the cores relative to one of these three
sites (i.e. M2 andM3 asMB; M1, MA, M5 andMC as M4; and G1, G2,
G4 and GD as G3). The results clearly show that HgARs in the Grado
Lagoon are of one order of magnitude higher than in the Marano
Lagoon (Fig. 7), especially in the easternmost sector (GD, 27.21 mg
Hg m�2 y�1; G1, 15.91 mg Hg m�2 y�1; G2, 14.82 mg Hg m�2 y�1).
Hg fluxes in the lagoon environment were found to be lower than
the highest value reported for the Gulf of Trieste (Covelli et al.,
2006b) in front of the Isonzo River delta (31.49 mg Hg m�2 y�1),
but they undoubtedly appeared higher than the Hg accumulation
rate assessed for the more distal marine coastal area (1.77e4.23 mg
Hg m�2 y�1). Similar values were found for the western sector of
the lagoon, where M5 (5.27 mg Hg m�2 y�1), MC (4.72 mg
Hg m�2 y�1) and M3 (3.69 mg Hg m�2 y�1) exhibited the highest
rates, thus confirming these areas as preferential accumulation
sites for Hg.

5.2. Mercury inventory

The cumulative Hg inventory quantifies the total amount of the
metal loaded to the sediments over time and deposited on a 1 m2

surface area (Kolak et al., 1998). An assessment of the anthropo-
genic Hg buried in the sedimentary column fromwhen the mining
activity commenced was attempted, applying the following
equation:

Hg Inv
�
mgm�2

�
¼

X�ðHg�ÞS � ð1� 4Þ � r � d�;

where Hg* is the metal concentration corrected for the background
value and d is the thickness of sediment between two consecutive
analyzed core levels. Results showed significant differences

between the two lagoon sectors. The accumulation of Hg was found
to be more readily concentrated in the eastern part of the lagoon
environment, the most affected by riverine Hg inputs. However, in
the central sector, which is known as Buso Basin, sites MC and M5
revealed the largest inventory, thus suggesting a probable contri-
bution of the Aussa-Corno River system to the level of Hg* accu-
mulation in the bottom sediments (Piani and Covelli, 2001).

On the basis of the Hg* inventory, calculated for each core,
a preliminary, rough estimation of the total amount of Hg accu-
mulated in the sediments due to both sources, industrial and
mining, was evaluated for each lagoonal sub-basin. It was evident
that a greater number of core profiles would have increased the
confidence level of the estimate of the spatial variability of the
sedimentary sequence thickness where Hg content occurred above
the background level. Besides, the area covered by saltmarshes
(about 760 ha, 5% of the entire lagoon system; Fontolan et al., 2012)
was not discerned in this preliminary calculation, which could have
resulted in an underestimation of the overall amount of Hg buried
in the lagoon, since saltmarshes are known to be even more effi-
cient “traps” for sediment and associated contaminants (see M5B
core profile) than tidal flats. Furthermore, no distinction was made
for the navigation channels, where the sediment thickness
contaminated by Hg is often larger than that reported for the
subtidal zone due to the progressive and periodical silting-up of the
channel bottom. In spite of these limitations, an assessment of the
“reservoir” effect of the lagoon sediments related to Hg can be
provided.

If we consider the mean Hg inventory for each single sub-basin
(Table 2) and their extension according to Dorigo (1965), a prelim-
inary rough estimation, approximate by defect, of the amount of Hg
“trapped” in bottom sediments of the lagoon accounts for about
251 t (Fig. 8). Around 137 t are buried in the Grado and Primero
basins, where Hg is exclusively related to the mining activity.
Recent assessments of Hg stored in the Idrijca River valley account
for 2029 t (�Zibret and Gosar, 2006), whereas the total amount of Hg
in riverbed, riverbanks and flood plains, as well as in storage basins
between the town of Idrija and the Isonzo River mouth, has been
estimated to be about 10,000 t (�Zagar et al., 2006). At least 900 t
could be buried in bottom sediments of the Gulf of Trieste
according to Covelli et al. (2006b). These estimates represent small
figures if compared to the overall 37,000 t of Hg that were lost into
the environment during the five-century-long mining history,
according to the most recent estimations (Dizdarevi�c, 2001). There

Fig. 8. Anthropogenic inventory and amount of Hg buried in bottom sediments for each of the six sub-basins of the Marano and Grado Lagoon.
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is probably an underestimation of the total amount of Hg stored in
the riverine as well as in the marine and lagoon sediments affected
by the Isonzo River inputs, although the quantity of the metal
dispersed in the rest of the Adriatic Sea is unknown.

6. Conclusions

The presence of Hg in the Marano and Grado Lagoon environ-
ment must be considered a permanent issue and the biogeo-
chemical behaviour of this metal in the sedimentewater system
should be carefully considered in the future, especially when
decisions are needed regarding new uses of lagoonal areas. The
preliminary rounded-down gross estimate of total Hg “trapped” in
the lagoon’s sediments, along with the complexity of the lagoon
ecosystem, suggests that an in toto reclamation of the sediments is
unfeasible. A partial removal of contaminated sediments could be
practicable, but only in selected and restricted areas, such as inside
fish farms; however, this kind of intervention is not broadly realistic
across the lagoon as a whole from an economic or environmental
perspective. Hence, if the bottom sediments of fish farmswere to be
dredged, this could guarantee total recovery for a certain number of
years, but new contaminated sediments will keep being deposited,
thus entering the fish farms during tidal fluxes. The remediation
process would then be undermined if the water exchange with
lagoon channels is not regulated through the use of sluice gates to
stop the flow of water during flood events, intense wave motion
and/or dredging operations in the lagoon channels. Accumulation
rates of Hg could be even higher than they are currently, since
dredging increases the space available to accommodate sediments,
which would be “drained” into the fish farms.

On the other hand, dredging the lagoon channels is unavoidable
if one wants to improvewater circulation and navigability. Dredged
sediments cannot simply be translocated to both sides of the
channels, as it was in the past, since this practice is no longer
allowed under national regulations. Some areas of this dredged
sediment have been colonized by halophytes and, consequently,
long-shaped saltmarshes have formed along the channels. Sedi-
ments contaminated by Hg (all forms) are currently dredged and
disposed of in selected sites, both inland and along the inner
margin of the lagoon, which are not connected to the lagoonal
waters. Being able to keep the sediments in the lagoon would be
a lot less expensive and, at the same time, the lagoon’s sedimentary
budget would be preserved. Demonstrating that this practice does
not pose a threat in terms of Hg remobilization would be a great
contribution towards changing the current national regulations,
and thus represents a challenge for future research in this area.
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