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Abstract: The former manganese ferroalloy plant and the remaining tailings are affecting the quality
of the environment in Šibenik Bay, Croatia, even though industrial activities ceased more than
25 years ago. This study has revealed that the main manganese mineral phases present in the recently
collected tailings, as well as in the dust collected on the roof of the plant during the production
period, are bustamite and Mn-oxides. The same type of Mn mineral phases was also found in recently
collected sediments from Šibenik Bay. Detailed chemical and phase analyses (XRD, BCR sequential
analysis, aqua regia and lithium borate fusion) of the dust sample revealed high manganese values
(24.1%), while granulometric analysis showed that 50% of the particles are smaller than PM2.5.
The influence of the tailings is visible in the sediment, but the concentrations of the potentially
toxic elements determined by the sequential BCR analysis are within the legal limits. Some higher
values (20.3 g/kg Mn, 595 mg/kg Pb and 494 mg/kg Zn) are detected in the tailings, which are
still exposed to weathering and as such should be additionally monitored. On the other hand, this
material contains a considerable number of elements that could be considered lucrative (∑ REE up to
700 mg/kg, Mn up to 23 g/kg, Fe up to 37 g/kg and Al up to 25 g/kg), opening the possibility of
reuse and recovery.

Keywords: tailings; BCR sequential analysis; marine sediment; manganese; REE; recovery

1. Introduction

The negative impact of ferromanganese alloy production on the environment is well
documented in the areas of historical and current facilities [1–5]. However, due to the
increasing demand for manganese [6,7], such historical tailings may represent valuable
secondary resources of manganese [8].

The quality of the environment in the town of Šibenik and the Šibenik Bay (Figure 1)
has been affected by industrial activities since the establishment of the TEF plant (TEF—
Tvornica elektroda i ferolegura; eng. Electrode and Ferroalloy Plant). The TEF plant was
in production in the period between 1900 and 1995. The plant was producing calcium
carbide from 1900 until 1945, when production of ferroalloys started, while in 1948 the plant
activities were spread to manganese ferroalloy production as well. In 1998, the Croatian
government decided to dismantle the plant and dispose of the waste [9]. However, the
tailings still have not been fully remediated, and under the influence of strong winds,
which can reach speeds up to 130 km/h during windy seasons [10], tailing particles are
transported over the wider Šibenik area including the nearby Krka River estuary (Figure 1).

Until the dismantling of the plant TEF, anthropogenically generated dust particles
from the roof of the plant were transported by the aforementioned winds. In addition
to the anthropogenic dust particles that were transferred, tailings particles are still being

Water 2021, 13, 3123. https://doi.org/10.3390/w13213123 https://www.mdpi.com/journal/water

https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-9652-5850
https://orcid.org/0000-0002-8468-6569
https://orcid.org/0000-0002-7628-9045
https://orcid.org/0000-0003-3901-228X
https://doi.org/10.3390/w13213123
https://doi.org/10.3390/w13213123
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13213123
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w13213123?type=check_update&version=1


Water 2021, 13, 3123 2 of 18

transferred. The negative impact of such particles on human health should not be neglected,
as such fine particulate matter (PM) can cause severe damage [11–14].

The manganese ore mostly was delivered to the TEF plant from Greece, Turkey,
Russia and India, but exact locations of the ore origin are not known. In the early years
of production, energy-inefficient batch smelting technology was used, resulting in a low
recovery rate and huge amounts of waste material [15]. After World War II, the processing
technology at the TEF plant was modernised, and the recovery rate improved [15].

The main objective of this study is to determine the mineral and chemical composition
of the historical tailings from the TEF plant to assess its impact on the quality of the marine
sediments of Šibenik Bay and to evaluate its potential for manganese recovery.
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Šibenik (yellow star).

2. Materials and Methods
2.1. Study Area and Environmental Conditions

The Šibenik Bay is located on the eastern Adriatic coast (Figure 1). The Bay represents
the lower part of the Krka River estuary, which lies downstream from the Krka National
Park and Lake Prokljan. The Krka River is the main source of water supply for the citizens
of Šibenik and the wider area [18].

The estuary begins below the Skradinski Buk waterfall in the north and ends at the
St. Nicholas fortress in the south. The greatest depth is 22 m. The area was formed in the
Pleistocene and Holocene, when the Krka River and its tributaries Čikola and Guduća
formed the canyons [19,20]. The estuary can be traced today to a depth of 60 m between
the island of Zlarin and the mainland [19,20]. The bottom of the estuary consists of Upper
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Cretaceous carbonate deposits formed in shallow water. In some places, the contact
between Upper Cretaceous and Palaeogene can be seen.

The estuary is divided into three well-separated layers: the lower seawater layer,
the freshwater-saltwater interface layer and the fresh brackish water layer at the top.
This observation is well explained in Cukrov [21]. As noted by Legović et al. [22], O2
concentrations near the waterfalls are lower near the bottom than in Lake Prokljan. To a
lesser extent, hypoxia occurs off Šibenik [21,22]. As noted by Cukrov [21], the oxic zone in
coastal sediments is often confined to the uppermost layer and reaches a thickness of a few
millimetres or centimetres. Immediately below the oxic zone extends the ‘suboxic’ zone.
This is the zone where denitrification processes take place and where Mn/Fe oxyhydroxides
are found. In this zone, Mn oxides and hydroxides are reduced, leading to an accumulation
of dissolved Mn2+ in the pore water. Here, the Mn2+ species can be oxidised, precipitated
as authigenic Mn oxyhydroxides and used in further diagenetic processes. Alternatively,
Mn2+ can be stored in the anoxic sediments where its geochemical cycling is controlled by
carbonate precipitation [21].

In estuaries, oxygen consumption is often greater than oxygen production, leading to
hypoxia. In estuaries, hypoxia is the result of the high rate of decomposition of organic
matter, which leads to stratification of the water column [22]. As noted in a previous study,
the lower water layer in Šibenik Bay is colder and contains oxygenated water. This water
originates from the surrounding sea. The bay is up to 40 m deep, and the lower part (about
30 m from the bottom) is unstratified [22].

Previous studies [23] have shown that the Krka River has the ability to self-purify Pb,
Zn and Hg. The main reason for this behaviour is calcite and aluminosilicates, which are
the main components of sediments. These compounds are considered to be the sink for
most trace metals in the estuary. Studies from 1990 show that the concentrations of trace
metals are higher in the upper parts of the estuary than in the lower part, which is Šibenik
Bay [24].

Figure 1 shows two locations that were also of interest for this study. Mala Martinska
Cove is located about 1 km from the TEF site and represents a place that is probably under
the strong influence of the TEF site. Mala Stupica Cove is located outside Šibenik Bay
on the island of Žirje and is approximately 19 km from the TEF site and was used as a
reference site.

2.2. Sampling

Sampling was conducted in Šibenik Bay and included several types of samples: (1) a
roof dust sample collected in the 1980s, (2) historical tailing samples collected in June 2020
and (3) marine sediments collected in June 2020 from Mala Martinska and Mala Stupica
coves (Figure 1).

Sampling of tailings was done by hand collection and with a hand sampler. The first
sample (TAILINGS) was taken from the top 5 cm of the tailings using a hand sampler: the
sample consists of fragments up to 3 cm in size. The second sample (sample BTAILINGS)
was taken from the surface of the pile with a hand collector. This sample contains only
fragments larger than 3 cm.

A dust sample collected from the roof of the TEF facility in the 1980s was also analysed
(sample DUST).

Marine sediments from two sites (Mala Martinska Cove and Mala Stupica Cove,
Figure 1) were sampled by a hand sampler. From the Mala Stupica Cove (sample MSTUP0-3)
a composite sample of the uppermost 3 cm was collected, while in Mala Martinska two
separated layers were sampled: a shallower layer at 0–3 cm depth (sample MMART0-3)
and a deeper layer at 5–7 cm depth (sample MMART5). The MMART0-3 and MMART5
sediment samples contained fragments of beige to brown colour bigger than 1 mm in size,
and samples had many fine-grained dark grey particles covering larger fragments. As
sampling continues in the depth, the fine-grained cover disappears, and the sample is more
beige and light brown in colour (5–7 cm).
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2.3. Sample Preparation

The sample TAILINGS has fragments of greyish-brownish colour, mostly with sharp
edges. The sample was dried to constant weight. After drying, the sample was divided into
four parts, and the other two parts were mixed. One half of the sample was homogenised
in an agate mill and used for further analysis of the main samples, the other half was sieved
for granulometric analysis, and the fractions obtained were used for further analysis. All
samples, subsamples and sieved fractions were stored in plastic bags.

The samples of BTAILINGS material were dried to a constant weight after collection.
These fragments can be divided into several subsamples based on their visual character-
istics. Several different types of fragments were determined: loose fragments with many
pores, usually beige with orange parts (sample TPORES); dark brown fragments, homo-
geneously coloured (sample TDBROWN); light brown fragments with parts of vitreous
lustre (sample TCOMB); dark green vitreous fragments (sample GREEN GLASS); dark
brown vitreous fragments (sample BEIGE GLASS) and dark grey, almost black fragments
with metallic lustre (sample METALLIC LUTRE MATERIAL). All samples were stored in
plastic bags.

The dust sample has a dark grey colour, with glittering fragments in beige colour. At
the time of sampling, the dust sample was placed in an airtight container and stored in a
dry place.

The marine sediment samples from Mala Martinska and Mala Stupica coves were
dried to a constant weight at 102 ± 2 ◦C after sampling. The samples were divided into four
parts, and the opposite two parts were mixed. One half of the sample was homogenised
using an agate mill and used for further bulk analyses. The other half of the samples
were sieved for granulometric analysis. Different size fractions were then taken for further
analysis.

2.4. Grain Size Analysis

Granulometric analysis of the sediment and tailings samples was carried out by dry
sieving through sieves with mesh sizes of 4 mm, 2 mm, 1 mm, 0.5 mm, 0.250 mm, 0.125 mm,
0.063 mm. The samples were classified according to Folk [25] and the modified Wentworth
scale [26], with the clay-silt boundary at 2 µm. The granulometric analysis of the dust sample
was carried out using the Laser Diffraction Particle Size (LDS) Analyzer LS 13 320 due to the
small particle sizes. The granulometric compositions of the samples were calculated from the
masses of the sieved fractions using GRADISTAT 9.1 software [27].

2.5. SEM-EDS Pretreatment

The dust sample was sieved through sieves with mesh size of 0.125 mm and 0.063 mm,
and the fraction 0.063–0.125 mm was used for separation of the heavy fraction. A heavy
liquid sodium polytungstate (SPT) was used for the separation. The liquid was calibrated
to a density of 2.915 g/cm3. About 0.3 g of the dust sample was placed in a plastic cuvette,
and 25–30 mL of SPT with the mentioned density was added. The contents of the cuvette
were shaken and then placed in a centrifuge for 5 min at a speed of 2500 rpm. The cuvettes
containing the separated fractions were placed in a freezer (−18 ◦C) overnight. After
freezing, the samples were carefully filtered with black band filter paper. After filtration,
the samples were washed thoroughly with distilled water [28].

In addition, a sample from Mala Martinska Cove (5–7 cm depth; MMART5) was
analysed using SEM-EDS (EDS—Oxford X-ACT) to relate the morphological characteristics
of the dust particles to the chemical composition, i.e., to identify Mn-containing particles.
The MMART5 sediment sample was treated with a 1:1 HCl solution to remove carbonates.
The acidic solution was allowed to soak for 24 h. The sample was then filtered and washed
with distilled water, and H2O2 solution (1:1) was poured over it and allowed to react for
96 h to remove organic matter. Both the sediment samples and the light and heavy dust
fractions were steamed with graphite prior to SEM-EDS analysis.
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2.6. Analysis of Mineral Composition

Qualitative X-ray powder diffraction analysis was carried out on Mala Martinska and
Mala Stupica Cove sediments, tailings (and various subsamples of tailings), a dust bulk
sample, sediment and tailing samples with a fraction size of <0.063 mm, undissolved BCR
residues and each size fraction of Mala Martinska Cove sediments. The samples were
ground in an agate mortar. Mineral composition was determined using a Philips X’pert
powder diffractometer (Pananalitycal B.V. Einhoven, Netherlands) with CuKα radiation
from the tube at 40 kV and 45 mA, collecting X-ray diffraction dataset from 4◦ to 63◦ 2Θ.

Heavy and light dust fractions were analysed using SEM-EDS JEOL JSM -35CF scan-
ning microscope (EDS—Oxford X-ACT).

2.7. Carbonate Content Analysis

The carbonate content in the sediment was determined according to the Austrian
standard method ÖNORM L 1084 using the Scheibler apparatus [29]. The carbonate content
was determined on the bulk samples and the <0.063 mm fraction of the sediment samples
from Mala Martinska and Mala Stupica Cove, tailings and dust samples. The mass of
the analysed samples was ~300 mg. The carbonate content of Mala Stupica Cove was
calculated according to Kostanjšek [30].

2.8. BCR Sequential Analysis and Aqua Regia Control Analysis

Chemical analyses were performed for dust, tailings and the sediment samples from
Mala Martinska and Mala Stupica Cove sediment samples. First, a three-step BCR sequen-
tial analysis was performed with the additional step of aqua regia analysis (AR), then a
control aqua regia analysis (AR) and finally, a total analysis using the lithium borate fusion.

The BCR sequential analysis and the total analysis were performed because of the
different information they provide. The total analysis provides information about the
chemical composition of the samples, while the sequential BCR analysis provides infor-
mation about chemical elements bound to different phases. BCR stage 1 (BCR1) provides
information about bioavailable elements that can be taken up by organisms and enter
the food chain [31,32]. A control analysis AR was performed to control the BCR analysis,
assuming that the measured concentrations should not differ significantly from the sum of
the BCR steps. Both methods left a residual material that was not resolved in AR.

Sequential extraction analysis and control analysis AR were performed for the Mala
Martinska Cove samples (MMART0-3, MMART5), Mala Stupica Cove sample (MSTUP0-3),
tailings sample (TAILINGS) and dust sample (DUST) using the improved three-step BCR
analysis with additional aqua regia step (AR) [33,34] for the fraction <0.063 mm. The
analysis for each sample was performed in duplicate using the BCR procedure and only
once per sample for the control analysis AR. This AR analysis was performed using AR
and following the instructions for the AR step of BCR analysis [33,34]. The mass of the
samples used for the analysis was ~500 mg with the adjusted volumes. The acids used
were of high purity (suprapur). The eluates were stored in plastic cuvettes.

The percentages of undissolved BCR and control AR residues were calculated by
weighing the dried filter papers with residues. Before drying, the residues were washed in
distilled water. The filter papers were weighed before filtration.

2.9. Multielement Analysis by HR-ICP-MS

Prior to analysis, all BCR extracts were diluted 100-fold, acidified with 2% (v/v) HNO3
(65%, Fluka, Steinheim, Switzerland) and In (1 µgL−1) was added as an internal standard.

Multielement analysis of the prepared samples was performed by High Resolution
Inductively Coupled Plasma Mass Spectrometry (HR-ICP-MS) using an Element 2 instru-
ment (Thermo, Bremen, Germany). The typical instrument conditions and measurement
parameters used throughout the work are reported in Fiket et al. [35].
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All samples were analysed for the total concentration of 48 elements (Al, As, Ba, Be,
Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Gd, Ho, K, La, Li, Lu, Mg, Mn, Mo, Na, Nd,
Ni, P, Pb, Pr, Rb, S, Sb, Sc, Se, Sm, Sn, Sr, Tb, Ti, Tl, Tm, U, V, Y, Yb and Zn).

The quality control of the analytical procedure was carried out by the simultaneous
analysis of the blank sample and the certified reference material for soil (NCS DC 77302,
China National Analysis Center for Iron and Steel, Beijing, China). For all elements, good
agreement was obtained between the analysed and certified concentrations within their
analytical uncertainties (~10%).

2.10. Total Analysis

Total analysis was performed on dust, the < 0.063-mm fraction of tailings and 3 subsamples
of tailings: dark brown glassy fragments (BEIGE GLASS), dark green glassy fragments
(GREEN GLASS) and dark grey fragments with metallic lustre (METALLIC LUSTRE MA-
TERIAL). The subsamples were ground in an agate mill. Lithium borate fusion (LF100-EXT
method) was used for analysis. The analysis was carried out at ACME Veritas Bureau in
Canada.

3. Results
3.1. Grain Size Distribution

The grain size of the tailings was determined by entering the masses of the sieved frac-
tions into the GRADISTAT software [27]. According to the grain size analysis (Figure 2a),
the tailings are classified as muddy sandy gravel. The grain size of the dust sample was
analysed using LDS and based on the particle size, it is silty sand in the sand-clay-silt
diagram (Figure 2b). The dust size analysis shows that 90% of the dust particles have a
diameter of less than 5.5 µm, of which 50% are smaller than 2 µm, i.e., they belong to the
category < PM2.5. The granulometric analysis of the sediments of Mala Stupica Cove and
Mala Martinska Cove classified all samples as sandy gravel.
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Figure 2. Granulometric composition of the samples: (a) shows gravel–mud–sand diagram in which are samples of the
Mala Martinska Cove, MMART0-3 (×) and MMART5 (�), Mala Stupica Cove, MSTUP0-3 (�) and tailings samples (•). In
the sand–clay–silt diagram (b), only dust sample is shown (•).

3.2. Mineral Composition

The XRD data of the tailings (<0.063 mm) show calcite (CaCO3), bustamite ((Ca,
Mn)3Si3O9), cristobalite (SiO2), quartz (SiO2) and manganese oxides (MnOx; Figure 3).
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After visual inspection of the tailings fragments larger than 3 cm, different types of
fragments were taken for XRD analysis. In general, the fragments can be divided into two
main groups: one with an amorphous structure and a second with a crystalline structure.
The second group usually contained some of the mineral phases mentioned above. A sam-
ple of SiMn material was also analysed and, as described in Jadrijević et al. [17], contained
silicomanganese, but carbon was also determined. The above-explained materials, both
types of glasses and the metallic lustre material, show an amorphous structure, and none
of the phases could be identified by XRD.

The qualitative XRD data (Figure 3) of the dust sample of fraction < 0.063 mm show
manganosite (MnO), bustamite ((Ca, Mn)3Si3O9) and carbon as the constituents of a
powder.

The qualitative XRD analysis shows calcite, aragonite, quartz and bustamite as phases
in the MMART5 < 0.063 mm fraction and calcite, quartz and bustamite in the MMART0-3
< 0.063 mm fraction, respectively (Figure 4). In order to determine the distribution of Mn
minerals through sediment fractions, in addition to the < 0.063 mm fraction, both MMART0-3
and MMART5 XRD analyses of granulometric fractions > 0.063 mm, >0.125 mm, >0.250 mm,
>0.500 mm, >1 mm, >2 mm and >4 mm were conducted.
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The results of XRD analysis show calcite, quartz and aragonite as the main mineral
phases in all fractions and both samples. Besides the < 0.063 mm fraction, Mn phases were
detected in the following fractions: >0.063 mm, >0.125 mm, >0.250 mm, >0.500 mm, >1 mm
and >2 mm. The only exception is the fraction >4 mm in both MMART0-3 and MMART5,
where no Mn phases were detected.

Qualitative XRD analysis shows the predominant mineralogical components to be:
calcite, quartz and dolomite (Figure 4) in the sediment fraction <0.063 mm of the Mala
Stupica Cove.

XRD analysis of the undissolved residue in the tailings sample shows quartz and clay
minerals after both analyses (BCR and control AR), while the undissolved residue shows
quartz and zircon as residues after BCR and only quartz after the control AR in the dust
samples, respectively. XRD analysis of the undissolved residue after BCR and control AR
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analyses showed that all sediment residues (MMART0-3, MMART5, MSTUP0-3) consist of
quartz and clay minerals, the same as the tailings sample.

The backscattered electron (BSE) images show three types of particles in the dust sample:
spherical with smooth surfaces, irregularly shaped with sharp edges and rough surfaces
and composite particles containing both spheres and sharp-edged fragments. All particles,
regardless of their shape, contain Mn. Nevertheless, the heavy and light dust fractions have
some differences in particle composition. The heavy fraction contains only Mn, O and Si.
There are exceptions, as can be seen in EDS spectra 5 (Figure 5), where Ca, i.e., Al and Mg can
be found. These elements are also seen in some EDS spectra in the heavy fraction but mostly
in irregularly shaped fragments. The spherical particles are mainly composed of Mn, O and Si.
On the other hand, the light fraction of the dust sample contains Na, K and Fe in addition to
Mn, O, Si, Ca, Mg and Al (Figures 5 and 6). A more complex composition is generally typical
for the light dust fraction, as seen in Figures 5 and 6.
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The deeper layer of sediment from Mala Martinska Cove (MMART5 fraction
0.063–0.125 mm) was analysed using SEM-EDS. The analysis shows no spherical par-
ticles in the backscattered electron images. EDS spectra of the irregularly shaped fragments
show Si and O, with K, Fe and Al.

3.3. Carbonate Share in Samples

The results of the determination of carbonate content are shown in Table 1.
The tailings sample showed that the carbonate content in the fraction < 0.063 mm

is higher (40.7% carbonates) than in the tailings bulk sample (34.4% carbonates; Table 1).
The higher carbonate content in the <0.063 mm fraction could be explained by the fact
that the bulk samples also contained larger fragments that include vitreous material and
fragments with a metallic lustre and thus more amorphous and artificially derived products,
which was not the case for <0.063 mm. The dust sample had a carbonate content of 7.72%.
Sediments from Mala Martinska Cove have a higher content of carbonate compared to
dust and tailings (Table 1). In addition, the deeper layer (MMART5) contains 8% higher
carbonate content than the sample from the shallower layer (MMART0-3). The bulk samples
also have 15% (MMART0-3) and 26% (MMART5) higher carbonate content than the fraction
< 0.063 mm. Mala Stupica Cove shows high carbonate content of 78.3% carbonates in the
fraction < 0.063 mm [30].

Table 1. Content of carbonate components in the tailings, dust, Mala Martinska Cove sediment
(depth 0–3 cm and 5–7 cm) and Mala Stupica Cove sediment samples in bulk and <0.063 mm fraction.

Sample Carbonate Content

%

Tailings * 34.4 ± 0.9

Tailings 40.7 ± 0.1

Dust 7.72 ± 1.00

MMART0-3 * 77.9 ± 0.9

MMART0-3 66.0 ± 1.0

MMART5 * 94.5 ± 2.3

MMART5 71.4 ± 0.02
* Bulk samples.

3.4. BCR Sequential Analysis and AR Control Analysis

The BCR sequential analysis provides information on the bioavailable elements after
the first step has been performed, while the sums of the BCR steps indicate the semi-
total concentrations of the elements of interest. Sequential BCR analysis of the tailings
sample showed that Fe concentrations (37 g/kg) are higher than manganese concentrations
(23 g/kg; Table S1) when BCR steps are summed (ΣBCR). Iron is most abundant in the
residual fraction (34 g/kg), while Mn is present in the reducible fraction (17 g/kg; Figure 7).
Aluminium, P, Pb and Zn are also abundant in the tailings (Tables S2 and S3). The sum
of REE (ΣREE) in the BCR steps in the tailings is 108 mg/kg, and the control analysis AR
shows a difference of 16% in the ΣBCR steps. From the graphs in Figure 7, it can be seen
that most of REE is contained in oxidisable and residual fractions.



Water 2021, 13, 3123 11 of 18

Water 2021, 13, x FOR PEER REVIEW 11 of 19 
 

 

3.4. BCR Sequential Analysis and AR Control Analysis 
The BCR sequential analysis provides information on the bioavailable elements after 

the first step has been performed, while the sums of the BCR steps indicate the semi-total 
concentrations of the elements of interest. Sequential BCR analysis of the tailings sample 
showed that Fe concentrations (37 g/kg) are higher than manganese concentrations (23 
g/kg; Table S1) when BCR steps are summed (ΣBCR). Iron is most abundant in the resid-
ual fraction (34 g/kg), while Mn is present in the reducible fraction (17 g/kg; Figure 7). 
Aluminium, P, Pb and Zn are also abundant in the tailings (Tables S2 and S3). The sum of 
REE (ΣREE) in the BCR steps in the tailings is 108 mg/kg, and the control analysis AR 
shows a difference of 16% in the ΣBCR steps. From the graphs in Figure 7, it can be seen 
that most of REE is contained in oxidisable and residual fractions. 

 
Figure 7. Weight fraction of analysed elements in dust and tailings obtained by BCR sequential analysis. Y is added to 
HREE due to its chemical and physical affiliations as stated in [36]. 

Manganese values in dust exceed 256 g/kg when BCR steps are summed (Table S1), 
with the highest values found in the reducible fraction (Figure 7). The control AR analysis 
shows a difference of ±12% compared to the BCR analysis. It can be seen that most of the 
Mn is bound in the reducible fraction, which represents elements bound to iron and man-
ganese oxyhydroxides [37]. Iron has lower values in the dust above 46 g/kg, with the high-
est value found in the residual fraction. ΣREE exhibits concentrations of ≈100 mg/kg, with 
LREE having a higher concentration (87 mg/kg) than HREE (8.40 mg/kg), corresponding 

Figure 7. Weight fraction of analysed elements in dust and tailings obtained by BCR sequential analysis. Y is added to
HREE due to its chemical and physical affiliations as stated in [36].

Manganese values in dust exceed 256 g/kg when BCR steps are summed (Table S1),
with the highest values found in the reducible fraction (Figure 7). The control AR analysis
shows a difference of ±12% compared to the BCR analysis. It can be seen that most of
the Mn is bound in the reducible fraction, which represents elements bound to iron and
manganese oxyhydroxides [37]. Iron has lower values in the dust above 46 g/kg, with the
highest value found in the residual fraction. ΣREE exhibits concentrations of ≈100 mg/kg,
with LREE having a higher concentration (87 mg/kg) than HREE (8.40 mg/kg), corre-
sponding to ΣBCR values for each step. Cerium has the highest measured concentrations
(≈30 mg/kg), with the highest abundance in the residual fraction (Figure 7). Lanthanum,
Y and Nd are present at concentrations of about 15 mg/kg each (Tables S3 and S4). The
only other metal with values above 1 g/kg is Zn (2.4 g/kg) when BCR steps are summed.
Table S2 shows that in addition to the above metals, there is enrichment of Pb and P
compared to background levels from Mala Stupica Cove.

The undissolved BCR residue is 37% in the dust and 36% in the tailings sample, while
in the control AR analysis in the dust and tailings sample, the undissolved residue is about
60% and 55% of the initial weight, respectively.

The top layer from Mala Martinska Cove (MMART0-3) shows Mn values of 500 mg/kg,
and the control AR shows values 8% lower than the ΣBCR levels (Table S1). The results
of the ΣBCR stages from the MMART5 site show about 1.4 g/kg of Mn, while the value
for the AR control is 13% higher (Table S1). Most of the Mn is in an oxidisable fraction, as
seen in Table S1; Fe also has concentrations above 14 g/kg at 0–3 depth (MMART0-3) and
22 g/kg in the layer at 5 cm depth (MMART5). All other metals mentioned have concentra-
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tions below 500 mg/kg (Tables S1–S7). The ΣREEs in the sediments have concentrations
< 50 mg/kg (45 mg/kg in MMART0-3 and 28 mg/kg in MMART5), with Ce having the
highest values (Tables S3–S7). The REEs are mostly bound to an oxidisable fraction. The
residual undissolved material after BCR and AR analyses is 20% and 42% (MMART0-3)
and 11% and 37% (MMART5), respectively.

Sequential BCR analysis of sediments in Mala Stupica Cove sediments (Tables S1–S7)
shows Fe values greater than 3 g/kg (Table S1). These concentrations are related to all
three steps of BCR analysis: reducible, oxidisable and residual fraction, with the highest
value at 3 g/kg in the residual fraction. All other elements of interest as well as REE show
concentrations below 100 mg/kg.

3.5. Total Analysis

Total analysis of the two types of vitreous material and material with a metallic lustre
(METALLIC LUSTRE MATERIAL) showed that the dark brown vitreous fragments (BEIGE
GLASS) have elevated concentrations of ΣREE (≈550 mg/kg), Zr, W, U, Th, Ta, Hf, Be and
more (Table S8) when compared to Mala Stupica Cove sediments BCR and control AR data.
However, green glass contains even higher concentrations of ΣREE (≈750 mg/kg), Zr, U,
Th, Sr, Rb, Hf, Se, Ni and Cu than beige glass. The third type of tailings—fragments with a
metallic lustre—have lower values of ΣREE (≈4 mg/kg) when compared to previously
mentioned tailings subsamples and values of Zr, W, Sr, Ba, Se, Hg, Sb, As, Ni, Zn, Pb, Cu
and Mo below 15 mg/kg.

4. Discussion
4.1. Impact of the TEF Plant on the Environment

In order to evaluate the impact of industrial production of ferromanganese alloys
on sediment in Šibenik Bay, a comparison of sediments from two locations was carried
out. Mala Stupica Cove was determined as the site with the background values due to its
location—a beach 19 km away in the outer archipelago of Šibenik. The Mn values in Mala
Stupica Cove reach 43 mg/kg using only AR, while the ΣBCR level amounts to 29 mg/kg.
These values are low but indicate the potential dust exposure from the Šibenik plant. It
can be seen (Table S1) that the Mn content in the dust sample is high: 25.6% in the ΣBCR
steps and 24% in the AR analysis. Nevertheless, the sediments of Mala Stupica Bay are to
be classified as background due to the low values of the metals of interest.

The XRD sediment analysis of both locations, Mala Martinska and Mala Stupica Cove,
shows calcite, dolomite and quartz as the main mineral phases, which is in accordance with
the previous analysis of Cukrov [21]. The content of carbonate components is high—over
65% in MMART0-3, which is the lowest measured value in all sediment samples (Table 1),
confirming the results of XRD data. Since the eastern Adriatic coast is predominantly
composed of limestone, such sediment composition is typical [20,38]. In addition to the
already mentioned mineral phases, bustamite was also determined in the sediment samples
of Mala Martinska Cove, as mentioned in Bilinski et al. [39].

The Mn and Fe values in the sediment samples from Mala Martinska Cove show
significant enrichment compared to the values from Mala Stupica Cove. The detected Mn
values are ≈500 mg/kg, AR analysis shows 8% lower values (462 mg/kg) in the sample
MMART0-3, while the Mn values in the sample MMART5 are ≈1400 mg/kg for the values
of ΣBCR steps and ≈1600 mg/kg for the control AR analysis. These data confirm the
strong influence of the TEF plant on the sediments in the surrounding area.

The ΣREE values in the Mala Martinska Cove samples also show higher values than in
the Mala Stupica Cove samples. In the uppermost layer, ΣREE values are 45 mg/kg, while
in the sediment layer at 5–7 cm depth, ΣREE values are 28 mg/kg. In both samples, Ce has
the highest values (Table S4). The highest Ce content could be due to the Ce anomaly and
the fact that Ce can substitute for Mn in the marine environment [40]. This is also supported
by the positive correlation of the highest values of manganese in the oxidisable fraction



Water 2021, 13, 3123 13 of 18

with the highest values of Ce. This trend is evident in both MMART0-3 and MMART5,
while it is absent in MSTUP0-3 due to low Mn concentrations.

Due to numerous environmental problems, governments tend to issue strict guidelines
prescribing the permissible concentrations of elements in various environmental compo-
nents (water, soil, sediment, air, etc. [41–43]). European Union (EU) regulations state that
sediment and water are interconnected [41], but the authors are not aware of any strictly
established limits for elements of interest in this research on sediments so far. Since the
studied area is located in Croatia and is subject to EU legislation, Croatian legislation is in
line with EU legislation. On the other hand, there are some examples of precisely defined
limit values. All the mentioned regulations and limits are based on the overall analysis of
the samples. Although the BCR sequential analysis was classified as semi-total analysis
due to the undissolved residue, the sum of BCR steps can be used as total values of metal
concentrations for comparison with regulations. In sum, the BCR1 step for the sediments of
Mala Stupica Cove proves that none of the values of As, Co, Cr, Cu, Pb, Ni and Zn exceed
the limits prescribed in the mentioned legislation and previous studies [43–45]. This is
further evidence that Mala Stupica can be used as background levels. The ΣBCR levels for
the Mala Martinska Cove sediments exceed the prescribed values. However, it is known
that the first BCR level represents the bioavailable concentrations of elements [31,32], so
more attention was paid to these concentrations (BCR1) compared to the threshold values.

Bakke et al. [44] compared the measured values in the samples with the background
values for certain metals in Norway. Figure 8 shows that only Cd in the tailings in the
BCR1 step exceeds the Norwegian background values (NBV), but the BCR1 values in the
sediments from Mala Martinska and Mala Stupica Coves are still below the NBV.

Water 2021, 13, x FOR PEER REVIEW 14 of 19 
 

 

 
Figure 8. Measured values of the metals in sediment in the first step of BCR sequential analysis (exchangeable fraction) 
compared to threshold limit values in legislation. NBV—Norway background values [44], DGV—default guideline values 
[43], SQG—sediment quality guidelines [45]. 

In addition to Cd and Zn, Ni in the dust sample also exceeds the threshold values, 
DGV and SQG, provided by the Australian government [43] and Pejman et al. [45], re-
spectively. Again, it can be seen that the concentrations in the sediment are much lower 
than the threshold values. 

It is worth noting that these regulations and studies do not include manganese in 
their list of toxic metals, although it is known that Mn is toxic to all organisms at high 
concentrations. As noted by Hernroth et al. [47], Mn becomes bioavailable through eu-
trophication, which leads to reductive conditions and can remain bioavailable for long 
periods of time. When exposed to elevated Mn concentrations, certain changes occur in 
the immune parameters of aquatic organisms. Previous studies have shown that exposure 
to Mn concentrations of 3.9 mg/l in water for 4 days leads to significant changes in the 
immune parameters of organisms. Since the ΣBCR values of Mn in the sediment samples 
from Mala Martinska Cove are 462 mg/kg ± 7.8% in the shallower layer and 1.60 g/kg ± 
12.8% in the deeper layer, respectively, and hypoxia occurs regularly but to a lesser extent 
in this area [22], it is expected that Mn is bioavailable to organisms in the water of Šibenik 
Bay, causing changes in their functioning. The bioavailable concentrations of Mn, i.e., 
BCR1 from the shallower layer are 65 mg/kg and 211 mg/kg from the deeper layer. These 
concentrations cause acute conditions in some organisms (sponges) and are much higher 
than the levels found in the study of the effects of Mn on starfish, molluscs, crustaceans 
and fish [47]. Manganese is abundant in coastal and deep-sea sediments [47] in general, 
and not only in the Šibenik Bay area, and should therefore be included in the sediment 
legislation. 

Figure 8. Measured values of the metals in sediment in the first step of BCR sequential analysis (exchangeable fraction)
compared to threshold limit values in legislation. NBV—Norway background values [44], DGV—default guideline
values [43], SQG—sediment quality guidelines [45].



Water 2021, 13, 3123 14 of 18

Australian legislation has slightly different thresholds. It can be seen that Zn in the
BCR1 of the dust sample exceeds the Australian government standard guidance values
(DGV—default guideline values) [43] and Zn exceeds both the NBV values [44] and the SQG
(sediment quality guidelines) values provided by Pejman et al. [45]. The Zn concentrations
in the sediment samples are below all the above thresholds. This indicates that either the
high concentration that entered the sediment was very dilute, showing the ability of the
estuary (Šibenik Bay) to self-purify, as explained by Cukrov et al. [46], or the concentration
that entered the sediment was low. However, since self-purification was found in Šibenik
Bay and in the entire Krka River estuary, the first of the two conclusions is more likely. This
ability of self-purification was demonstrated for Zn, Cu, Pb and Cd [46].

In addition to Cd and Zn, Ni in the dust sample also exceeds the threshold values, DGV
and SQG, provided by the Australian government [43] and Pejman et al. [45], respectively.
Again, it can be seen that the concentrations in the sediment are much lower than the
threshold values.

It is worth noting that these regulations and studies do not include manganese in
their list of toxic metals, although it is known that Mn is toxic to all organisms at high
concentrations. As noted by Hernroth et al. [47], Mn becomes bioavailable through eu-
trophication, which leads to reductive conditions and can remain bioavailable for long
periods of time. When exposed to elevated Mn concentrations, certain changes occur in
the immune parameters of aquatic organisms. Previous studies have shown that expo-
sure to Mn concentrations of 3.9 mg/l in water for 4 days leads to significant changes
in the immune parameters of organisms. Since the ΣBCR values of Mn in the sediment
samples from Mala Martinska Cove are 462 mg/kg ± 7.8% in the shallower layer and
1.60 g/kg ± 12.8% in the deeper layer, respectively, and hypoxia occurs regularly but to
a lesser extent in this area [22], it is expected that Mn is bioavailable to organisms in the
water of Šibenik Bay, causing changes in their functioning. The bioavailable concentrations
of Mn, i.e., BCR1 from the shallower layer are 65 mg/kg and 211 mg/kg from the deeper
layer. These concentrations cause acute conditions in some organisms (sponges) and are
much higher than the levels found in the study of the effects of Mn on starfish, molluscs,
crustaceans and fish [47]. Manganese is abundant in coastal and deep-sea sediments [47]
in general, and not only in the Šibenik Bay area, and should therefore be included in the
sediment legislation.

When considering the transmission of tailings particles by wind, the adverse effects of
such particles on human health should not be neglected. It is well known that particulate
matter (PM) is a major threat to human health, with PM2.5 being the most dangerous and
penetrating deep into the lungs [11–13]. The analysis by Kero et al. [14] showed that PM2.5
can reach a distance of 25 km in a year and cause health and environmental problems. The
granulometric analysis of the dust sample showed that 50% of the particles are < 2 µm in
size, indicating the harmful effects of dust from the roof of the plant TEF. Nowadays, PMs
are carefully monitored [48,49].

4.2. Tailings as Potential Recovery Material

The Mn concentrations in the tailings are about 2% Mn (Table S1). These values are
somewhat lower than those required for cost-effective recovery [50,51]. Nevertheless, the
increasing demand for Mn may make these tailings attractive for reprocessing in the near
future [52].

The literature suggests that only a small percent of REE in tailings can be considered
sufficient for recovery. Nevertheless, new approaches and technologies should be con-
sidered in the recovery of REE [53]. Concentrations of REE in tailings samples exceed
values of ≈100 mg/kg in BCR analysis and 90 mg/kg in AR analysis. When different
subsamples of the tailings were analysed using the total analysis, the glasses were found to
contain 403 mg/kg REE and 540 mg/kg REE for beige glass and green glass, respectively.
These contents are quite high considering that deposits with much lower concentrations
are currently being investigated [54]. Literature [55] indicates that some tailings contain
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413 mg/kg REE. Although these tailings are phosphogypsum, these amounts measured in
the Šibenik Bay tailings could be sufficient with appropriate concentration and separation
methods.

4.3. Tailings and Dust Characteristics

According to the XRD data, the mineral phases identified in the tailings analysed in
this study were also present in different types of tailings in previous studies [39]. These
include bustamite, graphite, manganese oxides, calcite and quartz. In addition, one of
the subsamples of the tailings had the mineralogical composition of silicomanganese as
described in Jadrijević et al. [56].

XRD analysis of the undissolved residues shows mineral phases that were not detected
in the bulk or <0.063 mm fraction. This indicates that these mineral phases are present at
lower concentrations and became visible in the XRD data after dissolution of the major
constituents.

As shown in the Results section, the dust sample contains three types of particles, all
containing Mn. The literature [57,58] confirms the morphological characteristics of the dust
particles identified in the backscatter images. The morphologies detected in the dust sample
particles are characteristic of industrial processes, and the process of formation of industrial
dust particles is explained in the literature using fly ash particles as an example [58]. The
data from SEM-EDS are in agreement with the XRD data (Figures 3, 5 and 6). It can also be
seen that the spherical particles are mainly composed of Mn, O and Si, which is consistent
with the findings in the literature [57]. It was assumed that some of these particles are also
present in the MMART5 sample, since the MMART5 sample has higher Mn values than the
MMART0-3 sample, and the sedimentation rates [59] of the area determine the depth of the
sediment sample (5–7 cm) at the time of dust sampling. The backscatter images showed no
dust particles in the MMART5 sample, and the EDS spectra showed no Mn in the sample.
The explanation for this lies in the fact that the MMART5 sample was treated with HCl to
facilitate the identification of the dust particles. Subsequently, the sample was treated with
H2O2. As BCR analysis showed, the highest Mn concentrations in the MMART5 sample
were bound to an oxidisable fraction treated with H2O2. This is probably the reason why
no dust particles were detected in the SEM-EDS spectra of the MMART5 sample.

As mentioned in the literature [21] and earlier in the text, the TEF plant can be a
source of many elements such as Pb, Al, Cr, Fe, Ni, Co, Zn, etc. Phosphorus is also one
of these elements. It was assumed that phosphorus comes only from the transport and
transshipment of phosphate ore [19], which is one of the main tasks in the port of Šibenik.
Although it is known that during reloading, a certain amount was lost in the river mouth,
it can be seen that the tailings also contain a certain amount of P (Figure 7 and Table S2).
In addition, phosphorus in the samples from Mala Martinska Bay is mainly bound to the
residual fraction. From all these data, it can be concluded that the measured amounts
of P could partly originate from the handling of phosphate ore in the port of Šibenik.
However, such high levels of P in a residual fraction of tailings and dust samples suggest
that the phosphorus in the sediments also originates from the TEF plant. This claim is also
supported by the fact that phosphate ore is usually dissolved in the first two steps of the
BCR sequential analysis, which was not the case in this study [60].

5. Conclusions

A large amount of the tailings material is still present at the site of the historic facility.
Multiapproach analyses of the sediment near the TEF plant (Mala Martinska Cove) con-
firmed that the area of Šibenik Bay was under the strong influence of the TEF plant and is
probably still under the influence of its by-products today. The present influence can be
explained by the transport of tailings material by wind and sea.

Chemical analyses revealed up to 20 g/kg Mn and 700 mg/kg ΣREE in some of the sub-
samples of the tailings, which defines them as potential material for recovery. Manganese
also has high concentrations in the sediments. However, there are no regulations for its
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levels, making it a potentially hazardous uncontrolled parameter in the environment. In
contrast, the concentrations of Zn, Cd and Ni in the dust sample exceed the prescribed
levels, although the concentrations measured in the sediments are much lower.

Following all the above, further analyses are needed to determine the range of man-
ganese ore by-products and tailings in Šibenik Bay. It is also necessary to understand
how the conditions in the deposited tailings change with depth in order to understand
the behaviour in the deeper parts of the tailings hill and the real threat they pose to the
environment and the Krka River estuary as a sensitive and easily changing environment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13213123/s1, Table S1: Concentrations of the Mn, Fe, Co and Ni (expressed in mg/kg)
in BCR fractions and AR eluates of the tailings sample. Table S2: Concentrations of the Pb, Al, P
and Cr (expressed in mg/kg) in BCR fractions and AR eluates of the tailings sample. Table S3:
Concentrations of the Cu, Zn, Sc and Y (expressed in mg/kg) in BCR fractions and AR eluates of
the tailings sample. Table S4: Concentrations of the La, Ce, Pr and Nd (expressed in mg/kg) in
BCR fractions and AR eluates of the tailings sample. Table S5, Concentrations of the Sm, Eu, Gd
and Tb (expressed in mg/kg) in BCR fractions and AR eluates of the tailings sample. Table S6:
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9. Institut Rud̄er Bošković. Elaborat Stanja Okoliša-Plaža “Crnica”; Institut Rud̄er Bošković: Zagreb, Croatia, 2011. Available
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10. Legović, T.; Gržetić, Z.; Smirčić, A. Effects of wind on a stratified estuary. Mar. Chem. 1991, 32, 153–161. [CrossRef]
11. Pavilonis, B.T.; Lioy, P.J.; Guazzetti, S.; Bostick, B.C.; Donna, F.; Peli, M.; Zimmerman, N.J.; Bertrand, P.; Lucas, E.; Smith, D.R.;

et al. Manganese concentrations in soil and settled dust in an area with historic ferroalloy production. J. Expo. Sci. Environ.
Epidemiol. 2015, 25, 443–450. [CrossRef]

12. Cheng, Z.; Luo, L.; Wang, S.; Wang, Y.; Sharma, S.; Shimadera, H.; Wang, X.; Bressi, M.; de Miranda, R.M.; Jiang, J.; et al. Status
and characteristics of ambient PM2.5 pollution in global megacities. Environ. Int. 2016, 89–90, 212–221. [CrossRef]

13. Selinus, O.; Alloway, B.J. Essentials of Medical Geology: Impacts of the Natural Environment on Public Health; Elsevier: Amsterdam,
The Netherlands, 2005.

14. Kero, I.T.; Eidem, P.A.; Ma, Y.; Indresand, H.; Aarhaug, T.A.; Grådahl, S. Airborne Emissions from Mn Ferroalloy Production.
JOM 2019, 71, 349–365. [CrossRef]

15. TEF History of Electrodes and Ferroalloy Plant (Povijest TEF-a). Available online: http://www.tef.hr/stranica/5/povijest-tef-a-
stup-sibenskog-industrijskog-razvoja-u-20-stoljecu.html (accessed on 14 June 2021).
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