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Abstract

The Gulf of Trieste is a shallow semi-enclosed marine basin in the northernmost part of the Adriatic Sea that has been affected
by the relative rise in sea-level during the Holocene. The sedimentary sequences in three cores, ranging in length from 130 to
320 cm, were investigated through the variability in grain-size parameters, major (Al, Fe, S, N, Ca and Mg) and trace (Ti, Mn, Cr,
Ni, Cu, Zn and Hg) elements, organic and inorganic C, δ13C and 14C dating in order to obtain information on paleoenvironmental
evolution and the historical development of heavy metal contamination. The potential sources of pollution are: urban sewage from
nearly 400,000 inhabitants, industrial effluents, and 500 yr of Hg mining activity in the Idrija region (western Slovenia), located in
the upper basin of the Isonzo river, the main freshwater input to the coastal zone. The conventional 14C ages of bulk sedimentary
OC in the basal part of the three cores were 9030±70 (GT1), 8270±50 (GT2) and 9160±120 (GT3) yr BP. An upward increase in
highly negative δ13Corg values from the core bottoms indicates that lacustrine-swamp conditions in the study area were rapidly
followed by a typical marine depositional environment. Cluster analysis performed on the geochemical data for all subsamples of
the three cores identifies several groups with a clear stratigraphic meaning. Factor analysis of the data shows related element groups
that can be interpreted as being related to, for instance, the natural contribution from aluminosilicates and carbonates, from organic
matter (peat) and the more recent anthropogenic “impact”. Predicted natural linear relationships for metal-Al were obtained from
the core subsamples and they can be used as a baseline to evaluate metal enrichments on a regional scale. Results show that more
recent sediments in the central sector of the Gulf of Trieste are slightly enriched in Cu (max Enrichment Factor EF=2.1) and Zn
(max EF=1.6), and noticeably contaminated by Hg (up to 23.32 μg g−1) to a maximum depth of 90 cm and up to 60 times above
the estimated regional background (0.13 μg g−1). The Hg historical trend is well correlated with extraction activity at the Idrija
mine, thus allowing indicative sedimentation rate estimation and tentative assessment of the rate of Hg accumulation in bottom
sediments (from 1.77 to 31.49 mg m−2 yr−1 at the surface). The large inventory of Hg in the core GT2 appeared to be the result of
proximity to the fluvial source, which is still active in supplying Hg to the coastal areas and makes the Gulf of Trieste one of the
most Hg contaminated area in the whole Mediterranean basin.
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1. Introduction

Human activity has enhanced the delivery and
cycling of heavy metals to coastal zones. Many of
these contaminants are toxic to aquatic biota and could
have an important impact on the whole ecosystem.
Hence, it is important to track the influence of
anthropogenic activities on the concentration levels of
these contaminants and to understand the processes
affecting their changes. Interpretation of human influ-
ences requires knowledge in natural baseline concentra-
tions. Most contaminants are associated with the surface
of particles and are preferentially transported, accumu-
lated and buried within fine-grained sediments. Cores
carefully dated through sedimentary deposits can
provide chronologies of contaminant concentrations
and input in areas of net sediment accumulation. In the
coastal zone, the core chronologies are mostly restricted
to sediments in anoxic and abiotic environments where
resuspension and bioturbation are minimal (Huh, 1996;
Hornberger et al., 1999). In bioturbated sediments such
studies are less common.

In this study, variations in sedimentological and
geochemical features in radiocarbon dated Holocene
stratigraphic sequences from the northern and central
part of the Gulf of Trieste, which is affected by several
potential pollution sources, were investigated. These
variations were placed in a paleoenvironmental context
and correlated with results obtained in the southern
littoral zone of the gulf (Ogorelec et al., 1981, 1984,
1987, 1997; Faganeli et al., 1991).

Special attention was given to providing pre-
industrial background levels of heavy metals for the
Gulf of Trieste, particularly for mercury (Hg) because of
the long-term mining activity in the Idrija region located
in the upper Isonzo river drainage basin, the main
freshwater input (Faganeli et al., 1991; Gosar et al.,
1997; Covelli et al., 1999, 2001). Sedimentary records
of this geochemical tracer were compared with the
records of 500 yr of ore extraction in order to reconstruct
the Hg depositional history, determine the accumulation
rate and calculate the cumulative metal inventory.

2. Environmental setting

The Gulf of Trieste, covering an area of about
500 km2 in the northernmost part of the Adriatic Sea, is
an epicontinental semi-enclosed shelf basin charac-
terised by a very low bathymetric gradient in the
northern and central part (40 m/100 km). The main
water and sediment supplies to the gulf of Trieste are
related to the Isonzo river. Its drainage basin covers
about 3400 km2, extending into both Italy and Slovenia.
The average annual flow rate at the river mouth is
estimated to be 196.8 m3 s−1, ranging monthly from
43.1 to 665.9 m3 s−1 (Interreg II, 2001). The rate of flow
can exceed 2500 m3 s−1 during the autumn floods
(RAFVG, 1986). The mean annual solid discharge is
150 g m−3, with peaks of 1000 g m−3 during extreme
events (Mosetti, 1983).

Sediments vary from medium to fine sands along
beaches and the delta front to prodelta muds in mid-Gulf
(Brambati et al., 1983). Mesozoic limestone and Eocene
flysch are the two prevalent lithologies cropping out in
the catchment area. The former prevails in the
northernmost alpine chains, the latter outcrops in the
hilly and pre-alpine areas bordering the alluvial plain
(Stefanini, 1976). Carbonate sediments dominate the
marine area near the river mouth. Only the southeast-
ernmost sector of the Gulf, affected by low terrigenous
inputs from secondary streams (the Rosandra, the
Rizana, and the Dragonja rivers), shows significant
amounts of quartzo-feldspathic material (Brambati,
1970), while the carbonate component decreases
seawards according to grain-size reduction (Ogorelec
et al., 1991).

The Gulf of Trieste is affected by many potential
sources of organic and inorganic pollutants, discharged
not only by rivers but also by sewers, industrial
developments, and activities related to the oil-pipeline
terminal in the Trieste harbour area (Olivotti et al., 1986;
Adami et al., 1996, 1998).

3. Materials and methods

3.1. Samples collection and analytical procedures

Three sediment cores (10 cm diameter) at sites GT1
(245 cm length; 23 m depth), GT2 (320 cm length; 15 m
depth) and GT3 (130 cm length; 25 m depth) (Fig. 1)
were collected in 1996 and 1997 from R/V OGS
Explora with a gravity corer, sealed on board and stored
at +4 °C in a cold room prior to subsampling.

After splitting, the cores were photographed and
described macroscopically for lithology and colour
variability (Munsell Soil Color Charts, 1975) and for
sedimentary structures along with macrofossil content.
A half core was examined by X-ray photography to
identify faint structures and slight changes in density,
texture and mineralogical composition.

Subsampling for water content, grain-size and
geochemical analysis was performed by cutting 1-cm-
thick slices. Analyses were performed in every 1cm of
the first 25 cm of the cores, every 2 cm (25–50 cm



Fig. 1. Index map of the study area with the locations of the sediment cores and the boreholes mentioned in the text.
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depth), every 10 cm (50–100 cm depth) and every
20 cm for depths greater than 100 cm.

For grain-size analysis, sediments were wet-sieved
through a 53-μm sieve after 48 h of H2O2 treatment to
remove organic matter. The fraction <53 μm was
collected, filtered through 50 Whatman filters and dried
at 40 °C. The grain-size distribution of the fine fraction
was determined on the basis of the suspension of
sediment in distilled water, to which a 0.5 g dm−3 Na-
hexametaphosphate antiflocculant solution was added,
using a Micromeritics Sedigraph 5000 ET Particle Size
Analyzer. The water content was calculated on 2–3 g
subsamples as loss of weight after oven drying at 105 °C
for 24 h.

Major (Al, Fe, Ca and Mg), minor (Ti and Mn) and
trace element (Ni, Cr, Cu, Zn) determinations were
performed on freeze-dried sediment subsamples. Peb-
bles, shells and organic debris were removed and the
sediment was ground to pass through a 200-mesh
(75 μm) sieve. The total decomposition method
recommended by Loring and Rantala (1992), using
HF+aqua regia in teflon bombs before AAS analysis,
was applied for the analytical determination of metals.
Hg was determined following the procedure of CVAAS.
After overnight decomposition with suprapur HNO3 in
PTFE vessels at 120 °C, SnCl2 and hydroxylamine
sulfate were added directly to the vessels and Hg
vapours were flushed by air into the measuring cell of a
Varian AAS. Totals for C, N and S in the sediments were
determined from freeze-dried and homogenised sam-
ples, and organic C (OC) after acidification with 1 M
HCl, using a Carlo Erba model EA 1108 C–H–N–S
elemental analyser at a combustion temperature of
1020 °C (Hedges and Stern, 1984). The precision of the
analytical methods, estimated using replicate analyses,
is as follows: 5% for C, OC, N and S; 1% for Fe, Al, Ca
and Mg; 2% for Mn and Ti; 4% for Ni, Cr and Zn; and
3% for Hg and Cu. The isotopic composition of
sedimentary OC was determined after removing carbo-
nates with 1 M HCl. Determination of δ13C of the OC
fraction was carried out after the combustion of samples
at 1800 °C using an Europa 20–20 continuous-flow
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stable isotope analyser with an ANCA-SL preparation
module. The results were expressed in the usual δ-
notation in parts per mil (‰). The V-PDB carbonate
standard was used for carbon and the analytical
precision was ±0.2‰.

3.2. Dating of sediment cores

Bulk sedimentary organic C samples from selected
depths in cores GT1 and GT3 were dated, using the
standard AMS method of radiocarbon analysis (14C), at
the NOSAMS facility (Woods Hole Oceanographic
Institution, MA, USA). Radiocarbon dating of GT2 core
bulk sediment samples, along with two shell samples
from the GT1 and GT3 cores, was performed using
AMS by Beta Analytic Inc. (Miami, FL, USA). After
acidification the samples were combusted to CO2, which
was then converted to graphite and analyzed along with
Oxalic Acid I and II standards (plus process blanks).
The counting error in the reported 14C contents averaged
±2% of the measured “age”.

3.3. Statistical analyses

For the statistical analyses, calculation of the
Pearson's correlation matrix of the variables was firstly
performed. R-mode factor analysis was then used in the
multivariate dataset to extract the principal components
on the basis of the factor loadings. The cluster analysis
technique (Q-mode) was finally applied to the original
dataset in order to classify sediment samples in
homogenous groups based on their similarity.

4. Results

4.1. Stratigraphy and sediment dating

The sedimentary sequences in the three cores are
depicted in Fig. 2. The upper section of the core GT1
(0–155 cm) is composed of olive grey silty clay, well
hydrated at the top (47.7% average water content) and
changing into a more compact grey sediment of similar
texture with downcore depth. Macrofauna is represented
by scarce fragments of bivalves and gastropods
(Turritella sp.) at the top, though they are more
abundant near the lower limit, which is marked by a
sharp horizontal colour change. Two distinct layers rich
in Ostrea edulis were found at 78–82 and 113–123 cm
depth. The following section (155–225 cm) is char-
acterised by dark grey silty clay with a mottled aspect
due to greenish brown lenses of clay. Peaty lenses are
irregularly dispersed between 172 cm and the lower
limit of this unit where shelly fragments are recogni-
sable. The underlying basal unit (225–245 cm), sepa-
rated by a sharp colour and granulometric variation,
consists of homogenous and massive dark brown silty
sand, in which X-ray analysis revealed the presence of a
freshwater gastropod (Viviparus contectus). The con-
ventional 14C age for this mollusc shell is reported to be
9610±40 yr BP, whereas, for the sedimentary OC, 14C
ages from selected depths increase from 4020±30 to
9140±40 yr BP downcore.

Core GT2, recovered from the prodelta zone of the
Isonzo river mouth, contains the three major strati-
graphic units already reported for GT1, although with
some differences due to its proximity to the fluvial
source. The upper section of the core (0–175 cm) is
composed of olive brown silty clay to clayey silt, highly
hydrated (47.2% average water content) and weakly
bioturbated only at the top. Shelly fragments and
complete bivalves and gastropods (Turritella sp.) are
common in the lower section of this unit. The middle
unit (175–300 cm) is separated by an evident colour
change and grades downwards into dark grey silty sand
and sandy silt. The mottled aspect is due to the
alternation of sandy and silty-clayey lenses rich in
minute plant debris with the colour changing from
greenish brown to dark green and, in addition, to black
organic rich pockets. Large shelly fragments of marine
bivalves (O. edulis, Pecten) and gastropods (Turritella
sp.) are concentrated between 175 and 200 cm depth.
The lowermost part of the unit (280–300 cm) shows
irregular dark brown peaty lenses within a silty sand
matrix. The basal unit (300–320 cm) is defined by a
homogenous and sterile dark brown clayey sand layer.
The conventional 14C ages of the sedimentary OC found
at selected depths were between 3370±40 and 9380±
40 yr BP.

Core GT3, from the deep central basin of the gulf, is
characterized by a similar, although more compressed,
sedimentary sequence. The uppermost section (0–
82 cm) of this core is composed of dark clayey silt,
highly hydrated at the top (52% average water content),
changing into a very firm greenish grey silty clay
downcore. Shelly fragments are scattered throughout the
unit except between 52 and 60 cm depth where, in a
shell-rich layer, O. edulis, undetermined marine
bivalves and Serpulidae sp. are concentrated. The
conventional 14C age of the sedimentary OC found at
64 cm depth is 4560±35 yr BP. This section shows a
gradational boundary with the underlying unit (82–
92 cm) which consists of fossiliferous and well sorted
greenish grey silty sand, with abundant Cerastoderma
glaucum (8810±40 14C yr BP), O. edulis and minute



Fig. 2. Core logs of GT1, GT2 and GT3 showing the sedimentary sequence and conventional 14C ages on selected shells and bulk sedimentary OC.
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shelly fragments. This unit is underlain with a sharp
boundary by the basal core section (92–130 cm)
composed of dark, sterile, silty fine sand down to the
base. The conventional 14C age obtained from the
sedimentary OC at 120 cm depth is 9160±50 yr BP. The
abundance of plant debris and peaty lenses gives a
mottled aspect due to colour changes from grey to very
dark grey.

4.2. Organic carbon, inorganic carbon, δ13Corg,
nitrogen and sulfur

The upper section of cores GT1 (Fig. 3A), GT2
(Fig. 3B) and GT3 (Fig. 3C) are characterised by rather
low organic carbon (OC) and N contents (about 0.6%
and 0.12%, respectively), except for higher values at
the top of the cores (1.10–1.31% for OC and 0.16–
0.23% for N). The C/N ratios range from about 4 to
more than 8 in cores GT1 and GT3, whereas they are
higher (between 8 and 10) in core GT3. Inorganic
carbon (IC) increases slightly downcore from 3.72% to
6.13% following the progressive increase of the sandy
component in the sediment of all three cores. δ13Corg

values are constant and typically marine in the first
60 cm (average −21.9±1.0‰), from where the isotopic
composition clearly starts decreasing downcore to more
negative values of −25.7‰.

In the followingmiddle section of core GT1, the sharp
increase of OC values from 1.90% to 4.33% and N
contents from 0.20% to 0.31%, C/N ratios (11.3–16.0)
and the mean δ13Corg value (−26.7±0.2‰) suggest that
most of the organic matter present in lenses is of
terrigenous origin. The δ13Corg value still decreases in
the upper part of the middle section of core GT2,
following the trend described in the previous section,
from −24.5‰ to −27.4‰, remaining relatively uniform
in the section down to the base. In the basal part of the
section, a slight increase is observed for OC and N
contents and C/N ratios showing maxima of 1.67%,
0.14% and 13.8%, respectively. The IC contents, ranging
from 6.50% to 8.05%, reflect the variability of the silty
sandy component of carbonate origin in the sediments. A
fossiliferous silty sand layer characterizes the middle
section of core GT3, showing slightly higher values of
OC (1.88%) and IC (6.52%) than the upper section, a
lower content of N (0.06%) and a high C/N ratio (36.6).

The bottom sedimentary section in core GT1 is
characterised by a relatively low OC value (0.6%) and
medium N content (0.22%), whereas the maximum IC
content (8.81%) is due to the prevalence of the carbonate
sand component. The C/N ratio of 5.9, comparable with
the upper core section, and δ13Corg value of −26.9‰ fall
into the range for lacustrine organic matter (Meyers,
1997). Results obtained for the basal section of core GT2
are of the same magnitude as those previously observed
for the middle section. High contents of OC (up to
4.35%) and C/N ratios (46.1) are observed in the upper
part of the last section of core GT3 where peaty lenses
and pockets of organic matter can be seen. IC contents
are the highest in the core (6.58–7.33%), except for the
organic rich level at 109–110 cm depth, whereas N
contents and δ13Corg values are generally constant over
the section, the latter having the most negative values
(averaging −26.1±0.4‰) in the whole core.

The distribution of total S in the cores shows
characteristic features, with higher contents in the
surface layers (0.29% GT1; 0.33% GT2; 0.37% GT3)
that slightly decrease in the first 50 cm down to about
0.10–0.15% in the lower sections. A significant increase
is observed in core GT1 for the middle section, where a
maximum of 0.95% S is reached, probably caused by
the presence of metal sulfides in reduced sediments as
also indicated by higher concentrations of organic
matter due to peaty lenses in the sediments.

4.3. Calcium, magnesium, aluminum, iron and titanium

The distribution of Ca and Mg in cores GT1 (Fig.
3A) and GT2 (Fig. 3B) is related to the abundance of
carbonates in the coarser, silty sand fraction of the
sediments, showing increasingly higher contents in the
lower sections. In core GT1, Ca increases from about
9%, at the top layer, to about 14% in the lower part of the
upper section, with a decrease in the more organic
sediment of the middle section (9%), to reach the highest
content in the coarser basal part (22.8%). The Mg trend
increases linearly from the surface down to the basal part
of the upper section (2.0–3.5%) remaining constant over
the rest of the core. The relationship between Ca content
and grain-size variability is more evident in GT2,
ranging from 8.2% to 16.7% in the upper section and
reaching a constant value of 18.6±1.6% in the lower
sections.

In all three cores, the profiles of Al, Fe and Ti are
strongly correlated with the clay fraction of sediments.
A decreasing trend is detectable in core GT1 (Fig.
3A), down to the upper limit of the middle section,
followed by a slight increase in values due to finer
grain-size (Al: 7.35–1.71%; Fe: 2.56–0.83%; Ti:
0.59–0.13%), whereas the lowest contents are related
to the sandy layer at the core bottom. The decreasing
trend of the three elements in core GT2 (Fig. 3B)
from the topmost layers down to 240 cm depth, where
the lowest contents (Al: 2.05%; Fe: 0.89%; Ti:



Fig. 3. (A) Vertical profiles of grain-size, water content, major and trace elements and δ13Corg in core GT1. (B) Vertical profiles of grain-size, water content, major and trace elements and δ13Corg in core
GT2. (C) Vertical profiles of grain-size, water content, major and trace elements and δ13Corg in core GT3.
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0.18%) are found, is interrupted by a peak between 50
and 60 cm depth (Al: 7.74%; Fe: 2.65%; Ti: 0.63%).
In the basal part of the core, values increase according
to clay content variability. In core GT3 (Fig. 3C), a
progressive linear decrease of the three elements from
the top of the core to the basal section is observed,
with minima related to the sandy silty layer at a depth
of 82–92 cm corresponding to the middle section (Al:
8.55–3.98%; Fe: 3.71–1.19%; Ti: 0.40–0.14%).

4.4. Manganese, nickel, chromium, copper, and zinc

Down-core distributions of these heavy metals
suggest a highly significant relationship among them
and with those elements (Al and Fe) that are the major
constituents of aluminosilicates in the finer silty-clayey
fraction of the sediments. In core GT1 (Fig. 3A), Mn,
Ni, Cu, Cr and Zn profiles show a slight decrease from
the top of the core (Mn: 534–431 μg g−1; Ni: 132–
60 μg g−1; Cu: 13–33 μg g−1; Cr: 71–146 μg g−1; Zn:
70–136 μg g−1) to the lower limit of the upper section.
Concentrations of Cr and Zn remain almost constant in
the middle section, whereas an apparent enrichment is
observed for Ni and Cu (up to 141 and 43 μg g−1,
respectively). Conversely, the Mn content is noticeably
reduced (down to 336 μg g−1). The lowest concentra-
tions of heavy metals are found in the basal and more
sandy section of the core.

In core GT2 (Fig. 3B), the heavy metals follow three
distinct trends: a slight increase from the top layers
down to 50–60 cm depth is observed (up to 628 μg g−1

Mn, 150 μg g−1 Ni, 128 μg g−1 Cr, 50 μg g−1 Cu),
except for Zn, which, on the contrary, decreases from
145 to about 90 μg g−1. A sharp decrease is then evident
down to 240 cm depth, where the lowest contents
(359 μg g−1 Mn, 48 μg g−1 Ni, 47 μg g−1 Cr, 13 μg g−1

Cu, 37 μg g−1 Zn) are reached. In the basal part of the
core, values increase according to grain-size variability.

Almost constant values of Mn, Ni and Cr (averaging
536, 102 and 121 μg g−1, respectively) are present in the
upper section of core GT3 (Fig. 3C), decreasing slightly
in the proximity of the middle section, following the
coarsening of grain-size downwards. Zn and Cu trends
show a linear decrease from the top of the core (130 and
30 μg g−1, respectively) to the basal section for the
former (44 μg g−1), and down to 50 cm depth for the
latter (about 15 μg g−1).

4.5. Mercury

The profiles of Hg content in all three cores show a
peculiar trend, clearly reflecting a contamination
process that has affected the more recent history of the
coastal area and has been well recorded in the marine
sediments. In cores GT1 (Fig. 3A) and GT3 (Fig. 3C),
more distant from the riverine source, an exponential
decrease is observed from the top layers (2.4 and
2.02 μg g−1, respectively) down to about 40 cm depth
where Hg concentrations reach almost constant values
corresponding to natural background levels. These are
estimated to be between 0.04 μg g−1 (Ogorelec et al.,
1981) and 0.10 μg g−1 (Faganeli et al., 1991) for the
southern sector of the Gulf and 0.17 μg g−1 for the
western part of the study area (Covelli et al., 2001).
Unlike the previous cores, Hg contents in GT2 (Fig. 3B)
show an increasing, nearly exponential, trend from the
surface (8.45 μg g−1) to about 50 cm depth, where a
concentration peak of 23.32 μg g−1 is reached. From
that depth, the metal abundance decreases, also nearly
exponentially, down to background values reached at
about 100-cm depth. A similar trend and apparent peak
at 16–19 cm depth were already found in a 70-cm-long
core (AA1 in Fig. 1) collected 4.5 miles south–east of
the river mouth. Here, they were considered to be related
to cinnabar ore extraction activity at the Idrija mine
(Covelli et al., 2001).

5. Discussion

5.1. The Holocene stratigraphic sequence

Holocene sedimentation processes in the northern
Adriatic Sea started with a sea-level rise, dated back to
18 ka, after the last glaciation. This rise was initially
very rapid, about 10 mm yr−1, up to 6 ka (Amorosi et al.,
1999) followed by a phase of high-stand corresponding
to the last 6000 yr, when the rate would have decreased
to about 0.5 mm yr−1 (Preti, 1999). As a consequence of
the high-stand conditions, through the littoral dispersion
of the coastal sediments, an almost uninterrupted system
of lagoons (from west to east, the Venice, Caorle and
Marano lagoons) developed along the northern coastal
stretch from the Po river to the Isonzo river (Bortolami
et al., 1977; Marocco, 1991). North of the Po river delta,
the Adriatic shelf has been defined as sediment starved
during high-stand conditions (Trincardi et al., 1994;
Correggiari et al., 1996a). The present surface deposits
on the shelf consist of a few metres thickness of muddy
prodelta wedges close to the major riverine sources.
Between Venice and Trieste, residual continental
morphological features such as terraces, mounds, ridges
and channels, associated with different depositional
environments (paleodeltas, ancient shorelines and
lagoonal deposits) were recognised on the shelf
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(Mosetti, 1966; Brambati and Venzo, 1967; Rossi et al.,
1968).

The present hypothesis about sea-level rise in the
Gulf of Trieste is mostly based on recent research in the
central and southern Slovenian sector of the study area
(Ogorelec et al., 1984, 1991, 1997). Six boreholes were
drilled along the inner part of the shallow Koper and
Piran bays, which are submerged valleys of the small
rivers flowing through the Istrian Peninsula. The
boreholes were drilled to depths ranging from about
40 to 60 m, reaching the Eocene flysch basement, and
revealed an alternation of marine, brackish and fluvial
facies. The oldest Holocene sediments were recovered
from borehole MK-6 in the inner part of Koper bay at a
depth of 48 m below the present sea level (Ogorelec et
al., 1991, 1997) and date back to ca. 11 ka according to
the sea-level history curves of Fairbanks (1989, 1990).
Further south in Piran bay, a peat layer found at 26.5 m
depth in the borehole V-6 and dated by 14C radiodating
to 9180±120 yr BP is overlaid by a quite homogeneous
marine-brackish depositional sequence (Faganeli et al.,
1987). The marine ingression in the Gulf of Trieste
during the Holocene would have affected the Istrian
coast about 10,000 yr BP and more recently the
Venetian-Friulian paleoplain.

Conventional 14C ages of bulk sedimentary OC in
the basal part of the two cores, 9030±70 and 9140±
40 yr BP for GT1, and 9160±120 yr BP for GT3
correspond with the age reported for the peat layer in the
V6-borehole. The very low δ13Corg values and higher C/
N ratios supported by stratigraphic features (dark brown
clays and peats) suggest that these sections were formed
in low energy environments influenced by freshwater
inputs and abundant vegetation, such as swamps or
alluvial plains, developed just before the marine
transgression. This hypothesis is supported by the age
of 9610±40 yr BP for a gastropod (V. contectus), typical
of lacustrine environment, found at the bottom of core
GT1. Detailed micropaleontological investigation
(Melis, unpublished data) revealed that the basal
sediments are almost sterile except for frequent
gyrogonites from Characeae.

Similar paleoenvironmental conditions were reached
slightly later at the shallower (−15 m depth) GT2
location, considering the basal datings of 8270±50 and
8770±40 yr BP. These results are consistent with the
Early Holocene age/depth model for the northern
Adriatic Sea (Correggiari et al., 1996b; Amorosi et al.,
1999; Preti, 1999). According to this interpretation
the oldest datings of GT2 (9380±40 at −195 cm and
9040±50 at −275 cm) measured above the two
basal 14C samples were considered not reliable.
Paleoenvironmental studies of the foraminiferal
assemblages of the GT3 core sections, based upon
previous work in the area (e.g. Serandrei Barbero et al.,
1989; Albani and Serandrei Barbero, 1990), indicate a
subsequent gradual evolution to a paralic system, as
testified by the abundant typical lagoon/estuarine
bivalves (C. glaucum) found between 82 and 92 cm
depth and dated to 8810±40 14C yr BP. Evidence of the
development of a rapid marine transgression comes also
from the relative increase of typical or exclusive marine
foraminifera species in the sedimentary sequence.

In the uppermost marine sections of the cores, the age
of bulk sedimentary OC does not show any relevant
change with depth to about 60 cm. In contrast, using Hg
as a recent geochronological tracer in core GT2, the
sediment layer at 55 cm could date to 1913 by
correlation with mining activity (see Fig. 8 and Covelli
et al., 2001). The apparent discrepancy between the
sediment chronology and the older 14C ages of bulk
sedimentary OC at the same depth suggests that a
significant fraction of sedimentary OC could be
relatively old and most likely of partly allochthonous
origin. In recent work (Ogrinc et al., 2005), it was
reported that radiocarbon analyses of sedimentary OC
yield depleted Δ14C values (−338.7‰ to −429.4‰),
indicating a significant fraction of relatively old OC. As
a consequence, the natural abundance of 13C and 14C
tracers suggests a two-component mixture of ancient
and modern C in the sediments down to approximately
60 cm sub-bottom, with an estimated ≈45% of
sedimentary OC probably being derived from ancient
sedimentary OC (kerogen).

5.2. Geochemistry

Both Al and Fe show strong positive correlations
with mud contents (Al=0.770; Fe=0.627, p≤0.001) as
a reflection of their coexistence in the crystalline
structure of fine grained aluminosilicate minerals. The
high negative correlations of Al with IC (r=−0.751),
Mg (r=−0.624) and especially with Ca (r=−0.917) is
explained by the detrital, and to a lesser degree biogenic,
carbonate component which mainly affects the coarser
sandy fraction of the sediment in the gulf (Ogorelec et
al., 1991). The positive correlations of Ti (r=0.619), Cr
(r=0.845), Ni (r=0.735), Cu (r=0.435) and Zn
(r=0.699) with Al confirm that Al can be the ideal
reference element and suggest that these trace metals are
mostly held in the clay minerals. Among the trace
metals, Hg is the only one showing a less significant
correlation (r=0.293) with Al. If plotted against the
main grain-size components, Hg shows the best



Fig. 4. Dendrogram obtained by cluster analysis (Euclidean distance
and Ward linkage).

Table 1
R-mode Varimax rotated factor matrix for geochemical parameters

Factor 1 Factor 2 Factor 3 Factor 4 Communality

Clay 0.968 −0.004 0.011 0.031 0.938
IC −0.966 −0.006 −0.228 0.023 0.986
Fe 0.933 −0.007 0.316 0.042 0.972
Al 0.931 0.113 0.304 0.040 0.974
Ca −0.918 −0.265 −0.191 0.033 0.951
Ti 0.893 0.024 0.383 −0.056 0.948
Mud 0.877 0.042 0.401 0.169 0.960
Ni 0.838 0.191 0.028 −0.107 0.751
Cr 0.838 −0.131 0.440 −0.082 0.920
Mg −0.649 0.552 −0.028 0.286 0.808
Zn 0.618 0.104 0.576 0.237 0.781
OC 0.013 0.965 −0.157 0.011 0.956
S 0.191 0.903 0.111 0.058 0.868
Ntot 0.025 0.864 0.127 0.126 0.779
Hg 0.192 −0.070 0.837 −0.335 0.855
Silt 0.420 0.093 0.817 0.306 0.946
Cu 0.469 0.447 0.557 −0.276 0.806
Mn −0.003 −0.154 0.046 −0.883 0.806
Eigenvalues 8.694 3.185 2.85 1.275
Total
variance

48.297 17.695 15.833 7.084
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correlation with silt (r=0.551) supporting the hypoth-
esis that particles between 53 and 2 μm, and particularly
those between 16 and 2 μm (Covelli et al., 2001), are the
most important metal-carriers in the gulf.

5.2.1. Factor analysis
Principal Component Analysis (PCA) using VAR-

IMAX rotation was applied to investigate the inter-
relationships between the variables. Four main factors
explain almost 88.9% of the total variance (Table 1) in
the compositional features of the samples. Factor 1
accounts for 48.3% of the variance and shows
significant high loadings (>0.84) of Fe, Al, Ti, Ni and
Cr, lesser loadings of Zn (0.64) as well as mud and clay
components, whereas negative high loadings of Ca, IC
and Mg are related to carbonates mostly present in the
coarser fraction of the sediment. The first Factor reflects
the natural composition of sediments due to the
accumulation of terrigenous material composed of
carbonates and silicates. The trace metal variability
can be explained by grain-size and mineralogical
variations throughout the cores. Factor 2 accounts for
17.7% of the variance, comprising high loadings of OC,
S and N, which are mostly related to the organic matter
present in the peaty lenses in the deepest sections of the
cores. Factor 3 accounts for 15.8% of the variance where
Hg, the factor end member, is positively correlated with
silt and Cu, and partially with Zn. This factor represents
anthropogenic perturbation in the most recent history of
the gulf due mainly to the mining of cinnabar ore with
possibly associated Cu and Zn sulfides. Factor 4 is only
represented by Mn and accounts for 7.1% of the
variance and for which there is no obvious explanation.

5.2.2. Cluster analysis
Cluster analysis was performed on the basis of the

values of 19 standardized variables using Ward's
hierarchical agglomerative method and Euclidean
distance measures. Fig. 4 shows the dendrogram
produced by clustering 112 subsamples of the three
cores. The samples fall into four main groups (A, B, C
and D) that have a clear stratigraphic meaning (Table 2
and Fig. 5). Cluster A includes the basal sections of all
three cores, representing the uppermost part (Early
Holocene) of the transgressive system tract recognized
by Trincardi et al. (1994), Correggiari et al. (1996a) and
Fabbri et al. (2001). This group is characterized by the
highest contents of sand, IC, Ca and Mg, with all the
remaining variables being very low except for OC,
which averages about 1%. The B group, which is close
to the A group, comprises the middle section of all three
cores related to Holocene deposition. This group can be



Table 2
Descriptive statistics for variables of the main clusters

Cluster A B1 B2 B3 C1 C2 D1 D2

Corg (%) avg. 0.99 1.59 0.65 3.90 0.49 0.63 0.61 0.88
range 0.51–1.88 0.50–4.35 0.53–0.83 3.47–4.33 0.45–0.52 0.50–1.13 0.45–0.72 0.31–1.31
std 0.54 1.33 0.08 0.61 0.03 0.17 0.08 0.25

Cinorg (%) avg. 7.43 5.54 5.25 4.81 4.50 4.02 4.07 4.50
range 6.52–8.81 3.61–6.50 4.74–6.00 4.72–4.90 4.28–4.75 3.47–4.52 3.72–4.49 3.77–4.91
std 0.75 0.98 0.43 0.13 0.20 0.26 0.25 0.25

Ntot (%) avg. 0.07 0.12 0.07 0.30 0.32 0.11 0.12 0.14
range 0.03–0.12 0.04–0.20 0.03–0.10 0.28–0.32 0.08–0.88 0.07–0.15 0.11–0.13 0.09–0.23
std 0.03 0.05 0.02 0.03 0.38 0.02 0.01 0.04

S (%) avg. 0.09 0.15 0.16 0.87 0.11 0.19 0.22 0.26
range 0.00–0.20 0.05–0.23 0.00–0.52 0.80–0.95 0.04–0.21 0.09–0.29 0.17–0.27 0.08–0.37
std 0.07 0.06 0.15 0.11 0.07 0.06 0.04 0.07

Al (%) avg. 3.22 5.18 6.97 6.68 6.34 6.96 7.09 6.87
range 1.71–4.62 3.88–6.14 4.76–7.95 6.43–6.94 6.01–6.88 5.97–7.35 4.58–7.74 5.65–8.55
std 1.00 0.88 1.02 0.26 0.28 0.32 0.86 0.70

Ca (%) avg. 19.84 14.61 13.27 9.44 12.49 11.22 10.57 12.06
range 17.53–22.80 12.42–18.03 12.49–13.90 8.53–10.98 11.47–13.60 9.79–12.24 9.13–11.84 8.21–13.86
std 1.76 1.93 0.72 1.34 0.65 0.64 0.82 1.07

Mg (%) avg. 3.31 2.98 2.70 3.28 2.37 2.23 2.50 2.60
range 3.00–3.45 2.61–3.39 2.60–2.77 3.22–3.32 2.15–2.60 2.11–2.37 2.31–2.75 2.01–2.73
std 0.16 0.28 0.09 0.05 0.15 0.06 0.11 0.15

Fe (%) avg. 1.24 1.98 3.00 2.10 2.27 2.44 2.53 2.55
range 0.83–1.59 1.61–2.61 1.86–3.49 2.00–2.18 2.10–2.41 2.32–2.56 2.45–2.65 1.77–3.71
std 0.26 0.28 0.50 0.10 0.08 0.08 0.08 0.51

Ti (%) avg. 0.20 0.36 0.36 0.42 0.47 0.52 0.59 0.49
range 0.13–0.25 0.19–0.44 0.30–0.41 0.38–0.47 0.41–0.52 0.45–0.59 0.55–0.66 0.37–0.61
std 0.04 0.07 0.03 0.05 0.03 0.04 0.03 0.06

Mn (ppm) avg. 399 514 532 348 471 514 584 544
range 359–430 401–979 471–595 336–356 431–520 485–534 549–628 467–595
std 23 147 30 11 32 12 23 37

Cr (ppm) avg. 56 79 118 81 101 118 119 113
range 26–67 62–94 101–129 78–85 94–123 94–146 113–128 96–136
std 12 10 9 4 8 13 4 12

Ni (ppm) avg. 50 82 101 119 95 115 125 98
range 29–74 26–118 84–116 99–141 60–109 93–132 103–150 79–117
std 14 21 8 21 14 11 13 10

Cu (ppm) avg. 17 17 21 37 18 26 41 32
range 10–22 13–25 15–28 32–43 15–23 20–33 32–50 27–40
std 4 3 4 5 2 3 6 4

Zn (ppm) avg. 49 75 85 98 89 102 98 115
range 33–64 52–86 67–103 93–106 77–100 76–136 88–108 65–145
std 10 10 12 7 7 16 7 20

Hg (ppm) avg. 0.138 0.094 0.496 0.088 0.504 1.853 13.167 5.938
range 0.072–0.410 0.063–0.119 0.064–1.823 0.078–0.098 0.080–1.258 0.672–2.395 7.047–23.321 0.986–9.493
std 0.114 0.018 0.565 0.014 0.534 0.543 4.682 3.184

Sand (%) avg. 57.87 23.79 16.71 5.98 6.42 5.01 3.45 4.93
range 39.45–67.87 4.65–57.36 9.04–20.04 3.04–8.91 6.42 2.45–7.87 0.88–6.02 1.13–14.91
std 10.96 23.25 4.03 4.15 – 1.98 3.63 5.91

Silt (%) avg. 27.69 35.96 41.18 39.14 41.33 40.61 44.44 47.99
range 20.84–35.77 25.12–43.32 38.72–44.26 35.99–42.28 41.33 38.47–43.47 40.36–48.51 37.88–57.47
std 6.58 8.51 2.05 4.45 – 2.29 5.76 7.10

Clay (%) avg. 14.44 40.25 42.11 54.89 52.25 54.38 52.12 47.07
range 11.30–25.07 14.21–52.03 38.28–50.74 48.81–60.97 52.25 52.94–56.64 50.61–53.62 39.15–58.82
std 5.28 15.90 4.51 8.60 – 1.55 2.13 6.36

Mud (%) avg. 42.13 76.21 83.29 94.03 93.58 94.99 96.55 95.07
range 32.13–60.55 42.64–95.35 79.96–90.96 91.09–96.96 93.58 92.13–97.55 93.98–99.12 85.09–98.87
std 10.96 23.25 4.03 4.15 – 1.98 3.63 5.91
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Fig. 5. Correlations among core sections on the basis of cluster
analysis results.
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easily separated into three subgroups (B1, B2 and B3).
The most distinctive of the three subgroups is B3,
corresponding to the 175–225 cm section in core GT1
where visual inspection shows high concentrations of
organic matter as peat accumulated in lenses. This
section consists of fine material (about 94% of mud)
with very high contents of OC (about 4%), N, S and Mg
and high concentrations of Al, Ni, Cu and Zn which can
be explained, for the last two elements, by the formation
of authigenic sulfide minerals. These results, along with
highly negative δ13Corg values, indicate the deposition
of sediments belonging to lacustrine or swamp sedi-
mentary environments in the eastern part of the gulf,
affected by freshwater inputs from the pre-transgression
drainage system involving the present secondary
streams flowing into the gulf from the Istrian Peninsula
(Rosandra, Ospo, Rizana and Dragonja rivers). The
subgroups B1 and B2 testify to the gradual deepening of
the marine environment due to marine transgression.
Differences in terms of composition between the B1 and
B2 groups are due to higher contents of OC, N, Ca, Mg
and sand and lower concentrations of Al, Fe, Cr, Ni, Cu,
Zn and silt in B1 in comparison with the B2 group
(Table 2). It is worth noting the absolute correspondence
between the sedimentary horizons belonging to the B1
group and the three core sections where the increase of
δ13Corg values occurs (Fig. 3A, B and C), testifying to
the transition from continental to marine conditions.
Similar deposits, affected by inputs of organic and
terrigenous material of fluvial origin, were accumulated
during the rapid Holocene transgression up to about
6000 yr BP. Conversely, the B2 facies suggests a typical
marine depositional environment characterized by
fining upwards material of fluvial origin which would
represent sedimentation that occurred in the western gulf
area after the maximum marine transgression,
corresponding with the highstand system tract of
Trincardi et al. (1994). The lack of cluster B2 in core
GT1, along with a major thickness of facies B1 at this
site, seems to indicate a longer period of intermediate
conditions here, far off from the main terrigenous input
of the Isonzo river. According to Marocco (1991), the
Isonzo river paleodelta was located further west of
Grado in the Roman age. The formation of the lagoon
environment west of Grado was due to a progressive
migration of the river mouth eastwards and consequent
increase in the subsidence of the former alluvial plain.
Only in more recent times (9th–18th centuries AD) did
the Isonzo river reach the coastal area between Grado
and the present river mouth. This event contributed to
the recent increase in the sedimentation rate in the gulf
area, especially in the western part. Taking into
consideration Hg as a geochronological tracer, clusters
C and D and the following subgroups, C1,C2 and D1,
D2, represent the modern deposits accumulated in the
last thousand years in the prodelta zone of the Isonzo
river. The deposits are of very fine sediments, showing a
recent increase of the silt/clay ratio at the top of cores
GT2 and GT3 (cluster D2). Almost all metals show
higher average concentrations in cluster D1, and
secondarily in D2 and C2 due to the influence of
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anthropogenic inputs primarily involving Hg, but
subordinately Cu and Zn.

These findings are consistent with the metal
distributions in surficial sediments of the Gulf of Trieste
(Covelli and Fontolan, 1997). The metals are more
related to mineralogical composition than to anthropo-
genic sources with the only exception being Hg.
Relationships between trace elements and the finest
fraction of sediment particles (<2 μm) confirm their
lithogenic provenance influenced by fluvial inputs from
the Isonzo river.

5.3. Baseline and enrichment factors

According to the literature (Schropp et al., 1990;
Loring, 1990, 1991), before any examination of
enrichment, a normalization to a reference element
is necessary to compensate for grain-size and
mineralogical effects on the metal variability in
samples. A first attempt at regional geochemical
normalization using regression lines of trace metals
on a normalizing or conservative element (i.e. Al, Li,
Fe, etc.) was previously made on surface sediment
samples of the studied area by Covelli and Fontolan
(1997). The study pointed out how this procedure
seems to be most suitable in determining regional
baseline functions and, subsequently, in calculating
enrichment factors as simple ratios between real and
theoretical values (Colizza et al., 1996). In the present
study, the availability of subsurface samples from
long cores allowed this procedure to be applied not
only to present and pre-industrial time (i.e. ca.
200 yr) sediments, but also to the whole Holocene
(ca. 10,000 yr).

Simple linear regressions versus Al were initially
performed on all core levels and the results were plotted
along with the 95% prediction limits (Fig. 6). Data
points falling outside the two 95% predictions limits,
delineating the expected natural range, were considered
to be anomalous and removed from the original data set.
Metal-Al linear relationships were recalculated for the
samples statistically belonging to the natural population
of marine sediments of the Gulf of Trieste (Table 3).
These regression lines, along with prediction limits can
be used to assess if sediments are enriched with metals
on a regional scale, i.e. in the Gulf of Trieste.
Concentrations that are higher than the prediction limits
can be a consequence of contamination and an unusual
amount of metal-bearing minerals (Loring, 1991), and to
the onset of trace metals remobilization during early
diagenesis (Berner, 1980; Lapp and Balzer, 1993;
Skowronek et al., 1994). The degree of enrichment (or
enrichment factor EF) can be given by the ratio between
the measured concentration and the predicted metal
value determined through the linear functions of Table
3. If we consider single cores, the possible alterations of
the natural composition of marine sediments due to
anthropogenic sources with time can be evaluated. The
vertical profiles of metal EFs (Fig. 7) show that Fe, Mn
and Ti are not affected by anthropogenic enrichment, but
are bound in the crystalline structure of minerals. The
EF distribution with depth is relatively uniform for Cr
and Ni. Zn appears to be slightly enriched at the top of
the three cores especially in the first 20 cm (GT1
EF=1.3, GT2 EF=1.50; GT3 EF=1.57). Cu shows
significant enrichment only in core GT2, between 10
and 90 cm sediment depth. This enrichment approxi-
mately matches the interval of high Hg content as
reported below. If surficial enrichments are due to
anthropogenic sources, mainly through fluvial inputs,
local enrichments of metals in the deeper core sections
are probably related to post-depositional processes with
the formation of authigenic minerals. Pyrite as large
framboids (up to 200 μm), formed during early
diagenesis in reduced conditions, was found to be
<5% of the total sediment in the small bays along the
southern coast of the gulf (Ogorelec et al., 1991) as well
as in the basal section of core GT3 (Melis, personal
communication).

Hg was the only metal showing a correlation with
Al significant at a lower level (p≤0.05–0.001) since
sedimentary deposits at the core tops show extremely
high concentrations of this metal due to mining
residues. Conversely, Hg values in the deepest core
sections are relatively constant and slightly lower than
the preliminary estimated background, or pre-mining
activity value, of 0.17 μg g−1 reported by Covelli et
al. (2001). The statistical approach described for other
metals could not be applied for Hg because if samples
with high concentrations are removed from the
scatterplot, the linear correlation with aluminium is
poorly defined. The Hg baseline was therefore
considered as an average of concentrations in the
basal levels of the cores (0.13 μg g−1). Hg contents
were normalized to Al but little change was produced
in the shape of Hg concentration versus depth profiles.
This fact indicates that peaks and lows are not a
consequence of grain-size variations. The EF for Hg
was calculated as Hg/Al(sample)/Hg/Al(baseline). The
degree of Hg enrichments, in the core tops, appears
to depend on the distance from the fluvial source
(GT1 EF=16.8; GT2 EF=27.2; GT3 EF=7.5).
However, maximum enrichments were achieved in
the recent past, since they are recorded in the



Fig. 6. Scatterplot between trace, major elements and Aluminium. The regression line and 95% confidence band are reported.
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Table 3
Linear regression parameters between heavy metals and Aluminum for
calculation of regional baselines (a=angular coefficient, b=y intercept,
r=correlation coefficient, SEE=standard error estimate, N=number of
samples)

Element a b r SEE N

Fe (%) 0.275 0.531 0.985 0.031 93
Ti (%) 0.071 0.032 0.979 0.009 88
Mn (ppm) 22.169 383.623 0.700 15.038 86
Ni (ppm) 12.015 29.546 0.922 3.821 65
Cr (ppm) 10.799 38.277 0.911 3.660 72
Cu (ppm) 2.710 10.134 0.782 1.519 72
Zn (ppm) 11.225 23.713 0.904 3.660 75

All relations are significant at P≤0.001.
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subsurficial layers: 8.5 cm for GT1 (EF=17.2),
49.5 cm for GT2 (EF=64.1) and 12.5 cm for GT3
(EF=9.5).

5.4. Accumulation rates and inventories of Hg

The long-term (ca. 500 yr) Hg mining activity at
Idrija (Fig. 1) is well recorded in the sedimentary
sequence of the Gulf of Trieste due to the accumu-
lation of that part of metal lost during the excavation
and smelting of more than 5×106 metric tons of ore,
mostly cinnabar. The annual amount of cinnabar ore
extracted and of Hg produced during the five
centuries of mining activity was provided in detail
by Mlakar (1974). As indicated in Fig. 8, Hg
production can be dated back to about 1500, although
the amount of ore excavated and metal produced
increased dramatically between the end of the 18th
century and the second half of the 20th century. The
greatest annual amount of Hg produced occurred in
1913 (820 tons). If related to mining activity, it is
realistic to consider that the contamination process due
to metal dissipation into the environment followed a
parallel development. Estimation of metal recovery
from ore was about 60–70% until 1800 (Mlakar,
1974) during which time high amounts of cinnabar
were released into the river in spite of the compar-
atively small volume of extracted ore. After 1800 the
extraction recovery improved, and was up to more
than 90% in the most recent times of major
production. Biester et al. (2000) suggest that most of
the Hg accumulated in fine-grained sediments from
river terraces and in the Gulf could be due to the
rising amount of mining residues and the intensive
crushing of the ore that increased the amount of fine
grained material and Hg concentrations in the core
profiles.
As previously reported for core AA1 (Covelli et
al., 2001), the cinnabar ore extraction and metal
production records at Idrija (Fig. 8) correlate well
with Hg concentration and Hg EF profiles in core
GT2. In addition to the onset of the dramatic
increase of Hg enrichment, which is common in all
three cores, core GT2 records a very sharp peak in
the top section corresponding to Hg enriched
sediment deposition following maximum metal pro-
duction at the Idrija mine (1913–1914). The Idrijca
river and the surrounding region, as well as the
whole Isonzo river basin, have a steep gradient and
are characterized by high precipitation during the
spring and autumn periods, which produces rapid
run-off floods along with a high suspended sediment
load due to erosion of river banks and surface soil. It
can be reasonably assumed that the time lag between
Hg loss during smelting activity in the Idrija region,
remobilization and final deposition in the coastal area
was relatively short. Thus a sharp peak in the Hg
concentration in a core can be used as a chemos-
tratigraphic marker and, since no other dating is
available, the calendar ages can be assigned by
assuming a constant accumulation rate from the
marker sedimentary level to the present (Varekamp,
1991; Varekamp et al., 2003). This approach was
successfully applied in the preliminary estimation of
sedimentation rates in the mid-Gulf (core AA1),
providing a value of 2.16 mm yr−1 on the basis of
the Hg peak, whereas 1.84 mm yr−1 was obtained
from 210Pb determination for the same site (Covelli
et al., 2001). If a similar procedure is applied for
core GT2, an average sedimentation rate of 6 mm
yr−1 is obtained. Since Hg profiles in core GT1 and
GT3 do not show the evident sharp peak recognized
in core GT2, the top sections of the two cores were
dated with the onset of the Hg EF dramatic increase
as a time marker (ca. 1800 AD). The estimated
average sedimentation rates are 2.3 and 1.8 mm yr−1

for core GT1 and GT3, respectively. These results
agree quite well with those based on 210Pb analysis
reported by Ogorelec et al. (1991) for the mid-Gulf
area, ranging from about 1 to 2.5 mm yr− 1.
Although mining activity started at the end of 15th
century, sediment cores do not show evidence of the
onset of Hg anthropogenic enrichment until the
dramatic increase in the activity (ca. 1800 AD)
because the perturbation of mining practices was
probably not sufficient to be recorded in the
sedimentary sequence.

Taking into account the rate at which sediment is
accumulating at each site of core collection, the Hg



Fig. 7. Vertical enrichment profiles (EF) of trace metals in core sediments.
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Fig. 8. Hg production and cinnabar ore extracted at Idrija (Slovenia)
during 500 years of mining activity (adapted and redrawn from
Mlakar, 1974).
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accumulation rate (HgAR) in sediments is calculated
from the following equation:

HgAR ðmg m−2yr−1Þ ¼ xðHgÞs104
with x ¼ ð1−uÞmq
where ω is the mass sedimentation rate (g m−2 yr−1),
(Hg)s is Hg concentration (μg g−1) in sediment, φ is
porosity, ν is sedimentation rate (mm yr−1) and ρ is
sediment density (g cm−3). In spite of the mine closure
(1996), the modern accumulation rate of Hg in the Gulf
is very high and variable according to the distance from
the Isonzo river mouth (Table 4). Whereas HgAR is
estimated to be 1.77 mg m−2 yr−1 in the central sector of
the Gulf, it reaches 31.49 mg m−2 yr−1 in front of the
fluvial source (GT2). Intermediate HgAR of 3.75 and
4.23 mg m−2 yr−1, respectively, are recorded in GT1
and AA1 (Covelli et al., 2001). The maximum rate of
HgAR reaches up to four orders of magnitude
(139.71 mg m−2 yr−1) higher than the background
accumulation rate in GT2 (Table 4). Temporal variations
of Hg loading show a decrease to the present day in all
three cores (Fig. 9). The pre-1800 HgAR appears to be
from one to two orders of magnitude lower than the
most recent flux.

Vertical profiles of Hg concentration in core
sediments collected off the river Po delta also show
enriched surficial layers, ranging between 50 and
230 ng g−1 attributed to anthropogenic sources (Fabbri
et al., 2001). The river Po is recognised as the main
sedimentary input to the northern Adriatic Sea with an
apparent sedimentation rate in the nearshore prodelta
zone of the order of 2–4 cm yr−1 (Boldrin et al.,
1988). However, the Hg accumulation rate off the
river Po delta is only 0.75 mg m−2 yr−1 (Coquery et
al., 1996) which is equivalent to the pre-mining
accumulation rate estimated in front of the Isonzo river
mouth (GT2). Sediments of the Gulf of Trieste are
undoubtedly the final sink for most of the anthropo-
genic Hg lost during the long-term mining activity in
Idrija.

The cumulative Hg inventory quantifies the total
amount of the metal loaded to the sediments over time
(Kolak et al., 1998). If the natural input of Hg is
removed by subtracting the background concentration
from total concentration, the inventory represents the
anthropogenic loading of Hg calculated as follows:

Hg Inv ðmg m−2Þ ¼
X

½ðHg*Þsð1−uÞqd�

where (Hg⁎)s is the background corrected concentration
in the sediment and d is the thickness of sediment
between analysed core levels. The cumulative Hg⁎

inventory is the total mass of Hg due to mining residues
that was deposited on a 1 m2 surface area over the
maximum period of Hg production and contamination
(1800–1996). The results show a very large difference
between Hg⁎ inventory in core GT2 and the remaining
three cores, thus indicating that most of the metal
accumulates in the shallow waters in the vicinity of the
Isonzo River mouth following the rapid decrease of the
fluvial current (Table 4). Previous studies demonstrated
that in surface sediments detrital cinnabar is the
prevalent form of Hg present in sandy-silty sediments



Table 4
Hg background values (μg g−1), surface, peak, average (post 1800) and pre-mining activity Hg accumulation rates, cumulative inventories of Hg for
each core in the period 1800–1996 and estimated average sedimentation rates

Hg background
(μg g−1)

Hg total accumulation rate post 1800
(mg m−2 yr−1)

Hg pre-mining
accumulation rate
(mg m−2 yr−1)

Hg a inventory
(1800–1996)
(mg m−2)

Estimated
avg. sed. rate
(mm yr−1)

Surface Peak Average

GT1 0.083 3.75 4.22 3.02 0.18 509 2.3
GT2 0.149 31.49 139.71 52.84 0.76 8556 6.0 (3.5 b)
GT3 0.101 1.77 2.79 1.70 0.22 249 1.8
AA1 0.168 4.23 8.81 4.94 0.40 734 2.2 (2.1 b)
a Background corrected concentration.
b Calculated between 1800 and 1913.
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whereas the metal would be associated with finer
particles (silty-clay fraction) in the form of Hg2+, Hg+

and Hg0 in offshore sediments (Biester et al., 2000;
Covelli et al., 2001).

Based on these Hg⁎ inventories, a rough estima-
tion of the total amount of Hg buried in the marine
sediments of the Gulf since the rapid increase of Hg
Fig. 9. Estimated accumulation rate of Hg in core sediments.
ore extraction (ca. 1800) can be attempted. Although
a large number of core profiles would be necessary to
better define the spatial variability of Hg in the
sedimentary sequence, and assuming a symmetrical
dispersion of the riverborne material for simple
calculation, the result amounts to about 900 tonnes.
This quantity is only 1/40 of the 23% of the total
mercury extracted (144,000 tonnes), which is esti-
mated to have been dispersed into the environment
(Gosar et al., 1996). In fact, because of emissions
from the roasting plant chimney and ventilation shaft,
elemental and particulate Hg have been released into
the air (Gosar et al., 1996) and they have
subsequently enriched soil in the Idrija area through
atmospheric fallout (Biester et al., 1998). In addition,
during the plant's operation the roasted cinnabar
residues were dumped along the banks of the Idrijca
river and subsequently swept away by water flooding
towards the Isonzo River and downstream into the
Gulf of Trieste. This apparently underestimated result
could be due to the combined responses of the
storage of large volumes of Hg-enriched soils and
overbank sediments along the Isonzo river drainage
basin (Horvat et al., 2002) and also in the bottom
sediments of the adjacent Grado and Marano lagoons
(Piani et al., 2005). This observation is also
supported by the high metal concentrations (up to
14 μg g−1) and thickness of contaminated sediments
(20–30 cm) found in the eastern sector of the
lagoons (Brambati, 1997). Through the easternmost
tidal inlet, riverborne Hg bound to fine suspended
particles flows into the lagoon carried by tidal
currents and only gradually accumulating at the
bottom after several tidal cycles.

6. Conclusions

The stratigraphic record of core sediments from the
Gulf of Trieste, which were analyzed for changes
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produced in sedimentological and geochemical fea-
tures during the Holocene, provided undoubted
remarks not only from the paleoenvironmental point
of view but also regarding the impact assessment of
anthropogenic activities using trace metals as indica-
tors. The following results are highlighted:

(1) 14C datings on bulk sedimentary OC as well as on
shell samples in the basal part of the three cores
ranged between 8270±50 and 9610±40 yr BP. In
addition to the highly negative δ13Corg values and
micropaleontological and lithological evidence,
these results show that lacustrine-swamp condi-
tions were still present in the northernmost sector
of the Adriatic Sea at that time, as documented in
previous regional studies. Sea level-rise and
environmental change to typical marine deposi-
tional conditions were rapid and, presumably, not
contrasted by high sedimentation rates at local
scale, at least, at the beginning of the marine
transgression.

(2) Cluster and PCA analyses applied to the whole
analytical dataset helped to distinguish homoge-
neous stratigraphic units. Each unit may be
interpreted in terms of either paleoenvironmental
change, or cultural perturbation. The maximum
horizon depth “perturbated” by human activities
corresponds to the uppermost stratigraphic unit,
easily discernible by the mutual relationships
between natural (Fe, Al, Ti, Ni, Cr) and
anthropogenic (Hg, Cu and Zn) elements.

(3) Metal background values in the cores can be
used as references for the assessment of
anthropogenic enrichment factors of coastal
sediments in the area, through the application
of simple metal-Al linear relationships. Whereas
moderate contamination of Cu and Zn was
detected at the core top, significant Hg enrich-
ment, far above the average estimated back-
ground value for the Gulf (0.13 μg g−1),
occurred upcore, especially in front of the
Isonzo River mouth (GT2), as a consequence
of the long-term mining activity at Idrija
(Slovenia).

(4) The historical development of Hg contamination is
well recorded in core sediments and it varies
according to Hg data production since the
beginning of the 1800s when extraction activity
began to grow exponentially. Estimated sedimen-
tation rates for the last 100 yr appear to be
reasonable using Hg as chemostratigraphic mark-
er. Recent Hg accumulation rates in the Gulf of
Trieste are from one to two orders of magnitude
higher than the Po river's, the main freshwater
supply of sediments in the Adriatic Sea. The
Isonzo river is undoubtedly the main source of the
metal in this marine basin.

(5) The cumulative Hg inventory allowed us to
estimate roughly the amount of metal buried in
the sediments of the Gulf, which can be considered
as an important “reservoir” for the metal. Howev-
er, the results seem to indicate that only a small
part of Hg extracted and lost in the environment is
stored within marine sediments, suggesting that
large amounts of Hg are still present in the
drainage basin of the Isonzo River. As a
consequence, although Hg fluxes into the Gulf
have decreased in recent times, natural attenuation
as a passive decontamination approach for sedi-
ment remediation seems to be the only long-term
solution since Hg inputs will be supplied by river
waters during flood events.
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