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Abstract: To study the processes that govern the post-depositional mobility of metals in the estuarine
sediment, five sediment cores were sampled in the Krka River estuary (Croatia). The obtained con-
centration ranges in the pore water were 0.057-49.7 uM for Fe, 0.310-100 uM for Mn, 0.068-26.8 nM
for Co, 0.126-153 nM for Cu, 11.5-2793 nM for Zn, 0.222-31.3 nM for Pb, 4.09-59.4 nM for U,
38.8-2228 nM for Mo, and 0.065-2.29 nM for As. The vertical distribution of metals in the dissolved
and solid fraction of the sediment, coupled with other diagenetic tracers (e.g., dissolved sulphide),
demonstrate the importance of early diagenetic reactions, in particular Fe and Mn oxyhydroxide and
sulphate reduction, for the cycling of metals in the sediment. The redox zonation in the sediment
was compressed, and the suboxic zone occurs immediately below the sediment-water interface. The
estimated benthic fluxes in the estuary were 5220 kg y_1 for Fe, 27,100 kg y_1 for Mn, 6.00 kg y_1 for
Co, 20.5 kg y_1 for Cu, 5.16 kg y_1 for Pb, 111 kg y_1 for Mo, and 87.3 kg y_1 for As. The riverine
input was more important than the benthic flux, except in the case of Mn and Fe.

Keywords: trace metals; pore water; sediment; early diagenesis; benthic fluxes; Adriatic Sea

1. Introduction

Estuaries, due to their convenient location at the junction of the sea and land, are of
exceptional importance for humans as areas ideal for urban settlements and recreational
use, as well as locations for ports and industrial plants [1,2]. However, intense human
activities have often degraded the sensitive and complex estuarine ecosystems [3]. The
metals and metalloids (referred to hereafter as metals) are one of the biggest threats to
the aquatic environment due to their toxicity, non-degradable nature, and capacity for
accumulation [4-6]. Metals are naturally occurring in the environment; however, due
to various anthropogenic activities, such as mining, traffic, agriculture, and wastewater
discharge, their concentrations have increased globally. When metals enter the estuarine
environment, their adsorption to suspended particles in the water column, incorporation
into biogenic material, and consequent deposition in sediments occur very quickly [7].
Nevertheless, the sediment is not just a final repository of pollutants, but also a potential
long-term secondary source, due to the various physicochemical and biological processes,
which cause metals to release from the solid to the dissolved phase and diffuse to the water
column [8-12].

Metals” mobility is affected by numerous factors, such as physicochemical conditions
in the water column and sediment (salinity, Eh, pH) [13,14] and sediment composition
(content of clay minerals, sulphides, carbonates, Mn and Fe oxyhydroxides, organic mat-
ter (OM)) [14]. As a primary driver of early diagenesis, OM mineralisation is known to
have a significant impact on the partitioning of metals between the solid and dissolved
phases of the sediment. The oxic zone in the estuarine and coastal sediment is usually
very thin, extending in only a few millimetres or centimetres of the uppermost sediment
layer [15,16]; therefore, other oxidants (Mn and Fe oxyhydroxides, sulphates) may play a
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more important role in the OM degradation [8,17-19]. In the suboxic zone of the sediment,
the reductive dissolution of Mn and Fe oxyhydroxides occurs, and it is accompanied by
the release of associated metals into the pore water. The dissolved metals diffuse upward
and downward from the suboxic zone of the sediment. The dissolved metals that diffuse
toward the sediment-water interface (SWI), may again be removed from the pore water
by adsorption onto or coprecipitation with newly formed Mn and Fe oxyhydroxides or
carbonates [13,18,19]. The downward diffusion of the dissolved metals, into the anoxic zone
of the sediment where dissolved sulphide is produced by sulphate-reducing bacteria, may
be limited by the formation of dissolved metal-sulphide complexes, precipitation of metal
sulphide, or coprecipitation with newly formed Fe sulphide minerals [17,18,20-22]. Further-
more, the dissolved OM (DOM) may play an important role in the distribution of metals
between the solid and dissolved phase in the anoxic zone of the sediment [13,18,23,24]. It
is evident that the degradation of OM governs the recycling of metals in the sediments,
either through primary diagenetic processes such as reductive dissolution of Mn and Fe
oxyhydroxides, or through secondary processes, which may be directly or indirectly linked
to the OM degradation, such as the formation of metal precipitates, modification of surface
properties of adsorptive particles, and complexation of metals with DOM [25]. Under-
standing the processes and factors that control the post-depositional recycling of metals in
the sediment is crucial in the evaluation of the fate of these contaminants in the aquatic
environment. It has been shown that studying the distribution of metals in dissolved (pore
water) and solid fractions of the sediment, and in the overlying water column, can give
valuable information on biogeochemical processes taking place in the sediment during the
early diagenesis [13,25].

This research aimed to gain a better understanding of the metal dynamics in the
sediments of a salt wedge estuary that has been partially exposed to anthropogenic impact.
The Krka River estuary has attracted the attention of many scientists in the past decades
due to its many interesting features, such as a boundary freshwater—seawater interface
enriched with trace elements, nutrients, and organic matter [26-29]. As a result, many
papers have been published describing various physical, chemical, and biological aspects of
the water column [26-37], and to a lesser extent, sediment characteristics [2,38—40]. In this
study, the geochemical parameters of the pore water were used as indicators of processes
that govern the distribution of the metals in the sediment, not only to gain knowledge
about the Krka River estuary but also to contribute to the overall understanding of salt
wedge estuarine environments.

2. Materials and Methods
2.1. Study Site

The Krka River estuary (KRE) is located in the central part of the eastern Adriatic
coast (Figure 1). It extends approximately 23 km from its mouth to the last waterfall on the
Krka River, called Skradinski Buk. The estuary is relatively narrow, with two wider parts,
Prokljan Lake and Sibenik Bay [35,36]. One of the main characteristics of the KRE is its
permanent vertical stratification, which results from its low tidal range (0.2-0.5 m) and its
specific geography. There are three distinct layers, the surface fresh/brackish water moving
seaward, the bottom seawater layer moving landward, and a sharp halocline (ranging in
thickness from only a few cm up to 1.5 m) in between. The depth of the halocline varies
depending on the freshwater input from the Krka River, whose mean annual discharge is
~50 m3 s~! with considerable seasonal variations ranging from 5 to 480 m3 s~ ! [41]. The
water exchange time is also dependent on the Krka River inflow; for freshwater, it is 6 to
20 days in winter and up to 80 days in summer, whereas, for seawater, it is 50 to 100 days
in winter and up to 250 days in summer [34]. According to Cindri¢ et al. [33], the amount
of suspended particulate matter in the KRE is low (typically less than 6 mg L~1), likely
due to the numerous lakes in the freshwater part of the Krka River, which are formed
by the tufa barriers and serve as traps for particulates. The main source of terrigenous
particulate material that enters the KRE is a small tributary Guduca River, which flows
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into Prokljan Lake. The catchment area of the Guduca River is mainly composed of Upper
Eocene-Oligocene flysch and flysch-like deposits, and there are no tufa barriers along the
watercourse that could retain particulate material [38,41].
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Figure 1. Map of the Krka River estuary. The yellow polygon represents the former Fe-Mn factory,
and the green polygon represents the Sibenik Port. The black square represents the study area.

Based on the sediment characteristics, the estuary can be divided into two parts, the
upper and lower estuary. In the upper estuary, the input of particulate matter through
the small tributary Guduga strongly influences the type and rate (2-5 mm year~! [42]) of
sedimentation, whereas, in the lower estuary, the input of terrigenous particles is very low,
the sedimentation rate is typically lower than 1 mm year~! [42], and the marine carbonate
sedimentation predominates [39]. There is also a difference in the anthropogenic impact.
The upper estuary is rather unpolluted because there are only a few small settlements
in this area, with no industrial facilities. Furthermore, the freshwater part of the Krka
River, which precedes the estuary, is a national park, therefore there are no significant
contamination sources upstream of the estuary. The possible sources of contamination in
this part of the estuary are agricultural activities and nautical tourism. In the lower estuary,
however, sediment contamination with metals was recorded, linked to the anthropogenic
impact of the city of Sibenik [40,43—47]. The major sources of contamination in the lower
estuary were the Fe-Mn industry, the bulk cargo port (main cargo raw phosphates and
artificial fertilisers), untreated wastewater discharge, and the repair shipyard [47]. The
Fe-Mn factory was operating for 50 years, until the mid-nineties, and during that time, no
pollution control measures were implemented. Industrial fumes and dust were emitted
directly into the air while metallurgical slag was partially spread around or deposited near
the smelter [48]. Although production stopped 30 years ago, and the remediation of the
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area was completed in 2013, the impact of factory activities can still be seen in the surface
sediment [47]. Moreover, for many years, untreated communal and industrial wastewater
was discharged into the estuary from 33 separate outflows along the waterfront. Since 2007,
wastewater has been treated and discharged into the open sea. The shipyard activities are a
proven major source of Hg for the lower estuary [49].

2.2. Sampling and Sample Pretreatment

Sediment cores were sampled at 5 locations in the KRE (the upper estuary: K1-K3; the
lower estuary: K4-K5) (Table S1). Sampling was performed in the summer and winter of
2017. Sampling locations were chosen to represent different sedimentation areas within the
estuary. Location K1 represents carbonate sedimentation under the influence of the Krka
River; K2 represents sedimentation of a mixture of carbonate and terrigenous particles
without anthropogenic influence; K3 represents sedimentation of terrigenous particles;
K4 represents marine carbonate sedimentation with the influence of the Fe-Mn industry;
K5 represents marine carbonate sedimentation with the former wastewater discharge
outflow and port activity. The duplicate undisturbed sediment cores (diameter = 10 cm,
length = 60 cm, Plexiglas) were sampled by a scuba diver at each location. The first core
was used for sediment slicing, i.e., collecting subsamples of pore water and sediment,
whereas the second core was used for sampling the overlying water. At each location, the
depth profiles of the physicochemical parameters (dissolved oxygen, pH, temperature,
salinity) in the water column were measured using a multiparameter probe (EXO2, YSI,
Yellow Springs, OH, USA).

The sediment cores were transferred to the laboratory immediately after sampling
and processed on the same day. Processing of the first core was performed in a glove
box under inert conditions (N3) to prevent oxidation of the samples. To retrieve pore
water and sediment samples, the core was sliced into 2 cm thick sections. Each subsample
was placed in 3 x 50 mL centrifuge tubes and centrifuged (Eppendorf Centrifuge 5804,
Hamburg, Germany) at 4000 rpm for 15 min to extract the pore water from the sediment.
The pore water was filtered (cellulose-nitrate syringe filters, 0.2 pm, Sartorius, Gottingen,
Germany) and stored in different containers depending on the planned analyses. For
measurement of dissolved organic carbon (DOC) and inorganic carbon (DIC), samples
were stored in 24 mL glass tubes with Teflon/silicon septum, preserved with 20 uL of
1M NaNjs (Sigma Aldrich, St. Louis, MO, USA), and kept at 4 °C until analysis. The
glass tubes were pre-cleaned in the following manner: cleaned with 10% HCI, rinsed with
MQ (Milli-Q water, 18.2 M(), Millipore, Burlington, VT, USA), and calcined at 450 °C for
4 h. For the multi-elemental analysis, pore water samples were acidified with ultrapure
concentrated HNO; (ROTIPURAN® Supra, Carl Roth, Karlsruhe, Germany) to pH < 2. For
the determination of orthophosphates (PO,437), ammonium (NHy4*), sulphates (SO4%7),
and dissolved sulphides () JHS™) samples were stored in 2 mL microtubes. To preserve
YHS™, 0.5 mL of the trap solution (ZnCl, (Acros Ogranics, Geel, Belgium), gelatine (Fisher
Scientific UK, Loughborough, UK), chloroform (Carlo Erba, Emmendingen, Germany) [50])
was inserted into the microtube before adding the sample. The sediment subsamples were
stored at —20 °C until further analysis.

The overlying water samples were collected from the second sediment core (the bottom
water was collected with sediment in the core) with the help of a homemade syringe system,
which consisted of six 60 mL syringes interconnected by Teflon tubes two by two, which
allowed simultaneous sampling of 120 mL of water at 3 different levels (2 cm, 5 cm, and
15 cm from the sediment surface). The overlying water samples were processed in the same
way as pore water samples.

2.3. Porewater and Overlying Water Analysis

For the determination of trace element concentrations (Fe, Mn, Co, Cu, Zn, Pb, U,
Mo, As) in pore water and overlying water samples, high resolution inductively coupled
plasma mass spectrometer (HR ICP-MS, Element 2, Thermo Finnigan, Bremen, Germany)
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was used. To minimise the matrix effect, samples were diluted 10 times with 2% HNOj3
(ROTIPURAN® Supra, Carl Roth, Karlsruhe, Germany). Indium was used as an inter-
nal standard. A matrix matching (10x diluted seawater) external four-point calibration
(0,0.1, 1, and 10 ug L~!) was used for quantification of trace metals. For the validation of
the analysis, the nearshore seawater reference material for trace metals (CASS-5, National
Research Council of Canada, Ottawa, ON, Canada) was used. Average concentrations
(n = 68) obtained in CASS-5 CRM agreed with the certified values (Table 52).

A Shimadzu TOC-VCSH analyser (Shimadzu, Kyoto, Japan) was used to measure
DOC and DIC concentrations. Calibration was performed with potassium hydrogen phtha-
late (CgH5KO4) and hydrogen sodium carbonate/sodium carbonate (NaHCO3/Na,;CO3)
standard solutions, with an accuracy of 0.02 mgC L~! [27,51]. The analytical validity of
the method was confirmed by measuring certified reference material ION-96.4 (Environ-
ment Canada, Burlington, ON, Canada). All the measured concentrations agreed with the
certified values.

Concentrations of PO43’, NH,*, SO42’, and ) HS™ were measured spectrophotomet-
rically by UV /VIS spectrophotometer (Lambda 45, Perkin Elmer, Waltham, MA, USA).
The SO42~ concentrations were determined by the turbidimetric method. Briefly, 40 uL
of 1 M HClI and 200 uL of reagent (0.4 M BaCl, (Suprapur®, Merck, Darmstad, Germany)
and Tween® 20 (Fisher Scientific, Geel, Belgium) diluted by 4) were mixed with 2 mL of
sample previously diluted by factor 50. The turbidity was recorded at 650 nm. The NH4*
concentrations were measured using the Spectroquant® 1.14752 kit (Merck, Darmstadt,
Germany). The YHS~ was analysed using Spectroquant® Kit 1.14779 (Merck, Darmstadt,
Germany). The PO,>~ concentrations were measured using the method developed by
Murphy and Riley [52,53].

2.4. Sediment Analysis

The semi-total element (Fe, Mn, Co, Cu, Zn, Pb, U, Mo, As, S, P) concentrations in
the sediment solid phase were determined by HR ICP-MS. Before analysis, samples were
freeze-dried, sieved < 2 mm, grounded using Planetary Ball Mill PM 100 (Retch, Haan,
Germany), and digested with aqua regia (~100 mg of sediment, 2.5 mL of HNO3 and
7.5 mL of HCI (Trace Analysis grade, Fisher Scientific, Waltham, MA, USA)), in the Ul-
traWAVE Single Reaction Chamber Microwave Digestion System (Milestone Srl, Sorisole,
Italy) as described in Cukrov et al. [49]. Digested samples were diluted with 2% HNOs3
(Suprapur®, Merck, Darmstadt, Germany). Indium was used as an internal standard. The
marine sediment reference material (PACS-2, National Research Council of Canada) was
used for the validation of the digestion method (Table S3).

Organic carbon (Corg) in the sediment of the KRE was measured using a Flash
2000 CHNS Analyzer equipped with MAS™ 200R autosampler (Thermo Scientific, Wath-
man, MA, USA). For the analysis, 10-15 mg (core K5—5 mg) of sediment was inserted into
the combustion reactor together with an appropriate amount of oxygen. The sediment was
not treated for the analysis of N and TC. Before analysis of Corg, sediment was treated with
HCl (6 M, Trace Analysis grade, Fisher Scientific, Waltham, MA, USA) to remove the inor-
ganic C. For the validation of analysis, the Soil NC Reference Material (Thermo Scientific,
Wathman, USA) was used. The measured concentrations agreed with the certified values.

2.5. The Benthic Diffusive Fluxes
The benthic diffusive fluxes of metals from the sediment to the overlying water column

were calculated using Fick’s first law of diffusion:

0
Flux = —¢Ds€d£, 1)

where @ is porosity, D, is the diffusion coefficient in the pore water, and (dC/0x) is the
concentration gradient at the SWI. The porosity was calculated based on bulk density and



J. Mar. Sci. Eng. 2024, 12, 466

6 of 22

water content [54] and was >0.7 in the uppermost part of all sampled cores. Therefore, Dy,
was calculated using the following empirical equitation [55]:

Dyog = ©*D(® > 0.7), 2)

where D is the diffusion coefficient in water adjusted to in situ temperature using the
Stokes-Einstein equation. Diffusion coefficients were taken from Li and Gregory [56], for V
it was assumed to be equal to the one of Mo (MoO427) [57]. The concentration gradient
was estimated from the concentration difference between the uppermost pore water sample
and the overlying water sample divided by the depth of the uppermost pore water sample
(2 cm). The positive fluxes indicate diffusion from the overlying water into the sediment,
while negative fluxes indicate the release of the metal from the sediment to the overlying
water column.

3. Results
3.1. Pore Water Characterisation
3.1.1. Major Dissolved Species

The vertical profiles of PO43~, NHy*, SO42~, YHS~, DOC, and DIC in the overlying
and pore water at five sampling sites are shown in Figure 2. All these parameters, except
SO42, had lower concentrations in the overlying water than in the pore water. In some
cases, they were even below the detection limit of the method, such as in the case of NH4*
at sites K2 and K5, and Y "HS™ at all sites. The SO42~ concentrations ranged between 7.81
and 43.8 uM in the overlying water and between 18.1 and 46.9 uM in the pore water.

The obtained concentration ranges for PO43~ were 0.28-1.14 uM in the overlying
water and 1.06-37.0 uM in the pore water. The vertical distribution pattern was similar on
all sites, except at K1. The PO,3~ increased downwards until reaching the highest value at
depths ~10-15 cm and decreased afterwards. At site K1, PO43~ concentrations increased
gradually with depth, and the highest value was recorded in the bottommost sediment core
layer. The NH4* concentrations were found in the range of 7.22-23.9 uM in the overlying
water and 12.4-1262 uM in the pore water. At sites K1, K2, and K3 the vertical profiles of
NH,* were quite uniform with concentrations below 120 uM, except for the sharp peak at
the SWI at site K2. At site K3 there was a gradual increase of concentrations until 15 cm
of depth, followed by a slight decrease until the bottom of the core. The highest NH,*
concentrations in the estuary were found at site K5, where a marked peak was observed
at a depth of 6-10 cm. The ) HS™ was detected at all sites, but not in all sediment layers.
The measured concentration range in the pore water was 2.43-111 uM, with the highest
concentrations found at site K4, followed by site K5. In the overlying water, } HS™ was
detected only in one sample at site K4.

DOC and DIC concentrations measured in the pore water were substantially higher than
those measured in the overlying water column, especially the DOC. The obtained ranges
in the overlying water column were 0.973-2.26 mgC L~! for DOC and 29.6-37.8 mgC L~!
for DIC, whereas the ranges in the pore water were 2.61-137 mgC L~! for DOC and
14.4-80.6 mgC L~! for DIC (Figure 2). There was intra-site variation in the vertical profiles
of DOC; at the sites K2 and K3 there was a marked peak just below the SWI, whereas at
the other sites higher values were observed deeper in the sediment (10 cm and deeper).
The DIC vertical profiles at sites K1 and K2 were quite uniform, while at sites K3 and K5,
values increased in the downward direction.

The downcore profiles of dissolved Fe and Mn are given in Figure 3. The dissolved
Mn concentrations in the overlying water were 0.058-4.94 pM and in the pore water
0.310-100 pM. The Mn vertical distribution pattern was similar at all sites, with the marked
peak just below the SWI. At site K4, there was an additional increase in Mn concentrations
at a depth of 10-15 cm. The dissolved Fe followed a similar distribution as Mn, with a
sharp increase below the SWI, at the sites K1 and K3 in the same layer as Mn, and at the
sites K2, K4, and K5 in the following sediment layer (2—4 cm). The obtained ranges in the
overlying water were 0.008-0.053 uM and in the pore water 0.057-49.7 uM.
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Figure 2. The pore water profiles of PO43~, NHy*, SO4>~, YHS™, DOC, and DIC in the sediment
cores K1-K5. The dashed line marks the sediment-water interface (SWI).

3.1.2. Trace Metals

Trace element concentrations in the overlying water were found in the following
ranges: 0.271-4.14 nM for Co, 1.09-15.6 nM for Cu, 30.0-1251 nM for Zn, 0.024-3.91 nM for
Pb, 11.9-18.1 nM for U, 79.3-148 nM for Mo, and 0.085-0.171 nM for As (Figures 4 and S1,
Tables S4-S8).
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Depth (cm)

Figure 3. The pore water profiles of dissolved Fe and Mn in the sediment cores K1-K5. The dashed
line marks the sediment-water interface (SWI).

Trace element concentrations in the pore water were generally higher than in the
overlying water, except in the case of U. The obtained ranges were as follows: 0.068-26.8 nM
for Co, 0.126-153 nM for Cu, 11.5-2793 nM for Zn, 0.222-31.3 nM for Pb, 4.09-59.4 nM for
U, 38.8-2228 nM for Mo, and 0.065-2.29 nM for As (Figures 4 and S1, Tables 54-58). From
the pore water profiles, it can be seen that there is considerable variation from site to site,
and from element to element. The sharp increase in concentration at the SWI can be seen
for Co at sites K2, K4, and K5, for Cu at site K3, and for As at all five sites. However, in
many cases, the highest concentrations were found deeper in the sediment, at about 10 cm
depth and more. Vertical profiles of U show a higher concentration in the overlying water
than in the first centimetres below the SWI. Thereafter, concentrations vary but generally
increase with depth and exceed those observed in pore water.

3.2. Sediment Characterisation
3.2.1. Fe, Mn, S, P, and Corg

Vertical distributions of Fe, Mn, S, P, and Coyg in the sediment cores K1-K5 are shown
in Figures 5 and S2 and Tables S9-513. The organic carbon concentrations in sediment
cores K1-K3 ranged from 0.269 to 1.13%, from 0.576 to 1.24%, and from 0.244 to 1.95%.
The highest concentrations of Corg (2.39-21%) were found in core K4, followed by core
K5 with a concentration range of 1.56-3.49%. Lower P values were recorded in cores
K1-K3 (0.026-0.064%) than in cores K4 and K5 (0.032-3.38%). As in the case of Corg, the
highest concentrations of P were recorded in core K4. In the first 4 cm of the core, P con-
centrations were at the level of those recorded in cores K1-K3, but then the concentrations
rose sharply to 3.38% at a depth of about 10 cm. At location K5, the values were in the
range 0.101-0.209%. Concentrations of Fe in the study area were found in the range of
0.896-2.54%. The vertical distribution patterns varied intra-site. Concentrations of Mn were
found in the range of 0.013-2.14%. Large differences in Mn concentrations were observed
between cores K1-K3 and K4-K5. Namely, in cores K1 and K2 the concentrations did not
exceed 0.03%, in core K3 0.05%, while the maximum concentration in core K4 was 2.14%.
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This pronounced increase in Mn content in the sediment is a consequence of pollution
from the electrode and ferroalloy factory. The factory has been closed for almost 30 years;
nevertheless, its influence is still visible in the sediment [47]. At location K5, concentrations
ranged from 0.065 to 0.126%. Although the concentrations here are several times lower
than at the K4 location, which is in proximity to the factory, its influence can be seen at site
K5 as well.
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Figure 4. The vertical distribution of metals (Co, Cu, Zn, Pb, U, Mo, V, As, and Cr) in the overlying
water and pore water of sediment cores K1-K5. The dashed line marks the sediment-water interface
(SWI). Note that the scale for each plot may be different.
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Figure 5. The vertical distribution of Corg, S, P, Fe, and Mn in the sediment cores K1-K5. Note that
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3.2.2. Metals

The concentrations of analysed metals (Co, Cu, Zn, Pb, U, Mo, As) are given in
Figures 6 and S3 and Tables S9-S13. What can be clearly seen from Figure 6 is the difference
between sites K1-K3 and K4-K5. For all of the reported elements, higher concentrations
were obtained at the sites K4-K5. This is in good agreement with previous findings that
demonstrate anthropogenic input of metals at these two sites [47].

Co(pgg™) Cu(ugg™ Zn(ngg™) Pb(pgg™) U(ugg™") Mo(pag™) As(ugg™)
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Figure 6. The vertical distribution of metals (Co, Cu, Zn, Pb, U, Mo, and As) in the sediment cores
K1-K5. Note that the scale for each plot may be different.
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The highest concentrations of Co, Cu, Pb, and Mo were found in the core K4. The
downward Co distribution in the core K4 was characterised by two marked increases, at
depths of 6-8 cm (29.5 ug g~ 1) and 16-18 cm (23.4 ug g~ 1). Copper, Zn, and Pb followed
a similar distribution pattern in the core K4, with a substantial increase at the depth
of 10-20 cm, followed by a marked decrease in the bottommost layer of the core. The
maximum Pb concentration recorded in core K4 was extremely high, 737 ug g~!. The
very high concentrations were also observed at the site K1. The vertical distribution of
Pb in core K1 is characterised by a wide range of concentrations (15.3-550 ug g~ ') and
two pronounced peaks, at depths of 8-10 cm (340 pg g~ ') and 20-22 cm (550 pg g~ 1).
Significantly lower concentrations were recorded in cores K2 and K3, below 40 ug g~ .

The highest content of Zn and U was found in core K5. Uranium distribution at site
K5 was characterised by two pronounced maximums, in the 6-8 cm (21.7 pg g~ ') and
4-6 cm (786 g g~ 1) layers, respectively. Zinc concentrations in the K5 core were extremely
high with a maximum of 1561 ug g~! at a depth of 12-14 cm. Zinc was also significantly
elevated in the core of K4, where the maximum concentration was 650 g g’l.

Concentrations of As at locations K1-K3 were lower than 15 ug g1, while at locations
K4 and K5, concentrations varied in the range 21.4-30.1 ug g !, and 27.5-32.0 ug g '

The range of Mo concentrations in cores K1-K5 was 0.575 ug g~ ! to 12.5 ug g~ 1. A
similar vertical distribution was observed in all cores. Concentrations increased with depth
to a maximum value at depths between 8 and 18 cm (depending on the core), and then
decreased to the bottom of the core.

4. Discussion
4.1. The Impact of Natural (Diagenetic) Processes and Anthropogenic Input on Metal Distribution
in the Solid Phase of the Sediment

Sediment is a very complex system in which the vertical distribution of metals can be
influenced by many different factors such as particle size, input of terrigenous material,
and anthropogenic input, but also early diagenetic processes. Therefore, the enrichment
factors (EF) were calculated [47] and geochemical normalisation with Li was performed to
compensate for mineralogical and granulometric variability in the sediment and to facilitate
distinguishing anthropogenic from natural (diagenetic and terrigenous) sources of metals
in the sediment. The EF was calculated using the following equation:

M
EF= 52—
1ibackground

sample

)

where M refers to the metal for which EF is being calculated. The results from the deepest
layer of the K1 core were used as a background value. The sedimentation rate at the K1 site
is 2 mm year~! [42], hence the observed layer was deposited before the industrial devel-
opment in the study area [47]. The concentrations of Li in cores K1-K5 were previously
published [46] and are shown in Tables S9-513. The sediments may be divided into five
different classes based on the calculated EF [58]: EF < 2, deficiency to low enrichment;
EF 2-5, moderate enrichment; EF 5-20, significant enrichment; EF 2040, very high enrich-
ment; EF > 40, extremely high enrichment.

From the EFs (Table 1) and vertical profiles of the metal/Li ratios in the sediment
(Figure 7), it is apparent that the lower estuary (K4-K5) is highly affected by anthropogenic
activities, which has been previously reported [47]. In the upper estuary, at site K1, the
calculated EFs indicated low to moderate enrichment for all elements except Pb. The
distribution pattern of Pb is characterised by the two marked peaks at the depths of ~10 cm
and ~20 cm, showing even extremely high enrichment. In the sediment cores K2 and K3,
however, EFs were below the value of 2 for all the analysed elements, inferring that there is
no anthropogenic enrichment in the sediment. Therefore, the vertical distribution pattern
of metals reflects variability in the particulate material input and the post-depositional
changes due to the early diagenetic processes.
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Table 1. The minimum, maximum and mean value of calculated EFs for cores K1-K5.

EF
K1 K2 K3 K4 K5
Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean

U 1.00 2.99 1.86 0649 110 0904 0934 121 1.06 1.46 5.84 2.62 6.81 19.2 10.6
Fe 0942 142 1.07 0819 0975 0.861 1.26 1.38 1.33 1.31 2.73 1.77 1.59 2.15 1.82
Mn 0679 118 0947 0742 131 0977 0758 0.806 0790 37.2 106 72.6 3.87 9.44 5.13
Co 0.876  1.48 1.09 0702 106 0.829 1.10 1.31 1.21 247 523 3.87 2.03 3.85 2.68
Cu 0972 281 1.74 0564 105 0777 1.64 1.95 1.81 6.42 16.3 10.9 12.1 17.3 14.0
Zn 0941 3.44 1.67 0.878 147 1.12 1.40 1.58 1.48 6.79 17.5 12.6 27.7 57.6 44.0
Pb 0953 455 792 0737 149 1.04 1.13 1.17 1.15 9.35 46.2 242 13.2 18.4 15.4
As 0969 1.60 120 0.765 1.36 1.09 1.44 1.64 1.57 2.90 8.01 4.61 5.09 7.84 6.26
Mo 0930 526 247 0461 0883 0.625 0913 1.26 1.05 3.44 16.1 7.30 243 3.67 3.03
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Figure 7. The vertical distribution of metal/Li ratios in the sediment cores K1-K5. The dotted line
represents the local background value. Note that the metal/Li scale for each plot may be different.
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For example, the departure of metal/Li ratios from the background metal/Li ratios
in the core K3, coupled with the low EFs, indicated that increased concentrations of
analysed metals are a result of the different sources of material in sediment cores. The
terrigenous particulate material brought by the tributary Guduca River plays a major role
in the sediment composition at site K3, and it seems that it was quite uniform during the
deposition time of the sampled sediment. At sites K1 and K2, on the other hand, it seems
that post-depositional changes have more importance. The departure of metal/Li ratios
(e.g., Fe, Co, As, Zn, Cu, Pb) was noted in the core K2 at depths of ~10 cm, and in the core
K1 at depths ~10 cm and ~20. In the case of the K2 core and the first enrichment in the core
K1 (Zn, Cu), these enrichments co-occur with the increase of S content in the sediment solid
fraction and the detection of }_HS™ in the pore water, thus implying that there is a possible
formation of the sulphide solid phase. Usually, Fe is the principal sulphide-generating
metal [59], and the other metals may be coprecipitated and /or adsorbed to FeSy solid phases
and/or form discrete metal sulphide phases [19,59,60]. Although dissolved sulphide was
not detected in the pore water of core K1 at the depth of the second enrichment (~20 cm),
this may be due to rapid reaction with metal cations, and subsequent removal from the
pore water.

In the upper estuary, moreover, the moderate enrichment of Mo and its departure
from the background Mo/Li ratio were observed at the depth where the } HS™, the end-
product of the sulphate reduction, was present. It is known that Mo is soluble under
oxidising conditions, while it precipitates when conditions turn anoxic. It was believed
that MoY! reduces to Mo! under sulphide conditions and forms a highly insoluble Mo'V'S,
phase [61,62]. However, a different reducing mechanism was proposed by Erickson and
Helz [63]. Mo in the form of the highly inactive molybdate (Mo"!04%™) can be found in the
oxidised water, whereas under sulphide conditions, oxygen atoms in Mo"'O4%~ may be
replaced with sulphur atoms, forming a complex (Mo"'0,S,%7). Due to the formation of
this complex, Mo is more likely to be bound to OM or solid phase Fe, and consequently
removed from the pore water. Due to the co-occurrence of Mo sediment enrichment and
the presence of }_ HS™ in the pore water, it can be inferred that enrichment is a result
of the formation of the authigenic solid phase. The threshold value for authigenic Mo
formation, most likely by coprecipitation of the Mo-Fe-S phase is ~0.1 uM [6]; therefore, the
Y HS™ levels at sites K1-K3 were enough for the Mo authigenesis. The U enrichment in the
anoxic zone of the sediment may also be assigned to the authigenic formation of the solid
phase. In the oxic waters, U may be found in the form of UV! which forms highly soluble
carbonate complexes (UO,(CO3;72);74). U is reduced to U!V in anoxic pore water, and
adsorbed or precipitated, probably as uraninite (U'VO,) at a depth corresponding to the Fe
oxyhydroxides reduction or below [61,64,65].

At sites K4 and K5, there is evidence of long-term contamination in sediments, result-
ing from the dust emitted directly from the Fe-Mn factory and subsequently deposited in
the estuary, dispersal of the slag deposited on the grounds of the factory area, and the cargo
operations in the port [47]. Although the anthropogenic input dominantly governs the
content of metals in the cores K4-K5, early diagenetic processes should also be considered
when interpreting the results. In particular, the pronounced Mn increase recorded in the
4-6 cm sediment layer in core K5 can most likely be attributed to the diffusion of Mn from
the reduction zone of Mn oxyhydroxide deeper into the sediment, and its re-precipitation.
Specifically, part of the Mn?* can be precipitated from the pore water as pure or mixed
carbonate and phosphate phases, or to a lesser extent as sulphide phases, under reducing
conditions where manganese concentrations reach sufficiently high levels [66—69]. In the
core K4, moreover, high ) ' HS™ concentrations recorded (>100 uM) in the pore water can
lead to the formation of solid metal phases, through the precipitation of metal cations as
sulphides [59,70], e.g., Zn, Cu, or Cd, or through the reduction of metal oxyanions [70], like
those of U.
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4.2. Cycling of Fe and Mn in the Pore Water

It is well-known that early diagenetic processes govern the distribution of metals
between the dissolved and solid phases of the sediment. To study the partitioning of
metals in sediment, pore water is often used, as a very good indicator of the type and
rate of diagenetic processes [25,71]. In the coastal and estuarine sediments, the primary
process responsible for the recycling and partitioning of elements is the OM mineralisation,
and a related Mn and Fe oxyhydroxides reduction. In general, these processes take place
within a few centimetres of the SWI [9,72-74]. However, the compression of the classical
diagenetic sequence is often observed, resulting in a very thin oxic layer (<1 cm). This
kind of behaviour was also seen in the KRE, where vertical profiles of dissolved Mn and
Fe showed a sharp rise below the SWI across the estuary, but the intensity of mobilisation
differed among the sites. In cores K2, K4, and K5, the increase of the dissolved Fe was
at a lower depth (2—4 cm) than dissolved Mn (0-2 cm), which is consistent with the ideal
redox sequence of the estuarine sediments [75]. At sites K1 and K3, however, the redox
zones were more compressed, resulting in the Mn and Fe peaks in the same layer, just
below the SWI (0-2 cm). The observed pronounced compression of the redox zones may
be related to the reduced amount of O; in the water column (Figure S4). Namely, in the
KRE, the seawater residence time increases in the landward direction, causing a decrease
in Oy levels in the near-bottom seawater in the upper estuary. Moreover, according to
Legovi¢ et al. [35], hypoxia can occur in autumn in the upper part of the estuary, as a
result of the phytoplankton bloom and marked vertical stratification of the estuary, which
prevents the mixing of the oxygen-depleted bottom water layer with the oxygen-rich
surface layer. In case of absence of the autumn rains, hypoxia may be observed even in the
winter months.

Consistent with the distribution patterns of Mn and Fe in sediment cores from the
KRE, the other parameters used as tracers of diagenetic processes (NH4™, PO,3~, XHS,
DIC, DOC) showed similar behaviour in the entire estuary, following the classic diagenetic
sequence. The degradation of the OM reflects in the pore water as the gradual progressive
increase in NHy* and PO~ seen at all sampling locations, and the DIC release at sites
K3-K5; XHS™ was detected in the pore water at all sampling sites, but the XZHS™ concentra-
tions at site K4 were much higher than at the other sites. Given the availability of SO42~ and
OM control ZHS™ concentrations, it is not surprising that the XHS™ concentration reported
at this site was significantly greater than in the rest of the estuary. All stations in the estuary
have sulphate concentrations within the same range due to resupply from the bottom
saltwater; however, the Corg content at the Fe-Mn factory site was significantly greater than
at other sample locations. Furthermore, it was observed at all sites that the decrease in
the dissolved Fe concentrations cooccurs with the presence of XHS™ in the sediment layer.
This is due to the formation of insoluble solid phases. Namely, the dissolved Fe produced
by the reduction of Fe oxyhydroxides in the suboxic zone of the sediment diffuses down
the core into the anoxic zone, where it reacts with XHS™, a product of microbially mediated
SO42~ reduction. The downward diffusion of dissolved Mn, moreover, is mainly controlled
by carbonates [17,66,76], given that Mn has a very low affinity for sulphides [21,59,77].
The results of Prohi¢ and Kniewald [2], who showed that Mn is primarily bonded to the
carbonate fraction of the KRE sediments, confirm that carbonate precipitation is the major
mechanism in pore water for consuming Mn.

4.3. The Post-Depositional Mobility of Metals

High concentrations of dissolved Mn and Fe in the suboxic layer of the sediment are
frequently accompanied by elevated levels of other metals that are released into the pore
water through the reductive dissolution of their supporting phases, which include biogenic
material and Mn and Fe oxyhydroxides. At sites K2, K4, and K5, for instance, the significant
increase in dissolved Co below the SW1 is probably associated with the Mn mobilisation, as
the peak of Co corresponds to the one of Mn, and the adsorption of Co by MnO; is well
documented in the literature [78]. Additionally, it is often reported that the mobility of As
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below the SWI is closely linked to the cycling of Fe [13,79-81], due to the adsorption on or
coprecipitation of As with Fe oxyhydroxides. This type of behaviour is also observed in the
KRE, where the release of As in the suboxic zone of the sediment was observed at all sites.
At site K3, the marked peak of dissolved Cu was recorded at the SWI. As Cu is considered
a bioactive element, the release of Cu into the pore water is often attributed to its link to
biogenic material and microbial OM degradation [12,71,72,82,83]. In the KRE, though, due
to the compression of the redox zones, it is challenging to determine with absolute con-
fidence which carrier phase—biogenic material, Mn and Fe oxyhydroxides—contributed
more to the build-up of Cu in the pore water.

What is interesting is the presence of dissolved metal (Co, Cu, As, Zn, Pb) species
in the anoxic zone, as it is known that they form insoluble sulphide minerals in the
anoxic sediments. Although this finding is unexpected, it was already observed else-
where and attributed to (i) the reduction of less reactive Mn and Fe oxyhydroxides deeper
in the sediment, in the zone of sulphate reduction [13,74,79,84,85]; (ii) metal binding
with DOM [18,19,72,74,86], thus reducing their solubility despite the sulphide presence;
(iii) the formation of dissolved metal polysulfide complexes [18,19,24,60,74]; and (iv) metals-
sulphides-DOM ternary interactions [18,19,74,87].

The redox-sensitive elements Mo and U exist in the form of dissolved high valence
states (MoY1042~ and UO,(CO32)374) in the oxidised waters and generally behave con-
servatively. However, when conditions turn euxinic (Mo) or anoxic (U) they are scavenged
from the pore water by adsorption or precipitation. In the KRE, Mo and U demonstrated
similar vertical distribution patterns at all sites except K5, where U anthropogenically
induced enrichment was observed because of the spillage of phosphates and phosphate fer-
tilisers in the port during transhipment [47]. An interesting finding in the KRE is that even
though Mo and U should be insoluble under anoxic conditions, dissolved Mo and U were
recorded in the anoxic zone of the sediment at all sites, except K3. This unusual behaviour
has already been observed for U in marine and estuarine sediments [82,88,89]. The occur-
rence of dissolved U in anoxic sediments has been attributed to the presence of sampling
artefacts, e.g., reoxidation of solid phase authigenic U'Y during sediment core treatment [90]
or the possible presence of authigenic colloidal phases in the dissolved phase that could
cross the 0.2 um pore size filters [88]. Dang et al. [89] and Audry et al. [82], however,
reject the sampling artefacts hypothesis and propose that the U release into anoxic/euxinic
sediment pore water is a result of a specific suite of biogeochemical processes, such as
oxidation (biotic or abiotic) of authigenic UV or formation of stable dissolved complexes
(carbonate, OM) that enhance U solubility [89].

4.4. The Benthic Diffusive Fluxes in the KRE

The early diagenetic processes change the partitioning of metals between the solid and
dissolved phases of the sediment. If dissolved metal accumulates at or close to the SWI,
and the concentration of metal in the pore water exceeds the one in the overlying water,
the concentration gradient will result in the diffusive flux of metal from the sediment to
the water column. Benthic diffusive fluxes of analysed elements in the KRE are given in
Table 2.

It can be seen that estimated Mn and Fe benthic diffusive fluxes were even several
orders higher than those of other observed elements; however, they were in line with
previously reported values [19,80,91]. The significant benthic flux of Mn and Fe in KRE,
directed from the sediment to the overlying water column, is not surprising, given that
vertical profiles of pore water indicated compression of diagenetic zones. In all locations,
Mn reduction took place immediately below the SWI (0-2 cm), while Fe reduction occurred
either in the same sedimentary layer or in the following one (2—4 cm). The dissolved Mn
and Fe build up in the pore water and are being diffused upwards across the SWI. At sites
K1 and K3, located in the upper estuary, the influence of the benthic diffusive flux to the Mn
and Fe concentrations in the overlying water column was evident. The concentrations in
the overlying water were significantly increased compared to the concentrations measured
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in the seawater layer at the same sites (K1: 0.364-85.9 nM (Mn), 1.79-5.19 nM (Fe); K3:
4.57-16.3 nM (Mn), 1.79-18.4 nM (Fe) [92]). At sites K4 and K5, located closer to the
estuarine mouth, benthic flux was not shown to have an impact on overlying concentrations
for Fe, and it was significantly less pronounced for Mn compared to sites K1 and K3.
Differences between sites in the KRE can be explained by different water residence times,
namely the residence time increases landwards, which leads to a decrease of the O; level
in the bottom water of the upper estuary. Whereas in the lower estuary, the bottom layer
contains water rich in O, which came recently from the adjacent open sea [35], causing the
oxidation and precipitation of released Fe and Mn.

Table 2. The benthic diffusive fluxes of metals at the SWI in the Krka River estuary. The negative
fluxes (in bold) indicate the release of metals from the sediment to the overlying water column.

Flux (nmol cm—2 y—1)

Element
K1 K2 K3 K4 K5

Fe —129 —912 —747 —274 —160
Mn —1206 —3741 —613 —3178 —2996
Co —0.080 —1.37 0.054 —0.310 —0.709
Cu —0.112 0.295 —7.86 0.051 —0.061
/n 38.9 —16.1 1.27 0.219 —7.95
Pb —0.008 —0.136 —0.025 —0.238 —0.186
Mo 0.619 —8.16 —3.50 —13.2 —3.20

U 0.188 —0.058 0.215 0.024 0.015
As —4.24 —7.17 —5.49 —2.10 —8.71

Together with Mn and Fe, the other elements that were associated with Mn and/or
Fe oxyhydroxides are being released in the pore water and subsequently diffused to the
overlying water column. The diffusive fluxes of Pb and As are directed from the sediment
to the overlying water column at all sites, indicating that sediment acts as a source of these
elements for the overlying water column in the KRE, no matter the differences in sediment
composition or season between the sites. The diffusive fluxes of Co, Cu, and Mo, further,
imply that there is diffusion from the sediment to the water column at most of the sampling
locations, thus confirming the importance of the sediment as a metal source.

In some coastal and estuarine areas, benthic fluxes were demonstrated to be an im-
portant source of the metals for the overlying water column [93], in some cases of the
same magnitude or even higher than riverine input [72,94,95]. In this study, the average
calculated benthic diffusive fluxes (the ones directed from the sediment to the water col-
umn) were extrapolated to the entire estuarine area (25 x 10° m?) and compared to the
estimated input of metals via the Krka River (Table 3). The estimation was based on the
mean annual discharge of the Krka River (50 m3 s~1) [41] and the mean dissolved trace
metal concentrations measured in the Krka River. The concentrations were as follows:
25.1 nM (1.40 pg L™1) for Fe, 81.7 nM (4.49 ug L) for Mn, 0.289 nM (0.017 pg L~1) for
Co, 3.43 nM (0.218 ug L) for Cu, 0.044 nM (0.009 pug L~1) for Pb, 5.98 nM (0.574 ug L1
for Mo, and 2.15 nM (0.161 ug L~') for As. In the KRE, the benthic fluxes were lower
than riverine fluxes, except in the case of Fe and Mn. Evidently, sediment in the KRE is a
significant source of Fe and Mn for the water column.

This is the result of the high Mn content in the sediment due to the former existence
of the ferromanganese industry in the KRE [47], and the post-depositional remobilisation
of Mn and Fe due to the reductive dissolution of Mn and Fe minerals that takes place just
below the SWI. Although the riverine input is more important than benthic fluxes for the
other metals in the KRE, the benthic fluxes should not be neglected, especially in the case
of As and Pb, whose benthic flux values are approximately 35% of riverine flux values.
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Table 3. Comparison between the estimated benthic fluxes (the Krka River estuary) and riverine
fluxes of the metals (Krka River).

Benthic Flux Riverine Flux
kgy 1) kgy 1
Fe 5220 2210
Mn 27,100 7080
Co 6.00 26.9
Cu 20.5 344
Pb 5.16 14.4
Mo 111 905
As 87.3 254

5. Conclusions

The post-depositional mobility of metals in the KRE is governed by the early diagenetic
process linked to the degradation of the OM, in particular by the reductive dissolution of
Mn and Fe oxyhydroxides and sulphate reduction. The dissolved metals that are released
to the pore water through Mn and Fe reduction diffuse upwards and downwards from
the sediment suboxic zone. The down-core diffusion of metals is limited by the authigenic
formation of solid phases, in the sediment zone where ) HS™, the end-product of the
sulphate reduction, is present. The interesting finding is the presence of dissolved metal
peaks in the anoxic zone of the sediment, which may be explained by the reduction of
less reactive Mn and Fe oxyhydroxides deeper in the sediment (in the zone of sulphate
reduction) or by the formation of complexes (metal-DOM, metal-sulphide, metal-sulphide-
DOM) that increase the solubility of metals.

Due to the compression of the classical digenetic sequence in the sediment, the Mn
and Fe reduction occurs just below the SWI; thus, released metals easily diffuse into the
overlying water. Although estimated benthic fluxes of metals are in most cases lower than
input by the main watercourse (the Krka River), they should not be neglected.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jmse12030466/s1, Figure S1. The vertical distribution of metals (Co, Cu,
Zn, Pb, U, Mo, V, As, and Cr) in the overlying water and pore water of sediment cores K1-K5. The
dashed line marks the sediment-water interface (SWI); Figure S2. The vertical distribution of Corg, S,
P, Fe, and Mn in the sediment cores K1-K5; Figure S3. The vertical distribution of metals (Co, Cu,
Zn, Pb, U, Mo, and As) in the sediment cores K1-K5; Figure S4. The physicochemical parameters
measured in the water column at sampling locations K1-K5 in the Krka River estuary; Table S1.
Information on cores sampled in the Krka River estuary: Core ID, sampling location, water column
depth (m), core depth (cm) and sampling date; Table S2. Indicators of long-term measurements
(n = 68) of elemental concentration (ug L~1) in the CASS-5 certified seawater reference material for
trace metals (NRCC) using HR ICP-MS with indicated limits of detection (LOD) and quantification
(LOQ) in seawater samples. For measurement purposes (HR ICP-MS), the sample is diluted 10x with
ultra-pure water (Milli-Q); Table S3. The analytical results and recovery rates of the certified reference
material PACS-2 (National Research Council of Canada). Tables S4-S8. Chemical composition of
the overlying water and pore water samples from the K1, K2, K3, K4 and K5 sampling locations
(ow—overlying water, pw—pore water, numbers in the sample name indicate distance from the
bottom for the overlying water or sediment layer from which pore water was extracted). Values are
expressed in pg L~ 1. Tables $9-S13. Chemical composition of the K1, K2, K3, K4, and K5 sediment
cores. Sample names indicate the sediment layer depth (cm). Values are expressed in pug g~ 1.
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