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Abstract
Coastal and estuarine sediments play an important role in the biogeochemical cycle of mercury (Hg) in the aquatic
environment. When contaminated, sediments can act as a potential source of Hg and may pose a long-term risk to
aquatic biota. The aim of this research was to assess spatial and historical distribution of Hg in the sediments of the Krka
River estuary, an environment that so far has been regarded as relatively unpolluted. To achieve this goal, 40 surface
sediment samples and 7 sediment cores were collected along the entire estuary. Hg concentrations in the surface and
deep sediments of the Krka River estuary were found in a broad range 0.042–57.8 mg kg−1, demonstrating significant
spatial and temporal differences in Hg input to the estuarine sediments. Two distinct areas were distinguished; upper
estuary where the Hg content was comparable to other unpolluted Adriatic sediments, and the lower estuary where
sediment profiles reflected the history of anthropogenic Hg input associated with the city of Šibenik. The vertical Hg
profile from the most affected area of the estuary, combined with 210Pb and 137Cs dating, demonstrated that a significant
increase of Hg input started in late 1940s/early 1950s, mainly related to shipyard activities. This study provided more
insight on the Hg concentration in the Krka River estuary, demonstrating that the high values obtained, although
localized, were comparable to the ones found in some of the most contaminated sites in the Mediterranean.
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Introduction

Estuarine and coastal environments are often subjected to con-
tamination by a variety of pollutants resulting from intense
anthropogenic pressure (Kennish 1994; Chapman and Wang
2001; Emili et al. 2016). Among the contaminants present in
aquatic environments, mercury (Hg) is of particular concern
due to its high toxicity, high mobility and accumulative be-
haviour in the environment and biota (Covelli et al. 2012;
Song et al. 2018; UNEP 2013). When introduced into the
aquatic environment, Hg has a tendency to be sorbed to or-
ganic and inorganic particles thus settling to the bottom (Di
Leonardo et al. 2006; Looi et al. 2015). Therefore, sediment is
a major repository of anthropogenic Hg and a reliable archive
of past Hg contamination (Stupar et al. 2014; Covelli et al.
2012; Ramalhosa et al. 2006). Sediments are also regions
where net methylation of inorganic Hg to methylmercury
(MeHg) occurs, making them an important reservoir for
MeHg in aquatic systems (Shi et al. 2018). However, sedi-
ments cannot be observed not only as a sink but also as a
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possible long-term source (Cukrov et al. 2011; Tessier et al.
2011; Duan et al. 2015) from which Hg, as well as other
contaminants, can be released to overlaying water through
various biological and physico-chemical processes (Saulnier
and Mucci 2000; Tankere-Muller et al. 2007; Duan et al.
2015).

The Krka River estuary is a highly stratified estuary
located on the Eastern Adriatic Coast (Croatia). The larg-
est part of its freshwater watercourse, the Krka River, is
protected as a national park. Hence, there is no significant
contamination entering the Krka River estuary from that
direction, and the estuary is considered comparatively un-
polluted. However, several studies evidenced anthropo-
genic impact in terms of elevated trace metal concentra-
tions in the lower part of the estuary, around the largest
settlement in the area—city of Šibenik (Bogner et al.
2004; Cukrov et al. 2008; Kwokal et al. 2002; Martinčić
et al. 1989, 1990; Mikac et al. 1989). Electrode and
ferroalloy production (Cindrić et al. 2015), untreated
wastewater discharge (Mikac et al. 1989, 1996), naval
repair shipyard and a phosphate transhipment port
(Mikac et al. 1989, 2006) were major sources of contam-
ination for the estuary. Currently, some of the sources are
eliminated; the electrode and ferroalloy factory has been
closed more than 20 years, and since 2007, wastewaters
have been treated and discharged outside of the estuary.
However, removing industry from the estuary, led to de-
velopment of the nautical tourism—a serious periodic
(seasonal) anthropogenic threat to the estuary ecosystem
(Cindrić et al. 2015).

Over the past 30 years, several studies have been conducted
on Hg in the sediments of the Krka River estuary. Kwokal
et al. (2002) reported slightly elevated concentrations of Hg
(1.42 mg kg−1) for the area around the city of Šibenik, while in
other parts of the estuary, Hg values were in the range 0.101–
0.418 mg kg−1. Similar values were reported by Mikac et al.
(1989) and Martinčić et al. (1989), although the authors used
only clay/silt (< 75μm) fraction to reduce grain size influence.
The highest concentrations (3 mg kg−1) were found in the
Šibenik port area (Mikac et al. 2006).

Regarding the changes in contamination sources in the
Krka River estuary and elevated Hg concentrations reported
previously for some parts of estuary, a detailed study on Hg
content in estuarine sediments was done with the following
objectives: (1) make a high resolution spatial distribution map
of Hg in the surface sediments of the Krka River estuary,
allowing us to establish the main sources of Hg contamination
within the estuary, (2) to assess historical Hg distribution in
different parts of the estuary giving us insight on changes in
Hg input to this environment over prolonged periods of time
and (3) to assess the degree of contamination and potential
ecotoxicity by calculating enrichment factor and comparing
obtained concentrations with sediment quality criteria.

Methods and materials

Study area

The Krka River estuary, situated in the karstic region of
Croatia, is a typical stratified estuary with a fresh-brackish
surface layer moving seawards and a bottom seawater layer
moving upwards. It has characteristics of typical
Mediterranean estuaries; weak tidal amplitude (0.2–0.5 m)
and almost negligible tidal currents. Input of terrigenous mat-
ter into the Krka River estuary is very low (suspended partic-
ulate matter (SPM) generally lower than 5 mg L−1) (Cindrić
et al. 2015), probably due to the fact that the Krka River drains
mostly carbonate terrain and has tufa barriers along the stream
which significantly reduce suspended material transport. The
main source of terrigenous material is a small tributary, the
Guduča River, which inflows in the upper estuary (Cukrov
and Barišić 2006; Juračić and Pravdić 1991; Prohić and
Juračić 1989). According to previous studies (Cukrov and
Barišić 2006; Cukrov et al. 2009) there are differences in type
and rate of sedimentation between the upper and the lower
part of the estuary. In the upper part, especially in the
Prokljan Lake, the sediment is a mixture of marine carbonates
and terrigenous material. The sedimentation rate in this area
varies from 2 to 4–5 mm/year, depending on the distance from
the mouth of Guduča River. The lower estuary, Šibenik Bay, is
characterized by marine biogenocarbonate sedimentation with
sedimentation rates of less than 1 mm/year (Cukrov et al.
2007). Furthermore, there are differences in granulometric
composition of sediments in the estuary with mean grain size
increasing from Prokljan Lake (7 μm) toward the sea
(410 μm) (Prohić and Juračić 1989). The coarsening of sedi-
ments seaward indicates either a different source of sediment
particles or a non-depositional environment.

Sampling

Surface sediment samples were collected at 40 locations along
the entire Krka River estuary, using Uwitec gravity corers
(PVC tube, φ = 9 cm, length = 60 cm). GPS instrument
Garmin GPSMap 76 CSx (Kansas City, MO, USA) (accuracy
± 5 m) was used to precisely determine each location (Fig. 1).
The uppermost 5 cm of the sediment cores were subsampled
directly onboard, immediately transported to the laboratory
and stored at − 20 °C until further treatment. Samples were
freeze-dried, sieved under 2 mm and a subsample of the <
2 mm fraction was ground in a Planetary Ball Mill PM 100
(Retch) for subsequent analysis of aluminium (Al) and lithium
(Li) content, organic carbon and total Hg.

Seven sediment cores (K1, K7, K8, K20, K22, K32a and
K36) were taken to trace historical Hg contamination in the
study area. The sampling sites were selected in such a way that
different areas of sedimentation were present, as well as areas
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exposed to various anthropogenic threats. Cores were sampled
by a scuba diver using hand-driven Plexiglas corers, except
for core K8 (Fig. 1) which was sampled using a gravity corer
(Plexiglas tube, φ = 10 cm, length = 60 cm). Immediately af-
ter the sampling, sediment cores were sliced (each 1 or 2 cm,
depending on the core), and same treatment protocol as de-
scribed above was applied on obtained slices.

Granulometric and geochemical analyses

The particle size distribution was determined using a laser
diffraction particle-size analyser LS 13320 (Beckman
Coulter Inc.). Samples were prepared for analysis as follows:
freeze-dried sediment samples were dispersed in deionized
water and briefly treated in an ultrasonic bath (3 min) prior
to measurement. The range of analysis was from 0.4–
2000 μm.

The organic carbon (Corg) was determined using NCS
Flash 2000 analyzer (Thermo Scientific) at a combustion tem-
perature of 950 °C, after the acidification of samples with 6 M
HCl (trace metal grade).

Semi-total elements (Al and Li) concentrations were mea-
sured after aqua regia and microwave digestion, by High
Resolution Inductively Coupled Plasma Mass Spectrometer
(HR ICP-MS, Element 2, Thermo). For the digestion of the
samples, ~ 100 mg of sediment was added to 15 mL Teflon
liners with 10 mL of aqua regia (HNO3:HCl 1:3, Fisher

Scientific® Trace Analysis grade). Samples were mineralised
using a microwave oven (UltraWAVE, Milestone), controlled
by a two-step temperature programme. The temperature was
first linearly increased from room temperature to 240 °C in
20 min and subsequently maintained at 240 °C for the next
20 min. After thermal treatment, the homogeneous solution
was diluted to 25 mL and diluted 10 more times prior to
analysis by the HR ICP-MS. For validation of the extraction
method, certified material was used (PACS-2, National
Research Council of Canada) (Online Resource 1).

Total Hg concentrations were determined in untreated sam-
ples (~ 10–100 mg) using an Advanced Mercury Analyser
AMA 254 (ALTEC, Czech Republic). The AMA 254 is based
on thermal decomposition of the sample, followed by collec-
tion of the evolved Hg vapor on a gold amalgamator. Total Hg
is then determined by a standard atomic absorption spectro-
photometer at 253.7 nm. To ensure accuracy and precision of
the analysis, replicated measurements of the international ref-
erence materials (PACS-3, MESS-3 and MESS-4, National
Research Council of Canada) (Online Resource 1), blanks
and duplicated samples were conducted.

Radiometric analysis

The K32a core, located in a small bay with a repair shipyard
and marina, was chosen for the radiometric analysis due to the
lack of the knowledge on sedimentation rate in this particular

Fig. 1 Map of the sampling locations in the Krka River estuary; dark grey
squares mark surface sediment sampling locations, sampling locations of
the cores are represented with labels next to the symbol. All cores, except

K32a (represented with a black square), were taken at same location as
the surface samples
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area. For the other parts of the estuary, there is an available
data from previous research (Cukrov 2006; Cukrov et al.
2007).

Subsamples of dried sediment were placed in a cylindri-
cal measuring vessel of 125 cm3 volume, hermetically
closed and sealed. After the radiochemical equilibrium be-
tween 222Rn and its daughter 214Bi was established (ap-
proximately 4 weeks), the activities of radionuclides
(226Ra, 214Bi, 210Pb and 137Cs) were determined by the
gamma-spectrometric method. The measurements
(counting) were performed using high-resolution HPGe
(High Pur i t y German ium) de t ec to r (BE5030P,
CANBERRA) (Broad Energy, resolution (FWHM) at
1.33 MeV (60Co) of 1.95 keV; relative efficiency of
48%). The spectra collection time was based upon the sam-
ple quantity, ranging from 80,000 to 200,000 s. For the
processing of recorded spectra, the associated Genie 2000
computer software (Canberra) was used. The activity of
226Ra was determined by the activity of its daughter
214Bi, calculated from the energy photo peak of
609.4 keV. The activity of 210Pb was determined from the
energy photo peak of 46.5 keV, while activity of the an-
thropogenic radionuclide 137Cs was calculated from the
energy photo peak of 661.6 keV. The total budget of com-
bined measurement uncertainty (k = 2) included the uncer-
tainties of determining the net area of the photo peak, ef-
ficiency and the speed of counting, including the uncer-
tainty of the background rate. Calibration of the efficiency
of the measurement setup was made mathematically using
the LabSOCS tool by modelling the measuring vessel and
individual sample and using detector characterization pro-
vided by the manufacturer. The detector system perfor-
mance and calibration were regularly monitored via inter-
comparison measurements, while the precision and accu-
racy were checked by the simultaneous measurement of
IAEA reference materials as well as using gamma mixed
standards supplied by Ecker & Ziegler (Analytics USA).

For the sediment age estimation, two short-lived radionu-
clides were used, 210Pb and 137Cs. 210Pb (T1/2 = 22.2 years) is
a member of the natural decay chain of 238U, which has been
widely used for very precise sediment dating on a 100-year
time scale. In this study, for the age calculation the Constant
Initial Concentration (CIC) model was applied (Robbins
1978). The value of supported 210Pb in each sample was as-
sumed to be in equilibrium with the in situ 226Ra, and excess
210Pb was calculated by subtracting 226Ra activity from total
210Pb. The 210Pb dating results were validated by using
chronostratigraphic dates based on records of the anthropo-
genic radionuclide 137Cs. 137Cs (T1/2 = 30.1 years) appears in
environmental samples following the period of nuclear
weapons testing beginning in the 1950s and peaking in
1963. After that time, activity of 137Cs decreased until a pre-
cipitous rise in 1986 as the consequence of the contamination

caused by the nuclear incident in Chernobyl. Therefore, the
maximum values of 137Cs activities were expected in the late
1980s and early 1990s, followed by a subsequent decline.

Results and discussion

Spatial distribution of Hg in surface sediments

Total Hg concentrations in the surface sediments of the Krka
River estuary ranged from 0.058 mg kg−1 to 12.36 mg kg−1,
with an average of 1.14 mg kg−1 (Table 1). From the Hg
distribution map shown in Fig. 2, it is evident that the upper
estuary is quite pristine (< 0.3 mg kg−1), comparable with
other unpolluted sites in the Adriatic (Table 2). However, the
Hg distribution in the lower part of the estuary demonstrates a
strong influence from the city of Šibenik, resulting in elevated
concentrations in the Šibenik Bay area. The localized “hot-
spot” of Hg contamination is the nautical marina/repair ship-
yard (formerly a naval shipyard) area, where the highest Hg
concentrations were reported. The connection between ship-
yard activities and elevated sediment Hg concentrations has
been reported previously (Fairey et al. 1998; Canário et al.
2007; Cardellicchio et al. 2006). During shipbuilding and
repairing processes, a huge volume of wastes and contami-
nants are released (Rahman and Karim 2015; Celebi and
Vardar 2008), often leading to severe seabed contamination
and negative impact on marine sediments in local waters.
Among the contaminants commonly found near shipyards
are toxic metals, TBT, PAH and other chlorinated organic
components (Chiu et al. 2006; OECD 2010).

Although Hg concentrations in the surface sediments of the
Krka River estuary obtained in this study partially correspond
to the levels obtained in previous studies (Martinčić et al.
1989; Mikac et al. 1989, 2006; Kwokal et al. 2002), this re-
search demonstrated that Hg contamination in the Šibenik area
is more significant and widespread than previously consid-
ered. From the Hg distribution map, it can be concluded that
there is no dispersal of Hg contamination outside of the estu-
ary to the open sea. As it is often observed in systems con-
taminated by Hg (Canário et al. 2005, 2007), accumulation
occurs mainly near the source, in this case the shipyard and
transhipment port. The distribution pattern is most probably
influenced by multiple factors: closed morphology of the es-
tuary, bottom seawater layer moving landward preventing
transport of Hg in a seaward direction (Mikac et al. 1989)
and fast adsorption of Hg to the particles and deposition to
the seabed (Bilinski et al. 1992). By studying adsorption on
inorganic solid phases in Krka river water of various salinities
(S = 3, 20 and 38), Bilinski et al. (1991) demonstrated the
remarkable self-purification ability of the Krka River estuary
with respect to Hg. The authors postulated that the surface
sediments of the Krka River estuary containing calcite and
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aluminosilicates could be considered a sink for most trace
metals, including Hg. Although sediments have been reported
to be an important source of Hg to the water column (Cesário
et al. 2016, 2017a, b; Shi et al. 2018), there are also contam-
inated coastal areas (Ramalhosa et al. 2006) where insignifi-
cant contribution of the Hg diffusion from the pore water to
the overlying water column has been observed. In those areas,
diffusion to the overlying waters appeared to be inhibited by
presence of an oxic layer near the sediment-water interface
(Gagnon et al. 1997; Mikac et al. 1999). The predominantly
oxic character of the Krka River estuary surface sediments,

supported by lowHg content in the water column (Mikac et al.
1989; Mikac and Kwokal 1997), suggests that presumably,
significant remobilisation of the Hg from sediment to water
column does not occur.

Vertical distribution of Hg in sediment cores

Vertical Hg distribution profiles in the 7 sediment cores taken
in the Krka River estuary are presented in Fig. 3. Values were
found in a broad range from 0.042–57.4mg kg−1, with distinct
differences between cores from the upper and lower part of the
estuary. Low Hg values, ranging from 0.042–0.192 mg kg−1

were observed in the sediment cores from the upper part of the
estuary: K1—downstream from the last waterfall, K7—
Prokljan Lake and K8—tributary Guduča River. These values
are in good agreement with Hg concentrations reported for the
unpolluted Adriatic sediments (Table 2). In the deeper levels
of K7 core, values (0.042–0.068 mg kg−1) corresponded to the
background values of the area. At − 24 cm, there was an in-
crease to 0.124 mg kg−1, and from then to present, values
remain fairly invariable (0.176–0.192 mg kg−1). Cukrov
et al. (2007) reported that sedimentation rates in the Prokljan
Lake were 3–4 mm/year, indicating that a sudden increase in
Hg concentrations happened 60–80 years ago. Considering
that there are no significant sources of Hg in the area of
Prokljan Lake, the somewhat increased concentrations could
be attributed to the bottom seawater layer moving up the es-
tuary bringing Hg from the downstream polluted area.

Concentrations of Hg in the K20 sediment core were found
to range 0.719–2.08 mg kg−1. The sedimentation rate in this
area, < 1 mm/year was determined by Cukrov et al. (2007).
Because of the large amounts of dross that can be found in the
sediment in front of the old factory of electrodes and
ferroalloys, it is not possible to assume continuous sedimen-
tation and discuss the historical input of Hg. Nevertheless, an
Hg decrease was observed in the upper layers of the sediment

Table 1 Mercury concentrations, enrichment factors and percentage of the samples corresponding to ranges of sediment quality guideline values
(effect-range-low (ERL) and effect-range-median (ERM)) in the surface and deep sediments from the Krka River estuary

Hg (mg kg−1) EF Percent of samples

Range Mean Range Mean <ERL ERM-
ERL

>ERM

Surface samples 0.058–12.4 1.14 0.91–151 17.0 25 37.5 37.5

K1 0.060–0.187 0.108 1.22–3.26 2.07 94.4 5.6

K7 0.042–0.192 0.136 0.56–2.04 1.48 61.1 38.9

K8 0.079–0.116 0.097 0.94–1.49 1.19 100

K20 0.719–2.08 1.45 14.9–35.0 26.1 100

K22 0.819–1.24 1.06 17.2–22.0 20.8 100

K32a 0.829–57.8 33.5 27.1–1158 640 100

K36 2.61–3.53 3.15 58.6–90.5 70.4 100

Fig. 2 Surface spatial distribution (0–5 cm) of mercury in the Krka River
estuary. Contours were calculated by using Inverse Distance to a Power
algorithm (Golden Surfer software)
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core, indicating a possibility that sediment registered a de-
crease of Hg input at this particular location, as a consequence
of the removal of the source of pollution.

Concentrations of Hg in the Šibenik port area were
found to range from 2.61–3.53 mg kg−1. These results
were in good agreement with previous research (Mikac
et al. 2006). Considering a sedimentation rate of 4–
5 mm/year in the port area (Cukrov 2006), it can be con-
cluded that this area was an active source of Hg contam-
ination for at least the last 35 years.

By far, the highest Hg concentrations, reaching
57.4 mg kg−1, were obtained in the samples from the
K32a core. According to the 210Pb and 137Cs sediment
age estimation (Fig. 4), a significant increase in Hg values
occurred around 1950, coinciding with the beginning of
the operation of the naval repair shipyard. A continuous
increase in concentrations can be observed until the mid-
70s, followed by invariable values for the next 25 years.
Subsequently, the decrease in Hg concentrations occurred,
most probably due to the decline of the shipyard business
during the late 90s and early 2000s. Reasons for the in-
crease of Hg content in the uppermost 2 cm of the core
sect ion remain unclear. However, some authors
(Rasmussen 1994; Canário et al. 2005; Chatterjee et al.
2009) suggest that increased concentrations in the surface
layer can result from post-depositional diagenetic process-
es that remobilize Hg from the deeper sediments, causing
upward migration in the sediment column.

The extremely high Hg concentrations were limited to
the narrow area surrounding the repair shipyard.
However, the observed values were in range with some
of the most contaminated sites regarding Hg in the
Adriatic, such as Kaštela Bay where sediments were con-
taminated due to the uncontrolled effluent of a PVC
chlor-alkali plant and the Gulf of Trieste where high
Hg concentrations in the sediment were a consequence
of long-term mining activity (Idrija mine, Slovenia)
(Table 2).

Relationship between Hg-Al, Hg-fine fraction
and Hg-Corg

Although many studies have reported the dependence of Hg
concentrations in the sediment on organic carbon content
(Mikac et al. 1999; Ramalhosa et al. 2006; Wu et al. 2013;
García-Ordiales et al. 2016; Duan et al. 2015; Gao et al. 2016),
the Al content (Mikac et al. 1999; Canário et al. 2007) or the
fine sediment fraction (Chatterjee et al. 2009; Jin et al. 2012;
Duan et al. 2015), there was no significant correlation
(p > 0.05) of these parameters with Hg concentration in this
research (Online Resource 2). The lack of correlations sug-
gests that variation of Hg content along the profiles reflects
changes in the anthropogenic Hg input.

Enrichment factor

Calculating normalized enrichment factor is a common ap-
proach for the assessment of the anthropogenic impact on
the sediments (Zhang et al. 2007; Varol 2011; Cukrov et al.
2014). Normalization is based on a conservative element such
as Al, Fe or Li. Enrichment factor is determined according to
the equation:

EF ¼
Me
X

sample

Me
X

background

Where X is a conservative element for normalization; (Me/
X) sample is the metal/X ratio in the sample of interest; and
(Me/X) background is the natural background value of the
metal/X ratio. Based on the enrichment factor, pollution can
be classified in one of the five categories (Sutherland 2000):
enrichment factor (EF) < 2, deficiency to low enrichment; EF
2–5, moderate enrichment; EF 5–20, significant enrichment;

Table 2 Mercury concentrations (mg kg−1) in sediments from the different regions of the Adriatic and Mediterranean Sea

Location Fraction Hg Reference

Unpolluted sediment, Adriatic Sea Bulk 0.13 Covelli et al. (2006)

< 75 μm < 63 μm 0.1–0.3 Martinčić et al. (1989), Cuculić et al. (2009)

Rijeka harbour Bulk 0.19–3.43 Cukrov et al. (2011)

Kaštela Bay Bulk 14.3–74.0 Kwokal et al. (2002)

Gulf of Trieste Bulk 0.10–23.30 Covelli et al. (2001)

Ravenna Lagoon Bulk 0.01–244 Fabbri et al. (1998)

Naples harbour < 2 mm 0.01–139 Sprovieri et al. (2007)

Toulon Bay < 2 mm 0.03–27.3 Tessier et al. (2011)

Krka River estuary < 2 mm 0.042–57.8 This study
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EF 20–40, very high enrichment; EF > 40, extremely high
enrichment.

In this study, a layer 34–36 cm of sediment core taken
at the location K1 was chosen as the natural background
value. According to previous research (Cukrov et al.
2007), sedimentation in this area is 2 mm y−1. Thus, the
chosen layer has been deposited before industrial devel-
opment in the study area. The conservative element Li
was chosen over Al or Fe, because of possible anthropo-
genic input of those elements to the Krka River estuary.

The obtained enrichment factor for the surface sedi-
ments clearly demonstrated differences between the up-
per part of the estuary—from the last waterfall to the end
of Prokljan Lake and the lower part of the estuary—
downstream of Prokljan Lake (Table 1). In the upper part
of the estuary, there was no enrichment (EF < 2) at most
of the sampling stations. Down from Prokljan Lake,

there was enrichment at all sampling locations, ranging
from moderate enrichment to extremely high enrichment
(up to 150.7) in the area around Šibenik. The extremely
high enrichment was connected to the former naval re-
pair shipyard—currently a nautical marina/shipyard area
and transhipment port. The rest of the area surrounding
the city of Šibenik showed very high enrichment. A sim-
ilar trend was observed in the enrichment factor of the
sediment cores; cores from the upper part of the estuary
(K1, K7 and K8) showed low to moderate enrichment,
while cores from the lower part of the estuary (K20,
K22, K32 and K36), all showed significant to extremely
high enrichment. By far, the highest enrichment (up to
1158) was observed in the core taken from the marina
(former navy yard), where Hg concentrations were ele-
vated almost 1000-fold in comparison with background
values.

Fig. 3 Mercury concentration profiles in sediment cores from the Krka River estuary
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Assessment of ecotoxicological risk

On their own, the data on total metal concentrations in
the sediment are not sufficient to assess potential toxic-
ity for organisms living in or near this ecosystem. For
this purpose, interpretive tools such as various sediment
quality guidelines (SQGs) are required to predict the
biological effect of present metals on benthic organisms
(Burton 2002). Commonly in use are those proposed by
Long et al. (1995). Based on ecotoxicological data from
North American marine ecosystems, these authors de-
fined two threshold values: the effects-range-low (ERL)
and the effects-range-median (ERM), calculated as the
10th and the 50th percentiles of the effect dataset. The
ERL value indicates the concentration limit for each
pollutant above which negative impacts on organisms
are possible, while the ERM value is the concentration
limit above which adverse effects on organisms are ex-
pected. The ERL and ERM values for Hg are
0.15 mg kg−1 and 0.71 mg kg−1, respectively. The per-
centages of sampling stations in the Krka River estuary
corresponding to SQG ranges are given in Table 1.

All sediment samples from cores collected in the
Šibenik Bay (K20, K22, K32 and K36) exceeded the
ERM value, indicating that in terms of Hg, sediments
pose a high risk of adverse effects on biota in the lower
part of the Krka River estuary. This conclusion is also
evident from the comparison of Hg concentrations in
the surface sediment with SQGs, where 37.5% of sam-
ples have values higher than ERM, and the same

percentage of samples have values between ERL and
ERM, most of which were taken downstream from
Prokljan Lake. Of all of the samples subsampled from
cores K1 and K8, only one exceeded the ERL values,
indicating no expected negative impact on the biota,
supporting the pristine condition of the upper estuary.
Almost 40% of the subsamples of the core from the
Prokljan Lake (K7) exceeded the ERL values, indicating
the possibility of harmful effects of the sediment to
benthic organisms.

Conclusion

In order to assess the history of contamination and the
current status of the semi-enclosed area of Krka River
estuary, a detailed study on Hg concentrations in the
sediments was performed. This study of both surface
and deep sediments has shown that the Krka River es-
tuary can be characterized by the Hg content into two
discreet regions: (1) the upper part of the estuary, from
the last Krka River waterfall to Prokljan Lake, where
Hg concentrations were in range of those reported for
unpolluted Adriatic sediments and (2) the lower part of
the estuary, downstream from Prokljan Lake, where in-
creased Hg concentrations were found due to input from
various anthropogenic sources connected to the city of
Šibenik. The most significant source of Hg to the estu-
arine sediment was the area of the former naval repair
shipyard, active repair shipyard and marina, followed by
transhipment port.

The spatial Hg distribution of surface sediments dem-
onstrated that there was no spreading of Hg outside of the
estuary. Most probably, this is not only a result of the
enclosed morphology of the estuary but also due to water
movement in the area, i.e. due to bottom seawater layer
moving up into the estuary. The somewhat elevated con-
centrations in Prokljan Lake may most likely be attributed
to water movement transporting Hg from the downstream
polluted area.

The pollution assessment by EF and ecotoxicological
assessment by SQG have shown serious Hg pollution in
the entire Šibenik area, as well as a high risk of negative
effects on the biota. The Hg pollution status in the lower
part of the Krka River estuary was much more severe than
expected, and it must be considered a serious environmen-
tal problem. Although some research suggests that there is
no significant transfer of Hg from sediment to the water
column, the high concentrations obtained in some parts of
the estuary have to be considered a threat to this ecosys-
tem. Despite of the fact that some sources of pollution in
the area have been eliminated, a decrease in surface layer
concentrations was not observed, indicating there are still

Fig. 4 Mercury concentrations in the K32a core plotted against sediment
age estimated via 210Pb and 137Cs
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active sources contributing to the Hg content in the Krka
River estuary.
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